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In this work, we consider a spatially homogeneous and anisotropic Bianchi type Il universe in f (R, T) gravity with the functional form
F(R,T) = f1(R) + f2(T) with f1(R) = MR and fo(T) = AT 4 A3T?, where A1, A2 and )3 are free parameters. We obtain exact
solutions of the gravitational field equations by considering a power-law expansion of a directional scale factor. By keeping a check on
the current values of the parameters of cosmological significance such as the Hubble parameter H and the deceleration parameter g,
the dynamics and physical characteristics of the model are investigated. We also determine the functional form f(R,T") of our model
by evaluating the Ricci scalar R and the trace T’ of the stress-energy tensor. We find that our model remains anisotropic throughout its
evolution and the pressure of the cosmic matter remains negative. The equation of state parameter w is found to lie in the quintessence
regime and therefore our model behaves like quintessence model of dark energy.
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1. INTRODUCTION

Recent advancements in observational astrophysics have significantly improved our understanding of the universe’s
large-scale dynamics. One of the key discoveries is the observation of high-redshift Type Ia Supernovae (SN Ia) [1, 2],
which provide clear evidence that the universe is expanding at an accelerating rate. These supernovae are crucial in
cosmological research because their predictable luminosity enables precise distance measurements, shedding light on the
evolution of cosmic expansion over time.

Additionally, the study of Cosmic Microwave Background (CMB) radiation [3-5], the remnant heat from the Big
Bang, has offered valuable insights into conditions of the early universe. Observations from missions such as the
Wilkinson Microwave Anisotropy Probe (WMAP) [6-9] have delivered detailed maps of temperature variations in the
Cosmic Microwave Background, which are instrumental in determining key cosmological parameters and understanding
the overall geometry of the universe.

Furthermore, Large Scale Structures (LSS) [10] represents the distribution of galaxies and matter on vast scales
which has provided critical information about the growth of cosmic structures under the influence of gravity and dark
energy. Complementing this, Baryon Acoustic Oscillations (BAO) [11-13] serve as a standard ruler for measuring cosmic
distances, offering additional confirmation of accelerating expansion of the universe.

These diverse observational data points collectively support that the expansion rate of our universe is increasing that
challenges the traditional framework of Einstein’s General Theory of Relativity (GTR). Since in its original form, GTR
cannot fully explain this late time cosmic acceleration. It encouraged the creation of alternate ideas, such as modifications
to gravity or the introduction of dark energy. The accelerated expansion remains one of the most intriguing mysteries in
modern cosmology, prompting both theoretical and observational efforts to figure out its underlying causes.

Consequently, various efforts have been made to explain the observed acceleration, which can be broadly classified
into two main categories: the dark energy approach and the modified gravity approach.

In the first approach, one considers Einstein’s theory of General Relativity to be the theory of gravity and modifies
the right hand side of the Einstein field equations by supplementing the stress-energy tensor 7;; an exotic component with
large negative pressure. This can be done because of the fact that the same observational data which reveal the late time
cosmic acceleration also exhibit that more than 95% of the total content of the universe is in the form of some yet unknown
components of energy and matter, dubbed dark energy and dark matter comprising respectively about 68.3% and 26.8%
of the total matter-energy allocation of the universe. The existence of such an unusual component with large negative
pressure, called dark energy, is to be considered to counteract the gravitational pressure of the baryonic matter which
contributes positive pressure that decelerates the expansion rate of the universe. Many dark energy candidates are proposed
in the literature, the most favored one being the cosmological constant A introduced by Einstein in his field equations.
However, the cosmological constant A as a candidate of dark energy suffers from some theoretical challenges such as its
constant equation of state parameter w = —1, fine-tuning, cosmic coincidence problems etc. So dynamically evolving
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scalar field models of dark energy such as quintessence [14], k-essence [15], tachyon [16], phantom [17], Holographic
Dark Energy (HDE) [18-20], Chaplygin gas model [21-23] etc. have been proposed in the literature.

In the second approach, modified gravity models are constructed by modifying the gravitational part of the Einstein-
Hilbert action. This can be done as the fundamental concept of General Relativity is the curvature of space-time described
by the Ricci scalar R. There are a number of modified gravity models available in the literature, the simplest and the most
studied one being the f(R) theory of gravity [24] which is constructed by replacing the Ricci scalar R in the standard
Einstein-Hilbert action by some general function f(R) of R. Some other modified theories of gravity employed in the
study of rapid expansion of the universe are f(R,T') gravity [25], f(G) gravity [26], f(T") gravity [27], f(Q) gravity [28]
etc. The f(R,T) theory of gravity, proposed by Harko ez al. [25], has received a lot of attention from researchers as this
theory takes care of the early time rapid expansion, called inflation, as well as the current cosmic acceleration. In this
theory, the gravitational Lagrangian is an arbitrary function of 2 and 7', where R is the Ricci scalar and T is the trace of the
stress-energy tensor 7;; the dependence of which may be induced from exotic imperfect fluids or quantum effects. In their
work, Harko et al. derived gravitational field equations from a variational, Einstein-Hilbert type, principle and presented
field equations for the following three explicit forms of the function f(R,T): f(R,T) = R+2f(T), f(R,T) = f1(R)+
f2(T) and f(R,T) = f1(R) + f2(R) f3(T) where f1(R), f2(R) are arbitrary functions of R and f(T), f2(T), f3(T) are
arbitrary functions of 7.

They have also derived the equations of motion of test particles by considering the stress-energy tensor to be conserved
in f(R,T) theory of gravity and investigated the constraints on the magnitude of extra-acceleration on the precession of
the perihelion of Mercury with the Newtonian limits. Soon after, a number of authors considered the f(R,T') theory of
gravity and studied various aspects of this theory in different contexts. Houndjo [29] developed a cosmological model
using f(R,T) gravity and discussed the transition of the universe from a matter-dominated phase to its current phase
with accelerating expansion. Sahoo er al. [30] studied the anisotropic Bianchi III cosmological model in f(R,T) gravity.
Samanta and Bishi [31] explored astrophysical parameters like look-back time, luminosity distance, and jerk parameter
of the Bianchi type III model in f(R,T) gravity with wet dark fluid. Arora er al. [32] investigated late-time viscous
cosmology in f(R,T') gravity. Many other authors have explored different aspects of cosmology within the framework
of f(R,T) gravity. Mahanta et al. [33,34] have studied cosmological models in f(R,T) theory of gravity. Most of
these studies are conducted in a spatially homogeneous and anisotropic background. This is because, although the current
universe appears homogeneous and isotropic on a large scale, recent data from the Cosmic Microwave Background (CMB)
and observations of large-scale structures support the idea that the universe was once anisotropic before evolving into its
current isotropic state.

In this work, we investigate a spatially homogeneous and anisotropic Bianchi type III cosmological model within the
framework of f(R,T) gravity, using the functional form f(R,T) = fi1(R) + f2(T), where f1(R) = A\iR and f»(T) =
AT + A3T2. Here, A1, Ao, and )3 are free parameters. The paper is organized as follows: In section 2, we present the
gravitational field equations for this functional form using the metric formalism, assuming the matter source as a perfect
fluid. In section 3, we derive the corresponding field equations for the Bianchi type III metric. In section 4, we obtain exact
solutions to these field equations by assuming a power-law expansion in a specific spatial direction. In section 5, we explore
the physical characteristics and dynamics of the constructed model by examining the evolution of several cosmologically
significant physical parameters. In section 6, we discuss about the functional f(R,T') of our model. Finally, we summarize
our results with a brief discussion in section 7.

2. Gravitational field equations for the functional form f(R,T) = f1(R) + f2(T)
The action for f(R,T') theory of gravity proposed by Harko et al. is

S = 16%r/f(R,TNTg d4x+/Lm¢fg d*z (1)

where f(R,T) is an arbitrary function of Ricci scalar R and the trace T' = g/ T}; of stress-energy tensor, each choice of
which would generate a specific set of field equations and L,,, is the matter Lagrangian density. The stress-energy tensor
of matter is defined by

—2 6(v/—gL
T = 7M (2)
V-8  0gY
Assuming L, to depend only on the metric tensor components g;; and not on its derivatives, T7; is obtained as

OL,,
Og'l

Tij = giij -2 3)

Now taking variation of the action Eq.(1) with respect to the metric tensor components g/, the field equations of f(R, T)
gravity are obtained as

1
fr(R,T)R;; — if(R’ T)gi; + (8,0 — vivj) fr(R,T) = 8rT;; — fr(R,T)Tij — fr(R,T)Oq “)
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where, fr(R,T) = %%T), fr(R,T) = %}?F’T), O = ;' s being the covariant derivative with respect to the
symmetric connection I" associated to the metric g and

0Ly,
- Ik
©ij = —2Ti; + 8i;Lm — 28 D5 0glF (5)
Considering the functional form
F(R.T) = fi(R) + f2(T) (6)

where f1(R) and f2(T) are arbitrary functions of R and T respectively, the gravitational field equations from Eq.(4) are
obtained as

’

5 (BB = 3 [(R)g., + (8,0 = Vivi) ) () = 82Ty — £ (D) — fy (T)0y + 31Ty, ()

2
where the prime denotes differentiation with respect to the argument. For a perfect fluid described by an energy density p
and pressure p, the stress-energy tensor 7;; is given by

Tij = (p + p)uivj — pg;; ®)

where 1’ is the four velocity satisfying the conditions

u Vi =0, wut =1 ©))

The trace T of T;; is therefore given by
T=p—3p (10)

Taking the matter Lagrangian to be L,, = —p, from Eq. (5), ©;; is obtained as
@ij = _2Tij — P8 (11)
Thus, if the matter source is a perfect fluid then the field equations of f(R,T') gravity for the choice Eq.(6) become

’

f (R)Rz‘j -

%fl (R)g;; = 8nTi; + 5 (T3 + {f;(T)p + ;f2(T)] 8ij (12)

In particular, for fi(R) = AR and fo(T) = AT + A3T?, where A1, A2 and )3 are free parameters, the Eq.(12) reduces
to

1 1 1
Rq;j — §Rgij = )\—1 (87T + /\2 + 2)\3T) Tij + (p(/\g + 2)\3T) + 5()\2T + )\3T2)) gij:| (13)

3. THE METRIC AND FIELD EQUATIONS
We consider the spatially homogeneous and anisotropic Bianchi type III metric in the form

ds? = dt? — A%da? — B2e 2o qy? — C%d2? (14)

where A, B and C are functions of cosmic time ¢ alone and [ is a constant. Using comoving coordinates, the field equations
(13) for the metric (14) take the form

ng g + gg = )\% (87r+ 2)\2)p+ ;Aszr Z/\zp + ;)\3P - 3)\3PP 15)

g+ % - gj = )\% :— (877—1— 2&) p+ %/\gp-l- gAgpQ + %Agpz - 3A3pp (16)

R IEVA ST RS R NOE N R
jg + gg + g% - 2—22 = %1 [(87T+ 2>\2) p— %)\szr g/\:apz - g)\sz - 7>\3PP: (18)

A B
A _b_ 1
1 5" (19
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where an overhead dot denotes differentiation w.r.t. ¢. Integrating Eq.(19), we get
A=mB

where m is a constant of integration.
Hence, the field equations (15)-(18) reduce to
A C ACc 1 3 1 9 1
-4+ =+—-—==—1-1(8 —A A “A3p? + = A3p® — 3\
A+C+AC )\1{ (7T+22)p+22,0+23p+23p 3}00}

. . 2
A A 12 1 3 1 9 1

A A Az )\
N\ 2 Lo
A CA 2 o1 3 1 5., 3.

4. EXACT SOLUTION OF THE FIELD EQUATIONS
From equations (21) and (22), we have

A (4\ ¢ ca p
at\a) "eTea m”

(20)

21

(22)

(23)

(24)

Eq.(24) contains two unknowns A and C. Further, we have three field equations in four unknowns A, C, p and p. To
derive an exact solution and develop a physically realistic model, we adopt a power-law expansion of the form:

C = Cotﬁ

(25)

where 8 and Cy are positive constants in accordance with the observational findings of an expanding universe [30,35,36].

Using Eq.(25) in Eq.(24) and then solving, we obtain

A 20%kot =P
1-p Co(1 = 3P)

where k1 and ks are constants of integration. Using Eq.(20), we then obtain

A? + C2kyt?8 +

1 122 22 kot1—h
BY= — (s + C2yt?P + 2
m2<1_52+ ot +co(1—35)

In this work, we choose k3 = 0 and 0 < # < 1. Then from equations (26) and (27), we get

and

Therefore, the line element (14) becomes

as? = a? — (L0 oan?) (a2 + o ay?) - 2Paz?
= 1_52 01 X m2 Y 0 z

5. DYNAMICS AND PHYSICAL CHARACTERISTICS OF THE MODEL

(26)

27)

(28)

(29)

(30)

In this section, we look forward to study the dynamics and physical characteristics of the constructed model. So, we
first obtain the expressions for some important parameters of the model and then investigate their behavior as the universe

evolves.
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5.1. Physical parameters of the model
For our model, the spatial volume is

, Co [12tP+2
_ 3 _ _ >0
V=a fABC'——m 5

The directional Hubble parameters corresponding to our model are

+ C2ky %8

A _ 1+ Cilpet!
1= Z 12t2 +C2k1t2/j
P Ll + C3hn pt29 1
B B CRkit®
¢ _B
H = — = —
T C
The average Hubble parameter is therefore
212 28—1
1 1 > + 205k, Bt
H=_-(H +Hy+H3) =
UL+ He 4 Hy) = 5 [ e + CRhky 28

The deceleration parameter is

—(B+2)1*t* 20°Clk1 (287 —65+1)t%°+2

3[ —[R32)2 + _R2
1+g 1 1 (1-82) -5
dt \ H

1—32

The expansion scalar is

2l t +200k71ﬁt2'8 1

0=3H=H,+Hy+ Hs =

2
(12(ﬁ4r2)1‘/2 + 3C§k1ﬂt2ﬁ)

l2t2 4 C2k1t25

The mean anisotropy parameter is

1 H, - H
Am = *23):1 (

3

|

+C2k1 128

23 2 2,232
z t2+02k1ﬂt25 1 9 T 52+C k187t 8
3 tha Okt l,zt;z +C2k1t28
2864203k, 1201 g 22, 4203k, 251
1242 + T ,2,2

1-52 T +C2kqt28

And, the shear scalar is

ot = -

3

B+ C2hat®

2 2
, 1[11_;;2+03k1/3t25—1 @]

5.2. Evolution of the physical parameters

€29

(32)

(33)

(34)

(35)

(36)

(37

(38)

(39)

From figure 1, we see that as cosmic time ¢ increases, the volume V' grows for different values of the parameter /5.
This indicates an expanding universe, consistent with observations of cosmic expansion. The increase in volume with time
supports the idea of a universe evolving from a smaller, denser state (e.g., near a Big Bang-type singularity) towards a
more expansive state. The parameter 3 likely controls the rate of expansion, possibly linked to anisotropic stresses, matter
content, or modified gravity effects in the f(R,T) framework. For larger values of (3, the rate of expansion might differ,

reflecting the influence of 3 on the model’s dynamics.
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Figure 3. Variation of the average Hubble parameter H v/s cosmic time ¢ for different values of .

Anisotropy describes the directional variation in the properties of the universe, where the expansion rate differs
along various directions. It is quantified by parameters that indicate deviations from isotropy in the metric or the energy-
momentum tensor. From figure 2, it is evident that the model retains its anisotropic nature throughout its evolution,
implying that the universe does not become perfectly isotropic even at late times. This points to the influence of factors
that sustain the directional dependence of the expansion.

In figure 3, we analyze the behavior of the average Hubble parameter (/) as a function of cosmic time ¢ for different
values of 8 viz. 8 = 0.15, 8 = 0.35, 8 = 0.75 and 8 = 0.95. The plot reveals that H consistently decreases with
increasing cosmic time ¢, indicating a slowing rate of expansion as the universe evolves. At late times, H asymptotically
approaches a constant value, suggesting that the expansion rate stabilizes in the distant future. The variation in  influences
the rate at which H decreases, but the overall trend of convergence to a constant value remains the same for all considered
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Figure 4. Variation of deceleration parameter ¢ v/s cosmic time ¢ for different values of 3

cases. This behavior aligns with the expectation of a universe transitioning toward a steady-state expansion phase.

Figure 4 illustrates the evolution of the deceleration parameter (q) over cosmic time ¢, highlighting key transitions in
the universe’s expansion dynamics. The plot clearly shows that the model transitions from an initial decelerating phase
(g > 0) to the present accelerating phase (¢ < 0), consistent with observational evidence. Furthermore, as cosmic time
t progresses toward infinity, the deceleration parameter asymptotically approaches ¢ — —1. This behavior indicates that
the universe evolves toward a state of exponential expansion, characteristic of a de Sitter phase dominated by dark energy
or a similar cosmological constant-like component.

From the above figures, we find the value 8 = 0.75 to be more suitable for our study. So, we stick to this value of 8
to carry out further studies. Also, we choosel =1, m=1,Cy =1,k = 0.1, \y = —0.1, A2 = 0.2, A3 = 0.3 for all the
plots.

5.3. Jerk parameter

The jerk parameter (j) plays a vital role in cosmology as it provides deeper insights into the dynamics of expansion
of the universe. In essence, it provides insights into whether the acceleration itself is speeding up or slowing down over
time. The jerk parameter j represents the third derivative of the scale factor a(t) with respect to cosmic time ¢, normalized
in a dimensionless form. It quantifies the rate at which the acceleration of the universe’s expansion is changing. The jerk
parameter extends the deceleration parameter (¢) in a more straightforward way.

A positive jerk indicates that the acceleration is increasing, suggesting a scenario of rapid, ever-accelerating expansion.
Conversely, a negative jerk implies that the acceleration is tapering off, hinting at a possible stabilization or deceleration of
the expansion in the future. Cosmologists may verify and enhance dark energy and modified gravity models by examining
the jerk parameter which helps to uncover whether the current accelerated expansion is driven by a cosmological constant
A, dynamic dark energy, or other phenomena. This makes it an essential tool for comprehending the universe’s past as
well as its possible future.

For our model, the jerk parameter j(¢) is obtained as

a® d%a
a3 dt3

(B+2)1*t2
~(a-p?)?

i)
202k112 (282 —6841)t2F
(1-8%)

2
+3C3k1 821

— 3C4k B2

149
((ﬂ+2)l2t
1—p2

2
2%t (40)

9 3
+ 3 [ ¢ ( 2
(L + 33 Be2e1) 88 1-4

3
+ 2cgk1ﬁt2ﬁ1>

3 21° 2 28—2 21°t 2 28-1 1*t? 27, 128
— 3t 1_62 —|—2C0k1ﬁ(25—1)t 1—62 +2C0k1ﬁt 1—62 +Cok1t
1242 2 1242 3
+C3k1B(28 — 1)(28 — 2)t*° (1 =t C§k1t25> +28 (1_@ + Cgkjtw)

Figure 5 demonstrates the evolution of the jerk parameter j with respect to cosmic time ¢. The plot indicates that j
decreases as t increases, suggesting a gradual change in the dynamical properties of the universe’s expansion. Throughout
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Figure 5. Graph of jerk parameter v/s cosmic time ¢ for 5 = 0.75

the evolution, the values of j remain consistently less than 1, which is a key characteristic of cosmological models
dominated by quintessence type dark energy.

It is well known that quintessence is a form of dynamic dark energy where the Equation of State parameter w lies in
the range —1 < w < —%, distinguishing it from a cosmological constant (w = —1). The behavior of the jerk parameter in
this model aligns with this description, indicating that the driving force behind the universe’s accelerated expansion is not
a static cosmological constant but a time varying dark energy component. Thus, the evolution of j in our model provides
strong evidence for a quintessence like scenario, where the dynamics of dark energy play a critical role in shaping the

universe’s expansion history.

5.4. Statefinder diagnostic
The statefinder pair {r, s} is defined [37] as

1 da r—1
= —— = — 41
"TamEan ° 3(g—3) @b

The pair {r,s} is a significant geometrical diagnostic tool which can be employed to distinguish different dark
energy models such as ACDM, Quintessence scalar field model, Holographic dark energy model, Chaplygin gas model
etc. ACDM model corresponds to the pair {1,0} while the Holographic dark energy model corresponds to {1, %} The
quintessence corresponds to (r < 1, s > 0) and the Chaplygin gas model corresponds to (r > 1, s < 0).

For our model, the statefinder pair {r, s} is obtained as

B H H
_ B
B

2
( (Bltzgft + 30314:151525’1)

9 21%¢ ’
. 2#( 2+mﬁmmwl>
(G20t 4 sogrpee) s L 1A

=149

(42)

33 2t 202k, B(283 — 1)t28—2 20% 202k, Bt2P-1 i C2k, 128
- 1_62+ Olﬂ(ﬁi) 1_62+ Olﬂ 1_B2+01

1242 2

+Q%ﬁ@ﬁ—ﬂ@ﬁ—%ﬁﬂ(y_@+*ﬁhﬁﬂ

122 b 05\
+25 (1—62 + C2kyt ﬁ)
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Figure 6. Statefinder pair r — s

The model’s trajectory in figure 6 suggests that it will continue to exhibit quintessence like behavior in the future,
maintaining this specific dynamical profile.

5.5. Evolution of energy density and pressure
In terms of directional Hubble parameters, the field equations (15)-(18) reduce to

12 1 3 1 5 3
H? 4+ 2H Hs — — = — |87+ =)\ — =) “A3p? — =A3p? —TA 44
1+ 2H1Hs = 25 )\1K7T+22>P 5A2P + 5 A" = S Asp 3pp (44)
. 9 . 9 1 3 1 9 5 1 9
H2+H2 —|—H3+H3 +H2H3=7 — 87T+§A2 P+ 5)\2,04— 5)\3]7 +§A3p —3)\3pp (45)
1

. . 1 3 1 9 1
Hy+ H + Hy o+ B 4 HyHy = - {— (SW ; 2A2) P ghopt DA+ S hep 3A3pp} (46)
1
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. . 12 1 3 1 9 1
Hy+H} + Hy+ H; + HiHy — — = — | = (87 + SXa | p+ s Aop+ 5 Asp” + S Asp” —3happ|  (47)
A A 2 2 2 2
From equations (44)-(47), we get
4H, + 2Hs 4+ 4H? 4+ 2H?
1 3 1
-+ {_ (87r + 2A2> (30 -+ p) + S a(p+3p) + 15A3p* — Aap? — 2A3pp] (48)
1

The analysis in the previous sections indicate that our model exhibits characteristics consistent with the quintessence
dark energy model. Thus, to investigate the evolution of energy density (p) and pressure (p) in our model, over cosmic
time ¢, we adopt the Equation of State parameter w = % within the quintessence regime —1 < w < —%. By analyzing
the energy density and pressure in this context, we can further explore the physical implications of the model. Now,
considering the equation of state p = wp, from equations (32), (34) and (48), we find
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Figure 7. Variation of the energy density p v/s cosmic time ¢

In Figure 7, we present the evolution of the energy density p as a function of cosmic time ¢ for different values of
the Equation of State parameter viz. w = —0.34, —0.45, —0.66, —0.83, —0.94 within the quintessence regime. The plot
reveals that the energy density starts with significantly large values at the early stages of the universe. As time progresses,
p decreases steadily, signifying the dilution of energy density due to the universe’s expansion.

Figure 8 depicts the evolution of pressure (p) as a function of cosmic time (¢). The graph shows that the pressure
remains negative throughout the entire evolution, a key characteristic of dark energy. Negative pressure is essential for
generating the repulsive gravitational force responsible for the accelerated expansion of the universe. In the early stages
of cosmic evolution, the magnitude of the negative pressure is relatively large, corresponding to the dominance of energy
components with high density and strong negative pressure, such as quintessence or other dynamic dark energy models.
As the universe evolves, the magnitude of p gradually decreases. At late times, the pressure asymptotically approaches
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Figure 8. Variation of pressure p v/s cosmic time ¢ with w = —0.34, —0.45, —0.66, —0.83, —0.94

zero, indicating a transition towards a more stable expansion phase. This behavior is consistent with a dark energy model
where the Equation of State parameter (w) lies in the range —1 < w < —%, as in quintessence. The eventual approach of p
to zero suggests that the universe evolves towards a de Sitter like state, characterized by nearly constant energy density and
an exponential expansion phase. This result underscores the dynamic nature of the universe’s evolution, where negative
pressure plays a pivotal role in shaping its expansion history. The gradual reduction in the magnitude of pressure aligns
with the transition from a matter dominated phase to an accelerated expansion phase, dominated by dark energy effects.

6. THE FUNCTIONAL f(R,T) OF THE MODEL
From Eq.(10), the trace T of stress-energy tensor 77, is obtained as
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Again, the Ricci scalar R for the metric (14) is obtained as
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For our model, R is obtained as
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Therefore, the functional f(R,T') of our model is obtained as
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Figure 9. Variation of f(R,T) v/s cosmic time ¢ with w = —0.34, —0.45, —0.66, —0.83, —0.94

From the graph of f(R,T) versus cosmic time ¢ in figure 9, we see that the functional f(R,T) decreases in the
beginning of cosmic evolution but as cosmic time increases, it starts increasing. The graph illustrates the dynamic behavior
of the functional f(R,T') throughout the evolution of the universe, revealing a shift in its trend over time.

7. CONCLUSIONS

In this study, we explore a Bianchi type ITI cosmological model within the framework of f (R, T') gravity, considering
the functional form f(R,T) = fi(R) + f2(T), where f1(R) = MR, fo(T) = A2T + A\3T? and A1, A2, and )3 are free
parameters that determine the specific contributions of the Ricci scalar curvature (12) and the trace of the stress-energy
tensor (1) to the gravitational dynamics of the model. To solve the gravitational field equations, we assume a power-law
expansion, C' = Cyt®, where Cyy and /3 are positive constants. The parameter 3 is constrained to the range 0 < 3 <
1, ensuring a physically realistic cosmological model consistent with observed behaviors such as a decelerating phase
followed by accelerated expansion.

Exact solutions to the field equations are derived under these assumptions, and the resulting model is analyzed by
plotting various parameters of cosmological importance, as functions of cosmic time ¢. The horizontal axis of the plots
is expressed in Gigayears (Gyr), where 1 Gyr corresponds to 109 years, to provide a clear representation of the universe’s
evolution over time.
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By varying the parameter (3, we examine how the model’s qualitative behavior changes with different expansion
rates. The plots offer insights into the dynamical properties of the universe, such as its anisotropy, the transition from
deceleration to acceleration, and the roles of curvature in driving its evolution. This approach allows us to better understand
the implications of f(R,T') gravity and the viability of the chosen functional form in describing the observed universe.

From the variations of cosmologically significant parameters, we observe that volume (V') of the universe increases
with cosmic time ¢ which indicates the expansion of the universe. Our model remains anisotropic throughout its evolution.
The average Hubble parameter (H) starts at a very high value and decreases over time. The deceleration parameter
(g) transits from an early decelerating phase to a late-time accelerating phase, indicating that the universe undergoes
accelerated expansion at later times. The jerk parameter (j) decreases with cosmic time ¢ and remains below 1 throughout
the universe’s evolution, suggesting that our model behaves like a quintessence model of dark energy.

Moreover, the present-day value of the statefinder pair {r, s} for our model is found to be in the range < 1,s > 0.
For example, with values of the constants 5 = 0.75, k; = 0.1,Cy = 1,1 =1, A1 = —=0.1, Ay = 0.2, A3 = 0.3, t = 14,
the present value of the statefinder pair is {0.031, 0.126}, indicating that the model resembles a quintessence model both
in the present and at late times. The statefinder diagnostic provides a deeper insight into the nature of dark energy, with
our model’s parameters indicating a close resemblance to quintessence, a widely studied candidate for dark energy.

The energy density (p) of our model monotonically decreases from a very high initial value to a constant value at late
times, while the pressure (p) remains negative throughout its evolution. We also evaluate the Ricci scalar R and the trace T’
of the stress-energy tensor to determine the functional form f(R,T") of our model. At the early stages of cosmic evolution,
the functional f(R,T') exhibits a decreasing pattern. This behavior is primarily driven by the dominance of high curvature
(R) and significant contributions from the trace of the stress-energy tensor (17), which characterize the high-energy, dense
state of the early universe. During this phase, the rapid expansion and changes in matter-energy densities lead to a reduction
in f(R,T). As cosmic time progresses, the functional f(R,T) transitions from a decreasing to an increasing trend. This
shift occurs as the influence of matter and radiation diminishes with the universe’s expansion. The curvature (R) also
evolves due to the decelerating expansion in earlier phases and the subsequent transition to accelerated expansion. The
increasing trend of f(R,T") during intermediate times reflects the growing influence of dark energy or the modified gravity
terms associated with f (R, T') in shaping the universe’s dynamics. This turning point in the behavior of f (R, T') signifies
the interplay between the curvature scalar (R) and the trace of the stress-energy tensor (1) as the dominant components of
the universe’s energy content evolve. The rise in f(R,T) suggests that the modified gravity effects encoded in f(R,T)
become increasingly significant as the universe transitions toward its accelerated expansion phase. Overall, the evolution
of f(R,T) highlights the adaptability of the f(R,T") framework in capturing the changing dynamics of the universe, from
a matter-dominated phase to one governed by dark energy or other modified gravity effects.

In addition to the quantitative analysis, we also discuss the physical implications of our findings in the broader
context of cosmological models. The persistent anisotropy in our model suggests that early universe anisotropies can have
long-lasting effects, influencing the current and future dynamics of cosmic expansion. The transition of the deceleration
parameter from positive to negative values supports the hypothesis that the universe has transitioned from a matter-
dominated decelerating phase to a dark energy-dominated accelerating phase.
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JOCIIIAKEHHA BCECBITY BIAHKI III TUITY 3 KBAAPATUYHUM CJIIJIOM TEH30OPA
EHEPI'Ti-HAIIPYKEHHS B f(R,T) TEOPII TPABITAIIIT
Yanapa Pexxa MaxanTta, Kankana IlaTxak
Kagpeopa mamemamuxu, Ynisepcumem Iayxami, I'yeaxami - 781014, Inois

V wiit po6oTi MU PO3IIIAKAEMO MPOCTOPOBO OFHOPIAHMIA Ta aHizoTpomHuii BececiT Bianki Il tumy B rpasitauii f(R,T') 3 dyHKIio-
HampHol opmoo f(R,T) = fi(R) + f2(T) 3 fi(R) = MR 1a fo(T) = AT + A3T?, me A1, A2 Ta A3 — BUIbHI napameTpu.
My OTpUMYEMO TOYHI PO3B’SI3KM PIBHSIHb IPaBiTaLlifiHOro MoJs, PO3MISAAAOYM CTENICHEeBUil po3kia] KoedilieHTa MaciTaOyBaHHS
HanpsMKy. KoHTposmooun noTouni 3Ha4eHHs napamMeTpiB KOCMOJIOTYHOTO 3HAUEHHs, TaKHX SIK napamerp Xa66;1a H Ta napameTp ymno-
BUIbHEHHS ¢, JOCIIJUKYEThCS JUHAMIKA Ta (Di3HIHI XapaKTepUCTUKK MoJei. My Takok Bu3HadaeMo (yHKIioHanbHy dopmy f(R, T
HAIoi MOJIeJi, OIiHIoYM cKaysap Piudi R Ta cnijx T' TeH30pa eHeprii-HanpykeHHs. MU BUSBIISIEMO, IO HAIlla MOJIEJb 3aJIAINIAETHCS
aHI30TPOITHOIO IIPOTSTOM YCi€i CBOET €BOMIOLII, a TUCK KOCMIYHOI MaTepii 3aJMIIaeThCsl HeraTUBHIM. BusiBiieHo, 1110 mapameTp piBHSHHS
CTaHy w JIEXKUTD Y PEXIMi KBIHTECEHIIi1, i TOMY Hallla MOfIEJb IOBOAUTHCS K MOJEJIb KBIHTECEHLIii TEMHOI eHeprii.
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In this work, we study the cosmological dynamics of an anisotropic Bianchi type—//I universe filled with Kaniadakis holographic
dark energy and pressureless matter within the framework of Brans—Dicke—Rastall theory of gravity. To obtain exact solutions of
the field equations, suitable relations among the metric potentials are assumed, together with a functional relation between the scalar
field and the average scale factor. To constrain the model parameters, we perform a Markov Chain Monte Carlo analysis using joint
CC+BAO datasets. The reconstructed Hubble parameter shows excellent agreement with observational data within the 1o~ and 20
confidence regions, and the estimated value of the Hubble constant is consistent with recent measurements. We derive several important
cosmological parameters, including the Hubble parameter, deceleration parameter, equation of state parameter, scalar field, cosmic
time and lookback time. The physical behavior of these parameters is analyzed through graphical representations. The deceleration
parameter exhibits a smooth transition from an early decelerated phase to a late—time accelerated phase, with a transition redshift
consistent with recent observational bounds. The equation of state parameter remains in the phantom region, indicating a dynamical
dark energy behavior capable of driving the current accelerated expansion. Furthermore, the statefinder (r,s) and (r, ¢) diagnostics
reveal that the model closely approaches the ACDM behavior at late times, while allowing deviations at earlier epochs. The Om(z)
diagnostic further supports the phantom-like nature of dark energy in the present framework. Overall, our results demonstrate that our
model in Brans—-Dicke—Rastall gravity provides a viable and observationally consistent description of the cosmic expansion history in
an anisotropic universe.

Keywords: Kaniadakis holographic dark energy; Brans—Dicke—Rastall gravity; Bianchi type—IIl universe; MCMC analysis;, Cosmic
acceleration

PACS: 98.80.-k, 04.50.+h, 95.30.Sf

1. INTRODUCTION

Recent technological developments have led to a new era known as precision cosmology, where the large—scale
properties of the Universe can be measured with high accuracy [1]. Even with these improvements, most of the Universe
is still not fully understood. Observations such as galaxy rotation curves, gravitational lensing, and large—scale surveys
confirm the presence of dark matter, which makes up nearly 25% of the total energy content of the Universe [2]. An
even bigger mystery is dark energy (DE), which contributes about 70% of the present energy density and is responsible
for the accelerated expansion of the Universe. Although strong evidence for DE comes from gravitational waves, baryon
acoustic oscillations, and Type Ia supernova observations, its true nature is still unknown [3, 4]. This suggests that new
physics beyond the standard model may be needed. One approach is modified gravity, where Einstein’s general relativity
is extended by adding new terms or scalar fields [5, 6]. A well-known example is the Brans—Dicke theory, where the
gravitational constant G is replaced by a changing scalar field ¢ (G~! = ¢) [7, 8]. Although this theory can explain cosmic
acceleration, its predicted parameters often disagree with observations, so additional dark energy models are usually
considered [9, 10, 11].

The cosmological constant was initially regarded as the simplest explanation for dark energy, since it represents
vacuum energy and naturally produces accelerated cosmic expansion. Nevertheless, this interpretation faces well-known
theoretical difficulties, notably the fine—tuning and coincidence problems. Motivated by these issues, the Holographic Dark
Energy (HDE) model emerged as an alternative framework inspired by the holographic principle [12, 13]. The original
HDE formulation is based on the Bekenstein—-Hawking entropy relation and commonly adopts the Hubble horizon as the
infrared (IR) cutoff, providing a quantitative description of dark energy. However, the standard HDE model struggles to
fully describe the complete evolutionary history of a flat Friedmann—Robertson—Walker (FRW) Universe. To address these
shortcomings, several extensions have been proposed, including the use of alternative IR cutoffs [14] and the introduction
of interactions between dark energy and dark matter [15]. More recently, modified HDE models based on entropy—area
law deformations have been developed while still employing the Hubble radius as the IR cutoff [16, 17, 18]. Such
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generalized models aim to provide a more flexible and observationally compatible explanation of cosmic acceleration.
Further progress has been achieved through the introduction of generalized entropy formalisms, including Tsallis [19],
Sharma-Mittal [20], and Rényi [21] entropies, to extend the HDE scenario. A significant unifying approach was proposed
by Nojiri et al. [22, 23, 24], who introduced a four—parameter generalized entropy encompassing several well-known
entropy measures as limiting cases. Among these, the Kaniadakis entropy [25] stands out as a one—parameter deformation
of Boltzmann—Gibbs entropy, particularly suitable for strong gravitational regimes [26, 27]. Its incorporation into HDE
leads to the Kaniadakis holographic dark energy (KHDE) model [28], which offers enhanced flexibility and potential
solutions to long—standing cosmological problems such as fine-tuning and cosmic coincidence.

Rastall’s theory of gravity is a non-Lagrangian modification of General Relativity in which the usual conservation

of the energy—-momentum tensor is relaxed. In Einstein’s theory, the divergence of the energy—momentum tensor vanishes
due to the divergence—free property of the Einstein tensor. Rastall proposed that in curved space-time the standard
conservation law 7°; =0 may not strictly apply and allowed a non—zero divergence instead [29]. The deviation from
standard conservatlon is controlled by a dimensionless parameter A, representing a non—minimal coupling between matter
and geometry. This idea is physically motivated by cosmological particle creation processes, where classical conservation
laws may effectively break down. In this sense, Rastall gravity can be viewed as a classical description that mimics certain
quantum effects, since the non—conservation of the energy—momentum tensor is linked to space-time curvature [30, 31].
Similar relaxations of conservation laws have also inspired alternative Lagrangian approaches [32, 33]. The equivalence
between Rastall gravity and General Relativity remains debated: some studies treat it as a genuine modification [34], while
others argue for mathematical equivalence under specific conditions [35]. Recent works further examine its cosmological
and dynamical implications [36, 37].
Rastall Theory: Since the formulation of general relativity, several alternative geometric theories of gravity have been
proposed to better understand gravitational phenomena and cosmological evolution (see, for example, Rastall [29];
Brans and Dicke [8]; Moffat [38]; and Bekenstein [39]). A fundamental feature of GR is the conservation of the
energy—momentum tensor. One of the earliest attempts to relax this conservation principle appeared in the steady—state
cosmological model proposed by Bondi and Gold [40] and Hoyle [41]. Building on this idea, Rastall introduced a
non—conservative theory of gravity by modifying the usual conservation law to T%/.; = kR, where T'/ is the energy—
momentum tensor, R is the Ricci scalar curvature, and & is a coupling constant. This modification implies that particle
creation processes in cosmology may lead to an effective violation of classical conservation laws, with the deviation being
directly related to the curvature of space—time. In this framework, the geometry and matter fields are non—minimally
coupled, leading to a generalized form of Einstein’s field equations. Rastall’s modified gravitational field equations can
be written as G;; + Ag;jR = «kT;;, where A is the Rastall parameter measuring the departure from standard conservation
and « is the gravitational coupling constant.

1 ARas — 1
Rij = 38ijR = 872G |Tij - ———2gijT (1)
with equation of motion
pij _ ARas =1 )
St 2
where Tllj = #j;;raﬁf or T‘lj = %T;f with R = 87 G(2Agas — 3)T, T is the trace of the stress-energy

momentum tensor, and Ag,; is Rastall’s parameter. One can recover GR field equations by setting Ag,s = 1.

Brans-Dicke-Rastall Theory: In the BD context, identifying G = % and Args = 2 /1 1’ A is BDR parameter, in Eq. (2),
we obtain the following relation:

ij_ (1-)¢
T/ = ——=RY 3
! 167 )
Generalizing Rastall’s field equations to the BD case, we obtain:
A 8r 1 X w1
Rij - Egin = ETij + (_Egij¢;k¢’ + ¢;i¢;j) #” + P (~&ij0¢ + ¢.i:) “4)
in which the dimensionless BD coupling parameter is denoted by w and the BD scalar field is denoted by ¢. The trace of
the Eq. (4) is obtained as
1 87r |:|¢
= ) 5
1_2/1(¢ ¢2¢k¢ ¢) ®)

Now, using the Egs. (4) and (5), we obtain the BDR theory field equations as

1 8 1-2
ij

A
U L A = M o

) gt]¢k¢ +¢¢ )
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The Bianchi identities lead to:
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For A = 1, the Brans—Dicke—Rastall (BDR) theory reduces to the standard BD model. BDR is distinctive because it
unifies scalar—tensor dynamics with a non—conservative energy—momentum framework inspired by Rastall gravity. Unlike
higher—order theories such as f(R) gravity, BDR preserves second—order field equations and involves fewer dynamical
degrees of freedom, making it mathematically simpler. The additional parameters A and w provide flexibility for fitting
cosmological observations and explaining late—time cosmic acceleration. Its non—conservative nature allows effective
matter creation or matter—geometry interaction, enabling the model to mimic dark energy effects and slightly modify
astrophysical structures compared to GR or BD theory.

The choice of a Bianchi type (BT)-111 background allows for the incorporation of spatial anisotropy, which may have
been significant in the early universe (Ref. [42]-[52]). While current cosmological observations strongly support isotropy
on large scales, considering anisotropic geometries like BT-III offers deeper insights into possible deviations from perfect
isotropy and helps to understand how anisotropies might decay or leave imprints on late-time cosmic dynamics. Studies on
KHDE are also emerging in various contexts [53, 54, 55, 56]. Ghaffari [57] studied KHDE model in BD theory of gravity
and investigated their cosmological consequences. Ali et al. [58] explored the dynamics of isotropic KHDE model in the
Chern-Simons modified theory. Murali et al. [59, 60] have investigated anisotropic KHDE models in scalar-tensor theory
of gravity. Embedding these two aspects of the universe in the background of BDR theory further enhances its physical
relevance. BD gravity introduces a dynamical scalar field, reflecting Mach’s principle and varying gravitational coupling,
while Rastall’s hypothesis modifies the conservation law of the energy—momentum tensor. Their combination (i.e., BDR
theory) provides an effective platform to explore non-standard energy exchange between matter, geometry, and DE, which
is crucial for explaining cosmic acceleration without relying exclusively on a cosmological constant. The Hubble cutoff
provides a simple and large-scale measure of cosmic dynamics. With this motive, the investigation of BT-/// KHDE
model with Hubble cutoff within the framework of BDR theory provides a promising way to address fundamental questions
about the universe’s accelerated expansion and the role of extended theories of gravity. We organized the paper as follows:
Section-2 consists the field equations of the model and analytical solution of the field equations. Section-3 includes the
observational constraints made on these solutions are imposed by cosmic chronometer and BAO Hubble datasets using
Markov Chain Monte Carlo analysis. In section-4, we discuss the dynamical behavior of models, and conclusions are
given in section-5.

2. KANIADAKIS HOLOGRAPHIC DARK ENERGY MODEL
The BT-111 space—time is considered in the following form:

ds® = di* — [A()]?dx* - [B(1)]?e* dy* — [C(1)]?dZ>. (8)
From the non—vanishing components of the Einstein tensor for the BT-/11 space—time, it is observed that G }‘ = % - % =

0, which, upon integration, yields the relation A = a; B, where a is an integration constant. Without loss of generality, by
choosing a; = 1, we obtain A = B. The total energy—momentum tensor of the source is assumed to be a combination of

the matter and dark energy components (in mixed form), T; Jtot) Tl_j (m) Tl.j (d€) We define the matter and DE tensors
as diagonal tensors in the comoving frame (i.e., u' =(1,0,0,0), u; =(1,0,0,0) and u’u; = 1), namely

i(m . —j(de .
Tl]( ) — dlag(pm’ 0,0, 0) s Tf( ) = d1ag(pde, —Px> —Py> _pz) s ©))
with the anisotropic equation of state

Px = WdePde> Py = WdePde> Pz = (Wae +¥)Pdes (10)

where the EoS parameter w,, and the energy densities of matter are denoted as p,, and DE as p . in this equation. The
deviation parameter, v, is the deviation along z-direction from the EoS parameter.

The BDR field equations (6) for the metric (8) in a comoving coordinate system can be formally expressed using (9)
and (10) as

A ¢ _AC _ 8r(1+4 L1 R N V([ A

ATCTAC T T \2ogWdePde Ty Ty YPde T T WWm T Pd) | T WAL\ T4
2-A\A¢ 1+4)\C¢ 1+4)\ ¢

(F=2) 7%+ (=) e+ (32) 5
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2 + 2 A2 = & /lwdepde 2_4/]'7pde 2 _ 41 (pm +Pde) +w ) 242
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2-41]Co \2-M] 9
JAC (AY_ 1 _ sa(l- 3-31 1-21
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¢\ (2-32 1+A\A¢ (1+2\Cé
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3-31\ ¢
+(2 4/1)¢ (42

¢+(2A c)¢ (w(pde+pm—3wdepde—wde>)_( wd -4 )(ﬂz) (14)

c 31-2(1-2)w 31—-2(1 - 20)w

The field equations given in Egs. (11)—(14) constitute a system of four independent equations containing six unknown
functions, namely the metric potentials A and C, the dark energy density pg., its equation of state parameter wg., the
matter density p,,, and the skewness parameter y. To obtain a deterministic solution, two additional physically motivated
constraints are required. A commonly adopted assumption is that the expansion scalar 6 = % + % is proportional to

) N2
the shear scalar 2 = % % — %) , which leads to a simple relation between the metric potentials of the form C = Ak,

where k # 1 is an arbitrary constant. The physical relevance of this proportionality condition has been discussed in detail
by Thorne [61]. Observational evidence indicates that the present Hubble expansion of the Universe is nearly isotropic
within approximately +30% [62, 63], and measurements at moderate redshifts further constrain the ratio o-/H < 0.3. The
assumption that o~/ H remains constant corresponds to a normal congruence, as shown by Collins et al. [64], and is valid
for spatially homogeneous space—times. In addition, following common practice in the literature, we assume a power—law
relation between the scalar field and the scale factor, ¢ o« [a(¢)]", which has been widely employed in scalar—tensor
cosmological studies [65, 66]. Several investigations have examined the dynamical behavior of the scalar field under this
assumption [67]-[70]. Motivated by its physical significance and its ability to simplify the system, we adopt the relation
#(t) = ¢ola(r)], where ¢ is a constant of proportionality.

Using the above relations in Egs. (12) and (13), we get

A k-1

A (3k+3+kn+2n\ A 1 |8rypae 1 ]A
S Rl [ b O - (15)
¢ A?

A 3 A
The relationship between DE’s energy density and the skewness or deviation parameter has been the subject of numerous
recent investigations. Anisotropic DE models were investigated by Akarsu and Kilinc [71], who took into account
a correlation between DE energy density and skewness factors. In a similar vein, Sharif and Zubair [72] examined
dynamical anisotropic DE models using the identical relation. We assume the following relationship between y(z) and
Pde in order to completely resolve Eq. (15)

¢

A 1
3 (k=Dyo— +— (16)
TTPde

A A2

y(1) =
in which every given constant is represented by y¢. Various authors have explored comparable relationships in the literature

[73]-[76]. We can find our model’s metric potentials by plugging the Eq. (16) into Eq. (15)

by kby

A = (ke + k)", = (k1e”" + k) *2 17)
where k| = Wzgﬂ% s ko = M, b1 and b, are integrating constants. Now using these metric potentials (17),
we can rewrite the space-time as

2kby

2b 2b
ds? = di* — (k1" + ko) T dx® — (k1™ + ko) B €25 dy? — (k™ + k) T2 dZ2. (18)

Now the scalar field ¢ calculated as

¢ = ¢o (k1" + ky) ™ . (19)
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The Hubble parameter H(z) can be obtained as

1(,A C k+2\(b2\( kie?'yg
H==(2—+—=| = |—||—=||—/—— 20
3( A C) ( 3 )(kg)(k167(1’+k2 (20)
Yo n+3
= 1 —ko(1+
3 | 2(1+2)™7]
H
= 2 (1-k0+2m™) @1)
1 -k
where 1 + z = ﬁ and a(t) is average scale factor. Here 151122 = % We will constrain following parameters Hy, n and

Hj (I’l+3)
1-ky °

and k = ﬁ — 2 for appropriate choice of arbitrary integrating constant b, and observationally constrained values of
H(), n and kz.

ko, with observational datasets in section-III. We will evaluate the parameters yo and k from the expression yg =

KHDE: A generalized single-parameter entropy, known as the Kaniadakis entropy (k-entropy) [77, 78, 79], is defined as

-~ = = , 22
2K 2 K —K (22)

w P}+K _ Pil_K 1 :’Yl (Pil_K _ Pl) }4_/1 (Pi1+K _ Pl)
P of i i ;
i=1

where P; denotes the probability of occupation of the i microstate of a classical system. The parameter k encodes
deviations from extensivity, and in the limit x — 0, the standard Boltzmann—Gibbs entropy is recovered [77, 78]. For an
equiprobable distribution P; = 1/W, Eq. (22) yields [77, 78, 79]

W — W=« 1
S¢=———— = S, = —sinh(«Spp), (23)
2k K
N . . )
where Spp o G- G is the Bekenstein—Hawking entropy and G denotes Newton’s constant.

Recently, Nojiri et al. [22, 23, 24] introduced a generalized four-parameter entropy function capable of reproducing
several important entropy formalisms—such as Tsallis, Rényi, Barrow, Sharma—Mittal, Kaniadakis, and loop quantum
gravity entropies—as special limiting cases. The proposed generalized entropy S, is given by

B -8
! (1+&SBH) —(1+$SBH) l (24)

Sg[a+aa*7ﬁ7’}/] = ; ﬁ ﬂ

where @, @_, 8, and vy are positive parameters. For the particular limit 8 — oo and @, = a_ = y/2 = k, Eq. (24) reduces
to

1
SK = - Sinh(KSBH), (25)
K

which matches the Kaniadakis entropy in Eq. (23). Using the holographic principle, the energy density associated with
the Kaniadakis entropy (23) takes the form

3c2M? 1.2
= P Ginh (K” ) ) (26)

G

where Ml,z7 = 1/(87G) is the reduced Planck mass, L is the IR cutoff length scale, ¢ is a model constant, and « is the
Kaniadakis parameter. In the Brans-Dicke (BD) framework, the gravitational coupling is dynamical, with G = 1/¢.
Substituting this relation into Eq. (26), the Kaniadakis holographic dark energy (KHDE) density becomes
2
Ode = 8171?4 sinh(KﬂL2¢) . 27)
In holographic dark energy (HDE) models, the choice of the infrared (IR) cutoff is crucial for determining the cosmic
dynamics. Among various possibilities, the Hubble horizon £ = H~! is considered one of the most natural and physically
motivated options. The IR cutoff sets the largest length scale that contributes to the dark energy density. Different cutoffs,
such as the particle or event horizons, can significantly alter the Universe’s evolution. Unlike the event horizon, which
depends on the future expansion history, the Hubble horizon is locally defined and free from causality issues. Therefore,
adopting the Hubble radius as the IR cutoff provides a local, causal, and observationally consistent description of dark
energy. By setting £ = 1/H, we obtain

(28)

3¢2H*¢ . (Kﬂ¢)
Pde = sinh

8k H?
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where Hubble parameter H is given by Eq. (20). Using Hubble parameter (20) in Eq. (28), we obtain the energy density
of BHDE with Hubble horizon as IR cutoff as

K Po(n+ 3)2 (ke + kz)%
ki® (e70)? yo?

3kt (7)) Yot o (ki e + kp) 7

7] sinh
8(n+3)" mk

Pde (29)

The BT-111 universe with KHDE inside the framework of BDR theory of gravity is shown by Eq. (18), the scalar
field (19), and the energy density (29). Using Eqgs. (11), (12), (17), (19) and (29), we obtain the EoS parameter of our
model as

(k17 + k)73 (30)

8 (n+3)* (ke + k2)4 K [1 do(1 —32)
Wde = 5

2hktetntydy 8 7(2-41)
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kblk3y2e?rot } -1 ((k_l)ygbzklew
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and we find the skewness parameter as

4 Yot 4 _ 2 Yot b -2
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3. OBSERVATIONAL CONSTRAINTS

The Hubble tension refers to the persistent discrepancy between independent determinations of the present-day
expansion rate of the Universe, Hy, obtained from early- and late-time observations. Measurements inferred from the
cosmic microwave background (CMB), particularly those based on Planck data within the ACDM framework, yield a
lower value of Hy ~ 67-68 kms~! Mpc™!, whereas direct local measurements using the cosmic distance ladder (Cepheids
and Type Ia supernovae) favor a higher value of Hy ~ 73-74kms~! Mpc~! [80, 81, 82, 83]. This discrepancy has now
reached a statistical significance of ~ 5o or higher, and in some recent analyses even exceeds 60, indicating that it is
unlikely to arise from statistical fluctuations alone [84, 85]. Independent observations, including those from the James
Webb Space Telescope, continue to support the higher local value, reinforcing the robustness of the tension [86]. At
present, no single systematic uncertainty has been identified that can fully account for this disagreement, suggesting that
the tension may point toward new physics beyond the standard cosmological model. Proposed resolutions include early-
Universe modifications such as early dark energy or additional relativistic species, as well as late-time extensions involving
dynamical dark energy, interacting dark sectors, or modified theories of gravity. Consequently, the Hubble tension has
emerged as one of the most significant challenges to ACDM and provides a powerful probe for testing extensions of the
standard cosmological paradigm. The exact solutions of the field equations in Brans—Dicke—Rastall (BDR) gravity with
anisotropic dark energy contain three free model parameters, namely (n, Hy, k»), which explicitly appear in the expression
for the Hubble parameter. The primary objective is to constrain these parameters using observational Hubble datasets in
order to validate the model in the context of the present Universe. For this purpose, we employed a joint dataset consisting
of 57 Hubble parameter measurements obtained from cosmic chronometer (CC) and baryon acoustic oscillation (BAO)
observations [87, 88]. The numerical analysis was carried out using the emcee Python package, where the parameter space
around the local minima was explored through a Gaussian prior centered on the initial estimates with a fixed standard
deviation (o = 1.0). The chi—square function used for parameter estimation is defined as

57 2
H is sH 9k _H i
2 (n, Ho, k) = Z [Hn(zizn 32 2) — Hops(2i)] ’ (35)

i=1 H(z;)
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where Hgps(z;) denotes the observed Hubble parameter at redshift z;, Hw(z;;n, Ho, kp) represents the theoretically
predicted value from the model, and oy ;) corresponds to the associated observational uncertainty. By minimizing
the above chi—square function and performing a Markov Chain Monte Carlo (MCMC) analysis, we obtained the best—fit
estimates for the parameters n, Hy, and k, using the combined observational datasets.

Datasets Parameter Prior Value
H (50,100) | 67.90%02%
k2 (-1,0) | —0.448*0077
0.079
Hubble n (-2,-1) —1.215t0_092
(CC+BAO Data) by - -0.26
0.5265
k - +0.91’j0‘1840
b - 0.3

Table 1. The MCMC estimates.

Fig. 1 presents the marginalized one—dimensional posterior distributions and the two—dimensional confidence
contours for the model parameters (k;, Hy, n) obtained from the joint CC+BAQO dataset using the Markov Chain Monte
Carlo MCMC) technique. The MCMC analysis efficiently explores the parameter space and provides robust constraints
by minimizing the corresponding y? function. From the one—dimensional posteriors, we obtain the best—fit values ko =
-0.448*0077 " Hy = 67.90*0-28 ‘and n = —1.215*0979 at the 1o~ confidence level. The inferred value of the Hubble
parameter Hy is in good agreement with recent observational estimates, indicating the consistency of the present model
with late—time cosmic expansion data. The two—dimensional contour plots show well-defined closed regions at 1o~ and
20 confidence levels, implying a strong correlation among the parameters and the statistical stability of the model. Fig.
2 shows the comparison between the reconstructed Hubble parameter H(z) obtained from the best—fit model parameters
and the observational CC+BAO data. The solid curve represents the best—fit evolution of H(z), while the shaded regions
correspond to the 10~ and 20 confidence intervals derived from the MCMC analysis. The observational data points are
found to lie well within the confidence regions across the entire redshift range, indicating an excellent agreement between
the theoretical model and observations. For comparison, the standard ACDM prediction is also shown and exhibits a
slightly different evolution at intermediate and higher redshifts. The close proximity of the best—fit curve to the ACDM
model at low redshifts confirms that the present model successfully reproduces the observed late—time cosmic expansion.
At higher redshifts, small deviations appear, reflecting the influence of anisotropy and modified gravity effects inherent
in the model. Overall, the consistency of the reconstructed H(z) with CC+BAO data demonstrates the robustness and
observational viability of the proposed cosmological framework.
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02 level of confidence in the joint MCMC analysis of 0.7. The dots are shown the Hubble dataset with error bar.
CC+BAO datasets.

4. COSMOLOGICAL PARAMETERS

In this section, we examine the expansion dynamics of the Universe within the constructed KHDE model by em-
ploying several standard cosmological diagnostics. These include the equation of state (EoS) parameter wg., the squared
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sound speed v2, the deceleration parameter ¢, and the Om—diagnostic Om(z). Furthermore, we analyze the evolutionary
behavior of the model through well-known diagnostic planes such as the wg.~w/,, plane, the statefinder pair (r, s), and
the r—g plane. For the graphical and numerical analysis, we adopt the constrained parameter values Hy = 67.9, ky =
—0.448, and n = —1.215, obtained from observational datasets. In addition, the derived and auxiliary parameters are
chosen as yp = 83.7, k =0.91, b1 = 0.3, b, = -0.26, ¢ = 0.03, 1 = 0.7, ¢o = 95, w = 0.6, and « = 0.2. These parameter
choices ensure physically consistent behavior of the cosmological quantities and provide a representative visualization of
the model’s dynamical evolution.

Scalar field

Fig. 3 illustrates the evolution of the scalar field ¢ as a function of redshift z. It is observed that the scalar field
exhibits a monotonically increasing behaviour with increasing redshift, indicating that ¢ attains smaller values at late
times and grows significantly toward the early universe. This behaviour suggests that the effective gravitational coupling,
which is inversely related to the scalar field in Brans—Dicke theory, was stronger in the past and gradually weakens as
the universe expands. Such an evolution is physically reasonable and consistent with scalar—tensor cosmological models,
where deviations from general relativity are more prominent at early epochs. Moreover, the gradual growth of the scalar
field supports a stable cosmic evolution and ensures compatibility with current observational constraints. Hence, the
obtained scalar field dynamics reinforces the viability of the present cosmological model.

ZS 30 7 ’3% 15
@
-1 05 0 05 red;hiﬂz 15 2 25 3 - 05 0 05 re(‘jShiﬂZ 15 2 25 3
Figur.e 3. The plot between scalar field ¢(z) and Figure 4. Plot of EoS parameter versus
redshift z. redshift z.

EoS parameter

The equation of state (EoS) parameter wgye = pae/pde plays a fundamental role in understanding the dynamical
nature of dark energy and the expansion history of the universe. Different values of w . correspond to distinct evolutionary
phases, ranging from early decelerating epochs to the present accelerated expansion. Fig. 4 illustrates the evolution of
the dark energy EoS parameter as a function of redshift z for the present model. From the Fig. 4, it is evident that wg,
remains less than —1 over a significant redshift range, indicating a phantom-like behaviour of dark energy. Such a regime
is capable of driving strong accelerated expansion and is consistent with recent observational indications that mildly favor
phantom or dynamical dark energy over a strict cosmological constant. At higher redshifts, the EoS parameter gradually
approaches values closer to wg. — —1, suggesting that the model effectively mimics a ACDM-like behaviour. The
continuous transition of the EoS parameter reflects the dynamical nature of dark energy in the model, rather than a constant
vacuum energy density. Overall, the evolution of the EoS parameter demonstrates that the proposed model successfully
accounts for the present accelerated expansion of the universe while remaining consistent with a smooth cosmic evolution.

Deceleration parameter

The deceleration parameter ¢(z) plays a crucial role in characterizing the expansion history of the universe, as its
sign directly distinguishes between decelerated and accelerated phases of cosmic evolution. Physically, ¢ measures the
rate of change of the cosmic expansion relative to the Hubble expansion rate. If g > 0, the universe is in a decelerated
expansion phase, while ¢ < 0 indicates accelerated expansion. The case ¢ = 0 corresponds to uniform expansion. The
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redshift evolution of ¢(z) allows us to determine the transition redshift at which the universe shifted from matter-dominated
deceleration to dark-energy-driven acceleration. For our models it is defined as

da 1_kg(n+3)

a? kieo! (32)

where a(t) is the scale factor. Fig. 5 depicts the evolution of ¢ as a function of redshift z for the present model constrained
by the CC+BAO data. At early times (higher redshifts), the deceleration parameter remains positive (¢ > 0), indicating a
decelerating expansion phase dominated by matter and anisotropic effects. This behaviour is consistent with the standard
cosmological picture of a matter-dominated universe in the past. As the universe evolves, ¢(z) decreases monotonically and
crosses the phantom divide line g = 0 at the transition redshift z; =~ 0.79, signaling a smooth transition from decelerated
to accelerated expansion. Such a transition redshift is well supported by recent observational studies, thereby reinforcing
the observational consistency of the model. At the present epoch (z = 0), the deceleration parameter attains a negative
value g9 = —0.45, confirming that the universe is currently undergoing accelerated expansion. Overall, the evolution of
the deceleration parameter demonstrates that the model successfully describes a realistic and smooth cosmic expansion
history.
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Satefinders plane

In order to discriminate among various DE models that successfully explain the late—time accelerated expansion of
the universe, higher—order geometrical diagnostics are required. Although different DE models can reproduce the same
present—day values of the Hubble parameter H and the deceleration parameter ¢, these quantities alone are insufficient
to distinguish between competing scenarios. To overcome this limitation, Sahni et al. [89] introduced the statefinder
diagnostic pair (r, s), defined in Eq. (33), which depends on the third derivative of the scale factor and hence captures finer
details of cosmic dynamics. Fig. 6 displays the evolution of the present model in the (r, s) plane. The trajectory clearly
passes through different DE regimes, thereby offering a clear geometrical interpretation of the cosmic evolution. At early
times, the trajectory lies in the region characterized by » > 1 and s < 0, which corresponds to the phantom-like dark
energy regime. This behaviour indicates a strong acceleration phase driven by effective DE with an equation of state less
than —1. As the universe evolves, the trajectory approaches the fixed point (r, s) = (1, 0), which represents the standard
ACDM model. The proximity of the trajectory to this point at late times implies that the present model closely mimics
the concordance cosmology and is therefore consistent with current observations. At later epochs, the evolution enters
the region < 1 and s > 0, which is associated with quintessence—type DE behaviour. This transition signifies a gradual
softening of the acceleration mechanism and reflects the dynamical nature of DE in the present framework. Overall, the
statefinder analysis demonstrates that the proposed cosmological model is capable of interpolating between different DE
regimes while remaining compatible with the ACDM limit.
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r — g plane

The r—q plane provides a useful geometrical diagnostic to study the evolutionary behavior of cosmological models
and to distinguish them from standard dark energy scenarios. In this plane, the fixed point (r, g¢) = (1,0.5) corresponds to
the standard cold dark matter (SCDM) dominated universe, while the point (7, g) = (1, —1) represents the steady state (SS)
or de Sitter model, characterized by a constant expansion rate and exponential growth of the scale factor. The evolution
of the present model in the r—¢ plane is shown in Fig. 7. From the Fig. 7, it is evident that the trajectory of the model
begins in the vicinity of the SCDM point at early times, indicating that the universe undergoes a decelerated expansion
phase dominated by matter. As cosmic time progresses, the trajectory smoothly departs from the SCDM fixed point and
moves toward negative values of the deceleration parameter, reflecting the onset of late—time accelerated expansion. This
transition signifies the gradual dominance of dark energy—like effects over matter. At late times, the trajectory approaches
the steady state point (r,q) = (1, —1), which corresponds to a de Sitter—type expansion. This behavior suggests that the
universe evolves toward a phase of exponential expansion driven by an effective cosmological constant. The smooth and
continuous nature of the trajectory confirms the absence of abrupt transitions or singular behavior, ensuring the physical
stability of the model. Furthermore, the evolutionary path of the model closely resembles the expected behavior of the
ACDM scenario, which evolves from the SCDM regime toward the steady state limit.
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Figure 7. The plot of Om(z) versus z. Figure 8. The plot between w4, versus its derivative w:le.

Om-diagnostic parameter

The Om(z) diagnostic provides an effective and model-independent tool to characterize the nature of dark energy
by directly relating the Hubble parameter H(z) to the redshift z. Unlike the equation of state parameter, the Om(z)
diagnostic does not require higher—order derivatives of the scale factor, making it particularly robust against observational
uncertainties. In the standard ACDM cosmology, Om(z) remains constant and positive for all redshifts, reflecting a
constant dark energy density associated with a cosmological constant. It is defined as

1—ky (142)™3 |2
Om(z) = HZ(Z)_H(% = [ e ] _ (34)
(2 13-DH2 T (z+1)3-1

Fig. 8 illustrates the evolution of Om(z) for the present model. It is evident that Om(z) exhibits a clear decreasing
trend with increasing redshift over a wide redshift range. Such a monotonic decrease in Om(z) is a characteristic signature
of phantom-like dark energy. This behaviour implies that the dark energy density grows with cosmic time, leading to a
stronger acceleration at late epochs. The deviation of Om(z) from a constant value further confirms that the present model
does not reduce exactly to the ACDM scenario but represents a dynamically evolving dark energy framework. At higher
redshifts, Om(z) approaches a nearly constant value, indicating that the influence of dark energy becomes subdominant
and the cosmic expansion is primarily governed by matter. This feature is consistent with the expected transition from a
matter—dominated decelerating phase in the past to a dark energy—dominated accelerated phase at late times. Hence, the
Om(z) diagnostic strongly supports the viability of the proposed model as a realistic and physically consistent description
of dark energy.

’
wge — W), Plane

The wg.~w!;, phase-space analysis serves as an important diagnostic tool to investigate the dynamical nature of dark
energy, where the prime denotes differentiation with respect to In a. This method, introduced by Caldwell and Linder [90],
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enables a clear classification of dark energy models based on their evolutionary behavior. In this framework, dark energy
models are broadly categorized into two distinct regions: the thawing region, characterized by w4, < 0 and w/,, > 0, and
the freezing region, where wg. < 0 and w/,, < 0. Fig. 9 depicts the evolution of the present model in the wg.~w,, plane.
It is evident that the trajectory lies entirely in the region wg, < 0 with w/,, < 0, which clearly corresponds to the freezing
class of dark energy models. This behavior indicates that the dark energy equation of state evolves toward wg, = —1 at
late times, gradually slowing down its dynamical evolution and mimicking a cosmological constant-like behavior in the
future. The freezing nature of the model suggests that dark energy was more dynamic in the past and becomes increasingly
dominant and stable as the universe expands. The wg.—w/,, analysis strongly supports that the present model belongs to
the freezing dark energy class and provides a viable dynamical alternative to the standard ACDM model while remaining

consistent with current observational constraints.

Figure 9. The plot between wg, versus its derivative w/,,.

Age of the model

The cosmic time #(z) and the lookback time 7y — #(z) are important quantities for understanding the age and
evolutionary history of the universe. We estimate the age of our model using:

_ Ve dZ,
== /0 (1+2)H ()’ 33

For our model, we have obtained the expression for cosmic age of the universe as
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Fig. 10(a) shows the variation of the cosmic time ¢ as a function of redshift z. At the present epoch (z = 0), the cosmic
time attains the value ¢y ~ 0.014 x 978 Gyr = 13.78 Gyr, which represents the current age of the universe in the adopted
units. As z increases, #(z) decreases rapidly, reflecting the faster expansion rate in the early universe. Fig. 10(b) illustrates
the behaviour of the lookback time ¢y — #(z) as a function of redshift. The lookback time increases monotonically with
redshift, indicating that light emitted from higher redshifts has traveled longer durations before reaching the observer. At
low redshifts, t) —#(z) grows rapidly, while at higher redshifts the curve gradually flattens, showing that most of the cosmic
age is accumulated at relatively small redshifts. This behaviour is consistent with an early decelerated expansion followed
by a late-time accelerated phase. The smooth and regular evolution of both 7(z) and 7g — #(z) confirms the absence of any
sudden transitions or singular behaviour in the cosmic history. Moreover, the consistency between the decreasing cosmic
time and increasing lookback time reinforces the physical reliability of the present cosmological model and supports its
compatibility with the standard picture of cosmic evolution.

5. CONCLUSIONS

In this work, we have investigated an anisotropic Bianchi type—/I/ cosmological model filled with KHDE and
pressureless matter within the framework of BDR theory of gravity. The combination of anisotropic geometry, modified
gravity, and generalized holographic dark energy provides a rich and flexible framework to study cosmic evolution. By
imposing suitable relations among the metric potentials and assuming a functional dependence between the Brans—Dicke
scalar field and the average scale factor, we obtained exact analytical solutions of the field equations. Using these solutions,
several key cosmological parameters were derived and analyzed in detail. The evolution of the Hubble parameter shows
a smooth and physically reasonable behavior, consistent with observational data. In particular, the reconstructed H(z)
profile obtained from the best—fit parameters lies well within the 10~ and 20 confidence regions of the CC+BAO datasets,
demonstrating the robustness of the model against current observations. The model parameters were tightly constrained
using a MCMC analysis with CC+BAO datasets. The resulting best—fit values, particularly for the Hubble constant, are in
good agreement with recent observational estimates. The well-defined and closed confidence contours in the parameter
space confirm the statistical stability and convergence of the MCMC analysis.

The deceleration parameter analysis reveals a clear transition from an early decelerated phase to the present accelerated
phase of the universe. The transition redshift obtained in this model is compatible with recent observational constraints,
confirming that the model can successfully reproduce the observed cosmic acceleration. This smooth transition further
supports the physical viability of the model. The behavior of the equation of state parameter of dark energy plays a crucial
role in characterizing the nature of cosmic acceleration. Our analysis shows that the EoS parameter remains in the phantom
region throughout the evolution, implying wgz. < —1. Such a behavior is capable of driving strong accelerated expansion
and is consistent with several recent observational indications favoring dynamical dark energy over a strict cosmological
constant. Importantly, the evolution of wg,. is smooth and free from divergences, indicating the absence of pathological
future singularities within the considered redshift range. To further discriminate the present model from standard dark
energy scenarios, we employed several geometrical diagnostics, including the statefinder (r, s) and (r, g) planes, as well
as the Om(z) diagnostic. The statefinder analysis shows that the evolutionary trajectory of the model passes through
different dark energy regimes and approaches the ACDM fixed point at late times, indicating that the model can effectively
mimic the concordance cosmology in the recent past while allowing deviations at earlier epochs. Similarly, the r—¢q plane
demonstrates a smooth evolution from the standard cold dark matter dominated era toward a de Sitter-like steady state,
reinforcing the consistency of the model with the expected cosmic history. The Om(z) diagnostic exhibits a decreasing
trend with redshift, which further confirms the phantom-like nature of dark energy in this framework and rules out a
constant ACDM behavior. We also analyzed the evolution of the Brans—Dicke scalar field and the cosmic time parameters.
The scalar field shows a regular and monotonic behavior, suggesting a time—varying effective gravitational coupling that
evolves smoothly with cosmic expansion. The cosmic time and lookback time analyses indicate a consistent and realistic
age of the universe, with no abrupt transitions or singular behavior, thereby strengthening the physical reliability of the
model.

In conclusion, the present study demonstrates that the KHDE model within the BDR framework provides a viable and
observationally consistent description of the cosmic expansion history in an anisotropic universe. The model successfully
explains the transition from early deceleration to late-time acceleration, closely mimics ACDM behavior at late times,
and allows for a dynamical dark energy component with phantom characteristics. These results highlight the potential
of generalized holographic dark energy models in modified gravity theories as promising alternatives to the standard
cosmological paradigm.
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OBMEZKEHA I'OJIOT'PA®IYHA MO/IEJIb TEMHOI EHEPT'TI KAHIAJIAKICA B
KOCMOJIOT'IT BIAHYI /11
10. Aqurea'”, K. Hacynaiiny' ™, Mypanacerti Hookapamxky?, II. Cinena®, I. Cypssnapasna®
'Kagpeopa mamemamuxu, Texnonozivnuii incmumym GMR (GMRIT) — Beaxcaemucs ynisepcumemon, Padwcam-532127, Indis
2Kagpedpa ximii, Ynisepcumem Adimvs, Cypamnanem-533437, ndisa
3Kagpeopa ximit, Inocenepnuii konedxc Ilpi Bacasi, Tadenannizydem-534101, Indis
4Ka(ﬁeapa mamemamuru, ANITS, Biwaxxanamnam-533003, IH0is

V wiit po6OTi MU BUBYaEMO KOCMOJIOTIYHY JMHAMIKY aHi30TpornHoro Beecsity tuny Bianki—///, 3an0BHEHOT0 roorpagivHo TEMHO
enepriero Kanbsigakica Ta Matepieio 6e3 THCKY, B paMKax Teopii rpaBitauii Bpanca—/likke—Pactaina. []j1s OTpMaHHs TOYHUX PO3B’ SI3KiB
PiBHSIHb IOJIS [IPUITYCKAIOTHCS BiANOBIAHI CHiBBIJHOIIEHHS MiX METPMYHUMHU MOTEHLiAIaMH, a TAKOX (PyHKLIOHAJIbHUIA 3B’ 130K MiX
CKaJIIpHUM TIOJIEM Ta cepeJiHiM MacuTabHUM KoedirieHToM. it oOMesxeHHs IapaMeTpiB Mofiesli MU BUKOHYEMO aHaJ3 METOIOM
Mosnre-Kapio 3a gonomororo nasmorie MapkoBa, BUKOPUCTOBYIouH crijiibHi Habopu pannx CC+BAO. PekoHcTpyitoBaHMil mapameTp
Xab0ua IeMOHCTpPYE YyIOBY BiAIMOBIIHICTD 31 CIIOCTEPEXKHAMH JIAHUMHU B MeXax J0Bipumx obiacrteit 1o~ ta 207, a OliHeHe 3HAYCHHS
nocTiitHoi Xa061a y3rofxkyeThcsl 3 OCTAHHIMH BHMipIOBaHHSIMHU. MU BUBOAMMO KiJIbKa BaXKJIMBUX KOCMOJIOTIYHHUX ITapaMeTpiB, BKIIOYA-
104M napameTp Xa001a, HapaMeTp yHOBiJbHEHHs, IapaMeTp PiBHSHHSA CTaHy, CKaJIspHe NoJjie, KOCMIYHHMIi Yac Ta yac peTpOCIEeKTUBHOIO
orsiny. Pi3ryHa MoBeIiHKA UX MapaMeTpiB aHATI3YEThCSI 32 JOIOMOrolo rpaciyHKX 300paxeHb. [lapamMeTp ynoBibHEHHS AIEMOHCTPYE
IUIaBHUI nepexif BiJ paHHbo1 (pa3u yIOBUIBHEHHS [0 Mi3HbOI IPUCKOPEHO] (ha3H, 3 YepBOHUM 3MilLLIEHHAM MEPeX0.y, 110 y3rOIKYEThCS
3 OCTAQHHIMHM CHOCTEPEKHHUMH MekaMH. [lapameTp piBHSHHS CTaHy 3ajIMIIA€ThCS y (DaHTOMHII 0OnacTi, IO BKa3ye Ha JUHAMIUHY
MOBEJiHKY TEMHOI eHepril, 3JaTHy KepyBaTH OTOYHIM NPUCKOPEHUM pO3IIMpeHHsM. Kpim Toro, fiarHocTHKa 3a JOIOMOr0I0 METO/IIB
HOLIYKY CTaHiB (r,s) Ta (r,q) MOKa3ye, IO MOjeIb OJM3bKO HaOIMkaeThesl 10 noBedinku ACDM Ha mi3HiX eramnax, JOMycCKalouu
BOJIHOYAC BiJXMJICHHs Ha paHHixX eroxax. [iarnoctuka Om(z) JOOATKOBO MMiATBEpAXKYE (DaHTOMHY MPUPOAY TEMHOI eHeprii B CyYaCHUX
pamKax. 3arajoM, Hallli pe3y/IbTaTi JeMOHCTPYIOTb, 110 Hallla MofieJib Y rpaBitauii bpanca-/likke-PacTasa 3a6e3nedye KUTTE31aTHUMR
Ta CIOCTEPERIIMBO Y3rOJKEHUH OIUC 1cTOpPil pO3LIMPEHHS KOCMOCY B aHi30TponHOMY BceecBiTi.

KuarouoBi ciioBa: 2onozpagpiuna memna enepeis Kanvsioaxica; epasimauis Bpanca-/likke-Pacmanna; Beeceéim bianxi Il muny; ananiz
MCMC; xocmiune npuckopenns
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This article is devoted to the study of the dynamical aspects of the domain wall cosmological model in an axially symmetric space-
time in f(Q, T) gravity. In this theory of gravity, the action contains an arbitrary function f(Q,T) where Q and T respectively denote
the non-metricity and the trace of the energy-momentum tensor. The linear and additive form of f(Q,T) gravity, f(Q,T) = uQ +vT
where p and v are non-zero arbitrary constants, is taken into account in this work. A deterministic model of the universe is obtained
using the linearly varying deceleration parameter ¢ = —kt + m — 1 which is linear in time with negative slope. We have assessed all
the dynamical and geometrical parameters of the models and examined their physical significance in modern cosmology. We have
observed that the deceleration parameter g displays a signature-flipping point where shifting occurs from a decelerating regime to an
accelerating regime, signifying cosmic expansion. It is observed that our model is in good agreement with the current scenario of
accelerated expansion of the universe.

Keywords: Domain wall; f(Q,T) gravity, Axially symmetric space-time,; Deceleration parameter

PACS: 04.50.Kd, 98.80.Jk

1. INTRODUCTION

Einstein’s general theory of relativity (GTR) is a landmark achievement in modern physics. GTR successfully
describes gravitational phenomena, solar-system dynamics and the evolution of the universe through its field equation
and cosmological models. Nevertheless, the large-scale structure of the cosmos is best represented by the field equations,
implying that GTR does not fully accommodate certain aspects of contemporary cosmology. For instance, it does not
incorporate Mach’s principle, it does not avoid singularity problems and it fails to explain the current accelerated
expansion. Observational and theoretical evidence, especially from type Ia Supernovae data [1-3] suggests that the
universe is not only expanding but also accelerating. According to observational evidence, especially from the Wilkinson
Microwave Anisotropy Probe (WAMP) [4], energy composition of universe is made up of around 4% ordinary baryonic
matter, 23% dark matter and 73% dark energy. To address these findings, two main approaches have emerged to
investigate the accelerated universe: 1) developing alternative theories of gravity 2) modifying Einstein’s theory of
gravitation. Consequently, several modified gravity theories have been proposed by altering the Hilbert-Einstein action,
such as f(G) gravity [5], f(R) gravity [6], f(R,T) gravity [7], f(T) gravity [8], f(G,T) gravity [9], f(R, T, RWT’“’)
gravity [10], f(Q) gravity [11] and the recently proposed f(Q,T) gravity [12-15].

Recently Xu et al. [12] proposed f(@Q, T) theory of gravity, an extension of symmetric teleparallel gravity where the
Lagrangian is an arbitrary function of the non-metricity Q and the trace of energy momentum tensor T. This theory
advances general relativity by introducing a coupling between Q and T. The field equations of f(Q, T) can be determined
by varying the gravitational action with respect to both the metric and connection. The importance of f(Q, T) gravity is
its ability to describe the accelerated expansion of the universe without requiring a cosmological constant, offering a
unified framework for investing early-time inflation and late-time cosmic acceleration. It is possible to construct
cosmologically viable models in f(Q, T) theory which are consistent with general relativity. Narzary and Dewri [16] have
investigated Bianchi type-VI spacetime within f(Q,T) gravity in presence of bulk viscous fluid. They also examined
bouncing scenario in f(Q, T) gravity having Bianchi type-VI spacetime [17]. Kaczmarek et al. [18] have investigated an
alternative dynamically similar scalar-tensor presentation for the f(Q, T) gravity and discussed its kinetic behaviour for
the FLRW cosmology. Venkatesha et al. [19] have introduced wormhole solutions including conformal symmetries and
Gaussian noncommutativity within f(Q, T) gravity. Gul et al. [20] studied the bouncing scenarios in a flat FRW spacetime
in presence of perfect fluid matter distribution in f(Q, T) gravity. Tayde et al. [21] have investigated wormhole solutions
accompanied by dark matter galactic halo profiles in the context of f(Q, T) gravity. Khurana et al. [22] have discussed
analysis of FLRW model in f(Q,T) theory produced by the cubic parametrization of the deceleration parameter.
Shekh et al. [23] have discussed the dynamics of spatially flat FLRW metric in specific models of f(Q, T) gravity using
parametrization of the deceleration parameter. They also studied f(Q,T) model with an emergent scale factor [24].
Kale et al. [25] have studied the observational constraints of two different f(Q, T) models in FLRW framework using
specific Hubble parameter in redshift form. Pati et al. [26] have investigated the behaviour of cosmological parameters in
an isotropic and homogeneous spacetime within the framework of f(Q, T) gravity. Narawade et al. [27] have investigated
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dynamical analysis and observational constraints of f(Q,T) model. Xu et al. [28] studied Weyl type f(Q,T) model and
compared it with ACDM model.

During the early stages of the evolution of the universe, it is generally assumed that during cosmological phase
transition, the symmetry of universe is broken spontaneously and topological stable defects such as cosmic strings and
domain walls could form [29]. Domain wall separate regions with distinct vacuum states and possess large surface energy
densities. Domain walls are stable due to their topological nature, originating from the configuration of vacuum manifolds
during symmetry breaking [30]. Domain walls have garnered considerable interest in cosmology, especially for their
involvement in galaxy formation scenario. Zel’dovich et al. [31] investigated domain interfaces, uniformity and the
expanding universe. They found that domain walls must vanish early in the universe’s evolution. This disappearance
enables the transformation of energy density into massive quanta or equilibrium radiation, thereby achieving isotropy and
homogeneity. As domain wall naturally breaks isotropy, therefore to study them in anisotropic background, models
provide convincing presentation of early universe dynamics. In recent years, lots of work has been done by many
researchers on domain walls. Hatkar et al. [32] have studied topological defects in LRS Bianchi type-I space time in f(T)
gravity. Junaid et al. [33] have explored the aspects of domain wall in Bianchi type-III universe in f(R,T) theory.
Hatkar et al. [34-36] explored various cosmological models with domain wall including FRW, Bianchi type-VIy and
Bianchi type-I in the context of £(Q), f (R, T) and f(G) theories of gravity. Patil et al. [37] have explored the solution of
FRW space-time with bulk viscous domain wall in f (R, T) gravity.

Axially symmetric spacetime plays a crucial role in the large-scale study of the universe particularly when
anisotropies and inhomogeneities are not ignored [38]. Kilinc [38] demonstrated axially symmetric cosmological models
have significantly contributed to understanding essential features of the universe such as galaxy formation during its early
evolutionary stages. Axially symmetric cosmological models both in general relativity and in the alternative theories of
gravitation have been extensively studied by Mete et al. [39], Reddy and Naidu [40-41], Adhav et al. [42], Reddy and
Rao [43]. Nimkar and Wath [44] investigated an axially symmetric cosmological model with perfect fluid in Lyra
geometry. Sahoo et al. [45] explored axially symmetric cosmological model in the framework of f (R, T) gravity.

In this paper, we propose to investigate the axially symmetric space-time given by Bhattacharya and Karade [46] in
the presence of domain wall within the framework of f(Q,T) gravity. The paper is structured as follows: Section 1
contains a concise introduction and the motivation behind the current work. f(Q, T) Theory and field equations is given
in Section 2. In Section 3, we have derived the metric and field equations. In Section 4, we derived the solution of field
equations using the linearly varying deceleration parameter and discussed the physical parameters graphically. Section 5
deals with graphical discussion of Hubble datasets. Conclusion is presented in Section 6.

2. f(Q,T) THEORY AND FIELD EQUATIONS
The field equations of modified f(Q, T) gravity are derived from Hilbert Einstein variational action principle

§=[(=f@T) + L) J—gd*x (1)

where f(Q,T) is a function of the non-metricity scalar Q and the trace of the matter-energy-momentum tensor T , also
L,, is Lagrangian of the matter and g = det (g,,,). The non-metricity scalar Q is defined as

Q= —g"(L%ulPva = Lpal® ) 2
where L%g, represents the disformation tensor which is given by,
Ly = =39 (Y, 9p5 + g5y — Vsdpy) 3)
The non-metricity tensor is defined as
Qyuv = VyGuv “
The trace of the non-metricity tensor is derived as follows
Q= 9" Qv » 0 = 9" Quav Q)

The superpotential or the non-metricity conjugate of the model is given by

1 1 ~ 1
Pauv = _ELauv + : (Qa - Qa)guv - _Sa(va) (6)

4

The energy-momentum tensor is defined as
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_ __2 8(=glw) _ 8Tap
Tuv = _ETJ and euv = gaﬁﬁ (7)

The field equation of f(Q,T) gravity is obtained by varying the action (1) with respect to the metric tensor g,,, as

2 1
~ = Va(fo=P“w) = 5 G + Fr(Tuw + ) = fo (Puap @™ = 2Q°F  Pagy) = 8T, ®)
where f, = s—g , fr= Z—’; and the non-metricity tensors Q,*f = —V,g% , Q%F 0 =979V, G,

3. THE METRIC AND FIELD EQUATIONS
We have considered the axially symmetric space-time given by Bhattacharya and Karade [46] in the form

ds? = dt? — A[dy? + h?(x)d$?] — B2dz? )

where the metric potentials A , B are functions of cosmic time ¢t and h is a function of coordinate y alone.
The energy momentum tensor of domain wall [33] is

Tij = p(gij + w;0;) + pw;w; (10)

where p is the energy density of the wall, p is the pressure in the direction normal to the plane of the wall and w; is a unit
space like vector in the same direction with a)i(u]- = —1. Here pressure is taken in the direction of x-axis. The quantities
p and p depends on t only. Additionally, p = p, + 04 and p = p, —g; where p, and p;, denote the pressure and
energy density of barotropic fluid, o, stands for the tension of domain wall.

Then, we have

To=T;=T3=p, Tl =-p, T=3p—p D

9]-‘ is derived as

6f = 6/p — 2T} = diag (p — 2p,3p,p — 2p,p — 2p) (12)
For given cosmological model, the non-metricity scalar Q is found to be
A? AB
Q=-2(5+25) (13)

The field equation (8) for the line element (9) with energy momentum tensor (11), also using equation (12) and (13) can
be written as

L+ 2F (5 +220) = 8r(1+ G)p — 8nlp (14)
L F (G424 5438 = 8r(1 +20)p (15)
%f+F(§+§+j—z+3%)=87T6p—87'[(1+6)p (16)
%f+2F(§+j—z+j—§) =8nGp —8n(1+ G)p (17)

where F = f,, fr = 87G and an overhead dot refers to derivative with respect to time t.
For the given cosmological model, the physical parameters are defined as follows. The average scale factor a and the
spatial volume V are expressed as

a = (A2B)3 (18)

V =a3=A%B (19)
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The generalized mean Hubble’s parameter H is expressed as

H = (Hy + H, + Hs) (20)

where H; = H, = % ,Hy = g are the directional Hubble parameters in the direction of y, ¢, z respectively.
We define the expansion scalar 8 and the shear scalar o2 as

A B
6=2%+2 1)
2 _1[y3 g2 _ 0% _1(A_B)?
7" =3 [Zi:l Hi* = ?] T3 (A B) 22)
The mean anisotropy parameter A is given by
1 Hi—H\?
a=33% (%) (23)

4. SOLUTIONS OF THE FIELD EQUATIONS AND DISCUSSION OF THE PHYSICAL PARAMETERS

There are various forms of the function f(Q, T) which is commonly used in Literature [12]. Here we shall focus on
the linear and additive form of f(Q,T) function [28] as f(Q,T) = uQ + vT. Here y and v are non-zero arbitrary
constants.
Here F = f, =4, fT=v=87'[5,G~=8v—n.

As the system of equations (14) - (17) being highly non-linear, we assume a relation between the metric coefficients
by employing the physical assumption that the expansion scalar 6 is proportional to shear scalar o . This assumption was
employed by Collins et al. [47] and has recently been used by Junaid et al. [33] and Hatkar et al. [36] to obtain solution
of field equations. From this, we derive the following relation.

A=B" ,n>0 24

where n is an arbitrary constant such that for n # 1, the space time is anisotropic nature.

Berman [48] and Berman and Gomide [49] suggested a law of variation of the Hubble parameter in FLRW
framework which gives a constant deceleration parameter (g = m — 1, m = 0 is a constant). After the discovery of the
universe’s accelerated expansion, researchers have investigated cosmological models that employ Berman’s law in the
context of dark energy. In Berman’s law, deceleration parameter can take values ¢ > —1 and —1 < g < 0, corresponding
to accelerating expansion. The time-varying deceleration parameter plays a crucial role in the universe’s evolution, as it
captures the transition in expansion dynamics. We solve the system of highly non-linear equations (14) - (17) with the
help of the linearly varying deceleration parameter proposed by Akarsu and Dereli [50] in the form

ad

q=—§=—kt+m—1 (25)

where k > 0 and m = 0 are constants. The above deceleration parameter give rise to three different cases as follows:

e g=-1fork=0m=0

o g=m—1fork=0m>0

o g=—kt+m—-1fork>0m=0
For g > 0 the universe shows decelerating expansion, for ¢ = 0 it shows constant rate of expansion, if =1 < g < 0 it
represents accelerating expansion (referred as power law expansion), de Sitter expansion for ¢ = —1 (called as
exponential expansion) & superexponential for ¢ < —1. For k = 0 i.e. first two cases correspond to Berman’s law of
constant deceleration parameter. Therefore, only the last case i.e. for k > 0 the linearly varying deceleration parameter
(g = =kt + m — 1) fits well with modern observational data, indicating a time-dependent transition in the universe’s

expansion. Here we consider case— I: k = 0 and m > 0 and case— II: k # 0 and m = 0 to obtain solution of the field
equations.

Case-I: Letk=0and m > 0
After solving equation (25), we obtain mean scale factor as

1
a=(at+p)m (26)
where a and f are constant of integration.
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With the help of (18), (24) and (26), the metric potentials A and B are obtained as

3n

A = (at + B)mEnD @7)

B = (at + f)"@D (28)

From equation (27) and (28), it is seen that initially A and B are constants for t = 0. When t = —g, they tend to zero

and become infinite for increasing t.
Using equations (27), (28) in (9), we obtain the cosmological model given by Bhattacharya and Karade in f(Q, T) gravity
in presence of domain wall in the form:

6n 6
ds? = dt? — (at + B)mCn+D [dy? + h?(y)d¢p?] — (at + p)m@En+D dz? (29)

From equations (20) — (22) with the use of (27) and (28), the physical parameters such as Hubble parameter H, the
expansion scalar 8 and the shear scalar o2 are obtained as

a

H = m(at+f) (30)
3a
0= m(at+B) @D
2 _ 3a?(n-1)2
T m2(2n+1)2(at+B)? (2)
We can observe that at the initial time t = — g , all three quantities the Hubble parameter H, the expansion scalar 8 and

the shear scalar o2 are infinite and subsequently decay to zero as t — oo. This behaviour signifies a very rapid expansion
. . O . . . . . . . .
of the universe. The non-zero ratio 3 indicates an anisotropic universe, representing the early phase of cosmic evolution.

The spatial volume is

V = (at + B)m (33)

Spatial volume and average scale factor are constant at t = 0, indicating that the universe starts evolving with finite
volume at initial time and expanded over time.
The mean anisotropy parameter is found to be

_ 2(m-1)? 1

=z " 73 (4

The parameter n determines the anisotropic nature of the model such that for n = 1 the model becomes isotropic, whereas
for n # 1 the anisotropic character is preserved.
The pressure p is found to be

_ 3ua’é
P = zaniD2(atiB)? (35)

(811—%) (n+1)(3—-2mn-m)+3n[(8w+v)n+3v]

where & =
f 64m2+16mV—2V2

From Fig. 1, we observed that pressure p is decreasing function of time ¢ .
For this model, energy density p is obtained as

p= spa” (302 +2m) + %} (36)

T m2@n+1)2(at+p)?(8n-Y)

The relation between pressure and energy density of barotropic fluid is given as

pp = —1)p, where 1<y <2 (37)
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Figure 1. Plot of Pressure vs cosmic time ¢t witha = 64.15, u =v==n=0.1, m = 1.12

The expression for tension of domain wall is found to be

e {(BV:Z) 3007 +2m) + %] - E} (38)

Oa = ym2(2n+1)2(at+p)?

Figure 2 shows the graphical behaviour of energy density p and tension density p; versus cosmic time t. Energy
density p is a decreasing function of time t, whereas tension of the domain wall is an increasing function of time t. Energy
density is large as t — 0 and tends to zero as t = oo. The tension of the domain wall is negative throughout the universe
evolution as shown in Fig. 2. The domain wall acts like invisible matter due to its negative tension. The domain wall
exists initially and thereafter vanished which is as per expectation Zel’dovich et al [31].
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Figure 2. Plot of Density & Tension of the domain wall vs cosmic time # with o = 64.15, u =v==n=0.1,m =112,y =1.2

Case-II: Letk #0andm = 0
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Figure 3. Plot of Deceleration parameter vs cosmic time ¢ with k = 69.67, m = 2.54

Figure 3 demonstrates that the universe experiences early deceleration and present acceleration. Forg = m — 1 > 0, the
universe begins with decelerating expansion and enters to accelerating phase at t = mT_l .

After solving equation (25), we obtain mean scale factor as

_ 2 -1 kt—-m
@ = cpexp [Jm tanh (Jm)] (39)
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where ¢; and c, are constant of integration. For simplifying the expression, we omit the constant ¢; by choosing ¢; = 0.
k
a = cyexp [% tanh™! (i - 1)] (40)

With the help of (18), (24) and (40), the metric potentials A and B are obtained as

3n

A= c2(2n+1)exp [

tanh™ (£ - 1) (41)

m(2n+1)

3

B = Cz(zn+1)exp [

—1 [kt _
m(2n+1) tanh (E 1)] (42)
From equations (41) and (42), it is noted that both metric potentials A and B are constants for ¢ = 0 and diverge as
t — oo. As a result, the obtained model is free from singularity.
Using equations (41), (42) in (9), we obtain the cosmological model given by Bhattacharya and Karade in f(Q, T) gravity
in presence of domain wall in the form:

ds? = dt? — [Cz(%)exp[ " tanh~1 (kt - 1)]]2 [dx? + h*()d¢?] — [CZ(%)exp[ ° _tanh! (kt - 1)]]2 dz* (43)

m(2n+1) Z m(2n+1) ;

From equations (20) — (22) with the use of (41) and (42), the physical parameters such as Hubble parameter H, the
expansion scalar 8 and the shear scalar o2 are obtained as

-2
H = Goms @
_ -6
o= (kt2-2mt) (45)
o2 = 12(n-1)2 (46)

T (2n+1)2(kt2—2mt)?

The parameters H , 8 and a2 tends to zero as t — o . It is to be noted that for n = 1 the model is shear free and its nature
will be retained for n # 1.
The spatial volume given in (19) found to be

t

V = c,3exp [% tanh™?! (% - 1)] 47)

""" Volume (V)
20

Scale Factor (a)

15
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Figure 4. Plot of Volume & Scale factor vs cosmic time ¢ with £ = 69.67, m = 2.54, co=1.60

Figure 4 illustrates the graphical evolution of spatial volume and average scale factor. Both these parameters are fixed at
t = 0, signifying that the universe begins with a finite initial volume at finite time and it expands over time.
The mean anisotropy of the model is

_ 2(n-1)? 1

=G " #* =3 (48)

A parameter n decides the anisotropic behaviour of the model in the sense that, if n = 1 ,we get isotropic model and for
n # 1, anisotropic nature will be retained.
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The pressure p is found to be

P o1 {(n +1@2n+1) (Sn - g) (kt —m) + ko} (49)

- (2n+1)2(32m2+8nv—v2) (kt2—2mt)?2
where kg =3(n+ 1) (87r — g) + 3n[(8m + v)n + 3v]
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Figure 5. Plot of Pressure vs cosmic time ¢ with k = 69.67, u = v =n =0.1, m = 2.54

From Fig. 5, we observed that pressure p is decreasing function of time ¢ .
For this model, energy density p is obtained as

p u [z +2m) + [+ D@+ D) (Br -2 (kt =-m) + ko|}  (50)

- (2n+1)2(8n—%)(kt2—2mt)2 (32m2+8mv—v2)

The expression for tension of domain wall is found to be

v
o = 36u(y—1)(n2+2n) 3#[(n+1)(2n+1)(8n’—5)(kt—m)+ko] y(y-1) 2 (51)
d y(n+1)?(8n—2)(kt2—2mt)?  y(@n+1)2(32n2+8mv-v2)(kt2-2mt)? | (8m-3)
0.00002
= Density p
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Figure 6. Plot of Density & Tension of the domain wall vs cosmic time ¢ with k = 69.67, u =v=n=0.1, m =254,y =1.2

Figure 6 illustrates the graphical behaviour of energy density p and tension density p;. We observed that energy density
p is a decreasing function of time t. Density becomes zero as t = co. The tension of the domain wall is negative
throughout and it gradually increases to zero. The domain wall acts like invisible matter. This shows that the domain wall
was present during the early stages of the universe, later on it disappeared.

5. HUBBLE DATASETS
The Hubble parameter is employed in observational cosmology to examine the universe’s expansion. The Hubble
parameter for case- | and case- Il can be expressed in terms of redshift as

Forcase-1: H=——0 (52)

m(1+z)~m

Forcase-1I: H = %{1 + cosh (m In (62(11”)))} (53)

To estimate H(z) at a given redshift, two widely used techniques are the line-of-sight baryon acoustic oscillation
(BAO) method and another is the different age (DA) approach, cited in references [51-69]. In this work, a revised dataset



42
EEJP. 2 (2026) M.T. Sarode, et al.

of 57 points is used which includes 31 points from DA approach and the remaining 26 points measured using BAO and
various redshift range 0.07 < z < 2.42 [70]. Table 1 shows the 57 points of Hubble parameter values H(z) having errors
oy along with references from DA (31 points) and BAO and other (26 points) approaches. Additionally, the present
Hubble constant H, = 67.8 km/s/Mpc was adopted for the analysis.

Table 1. Hubble datasets

z H(z) oy Ref. z H(z) oy | Ref.
0.070 69 19.6 [51] 1.750 202 40 [52]
0.90 69 12 [52] 1.965 | 186.5 | 50.4 | [57]
0.120 68.6 26.2 [51] 0.24 79.69 | 2.99 | [58]
0.170 83 8 [52] 0.30 81.7 | 6.22 | [59]
0.1791 75 4 [53] 0.31 78.18 | 4.74 | [60]
0.1993 75 5 [53] 0.34 83.8 3.66 | [58]
0.200 72.9 29.6 [54] 0.35 82.7 9.1 | [61]
0.270 77 14 [52] 0.36 79.94 | 3.38 | [60]
0.280 88.8 36.6 [54] 0.38 81.5 1.9 | [62]
0.3519 83 14 [53] 0.40 82.04 | 2.03 | [60]
0.3802 83 13.5 [55] 0.43 86.45 | 3.97 | [58]
0.400 95 17 [52] 0.44 82.6 7.8 | [63]
0.4004 77 10.2 [55] 0.44 84.84 | 1.83 | [60]
0.4247 87.1 11.2 [55] 0.48 87.79 | 2.03 | [60]
0.4497 92.8 12.9 [55] 0.51 90.4 1.9 [62]
0.470 89 34 [56] 0.52 94.35 | 2.64 | [60]
0.4783 80.9 9 [55] 0.56 9334 | 23 | [60]
0.480 97 62 [51] 0.57 87.6 7.8 | [64]
0.593 104 13 [53] 0.57 96.8 3.4 | [65]
0.6797 92 8 [53] 0.59 98.48 | 3.18 | [60]
0.7812 105 12 [53] 0.60 87.9 6.1 | [63]
0.8754 125 17 [53] 0.61 97.3 2.1 | [62]
0.880 90 40 [51] 0.64 | 98.82 | 2.98 | [60]
0.900 117 23 [52] 0.73 97.3 7.0 | [63]
1.037 154 20 [53] 2.30 224 8.6 [66]
1.300 168 17 [52] 2.33 224 8 [67]
1.363 160 33.6 [57] 2.34 222 8.5 | [68]
1.430 177 18 [52] 2.36 226 9.3 | [69]
1.530 140 14 [52]

Figures 7 and 8 shows the best fit plot of Hubble parameter H(z) as a function of redshift z for case-I , case-II
respectively. By comparing the Hubble parameter graph to the Hubble data set , we observed that ACDM model fits the
best-fit model very closely, matching the data ponits (see Table 1) using the parameters Hy, @, k, m, ¢, . Despite the
presence of error bars, the best-fit curve stays within the data’s uncertainty range, confirming the reliability of the fit.

ka=64.15, m=112 - 2% Best-fit model: k= 69.67, m=1.54, ¢; =1.60

P —=- ACDM (Ho=67.8, O =0.3) T . g
- {;. Observational Hiz) . m
g 200 =
=
|

B |
| ]

s 10 15 20 25 00 05 10 1s 20 25
z z

-

H(2)

Figure 7. The best fit plot of Hubble parameter H(z) vs redshift  Figure 8. The best fit plot of Hubble parameter H(z) vs redshift
for case-1 for case-II

6. CONCLUSION
In this paper, we have investigated the cosmological model given by Bhattacharya and Karade in f(Q, T) gravity in
presence of domain wall. We have derived the exact solution of the field equations by considering the linearly varying
deceleration parameter in two cases. We have determined some physical parameters to analyze the behaviour of universe.
The behaviour of the physical parameters i.e. g, V, a, A, p, p, 64 are same in both the cases. The parameters spatial volume
and average scale factor are constant at t = 0, indicating that the universe starts evolving with finite volume at initial time

and expanded over time. The ratio % # 0 as t —» oo and hence the model does not approach isotropy. The mean anisotropy
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parameter is uniform throughout expansion of the universe. The deceleration parameter decides whether the universe
expansion is accelerating or decelerating. In case—II, Fig. 3 shows that the universe has undergone multiple phases,
beginning with an initial deceleration phase and finishing with the present acceleration era. As the cosmic time approaches
infinity, both the Hubble parameter and the expansion scalar tend toward zero. This implies the universe’s expansion is
becoming steady. Pressure and energy density decreases as cosmic time increases. The tension of the domain wall is
negative throughout and it gradually increases to zero. Finally, the close match between the plotted curve and the Hubble
data confirms the model’s accuracy in describing the relationship between redshift and the Hubble parameter, providing
further evidence for an expanding universe.

Our findings have shed light on the universe’s cosmological evolution, specifically its shift from a decelerating to
an accelerating expansion. Our analysis reveals how the cosmological parameters changes over time, highlighting the
significance of modified gravity theories in explaining the current rapid expansion. Our results not only confirm the
applicability of f(Q,T) gravity in modern cosmological studies but also create opportunities for more in-depth
examinations of domain wall and its impact on the universe’s evolution.
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AKCIAJIBHO-CUMETPAUYHA KOCMOJIOT'TYHA MOJIEJIb B TPABITALILL AQ,T)
M.T. Capoae!, B.I'. Mere?, A.C. Himkap?
'Konedoe mucmeyms, xomepyii ma nayxu im. pi Ilueadoci, Axona (M.S.), Indis
’Kageopa mamemamuxu, Koneooc im. P. /1. I. K. ma K. J., Baonepa-Ampasami (M.S.), Inois
3Koneooc mucmeyme ma nayx in. Ilpi ookmopa P. I'. Pamoda, oxpye Mypmizanyp, Axona (M.S.), Indis

L5t cTaTTs NpycBsSYeHA BUBUCHHIO IMHAMIYHUX ACIEKTIB KOCMOJIOTIYHOI MOJIEIi IOMEHHOT CTiHKH B OCbOBO-CUMETPHYHOMY ITPOCTODi-
yaci B rpasirauii f(Q,T). ¥ miii Teopii rpasitanii ais mictuth noBinbHy ¢yHkiio f(Q,T), me Q Ta T BiANOBIAHO MO3HAYAIOTh
HEMETPHUYHICTh Ta CJiJ TeH30pa eHeprii-iMmysnbcy. Y wmiit poboTi BpaxoByeThes JiiHiHAa Ta agutiBHA (opma rpasitauii f(Q,T),
f(Q,T)=pQ+vT, me u Ta v — HEHyJIbOBI IOBiNBHI KOHCTAHTH. J{eTepMiHOBaHY MO/ienb BeecBiTy OTpUMaHO 3 BUKOPUCTAHHSM JiHIIHO
3MIHHOTO TapaMeTpa yMoBUTbHEHHS q=-kt+m-1, skuil € MiHIMHUM y Yaci 3 HETaTUBHAM HaXWJIOM. MH OLIHWIN BCi AMHAMi4yHI Ta
TEOMETPUYHI TTapaMeTpu MoJeNel Ta JOCHIIWIN iX (i3udHe 3HA4eHHS B CydYacHid KOCMoJorii. Mu crocrtepiraiy, mo mapaMeTp
YIOBUIBHEHHS ( JIEMOHCTPY€E XapaKTepHY TOUYKY IIEPEeBOPOTY, ¢ BinOyBaeThCs IEpeXim BiJ PEKUMY YIMOBUIEHEHHS IO PEXHMY
MIPUCKOPEHHS, 10 CBIIYUTH IPO KOCMiYHE po3mmpeHHs. [lomideHo, mo Hama Mozels 1o0pe y3rofKyeThesl 3 CydacHHM CIieHapieM
MIPUCKOPEHOT0 po3lnpeHHs Beecsity.
Kurwuosi cinoBa: oomenna cminka, epasimayis f(Q,T); akcianbho cumempuunull npocmip-1ac, napamemp ynosiibHeHHs
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In this work, we investigate an anisotropic Bianchi type—VII cosmological model in the framework of Lyra geometry filled with perfect
fluid matter and Tsallis—Barrow holographic dark energy. The modified Einstein field equations are derived, and exact solutions are
obtained by assuming a power-law average scale factor for a decelerating universe. Expressions for various cosmological parameters,
such as the Hubble parameter, expansion scalar, shear scalar, matter density, dark energy density, and density parameters, are derived
and analyzed. The behaviour of these parameters indicates that the universe is expanding continuously, with the expansion rate
decreasing with cosmic time. The anisotropy parameter decreases gradually, indicating that the universe evolves towards isotropy at
late times. Energy conditions, stability analysis, and cosmological diagnostics, including the statefinder and Om parameters, are also
examined to evaluate the model's physical viability. The results suggest that Tsallis—-Barrow entropy corrections in Lyra geometry
provide a consistent framework for studying anisotropic cosmological evolution and dark energy dynamics.

Keywords: Bianchi type—VII cosmology,; Lyra geometry; Tsallis—Barrow holographic dark energy, Anisotropic Universe, Modified
gravity; Cosmological diagnostics
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1. INTRODUCTION

Modern observational cosmology strongly indicates that the universe is currently undergoing accelerated expansion.
The first observational evidence for this phenomenon came from high-redshift Type Ia supernova observations, which
revealed that distant supernovae appear dimmer than expected in a decelerating universe [1]. Subsequent observations of
the cosmic microwave background radiation and baryon acoustic oscillations further confirmed this result [2,3]. These
observations suggest that nearly 70% of the universe's total energy density is composed of a mysterious component known
as dark energy.

The simplest candidate for dark energy is the cosmological constant introduced by Einstein in the framework of general
relativity. Although the cosmological constant model successfully explains many observations, it faces theoretical problems
such as the fine-tuning and coincidence problems [4]. These issues have motivated the development of alternative dark
energy models, including scalar-field models, modified gravity theories, and holographic dark energy models.

The holographic principle, originally proposed in the context of black hole thermodynamics, provides a theoretical
foundation for holographic dark energy models [5]. In this approach, the dark energy density is related to the infrared
cutoff of the universe. Recently, entropy-corrected holographic dark energy models have been proposed to incorporate
quantum gravitational effects. Among these models, the Tsallis—Barrow holographic dark energy framework has attracted
considerable attention because it combines two different entropy modifications arising from non-extensive statistical
mechanics and quantum gravitational corrections [6—8].

In addition to modified dark energy models, modified gravitational theories have also been proposed to explain
cosmic acceleration. Lyra geometry, introduced as an alternative to Riemannian geometry, modifies Einstein's field
equations by introducing a displacement vector field [9-13]. This modification has been used to study various
cosmological models.

Furthermore, anisotropic cosmological models such as Bianchi spacetimes provide a more general description of the
early universe. Among them, the Bianchi type VII model represents an anisotropic generalization of the Friedmann universe.

Inspired by the above developments, the present study explores a Bianchi type—VII anisotropic cosmological model
in the framework of Lyra geometry incorporating Tsallis-Barrow holographic dark energy. The paper is organized as
follows. Section 2 introduces the space—time metric and derives the model's field equations. In Section 3, exact solutions
of the cosmological model are obtained. Section 4 examines the behaviour of the key physical and cosmological
parameters. Section 5 presents various cosmological diagnostic tools used to analyse the model. Section 6 compares the
obtained results with standard cosmological models. Section 7 discusses the physical implications of the results, and
finally, Section 8 summarizes the main findings and conclusions of the work.
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2. METRIC AND FIELD EQUATIONS
We consider the anisotropic Bianchi type—VII metric given by

ds? = —dt? + A*(t)dx? + B*(t)e*™dy* + C*(t)e*"*dz>.

The average scale factor is defined as
a = (ABC)'/3.
The average spatial volume is
V =a3.
The modified Einstein field equations in Lyra geometry are
R;j — %gin + §¢i¢j - %gij(pk(l’k = —Tj;.
The displacement vector is chosen as

¢ = (B(1),0,0,0).
The energy-momentum tensor for a perfect fluid is
Tij = (p + P)uy; + pgij.
The total density and pressure are

P = Pm t PP = Pm t Pra-
The energy density of Tsallis—Barrow holographic dark energy is defined as

pPre = 3C2H2(2_5).
Where c is a model constant, § is the entropy deformation parameter.

3. SOLUTION OF THE MODEL
To obtain exact solutions, we assume the relation

which yields

We assume a power-law scale factor

The Hubble parameter becomes

For 0 < s < 1, The universe exhibits decelerating expansion.

4. PHYSICAL PROPERTIES OF THE MODEL
The expansion scalar is

6 =3H =
t+tg
The shear scalar becomes
2 3(r-1)%s?
T (r+2)2(t+tg)?’
The anisotropy parameter is
2(r-1)2
A= .
(r+2)?

The matter density evolves as

(M
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Pm = Pmo(t + tO)_3S(1+wm)-

The Matter pressure is
Since p,;, = Wy, Pm, WE obtain

Pm = OmPmo (t + to)_35(1+wm)

The dark energy density becomes

R )2(2—5)

t+to

prg = 3¢? (

Where c= model constant, §= Tsallis—Barrow entropy parameter.

an

(18)

19

These expressions indicate that the expansion rate decreases with cosmic time and the universe gradually approaches

isotropy.
Behaviour of Tsallis-Barrow Holographic Dark Energy Density p_TB(t)
3.0 1 — 5=0.2
— 6=0.6
— 65=1.0
2.5 — 5=1.4
2.0 1
=15
(=N
1.0 4
0.5 4
0.0 4

0 2 4 6 8
Cosmic time t

Figure 1. prp vs. Cosmic time t

The graph was plotted using the following parameter values: ¢ =1, s= 1, t-=0.5, § = 0.2, 0.6, 1.0, 1.4
We observed from Figure 1, (i) pyg(t) decreases with cosmic time t (i) Larger values of dproduce a slower decay
of dark energy density. (iii) For small §, The density falls rapidly at early times. (iv) At late times, all curves approach

zero, indicating dilution of dark energy density during cosmic evolution.
The Tsallis—Barrow equation of state parameter is

42029

wrg =—1
TB 25

Variation of w_TB with 6 for different s

(20)

1.00 4

0.75 A

0.50 A

0.25 A

0.00 A

—0.25 A

Equation of state w_TB

—0.50 -

-0.75 A

—1.00 A

T T T

0.6 0.8 1.0 1.2 1.4 1.6 1.8
Entropy parameter &

Figure 2. wyg vs. Cosmic time t

2.0

Figure 2 was plotted using: s =0.5, 0.6, 0.8, 1.0 and the entropy parameter range is 0.5 <8 < 2.0

The graph shows that. wrp decreases linearly with increasing §. For smaller values of s,

The equation of state remains in
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the quintessence region for a larger interval. As § — 2 The line wrp = —1 represents the ACDM/cosmological constant
phase. The dotted lines represent: w = —1/3(transition to accelerated expansion) and @ = —1(phantom

divide/cosmological constant boundary).
From the field equations the Lyra displacement function is

pr=t[ 2 ) @1

3 L(r+2)2(t+tg)?

If r varies, the curves change in magnitude, and the early-time behaviour is more sensitive to r. If s varies, larger

sgives higher values of $2(t), especially near the origin. If p varies, there is increasing p shifts the curve downward. In

1

all cases, the curves generally decrease with cosmic time because of the mterm.
+lo

Early-Time Behaviour (t = 0), At the beginning of cosmic evolution, the scale factor a(t)is very small but non-
zero, The spatial volume V = a3is also small, indicating a compact early universe, The Hubble parameter H =

becomes very large. The expansion scalar 8 = ti—i also takes large values. The shear scalar o2 o — 1tis large,
0

(t+to)?

showing that anisotropies dominate in the early universe. Matter density is high because the cosmic volume is small.
Thus, the early universe is characterized by a high expansion rate, strong anisotropies, and large energy density. Late-
Time Behaviour (t — o), At late cosmic times, the scale factor becomes very large. The spatial volume increases
indefinitely. The Hubble parameter approaches zero H — 0, indicating slow expansion. The expansion scalar decreases
steadily, The shear scalar tends to zero. 62 — 0 showing that the universe becomes nearly isotropic at late times. Matter
density decreases significantly due to cosmic expansion. The TBHDE component may dominate the total cosmic energy
density depending on the entropy parameter §. Hence, the model describes a universe evolving from an anisotropic, high-
density early phase to a smoother, more isotropic late-time universe.

t+to

5. COSMOLOGICAL DIAGNOSTICS
5.1 Energy Conditions

@) Null Energy Condition
pt+tp=0 (22)
Using the obtained model,
p+p=(pm+pre) + (Pm +Prs) (23)
p+p =0+ wn)pm+ (1 + wrp)prs (24)
If this quantity remains positive, the NEC is satisfied.
(ii) Weak Energy Condition
p=0,p+p=0 25)

In the present model

p=pm+tprg (26

Since both densities are positive, the WEC remains satisfied for realistic parameter choices.
(iii) Strong Energy Condition

p+3p=0 (27)
Substituting the model parameters,

p +3p = pm + prg + 3(Pm + Dra)- (28)

If the TBHDE pressure becomes sufficiently negative, the SEC may be violated. Such a violation is generally associated
with cosmic acceleration.
@iv) Dominant Energy Condition

p=lpl (29)
which ensures that the energy density dominates over pressure and that energy flow remains causal. In the present

model, the DEC depends on the magnitude of dark energy's pressure.

5.2 Stability Analysis
The stability of the cosmological model can be examined using the square of the sound speed.

d
vi=2 (30)
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A physically stable model requires 0 < vZ < 1.
Substituting the model expressions,

2 _ A(pm*pTB)
g = (31)
d(pm+pTB)
Since p,, = Wy Pm, We obtain
wmdpm+d
vsz — ®mdPm pTB. (32)
dpm+dpre

The stability condition depends on the behaviour of the TBHDE pressure and density. If the above inequality holds,
the cosmological model remains classically stable.

5.3 State Finder Diagnostic
The state-finder parameters provide a useful tool for distinguishing among different dark energy models.
They are defined as

a 1 d3a
e TE e TR (33)
r—1

s = . 34
3(a-3) (34

For the power-law scale factor from eq. (11)
a(t) = ao(t + to)s. (35)

The state finder parameters become
r= G (36)
r—1

Ssf = —— 37
sf 3(q—%) ( )

The pair (2 s)helps compare the present model with the standard ACDM model, which corresponds to
(r,s) = (1,0). (38)

Deviation from this point indicates the influence of entropy-corrected holographic dark energy.

5.4 Om Diagnostic
The Om diagnostic is another tool for distinguishing dark energy models in a model-independent manner.
It is defined as

—H? 2/s_
om(z) = H%(z)-HE _ (1+2)%/°-1 (39)

HE[(1+2)3-1] (1+2)3-1 "

Where z is redshift, Hy = s is present Hubble parameter (At z = 0),

Using the obtained Hubble parameter H(t) = ﬁ and the relation
0
ag 1

1+z2=26 = G

(40)

The Om diagnostic can be evaluated. If O0m(z)is constant, this model is the ACDM model. If Om(z)increases with
z then it is phantom behaviour, If Om(z)decreases with z then it is quintessence behaviour. Thus, the Om diagnostic
helps identify the nature of dark energy in the present cosmological model.

6. COMPARISON WITH STANDARD COSMOLOGICAL MODELS

The ACDM model, the Standard Holographic Dark Energy (HDE) model, and the present Tsallis—Barrow
Holographic Dark Energy (TBHDE) model in Lyra geometry differ mainly in their geometries, gravitational frameworks,
and dark energy formulations. The ACDM and standard HDE models are constructed within the FRW isotropic spacetime
under General Relativity. In contrast, the present model considers a Bianchi type VII anisotropic spacetime in the
framework of Lyra modified geometry.

In the ACDM model, dark energy is represented by the cosmological constant A, which yields a constant energy
density and an exponential expansion of the universe. In contrast, the standard HDE model introduces holographic dark
energy, in which the energy density depends on an infrared cutoff scale, leading to a time-dependent dark energy density
that can explain cosmic acceleration.
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Feature ACDM Model Slt;‘;r‘]i(a;:‘:l g‘g"y"(glrﬁ;’é‘;c Present TBHDE-Lyra Model
Geometry FRW isotropic FRW isotropic Bianchi type—VII anisotropic
Gravity General Relativity General Relativity Lyra modified geometry
Dark Energy Cosmological constant A Holographic dark energy Tsallis—Barrow holographic dark energy
Scale Factor Exponential expansion Depends on the cutoff scale Power-law expansion
Anisotropy No anisotropy No anisotropy Anisotropic early universe
Dark Energy Behaviour Constant density Time-dependent Entropy-corrected density
Cosmic Evolution Late-time acceleration Accelerating universe Decelerating anisotropic model
Additional Parameters A ¢ parameter ¢, 0 entropy parameter
Additional Parameters A ¢ parameter ¢, 0 entropy parameter

The present TBHDE-Lyra model extends this idea by incorporating Tsallis—Barrow entropy corrections, which
modify the holographic dark energy density through the entropy parameter §. Unlike the isotropic models, this framework
allows an anisotropic early universe, represented by the Bianchi type—VII geometry. The scale factor evolves with a
power-law expansion, and the dark energy density becomes entropy-corrected and dynamically evolving.

Overall, while the ACDM and HDE models mainly describe an isotropic accelerating universe, the present TBHDE—
Lyra model provides a more general cosmological scenario that includes anisotropy, modified gravity, and entropy-
corrected holographic dark energy, characterized by the parameters ¢ cand §.

7. DISCUSSION

The present cosmological model describes an anisotropic Bianchi type—VII universe in the framework of Lyra
geometry filled with perfect fluid matter and Tsallis—Barrow holographic dark energy (TBHDE). The model is constructed
using a power-law average scale factor, which represents a simple decelerating cosmological evolution.

The obtained solution shows that the scale factor increases monotonically with cosmic time, indicating a
continuously expanding universe. The Hubble parameter decreases over time, indicating that the rate of expansion slows
as the universe evolves. This behaviour is consistent with a decelerating cosmological phase.

The expansion scalar also decreases over time, indicating that the universe's expansion becomes less rapid at later
epochs. The shear scalar, which measures anisotropy in the expansion, decreases proportionally to t 72, This indicates that
the universe's anisotropies gradually decrease with cosmic evolution. When the anisotropy parameter r = 1, the model
reduces to the isotropic Friedmann universe.

The matter density decreases as the universe expands due to the dilution of matter in an increasing volume. In
contrast, the Tsallis—Barrow holographic dark energy density evolves according to the entropy deformation parameter &,
which governs the behaviour of dark energy.

The displacement vector [(t)arising from Lyra geometry contributes additional geometric effects to the cosmic
dynamics. This term behaves like a time-dependent cosmological function that affects the model's effective pressure and
energy density.

Overall, the obtained cosmological model provides a consistent description of anisotropic cosmic evolution in
modified geometry and illustrates how entropy-corrected holographic dark energy can influence the large-scale dynamics
of the universe.

8. CONCLUSIONS

In this work, we constructed a Bianchi type—VII cosmological model in Lyra geometry filled with perfect fluid
matter and Tsallis—Barrow holographic dark energy. Exact solutions of the modified field equations were obtained using
a power-law scale factor. The behaviour of cosmological parameters such as the Hubble parameter, expansion scalar, and
shear scalar was analysed. The model shows continuous cosmic expansion with a decreasing rate of expansion. The
universe's anisotropies decrease gradually, indicating a transition towards isotropy at late times. Matter density decreases
as expected due to cosmic expansion, while the behaviour of dark energy depends on the entropy deformation parameter.
The analysis of energy conditions, stability criteria, and cosmological diagnostics confirms the model's physical viability.
The results suggest that Tsallis—Barrow holographic dark energy in Lyra geometry provides a useful framework for
studying anisotropic cosmological evolution.
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KOCMOJIOTTYHA MOJEJIb B’STHYI TUITY-VII 3 T'OJIOT'PA®IYHOIO TEMHOIO EHEPI'TEIO HAJVIICA-BAPPOY
B TEOMETPII JIIPA
P. Canri Kymap!, I1. Xapikpiman?, B. Illpinisaca Pao', B. lonana Kpimna', A. Jlakmmana Pao', C.B. Mapyri IIpacan!,
K.ILC. Cypbsinapasina!, M. Pamanamypri', IL. Bacy!, B. Jisbs'
! Inemumym mexnonoeiii ma menedcmenmy Adimos, K. Kommypy, Texxani, okpye Llpixaxynam, Anoxpa-Ilpadew, Indin-532203
2Inemumym ingpopmayitinux mexnonoziti Binvs, Biwaxxanamuam, Inois

V wiif po6oTi MU OCITIPKYEMO aHI30TPOIHY KOCMOJIOTiuHy Mozens Tuity bianki VII B pamkax reometpii Jlipu, 3arioBHEHOI ineanbsHOI0
pinkoro Marepiero Ta ronorpadidnoro TemMHoro eHeprieto [lamnica-bappoy. Bueneno MoandikoBani piBHsHHS nois ElHmreitna, a
TOYHI PO3B'I3KM OTPUMAHO, MPUIYCKAIOYM CTEIICHEBHU cepeqHiii MaciuTaOHuil koedilieHT st BcecBiTy, 10 CIOBUIBHIOETHCS.
BuBeneHo Ta npoaHati3oBaHO BHPA3W Ul PI3HMX KOCMOJIOTIYHHX MapaMeTpiB, TaKUX sK mapameTp Xa00ma, cKaysip pO3LIMPEHHS,
CKaJsIp 3CYBY, TyCTHHA MaTepii, TyCTHHA TEMHOI eHeprii Ta mapameTpu ryctiHu. [loBefiHKa X mapaMeTpiB BKasye Ha Te, 1110 BeecBiT
0e3mepepBHO PO3IIUPIOETHCS, IPUUOMY IIBUIKICTh PO3IIMPEHHS 3MEHIITYETHCS 3 KOCMIYHUM YacoM. [lapaMeTp aHi30Tporii mocTymoBo
3MEHIIY€ThCA, IO BKAa3y€ HA T, [0 BCeCBIT €BOMIOIIOHYE A0 130TpOMii Ha Mi3HIX eTanax. Takoxk JOCTiIKYIOThCS CHEPreTHIHI YMOBH,
aHami3 CTaOLIBHOCTI Ta KOCMOJOTIYHA MIaTHOCTHKA, BKJIIOYAIOUM MapaMeTpH IOHmIyKy craHy Ta Om, Uit OWmiHKH (i3HYHOL
JKHUTTE3AATHOCTI MoJieni. Pe3ynsTaTy mokasyioTs, mo nonpasku entportii Llamrica-bappoy B reometpii Jlipn 3a0e3meayioTs y3romkeHy
OCHOBY JUIsl BUBUCHHSI aHI30TPOITHOT KOCMOJIOTIYHOT €BOJIOLIT Ta ANHAMIKHM TEMHOT eHeprii.
KuarwuoBi cioBa: xocmonoeis muny bianxi VII; ceomempisn Jlipu; eonoepagiuna memua enepeis Llannica-Bappoy; auizomponHuil
Bcecsim, moougpixosana epasimayis; kocmonoiuna oiaznocmuxa
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In this paper, we investigate a magnetized anisotropic dark energy cosmological model in the framework of f(7) gravity for a locally
rotationally symmetric Bianchi type-I spacetime. Choosing f(T') = 0 reduces the theory to teleparallel gravity, dynamically equivalent
to general relativity, enabling direct comparison with standard cosmology. Exact solutions of the field equations are obtained by
assuming a special law of the Hubble parameter with a nonzero constant S, yielding power-law behavior of the directional scale factors.
A uniform magnetic field aligned along one spatial direction produces an early-time anisotropy whose energy density decays with
cosmic expansion. The energy density, pressure, the equation-of-state parameter, and the energy conditions are analyzed. The pressure
remains negative, while the equation-of-state parameter evolves dynamically and approaches the range —1 < w < —% at late times,
consistent with SN Ia and CMB constraints. The null and weak energy conditions are violated at late times, whereas the strong energy
condition is violated throughout, implying acceleration.

Keywords: Magnetized dark energy; f(T) gravity; LRS Bianchi type-I model; Anisotropic universe; Cosmic time
PACS: 04.50.Kd

1. INTRODUCTION

Research on magnetized anisotropic dark energy with constant deceleration parameter in f(7') gravity has emerged
as a critical area of inquiry due to its potential to explain the accelerated expansion of the universe while addressing
anisotropies observed in cosmic structures. The evolution of modified teleparallel gravity theories,particularly f(7T')
gravity, has been extensively studied since the early 2010s, offering an alternative to curvature-based modifications such
as f(R) gravity by utilizing torsion scalar T as the fundamental geometric quantity [1-3]. Initial models demonstrated the
capability of f(T) gravity to reproduce late-time acceleration consistent with observational data [4, 5], while subsequent
works incorporated anisotropic cosmologies, such as Bianchi type-I and VI models, to capture large-scale anisotropies
hinted by supernova and cosmic microwave background observations [6—8].

The inclusion of magnetic fields alongside anisotropic dark energy components further enriches the modeling of
cosmic evolution, reflecting realistic astrophysical conditions [9—11]. These developments underscore the theoretical and
observational significance of exploring anisotropic dark energy within f(7)frameworks, especially under constraints like
constant deceleration parameters that simplify and clarify cosmic dynamics [12].

Despite these advances, the specific problem of characterizing magnetized anisotropic dark energy models with a
constant deceleration parameter in the context of f(7y) gravity remains insufficiently addressed.Although several studies
have examined anisotropic models with varying deceleration parameters or without magnetic fields [13,14], and others have
explored magnetized fluids in different gravity theories,a comprehensive treatment combining magnetization, anisotropy,
and constant deceleration within f(7y) gravity is lacking [15, 16].

Studies on modified teleparallel gravity have significantly expanded over the last decade, particularly in the context
of anisotropic cosmology and dark energy dynamics.The early foundational work [17-20] explored perturbations, large-
scale structure, phantom divide crossing, and the reconstruction of f(7) models capable of describing inflation, ACDM
behavior, and future singularities. These studies generally did not include magnetic fields but provided key insights
into stability, perturbation growth, thermodynamics, and late-time acceleration within torsion-based gravity. Extensions
such as f(T,B),f(T,Tg), and f(T,7) [21-23] further broadened the theoretical landscape, addressing unified infla-
tion—acceleration phases, cosmographic constraints, and ghost-free stability features. A large set of works has examined
anisotropic dark energy models within f(T) gravity and related theories. [24-26] investigated Bianchi-type cosmologies, in-
corporating constant or variable deceleration parameters through Hubble parameter variation laws, power-law expansions,
or reconstruction schemes. These studies revealed transitions from deceleration to acceleration, isotropization trends,
phantom behavior, observational compatibility with SNe Ia, CMB, BAO, and alleviation of tensions such as H0.However,
in most cases magnetic fields were either omitted or treated only implicitly through anisotropic pressure components, thus
limiting the analysis of realistic anisotropic environments.

Recent observations of cosmic magnetic fields have motivated magnetized anisotropic models, mostly in GR, f(R),
or f(Q,T) gravity. Some works such as [27-29] explicitly modeled magnetic fields in Bianchi types I,11,V, VI, and
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Kantowski—Sachs universes. These studies demonstrated that magnetic fields significantly influence shear evolution,
skewness parameters, isotropization, and the expansion behavior of the universe. Many models exhibited anisotropy
persistence, delayed isotropization, or strong early-time magnetic dominance. [30, 31] incorporated magnetic effects
indirectly via cosmic string fluids within f(7') or f(Q) gravity, showing that torsion—magnetization interactions modify
late-time evolution and observational characteristics. Although these studies highlighted the cosmological importance of
magnetic fields, they did not integrate them into the teleparallel framework with a constant deceleration parameter.

Meanwhile, several recent works [32-35] focused on observational constraints, phantom crossings, holographic
reconstructions, Kaniadakis entropy, emergent scenarios, and hybrid scale factor dynamics. These contributions further
emphasize the viability of modified gravity, but still lack explicit treatment of magnetized anisotropic fluids within f(7')
cosmology under CDP assumptions.

Despite significant progress in magnetized anisotropic dark energy models within modified gravity, several important
challenges remain unresolved. Most existing studies idealize magnetic fields as uniform or one-directional, neglecting
realistic magnetohydrodynamic effects and backreaction on anisotropy, shear evolution, and dark energy dynamics [36,37].
Additionally, the widespread use of constant deceleration parameters oversimplifies cosmic evolution and limits the
ability to model realistic transitions between decelerated and accelerated phases, particularly in magnetized anisotropic
settings [38]. Observational constraints on such models remain weak, as current datasets primarily focus on isotropic
scenarios and insufficiently probe anisotropic and magnetized signatures in CMB, large-scale structure, and polarization
data [39].

Moreover, the coupling between magnetic fields and torsion scalar modifications in f(7T') gravity, perturbation theory
in anisotropic magnetized backgrounds, thermodynamic consistency, and systematic exploration of viable f(T') functional
forms remain insufficiently explored. Addressing these issues through numerical simulations, realistic magnetic field
modeling, and comprehensive observational analyses is essential for developing physically viable magnetized anisotropic
cosmological models.

2. f(T) GRAVITY FORMALISM AND MAGNETIZED DARK ENERGY

Teleparallel gravity provides an equivalent formulation of General Relativity (GR) in which gravitation is described
by spacetime torsion rather than curvature. The dynamical variables are the tetrad fields e“,,, which relate the spacetime
metric g, to the Minkowski metric 1745 through

8uv = Nab ea,uehv- (D

In teleparallel gravity, the torsion tensor is defined as
T’l,“, =e," (Oue®y — dvey) ., 2)
and the torsion scalar 7 is constructed from suitable contractions of the torsion tensor,
T =S"T,,, (3)

where S #¥ denotes the superpotential.
In f(T) gravity, the gravitational action is generalized by replacing the torsion scalar 7 with an arbitrary function

f(T),
S = / [T + f(T) + Ly, ]ed*x 4)

where e = det(e“,) = /=g and .L,, represents the matter Lagrangian. Variation of this action with respect to the tetrad
fields yields second-order field equations, which constitutes an important advantage of f(7') gravity over curvature-based
modifications such as f(R) gravity.

We obtain the following equation of motion by functionally varying the action in equation (3) with regard to the
tetrads:

4 - a a 4 a vV, 1 4 4
S 0T frr + [e7 ey Ople ea®Se””) + T up SoP| (1 + fr) + 100 T+ =T} (5)
where TV, is the energy—momentum tensor and

daf(T)
T)=—=—.

Jr(T) Ir

The field equation (5) is written in terms of tetrads and their partial derivatives and therefore appears formally different

from Einstein’s field equations. However, by choosing f(7) = 0, this is dynamically equivalent to the GR. The energy

momentum tensor for magnetized dark energy is given by

T‘;‘ = dlag [—Px, _Py’_pz’p] . (6)
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Then, one may parametrize it as follows:

T%, = diag [-px + pB. —py — PB. —Pz— PB. P + PB| (7)

where p is the energy density of the fluid,pp is the energy density of the magnetic field, py, py, p, are pressures.
Zeldovich et al [40] underlined the importance of magnetic field for a variety of astrophysical phenomena.Magnetic field
could have cosmological origin [41].

3. MODEL AND FIELD EQUATIONS
In this work, we consider the spatially homogeneous and anisotropic Bianchi type-I space-time as

ds® = di® — AX(1) dx® — BX(1) (dy2 + dzz) , ©)

where the metric potentials A and B are functions of cosmic time ¢ only. The corresponding torsion scalar T is given by
AB B?
22— 9
( AB Bz) ©)

Using the equation of motion (4),the stress—energy tensor (6), and the Bianchi type-I space-time (8) , the field
equations can be written as

B B> AB
(T + f)+4(1+ fr) B+E+XE +4— TfTT——(P PB) (10)
i BB AB\ (4 B
T 2(1 — | +2 Tfrr = - 11
(T+f)+ (+fT)(A 3t ® 3AB)+ (A B) frr =—-(p +pB) (11
B2
(T+f)+4(1+fT)(E+ZE)=P+PB (12)
The system of equations from equations (10)-(12) may reduce to
BB
(4E + Zﬁ) =—-(p-pB) (13)
A B _AB
(ZZ + 2E + ZE) = —(p +PB) (14)
B> AB
(ZE +4AB) P+ pB (15)

4. SOLUTION OF THE FIELD EQUATION

The field equations (13)-(15), we get three differential equations containing five unknowns — namely A,B, p,p and
pp.To determine the values of these unknowns, we use the energy—momentum conservation equation 7)., = 0, which
leads to two separate conservation equations corresponding to the anisotropic fluid and the magnetic field [42].

p+(l+w)p(A+2 ) 0 (16)
-’ )

In what follows, we define certain kinematical quantities of the space-time, specifically the mean scale factor and the
volume.
a®=V=AB? (18)

The directional Hubble parameters along the x-, y-, and z-axes, respectively, for the LRS Bianchi type-I metric are defined
as
A B B
szz, Hy:E, HZZE. (19)
To express volumetric expansion rate of Universe, the mean Hubble parameter is defined as

1
H = 3(Hy + Hy + Hy) (20)
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From equations (18)-(20), we obtain

= ——=2=_(Z2 422
3V a4 3\a’

1V a 1(A _B
H= = 21
5+25) @
For the purpose of solving the field equations, we consider a physical condition according to which the expansion scalar
is proportional to the shear scalar, i.e.,

A=B" (22)

where n is the proportionality constant. The motivation for considering Eq. (22) which is from the work of [9,43,44]. The
line element (6) is fully characterized by the Hubble parameter H. Hence, we assume that the mean Hubble parameter H
is related to the average scale factor a through the relation

H=kya™* (23)

where k1 > 0 and s > O are constants. This particular law of variation of the Hubble parameter leads to a constant
value of the deceleration parameter. Such a relation was originally introduced by Bermann [48] in the study of FRW
cosmological models. Subsequently, several researchers [45—-48] have extensively employed this special law of the Hubble
parameter to investigate flat FRW and Bianchi-type cosmological models.

By adopting this special law of variation of the Hubble parameter, we obtain exact solutions of the field equations cor-
responding to an anisotropic cosmological model exhibiting a negative constant deceleration parameter. The deceleration
parameter ¢ is define as,

ad
q=-— 24)
a
From eqs (21) and (23), we get
a=kia st (25)
d=—ki(s—1)a >*! (26)

By using Egs. (24)—(25), we obtain a constant deceleration parameter for the mean scale factor as
g=s-1. s#0 @7)
For 0 < s < 1, the deceleration parameter satisfies —1 < g < 0, indicating accelerated expansion. The case s

=1
corresponds to a coasting universe (¢ = 0), while s > 1 leads to a decelerating phase (¢ > 0). The special case s = 0
yields g = —1, representing exponential expansion. Using eq.(25), we get the law of average scale factor as,

a=(Dt+cl)%, s # 0. (28)

where ¢ is the constant of integration. Using Eqgs. (20), (21), (22), and (28), the exact expression for the scale function is
given by

A() =L (Dt +c))7 (29)
B(t) = 1y (Dt +¢1)* (30)
where 1
li=c,™, L= andr = s
Therefore, model (8) becomes
ds> = di* — 12 (Dt +c1) " dx®— 2 (Dt +¢1)* (dy2 + dzz) 31)

The space—time model (31) describes an LRS Bianchi Type-I anisotropic cosmological model filled with magnetized
dark energy, where the magnetic field is aligned along one spatial direction, leading to anisotropic expansion.

For model (31),the expression for kinematical parameters, i.e. the Hubble parameter H, the scalar expansion 6, mean
anisotropic parameter A,, and shear scalar o are given by

_ (@2n+1)D
"~ 3r(Dt +c1) (32)
B _ (@2n+1D
6=3H= r(Dt+cy)’ (33)

I (Hi—H\> 2(n-1)?
A”‘_E;( H )_(2n+1)2 9
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3 (n—1)2D?

2 2
=ZAH =—"1— 35
) 3r2(Dt + c¢1)? (35)
The energy density for magnetic field is obtained by substituting eq.(30) in eq.(17)
B

B= 7 (36)
ll (Dt + C])r

Figure 1 depicts the variation of the magnetic field energy density pp with cosmic time. It is observed that pp
diverges at the initial epoch, indicating a Big Bang type singularity, and decreases monotonically as the universe expands.
At late times, the magnetic field contribution becomes negligible, favoring an isotropic dark-energy—dominated universe.
Using Egs. (15), (22), (29), (30) and (36), the energy density of the fluid is obtained as follows:

_ 2(2n+ 1)D? B

r2 (Dt +c1)* 14 (Dt + 1)’

(37)
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Figure 1. Energy density of the magnetic field versus cosmic time.

Figure 2 illustrates the variation of the fluid energy density p with cosmic time. It is observed that p diverges at the
initial epoch, indicating a Big Bang type singularity. The energy density decreases sharply during the early evolution and
attains a minimum before gradually approaching zero at late times. This behavior suggests that magnetic effects dominate
the early universe, while the fluid evolves toward a dark-energy—dominated phase at late times. Using Eqgs. (14), (22),
(29), (30) and (36), the pressure of the fluid is obtained as follows:

(38)

8 +2D2(n+1)(n+1—r)l
14(Di +c)7 r2 (Dt +c1)?

Figure 3 illustrates the variation of pressure p with cosmic time ¢ for the magnetized dark energy model. The pressure
remains negative throughout the cosmic evolution, diverges at the initial epoch, and asymptotically approaches zero at late
times, indicating a transition toward a dark-energy-dominated universe.

w=-—
P

(39)

B +2D2(n+l)(n+l—r)
4
14 (Dt +c1)* r2 (Dt +c1)?

The equation-of-state parameter w evolves dynamically and attains negative values at late times. For suitable choices
of the model parameters, w lies in the range —1 < w < —1, which is consistent with the constraints from SN Ia and

CMB observations. Hence, the present model is observationally viable and capable of describing the late-time accelerated
expansion of the universe.



57
Magnetized Anisotropic Dark Energy Cosmological Model in f(7) Gravity... EEJP. 2 (2026)

0.10
0.05 4
0.00

Q

~0.05 -
—0.10 4

0 2 4 6 8 10

Cosmic time t
Figure 2. Energy density versus cosmic time.
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5. ENERGY CONDITION
The Energy Conditions for the Present Model are given by

Null Energy Condition (NEC) The null energy condition is defined as
p+p=0. (40)

2D? 2
[Cn+1)—=(n+D(n+1-7r)] ——B4
l‘l1 (Dt + Cl);

For the present model, p + p becomes negative at late times, indicating that the NEC is violated in the dark-
energy—dominated phase of the universe.

p+p= (41)

C2(Dt+c)?

Weak Energy Condition (WEC) The weak energy condition requires
p =0, p+p=>0. (42)

Although the energy density p remains positive for suitable choices of the model parameters, the violation of p + p at late
times implies a partial violation of the WEC.

Strong Energy Condition (SEC) The strong energy condition is given by
p+3p=0. (43)

2D? 4
——— [@n+ 1) -3+ )(n+1-r)] ——’84
r2 (Dt + cy) IH(Dr+ci)*

For the present model, p +3p is found to be negative throughout the cosmic evolution, which signifies a clear violation
of the SEC. This violation is a necessary condition for the accelerated expansion of the universe.

p+3p= (44)

Dominant Energy Condition (DEC) The dominant energy condition is expressed as

p=|pl 45)

In the present scenario, the dominance of negative pressure at late times leads to the violation of the DEC, indicating
the presence of exotic dark-energy behavior. Figure 5 displays the combined evolution of the energy conditions for the
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Figure 5. Evolution of the energy conditions with cosmic time ¢.

present magnetized dark energy model.It is observed that the energy density p remains positive, satisfying the weak energy
condition at early times. However, the quantity p + p becomes negative at late times, indicating the violation of the null
and weak energy conditions.Moreover, p + 3p remains negative throughout the cosmic evolution, implying a persistent
violation of the strong energy condition, which is necessary for late-time accelerated expansion. The violation of p — |p|
at late times shows that the dominant energy condition is also not satisfied, confirming the presence of exotic dark-energy
behavior in the model.



59
Magnetized Anisotropic Dark Energy Cosmological Model in f(7) Gravity... EEJP. 2 (2026)

6. CONCLUSIONS

In this work, we have investigated a magnetized anisotropic dark energy cosmological model in the framework of f(T)
gravity for an LRS Bianchi type-1 space—time. By choosing f(T) = 0, the theory reduces to teleparallel gravity, which is
dynamically equivalent to general relativity, allowing a consistent comparison with standard cosmological scenarios.

A special law of the Hubble parameter with S # 0 has been employed to obtain exact solutions of the field equations.
The resulting model describes an anisotropic universe with directional scale factors evolving as power-law functions of
cosmic time. The presence of a uniform magnetic field aligned along one spatial direction introduces anisotropy at early
times, while its contribution decays rapidly as the universe expands.

The physical behavior of the model has been examined through the evolution of the energy density, pressure,
equation-of-state parameter, and energy conditions. The pressure remains negative throughout the cosmic evolution,
while the energy density is positive for suitable choices of model parameters. The equation-of-state parameter w evolves
dynamically and attains negative values at late times, lying in the range —1 < w < —1i, which is consistent with the
observational constraints from Type Ia supernovae and cosmic microwave background observations.

Furthermore, the null and weak energy conditions are found to be violated at late times, whereas the strong energy
condition is violated throughout the cosmic evolution. The violation of the strong energy condition confirms the presence
of accelerated expansion in the universe. The dominant energy condition is also violated in the late-time regime, indicating
the dominance of dark energy with strong negative pressure.

Overall, the present magnetized anisotropic dark energy model in f(7T) gravity with a special law of the Hubble
parameter provides a viable description of the late-time accelerated expansion of the universe. The model exhibits a
transition from a magnetically dominated anisotropic early universe to an effectively isotropic dark-energy-dominated
phase at late times, in agreement with current cosmological observations.
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KOCMOJIOTTYHA MOJEJIb HAMATHIYEHOI AHI3OTPOITHOI TEMHOI EHEPI'II B f(T) TPABITAIIIL
3I CIIEHIAJIBHUM 3AKOHOM ITAPAMETPA XABBJIA
K.H. IIaBap, A.C. Xan, LI. Xan
Kagheopa mamemamuru, Hayxoesuii konedxc Llpi llusaodaici, Haenyp, Maxapawmpa, Inois

V wiit crarTi MU JOCTI)KYEMO KOCMOJIOTiYHY MOJie/ib HaMarHideHoi aHi30TporHoi TeMHoi eHeprii B pamkax f(7) rpaBitauii mjst
JIOKQJIbHO 00epTaJIbHO-CUMETPUYHOrO mpocTopy-yacy tumy Bianki I. Bubip f(7T) = 0 3BoguTth Teopiio 10 TesenapaiesibHOI rpasiTa-
1ii, IMHAMIYHO €KBIBJIEHTHOI 3arajibHiil Teopii BiTHOCHOCTI, 10 TO3BOJISIE MpsIME MOPIBHSIHHSA 31 CTaHAAPTHOI0 KocMoJorie. TouHi
PO3B’ 13K PiBHSIHB MOJIST OTPUMYIOTHCSI, IPUITYCKAIOUHN CHeliabHU 3aKoH rmapaMeTpa Xa60:1a 3 HEHy/IbOBOIO KOHCTAHTOIO S, IO TIpH-
3BOJIUTD JIO CTETICHEBO MIOBE/IIHKHM HANPSIMJICHHX MacIITaOHUX KoedirieHTiB. OHOpiHEe MarHiTHE 10Jie, OPIEHTOBAHE B3/IOBK OHOTO
MPOCTOPOBOT0 HANPSIMKY, CTBOPIOE aHI30TPOIIII0 Ha PaHHIX eTarax 4Jacy, T'yCTHHA eHeprii sIKoi 3MEHIIY€EThCs 3 PO3MIMPEHHSIM KOCMOCY.
AHaJ3yI0ThCS T'YCTHHA €HePrii, THCK, TapaMeTp PiBHIHHS CTaHY Ta eHEPreTHYHI YMOBH. THCK 3a/IMIIA€ThCs HETaTUBHUM, TOJ SIK Iapa-
MeTp PiBHAHHA CTaHy AMHAMIYHO PO3BUBAETHCS Ta HAOIKAETBCS J10 Aiana3ony —1 < w < —% Ha Mi3HiX eTanax yacy, o y3rofxXyeTbCs
3 obmesxkeHHsAMH SN Ia Ta penikTOBOro BUIIPOMiHIOBaHHS. YMOBH HYJIBOBOI Ta cJT1aOKOi eHeprii MOpyIIyIOThCS Ha Mi3HIX eTarax 4Jacy,
TOZIi SIK YMOBa CHJIBHOI €Heprii IIOpyIIy€eThCs MPOTSATOM YChOTO 4acy, IO Mepedadae MPUCKOPEHHS.

Kutouosi caoBa: namaznivena memna enepezis; f(T) epagimayisi; LRS modeav Bianxi muny I; anizomponnuii Beecgim,; kocmiunuii
uac


https://doi.org/10.1007/s10773-010-0510-3
https://doi.org/10.1007/s12043-016-1272-0
https://doi.org/10.1007/s10509-012-1070-1
https://doi.org/10.1142/s0218271806007754
https://doi.org/10.1007/s10509-006-9210-0
https://doi.org/10.1007/s10773-007-9487-y

62

East EUROPEAN JOURNAL OF PHysics. 2. 62-78 (2026)
DOI: 10.26565/2312-4334-2026-2-06 ISSN 2312-4334

A PEN-PICTURE OF THE MODIFIED (2+1)-DIMENSIONAL KdV-CALOGERO
BOGOYAVLENSKII-SCHIFF EQUATION IN SHALLOW WATER WAVES:
LIE SYMMETRY ANALYSIS AND CONSERVATION LAWS

Sivenathi O. Mbusi',  Abdullahi R. Adem?, (» Ben Muatjetjeja'>, © Mohammed E. M. Alngar*, ©© Husham
M. Ahmed’, (& Anjan Biswas®78°
1School of Mathematical and Statistical Sciences, North-West University, Private Bag X1290, Potchefstroom, 2520, South Africa
2Department of Mathematical Sciences, University of South Africa, P.O. Box 392, Unisa, 0003, South Africa
3Department of Mathematics, Faculty of Science, University of Botswana, Private Bag 22, Gaborone, Botswana
4Mathematics Education Program, Faculty of Education and Arts, Sohar University, 311, Sohar, Oman
3College of Engineering University of Technology, Bahrain, Kingdom of Bahrain
S Department of Mathematics and Physics, Grambling State University, Grambling, LA 71245-2715, USA
7Department of Mathematics, Faculty of Science, Karadeniz Technical University, Trabzon-61080, Turkiye
8 Department of Physics and Electronics, Khazar University, Baku, AZ-1096, Azerbaijan
® Department of Mathematics and Applied Mathematics, Sefako Makgatho Health Sciences
University, Medunsa-0204, Pretoria, South Africa
*Corresponding Author e-mail: biswas.anjan@ gmail.com
Received January 27, 2026; revised April 25, 2026; accepted April 28, 2026

This work investigates the KdV-Calogero Bogoyavlenkskii-Schiff equation in modified (2+1) dimensions. The Lie symmetries are
created using Lie group analysis, and the similarity solutions are then found using the symmetries. Using the multiple exp-function
approach, numerous wave solutions are obtained. Furthermore, we use the multiplier approach to express the conserved currents, which
is essential for comprehending the nature of non-linear equations, particularly in engineering and physics.
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PACS: 47.35Fg; 47.10.ab

1. INTRODUCTION

In domains such as oceanography, superfluids, hydrodynamics, plasma physics, optical systems, and other relevant
nonlinear science [1-8] topics, nonlinear evolution equations (NLEEs) exhibit a variety of fascinating nonlinear dynamic
phenomena. The physical insights offered by the solutions to NLEEs can help us better understand the underlying
phenomena and possibly pave the way for novel applications. Therefore, it is essential to look for precise answers to these
equations. But finding precise answers for NLEEs is frequently difficult, and their answers can only be simplified in rare
circumstances. Numerous techniques have been used to address NLEEs [9-25].

The illustrious Korteweg-de Vries (KdV) equation

Wr +6WW, + Wy =0 (1.1)

is an example of a nonlinear evolution equation (NLEE) [26—44]. It describes the dynamics of solitary waves. It was
first developed to characterize long-wavelength, small-amplitude waves in shallow water. Its multiple-soliton solutions,
unlimited number of conservation laws, and numerous other physical characteristics make it an important equation in the
study of integrable systems.

We study one such NLEE namely a modified (2+1)-dimensional KdV-Calogero Bogoyavlenkskii-Schiff (KdV-CBS)
equation [45,46]:

4w, — hy (4a)cuﬂ + Zw)(a;lwl, + wxx#) =y (6wwy + Wyyy) =0, (1.2)

where h; and h; are arbitrary constant. It should be noted that when A; # 0, hy = 0, equation (1.2) becomes to Calogero
Bogoyavlenkskii-Schiff equation [47].

4rr = I (400, + 20,07 @y + @) = 0. (1.3)
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Furthermore, when #; = 0 and &, # 0, equation (1.2) is reduced to the well known KdV equation
dwr = hy (6wwy + Wy y) = 0. (1.4)
The transformation w = v,,, casts(1.2) into
4vey —hy (vveu + 2vuVix + Viran) — h2 6V vy + Vigry) = 0. (1.5)

There are five sections in this study. The calculation of exact solutions and similarity reductions using Lie point
symmetry analysis is shown in Section 2. In Section 3, we use the multiple exp-function method, an extension of Hirota’s
perturbation technique, to investigate a number of physically relevant waves with novel general wave frequencies and phase
shifts. The multiplier approach is used to discuss the conservation laws in Section 4. Lastly, the closing remarks are given
in Section 5.

2. LIE SYMMETRIES AND REDUCTION (1.5)

The Norwegian mathematician Sophus Lie (1842—1899) created the Lie symmetry method, a potent mathematical
instrument for evaluating and resolving differential equations. This approach focuses on detecting differential equation
symmetries, which can be utilized to simplify the solution-seeking process by lowering the number of independent
variables. Closed-form solutions are frequently the outcome of this. Numerous disciplines, including physics, fluid
dynamics, electromagnetic, and engineering, heavily rely on the Lie symmetry technique [48-51].

We now compute the symmetry group of the transformed (2+1)-dimensional KdV-Calogero Bogoyavlenkskii-Schiff
equation (1.5). The vector field of the form

d d 9 9
r = &(yu V)E + (T, X s V)E +$3(T,x,/~t,V)a +77(T’X,,U,V)E-

would generate all the desired Lie point symmetries of (1.5). It should be noted that this would be initiated by applying
the fourth prolongation pr*T to (1.5). This algorithmic procedure yields an overdetermined system of linear partial
differential equations of the following form:

£,=0,6,=0,8,=0,£=0,£ =0,£ =0,

Moy =0,y =0, &4, = 0,1y =0, 7y =0,

My + &y =0, hiy — €7 = 0,360, =0y, =0,

Exu = Tvu = 0, huy +3hamy + 262 =0,

hilyu = ey — €7, = 0, &g — &, + &y =0,

E1 =& 1y =& =0, &L — &) + hony, + 2Inéy, = 0.

Hence the above system yields the following Lie point symmetries:
0 0 0 o . .
'y = -2hiyt— + (hou — h1 x) — + hjv—, dilation & space & time — dependent shift
ot oy av

0 0 0
') =hit— + hhu— + hju—, space & time — dependent shift
ot ox ou
0 0 0 0
2.2 2 2 2 2
I's = -2h] 37 (hl‘r)( + hlhg‘ry) a - 2h1‘r,ua + (hlvr +2h xu —2hou ) 3y
dilation & space & time — dependent shift
ho 0 hy

0
=——————+ ————— spacetranslation
(i +ho) ox * (i +hy) o’ "

I'y

0 0 0
I's=hihytr— + h%‘r— + (hop — hyxy) —, rotational & space — dependent shift
ox ou v

o . .
I'¢ = —, time translation
ot

0 0
Tr(r) = th(T)a + 2F’(‘r)y5, space & time — dependent shift

0
L) = G(T)E. space & time — dependent shift
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2.1. Symmetry reduction and invariant solutions of (1.5)

Our goal is to use the symmetries we discovered above to achieve symmetry reduction of (1.5). The related Lagrange
equations must be solved in order to achieve symmetry reduction.

dr _ dy B du a dv
Nt 1 v)  E(roxpy)  E(txuv)  n(tx.pv)

We examine the three cases listed below.
Case 1. First, we look at infinitesimal generator I'y

dr dy _dudv

2hit (ap-hyx) 0 hy

which gives rise to the group invariant
.

(hix = hap)*’

Equation (1.5) reduces to the nonlinear partial differential equation when ¥ and y are taken into consideration as the new
independent variables and © as the new dependent variable.

Y=pu y= 0 =-v(hixy - hp).

47’130,y w + 8Y 110, 0,y + 24y 110,y + 4y 1090, + 4yhi00,y + 27yhi0,y + 14yhi0, 0y
+4h100y + 3130y — 4y0,, — 60, = 0. (2.6)

We now further reduce (2.6) by using its symmetries, it can be seen that the corresponding vector of (2.6) is as
follows:

0 0
—
=Tt ya
Y\ o
Sy =2h3 z—+ YO - —| —,
0
S
1 0
Sy =——.
\y 00
Taking symmetry S3 + Sy, yields the following invariants:
Oy -Y¥
K=Y, = >
Vr

and making use of them, we obtain a second order ordinary differential equation
2D (k) + Sk (k) — 20" (k) + WD (k) — 3Vk®D' (k) =

which gives the general solution of the form
(2.7)

where the arbitrary integration constants C; and C; are used. The invariant solution of (1.5), when rewritten in our original
variables, looks like this:

1 T t
vt x,pm) = - Mu+Cy |——————+C—p
h1X—h2,u(V(h1X ho w)? (hy x = hy p)?

-1

—
L ey a—- 2.8)
Ve N h=heay
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Figure 1. A 3D wave solution (2.8)

Figure 2. A density plot of solution (2.8)

v
2 l
15 -10 -5\\ 10 15 X
\\ -1
| 2

Figure 3. A 2D plot of (2.8)

Case 2. We consider infinitesimal generator I',
dr dy du dv

Tt g g 0
we obtained the group invariant
hix — hop T
¥Y=—= 5 =T 0=y
hz Y h2T v

Equation (1.5) changes to ® as the new dependent variable and ¥ and y as new independent variables.

4yhihyOuOy, + 2yhyh10,Opy — YhiO,pyy — 41,0,y = 0. (2.9)
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After employing its symmetries to reduce (2.9), we can observe that the equivalent vector of (2.9) is as follows:

0
Sl—%,
0 0
Sy=nyr L w2
2= Gy T T ow
0
S3_a_lpa

0 0 0
Sa=¥Y—=+2y—-0_—.
YT T ey T T e
Taking symmetry S;, yields the following invariants:
Oyh? -V

k=%, ® 3
hiy

bl

and making use of them, we obtain a second order ordinary differential equation
Kk®" (k) + 2@’ (k) = 0,
which yields the general solution of the form
1
O(x) = Cr + —-Cy, (2.10)
K

where C; and C; are arbitrary constant of integration. Reverting back to our original variables, the invariant solution of
(1.5) takes the form

Crhi’ty = Crhi*hytp— Co P ho v — i x2u + 2 hy ho i — ho? i

v(T, X, 1) = (2.11)

(hi x = ho ) h*t

Figure 4. The profile structure of solution (2.11)

Figure 5. A density plot of (2.11)
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45)(

v

Figure 6. A 2D side view of (2.11)

Case 3. The symmetry I's leads to
V(T X 1) = Q)T 2,2 = Ny + Nl 4 2 A g o 212)
3/2p? hi VT
with invariants
hiy—h 2Ty + hyyu — hyu?
hy hit
and O(y, V) satisfies the nonlinear partial differential equation
2¥0y, +v0,, +20 = 0. (2.13)
The integration of (2.13) leads to
()
i (2.14)

El

3

O(Y,y) =g(¥) +

where g and z are arbitrary functions of f and y/+/7 respectively. Finally, (2.14) accomplishes the group invariant solution

(2.12).

800
/600
‘00 V
200

Figure 7. A 3D of solution (2.12)
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Figure 8. A density plot of solution (2.12)
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Figure 9. A 2D side view of (2.12)

The limiting behavior of problems that are distant from their beginning or boundary conditions is often captured by
group invariant solutions.

3. MULTIPLE EXP-FUNCTION METHOD

The multiple exp-function technique operates independently in constructing bilinear forms. It begins with the notion
that polynomials of exponential functions can be used to define multi-soliton solutions. In essence, Hirota’s perturbation
approach is expanded upon by the multiple exp-function algorithm. Furthermore, general wave frequencies and phase
shifts are included in the resultant solutions. The following is a summary of the multiple exp-function method’s main
steps. [52-56]:

Step 1. Let us consider the following (1 + 1)-dimensional NLEE:

P(x,7,vy,ve,-) = 0. (3.13)
Step 2. Suppose the solution of above NLEE can be expressed as

M
P12, 1) - y
x Q(n19772"" ,nn) p Z Z p Yl]n T]S

r,s=1i,j=0
n N o
9= > > qrsiimini, (3.16)
r,s=11i,j=0
in which p, ;; and g, ;; are unknowns to be determined and
n; = ciefi, & =kiy—pit, 1<i<n. (3.17)
Step 3. Substituting (3.16) and its derivatives into (3.15) yields the following transformed equation

O, T,m,1m2, -+, ) = 0. (3.18)

Step 4. The multiple wave solution of (3.15) can be obtained by solving an algebraic system whose numerator is set
to zero for the function Q(x, 7,71, M2, ** » n)>

p(cleku)(—pﬂ, ... ,Cnekn)(—pnr)

q(clele_plT’ cee cnean_Pnt) :

v(t,x) = (3.19)
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3.1. Application of the multiple exp-function algorithm in (1.5)
The multiple exp-function approach will be used in this subsection to get the one- and two-wave solutions of (1.5).

3.1.1. One-wave solution of (1.5) We start with one-wave function

v(x, T, ) = B’ p= Alekl/\""llﬂ—PlT, g=1+ elixthip=p17 (3.20)
q
where A is a constant. By applying the multiple exp-function algorithm, we obtain with the aid of Maple:

1
Ay =2k, p1 = —Zkf (hili + haky) . (3.21)

Figure 11. A density plot of solution (3.20)

R TR E— s 10 15 X

Figure 12. A 2D side view of solution (3.20).
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3.1.2. Two-wave solution of (1.5) Based on the assertion made in Step 2, we examine two-wave solutions and
suppose that equation (1.5) has the rational function of two-wave solutions, which is represented as follows:

viy,T, 1) = s, (3.22)

with p and g being defined by

2 klekl)(+11#—/717' +2 kzekz)(+lzll—P2‘r

p =
+2 Aps (ky + ko) ek1X+llﬂ—P1Tek2X+l2ﬂ—P2T, (3.23)
g = 1+ ekixtlip-p17 4 Jkox+hpu-pr7 | Alzek1X+llll—P1Tekz)(+lzli—PzT’ (3.24)
where
A; = ki)( + li/.l - piT, i=1,2 (325)

and A, is a constant. Applying the multiple exp-function algorithm, with the aid of Maple leads to

B k% —2ki1ky + k%

1 1
A = TS p1 = —Zkf (hily + haky), p2 = —Zk§ (hlz + hak2) . (3.26)

20 -10

Figure 13. A 3 dimensional simulation of solution (3.22).

Figure 14. A density plot of solution (3.22).
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20

10} u=-7.5
=10

s~ s w0 15 X

Figure 15. A 2D side view of solution (3.22).

4. ANALYSIS AND DISCUSSION OF THE RESULTS

The first solution in Fig.1, Fig.2 and Fig.3 portrays a multi-singular wave structure, with spatial variables restricted
to the intervals of =15 < y < 15and 0 <7 < 10, with hp = 1, u = -1, hy = 1, C; = 1, C, = 0. Conversely, the second
illustration in Fig.4, Fig.5 and Fig.5, presents a singular wave structure , with spatial variables restricted to —15 < y <
15and -10 < 7 < 10, with h, = 1, 7 =1, hy = 1, C; = 1 and C; = 1. Singular periodic waves are employed in the
study of wave dynamics across different optical systems and fibers. Additionally, they are relevant in the examination of
chaotic phenomena, providing essential insights into the behavior of these systems, as they facilitate the interactions of
particles in the fields of physics and chemistry. In Fig.7, Fig.8 and Fig.9 , the graphical representation shows a concave-up
structure which is analyzed within the spatial variables constrained to the range of —10 < 7 < 10 and —15 < y < 15

hy=1,t=1,h =1,g(1) =0, z (%) = sech’(y — p). Furthermore, Fig.10, Fig.11 and Fig.12, engenders a

one-wave solution portraying a kink profile defined within the intervals of —15 < y < 20 and —10 < u < 15 and the
rest of the elements equated to unity. Finally, Fig.13, Fig.14 and Fig.15, presents a two-wave kink profile structure with
spatial variables restricted to the intervals of—15 < y < 15 and —15 < y < 20, with the parameter with | = 5, hy = 2.5,
k1 =2 and ¢ = 0.5 and the rest set one. Kink solitary waves have been extensively utilized in optics and various fields of
nonlinear science. They serve as logic units or polarization switches connecting two separate points. Additionally, they
are applied in the analysis and comprehension of the propagation of extremely short light pulses within a cubic-quintic
nonlinear medium.

5. CONSERVATION LAWS

Key physical quantities like mass, energy, momentum, electric charge, and other constants of motion can be understood
through the framework provided by conservation laws [56]. Because they define conserved quantities and shed light on
the characteristics and behavior of partial differential equation solutions, conservation laws are essential to the study of
differential equations. They play a crucial role in establishing whether solutions to nonlinear partial differential equations
exist, are unique, and are stable. Conservation laws also aid in the evaluation of linearization, integrability, and the validity
of numerical techniques for resolving these equations.

Our goal in this section is to use the multiplier approach to construct the conservation laws of (1.5). We start by
reviewing some fundamental findings that will be applied later in this section. Examine a system of partial differential

equations of pth order with n independent variables y = (y!, x%, ..., x") and m dependent variables v = (v!,v?, ..., v"),
ie.,

Ho(x,v,v(1ys - V(p) =0, a=1,..m, (5.27)
where v(1),v(2),..., () denote the collections of all first, second, ..., {th-order partial derivatives, that is, v{' =
D;(v?), VZ' = D;D;(v?),... respectively, with the total derivative operator with respect to ' is given by

D=9 4y a =1 5.8
l—a—)(i+ViW+Vijm+..., r=1,...,n, ( )
J

where the summation convention is used whenever appropriate.
The Euler-Lagrange operator, for each a, is given by

6 9 ; 9
&/_“:m+z(_l) D,-l...DisW, a=1,...,m. (5.29)
321 nip...1g

The n-tuple vector T’ = (Tl, T2, ..., ), T/ € A, Jj=1,...,n,is a conserved vector of (5.27) if T' satisfies

DiT|(5.27) = 0. (5.30)
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The equation (5.30) defines a local conservation law of system (5.27).
A multiplier Ao (¥, v, v(1), . . .) has the property that

AoHy = DT! (5.31)

holds identically. Here we will consider multiplier of the third order, i.e.,

Ao = Ao(7, XoHs Vs Vs Vs Vs Vays Vous Vs Voo Vyxs Vuus Verros Vroys Voxxs Vroouws Vouus Vyxxs Vixu»

Vyuu Vuup)- The right hand side of (5.31) is a divergence expression. The determining equation for the multiplier A, is
6(AaHa) _

. 32
=0 (5.32)

5.1. Conservation Laws of (1.5)
The (2+1) dimensional KdV-Calogero-Bogoyavlenkskii-Schiff equation (1.5) has a multiplier of the form
hop*

1 1 1
A = (EthV +hituvy, + v, + Ehz‘r,uv)( + zhl‘r)(vX i +/\(,u) Ci+v,Cy
1

3h houv
+ (hlrv,, - h_w +X) Cy + ( 2: X +4Tve v+ xv, + 2;11/,1) C3+v:Cs
1 1
JHESD) A 2ur'(7)
1

h? hi

+ (D) Vyyr + 3f(‘z')v)(2 + +r(1)v, +g(1), (5.33)

where Cy, Cy, C3, C4 and Cs are arbitrary constant and f (1), r(7) and g(7) are arbitrary functions of 7. Corresponding to
the above multiplier we have the following conserved vectors of (1.2):

Y

ﬁ( - 16TVVXVXH/’Z% - 8TVVIIVXX/’Z% - 6TVVXXXM//Z% + SXVXZhl =3vv hy +6uv, v, h
1

=Bxvvyy bt = 24thavvy vy by — 6Thovvy o + 12Tv, v hy + 12Tvve by + 3,uh2vX2

—6uvVyuhi = 3phavvy, |,
; Thl( — 48uh3v, > — 48xhihyv, > + 64h1hyvv,? — 32xh3v, v, > — 128uh hyv,v,?
—64;1h%v,,2v)( + 48h%vvﬂvX + 32,uh%vvm,v)( - 12h%vXHvX - léxh%vv)mvx +80uh1havvy vy
—15h1havyy vy = 15xh3vy uvy = 30uh1havy yuVy = 24005V Vi = 24X h1haV oy Ve
—1287hv, o vy + 64T VY, vy + 192Thi hovyey vy — 24Th Ve 1 vy — 48Thihavey, vy
+96Th v.? + 32,uh%vv,,v)(,, + 6,uh%v,,,,v)()( + 9)(}1%1/)(,,1/)()( +33uh1hovyu vy, + 36h%vv)()(,,
H18URI VY + A5Sh1ha vV oy = 3X VY yy = 2THRIRY 1V i = 3XIEVY vy n
+48uh1 v, ve — 36‘rh%v)()(,,v, —48Th1hovy Ve — 48uhvve, + IZTh%vXXvT,, +24xhivve,
+64Th%vvﬂvm, + 24Th%vXﬂvTX +48Thi1havy ey — 12Th%vHvTXX + 36Th%vaXX”
—24,uh%v,,v)()m - 12ph%vﬂmvx +24phovevy, + 12/111%1/)0(2 —96h1vvy —96Th|vv,r

—192th1hyvevy* + 12xhihavy ? + 48Thihavveyyy + 24xhivevy + 1203y, ,.°

+24phovvey, + 21 ph1hovyy |

T = % —16xhivy® — 16uhyv,” + 16h1vv,* = 32uhv, v, * — 64Th vy, * = 32uh1vv, vy
+16xh1vvy vy = 80uhovvy vy — ORIV Vi — OX RV iy Ve — 0oV v, + 64T VYV vy,
—12Th Ve vy + 33XV + 3uhavyy? = 32uhivy vy + 6 vy + ORIV
=18l vy yyu + 3XM1VVyx — 21phovviy vy — 12Th vy Ve + 96UV Ve, — Ouh vy vy

+12Th vy Vo + 12Th vV — 3hvy, vy |

TVﬂVX]’l% - Tvaﬂh% = 2vhy +2xvyhy — 6uhyv,
hy ’

Ty =
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1 2,3 2. 13 3 3 3
T2X = m(&rv“, hy = 32tv, v hy + 16Tvv, v ) + 16TvY, v by — 6TV vy i

+3‘rv,wv)()(h? - 127'1/#1//\,/\,#//1? + 9Tvv“,m,h? - 48Th2vuv)(2h% - 48)(v,,vxh%
+48Tha vy, Vi uht + 12v, 03 + 12Thavy vy bt = 18XV it = 12Thovy vy uhi
H12Thov Yy ults + 24TV, v b = 24Ty v hT = T2xhavy P hy + 144pho v, v hy + 6hav by

+54ha vy it = 24x Moy i + 48x vy + 216k, + T2uh3vyy — 144phov,

—1zrh2v,,v,mhf),

1 2,2 2 2 2 2
TZ“ = ﬂ( =167y, v, hy = 16TV, v\ h] — 16TVY, vy W] + 3TV, vy By = 3TV Vi)

—3TV#VXXX]’1% - 9TVVXXXﬂh% - 24XVX2h1 +24vv, h —48Thavy, vy hi + 6V, By

—O6xVy 1 — 12Thovvy o i +48Tvve by + 72,uhgv)(2 + 18,uhzvXXX);

1
Iy = 6_hl( - 872vavxﬂh? - 4Tzvv”vXXh? - 37'21/1/)(/”#}1? + 37')(v)(2h% - 3Tvah% + 6‘1',uv#v)(h%

2 2 2 2 2 2 2 2 2 2
—6TUVVyuh] = 3TX VYV by — 12T°hovvy vy by = 3T°hovvy o h + 6TV, v hy + 6T vy B

+3Tphovy hy — 12uvhy + 12xuv, hy = 3tphavvy, by — IZyZhZVX),

T3X = ﬁ( - 321')(1/,,1/)(2}1? + 121’[11//\/#2}1? - 647’[11/#21/)(/’1? + 487’vvﬂvxh? + 327,uvvm,v)(h?
+32‘r,uvv,1v)mh? - 127vaXﬂh? - 16TXVVXVXMh? - IZTMVXVXWh? + 6T,uvﬂﬂv/wh?
+36TVVXX/1/1:1" - 247'/.11/#1/)()”1/’[? - 15TXVXVXX”}Z? + ISTuvaXM,h? - 31’)(1/,,1/)()()(/1?
—6472vﬂvaTh? - ISTZVXX”VT}Z? + 3272vv)(vmh? + 6TzvXXvTﬂh? + 32‘1’2vvﬂvwh?
1272V, Ve uhy = 6TV vy bl + 1872 vy ey — 48T xhovy Py — 24v2 0T + 64thovy, 2}
—1287uh2vﬂv){2h% + 127)(h2vXX2h% + 4872v72h% + 24)(vvxh% — 96/\(uvﬂv/\,h% - 24th%
+80‘r,uh2vv)(vXﬂh% + 12/\/1//\//\//’1% - 15Th2VXVXX/’l% + 33Tyh2vXMvXXh% - 36)(,111/“,,,};%
+45‘rh2vaXXh% - 27Tuh2vﬂv)()(xh% - 247’)(]121/)()//\,/\,/\,/1% + 211’/1]121/1/)()0(,,/1% - 967’2h2v)(2v7h%
—96Tvah% + 48‘ruvﬂv7h% + 247)(v)(v7h% - 247'2h2v“,)(v7h% - 48‘rpvvmh% + 24T)(VVT/\,h%
2472 hov Vo hE = 2472 hav Ve T + 2472 hovy oy B3 — 4877 vy hY — 48T uhdv, Py
+12Tph3vy 2y + 24uha vy, by + 96p% hov, v hy + 24uhavy by + 361 hovy i
—24‘1’,uh§vXVXXXh1 +96xuvehy + 24t uhyvy vohy + 24tuhovve by + 144,uzh§v)(2
—961% hyve — A8 phaVy i + 96T hovy, ve hE — 144y hav, 2 hy + 4817 h3v

+9T)(v){#vxxh? - 3TXVVXXXH/’Z? + 1272VXMVTXh? + 24;11/“,}1% - 39Tyh2vaXXﬂh% ,
T3” = % - 167/\(h%v)(3 - 16‘1',uhlh2v)(3 - 48,\(;1h1v)(2 + 48,uzhzv)(2 + 16‘1'h%vv)(2
+48uhivvy — 32‘mh%va,,vX - 3Th%vXXvX + 16T)(hfvaXvX = 80tuhihavvy, vy
_67')(}’%")()()(")( = 67U MoV V) + 321’2h%vvwvx - 672h%vTXXvX + STxh%vXXQ
—327,uh%vv,,v“, + 67'/.1}1%\//‘/’“1//‘//‘/ = 12xpuh vy + 12H2h2v)()()( + 9Th%vv“,/\,
+3TX/’Z%VVXXXX =2ltphihovvy oy — 6‘rzh%vXXXvT + 967Ul VYL + 672h%vXXvTX

—32‘1’2h%v7vx2 + 12uh1vy, — ISTuh%vaX)m + 612h%vaXXX - 6‘r,uh%vXX,,vX

+3‘r,uh1h2VXX2 - 6‘1',uh%v,1vXXX - 327;1}1%1/,,1/)(2 ;

T = -
T, = vyvu—vyuv,
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1
TY = ﬁ( 6h v vy + 161 vy v, v + 48ho vy vy v + O vy uuV + 1200V pv — 24ve,v

=32h1vy vt = 48havy Py — 1201V — 1202y Vi + 61V i = 61V Vi
3V Vup + 1200V vy — 120V, vy u + 24VTV,,),

1
Tf = ﬁ( = 16h1vy vy v —48ha vy vy v = 16h vy v v = O vy y v — 1200V v

+48v .y v = 16h1v, 2V = 3Mvy Vi p + 3RV oy Viu — 3h1vw(v,,);

1

TST = 6( = 8h vy ViV —4h vy vy — 1200V, v, v = 3RV o wnV — 3haVy oV + 6V v + 6y, ],
1

TSX = ﬁ(mhlevmv +48hovy v v + 1601V, v, v + Yhivve, v + 1200V 2300V — 24very

2
—6h 1V Veyu — YMvevy oy + 30V Veu + 61V Vi — 3h v Ve — 48haveyy,

—12hav iy + 1202y Ve + 24V 2 = 32h1 vy, vy, — 12h2vaTXX),

1
TS" = ﬁ(mhlevwv + 3R VeyyyV — 16hlvTv)(2 = 3h1vyVeyy = 3R1VeY, yyy + 3h1vXXvTX);
1 / 124
T6T = E(Zf(r)h%v,)(3 +4uh f (T)v)(2 + S,uzf (Dvy - 4f(‘r)h%vv)()(v)( + f(T)h%vXXXvX
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T7X = Thl24h1r’(‘r)va—16h%r(7’)v)(v)(ﬂv—3h%r(T)vXXX,,v+24h1r(T)vTXv—96pr"(r)v

=96h ur’ (T)vy vy = 36h 1 ur’ (T)Vy o — 48hoptr’ (T)V oy + 12017 (tau) vy, — 32h%r(‘r)v)(2vﬂ
—48h1h2r(‘r)vX3 = 24h1hor (T) vy vy + 2401 (T) Vv, + 12h1h2r(‘r)v)()(2 +96ur’ (1)v,

+9h%r(‘r)v“,v)m - 144h2yr'(‘r)vX2 - 15h%r(T)vaXXﬂ - 3h%r(‘r)vXXva ,

1
T7” = ﬂ(16h1r(7)vXXva + 301 (T) ViV — 16hlr(‘r)v/\,3 =6 1r(T)VyyyVy + S»hlr(T)v)()(2

—48ur’ (1)v,* - 12,ur’(‘r)vXXX);

TS = 2g(1)vy,
1 ,

Tg‘ = 7 (—8g (T)v = 8h1g(T)vy vy = 3h18(T)Vyyu — 12h2g(T)vX2 —4hog(T)Vyyy + Sg(T)VT) s
1

Té‘ = 1 (—4h1g(7)v)(2 - hlg(‘r)v)()()() ;

Physical principles such as the conservation of energy, mass, and momentum are mathematically formulated as
conservation laws. These laws are fundamental for the analysis and simplification of partial differential equations. The
laws of conservation of momentum, energy, and angular momentum are originally derived from classical mechanics.
However, these conservation laws hold true and are preserved in both relativistic mechanics and quantum mechanics. As
a result, they transcend classical mechanics and stand as some of the most fundamental and universally valid principles
in physics. Conservation laws have been extensively employed in investigating the existence, uniqueness, and stability of
solutions to nonlinear partial differential equations, as well as in the development of numerical methods for these equations.
It is important to recognize that an infinite number of conservation laws can be derived, given that the multiplier involves
an arbitrary function.

6. CONCLUDING REMARKS

Eight symmetries were found when we calculated the Lie point symmetries of the modified (2+1)-dimensional
KdV-Calogero Bogoyavlenkskii-Schiff equation. We performed group invariant solutions and symmetry reductions.
After that, we obtained one-wave and two-wave solutions using the multiple exp-function approach. Lastly, we used
the multiplier approach to derive the conserved currents. In the future, the modified (2+1)-dimensional KdV-Calogero
Bogoyavlenkskii-Schiff equation can be solved more precisely using conserved currents.
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In this study, we have investigated the existence and characteristics of solitons in an unmagnetized dusty plasma composed of cold
ions, negatively charged dust grains, positively charged dust grains, non-thermal electrons, and non-extensive positrons. The properties
of solitons are usually studied through the Reductive Perturbation method and the Sagdeev Potential method. We have derived the
energy integral equation using the Sagdeev Potential method. We have also discussed the variation of the Sagdeev potential for different
values of the parameters involved in our plasma model. The non-extensive parameter (q), the non-thermal parameter (), charge density
ratio of positively charged dust (6+), charge density ratio of negatively charged dust (3 ), positron to ion density ratio (Jp), electron to
ion density ratio (3¢), electron to positron temperature ratio (op) and the Mach number (M) found to influence the amplitude of solitons.
Our study reveals that non-thermality of electrons and non-extensivity of positrons significantly modify the soliton features. The results
from our study can be useful for investigating plasma in space environments such as cometary tails and interstellar clouds.
Keywords: Non-thermal; Solitary waves,; Sagdeev potential; Energy integral; Dusty plasma
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1. INTRODUCTION

Unmagnetized plasma is vital in studying astrophysical phenomena, such as solar winds, cometary tails, interstellar
clouds and also in industrial applications like plasma processing, etching, and coating. Several studies have been
conducted on unmagnetized plasma in recent years [1-17]. The presence of dust grains in unmagnetized plasma transforms
it from a simple ionized gas into a complex plasma. In unmagnetized state, the physics is driven entirely by the local
electric environment and the inertia of the dust, rather than being forced along magnetic field lines. Dust grains in plasma
are essential for understanding astrophysical phenomena, including the formation of celestial bodies in protoplanetary
disks, the structure of planetary rings (e.g., Saturn's rings), and also the behaviour in comet tails. Dust particles in plasma
transform standard electron-ion plasma into a complex system that acts as a model for atomic structures, creating plasma
crystals. Presence of dust grains can affect the soliton amplitude and Mach number for both compressive and rarefactive
solitons [18].In some plasma model presence of positively charged dust grains results in existence of compressive solitons;
however, the presence of negatively charged dust grains results in compressive solitons only up to a certain concentration
of dust, and above the critical concentration of negative charge, the dusty plasma supports rarefactive solitons[19]. The
effect of variable dust charge, dust temperature and trapped electrons on small-amplitude dust acoustic waves is
investigated in [20].The presence of dust charge of immobile dust plays crucial role to form compressive and rarefactive
solitons in plasma where the massive dust particles are in the stationary background of the plasma, and the lighter ions
and relativistic electrons get appreciable initial drifts which makes great change in the growth of solitons[21]. The Dust-
Ion-Acoustic (DIA) solitary waves are highly sensitive to the ion streaming speed and their amplitude decreases with an
increase of the ion streaming speed [22]. In the presence of low dust charges and lower ion streaming, compressive and
rarefactive solitons of either concave or convex characters reflect. The higher streaming of mobile dusts causes the
amplitudes of rarefactive solitons characteristically change from higher to lower, showing convex character [23]. Dust
grain density enhances the amplitude of solitary waves but weakens their reflection. In which, the amplitudes of both the
incident and reflected solitons remain higher for fluctuating charge on the dust grains in comparison with the case of fixed
charge [24]. In plasma physics, researchers often assume particles to follow a Maxwellian distribution; however, real-
world plasmas often contain nonthermal electrons. These nonthermal electrons are high-energy particles that exist in the
tail of the distribution. In unmagnetized plasmas, there is no external magnetic field to constrain particle motion, which
indicates that non-thermal electrons are critical in unmagnetized plasma as they dominate the transport of energy and the
stability of the system. The non-thermal electrons in unmagnetized plasma significantly alters the formation, behaviour,
and structural characteristics of nonlinear waves and electrostatic structures, often departing from standard Maxwellian
behaviour to model realistic space and laboratory scenarios. Large amplitude solitary structures significantly depend on
various plasma parameters such as ion drift velocity, non-thermal parameter, electron to positron temperature ratio,
positron density, and Mach number [25]. The presence of non-thermal electrons significantly modifies the parametric
region where electron acoustic solitons can exist [26]. In some plasma model, increase of nonthermal parameter decreases
the peak amplitude of solitons [27]. The solitary excitations also strongly depend on the mass and density ratios of the
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positive and negative ions as well as the nonthermal electron parameter [28]. When the non-thermality of hot electrons
rises, the speed of electron beam decreases, the density ratio of the beam to the cold electron increases, and the existence
domain for electron acoustics solitons gets bigger [29]. The presence of non-thermal electrons also significantly affects
the existence of super solitons [30]. Increase in the non-thermal electron effects based on a Cairns (kappa) distribution
has the effect of reducing (increasing) the width of the stopband [31]. Non-extensive positrons in unmagnetized plasma
are important as they more accurately model particle distributions in systems characterized by long-range correlations
and non-equilibrium states, where standard Maxwellian distributions fail. These non-extensive distributions, often
described by the g-nonextensive or Tsallis statistics, significantly modify the fundamental characteristics of nonlinear
waves. These non-extensive distributions also provide efficient modelling for observed particle populations in scenarios
such as solar winds, planetary rings, cometary tails, and galactic clusters. Different values of the non-extensive
parameter q show significant effect on chaotic motions of ion acoustic waves [32]. Ion-acoustic solitary wave can also
depend on non-extensive parameter, electron to positron temperature ratio, ion to electron temperature ratio and streaming
velocity. Fast ion-acoustic modes solely can produce the coexistence of small amplitude rarefactive solitons [33]. Particle
non-extensivity can affect the properties of nonplanar ion-acoustic rarefactive and compressive solitons [34]. The non-
extensive parameter, positron-to-electron density ratio, ion-to-electron temperature ratio, electron-to-positron temperature
ratio and relativistic factor can significantly influence the phase shifts of solitary waves [35]. While solitons have been
studied in various plasma configurations, their characteristics in a system featuring both positively and negatively charged
dust grains, cold ions alongside non-extensive positrons and nonthermal electrons remain underexplored.

In this paper, we have represented the introduction in Section 1. The fluid equations (that govern our plasma model)
and the standard energy integral equation is represented in section 2. Effects of several parameters on the characteristics
of solitons are discussed in Section 3. Finally, we have concluded our research in Section 4.

2. EQUATIONS GOVERNING DYNAMICS OF PLASMA
We consider an unmagnetized plasma model composed of cold ions, positively charged dust grains, negatively
charged dust grains, non-thermal electrons and non-extensive positrons. The equations governing dynamics of plasma are
as follows:
For cold ions

it 2 () = (1)
6ul _ _ 9%
T 6x - ax @
For positively charged dust grains,
a
% + = (nd+ud+) =0, (3)
a a ad
St ugs S = g )
For negatively charged dust grains,
ong_ , 0
Tal‘: +o-(ng_ug-) =0, (5)
dug_ dug_ ¢
ud +ug- Zd = Ma- 5 (6)

Zd

Zgym; _my . . .
Here, ugz, = dt:“ and p,;_ = ;L’ where Z;, and Z;_ are positive and negative dust charge number respectively, and

m;, myy and m,_ are the mass of ion, mass of positively charged dust grain and mass of negatively charged dust grain
respectively.

Following the procedure in [36], the non-thermal electron’s number density is obtained over velocity space with
dimensionless potential ¢ as,

ne = (1-Bd+pd*)e?. O]

Here, f = — represents the non-thermality, where a determines the non-thermal electrons in the non- thermal plasma

model. The parameter a determines the population of dynamic nonthermal electrons in the nonthermal plasma model.

In many space and laboratory plasmas, the distribution of particles does not follow the usual Boltzmann—Gibbs statistics
which is an efficient tool for investigating the system when the memories and microscopic interactions are short ranged.
The generalization of Boltzmann—Gibbs—Shannan (BGS) entropy for statistical equilibrium with long-range interactions,
long-time memories, and dissipation is noted by Renyi [38] and Tsallis [39]. For two independent systems a and 3 the
rule of composition can be written as S, (a + ) = Sg(a) + S;(B) + (1 — @)Sq(a)+S;(B), q # 1 where the parameters
show the grade of correlation of the system under consideration.

The non-extensive distribution function for positrons can be obtained as,
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Where:
_ nPoF(ﬁ) mp(1-q) _ 1+q F(fq’f%) my(1-q)
Cq = F(ﬁ‘%) / = ,—1<gq<1,and, C; = ny, (T) F(ﬁ) — ,q > 1.

Where, C; is the normalization constant and I' represents gamma function. The normalized positron number density can
be given by [40],

q+1
n, = (1= (q - Do), ®)
Equation (8) can be written as
(g+1)
n,=1-o0, 5 . )
Where, g, = = is the electron to positron temperature ratio and q represents the non-extensive strength. Extensivity, sub

extensivity and super extensivity are represented by q =1, q >1 and q < 1 respectively.
The normalized Poisson equation can be written as,

29
ox?
The Charge neutrality condition is, §, + 6_ =1+ 6, + &,

Here, 6, = Zﬂ, 6, = zﬂ are the equilibrium electron-to-ion density ratio and the equilibrium positron-to-ion density ratio
ig ig

= 8N — Opny +6_ng_ — 6,ng, — My, (10)

Zd+Md+q and 5. = Zg-Nd—,

respectively. Also, §, = are the equilibrium charge density ratio of positively charged dust and

i ni()
negatively charged dust respectively. The number density of ions, positively charged dust grains, negatively charged dust
grains, non-thermal electrons and non-extensive positrons are represented by n;, ng,, nq_ n, and n, respectively. The
number densities are normalized by the equilibrium density of ion n; .

The fluid velocity of ion, positively charged dust grains and negatively charged dust grains are represented by u;,

ug4 and u,_ respectively, which are normalized by the ion acoustic speed ¢; = TB;I ‘e and the electrostatic potential ¢ is
i

. k .
normalized by BTTB, where, T,, kg, m; and e represents electron temperature, Boltzmann’s constant, ion mass and
electronic charge respectively. The time and space variables are normalized by the inverse of the ion plasma frequency

1 = mi — kpTe .
Wpi / me?ny and Debye length 4, ety respectively.

We consider a variable § = x — Mt (where, M represents the Mach number), that influences all the dependent
variables in the nonlinear equations to employ the Sagdeev potential (pseudopotential) method.

Applying the boundary conditions § - oo, n; > 1, ng, = 1, ng_ - 1, u; > 0, ug, - 0, uy3- -0, d = 0, we
obtain the overall solution for n;, n4, and n,_as,

n= (-2 an
ng, = (1-2ad) 2 d (12)
na = (14 20:0)7 (13)

Applying the fundamental densities from the equations (7), (9), (11), (12) and (13) into the equation (10) and then
multiplying %, we get the standard energy integral equation as,

1 (dp\? _
(&) +vw =o. (14)
Here, V(&) represents the Sagdeev Potential in the energy integral equation (14). The V(&) is given by,
2 54 M2 2ug4+0 5_M? 2 $_
V() =-M [/1—m—] . [/ L ] +oE -
5. ((1+36 —3B¢ + p? )e<1>—(1+3ﬁ) +68, (60— L= pc1>2 (15)
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For a localized solution of equation (14) to exist, certain requirements must be satisfied [37]. It is clear that, for $ = 0,

av(¢e) d? V(<l>)
T =0and ——=

met. Again, V() < 0 must be satisfied between ¢ = 0 and ¢ = by, where ., represents the maximum (or minimum)

value of ¢ for which V(ibn) =0.

(<1>)

the fixed point at the origin is unstable since V(¢$p) = 0, < 0. All the requirements are found to be

The condition < 0 at ¢ = 0 gives the lower limit of Mach number (M,,;,,) as,

M. = 146,044+ 0_pa-
min 1
5.1~ B) +58,0,(q + 1)

The Mach number must satisfy M > M,,;,, for the solitary waves to exist.
From equation (11) we observe that for n; to be real we must have M2 > 2¢ . Thus, the extreme value of ¢ is,

MZ
b = o ="+ (16)
Substituting the extreme value of ¢ from equation (16) in (15) we get the M upper limit as V($) = 0, which gives,

M? — + 6,

M2 q+1
16

1—pd+—1]——[,/1+pd_—1] [(1+3ﬁ——ﬁMz+ 3M4)ez —(1+38) apM4]2 0
It is also crucial to investigate the profiles of solitary waves when their amplitudes are no longer arbitrary but small.

To study small amplitude solitary waves, the Sagdeev Potential V() can be Taylor expanded about ¢=0 up to a reasonable

order of @ so as to obtain a soliton solution from the energy integral equation.

Therefore, equation (14) can be reduced to,

1(d¢ z 2 3 _
z(dz) +4¢%+B¢° =0, (17)
where
A:6+Ud++ - ﬁa % 1 _Spap(q+1)
2M? 2M2 2 2 2M? 4
B =5+Ud+2_6—ud_2_%+ 1

2M4 2M* 6 2M*

Integrating equation (17) and using the boundary conditions stated before, we obtain the soliton solution as,
§
b = d,,sech? <;>
where, ¢, = — g andw = /— % represents the amplitude and width of the soliton, respectively.

3. RESULTS AND DISCUSSION

The existence, structure, and characteristics of large-amplitude nonlinear waves, particularly solitary waves, can be
analyzed by using the Sagdeev Potential method. Figure 1 shows the variation of the Sagdeev Potential for different
values of the Mach number (M) and fixed p4+=0.0000748, pn4-=0.0000778, 6:=0.38, 6 =0.7, 6:=0.8, p =0.15, &, =0.12,
0,=0.2, ¢=0.5. Figure 1 shows that as the Mach number (M) increases, depth of the Sagdeev potential well increases.
Therefore, as M increases, the nonlinear effects in the plasma become more dominant over dispersive effects. This leads
to an increase in the maximum amplitude of the electrostatic potential, which directly corresponds to a deeper and wider
Sagdeev potential well.
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Figure 1. Variation of Sagdeev Potential V(¢) with respect to ¢  Figure 2. Variation of Sagdeev Potential V(¢) with respect to ¢
for different values of M for different values of B
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Figure 2 shows the variation of the Sagdeev Potential for different values of non-thermal parameter § and fixed
ne==0.0000748, 14.=0.0000778, 6.=0.38, &_=0.7, &. =0.8, 3, =0.12, 5,=0.2, M=1.45, q=0.5. Figure 2 shows that as the
nonthermal electron parameter () increases, the depth of the Sagdeev potential well decreases. Therefore, as the
nonthermal parameter B increases, the increased population of high-energy electrons enhances the plasma's dispersion
and weakens the nonlinear forces. This results in the formation of smaller-amplitude, broader solitary waves, represented
by a shallower potential well.

Figure 3 shows the variation of the Sagdeev Potential for different values of the non-extensive parameter q and fixed
1a+=0.0000748, 114.=0.0000778, :=0.38, 6 =0.7, 8. =0.8, B =0.15, 5, =0.12, 6,=0.2, M=1.45. Figure 3 shows that as the
non-extensive parameter (q) increases, the depth of the Sagdeev potential well increases. Therefore, increasing q typically
reduces the kinetic energy of the plasma species. This reduction makes energy exchange between the particles and the
electric field easier, which enhances the amplitude of the electric field and effectively deepens the potential well. Figure 4
shows the variation of the Sagdeev Potential for different values of 6, and fixed p4+=0.0000748, 14a-=0.0000778, 6:=0.38,
6 =0.7, 8. =0.8, B =0.15, 8, =0.12, M=1.45, q=0.5. Figure 4 shows that as the electron to positron temperature ratio (o)
increases, depth of the Sagdeev potential well increases. Therefore, higher temperatures allow electrons to behave more
collectively. This collective interaction enhances the dispersion properties of the wave, and for a soliton to exist, the
potential well must deepen to match the increased dispersion. As the electron temperature rises relative to the positron
temperature, the thermal pressure of the electrons dominates, which can lead to a more significant separation of charge
and a deeper potential well to balance the wave's kinetic energy.
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Figure 3. Variation of Sagdeev Potential V(¢) with respect to ¢  Figure 4. Variation of Sagdeev Potential V(¢) with respect to ¢
for different values of q for different values of op

Figure 5 shows the variation of the Sagdeev Potential for different values of §. and fixed pg+ =0.0000748,
pa-= 0.0000778, 6 =0.7, B =0.15, 3, =0.12, 5,= 0.2, M = 1.45, q =0.5. Figure 5 shows that as electron to ion density
ratio (3¢) increases, depth of the Sagdeev potential well increases. An increase in J. signifies a higher concentration of
electrons relative to ions. In a moving wave frame, this leads to a stronger electric field and greater charge separation, which
directly translates to a deeper potential well to maintain the wave structure. Figure 6 shows the variation of the Sagdeev
Potential for different values of 6. and fixed pq4+=0.0000748, 14-=0.0000778, 6 =0.7, f =0.15, 6, =0.12, 6,=0.2, M = 1.45,
q=0.5. Figure 6 shows that as charge density ratio of positively charged dust (8) increases, depth of the Sagdeev potential
well increases. We can say that, when the charge density ratio of positively charged dust (5:) increases, the depth of the
Sagdeev potential well increases primarily due to the enhancement of the system's nonlinearity. As . increases, the
contribution of the dust species to the Poisson equation becomes more significant. This shifts the balance between the
dispersive and nonlinear effects in the plasma, typically leading to more robust (deeper and wider) potential well.
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Figure 5. Variation of Sagdeev Potential V(¢) with respect to ¢  Figure 6. Variation of Sagdeev Potential V(¢) with respect to ¢
for different values of de for different values of &

Figure 7 shows the variation of the Sagdeev Potential for different values of 6 and fixed pq:+=0.0000748,
pa-= 0.0000778, 6:=0.38, B =0.15, 5, =0.12, 6,=0.2, M=1.45, g=0.5. Figure 7 shows that as charge density ratio of
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negatively charged dust (3 ) increases, depth of the Sagdeev potential well decreases. Therefore, increasing & increases
the overall inertia of the negative charge carrier in the plasma. This makes the system more sluggish, meaning it cannot
reach the same high-potential amplitudes before the kinetic energy of the particles is exhausted, which manifests as a
shallower potential well. Figure 8 shows the variation of the Sagdeev Potential for different values of d; and fixed
na+=0.0000748, ne-=0.0000778, 6:=0.38, 6 =0.7, p=0.15, 6,=0.2, M=1.45, q=0.5. Figure 8 shows that as positron to ion
density ratio (p) increases, depth of the Sagdeev potential well increases. Since, positrons have the same mass as electrons
but the opposite charge, they effectively neutralize some of the electron effects. This weakens the electrostatic restoring
force that usually limits the growth of ion-acoustic waves. With a weaker restoring force, the plasma can support larger
electric field gradients. Thus, the system becomes more nonlinear, allowing the solitary wave to acquire a larger maximum
amplitude. In the Sagdeev potential framework, a larger amplitude translates directly to a deeper potential well.
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Figure 7. Variation of Sagdeev Potential V(¢) with respect to ¢  Figure 8. Variation of Sagdeev Potential V(¢) with respect to ¢
for different values of for different values of 5

Figure 9 shows the variation of Muin With respect to f for fixed 8:=0.38, p4+=0.0000748, 6 =0.7, na-=0.0000778,
0:=0.8, 8;,=0.12, 5,=0.2, q=0.8. We observe that as 3 increases, Mmin gradually increases. Increase in 3 makes the plasma
more rigid against the formation of solitary waves, requiring higher Mach number to initiate the nonlinear processes
necessary for compressive solitons. Figure 10 shows the Variation of Mumin with respect to q for fixed 8:=0.38,
ne+=0.0000748, 5 =0.7, pa=0.0000778, 8.=0.8, 8,=0.12, 6,=0.2, p=0.15. The figure shows that as q increases, Mpmin
gradually decreases. Increasing q reduces the energetic tail of the positron distribution, lowering the plasma's acoustic
speed and making it mathematically easier to reach the supersonic regime required for soliton existence.
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Figure 11 shows the Phase portrait for different values of M and fixed 6.=0.38, n4+=0.0000748, & =0.7,
pa-= 0.0000778, 8= 0.8, =0.15,8, =0.12, 5, = 0.2,q = 0.5, M = 1.35. The closed loops starting and ending at the origin
(0,0) represents homoclinic orbits. In plasma physics, these orbits correspond to solitary wave solutions where the
potential and its gradient vanish at infinity. Because the loops exist on the positive side of the ¢-axis, these are compressive
solitons. As the Mach number increases, amplitude increases. The point where the loop crosses the horizontal axis (¢-axis)
moves further to the right. This represents the peak amplitude of the soliton. Also, the maximum and minimum values of

% (the height of the loop) increase, indicating that higher Mach numbers lead to solitons with steeper profiles. Figure 12
shows the Phase portrait for different values of o, and fixed 6+ =0.38, pq4r =0.0000748, 6 =0.7, pqs.=0.0000778,
0.=0.8,=0.15,6,=0.12, 6, = 0.5,q = 0.5, M = 1.45. As o, increases, the homoclinic orbits (the loops) expand further

along the positive ¢-axis. This confirms that a higher temperature ratio leads to compressive solitons with larger
amplitudes. The height of the loops increases as o, grows. This indicates that as the positrons become colder relative to

the electrons (higher o, ), the resulting solitary wave becomes steeper (higher % ).
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Figure 13 shows the variation of soliton profile with respect to & for different values of q and fixed 6:=0.6,
ne+=0.0000748, & =0.7, pa=0.0000778, p=0.25, 5.=0.8, 6,=0.53, 6,=0.5, q=1.5, M=1.15. We observe that as the value of
q increases, the amplitude of soliton increases and the width decreases. Therefore, as q deviates from superextensive to
subextensive regime, it enhances the energy of the solitons resulting the soliton structure to become taller and narrower.
Figure 14 shows the variation of soliton profile with respect to & for different values of p and fixed 6:=0.6, p14+=0.0000748,
6 =0.7, ne=0.0000778, p=0.15, 8. =0.8, 5,=0.53, 5,=0.5, g=0.8, M=1.15. We observe that as the value of B increases the
amplitude of soliton decreases and the width increases. Therefore, the effect of the non-extensive parameter q and the
nonthermal parameter 3 are opposite on the soliton profile for small amplitude solitons. This is same as the effect of q

and P on large amplitude solitons.
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Figure 15 shows the variation of soliton profile with respect to & for different values of o, and fixed &+ = 0.6,
pa+ = 0.0000748,8_ = 0.7, pg- = 0.0000778, p = 0.15, 8. = 0.8, 8, = 0.53, 6, = 0.3, = 0.8, M = 1.15. We observe that, as
the value of o, increases, the amplitude of soliton increases and the width decreases. Therefore, as the electrons become
relatively hotter than the positrons, the solitons become taller and narrower. This indicates increase in energy of soliton
for increasing values of o,
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Figure 15. Variation of soliton profile with respect to & for Figure 16. Variation of soliton profile with respect to & for
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Figure 16 shows the variation of Soliton profile with respect to & for different values of M and fixed 6. = 0.6,
wa+ = 0.0000748, 6 = 0.7, pg- = 0.0000778, B = 0.25, 8. = 0.8, 5, = 0.53, 6, = 0.5, ¢ = 0.8, M = 1.18. We observe that as
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the value of M increases, the amplitude of soliton also increases and the width decreases. Therefore, as M increases, the
nonlinear effects in the plasma become more dominant over dispersive effects. We observe that the effects of the electron
to positron temperature ratio 6, and the Mach number M is same on the soliton profile for small amplitude solitons. This
is same as the effect of 6, and M on large amplitude solitons.

4. CONCLUSIONS

In the study of solitons in an unmagnetized dusty plasma composed of cold ions, negatively charged dust grains,
positively charged dust grains, non-thermal electrons and non-extensive positrons, we have found the existence of
compressive solitons. The solitons are found to exist in our plasma model for a supersonic regime (M > 1). The
compressive solitons are found to be influenced by the non-extensive parameter (q), the non-thermal parameter (), charge
density ratio of positively charged dust (3-), charge density ratio of negatively charged dust (8 ), positron to ion density
ratio (3p), electron to ion density ratio (8.), electron to positron temperature ratio (c,) and the Mach number (M). The
increase in the depth of the Sagdeev potential well represents increase in the amplitude of the solitons. The amplitude of
the compressive solitons is found to increase for increasing values of M, 3y, 8+, d¢, q and op; however, amplitude of the
compressive solitons found to decrease for increasing values of 8 and . The dual nature of the dust population plays a
critical role in wave dynamics; while positively charged dust (6+) enhances the nonlinear potential, the negative dust
component (3 ) provides significant inertia that acts to suppress the growth of compressive structures. Similarly, the
statistical deviation from Maxwellian behaviour shows that non-extensive positrons favour soliton growth, whereas non-
thermal electrons act as a dampening mechanism, illustrating the high sensitivity of the system to the specific energy
distribution of its lighter species. The influence of non-thermal electrons and non- extensive positrons on ion-acoustic
solitary waves in a multi- component plasma was investigated in [36]. Variation of Sagdeev Potential was investigated in
[36] for 0.4 < g < 2.9. However, in our study, Sagdeev Potential shows significant variations for 0.2 < g < 1.8. This
change in range in our plasma model is because of involvement of dust components, which makes the effect of the non-
extensive parameter (q) towards Sagdeev potential more sensitive. These effects of the parameters can have influence on
understanding the nonlinear solitary structures present in astrophysical environment.
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BIINB HETENJIOBUX EJIEKTPOHIB TA HEEKCTEHCHUBHUX INO3UTPOHIB HA OJMHOYHI XBUJII
B BATATOKOMITOHEHTHII MUJIOBIH IJIAZMI
Carbenapa Harx Bapman', Kinrkap Tanyknap?
!Konedac B. bopya, I'yeaxami 781007, Accam, Inois
’Kageopa mamemamuxu, Yuisepcumem I'ayxami, I'veaxami 781014, Accam, Inois

VY npoMy JOCIHiKEHHI MU BHBYAIM ICHYBaHHS Ta XapaKTEPUCTHKU COJNITOHIB y HEMArHiTHIH 3alMJICHIH IU1a3Mi, M0 CKIIAAEThCs 3
XOJIOZIHMX 10HIB, HETATUBHO 3aPsKEHUX MIOBUX YaCTHHOK, TO3UTUBHO 3apS/DKEHHUX MMJIOBUX YACTHHOK, HETCIUIOBHX €JIEKTPOHIB Ta
HEeKCTCHCUBHUX IO3UTPOHIB. BIacTHBOCTI COMITOHIB 3a3BUYaii BUBYAIOTHCS 32 JOMIOMOTOI0 METOY PEAYKIIHHUX 30yPEHBb Ta METOIY
noreHmiamry CargeeBa. MU BUBENM iHTerpajibHE PIBHSHHS €HEprii, BUKOPHCTOBYIOUM MeTox moreHmianmy CarmeeBa. Mum Takox
obroopwin 3MiHy mnoreHmiany CarmeeBa Juis pPi3HHUX 3HAUeHb IapaMeTpiB, IO OepyTh ydYacTh y HaIlidl MOJENi IUIa3MU.
HeekcrencuBnuit napamerp (q), HereruoBuii mapamerp (), xoe(illieHT TYCTHHH 3apsiiy HO3UTHUBHO 3apsKEeHOro muiy (0+),
Koe(illieHT TYCTHHH 3apsily HETaTUBHO 3apsHKEHOTO Mty (O ), Koe(ilieHT TYCTHHH MO3UTPOHIB A0 10HIB (Jp), KOSIIIEHT TyCTHHA
CJICKTPOHIB /10 i0HIB (8c), KOS(ILiEHT TeMIepaTypH €JIeKTPOHIB JI0 TIO3UTPOHIB (Gp) Ta uncio Maxa (M) BIUIMBAaIOTh Ha aMILTITYRy
coiiToHiB. Hamie mociiJpkeHHsS IMOKa3ye, IO HETEPMAaJbHICTH CNIEKTPOHIB Ta HEEKCTEHCHBHICTH ITO3MTPOHIB CYTTEBO 3MIHIOIOTH
XapaKTepPUCTUKHU COJITOHIB. Pe3ynbraTd HAIIOro JOCHIIKEHHS MOXYTh OyTH KOPHCHMMH JUIsl BUBYEHHS IUIa3MH B KOCMIYHHX
Cepe/IOBHIIAX, TAKUX K KOMETHI XBOCTH Ta MIXK30PSIHI XMapH.
KurouoBi ciioBa: Hemennosuil pexcum,; o0unouri xeuni; nomenyian Caeoeesa, inmezpan eHepeii; nuioéa niasma
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This paper presents a review of physical and methodological approaches to describing the spectrum of the ultrasonic Doppler signal in
biological media. The results on the formation of spectral characteristics for a stationary probing field under different types of scatterer
motion are summarized, and the development of the model for the case of a dynamically varying sensitivity function of the ultrasound
system is considered. Particular attention is paid to synthetic aperture, dynamic focusing, and coherent plane-wave compounding
modes. It is shown that in plane-wave imaging systems the Doppler signal spectrum is determined not only by the motion properties
of the medium, but also by the spatiotemporal method used to form the Doppler response. The results concerning spatial resolution in
the plane-wave compounding mode are also summarized, and the relationship between the geometry of the measurement volume, the
sensitivity function, and the spectral parameters is analyzed. Prospects for the further development of these approaches, in particular
for applications in shear-wave elastography, are outlined.

Keywords: Ultrasound Doppler imaging; Doppler spectrum; Synthetic aperture imaging,; Plane-wave imaging; Coherent plane-wave
compounding; Spatial resolution; Shear-wave elastography

PACS: 43.28.Py, 43.35.Yb, 43.60.-c, 87.63.D-, 87.63.dk

1. INTRODUCTION

Ultrasound blood-flow imaging is currently undergoing a period of rapid methodological transformation, evolving
from conventional Doppler modes toward high-frame-rate, microvascular, and volumetric approaches capable of visualizing
slow flow and fine vascular architecture much better than conventional color or power Doppler [1-5]. This evolution
is driven by the fundamental limitations of traditional line-by-line scanning, which inherently involves trade-offs among
frame rate, contrast, spatial resolution, and sensitivity to low-velocity flow. In addition, conventional two-dimensional
ultrasound imaging strongly depends on the imaging plane and operator experience, whereas modern volumetric and
ultrafast approaches provide broader opportunities for functional and vascular imaging [1,2,4].

The theoretical foundation of this transition was established by synthetic aperture imaging and coherent plane-wave
compounding (CPWC), which introduced a fundamentally different image formation strategy compared with sequential
focused transmission [6,7]. These studies laid the groundwork for ultrasound imaging with very high frame rates,
transient elastography, and the further development of ultrafast Doppler methods. At the same time, the plane-wave
approach proved promising not only for B-mode and Doppler applications, but also for contrast-enhanced imaging, where
it can be competitive with focused transmission [8].

The current development of this field is taking place along several interconnected directions. First, the basic image-
formation algorithms are being actively improved: synthetic focusing schemes are being optimized, and new approaches
based on reverse time migration, minimum-variance adaptive beamforming, high-contrast compounding, as well as
software environments for fast and reproducible simulation of plane-wave and color Doppler imaging are being developed
[9-13]. Second, considerable attention is being paid to the computational feasibility of such methods, including GPU
implementations of synthetic aperture approaches and hybrid transmission schemes that improve spatiotemporal resolution
in problems involving rapid motion, particularly in echocardiography [14,15]. Third, ongoing work seeks an optimal
balance between image quality and frame rate. To this end, researchers employ adaptive beamforming for multi-angle
plane-wave imaging, null-subtraction imaging schemes, aperture extension using multiple arrays, adaptive combining,
tensor completion, and other accelerated CPWC approaches [16-21]. For Doppler and microvascular imaging modes,
specialized beamforming schemes are also being developed, including retrospective transmit beamforming, DMAS, and
computationally efficient nonlinear compounding methods [22-24]. Particular note should also be made of the growing
role of artificial intelligence and deep learning, which are used not only for post-processing but also for compensating the
fundamental limitations of single-plane-wave imaging and accelerated compounding [25,26].

The clinical significance of these technologies already extends far beyond purely technical demonstrations. Ultrafast
and microvascular ultrasound methods are being applied to assess muscle perfusion, detect synovitis at an early stage, screen
for renal artery disease, and noninvasively evaluate myocardial perfusion [27-30]. In thyroid diagnostics, microvascular
imaging improves the accuracy of nodule risk stratification and complements standard grayscale ultrasound examination
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[31-33]. In oncology, these approaches, including super-resolution ultrasound imaging, open new possibilities for more
accurate lesion differentiation, preoperative staging, assessment of microvascular architecture, and early monitoring of
treatment response [34-38].

The present review focuses on the sequential development of physical and methodological approaches to ultrasound
and Doppler image formation in synthetic aperture and plane-wave compounding systems—from the analysis of the
spectrum of individual flow lines for focused transducers with apodization in the early 2000s to the construction of a
continuous scattering model, its extension to the case of a dynamically varying sensitivity function, the study of spectra
under changing insonification angles, and the evaluation of spatial resolution, point spread function, and measurement-
volume shape in plane-wave compounding modes in studies published in 2022-2025. This temporal perspective, covering
the development of the topic from 2001 to the present, makes it possible to trace how the basic concepts of the Doppler
spectrum, sensitivity function, and measurement-volume geometry became the foundation for modern high-speed and
full-field methods of blood-flow imaging and parameter estimation.

2. PHYSICAL MODEL

In [39], the spectrum of the Doppler signal from an individual flow line in the pulsed mode was studied for focused
transducers with apodized apertures. It was shown that the spectral characteristics are determined not only by the velocity
of scatterer motion, but also by the parameters of the ultrasound field itself. The intrinsic spectral broadening is caused
by two factors: the finite residence time of scatterers within the measurement volume and the curvature of the wavefronts,
which changes the local Doppler angle. For a fixed depth, the width of the spectrum of an individual flow line does not
depend on its position within the measurement volume, but it changes with the insonification depth. By contrast, the
modal Doppler shift depends on both the depth and the position of the flow line if the center of the measurement volume
does not coincide with the focus. Thus, already in this work, the Doppler spectrum appears as the result of the combined
action of flow kinematics and the geometry of the ultrasound field.

In all subsequent papers, the main physical hypothesis remains the same: the biological medium is treated as
isotropic and continuous, and ultrasound is scattered by small fluctuations of density p(7,¢) and compressibility B(F, t).
The smallness of these fluctuations makes it possible to restrict the analysis to single scattering, and then the response of
the pulsed Doppler signal from the region of interest R can be written as [40,41]

f=#r / PHETHOC [ B(7 1) - p(7, 1)y (7o 1) | dF. (1
R

Here, k and k = 27 /A are the wave vector and the wave number in the plane-wave approximation for an ultrasound
wavelength A propagating with velocity c. 6. is the constant phase component of the signal, 5(7,t) = [p(F, 1) — po] Po l «
1 and B(7,t) = [B(¥,1) = Bo] By ' < 1 are the dimensionless density and compressibility functions, while po and Sy are
the spatiotemporal mean values of the density and compressibility of the medium, respectively. The quantity y(7,¢) = 1
is a dimensionless parameter characterizing the deviation of the wavefront shape from that of ideal plane waves.

The Doppler response can be defined through the complex sensitivity functions (amplitudes) of the transmitted field
G/ (7), the receiver sensitivity to the scattered waves G.(7), and b(t), the envelope of the probing pulse. Here, x’(7) is the
distance from the point 7 along the probing axis, and 7} is the delay time determining the ultrasound depth:

) o 5 5 2x' (¥
G, (7) = G G, o1 - 2. @
The spatiotemporal correlator of the inhomogeneities is
C(#1 - 7o, 7) = ((B(Fo. t0) = p(Fo.10)) (B(F1.11) — p(F1.11))) - 3)

It is expressed as an ensemble average and depends only on the time difference 7 = #| — #p. Formally, this expression
describes a dynamic medium: if C varies slowly as 7 increases, then the echo will decorrelate slowly and the Doppler
spectrum will be narrower than in the case of rapid variation. This function can be represented as a Fourier integral in the
form of a sum of contributions from plane spatial harmonics:

G

C(71 - ?Oa T) = (271')3

eld-(Fi=7o) / d_w 79T C(G, w). 4)
2r
Here, C (g, w) is the power spectral density of the fluctuations, which indicates which spatial scales g of the inhomo-
geneities are associated with which temporal frequencies w in the dynamics of the inhomogeneities. This representation
makes it possible to separate the “physics of the object” from the “physics of the measurement”: the correlator describes
the structure and motion of the inhomogeneities, whereas the sensitivity function describes the geometry, focusing, pulse
duration, and the transmission—reception configuration.
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The nature of the fluctuations makes it possible to represent the Doppler response through the product of two entities:
the correlator of medium fluctuations and the sensitivity function of the probing system. Within this continuous model,
general expressions for the spectra were obtained for several fundamentally important cases, which will be discussed
below. In this form, the model immediately separates the “physics of the object” from the “physics of the measurement’:
the correlator is responsible for the structure and dynamics of the inhomogeneities, whereas the sensitivity function is
responsible for the field geometry, focusing, pulse duration, and the transmission—reception configuration. This approach
forms the core of [41], [42], [43], and [44], and it is retained in [45,46], where only the method of field representation
is modified for plane-wave compounding.

Thus, the first significant generalization of the model was carried out in [42], where the stationary sensitivity function
was replaced by a time-dependent one:

G,(7,1) = G(7) G, (7,1) b(T1 - (5)

2x'(F)
c ) '
This is the general form of the sensitivity function in the case of synthetic aperture, regardless of the method used to
determine the Doppler shift frequency. Physically, this means that in synthetic aperture systems with dynamic variation of
the insonification direction, not only the motion of the scatterers changes, but also the measurement scheme itself. In this
case, the full power spectrum of the Doppler signal is related not only to the spectral characteristics of the motion of the
inhomogeneities, but also to the spatial and temporal harmonics of the probing field. In the case of probing a biological

medium by plane waves with different angles and wave vector /_c)(t), as shown in Fig. 1, the envelope in (5) takes the form
[43].

(6)

b(t) = b(T1 _ 2x’cos (D(t)) .

co

In this case, the complex amplitude of the incident plane waves is taken with account of their deviation from the
untilted plane wave, while co/cos @(7) is the propagation velocity along the x” axis of the incident plane-wave front with
wave-vector deviation angle ®(¢).
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Figure 1. Arrangement of the unprimed coordinate system associated with the measurement volume relative to the

ultrasound transducer, and the deviation angle of the wave vector l;(t) of the current wave from the wave vector k of the
untilted wave.

In [46], an approach based on the direct use of the transmitted wave field P} (7, ) and the received wave field P, (7, 1),
represented in the form of plane waves, was considered. In this case, the combined transmit—receive field can be written as

R - . 2 ’”
P(7,1) = Pge*k 7 b(T1 -= )g(z). (7)
co
Here, Py is the field amplitude, g(z) is the distribution along the z axis, and b( 1 — %) is the pulse envelope

describing their spatial length in the x”” = x”/(x’, y’) direction, that is, in the direction of transmission and reception of
plane waves for a given vector k() and the corresponding angle @ (see Fig. 2).
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In [44] and [46], the spatial properties of the Doppler response in the coherent plane-wave compounding mode were
described through the system sensitivity function and the geometry of the measurement volume. In [44], it was shown
that for a rectangular weighting window the sensitivity function takes a sinc-like form

sin(kQty’) b(T1 B 2x’(7)) _

Gp(r,a)jZO)EGo Ky c

®)

s
~ y

transduser 7
Aly

s, wavefront

Figure 2. Coordinate system (x’, y") associated with the ultrasound transducer, and coordinate system (x’’, y”’) in which
the x”" axis is directed along the propagation direction of the plane-wave front.

therefore, the lateral resolution is determined primarily by the width of the angular insonification sector. In [46],
this description was refined by taking into account small linear and quadratic angular terms in the envelope, which lead
to a deformation of the boundary of the measurement volume, without changing the principal resolution scales along the
coordinate axes. Thus, in the case of coherent plane-wave compounding, spatial selectivity is determined not only by the
interference of responses from different viewing angles, but also by the geometry of their overlap region.

3. SPECTRUM OF THE DOPPLER RESPONSE IN THE CASE OF A STATIONARY PROBING FIELD

In most conventional pulsed systems, pulses are transmitted sequentially, with all of them characterized by the same
geometry and configuration in the space of wavefronts. This means that the amplitude function of the transmitted field
G, (7) and the receiver sensitivity to the scattered waves G.(¥) do not depend on time, while the angle ® = 0. In this
case, the Doppler spectrum can be obtained for stationary probing fields using either a single ultrasound emitter or a
phased array that provides sequential transmission and reception of the reflected waves. The entire sequence is therefore
characterized by one and the same wavefront geometry. In [41], a general expression was obtained for the power spectrum
of the Doppler signal in the case of a stationary probing field:

S5 2
o [ dic@.w |6+ 2R ©

This is the most general relation between the power spectra of Doppler signals, the spectral characteristics of
the fluctuations, and the parameters of the probing ultrasound field for a correlation volume small compared with the
measurement volume. The factor C (g, w) describes the properties of the medium and its motion, that is, the structure and

)
dynamics of the fluctuations, whereas ‘G(c_j + Zk)’ acts as the spatial filter of the system, determined by the measurement

volume and focusing. The measured Doppler spectrum is therefore their weighted combination. The authors emphasized
that G(g + 2]2) is a function with a sharp maximum at § = —2k, independently of the particular configuration of the
ultrasound field in space and the way in which this field is described.

Based on the above, for stationary motion with a constant velocity V (for example, steady venous blood flow) and in
the absence of diffusion, the authors isolated the power spectrum of individual Doppler flow lines using (9):

Sv(w’x’ Z) = k4yv<(ﬁ~ _p~)2>

’ 2
_ X Vhy.2) (Vct’y’z))” . (10)

TF[EZichosz?t GI(VZ, Y, Z) b Tl
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Here, TF[ f(t)] denotes the Fourier transform of the function f(z), © is the Doppler angle between the transducer
and the Ox axis, v is the correlation volume, and in the analysis it was assumed that the motion occurs along the axis x =
Vt (Fig. 3). It was emphasized that the full spectrum is then the sum of the contributions from individual flow lines, while
its shape is determined by the Doppler shift, the geometry of the measurement volume, and the spatial configuration of
the ultrasound field. This case serves as the basic one for the further analysis of other physical factors.

The influence of spatial correlation of the inhomogeneities was considered separately. If a finite correlation radius A
is introduced, then the contributions from different regions of the cross-section are no longer independent, and it becomes
impossible to isolate the spectrum of individual flow lines. To estimate this effect, the authors used a Gaussian model of
the sensitivity function, which made it possible to obtain an analytical expression for the spectrum:

Pk (B-p)7) b { l(a) 1)2 o~} }
= p .

S(w) an

. _
% 222+ 52 P17 202 \ e 20702 cos®
Here,
22\ 202
wmd:wd(l+?) , 0'2:0'3(1+?).

The quantity w,,4 is the modal Doppler frequency, which does not coincide with the conventional Doppler shift w, =
—2kV cos 1), while o2 is the dimensionless variance of the Doppler spectrum and a'g is the variance at A = 0. Furthermore,
v = a/’ is the characteristic correlation volume, with @ being a constant of order unity. Thus, spectral broadening may
be caused not only by a distribution of velocities, but also by the correlation properties of the scatterers or of the motion
itself. For this reason, in turbulent flow an increase in the power of the ultrasound and Doppler signals is not necessarily
associated with erythrocyte aggregation or with changes in the density and compressibility of the medium; it may instead
reflect correlated velocity pulsations.
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Figure 3. Schematic of the relative arrangement of the ultrasound transducer, the measurement volume, and the blood
vessel. The Cartesian coordinate systems associated with the vessel (x, y, z) and with the ultrasound system (xg, Yo, o)
are shown, where /) is the insonification depth, 6 is the Doppler angle, and b is the effective radius of the ultrasound beam
at the ™! level.

Another important factor is the diffusion of scatterers. To take it into account, the correlation function is written in a
form satisfying the diffusion equation, and the corresponding spectrum takes the form

S(w) =

W (G-p?) [ 5 g e
% / o pErR iy CCAELIE (12)

Here, D is the diffusion coefficient. In this case, as in the case of a finite correlation radius, the contributions from
individual flow lines can no longer be separated. It was shown that in the weak-diffusion limit this expression reduces to
the spectrum for nondiffusive motion, whereas in the strong-mixing regime

V < 2bDk? (13)
the spectrum becomes Lorentzian:

Dk?
(w +2kV cos 9)2 + 16D2k*’

S(w) = 723kt ((B-p)?) (14)
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Here, b is the parameter of the Gaussian sensitivity function characterizing the effective width of the incident and
received ultrasound beams. Figure 4 shows the resulting normalized Doppler spectrum for the nondiffusive case and for
cases with nonzero diffusion. For biological molecules, one typically has D ~ 10~'-1071m?/s; therefore, in blood
vessels at ultrasound frequencies f =~ 2-10 MHz, diffusion is often weak and its influence on the spectra is usually
neglected unless D becomes comparable to the critical value Drieal = V/(2bk?).
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Figure 4. Power Doppler spectra for the nondiffusive case (solid line), and for diffusion with coefficients D = 2D itical
(dashed line), D = 4D iical (dotted line), and D = 10D jsicar (dash-dotted line).

The paper also derived an expression for the spectrum in the case of uniformly accelerated motion of inhomogeneities,
which models blood flow in arteries:

. ~ _ d _
S(w,y,2) =Tlggovk4((ﬁ—p)2>T 1/%(%0) V|G (gx +2kcos®, y,2)[* . (15)

A distinctive feature of this result is that, in the limit of infinite observation time, the spectrum depends neither
on frequency nor on the spatial characteristics of the probing field. Physically, this is because over a sufficiently long
observation time all instantaneous velocities make equal contributions to the average signal power. Therefore, the frequency
dependence caused by accelerated motion appears only for a finite observation time and depends on the initial phase of
motion: the longer the acquisition interval, the broader the Doppler spectrum becomes (see Fig. 5).

On this basis, a model for vibrational sonoelastography was constructed in the paper. It was shown that the integrated
power of the high-frequency part of the Doppler spectrum increases with increasing amplitude of the forced displacements,
while changing the integration threshold makes it possible to enhance the contribution of regions with different oscillation
amplitudes. This provides a physical basis for differentiating soft tissues by their mechanical stiffness. At the same
time, the authors specifically noted that the power of the Doppler signal depends not only on the displacement amplitude,
but also on fluctuations of density and compressibility; therefore, direct estimation of displacement requires additional
compensation using the B-scan image.

Thus, [41] showed that even in the case of a stationary probing field, the Doppler spectrum is a complex characteristic
determined jointly by the spatiotemporal properties of the scattering inhomogeneities and by the parameters of the
ultrasound system. Within this model, steady blood flow, correlated motion, diffusion, harmonic vibrations, vibrational
sonoelastography, and accelerated motion were described in a consistent manner. For this reason, this work is central to the
further development of the entire topic: it established a general physical framework in which the Doppler response spectrum
is viewed as the result of the interaction between the “physics of the medium” and the “physics of the measurement.”
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Figure 5. Velocity variation with time for uniformly accelerated motion. Equal velocity intervals AV correspond to equal
time intervals At for all velocity values.

4. SPECTRA IN THE CASE OF DYNAMIC FOCUSING

The traditional approach described in the previous section has several limitations associated with focusing only at
a fixed depth, an insufficient amount of data for accurate estimation of flow velocities, and limited spatial resolution.
Therefore, in the subsequent studies, expressions for the spectra were obtained that generalize the case of a stationary
probing field to the case of dynamic focusing. In principle, there are two possible ways to form the ultrasound Doppler
signal using responses recorded for different angles of wave-vector rotation. In the first case, the signal is formed as a
sequence of discrete responses corresponding to different successive insonification angles. Then, the power spectrum is
determined not only by the spectral characteristics of the motion of the scattering inhomogeneities, but also by the spatial
and temporal harmonics of the probing field itself [42]:

ISR L N
S@n) = 53 Z /qu(q,wp—wj) G (G +2k,w))| , (16)
Jj=—

where w, = 27p/T is the Fourier-series variable, and T is the repetition period of signal acquisition for a given range
of steering angles.

After the Doppler information has been extracted, the resulting complex signal values can be coherently summed
for each point in space in order to provide dynamic focusing on transmission. This result establishes the general physical
basis for all subsequent works on dynamic focusing.

Another method of forming the ultrasound Doppler signal, considered in [43], consists in the coherent summation
of discrete responses obtained at different steering angles over the full period of angle variation 7. This is equivalent
to averaging the sensitivity function over the full insonification cycle. Such an approach requires a larger amount of
computation, but it provides dynamic focusing during transmission. As a result, only the zero temporal harmonic of the
sensitivity function remains in the expression for the spectrum, and the spectrum takes the form:

4
(2m)3

N 2
S(wp) = T? /dcjc@,wp) |G(67+2k,0)| . 17)

The authors emphasize that, in contrast to the first method, there is no frequency convolution here between the
fluctuation correlator and the temporal harmonics of the sensitivity function. This means that the additional spectral
broadening associated with the temporal variation of the insonification angle is substantially reduced. In this sense, the
obtained expression is structurally similar to the formula for a stationary probing field, but unlike the traditional case,
the advantages of synthetic aperture are preserved here, most notably high spatial resolution over a wide depth range.
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Thus, coherent compounding makes it possible to combine improved transmit focusing with the absence of significant
degradation in the spectral characteristics of the Doppler signal.

In [45], both methods of Doppler signal formation within plane-wave compounding were analyzed in more detail on
the basis of a simple Gaussian model of the sensitivity function. In order to reduce the influence of the rectangular-window
spectrum on the calculated spectrum, the authors used a Gaussian window Ty to obtain the following expression for the
fluctuation correlator spectrum:

C(71 7o, 1) = v{(B - p)*) 6(F1 —Fo — TV). (18)

The sensitivity function was treated in the same framework. This made it possible to obtain smoothed expressions
both for the fluctuation correlator spectrum and for the spectrum of the sensitivity function, without the side lobes
characteristic of rectangular apodization. For clarity, the authors considered an explicit sensitivity function which, with
the above weighting window taken into account, acquired a Gaussian form and, for the cases of coherent accumulation of
signals and of obtaining the signal directly from Doppler angular responses, was given, respectively, by

> -1 2 272
G(r,wj :O) =T 7rTWexp —? (19)
and
T3 (kQy' + w;)? 2424222+ (X - 1p)?
G(x,y,z,wj) = 7! nT&V exp (—W) exp (_x Y < 5 (x 0) ) . (20)
a
Accordingly, for coherent accumulation, the spectrum obtained with account of (19) takes the form
3.3 TZ a2 T2 a2 (w —wd)2
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0'22 2—“;2 —2+—2) (22)
Tya T, a

Here, wg = —2kV cos 1 is the Doppler frequency shift, and o2 is the variance of the Doppler spectrum.

Within this model, the spectrum for coherent accumulation of signals obtained at different wave-tilt angles is Gaussian,
with a maximum at the classical Doppler frequency. Its width is determined by two physical factors: the duration of the
weighting window Ty, which effectively limits the signal length, and the characteristic size a of the measurement volume.
In this sense, even for synthetic aperture, coherent compounding does not introduce a fundamentally new mechanism of
spectral broadening: the additional contribution to the variance is associated only with the finite signal duration, whereas
the structure of the spectrum itself remains close to that of the stationary insonification case. For this reason, the paper
concludes that coherent compounding makes it possible to preserve improved focusing and spatial resolution without
significant deterioration of the spectral characteristics of the Doppler signal.

A different situation arises when the Doppler signal is formed directly from the sequence of responses recorded at
different angles of wave-vector rotation, using the sensitivity function (20). In this case, the spectrum takes the form

2q4 T2 0% (w, — wq)?
S(w,) = (B - p)?) k*r212, 2 T exp |- TP . 23
(wp) =((B~p)") VTR 222+ 122 S| aa2 + 12 V2) @y
and the variance is
2a% + T2, V? 2 y2
P R AR I (24)
Ty a? T&V a?

In this case, the spectral variance is larger than that for coherent compounding, and the difference between them is
given by the additional term Ac? = 2/ T‘%,. Thus, in comparison with coherent accumulation, an additional mechanism of
spectral broadening appears here, one that is reduced neither to the size of the measurement volume nor to the duration
of the signal itself. Physically, this effect is associated with the fact that when the wave tilt angle changes, the Doppler
angle also changes, and hence so does the projection of the velocity of the inhomogeneity motion onto the direction of the
current wave vector, as shown in Fig. 6.

The authors interpreted this situation as motion with an effective acceleration inversely proportional to the time Ty .
They also showed that the sign of this effective “acceleration” does not affect the spectral width: both for increasing and
decreasing apparent velocity projection, the range of instantaneous values remains the same, so the variance contains
precisely the quadratic term 2/ Tév. This also leads to a practical conclusion: the larger the interval Ty, the smaller the rate
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of change of the Doppler angle within one window, and hence the smaller the additional spectral broadening for a given
angular range ®p,,x (Fig. 6). The authors state that such terms may be neglected when the strong inequality

1 - V2
2 2
TW a

is satisfied, which is well fulfilled in real ultrasound systems.
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Figure 6. Model time dependence of the wave-vector deviation angle.

A separate part of the study considered the formation of compounding signals by cyclic permutation, where each new
complex signal includes the contribution from a new insonification angle. For this method of constructing the sequence of
compounding signals, the phase difference between neighboring samples does not accumulate additionally, unlike in the
signal formed directly from individual angular responses. This means that the additional spectral broadening associated
with variation of the Doppler angle is absent in this case (Fig. 7).
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Figure 7. Nonlinear temporal growth of the phase difference Ay, for the complex Doppler signal e¢; and the phase
difference for compounded signals e, for the case of three steering angles, N = 3. Here, egi denotes the Doppler-
response signal for the nth steering angle during the ith insonification period; the compounded signals are formed by cyclic
permutation as successive sums such as el! + 2! + 31, €2l + &3 + el2, 31 + 12 + 022, ¢12 + €22 + ¢22, and s0 on, with

each new sum including the signal from the next insonification angle.

For this reason, cyclic permutation is an important practical way to preserve the accuracy of velocity estimation
without losing time waiting for a complete set of signals from all steering angles.

Thus, in [45], it was shown that when plane-wave compounding is used, the width of the Doppler spectrum is
determined not only by the parameters of the measurement volume and the signal duration, but also by the very method
used to form the Doppler response. In coherent compounding, spectral broadening is caused mainly by the finite signal
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duration, whereas forming the signal directly from the sequence of angular responses leads to additional broadening due to
the dynamic change in the Doppler angle. This gives the effect a clear physical meaning and at the same time determines
which processing method is more suitable for accurate Doppler measurements.

5. DIRECTIONS FOR FURTHER DEVELOPMENT OF THE TOPIC

Within the classical spectral formulation, the problem of forming the Doppler response in biological media has
already been studied to a considerable extent. The previous sections considered stationary motion regimes, the influence
of correlation and diffusion, nonstationary accelerated motion, oscillatory regimes and vibrational sonoelastography, as
well as cases of dynamic variation of the insonification geometry and plane-wave compounding. In other words, within the
framework of the traditional spectral model, the main physical scenarios determining the shape of the Doppler spectrum
have already been described for both stationary and nonstationary motion regimes, as well as for modern insonification
schemes with a dynamic sensitivity function.

A natural next step is the transition to shear-wave elastography, where the motion of the medium is no longer purely
kinematic but has a wave character. In contemporary studies in this field, several approaches can be distinguished. Some
works are devoted to recovering the shear-wave propagation velocity from the spatiotemporal characteristics of the wave
field [47]. Another group of studies focuses on determining the complex shear modulus and the viscoelastic parameters of
the medium on the basis of dispersion relations and spectral estimates [48,49]. Separate developments address methods
that take into account anisotropy and the tensor nature of the elastic properties of soft tissues [50], as well as general
models of shear-wave propagation in viscoelastic media governed by different rheological laws [51]. More recent studies
have proposed local-phase and wavenumber-based methods for estimating wave-process parameters, in particular the local
phase-gradient approach [52] and local phase-velocity imaging using wavenumber filter banks [53].

At the same time, most existing approaches are aimed primarily at recovering the shear-wave velocity, its dispersive
characteristics, or the complex shear modulus. In contrast, the problem of an analytical description of the fluctuation
spectrum of the scattered ultrasound signal formed by shear-wave-induced displacement of the medium has not yet been
formulated in a complete form. This is precisely the direction proposed for further research. It is proposed to use the
eikonal of the shear wave, 7(7), as a linking quantity between the wave kinematics of the medium and the fluctuation
spectrum of the Doppler response. If the local displacement is written in the form

u(#,1) = A(F) exp [i(wt — wt(¥))], (25)

then the function 7(7) defines the spatial phase distribution of the wave process and, consequently, the law governing
modulation of the fluctuations of the scattering inhomogeneities. This opens the possibility of moving from an eikonal
description of the shear-wave front to the construction of the fluctuation correlation function and, subsequently, to the
Doppler signal spectrum. Thus, the further development of this line of research consists in establishing an analytical
relation between the eikonal of the shear wave and the fluctuation spectrum of the scattered ultrasound response, which
may potentially make it possible to relate the measured spectral characteristics of the signal to the local viscoelastic
properties of the medium.

CONCLUSIONS

This paper summarizes physical approaches to describing the spectrum of the ultrasonic Doppler response in
biological media on the basis of a continuous scattering model involving small fluctuations of density and compressibility.
It is shown that, within this model, the spectral characteristics of the signal are determined by the combined action of
two factors: the spatiotemporal structure of the medium fluctuations and the sensitivity function of the ultrasound system.
On this basis, the cases of a stationary probing field were considered consistently for different regimes of inhomogeneity
motion, including steady motion with constant velocity, motion with finite spatial correlation, diffusive mixing, uniformly
accelerated motion, and harmonic oscillations. It was also shown how these regimes manifest themselves in the Doppler
signal spectrum and in vibrational sonoelastography problems. It is emphasized separately that even in the classical case,
the spectral shape is determined not only by the kinematics of the scatterers, but also by the geometry of the ultrasound
field, the parameters of the measurement volume, and the character of spatial averaging.

Further development of the topic is associated with the transition to schemes with a dynamically varying sensitivity
function, primarily dynamic focusing and plane-wave compounding. It is shown that in such systems the Doppler response
spectrum depends not only on the motion of the inhomogeneities, but also on the very method of signal formation. For
coherent plane-wave compounding, it was established that this approach makes it possible to combine improved focusing
and high spatial selectivity without substantial additional spectral broadening, whereas forming the signal directly from
the sequence of angular responses leads to additional spectral broadening due to the dynamic change of the Doppler angle.
It was also shown that the spatial resolution in the plane-wave compounding mode is determined both by the interference
properties of the set of angular responses and by the geometry of their overlap region, while its principal scales can be
expressed through the parameters of the angular sector and the measurement volume. Thus, the present review covers
the main stationary and nonstationary regimes of Doppler spectrum formation, modern methods of signal construction in
plane-wave compounding, and the associated spatial-resolution properties of the system.



98
EEJP. 2 (2026) Evgen A. Barannik, et al.

A promising direction for future work is the extension of this spectral theory to problems of shear-wave elastography

by establishing an analytical relation between the eikonal of the shear wave and the fluctuation spectrum of the scattered
ultrasonic signal.
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V wiii poboTi HaBegeHO oA (i3UYHUX I METOAOJIOTIYHMX MiJXOAIB IO ONHCY CIIEKTpa YIbTPa3ByKOBOTO JOMIUIEPiBCBKOIO CUTHATY
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In this research, we proposed a new neutron gamma discrimination methodology in comparison with the classical charge integration.
To record an experimental dataset, a high sampling rate oscilloscope, Keysight DSOX 6004a (20 Gas/s), was used. The reference
experiment was recorded with the desktop digitizer CAEN DT 5720e with DPP PSD firmware installed. A stilbene scintillator size of
50 mm x 50 mm coupled with the PMT R1307 Hamamatsu was selected as a detector. The scintillation pulse decay has an exponential
tail depending on the particle nature. The proposed technique aims to classify the geometrical peak asymmetry of the scintillation pulse
detected by the detector, where the discrimination factor is a ratio of the calculated pulse weight (centroid) related to the pulse maximum
amplitude position in time. The centroid of the faster gamma pulse is closer to the pulse maximum amplitude and significantly shifted
for the delayed neutron pulses. The discussed approach allows us to classify events with comparable accuracy to the charge integration
technique.

Keywords: Charge integration; Scintillators, Neutron gamma discrimination; Stilbene; PMT: Pulse Shape Discrimination; Charge
Comparison; Zero-Crossing; Figure of Merit; CAEN DT5720e

PACS: 29;29.40.Mc; 29.40.-n

1. INTRODUCTION

Analyzing recent publications and the experimental equipment, it is possible to draw a reasonable conclusion that
the problem of neutron-gamma separation has today transformed from a highly specialized issue of nuclear physics into
a fundamental interdisciplinary challenge. The relevance of developing reliable methods for discriminating particles by
pulse shape is rapidly growing not only in traditional research applications, but also in strategically important applied
areas, for example discussed in [1] land mine detection applications. In particular, in modern medicine, it is critical for the
accuracy of hadron therapy; in research of new type of neutron detectors [2, 3], for conducting non-destructive elemental
analysis; and in the security sector, for solving humanitarian problems, such as high-precision demining of territories
and detection of hidden threats. However, despite the high demand, the practical implementation of these methods faces
serious technological barriers related to the hardware base. The analysis shows that the vast majority of existing solutions
capable of providing an acceptable quality factor figure of merit (FOM) are stationary and bulky complexes. The critical
aspect remains the speed of signal processing and sampling rate. Thus, there is a clear scientific demand for the creation of
high-speed data acquisition systems with open-source algorithms. In the article [4], a direct comparison of digital versions
of the zero-crossing ZC and charge comparison CC methods was carried out using a NE213 liquid scintillator and an
8-bit digitizer with a frequency of 1 GS/s. Experimental results showed that the ZC method provides a higher quality of
separation with an FOM = 1.05 at an energy of 100 keVee, while the CC method under the same conditions demonstrated
FOM = 0.88. The authors found that the Z/C method is much more stable to changes in signal amplitude: when changing
the energy from 100 keVee to 1 MeVee, the shift in the discrimination parameter for Z/C was only 2 %, while for CC
it reached 12%. This confirms the advantage of Z/C for experiments with a wide dynamic range, where it is important
to avoid energy dependence of the separation threshold. It was also shown that when using digital ZC, the threshold for
effective neutron detection can be reduced to 40 keVee without a significant increase in gamma-ray leakage. The data
obtained indicate that the high sampling frequency (1 GHz) allows the ZC method to better compensate for the influence
of the low bit depth of the ADC (8 bits). It is also important to mention the work [5], which proposed and investigated
in detail the pulse gradient analysis (PGA) method, which is based on comparing the current amplitude of the digitized
signal with its value after a certain delay time. The experiment was carried out with a liquid scintillator NE213 (diameter
and height 50 mm) and a digitizer with a frequency of 250 MS/s and a bit depth of 12 bits. The author established the
optimal delay time for the gradient at 28-32 ns after the pulse peak, which allowed maximizing the difference between the
fast and slow components of the illumination. The results showed that the PGA method provides FOM = 1.07 at a very
low energy of 40 keVee, which significantly exceeds the capabilities of the standard CC charge comparison method in this
range. At an energy of 100 keVee, the method achieved FOM = 1.63, demonstrating high resistance to electronic noise and
statistical fluctuations. An important technical advantage of PGA is its computational efficiency: the algorithm requires
only one compare and divide operation per event, which makes it 3—4 times faster than curve approximation methods
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when implemented in MATLAB or FPGA. The development of a PSD system based on FPGA (Xilinx Kintex-7 array)
using a 12-bit ADC and a sampling rate of 500 MS/s is described in [6]. The authors implemented a charge comparison
(CC) method optimized for operation under extremely high loads — up to 1.08 million samples per second (Mcps). In
an experiment with a 252Cf source and a BC501A liquid scintillator, the system demonstrated a stable FOM = 1.15 at an
energy threshold of 100 keVee. Thanks to the parallel processing architecture in the FPGA, the system dead time per event
was reduced to 200 ns, which allowed avoiding significant data loss at high radiation intensity. Comparison with offline
processing on a PC showed the identity of the results with a significant gain in speed (real-time processing). The study
confirmed that the 500 MHz configuration is sufficient for accurate separation of the “fast” component ( 10-30 ns duration)
and the “tail” of the pulse. In [7], a digital implementation of the zero-crossing method ZC is presented, where the anode
signal from the EJ-276 and EJ-309 scintillators was digitized with a frequency of 500 MS/s and a bit depth of 14 bits. The
authors implemented a recursive digital filter to form a bipolar signal, which allowed achieving a value of FOM = 1.32 for
the plastic scintillator EJ-276 at an energy of 100 keVee. For the liquid scintillator EJ-309, the quality indicator was FOM
= 1.83 in the same energy range. It has been experimentally proven that the method provides stable particle separation at
energies from 40 keVee, which is critical for the registration of low-energy fast neutrons. It is also noted that the baseline
error was minimized to < 1%, which allowed avoiding the drift of the discrimination peak. According to the test results,
this digital ZC algorithm outperformed classical analog methods in terms of neutron event purity by 15%. In [8], the
possibility of using a 64-channel TOFPET2 ASIC for particle identification in pixel detectors based on organic scintillators
was investigated. The experimental setup consisted of an array of 4x4 trans-stilbene crystals (6x6x30 mm each) connected
to an array of SensL J-series silicon photomultipliers (SiPM). Since TOFPET?2 was originally developed for medical PET
imaging, the authors adapted it for PSD using the Time-over-Threshold (ToT) method for charge estimation. At the SiPM
operating overvoltage of 3V, the system demonstrated a maximum quality factor FOM of ~ 1.2 at an energy of 478 keVee
(Compton edge for the 662 keV line). The study highlights that despite the compactness and low cost per channel, the use
of the ToT method instead of direct pulse shape digitization limits the quality of the separation at low energies. However,
the results obtained confirm the suitability of TOFPET?2 for creating portable systems with a large number of channels,
where it is important to combine energy resolution, temporal characteristics, and basic n — y discrimination capabilities.

2. MATERIALS AND METHODS

The assembled experimental setup is shown in Fig.1 in details discussed at [9]. The data was obtained using a
239Pu-Be neutron source 10°, which produces neutrons and instant gamma-rays.The 239Pu-Be source is placed directly
on the stilbene scintillator housing (5 mm housing wall) with dimensions of 50 x 50 mm. The scintillator is in optical
contact with R1307 Hamamatsu photomultiplier (PMT, 76 mm window). The high-voltage power supply is configured
taking into account the total gain of the path, the operating voltage is selected as 550 V. The signal from the PMT is fed
to an custom amplifier with a gain of G = 10 and a bandwidth of at least 100 MHz. The CAEN DT5720e digitizer has a
50 Ohm built-in input. It was used a custom CFD module (constant fraction discrimination module) with a cable delay
of 2.2 m (10.6 ns). The signal is additionally connected through a 1 MOhm probe to Keysight DSOX6004a oscilloscope.

-

CAEN
DT5720e
50 Ohm

stilbene

Oscilloscope
Keysight DSOX6004a
1 MOhm

Figure 1. Experimental setup.

Typical scintillation signal is shown in Fig.2.
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The signals from the oscilloscope were automatically accumulated on the computer using a prepared script. The
signal from the CAEN DT5720 was processed online in the Compass program. Figure Fig.3 shows the waveform triggered
in the Compass program, the pulse duration is approximately 90-110 ns with a delayed trailing edge. The signals are in
principle identical in shape both on the oscilloscope and on the CAEN digitizer.
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Figure 3. The triggered pulses in COMPASS software.

The settings for the CAEN digitizer were selected as follow: Energy coarse gain 40 fC/LBS, Gate 240 ns, Short gate
120 ns, Pre-gate 12 ns, Threshold 100 LBS (48 mV), Trigger holdoff 320 ns, Record length 320 ns, Pre-trigger 52 ns, N
samples baseline 128.

The Short gate parameter was selected during the scanning process from the maximum pulse amplitude along the
falling edge. The criteria of the setup tuning were the best PSD ratio Qs/Qt (integral in the short gate Qs and Qt integral in
the gate). Also, the visual quality of PSD histogram Fig.4, straight gamma and neutron tails, and the resulting FOM value
Fig.5 were controlled.
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Figure 5. The PSD histogram accumulated with the COMPASS software. FOM = 1.871.

3. ALGORITHM AND EXPERIMENTAL RESULTS

For the working data set it was accumulated a 10000 events using the oscilloscope. To have a stable starting point,
it was used a CFD module, to eliminate the pulses jitter caused by varying amplitudes [10]. To validate the quality of
discrimination of designed method we were used two methods: charge comparison (CC) practically implemented in [11]
and the results obtained with the CAEN software (basically the charge comparison). The CC method is the most famous
pulse shape discrimination (PSD) technique with the comparable quality to the analog techniques of discrimination.

The discrimination ratio (1) could be recalculated using the charge comparison of the entire signal charge Q;orq; and

the charge of the slow part of the signal tail Qo

R=0/0: ey

Typical neutron and gamma-ray pulse signals are shown in Fig.6.
Finally, to calculate the quality of neutron/gamma discrimination of the stilbene scintillator used the figure of merit
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Figure 6. The typical signal recorded with the oscilloscope. Visible a CFD pulse undershoot.

(FOM), which is:
FOM =D/(FWHM,) + FWHM,, 2)

Using the test bench Fig.1 it was obtained FOM 1.871 on CAEN digitizer. By variation of slow gate width with the
fixed long gate, it was found the best ratio (1) for the FOM.

Figure 7. The calculated FOM using the CC method. FOM = 1.942

Using the custom CC code it was calculated FOM = 1.942 for the data set accumulated with the oscilloscope. Finally
it was tested a new approach of neutron gamma discrimination on the obtained dataset.

The main hypothesis of the proposed Peak Asymmetry method (PA) is that the time distribution of photon emission,
which forms a scintillation pulse, has a different level of tail asymmetry with respect to the position of the amplitude
maximum for gamma quanta and fast neutrons. When a particle interacts with the scintillator, two key fluorescence
components arise.The fast component which decays within a few nanoseconds and is practically identical for both types of
radiation (neutron and gamma). In contrast, the slow or delayed fluorescence caused by the annihilation of triplet excitations
is much more intense when neutrons are detected. From a Peak Asymmetry method approach, the pulse registered by
the detector is a statistical distribution of photons in time, and the centroid of this distribution reflects the mathematical
expectation or average time of photon emission during a single scintillation event. The practical implementation of the
PA method uses the concept of the “center of gravity” to quantify the asymmetry of the pulse. The time centroid is
defined as the weighted average over the entire scintillation pulse shape, where the signal amplitude acts as a statistical
weight Fig.8. Since the pulse shape is perceived as a probability density function, the calculated time centroid becomes
an analogue of the first moment of the distribution (normalized by total pulse “mass”). The main discriminating factor
in this case is the parameter, which is equal to the ratio between the centroid time and the moment of reaching the peak
amplitude. To quantify asymmetry within the PA method, the concept of the “center of gravity” (centroid) of the peak is
used. Mathematically, the time centroid tcentroid is defined as the first moment of the signal amplitude distribution:

Leentroid = Z (tiAi)/Z A; 3)
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Figure 8. The Peak Asymmetry (PA) key parameters.

where A; — the amplitude of the signal at time ti, which acts as a statistical weight. The main discriminating factor
is the time offset parameter At:
At = tcentroid/tpeak 4

Gamma rays: generate relatively symmetrical pulses, where the centroid almost coincides with the time of the
amplitude maximum, leading to values of 6t near 0. Neutrons: due to the intense slow fluorescence, the “center of gravity”
of the pulse is shifted to the right of the peak, providing a positive value of At > 0. Gamma-ray events are characterized
by a high degree of signal symmetry, as a result of which the calculated center of gravity practically coincides with the
time of the amplitude maximum. In such cases, the value of the discriminating factor approaches zero. On the contrary,
the intense “tail” of the neutron pulse creates additional weight to the right of the peak, leading to a physical shift of the
centroid to a longer time region. The higher the specific gravity of the slow fluorescence, the more the time centroid
deviates from the peak of the pulse, which provides a clear separation of particles. The resulting PSD plot and histogram
presented on Fig.9, the obtained FOM with the PA method was 0.72.

e

Figure 9. The calculated PSD distribution for the PA method.

4. DISCUSSION AND CONCLUSION
The pulse shape discrimination could be done with modern oscilloscope equipment with the high sampling rate
along with the ultimate bandwidth. Summarizing the obtained results: FOMcc =1.942, FOMcsgn =1.871, FOMpa =
0.728, the PA method provides a lower quality of pulse shape discrimination comparing to charge integration methods. An
important advantage of the PA method over classical integral approaches, such as the CC method, is its positional nature.
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While traditional methods require a careful fitting of time windows (gates) for the best separation, the peak asymmetry
method focuses on the morphology of the entire pulse. This makes the algorithm less sensitive to baseline noise and allows
for the consideration of the smallest changes in the shape of the decay that can be lost when simply integrating the area
under the curve. Thus, the PA method is a more robust and adaptive tool for particle identification in conditions of high
background noise.
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Y 1poMy AOCTIKEHHI MU 3allpONOHYBAIM HOBY METOHOJIOTII0 OUCKPHMiHALll TaMMa-HETPOHHIX CHTHAJIIB Y MOPIBHSHHI 3 KJIacH-
YHUM METOJIOM iHTerpyBaHHsM 3apsiay. IJis 3anucy eKCIepUMEHTAIbHOrO Ha0opy AaHMX BUKOPUCTOBYBABCSI OCLiIOrpad 3 BUCOKOIO
vactorowo auckperusanii Keysight DSOX 6004a (20 I'C/c). ETanoHHuii eKCriepuMeHT OYJ10 3aricaHo 3a JOMOMOIOl0 HACTIIBHOTO [ii-
mxutaiizepa CAEN DT5720e 3 BctanoiieHoto nipormekoo DPP PSD. fk netexktop 6yno 06paHO CHIUHTUIATOP CTUILOEH po3mipoM 50
MM X 50 MM, 3 pororomuoxkyBaueM R1307 Hamamatsu. 3racanHsi CHUHTWISILIAHOTO iIMITYJIbCY Ma€ €KCIIOHEHLiaIbHUI XBICT 3aJIEKHO
BiJ] IPUPOJI YACTUHOK. 3aIllPOIIOHOBAHUI METOJI CIIPSIMOBAHUI Ha KJIacU(iKaIlilo TeOMETPHYHOI MIKOBOI aCUMETPil CIIMHTUIISAIIITHOTO
IMITyJIbCY, BUSIBIEHOTO NETEKTOPOM, [¢ KOe(illieHT AUCKpUMIHAI{ — 16 BiJHOIIEHHS pO3paxOBaHOI Bard iMITyJbcy (LEHTpoiga) 0
MOJIOKEHHsT MAKCUMAJIBHOI aMIUTITYAU iMITyJIbey B 4aci. LleHTpoi MBUAIIOrO raMMa-imMInyJibCy OJKde 40 MaKCHMAJIbHOI aMILTITYAN
IMITyJIbCY Ta 3HAYHO 3MIILIEHUI [UIs1 3aTPUMAaHKMX HEHTPOHHMX iMmysbciB. OOroBopIOBaHMil MigXix K03BOJsIE KiaackpiKyBaTH NOMIIl 3
MOPIBHSIHHOIO TOUHICTIO IO METO/Y iHTerpyBaHHs 3apsiy.

KurrouoBi ciioBa: Inmezpysarns 3apsdy; CUUHMUASMOPU; 2AMMA-HEMPOH PO30INEHHS; CIMUAbOEH; PO30INEHHS 30 HOPMOIO IMNYALCY;
Memoo NOPIBHAHHA 3apA0ie; nepemun HYAs; NOKasHuk axocmi posoinenns; CAEN DT5720e
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In this work, we investigated synthesized porous aluminosilicate materials containing burnable additives, which form a single-phase
cubic zeolite structure (Fm3m, a=4.056 A). The porous ceramic with a zeolite composition at 200°C and a hydrogen pressure of 12 atm
exhibited hydrogen absorption of 11 wt.%. We also studied the initial metallic lithium (BCC, a= 3.507 A), which was subjected to
hydrogenation in the developed sealed reactor at 12 atm and 700 °C with the formation of LiH hydride (FCC, NaCl type, a = 4.081 A,
din = 2.356 A). The average size of LiH crystallites does not exceed 100 nm, and the maximum hydrogen capacity of lithium reached
12.4 wt.%. The developed reactor enables safe, high-temperature, high-pressure hydrogenation. These data demonstrate the potential of
lithium, titanium, and sodium hydrides, and porous aluminosilicates for the accumulation, storage, and transportation of hydrogen.
Keywords: Porous aluminosilicates; Lithium hydride; Synthesis; Hydrogenation; X-ray phase analysis; Hydrogen storage; Cubic
structure; Hydrogen capacity

PACS: 68.37.Hk, 78.70.Ck, 77.84.-s

INTRODUCTION

Gaseous fuels, primarily hydrogen and methane, are currently considered among the most promising energy
sources, as their use in existing power plants and engines is technically feasible and provides high efficiency [1].
Hydrogen is of particular importance in the context of developing sustainable energy systems. As the most abundant
element in the universe and possessing the simplest atomic structure, it is a versatile energy carrier capable of efficiently
storing and transporting energy in a form convenient for practical use. Due to its environmental friendliness, high
energy density, and compatibility with renewable energy sources, hydrogen is considered a key element in the transition
to low-carbon energy. The development of hydrogen energy is central to global strategies to reduce dependence on
fossil fuels and minimize anthropogenic environmental impact. A significant advantage of hydrogen is its ability to
enable decarbonization of sectors that are difficult to electrify, including heavy transport, industrial production, and
power generation [2], making it a fundamental player in building a sustainable energy infrastructure for the future [3].

According to IHS Cambridge Energy Research Associates, the world's natural gas reserves can meet humanity's
energy needs for at least 250 years [4]. However, the key factor hindering the widespread use of gas fuels, especially for
autonomous and remote energy sources, remains the lack of energy-efficient, fire- and explosion-proof storage and
transportation systems capable of handling high gas densities [5]. Hydrogen is of particular interest due to its high
specific heat of combustion (~120 MJ kg') and the environmental friendliness of its products [6]. However, the
practical implementation of hydrogen energy is significantly limited by the difficulties of its storage. Current
technologies involve compressing hydrogen to approximately 700 bars (=70 MPa), which requires robust, sealed tanks
and carries an increased risk of explosion [7]. Cryogenic storage, implemented at approximately 20 K, is associated
with additional energy costs and increased engineering system complexity [8]. Therefore, the development of
alternative, safer methods of hydrogen storage is one of the key objectives of hydrogen energy.

The efficient use of hydrogen in energy systems requires the development of safe, cost-effective, and high-
performance storage technologies [9, 10]. One of the most promising approaches is solid-state storage, based on retaining
hydrogen in solid materials in molecular or atomic form [11]. This approach is implemented through two main
mechanisms: physical adsorption and chemical absorption. Physical absorption is primarily due to van der Waals
interactions and is typical for materials such as porous carbon structures, metal-organic frameworks (MOFs) [12], and
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covalent organic frameworks (COFs) [13]. Despite the high rate and reversibility of sorption processes, this mechanism
typically requires low temperatures and elevated pressures and is characterized by a relatively limited hydrogen
capacity [14]. Chemical bonding involves the dissociation of hydrogen molecules, followed by the formation of hydride
phases, thereby providing a higher storage density [15]. Within this approach, which includes metal and complex hydrides,
hydride materials have attracted considerable attention in recent years as a promising basis for developing sustainable
hydrogen storage technologies [16]. A promising area is solid-phase hydrogen storage via chemical binding in metal
hydrides, which offer high storage density at relatively low pressures (1-40 bar). The volumetric density of hydrogen in
metal hydride systems can reach 120-150 kg m™, which significantly exceeds the value of ~39 kg m™ for compressed
hydrogen at a pressure of 700 bar [17-19]. Metal hydrides are also characterized by high reversibility in hydrogen
absorption and release, as well as the possibility of multiple cycles. The theoretical mass capacity of such materials is
7.6 wt.% for MgH-, 4.04 wt.% for TiH. and reaches 12.7 wt.% for LiH [20, 21]. At the same time, hydrogenation
processes are usually carried out at temperatures of 300-700°C and hydrogen pressures above 10—15 atm, which lead to
significant energy costs and impose limitations on the kinetics of phase transformations and thermal stability [22—24].

The kinetics of hydrogen absorption in metal hydride layers are limited by coupled heat and mass transfer
processes, which lead to a slow system response to refueling and reduced overall storage efficiency. For a TiMn-based
metal hydride material with specified porosity and thermal conductivity parameters, three composite groups were
studied: group A, containing 5 wt.% silicone gel and 5 wt.% single-wall carbon nanotubes; group B, including 5 wt.%
silicone gel; and group C, containing 5 wt.% silicone gel and 5 wt.% silicone sheets [25]. It was found that the highest
porosity is observed in group A (0.527), exceeding the values of other samples by approximately three times, while its
thermal conductivity is minimal (2.476 W-m“K™') compared to group B (3.189 W-m'K™') and group C
(3.246 W-m-K™"). The identified differences in the structural and thermophysical characteristics determine the features
of the materials' kinetic behavior: for group A, the diffusion-limited mode of hydrogen absorption in the range of 0.5-
1.15 wt.% predominates, which is associated with a well-developed macroporous structure that ensures efficient
hydrogen transfer. At the same time, group C is characterized by a higher absorption rate at later stages (above
1.15 wt.%), where the key role is played by increased thermal conductivity, which determines the intensity of the heat
flow and, accordingly, the driving force of the sorption process.

In recent years, porous inorganic materials have attracted considerable interest, primarily aluminosilicate and
alumina-alumina ceramics, which are capable of accumulating hydrogen through a combination of physical
adsorption and diffusion in a developed porous structure [26, 27]. According to the literature [28], such materials are
characterized by water absorption in the range of 8-25 %, which corresponds to an open porosity of about 20-50 %
and a specific surface area of up to 300-800 m?-g!. An increase in the specific surface area and degree of porosity
promotes an increase in hydrogen capacity, especially at temperatures above 100 °C, when the contribution of
physical adsorption is supplemented by thermally activated diffusion processes [29-32]. The efficiency of hydrogen
absorption of porous materials is often estimated using the aspect number, defined as the relative increase in the
mass of a sample after saturation with hydrogen. For most aluminosilicate and oxide ceramics, this parameter,
according to published data, does not exceed 1-6 wt.% at temperatures up to 300 °C [33, 34]. An increase in the
aspect number is possible through optimization of the chemical composition, the introduction of silica-containing
components, and the formation of developed open porosity using burnable additives that provide a controlled
architecture of the pore space [35, 36]. Lithium hydride is of interest as a reference system for assessing the ultimate
capabilities of solid-phase hydrogen storage. Lithium has one of the highest theoretical hydrogen capacities, and the
formation of LiH is accompanied by a significant increase in the mass of the material. [37, 38]. X-ray diffraction
analysis of lithium samples treated in a hydrogen flow at a pressure of 12 atm and a temperature of 700 °C
characterizes the almost complete conversion of the original metal into lithium hydride with a cubic structure and
space group Fm3m, which is confirmed by the presence of intense narrow diffraction peaks and the absence of
reflections of metallic lithium. The achieved hydrogen capacity is close to the theoretical limit of 12.5-12.7 wt.%
[39, 40]. At the same time, such high temperatures and energy costs significantly limit the practical application of
lithium hydride in hydrogen storage systems. Against this background, porous aluminosilicate ceramics, which
combine a developed porous structure, controlled phase composition and the ability to operate at moderate
temperatures and pressures, are considered a promising alternative to traditional metallic hydrides [41, 42]. Despite
growing interest in such materials, the quantitative relationships between their chemical composition, porous
structure parameters, phase state, and hydrogen absorption characteristics, especially in the temperature range of
100-200°C, remain poorly understood [43, 44]. Filling this gap represents an important scientific and applied
challenge. Furthermore, conducting comprehensive analytical studies aimed at assessing their readiness for
commercial implementation, taking into account market requirements, remains a pressing task. Such systematic
reviews allow us to identify the most promising materials and technological solutions, as well as focus further
research on addressing existing limitations and unresolved issues [45].

The aim of this work is to conduct a comprehensive study of metal hydrides as hydrogen carriers, assessing their
applicability in stationary and mobile systems, determining the ultimate efficiency of solid-phase storage using the
example of lithium metal hydrogenation using X-ray phase analysis, and developing and studying porous ceramic
materials based on aluminum oxide and aluminosilicates to determine the influence of their composition, structure, and
temperature conditions on hydrogen sorption and retention processes.
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EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS
During experimental studies of material synthesis, various compositions aimed at producing porous ceramics were
tested. The porous ceramic materials were formed by introducing burnable additives into the ceramic matrix. The
chemical composition of the starting components is presented in Table 1.

Table 1. Chemical composition of raw materials

RAW MATERIALS AlLOs Fe20s Si02 Na20 KO | CaO MgO Volatile
impurities
Kaolin 36.91 2.52 46.84 0.04 0.42 | 0.24 0.22 12.81
Diatomite 5.65 3.38 88.23 0.34 0.87 | 0.62 0.82 -

Kaolin was pre-melted in a solar furnace using the previously described method [46], after which the resulting
material was wet ground in a ball mill to a particle size of less than 63 um.

Diatomite was chosen as one of the main components due to its naturally highly porous structure: total porosity
reaches 92%, and the SiO» mass fraction ranges from 62-97%. Diatomite may also contain fine sand (up to 10%), clay
minerals, and trace amounts of organic matter. Based on these components, an aluminum oxide-enriched material was
developed. The raw materials used to produce the porous ceramics corresponded to the chemical composition listed in
Table 2.

Table 2. Chemical composition of the initial state of the raw material

Oxide AlLO3 P20s SiO» Na20 Fe20s3 SO3
Content, wt.% 67.12 0.21 25.21 6.88 0.02 0.56

As shown in Table 2, the main components of the ceramic material are alumina (67 wt.%), silicon oxide
(25.2 wt.%), and sodium oxide (6.9 wt.%).

The phase composition of the synthesized samples was studied by X-ray diffraction analysis using a PANalytical
Empyrean diffractometer (Cu Ka radiation) in Bragg-Brentano reflection geometry at a wavelength of A=1.5418 A.
Diffraction patterns were recorded in the angular range 20° < 28 < 60°, where 28 is the Bragg angle. The microstructure
and surface morphology of the samples were studied by scanning electron microscopy (SEM) using JEOL JSM-6510
and HITACHI FLEXSEM 100 microscopes.

Hydrogenation experiments were conducted using porous zeolite-type materials and metals (aluminum, iron,
magnesium, titanium, and lithium), applied in both bulk and powder form [46, 47]. The hydrogenation process was
carried out in a reactor equipped with high-temperature packing, as shown in Figure 1.

The high-temperature reactor container shown (Fig. 1) is made of stainless steel and equipped with a sealed lid
with a bolted clamping system. The reactor operates according to the diagram shown (Fig. 2) and is equipped with a
pressure gauge, gas inlets and shutoff valves for the supply and release of working gas, and sealing devices for
operation at elevated temperatures and pressures. The reaction zone is heated using an electric heating module with a
digital temperature controller, allowing for precise temperature control and maintenance during hydrogenation
experiments.

Figure 1. High-temperature Figure 2. Schematic diagram of the furnace-reactor for hydrogenation of absorption

sealed reactor for hydrogenation materials at high temperatures (up to 700 °C) and hydrogen pressures up to 15 atm,

processes including: 1 - steel furnace-reactor with an electric heating system from a 220 V network;
2 - absorber; 3 - hydrogen cylinder for feeding gas to the furnace-reactor; 4 - shut-off and
control valves; 5 - pressure gauge; 6 - thermocouple connected to a temperature meter;
7 - exhaust gas reservoir

Before the experiment, the samples were dried at 200°C, then weighed and placed in the reactor. To remove air
from the reaction chamber before heating, the reactor was purged with hydrogen. The reactor was then sealed and
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pressurized with hydrogen at 10-15 atm. Heating was performed according to a preset temperature program ranging
from 150 to 700°C. After the holding period, the reactor was cooled either slowly or rapidly, depending on the
experimental conditions. Upon completion of cooling, the samples were removed and reweighed. The degree of
hydrogenation was assessed by the relative weight gain:

a=[(M~Mo)/M]x100 %, (1)

where M is the mass of the original sample, M is the mass after hydrogenation.

The formation of metal hydrides is a heterogeneous process [48] that involves the adsorption of molecular
hydrogen on the metal surface, its dissociation to form atomic hydrogen, and subsequent diffusion of atoms into the
metal's crystal lattice.

RESULTS AND DISCUSSION

Zeolites are known to have high sorption capacity and are widely used in water purification processes to remove
hydrocarbon compounds. Their effectiveness is largely determined by the properties of their microstructure, where a
fine-grained structure promotes increased sorption activity [49, 50]. In general, the effectiveness of adsorption processes
is determined by the parameters of the porous structure and the energy characteristics of the adsorbent-adsorbate
interaction, which is driving growing interest in the development of new microporous materials with a specific
micropore volume of about 1-2 cm?/g and a specific surface area of 1500-2000 m*/g [51].

Therefore, studying the microstructural features of zeolites is of considerable interest for optimizing their
performance properties [52, 53]. In particular, the microstructural features of porous ceramics of the zeolitic
aluminosilicate composition Al>SiNaOes, studied by scanning electron microscopy, are shown in Fig. 3 at magnification
~x1000.

Figure 3. SEM image of the microstructure of porous ceramics of zeolitic aluminosilicate composition Al>.SiNaOs

Image analysis shows that the material is characterized by a developed hierarchical porous structure. The sizes of
the primary particles and their agglomerates are in the range of 1-10 um, which corresponds to the scale marks in the
micrograph. The intergranular space is formed by a system of open pores, predominantly micron and submicron in size
(0.3-2 pm), indicating high open porosity of the material. This morphology indicates the formation of a branched pore
network, ensuring efficient mass transfer of gaseous and liquid media [54-56]. The rough surface of the grains
contributes to an increase in the specific surface area, which for zeolitic aluminosilicate materials, as a rule, reaches
values of 100400 m*g. The observed localized areas of compaction up to 5-8 pum in size may be associated with
partial sintering and recrystallization of the aluminosilicate matrix during heat treatment. Moreover, the preservation of
open pores indicates that the firing temperature was below the threshold for intense shrinkage and pore closure, which is
an important factor for the functional properties of the material. The resulting microstructure provides a combination of
mechanical cohesion of the ceramic framework and a developed internal surface area. This suggests a high adsorption
capacity (approximately 0.5-2.0 mmol/g for small molecules) and the potential for the use of porous Al:SiNaOs
ceramics in adsorption, ion exchange, and catalysis processes, as well as in gas storage and transportation systems,
including hydrogen [46, 57].

Figure 4 shows an SEM image of the porous structure of a composite absorbent based on Al<SiO»> (aluminum
powder in a silicon dioxide matrix), obtained at a magnification of X100 for an area of 800x800 pum.

A quantitative analysis of the structure's morphology allowed us to determine the total pore number (1.35-10°) and
record their surface concentration at 2.1-1073 pores/um?. The pore size distribution is characterized by pronounced
heterogeneity. The average equivalent pore diameter, calculated based on the area, is 5.4 pm with a median value of
3.1 um, confirming the presence of a pronounced distribution asymmetry and the predominance of the fine fraction in
the structure. These geometric parameters significantly influence the development of the specific surface area and the
intensification of capillary phenomena. The presence of pores of varying order forms a branched hierarchical network
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that minimizes diffusion resistance and facilitates deep penetration of the working medium into the material. The
minimum recorded size is approximately 1.2 um, while the main range varies between 1.2 and 15 um. Individual coarse
pore formations reach dm.=35 pm, which is associated with the coalescence and agglomeration of particles. An area
porosity of 0.62 %, combined with a high pore density, determines the morphology of the sample's internal surface. The
resulting active phase contact area increases the material's efficiency as an absorber. This porosity value is typical of
materials with intense interparticle void formation. Morphological analysis reveals that the structure is hierarchically
organized and includes pores at multiple scales. The predominance of pores smaller than 10 pm indicates the formation
of a fine- and mesoporous structure, while the presence of individual macropores is due to localized aggregation of
aluminum particles. Al particles form irregular agglomerates, between which intergranular voids form, while the
binding phase SiO: stabilizes the framework and prevents complete compaction of the system. The obtained parameters
reflect the presence of a branched but heterogeneous pore structure resulting from the agglomeration of aluminum
powder and the formation of interconnected channels in the silica matrix, which significantly influences the sorption
capacity and permeability of the material. The combination of high porosity, significant pore density, and a wide pore
size distribution makes this material promising for use as an effective absorber [58, 59].

g

Figure 4. Surface morphology of the porous absorbing structure of AI<SiO2>

The developed porous structure and the presence of active metal centers ensure their high reactivity with respect to
hydrogen, realized through the chemisorption mechanism with the formation of strong Al-H bonds [60, 61]. The
process includes the dissociative adsorption of molecular hydrogen on the aluminum surface, subsequent diffusion of
atomic hydrogen and the formation of a hydride phase, including AlH; [61]. The efficiency of sorption increases at
temperatures above 200 °C due to surface activation and increased mobility of hydrogen atoms [62]. Desorption is
accompanied by the rupture of AIH bonds and occurs upon heating in the range of 200 - 400 °C [63].

Figure 5 shows the isotherms of hydrogen sorption and desorption in porous Al.SiNaOs ceramics at a temperature
0f 200 °C in the pressure range of 1-11 atm.
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Figure 5. Isotherms of hydrogen sorption and desorption in porous ceramics Al.SiNaOs at a temperature of 200°C

When analyzing the curves (Fig. 5), a gradual increase in the hydrogen content from 1 to 3.5 wt.% is observed in
the low-pressure region (1-5 atm). This region corresponds to the initial stage of sorption, during which predominantly
physical adsorption of hydrogen occurs on the pore surface and active sites of the material. The linear nature of the
curve characterizes a relatively weak interaction and gradual saturation of available adsorption sites. In the pressure
range of 5-8 atm, a sharp increase in the hydrogen content is recorded (up to 9-9.5 wt.%). This region is characterized
by accelerated sorption and reflects the transition to more intense absorption mechanisms. It is likely that chemisorption
occurs in this region, with the formation of chemical bonds between hydrogen and aluminum (possibly the formation of
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hydride phases: AIH). Additionally, capillary condensation of hydrogen in meso- and macropores can occur, which is
due to the developed porous structure of the material. With a further increase in pressure (8-11 atm), the curve reaches a
plateau (10-11 wt%). The established dependence demonstrates saturation of the system with hydrogen and filling of
most of the accessible pores and active sites. Reaching a plateau indicates a limited capacity of the material at a given
temperature. Comparison of the sorption and desorption curves reveals hysteresis in the medium pressure range (6-9
atm): the desorption curve passes above the sorption curve. The process of hydrogen desorption from porous ceramics
occurs intensively at a temperature of 200 °C, ensuring the complete release of previously absorbed hydrogen in a
volume of up to 11 wt.% within 2 minutes; the material retains the ability to undergo multiple sorption and is
characterized by cyclic stability within 5 sorption-desorption cycles, however, after the fifth cycle, degradation of its
structure is observed, accompanied by a decrease and subsequent loss of sorption properties [60, 61, 64].

The obtained data are typical for porous materials with a developed structure and allow us to conclude the
presence of pores of various sizes (micro-, meso-, and macropores), capillary effects, and hydrogen retention within the
pores, as well as partially irreversible processes caused by chemisorption and the formation of hydride phases. The
convergence of the sorption and desorption curves at high pressures (9-10 atm) confirms the achievement of a quasi-
equilibrium state of the structure and the mitigation of the influence of kinetic limitations. The obtained isotherms
demonstrate a combined mechanism of hydrogen absorption in Al:SiNaOs, including physical adsorption,
chemisorption, and capillary condensation. Materials of this type are considered promising for the storage and
accumulation of hydrogen due to reversible chemisorption and the formation of stable hydride compounds, while
pronounced hysteresis indicates the presence of a developed hierarchical porous structure that facilitates the effective
accumulation of gas [65, 66].

Figure 6 shows the particle size distribution spectrum for a sample of porous aluminosilicate ceramics of the
composition Al-SiNaQOs, obtained by laser diffraction.

100 =TT
90
80

i a

20
. T
0 e

0.1 1 10
Volume

Figure 6. Spectrum of particle size distribution of a porous ceramic sample of aluminosilicate composition Al>SiNaOs

The distribution is polydisperse, reflecting the presence of particles of different sizes. The majority of particles are
concentrated in the range of 0.5-3.0 um, with the distribution maximum (modal size) observed in the region of about
1.2-1.5 pm. The cumulative curve shows that approximately 50 % of the particle volume (Dso) is accounted for by sizes
of the order of 1.3-1.6 um, while 90 % of the particles (Dso) are smaller than 6-8 um. The presence of a distribution tail
in the region of >10 um indicates the presence of individual agglomerates formed during the sintering process [67]. The
obtained data are in good agreement with the results of SEM analysis, confirming the formation of micron-scale
agglomerates and a developed porous structure. The predominance of submicron and micron-sized particles contributes
to an increase in the specific surface area and the formation of a branched pore network, which is an important factor
for the adsorption and ion-exchange properties of the material. The particle size distribution demonstrates the structural
heterogeneity characteristic of zeolitic aluminosilicate ceramics and confirms the potential of the AlSiNaOs
composition for functional applications.

X-ray diffraction (XRD) analysis (Fig. 7) of the developed alumina-based material was performed to establish the
phase composition, crystallographic parameters, and structural state of the synthesized sample.
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Figure 7. X-ray diffraction pattern of the developed material based on aluminum oxide [68]
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The experimental X-ray diffraction pattern is characterized by a set of intense and well-resolved diffraction
maxima, the position and relative intensity of which reflect the formation of a single-phase crystalline structure of the
zeolite type, corresponding to sodium aluminosilicate of the composition Al:SiNaOs. Experimental data have shown
their correspondence to the cubic syngony with the space group Fm3m. The calculated unit cell parameter is
a=4.056 nm, which is in good agreement with the literature data [69] for zeolitic aluminosilicate systems. The main
diffraction maxima recorded in the X-ray diffraction pattern, as well as the corresponding interplanar distances and
crystallographic indices are given in Table 3

Table 3. Diffraction maxima and calculated crystallographic parameters of the AlISiNaO-based material

Ne peak 20, degree 0, degree d{rslttz:;lz leagaf& Miller indices (hkl) Relative intensity, %
1 38.5 19.25 2.34 (111) 100
2 44.7 22.35 2.02 (200) ~45
3 65.1 32.55 1.43 (220) ~20

The interplanar distances diwa were calculated using Bragg's law:
nA=2dsind, 2)

where, A is the X-ray wavelength, 0 is the diffraction angle, and n=1 is the reflection order. For a cubic crystal system,
the lattice parameter was determined from the relationship:

a=dhk1(h2+k2+12) 12, 3)

The obtained values of the unit cell parameter, calculated from various reflections, are in good mutual agreement,
indicating the correctness of the phase identification and a high degree of structural ordering. The absence of additional
diffraction lines in the studied angular range is an indication of the high phase purity of the synthesized material. The
content of possible impurity crystalline phases does not exceed the detection limit of the X-ray diffraction method and
is estimated at less than 3-5 wt.%. Analysis of the shape of the diffraction maxima shows that the peaks are narrow and
symmetrical, indicating a high degree of crystallinity and a low level of internal microstrains [70]. The sizes of the
coherent scattering regions were estimated using the Scherrer formula [71]:

D=KMpcosh, 4)

where, K is the shape factor (0.9), B is the full width of the peak at half maximum.

Calculations show that the material is characterized by a finely dispersed crystalline structure typical of zeolitic
aluminosilicates, which determines the developed specific surface area and potentially high sorption capacity. From a
physical point of view, the formation of an ordered aluminosilicate framework with the participation of sodium ions
ensures stabilization of the crystal lattice and confirms the completion of the processes of structural self-organization
during synthesis [52, 54]. This is a key factor determining the material's functional properties when used in adsorption,
catalytic, and ion-exchange processes. Experimental studies have shown (see Fig. 5) that porous zeolite ceramics
exhibit good hydrogen absorption. For example, at a temperature of 200 °C and a pressure of 12 atm, porous
aluminosilicate ceramics Al,SiNaQOg absorbs 11% by weight of hydrogen.

For the metals we obtained, we found that porous nickel possessed a maximum hydrogen capacity of
approximately 0.7 wt.% at a pressure of 15 atm and a temperature of 300 °C, while magnesium's absorption value
reached 1.5 wt.%. In the aluminum-nickel alloys, signs of hydrogenation were absent across the entire range of the
studied parameters. Powdered titanium exhibited the ability to accumulate hydrogen up to 3.8 wt.% at 12 atm and
700 °C, which is slightly lower than the theoretical limit of 4.04 wt.% for TiH- hydride. The highest hydrogen capacity
was recorded for lithium: at a temperature of 700 °C and a pressure of 12 atm, the hydrogen content reached 12.4 wt.%.
According to the analysis of the obtained data, high hydrogen absorption values (over 6 wt.%) are achieved at
temperatures of approximately 600-700°C and pressures above 15 atm. Metallic sodium is capable of binding up to
4.3 wt.% hydrogen [72-75].

Figure 8 shows the X-ray diffraction pattern of the original lithium metal sample before exposure to hydrogen
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Figure 8. X-ray diffraction pattern of metallic lithium in its original state
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The X-ray diffraction pattern is characterized by a set of intense and narrow diffraction peaks corresponding to
metallic lithium with a body-centered cubic (BCC) lattice. The diffraction peaks and calculated physical values are
listed in Table 4.

Table 4. Diffraction characteristics and interplanar distances of Li

No. peak 20, degree 0, degree Interplanar distance d, A | Miller indices (hkl) Note
1 36.2 18.1 2479 (110) The main peak of BCC lithium
2 52.3 26.15 1.748 (200) Second reflex
3 65.1 32.55 1.432 (211) Maximum intensity
4 77.0 38.5 1.237 (220) Additional reflex

The main reflections were recorded at 20 angles corresponding to the (110), (200), (211), and (220) planes, which is
typical for bee structures. The absence of additional peaks associated with lithium hydrides or oxides (LiH, Li-O, LiOH)
indicates high phase purity of the sample and minimal surface oxidation. The interplanar distances dwq were calculated
using Bragg's law (2). For the most intense reflection (211) at 20 = 65.1°, d»11=1.432 A was obtained. The cubic unit cell
parameter a was calculated using formula (3), which yielded a value of 3.507 A for the (211) reflection, which is consistent
with the reference data [69] for metallic lithium at room temperature (a = 3.51 A). The observed small width of the
diffraction maxima indicates high crystallinity and large crystallites (>100 nm). The predominance of the intensity of the
diffraction peak (211) compared to the reflection (110) is due to the presence of a preferred orientation of crystallites,
characteristic of rolled or annealed lithium foils. In the region of small angles (10°-25°), a weak amorphous rise in the
background is observed, which is associated with the presence of a thin layer of natural lithium oxide or carbonate on the
surface. The absence of distinct peaks of hydrides or oxides confirms the predominance of the metallic phase in the initial
state. The experimental results indicate that lithium in the initial state is a thermodynamically stable metallic phase with a
well-ordered bec lattice, ensuring high atomic mobility and the presence of interstitial positions. These properties create
favorable conditions for subsequent hydrogenation and the formation of the hydride phase LiH [76-78]. The X-ray
diffraction pattern confirms that the original sample is single-phase metallic lithium with a high degree of crystallinity and
lattice parameters corresponding to reference data, which allows this material to be used as a reference when assessing
structural changes after hydrogen treatment [79].

An X-ray diffraction pattern (Fig. 9) of metallic lithium after treatment in a hydrogen atmosphere at a pressure of 12
atm and a temperature of 700 °C allows us to evaluate the phase composition, degree of hydrogenation and structural
changes of the original material.
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Figure 9. X-ray diffraction pattern of metallic lithium after treatment in a hydrogen atmosphere at a pressure of 12 atm and a
temperature of 700°C

The diffraction pattern shows a significant weakening of the peaks of the original metallic lithium, as well as the
appearance of new diffraction maxima characteristic of LiH with a cubic lattice of the NaCl type and the Fm3m space
group, demonstrating partial or complete conversion of the metal into hydride under the specified conditions. Additional
weak peaks in the range of 20°-35° correspond to the products of surface interaction with oxygen or moisture, such as
LiOH and Li2O [80]. The interplanar distances dng were calculated based on Bragg's law (2). For the (111) peak of LiH at
20~38.2°, the angle 6=19.1°, which gives d;11=2.356 A. The cubic lattice parameter has a value of a=4.081 A, close to the
reference value [69] for LiH (=4.084 A), confirming the formation of a stoichiometric hydride. The average size of the
coherent scattering regions was estimated using the Scherrer formula (4). The narrow peaks of LiH indicate large
crystallites (>100 nm), characteristic of hydrides obtained at high temperatures.

Table 5. Diffraction maxima and calculated parameters of LiH

No. peak | 20, degree | 6, degree Interplanar distance d, A Miller indices (hkl) | Parametera, A Note
1 38.22 0.3335 2.353 (111D 4.076 Main peak LiH
2 44.39 0.3874 2.039 (200) 4.078 Second reflex
3 64.58 0.5636 1.442 (220) 4.078 Additional peak
4 77.72 0.6782 1.228 (311 4.073
5 81.85 0.7143 1.176 (222) 4.074
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The change in the intensity and position of the diffraction peaks compared to the original metal indicates a complete
rearrangement of the lithium crystal structure. The appearance of new reflections confirms the formation of lithium
hydride, and the weakening of the peaks of the original Li indicates a high degree of metal transformation. The width of
the peaks demonstrates the high crystallinity of the hydride and the large sizes of the crystallites, and the increase in the
background in the small-angle region indicates the presence of an amorphous phase or fine-crystalline oxidation products
[81, 82]. The X-ray diffraction pattern (Fig. 9) confirms the successful synthesis of lithium hydride with a cubic structure,
high crystallinity and stability of the hydride phase. The presence of additional peaks confirms the sensitivity of the
material to oxygen and moisture, which form surface hydroxides and oxides. The data obtained form the basis for the
analysis of the hydrogenation kinetics and thermodynamics of lithium hydrogen accumulation. In the case of lithium, the
hydrogenation reaction proceeds according to the equation [80]:

2Li+H,—2LiH, (5)

At an optimal temperature of 600-700 °C, the resulting lithium hydride is characterized by an ionic bond (Li*H") and
remains thermally stable up to its melting point of approximately 688 °C.

When heated to temperatures around 700 °C or upon contact with water, LiH decomposes, releasing hydrogen. The
thermal decomposition is described by the reaction:

2LiH—2Li+H,, (6)
whereas when interacting with water, an exothermic reaction occurs:

LiH+H,0—LiOH+H,. (7)

Calculations show that up to 290 g of hydrogen can be produced from 1 kg of lithium hydride when reacted with
water. Overall, it has been established that lithium, titanium, and sodium provide hydrogen storage at levels of 12.4, 4.1,
and 4.3 wt.%, respectively, making these hydride systems promising for hydrogen storage and transportation.

CONCLUSIONS

In this study, porous aluminosilicate materials Al,SiNaOg were synthesized based on kaolin and diatomite using
burnable additives to ensure the formation of a developed porous structure. The porous ceramics of the zeolitic
aluminosilicate composition Al,SiNaO, are characterized by a developed hierarchical microstructure with a system of
open pores of micron and submicron sizes (~0.3-2 pm). The particle sizes and their agglomerates range from 1-10 um,
while granulometric analysis revealed a polydisperse distribution with a median size of Dso =~ 1.3-1.6 pm and a Doo
value of < 6-8 um. The rough surface of the grains ensures a high specific surface area for the material, ranging from
100 to 400 m?/g. The preservation of an open porous structure after heat treatment indicates an optimal sintering regime,
ensuring mechanical cohesion of the framework without significant pore closure. The combination of structural
characteristics suggests a high adsorption capacity of the material (~0.5-2.0 mmol/g for small molecules) and confirms
the potential for the use of Al.SiNaOs ceramics in adsorption, ion exchange, and catalytic processes, as well as in gas
storage systems, including hydrogen storage.

X-ray diffraction analysis revealed that the samples possess a single-phase zeolite-type crystal structure with a
cubic syngony and the Fm3m space group. The unit cell parameter was a = 4.056 A, and the dimensions of the coherent
scattering regions according to the Scherrer formula indicate a finely dispersed crystalline structure, which ensures a
developed specific surface area and high sorption capacity.

An analysis of sorption and desorption isotherms revealed that porous Al-SiNaOs ceramics at 200 °C and pressures
of 1-11 atm is characterized by stepwise hydrogen absorption, reaching a maximum capacity of 10-11 wt.%. Physical
adsorption occurs in the range of 1-5 atm (1-3.5 wt.%), while at 5-8 atm (up to 9-9.5 wt.%) a transition to intense
mechanisms, including chemisorption and capillary condensation, is observed. Reaching a plateau at 8-11 atm reflects
the saturation of the porous structure. Hysteresis in the range of 6-9 atm indicates the development of hierarchical
porosity and partially irreversible processes associated with the formation of hydride phases. Desorption occurs rapidly,
completing within 2 min, with the release of up to 11 wt.% hydrogen. The Al.SiNaOs material has a high sorption
capacity and a combined mechanism of interaction with hydrogen, demonstrating stability for up to 5 sorption-
desorption cycles; after this, structural degradation is observed, limiting its cyclic stability for gas storage.

All hydrogenation experiments were conducted in a specially designed high-temperature sealed hydrogen reactor
operating at pressures up to 15 atm and temperatures up to 700 °C. This reactor enabled us to achieve a high degree of
hydrogenation and the stable formation of crystalline LiH. The initial lithium metal was characterized by a body-
centered cubic lattice with a lattice parameter a =~ 3.507 A and large crystallites (>100 nm). After treatment in a
hydrogen atmosphere at a pressure of 12 atm and a temperature of 700 °C, lithium was completely or partially
converted to lithium hydride (LiH) with a face-centered cubic NaCl-type structure and a lattice parameter a = 4.081 A.
The main interplanar distances are: dij; = 2.356 A, dago = 2.039 A, dayo = 1.442 A, which corresponds to the reference
data for LiH. The average crystallite size exceeds 100 nm, which confirms the high crystallinity of the hydride.
Experimental measurements of hydrogen absorption showed maximum values: Li - 12.4 wt.%, Ti - 3.8 wt.%, Na -
4.3 wt.%, which indicates the high efficiency of lithium as a hydrogen battery at temperatures of 600-700 °C and
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pressures of 12-15 atm. Lithium hydrogenation proceeds according to the equation 2Li + H. — 2LiH, and LiH
maintains thermal stability up to 688 °C and can release hydrogen upon reaction with water: LiH + H2.O — LiOH + Ha,
yielding up to 290 g of hydrogen per 1 kg of hydride. Due to its high hydrogen capacity and stable crystalline structure
under standard conditions, lithium hydride (LiH) is widely used in aerospace, portable hydrogen generators, as a
neutron moderator, and as a component of fusion fuel. LiH is also a promising material for storing and transporting
hydrogen in industrial processes.
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VY wiii poboTi MM JOCTIIKYBal CHHTE30BaHI MOPHCTI ANTOMOCHJIIKATHI MaTepiaind 3 BUroparoynMy 100aBKaMH, LIO YTBOPIOIOTH
onHOMa3Hy KybiuHy CTpyKTypy neomitaoro Tumy (Fm3m, a = 4,056 A). IToprcta kepamika IIEONITHOTO cKiagy 3a Temmeparypu 200°C
Ta TUCKY BOIHIO 12 aTM JeMOHCTpyBaJia MMOTJIHAHHS BOJMHIO B KUTbKOCTI 11 Mac.%. Takoxk MU IOCHIKYBaIH BUXITHHN METaICBHA
nitiit (BCC, a=3,507 A), skuii mijnaBascs TiipyBaHHs B PO3pO6IEHOMY TepMETHUHOMY peakTopi mpu 12 atM ta 700 °C 3 yTBOpeHHAM
rinpuny LiH (FCC, Ty NaCl, a =~ 4,081 A, din1 = 2,356 A). Cepenniit posmip xpuctanitis LiH He nepesuiye 100 HM, a MaKCHMATbHA
BOZHEBA €MHICTh JiTito pocarna 12,4 wmac.%. Po3poOneHnii peaktop n03BOJIsie O€3MEYHO MPOBOJMTU TifPYBaHHS 3a BHCOKOI
TEMIIepaTypl Ta BHUCOKOTOo THCKy. Lli maHi AeMOHCTPYIOTh TMOTEHHiaNd TiAPHWIIB JIiTi0, THTaHY Ta HATPil0, a TaKOX IOPHCTHX
QTFOMOCHITIKATIB JUI1 HAKOITMUEHHs1, 30epiraHHst Ta TPAHCIOPTYBAHHS BOIHIO.

KawuoBi cioBa: nopucmi amomocunikamu; 2iopud aimiio; cunmes; 2IOPYSAHHA, PEeHMeHOMa306ull analiz; 30epicanHs 600HIO;
KYOiuHa cmpykmypa; 600He8d EMHICHb



122

EasTt EUROPEAN JOURNAL OF PHYSICS. 2. 122-131 (2026)
DOI:10.26565/2312-4334-2026-2-11 ISSN 2312-4334

SUBSTITUTIONAL 76 INCORPORATION, p — n CONDUCTIVITY TRANSITION,
AND GAMMA-IRRADIATION EFFECTS ON THE THERMOELECTRIC PROPERTIES
TbxSnixSe SOLID SOLUTIONS

T.A. Jafarov!, A.M. Allahverdiyev', G.A. Garashova!, ®Kh.A. Adgezalova', ®O.M. Gasanov',
I.M. Mammadov!, ®J.I. Huseynov'*, ®LI. Abbasov?, ®V.I. Hajiyeva®
!Azerbaijan State Pedagogical University, AZ-1000, Baku, Uz. Hajibeyli Str. 68, Azerbaijan
2Azerbaijan State Oil and Industry University, Az-1010, Baku, Azadliq Avenue 20, Azerbaijan
3Nakhchivan State University, AZ7000, Nakhchivan city, Istiglal Street 85, Azerbaijan

*Corresponding Author email: jahangirhuseynovl958@gmail.com
Received March 2, 2026; revised April 21, 2026; in final form April 30, 2026; accepted May 13, 2026

The physicochemical and thermoelectric properties of ThySn;_xSe (0 < x < 0.05) solid solutions were systematically investigated
with emphasis on composition-driven carrier-type transition and y —irradiation effects. Differential thermal analysis reveals a
monotonic decrease in melting temperature and enthalpy with increasing Th content, indicating lattice distortion and reduced thermal
stability due to the substitutional incorporation of Th3* at Sn?* sites. X —ray diffraction confirms single-phase orthorhombic (Pnma)
structure without secondary phases, while EDX analysis verifies successful Tbh incorporation. A composition-induced p —
n transition occurs within a narrow concentration range, accompanied by a significant modification of the Seebeck coefficient.
y —irradiation (up to 4 — 6.5 Mrad) significantly affects the Seebeck coefficient in the low-temperature region (80 — 300 K), with a
nonlinear dose dependence that can be approximated by a quadratic function. At elevated temperatures (T = 500 K ), the
thermoelectric response exhibits notable radiation stability. The obtained results clearly indicate that Th doping facilitates a
controllable modulation of charge carrier transport properties while preserving the structural integrity and thermal stability of the
material at elevated temperatures. These findings underscore the strong potential of Th —doped systems for advanced thermoelectric
applications, particularly under radiation-exposed operating conditions.

Keywords: Solid solutions; Substitutional doping; p —n conductivity transition; Seebeck coefficient; Gamma irradiation;
Radiation-modified thermoelectric transport

PACS:71.20.Nr, 72.20.Pa, 61.72.-y

1. INTRODUCTION

Layered crystals are a class of materials with a unique structure, where atomic layers are held together by weak
van der Waals forces. These materials occupy an intermediate position between molecular and nanoscale structures.
They possess unique physicochemical properties, making them promising nanomaterials [1, 2]. The effects observed
when forming low-dimensional structures with subnanometer-scale constraints in binary semiconductor compounds are
related to the nature of the chemical bond and the crystal structure of the bulk phases. The relationship between the
structure and properties of three-dimensional crystals and low-dimensional structures is examined using three classes of
compounds— A"V BV, A"'BVI, AV BYI[3, 4].

Among IV — VI binary compounds, including GeS, GeSe, SnS, and SnSe, a pronounced anisotropic layered crystal
structure is observed. Within each layer, atoms are strongly bonded via covalent interactions, whereas adjacent layers
are held together by relatively weak van der Waals forces. Owing to these weak interlayer interactions, such crystals
can be readily exfoliated into atomically thin sheets, analogous to graphene [5,6]. This structural feature provides
significant potential for applications in nanotechnology and two-dimensional (2D) electronics. Furthermore, the layered
architecture inherently reduces lattice thermal conductivity, which is advantageous for thermoelectric performance. The
pronounced anisotropy in their electronic properties can further enhance the efficiency of heat-to-electric energy
conversion [7].

The incorporation of rare-earth elements (REEs) into tin monoselenide induces a range of physical phenomena
governed by the formation, energetics, and interactions of intrinsic and impurity-related defects. In semiconductor
matrices, REE impurities exhibit distinctive behavior, notably their limited solid solubility and their pronounced
gettering capability, whereby they effectively reduce the concentrations of residual impurities and defect states, leading
to a significant purification of the host material [8, 9].

Materials derived from rare earth elements (REEs) are extensively employed in the fabrication of advanced energy
conversion systems, a wide range of thermistor devices, and functional materials exhibiting enhanced resistance to
radiation, mechanical pressure, and environmental humidity. Doping SnSe with rare earth metals is an effective method
for controlling its electrophysical properties. It enables optimization of thermoelectric characteristics, reduction of
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thermal conductivity, increase in electrical conductivity, and improved material stability, making SnSe even more
promising for use in thermoelectrics and electronics [10, 11].

The thermoelectric performance of SnSe — based semiconductors is highly sensitive to compositional
modifications and external perturbations that govern charge-carrier transport and phonon scattering [12]. In particular,
substitutional incorporation of rare-earth elements such as Th introduces localized electronic states, alters carrier
concentration, and may induce a p—n conductivity transition, leading to substantial changes in transport properties.

Gamma irradiation provides an additional degree of control via defect engineering, generating point defects and
defect complexes that modify carrier scattering, relaxation processes, and energy-filtering effects [13]. As thermoelectric
coefficients are strongly dependent on the energy-dependent relaxation of charge carriers, their temperature behavior
provides a sensitive probe of the underlying scattering mechanisms and the evolution of the electronic structure [14].

In this context, Sn;_4ThySe solid solutions represent a promising system for investigating the combined effects of
substitutional doping and radiation-induced defects. Such interplay is critical for understanding transport phenomena
and optimizing thermoelectric performance in multicomponent chalcogenides.

In this work, Sn;_4TbySe compounds were synthesized, and their thermoelectric properties were systematically
studied as functions of composition, temperature, and gamma irradiation dose. The results provide insight into charge-
transport mechanisms and demonstrate viable pathways for tailoring thermoelectric materials through rare-earth doping
and irradiation-induced defect engineering.

2. EXPERIMENTAL PART

For the synthesis of SnSe-TbSe alloys, high-purity (4N-5N grade) tin, selenium, and gadolinium were used
(tin > 99.99%, selenium > 99.999%, terbium 99.98%). The synthesis was carried out in evacuated quartz ampoules at a
pressure of 0.1333 Pausing a two-step direct fusion method. In the first stage, the ampoule with the material was
heated at a rate of 4 — 5 degrees per minute to the melting point of selenium and held at this temperature for 3 —
4 hours. Then, the temperature was gradually increased to 950 — 1000°C (depending on the composition) and
maintained for 8 — 9 hours.

To perform comprehensive physicochemical analysis and electrophysical studies, the obtained samples were
annealed for 140 — 210 hours (depending on the composition). The duration of the annealing increased with the
gadolinium content. The homogenizing annealing of the obtained single-phase samples was carried out in a spectrally
pure argon atmosphere.

The interaction in the SnSe — ThSe system was studied using differential thermal analysis (DTA), X-ray phase
analysis (XRD), microstructural analysis (MSA), as well as by measuring microhardness and determining density. To
determine the thermal effects of the obtained samples and phase transitions, DTA was performed using a PerkinElmer
Simultaneous Thermal Analyzer STA 6000 (USA). Nitrogen was used as the working gas with a flow rate of 20 ml/sec;
the sample was heated to the melting temperature at a rate of5 °C/min.

X-ray structural analysis was performed using a Rigaku Corporation Miniflex X — ray diffractometer at a voltage
of 30 kV, current of 10 mA, and CuKa radiation (1 = 1.5406 A). Diffraction peaks were recorded at a 20deviation
angle in the range from 0 to 80°. To study the morphology and microcomposition of the sample surfaces, a Japanese
JEOL JSM6610-LV scanning electron microscope was used.

The samples were irradiated using an RHUND-20000 continuous-wave radiation chemical unit with a photon energy
of 1.25 MeV and doses in the range D, = 0 — 6.5 Mrad. The radiation flux density was 1.4 - 10'* photons/c - cm?.
One day after irradiation, the thermoelectric power was measured using the steady-state compensation method in the
temperature range of 80-900 K [15]. While a constant electric current was applied along [100], the measurement error
for the thermo-EMF was approximately ~4.6%.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Analysis

Figure 1 presents the differential thermal analysis (DTA) curves of Tb,Sn,_,Se solid solutions in the
composition range x = 0 — 0.04. For all samples, a pronounced endothermic peak is observed in the high-temperature
region, corresponding to the solid—liquid phase transition (melting).

The melting temperature was determined from the peak maximum, i.e., T, (%) = Tpeqr. The main thermal
parameters, including the onset (T ypset), peak (Tpeak), and endset (T,,q) temperatures, peak height (ADTA), full
width at half maximum (FWHM), and transition enthalpy (AH), were extracted from the DTA curves and are
summarized in Table 1. As seen, both T 4., and T, systematically shift toward lower temperatures with increasing Tb
content. Specifically, the melting temperature decreases from approximately 1117 K for pristine SnSe to about 1076 K
for x = 0.04.

This reduction in melting temperature can be attributed to the incorporation of Th ions into the SnSe lattice,
leading to local lattice distortions, reduced average bond strength, and decreased thermal stability. These results indicate
the formation of a substitutional solid solution over the composition range studied.
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Figure 1. DTA curves of system alloys Tb,Sn;_,Se

A concurrent decrease in peak height (ADTA) and increase in FWHM with increasing Th concentration suggest
that the phase transition becomes more diffuse and occurs over a broader temperature interval. This behavior reflects
increasing structural disorder and compositional inhomogeneity induced by Th doping. The monotonic decrease in the
transition enthalpy AH with increasing Tb content indicates that the energy required for the phase transition decreases
with doping. This behavior suggests a weakening of long-range structural order and a decrease in lattice cohesion.

Table 1. Thermal parameters of Th,Sn;_,Se solid solutions derived from DTA curves

o T T T Peak height, Transition
Composition |~ (gy" (K) &) ADTAGY/mg) | FVIM®) | hatpy, aH (/)
SnSe ~1108 ~1117 ~1135 ~0.09 ~18 ~10.2
Thoo1SnoeeSe | ~1092 ~1103 ~1126 ~0.075 ~22 ~9.0
Tho oy SngesSe | ~1078 ~1091 ~1116 ~0.065 ~26 ~7.38
ThgoaSnge,5e | ~1069 ~1082 ~1107 ~0.055 ~30 ~623
ThoouSNgesSe | ~1062 ~1076 ~1102 ~0.050 ~34 ~52

Furthermore, the absence of additional peaks in the DTA curves indicates that no secondary Th —based phases are
formed, confirming that Tb is incorporated homogeneously into the SnSe matrix and that the system remains phase-
stable within the investigated composition range. In summary, DTA analysis demonstrates that Th doping significantly
reduces both the melting temperature and transition enthalpy SnSe —based solid solutions [16].

These trends are consistent with our previous studies on SnSe doped with other rare-earth elements (RE), where a
similar reduction in melting temperature and transition enthalpy was observed with increasing dopant concentration. In
all cases, the incorporation of RE ions into the SnSe lattice leads to lattice distortions and weakening of interatomic
bonding, resulting in reduced thermal stability. However, while the qualitative behavior remains the same, quantitative
differences in the magnitudes of these effects vary with the specific rare-earth element. This can be attributed to
differences in ionic radii associated with the lanthanide contraction and the degree of 4f —electron shell filling.
Therefore, Th doping follows the general trend characteristic of RE-doped SnSe systems, while exhibiting element-
specific variations in thermal parameters.

X-ray diffraction patterns for all compositions exhibit reflections consistent with orthorhombic SnSe (Pnma),
with no detectable impurity phases. The principal diffraction peaks display slight but systematic 26 shifts with
increasing Th concentration, consistent with lattice distortion induced by partial substitution of Sn** by Th3* ions. No
reflections attributable to oxide or secondary chalcogenide phases are observed within the detection limit, confirming
phase purity and controlled synthesis conditions [17].

Similar behavior has been reported in our previous studies on SnSe doped with other rare-earth elements, where
systematic peak shifts and lattice parameter changes were also observed. This confirms that the substitutional
incorporation mechanism is common for RE dopants in SnSe. Nevertheless, slight differences in the extent of lattice
expansion can be attributed to variations in ionic radii and electronic structure among different lanthanides.

Analysis of X —ray diffraction data indicates that the introduction of Terbium selenides leads to an increase in the
lattice parameters of SnSe as the Tbh concentration increases. Furthermore, intense charge carrier scattering is observed
due to lattice "distortions,” which aligns with the thermal conductivity data of these alloys [18]. The slight shift of
diffraction lines in the X-ray diffraction patterns in the 0 — 5 mol% range, the observed increase in elementary lattice
parameters, good agreement with the partial replacement of Sn atoms by Th atoms with larger radii, and compliance
with Vegard's law suggest the formation of substitutional solid solutions based on SnSe [19].

The surface morphology of Thy,SnyegSe crystals was systematically investigated using scanning electron
microscopy (SEM) combined with quantitative surface topography analysis. The results are summarized in Fig. 2.
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The two-dimensional surface map (Fig. 2a) reveals a high degree of spatial uniformity, with no visible
macroscopic defects such as cracks, voids, or inclusions. The corresponding three-dimensional reconstruction (Fig. 2b)
shows that the surface is composed of uniformly distributed nanoscale protrusions and depressions, forming a
homogeneous microrelief.
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Figure 2. Surface morphology and statistical analysis of Tbg g,Sng 9gSe crystals: @) 2D topographic image of the surface; 5) 3D
surface reconstruction showing height variations; ¢) SEM image illustrating the microstructure and grain distribution; d) Fourier
spectrum of the surface, indicating spatial frequency distribution; e) line profile of surface roughness along a selected scan;

f) height distribution histogram of the surface

Quantitative roughness analysis was carried out using the height profile (Fig. 2e) and statistical distribution
(Fig. 2f). The extracted roughness parameters are: average roughness R, = 5 — 15 nm, root-mean-square roughness
R, = 7-20nm, and maximum peak-to-valley height R; ~ 30 — 60 nm. These relatively low roughness values
indicate a smooth surface at the nanometer scale, which is typically associated with high crystalline quality and
controlled growth conditions.
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AFM and SEM analyses demonstrate that the Th dopant is highly homogeneously distributed along the surface,
with no signs of phase separation or clustering observed. The diffuse nature of the Fourier spectrum and the Gaussian-
type statistics of the surface height distribution are in good agreement with the substitution of Tb atoms mainly for
Sn positions in the crystal lattice.

Overall, the combined morphological and statistical analyses demonstrate that Th,Sn,_,Se crystals possess a
nanostructured yet highly homogeneous surface. This structural quality is expected to play a crucial role in determining
charge carrier transport and phonon scattering mechanisms, making these materials promising candidates for
thermoelectric applications.

The energy-dispersive X-ray (EDX/EDR) spectrum of the ThySn;_ySe sample (x = 0.01) shows distinct
characteristic peaks of Sn, Se, and Tb, confirming the successful incorporation of terbium into the crystal lattice (Fig.
3). Under high-energy electron irradiation, inner-shell ionization (K, L, M) leads to electronic transitions accompanied
by the emission of characteristic X-rays. For Sn, the dominant L-series lines (SnLy~3.44 keV and Lg ~3.67 keV) are
observed, while Se exhibits L,(~1.38 keV), Lz(~1.43 keV), and K, (~11.22 keV) lines, confirming the preservation
of the SnSe matrix phase. The presence of Tb is verified by both M —series (M,~1.24 keV, Mg ~1.30 keV') and
L —series (L,~6.27 keV, Lg ~6.68 keV') emission lines. The multiplicity of Th peaks reflect its complex electronic
structure and support its partial substitution at Sn lattice sites [20]. Overall, the EDX results confirm Thincorporation
into the primary phase without evidence of secondary phase formation.

e [otal spektrum
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Sn L 49.72 59.69
Sel | 5003 | 3990
Tb L 0.25 0.41
Total 100 100
o 1P % ie
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Fuul scale 386808 imp. Cursor: 0.000

Figure 3.X-ray microanalysis of the crystal surfaceTby,Sn,_,Se:2- x=0,005

Collectively, thermal, structural, compositional, and morphological analyses consistently demonstrate that low-
level Tb incorporation in SnSeleads to substitutional solid-solution formation, slight lattice distortion, reduced thermal
stability, and preserved phase purity without secondary-phase formation

3.2. Composition-Driven p—n Transition and y-Irradiation Effects on the Seebeck Coefficient of
Th,Sn,_,Se Solid Solutions

In the study reported in [21], the kinetic and transport parameters of Th,Sn;_,Se solid solutions (0 < x <
0.05), grown by the Bridgman technique, were systematically investigated at T = 300 K. It was established that
terbium doping exerts a pronounced influence on the electrical conductivity, Hall coefficient, thermoelectric power,
thermal conductivity, as well as on the charge carrier concentration and mobility. With increasing Tb content in the
SnSe —based solid solutions, the Seebeck coefficient S initially decreases sharply within the composition range 0 <
x < 0.002 mol. % (from +420to +128 uV /K). This behavior is attributed to the donor effect associated with the
substitution of Sn** ions by Th3* ions, which leads to electron generation and enhanced carrier scattering due to lattice
distortion and local symmetry breaking. Within the narrow concentration interval 0.002 < x < 0.0025 mol. %, a sign
inversion of the Seebeck coefficient occurs (down to —325 uV /K), indicating a transition from p —type to n —type
conductivity. This inversion reflects a shift of the Fermi level toward the conduction band and the formation of
localized donor states introduced by Th impurities. For 0.0025 < x < 0.015 mol. %, negative values of S become
stabilized, confirming the establishment of electron-dominated (n-type) transport and partial saturation of donor states.
At higher Tb concentrations (0.02 < x < 0.05mol. %), a gradual reduction in the absolute value of the Seebeck
coefficient is observed. This tendency is associated with an increase in free electron concentration, a corresponding
decrease in the chemical potential gradient, and possible carrier localization effects arising from Th — Tb interactions
and partial ordering within the defect sublattice of the crystal structure.

The effect of y-irradiation on the thermoelectric properties of Th,Sn,_,Se solid solutions was investigated at room
temperature within an absorbed dose range of 0-6.5 Mrad (Fig. 4. a)). The Seebeck coefficient evolution strongly
depends on the conductivity type. For p —type compositions (x < 0.001), a non-monotonic S(D) dependence is
observed: the Seebeck coefficient initially increases with dose, reaches a maximum, and then decreases. Forx = 0,S
rises from =~ +420 uV /K to = +442 uV/Kat D =~ 5 Mrad, followed by a slight reduction. A similar trend is found
for x = 0.001 (from = +275to = +285 uV/K). This behavior is attributed to radiation-induced donor-type point
defects, which enhance compensation of hole carriers. At higher doses, defect saturation and enhanced carrier scattering
lead to a decrease in S. Such behavior is characteristic of radiation-modified p —type SnSe.
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Figure 4. Dependence of the Seebeck coefficient a) and its relative change b) on the absorbed dose

For n —type samples (x = 0.01), the magnitude of the Seebeck coefficient decreases monotonically with
increasing dose. Specifically, S changes from = —297 to =272 uV /K (x = 0.01), from =~ —258to —237 ulV/
K (x = 0.025), and from = —210to — 196 uV /K (x = 0.05). The reduction of |S| is associated with increased
electron concentration and enhanced scattering due to radiation-induced defects. The conductivity type remains
unchanged throughout the entire dose range, and no p — n conversion is observed [22].

The analysis of the relative change, AS/So = (S(D) — So)/So, shows that for p —type samples it is positive and
reaches ~4 — 5% with a subsequent tendency toward saturation (Fig. 4.5)), whereas for n-type samples it takes
negative values (down to —7 — 8%). The 4S/So(D) dependence is nonlinear and can be satisfactorily approximated by
a quadratic function of the form AS/So(D) ~ aD? + bD + c. This approach accounts for both the initial defect-
induced compensation contribution and the saturation and enhanced scattering effects at higher doses, thereby providing
an analytical framework for describing and predicting the radiation-induced thermoelectric behavior of ThySn;_xSe
solid solutions.

3.3. Diffusion, phonon-drag, and bipolar contributions to the Seebeck coefficient in Th,.Sn,_,Se solid
solutions
The temperature dependence of the Seebeck coefficient for Th,Sn,_,Se solid solutions with different terbium
concentrations is presented in Fig. 5. The obtained results demonstrate that both compositional variation and
temperature exert a pronounced influence on the charge transport mechanisms and electronic structure of the system.
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Figure 5. Temperature dependence of the Seebeck coefficient in Th,Sn;_,Sesystem alloys

In general, the total Seebeck coefficient can be expressed as the superposition of diffusion and phonon-drag
contributions [24]:
S = Sdi ff + Sph

where Sg;¢ — denotes the carrier diffusion component and S, — corresponds to the phonon-drag contribution.

In the intermediate temperature range, the phonon-drag term typically attains a maximum due to efficient
momentum transfer from nonequilibrium phonons to charge carriers [25]. However, at elevated temperatures,
intensified phonon—phonon scattering significantly suppresses this effect, resulting in a gradual decrease of the total
Seebeck coefficient. The systematic decrease in S observed above 400 K across all p-type samples (Fig. 5) is fully
consistent with this mechanism.

For the undoped sample (x = 0), the Seebeck coefficient reaches a maximum of approximately 540 pV/K over the
temperature range 350400 K. The initial increase in S with temperature is primarily attributed to the enhancement of
the phonon-drag mechanism, which dominates the diffusion contribution in this range.

As shown in Fig. 5, compositions with x = 0,0.001, and 0.002 exhibit positive Seebeck coefficients over the
entire investigated temperature interval, indicating hole-dominated transport (p —type conductivity). In contrast, for
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x = 0.005, the Seebeck coefficient becomes negative (S<0), evidencing a transition to electron-dominated (n —type)
conductivity. This behavior indicates that beyond a critical Tb concentration, a compensation mechanism is activated,
leading to a shift of the Fermi level toward the conduction band and ultimately altering the dominant carrier type.

For semiconductors, the diffusion component of the Seebeck coefficient can be described by [12]:

g _kB(r+2 EF—EC)
AT e \r+1 kgT

where kg — is the Boltzmann constant, e —is the elementary charge, Er — is the Fermi level, E; — is the conduction
band minimum, and r — is the scattering parameter that characterizes the dominant carrier-scattering mechanism.

According to this relation, variations in the Fermi level position directly affect both the magnitude and the sign of
the Seebeck coefficient. Therefore, the experimentally observed sign inversion is in good agreement with theoretical
predictions.

With increasing Th content, a systematic decrease in the absolute value of the Seebeck coefficient is observed.
This trend is directly associated with the increase in charge carrier concentration induced by doping. For non-degenerate
semiconductors, the Seebeck coefficient approximately follows:

S~ k—B In (&>
e n
wheren is the carrier concentration and N,, — is the effective density of states in the valence band.

As the Th concentration increases, the carrier concentration rises, leading to a reduction in S. The experimentally
observed decrease in the maximum Seebeck values for x = 0.001 and 0.002 quantitatively supports this theoretical
dependence.

For samples with x > 0.005, the Seebeck coefficient becomes negative and exhibits a pronounced extremum
within the 250 — 350 K temperature interval. The subsequent reduction of | S | at higher temperatures can be attributed
to the onset of bipolar conduction. As temperature increases, intrinsic carrier excitation generates electron—hole pairs,
thereby reducing the net thermoelectric response. In the bipolar regime, the effective Seebeck coefficient can be
expressed as [26]:

onSy + ap5p>

Spi e
bipolar On +O'p

where g, — and 0, — represent the electrical conductivities of electrons and holes, respectively, while S,, — and S, —
denote their partial Seebeck coefficients.
The simultaneous contribution of both carrier types leads to partial compensation, which decreases the overall
Seebeck coefficient at elevated temperatures.
In summary, the analysis of Fig. 5 reveals that:
— Th doping induces a conductivity-type transition from p —type to n —type behavior.
— The maximum of the Seebeck coefficient is located within the 300 — 400 K temperature range.
— Increasing Th concentration reduces the magnitude of S due to enhanced carrier concentration and the
corresponding Fermi level shift.
— The high-temperature decrease in S is primarily governed by bipolar diffusion effects.
These findings demonstrate that Th incorporation effectively tunes the electronic structure and carrier transport
parameters of the ThySn;_xSe system, highlighting its potential for thermoelectric applications in the intermediate
temperature range [27].

3.4. Effect of Gamma Irradiation on the Seebeck Coefficient of Th,Sn,_,Se Alloys

The Seebeck coefficient (S) of Th,Sn;_,Se alloys (x = 0,0.001,0.005,0.01,0.05) was measured in the
temperature range 80 — 900 K before and after y —irradiation with an absorbed dose of 4 Mrad. The obtained results
reveal a pronounced temperature- and composition-dependent radiation effect (Fig. 6).

In the low-temperature region(80 — 300 K), y —irradiation significantly modifies the Seebeck coefficient for all
investigated compositions. For the undoped sample (x = 0), S increases over the entire range. For example, at 80 K, S
rises from 390 to 475 uV /K (AS = +85 uV /K), corresponding to a relative increase of about 22%. A similar trend is
observed at 100 K (393 — 471 uV/K). Such behavior indicates a substantial modification of charge carrier
parameters due to radiation-induced defect formation [28].

For weakly doped samples (x = 0.001), the Seebeck coefficient also increases after irradiation, particularly
below 200 K, where the relative change reaches 10 — 15%. This behavior can be attributed to radiation-induced
trapping centers that reduce the effective carrier concentration and modify the energy dependence of electrical
conductivity.

For compositions with x = 0.005 and characterized by negative Seebeck coefficients (n —type conductivity),
irradiation leads to an increase in the absolute value |S| in the low-temperature region. For instance, for x = 0.005 at
80 K, S changes from —280 to —316 uV /K. This enhancement in |S| suggests a decrease in electron concentration
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and/or increased carrier scattering caused by radiation-induced structural disorder. Although a sign anomaly is observed
at 100 K for x = 0.05, the overall temperature dependence preserves the n —type character [29].
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Figure 6. Temperature dependence of the Seebeck coefficient before and after irradiation in Th,Sn,_,Se system alloys

In the intermediate temperature range (300 — 500 K), the radiation effect gradually weakens. For x = 0, the
maximum difference is observed near 350 K (515 — 540 uV /K), but the relative variation decreases with increasing
temperature. A similar tendency is found for other compositions. This behavior indicates that at elevated temperatures
phonon scattering becomes dominant over defect scattering, partially compensating the radiation-induced modifications.

At high temperatures(T = 500 K), the Seebeck coefficients of irradiated and non-irradiated samples practically
coincide for all investigated compositions:

Sveror(T) = Sapier(T), T > 500K

This result demonstrates that thermally activated carriers and intrinsic conduction mechanisms dominate transport
properties in this temperature range, while the contribution of radiation-induced defects becomes negligible. Therefore,
the ThySn,_xSe system exhibits considerable radiation stability of thermoelectric properties at high temperatures.

In addition, the convergence of the Seebeck coefficients at high temperatures may also indicate the partial thermal
annealing or reconfiguration of radiation-induced defects during the measurement process. At elevated temperatures,
increased atomic mobility can lead to a reduction in the concentration or activity of defect centers responsible for carrier
scattering and trapping. As a result, the influence of y-induced defects becomes progressively weaker, and the transport
properties are governed predominantly by intrinsic mechanisms. Although repeated measurements after high-
temperature cycling were not performed in the present study, the observed behavior is consistent with the expected
thermal stability and defect dynamics in narrow-gap thermoelectric semiconductors.

The observed changes in S can be interpreted within the framework of the Mott relation [30]:

6 m2kiT dino (E)
- 3e dE | E=Ep

which shows that the Seebeck coefficient depends on the energy derivative of electrical conductivity near the Fermi
level. Gamma irradiation modifies the density of states and scattering mechanisms through defect formation, thereby
altering the energy dependence of o (E). The most pronounced effects occur at low temperatures, where transport is
highly sensitive to impurity and defect scattering. With increasing temperature, intrinsic carrier excitation reduces the
relative impact of radiation-induced defects.

Overall, y —irradiation with a dose of 4 Mrad significantly affects the Seebeck coefficient ofTb,Sn,_,Se alloys
in the low-temperature region (80 — 300 K), while the effect becomes negligible above 600 K. The magnitude of the
radiation response depends on terbium concentration and conduction type, being more pronounced for low Th content
and in samples near the compensation regime.

4. CONCLUSIONS

A comprehensive investigation of the physicochemical, structural, compositional, and thermoelectric properties of
Tb,Sn,_,Se (0 < x < 0.05) solid solutions has been performed, including the influence of y —irradiation on the
Seebeck coefficient over a wide temperature range.

Thermal analysis demonstrates that terbium incorporation leads to a monotonic decrease in melting temperature,
reduced relative melting enthalpy, and peak broadening, indicating lattice softening and increased structural disorder.
X-ray diffraction confirms the preservation of the orthorhombic SnSe (Pnma) structure without detectable secondary
phases, while systematic peak shifts evidence substitutional incorporation of Th3* at Sn** lattice sites. Surface
morphology analysis reveals a homogeneous nanostructured relief that may enhance phonon and carrier scattering.
EDX spectroscopy further verifies the successful Th incorporation into the primary phase, confirming the formation of
a substitutional solid solution with preserved phase purity.
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Compositionally driven transport measurements reveal a Th —induced p — n conductivity transition. At low Th
concentrations, donor states introduced by Th®* ions compensate holes and shift the Fermi level toward the conduction
band. A sign inversion of the Seebeck coefficient occurs within a narrow composition interval, confirming the transition
from p —type to n —type conduction. Increasing Th content systematically reduces the magnitude of the Seebeck
coefficient due to enhanced carrier concentration and Fermi level shift, consistent with diffusion thermo power models.
Temperature-dependent measurements indicate that the total Seebeck coefficient arises from diffusion and phonon-drag
contributions at intermediate temperatures (300 — 400 K), while bipolar conduction effects dominate at elevated
temperatures.

The effect of y-irradiation (up to 4 — 6.5 Mrad) strongly depends on conductivity type and temperature. In the
low-temperature region (80 — 300 K), irradiation significantly modifies the Seebeck coefficient: p —type samples
exhibit a non-monotonic increase associated with radiation-induced donor-like defects and carrier compensation,
whereas n-type samples show a monotonic reduction in |S| due to enhanced scattering and carrier concentration
changes. The relative variation AS/S, follows a nonlinear dependence that can be satisfactorily approximated by a
quadratic function of absorbed dose. However, at high temperatures (T = 500 — 600 K), the Seebeck coefficients of
irradiated and non-irradiated samples converge, demonstrating strong radiation stability of thermoelectric properties in
the intrinsic conduction regime.

Overall, Th doping effectively tunes the electronic structure, carrier type, and thermoelectric response of
SnSe —based solid solutions, enabling controlled p — n conversion and optimization of transport parameters in the
intermediate temperature range. The demonstrated radiation stability at elevated temperatures further highlights the
potential of Th,Sn;_,Se materials for thermoelectric applications under irradiation environments.
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3AMIIIYBAJIBHA BEYJOBA Tb, p-n IIEPEXIJ]I TIPOBIAHOCTI, TA BIIVINB TAMMA-OITPOMIHEHHS HA
TEPMOEJIEKTPUYHI BJJACTUBOCTI TBEPIUX PO3YHUHIB Th,Sn:-Se
T.A. [l:kagapor!, A.M. Asnaxsepaies!, I'.A. Tapamosa', X.A. Aaresanosa', O.M. I'acanor!, .M. Mamenos/,
Ix.I. Tyceiinos!, LI. A66acos?, B.I. I'axxuepa’

! Azepbaiiocancoruii Oepacasnuii nedazoiunuii ynieepcumem, AZ-1000, baxy, eya. V3. Fadocubeiini, 68, Azepbatiodcan
2Asepbatioscancokuii depacasnuti ynieepcumem nagmu ma npomuciosocmi, Az-1010, baxy, npocnexm Azaonux, 20, Azepbaiidsncan
3Haxuusarncokuii depocasnuii ynisepcumem, AZ7000, micmo Haxuusanw, eynuys Iemiznan, 85, Azepbaiiocan
®i3nKo-XiMiYHI Ta TEPMOENEKTPUYHI BIACTHBOCTI TBepAMX po3umHiB TbySni~Se (0 < x < 0,05) Oyyiu cucTeMaTHYHO TOCIIKEH] 3
AKIIEHTOM Ha IIepeXill THITy HOCIiB, 3yMOBJICHUH CKJIQJIOM, a TaKOXK Ha e(eKTH y-onpoMiHeHHs. JudepeHuiaibHuil TepMidYHIH aHaTi3
BUSIBJISIE MOHOTOHHE 3HM)KCHHSI TEMIIepaTypy IUIaBICHHS Ta CHTanbIii 3i 30UIbIueHHsIM BMicTy Tb, 110 BKa3dye Ha CHOTBOPCHHS
KPHUCTATIYHOI PEIIITKH Ta 3HIKCHHS TePMIi4HOI cTabinbHOCTI depe3 3amimenHs Tb*" Ha mo3uuisx Sn?*. PeHTreHiBcbka audpakiis
MATBEpIDKYE ogHOda3Hy opropombiuny (Pnma) ctpykrypy Oe3 BTOpuHHHX (a3, Toxmi sk EDX-aHami3 miaTBepmkye ycminrHe
BkmoueHHs Tb. [HIykoBaHMi CKiazoM p-n mepexia BinOyBaeThcs y BY3bKOMY Jiana3oHi KOHLEHTpALiil, IO CYMpPOBOMIKYETHCS
3HAYHOIO 3MiHOIO KoedimieHTa 3eebeka. y-ompomineHHs (1o 4-6,5 Mpan) cyrreBo BiumBae Ha koedimieHT 3eebexa B oOmacti
Hm3bkKX Temneparyp (80-300 K) 3 HemiHIIHOIO 3aJIeXHICTIO BiJ JO3H, Ky MOXKHA alpOKCHMYBAaTH KBaJIpaTHYHOIO (QyHKIi€o. 3a
nigsumenux temnepatyp (T > 500 K) TepmoenexTpuyHa peaxiis IEMOHCTpY€e 3HAa4yHy pajialiiiHy crabinbHicT. OTpumani
pe3yJIbTaTH YiTKO BKa3ylOTh Ha Te, IIO JieryBaHHS Tb crpusie KepoBaHii MOmyJsILii BIACTUBOCTEH TPAHCIIOPTY HOCIIB 3apsy,
30epirarouM Mpu IbOMY CTPYKTYpHY LIJTICHICTH 1 TepMiuHYy CTaOlIBHICTH Marepiany 3a miABUIIEHUX Temmepartyp. L{i pesynbratn
IIKPECITIOI0Th BEIMKUH MOTEHLIal CUCTEM, JIeroBaHux Tb, s nepenoBux TEPMOECNEKTPUYHUX 3aCTOCYBaHb, OCOOIMBO B YMOBaX

eKCIUTyaTalil, 10 MiaI0ThCs pajialiiHOMy BIUIUBY.
KuouoBi cinoBa: meepoi posuunu, 3amicHe ne2y8anus, p-n nepexio nposionocmi; xoeghiyienm 3ecOexa; eamma-onpomiHeHHs,
padiayitiHo-moOuiKosaruii mepmoereKmpuyHuLl mpaHcnopm
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Magnesium-doped tin oxide (SnO2:Mg) thin films have attracted considerable attention as promising materials for next-generation non-
volatile memory devices due to their stable resistive switching behavior and simple fabrication processes. In this work, SnO: thin films
were fabricated by ultrasonic spray pyrolysis using a precursor solution containing 20 mol.% Mg and systematically investigated to
evaluate their memristive switching characteristics, electrical performance, and conduction behavior. Structural analysis confirmed the
formation of uniform polycrystalline thin films with a crystallite size of approximately 30 nm, while energy-dispersive X-ray
spectroscopy (EDS) revealed an actual Mg content of approximately 5 at.%, indicating partial incorporation of Mg into the SnO: lattice.
Electrical measurements demonstrated reproducible bipolar resistive switching with an ON/OFF resistance ratio of approximately 103
and stable switching behavior over multiple cycles with low voltage variation (+5%) compared to previously reported undoped SnO:
films. The observed improvement in memristive performance is attributed to Mg-induced modifications of defect states and charge-
transport pathways within the oxide matrix. Conduction analysis indicates a transition from ohmic behavior at low bias to space-charge-
limited conduction (SCLC) at higher voltages, consistent with a quadratic current—voltage relationship (I o< V?). These results
demonstrate that Mg incorporation is an effective defect-engineering strategy for tuning the electrical properties of SnO: thin films and
improving their suitability for reliable memristor and non-volatile memory applications. This approach provides a simple and scalable
route for engineering oxide-based memristive devices.

Keywords: SnO:; Mg doping, Memristor; Resistive switching; Non-volatile memory

PACS: 73.40.Rw; 73.50.Gr; 77.55.Px; 85.30.Tv

INTRODUCTION

Resistive switching phenomena in metal-oxide thin films have attracted significant attention due to their strong
potential for application in next-generation non-volatile memory and neuromorphic computing systems [1-3]. Among
oxide materials, tin oxide (SnO:) is a promising candidate due to its wide band gap, good chemical stability, low
fabrication cost, and compatibility with conventional semiconductor technologies [4-6]. However, the practical
implementation of SnO:-based memristive devices is still limited by issues related to switching stability, ON/OFF
resistance ratio, and variability of electrical characteristics. Therefore, modifying the electrical and structural properties
of SnO: through controlled doping has become an important research direction [7—12].

Magnesium (Mg) incorporation into SnO: is expected to influence charge-transport behavior, defect distribution,
and carrier concentration within the oxide matrix, thereby directly affecting resistive-switching performance. Previous
studies on doped metal-oxide memristors have demonstrated that appropriate dopant selection can enhance switching
uniformity, reduce operating voltage, and improve endurance characteristics. However, most reported studies have
focused on undoped or transition-metal-doped SnO- systems, while systematic investigations of Mg-doped SnO: thin
films, particularly regarding memristive switching mechanisms and conduction behavior, remain limited [13—14].

In this work, we demonstrate that Mg doping acts as an effective defect-engineering approach in SnO: thin films,
enabling modulation of oxygen vacancy distribution and stabilization of conductive filament formation. As a result, the
fabricated devices exhibit improved switching reproducibility and an enhanced ON/OFF resistance ratio compared to
previously reported undoped SnO: systems. The films were prepared using the ultrasonic spray pyrolysis technique and
systematically investigated in terms of their structural, morphological, and electrical properties. Special attention was
given to switching reproducibility, the resistance ratio, and the dominant charge transport mechanisms. The results
provide new insight into Mg-induced defect states and their role in controlling charge transport and filament dynamics,
highlighting a promising pathway to improve the performance and reliability of SnO.-based memristive devices for non-
volatile memory applications.

METHODS
Mg-doped SnO: (SnO2:Mg) thin films were fabricated using the ultrasonic spray pyrolysis (USP) technique due to
its cost-effectiveness, simplicity, and suitability for large-area oxide thin-film deposition. The Mg concentration in the
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precursor solution was fixed at 20 mol.% relative to the Sn precursor. The schematic configuration of the USP deposition
system is shown in Figure 1, in which the precursor acrosol generated by an ultrasonic nebulizer is transported by a carrier
gas into a heated quartz reaction chamber to form a thin film on the substrate.

In this study, p-type silicon (p-Si) substrates were employed as the bottom electrode and supporting platform. Prior to
deposition, the substrates were sequentially cleaned in deionized water, ethanol, and acetone, followed by a final rinse in
deionized water to remove organic and inorganic contaminants and ensure uniform film adhesion. The cleaned substrates
were dried under ambient conditions and subsequently dried using nitrogen gas to eliminate residual moisture.

The fabricated memristor device consists of a single-layer SnO: thin film prepared using a precursor solution
containing 20 mol.% Mg, deposited on a p-Si substrate in a vertical metal-insulator—semiconductor configuration.
Circular silver (Ag) top electrodes were formed using conductive silver paste, while the p-Si substrate served as the
bottom electrode. This sandwich-type geometry enables electric-field-driven charge transport through the SnO.:Mg layer,
which is essential for investigating memristive resistive switching behavior.

Gas-liquid separation tube

Glass chamber Precursor
solution
Quartz tube Carrier gas
+——

Quartz tube
Substrate

i el

Heater

+ Ultrasonic
nebulizer
J

o Ultrasonic _
generator

Gas outlet

Figure 1. Schematic diagram of the ultrasonic spray pyrolysis system used for the deposition of SnO- thin films prepared from
a precursor solution containing 20 mol.% Mg

The precursor solution was prepared by dissolving stannous chloride dihydrate (SnClz2-2H-0) in double-distilled
water, followed by the addition of a magnesium salt corresponding to 20 mol.% Mg doping. The solution was
magnetically stirred at room temperature until complete homogenization was achieved. As illustrated in Figure 1, the
precursor solution was atomized using a 2.5 MHz ultrasonic transducer and transported toward the heated substrate by an
oxygen carrier gas.

Film deposition was carried out at a substrate temperature of 450 °C maintained by a temperature-controlled
hotplate. After deposition, the films were annealed in ambient air at the same temperature to improve crystallinity, reduce
structural disorder, and stabilize the electrical properties of the SnO2:Mg layer. Silver top electrodes were subsequently
formed for electrical characterization.

Electrical measurements of the memristor devices were performed at room temperature using a Keithley 2460
SourceMeter. A voltage sweeps sequence of 0 —» +5V — 0 — =5V — 0 was applied to record the current—voltage (I-V)
characteristics. The pinched hysteresis loop confirmed the memristive resistive-switching behavior of the fabricated
SnO2:Mg thin-film structures.

RESULTS AND DISCUSSION
a. Optical properties

The optical properties of the Mg-doped SnOs- thin film were analyzed using the Tauc method derived from diffuse
reflectance measurements, and the corresponding Tauc plot is shown in Figure 2. The optical bandgap energy was
determined by plotting the squared Kubelka—Munk function, (F(R)hv)% as a function of photon energy (hv) and
extrapolating the linear region of the absorption edge to the energy axis.

As illustrated in Figure 2, the Tauc plot indicates a direct optical transition with an estimated bandgap value of
approximately 3.75 eV for the SnO2:Mg thin film. This value is slightly lower than that of undoped SnO., which is
typically reported in the range of 3.6—4.0 eV, suggesting that Mg incorporation introduces localized defect states and band
tailing near the conduction band. Such bandgap modification is commonly associated with oxygen-vacancy-related states
and lattice distortion induced by substitutional doping.

The presence of defect-mediated sub-bandgap states is particularly relevant to memristive behavior, as these states
can act as carrier-trapping centers and facilitate charge transport under an external electric field. Consequently, the
bandgap narrowing and defect-related optical features observed in Figure 2 support enhanced resistive-switching
performance and the formation of conductive filaments in the SnO.:Mg memristor structure.
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Figure 2. Tauc plot of the Mg-doped SnO: thin film showing a direct optical bandgap of approximately 3.75 eV

b. Structural properties from X-ray diffraction analysis

The crystal structure and phase composition of the Mg-doped SnO- thin films were analyzed by X-ray diffraction
(XRD), and the corresponding diffraction pattern is presented in Figure 3. The pattern confirms that the deposited films
retain the tetragonal rutile crystal structure characteristic of SnO2, indicating that magnesium incorporation does not alter
the fundamental crystallographic phase of the host material. The main diffraction peaks corresponding to the (110), (101),
(200), and (211) crystallographic planes observed in Figure 3 are consistent with standard reference data for crystalline
SnO-, demonstrating the successful formation of well-crystallized oxide thin films.

No additional reflections associated with MgO or

e T T T T other secondary impurity phases are detected within the

=N Mozl 211 measurement range shown in Figure 3. This absence of

secondary phases suggests that Mg ions are incorporated

substitutionally into the SnO- lattice rather than forming

200 ] segregated compounds. Such substitutional incorporation

o . is expected to induce local lattice distortion and modify
) the defect distribution within the oxide matrix.

i 110 c | In additipn, energy-dispersive X-ray spectrqscopy

101 (EDS) analysis confirmed the presence of Mg in the

A J.l t T deposited films, with an average concentration of

TR RENT | WO W L VIV N . DU L e approximately 5 at.%. This value is lower than the

nominal precursor concentration (20 mol.%), indicating

partial incorporation of Mg into the SnO: lattice during the

ultrasonic spray pyrolysis process. The discrepancy

between the precursor composition and the measured film

- - composition can be attributed to incomplete incorporation

efficiency and possible re-evaporation of Mg species

during deposition.

As also evident from the peak profiles in Figure 3, a
slight broadening of the diffraction peaks compared with
I L T A o LA undoped SnO: indicates a decrease in crystallite size
10 15 20 25 30 35 40 45 50 55 60 together with an increase in microstrain and defect

20 concentration caused by Mg incorporation. These
structural changes are particularly important for
memristive behavior, since they enhance the generation
and migration of oxygen vacancies that serve as the
dominant charge transport centers in oxide-based resistive
switching devices. The increased density and mobility of oxygen vacancies facilitate conductive filament formation under
an applied electric field, thereby improving switching stability and reproducibility in SnO.:Mg memristors.

The structural parameters extracted from the XRD data are summarized in Table 1. The average crystallite size,
calculated using the Scherrer equation, was found to be approximately 30 nm. Furthermore, the estimated microstrain
(e=1.2x1073) and dislocation density (& =~ 1.2x10' m™) confirm an increased defect density induced by Mg
incorporation. These microstructural features are directly correlated with enhanced oxygen vacancy mobility and
improved memristive switching performance.

71—

pure SnO,

Intensity (a.u)

Figure 3. XRD pattern of the Mg-doped SnO:- thin film showing
the tetragonal rutile phase with dominant (110), (101), (200), and
(211) reflections and no detectable secondary phases.
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Table 1. Structural parameters of Mg-doped SnO: thin films derived from XRD analysis

(hkl) 20 (deg) d-spacing (A) Relative Intensity FWHM (rad) Crystallite Size (nm)
(110) 26.6° 3.35 Medium 0.005 30
(101) 33.9° 2.64 Low—Medium 0.006 27
(200) 37.9° 2.37 High 0.0055 28
(211) 51.8° 1.76 Very High 0.0048 31

c. Electrical properties and memristive switching behavior

The electrical characteristics of the Mg-doped SnO: thin film device were investigated using current—voltage (I-V)
measurements in the voltage range from approximately —5 V to +5 V. As shown in Figure 4, the -V curve exhibits a
well-defined pinched hysteresis loop passing through the origin, which is a characteristic signature of memristive
behavior. The device demonstrates bipolar resistive switching between a high-resistance state (HRS) and a low-resistance
state (LRS), with an ON/OFF resistance ratio of approximately 10°, confirming the formation of a stable resistive memory
effect in the SnO.:Mg thin film.

At low applied voltages, the current varies linearly with voltage, indicating ohmic conduction dominated by
thermally generated free carriers. As the voltage increases, the current transitions to a nonlinear regime associated with
space-charge-limited conduction (SCLC), suggesting trap-controlled charge transport within the oxide layer. The SCLC
region is confirmed by the quadratic dependence of current on voltage (I « V?). This transition from ohmic to SCLC
conduction is consistent with defect-mediated transport mechanisms commonly observed in oxide-based memristive
systems.

The asymmetry observed between the positive and negative voltage sweeps in Figure 4 indicates that the resistive
switching process is governed by electric-field-driven migration of oxygen vacancies and the formation and rupture of
conductive filaments across the SnO.:Mg layer. The SET process occurs at approximately +3 V, where vacancy
accumulation leads to filament formation and transition to the LRS, while the RESET process occurs near =3 V,
corresponding to partial filament rupture and recovery of the HRS. The variation in switching voltages remains within
+8%, indicating good cycle-to-cycle uniformity and device stability.

Compared to previously reported undoped SnO: devices, the Mg-doped films exhibit improved switching
reproducibility and reduced variability, which can be attributed to the more controlled distribution of oxygen-vacancy-
related defect states induced by Mg incorporation.

The stability and reproducibility of the switching behavior were further evaluated through repeated voltage cycling,
as presented in Figure 5. The device demonstrates stable resistive switching over more than 50 consecutive cycles, with
only minor variation in the I-V characteristics while maintaining a consistent hysteresis window. The variation in SET
and RESET voltages remains within £5%, indicating good cycle-to-cycle uniformity and stable filament formation
dynamics.

T T T T T
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0.00 ] 0.00 - 4
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Figure 4. Current—voltage characteristics of the Mg-doped Figure 5. Multi-cycle I-V curves of the Mg-doped SnO-
SnO: thin film showing bipolar memristive switching behavior device demonstrating reproducible switching and stable

hysteresis

Such endurance characteristics confirm the reliability of Mg-doped SnO: thin films for non-volatile memory and
neuromorphic device applications.

Overall, the electrical analysis demonstrates that Mg incorporation enhances defect-mediated charge transport and
stabilizes filamentary switching, resulting in an ON/OFF resistance ratio of approximately 10° and improved switching
reproducibility compared to previously reported undoped SnO: thin films.
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CONCLUSIONS

In this work, magnesium-doped SnOs: thin films were prepared using a precursor solution containing 20 mol.% Mg
were successfully fabricated by the ultrasonic spray pyrolysis technique and systematically investigated in terms of their
structural and electrical properties. The results confirm that Mg incorporation preserves the tetragonal rutile crystal
structure of SnO: without the formation of secondary impurity phases, while inducing lattice distortion, reduced crystallite
size (= 30 nm), and increased defect density. These structural modifications enhance oxygen-vacancy migration and
facilitate the formation of conductive filaments within the oxide layer.

Electrical measurements reveal stable bipolar resistive switching with a pronounced pinched hysteresis loop and an
ON/OFF resistance ratio of approximately 10°. The device exhibits reproducible switching behavior over multiple voltage
cycles with low variation in switching voltages (+5%). The conduction mechanism transitions from ohmic transport at
low bias to space-charge-limited current (SCLC) at higher voltages, consistent with trap-controlled charge transport
(I < V?). The switching process is governed by an oxygen-vacancy-driven filamentary conduction mechanism, where Mg
doping plays a crucial role in stabilizing filament formation and reducing switching variability.

Compared with previously reported undoped SnO: systems, the Mg-doped films demonstrate improved switching
reproducibility and enhanced resistance ratio, highlighting the effectiveness of Mg as a defect-engineering dopant.
Overall, the results provide new insight into defect-controlled resistive switching and confirm that Mg incorporation is a
promising strategy for improving the performance and reliability of SnO.-based memristive devices.

These findings indicate that SnO2:Mg thin films fabricated by ultrasonic spray pyrolysis represent a promising
material platform for next-generation non-volatile memory and neuromorphic applications. Future work will focus on
systematically varying Mg concentration to further optimize switching characteristics and better understand the
underlying physical mechanisms.

ORCID
Jamoliddin X. Murodov, https://orcid.org/0009-0006-3088-4881; ©Shavkat U. Yuldashev, https://orcid.org/0000-0002-2187-5960
Azamat O. Arslanov, https://orcid.org/0009-0000-4817-8770

REFERENCES

[1] D. Ielmini, “Resistive switching memories based on metal oxides: Mechanisms, reliability and scaling,” Semiconductor Science
and Technology, 31(6), 063002 (2016). https://doi.org/10.1088/0268-1242/31/6/063002

[2] B.Cao, H. Liu, T. Li, J. Gong, S. Zhang, and M.T. Dove, “Synthesis of composite films for ZnO-based memristors with superior
stability,” Materials Research Express, 11, 056302 (2024). https://doi.org/10.1088/2053-1591/ad4777

[3] P.D. Walke, A.H.S. Rana, Sh.U. Yuldashev, V.K. Magotra, D.J. Lee, Sh. Abdullacv, T.W. Kang, and H.C. Jeon, “Memristive
Devices from CuO Nanoparticles,” Nanomaterials, 10(9), 1677 (2020). https://doi.org/10.3390/nano10091677

[4] P.A.Hind, P. Kumar, U.K. Goutam, and B.V. Rajendra, “Impact of deposition temperature on persistent photoconductivity of
SnO: thin films deposited using spray pyrolysis technique suitable in optoelectronic synaptic devices,” Optical Materials, 146,
115579 (2024). https://doi.org/10.1016/j.optmat.2024.115579

[5] A. Arslanov, Sh. Yuldashev, N. Botirova, R. Nusretov, J. Murodov, and J. Xudoyqulov, “Impact of precursor molar concentration
on the structural and optical properties of ZnO thin films synthesized by ultrasonic spray pyrolysis,” Physical Science
International Journal, 29(1), 29-35 (2025). https://doi.org/10.9734/psij/2025/v2911871

[6] O. Ochilov, H. Turkmenov, G. Kulmatova, K. Malikov, and O. Yuldashev, “Magneto-optics of a three-layer medium,” AIP Conf.
Proc. 3304, 020005 (2025). https://doi.org/10.1063/5.0269344

[71 N.U. Rehman, R. Khan, N. Rahman, I. Ahmad, A. Ullah, M. Sohail, S. Igbal, et al., “Dual-doped ZnO-based magnetic
semiconductor resistive switching response for memristor-based technologies,” Journal of Materials Science: Materials in
Electronics, 35, 1557 (2024). https://doi.org/10.1007/s10854-024-13318-5

[8] S. Saha, M.C.K. Reddy, T.S. Nikhil, K. Burugupally, S. DebRoy, A. Salimath, and V. Mattela, “Experimental demonstration of
SnO: nanofiber-based memristors and their data-driven modeling for nanoelectronic applications,” Chip, 2, 100075 (2023).
https://doi.org/10.1016/j.chip.2023.100075

[9] J.X. Murodov, Sh.U. Yuldashev, M.S. Mirkamilova, and U.E. Jurayev, “Tunable Negative Differential Resistance in SnO.:Co
Memristors on p-Si,” East European Journal of Physics, (2), 211-214 (2025). https://doi.org/10.26565/2312-4334-2025-2-22

[10] J.X. Murodov, Sh.U. Yuldashev, A.O. Arslanov, N.U. Botirova, J.Sh. Xudoyqulov, R.Sh. Sharipova, R.A. Nusretov, et al.,
“Resistive switching behavior of SnO2/ZnO heterojunction thin films for non-volatile memory applications,” East Eur. J. Phys.
(3), 348-352 (2025). https://doi.org/10.26565/2312-4334-2025-3-34

[11] J.X. Murodov, Sh.U. Yuldashev, A.O. Arslanov, N.U. Botirova, R.Sh. Sharipova, J.Sh. Xudoykulov, “NDR in Co:SnO:
memristors: Nanocluster control for enhanced performance,” Crystal Growth & Design, 26(1), 317-321 (2026).
https://doi.org/10.1021/acs.cgd.5c01258

[12] J.X.Murodov, Sh.U. Yuldashev, A.O. Arslanov, N.U. Botirova, J.Sh. Xudoyqulov, I.Kh. Khudaykulov, M.S. Mirkamilova, et al.,
“Memristive switching behavior of sol-gel derived Ga.Os thin films,” East Eur. J. Phys. (4), 415-419 (2025).
https://doi.org/10.26565/2312-4334-2025-4-40

[13] M.A. Dar, N.A. Mala, M.Y. Bhat, S.R. Ahamed, A.A. Rather, K.M. Batoo, G.N. Dar, “Enhanced supercapacitor performance of
Mg-doped SnO: nanorods synthesized through the solvothermal method,” Bull. Mater. Sci. 46, 69 (2023).
https://doi.org/10.1007/s12034-023-02893-8

[14] N. Mazumder, A. Bharati, S. Saha, D. Sen, and K.K. Chattopadhyay, “Effect of Mg doping on the electrical properties of SnO:
nanoparticles,” Curr. Appl. Phys. 12, 975-982 (2012). https://doi.org/10.1016/j.cap.2011.12.022

[15] G. Velmurugan, R. Ganapathi Raman, P. Sivaprakash, A. Viji, S.H. Cho, and I. Kim, “Functionalization of fluorine on the surface
of SnO,-Mg nanocomposite as an efficient photocatalyst for toxic dye degradation,” Nanomaterials 13, 2494 (2023).
https://doi.org/10.3390/nano 13172494



137
Mg-Induced Enhancement of Memristive Switching in SnO, Thin Films EEJP. 2 (2026)

Mg-IHAYKOBAHE IIOCUJIEHHS MEMPUCTUBHOT'O TIEPEMUKAHHSA B TOHKHUX IIJIIBKAX SnO:
Hoxamouipain X. Mypoxos!?, Illapkar V. IQanames?, Azamat O. Apciaanos’, Hoii6a Y. Boriposa?,
Jlxasoxip L. Xynoiikysos®, Mapry6a C. Mipkaminosal, Inooar K. Koxiposa!, Oningoii X. Ximmarky.ios!
ITawxenmevkuii Oepaicasnuti mexniunuii ynieepcumem imeni Icnama Kapimosa
’[Jenmp poseumxy nanomexnonoaii, Hayionanenuil ynisepcumem Yzbexucmary
SHayionanenuii ynieepcumem Yzbexucmany imeni Mipzo Ynye6exa, Tawkenm, Yzbexucman

Tonki mriBkn okcuny onosa (SnO2:Mg), JeroBaHOro MarieM, IPHBEPHYNIN 3HAYHYy yBary sSK IEpPCICKTUBHI Marepiaid IJIst
€HEeproHe3ale)XHUX NPUCTPOIB MaM'aTi HACTYIHOTO ITOKOJIIHHS 3aBJSIKM CBOTH CcTaOlIbHIN PE3NCTUBHIN MOBEAIHII IEPEMHUKAHHS Ta
IIPOCTHM IIpOIiecaM BUTOTOBJIEHH:. Y 1l poOoTi TOHKI IuTiBKK SnO: Oyiy BUTOTOBJICHI METOJIOM YIIBTPa3BYKOBOTO PO3ITMIIIOBAIEHOTO
ipostizy 3 BUKOPUCTAHHAM PO3YMHY-IIONEPEIHMKA, 0 MicTHTh 20 Mon.% Mg, Ta CHCTeMaTHYHO NOCIIJDKEHI JUIf OLIHKH IXHIiX
XapaKTEePUCTUK MEMPHCTUBHOTO IIEPEMHKAHHS, EJCKTPUYHMX XapaKTEPUCTUK Ta IMOBEIIHKH mpoBinHOCTi. CTPYKTypHUH aHai3
MiATBEPINB YTBOPCHHS OJHOPITHUX TIOJNIKPHCTATIYHUX TOHKHX IUTIBOK 3 PO3MIpOM KpHCTamiTiB mpubiamsHo 30 HM, Tomi SK
eHeproaucepciiHa peHTreHiBceka crekrpockomnis (EDS) BusBuna ¢axrnaanit BMictT Mg npubamsHo 5 aT.%, mo BKa3ye Ha 4aCTKOBE
BKIIOUeHHS Mg y pemitky SnO-. ExekTpidHi BUMipIOBaHHS IIPOAEMOHCTPYBAJIH BiITBOPIOBAaHE OIMOJISIPHE PE3UCTHBHE IEPEMUKaHHS
31 CIiBBIJJHOLIIEHHSIM OIIOPY BMHKAHHS/BUMHUKAaHHS MpUOIM3HO 10° Ta cTabiabHYy HOBEAIHKY MEPEMUKAHHS MIPOTATOM KUIBKOX IUKIIB
3 HU3BKUMH 3MiHAMM Hanpyru (£5%) HOpIBHSHO 3 paHille 3apeecTpOBaHMMH HejeroBaHuMu IutiBkamu SnO.. CrocrepexxyBaHe
MOKPAIIEHHS MEMPHUCTHBHOI INPOJYKTHBHOCTI HOSICHIOEThCS MoanQikamisiMu Ae(eKTHHX CTaHIB Ta LULIXIB IIEpPEeHOCYy 3apsay,
iHIyKOBaHMME Mg, B OKCHAHIH MaTpuii. AHaji3 IPOBIAHOCTI BKa3ye Ha Mepexil BiJ OMIYHOT MOBEAIHKH NPH HU3bKOMY 3MiLICHHI /10
MpoBigHOCTI, 0OMexeHoi mpoctopoBuM 3apsaaoM (SCLC), mpu BULIMX Hampyrax, UIO Y3rODKYETHCS 3 KBaJAPATHYHOIO 3aJICHKHICTIO
crpym-ammepa (I o« V?2). Ii pe3ynbTaTi JeMOHCTPYIOTb, 1110 BIPOBADKEHHS Mg € e(eKTHBHOIO cTpaTeriero qedeKTHOI iHKeHepil 1
HaJIAIITYyBaHHS EJICKTPUYHUX BIACTUBOCTEH TOHKHX IITiBOK SnO: Ta MiABHIIEHHS iXHBOI IPUIATHOCTI ISl HAAIHHNX MEMPHUCTOPIB 1
eHeproHesanexHoi mam'sti. Lei minxix 3a0e3neyye mpocTrid Ta MacITaboBaHUI IUIAX ST pO3POOKH MEMPUCTUBHUX MPUCTPOIB Ha
OCHOBI OKCHJTY.

Kurouosi cinoBa: SnO:; necysanns Mg, mempucmop, peaucmusHe nepemMuKants, eHepoHe3aIed)iCHA nam ' amo
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Nickel-iron (Ni-Fe) nanostructured alloys are attracting increasing interest due to their remarkable electrochemical, magnetic, and
mechanical properties, making them particularly attractive for applications in electrocatalysis, energy storage, sensors, and functional
coatings. This study presents a comparative analysis of the electrochemical, structural, and morphological characteristics of nickel-iron
(Ni-Fe) nanostructures synthesized in sulfate electrolytes on indium tin oxide (ITO) substrates through various electrodeposition
methods. The fabricated nanostructures were characterized using cyclic voltammetry, chronoamperometric measurements
(potentiostatic steps), atomic force microscopy (AFM), and X-ray diffraction (XRD). The electro-crystallization process was evaluated
using the Scharifker-Hills model, revealing that nucleation mechanisms differed based on applied potentials. XRD analysis confirmed
the polycrystalline nature of the Ni-Fe nanostructures, with a preferred <111> crystallographic orientation and a face-centered cubic
(fce) structure observed in both deposition modes. The crystallite sizes were determined as 9.77 nm under pulsed conditions and
14.63 nm for the direct method. AFM surface analyses further demonstrated that the choice of electrodeposition method significantly
influences the morphological features of the resulting deposits.

Keywords: Ni-Fe nanostructures; Electrodeposition method; Coatings; ITO substrate

PACS: 61.46.Df, 61.82.Rx

1. INTRODUCTION

The earliest documented paint-based coatings originated in Europe and Australia around 20,000 years ago [1].
During this period, formulations included iron oxide, chalk, or charcoal, applied using fingertips or brushes crafted by
splitting soft twigs [1]. In contrast, ancient Egyptian and Greek civilizations developed more sophisticated coating
technologies, including early polymeric-based paints and coatings [2]. Historians often classify nanotechnology as a
reinvented field, noting that early efforts to create nanoscale coatings emerged in ancient Egypt and were later refined in
China [2]. In recent years, nanomaterials and nanotechnology-based coatings have become a focal point of scientific
research, both for fundamental understanding and technological innovation. This surge is driven by their diverse
applications and expanding utility in response to growing social and industrial demands [3].

Among these, nickel (Ni) and nickel-based coatings have emerged as critical materials in various industries, gaining
significant attention for their diverse applications [4,5]. These include uses in electronics—such as memory and storage
devices for computers—enhancing substrate hardness and wear resistance, and in components like transducers,
transformers, and protective chokes [6,7]. Additionally, nickel coatings are vital for corrosion protection, energy storage
systems, and solar thermal applications [8-10]. The surge in nickel and nickel-coating research stems from the versatility
of their preparation methods. For instance, composite coatings incorporating nanoparticles such as A1,Os [11], ZrO, [12],
Si3sN4 [13], InpOs3 [14], SiC [15] enhance matrix properties by dispersing these particles. Alternatively, crystallite
refinement through additives [16] and alloying with elements such as Tungsten (W) [17], Chrome (Cr) [18], Molybdenum
(Mo) [19], and Cobalt (Co) [20] further expand their applicability. Crucially, the synthesis technique employed directly
impacts the resulting coating properties.

Several synthesis techniques are used to develop coatings [21-24]; however, electrochemistry [25] is among the
most advantageous methods for producing nanocoatings. Among the numerous synthesis approaches reported in the
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literature, electrochemical synthesis stands out for its high adaptability and its ability to precisely control the structural,
morphological, and functional properties of the resulting materials [26,27].

The variety of its processes provides a good synthesis of diversified nano-coatings in terms of both quantity and
quality [28,29] in organic [30,31] and inorganic [32] fields. With a good manipulation of the sequence parameters, it is
possible to design the desired properties of nano-coatings, such as their thickness and morphology [26]. Based on the low
costs and reduced amount of waste materials, the electrochemical process has given rise to increasing interest in alloy
electrodeposition, particularly in modern electronic devices. The present study investigates the effect of electrodeposition
mode on the, morphology, and functional properties of Ni—Fe alloy coatings, with particular emphasis on the process—
structure— morphology property relationship

2. MATERIALS AND METHODS
2.1. Techniques of characterization

X-ray diffraction (XRD) patterns of the powder were obtained using an analytical X pert-PRO diffractometer
equipped with Cu Ko radiation.

Electrochemical measurements were conducted in a conventional three-electrode cell. Potential values were
referenced to a saturated calomel electrode (SCE), positioned close to the cathodic steel surface to minimize ohmic
potential drops in the electrolyte. A platinum grid served as the auxiliary electrode. Indium tin oxide (ITO)-coated
conducting glass substrates were employed as working electrodes, featuring an exposed area of 1 cm? and a sheet
resistance of 10-20 Q/cm?. Prior to use, the substrates were cleaned via ultrasonic degreasing in acetone and ethanol for
10 minutes, followed by thorough rinsing with distilled water.

2.2. Chemicals
The sources of nickel and iron available for reduction in the solution are the NiSO4.6H>O and FeSO4.7H,0 (Sigma-
Aldrich). The aim of adding boric acid H3;BOs (Sigma-Aldrich) in the electrolyte is to avoid the pH variation near the
electrode and to inhibit the formation of hydroxide species. The Sodium sulfate Na>SO4.6H>O was used as supporting
electrolyte and used to maintain the overall quality of the electrodeposits. The bath composition and operating conditions
are gathered in Table 1.

Table 1. Electrolyte composition and operating parameters

Bath composition NiSO4.6H20 (0.05 M)
FeS04.6H20 (0.05 M)
Na2S04.6H20 (0.1 M)
0.05 M H3BO4 (0.05 M)

pH 3.7-.5
Operating parameter Temperature (°C) 23-25
Cathode ITO substrates
Anode Pt grid
Reference Saturated calomel electrode (ECS)

2.3 Preparation of synthetic solution of Ni-Fe alloy

Nickel-iron (Ni-Fe) alloy nanostructures were synthesized through the reduction of Fe?" and Ni** ions in an aqueous
solution, using 0.1 M sodium sulfate (Na.SOa4-6H20) as the supporting electrolyte. Nickel sulfate (NiSO+-6H-0, 30 mmol)
and iron sulfate (FeSO4-6H-0, 10 mmol) were dissolved uniformly in 200 mL of distilled water. The solution was stirred
magnetically for 10 minutes at room temperature, after which 0.05 M boric acid (H:BOs) was added to adjust the pH to a
range of 3.7-5.0. To investigate the electrochemical kinetics and growth mechanisms of Ni, Fe, and Ni-Fe alloy
electrodeposition, cyclic voltammetry (CV) and chronoamperometry (CA) were employed. The nucleation behavior of
the deposits was further analyzed using the Scharifker-Hills model to interpret transient current responses during
deposition [33].

3. RESULTS AND DISCUSSION
3.1. Cyclic voltammetry of Nickel, Iron and Ni-Fe

To determine the potential range over which nickel and iron deposition occur, cyclic voltammetry was carried out.
The electrolyte solution contains 0.05 M of FeSO4, H3BO3, and 0.1 M Na,SOs.

Fig. 1 shows cyclic voltammograms of the cathodic part for Ni electrodeposited onto an ITO substrate. The
beginning of the current decrease was detected at -1100 mV/SCE, which indicates the over potential deposition process
onto the ITO surfaces. The presence of cross-overs in the positive and negative scans is a typical sign of the formation of
anew phase, involving nucleation followed by a diffusion-limited growth process [34]. It is also noticed that the hydrogen
evolution reaction (HER) might occur simultaneously with nickel deposition.

The electrodeposition of nickel was first proposed by the adsorption of a nickel complex, then a reaction of charge
transfer in two stages according to the following mechanism [35]:
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Ni?* + OH™ - Ni(OH)* 1)
Ni(OH)* + e~ - Ni(OH)qgs ?2)
Ni(OH)gqs + e~ = Ni+ (OH)~ 3)
The adsorbed monovalent nickel intermediate may also undergo reduction as:
Ni?* + 2e™ 4+ Ni(OH)qqs = Ni + Ni(OH) 45 4
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Figure 1. Cyclic voltammogram of Ni deposited on Pt electrode in aqueous solution containing 0.05 M of NiSO4, H3BO3 and 0.1
M NazSOs at a scan rate of 100 mV/s

Fig. 2 shows the cyclic voltammogram for Fe electrodeposition. It reveals two reduction reactions for Fe** ions: one
yields Fe+ ions, and the other yields metallic Fe. The scan was performed between -0.6 and -1.6 V/ESC at a scan rate of
100 mV-s!. The current decrease was detected at -0.7 and -1.00 V/ SCE, which is characteristic of the over potential
deposition of the Fe?" reduction process to the adsorbed Fe' then to the metallic iron Fe [36].

Fe** + e~ - Fely, (3)

Felys+ e” > Fe (6)
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Figure 2. Cyclic voltammogram of Fe deposited in aqueous solution containing 0.05 M of FeSO4, H3BO3, and 0.1 M of Na2SO4 at a
scan rate of 100 mV/s

Fig. 3 represents the cyclic voltammogram of Ni-Fe. In the positive scan, the current decreased at 1000 mV,
corresponding to the reduction of Ni and Fe. In the reverse scan, a dissolution pic of the previously formed species (Ni

and Fe) was observed around -625 mV, and their oxidation at 355 mV.
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Figure 3. Cyclic voltammogram of Ni-Fe deposited in aqueous solution containing 0.05 M of FeSOs, H;BO3, NiSO4, and 0.1 M
Naz2SO0s4 at a scan rate of 100 mV/s
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3.1.1 Ni-Fe electrodeposition mechanism
Dahms was to be the first to try to explain the inhibition function of the observed codeposition alloy Ni-Fe
behavior [37]. The pH value on the cathodic surface is supposed to be high because of the following secondary reaction:

2H* +2e~ > H, )

It was proposed that codeposition is due to the concurrent reaction of hydrogen release, which becomes very
awkward for nickel deposition. Because of this condition, the pH of the surface could increase, thus enabling the formation
of metal hydroxides according to the reaction:

M2* + 20H- - M(OH),, ®)
Ni%* + 20H™ - Ni(OH)j 4, )
Fe2* + 20H™ - Fe(OH), q. (10)

Where M represents: Ni and Fe.

Consequently, it was noted that the nickel reduction was inhibited, which may be due to the preferential adsorption
of ferrous hydroxides on the cathodic surface. These ferrous hydroxides block the available sites at the electrode surface.
Giuliani and Lazzari [38] supposed that during the codeposition of Ni-Fe alloy, the reduction of the H * and Ni*" ions
occurs in the first step, causing an increase in the pH of the cathode surface, then the formation of Ni(OH)" and Fe(OH)".
Gangasingh and Talbot [39] have proposed a very similar mechanism as that of Dahms and Croll.[37] for the Ni-Fe
codeposition. The difference was that Ni** and Fe?* were taken to form aqueous hydroxides Ni(OH) (aq) and Fe(OH); (ag)
instead of solid hydroxides of the reactions according to the following homogeneous reactions:

3.1.2 Hydrogen evolution reaction (HER)

On the cathodic part in the sulphate medium, hydrogen evolution reaction (HER) intervenes which devised into
several stages. The first stage, called stage of Volmer corresponds to the formation of an adsorbed MH.gs type
intermediary, by adsorption of protons on the surface of metal. The second stage is an electrochemical desorption after
the adsorption of a new H' (stage of Heyrovsky) and/or a chemical desorption after the recombination of two adsorbed
intermediaries (stage of 7Tafel), these three stages are given below:

M+ H* + e~ - MH,y Volmer, an
MH, . + H" + e~ > H, + M Heyrovsky, (12)
2MH oy — Hy + 2M Tafel. (13)

The HER kinetics are supposed to be controlled by the charge transfers of metallic cations [2, 40]. The rate Vi of
each stage i can then be expressed according to the rate of surface covering Q by adsorbed hydrogen Hags.

3.2 Electrodeposition of Ni by Chronoamerometry

The current transients shown in Figure 4 provide key information on the nucleation and growth mechanisms
occurring during the electrodeposition of Ni, Fe, and Ni-Fe alloys. In the case of monometallic Ni and Fe deposits
(Figs. 4a and 4b), the typical transient profile, characterized initially by a decrease in current density over time, reflects
the local depletion of metal ions near the electrode, as well as the increase in diffusion resistance due to deposit thickening.
This is followed by a rapid increase in current until it reaches a maximum value, denoted imax, corresponding to a
maximum time tmax, followed by progressive stabilization. This behavior highlights instantaneous nucleation
accompanied by diffusion-controlled growth of Ni and Fe metallic species in solution. For the direct electrodeposition of
the Ni-Fe alloy (Fig. 4c), the current transients exhibit more complex behavior, resulting from the simultaneous co-
reduction of Ni** and Fe*" ions. This kinetics is strongly influenced by the phenomenon of anomalous iron deposition,
leading to a modification of the current density and growth mechanisms compared to monometallic deposition.
Competition between metallic species and differences in reduction overpotentials promote heterogeneous nucleation and
a less homogeneous microstructure. In contrast, the pulsed deposition of the Ni—Fe alloy (Fig. 4d) is characterized by
higher instantaneous current densities during cathode pulses, followed by relaxation periods that allow for the
reconstitution of the diffusion layer. This deposition mode promotes an increased density of nucleation sites, limits local
depletion of metal ions, and leads to more uniform and finer deposit growth. Thus, pulsed electrodeposition improves the
kinetic control of the process and allows for more homogeneous Ni—Fe layers, characterized by a refined microstructure
and superior physico-chemical properties compared to direct deposition.

In general, these curves have the same shape. At the beginning, a decrease in the current density is observed, that is
due to the double layer charge. Then this density increases until reaching a maximum value indicated by imax
corresponding to a maximum time tmax. This behavior shows the formation of one well new phase, which corresponds to
the nucleation and the growth of Ni and Fe crystals. Finally, a pseudo-stationary mode is established in accordance with
the equation of Cottrell [41]:
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i =n.F.C. ()Y (14)
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Figure 4. Current transients for the electrodeposition of (a) Ni (b) Fe (¢) direct Ni-Fe and (d) pulsed Ni-Fe

3.3. Scharifker—Hills proposed model

Nucleation and the first growth steps are important parameters for understanding the properties of a crystallized
deposit, by analyzing the first stages of electrodeposition, using the first part of the chronoamperograms i.e. before the
diffusion step limit established. Instantaneous nucleation is defined by a slow growth of nuclei on a low number of active
sites, all activated at the same time. However, progressive nucleation corresponds to a rapid growth of nuclei on numerous
active sites, all activated during the course of electroreduction [42]. In this case, from Scharifker—Hills model [43], we
distinguish the instantaneous nucleation followed by three-dimensional diffusion-limited growth (15) and progressive
nucleation followed by three-dimensional diffusion-limited growth (16):

= 19542 () [1 - exp (~1.2564 )7 (15)
iz:ax = 1.2254 (t’"%) [1— exp (_2_3367 tz:;x)]z (16)

Fig. 5a and 5b show the deposition transient for Ni and Fe electrodeposited from sulfate electrolytes.
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Figure 5. Reduced dimensionless parameters with theoretical curves for progressive and instantaneous nucleation (dotted line) for
the deposition of Ni (a) and Fe (b)

The dashed and full lines represent the theoretical curves for progressive and instantaneous limiting cases, described
by Eqgs. (15) and (16). According to Fig. 5a, the reduced forms for Ni electrodeposition follow the progressive nucleation
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model for -1100 and -1250 mV/ SCE and an instantaneous nucleation model for -1050 mV/ SCE as obtained by
Azizi et al., [44]. On the other hand, in Fig. 5b, the Fe electrodeposition at -1300 mV/SCE followed the instantaneous
nucleation and a transition from the instantaneous to the progressive nucleation mode. These behaviors are consistent
with nucleation of 3D clusters followed by diffusion-limited growth.

3.4 X-ray diffraction characterization
XRD patterns of Fe, Ni, pull Ni-Fe and Ni-Fe are presented in Fig. 7. The data recording was carried out within an
angle range from 20° to 80° with a step of 0.02°. The peaks at 44,70 ° and 52,02° are indexed to the diffractions of (111),
(200) planes of Ni-Fe structure. The peaks found at 260 = 44.06° and 20 = 43.85- are assigned to the preferential diffraction

peaks of (111) planes of pulsed and direct Ni-Fe films respectively [45].

The analysis of the structural properties of Ni, Fe and Ni-Fe layers obtained by electrodeposition was carried out by
using XRD and the results are presented in Fig. 7. An angular range between 20° and 80° was swept using a step of 0.02°.
The two peaks of Ni-Fe diffraction observed are located at the angles of 44,70 ° and 52,02° and were identified as < 111 >
and < 200 > of the Ni-Fe alloy respectively. The located peaks of 20 = 44.06° and 20 = 43.85¢ for pulsed and direct Ni-Fe
films respectively, have been assigned to be the preferential <111> Ni-Fe face centered cubic (FCC) phase as found by
A. Guittoum et al. [45]. All XRD parameters are summarized in Table 2.

—B
—D

Pull Ni-Fe|
—Ni-Fe

FCC <111>

FCC <200>
FCC <220

20 30 40 50 60 70 80
20

Figure 6. XRD patterns of different deposits.
Table 2. XRD Parameters

Sample 20 (© a(d) dA) D (nm)
Ni 44.56 3.51 2.03 26.62
Fe 44.81 3.49 2.02 30.37
Pulsed Ni-Fe 44.06 3.55 2.05 9.77
Ni-Fe 43.85 3.57 2.06 14.63

The evolution of lattice parameter (A) is represented in the DRX table. We notice a variation in a parameter when
we switch the mode from pulse to direct electrodeposition, from 3.55 A to 3.57 A. It is to notice that all parameter values
of (a) for Ni-Fe alloys obtained by direct and pulsed electrodeposition are superior to that of massive Ni-Fe (a= 3.53 A)
[46], this difference between the experimental values of the a parameter and the value of the solid mass’s one is probably
due to the residual stresses [47].

The crystallite size of the electrodeposited Ni, Fe and Ni-Fe films were determined from widths (FWHM) of X-ray
diffraction peaks using Scherer’s formula [48]:

0.94
b= BSing (17
Where A is the wavelength of the CuKa radiation, &is the diffraction angle of reflection and S is the FWHM (full width
at half maximum) of the diffraction line.

The crystallite size increases from 9.77 nm to 14.63 nm in pulsed- and direct-electrodeposited Ni-Fe. This behavior
can be attributed to the fact that the grains tend to agglomerate with the change from pulsed to direct applied potentials.
It is worth mentioning that Chen et al. [49] have found the same crystallite size of 9 nm for NigoFe,o Permalloy films.
Sam et al. [50] reported a crystallite size of 16 nm, so the electrodeposited Ni-Fe crystallite sizes presented in this work
are in the average reported in the literature.

3.5. Atomic force microscopy (AFM) characterization
In order to better measure the roughness of these samples, we based on the measurement of the factor of roughness
RMS to the surface of the software WSxM software [51]. AFM analysis was carried out to observe the surface morphology
of direct and pulse electrodeposited Ni-Fe films. Fig. 8 shows the topographies of the electrodeposits, the results of the
analysis indicate the presence of islands with different shape, size and number. This is well described according to the
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“Volmer-Weber” mode i.e. the binding energy between metal ad-atom and substrate atoms is smaller than the binding
energy between metal ad-atoms themselves, which leads over potential deposition (OPD) of a 3D metal forming on
substrate. For the pulse electrodeposited Ni-Fe alloys, Fig. 8 shows a large number of islands covering irregularly the
surface of the films, explaining the rough surface and the RMS (Root-Mean-Square) value of 55.78 nm. However, for the
direct electrodposition, it was clearly observed a diminution in the number and the size of Ni-Fe islands smoothly
dispersed on the surface, leading to low roughness than the pulsed method. The RMS was found to be 7.27 nm for the
direct electrodeposition of Ni-Fe as it is summarized in the table 3. Moreover, some holes, that are due to the hydrogen
bubbles release on the surface of the deposits, are observed; thereby inhibiting the deposition rate of the alloy in some
surface sites that which lead to the appearance of holes observed on images.

By way of comparison, Neagu et al. [52] have obtained a roughness lower than 25 nm for Ni-Fe films prepared by
pulsated laser deposition using a substrate of glass. Amrani et al [53] found rms values of 11.5, 14.7 and 0.27 nm.

5

0

(b)

20 0.

e

ym

Figure 7. AFM micrographs of: (a) direct Ni-Fe, (b) pulsed Ni-Fe deposits
Table. 3 Root mean square roughness (RMS), crystallite size (D), and interplanar spacing (d) for direct and pulsed Ni—Fe deposits.

Sample RMS (nm) dA) D (nm)
Direct Ni-Fe 7.27 2.06 14.63
Pulsed Ni-Fe 55.78 2.05 9.77

4. CONCLUSIONS

In this work, we investigated the influence of direct and pulsed electrodeposition modes on the electrochemical,
structural, and morphological properties of Ni-Fe nanostructures electrodeposited on ITO substrates. The deposits were
characterized at different stages of fabrication using complementary techniques, namely X-ray diffraction (XRD) and
atomic force microscopy (AFM). The electrochemical results identified an optimal potential range between —0.9 and
—1.2 V, favorable to the simultaneous reduction of Ni*>" and Fe?* ions and the homogeneous formation of the Ni-Fe alloy.
Analysis of current transients, interpreted using the Scharifker—Hills theoretical model, reveals a strong dependence of
the nucleation and growth mechanisms on the applied potential. In particular, the increased overpotential induces more
intense nucleation, reflecting an increase in the density of active nuclei and a significant modification of the deposit
growth kinetics. XRD structural analyses reveal the formation of a face-centered cubic (FCC) phase characteristic of the
Ni-Fe system, with a marked preferential orientation along the (111) plane. A significant variation in crystallite size is
observed depending on the electrodeposition mode. Deposits obtained in pulsed mode exhibit smaller crystallites
(= 9.77 nm) compared to those produced in continuous mode (= 14.63 nm). This reduction is attributed to the alternating
current pulses, which limit excessive nuclear growth and promote the formation of finer, more controlled nanostructures.
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Such crystalline refinement represents a major advantage for electronic and magnetic applications, where microstructure
plays a crucial role in functional performance. AFM morphological analysis shows that the electrodeposition mode
directly influences the topography and surface roughness of the films. Layers deposited in pulsed mode exhibit a relatively
high roughness (= 55.78 nm), reflecting heterogeneous growth associated with a high density of nucleation sites.
Conversely, films obtained by direct electrodeposition exhibit a more homogeneous, smoother surface, with an average
roughness of approximately 7.27 nm. AFM images indicate three-dimensional Volmer-Weber-type growth, characterized
by the formation of islands whose number and size vary with the applied electrochemical conditions. Overall, these results
highlight the key role of the electrodeposition mode in controlling the structure, morphology, and properties of Ni-Fe
nanostructures. They open up interesting prospects for optimizing these materials for advanced technological applications.
However, the complexity of the phenomena involved in the electrodeposition of Ni-Fe alloys on ITO substrates suggests
that further investigations, particularly into functional magnetic and electrochemical properties, will be necessary to
deepen our understanding of the underlying mechanisms.
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BIIJIUB PEXKUMY IIPSIMOI'O TA IMITYJIBCHOT'O EJIEKTPOOCA I’ KEHHSI HA EJIEKTPOXIMIYHI,
CTPYKTYPHI TA MOP®OJIOI'TYHI BJACTUBOCTI TIOKPUTTIB 3 HAHOCTPYKTYP Ni-Fe
Xycem Ennin Eab SImin Caxpayil?, X. Aani’, H. Maym?, JI. Beabdenname?, P. Cxaed*, Moxamen A. Aui’,
Xamag M. Aapecc Xacan®, Xanan ®. Empaen®, Xani6aa Caig Xara6’, Faga M. Canem®
'Kagpeopa mexnonoziunux npoyecie, mexnonoziunuti paxyrvmem, Yuisepcumem ®depxama Abbaca,
Cemig-1, Cemigh, 19000, Anocup
2Jlabopamopis enexmpoximii ma mamepianie (LEM), Yuisepcumem @epxama A66aca, Cemigh-1, Cemich, 19000, Anoicup
3Vuieepcumem Crikou 6id 20 cepnus 1955 poxy, Ckixoa, Anocup
4 Hocnionuybxuti yenmp npomuciosux mexuonoziti (CRTI), nowmosa ckpunvka 64, Yepaza, 16014, Anocup, Anxcup
3IlIxona 6iomexnonoeii, Kaipcoxuii ynieepcumem badpa (BUC), micmo Baop 11829, Kaip, €2unem
S Ximiunuti haxyremem, gpaxyromem npupoOnuyux nayx, Yuicepcumem Omapa ano-Myxmapa, Jlisis
Dakyromem oceimu, Anb-Mapoxc, ynisepcumem beneasi, Jlisis
8 lisiticore ynpaeninms naykosux oocnioicens, Tpunoni, Jligia

HanoctpykrypoBani cruraBu Hikenb-3amiza (Ni-Fe) BukimkaroTs 3pocrtaiounii iHTepec 3aBASKH CBOIM UyJOBHUM €IEKTPOXIMIUHHM,
MarHiTHUM Ta MEXaHIYHHM BIJIACTHBOCTSIM, IO POOUTH IX OCOONMBO NPHBAOIMBUMH JUIsl 3aCTOCYBaHHS B EJIEKTpPOKaTaisi,
HaKOMWYEHHI eHeprii, ceHcopax Ta (QYHKIIOHATIBHUX MOKPUTTAX. Lle [JOCHiIKeHHS MpPEACTaBIsiE IMOPIBHUIBHUI —aHawi3
SNIEKTPOXIMIYHNX, CTPYKTYPHHX Ta MOP(OJOTiYHUX XapaKTePHCTHK HAHOCTPYKTyp Hikenb-3amiza (Ni-Fe), cuHTe30BaHUX Yy
cyibhaTHUX eJEKTPOoJiTax Ha MigKIaakax 3 okcuny iHxito-oioBa (ITO) 3a nOMOMOro pi3HHX METOXIB €JIEKTPOOCAKECHHSI.
BuroToBieHi HaHOCTPYKTYpu OyjM OXapaKTepH30BaHi 3a JOIIOMOIOI LMKIIYHOI BOJIBTAMIEPOMETPIl, XPOHOAMIIEPOMETPUYHUX
BHMIpIOBaHb (MIOTEHIIOCTATHYHI KPOKH), aTOMHO-CHIOBOI Mikpockomii (ACM) Ta penrtreniBecekoi mudpaxmii (XRD). I[pomec
eJIEKTpOKpuUcTatizanii OyB oriHeHuid 3a momomoror wmozeni Illapidkepa-Ximnca, ska mokaszaja, IO MEXaHI3MH 3apOJKCHHS
BIZIPI3HSAIOTHCS 3aJICKHO BiJl 3aCTOCOBaHHMX IOTCHIaNiB. PeHTreHiBchbkuit aupakiiiHuil aHami3 MiATBEPAUB MOJIKPUCTATIYHY
npupoxay HaHocTpykTyp Ni-Fe 3 mepeBaxkHor kpuctanorpadignoro opienrtamiero <111> ta rpanenentpoBanoio kybiunoro (I'LIK)
CTPYKTYPOIO, III0 CIIOCTEPIraeThCsl B 000X PEKUMAX OCAPKEHHS. PO3Mipu KpUCTAITIB Oynu BU3HAYCHI 5K 9,77 HM 3a IMIYJIbCHUX
ymoB Ta 14,63 HM mis mpsiMoro Mertody. AHami3 moBepxHi 3a gomomorord ACM [10AaTKOBO MMOKa3aB, IO BHOIp METOAY
€JIEKTPOOCAKEHHS CyTTEBO BILIMBAE Ha MOP(HOJIOTIUHI OCOOIMBOCTI OTPUMAHUX OCAMIB.
Kurwuosi cinoBa: nanocmpykmypu Ni-Fe; memoo erexmpoocaodicentss;, nokpummsi, nioxnaoka ITO
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The Fowler—Nordheim (FN) tunneling current in GaAs was systematically analyzed as a function of electric field (25-50 MV/cm) and
temperature (250400 K) to evaluate its potential for high-sensitivity structural temperature sensing. Two physical descriptions were
considered: a constant electron effective mass model and a field-dependent effective mass formulation. For the constant-mass
approximation, the FN tunneling threshold appears at approximately 25.2 MV/cm, where the current rises rapidly from ~107"2to 10¢ A/cm?
with increasing electric field. When field-dependent effective mass effects are incorporated, the threshold shifts to ~28.6 MV/cm and
intermediate-field currents are suppressed by nearly one order of magnitude. Temperature variation increases the FN prefactor by
approximately 30-35%, indicating measurable thermal sensitivity, although the exponential dependence on electric field remains the
dominant factor controlling tunneling transport. These characteristics demonstrate the feasibility of exploiting FN tunneling mechanisms
for nanoscale temperature sensing in high-field semiconductor structures. In addition, a self-consistent FN tunneling framework was
developed for a p-Si/n-GaAs heterostructure to evaluate numerical stability and predictive accuracy for temperature-dependent tunneling
simulations. Two tunneling formulations were compared: a conventional simplified FN model and an effective-mass-corrected model.
A comprehensive mesh convergence analysis using rectangular and triangular discretizations with spatial resolutions from 0.5 to 20 nm
shows that coarse meshes can introduce errors up to 12%, whereas sub-nanometer meshing ensures convergence below 1%. The effective-
mass-corrected model consistently predicts 5—15% higher tunneling currents across the 0.5-3.0 V bias range, highlighting the importance
of band-structure corrections for reliable sensor modeling. Furthermore, adaptive triangular meshes achieve comparable accuracy with up
to 40% fewer elements, significantly improving computational efficiency. These results establish a robust numerical framework for
simulating FN-based tunneling transport in semiconductor heterostructures and provide practical guidelines for mesh optimization in
advanced TCAD studies. The proposed methodology supports the development of compact, high-sensitivity FN-based temperature sensors
suitable for integration into nanoscale electronic, optoelectronic, and structural monitoring systems.

Keywords: Fowler—Nordheim tunneling;, GaAs,; Temperature effects; Electric field; Effective mass, Tunneling current; Temperature
sensor

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

Semiconductor heterostructures, particularly silicon/gallium arsenide (Si/GaAs) and porous silicon/n-CdS
(pSi/nCdS) systems, have attracted considerable attention due to their remarkable electronic, optical, and thermal
transport properties [1—4]. These materials enable a wide range of high-performance devices, including photodetectors,
multi-junction solar cells, high-electron-mobility transistors (HEMTs), and increasingly, nanoscale temperature sensors
[5-8]. Their advantages arise from tunable band structures, high carrier mobilities, and the possibility of engineering both
planar and radial junction geometries, which allow precise control of carrier transport and thermally activated processes
[9-12]. Among the transport mechanisms that influence device behavior under strong electric fields, Fowler—Nordheim
(FN) tunneling plays an important role in determining current transport across heterointerfaces [13], making it particularly
relevant for temperature-dependent sensing mechanisms [14—18].

Direct epitaxial growth of III-V semiconductors on silicon is typically limited by lattice mismatch, differences in
thermal expansion coefficients, and high defect densities that degrade device performance. Mechanical stacking combined
with wire bonding offers a practical strategy to overcome these constraints, enabling hybrid I11-V/Si heterostructures with
improved interface quality and enhanced electrical characteristics [19,20]. Such hybrid structures have been widely
investigated in optoelectronic devices, including mechanically stacked GalnP/GaAs multi-junction systems integrated
with silicon substrates, which demonstrate significant improvements in open-circuit voltage (Voc) and current density
while minimizing dislocation formation and thermal strain [21-25]. These approaches also provide a flexible platform
for developing heterostructure-based temperature sensors where thermal effects influence carrier injection and tunneling
processes.

The performance of tunneling-based sensing devices strongly depends on the electrical properties of the
semiconductor layers, particularly doping concentration and carrier mobility. Previous studies on organometallic vapor-
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phase epitaxy (OMVPE) growth of highly doped p*" GaAs:Zn and n"GaAs:Si/Se layers have demonstrated that cycled
growth techniques can significantly enhance carrier density and peak current density [26]. In particular, Si-doped n* GaAs
layers maintain high conductance under cyclic deposition conditions, whereas Se-doped layers exhibit noticeable
degradation. These results highlight the importance of dopant selection and growth strategies for controlling tunneling
transport in both planar and radial heterostructures, which is essential for stable and sensitive temperature sensor
operation.

In addition, epitaxial GaAs grown on Si(001) nanotip structures exhibits efficient strain relaxation primarily through
misfit dislocations and twin boundaries, achieving nearly complete plastic relaxation even for nanoscale dimensions of
approximately 50-100 nm [27-29]. Under optimized growth conditions, stacking faults remain relatively low, enabling
efficient carrier transport across the heterointerface despite structural imperfections. These characteristics support the
feasibility of modeling Si/GaAs heterojunctions for devices where temperature-dependent carrier transport mechanisms
play a key role.

Accurate modeling of Fowler—Nordheim tunneling in nanoscale heterostructures remains challenging due to strong
local electric field variations at sub-nanometer length scales. Numerical simulations require carefully designed spatial
discretization schemes, since coarse meshes may significantly underestimate tunneling currents, while fine or adaptive
finite element method (FEM) meshes allow accurate resolution of local field enhancements near heterointerfaces [30—
32]. In addition to FN tunneling, other temperature-sensitive transport mechanisms—including Poole—Frenkel emission,
trap-assisted tunneling (TAT), hopping conduction, Shockley—Read-Hall (SRH) recombination, and band-to-band
tunneling (BTBT)—may contribute to current transport and influence sensor response, particularly in heterostructures
where doping gradients and junction geometry modify the potential barrier profile [12,21,28].

Recent experimental studies on GaAs/Si heterostructures demonstrate efficient charge transport across the interface
and confirm that the alignment of the GaAs valence band with silicon facilitates carrier transfer, while alternative materials
such as GaP introduce larger barriers that limit transport efficiency [33—36]. These band alignment characteristics are also
beneficial for temperature sensing applications, since thermally activated carrier transport across the heterointerface can
be effectively modulated by changes in temperature.

Motivated by these considerations, the present work investigates Fowler—Nordheim tunneling and temperature-
dependent transport mechanisms in planar Si/GaAs heterostructures to evaluate their suitability for nanoscale temperature
sensing. Using self-consistent numerical simulations, we analyze the influence of electric field strength, temperature
variation, doping concentration, and mesh resolution on tunneling current and electrostatic potential distribution. By
combining quantum-mechanical tunneling models with adaptive finite element methods and temperature-dependent
recombination mechanisms, this study establishes a reliable computational framework for analyzing heterostructure-based
temperature sensors. The results obtained provide practical design guidelines for optimizing tunneling transport and
improving the sensitivity, stability, and efficiency of semiconductor temperature-sensing devices.

MATERIAL AND METHODS
2.1 Materials and Geometrical Parameters

Planar Si/GaAs heterostructures were investigated to evaluate Fowler—Nordheim (FN) tunneling—based temperature
sensing in nanoscale semiconductor devices. The structure consists of a 1 um GaAs epilayer grown on a 350 um n-type
Si substrate, forming a well-defined heterointerface suitable for high-field tunneling transport. The bandgaps of GaAs
(1.42 eV) and Si (1.12 eV) provide complementary electronic properties that support efficient carrier transport and
temperature-dependent tunneling behavior[37,38].

X-ray diffraction (XRD) analysis indicates a GaAs lattice constant of 0.565 = 0.002 nm and an interfacial tilt of
0.294°, confirming good crystallographic alignment. Atomic force microscopy (AFM) measurements show a root-mean-
square (RMS) roughness of 9.2 nm at the GaAs/Si interface. A thin native SiO: interfacial layer (2—5 nm) is incorporated
to represent realistic device conditions and to define the tunneling barrier at the heterointerface.

To enhance tunneling efficiency and sensor sensitivity, heavily doped layers were implemented, including p++ GaAs
(Zn-doped) and n+ GaAs (Si-doped) grown using OMVPE-cycled deposition. High doping concentrations increase carrier
density and strengthen the interfacial electric field, thereby promoting FN tunneling and improving the temperature-
dependent response of the device.

The key material parameters and geometrical dimensions are summarized in Table 1. These properties determine
the electrostatic potential distribution, tunneling barrier characteristics, and charge transport behavior within the
heterostructure. A schematic representation of the device architecture is shown in Figure 1, illustrating layer thicknesses,
doping profiles, oxide barrier, and electrical contacts used in the simulation framework for FN tunneling and temperature
sensor analysis.

Table 1. Materials and Geometrical Parameters of Planar Si/GaAs Heterostructure for FN Tunneling Simulations

Additional Notes
Nano-scale Features
High-quality single crystal;
Substrate Si (n-type) 350 pm 1x10"s supports dual-bandgap
operation

Layer / Feature Material / Composition Thickness / Dimension | Doping (cm™)
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Additional Notes
. . . . . . 4
Layer / Feature Material / Composition Thickness / Dimension | Doping (cm™) Nano-scale Features
TR Bandgap 1.42 eV; lattice
Epitaxial layer GaAs (intrinsic/lightly 1 pm ~1x10'¢ constant 0.565 + 0.002 nm;
doped)
planar geometry
Native oxide Forms at GaAs/Si interface;
. SiO: 2-5nm - included for tunneling barrier
interlayer .
modeling
) Optimized carrier density;
p++ layer GaAs:Zn (OMVPE 50-100 nm ~1x10" enhances FN tunneling; cyclic
cycled)
growth reduces defects
o Stable conductance under
n+ layer GaAs:Si (OMVPE 50-100 nm ~1x10" cycled growth; reduces
cycled) .
interface traps
. . o Minimal lattice misalignment;
Interface tilt GaAs/Si 0.294 - characterized by XRD
Surface roughness .. Nano-scale roughness included
(RMS) GaAs/Si interface 9-2nm - for realistic FN modeling
Surface roughness For comparison; low defect
(RMS) GaAs wafer control 0.7 nm - density
Nanostructure Misfit dislocations, twins,
features - 50-100 nm tip size - stacking faults; included in
simulations for FN tunneling

2.2 Numerical Methods
The electronic transport and Fowler—Nordheim (FN) tunneling in planar Si/GaAs heterostructures were investigated
using self-consistent Poisson—Schrédinger modeling within the numerical method, enabling accurate evaluation of
quantum confinement, tunneling currents, and electrostatic potential distributions at the nanoscale. This approach resolves
the coupled electrostatics and quantum states along the transport direction x, particularly at the GaAs/Si interface and
across the thin interfacial oxide (~2—5 nm SiO2). Poisson—Schrédinger Equations. The electrostatic potential ¢(x) is
governed by the Poisson equation (1):

o) 4 (P)=n(0)+ Ny ()= N (x))
o £(x) ¢,

)

where £(x) is the position-dependent permittivity, p(x) and n(x)are hole and electron densities, and N7, N; are ionized
dopant concentrations. Quantum confinement is captured by the Schrodinger equation along the transport direction (2):

Wy
2m" dx?

+[E -U@)]-w,(x)=0, i=12,..N, Q)

where 1; (x)are the eigenfunctions, E;the corresponding eigenenergies, and U (x) = qo(x)+U,_,(x) is the total potential

including band offsets [39,40].

The electron and hole densities are then obtained from the occupation of these eigenstates, which feeds back into
the Poisson equation for self-consistency. Numerical Solution. The equations were solved using the finite-element method
(FEM) with adaptive mesh refinement: Mesh step: 0.2—0.5 nm at the GaAs/SiO./Si interface to resolve sharp potential
variations; 5-10 nm in bulk regions. Boundary conditions: Top contact (p*" GaAs): Dirichlet (¢ = 0 V, ohmic contact),
Bottom contact (n-type Si): Dirichlet (¢ = Uyias, ohmic contact), Lateral boundaries: Neumann (zero-flux, isolated device
assumption), Wavefunctions: Dirichlet for confined states at the layer boundaries, ensuring eigenfunctions vanish outside
the active region. The solution procedure was iterative: Initialize potential @(x) based on the doping profile. Solve
Schrédinger equation to obtain eigenenergies E; and wavefunctions i; (x). Compute carrier densities n(x) and p(x) from
eigenstate occupation. Update the Poisson equation with the new ¢(x). Repeat steps 2—4 until convergence criteria are
satisfied: Residual current < 10 A. Change in potential < 107 V, Eigenenergy variation < 10~° eV, The FN tunneling
current density Jpzwas computed using the WKB approximation:

T(E) :exp{—%ﬁzwﬂm* (U(x)—E)dx} (3a)
o L exp[— Sey/2m “””] (3b)
8he 3ghF

Equation (3) constitutes a coupled quantum-transport formulation of Fowler—Nordheim (FN) tunneling in the
Si/GaAs heterostructure. Specifically, Eq. (3a) evaluates the energy-dependent transmission probability T(E) of charge
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carriers tunneling through the nanoscale potential barrier V(x) using the WKB approximation between the classical
turning points x; and x,. Equation (3b) defines the corresponding Fowler—Nordheim current density Jzy, which depends
quadratically on the local electric field Fand exhibits an exponential dependence on the effective barrier height ¢pand
carrier effective mass m* [41,42]. Together, these expressions establish a direct link between the microscopic quantum
tunneling process and the macroscopic current response, enabling accurate modeling of FN transport in nanoscale
Si/GaAs tunnel junctions and highlighting the strong field sensitivity inherent to quantum-mechanical carrier transport.
Here, Fdenotes the local electric field, ¢ is the tunneling barrier height, and x4, x, represent the classical turning points
of the potential profile. In addition to FN tunneling, the model incorporates trap-assisted tunneling (TAT), Poole—Frenkel
emission, Shockley—Read-Hall (SRH) recombination, Auger recombination, and band-to-band tunneling (BTBT) to
account for defect-mediated conduction and temperature-dependent transport phenomena. These mechanisms are
particularly significant at the GaAs/SiO,, interface and within the heavily doped p**/n* regions, here localized states
and high electric fields strongly influence the overall device behavior.

The numerical simulations provide the following physical outputs: Electrostatic potential distribution ¢(x),
Quantized energy levels E;and corresponding eigenfunctions 1;(x), Spatial carrier density profiles n(x)and p(x),
Fowler—Nordheim tunneling current density [y, Temperature- and bias-dependent current—voltage (I-V) characteristics,
This numerical framework, which combines self-consistent Poisson—Schrédinger coupling with boundary-aware finite-
element/finite-difference discretization, enables accurate prediction of quantum transport, tunneling currents, and
electrostatic behavior in nanoscale Si/GaAs heterostructures. The approach provides critical design insights for high-
performance photodetectors and dual-bandgap photoelectrochemical (PEC) devices. The electron density is obtained from

the quantum eigenstates as n(x) = Z|y/l. (x)2|-f(E,.) and similarly for the hole density p(x) = Z|Wi(x)2|~(l—f(El.)) ,

using the valence-band eigenstates. The transport direction is discretized using a non-uniform mesh. Ultra-fine spacing
of 0.2-0.5 nm is employed near the GaAs/SiO,/Si heterointerface to accurately resolve steep potential gradients and
tunneling barriers, while coarser spacing of 5-10 nm is used in bulk regions. Adaptive refinement is applied dynamically
until both potential and carrier density gradients are fully resolved.

Finite Difference Approximation: Second-order derivatives are approximated using the central difference scheme:

d2¢(x) - (p(x)prl _2(p(x)i +(p(x)f—1

4a
dx (Ax)?
dz‘//(x)[ ~ ‘//(x)[ﬂ _2W(x)i +‘//(x)[—1 4p
a (Ax)?

Poisson equation: Dirichlet boundary conditions are applied at the electrical contacts: ¢(x) =0, ¢(x) =V,, . Neumann

(zero-flux) boundary conditions are imposed at the lateral edges to ensure no current flow across the boundaries. Dirichlet
confinement conditions are applied: ¢(x) =0, outside the active quantum region. This ensures proper carrier confinement

within the quantum-active region of the heterostructure. Self-Consistent Iterative Procedure: The coupled Poisson—
Schrodinger system is solved self-consistently using the following iterative algorithm: Initialize the electrostatic potential

¢’(x)based on the doping profile. Solve the Schrddinger equation to obtain eigenvalues Ei(k)and corresponding
wavefunctions wi(k) (x). Compute the carrier densities n® (x)and p™® (x)from the eigenstates. Solve the Poisson equation
to update the potential ¢**'(x) . max|(p(k”) -¢* | <107 V,max|E,.“‘+” -Ef | <10 eV . Repeat steps 2—5 until full self-

consistency between quantum confinement and electrostatics is achieved. Mesh Convergence and Fowler—Nordheim (FN)

o . C . S . . It —Jp
Stability. The spatial mesh is iteratively refined until the variation in the FN tunneling current satisfies —*——"- < 0.5%.
FN
Fine meshing is employed at heterointerfaces to accurately capture steep potential gradients, tunneling peaks, and local
electric field enhancements. Here, F(x)=—grad@(x) represents the local electric field, @(x) is the tunneling barrier

height, and x,,x, are the classical turning points defining the FN tunneling region.

RESULTS AND DISCUSSION

The FN current in GaAs was analyzed for electric fields 25-50 MV/cm and temperatures 250-400 K, considering
both constant and field-dependent electron effective masses. For constant mass, the FN threshold occurs at ~25.2 MV/cm,
with current increasing from ~107'2 to 107¢ A/cm?. Field-dependent mass shifts the threshold to ~28.6 MV/cm, suppressing
intermediate-field currents by nearly 10x. Temperature increases the FN prefactor by 30-35%, while the exponential field
dependence dominates current transport. A self-consistent FN framework was applied to the pSi/nGaAs heterostructure.
Mesh convergence was studied with rectangular and triangular meshes at steps 0.5-20 nm. Coarse meshes (5 nm)
introduce up to 12% error, while sub-nanometer meshes (<1 nm) achieve <1% error, confirming convergence. Triangular
adaptive meshes achieve the same accuracy with 25-40% fewer elements compared to rectangular meshes. Local field
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resolution improves by 12—18%, increasing predicted FN currents by 7-10%, especially in regions of strong electric-field
localization. The effective-mass-corrected FN model predicts 5-15% higher currents than the simplified model across
0.5-3.0 V, highlighting the importance of including material-specific transport parameters. Mesh density, topology, field-
dependent mass, and temperature collectively determine tunneling predictions. Errors up to 3x10° pA/m? from coarse
meshes can significantly affect device design, including breakdown voltage and leakage current. Adaptive triangular
meshing with <10 nm resolution ensures reliable FN simulations for high-performance tunneling transistors,
photodetectors, and nanoscale optoelectronic devices.
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Figure 1. Fowler—Nordheim tunneling current vs. electric field and temperature in Si/Gads; (a) constant mef (25.2 MV/cm),
(b) field-dependent mey (28.6 MV/cm), showing suppressed intermediate-field current.

Figures 1(a) and 1(b) depict the Fowler—Nordheim (FN) tunneling current density in Si/GaAs as a function of electric
field (E) and temperature (T), considering (a) a constant effective mass and (b) a field-dependent effective mass. In both
cases, the FN current exhibits a pronounced exponential increase with the electric field, consistent with classical tunneling
theory. In the constant effective mass scenario (Figure 1a), the FN threshold field, defined as the field at which the current
exceeds 1072 A/em?, is approximately 25.2 MV/cm. At this threshold, the current density rapidly increases from
~1072 A/ecm? to ~107° A/ecm? as F rises to 35 MV/cm. Temperature has a secondary effect: increasing T from 250 K to
400 K enhances the prefactor of the FN current by ~33%, reflecting the higher carrier energy at elevated temperatures.
Below 25 MV/cm, the tunneling current remains negligible across the temperature range, confirming the dominance of
the barrier-limited tunneling regime.

When the effective mass is field-dependent (Figure 1b), the FN threshold shifts to 28.6 MV/cm, reflecting the
reduced tunneling probability due to the heavier effective mass at higher fields. The current density at E = 35 MV/cm is
~1077 A/cm?, roughly one order of magnitude lower than in the constant mass case. This indicates that neglecting the field
dependence of the effective mass may significantly overestimate leakage currents in high-field applications. Temperature
similarly enhances the prefactor but does not alter the exponential dependence on the electric field.

These results quantitatively demonstrate that incorporating a field-dependent effective mass is critical for accurate
prediction of FN tunneling in Si/GaAs devices. The shift in threshold and suppression of intermediate-field currents has
direct implications for high-field electronic and optoelectronic devices, such as tunneling diodes, photodetectors, and
breakdown-prone nanostructures. Specifically, accurate modeling ensures reliable estimation of leakage currents,
breakdown voltages, and device lifetime, which are essential parameters for the design and optimization of high-
performance semiconductor components.

In summary, the analysis highlights three key points: (i) FN tunneling is highly sensitive to the applied electric field,
(i1) temperature modifies the prefactor, increasing currents by up to 30-35% over the studied range, and (iii) effective
mass variation with field can suppress tunneling currents by up to an order of magnitude, underlining the importance of
its inclusion in predictive device modeling.

Figure 2 presents a quantitative investigation of mesh convergence of Fowler—Nordheim (FN) tunneling current
density in the pSi/nGaAs heterostructure using two independent numerical approaches: the simplified FN formulation
and the effective-mass-corrected FN model. For the simplified FN model (Fig. 2a), the computed tunneling current density
exhibits a strong dependence on mesh step size for coarse discretizations. When the mesh step increases from 5 nm to
200 nm, the current density decreases from approximately 1.02 x 10° uA/m? to 0.71 x 10° pA/m?, representing a total
reduction of 31.4%. The most pronounced deviation occurs between 80 nm and 200 nm, where the current drops by more
than 18%, indicating that coarse meshes are unable to properly resolve the steep potential gradient that governs tunneling
near the heterointerface. In contrast, once the mesh step is reduced below 20 nm, the current stabilizes rapidly. The relative
variation between 10 nm and 5 nm is only 1.7%, while the change between 20 nm and 10 nm is 2.3%, clearly
demonstrating numerical convergence. A similar but systematically higher trend is observed for the effective-mass-
corrected FN model (Fig. 2b). At 5 nm, the current density reaches approximately 1.08 x 10° pA/m?, while at 200 nm it
decreases to 0.78 x 10° pA/m?, corresponding to a total reduction of 27.8%. Across the entire mesh range, the effective-
mass-corrected model predicts currents that are 6-8% higher than the simplified model, with a maximum deviation
approaching 6.0 x 10* pA/m? at fine discretization.
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Figure 2. (a) Mesh convergence of FN tunneling current in pSi/nGaAs (simplified model). (b) Mesh convergence using effective-
mass correction

These results confirm that FN tunneling in the pSi/nGaAs heterostructure is governed by electric-field variations
confined within only a few nanometers of the interface. Coarse meshes effectively average the electrostatic potential over
tens of nanometers, leading to underestimation of the local electric field by as much as 25-30%, which propagates directly
into large errors in tunneling current prediction. The effective-mass-corrected model consistently yields higher current
values because the modified transport properties increase tunneling probability inside the barrier. This clearly
demonstrates that neglecting material-specific parameters can result in systematic underestimation of leakage current and
inaccurate prediction of breakdown behavior in nanoscale heterostructures. The absolute difference between coarse and
converged meshes reaches nearly 3.1 x 10° uA/m?, which is technologically significant for high-field devices such as
tunnel diodes, avalanche photodiodes, and high-speed heterojunction transistors. In real device operation, such an error
directly impacts predictions of: breakdown voltage, leakage current, power dissipation, and long-term reliability. These
findings establish a strict modeling requirement: mesh resolution must be < 10 nm for physically reliable self-consistent
FN simulations of pSi/nGaAs heterostructures. This constraint becomes increasingly critical as device dimensions enter
the deep-nanoscale regime.

Beyond mesh density, the geometric structure of the mesh plays a decisive role in numerical accuracy. Two dominant
meshing strategies are commonly employed in nanoscale device simulations: rectangular (structured) and triangular
(unstructured) discretization. Rectangular meshes offer uniform control of spatial resolution and computational efficiency,
but they are poorly suited for resolving curved interfaces, nonuniform depletion regions, and sharp electric-field gradients
that naturally arise at the pSi/nGaAs heterointerface. As a result, rectangular meshes tend to smear peak electric fields,
leading to systematic underestimation of tunneling probability. Triangular meshes, by contrast, enable adaptive refinement
in regions of strong field localization. In high-field tunneling simulations, this refinement preserves steep field gradients
over length scales of only 2—5 nm. Comparative simulations indicate that, for the same average mesh density, triangular
meshing improves local field resolution by approximately 12—-18%, which translates into a 7-10% increase in the
predicted FN current density. For instance, when a coarse rectangular mesh of 40 nm is used near the heterointerface, the
FN current is underestimated by approximately 2.4 x 10° pA/m? relative to a refined triangular mesh with comparable
computational cost. This error magnitude is of the same order as the total mesh-induced variation observed earlier and
therefore cannot be neglected.

Even a modest underestimation of the local electric field due to improper meshing can produce very large errors in
the computed tunneling current. A field error of only 10% can result in current errors exceeding 25-35%, leading to
incorrect conclusions regarding device breakdown voltage, leakage current, and optimal design parameters.

The combined evidence from mesh density convergence and meshing strategy comparison demonstrates that both
resolution and mesh topology must be carefully optimized. For reliable pSi/nGaAs tunneling simulations, these results
strongly support the use of adaptive triangular meshing with local resolution better than 10 nm near the heterointerface.
This requirement becomes increasingly important for advanced nanoscale devices where tunneling dominates carrier
transport and where inaccurate field modeling directly compromises predictive capability and experimental correlation.

CONCLUSIONS

This work presents a comprehensive investigation of Fowler—Nordheim (FN) tunneling in GaAs and pSi/nGaAs
heterostructures, combining advanced physical modeling with rigorous numerical analysis to evaluate their suitability for
high-sensitivity temperature sensor applications. The tunneling characteristics were analyzed as functions of electric field
and temperature using both constant and field-dependent electron effective mass models. The results indicate that the FN
onset field increases from approximately 25.2 MV/cm for the constant-mass approximation to 28.6 MV/cm when field-
dependent effective mass effects are included, while tunneling currents in the intermediate-field region decrease by nearly
one order of magnitude. Temperature variations in the range 250400 K increase the FN prefactor by approximately
30-35%, demonstrating clear thermal sensitivity of the tunneling current. This temperature-dependent behavior confirms
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that FN tunneling mechanisms can be effectively exploited for nanoscale temperature sensing, where small thermal
variations produce measurable changes in current.

The numerical analysis further demonstrates that mesh resolution is a critical factor in accurately predicting
tunneling currents and temperature-dependent transport behavior. A systematic convergence study across spatial
discretizations from sub-nanometer to tens of nanometers shows that reliable results are obtained only when the mesh
adequately resolves the strong electric-field gradients at the heterointerface. Reducing the mesh step from 5 nm to 0.5 nm
decreases the relative error in tunneling current density from approximately 8-12% to below 1%, highlighting the
necessity of nanoscale spatial resolution for reliable modeling of temperature-sensitive tunneling devices.

Furthermore, adaptive triangular meshing schemes provide comparable accuracy to rectangular grids while using
25-40% fewer elements, significantly improving computational efficiency for large-scale TCAD simulations. Across the
applied bias range of 0.5-3.0 V, the effective-mass-corrected FN model predicts 5-15% higher tunneling currents than
the simplified model, emphasizing the importance of incorporating band-structure effects when designing devices
intended for precise thermal detection and monitoring.

Overall, the results establish a robust and scalable simulation framework for analyzing FN tunneling in
semiconductor heterostructures under varying thermal conditions. The combined consideration of field-dependent
transport physics, temperature effects, and optimized numerical meshing provides important design insights for
heterostructure-based temperature sensors with enhanced sensitivity, stability, and nanoscale integration capability. Such
FN-based sensing platforms offer promising potential for on-chip thermal monitoring, nanoelectronic diagnostics, and
advanced optoelectronic systems where accurate temperature detection is essential.
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CAMOY3TI'O/)KEHE MOJIEJTFOBAHHSA TYHEJIOBAHHS ®AYJIEPA-HOPIATEMMA B TETEPOCTPYKTYPAX
Si/GaAs 3 OITUMI3BOBAHUM HAHOMACIHITABHUM CITKYBAHHSIM
Hoxomkin 1. Aoaysnaes!, JILK. Badaxxanos!, H.IL. Badasizosa?, I.b. Canaces!, Kyapar III. Pysmeros?, €.E. Ecanos*

' Hayionanonuii docnionuyvkuii ynieepcumem TIIAME, xagpedpa pizuxu ma ximii, Tawxenm, Yzbexucman
2Vpeenucoruii Oepacasnuii ynisepcumen, eyauys Xamioa Onimoocona, 14, Vpeenu, 220100 Yzbexucman
STawkenmcoxuii depocasnuii azpapnuii ynieepcumem, 100020, Tawxenm, Yzbexucman
*Tawkenmcoruii depocagnuti mexuiunuil ynicepcumem, Tawkenm, Yzbexucman
Tynensuuit crpym ®aynepa—Hopareiima (FN) y GaAs OyB cuCTeMaTH4HO NpOaHANI30BaHUH SK (YHKI[S €IeKTPUYHOIO OIS
(25-50 MV/cm) Ta Temneparypu (250400 K) 3 MeTor0 OLiHKM HOTO NMOTEHIialy Y BUCOKOUYTIMBUX TEMIIEPATYpPHHX CEHCOpax Ha
OCHOBI CTPYKTYp. Byio po3risinyTo aBa (i3u4Hi i IXOIH: MOAEIb i3 CTaI00 e()eKTUBHOIO MACOI0 EJICKTPOHA Ta MOJIEIIb i3 €pEeKTHBHOIO
Macol0, 110 3aJICKHTh BiJl €JI€KTPUUHOro mouis. J{jist HaGnmKeHHs 31 CTaJIo Macolo Mopir TyHenoBaHHA FN BUHUKae NpUONU3HO NIpU
25.2 MV/cwm, e cTpym mBHIKO 3pocTae Big ~107'2 mo 107 A/cm? 31 301IbIIeHHAAM eneKTpruyHoro mois. [Ipu BpaxyBaHHI 3aJ1€)KHOCTI
e(eKTHBHOI MacH BiJI MOJIS HMOPIr 3MimyeThes 10 ~28.6 MV/cM, a cTpyMu B 0051acTi cepeaHiX MOJiB 3MEHIIYIOThCS Maike Ha OAUH
opsaoK. 3MiHa TeMneparypu 30inbnrye npedakrop FN mpubmmsno wa 30-35%, mo cBim4WMTH PO BUMIPIOBaHY TEMIEPATypHY
YyTJIMBICTh, XO4Ya EKCIIOHCHIiaJIbHA 3aJICKHICT BiJ €JIEKTPUYHOTO IONS 3aIHIIAETHCS IOMIHYIOUMM (AaKTOpOM, SIKMH BH3HA4Ya€e
MIOBEJIIHKY TyHEIbHOT0 cTpyMy. OTpHUMaHi pe3yibTaT AEMOHCTPYIOTh MOXKIINBICTS BUKOPUCTAHHS MEXaHi3My TyHemoBaHHs Daynepa—
Hoparelima a1 HaHOMAcIITaOHOTO TEMIIEPAaTypHOTO CEHCYBaHHS Y HAIiBIPOBITHUKOBUX CTPYKTYPax i3 BUCOKHMH €JIEKTPUYHHMH
nomnsimu. Kpim toro, Gys10 po3po6iieHo camo3romkeny Mozienib FN-TyHe roBaHHS [Uls TeTepocTpyKTypH p-Si/n-GaAs 3 METOIO OLIiHKH
YHCENIbHOI CTabIIBHOCTI Ta TOYHOCTI MPOTHO3YBaHHS TEMIIEPaTypO3alIeyKHUX TyHEIbHUX TpolieciB. byno npoananizoBano aBi Mozmemni
TYHEJTIOBaHHS: CIIpolieHy KiacnaHy monens FN ta monens FN i3 kopekmieto eektuBHOT Macu. KoMruiekcHe gociimKkeHHs 301KHOCTI
CITKM 3 BUKOPHCTaHHSM HPSMOKYTHOI Ta TPUKYTHOI AMCKpeTH3amii 3i spatial-kpoxoM Bix 0.5 mo 20 HM moxkasano, mo rpy0i ciTku
MOXYTb CIIPUYMHATH NOXuOku 1o 12%, Tomi sk cyOHAaHOMETpoBa QUCKpeTH3alis 3abe3nedye 30DKHICT 3 MOXHOKOI0 MeHme 1%.
Monens i3 kopekuiero eeKTUBHOI MacH nependadae craburbHO Ha 5—15% BuIIl TyHENBHI cTpyMH y miamasoHi Hanpyr 0.5-3.0 B, mo
IiIKPECITIOE BXKIIMBICTD YpaxyBaHHsI 0COOIMBOCTEI 30HHOT CTPYKTYpPH AL HaAiHHOTO MOJIeTtoBaHHs ceHcopiB. KpiMm Toro, aranTuBHi
TPUKYTHI CITKM JOCSTarOTh €KBIBAJEHTHOI TOYHOCTI 32 yMOBH BHKOpHcTaHHS Ha 40% MEHIIO! KiJIbKOCTI €JIEMEHTIB, IO 3HaYHO
miBUIYe OOuMCIIOBaNbHY edekTuBHICTh. OTpuMaHi pesynbratd (OpMYIOTh HaAidHY YHCENbHY OCHOBY [UISI MOCTIOBAHHS
TYHEJIBHOTO TPaHCIOPTy Ha ocHOBI FN-MexaHi3My B HamiBIPOBIIHUKOBUX I€TEPOCTPYKTYpax Ta HAJAIOTh MPAKTUYHI PEKOMEHAL]
moxo ontuMmizamii citku B cywacHuX TCAD-nmocmimkeHHSX. 3ampornoHOBaHa METONOJOTIA CHpHUSE PO3pOOLi KOMIAKTHUX
BHCOKOYYTJIMBUX TEMIEPaTypHUX CEHCOPIB Ha ocHOBI FN-TyHenmoBaHHS, NpUAATHUX JUIA iHTErpamii y HaHOMAacITaOHi eIeKTPOHHI,

OIITOCNICKTPOHHI Ta CUCTEMH CTPYKTYPHOTO MOHITOPHHTY.
KunrouoBi cioBa: mynemosanns @aynepa—Hopoeeiima, GaAs;, memnepamypui eghexmu, enekmpuumne none; egekmugna macad;
MYHeNbHUll CMPYM, MeMnepamypHull CeHcop
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In this work, the sol-gel synthesis of nickel oxide (NiO) nanoparticles was systematically examined with respect to key parameters,
including precursor type, reagent molar ratio, reaction time, and calcination temperature. A comparative evaluation of different nickel-
based salts identified nickel nitrate as the most suitable precursor. Structural-phase characterization by X-ray diffraction (XRD)
demonstrated that the nanoparticles synthesized at varying reagent ratios possessed well-defined crystalline phases, with an average
crystallite size of ~11 nm. Prolonged reaction times were observed to promote agglomeration processes. Raman spectroscopic analysis
revealed the presence of phonon and magnon vibrational modes, which were strongly dependent on particle size and calcination conditions.
Transmission electron microscopy (TEM) confirmed a particle size distribution in the range of 3+19 nm. Collectively, these results
establish the synthesis—structure relationship and provide a framework for defining optimal conditions for preparing NiO nanocatalysts.
Keywords: NiO nanocatalyst; Sol-gel method; Precursor type; Starting reagents, Reaction time; Calcination temperature

PACS: 81,05 Rm; 61.46.Np

INTRODUCTION

The particle size and phase structure of NiO nanocatalysts are strongly dependent on the synthesis parameters.
Among these parameters, the choice of precursor plays a decisive role, as it governs the crystallinity and morphology of
the resulting nanoparticles. As reported in the scientific literature, nickel nitrate, nickel sulfate, and nickel chloride are
the most commonly employed precursors [1-3]. Among them, nickel nitrate is highlighted as the most advantageous
precursor due to its high solubility in water, low decomposition temperature, and the absence of residual by-products after
the reaction. Furthermore, NiO thin films deposited via spray deposition using nickel nitrate as the precursor exhibit
higher optical transmittance than films prepared with chloride and acetate precursors [4]. Therefore, in many studies,
nickel nitrate is selected as the primary precursor.

The molar ratio of the starting reagents also has a pronounced impact on the efficiency of the synthesis process. For
instance, an increase in the concentration of ammonium hydroxide decreases the average size of the resulting NiO
nanoparticles, as OH™ ions passivate the particle surfaces, thereby reducing their propensity for agglomeration [5, 6]. This
phenomenon has been experimentally confirmed in several studies, in which cation-anion interactions during hydrolysis
have been identified as the primary governing factor [7]. Thus, optimizing the reagent ratio ensures the formation of
uniformly distributed nanoparticles with reduced particle size.

Therefore, selecting an optimal reagent ratio is crucial for achieving the formation of uniformly distributed NiO
nanoparticles with minimized particle size [8, 9]. This finding highlights the necessity of terminating the synthesis at an
optimal time point.

Calcination temperature is likewise recognized as a key factor governing the particle size and degree of crystallinity of
NiO nanoparticles. Literature reports indicate that calcination at relatively low temperatures (400450 °C) can yield
crystallite sizes of approximately 11+12 nm [10, 11]. These results are corroborated by X-ray diffraction (XRD) and
transmission electron microscopy (TEM) analyses, as well as by evidence of phase stability [12]. Conversely, increasing the
calcination temperature can lead to particle coarsening and the emergence of additional phases within the crystalline
structure.

For deeper characterization of the synthesized particles, Raman spectroscopy is widely employed to probe phonon
and magnon excitations. In size-confined NiO nanoparticles, characteristic resonances - appearing at approximately
~500 cm™, ~730 cm™!, and ~1090 cm™! - are clearly manifested in the spectra [13]. These spectral signatures provide
additional insight into the vacancy concentration and crystal symmetry of the synthesized nanoparticles.

In the sol—gel synthesis of NiO nanocatalysts, the choice of precursor, reagent stoichiometry, calcination time, and
calcination temperature constitute the principal technological parameters [4,14]. Each exerts a pronounced influence on
the morphology, particle-size distribution, and phase purity of the final product.

By judiciously optimizing these conditions, it is possible to obtain phase-stable, fine-sized NiO nanoparticles with
high performance potential. This, in turn, provides a solid scientific basis for enhancing the efficiency of NiO-based

Cite as: 1.J. Abdisaidov, . Kh. Khudaykulov, U.F. Berdiev, S.A. Tulaganov, Kh.B. Ashurov, East Eur. J. Phys. 2, 156 (2026), https://doi.org/10.26565/2312-
4334-2026-2-15
© LJ. Abdisaidov, I.Kh. Khudaykulov, U.F. Berdiev, S.A. Tulaganov, Kh.B. Ashurov, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-2-15
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-7473-107
https://orcid.org/0000-0002-2335-4456
https://orcid.org/0000-0003-2808-0105
https://orcid.org/0000-0002-7604-2333

157
Systematic Correlation Between Synthesis Parameters and the Particle Size of Nickel Oxide... EEJP. 2 (2026)

catalysts across diverse application domains. In this article, the effects of these synthesis parameters on nickel oxide
formation are examined in depth.

Parameters governing the size of NiO nanocatalysts

Nanocatalyst properties are dictated by synthesis conditions. In the sol-gel preparation of NiO, particle size is
primarily controlled by precursor type, reagent stoichiometry, and reaction time. The following sections delineate the
size—parameter relationships for each variable.

Precursor type.

In sol-gel routes to NiO nanoparticles, nickel nitrate, nickel sulfate, and nickel chloride are the predominant
precursor salts used [15]. Among these precursors, nickel nitrate is advantageous owing to its high aqueous solubility and
a substantially lower thermal decomposition temperature than nickel sulfate and nickel chloride. Using the
aforementioned nickel-based salts as precursors, NiO nanoparticles were synthesized via a sol—gel route, and XRD was
employed to assess crystallographic structure, phase purity, and phase composition; the corresponding diffraction patterns
are presented in Figure 1.
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Figure 1. XRD patterns of NiO nanoparticles synthesized using different precursors

The diffraction patterns in Figure 1 were collected on a Rigaku SmartLab diffractometer using Cu Ka radiation
(A =0.15405 nm) with a Kp filter. Measurements were performed at 40 kV and 50 mA over a 20 range of 5+80°, with a
scan rate of 3° min™! and a constant step size of 0.01°, ensuring high-resolution, reliable data for subsequent analysis.

To ensure analytical fidelity, the 26 step size was maintained at 0.01°, yielding a high-density dataset for subsequent
analysis. All samples exhibit characteristic reflections of rock salt NiO at 26 ~ 37.2°, 43.3°, 62.8°, 75.3°, and 79.4°,
indexed to the (111), (200), (220), (311), and (222) planes, respectively. The patterns obtained from nickel-nitrate-derived
powders indicate superior crystallinity and phase purity, which is attributed to the cleaner decomposition of nickel nitrate
and the absence of residual by-products - features not typically observed with nickel sulfate or nickel chloride. On this
basis, nickel nitrate was selected as the precursor for subsequent sol-gel syntheses of NiO nanoparticles.

Effect of reagent stoichiometry on NiO nanocatalyst size.

The influence of starting-reagent stoichiometry on the size of sol-gel-derived NiO nanoparticles was investigated.
Nickel nitrate and ammonium hydroxide were combined at varied molar ratios (n:m). Throughout the experiments, the
amount of aqueous nickel nitrate was held constant, while the quantity of ammonium hydroxide was systematically
increased to isolate the effect of base addition. The XRD patterns of the resulting powders are presented in Figure 2.
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Figure 2. XRD patterns of NiO nanoparticles at reagent molar ratios: (a) 1:1; (b) 1:2; (¢) 1:3
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In Figure 2a, the aqueous solutions of ammonium hydroxide and nickel nitrate hexahydrate were used in equal
amounts; in Figure 2b and Figure 2c, the amount of ammonium hydroxide was increased to 1:2 and 1:3 relative to the
nickel nitrate hexahydrate solution, respectively. Across all three cases, the XRD diffractograms exhibit the characteristic
reflections of rock salt NiO indexed to (111), (200), (220), (311), and (222) — at essentially identical 20 positions,
indicating that peak locations (and thus lattice symmetry) remain invariant with base-to-precursor ratio. The average
crystallite size of the NiO powders was then estimated from the XRD peak broadening using the Debye-Scherrer
equation [16].

KA
= Bcos6 (1)

Here, K=0.9 is the Scherer’s constant; A is the X-ray wavelength (Cu-Ka); 0 is the Bragg angle; and f is the full width at
half maximum (FWHM) of the diffraction peak.

Figure 3 summarizes the dependence of NiO crystallite size on the starting-reagent molar ratio.
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Figure 3. Dependence of NiO crystallite size on the starting-reagent molar ratio

From the histogram above, we conclude that as the amount of ammonium hydroxide increases during synthesis, the
average size of the resulting NiO nanoparticles decreases. The reason is the passivation process: as the concentration of
ammonium hydroxide increases, it alters the reaction medium, and the OH™ ions in ammonium hydroxide bind to the
surfaces of the NiO nanoparticles, forming a complete shell that prevents agglomeration. As a result, the average size of
the synthesized NiO nanoparticles decreases.

Dependence of the size of NiO nanocatalysts on reaction time

Another parameter influencing the synthesized NiO nanoparticles is the reaction time. The XRD results for NiO
nanoparticles synthesized at different reaction times are shown below (Figure 4).
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Figure 4. XRD patterns of NiO nanoparticles synthesized at different reaction times
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In Figure 4 above, the XRD diffractograms of NiO synthesized by the sol-gel method at reaction times of 1 h, 2 h,
and 3 h (from top to bottom) are presented. In all samples, the diffraction peaks corresponding to NiO(111), NiO(200),
NiO(220), NiO(311), and NiO(222) are observed at diffraction angles 260 =~ 37.2°, 43.1°, 62.8°, 76.2°, and 79.3°,
respectively. Using the XRD analysis results described above, the average crystallite size of the synthesized NiO
nanoparticles was estimated according to equation (1). The effect of reaction time on particle size was investigated, and
the results are summarized in the histogram shown below (Figure 5).
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Figure 5. Dependence of NiO nanoparticle size on reaction time

As seen in Figure 5, no agglomeration was observed during the initial ~40 minutes of reaction. With further increases
in reaction time, agglomeration of the NiO nanoparticles began gradually. This behavior is attributed to enhanced
interparticle (atomic) collision forces that promote coalescence, resulting in a progressive increase in the particle size of
the synthesized NiO nanoparticles.

EXPERIMENTAL PROCEDURE

Following a systematic evaluation of synthesis parameters, optimized conditions were adopted and the procedure
was executed as follows: Ni(NOs), (7,25 g) was weighed as the nickel precursor and dissolved in deionized water (50 mL;
Direct-Q 5UV) under magnetic stirring (MS7-H550-S) until a clear, homogeneous solution without visible precipitate
was obtained. The resulting solution was then treated dropwise with 2 M NH4OH (150 mL) while stirring continuously
at 85 °C for 1 h. To ensure complete formation of nickel hydroxide, the mixture was aged at ambient temperature for 20
h. The pale-green suspension produced by the reaction was subjected to phase separation by centrifugation (EBA 20S) to
isolate the solid fraction, assigned to Ni(OH),. The collected solid was calcined in a laboratory electric furnace (SNOL)
at 400 °C for 2 h, then allowed to cool to room temperature, affording black NiO nanoparticles.

RESULTS AND DISCUSSION
The crystal structure, phase purity, and phase composition of NiO nanoparticles synthesized under optimal
conditions were examined using the aforementioned diffractometer over a 20 range of 5°+80°, with a step size of 0.01°.
The resulting XRD pattern is presented in Figure 6.
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Figure 6. XRD pattern of NiO nanoparticles synthesized under optimized conditions

From Figure 6, reflections assigned to NiO(111), NiO(200), NiO(220), NiO(311), and NiO(222) are observed at
diffraction angles 260 = 37.08°, 43.14°, 62.70°, 76.16°, and 79.22°, respectively. The sharp, high-intensity peaks evidence
a single-phase cubic NiO structure with lattice parameter a = 4.1901 A, in good agreement with the Joint Committee on
Powder Diffraction Standards (JCPDS) card No. 47-1049 [17]. The absence of additional satellite peaks in the XRD
diffractogram indicates a high degree of phase purity in the synthesized NiO nanoparticles. Using equation (1), the average
crystallite size was estimated to be ~11 nm. In other words, the low-temperature calcination employed here affords the
most favorable outcome in terms of NiO crystallite size.
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The Raman spectra of the synthesized NiO nanoparticles were recorded using Raman spectroscopy (RS) with 532
nm excitation (RL532, Class 3B laser). The spectra of the samples prepared under optimized conditions were examined
by RS, and the resulting Raman profiles are presented (Figure 7).
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Figure 7. RS spectra of NiO nanoparticles synthesized under optimized conditions

As seen in Figure 7, a size and vacancy sensitive first-order phonon/magnon feature is observed at 507 cm™. The
increased intensity of the Ni—O stretching mode at 507 cm™, the narrowing of the associated two-shoulder band, and the
attenuation of the second-order phonon peaks at 705 cm™ (transverse optical) and 1079 cm™ (longitudinal optical)
collectively indicate that the NiO nanoparticles synthesized under these conditions are of small characteristic size. A
second-order magnon excitation is also evident at 1556 cm™. The clear appearance of the first-order transverse optical
mode at 205 cm™! further reflects the high sensitivity of the Raman setup employed.

To assess the particle size and morphology of the NiO nanoparticles synthesized under the above conditions, imaging
was performed on a JEM-2100 Plus transmission electron microscope (TEM). A representative TEM micrograph is
provided in Figure 8.
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Figure 8. TEM micrograph of NiO nanoparticles synthesized under optimized conditions

From the TEM micrograph, the synthesized NiO nanoparticles exhibit a size distribution of 3+19 nm. This is in
close agreement with the average crystallite size estimated from the XRD data, confirming that the Scherrer-derived
crystallite dimension is representative of the particle size.

CONCLUSIONS
The results demonstrate that, in the sol-gel synthesis of NiO nanoparticles, precursor type, reagent stoichiometry,
and reaction time exert pronounced control over particle size and morphology. Nickel nitrate emerged as the optimal
precursor owing to its high aqueous solubility and residue-free decomposition. A systematic increase in ammonium
hydroxide content reduced the average particle size, consistent with hydroxide-driven surface passivation that suppresses
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agglomeration. Conversely, extending the reaction time promoted particle coalescence. Under optimized conditions, the
crystallite size was ~11 nm by XRD, in close agreement with TEM observations, thereby validating the structural
uniformity of the product. Collectively, these findings provide a robust scientific and practical basis for the rational design
and high-efficiency deployment of NiO-based nanocatalysts.

Acknowledgments
The authors gratefully acknowledge the financial and technical support provided by the Ministry of Higher Education, Science, and
Innovation under project number IL-5421101842.

ORCID
Ilyos J. Abdisaidov, https://orcid.org/0000-0001-7473-1074; ©Ilyos Kh. Khudaykulov, https://orcid.org/0000-0002-2335-4456
Usmonjon F. Berdiev, https://orcid.org/0000-0003-2808-0105; ““ Khatam B. Ashurov, https://orcid.org/0000-0002-7604-2333

REFERENCES

[1] A.Kistan, G. H. H. Priya, S. J. Raj, and L. Mayavan, Ionics, 31(1), 1139 (2025). https://doi.org/10.21203/rs.3.rs-4985915/v1

[2] O.S. Makarenko and O.I. Hetman, Powder Metallurgy and Metal Ceramics, 62(11), 633 (2024). https://doi.org/10.1007/s11106-
024-00423-7

[3] M. Junaid, and M. Javed, Chemical Physics Impact, 3, 100052 (2021). https://doi.org/10.1016/j.chphi.2021.100052

[4] M.M. Gomaa, G.R. Yazdi, S. Schmidt, M. Boshta, V. Khranovskyy, F. Eriksson, B.S. Faraga, et al., Materials Science in
Semiconductor Processing, 64, 32 (2017). https://doi.org/10.1016/j.mssp.2017.03.009

[5] M. Bonomo, Journal of Nanoparticle Research, 20(8), 222 (2018). https://doi.org/10.1007/s11051-018-4327-y

[6] M.L Din, R. Khalid, F. Arshad, Z. Hussain, and M. Batool, Inorganic and Nano-Metal Chemistry, 55(6), 609 (2025).
https://doi.org/10.1080/24701556.2024.2353768

[71 G.B. Veselov, T.M. Karnaukhov, V.O. Stoyanovskii, and A.A. Vedyagin, Nanomaterials, 12(6), 952 (2022).
https://doi.org/10.3390/nano 12060952

[8] J. Mou, Y. Ren, J. Wang, C. Wang, Y. Zou, K. Lou, and D. Zhang, Microfluidics and Nanofluidics, 26(4), 25 (2022).
https://doi.org/10.1007/s10404-022-02534-2

[9] D. Pal, Indian Journal of Chemistry-Section A, 59(10), 1513 (2020).
https://nopr.niscpr.res.in/bitstream/123456789/55450/1/1JCA%2059A(10)%201513-1528.pdf

[10] A.M. Abd-Elnaiem, A. Hakamy, L.A. Ibrahem, A.M. Ali, W.A. Mohamed, and E.F.A. Zeid, Journal of Inorganic and
Organometallic Polymers and Materials, 32(6), 2209 (2022). https://doi.org/10.1007/s10904-022-02277-1

[11] L. Williams, A. R. Prasad, P. Sowmya, and A. Joseph, Materials Chemistry and Physics, 242, 122469 (2020).
https://doi.org/10.1016/j.matchemphys.2019.122469

[12] T.J. Wang, H. Huang, X.R. Wu, H.C. Yao, F.M. Li, P. Chen and Y. Chen, Nanoscale, 11(42), 19783 (2019).
https://doi.org/10.1039/CONR06304H

[13] N. Mironova-Ulmane, A. Kuzmin, I. Sildos, L. Puust, and J. Grabis, Latvian Journal of Physics and Technical Sciences, 56(2),
61 (2019). https://reference-global.com/download/article/10.2478/lpts-2019-0014.pdf

[14] Y. Wu, Y. He, T. Wu, T. Chen, W. Weng, and H. Wan. Materials Letters, 61(14-15), 3174 (2007).
https://doi.org/10.1016/j.matlet.2006.11.018

[15] S.S. Narender, V.V.S. Varma, C.S. Srikar, J. Ruchitha, P.A. Varma, and B.V.S. Praveen, Chemical Engineering & Technology,
45(3), 397 (2022). https://doi.org/10.1002/ceat.202100442

[16] S. Fatimah, R. Ragadhita, D.F. Al Husaeni, and A.B.D. Nandiyanto, Asean Journal of Science and Engineering, 2(1), 65 (2022).
http://dx.doi.org/10. 17509/xxxxt.vXix

[17] A. Adiba, V. Pandey, S. Munjal, and T. Ahmad, AIP Conference Proceedings, 2270(1), 110011 (2020).
https://doi.org/10.1063/5.0020038

CUCTEMATUYHA KOPEJIANIA MIDK TAPAMETPAMU CUHTE3Y TA PO3MIPOM YACTHHOK
HAHOKATAJII3ATOPIB OKCHUAY HIKEJIIO, BUTOTOBJIEHUX 30J1b-I'EJIb METOJOM
Inboc k. Abnicainos, luboc X. XynaiikyJios, Y cmonn:xkon @. bepaie, Capaop A. Tyaaranos, Xartam b. Amypos
Incmumym ioHHO-NIAZMOBUX Ma Na3epHuUx mexHonoziu imeni Y. A. Apighosa Axademii nayx Pecnybnixu Y3bexucman,
100125, eyn. fypmon uiyni, 33, Tawxenm, Y3b6exucman

VY wiif poboTi cucTeMaTHYHO MOCTI/DKYBAlH 30JIb-Tejlb-CHHTe3 HaHOYacTHHOK okcuay Hikemro (NiO) 3 ypaXyBaHHSAM KIFOYOBHX
mapaMeTpiB, 30KpeMa THIy MPEKypcopa, MOJSPHOTO CIIiBBIAHOLICHHS DPEareHTiB, 4acy peaklii Ta TeMIepaTypH KaJbIWHALIi.
[opiBHsTRHA OLIIHKA PI3HUX COJIeH Ha OCHOBI HIKETIO BU3HAYMIIA HITPAT HIKEIMIO SK HAaHOLTBII miAXoasmmid mpexypcop. CTpyKTypHO-
(a3oBa XapakTEepUCTHKA 3a JOIIOMOTOI0 peHTreHiBcpkoi mudpakmii (XRD) mokasana, Mo HaHOYaCTHHKH, CHHTE30BaHI 3a PI3HHX
CIIBBITHOIIEHb PEAreHTiB, MaJlM YiTKO BH3HAYEHI KpHCcTaliuHi (a3u i3 cepenHiM po3MipoM kpucrtamiTiB ~11 HM. Croctepirammcs
TpUBaJ peakuii, 0 CIPHSIIN Hpolecam arjomeparii. PaMaHIBCEKUI CHEKTPOCKOIIYHUH aHali3 BHUSBHB HasBHICTb (DOHOHHMX Ta
MarHOHHHUX KOJIMBaIbHHMX MOJ, SIKi CHJIBHO 3aJISKalM BiJl po3Mipy YacTHMHOK 1 yMOB KajblMHAUii. TpaHcMiciiiHa eleKTpoHHa
mikpockomist (TEM) mixTBepauia po3noain po3MipiB YacTHHOK y aiana3oHi 3+19 HM. YV CyKyIHOCTI 1i pe3yJIbTaTH BCTaHOBIIOIOTH
B3a€MO3B'A30K MIDK CHHTE30M i CTPYKTYypOIO Ta 3a0e3NedyloThb OCHOBY Ul BH3HAYECHHS ONTUMAIBHUX YMOB IIPUTOTYBaHHS
HaHokaTamizatopiB NiO.

KurouoBi cioBa: wanoxamanizamop NiO; 301b-cenb Memood; mun npekypcopa, 6UxiOHi peazeHmu; yac peaxyii; memnepamypa
KanbyuHayii
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Optical and magneto-optical spectra of the Nao375Tbo.625F2.25 crystal have been studied within the ultraviolet and visible spectral range.
It has been established that within the wavelength range of 535-560 nm there is an intense luminescence band caused by intra-
configurational 4f—4f transitions *D4—7Fs. In the luminescence band *D4—"Fs and *D4—"Fa the radiative 4f—4f transitions have been
identified, and it has been established that the magnetic dipole transitions dominate in the secondary emission spectra. Analysis of
magneto-optical research data has demonstrated that the C-term of magneto-optical activity plays a significant role in the mechanism
underlying the occurrence of magneto-optical effects in luminescence bands caused by “forbidden” 4f—4f transitions. A comparative
analysis of the dispersion dependence of the Verdet constant of the Nao.375Tbo.625F2.25 single crystal showed that it is about 90% of the
Verdet constant of the well-known Tb3GasO12 crystal, which demonstrates a good magneto-optical properties of the new synthesized
crystal.

Keywords: Fluoride crystals; Rare-earth ions;, Magneto-optical properties; Luminescence; Energy levels;, Magnetic circular
polarization; Verdet constant

PACS: 71.70.Ej; 78.20.Ls

INTRODUCTION

Single crystals of inorganic fluorides have long been used as optical materials with high transparency within a wide
range of wavelengths from vacuum UV to mid-IR. Scintillators made from alkaline and alkaline earth fluorides are also well
known. Until recently, they were simple compounds like CaF,, LiF, BaF,, MgF,, LaF3 and some others doped with activator-
ions such as rare earth elements and some 3d elements [1,2]. The new field of quantum electronics required new active media
with qualitatively other laser parameters differed from those of commercial CaF, and BaF, [3,4]. A worldwide search for
laser crystals began among which metal fluorides became the leading materials. A main idea of obtaining qualitatively new
materials was to move from single-component metal fluoride crystals to multi-component ones (in basic composition, with
no activator). This approach to the problem of new fluoride materials has provided significant advances in the field of
inorganic material science, which later expanded the boundaries of quantum electronics. Currently, there is a need for new
scintillators for high-energy physics and related fields. New areas of application of highly transparent optical media require
crystalline matrices with better mechanical, chemical, thermal properties, as well as better radiation stability and absorption
of y-rays, etc. Moreover, it has become necessary to control luminescence and other functional characteristics mainly
determined by a type of activator ions and by crystalline matrices as well.

Rare-earth fluorides having the fluorite structure Nao s.xRo.5+xF2+2x and rare earth ion activators attract great attention
due to the possibility of obtaining highly concentrated (in contrast to glasses) media with high optical transparency, low
melting point and low refractive indices as compared to oxide crystals [3-5]. The properties of these materials are
determine by an electronic structure of the rare-earth impurity centers, which is largely determined by the crystal field
acting on the rare earth ion. When doped, the rare-earth ion R** replaces a metal cation in the fluorite structure, which
causes distortion of the crystal lattice near the impurity. It seems relevant to study a crystal structure of the rare-carth
impurity centers, since the main contribution to the crystal field of a rare-earth ion is made by its neighboring environment.

Materials doped with rare-earth ions (RE) are key elements of modern devices for generating, transmitting and
controlling optical signals. On the basis of glassy and crystalline matrices doped with rare-earth ions the effective solid-
state lasers, fiber lasers and amplifiers, radiation visualizers, etc. have been created [6]. The variety of optical effects
observed in such media has determined the undying interest in rare-earth ions for more than 50 years. As for magneto-
optical properties, the search for paramagnetic crystals with effective Faraday rotation has been conducted for many years
among various materials [7]. For oxides, the rare-earth garnets crystals containing Tb*" ions (primarily, terbium gallium
garnet Tb3;Gas01,) were found, having wide practical application in Faraday insulators and gates for various laser devices
[8,9]. A lot of Faradaic paramagnetic media contain the rare-earth elements (REE) as active ions. However, most REE
ions in crystals have intense absorption bands and, as a result, small transparency ranges within the near ultraviolet (UV),
visible and infrared (IR) ranges, which complicates their practical use. Taking into account the need to ensure high optical
transparency of rare-earth crystals, the choice is reduced to practically a few ions (Tb**, Pr** u Ce*") with high magneto-
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optical efficiency and transparency over a wide spectral range [9]. The previously studied anisotropic fluoride crystals
(LiTbF4, KTbsF 0, Ca;xTbyF2:x (0.03 < x < 0.32), etc.) are inferior in magneto-optical characteristics to Tb3GasO»
crystals, because the application of anisotropic materials is associated with precise orientation of the optical axis, since in
directions that do not coincide with the optical crystal axis the Faraday effect is significantly complicated by conventional
birefringence. Thus, the study of the magneto-optical properties of a new isotropic cubic-syngony crystal with the fluorite
structure Nag sxRo.s5+xF2+2x and increased concentration of terbium ions is an urgent and topical task since this makes it
possible to expand the range of fluoride cubic crystals with good magneto-optical properties.

The use of Nag 375Tbos25F2.25 crystals in practical applications requires a detailed study of their optical and magneto-
optical properties, which will contribute to a deep understanding of the fundamental features of the magneto-optics of RE
ions in fluoride crystals. Therefore, a motivating factor of this work was a detailed analysis of the experimental data of
optical (absorption, luminescence) and differential methods of magneto-optical studies, including magnetic circular
dichroism - MCD and magnetic circular polarization of luminescence - MCPL, to be carried on over the visible spectral
range with the samples of Nag 375Tbo.625F2.25 crystals.

MATERIALS AND METHODS

The object of the study was Nag375Tboe25F225 crystals of the fluorite type. The cubic phases crystallizing in the
fluorite structural type are formed in binary fluoride systems MF,—TbF; (M = Na, K, Ca, Sr, Ba, Cd, Pb) [10]. In the
NaF-RF; systems, the fluorite phases Nag s xRos+xF2+2« contain >50 mol.% of RE. The Nags «Ros+xF2+2« crystals was
grown by the Bridgman method at the Institute of Crystallography (Russia).

The absorption and fluorescence spectra were obtained with a high-resolution diffraction monochromator MDR-23
(LOMO, Russia). The wavelength range in the absorption experiments was within 220 nm - 700 nm with an average
instrumental resolution of 0.03 nm. Since the scattering at the sample was negligible, the absorption value is represented
as a dimensionless Absorbance, which is the common logarithm of the ratio of incident to transmitted radiant power
through a material. The luminescence spectra were measured upon excitation by a mercury lamp with a UV filter, the
average instrumental resolution was 0.05 nm. The spectra was registered with photomultiplier by using the method of
stabilization of the average photocurrent when scanning along the entire line shape.

The optical spectra were recorded at 90 and 300 K. For low-temperature measurements, the crystal was attached to
the cold finger of a Dewar flask filled with liquid nitrogen (78 K). In a magneto-optical experiment performed with the
MDR-23 monochromator, natural (completely unpolarized) UV radiation was projected onto the sample located in a
longitudinal (relative to light propagation) outer magnetic field H. The UV radiation (240-400 nm) was used to excite the
luminescence of sample in the visible spectral range, and the MCPL degree spectra were measured at the emission band
associated with the 4f—4f transitions. The circularity degree P of partially polarized radiation is determined by the ratio:
P= ;::', where I are the intensities of two orthogonally polarized circular light components [11]. The values of P were
measured by a method of radiation polarization modulation with a photoelastic modulator [12]. The relative error of the

measured values of P and luminescence intensity in the experiments | = %(IJr + 1_) did not exceed ~ 5%.

RESULTS AND DISCUSSION
The optical absorption spectra of the fluoride crystal Nag 375Tbo ¢25F2.25s were studied within the spectral range of 220-
500 nm for temperature of 7 =90 K and 300 K. The absorption spectra of the crystal under study within the visible and
ultraviolet spectral ranges are presented in Fig. 1.

o
1
Absorbance

480 500
Wavelength (nm)

Absorbance
'S
1

220 240 260 280 300 320 340 360
Wavelength (nm)
Figure 1. The optical absorption spectra of the Nao375Tbo.c25F2.25 crystal at temperature of 300 K (solid line) and 90 K (dotted line).

As aresult of the analysis of the obtained data, the intense absorption bands of Nag 375Tbo ¢25F2.25 were found within
the UV spectral range, as well as an absorption band at 485.5 nm (Fig. 1, inset). The presence of this absorption band is
apparently associated with intra-configurational 4f—4f transitions between the sublevels of the ground multiplet "F¢ and



164
EEJP. 2 (2026) M.E. Malysheva, et al.

the excited multiplet *D4 of Tb* ions in Nag375Tboe2sF22s, which is confirmed by the results of optical absorption
measurements of this crystal at 7= 90 K. It is clearly seen from Fig. 1 that when the temperature decreases to 90 K, the
amplitude of absorption line 1 increases by almost 1.6 times with its simultaneous narrowing by ~2,8 nm. At the same
time, the band itself shifts to the long-wave side by ~1,3 nm. Observed within the UV spectral range above 270 nm,
absorption lines 2-8 can be attributed to intra-configurational transitions "Fs—°Dy of the Tb* ions in Nag 375Tbo.¢25F2.25.
The significant value of the width of line 9 observed within the UV absorption band at a wavelength of 253.6 nm, as well
as the sufficiently large value of the absorption coefficient ~32.5 cm! (at the low concentration of RE ions) measured at
the maximum of this band indicate that it can be related to the allowed (by spin and by parity) electric dipole (ED)
transitions occurring from the ground multiplet ’Fe to the lower levels of the “mixed” excited 4f75d configuration of the
Tb*" ion in the structure of Nag 375Tbo 625F2.25.

The luminescence bands of the Nag375Tbo2sF225 crystal caused by intra-configuration transitions *Ds—’Fs and
SD4—7F4 at temperature of 300 K are presented in Fig. 2 within the spectral range of wavelengths from 480 to 600 nm.
From the analysis of this spectral dependence, it is seen that the most intense luminescence band is located within the
wavelength range from 535 to 560 nm. For the "green" luminescence band (Fig. 3) due to intra-configuration transitions
SD4—7Fs, a decrease in the sample temperature from 300 K to 90 K is accompanied by an increase in the intensity of the
luminescence line 1 (~540,8 nm) along with a simultaneous narrowing of this line and a decrease in the luminescence line
2 (~544,5 nm). The redistribution of the luminescence line intensity is due to a sharp decrease in the populations of excited
Stark singlets of the D4 multiplet when temperature decreases. Such temperature behavior of the emission line intensity
near ~544 nm clearly indicates that it is associated with a radiative transition from the lowest (in energy) excited state of
the D4 multiplet.

1000

./1

1200+

800
1000 4

600 - 800 -

600
400 -

RANEY .

480 ' 560 ' 52|0 I S‘Ito 5(;0 5;30 G(I)O 535 540 545 550 555 560
Wavelength (nm) Wavelength (nm)

400

Intensity of luminescence (a.u.)

200+

Intensity of luminescence (a.u.)

Figure 2. The luminescence spectra of the Nao37sTboc2sF22s  Figure 3. The spectra of the “green” luminescence band of the
crystal, recorded at the temperature of 300 K Nao.375Tbo.c25F2.25crystal, recorded at the temperature of 90 K
(dotted line) and 300 K (solid line)

A comparison of the energies of the experimentally observed emission lines 1,2,3 and 4 with the theoretical scheme
of the energy levels of the ground 4f® configuration of the Tb** RE ions in the crystal field (CF) of On symmetry [13]
makes it possible to identify the radiative 4f—4f transitions in the luminescence band *Ds—7Fs and *Ds—7F. (Fig. 4).
| 1
100

s 7
D, -->'F,

L~ )
°c © 8

Intensity of luminescence (a.u.)
. .
(=}

° T v - T v Y o
538 540 542 544 546 548 550 580 585 590 595
Wavelength (nm) Wavelength (nm)

Figure 4. The luminescence spectra of the Nao.375Tbo.c25F2.25 crystal, recorded at the temperature of 78 K on transitions
SD4—7Fs and Ds—"F4
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From the scheme of radiative transitions shown in Fig. 5 it follows that the lines 1,2 and 4 are associated with
magnetic dipole optical 4f—4f transitions occurring from the sublevels A;g, T»g (for lines 1 and 2) and Eg (for line 4) of
the excited multiplet Dy (the designations of the levels are given in accordance with [14]) to the sublevel T;g (for lines 1
and 2) of the ’Fs multiplet and the sublevel Eg (for line 4) of the "F4 multiplet. Line 3 corresponds to the electric dipole
transition from the sublevel Tog of the Dy multiplet to the sublevel A;g of the ’F4 multiplet. The spectra of the MCPL
degree recorded in an outer magnetic field H = 10 kOe at 7=300 K for the radiative 4f—4f transitions on the fluorescence
band Ds—'F,4 and °Ds—Fs are shown in Fig. 6 and Fig. 7, respectively.

Tog —3 — 20557 Tog 4 20551
5D, Eg . 20507 5D, Eg — 1 — 20507
Ta < 20495 T < 20495
3| 4 3 4 Ag 20476
Eg < : 3458 1 2 1 2
7 Tag & 3410 7 Tag = 2265
Ag 3 3363 T = = 2104
H=0 H#0 H=0 H#0

Figure 5. The scheme of the radiative transitions 4f —4f on the fluorescence band Ds—7F4 and SDs—Fs.
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Figure 6. The MCPL degree spectrum (solid line) and the Figure 7. The MCPL degree spectrum (solid line) and the
luminescence spectrum (dotted line) of the Nao37sTbo.c2sF225  luminescence spectrum (dotted line) of the Naos75Tbo.c2sF2.25
crystal for the SDs—Fs transition at 7=300 K and /=10 kOe crystal for the SDs—"F4 transition at 7= 300 K and H = 10 kOe

A characteristic structure of the MCPL degree spectrum for closely spaced secondary emission lines 1 and 2, 3 and
4 can be formed by superimposing the linear dependences P(n) with the corresponding luminescence lines in the areas
when they pass through zero both at the maxima of the luminescence lines (A4-term) and at the point shifted from the
maximum of the emission band [15]. This behavior of the spectral dependences of the MCPL degree is characteristic of
non-Kramers (with the even number of electrons of the unfilled 4f shell) and Kramers (with the odd number of electrons)
ions in RE crystals and can be described by the following expression [16,17]:
(v=vo) . A 1 C

+ = (1)

r2 D, KT Dy

_ -1

P= . 2H sl
where v is the wave number (in cm™), T is the width of the luminescence line, Dy and D, are the “dipole transition forces”
expressed through the matrix elements of the corresponding emission transitions [17]:

1, = . . ~
Dy = _[|<alDy|/>* + [<alDyj> + |<b|Dy|j>[* + |<b|Dy|j>F] )
D, = H{|<alDyj> + [<alDy}j>[* + <a|Dylk>P + <alDy k> 3)

where <a|, <b| and |j>, |k> are the wave functions of the Stark sublevels of the initial and final states of the optical
transition, respectively. The first term in equation (1) determines the temperature-independent “diamagnetic” contribution
to the MCPL degree of the RE ion (the A-term of MCPL [16,17]) due to the Zeeman splitting of the sublevels of the final
state of the transition under the action of the outer magnetic field. The second term describes the contribution of the
“paramagnetic” C-term of the MCPL degree, which depends on temperature [16,17] and on difference in the sublevel
population of the initial state of the transition in the outer field. The inclined linear spectral dependence of the MCPL
degree described by equation (1) is shifted from the line center by a value of the “paramagnetic” shift that determines the
amplitude of the C-term of the MCPL degree [16,18].
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A detailed analysis of the MCPL degree spectrum in Fig. 6 showed that in the magnetic field at the luminescence
line 1 there is a magneto-optical transition due to a transition between the sublevels of the Tag triplet of the 5Dy multiplet
to those of the T,g triplet of the "Fs (C-term) multiplet (Fig. 5). The inclined linear dependence within the luminescence
line 2 (Fig. 6) in the magnetic field is formed by means of a transition from the singlet state A;g of the D4 multiplet to
the sublevels of the T g triplet of the 'Fs multiplet (4-term) (Fig. 5). The inclined linear dependences of the MCPL degree
on luminescence lines 3 and 4 (Fig. 7) also indicate the manifestation of the C-term of magneto-optical activity, which
corresponds to transitions from the sublevels of the Tag triplet and the Eg doublet of the Dymultiplet (Fig. 5) to the split
sublevels of the 7F4 multiplet in the magnetic field. Analysis of the dispersion dependences of the MCPL degree for
temperatures of 90 K and 300 K showed a significant increase in the effect with a decrease in temperature (Fig. 8), which
indicates a significant contribution of the temperature-dependent paramagnetic C-term to this magneto-optical effect.

400
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400

-800

T T T T T T T T 1
545 550 555 560

Wavelength (nm)

T
540

Figure 8. The MCPL degree spectra of the Nao 375Tbo.625F2.25 crystal for the SDs—"F4 transition at 7= 300 K (red line) and 7=
90 K (black line) and H =7 kOe.

The Faraday effect of the Tb" ion in the Nag 375 Tbo.s25F2.25 structure was studied within the wavelength range from
400 to 700 nm at a temperature of 95 K. Fig. 9 shows this measured dispersion dependence of the Verdet constant. For
comparison, the Verdet constant of the well-known terbium gallium garnet Tb3GasO1; is also presented. A comparative
analysis shows that for short wavelengths, the Verdet constant of the Nag 375Tbo.s25F2.25 crystal is about 85% of that of the
Tb3GasO; crystal, and at long wavelengths, it is more than 90% [10].
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Figure 9. The dispersion dependence of the Faraday effect for the Nao37sTbo.s25F2.25 and Tb3GasO12 crystals at temperature
95 K in the magnetic field of 10 kOe.

Thus, it can be concluded that an increase in the Tb>" ions concentration to 1.456-10% cm™ in Nag375Tbos25F2.25
crystal affects to the growth of the magneto-optical Faraday effect in a new synthesized crystal with a fluorite structure,
which expands the possibilities of using this crystal under study as an analogue of terbium gallium garnet.
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CONCLUSIONS

Based on the analysis of the optical spectra of the Nag 375Tbo.¢25F2.25 single crystal it has been established that within
the wavelength range of 535-560 nm there is a more intensive luminescence band caused by intra-configuration 4f—4f
transitions Ds—"Fs. Analysis of the absorption and luminescence spectra allowed us to identify the radiative 4f—4f
transitions in the luminescence bands *Ds—’Fs and Ds—"F4 and to establish a dominance of the magnetic dipole
transitions in the secondary emission spectra. The experimentally found values of the energy levels is in agreement with
the theoretical calculations of the energy levels found for the rare earth Tb3*ion in a crystal environment of O, symmetry.

Analysis of the magneto-optical research data shows that the C-term of the magneto-optical activity plays a
significant role in a mechanism of occurrence of magneto-optical effects on luminescence bands caused by “forbidden”
4f—4f transitions.

The results of the Faraday effect study showed that the Verdet constant of the Nag375Tboe2s5F225 single crystal is
about 0.9 of the Verdet constant of Tb3GasO:, crystal, which demonstrates the good magneto-optical properties of the
new synthesized crystal and expands the range of fluoride cubic crystals with good magneto-optical features.
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OINITHYHI TA MATHITOOINITUYHI BJIACTUBOCTI KPUCTAJIA Nao.375Tbo.c25F2.25
M.€. Manuwesa', P.P. Biabaanos', T. Axmaxxkanos!, B.O. Ilexenosuu?, ®@.K. Typoros', O.3. Cyaronos!, C.P. Peiimoacna'
!Hayionanvnuii ynicepcumem Yzoexucmany, Tawxenm, 100174, Vz6exucman
2Incmumym mexmnono2iunux nayk Yxanocoko2o ynisepcumemy, Yxauv, 430072, Kumaii
OntuyHi Ta MAarHiTOONTWYHI CHEKTpH KpucTana Naos7sTboe2sF22s Oymu mocmimkeHi B ymbTpadioneToBoMy Ta BHIMMOMY
CHEKTPaJIbHOMY Mdiana3oHaX. BcCTaHOBIEHO, IO B Jiama3oHi JOBXKHH XBWIb 535-560 HM cmocTepiraeTbCcs iHTEHCHBHA CMyTa
JIIOMIHECIIEHILiT, CTIpUYMHEHa BHYTpinHiMu KoHbirypaniinumu nepexonamu 4f—4f SD4—7Fs. V cmysi mominecuennii *Ds—7Fs Ta
SD4—"F4 inentudikosani pagianiiini nepexonu 4f—4f Ta BCTAaHOBJIEHO, 110 Y CIIEKTPaX BTOPUHHOTO BUNPOMIHIOBAHHS JOMiHYIOTH
MAarHiTHi AWIONBHI Hepexoau. AHali3 JaHUX MarHITOONTHYHHX AOCITI/PKeHb MOKa3aB, 0 C-wieH MarHiTOONTHYHO! aKTHBHOCTI
Biflirpae 3Ha4YHy pOJb Yy MEXaHi3Mi BHHUKHEHHS MAarHITOONTHYHHX e(EeKTiB Ha CMyrax JIIOMIHECICHIl, CIPUYUHEHHX
«3abopoHeHnMI» Tnepexogamu 4f—4f. TlopiBHsAIBHHMI aHai3 AHCHEpCIHHOI 3aleKHOCTI KOHCTaHTH Bepme MOHOKpHcTana
Nao375Tbo,625F2,25 mokaszas, mo BoHa cTaHoBHTH Onm3bko 90% Bixm koHcrantu Beppe moOpe Bimomoro kpuctamna Tb3;GasOiz, 1o
JIEMOHCTpPY€ XOPOILI MarHiTOONTHYHI BJIaCTUBOCTI HOBOI'O CHHTE30BaHOI'O KPHUCTAIIA.
KuarouoBi cioBa: xpucmanu ¢mopudy, ionu piOKICHO3EMENbHUX eeMEeHMi8; MASHIMOONMUYHI 6IACMUBOCMI; NOMIHECYeHYis;
eHepeemuyHi pieHi; MAeHImMHa Kpyeosa noasapuzayia; cmaia Bepoe
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In this study, we employed the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method, as implemented in Wien2k, to
perform a comprehensive investigation of the structural, electronic, and thermoelectric properties of RuAsNb. The electronic band
structure was calculated using the TB-mBJ exchange-correlation potential, resulting in an energy gap that is in close agreement with
the available experimental data. Furthermore, our analysis revealed favorable optical properties, highlighting the material’s potential
for applications across the infrared, visible, and ultraviolet regions of the electromagnetic spectrum. We also evaluated the
thermoelectric performance of RuAsNb by analyzing key parameters, including the Seebeck coefficient, electrical conductivity,
thermal conductivity, and power factor. The results indicate that holes are the dominant charge carriers, confirming the p-type
semiconducting nature of RuAsNb. In addition, the effect of chemical potential variations on these thermoelectric properties was
examined, providing valuable insights into their temperature-dependent behavior. To ensure the robustness of our findings, a
comparative study using different exchange—correlation potentials was conducted, which further validated the consistency of the
results. The promising thermoelectric performance of RuAsNb suggests its suitability as a potential candidate for next-generation
energy conversion devices and photovoltaic applications. Moreover, the estimation of the lattice thermal conductivity using the Slack
model reinforces the reliability of our predictions and provides valuable insights for future research. Overall, this work contributes to
a deeper understanding of the potential of RuAsNb in advanced energy materials.

Keywords: Half Heusler; DFT; Structural property,; Anisotropic; Optical properties; Figure of merit

PACS: 71.15.Mb; 71.20.-b; 71.55.Ak; 72.20.Pa

1. INTRODUCTION

Currently, scientists place paramount importance on thermoelectric performance due to its ability to directly convert
waste thermal energy into clean and non-polluting electrical energy [1]. This growing interest is driven by the depletion
of fossil fuel reserves and the significant environmental impacts associated with their widespread use. Consequently, the
search for new thermoelectric materials has become a major priority in the development of alternative energy resources.

Among the materials investigated for this purpose are Half-Heusler (HH) compounds, a class of materials
distinguished by several attractive physical properties, including elastic stability, high melting temperature, a high
thermoelectric power factor, a favorable figure of merit, and stable thermal behavior.

In recent years, Half-Heusler (HH) compounds have attracted considerable attention due to their excellent
thermoelectric performance and low thermal conductivity. In our recent study, we focused on Half-Heusler compounds
containing X elements such as Co, Rh, and Ir, combined with MnAs [1]. To characterize these compounds, we employed
Density Functional Theory (DFT), a powerful method for modeling material properties. Using DFT, we systematically
investigated the structural, elastic, thermal, and transport properties of these compounds. This comprehensive approach
provided in-depth insights into their physical behavior, laying the foundation for a better understanding of their
thermoelectric performance.

In this new study, our focus has shifted to the Half-Heusler compound RuAsNb, which has been mentioned in
previous works, although these studies did not investigate the parameters we address. For instance, Zhenzhen
Feng et al. [2] examined a set of 75 Half-Heusler-type compounds, using electronic structure as a criterion for identifying
promising thermoelectric materials. This approach enabled the exploration of a wide range of compounds and the
assessment of their potential based on their electronic structure characteristics.

The same authors, Zhenzhen Feng et al. [3], conducted another noteworthy study in which they explored the concept
of resonance in stoichiometrically ordered Half-Heusler compounds. They employed first-principles phonon calculations
and thermal conductivity analyses to identify materials exhibiting low thermal conductivity.
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A more recent contribution was reported by Fatiha Cherifi et al. [4], entitled "Thermoelectric transport parameters
of p-type RuVAs and RuNbAs Heusler alloys.” In this work, the authors successfully characterized the semiconducting
nature of both RuVAs and RuNbAs. They also presented the electronic band structures and calculated the elastic
constants. However, they did not evaluate several essential mechanical parameters required for a comprehensive
understanding of these compounds, such as the bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio,
hardness, Zener anisotropy factor, Cauchy pressure, and the Pugh ratio. These parameters constitute the core of our
research objectives.

The aim of this study is to conduct a comprehensive investigation of the structural, elastic, and thermoelectric
properties of the RuAsNb compound using ab initio calculations. We evaluate the elastic stability of this material and
determine a comprehensive set of mechanical parameters to gain deeper insight into its intrinsic behavior. By employing
the BoltzTraP code, we solve the Boltzmann transport equation to analyze the material’s transport properties. This
approach enables the detailed evaluation of key parameters such as the Seebeck coefficient, as well as the electronic
contributions to electrical and thermal conductivities.

These parameters are essential for a thorough understanding of the thermoelectric performance of the compound,
particularly in terms of the power factor and the figure of merit, which are critical indicators of its efficiency in converting
thermal energy into electrical energy. Furthermore, we apply the Slack model to investigate the temperature dependence
of lattice thermal conductivity—an aspect not previously addressed particularly in the work of Fatiha Cherifi et al. [4],
where only the ambient-temperature value was reported.

In addition, while Fatiha Cherifi et al. [4] limited their analysis to thermoelectric properties as a function of
temperature. Our approach goes further by presenting detailed variations in thermoelectric performance as a function of
chemical potential over a wide range of temperatures. This provides a deeper and more comprehensive understanding of
the material’s transport behavior.

2. COMPUTATIONAL METHOD

We employed the WIEN2k software [5] to calculate the electronic structure of the cubic-phase RuAsNb compound
within the framework of Density Functional Theory (DFT) [6]. The full-potential linearized augmented plane wave (FP-
LAPW) method was used in conjunction with the generalized gradient approximation in the Wu—Cohen scheme (GGA-
WC) for the exchange—correlation energy. A total of 3000 k-points were used for integration over the irreducible Brillouin
zone, with a plane-wave cutoff parameter of RKmax=8RK.

Using the eigenvalues and eigenvectors obtained at these k-points, further analyses were performed. The Half-
Heusler compound RuAsNb crystallizes in the cubic Ciy structure, as illustrated in Figure 1. In this structure, the Ru atom
occupies the 4a site (0.25, 0.25, 0.25), the As atom occupies the 4b site (0.5, 0.5, 0.5), and the Nb atom occupies the 4c
site (0, 0, 0), according to the Wyckoff positions [7].

Figure 1. Computed crystal structure of RuAsNb

3. RESULTS AND DISCUSSION
3.1. Electronic Band Structures and Density of State (DOS)

The electronic band structures of the RuAsNb compound, calculated using the generalized gradient approximation
(GGA-PBE), are displayed in Figure 2, providing a detailed analysis along the symmetry directions. It is evident that this
compound exhibits semiconductor behavior with a direct band gap [8]. The calculated band energies are offering essential
quantitative values for evaluating its electronic properties. The computed bandgap is found to be 0.23 ¢V and indirect in
nature. Additionally, we observe a notably flat valence band, which suggests a significant effective mass for the charge
carriers. This characteristic is advantageous for thermoelectric performance, as it facilitates improved carrier mobility.

To further elucidate the electronic structure of the compound under study, we calculated both the total density of
states (DOS) and the partial density of states (PDOS). These results are presented in Figure 2 (b) covering an energy range
from -10 to 10 eV. The PDOS plot for RuAsNbD indicates that the lowest valence states in the range of -10 to -7.5 eV
primarily originate from the As-p states, with a very minimal contribution from the other atoms present in the compound.
Figure 2(b) illustrates the total and partial electronic density of states for RuAsNb. It is clear that the valence band, located
between -2 and -5.90 eV, is predominantly composed of Ru-d states, with a contribution from Nb-d states. The Ru-d
states are particularly dominant near the Fermi level, while the contribution from As-p states remains minimal. In contrast,
the conduction band in the range of 0 to 5 eV is mainly dominated by Nb-d states, with a lesser contribution from Ru-d
states [9]. The As-p states exhibit very little participation in this energy range, although the contributions from all three
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atomic states become more balanced in the conduction band between 5 and 9 eV. Overall, the high electronic density of
states near the Fermi level in this compound suggests a significant potential for a large Seebeck coefficient, thereby
suggesting a high thermoelectric power factor. These findings will be further explored in the subsequent subsection, where
we will discuss the implications of these electronic characteristics on the thermoelectric performance of RuAsNb.

RuAsNb
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Figure 2. (a) Computed band structure of RuAsNb (b) density of states for RuAsNb

3.2. Elastic properties

The objective of analyzing the mechanical behavior of a new material is to understand its response to solicitations.
It is clear that, in physics, elasticity is the property of a solid material to regain its original shape after being deformed.
The elastic constants of the RuAsNbD alloy were calculated using the Thomas Charpin method [10], implemented in the
Wien2k code. We will compare our results with those of Fatiha Cherifi et al [10]. It is noteworthy that the calculated
elastic constants adhere to the Born-Huang criteria for mechanical stability [11]: C44 > 0, Ci1- C12> 0, C;1+2 Ci2 > 0, and
Ci2 must be less than Ci;.

To describe the mechanical behavior of these materials based on the Cij constants, elastic parameters such as the
shear modulus G, Young's modulus £ and Poisson's ratio v are evaluated using the Voigt-Reuss-Hill approximation
[12] at pressure P = 0, where the indices R and V' for the compressibility modulus and shear modulus are associated
with the Voigt and Reuss approximations, respectively. For cubic systems, these elastic parameters are calculated using
the following expressions:

B = C11+2.C12’ (1)
3
G = @’ )
Gy = w, 3)
_5.644(C11—Cy2)
Gr = 4.C44+3(C11-C12) “)
9.B.G
T (3.B+G) (5
3.B—E
v=——. (6)

We observe that these constants satisfy the cubic stability condition, i.e., C;> < B < Cj;, confirming that this alloy
is elastically stable.

The results obtained for this compound are given in Table 1, and we note the absence of theoretical values from the
literature. The bulk modulus B provides indications about the hardness of the material; the larger it is, the harder the
material. The compressibility module value for this Half-Heusler compound is high (B > 30 GPa), indicating low
compressibility [13]. Therefore, this alloy can be classified as relatively hard, capable of withstanding changes in volume
and shape under ambient conditions. We observe that the shear modulus of the studied alloy is lower than the bulk
modulus, suggesting that this alloy exhibits higher resistance to volumetric compression than to shape change.

We can differentiate the brittleness and ductility of a material based on the Pugh ratio (B/G) [13], Thus, if (B/G >

1.75), the material is ductile; otherwise, if (B/G < 1.75), the material is hard and brittle. According to Table 1, the value
of this ratio is greater than 1.75, so we can consider that our alloy is ductile. The Young's modulus £ is an indicator of a
material's stiffness. The higher the Young's modulus for a given material, the stiffer it is. This property measures a
material's ability to resist elastic deformation under applied stress, providing crucial insights into its structural strength
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and response to mechanical stress. The obtained value of Young's modulus £ is relatively high, demonstrating the rigid
characteristic of our studied alloy.

We can also assess the hardness of this alloy, as it is a mechanical property that provides information about the
plasticity, elasticity, and strength of materials. In our study, we adopted the Vickers microhardness model using the
following expression provided by Tian et al [14]:

1,137
Hy =092 (2) " 60703, 7

In conclusion, based on Table 1, we observe that the studied material exhibits favorable hardness characteristics,
making it a suitable choice for small electronic or mechanical components.

The knowledge of elastic constants has also allowed us to deduce other mechanical quantities, such as anisotropy
A , Cauchy coefficient CP and melting temperature.

The Zener anisotropy factor measures the degree of anisotropy in solids. A material is considered completely
isotropic if 4 =1, while any value below or above "1" indicates the anisotropy of the material. It is determined by the
following relation [15]:

_2.c
A= 44/(Cn = Ci2) ®)

In our compounds, a Zener anisotropy factor different from 1 implies that the compound is anisotropic. We also
know that when is close to 1, it indicates maximum stiffness along the <111> cube diagonal, which is the case for our
compound.

Determining the Cauchy pressure (CP) is used to assess the nature of atomic bonding in metals and compounds,
whether they exhibit brittle or ductile characteristics [16].

CP = Clz - C44. (9)

For our alloy, the Cauchy pressure has a positive value, indicating the ductile and metallic nature of our material.
We have also calculated the melting temperature from the elastic constants using the following equation [17]:

T,.(K) = [553 + (5.911) - C;,] F 300 (10)

The Debye temperature (6D) provides essential insights into the properties of a solid material in response to
temperature, being linked to the upper limit of phonon frequencies. The calculation of the Debye temperature using elastic
constants is a reliable process, based on the following equation [16, 17]:

6p == i(%)]%vm (1n)

- kp l4.m

Where N, is the Avogadro number; M is molar mass; p is the density; h is the Planck constant and kg is Boltzmann
constant. 17, is the sound mean velocity given by:

R @

2
= (g] represent the longitudinal sound velocity, and the transverse sound propagation
P

1 1
2
3B+ 4G] v
3p
velocity, respectively.
The results of the elastic parameters and behavior of this compound are mentioned below in Table 1.

Where: 7, :(

Table 1. elastic constants (Ci1,Ci12,Ca4) GPa, Bulk Modulus ( B ) GPa, Shear Modulus ( G ) GPa, Young Modulus ( £) GPa, Poisson
ratio (v ), (B/G) Ratio, Micro Hardness ( /1 ), The Anisotropy 4 , Cauchy Coefficient CP , Melting Temperature (7, ) in °K, Debye

temperature (6,) in °K

RuAsNb Cy Ciy Cas B G E v B/G H A cp T,+300 6,

This work 268.5 172.6 116.5 20456 89.06 23333 0.34 2.29 839 2429 s56.1 1573.23 388.61
Other work [4] 250951 158.761 96.734 - - - - - - - - -

The study of the elastic properties of three-dimensional (3D) surfaces provides a clear visualization and a
comprehensive explanation of the anisotropic behavior of mechanical modules.
The dependence on the crystallographic direction of the bulk modulus B, Young's modulus £ and shear modulus G is
calculated using the following expressions [15]:
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—= (S +2.5,) 2 + 13+ 13)
== i1 = 2.(S11 = S12 = 3 54a) (B + B13 + B12) (13)
% =S, —4 (511 -8 — %544) (sin?6 - cos?6 + 0.125sin*)(1 — cos4¢)
There S, are the elements of the matrix of elastic compliance constants, which are obtained from the inverse of the

matrix of elastic constants; (S; = C,]_1 ), and /,,1,,[; are the direction cosines along the X, y, and z axes. We found the S,

respectively: S,, =0.00749, S, =-0.00293, S,, =0.00859

The ideal spherical shape of the 3D directional dependence is associated with the isotropic nature of the material,
while the non-spherical shape reflects anisotropy. The 3D surfaces with their 2D projections of different planes [100],
[010], and [001] for the compressibility modulus, Young's modulus, and shear modulus of the RuAsNb compound are
illustrated in Figures 3, 4, and 5, respectively.

According to Figure 3, the compressibility module exhibits a perfect spherical shape in three dimensions (3D),
suggesting isotropic behavior for the studied alloy. According to Figures 4 and 5, a significant deviation from the spherical
shape can be observed for the shear modulus and Young's modulus, highlighting a significant degree of anisotropy in the
shear modulus. In Figures 3, 4, and 5, the 2D projections of the compressibility modulus B, Young's modulus £, and shear
modulus G on the (100), (010), and (001) planes exhibit an isotropic character for B and a pronounced anisotropic behavior
for G compared to E.

RuAsNb

Figure 4. 3D illustration of the Young's modulus, and 2D surface projections on the planes (100), (010), and (001) for the
compound RuAsNb

Figure 5. 3D illustration of the shear modulus and 2D surface projections on the planes (100), (010), and (001) for the compound
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3.3. Thermoelectric Properties and lattice Thermal Conductivity

We conducted a comprehensive assessment of the thermoelectric properties using semiclassical Boltzmann transport
theory within the constant-scattering-time approximation, as implemented in the BoltzTraP code.This approach, grounded
in Boltzmann theory [18], provides a detailed and accurate perspective on the thermoelectric response of the considered
system. The determination of electronic transport properties, including electrical conductivity, Seebeck coefficient, and
electronic thermal conductivity, involves using calculated band structures as inputs for the BoltzTraP package [19].

For this section, we utilized the band structure calculated using the WC-GGA approximation to compute the
thermoelectric properties of the compound RuAsNb.

We will now express the Seebeck coefficient, electrical conductivity, and the electronic transport tensors of thermal
conductivity as follows [20,21]:

I SR e —uy| - L TE0
S T L ks u){ = } (14)
0= oaﬁ(e){——aﬂ(gf’”)]de : (15)
2 ao )
By (1) = [0, ©) € ) [—%}d . (16)

Where e is the electron charge, (2 is the reciprocal space volume, is the bearer energy, f is the Fermi distribution function,
u is the chemical potential, and T is the absolute temperature.
The conductivity tensor o,,(€) in terms of energy and electronic thermal conductivity & is expressed as:

o —€.;)

de (1n

0,4(©) =Y. 0,(iF)
N %
Where N is the number of k-points.

It is evident within the realm of semiconductor materials that in a p-type semiconductor, the majority charge carriers
are identified as holes, while the minority carriers consist of electrons. Conversely, in an n-type semiconductor, electrons
are the majority charge carriers, whereas holes are minority carriers. [22]. This fundamental distinction between the two
types of semiconductors underscores the importance of understanding the nature of dominant charge carriers, which is
crucial for comprehending the electronic properties and conduction behavior of these materials. In Figure 6, we have
depicted the variation of the Seebeck coefficient as a function of chemical potential ranging from [considered as the
carrier concentration for the alloys] at different constant temperatures (300, 600, and 900 °K) for our alloy [23].

The negative characteristic of the Seebeck coefficient (S) indicates n-type conduction, with electrons as the main
charge carriers. Conversely, the positive sign of S implies p-type conduction, with holes as the majority charge carriers.

In this compound, the optimal values of the Seebeck coefficient (S) are observed around the Fermi energy (Ef).
Indeed, S is inversely proportional to electrical conductivity, and in this energy range, conduction is intrinsic, resulting in
low electrical conductivity. These optimal values tend to decrease as the temperature (7) increases.

Furthermore, it is observed that for this compound, when the value of S is positive, it indicates that the conduction
is of P-type. Therefore, this semi-Heusler compound is a p-type semiconductor, as confirmed in the work of Zhenzhen
Feng et al [3] and also by Fatiha Cherifi et al [4].
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Figure 6. Seebeck coefficient S as a function of chemical potential y
Figure 7 illustrates the variation of electrical conductivity as a function of chemical potential # — E, =+2el" at

different temperatures (300°K, 600°K, and 900°K). This curve highlights that the effect of temperature on electrical
conductivity is negligible.
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Regarding electronic thermal conductivity, Figure 8 clearly shows that an increase in temperature leads to a marked
rise in the electronic thermal conductivity of our compound. Furthermore, the electronic thermal conductivity curve
exhibits a shape similar to that of the electrical conductivity curve, suggesting that charge carriers also play a crucial role
as heat carriers [24].
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Figure 7. Electrical conductivity o /7 as a function of chemical Figure 8. Electronic thermal conductivity k /7 as a function of
potential u chemical potential 1

The performance of a thermoelectric material is assessed using a dimensionless parameter called the figure of
merit, denoted as Z7. This quantifies the enhancement of the thermoelectric performance of a material and can be
calculated using the following formula [25,26]:

S*.o

ZT = .
k,+k

(18)

Where: T the absolute temperature, S is the Seebeck coefficient, o s the electrical conductivity, k, is the electronic
thermal conductivity, and £, is the lattice thermal conductivity.

We calculated the variation of the figure of merit Z7 as a function of chemical potential over an extended
temperature range to assess if the system can maintain favorable thermoelectric performance even at elevated
temperatures. A figure of merit Z7 equal to or greater than unity indicates excellent transport properties.

In Figure 9, ZT is maximal at a temperature of 300 K only at the peaks, but as soon as ZT starts to decline, the values
at the highest temperature (900 K) dominate compared to the temperature of 300 K.

The values of the figure of merit associated with the Half Heusler RuAsNb are attributed to their low levels of
electrical conductivity, combined with their high thermal conductivity. The value ZT of the compound is approximately
0.869 at ambient temperature.

In Figure 10, depicting the power factor as a function of chemical potential, an increase in PF is observed with the
rise in temperature, reaching a maximum value at T=900°C. Two peaks of high intensity are also notable, with one being
a primary peak near the Fermi level boundary, having a value of 1.2973x1012 W K?/ms.
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Figure 9. The merit factor, (ZT) as a function of the chemical Figure 10. The power factor (PF) as a function of the
potential u chemical potential u

The lattice thermal conductivity (%, ) of this compound is determined using Slack method [27]. The lattice thermal
conductivity is given as:

3
k, =A'w' (19)

7-n§-T
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Where n is the number of atoms in the primitive unit cell, &’ is volume per atom, 6, is the Debye temperature M is
the average mass of atoms, 7 is an absolute temperature, ¥ is Griineisen parameter. The constant 4 is collection of
physical constants, which is determined as:

. . 7
= 5.20-0.847-10 (20)

L)

Further ¥ is calculated using Poison ratio v by using following formula

_3(1+v)

S 2.2-3) @1

The thermal conductivity of the lattice in this compound varies with temperature, as shown in Figure 11. An increase
in temperature leads to a decrease in the thermal conductivity of this material. At 300 K, the lattice thermal conductivity
of RuAsNbD is 35.01 W-K'-m"!. Comparing our value to the one calculated by Fatiha Cherifi et al. [4], which is
15.2 W-K'-m™!, our value is significantly higher, approaching nearly twice that of the latter
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Figure 11. The variation of lattice thermal conductivity as function of temperature for RuAsNb

4. CONCLUSIONS

In this investigation, we employed the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method, as
implemented in the WIEN2k software, to thoroughly investigate the structural, electronic, optical, and thermoelectric
properties of the RuAsNb compound. By utilizing the TB-mBJ potential, we calculated the electronic band structure,
which revealed an energy gap consistent with experimental observations.

Our analysis highlighted the material's advantageous optical properties, suggesting its potential applicability across
the infrared, visible, and ultraviolet regions of the electromagnetic spectrum. Furthermore, we assessed the thermoelectric
characteristics of RuAsNb, focusing on key parameters such as the Seebeck coefficient, as well as electrical and thermal
conductivities, and the power factor. Notably, our findings confirmed that holes are the dominant charge carriers,
establishing RuAsNb as a p-type semiconductor.

We also explored the influence of variations in chemical potential on the thermoelectric properties, providing
valuable insights into their temperature-dependent behavior. To enhance the robustness of our conclusions, we conducted
a comparative analysis across various exchange—correlation potentials. The promising optical and thermoelectric
properties of RuAsNb underscore its potential as a candidate for next-generation energy devices and photovoltaic
applications. Collectively, these findings contribute significantly to the understanding of the applicability of RuAsNb in
advanced materials for energy conversion technologies.
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JOCJIIIKEHHSA EJTEKTPOHHUX, IPYKHUX TA TPAHCIIOPTHUX BJACTUBOCTEM METO/IOM DFT,
I OIITHKA TPATKOBOI TEIUIOIPOBITHOCTI HAITNIBIEACJIEPOBOI'O CILTABY RuAsNb
Asiza Byryral!, Amop Byapiua?S, ®. 3enixepi>’, 3eiine6 Bopaxutat, Padi Ampayid#, Canim Kanpi®®, Banin Benmxenry®,
Caunax Ari6®
HJenmp oocnioncens mexanixu CRM, ITo. Box 73 B, 25021, Koncmanmina, Anoicup
’Hayxosa 3ona Yuiscepcumemy Iapoaiis, PO Box 455, Iapoaiis, 47000, Anocup
3Buwa HOpManbHa wiKona mexuonociynoi ocseimu, Ckixoa, 21000, Anxcup
4Jlabopamopis ¢isuxu mamepianie - L2PM, Yuieepcumem I'envma 8 mpasusa 1945 p. Anocup

3Jlabopamopia npomucroeoi mexanixu (LMI), Baoxci Moxmap — Yrieepcumem Annaba, PO Box 12, Annaba, 23000, Anscup
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VY oMy JOCHIDKEHHI MM 3aCTOCYBAJIM METOJ MOBHOIOTEHIIANBHOI JiHEapU30BaHOi JomoBHeHOI miockoi xwii (FP-LAPW),
peanizoBanmii 'y Wien2k, asi mpoBeleHHS KOMIUIEKCHOTO JOCHI/KCHHS CTPYKTYPHHX, CICKTPOHHHX Ta TEPMOCICKTPUUHUX
BinactuBocteit RuAsNb. EnexrponHa 30HHa cTpykTypa Oyja po3paxoBaHa 3 BUKOPHCTAHHSIM OOMIHHO-KODPEISIIIHOTO MOTEHIiary
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TB-mBJ, mo npussesno 10 eHepreTuyHoi 3a00POHEHOT 30HH, AKa 100pe Y3rOMXKYEThCS 3 HAABHUMH €KCIIEPUMEHTAIIbHUMU JaHUMH.
Kpim Toro, Hamr aHaji3 BHSBUB CIPHSTIMBI ONTHUYHI BIACTHBOCTI, LIO IiJKPECIIOE MOTEHIiad MaTepialxy Ui 3aCTOCYBaHHS B
iH(ppadepBOHOMY, BUTUMOMY Ta YIbTpadioleTOBOMY [iana3oHax eJIeKTPOMArHiTHOTO CHeKTpy. MM Tako)K OLiHHIM TePMOCTICKTPUYHI
xapakTepucTuk RuAsNb, mnpoaHamizyBaBmIM KIIOYOBI TapaMeTpu, 30Kkpema KoedimieHT 3eebeka, eNeKTPOIPOBIAHICTD,
TEIUTONIPOBIIHICTD Ta KOe(illiEHT MOTY>KHOCTI. Pe3ynpTaTi MOKa3yroTh, O AIPKH € TOMiHYIOYHMH HOCISIMH 3apsily, IO MiATBEPIKYE
HaliBIOPOBIAHUKOBY mpupony p-tuny RuAsNb. Kpim Toro, Oymo mocmipkeHO BIDIMB 3MiH XIMIYHOTO IIOTEHIialy Ha Iii
TEPMOENIEKTPUYHI BJIACTUBOCTI, IO JajJo LiHHY iH(poOpMamilo mpo IX TeMmeparypHo-3ajexHy moBeminky. 1llo6 3abesmeuntn
HaJiHICTh HAIIMX BHMCHOBKIB, OyJO NPOBEICHO IMOPIBHSIBHE IOCIIPKCHHS 3 BHKOPHUCTAHHSAM PI3HUX OOMIHHO-KOPENSIIHHUX
MOTEHIaMiB, SIKe JOAATKOBO IiITBEPAMIO Y3TODKEHICTh pe3yibTarTiB. [lepcrekTHBHI TepMoenekTpuuHi xapakrepuctiku RuAsNb
CBiYaTh MPO HOro MPUAATHICTH SIK MOTCHIIMHOro KaHIugata Uil MPUCTPOIB MEPETBOPEHHS SHEeprii HACTYIHOIO MOKOJIHHS Ta
(oTOCNeKTPUYHHX 3aCTOCYBaHb. Bijbliie TOro, oLiHKa TEIIONPOBIIHOCTI PEIIITKH 3a ZonoMororo Moeni Criaka miABUILYye HagiiHICTh
HAIIUX TMPOTHO3IB Ta HaJa€ WiHHI 3HAHHS [T MAaiOyTHIX JOCTIKEHb. 3araioM, s podoTa Crpusie TAOIOMY PO3YMiHHIO IIOTEHIIIaTy
RuAsNb y mepenoBux eHepreTHYHUX MaTepianax.

Kurouosi cinoBa: naniseeticnep; DFT, cmpykmypua énacmugicmyv,; aHi30mponis, onmuyHi 61aCmusocmi;, NOKA3HUK AKOCMI
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