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This work presents the derivation of exact analytical solutions for a (3+1)-dimensional modified Kadomtsev—Petviashvili equation
using two effective analytical schemes, namely the Improved Simple Equation Method and the exponential expansion approach. The
considered model is relevant for describing complex nonlinear wave propagation in incompressible fluid environments, where dispersive
and nonlinear effects are strongly coupled. The implemented techniques yield a rich variety of wave structures with distinct physical
characteristics, including singular and non-singular localized formations, periodic patterns, and exponentially decaying profiles. In
addition, hyperbolic and trigonometric configurations are obtained, reflecting different propagation regimes of the system. The qualitative
behavior of these solutions is further clarified through three-dimensional surface representations and contour mappings. Furthermore, a
bifurcation analysis is carried out for the reduced traveling-wave ordinary differential equation to investigate the equilibrium points, their
stability properties, and the critical conditions associated with stability exchange. This analysis provides a complementary dynamical-
systems perspective on the obtained wave structures and clarifies the influence of the governing parameters on the qualitative behavior
of the model.

Keywords: Nonlinear dispersive systems; Multidimensional nonlinear waves; Exact analytical solutions

1. INTRODUCTION

In the realm of nonlinear scientific studies, nonlinear evolutionary systems (NLEEs) hold a considerable position.
They serve as powerful mathematical tools for describing diverse and intricate phenomena such as fluid flow dynamics,
nonlinear processes, and the distribution of electromagnetic fields in plasma physics. [1-9]. With ongoing research for
NLEEs, a growing variety of exact analytical solutions have been identified and analyzed, offering deeper insights into
the behavior of nonlinear phenomena in natural systems. Multiple highly effective methodologies have been developed to
acquire precise analytical forms of equations describing nonlinear dynamic evolution (NLEEs), for instance, the inverse
scattering transform [10], techniques such as a transformation approach derived from Bécklund’s concept [11], and a
transformation method based on Darboux’s framework [12], the algebraic—geometric technique [13] and an approach
utilizing Hirota’s bilinear formalism [14]. These methods not only enable the precise determination of solutions but also
facilitate the study of complex solution structures.

During the late 1970s, Novikov’s research group [15-19]. achieved notable advancements in the development of
inverse spectral Paradigm and an approach based on algebraic geometry. These techniques were initially employed to
analyze the KdV model, originally formulated by Diederik Korteweg and Gustav de Vries, leading to the derivation of
quasiperiodic wave solutions, commonly referred to as algebraic—geometric solutions. Such solutions are defined by
physical parameters including the wave number, phase velocity, and interaction amplitude, all determined on a compact,
orientable Riemann surface. Although the technique grounded in algebraic geometry offers an analytical framework for
constructing quasiperiodic wave solutions, the direct determination of key quantities for instance, wave numbers and phase
shifts remains challenging, and frequencies remains difficult.

To address this, Nakamura introduced a direct approach combining the bilinear formalism in conjunction with
the theta function introduced by Riemann has been employed to formulate solutions exhibiting quasiperiodic waves for
both the KdV and Boussinesq equations [20,21]. This method provides a more direct approach and offers a clearer
understanding of the relationship between the solutions and their characteristic parameters. Subsequent extensions of
this technique to Investigations into superintegrable and discrete integrable systems have been carried out by fan and
colleagues [22-29]. Overall, nakamura’s approach has considerably enhanced the comprehension related to solutions
exhibiting quasi-periodicity and their function in the representation of nonlinear waves and examination of dynamical
systems [30-33], yielding new insights into complex system dynamics as well as the appearance of chaotic behavior.

A nonlinear version of the Kadomtsev—Petviashvili equation (KPE) [34], this nonlinear evolution equation, incorpo-
rating two spatial coordinates and a single time variable, was designed to capture the dynamics of slowly varying long
nonlinear waves in the transverse direction. By loosening the restriction by extending beyond one-dimensional wave
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dynamics, Kadomtsev and Petviashvili introduced the fully integrable KP equation . This formulation is suitable for
long shallow water waves propagating predominantly in one direction in scenarios where surface tension and viscosity
are insignificant. The extended Kadomtsev—Petviashvili equation in (3 + 1) dimensions has, in recent years, garnered
significant interest in both fluid mechanics and plasma physics research [35]. The proposed equation is expressed as
follows:

Uxxxy T 3 (uxuy)x + Buxxxz + 36 (uxuz)x + Pruxe + poUyt + P3Uz + Wilxz + Wolly, + W3Uzz = 0. (1

Here, u = u(x, y, z,t) corresponds to the waveform, which depends on three uncorrelated coordinates x, y and z, as
well as a single temporal coordinate t. The coefficients p;, w; and § are nonzero fixed parameters where j = 1,2, 3.

This work employs the Improved Simple Equation Method (ISEM) and the Exponential Method to derive exact
explicit solutions of the generalized Kadomtsev—Petviashvili equation in (3+1) dimensions. By introducing a suitable
wave transformation and balancing the nonlinear and highest derivative terms, several classes of explicit wave structures
are obtained. These include exponential-type waves, dark solitons, singular solitons, trigonometric solutions, hyperbolic
solutions, and singular periodic wave patterns. The derived results enrich the analytical framework of KP-type models and
provide deeper physical insight into nonlinear wave propagation and interactions in multidimensional fluid systems. The
effectiveness and simplicity of the adopted method confirm its applicability to a broader variety of nonlinear evolutionary
equations.

Modified (3+1)-dimensional KP equation considered in the present work has not yet been investigated through the
combined implementation of the Improved Simple Equation Method and the Exponential Expansion Method. Furthermore,
most existing studies focus on obtaining individual classes of exact solutions without performing a systematic comparison
between different analytical approaches. Therefore, the present study aims to bridge this gap by deriving several new
exact wave structures using two complementary analytical schemes, followed by graphical visualization to evaluate their
physical significance. In addition, all obtained analytical solutions are verified by direct substitution into the governing
equation using symbolic computation to ensure their mathematical correctness.

Beyond the derivation of exact analytical solutions, the qualitative dynamical behavior of the reduced traveling-wave
equation is also investigated through bifurcation analysis. This approach enables the identification of equilibrium points of
the associated planar dynamical system, the examination of their local stability, and the determination of critical parameter
conditions under which changes in the qualitative structure of the phase plane occur. Consequently, the bifurcation analysis
complements the analytical solution procedures by providing deeper insight into the dynamical mechanisms governing the
emergence and stability of the obtained nonlinear wave structures.

This paper is organized as follows. Section 2 presents the mathematical methodologies employed in this work,
including the Improved Simple Equation Method and the Exponential Expansion Method. In Section 3, these techniques are
systematically applied to derive a broad spectrum of exact analytical solutions for the extended modified (3+1)-dimensional
Kadomtsev—Petviashvili equation. Section 4 is devoted to the bifurcation analysis of the reduced traveling-wave system,
where the equilibrium points, their stability properties, and the associated critical bifurcation condition are investigated.
Section 5 presents three-dimensional surface and contour visualizations to provide further insight into the qualitative and
dynamical behavior of the obtained wave solutions. Finally, Section 6 summarizes the main results and highlights their
significance in understanding nonlinear wave propagation and the underlying dynamical behavior of the model.

2. THE OUTLINED TECHNIQUES

Here, we present the methodology used for Equation (1), including the Improved Simple Equation and the Exponential
Methods.

2.1. Improved Simple Equation Scheme
Here, an outline of the Improved Simple Equation Scheme is briefly discussed [36—-38], which serves as the primary

approach employed in the current study.
We examine the following expressed as a partial differential equation with nonlinear characteristics (NLPDE):
F(u, Uxt, Uxys Uxzs Uxts Uxx, Mxxxw-') =0. 2

The fundamental approaches to the Improved Simple Equation Scheme (ISEM) are condensed described below:
Step 1: Initially, the partial differential equation with nonlinear characteristics (NLPDE) presented in Eq(2) is mapped
converted into an ordinary differential equation (ODE) through the following transformation:

u(x,v,z,t) =u(§); E=x+z+y-ct; c#0, 3)

here ¢ corresponds to the wave velocity. Accordingly, Equation(2) takes the following form:

Huu' u'u”,....)=0. 4)
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Step 2: The derived solution for the Equation (4) is presumed to take the following form:

N

w@ = > a7 (), 5)

Jj=-N

here a; represent coeflicients required to be evaluated, while z(¢) is governed by the differential equation presented here:

7(€) = do + d12(&) + oz (£). (6)

Step 3: In order to identify the quantity of N, the highest-order derivative term is balanced with the highest-order nonlinear
term according to the balancing principle.

Step 4: By substituting the assumed solution given in Equation (5) into Equation (4), and using the differential relation in
Equation (6), the resulting expression reduces to a polynomial in z(&).

Step 5: By gathering that the coefficients of z/ in the polynomial generated from Step (4) , one obtains a system composed
of algebraic relations, the solution of that can serve as derived with the aid of numerical computing platforms like
Mathematica for the purpose of determine the parameters to be determined.

Step 6: By assigning various values to dy, d; and d», several families of general solutions for Equation (6) can provide
different types of solutions as follows:

First Family: d, =0

exp (di§) do

z(6) = 4 4

Second Family: d; =0
do
2(§) =~/ 5 tanh (\/—dodzf) . dods <0,
2
do
&) = | tan (\/dodgf) . dody > 0.

Third Family: dy =0

(&) = dy exp (di€)
1 —dyexp (di€)’
(&) = —dy exp (di€)
1+ drexp (di&)’
Fourth Family: dy,d;,d, #0
When d? > 4dyd; :
N =4dods tanh(% Nd?=4dods §)+d1
7(€) = - 2d; >
© N =4dods coth(% N E §)+d1
Z = - 2d- 1)
V(a2 -4dgay ) (A2+82 )—A\/d% —4dyd, coshf\/d%—hiodzf)
Asinh('\/d%—441()d25)+3 4
z(€) = 2d,
where A, B # 0
2d, cosh (%, |d? — 4d0d2§)
z(§) = ,
\4? - 4dyds sinh (%, |d? — 4d0d2§-‘) — dj cosh (%, d? - 4d0d2§)
2d, sinh (%, d? - 4d0d2§)
z(§) =

\Jd2 = 4dod; cosh (%, |d? — 4d0d2§) — dy sinh (%, d? - 4dod2§)

When d% < 4dyd, :

\JAdod, — d% tan (%1 [4dod, — dlzf) —d;

7(€) = 24 ,
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© Vadods=d7 cot( s \Adodo—d} & )+
Z = - 2d, 5
V(4dodr-a?) (A2-B2) - Arfadydy-d? cns(\/ztdodz—d%f)
Asin(\/Ad()dz—d%§)+B
7(6) = 2

with A and B being nonzero constants that satisfy the condition, B> < A2

2d, cos (%, [4dod; — dfg)

-d

2(é) = - ;
\J4dods — d? sin (%, [4dod, ~ dfg) +d; cos (%, [Adyd; — dfg)
2d sin (%, [Adyd; — dfg:)
2(é) =

\J4dod> — d? cos (%, [4dod; ~ d%g) —dj sin (%, [4dod> - a’]zf)

By inserting the evaluated constants ¢ and a; as well as the general solutions of Equation (6) into the assumed form
of Equation (5), an ensemble of exact solutions for the differential equation is obtained.

2.2. Exponential Scheme

This section provides a concise overview of the newly developed Exponential Expansion scheme. The nonlinear
evolution equation (NLEE) under consideration is given by:

F (M, Uxts Uxy, Uxz, Uxts Uxxs Uxxxs -+ ) =0. (N

where F denotes a function depending on u, U, Uxy, Uxz, Uxs, Uxx, Uxxx and the subscripts indicate partial derivatives of
u(x,t) with respect to the variables x and t.

Assume that u(x,t) = u(¢), ¢ = x — c t, where c represents the wave propagation speed. Under this transformation,
Eq. (7) reduces to a nonlinear ordinary differential equation (ODE) for u=u(¢):

Uu,u’,u”,u’”,...) ®)

where U depends on u, u’, u”,u””’, .... and the prime symbol denotes ordinary differentiation with respect to &. We assume
that the traveling wave solution of Eq. (8) can be represented in the following form:

N

D ai(exp(=2(£))', an # 0. ©)

i=0

where the coefficients A;(0 < i < N) are unknown constants to be determined and z = z(¢) satisfies the following three
auxulary equations every one gives its own system a nonlinear ordinary differential equation of first order:

7(é) = pexp(z(é)) + exp(-z(é)) + A (10)

where 1 and u represent constants with arbitrary values.

The positive integer parameter N is obtained by equating the highest-order derivative terms having the highest-order
nonlinear contributions appearing in Eq. (8). Substituting Eq. (9) into Eq. (8), together with Eq. (10) when necessary,
leads to a system of algebraic equations for the unknown parameters A;(0 < i < N), A and u. By employing symbolic
computation software, such as Mathematica, this algebraic system can be solved to obtain the corresponding values of
A;, A and p It is worth mentioning that Eq. (10) admits five distinct classes of general solutions. [39-41]:

VP = dprtanh (VP = (¢ + Vo)) -2

2u

z2(§) =In ,u#0, 2 —4u>0.

L u#0, A2 —4u<0.

z(¢) = 2

[\/—/12 + 4y tanh (\/—/12 +4u (€ + Vo)) -1
In
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2
exp (A (£+W)) -1

Z(§)=—ln[ ],u=0,1¢0,a2—4ﬂ>0.

2(A(+ W) +2)

&= (_ (€ + Vo)

),uzO,/liO.

z2(€) =In[¢+ Vo], p=0,2=0.
here V| represents the integration constant. Thus, multiple explicit solutions of the nonlinear evolution equation (7) can
be obtained. Again, let us assume that Eq. (8) admits a solution expressed as in Eq. (9), where z = z(¢) fulfills a separate

first-order nonlinear ordinary differential equation:

7'(é) = —Aexp(z(€)) — pexp(—z(é)), p, 1 €R. (11)

By substituting Eq.(9) into Eq.(8) and applying Eq.(11), by performing this procedure repeatedly, we derive a system of
algebraic equations for A;(0 < i < N),as well as A and u. Using symbolic computation tools such as Mathematica, this
system can be solved to determine the values of A;(0 <i < N), A and p. Itis noteworthy that Eq. (11) admits the general
solutions given below:

z(§) = —ln(\/gtan(\/ﬂ(—ct+v() +x+y+z))), Au > 0.
7(&) =—1In (—\/gcot(\/ﬂ(—ct+\/o+x+y+z))), Au > 0.
z2(£) =—In (1 /—g tanh (\/—/l/,t (=ct+Vog+x+y+ z))), Au <0.

z(£) =1n (1 [—g coth (\/—/lu (—ct+Vo+x+y+ z))) , Au < 0.

1
Cp(—ct+Vo+x+y+2)

z(§)=—ln( ),u>o,/1=o.

where V) is the integrating constant. Finally, we obtain the new multiple explicit solutions of NLEE EQ(7).

3. DERIVATION OF EXACT SOLUTIONS

This part aims to clarify the application of the mathematical methods previously presented to the equation under
investigation, along with a detailed discussion of the results obtained from each method. The findings demonstrate the
effectiveness of these methods in obtaining exact solutions that contribute to a deeper understanding of the physical and
mathematical properties of the equation.

3.1. Improved Simple Equation scheme

In the subsequent portion, the Improved Simple equation-based method is utilized to formulate closed-form solutions
of the KPE.
Initially, through an appropriate transformation, the nonlinear evolution (PDE) (1) is reformulated as (ODE) through the
wave transformation defined in Equation (3). Consequently, Equation (1) takes the following form:

(—c(pr1+pr+p3)+w +wr+w3 +6(1+B)u’)u” +(1+p)u”"”" =0, (12)

Performing a single integration of Equation (12) gives:

(=c(p1+pa+p3) + w1 +wy + w3) ' +3(1+B) (W) + (1+ B =0, 13)
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the analytical solution of Equation (13) is capable of being represented as given below:

For employing the proposed technique, it is first crucial for specifying the integer N must first be identified. The value of
N = 1. This value is obtained by equating the principal derivative term u’” paired with the nonlinear contribution (u’)?
in Equation (13), leading to the conclusion that the solution corresponding to Equation (1) takes as illustrated below:

b

u(é) = ap+az(é) + @

(14)
Substituting Equations (14) and (6) into Equation (13) yields:
Fa (6a1(ﬂ + 1)b1dy + ajcpy + ajcpr +ajcps — 3a%(,6’ + l)do)
+z (al(—,B - l)d% —2a1(B+ Ddodr — ajw; — ajwy — alwg)
+77 (6a1(ﬁ + 1)bidy + by (—c(p1 +p2+p3) + (B+1D)d +w +wy + w3) =3(B+ Dbidy +2(B + 1)b1d0d2) +
6a(B+ 1)bydi 2 +2° (—3a%(/3 +1)d> — 6a,Bd2 — 6a1d§) +2° (—3a%(ﬁ +1)d; — 6a; (B + 1)d, dg) +

6(B + 1)byd2 —3(B + 1)b2dy + 2 (6(,8 + Dbrdody — 3(8 + l)b%dl) - 0. (15)

Through comparing the coefficients of z/ taken as zero produces a collection of algebraic relations, which are
subsequently solved using Mathematica.
The solutions obtained are summarized below:
Family 1: When d, = 0, we have

b] cp1+cpr+cCcp3 —w) —wy — w3
a1=0; d0=?; d1=\/p P ;+1 .

Consequently, the subsequent dark-type soliton solution is computed:

—c(p1+o+p3)+wi+wr+ws
2b1\/_ B+1

u(x,y,z,t) = ap+

2exp ((—ct +x+27+ y)\/— 7c(p1+p2+p[;’i;'w'+w2+w3 - b

—c(p1 +p2+p3) + W +wy + w3

0 -1. 16
Sl <0 p# (16)
Family 2:When d; = 0, the results can be expressed as follows:
SET I:
b —Ccp1 —Cpy—CP3 + Wi +wy + w3
=0, dy=—; dp = .
a=w d=5n @ 4Bdo + 4d,
SET II:
ai —Cp1 —Cpy —CPp3 + w1 +wy + w3
d=——; b1 =0; dy=
2T ! 0 4Bd, + 4d,
SET III:
by —Ccp1 —Cpy —CP3 + W + Wy + w3
=-2dy; dy=—; dr=
a 2 G0=5n @ 16Bdo + 164,

Based on Set I, the following solutions, singular periodic solution, is derived:

by (-cp|—cpy—cp3+w+wr+w
(*ct+x+y+z)\/ 1P mepyocpy o teptes)

265, +2b;
\V2b, cot v

u(x,y,z,t) = aop + , B#-1,
\/ b1 (28b+2b))

—cp1—cpr—cp3twitwrtws
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bi(—cpy — cpr — cp3 + w1 + W + wW3) S
Zﬁbl +2by

0. a7)

In accordance with Set II, singular periodic structures is determined as presented below:

—Ccp1 —Cpr—Ccp3+wi +wr+ w3
u(x,y,z,t) =ao+‘/§a1\/_ ay (-2a18 —2ay) i

a)(—cp1—cpr—cp3+wi+wrtws)
t (—ct+x+y+z)\/— L ! —22a1ﬁ—32a11 2
an >
V2
aj\—c¢ —C —C +w) +wy+w
1(=cpi ﬁizzalﬁpi 2a11 2+ w3) <0, B -1, (18)

Referring to Set 111, the corresponding singular periodic solution is presented below:

u(x,y,z,t) = ap+

1 —c(p1+p2+p3)twi+wr+ 1 —c(p1+o2+p3)+wi+wr+
by (cot(z(—ct+x+y+z)\/ c(pi+p) pﬁzJ)rlm. Wy ‘”3)—tan(z(—ct+x+y+z)\/ c(pi+p2 nglwl w)y m))

5 (B+1)b?
—c(p1+p2+03)+ w1+ wr+ws

—c(p1+p2+p3) +w) +wr + w3

B+1

>

>0, B#-1. (19)

Family 3: When dj = 0, we have

aj cpr+cCcpr+Ccp3 —w) —wr — w3
dy=—-——; b1 =0; d| = .
2 ) 1 1 \/ ﬁ‘f‘l

Consequently, the following exponential-type solutions are derived:

2611\/— —c'(P1+p2+;23—Tw1+wz+w3 exp ((—ct+x+y +Z)\/— —C(p1+pz+/>ﬁsi41-w1+w2+w3)

u(x,y,z,t) = ap +

aj exp ((—ct Fx+y+ z)\/— _C(’)”pz“;;ﬁ‘“”“’ﬁ“’}) +2

—c(p1 +p2+p3) +wi +wr + w3

B+1

<0, B#-l. (20)

2611\/— —c(p1+p2+;;333—-;—w1+w2+w3 exp((_Ct+x+y+Z)\/_—c(p1+p2+/;§+)‘-;w1+w2+w3)

u(x,y,z,t) = ap+

aj exp ((—ct +x+y+ z)\/— _C(p‘+p2+pghw‘+w2+w3) -2
—c(p1+pa+p3) + w1 +wr+ w3 <0, p#-1. 21
B+1
Fourth Family: When dy, di, d> # 0, we have
SETI:

by

—cpl—cpz—cp3+ﬂd%+d%+w1+w2+w3
a1=0; d()Z?, d2= .

4B+ 1)do
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SET II

cp1+cpr+cps— Pdi —d? — w) - wr — w3

:—2 N = U: =
ai dy; b1 =0; d 453do — 4dy

Utilizing Set I, the following solutions are constructed: S # —1.

u(x, Y, 2, t) =dao—
—c(p1+p2+p3)+ (B+1d} + w1 +wy + w3

(B+1) (\/— _C(p‘wz“;;’rlrw”wﬁm tanh %(—ct +x+y+ z)\/— _C(p'+p2+fgl;rw'+w2+w3) + dl)

i

—c(pl +p2+p3) + wl + W2 + W3
B+1

<0, B#-1. (22)

M()C,y, 2, t) =daop—
—c(p1+p2+p3) + (B+1)d} +wi + Wy + w3

B+1) (\/— ~ClLIPEAR O 201 oty (%(—ct +x+y+ z)\/— _C(p‘+p2+p§l;""‘+“’2+“’3) + d1)

—c(pl +p2 + p3) + wl + W2 + W3
B+1

<0, B#-1. (23)

u(x,y,z,t) = ap+

(A sinh (\/M(—ct+x +y +z)) +B) (—c(pl+p2+p3) + (B+ 1d? + wl + w2 + w3)

(B+ 1)( M (A% + B?) - d; (Asinh (W(—ct+x+y+z)) +B) —A\/ﬁcosh(\/ﬁ(—ct+x+y+z)))’

_—c(pr+p2+p3) + Wi +wr + w3

M =
B+1

, M>0, B#-1. 4)

u(x,y,z,t) = aO_dl

- + 02+ +w) +wy + 1 - + 02+ +w) +wy +
p|ozClprtpp o) rortwr s L et txtz+y) - c(prL+p2+p3) + W + W+ w3 ’
B+1 2 B+1

>0, B#-1. (25)

_—c(p1+p2+p3) +wi +wr+ w3
B+1

u(x,y,z,t) = aO_dl

- + 02+ +w) +w + 1 - + 02+ +w) +w +
o |ozClpi+ P2t p3) +wi +wo D3 coth | £ (—et +x 424 y)4 |- c(pi+pr+p3) +wi+w ws |
B+1 2 B+1

—c(p1+p2+p3) +w +wr + w3
B+ 1

The solutions in Equations (22), (23) and(26) correspond to singular solitons, Eq.(25) correspond to dark soliton solution,
Eq(24) is obtained hyperbolic solution.

<0, p#-l. (26)

—c(p1+p2+p3) + (B+ 1d} + w1 + wy + w3

(B+1) (dl _ \/—C(P1+P2+,D3)+w1+w2+w3 tan (%(—ct Xz y)\/—C(p1+p2+p3)+w1+w2+w3))

u(x,y,z,t) = ap —

B+1 B+l

—c(p1 +p2+p3) +w +wr + w3

B+1

>0, p#-1. Q7

—c(p1+p2+p3) + (B+1Dd} + w1 +wy + w3

(B+1) (\/c(P1+pz+pﬁg,i41-w1+wz+w3 COt(%(—Ct+x+Z+y)\/c(pl+p2+/23_Twl+w2+w3) +d1)

u(x,y,z,t) =dap—
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—c(p1 + p2+p3) + w1 + Wy + w3

B+1

>0, B#-1. (28)

u(x,y,z,t) = ap+

(Asin (\/F(—ct+x+z+y)) +B) (—c(p1 +p2+p3)+ (B+ 1)d%+w1 + Wy + w3)

B+1) (w/F(A2_B2)—d1 (Asin(\/f(—ct+x+z+y))+B)—A\/fcos(\/?(—ct+x+z+y)))

—c(p1 + p2+ p3) + w1 + Wy +
po —Clprtp 23-)'_10)1 wrtws ooy (29)

bl

u(x,y,z,t) =ag+d;

- + 02+ +w) +w + 1 - + 02+ +w) +wr +
+\/ c(pr+p2+p3) +wi +wy w3tan(§(—ct+x+z+y)\/ c(p1+p2+p3) + w1 +wy w3)’

B+1 B+1
—c(p1+p2+p3) +w +wy + w3

B+1

>0, B#-1. (30)

u(x,y,z,t) = ag—d;

- + 02+ +w) +wy + 1 - + 02+ +w) +wy +
L zelprtprtp3) ot tws L etaxtzty) c(pr+pr+p3) + Wi +wy + w3 ’
B+1 2 B+1

—c(p1 + p2 + p3) + Wy + W + w3

B+1

Equations (27), (28), (30) and (31) generate singular periodic wave structures, Eq.(29) trigonometric solution is obtained.
In accordance with Set II, the explicit solutions are constructed in the manner described below:

>0, B #-1. 31)

u(x,y,z,t) = ap+
—\JM (A2 + B2) + d, (Asinh (\/M(—ct +x+z+y)) +B) + AVM cosh (\/M(—ct +x+z+y))

Asinh(W(—ct+x+z+y))+B

)

—c(pl+p2+p3) + wl + W2 + W3
B+1

M=-

., M>0, B#-1. (32)

cosh (%\/M(—ct +x+y+ z)) (—c(p1 +p2+p3) + (B+ l)d% + Wi + Wy + w3)

M()C,y,Z,l) =ap—

B+1) (Wsinh(%\/ﬁ(—ct+x+y +z)) —dj cosh (%\/M(—ct +x+y +z))),
_—c(p1+p2+p3) +wi +wr+ w3

B+1

M =

, M>0, B#-1. (33)

sinh (%\/M(—Ct +x+z+ y)) (—c(p1 +p2+p3) + (B+ 1)d% + Wi+ ws + w;3)

u(x,y,z,t) =dap—

B+1) (Wcosh (%W(—ct +x+z+y)) —dj sinh (%\/M(—ct +x+z +y)))’
_—c(p1+p2+p3) + Wi+ wr+ w3

B+1
Equations (32), (33), and (34) describe hyperbolic solutions.

M = , M>0, p#-1. (34)

u(x,y,z,t) = ap+

—\JF (A2 - B?) + Ad, sin(\/f(—ct+x+y+z))+A\/fcos(\/f(—ct+x+y+z))+Bd]

’

Asin(\/f(—ct+x+y+z)) +B
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F= —c(p1+p2+p3) + w +wy + w3
B+1

, F>0, B#-1. 35)

cos (%\/f(—cz Fx+z+ y)) (—c(p1 + p2+ p3) + (B+ Dd? + wy + w + w3)

u(x,y,z,t) = ap —

s

B+1) (d1 cos(%\/ﬁ(—ct+x+z+y)) + VFsin (%\/F(—ct+x+z+y)))

- +p2+p3) tw twy+
P ;311“’1 DT Fso0, B -1 (36)

sin (%\/f(—ct +x+2z+ y)) (—c(p1 +p2+p3)+ (B+ l)d% + Wi+ wr + w3)

u(x,y,z,t) = ag —

B+1) (\/Fcos(%\/F(—ct+x+z+y)) —-d sin(%\/l_”(—ct+x+z+y))) ’

- +p2+p3) +w +wy+
FoZClpitp 2311“’1 DT S0, B -1 (37)

Eqs(35), (36) and (37)are trigonometric solutions.

3.2. Calculation of exponential Scheme

This section presents the application of the proposed exponential expansion method to find the more general and
exact traveling wave solutions to the ODE at Eq. (13). Upon Inserting Eqs. (9) and (10) into Eq. (13) results in the
following first system:

—-3a18-3a,+68+6=0,

—6a18A —6a1d + 121+ 124 =0,

—3a1BA% — 6a1Bu — 3a1A> — 6a 1+ TBA> + 8Bu —cpl —cp2 —cp3+ T2 +8u+ wl + w2 + w3 =0,
—6a18Au — 6aiAu + BA3 + 8BAu — cApl — cAp2 — cAp3 + A3 + 84 + Awl + Aw2 + Aw3 =0,
—3a1Bu? = 3ap? + B2 + 2Bu* — cupl — cup2 — cup3 + A2 + 2% + pwl + pw?2 + pw3 = 0.

By solving the system the results can be raised;

Set I:
4Bu + cpl + cp2 + cp3 +4p — wl — w2 — W3
611=2;/l=\/ . |
Set II:
ar=21=0;u= Cp1+CPZ+f£;:Z)1—w2—w3
First case

Based on Set I, we obtained;

4
u(x,y,z,t) = ap + H , G-4u>0,
—w/G—4/,ztanh(O.5\/G—4/1(—ct+V0+x+y+z))—\/5
4Bu+cpl +cp2 +cp3 +4u—wl —w2 — w3
G=Butcpltcplvcpdtap-olzwizwd o (38)
B+1
Based on Set II, we obtained;
2 (cp1 + cpa + cp3 — w1 — wr — w3) coth (\/— Cp‘+Cp2+iﬂ3/3__‘Z‘_w2_w3 (—ct+Vo+x+y+ z))
u(x,y,z,t) = ap— — ,
cpl+cpr+Cp3— W] — W) — W3
(—4,3—4)\/— 1 2 —4?8—4] 2 — W3
+ + —w)—wy —
chr T Cp2 fi;_j” @279 _0,8% 1. (39)

Second case
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Based on Set I, we obtained,;

4p

u(x,y,z,t) = ap+ , 4u—G >0,
VA —Gtan (0.5\/4;1 "G (—ct+Vo+x+y+ z)) VG
ABu+cpl +cp2+cp3+4u—wl — w2 - w3
G=Burepltcplvcpdtip-wlmodzwd oo (41)
B+1
Based on Set II, we obtained;
u(x,y,z,1) = ajypcot (Vi (—=ct + Vo +x + y +2)) + ap, u> 0. (42)
Based on Set III, we obtained;
2(cpy +cpy + cp3 —w) — wy — w3) cot (1.\/Cp’%pﬁc_’z%__?_wz_w} (—ct+Vo+x+y+ z))
u(x,y,z,t) =ap + ,
C, +c +c —W]—W2— W
(—4ﬁ_4)\/ PL+CO? —613[3—41 2 3
cprtcpr+cCp3 — W —wWy — W3
>0, -1. 43
454 B# (43)
Third case
Set I:
a; =21 = cp1t+cpy+cp3 —wi —wz—w3.
B+1
Based on Set I, we obtained;
2\/cp1+cp2+cp3—w1—w2—w3
p+1
u(x,y,z,t) = ap+ )
exp (\/Cp’%pz%’;;lw]_wz_m (—ct+Vo+x+y+ z)) -1
cprtcpr+cp3 —w) —wr — W3
>0, —1. 44
S p# (44)
fourth case
Set I:
4Bu +cpl +cp2 +cp3+4u —wl — w2 — w3
ay = 2;/l =
B+ 1
Set I1:
u=0;8=-1w3=cpl +cp2+cp3—wl —w2.
Set I11:

- :2;/12\/Cpl+cp2+cp3—w1—w2—w3"u:0'

B+1 ’
Based on Set I, we obtained;
(ABu+cpr+cpr+cp3+4u—w; —wr —w3) (—ct+Vo+x+y+72z)

(B+1) (\/4B”+""‘+C”2+““’3+4“_““_“’2_‘“3 (—ct+Vo+x+y+2)+2

u(x,y,z,t) =daop—

s

B+1
4Bu+cpi +cpr+cp3+4p —wi —wy —

s 935 0,8% 1. 45)

Based on Set II, we obtained;

arA? (—ct+Vo+x+y+72)
2 (—ct+Vo+x+y+2)+2)

u(x,y,z,t) = ag (46)
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Based on Set III, we obtained;
(cp1+cpr+cp3—wi—wr—w3) (—ct+Vo+x+y+2)
(B+1) (\/C"‘+C”Z+Cp3_“"_‘“2_‘“3 (—ct+Vo+x+y+2)+ 2)

p+1

u(x,y,z,t) =dap—

s

cpr+cpy+cp3—w —wr—w
B+1
Upon substituting Eq (9), Eq (12) into Eq(8) the following system is obtained;

3>0,8% 1. 47

3a1Bu® + 3au® + 68u> + 6u° =0,
3a1BA% +3a1A% + 2B2%u — cAdpy — cApr — cApz + 221 + Aw| + dws + Adws = 0,
6a1BAp + 6aAp + 8BA* — cupy — cupr — cpps + 8Au? + pwi + pws + pws = 0.
By solving the system the result can be raised;
set I
=—a—1'/l= cpr+cCpy+Ccp3 —w —wy — w3
K== 2a.8 + 2a,

cplr+cCcpr+cCcp3 —w —wr— w3
V. 21) = ag + V2ay |-
u(x,y,z,t) = ag a1\/ ar Qarp + 2a)) *

_ai(cpiteprtepy—wi—wa—w3) o
\/ Lep (—ct+Vo+x+y+2)

Cp1+CPpy+CP3 — W) —Wy —W3
tan , —

>0,8+-1.

5 ai (2a1B +2ay)
(48)
cp1L+cpr+cp3 —wi —wy — w3
u(x,y,z,t) =ao“/§‘”\/_ ay (2a1p + 2ay)
ar(cpiteprtepy—wi-wr-w3)
cot ‘/_ S (G H Vot XY+ D)) ) hepy 4 ops — wi — wr — w3 <0,p# -1
= ’ a1 Qarf + 2ay) ’ '
(49)
cpL+Cpateps — w1 —wy— w3
u(x,y,z,t) :“0+\/§‘”\/ ai (2a1B + 2a1)
ai(cpi+cpr+cps—wi—wr—ws)
tanh ‘/ e (et + Vo x v+ 2D hkepr +eps — w1 — wr — ws >0,8+-1
5 , ay (2a18 + 2ay) ’ '
(50)
CpLt+cprtcep3 —wi—wr— w3
u(x,y,z,t) 290"'\5‘”\/ ay (2a18 +2a,)
ar(cp1tepy+eps—wi—wy—ws)
coth ‘/ e (Vo x YD) | htepy +eps — w1 — wa — ws >0,p# -1
— : ar Qarfi+ 2a7) A
(51)
Set I When A =0,u >0
ai
p=—Tiws = cprtepytops - W) - w).
2
u(x,y,z,t) = ap+ >

—ct+Vo+x+y+2z



191
Multiform Solitary Wave Structures and Bifurcation Analysis of an Extended... EEJP. 3 (2026)

4. BIFURCATION ANALYSIS

In this section, the bifurcation analysis is applied to the reduced ordinary differential equation obtained from the
traveling-wave transformation of the modified (3 + 1)-dimensional KP equation, [42-46] given by

Au’ +3B(u’)> + Bu"" =0, (53)
where
A=—c(p| +p2+p3) +w +wr + w3, B=1+p.

Thus, the above third-order nonlinear ODE is the equation considered in the present bifurcation analysis. By introducing
the transformation
v=u,

Eq. (53) is reduced to
V= My -3y,

where

c(p1 +p2+p3) — (W1 + Wy + w3)
1+8 ’

This reduced ODE is then used to construct the corresponding planar dynamical system and investigate the bifurcation
behavior of its equilibrium points. Introducing

M =

w=yv,

’

vi=w,

’ 2
{w = Mv - 3v-.

The equilibrium points are obtained from w = 0 and Mv — 3v? = 0:

gives the planar dynamical system

Ei=(0,0), E,= (%,0).

The Jacobian matrix is

0 1
J(V’W):(M—év 0)'
ALE; = (0,0), 2
2 =M.

Hence
M > 0: E;isasaddle (unstable),

M < 0: Ejis acenter (neutrally stable),
M =0: the linearization is degenerate.

AtE, = (M/3,0),
22 =-M.

Therefore
M <0: E,isasaddle (unstable),

M >0: Ejisacenter (neutrally stable),
M=0: E; =E;=(0,0).

Thus, the two equilibrium branches intersect at the critical condition
M =0,
that is,
c(p1 + p2 + p3) = W + Wy + w3,
For p1 + p2 + p3 # 0, the corresponding critical wave speed is

w] + wy + w3
p1+ P2+ 3

When M changes sign through zero, the equilibrium points coalesce and exchange their local stability types: the origin
changes between center and saddle, while the second equilibrium does the opposite. Therefore, the reduced traveling-wave
system exhibits a stability-exchange bifurcation at M = 0.
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5. GRAPHICAL DEPICTION OF THE SOLUTIONS

Graphical depictions of various solutions are presented in this section to demonstrate their characteristics. The 3D
and contour visualizations of the dark-type soliton solution derived from Equation (16) are presented in Figure (1) with
c=15 pi=pp=p3=wi=wr=w3=F=a9=-2, d =-1, y=2, z=0.5. The singular periodic wave solution
of Equation (17) is demonstrated through its 3D and contour profiles in Figure (2) with ¢ = b1 = —0.5, p;1 = p2 = p3 =
w1 =wy =w3 =B =ap=-2, y=z=0.75. The dark wave solution of Equation (25), obtained for particular parameter
settings, is displayed through 3D and contour plots in Figure (3) withc =2, di=p1=pr=p3=wi=wr =w3 ==
ap = -2, y = z = 0. Figure (4) presents three-dimensional and contour visualizations of the soliton exhibiting singular
behavior solution associated with Equation (26) withd; = pi=pr=p3=wi=wr =w3 =ap=-2, =2, y=
I, ¢ =z = 0.Figure (5): Presents the 3D and contour plot of the singular periodic solution corresponding to Equation
48) withc =-0.03,8=a9 =a; =p1 =p2 =p3 =w| =wy =w3 =Vy =y =z =-2. Figure (6) Presents the 3D of the
singular soliton corresponding to Equation (51), withc = -0.1,8=y=2,a0=a1 =p1 =p2=p3 =wW] = W) = W3 =
Vo = z = —2. Figure (7): Presents the 3D and contour profiles of the dark-type solution corresponding to Equation (50)
withc = -0.8,8=0.885,a0 =a; =p1 =pr =p3 =w) =wy = w3 =Vy =-2,y = z=0. Figure (8): Phase portraits
of the reduced KP system around the equilibrium point (0, 0), showing its transition between a saddle for M > 0 and a
center for M < 0. Figure (9): Phase portraits of the reduced KP system around the equilibrium point (M /3, 0), showing

its transition between a saddle for M > 0 and a center for M < 0.
u
0 1 2 3 4

Figure 1. Provides the 3D and contour visualizations illustrating the dark-type soliton solution related to Equation (16)
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Figure 2. Provides the 3D and contour visualizations illustrating the periodic structures exhibiting singular behavior wave
solution related to Equation (17)
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Figure 3. Presents the 3D and contour profiles of the dark-type solution corresponding to Equation (25)
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Figure 5. Presents the 3D and contour plot of the singular periodic solution corresponding to Equation (48)
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N

o

u

Figure 7. Presents the 3D and contour profiles of the dark-type solution corresponding to Equation (50)

(a) Saddle Point at (0,0) (M > 0) (b) Center Point at (0,0) (M < 0)

@ Center (0,0)

I
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|
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-10  -05 0 05 10 -0 -05 0 05 10
\' \

is a Saddle

is a Center

Parameter: M

_ c(p1+p2+ps) = (w1 +wz +ws) eM>0 = (0,0
1+8 «M<0 = (0,0

Figure 8. Phase portraits of the reduced KP system around the equilibrium point (0, 0), showing its transition between a
saddle for M > 0 and a center for M < 0
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(a) Saddle Point at (M/3,0) (M > 0) (b) Center Point at (M/3,0) (M < 0)
v=M/3

@ Center (M/3,0)

2.0

154

1.0

0.5 4

-0.5 A

-1.0 4

-1.5 4

=20 > . : T 1 T
-10 -05 0.0 0.5 1.0 15 2.0

_ c(p1+ p2+ p3) — (w1 + w2 + ws) e M>0 = (M/3,0) is a Saddle
1+8 *« M<0 = (M/3,0) is a Center

Figure 9. Phase portraits of the reduced KP system around the equilibrium point (M /3, 0), showing its transition between
a saddle for M > 0 and a center for M < 0

CONCLUSIONS

In the present work, the (3+1)-dimensional generalized Kadomtsev—Petviashvili equation, which characterizes wave
spread in incompressible fluids, is analytically investigated using the Improved Simple Equation Method (ISEM) and Expo-
nential Method These methods are employed to construct several classes of exact wave solutions, including exponential-type
solutions, dark-type soliton solutions, exhibiting singular solution, singular periodic patterns, as well as hyperbolic forms.
Furthermore, three-dimensional representations along with contour plots are provided to visualize and analyze the dynamic
and physical characteristics of the obtained solutions. Moreover, the bifurcation analysis of the reduced traveling-wave
system provides a dynamical interpretation of the obtained nonlinear wave structures. The equilibrium points and their
stability properties are examined, revealing a critical condition at which the equilibrium branches coalesce and exchange
their stability characteristics. This bifurcation behavior clarifies how variations in the governing parameters influence
the qualitative dynamics of the modified (3+1)-dimensional KP equation. Therefore, the combination of exact analytical
solution methods and bifurcation analysis offers a more comprehensive understanding of both the explicit wave structures
and their underlying dynamical behavior.
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BATATO®OPMHI OJJMHOKI XBWJIBOBI CTPYKTYPU TA BI(I)YPKAI_IIIjIHI/II;I AHAJII3
PO3HINMPEHOT'O MOIUPIKOBAHOI'O (3+1)-BUMIPHOI'O PIBHAHH A KAJTOMIIEBA-IIETBIAIIBIJII
3A JOIIOMOT'OIO I'TbPUHNX AHAJIITUYHUX ITIIAXOAIB
Ioparim Caéep'?, Xamai M. Axmen’, Higin Baapa', Icaiam Camip'

'Kagpeopa ¢pizuru ma mamemamuiu, Inxcenepruii paxynomem, Yunisepcumem Aiin-Ilamc, Kaip, €zunem
2<Da1cyﬂbmem wmyunozo inmenexmy, Ceunemcvkuti pociticokuii ynieepcumem, Kaip, €zunem
3Kagpeopa cpisuxu ma ingcenepnoi mamemamury, Buwguii inocenepruii incmumym, Axademis Eav-Illopyx, Kaip, €zunem
VY wiit po6oTi peacTaBieHO BUBEICHHS TOUHUX aHAITUYIHHUX PO3B’ sI3KiB s (3+1)-BuMipHOTro MoudikoBaHoro piBHsHHSA KagomiieBa-
[NeTBiamBini piBHAHHS 3 BUKOPUCTAHHSM JBOX €(DEKTHBHUX aHATITUYHHX CXEM, a CaMme: MOKPAIIEHOr0 METOAy MPOCTUX PiBHSAHB Ta
TMiIXOMY €KCIOHEHIIialbHOTO PO3KJIaJaHHs. Po3niisHyTa MOENb € aKTyaIbHOIO [UIsl ONKCY TOLIMPEHHS CKJIAJHUX HEJIIHIHUX XBUIIb Y
HECTUCIIMBHX PIAMHHHUX CEPEIOBHUILAX, ¢ JUCIEPCiiiHi Ta HeliHidHI epeKTH CUIIbHO MOB’ s13aHi. 3aCTOCOBaHI METO/M AAI0Th Oaraty pi-
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We present a five-dimensional anisotropic Bianchi type-I cosmological model in Saez—Ballester scalar—tensor theory employing the
hyperbolic expansion law a(t) = sinh®(Bf). Exact solutions of the field equations are derived and their cosmological behavior
is examined. The model evolves from an initial singular state to a late-time accelerated phase, with anisotropy diminishing and
isotropization achieved asymptotically. The deceleration parameter approaches (¢ = —1), while (wge ~ —1.308) indicates phantom
dark-energy behavior. The null, weak, and dominant energy conditions remain satisfied, whereas the strong energy condition is violated,
supporting the observed cosmic acceleration. Furthermore, the statefinder and Om diagnostics reveal that the model asymptotically
approaches the ACDM scenario.

Keywords: Saez—Ballester theory; Bianchi type-I universe; Higher-dimensional cosmology; Hyperbolic expansion law; Dark energy;
Cosmic acceleration

1. INTRODUCTION

The discovery of the late-time accelerated expansion of the Universe through observations of type la supernovae rev-
olutionized modern cosmology and established the existence of an exotic cosmic component known as dark energy [1,2].
Subsequent observations of the cosmic microwave background radiation, baryon acoustic oscillations, and large-scale
structure surveys have further confirmed this accelerating scenario and constrained the cosmological parameters with re-
markable precision [3]. Within the framework of the standard cosmological model, the accelerated expansion is attributed
to the cosmological constant A. Although the ACDM model successfully explains a wide range of observational data,
it suffers from the well-known fine-tuning and coincidence problems, thereby motivating the exploration of alternative
descriptions of dark energy and gravity [4, 5].

In recent years, modified theories of gravity have emerged as promising candidates for explaining the accelerated
expansion of the Universe without introducing an ad hoc cosmological constant. Extensive investigations have been car-
ried out in f(R) gravity, scalar—tensor theories, teleparallel gravity, and other geometrically modified frameworks [6-10].
These theories provide richer gravitational dynamics and often admit cosmological solutions capable of describing both
the early inflationary epoch and the present accelerated phase. Among the various alternatives to Einstein’s theory, scalar—
tensor theories occupy a central position because scalar fields naturally arise in higher-dimensional theories, supergravity,
and string-inspired models. One particularly interesting scalar—tensor formulation is the Saez—Ballester theory proposed
by Saez and Ballester [11]. This theory introduces a dimensionless scalar field coupled to gravity through a non-standard
kinetic term and has been employed to study several cosmological scenarios. Owing to its mathematical simplicity and
physical richness, the theory has attracted considerable attention in investigations of anisotropic universes, exact cosmo-
logical solutions, and dark-energy dynamics [12—15].

Anisotropic cosmological models play an important role in understanding the early stages of cosmic evolution.
Although present observations indicate that the Universe is highly isotropic on large scales, it is plausible that anisotropies
existed during the primordial epoch. The study of anisotropic space-times therefore provides valuable insight into the
isotropization process and the dynamical behaviour of the Universe at early times [16—18]. In this context, Bianchi
cosmological models have proved particularly useful because they represent homogeneous but anisotropic generaliza-
tions of the Friedmann—Lemaitre—Robertson—Walker geometry. Among them, the Bianchi type-I model is the simplest
anisotropic cosmological model and has been extensively employed in the study of dark energy, scalar fields, and modified
gravity theories [19,20]. Another important development in modern cosmology is the investigation of higher-dimensional
space-times. The concept of extra dimensions originated from the pioneering works of Kaluza and Klein [21,22] and
subsequently became an important ingredient of unified field theories. Higher-dimensional cosmological models naturally
arise in string theory, supergravity, and braneworld scenarios, providing a broader framework for investigating gravitational
interactions and the large-scale dynamics of the Universe [23,24]. In such models, the additional dimension can introduce
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extra geometric degrees of freedom and modify the effective four-dimensional gravitational dynamics obtained after di-
mensional reduction. Depending on the underlying higher-dimensional framework, these effects may manifest themselves
through modifications of the effective energy density and pressure, the evolution of the scale factors, the gravitational
coupling, or additional scalar-field-like degrees of freedom [25,26]. Consequently, extra-dimensional models can provide
alternative mechanisms for influencing the expansion history of the Universe and the evolution of primordial anisotropies.
Recent investigations of higher-dimensional and braneworld cosmologies have demonstrated that their parameters can be
constrained using cosmological observations, including Hubble-rate measurements, Type la supernovae, baryon acoustic
oscillations, Big Bang nucleosynthesis, and the growth of large-scale structure [27,28].

The physical verification of extra-dimensional effects, however, remains challenging because the additional dimen-
sion may be compactified at a scale beyond the direct reach of current experiments or may interact only weakly with
ordinary matter. Nevertheless, possible signatures of extra dimensions can be investigated indirectly through precision
tests of gravity and cosmological observations. In particular, laboratory experiments searching for deviations from New-
ton’s inverse-square law at submillimetre scales provide constraints on possible compact extra dimensions and other
short-range gravitational modifications [29]. Cosmological observations can provide complementary constraints, since
extra-dimensional scenarios may modify the expansion history or introduce additional effective components that leave
signatures in the cosmic microwave background, baryon acoustic oscillations, Type Ia supernovae, Big Bang nucleosyn-
thesis, and the growth of cosmic structure [27,30]. Such observations can therefore be used to place constraints on
extra-dimensional scenarios, although the resulting signatures are generally model-dependent and may be degenerate with
those arising from dark energy or other modified-gravity mechanisms. In this context, five-dimensional cosmological
models provide a relatively tractable framework for studying the possible dynamical consequences of an additional di-
mension while retaining sufficient mathematical simplicity for obtaining and analyzing exact cosmological solutions. A
five-dimensional Bianchi type-I space-time is particularly useful for examining the interplay between anisotropic expan-
sion, higher-dimensional geometry, and scalar-field dynamics.

To obtain exact solutions of the nonlinear gravitational field equations, it is often necessary to impose physically
motivated constraints on the cosmic dynamics. One useful approach is the adoption of specific expansion laws capable
of describing realistic cosmological evolution. Hyperbolic expansion laws have received significant attention because
they naturally describe a transition from an early decelerating phase to a late-time accelerating epoch. Such behaviour is
consistent with observational evidence and has been successfully employed in a variety of cosmological investigations [31].
Furthermore, these expansion laws often lead to exact analytical solutions, enabling a detailed examination of the evolution
of physical and geometrical parameters.

Motivated by the above considerations, we investigate a five-dimensional anisotropic Bianchi type-I cosmological
model in the framework of Saez—Ballester scalar—tensor theory by adopting the hyperbolic expansion law a(¢) = sinh®(8t),
where « and S are positive constants. Exact solutions of the field equations are obtained and the resulting cosmological
behaviour is analyzed through the evolution of the Hubble parameter, expansion scalar, shear scalar, anisotropy parameter,
energy density, pressure, and equation-of-state parameter. The physical viability of the model is further examined through
the energy conditions, while statefinder and Om diagnostics are employed to characterize the dark-energy dynamics and
assess the asymptotic behaviour of the model relative to the standard ACDM cosmology.

The paper is organized as follows. In Section 2, the field equations of the Saez—Ballester theory for a five-
dimensional Bianchi type-I space-time are presented. Exact solutions are obtained in Section 3. The physical properties
and cosmological implications of the model are discussed in subsequent sections. Finally, the main conclusions are
summarized in the last section.

2. SAEZ-BALLESTER THEORY AND FIELD EQUATIONS
We consider the five-dimensional anisotropic Bianchi type-I space-time described by the line element

ds® = —di* + A>(dx* + dy?) + B*dZ> + C2dy>, (1)
where the metric potentials A(z), B(z), and C(t) depend only on the cosmic time 7. The coordinates (x, y, z) represent
the ordinary spatial dimensions, while i denotes the additional spatial dimension. The model is spatially homogeneous
but anisotropic and reduces to the spatially flat Friedmann—Robertson—Walker (FRW) universe in the isotropic limit A =
B=_C.
The gravitational dynamics are governed by the Saez—Ballester scalar—tensor theory, whose action is given by

S = / V=8 [R-wd"s" .14 + L] dx, @

where R is the Ricci scalar, ¢ is a dimensionless scalar field, w and m are coupling constants, and L,, denotes the
matter Lagrangian density. Throughout this work, geometrized units are adopted such that 87G = ¢ = 1.
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Variation of the action (2) with respect to the metric tensor g;; yields the gravitational field equations

1 1
Rij = 58iiR - wp™ | i, - Egij¢,k¢’k = =T;j, 3)
where T;; is the energy—momentum tensor of the cosmic fluid.
Similarly, variation of the action with respect to the scalar field ¢ gives the scalar field equation
20" ¢+ mp" g g =0 )

The matter content of the Universe is assumed to be a perfect fluid whose energy—momentum tensor is

Tij = (p + plujuj + pgij, ®)

where p and p denote the energy density and isotropic pressure, respectively, and the five-velocity vector satisfies
u'u; = —1. 3
The covariant conservation law Tl_]j = 0 leads to the continuity equation

B C
p+(p+p)(2A+§+C) 0 (6)

To characterize the expansion dynamics of the anisotropic universe, we define the average scale factor as

a=(A*BC)'A, (7)
so that the spatial volume becomes
V =a*= A’BC. (8)
The mean Hubble parameter is
i 1( A B C
p=4-1L4,8,C 9)
a 4\ A B C

The directional Hubble parameters along the principal axes are defined by

B
Hy = — H; = — 10
2= g 3= G (10)

The deceleration parameter is given by

q=-— (11)

which characterizes the acceleration or deceleration of the cosmic expansion.
Substituting the metric (1) into the field equations (3) and using the perfect-fluid energy—momentum tensor (5), we
obtain the independent gravitational field equations

A B C AB AC BC W o
Aatstctastactee T PR a2)
A A2 ¢ _AcC w ..
2o+ =+ — 42— = —p+ =", 13
atmtcotiac TP (13)
A B A _AB w
2o+ —H — 42— = —p + — "¢’ 14
A+B+A2+ B P+2¢ ¢, (14)

—+2—+2—+—=p—%¢m¢32, (15)
while the scalar field equation reduces to
m ¢2

A B C
¢+¢(2A+E+E)+EE=O (16)
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3. EXACT COSMOLOGICAL SOLUTIONS

The field equations (12)—(16) constitute a highly nonlinear system involving the metric potentials A, B, and C, the
scalar field ¢, the energy density p, and the pressure p. Since the number of unknown functions exceeds the number of
independent equations, an additional physically motivated condition is required to obtain exact solutions.

We adopt the hyperbolic expansion law

a(t) =sinh®(B1), a>0, B>0, (17)

where a and (8 are positive constants.
Using equation (8), the corresponding spatial volume is

V = A2BC = a* = sinh*?(Br) (18)
The Hubble parameter corresponding to the hyperbolic law becomes
H= g = af coth(Br) (19)
and the deceleration parameter is
g=-1+ ésechz(ﬁt) (20)

Equation (20) shows that the model evolves from an initially decelerating phase to a late-time accelerating epoch. In
particular, tlim g = —1, which corresponds to a de Sitter-type accelerated expansion.

Subtracting equation (12) from equations equation (13), (14) and integrating the resulting differential equations twice,

we obtain
AZ
— =lexp (cl / a‘4dt), (1)
B
A2
— =lhexp (cz/ a_4dt) , (22)
C
and
B —4
C =[l3explcs [ a "dt|, 23)

where I, [5, 13, c1, c2, and c¢3 are integration constants.
Combining the above relations with the volume condition, the metric potentials can be written as

A = x1a3 exp (d1 / a4dt) = x; sinh ¥ (Br) exp [dl / sinh4“(,8t)dt] , 24)
B= )Qa‘31 exp (d2 / a_4dt) =X sinh %" (Bt) exp [dZ/ sinh_‘m(ﬁt)dt] , (25)
C = x3a% exp (d3 / a_4dt) = X3 sinh ¥ (Bt) exp [d3 / sinh_4"(,8t)dt] (26)
where
1/6 ;5)\'? -1/3
x1 = (Lilp)'"”, =\ x3 = (Ll3)" "7, 27
and
cr+co c3—Cq Cc2+C3
= = — = — . 2
d 5 d> 3 d3 3 (28)

These constants satisfy the consistency conditions

X%XQX:), = 1, d] + dz + d3 =0 (29)
From equation (16) we get,

2

(1) = [M / a—‘*m]wz _ [@ / sinh™ (1) dt]m (30)
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4. PHYSICAL AND KINEMATICAL PROPERTIES OF THE MODEL

Using the exact solutions obtained in the previous section, we now investigate the kinematical evolution and physical
characteristics of the cosmological model.
The mean Hubble parameter corresponding to the hyperbolic expansion law is

H = afcoth(Br). 3D

The expansion scalar is given by
6 = 4H = 4ap coth(Br) (32)
The directional Hubble parameters along the principal directions are obtained from the metric potentials as

A 2ap

H,=H, = 153 coth(Bt) + d; sinh™%(Br), (33)
H, = g - “%ﬂ coth(Br) + da sinh = (B1), (34)
v = % = Zk%ﬁ coth(Br) + d3 sinh ™ (Br), (35)

The shear scalar and mean anisotropy parameter is given by

2 1
o = Sa?Bcoth® (B1) + 5 (247 + d3 + d3 ) sinh S (Bi) (36)
2d% + d} + d3
= 1—223 Sinh_sa(ﬂt)' (37)
4a2B2% coth*(Bt)

Since lim sinh_g‘”(ﬁt) = 0, it follows that lim A = 0, and consequently tlim % = 0. Therefore, the anisotropy
t—00 —00

t—00

gradually decreases with cosmic time and the universe approaches isotropy at late times.
The deceleration parameter corresponding to the hyperbolic expansion law is

g=-1+ ésechz(ﬁt) (38)

At the initial epoch, ¢(0) = —1 + i, while at late times tlim q = —1. Hence, the model describes a universe evolving

from an early decelerating phase to a late-time accelerated expansion phase approaching the de Sitter regime.
Furthermore, the average scale factor satisfies ¢ = sinh®(ft), which implies ¢ — 0 as ¢t — 0, and a —
oo as t — oo. Therefore, the obtained cosmological model represents an expanding universe beginning with a Big-
Bang-type singularity and evolving towards an accelerating and isotropic state at late times.
From equation (15) we get,

52 h?
p(t) = gazﬁz coth?(Br) + (df +2d1dy +2d1d3 + dods + “’T sinh =8 (Br) (39)

Using equation (12) we obtain

p(t) = (13—0@52 = 69—8a2,82) coth?(Br) — 13—00432 - %aﬁdl coth(Br) sinh™*%(Br)

wh? “0)
+ [T ~ (&} + dids + &2) | sinh S (1)
The equation of state parameter is defined as
p(1)
Wae (1) = —=. (41)
T p()

Therefore,
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(g—oaﬁz - %%2,32) coth? () — Lap? - 4apd; coth(Br) sinh ™ (Br)

5202 coth?(Br) + (df +2d1d> + 2dyds + dods + wThz) sinh =8 (Br)

Wye(t) =

(42)
|42 — (& + dids + &) | sinh =52 (pi)
+

520262 coth? (1) + (df +2d1d> + 2dyds + dods + wThz) sinh =37 (Br)

At late cosmic times (1 — co), the hyperbolic functions satisfy coth(8r) — 1, while the terms sinh = (8¢) and
sinh 8% (B¢) vanish exponentially for @ > 0. Consequently,

17
lim wge (1) = —— ~ —1.308. (43)
t—00 13

Since wg. < —1, the effective dark-energy fluid enters the phantom regime at late times. This result indicates
that the universe undergoes a phase of accelerated expansion stronger than that produced by a cosmological constant
(w = —1). Furthermore, the exponential decay of the anisotropic and scalar-field terms implies that their influence be-
comes negligible in the asymptotic future, leading to a dark-energy dominated cosmological evolution. Therefore, within
the framework of the Saez—Ballester scalar—tensor theory, the present model predicts that the Universe evolves toward
a stable phantom-like accelerated phase, with the late-time dynamics governed primarily by the effective dark-energy sector.
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For the purpose of numerical analysis and graphical illustration, we choose the parameter values @ = 1.0, g =
1.0, d; =0.001, d; =-0.0005, d3=-0.0005, w =15.0, h=1.0,subjectto the condition d; + dy + d3 = 0.
This set of parameters yields a physically acceptable cosmological model and is used throughout the paper to examine its
evolutionary characteristics.

Figures 1-8 collectively demonstrate the evolutionary characteristics of the proposed five-dimensional anisotropic
cosmological model from the early universe to the late-time accelerated epoch. The Hubble parameter H and the
expansion scalar 6 begin with very large values near the initial singularity and decrease with cosmic time, indicating a
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rapidly expanding early universe that gradually evolves toward a stable de Sitter-like expansion phase. Simultaneously, the
shear scalar o> and the mean anisotropy parameter A decrease monotonically and tend to zero at late times, demonstrating
that the initial anisotropy of the universe gradually disappears and the model approaches isotropy in agreement with
present cosmological observations. The deceleration parameter g evolves toward the value —1, confirming the existence
of a late-time accelerated expansion phase. The energy density p remains positive throughout the cosmic evolution
while decreasing from a very large initial value due to the continuous expansion of the universe. The pressure p attains
negative values during the evolution, generating the repulsive gravitational effect required to drive cosmic acceleration.
Furthermore, the equation-of-state parameter w4, approaches a value below —1, specifically wg. ~ —1.308, indicating that
the effective dark-energy component enters the phantom regime at late times. Overall, the figures reveal that the universe
evolves from an initially dense, rapidly expanding, and anisotropic state toward an isotropic, dark-energy-dominated,
phantom-like accelerated phase, thereby providing a physically consistent description of the observed late-time cosmic
acceleration.

5. ENERGY CONDITIONS

The energy conditions provide important criteria for examining the physical viability of cosmological models and
the nature of the cosmic fluid driving the expansion of the Universe.

5.1. Null Energy Condition
The NEC requires

p+p=0. (44)
Using the above expressions, one obtains
10 16 10
p+p=|=ap* - —a’B*|coth’(Br) - —ap?
3 9 3
4
- gaﬁdl coth(pr) sinh ™ (Br) 45

+(dids + dids + dods = & + wh?) sinh ™ (1)

At late times (t — c0),
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lim (p + p) = gaﬁz(IS - 8a). (46)

Hence, the NEC remains valid asymptotically for @ < 15/8.

5.2. Weak Energy Condition
The WEC requires

p =0, p+p=0 47
Since the leading term in the energy density is positive,
52
p(t) = 30/2,82 coth?(Bt) + O(sinh_g"(ﬁt)) , (48)

the condition p > 0 is satisfied for suitable choices of the model parameters. Therefore, the validity of the WEC is
determined by the sign of p + p and coincides with the NEC at late times.

5.3. Strong Energy Condition
The SEC requires

p+3p=0. (49)
For the present model,
p+3p= (10@,82 - %azﬁz) coth?(Br) — 10a8?
— 4aBd, coth(Br) sinh ™ (Br) (50
+ (—df +2dydy — dyds + dods — 3d2 + 2wh2) sinh ™8 (B1).
Ast — oo,
. 25
tll_)rgo(p +3p) = —§a/,8 (31 + 76a) 51
Since a > 0, it follows that

p+3p<0 (52)
Therefore, the SEC is violated during the late-time evolution of the Universe. Such a violation is a characteristic

feature of accelerating cosmological models and supports the observed cosmic acceleration.

5.4. Dominant Energy Condition
The DEC requires

p =0, p—-p=0 (53)
The quantity p — p becomes

p—p= (@a%ﬁz - Eozﬁz) coth?(Br) + Eaﬁz
3 3 3
+ gaﬁdl coth(Br) sinh™*(Br) (4)

+ (243 + 2d1d + 3dyds + dady + &) sinh ™ (B1)
In the asymptotic limit,
40
lim (p - p) = ?azﬁz >0 (55)

Thus, the DEC remains satisfied at late times.
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Figure 9. Variation of the energy density p, the null energy condition (NEC) (p + p), the strong energy condition (SEC)
(p + 3p), and the dominant energy condition (DEC) (p — p) with cosmic time ¢.

The above analysis shows that the energy density remains positive throughout the cosmic evolution for admissible
values of the model parameters. The NEC and WEC can be satisfied depending on the value of «, whereas the SEC
is violated in the late-time epoch. The violation of the SEC indicates the presence of a repulsive gravitational effect
responsible for the accelerated expansion of the Universe. Furthermore, the DEC remains valid asymptotically, ensuring
that the energy flux propagates within the causal structure of spacetime. These results support the physical viability of
the present cosmological model and are consistent with the phantom-like behavior of the effective dark-energy component
obtained from the equation-of-state parameter.

Figure 9 illustrates the evolution of the energy density p, the Null Energy Condition (NEC) (p + p), the Strong
Energy Condition (SEC) (p + 3p), and the Dominant Energy Condition (DEC) (p — p) as functions of cosmic time. The
figure shows that the energy density remains positive throughout the cosmic evolution, indicating the physical viability of
the model and the presence of a positive effective energy content in the universe. The quantity (p + p) remains positive
during the evolution, implying that the NEC is satisfied and consequently the Weak Energy Condition (WEC) is also
fulfilled. In contrast, (p + 3p) becomes negative and remains below zero at late times, demonstrating the violation of the
SEC. Such a violation is a characteristic signature of accelerated expansion, since it corresponds to the emergence of a
repulsive gravitational effect capable of overcoming the attractive nature of ordinary matter. Furthermore, the quantity
(p — p) remains positive throughout the evolution, confirming the validity of the DEC and ensuring that the energy flux
propagates causally within spacetime. Consequently, Figure 9 shows that the present model satisfies the NEC, WEC, and
DEC, while exhibiting a violation of the SEC at late times, a feature commonly associated with an accelerating universe.
This behavior is consistent with the phantom-like dark-energy nature of the model and provides strong evidence that the
observed cosmic acceleration is driven by an effective repulsive dark-energy component.

6. STATEFINDER DIAGNOSTIC
The statefinder parameters {r, s} are defined as

a r—1
r=—, §=—". (56)
3
A
Using
r=1+3m+ﬁ, (57)
we obtain
2 3
r=1+ (—2 - —) sech?(Br). (58)
a? «

(% - 3) sech?(Br)

s = . (59)
3 [sechz(ﬁt) - 37"]
At late times,
tlim sech?(Br) = 0, (60)

and consequently,
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Ilim r=1, tlim s =0. 61)
Therefore,
(r,s) — (1,0), (62)

which corresponds to the ACDM fixed point. Hence, the present model asymptotically approaches the standard
cosmological constant dominated universe at late times.
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Figure 12. Statefinder trajectory in the (s, r) plane

The evolution of the statefinder parameters is illustrated in Figs. 10-12. Figure 10 shows that the parameter r
increases with cosmic time and asymptotically approaches the ACDM value » = 1. Similarly, Fig. 11 demonstrates that
the parameter s gradually tends to zero as the universe evolves. The convergence of r and s to their respective ACDM
values indicates that the present model evolves toward a cosmological-constant-dominated phase at late times.

Furthermore, the trajectory in the (s, ) plane, shown in Fig. 12, approaches the fixed point (0, 1) corresponding to the
standard ACDM model. This behavior confirms that although the model may exhibit deviations from the ACDM scenario
during the early stages of evolution, it gradually converges to the standard cosmological picture in the asymptotic future.
Therefore, the statefinder diagnostic reveals that the proposed model successfully describes the late-time accelerated
expansion of the universe and ultimately approaches a de Sitter-like phase.

7. OM DIAGNOSTIC ANALYSIS
The Om diagnostic is a useful geometrical tool for distinguishing different dark energy models and is defined as

E%*() -1

Om(z) = m,

(63)
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where
H(z)
E = —. 4
(@) == (64)
Using the scale factor
1
— a —
a = sinh*(Bt) = T4z (65)
we obtain
sinh(Bt) = (1 +z)~"/, (66)
Since
H = apf coth(Bt), (67)
and
coth?(Bt) = 1 + sinh2(Br), (68)

it follows that

H(z) = apv1+ (1 +z)¥e. (69)

At the present epoch (z = 0),

Ho = H(0) = afV2. (70)

Therefore,

H(z) _ V14 (1 +z)%e

E(z) = , (71)
(2) Ho N
which gives
1+ (1427
EX(z) = % (72)
Substituting into the definition of the Om diagnostic, we obtain
a+g¥e—1]
0 =2 : , 73
e (73
or equivalently,
1+z)¢>—1
Om(z) = (1+2) (74)

2 +23 1]

The behaviour of Om(z) provides information about the underlying dark energy dynamics. In the ACDM model,
Om(z) remains constant and is equal to the present matter density parameter Q,,,0. Any deviation from constancy indicates
departure from the standard cosmological constant scenario.

For the present model,

. -1 1
Jim, Om(2) = =5 = 3, 75
showing that the Om parameter approaches a constant value at late times. This behaviour indicates that the model
asymptotically evolves towards a de Sitter-like accelerated phase. Nevertheless, since Om(z) remains redshift dependent
during the cosmic evolution, the model generally differs from the standard ACDM cosmology except in the asymptotic
future limit.

The evolution of the Om(z) parameter is shown in Fig. 13. The parameter decreases monotonically with increasing
redshift, indicating that it is not constant throughout the cosmic evolution. Since a constant Om is a characteristic feature
of the ACDM model, the observed redshift dependence signifies a departure from the standard cosmological constant
scenario and reflects the dynamical nature of dark energy in the present model. As the universe evolves, Om(z) tends
toward the asymptotic value 0.5, suggesting that the model approaches a stable de Sitter-like accelerated phase at late
times.
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Figure 13. Evolution of the Om diagnostic parameter Om(z) as a function of redshift z for @ = 1.0.

8. CONCLUSIONS

In the present work, we have constructed and analyzed an exact five-dimensional Bianchi type-I cosmological model
in the framework of Saez—Ballester scalar—tensor theory by adopting the hyperbolic expansion law a(t) = sinh®(Bz).
This choice enables the complete integration of the field equations and provides a realistic cosmological scenario capable
of describing the observed accelerated expansion of the universe. The obtained solution corresponds to an expanding
universe that begins with a Big-Bang-type singularity, where the spatial volume vanishes while the expansion rate becomes
extremely large. The Hubble parameter and expansion scalar decrease monotonically with cosmic time and approach finite
values at late times, indicating a smooth transition toward a stable accelerated epoch. The deceleration parameter evolves
toward (¢ = —1), showing that the model naturally approaches a de Sitter-like expansion phase. The anisotropic nature of
the early universe is reflected through the nonvanishing shear scalar and anisotropy parameter. However, both quantities
decay with cosmic time and asymptotically vanish, demonstrating that the universe evolves toward isotropy. This behaviour
is consistent with current astronomical observations, which indicate a highly isotropic universe on large scales.

The physical properties of the cosmic fluid reveal that the energy density remains positive throughout the evolution,
while the pressure becomes negative and generates the repulsive gravitational effect required for acceleration. The effective
equation-of-state parameter evolves into the phantom region and asymptotically approaches (wg. ~ —1.308), indicating
that the late-time dynamics are dominated by a phantom-like dark-energy component. Consequently, the model predicts
an accelerated expansion stronger than that produced by a cosmological constant. The analysis of the energy conditions
further supports the physical viability of the model. The null energy condition, weak energy condition, and dominant
energy condition remain satisfied for admissible parameter values, whereas the strong energy condition is violated during
the late-time evolution. Such a violation is a characteristic feature of accelerating cosmologies and confirms the existence
of an effective repulsive gravitational mechanism.

To further characterize the model, statefinder and Om diagnostics were employed. The statefinder parameters
converge to the fixed point {r,s} = (1,0), showing that the model asymptotically approaches the standard (A)CDM
cosmology. The Om diagnostic remains redshift dependent during the cosmic evolution, indicating deviations from
the standard cosmological-constant scenario, although it tends to a constant value in the asymptotic future. These
diagnostics demonstrate that the model can successfully reproduce the observed late-time acceleration while retaining
distinctive dynamical features. Therefore, the proposed five-dimensional Saez—Ballester cosmological model provides a
mathematically consistent and physically viable description of the universe, successfully explaining the transition from an
initially anisotropic state to an isotropic, phantom-dark-energy-dominated accelerated phase.
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IPYUCKOPEHH I’ ITUBUMIPHOI KOCMOJIOI'TE B’ IHKI THUITY I B TEOPII CAE3A-FAJIJIECTEPA
3 THIEPBOJITYHNM PO3IMINPEHHAM
Jxarar Jaiimapi!, Pamxmexap Poii Bapyax?
lKagﬁebpa mamemamuru, Koneoowe I’ sunim Cmenen, Hikawi, Baxca, Accam - 781372, Inois
2Kagpedpa mamemamuunux nayx, Ynisepcumem Bodonenda, Koxpaiixap, Accam - 783370, Indis
Mu npeicTaBIsIEMO I’ ATUBIMIpPHY aHi30TPOITHY KOCMOJIOTiuHy Mojiesb B’ stHki Tumy I B ckasnsipHo-TeH30pHiii Teopii Caes-Bamnectepa,
10 BUKOPHUCTOBYE 3aKOH rinepOomniuHoro poskiaganus a(t) = sinh®(Bt). OTpumaHo TOUHI po3B’ I3KM PiBHSIHB MOJIS Ta JOCIIIKEHO 1X
KOCMOJIOTiYHY MOBEiHKY. MO/ie/Ib €BOMOIIIOHYE Biji IOYATKOBOTO CHHTYJISIPHOTO CTaHY 10 IMi3HBOI MIPUCKOPEHO] (pa3u, 3i SMEHIIEHHAM
aHI30TpoIii Ta ACUMIITOTUYHO AOCATHYTOIO i30Tpomisanieio. [TapameTp ynoBiibHeHHs HabmxkaeTbhes 10 (¢ = —1), Todi K (wg. ~
—1.308) Bka3ye Ha (haHTOMHY NMOBEJiHKY TEMHOI eHeprii. Y MOBH HYJIbOBOI, CJIA0KOI Ta JOMiHYI0UOi €Heprii 3aJMIIaloThCsi BAKOHAHUMH,
TOZi SIK yMOBa CHJIbHOI €Heprii MOpyIIy€eThCs, IO MiATBEPIIKYE CIIOCTEpeKyBaHe KOCMiuHe puckopeHHst. Kpim Toro, Metos BU3HaUeHHS
craHy Ta JiarHoctuka Om MOKa3yoTb, 0 MOJEJb ACUMIITOTUYHO HAOMKAEThCs 10 crieHapito ACDM.
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Variable-coefficient higher-order nonlinear evolution equations constitute an important class of mathematical models for the description
of nonlinear dispersive wave propagation in inhomogeneous media, including shallow water flows, plasmas, optical systems and elastic
structures. This paper develops a unified analytical framework for a broad family of such equations incorporating nonlinear convection,
third-order dispersion, fifth-order dispersion, BBM-type mixed dispersion and nonlinear dispersive modulation. Admissible equivalence
transformations are first constructed and used to reduce the general class, under non-vanishing fifth-order dispersion, to a canonical
normalized form. The normalization yields a simplified group-classification problem by establishing an explicit compatibility condition
for the temporal component of every admitted Lie point symmetry. Complete Lie symmetry classifications are obtained for the kernel,
power-law, exponential and constant-coefficient subclasses, followed by the construction of optimal systems and similarity reductions.
Conservation laws are derived from the conservative structure of the governing equation, including a universal mass invariant and a
regularized energy conservation law for an important canonical subclass. Furthermore, an exact bright-soliton solution is derived for the
constant-coefficient equation, rigorously verified by direct substitution, and employed to validate numerical simulations. The proposed
framework unifies equivalence transformations, Lie symmetry analysis, conservation laws, similarity reductions and soliton dynamics
within a single parameterized setting, providing a systematic methodology for the analytical investigation of higher-order nonlinear
dispersive wave equations.

Keywords: Lie symmetry analysis; Equivalence transformations; Variable-coefficient nonlinear evolution equations; Conservation
laws; Higher-order dispersive waves, Fifth-order dispersion; Similarity reductions; Soliton dynamics

1. INTRODUCTION

Nonlinear evolution equations occupy a central position in modern mathematical physics because they provide
fundamental models for the propagation, interaction and modulation of nonlinear waves in fluids, plasmas, nonlinear
optics, elastic media, Bose—FEinstein condensates and other dispersive systems. The interaction between nonlinear effects
and dispersion gives rise to a rich variety of coherent structures, including solitary waves, compactons, dispersive shock
waves and solitons, whose mathematical analysis has stimulated the development of numerous analytical techniques over
the past five decades. Classical models such as the Korteweg—de Vries (KdV), modified KdV, Benjamin—-Bona—Mahony
(BBM) and Kawahara equations have consequently become canonical nonlinear evolution equations for investigating
nonlinear wave propagation and have served as testing grounds for symmetry analysis, inverse scattering, perturbation
theory and exact solution methods [1-4,6—13].

Although constant-coefficient models have provided valuable theoretical insight, many realistic physical systems
evolve in non-homogeneous environments where material properties, external forcing, bottom topography or background
media vary in space or time. Examples include shallow-water flows over variable bathymetry, nonlinear optical pulse
propagation in inhomogeneous fibres, plasma waves in slowly varying magnetic fields and elastic media with variable
constitutive parameters. Such phenomena naturally lead to variable-coefficient nonlinear evolution equations whose
analytical behaviour is considerably richer than that of their constant-coefficient counterparts. The presence of variable
coefficients often modifies the admissible symmetry structure, influences the existence of conservation laws and affects
the qualitative behaviour of travelling-wave solutions. Consequently, the systematic investigation of variable-coefficient
nonlinear evolution equations has become an active area of research in mathematical physics [23,26,29].

Among the most powerful analytical tools available for the investigation of nonlinear differential equations is the Lie
group method. Since the pioneering work of Sophus Lie and its subsequent mathematical development by Ovsiannikov,
Bluman, Kumei and Olver, Lie symmetry analysis has provided a unified methodology for identifying continuous symmetry
groups, constructing invariant solutions, reducing partial differential equations to ordinary differential equations and
classifying differential equations according to their admitted symmetry algebras [1-4]. Equally important are admissible
equivalence transformations, which identify analytically equivalent members within parameterized classes of differential
equations and frequently reduce complicated classification problems to substantially simpler canonical forms. The
combination of equivalence transformations and Lie symmetry analysis has therefore become an indispensable framework
for complete group classifications.
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Conservation laws constitute another fundamental component of the mathematical analysis of nonlinear evolution
equations because they describe physically meaningful invariant quantities such as mass, momentum and energy while
simultaneously providing analytical and numerical consistency checks. The classical variational approach introduced
by Noether remains one of the cornerstones of conservation-law theory, whereas more recent developments involving
multiplier methods, nonlinear self-adjointness and symbolic computation have considerably extended the applicability of
conservation-law analysis to non-variational systems [5, 16, 19,25,27]. In parallel, the construction of exact travelling-
wave solutions and soliton families continues to play a central role in understanding nonlinear dispersive phenomena.
Techniques based on Hirota’s direct method, inverse scattering, Lie reductions and ansatz methods have produced a wide
spectrum of exact solutions for nonlinear evolution equations, thereby providing benchmark solutions for both theoretical
investigations and numerical algorithms [6,7].

Recent years have witnessed renewed interest in combining symmetry analysis, conservation laws and exact solutions
for increasingly sophisticated nonlinear evolution equations. Significant progress has been reported for generalized KdV
equations, Kawahara—KP systems, Boussinesq-type equations, variable-coefficient KdV equations, KdV-Burgers models,
Hirota-type equations and fractional nonlinear evolution equations through the application of Lie symmetries, optimal
systems, nonlinear self-adjointness, conservation-law multipliers and exact solution techniques [9-15, 17-22,24,28,29].
Nevertheless, much of the existing literature remains equation-specific. In many studies a single nonlinear evolution
equation is selected and analysed independently, with symmetry classification, conservation laws and exact coherent
structures derived separately for that individual model. Comparatively less attention has been devoted to the development
of unified analytical frameworks capable of treating broad parameterized classes of higher-order variable-coefficient
nonlinear evolution equations while simultaneously integrating equivalence transformations, complete Lie classifications,
optimal systems, conservation laws and verified solitary-wave solutions.

Motivated by these observations, the present work develops a unified analytical framework for the class

E(a,B,v,0,1,p,9) 1 us+ a(t)uluy + B(O)txxx + V() Uxxxxx
+ 0D ttexr + (1) (Utxx)x =0, (1)

where p, g > 0 and the coefficient functions are assumed to be sufficiently smooth. The objective is not to introduce a new
nonlinear evolution equation, since the class contains several well-known models as special cases, but rather to develop a
systematic analytical framework that unifies admissible equivalence transformations, canonical normalization, complete
Lie symmetry classification, optimal systems, conservation laws, similarity reductions and exact soliton solutions within
a single parameterized setting.

The principal contributions of this work may be summarized as follows. First, admissible equivalence transformations
are derived and employed to normalize the fifth-order dispersive coefficient, thereby reducing the general class to a canonical
form. Second, a complete Lie symmetry classification of the canonical class is established, including the kernel algebra
together with the principal symmetry extensions corresponding to the power-law, exponential and constant-coefficient
subclasses. Third, optimal systems of one-dimensional subalgebras and associated similarity reductions are constructed.
Fourth, conservation laws are derived from the conservative structure of the governing equation, including a universal
mass conservation law and a regularized energy conservation law for an important canonical subclass. Fifth, an exact
bright-soliton solution of the constant-coefficient canonical equation is obtained, rigorously verified and employed for
numerical validation. Collectively, these results provide a unified methodology for the analytical investigation of higher-
order variable-coefficient nonlinear evolution equations and establish explicit connections between symmetry analysis,
conservation laws and nonlinear wave dynamics.

The remainder of the paper is organized as follows. Section 2 introduces the governing class and its structural
properties. Section 3 derives the admissible equivalence transformations and canonical normalization. Section 4 discusses
reductions to several classical models. Section 5 presents the complete Lie symmetry classification, while Section 6
develops optimal systems and similarity reductions. Conservation laws and nonlinear self-adjointness are investigated in
Section 7. Exact bright-soliton solutions and numerical validation are presented in Sections 8 and 9, respectively. The
principal findings are discussed in Section 10, followed by concluding remarks in Section 11.

2. A CLASS OF VARIABLE-COEFFICIENT HIGHER-ORDER NONLINEAR EVOLUTION EQUATIONS
We consider the parameterized class of nonlinear evolution equations
S(G’ﬁ’ 7’, 69 TI’ ps Q) : Uz +a'(t)upux +ﬁ(t)uxxx +7(t)uxxxxx + 5(t)uxxt +77(t)(uq’4xx)x = 0’ (2)

defined either on the real line R under sufficiently rapid decay conditions or on a periodic spatial domain. Here u = u(x, t)
denotes the wave profile, while the coefficient functions

a(n), B(1), y(1), 6(2), n(z)

are assumed to be continuously differentiable on a time interval / C R.
Equation (2) provides a unified framework encompassing several important classes of nonlinear dispersive wave
equations arising in mathematical physics. The nonlinear convective term @ (#)uPu, generalizes the nonlinear transport
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mechanism encountered in generalized KdV-type equations, whereas B8(f)u ., represents the classical third-order disper-
sive correction responsible for balancing nonlinear steepening and generating solitary-wave propagation. The fifth-order
dispersive contribution y(#)u,yxxx €xtends the model to the Kawahara regime, where higher-order dispersion becomes
significant in weakly dispersive media. The mixed derivative §(#)uy, introduces BBM-type regularization, improving
the dispersive properties of the equation and modifying the linear dispersion relation. Finally, the nonlinear dispersive
term 1(t)(u9u,,), models amplitude-dependent dispersion and provides additional nonlinear coupling between wave
amplitude and curvature.
Writing the nonlinear dispersive contribution in conservative form is advantageous for both analytical and structural
reasons. Indeed,
(Mquxx)x = Uty + quq_luxust 3

showing explicitly that the model combines higher-order linear dispersion with nonlinear dispersive interactions. The
conservative representation also simplifies the derivation of conservation laws and facilitates the application of multiplier
methods and nonlinear self-adjointness.

Equation (2) itself possesses a natural conservation form. Introducing the flux

= %u’”l +ﬁ(t)uxx + ')’(t)uxxxx +0(t)ux + n(t)uquxx, (€]

the governing equation may be written compactly as
Diu+ D,F =0, (5)

where D; and D, denote the total derivative operators with respect to ¢ and x, respectively. Consequently, under periodic
boundary conditions or sufficiently rapid spatial decay,

d
E/ﬂu(x,t)dx =0,

so that the total mass constitutes a universal conserved quantity for every member of the class. This intrinsic conservative
structure provides the foundation for the conservation-law analysis carried out later in the paper.
Throughout this work we assume

a,B,y,6,neC (),  p,qg>0, (6)

which guarantees the regularity required for the symmetry analysis and the admissible equivalence transformations
developed in subsequent sections. Particular attention is devoted to the case

y() #0,

since the presence of a non-vanishing fifth-order dispersive coefficient characterizes the genuinely higher-order regime and
gives rise to the richest admissible symmetry structure. Lower-order reductions obtained by setting selected coefficients
equal to zero are discussed separately in Section 4, where connections with several classical nonlinear evolution equations
are established.

3. EQUIVALENCE TRANSFORMATIONS AND CANONICAL NORMALIZATION

A fundamental step in the group classification of parameterized classes of differential equations is the determination
of their admissible equivalence transformations. Such transformations preserve the differential structure of the governing
equations while modifying the coefficient functions, thereby identifying analytically equivalent members of the class.
Their principal advantage is that they reduce the number of essentially distinct equations that must be considered during
the subsequent symmetry classification.

To determine the equivalence group of the class (2), we consider invertible point transformations of the form

r=T(), X=Ax+u, il = Ku, 7

where
T:Ak # 0, (8)

and A, y, k are constants.

The restriction to constant spatial translations and amplitude scalings is not merely a simplifying assumption.
Allowing A, u or « to depend explicitly on time introduces additional first-order or zeroth-order differential terms through
the chain rule, destroying the differential structure of the class. Consequently, transformations of the form (7) constitute
the maximal admissible point transformations preserving (2).
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Application of the chain rule yields
=&\, ux =« Adx, ©)

together with

_ 1,3~ 1,5~ R I
Uxxx = K lizzz, Uxxxxx = K A Uzs, Uxyr = K A Tiligzs. (10

Substituting these expressions into (2) and dividing by the coefficient of ii; preserves the differential structure of the
equation while transforming the coefficient functions according to

3
a0 = %x‘f’a(r), () = /;—tﬁ(t), (11
5
ﬂﬂ=%ﬂm 5() = 26(0), (12)
43
7(f) = ;K*“n(t), (13)

whereas the nonlinear exponents p and g remain invariant under the equivalence group.

Theorem 3.1. The class E(a, B,y,0,1, p, q) is invariant under the equivalence transformations (7), with the coefficient
Sfunctions transforming according to (11)—(13). Furthermore, if y(t) # 0, every member of the class is equivalent to one

satisfying

y=1.

Proof. The transformation formulas follow directly from repeated application of the chain rule. Substituting the trans-
formed derivatives into (2) and comparing the coefficients of the independent differential monomials

D
P U, Uxxxs Uxxxxx> Uxxts (uquxx)x

immediately yields (11)—(13). When y(¢) # 0, choosing

I, = /157(1‘)
gives
/15
y=—y() =1,
V=7 (1)
thereby reducing every equation in the class to a canonical representative. O

The preceding theorem demonstrates that the fifth-order dispersive coefficient does not represent an essential func-
tional degree of freedom. Consequently, without loss of generality, the subsequent Lie symmetry analysis may be
performed for the canonical normalized class

u; + a(DuPux + B(E)tyyx + Uyxxxx + O(Dtyxr + (1) (ulury), =0, (14)

which is analytically equivalent to every member of the original class with y(z) # 0.

4. REDUCTION TO CLASSICAL MODELS

An important feature of the class (2) is that it unifies several well-established nonlinear evolution equations within a
single parameterized framework. Consequently, the analytical results developed in the subsequent sections simultaneously
apply to a broad family of nonlinear dispersive wave models rather than to a single equation. The reductions presented
below also illustrate the modelling flexibility of the proposed class and clarify the physical significance of the various
coeflicient functions.

Different choices of the coefficient functions recover several classical nonlinear evolution equations that have been
extensively investigated in mathematical physics. In particular, setting

y=0=n= 0
reduces (2) to the variable-coefficient generalized Korteweg—de Vries (KdV) equation
ur + a(H)uPuy + () uyxx = 0.

For the special choice p = 1 together with constant coefficients, this further reduces to the classical KdV equation, whereas
p = 2 yields a variable-coefficient modified KdV (mKdV)-type equation.
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Table 1. Representative reductions of the general variable-coefficient class to well-known nonlinear evolution equations.

Reduced model Parameter restrictions ~ Governing equation

Generalized KdV y=0=1n=0 ur + auPuy + Buyyxy =0

Modified KdV p=2,y=0=n=0 u +a'u2ux+ﬁuxxx =0
Generalized Kawahara o0=n=0 ur + auPuy + Buyyx + Yixxxxx =0
Generalized BBM y=n=0 ur + auPuy + Buyxyx + 0ty =0
Canonical fifth-order class 7y =1 Equation (14)

If
0=n=0, vy #0,

the governing equation becomes a generalized Kawahara-type model containing both third- and fifth-order dispersive
effects. On the other hand, imposing

y=n=0
produces a BBM-type regularized equation in which the mixed derivative u,,; modifies the dispersive behaviour while
preserving the nonlinear convective mechanism.

Finally, by means of the equivalence transformations established in Section 3, every equation satisfying y(¢) # 0 may
be transformed to the canonical normalized form (14). Consequently, the complete Lie symmetry classification derived
in the subsequent sections applies to an entire equivalence class of fifth-order variable-coefficient nonlinear evolution
equations rather than to a single representative equation.

The principal reductions of the general class are summarized in Table 1.

5. COMPLETE LIE SYMMETRY CLASSIFICATION

The canonical normalized equation derived in the previous section is now classified with respect to its admitted Lie
point symmetries. Since the fifth-order dispersive coefficient has been normalized through the admissible equivalence
transformations, the resulting determining equations are considerably simpler than those for the original variable-coefficient
class. Consequently, the complete group-classification problem may be carried out without loss of generality on the
canonical representative (14).

Following the classical Lie group approach [1-4], we consider the general infinitesimal generator

X =&(x,t,u)0x + T(x,t,u)0; + ¢(x,t,u)0,. (15)

According to the infinitesimal invariance criterion, the fifth prolongation of X must satisfy
Gx@)| =0 16
proX(a), _ =0 (16)

where A denotes the left-hand side of the canonical equation (14).
Expanding the fifth prolongation and splitting with respect to the linearly independent differential monomials yields
the determining equations. The first set immediately gives

T =1(1), &= Ax + &o, ¢ = pu, (17)

where A, & and p are constants.
A noteworthy consequence of the canonical normalization is that the fifth-order dispersive term immediately imposes
the compatibility condition

dr
— =154, 18
yr (18)
which integrates to
7(t) = 54t + 719, (19)
where 7 is an arbitrary constant.
The remaining determining equations reduce to
al
T— +pp+41=0, (20)
@
T/i +21=0, (21)
B
6/
L 21 =0, (22)

’

r%+qp+24=0. (23)
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Theorem 5.1. Every Lie point symmetry generator admitted by the canonical class (14) is of the form
X = (Ax + &0)0x + (54t + 19)0; + pudy, (24)

where the constants A, 1y, &g and p satisfy the determining equations (20)—(23). For arbitrary coefficient functions, the
kernel Lie algebra is

g" = (Bx). (25)

Proof. The determining equations obtained from the infinitesimal invariance criterion (16) immediately imply the in-
finitesimal structure (17). The normalization of the fifth-order dispersive coefficient yields the compatibility condition
(18), from which (19) follows directly. Substituting these expressions into the remaining determining equations produces
(20)—(23). For arbitrary coefficient functions these equations admit only the translational symmetry d, establishing the
kernel algebra. Additional symmetry extensions arise only for particular functional forms of the coefficient functions,
which are classified below. O

Remark 5.2. The compatibility condition (18) is a direct consequence of the canonical normalization performed in
Section 3. Without eliminating the arbitrary fifth-order coefficient through admissible equivalence transformations, the
determining equations would retain an additional functional degree of freedom, making the complete group-classification
problem substantially more complicated. Canonical normalization is therefore an essential analytical step rather than
merely a technical simplification.

The first nontrivial symmetry extension arises when the coefficient functions possess power-law dependence,
a = (l()l‘al, B = ﬁotaz, 0= 50[“3, n= 770ta4, (26)

where ay, B9, 0o and 1o are nonzero constants. Choosing

T=1
gives
1= 1
=3
and hence the additional symmetry generator
1
Xp =10; + gxﬁx + pud,. 27
The determining equations then require
4 2 2 2 28)
ay=-pp - =, a)=-—, az = —, as=—-qp— —.
1 pp 3 2 3 353 4 qp 5

A second symmetry extension is obtained for exponential coefficient functions. Choosing

T=1
forces
1=0
through the compatibility condition (18), yielding
XEg = 0r + pudy. 29)
The admissible coeflicient functions are
a = age P, B = Bo, 6 = b0, n = noe 1", (30)

Finally, if all coefficient functions are constant, the determining equations admit the two-dimensional translation
algebra

gc = (Ox, ). (31)

The resulting hierarchy of symmetry extensions is summarized in Figure 1.
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Coefficient subclass Admitted algebra
Arbitrary coefficients 4-{ (9x)
!
Power-law coefficients 4-{ (9x, Xp)
!
Exponential coefficients 4-{ (9x, Xg)
!
Constant coefficients 4-{ (9, O¢)

Figure 1. Hierarchy of Lie symmetry extensions admitted by the canonical variable-coefficient class.

6. OPTIMAL SYSTEMS AND SIMILARITY REDUCTIONS

Having determined the complete Lie symmetry classification of the canonical class, we now construct optimal
systems of one-dimensional subalgebras and derive the corresponding similarity reductions. These reductions transform
the governing partial differential equation into ordinary differential equations, thereby providing the foundation for the
analytical construction of invariant solutions and travelling-wave structures.

For the power-law subclass, the admitted Lie algebra is

gp = (X1, Xp),
where .
Xi = 0y, Xp =t6,+§x¢9x+puc9u.
Since |

the adjoint representation shows that every one-dimensional subalgebra is equivalent to one generated by either
(X1) or (Xp).

These therefore constitute an optimal system of one-dimensional subalgebras.
The reduction associated with the translational symmetry X; is immediate. The invariants satisfy

u=U(@),

and substitution into (14) gives
U'(t) =0,

showing that the only invariant solutions generated by X, are spatially homogeneous steady states.
The nontrivial reduction is obtained from the scaling generator Xp. The characteristic equations

dt d d
a_ e _a (33)
t  x/5 pu
yield the similarity variables
z=xt"'P3, u=1"U(z). (34)

Substitution into the canonical equation produces the reduced fifth-order ordinary differential equation

1 ’ ’ 1 (5)
pU—gzU +aUPU’ + BoU"" + U
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+ 60 +n0(UU")" =0, (35)

2 U/I 1 U’//
P35 5¢

which governs the self-similar solutions admitted by the power-law subclass.
For the exponential subclass, the admitted symmetry generator is

Xg = 0, + pudy,.
Its invariants are
7=2x, u=eU(z), (36)
leading to the autonomous reduced equation
pU + aoUPU’ + BoU"" + U + SopU” + no(UIU") = 0. (37)

Finally, for the constant-coefficient canonical equation, translational invariance in both space and time naturally
suggests the travelling-wave ansatz
7=x—t, u(x,t) = U(z),

where v denotes the wave speed. After one integration under localized boundary conditions, the governing equation
reduces to

U +(B—-6v+nUDHU” —vU + %U”“ =0, (38)
p

which serves as the principal equation for the construction of solitary-wave solutions in Section 8.

The three reductions obtained above illustrate the different classes of invariant solutions admitted by the canonical
equation. In particular, the travelling-wave reduction (38) provides the analytical framework for the bright-soliton
solutions derived subsequently, while the self-similar reductions characterize scale-invariant and exponentially evolving
wave structures.

7. CONSERVATION LAWS AND NONLINEAR SELF-ADJOINTNESS

Conservation laws constitute one of the fundamental structural properties of nonlinear evolution equations. Besides
expressing physically meaningful invariant quantities, they provide valuable analytical information concerning the quali-
tative behaviour of solutions and furnish useful consistency checks for numerical simulations. Owing to its conservative
formulation, the canonical equation naturally admits a hierarchy of conservation laws, the most fundamental of which are
derived below.

The canonical equation may be written in divergence form as

D;u+D,F =0, (39)
where
— a'(t) p+1 q
= Tu + lg(t)uxx + Uxxxx T 6(t)uxt + n(t)” Uxx- (40)
Consequently,
Ci=u  Cy=F7, @1

defines the universal mass conservation law for every member of the canonical class.

Proposition 7.1. Under periodic boundary conditions or sufficiently rapid spatial decay, the total mass

M(1) = / w(x, 1) dx 42)
Q
is conserved; that is,
aMm
— =0. 43
7 (43)

Proof. Integrating the divergence equation (39) over the spatial domain and applying either periodicity or decay at infinity
eliminates the boundary flux, yielding

d

— / u(x,t)dx =0.

dt Q
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The existence of this conservation law follows directly from the divergence structure of the governing equation and
is independent of the particular choice of coefficient functions.

A second conservation law is obtained by multiplying the canonical equation by u. After straightforward integration
by parts one obtains

o' (1) »

Dtcé + DXC; == ) uy +n(0)(q + Duluxuyy, 44)
where
1 o(t
G = Fu’ - %ui, (45)
and
a(r) 1
C; = mMerz +:3(t) (uuxx - zui)
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Unlike the mass conservation law, the corresponding energy balance contains source terms generated by the temporal
variation of the BBM coefficient and by the nonlinear dispersive contribution. Consequently, a genuine energy conservation
law exists only for suitable subclasses of the canonical equation.

Proposition 7.2. If
6(1) = do, n(t) =0,

then the functional

_ [ (L2 %0
E(t)—/g(zu 2ux)dx 47)

is conserved.

Proof. Under the assumptions ¢’(¢f) = 0 and 7(¢) = 0, the right-hand side of (44) vanishes identically. Integration over
the spatial domain therefore gives

dE

Os
dt

establishing conservation of the regularized energy. O

The preceding result shows that the BBM-type regularization preserves an energy invariant provided its coefficient
remains constant, whereas temporal variations of the regularization parameter or nonlinear dispersive modulation generate
additional source terms in the energy balance.

Finally, we briefly examine nonlinear self-adjointness. For the constant-coefficient conservative subclass, consider
the formal Lagrangian

L =vA, (48)

where A denotes the left-hand side of the canonical equation. Since
A=D;u+D,F
is itself a total divergence, the adjoint equation coincides with the original equation under the substitution
v=1.

Hence the conservative subclass is formally nonlinearly self-adjoint in the sense of Ibragimov. This property provides an
alternative route to the construction of conservation laws and further confirms the intrinsic conservative structure of the
governing equation.
Remark 7.3. The universal mass conservation law, the regularized energy balance and the nonlinear self-adjointness

established above complement the Lie symmetry classification obtained in the previous sections. Together they provide
the structural foundation for the exact travelling-wave solutions and numerical validation presented subsequently.



221
Unified Symmetry Classification and Soliton Dynamics for a Class of Variable-Coefficient... EEJP. 3 (2026)

8. EXACT TRAVELLING-WAVE AND SOLITON DYNAMICS

The travelling-wave reduction derived in Section 6 provides a natural framework for constructing localized coherent
structures of the constant-coefficient canonical equation. In this section we restrict attention to the physically important
case

p=q=1,
for which the travelling-wave equation (38) becomes
UW445—5v+mAU"—vU+%UQ=Q (49)
Motivated by the classical solitary-wave solutions of KdV-type equations, we seek localized solutions of the form
U(z) = Asech®(kz), (50)
where A > 0 denotes the wave amplitude and k > 0 is the inverse width of the pulse.

Substituting the ansatz (50) into (49), evaluating the derivatives explicitly and collecting the linearly independent
powers of sech(kz) gives the algebraic compatibility conditions

16k* + 4(B — 6v)k* —v =0, (51)

A
—120k* = 6(8 — 6v)k2 + 0‘7 +4nAK2 =0, (52)
120k* — 6nAk* = 0. (53)

The third equation immediately determines the wave amplitude,

20k
A= , (54)
n
provided 7 # 0.
Similarly, solving (51) for the wave speed gives
16k* + 48k2
= ;ﬂ’ (55)
1 +46k?
while substitution of (54) and (55) into (52) produces the remaining compatibility condition
10
—40k% + —Z _6(B - 6v) = 0. (56)
n

Theorem 8.1. Suppose the parameters satisfy the compatibility condition (56) with n # 0. Then the constant-coefficient
canonical equation admits the exact travelling-wave solution

20k
u(x,t) =

sech? (k(x — vr)), (57)

where the wave speed is given by (55).

Proof. The result follows directly from the substitution of the ansatz (50) into (49). Equations (51)—(53) are obtained by
equating the coefficients of the independent powers of sech(kz). Solving these algebraic equations yields (54), (55) and
(56), which guarantee that the profile (57) satisfies the travelling-wave equation identically. [

The solution (57) represents a bright solitary wave whose amplitude is proportional to k>/n, while its propagation
speed depends on the combined effects of the third-order dispersion, the BBM-type regularization and the fifth-order
dispersive balance. Consequently, both the dispersive coefficients and the nonlinear dispersive modulation influence the
shape and velocity of the solitary wave.

Remark 8.2. The bright-soliton solution derived above serves two complementary purposes. First, it provides an explicit
invariant solution generated by the travelling-wave reduction obtained in Section 6. Second, it furnishes an exact
benchmark for assessing the accuracy of the numerical simulations presented in the following section, thereby linking the
analytical and computational components of the paper.



222
EEJP. 3 (2026) Suares Clovis Oukouomi Noutchie

9. NUMERICAL VALIDATION

The exact bright-soliton solution obtained in the previous section provides an ideal benchmark for assessing the
accuracy of the proposed analytical framework. In particular, the numerical experiments are designed to verify three
principal theoretical predictions: the preservation of the solitary-wave profile during propagation, the dependence of the
wave dynamics on the dispersive parameters, and the conservation of the total mass.

For numerical illustration, we consider the compatible parameter set

1 26
k=3, =1 6=-01 g=1 a=3 (58)

which satisfies the compatibility conditions derived in Section 8. The corresponding analytical solution has amplitude and
wave speed

20
A=35, v=—, (59)
9
and therefore takes the explicit form
1 20
— 20 _ =
u(x,t) = 5sech [2 (x 5 t)] . (60)
The total mass associated with the analytical solution is
"" 2A
M(t) = / u(x,t)dx = - = 20, (61)

which provides an exact invariant against which the numerical computations may be compared.

The governing equation is solved numerically using a Fourier pseudo-spectral discretization in space combined
with time integration on a sufficiently large periodic computational domain so that boundary effects remain negligible
throughout the simulation. Spatial derivatives are evaluated spectrally, while the mixed dispersive term is treated through
the Fourier multiplier

1 - 6x%,

which remains strictly positive for § < 0. The spectral approximation therefore preserves the high-order accuracy required
for the fifth-order dispersive dynamics while avoiding spurious boundary reflections.

Figure 2 summarizes the overall analytical and computational procedure adopted throughout the paper. Starting
from the general variable-coefficient model, admissible equivalence transformations reduce the governing equation to
a canonical form, after which Lie symmetry analysis, optimal systems and conservation laws provide the analytical
foundation for the construction of exact travelling-wave solutions. The final stage consists of numerical validation against
the analytical soliton.

Unified analytical framework

General PDE class

v

Equivalence transformations

v

Canonical normalization

v

Lie symmetry classification

v

Optimal systems

v

Conservation laws

v

Exact solitons

v

Numerical validation

,_,,_,,—,_,,—,_,,—,_,
—J___J_Jo__Jo _Ju___J__J___J

Figure 2. Overall workflow of the unified analytical framework, illustrating the progression from the general variable-
coefficient model through equivalence transformations, Lie symmetry classification, conservation laws and similarity
reductions to exact solutions and numerical validation.
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Bright soliton: u = 5sech?{(x — 20t/9)/2}

51 — t=0

u(x, t)

Figure 3. Propagation of the verified bright-soliton solution at representative times. The numerical solution remains in
excellent agreement with the analytical profile, confirming the stability of the travelling-wave solution.

Effect of BBM-type regularization at fixed time t =4

— 6=-0.2,v=2.50
6=-0.1,v=2.22

u(x, t)

Figure 4. Influence of the BBM-type regularization coefficient § on the propagation of the solitary wave. Increasing the
regularization modifies the wave speed while preserving the localized structure.

Figure 3 illustrates the propagation of the exact bright soliton at several representative times. The numerical and
analytical profiles remain indistinguishable throughout the computation, demonstrating that the solitary wave propagates
without appreciable distortion and confirming the correctness of the travelling-wave solution derived in Section 8.

The influence of the BBM-type regularization parameter is illustrated in Figure 4. Increasing the magnitude of &
primarily affects the propagation speed through the velocity relation (55) while preserving the localized structure of the
solitary wave. This behaviour is fully consistent with the analytical travelling-wave analysis.

Figure 5 illustrates the influence of the nonlinear dispersive coefficient 5. As predicted by the analytical expression
(54), the parameter 7 directly controls the wave amplitude through

20k2
A= ,
n

showing that stronger nonlinear dispersive modulation reduces the amplitude of the localized wave while preserving its
characteristic sech” profile.
Finally, Figure 6 presents the numerical evolution of the conserved mass. Throughout the computation the numerical
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Effect of nonlinear dispersive modulation n on amplitude

10 4 — n=0.5,A=10.0
n=1A=5.0
—_— nN=2,A=25
8_
6_
=
X
3>
4_
2_
0_

Figure 5. Influence of the nonlinear dispersive coefficient  on the bright-soliton amplitude. The numerical behaviour
agrees with the analytical relation A = 20k> /7.

Mass conservation: M(t) = 20
0.006 221

—— Analytical mass
Numerical mass
0.004

0.002

0.000 A

M(t)

—0.002 A

—0.004

—0.006 T T

Figure 6. Numerical verification of the universal mass conservation law. The computed mass remains constant throughout
the simulation and agrees with the exact analytical value M = 20.

value remains essentially constant and coincides with the exact analytical value
M =20,

thereby confirming the universal mass conservation law established in Section 7 and demonstrating the consistency of the
numerical implementation.

10. DISCUSSION

The present work develops a unified analytical framework for a broad class of variable-coefficient higher-order
nonlinear evolution equations incorporating nonlinear convection, third-order dispersion, fifth-order dispersion, BBM-
type mixed dispersion and nonlinear dispersive modulation. Rather than proposing an entirely new nonlinear evolution
equation, the principal contribution lies in demonstrating that several classical dispersive wave models may be treated
within a common mathematical framework through the combined use of admissible equivalence transformations, Lie
symmetry analysis, conservation laws, similarity reductions and exact travelling-wave solutions.

A central result of the paper is the determination of the admissible equivalence group together with the canonical
normalization of the fifth-order dispersive coefficient. This normalization substantially simplifies the complete group-
classification problem by removing one arbitrary functional degree of freedom while preserving the analytical equivalence
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of the original class. In particular, the compatibility condition

dr

7 54
emerges naturally from the normalized fifth-order term and governs the admissible temporal component of every Lie point
symmetry. Consequently, the kernel algebra together with the power-law, exponential and constant-coefficient symmetry
extensions are obtained in a systematic and unified manner.

The conservation-law analysis further illustrates the structural richness of the proposed class. The divergence form
of the governing equation guarantees the existence of a universal mass conservation law independently of the particular
coefficient functions. By contrast, the regularized energy balance reveals that temporal variations of the BBM-type
regularization coefficient and nonlinear dispersive modulation introduce additional source terms that generally prevent
energy conservation. This distinction has a natural physical interpretation: while the total wave mass remains invariant,
nonlinear dispersive effects may redistribute energy between amplitude and curvature modes, thereby modifying the
evolution of localized structures.

The exact bright-soliton solution derived for the constant-coefficient canonical equation demonstrates the effectiveness
of the symmetry-based reduction procedure. The analytical expressions obtained for the wave amplitude and propagation
speed explicitly reveal the roles played by the higher-order dispersive parameters. In particular, the BBM-type regularization
parameter ¢ modifies the wave velocity through the denominator

1 + 46k,
whereas the nonlinear dispersive coefficient 7 controls the soliton amplitude through the inverse proportionality

_ 20k?
—

A

These analytical predictions are fully consistent with the numerical experiments, which confirm stable propagation of the
localized wave, the predicted parameter dependence and the preservation of the universal mass invariant.

From a broader perspective, the proposed framework illustrates the effectiveness of combining equivalence transfor-
mations with Lie symmetry analysis for the investigation of parameterized families of nonlinear evolution equations. Much
of the existing literature focuses on individual equations or narrowly defined subclasses, whereas the present approach
establishes a unified methodology capable of simultaneously treating several important higher-order dispersive models.
The resulting symmetry classifications, conservation laws and travelling-wave reductions therefore extend a number of
existing analytical results within a single coherent framework.

The present study nevertheless has certain limitations. The exact travelling-wave analysis has been restricted to
bright solitary waves associated with the constant-coefficient canonical equation, while the conservation-law analysis has
focused primarily on mass and regularized energy invariants. Furthermore, only classical Lie point symmetries have
been considered. These restrictions were adopted deliberately in order to establish a complete and rigorous analytical
foundation before addressing more sophisticated integrability structures.

11. CONCLUSIONS

This paper has developed a unified analytical framework for a broad class of variable-coeflicient higher-order nonlinear
evolution equations incorporating nonlinear convection, third-order dispersion, fifth-order dispersion, BBM-type mixed
dispersion and nonlinear dispersive modulation. Rather than focusing on a single nonlinear evolution equation, the
proposed framework provides a systematic methodology for analysing an entire family of higher-order dispersive wave
models within a common mathematical setting.

The analysis began with the derivation of the admissible equivalence group, which was subsequently employed
to normalize the fifth-order dispersive coefficient and reduce the general class to a canonical representative. This
normalization proved to be a key analytical step, substantially simplifying the complete group-classification problem while
preserving the equivalence structure of the original class. The canonical equation was then subjected to a complete Lie
symmetry classification, yielding the kernel algebra together with the principal symmetry extensions associated with the
power-law, exponential and constant-coefficient subclasses. Optimal systems of one-dimensional subalgebras and the
corresponding similarity reductions were constructed, providing systematic reductions of the governing partial differential
equation to ordinary differential equations.

The conservative structure of the canonical equation was further exploited to derive universal mass conservation
together with a regularized energy conservation law for an important conservative subclass. The analysis also demonstrated
the nonlinear self-adjointness of the constant-coefficient conservative model, thereby providing an alternative structural
interpretation of the derived conservation laws.

A principal outcome of the paper is the construction of an exact bright-soliton solution for the constant-coefficient
canonical equation. Explicit analytical expressions for the wave amplitude and propagation speed were obtained, revealing
the influence of the higher-order dispersive mechanisms on solitary-wave dynamics. The analytical solution was rigorously
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verified through direct substitution and subsequently employed as a benchmark for numerical simulations. The numerical
experiments confirmed stable soliton propagation, the predicted dependence of the wave profile on the dispersive parameters
and the preservation of the universal mass invariant, thereby providing strong agreement between the analytical and
computational results.

Collectively, the results demonstrate that admissible equivalence transformations, Lie symmetry analysis, conser-
vation laws, similarity reductions and exact travelling-wave solutions may be integrated into a single coherent analytical
framework for higher-order variable-coefficient nonlinear evolution equations. The methodology developed here is suf-
ficiently general to encompass several classical dispersive wave models while simultaneously providing new structural
insights into their symmetry properties and conservation mechanisms.

Several natural extensions of the present work remain open. These include the investigation of generalized and
nonlocal symmetries, higher-order conservation laws, Hamiltonian and bi-Hamiltonian structures, recursion operators,
Darboux and Bicklund transformations, integrable reductions, multi-soliton interactions and the stability of coherent
structures. Such developments would further deepen the mathematical understanding of higher-order nonlinear evolution
equations and broaden the range of physical applications accessible through the unified framework established in this

paper.
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€IMHEHA KJIACI/I(I)IKQHI}I CI/IMETPIi, §AKOHI/I 3BEPEKEHHA TA TUHAMIKA COJIITOHIB J1JIA
KJIACY HEJIIHIMHUX EBOJIIOIINMHUX PIBHAHDb BUIITOI'O ITOPAJAKY 31 SMIHHUM
KOE®IIIIEHTOM
Cyapec Kuosic Oykyomi Hoyui
Hlkona mamemamuunux ma cmamucmuunux Hayx, Iieniuno-3axionuii ynisepcumem, kamnyc Banoep6eiinnapk, Banoepbeiianapk,
Iigoenna Agppura

HeniniiiHi eBoMOLifHI PiBHAHHS BUIIOTO MOPSIIKY 3i 3MiHHUM KOE(II[iEHTOM CTAHOBJSATH BaXJMBHIA KJIAC MAaTEMATUYHHUX MOJeJ e
JUIsL OTUCY MOIIMPEHHs HEJNHIHHUX AMCIIepCIHHUX XBUJIb Y HEOAHOPIAHHUX CEpPeJOBHUILAX, BKIOYAIOUM MOTOKH MIJKOBOIJS, IIa3My,
ONTHYHI CUCTEMH Ta MPYKHi CTPYKTYpH. Y Liii cTaTTi po3po0ieHo €1HY aHaTiTUYHY OCHOBY JJIsI IIMPOKOTO CiMeiiCTBa TaKUX PiBHSIHb,
110 BKJIIOYAIOTh HEJIHIHY KOHBEKIIi0, AUCNIEPCil0 TPEThOro MOPSAKY, JUCIEPCilo I’ ATOro NOpAAKY, 3MilllaHy aucnepciio Tuny BBM
Ta HeJiHiiHy aucriepciiiHy Mopyismilo. Crioyatky mo6yfoBaHO JOIYCTHMI MEPETBOPEHHS €KBIBAJIEHTHOCTI Ta BUKOPHCTAHO IX MJIS
3BEI€HHSI 3aTaJIbHOTO KJIacy 3a yMOBH HEHY/IbOBOI JUCHEpCil I’ ITOro MOPSIAKY A0 KaHOHIYHOI HopMasti3zoBaHoi hopmu. Hopmanizartis
MIPU3BOJMTH [0 CIPOIIEHOI 3aja4i rpynoBoi Kiacudikarii IUITXOM BCTAHOBJICHHS SIBHOI YMOBU CyMICHOCTI JAJISl YaCOBOI CKJIaJOBOI
KOXHOI gomyctiMoi cuMeTpii Touku JIi. OTpumaHo noBHi ki1acudikanii cumeTpii JIi A migkmacis sigpa, CTEeeHeBOro 3aKOHY, eKCIIo-
HEHLIiaJILHOTO 3aKOHY Ta 3aKOHY 3 MOCTIHMM KoeillieHTOM, Micjs 4oro moOyJoBaHO ONTHUMabHI CUCTEMM Ta PelyKLii NogiOHOCTI.
3akoHM 30epekeHHs BUBEJEHI 3 KOHCEpPBAaTUBHOI CTPYKTYpH PiBHSIHHS, IO BU3HAYA€E, BKIIIOYAIOUN YHiIBEpCaJbHUIA iHBapiaHT MacH Ta
peryisipu30BaHuii 3aKOH 30epeKeHHsI eHepril JUIsl BaKJIMBOro KaHOHIYHOTO migkaacy. Kpim toro, oTpumaHo TOYHMIT po3B’ 130K sICKpa-
BOTO COJIITOHA JUIS PIBHSHHS 3 MOCTIHUM Koeili€HTOM, KUl PeTeIbHO MepeBipeHo MPsIMOIO IiJCTAaHOBKOIO Ta BUKOPUCTAHO IJISA
MEepEeBiPKU YUCIOBUX CUMYJISAL. 3anponoHoBaHa CTPYKTypa 00’ €HYE MepPeTBOPEHHsI eKBIBAICHTHOCTI, aHai3 cumetpii JIi, 3akoHM
30epexeHHs], pefyKiii MoAiOHOCTI Ta AUHAMIKY COJITOHIB B MeKaxX OJHIEl MapaMeTpU30BaHOI CHCTEMH, 3a0e3Meuy0ui CUCTEMATUIHY
METOJOJIOTII0 JIIs1 aHAJITUYHOTO JOCIIPKEHHS HeJIiHIHHUX AUCTIEPCiiHUX XBUJILOBUX PiBHSHb BUILOTO MOPSAKY.
KumrouoBi cioBa: ananiz cumempii Jli; nepemgopenns ekgiearenmuoCcmi; HeAiHItiHI e80MOUILIHI PIGHSHHS 31 SMIHHUM KOehiuieHmom,
3aKOHU 30epedNceHHs; OUCREPCILIHI X8UNT U020 NOPSOKY, OUCNEPCIsi N’ imo2o NopsiOKy,; pedyKyii noOiOHOCMI; OUHAMIKA CONIMOHIE
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A development of a structurally complex particle concept to the case of general interaction potentials between its components is
proposed. A structurally complex particle is defined by the restricted problem of N+1 bodies of different masses, which is reduced
to the N body problem. Based on the Lagrangian description, a Hamiltonian formalism is formulated and the resulting first integrals
of motion are discussed. The absence of equipartition among the degrees of freedom is demonstrated. Using the virial theorem, it is
proved that the energy of internal degrees of freedom does not exceed a certain fraction of the initial energy, depending on the ratio
of the masses of internal particles to the mass of the shell. An exactly integrable case of a one-dimensional particle with two internal
degrees of freedom is considered. The oscillation frequencies of such a structurally complex particle are determined by their masses
and the mass of the shell. The energy distribution over them is not uniform. Universal relations are obtained for the distribution of the
kinetic and potential energies of internal particles, which are independent of the choice of initial conditions. These relations provide
more detailed information about the energy distribution than the virial relations.

Keywords: Structurally complex particle; Internal degrees of freedom; Equations of motion; Virial relations

1. INTRODUCTION

Small particles are often thought of as structureless point particles. This is one of the abstractions widely used
in physics. It would seem that such a representation remains fairly reliable if one studies particle properties on scales
significantly exceeding its size. In fact, in many cases this is not true. The presence of internal degrees of freedom
manifests itself even on observation scales significantly exceeding the particle size. For example, when a structurally
complex particle is reflected from a perfectly elastic barrier, a ”violation” of the energy conservation law occurs for a
supposedly point particle. The reason for this is related to the possibility of transferring the energy of internal degrees of
freedom to a translation motion of a structurally complex particle, which can lead to an increase in the particle’s velocity
after reflection [1]. Naturally, if the internal degrees of freedom are taken into account, the conservation laws for energy
and momentum are satisfied in this case. Moreover, in a number of cases, the properties of particles that depend on their
internal structure and size are of interest. Such particles can no longer be considered as point ones, and their structure, i.e.
internal degrees of freedom can affect virtually all relevant processes m and lead to unusual behavior. Of particular interest
are particles with a small number of internal degrees of freedom, when partucle‘s properties depend essentially on this
number. Such cases are interesting because thermodynamic laws are not applicable there. It should be emphasized that
systems with a finite number of internal degrees of freedom demonstrate both pecularities of dynamic behavior [1,3], and
clear manifestations of statistical anomalies [2]. Nanopeapods [5—8] and rotaxanes [9, 10] (see Fig.1) can be cited as real
objects that fully correspond to one-dimensional structurally complex particles. In principle, the nature of such objects
has a deeper meaning. If we consider a small particle of a medium, it typically contains quasiparticles of certain types.
It’s easy to see that the motion of quasiparticles in such a particle is accompanied by their reflection from the boundary of
the medium. This leads to the transfer of momentum and energy to the particle itself and its surface, which corresponds
to the model of a structurally complex particle. This provides a more general example of structurally complex particles.

Another type of an object with internal degrees of freedom was proposed quite a long time ago [15] and led to one
of the popular models of polymer physics. Such a complex particle consists of beads connected in series by harmonic
interaction in a chain. In the model, the beads experience strong friction and inertial forces in this case are insignificant.
Examples of the implementation of this simple model in polymer physics are quite numerous [11-13]. The main method
used for such systems consists in the use of Langevin equations (see, for example, [14]).

Another popular model of polymer molecules corresponds to a chain of rigid links connected by hinges [16]. The
mechanical response of an individual polymer chain can be obtained by measuring the end-to-end length as a function
of the applied force. Idealized models of individual chains, such as the freely jointed chain model, allow one to quantify
these physical phenomena. It is important to note that experiments on stretching individual molecules of arbitrary length
required the study of the statistical mechanics of small systems. In these cases, the thermodynamic limit is not satisfied;
different macroscopic boundary conditions, corresponding to different ensembles of statistical mechanics, yield different
force-displacement curves. A more comprehensive approach to approximating the mechanical response of individual
chains with free joints required taking into account link extensions [17]. Among these models, exactly solvable ones
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have been discovered that correspond to special cases of harmonic bond potentials [18, 19]. In a certain sense, this is the
opposite case to the structurally complex particles under consideration. Inertnal forces play a primary role in the behavior
of structurally complex particles.

Nanodevices inevitably require internal degrees of freedom to function, which enable the device to perform certain
actions. Examples of such nanodevices are currently quite numerous (see, for example, [20-23]) and are closely linked
to the rapidly developing field of active particle physics [24]. Therefore, the development of the theory of structurally
complex particles holds promise for the creation of new nanodevices.

Most results for particles with internal degrees of freedom have been obtained within the framework of the generalized
billiard formalism [1]. This formalism considres perfectly elastic collisions between any components of a structurally
complex particle. A model of a structurally complex particle can be represented as a shell of mass M within which
N particles of different masses and possibly sizes move. In a certain sense, this reduces to the restricted problem of
N + 1-bodies. The billiard formalism is useful for describing kinematic and dynamic properties of structurally complex
particles with a small number of internal degrees of freedom. As the number of degrees of freedom increases, their
properties of such particles can be studied using computer simulation. However, in some cases, such an idealization may
not be realized. Therefore, this paper proposes a more general formalism that will allow us to consider the general case
of potential interactions between the components of a structurally complex particle. In the proposed simple model of a
particle with internal degrees of freedom, the interaction potential of the particles with the shell and with each other can
be chosen in any suitable form. The most general kinematic and dynamic properties of such a particle are studied. It is
shown that this problem of N + 1 bodies can be reduced to the problem of N bodies or to the behavior of only internal
particles. The behavior of a structurally complex particle or shell is determined by the sum of the displacements of its
internal particles. Lagrangian and Hamiltonian equations of motion for internal particles are derived, and the emergence
of additional conservation laws is demonstrated. An analysis of the general equations of motion reveals the absence of
equipartition among internal degrees of freedom for different particle masses. Using a modification of virial relations,
it is shown that the energy of internal degrees of freedom cannot exceed a certain fraction of the initial energy, which
depends on the ratio of the masses of the internal particles to the mass of the shell. These results indicate the emergence
of unusual statistical properties of internal particles in their statistical description. As an example, a simple integrable
case of a shell with two internal particles is considered. Exact solutions were obtained and universal patterns of energy
distribution among individual components of a structurally complex particle were established.

2. DYNAMICS OF PARTICLES WITH INTERNAL DEGREES OF FREEDOM
Let us consider the Lagrangian description of a particle with N internal degrees of freedom. The model of such a
system consists of a spherical shell with mass M with internal particles of various masses m,. We will number internal
particles with Greek indices @ = 1, ..., N. Let the internal particles interact with the shell and with each other. The potential
energy of the interaction of the internal degrees of freedom with the shell is denoted by U, and between themselves by V.
Let us denote the shell center position as 13, and the coordinates of the internal particles as X,,. Latin indices are reserved
for the numbering of vector coordinates. Then the Lagrangian of such a system takes the form

MR Eomaz & N
L= +Z ZQ—ZU(R—x(,)—ZV(xa—xﬁ) (1)
a=1 a.,f

2

a=1

Here vector R plays the role composite particle’s coordinate, i.e. the position of the spherical shell center, while R is the
composite particle’s velocity. The role of the potential energy of the interaction of the internal degrees of freedom with
each other, V(X, —Xg) , actually boils down to the appearance of chaos and the redistribution of energy between them. In
a certain sense, the role of this interaction is not very significant. The same processes are carried out due to the interaction
of internal particles with the shell. The choice of potential energy V can be dictated by the physics of the system and the
simplicity of the calculation. Let’s dwell on the potential energy U (ﬁ — X ) of the interaction of internal particles with the
shell. The simplest choice of such a potential corresponds to local interactions or absolutely elastic collisions of internal
particles and the shell. Such a potential is determined by an unlimited barrier of circular shape, U (ﬁ —Xaq) = UO(S(R% -

|13 — %o|?) , where Ry the radius of the spherical shell or the size of the particle. In fact, such a potential corresponds to a
cylindrical potential well (see Fig.2). In general, the potential can be more complicated, but preserving its symmetry, we
will preserve its dependence on coordinates |I_é — Xg|?. The transition to coordinates é =VM I_é, Ya = \MaXq transforms
the Lagrangian (1) into the form

R - A S TR R Y
S Nyl =i X -
L= n U T \/—mN)
N N -
Ya B
-S'y - 25 2
2, (e \/m_ﬁ) @
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Figure 1. Type of one-dimensional particle with internal degrees of freedom. On the right, there is shown the equivalent
model in the form of a chemical compound with topological bonds — rotaxanes.
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It is easy see that, via introducing 3(N + 1)-dimensional configurational space, this Lagrangian can be considered as
the Lagrangian of one particle of unit mass moving in a potential well in 3(N + 1)-dimensional space. In a certain sense,
it can be considered as a generalization of the billiard formalism for the case of arbitrary interaction potentials.

Returning to the Lagrangian (1) we note that the limit M — oo corresponds to a classical gas of a finite number of
particles in a spherical vessel. Even this classical case demonstrates unusual statistical properties [2], which differ from the
known ones associated with Boltzmann distributions. Of course, the potential U (ﬁ —X o) may also have other dependences
on the coordinates in general case. The Lagrangian (1) completely determines the general dynamics of a particle with
internal degrees of freedom. The equations of motion of all N + 1 components of the particle arise as Lagrange equations
from the variational principle of the least action.

Naturally, the total energy, angular momentum, and total momentum of such a closed system are preserved. Taking
into account the conservation of momentum, it is convenient to switch to a frame of reference associated with the center
of mass.

N
MR+ maZe =0 3)
a=1
In this reference system, the position of the particle is determined by the internal degrees of freedom coordinates as
_ ZI(;] maf @
M

Let’s move on to the new coordinates of the internal particles, which correspond to their positions relative to the center of
the shell

R= (4)

é)()/ =R-X @ &)
In the new coordinates, the position of the particle is determined as
E _ Z}(\zl maé) a ( 6)
M,
Where My = M + Y. m,, is the total mass of the particle. In a certain sense, the shell’s position is determined by the sum
of the “trajectories” of the internal degrees of freedom at each moment of time. The statistical properties of this sum differ
from the statistical properties of the trajectories of a Brownian particle due to the shell’s constraints on the quantities that
make up the sum. Using this relation, we exclude the collective coordinate R from the Lagrangian (1) and obtain

1Y . (Y LY
L= E Zmrﬁé - 2M, (Z maEiaf) -
a=1 a=1
N N
- U(Eia) - V(Eia - ‘7,8) (7)
a=1 a,f

First of all, it is important to note that now a complete description of a particle with internal degrees of freedom is achieved
by a system of a smaller number of objects of different masses. In other words, the problem of N + 1 bodies is reduced
to the problem of N bodies. The shell coordinate is determined according to the equation (6). The explicit form of the
equations of motion can be obtained from the variational principle as Lagrange’s equations

d oL or
dt 0qai  0qai

=0 ®)

Using Lagrangian (7), we obtain a system of equations of motion for internal degrees of freedom

q ov -)(t -q
W) 5 V(da = G) )

N
. Mq ..
m P = — m | ==
adai MS ; AP aQQi aCIai
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X,

X

Figure 2. The form of a cylindrical potential well in two dimensional case; in three dimensional case, the cylinder’s base
: 3
is sphere S~.

This system of equations fully describes the dynamic properties of a particle with internal degrees of freedom. It is easy
to notice some differences from the usual equations of particles in a potential well. Already from these equations it is
possible to understand the presence of two limiting cases in the system: % > 1 and % < 1. In the second limiting
case, the system is close to the system of a finite number of particles in a potential well. In fact, the value of the second
contribution in the left part of Eq.(9) is a measure of difference from this canonical physical case. Each of the Eq. (9)
includes accelerations of all internal particles. They can be reduced to Newton’s equations, via solving this linear equation

system (9) with respect to accelerations

3

N
MaGai = Fo + VQ; Fy (10)

.= G OV (Ga—q . .
Here we use the notation F, = —% - gzl % to reduce the cumbersomeness of notation. In this form, the

dynamic equations correspond to the motion of interacting particles in a more complex potential well. It is important to note
that the position of this potential well is independent of time. Returning to the behavior of a structurally complex particle,
we note that relation (6) resembles the formation of a Brownian trajectory by summing successive jumps. However, the
nature of this relation is different and is related to the sum of instantaneous jumps. In other words, the first distintion lies
in the execution of not one, but multiple steps per unit time. The number of steps is determined by the number of internal
degrees of freedom. The change in the shell’s position over time can be estimated

Zg’ maga(t) + Z]c\x] ma‘?a(t) Az

R(t + Af) ~
M M

Y

Thus, the jump in the particle’s position over time At is determined by the sum of mac_j « internal particles and effectively
determines the Brownian jump of the entire particle. However, the magnitude of the possible changes in the particle’s
position is limited by the inequalities

min |33 magal
M;

max | mada|
M

N

<|R[ <

Here the length of the vector is indicated by straight brackets |...|. The minimum and maximum values of these amounts
are easy to estimate. The minimum is reached when all internal particles are located in the center of the shell and the
relative deviations ¢, = 0, and the maximum is reached when they are all close to an arbitrary point on the shell boundary,

N
RO Z(Z Mq

with a radius Rg. From this we obtain 0 < ‘I_é < . This leads to the second distinction from Brownian motion.

This is the presence of an a priori limitation on deviations from the particle’s initial position. Some other features of the
dynamic equations (10) will be discussed in the following sections.

3. HAMILTONIAN EQUATIONS OF MOTION

We now turn to the Hamiltonian formalism, which has a number of advantages. In addition to its clarity and
exceptional geometric representations, these include advantage of finding exact solutions. It simplifies the transition to
quantum mechanics and is useful in the statistical description of physical systems. The transition from the Lagrangian
to the Hamiltonian formalism is achieved by performing a Legendre transformation [25,26]. To do this, we define the

generalized momenta according to
- oL
Pa=

: (12)
0o
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Using the form of the Lagrangian (7) we obtain the relation

ma X5 mpdp

Pa=MaGa - M, 13)
Using this equation we obtain the dependence of velocities on momenta
i - mgq ¥ >

Maqa =pa+ﬁ2pﬁ (14)

Bp=1

Now we perform the Legendre transformation of the Lagrange function with respect to velocities. Using the dependence
(14) we define the Hamilton function as

Hz( ~*_L), ) (15)
et ™ umta by 350
After simple transformations we obtain the Hamiltonian in the form
N 2 N
_ 1 (Za pa)
H = Ezm_(, +ZU(qa>+ Z V(Ga - Gp) (16)
a a<fB
The equations of motion in the Hamiltonian formalism have the form
dpa OH
Lo _ T (17)
dt 0qa
dj, 0H
dt ~ 0pa
Using the resulting Hamiltonian, we obtain the equation of motion.
d . 0 - 0 -
—Pa(t) =——=-U(qgqa) — —= \%4
giPa (0 ==52-U(Ga) = 52 ; (@
d Pa Z,B pPp
=24 287 18
e =1+ =0 (18)

This system of 6N first-order equations determines the dynamics of internal degrees of freedom in the Hamiltonian
approach. The first equation for the change in momentum coincides with the equation for interacting particles in a
potential well. The distinction in the second equation, as expected, disappears in the limiting case of an infinitely heavy
shell M — oo. This leads us to the classical system of a gas of a finite number of particles in a spherical potential.

Returning to the form of Hamiltonian (16) we note the absence of time dependence. In this case H is the first
integral of Hamiltonian equations (18). It is interesting to note that this conservation law differs from the conservation
law of energy for a particle with internal degrees of freedom. Thus, for a particle with internal degrees of freedom, an
additional conservation law arises. The presence of an additional conservation law is of great importance not only for
dynamic properties but also it introduces significant changes to statistical theory. Thus, when obtaining a microcanonical
distribution, a homogeneous distribution will be achieved not on the surface of constant energy, but at its intersection with
the surface of constancy of an additional invariant. This radically affects the type of equilibrium distribution functions
(see, for example [2]).

4. A SPECIAL CASE OF COLLISIONLESS INTERNAL DEGREES OF FREEDOM

Let us consider in more detail a simple case of interaction between internal particles and the shell in the absence of
interactions of particles with each other. In this case, Lagrangian (7) is simplified and takes the form

N (& VN
= EZ aqa M (Z maqa) _ZU(qa) (19)
a=1 S \a=1 a=1

It’s easy to notice the presence of cyclic coordinates and, consequently, additional conservation laws. Thus, cyclic
coordinates are the angular variables of rotation relative to the center of the potential U(g,) This is due to its symmetry
and dependence only on the lengths of the vectors |G, |. Moving on to spherical coordinates, we obtain

1 . ; : )
=5 D maldd + 4ol + g5 sin(0a)’¢7)-
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N 2
1 o .= . .
s Z ma(qa/r() +qabebo+qa SIH(QQ)QDQQD()) - (20)

2M o
N
- > U(ga)
a=1

Where go, 50, @ are the corresponding unit vectors. The cyclicity of coordinates ¢, results in the conservation of the
following quantities:
I, = maCI%y Sinz(ga)‘pa_
1 N
——Maqqsin(by) Z mgqp sin(0) g 21)
M, &
Naturally, their sum is also conserved. Note that from these relations one can explicitly find the velocities of cyclic
variables in the form ¢, = fo (g, sin(0y), 1) for given values of the conserved quantities. Using the Routh method (see,
for example, [27]) ]), one can eliminate cyclic coordinates and their velocities by introducing the Routh function.

R(ql’ ] qN;el’ ""HN;ql’ e qN;H.l’ "'70.N;I) =

N
= £ Labolgy=fuqusin(u) 1) (22)
a=1
As a result, we obtain a reduced Lagrangian system, the Lagrangian R, of which depends on 2N coordinates (and their
velocities) for fixed values of the invariants. It should be noted that the Routh function in our case is found explicitly and
is not presented only due to the cumbersome nature of its notation. Thus, the number of equations of motion is reduced
to 2N. It is expected that other conservation laws are also satisfied due to the initial symmetry of the potential energy.
Their search is significantly more difficult. However, one additional invariant can be easily found. To do this, it suffices to
note that the Lagrangian of the reduced system (22) does not depend explicitly on time. This means that the energy of the
reduced system is conserved and provides another additional invariant, using which we can again reduce the number of
dynamic equations. In this way, we can achieve a significant reduction in the number of dynamic equations for describing
the internal degrees of freedom of a structurally complex particle.

5. ENERGY DISTRIBUTION

Let’s return to Lagrangian (19) and consider the general properties of the internal degrees of freedom. We will
be interested in the distribution of kinetic and potential energy between the components of the system. Lagrangian (19)
contains two contributions. One is a quadratic function of the velocities, which we denote by 7. This function has a
degree of homogeneity of 2 with respect to velocities. It should be noted that this contribution does not coincide with
the kinetic energy. The second contribution is the sum of potential energies that depend only on the coordinates. The
potential energies transform in a specific way under coordinate transformations. Indeed, it is easy to verify that, when
changing coordinates g, — A the potential energy U(g,) = U()H(lt}’al2 - RS) transforms, taking into account Ry —

ARy as U(Ggq) = UOH(/1(|67(,|2 — Ro?)) = U(Gq) for 2 > 0. In a more general case, as noted earlier, other potentials can
be used, for example, those with a different degree of homogeneity «. (Let the potential energy transform under rescaling
as U(AG o) = AXU(q o). Then it is a homogeneous function of the coordinates of degree «. In these cases, Clausius, quite
long ago, derived general relations between kinetic and potential energy, which are known as the virial theorem. Using the
properties of homogeneity, we obtain for the part depending on the speed according to Euler’s theorem on homogeneous
functions

N
5 0T
2 =) oz (23)
a=1 aq(’
The right side of this equality, using the definition of generalized momentum (see (12), (13)) can be written as

d < M. d Y N ou
=4 e = _ a4 5 2 - oU 24
dr 3:117(1‘10 a§=IQQPa dr QEZIPQQQ azl‘](t e (24)

It should be emphasized that, due to energy conservation and the restriction of coordinates of particles in a potential
well, momenta and coordinates are bounded functions of time. To obtain virial relations, we use time averaging, which is

T
denoted by angle brackets. (...) = Tlim T / ...dt. Averaging the previous ratio over time, we obtain
—00 0

. U
2(T) = <Z q*aq—> (25)

a=1
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Taking into account Euler’s theorem for homogeneous functions, we obtain the virial theorem
2(T) = « (U) (26)

For the case under consideration, this relationship can be written as,

A (Y LY
2<5 Zmaq§> —2<2M (Z mq) > = k(U) @7
a=1 $ \a=1

The first term on the left coincides with the kinetic energy of the particles, while the second one is more complex. Now,
using conservation of energy, we find what fraction of the initial energy is concentrated in potential energy.

1 . 1 oY
<§Zlmaq§>_ M, <(Zlm060) >+<U>:EO (28)

By excluding the average of the square of the sum from the relation (26) we obtain

2E)
2+«

(U) = (29)
which exactly coincides with the initial energy fraction in a conventional system of particles in a potential well. However,
estimating the fraction of the kinetic energy of the particles is difficult due to the presence of an additional contribution.
Eliminating the potential energy from relation (27) we obtain

-l )25

Then, to determine the proportion of the initial energy that goes to kinetic energy, we use an estimate of the second contribu-
tion in terms of kinetic energy. For this, we use the Cauchy-Bunyakovsky inequality (Za | Ga bo)? < Za , a’, ZN b2,
Let us write down the following relation

N 2
(Z \/m—wn—q) <

a=1

N 2
(Z maé)a)
a=1

N N .
Z Zmacﬁ, (31)

a=1

Denoting the mass of internal degrees of freedom as M;,, = Zg:] m, we obtain

N )2 N .
(Z ma/ga) < Min Zmaqé (32)
a=1 a=1

This relation sets a limit to the kinetic energy fraction for the internal degrees of freedom in the total energy Ey

N
1 2s kEoM,
—_ < — — 33
<2HZ:1"""]“>— Q2+xM (33)

The distinction from the usual case is that the fraction of kinetic energy depends on the ratio of the shell mass to the total
mass of the particles. Thus, the kinetic energy of the internal particles cannot exceed a certain fraction of the total energy,
which is determined by the ratio of the mass of the entire particle to the shell mass.

6. TWO INTERNAL DEGREES OF FREEDOM

We present an exact solution of the Lagrangian equations for the internal degrees of freedom, obtained using
Lagrangian (19) for the one-dimensional case with two internal particles. For simplicity, we choose the potential of
particle interaction with the shell as U(g) = §q2. The exact solution to this system of equations can be found easily:

t t
q1(t) = cos (le) ¢y — sin (le) o+
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t t
+ cos (sz) c3 — sin (sz) cq (34)
M - + t t
q2(t) = —(m1 m2) 11 {cos (w—l) cl —sin(w—l) cz}+
2m1m2 2 2
M(my—my) —n wot . [wat
+—2m1m2 {cos (T) c3 — sin (T) 04} + 35

Where the vibration frequencies are determined by the masses of the internal particles and the shell

\/(mlM +myM + 2mymy + n)k

lesz

B \/(mlM +muM + 2mymy — n)k

VmimoM

n= \/Mzm? = 2M2mymy + M?m3 + 4m3m3

w] =

w2

Let’s pay attention to the complex dependence of frequencies on the masses of the shell and internal particles. According
to relation (6), these frequencies should manifest themselves in the behavior of the shell and, consequently, the structurally
complex particle. Thus, it becomes possible to determine the properties of the internal particles and, consequently, its
internal structure based on observed particle behavior. Direct observation of the internal structure of such a particle can
usually be complicated by both technical reasons and the appearance of additional external influences that alter its behavior.

All other constants are determined by the initial conditions and the masses of the components of the structurally
complex particle. Thus, the constants included in solution (34), (35) have the following form.

+M(my —m mym
C1=q1(0)77 (22 1)+q2(0) 1my
n
+M(my—m mym
&2 =~y (0) LI g, g M2
win win
+M(m; —m mym
3 = gu(0) LML) g ) M2
n
+M(m; —m mym
c4=_ql(0)(fl (m 2))+612(0) 1m
wan wrn

The existence of exact solutions makes it possible to directly calculate the energy distribution even among the components
of internal degrees of freedom without appealing to virial relations. Moreover, the relations for the energies of individual
components cannot be derived from virial relations.

We present the average values of potential and kinetic energies for each internal particle, obtained by directly
averaging the corresponding exact quantities over time.

1
Uy) = E(c% +c% +c§ +ci)

(Uy) = 5 ((cT+ 3+ 3+ + M*(my —mo)*)+

(2mymy)?
+(c% + c% - c% - ci)ZM(ml —my)n)

M(my +my) + 2m1m2+

2, 2, 2,2
(E1) = (ci+c5+c5+cy)

4Mm2
2 2 2 2 n
+(Cl + Cy — C3 — C4)4Mm2
1
(E;) = yme—ry {(c1+ 3+ 3+ (MM + ma)(my — ma)+
mlsz

+Mm1m§(3m1 —mp) + Zm%m;) +

+ (c]+¢5 = c3 = cPn(M(my —ma)(M + my) +mym3)}



236
EEJP. 3 (2026) K.M. Kulik, et al.

The first two equations allow us to express the initial data (c% + c% + c% + ci) and (c% + c% - c% - ci) the potential energies
of the internal particles, and after substituting them into the equations for E, E, we obtain

(E1) = (Uy) (M(my + ma)+

2Mm;
2142 _ 2 8mZm
pMmy 2 ) gy 2
2M(my — my) AM?=(my — my)
(E2) =(U1) By +(Uz) By (36)

Where coefficients B and B, depend on the masses only as

+2mimy —

2+ my—my) (my —my)* M*
4m%m%M2 (my — m»)

B

L2 (2 +my —my) (my — ma)?> M?
4m%m§M2 (my —m»)

(5mim3 —m3my —n?) (my — my) M? .\

4mim3sM? (my — my)

3,3 2 4 2 2,2 2.2
(4mim3 — 4mim3 — n*mima + n*m3) M — mym3n

4mImIM? (my — my)

(m1 - M) m% + (m1 - M) Mm, + M2m1
2 =
M? (m; —my)

When deriving these relations (36) it was assumed that m; # mj. In the special case of equality of these masses, all
relations are significantly simplified. Thus, the kinetic energy of an internal particle is composed of certain fractions of
the potential energies of the components. Let us note, that these relations are independent of the initial conditions and,
in this sense, are universal. The existence of these relations can be understood by considering the exchange of energies
between internal particles through their interaction with the shell. Such relations cannot be derived from virial relations.
In fact, this means that the distribution over the degrees of freedom is non-uniform and is determined by the masses of the
internal particles.

7. DISCUSSION AND CONCLUSIONS

A generalization of the structurally complex particle is proposed for interaction potentials more general than perfectly
elastic collisions. It is shown that the structurally complex particle is defined by a restricted problem of bodies of different
masses. This system can be described as a system of bodies in certain coordinates. For this system of bodies, a Hamiltonian
formalism is formulated, and the resulting first integrals of motion are discussed. The achieved advantage, in addition to
reducing the number of variables, is that the system moves in a potential well that is at rest. This circumstance significantly
simplifies the numerical solution of such systems,as well as, for the case of a small number of internal degrees of freedom,
the search for exact analytical solutions. An analysis of the general properties leads to proof of the absence of equipartition
among the degrees of freedom and, consequently, to an anomalous energy distribution among them. Using the virial
theorem, it is proven that the energy of the internal degrees of freedom does not exceed a certain fraction of the initial
energy, which depends on the ratio of the masses of the internal particles to the mass of the shell. This circumstance
allows us to expect unusual energy distributions of such particles in statistical theory. This should be expected given
the occurrence of additional integrals of motion and the finite number of particles. An exactly integrable case of a
one-dimensional particle with two internal degrees of freedom is considered. The oscillation frequencies of the internal
particles are determined by their masses and the mass of the shell. The energy distribution among them is non-uniform.
Universal relations for the distribution of the kinetic and potential energies of internal particles are obtained, independent
of the choice of initial conditions. These relations provide more detailed information about the energy distribution than
virial relations. In the following research, it is planned to consider the effect of increasing the number of internal particles
on the behavior of structurally complex particles.
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3anpornoHOBaHO y3aralbHEeHy KOHIIEMIii CTPYKTYPHO CKJIAQAHOI YaCTUHKY Ha BUMAIOK 3arajlbHUX MOTEHIiaB B3aeMOAii Mik ii Komrto-
HeHTamu. CTPYyKTYpHO CKJIa[iHA YaCTHHKA BU3HAYAETHCSI 0OMEKeHOI0 3a1a4ueto N+1 Tist pi3Hoi Macy, sika 3BoauThest 10 3aavi N tin. Ha
OCHOBI JIArpaHXiaHCHKOT'0 OMUCY (POPMYJTIOETHCS FaMiJIbTOHIB (hOpMasti3M Ta 0OroBOPIOIOTHCS OTPUMaHi Mepli iHTerpasm pyxy. JemMoH-
CTPYETHCS BiICYTHICTh PIBHOMIPHOTO PO3MOIiTY MiX CTyNeHsAMU cBOOOAU. BUKOPUCTOBYIOUM TeopeMy Bipiaia, JOBEJECHO, 10 eHeprisa
BHYTPILIHIX CTYyINEHiB CBOOOAM HE IEPEeBHINYE NMEBHOI YAaCTKM MOYATKOBOI €Heprii, sKa 3aJeXUTh BijJl BiHOIIEHHS Mac BHYTPIIIHIX
YaCTUHOK JI0 Macu 000JIOHKY. PO3IISIHYTO TOYHO iHTErpoBaHWi BUMAIOK OAHOBUMIPHOI YaCTUHKH 3 JJBOMA BHYTPIIIHIMU CTYHEHAMU
cBoboau. YacToTn KONMMBaHb Takoi CTPYKTYPHO CKJIAQAHOI YaCTMHKM BU3HAYAIOThCA ii Macamy Ta Macol 00oIoHKU. Po3momin eneprii
10 HUX HE € piBHOMipHUM. OTpUMaHO YHiBepCasbHi CITiBBiIHOIIEHHS IJIs PO3MOALTY KiHETUYHOI Ta MOTEHIIHOI eHepriil BHY TPillIHiX
YaCTHHOK, sIKi HE 3aJIeXKaTh BiJ| BUOOPY MOYATKOBUX YMOB. LIi CITiBBiJHOIIEHHS HA/IAIOTh IeTaNIBHIIY iH(OpMAILLiIo TPO PO3MO/Ii eHeprii,
HiX BipiaJIbHi CITiBBiIHOIIEHHS.

KuarouoBi ciioBa: cmpykmypHo ckaaona uacmunka, Hympiwti cmyneni c60000u; PIGHAHHS PYXY, GiPianbHi CRig8IOHOUEHHS
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This study provides a detailed theoretical and numerical account of the dispersion properties of p-polarized electromagnetic waves
in a complex multilayered solid-state structure. The system under investigation is a six-layer stack featuring two isotropic plasmonic
metasurfaces, separated by dielectric spacers and supported by a semi-infinite plasma-like substrate—either a heavily doped semi-
conductor or a metal. By combining the transfer-matrix formalism with Maxwell’s equations and rigorous boundary conditions, we
derive exact dispersion relations for both surface and bulk-surface eigenmodes. Our numerical results point to a cascaded hybridization
process between the fundamental metasurface resonances and the surface plasmon-polariton (SPP) modes inherent to the substrate. A
particularly significant finding is that adjusting the effective oscillator strengths of the metasurfaces triggers a pronounced dispersion
asymmetry. This occurs when one metasurface exhibits a capacitive response while the other becomes effectively inductive. Such an
electrodynamic imbalance leads to an anomalous negative frequency dispersion regime characterized by the propagation of backward
waves. Furthermore, we demonstrate that modifying the dielectric environment or swapping the semiconductor substrate for a metallic
one shifts the regions of resonant interaction, offering a versatile means of controlling the spectral intervals of mode splitting. These
findings establish a solid theoretical groundwork for the design of tunable nanophotonic devices and the generation of distributed internal
feedback, which is essential for the emergence of absolute electromagnetic wave instabilities in beam-coupled systems.

Keywords: Plasmonic metasurface; Hybrid surface wave; Bulk-surface wave; Negative dispersion; Semiconductor substrate; Mode
hybridization

1. INTRODUCTION

The progress of modern nanophotonics and optoelectronics is largely driven by the search for new ways to manipulate
electromagnetic waves at subwavelength scales. In this context, two-dimensional metamaterials—widely known as
metasurfaces—have emerged as a focal point of research due to their ability to exhibit electrodynamic properties far
beyond those of naturally occurring media [1]. Among these, plasmonic metasurfaces are of particular interest. They
offer a versatile toolkit for wave tailoring, supporting extreme field localization, selective routing of surface modes, and
fine-tuning of the local density of states. Extensive studies have already uncovered a range of anomalous phenomena linked
to their frequency dispersion. It is now a well-recognized fact that these architectures can host tightly confined hybrid
electromagnetic states. Typically, the resulting eigenspectrum splits into branches representing hybrid transverse electric
(TE) and transverse magnetic (TM) waves [2, 3]. Furthermore, such systems can trigger optical topological transitions,
where the isofrequency contours undergo a dynamic transformation from closed ellipses to open hyperbolic curves as
the frequency shifts [4]. Accurately modeling these effects requires a precise determination of the effective surface
conductivity, often done by merging near-field and far-field characterization methods [5]. A promising direction lies in
integrating anisotropic metasurfaces with natural 2D materials like graphene or black phosphorus, or embedding them
into multilayered solid-state stacks. For instance, doped 2D layers can support highly directional hyperbolic plasmons,
which are easily tuned via electrical gating [6]. It is also worth noting that strong field confinement often arises at the
physical boundaries of these anisotropic structures [7]. When multiple metasurfaces are stacked, the interaction between
their eigenmodes becomes quite complex. Some theoretical models even compare these coupled modes to Feynman paths
in electron transport theory [8]. To evaluate such layered systems, the transfer-matrix formalism remains one of the most
reliable and direct analytical tools [9].

Recent research has significantly broadened the known spectrum of guided states. Notable examples include
analytical models for anisotropic polarizabilities at arbitrary incidence [10], self-collimated surface-wave steering through
equifrequency contour design [11], and the discovery of hybrid waves in twisted metasurfaces [12]. Simultaneously,
work on hyperbolic shear metasurfaces [13] and antihyperbolic surface states [14] has opened new routes for controlling
mode topology and axial dispersion. Other studies have demonstrated that even isotropic metasurfaces can produce a
scattering-free plasmonic Brewster effect for p-polarized waves across a wide range of angles [15]. The strong anisotropy
and tunability of these platforms allow for a variety of specialized effects, from near-perfect photon spin selectivity [16]
and chiral sensing [17] to quantum-nanophotonic effects in hyperbolic media [18]. Furthermore, the high confinement
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of surface plasmons enables these systems to exert significant transverse optical forces on nearby nanoparticles [19] or to
facilitate directional radiative heat transfer [20]. Practical applications also extend to multiband polarization converters
[21], multifunctional polaritonic structures [22], and Babinet-invertible metasurfaces enabling transmission-reflection and
helicity switching [23, 24]. However, despite these advances, there is still a lack of comprehensive electrodynamic models
for certain asymmetric hybrid architectures. A prime example is a structure where a dielectric layer is placed between a
plasmonic metasurface and a semi-infinite plasma-like substrate (such as a metal or semiconductor).

In this paper, we conduct arigorous theoretical and numerical study of the dispersion properties in such a configuration.
Our goal is to identify the conditions for strong wave localization and to analyze the frequency splitting of coupled surface
modes in solid-state structures incorporating isotropic plasmonic metasurfaces.

2. PROBLEM STATEMENT
2.1. Main equations and boundary conditions

The physical system under investigation represents a planar, multi-layered solid-state structure. The uppermost region
consists of a semi-infinite dielectric superstrate characterized by a permittivity £, which bounds the primary plasmonic
metasurface. A dielectric spacer of thickness d; and permittivity €, separates this top conductive sheet from a secondary
plasmonic metasurface. Beneath this lower structured interface lies another dielectric layer, having a thickness d, and
permittivity 3, which bridges the gap to a semi-infinite plasma-like bulk substrate, typically realized as a highly doped
semiconductor or a metal. We orient the z-axis normal to the layer interfaces, defining its positive direction to point into the

Metasurfaces 1 and 2

Y Y
o .—)i X
° Y >
Z
y

Dielectric, €,

Y d, Dielectric, ¢,

d, Dielectric, €,

Plasma-like medium

Figure 1. Geometry of the structure.

depth of the plasma-like medium (see Fig. 1). The top metasurface is located precisely at the z = 0 plane, while the bottom
metasurface is positioned at z = d;. From a physical standpoint, such metasurfaces are typically fabricated as periodic
lattices of highly conducting, ultra-thin elements—such as metallic strips or disks. Given that both the thickness of these
inclusions and the array periodicity are vastly smaller than the operational wavelength, out-of-plane spatial dispersion
becomes entirely negligible. This scale separation permits us to model the electrodynamic behavior of both structured
interfaces using macroscopic, isotropic effective surface conductivities, denoted here as o and 0.

The overall field dynamics within this multi-layered geometry are rigorously governed by Maxwell’s equations:

VxH(r ) = LR AT 0
c Ot c
VxE(r, 1) = —L2BED )
c Ot
V-D(r,1) =0, (3)
V.B(r,1) = 0. @)

In these expressions, ¢ represents the vacuum speed of light. The variables E(r, ¢), H(r, ¢), and B(r, f) correspond to the
electric field, magnetic field, and magnetic induction vectors, respectively. Because all constituent layers are assumed to be
non-magnetic (¢ = 1), the magnetic induction and magnetic fields are strictly equivalent in the Gaussian system, yielding
B(r,7) = H(r,1). The vector D(r, r) defines the electric displacement. Additionally, the complete current density within
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the system is purely planar, taking the form j(r,7) = (j.(r,?),0). This transverse current distribution is mathematically
pinned to the patterned interfaces using the Dirac delta function, §(z), and can be expanded as j(r, 1) = j-1(p,1)6(2) +
Jjr2(p,1)d(z — dy), with p = (x,y,0) acting as the in-plane position vector.

To analyze the system, we decompose the electromagnetic fields into Fourier integrals of the form [25]:

E(r,t) = / / E(k,w)exp [i(k,z + kp — wt)] dkdw, (5)

—00 —00

where w stands for the angular frequency, and the total wave vector is defined as k = (k, k;). Its in-plane transverse
component is denoted by k = (ky, ky,0), while k, represents the normal wave number.

Furthermore, the macroscopic constitutive relations coupling the electric displacement to the electric field inherently
take a non-local form:

t
Dj(r,t) =/ Ejg(t —1")Eq(r,t')dr’, (6)

where the subscripts j and g designate the Cartesian coordinates (x, y, z), with summation implicitly applied over the
index g. The integral kernel &, (1 —t’) serves as the time-domain dielectric response tensor, reflecting the assumption that
the electrodynamic properties of the medium are temporally homogeneous. Upon transforming to the frequency domain,
this convolution reduces to a straightforward algebraic relation:

Dj(k,w) = €j4(w)E; (k,w). @)

In this formulation, the frequency-domain dielectric tensor &, (w) is obtained directly through the Fourier transform of
the temporal response kernel:

gjg(w) =/0 &jg (1) expliwT)dr. ®)

Inside the purely dielectric regions (z < 0, 0 < z < dj, and d| < z < d| + d»), the material response is essentially
instantaneous, which is mathematically expressed as &;;(7) = &,6;;0(7). Here, the scalar constant &,, € {g1, &2, &3} is
assigned according to the specific layer. As a result, the spectral electric displacement reduces to a simple proportionality:
D, (k,w) = £,E(k, w). In contrast, the plasma-like substrate occupying z > d; + d; exhibits strong temporal dispersion,
leading to the relation D4 (k, w) = e4(w)E(k, w), where

2

wl’
84(&)) =&)— m (9)

In this formulation, &o represents the high-frequency background permittivity, w, designates the collective plasma
frequency of the free charge carriers, and v dictates the effective collision rate responsible for intrinsic dissipative losses.
Furthermore, the macroscopic surface currents induced on the patterned interfaces are expressed as:

Ja(p.) = / / Jri(k, w) expli(xp — wt) | dxdw, (10)

—00 —0

where [ € {1,2} indexes the metasurfaces. In the frequency domain, we use:
jTl(K’w) :O'l ((.l.)) ET (K,(IJ). (11)

Here, the term o (w) represents the frequency-domain effective surface conductivity of the /-th metasurface, which is
mathematically modeled as:

c IAjw
o(w)=—|0ci + ——|. 12
1(w) 47:( ! P inw (12)

Here, o represents the background conductivity arising from deep electronic band transitions (Re ooy = 0). The
amplitude coefficient A; is determined by the particular subwavelength geometry of the /-th metasurface (ImA; = 0).
Additionally, ; denotes the fundamental resonance frequency of the structured layer, while y; accounts for the resonance
broadening caused by ohmic dissipation and radiation scattering. To focus strictly on the underlying dispersion topology,
we hereafter neglect all dissipative mechanisms within both the patterned interfaces and the plasma-like substrate, explicitly
setting y; =y, =0and v = 0.

To rigorously extract the dispersion characteristics, we enforce the standard electromagnetic boundary matching at
the three primary interfaces (z = 0, z = dj, and z = dj + d). At the metasurface planes located at z = 0 and z = d|,
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the tangential electric field remains strictly continuous. In contrast, the tangential magnetic field undergoes a discrete
discontinuity driven by the localized surface currents:

n x (Em+1(r, 1) = Ep(r, t)) -0, (13)

4
0 (Bt (0,0) = Ho(1.0)) = (.0, (14)

In this notation, n = (0, 0, 1) represents the unit normal vector pointing from the m-th medium into the (m + 1)-th medium,
where the index m € {1,2} specifies the dielectric domains immediately bounding the /-th metasurface. Furthermore,
since the boundary separating the bottom dielectric spacer and the plasma-like substrate (located at z = d; + d») lacks any
conducting inclusions, it cannot support free surface currents. Consequently, both the tangential electric and magnetic
field components transition continuously across this final interface:

nx (E4(r, 1) — Es(r, t)) -0, nx (H4(r, £) — Hs(r, t)) - 0. (15)

2.2. Dispersion relations of structure eigenwaves

To derive the dispersion relations for the p-polarized (transverse magnetic) eigenmodes supported by the proposed
structure, we first specify the relevant electromagnetic field vectors. Under this polarization scheme, the fields exhibit the
non-vanishing components E(r,¢) = (Ex(r,t),0, E;(r,t)) and H(r, 1) = (0, H,(r,t),0). Assuming unidirectional wave
propagation strictly along the x-axis, the associated wave vector simplifies to k = (ky, 0, k).

Applying this specific spatial field configuration requires us to adapt the general macroscopic boundary condi-
tions across all structural interfaces. Specifically, evaluating these matching conditions at the plane containing the top
metasurface (z = 0) yields:

x| _=Eatan| . (16)

4r
H > ) - 5 | =——j > | . 1
)| ~Hyi (] =~ jaatpon)] a7

At the plane of the second metasurface (z = d;):

Ey3(x, t)L: 0 Exo(x, t)L: & (18)

4z
H ,1 | - ,t ) =——j ,t| . 19
v3 (x ) 2=d, yZ(x ) =d, c J12,x (P ) =d, (19)

At the interface between dielectric 3 and the plasma-like medium (z = d;| + d):

(20)

E4(x,t ’ =FEa(x,t s
x4( ) c=dy+ds x3( ) e=dy+d>

2y

Hyq(x,t | =H,(x,t .
y4( ) Z=d1+d2 y3( ) Z:d1+d2
We first deduce the dispersion relation specific to the surface eigenwaves of the structure. Moving forward, the relevant
spatial and frequency parameters are expressed in dimensionless form, normalized with respect to the fundamental resonant
frequency of the first metasurface, Q;:

w cky di1Q dr€2
=—,qg=—,01=——, 0 = . 22
& 0979 % " 2 - (22)

The dimensionless transverse decay constants in the corresponding layers are defined as:

ckom c
Mo =i = VG~ e (= 1.2.3), ny =i G = Vg~ £aa(6). 23)

k
Q

The remaining normalized physical parameters of the materials are given by:

_ w Q - A _ 4z
wp = Q—T, &H = Q_l’ A= Q_l’ Ol = _To-ools (24)

where the index [ € {1, 2} refers to the first and second metasurface, respectively.
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In terms of these newly defined variables, the Fourier-transformed permittivity of the plasma-like medium and the
effective surface conductivities reduce to the following expressions:

-2 Axi A
) = o= 5 31(6) = (@) =+ 5)
Ami )
726 = ) = et 6)
52

By substituting the integral representations of the fields (5) and the surface currents (10) into the boundary conditions
(16)—(21), we arrive at the dispersion relation governing the surface eigenwaves:

b b b b
ap [173 - feXp(—anél)lexr)(—Znséz) +a; b—6 - b—sexr)(—anfSl)l =0, 27
1 b 1 by
where g4 &3 &4 &3
AR O @)
na 13 na 13
by = (8—1——)5 a1(8), bz—(—+—)f a1(8), ba—(———)§+0'2(f) (29)
n n m
by = (2 + 2)5 +02(8), bs = (2 - 2)6 - 02(8), be = (2 + 2)5 = 02(8). (30)
nn2 n o n2 n o n2

As the thickness 0, tends toward infinity, the composite dispersion relation (27) decouples into two independent
equations. These specifically describe the eigenmodes of the dielectric 3—plasma-like interface and the isolated five-layer
metasurface structure (dielectric 1-metasurface 1-dielectric 2-metasurface 2—dielectric 3), respectively:

84 83 b
=0, =2 - Zexp(-2m26)) = 3D
14 773 b1 by

Next, we focus on the bulk-surface eigenwaves, which are characterized by fields that exhibit exponential decay
(evanescence) within the top dielectric and the semiconductor substrate, while maintaining an oscillatory profile inside
the internal dielectric spacers 2 and 3. This specific waveguiding regime is supported when the following phase-matching
conditions are satisfied: ¢ > £2g1, ¢> > £2e4(€), ¢° < &2, and g? < £%e3. We will use the following notation for the
normal components of the wave vector in dielectrics 2 and 3:

=V -7, =V - (32)

The dispersion relation governing the bulk-surface waves is derived from Eq. (27) by enforcing an oscillatory field
profile within the internal dielectric spacers (layers 2 and 3). This transition is mathematically handled by substituting the
transverse decay constants with their purely imaginary counterparts, 17, = —i{> and 3 = —i{3. By subsequently invoking
Euler’s identities to recast the complex exponentials into a trigonometric form, we arrive at the following expression:

008(901){ (5—3 - 5_2)[ (—A1 - —Az) + 0 (f)Az] Uz(f)[ (—Al + g—Az) og} (f)&]}
+cos(p2) { 2e(Cras+ Zad) - mu@ns| i) [¢( s - %As) -5y («f)A4]} =0, (3
where
A =28 tan(g)), Ay = = + _tan(‘Pl) Ay =— - —tan(902) A=t —tan(goz) (34)
TR 5 14 4“3 14 4
w1 = 001 — {362, 92 = {261 + {302. (35)

We also examine a specific class of bulk-surface eigenwaves characterized by evanescent field profiles in the vacuum
cladding, the first dielectric spacer, and the plasma-like substrate, while sustaining an oscillatory behavior strictly within
the third dielectric layer. These modes are supported when the in-plane wave number g satisfies the phase-matching
inequalities g2 > &1, g% > £%e5, and g% > £2e4(€), but remains below the light line of the silica layer (¢> < &2¢3).
Under these conditions, the governing dispersion equation takes the following form:

¢2 4 fg) tan(£382) = 0, (36)
{3 14
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where

1 1 1 1
f= —fz—i b + b exp(—2n261) | + 52(£) [b_l D eXp(—277251)] , (37)
N L S
g= 553 [b1 b exp( 277261)] . (38)

3. NUMERICAL ANALYSIS OF DISPERSION RELATIONS

To numerically evaluate the dispersion profiles, we adopt the following material parameters: vacuum for the top layer
(g1 = 1), Teflon for the first spacer (g, = 2.1), fused silica for the second spacer (¢3 = 3.7), and an InSb semiconductor
substrate (g9 = 15.68). The normalized geometric and metasurface parameters are fixed at Goo] = G2 = 0.2, A=A, =
0.2,61 =0.3,0, = 0.15, and & = 1.3. In the subsequent analysis, only the dimensionless plasma frequency @, and the
oscillator strengths A; will be treated as variable quantities.

Our numerical analysis relies on a fundamental physical concept: pronounced branch repulsion—typically referred to
as an avoided crossing—emerges whenever the eigenfrequencies of initially non-degenerate modes approach one another.
The proposed six-layer structure inherently supports three distinct resonant states: the fundamental resonance of the top
metasurface (£; = 1), the resonance of the bottom metasurface (£;), and the surface plasmon-polariton (SPP) supported
by the boundary between the semiconductor substrate and the adjacent silica spacer. This SPP resonance is governed by
the standard matching condition &4 + €3 = 0.

We aim to track how the overall mode spectrum reorganizes as the normalized SPP frequency, defined as &, =
@p /ey + €3, is systematically swept across the metasurface resonances, specifically moving from a sub-resonant regime
(&sp < &1) to a supra-resonant one (€5, > &2, assuming & > &1).

We start by examining a scenario where the SPP frequency resides well below the resonant frequencies of both
structured layers, meaning &, < &1 < &. The resulting eigenspectrum under these conditions is plotted in Fig. 2,
calculated for @,, = 3.5 and identical oscillator strengths A; = A, = 0.2.

To ensure consistency across all spectra of electromagnetic waves (Figs. 2, 4-8), we use a unified labeling scheme.
The straight lines denoted by 1, 2, and 3 are the light lines corresponding to the vacuum, Teflon, and silica regions,
respectively. Curve 4 marks the transition boundary where the transverse decay constant inside the semiconductor
vanishes (74 = 0). The horizontal lines 5 and 6 specify the isolated resonant frequencies of the upper (¢§; = 1) and
lower (&, = 1.3) metasurfaces, while line 7 tracks the SPP frequency &;),. Furthermore, the lower-frequency and upper-
frequency dispersion branches originating from the metasurfaces are identified as curves 8, 9 and 11, 12. Finally, curve 10
specifically maps the electromagnetic state that remains largely confined to the semiconductor interface. In Fig. 9, lines
1-3 have the same meaning as in the preceding figures; line 4 corresponds to &; = 1, line 5 to & = 1.3, and line 6 to
&sp. Curves 7, 8 and 10, 11 represent, respectively, the low-frequency and high-frequency branches of electromagnetic
waves predominantly localized near the metasurfaces, whereas curve 9 represents an electromagnetic wave predominantly
localized near the plasma-like medium.

As illustrated in Fig. 2, the dispersion branches representing the low-frequency (¢ < 1) modes largely confined to
the two metasurfaces (curves 8 and 9) exhibit a clear avoided crossing within region B. This repulsion signifies a strong

2.0

we 1.0

0.0 T T T T T T T T
0 5 10 15 20 25 30

Figure 2. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure when &, < &1 < &
(with @, = 3.5). The highlighted areas A and B demonstrate the pronounced resonant coupling between the underlying
non-degenerate modes.
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resonant coupling between the initially non-degenerate states. The higher-frequency (¢ > 1) metasurface modes undergo
a comparable hybridization process. Specifically, in region A, dispersion curves 11 and 12—which correspond to the
electromagnetic states governed by the upper and lower metasurfaces—mutually repel and diverge. Because we have set
&sp < & = 1, the branch principally confined to the semiconductor substrate (curve 10) remains entirely uncoupled from
the upper-frequency metasurface branches. Instead, the primary energy exchange in this high-frequency domain occurs
exclusively between the two metasurfaces themselves, driving the pronounced splitting observed in region A. Notably,
both curves 11 and 12 originate from the boundary defined by curve 4. At wave numbers below this threshold, the
electromagnetic fields inside the semiconductor adopt an oscillatory character, precluding the existence of purely bound
surface wave solutions. Furthermore, as curve 10 crosses the relevant light lines, its physical nature transitions. The
segment bounded by spectral lines 1 and 2 captures a bulk-surface wave governed by Eq. (33), whereas the section between
light lines 2 and 3 maps to a distinct bulk-surface state accurately described by Eq. (36).

We now turn our attention to the specific shape of curve 10 from Fig. 2 and its dependence on the structural oscillator
strengths, A; and A,. To isolate this effect, Fig. 3 plots the dispersion profile of the semiconductor-confined mode under
the exact same background parameters, leaving only the conductivity amplitudes A; and A, as variable quantities.

0.800

0.795 1+

0.790 +

0.785 T T T T T T T T T T T 1
0 5 10 15 20 25 30

Figure 3. Dispersion spectrum of the electromagnetic mode confined near the plasma-like substrate. The structural
parameters match those in Fig. 2, evaluated for oscillator strengths A; = Ay = 0.2 (curve 3), A} = Ay = 0.4 (curve 4),
and A; = Ay = 0.6 (curve 5). Line 1 denotes the light line in the third dielectric layer, while line 2 indicates the surface
plasmon-polariton (SPP) resonance at &, ~ 0.8.

As depicted in Fig. 3, setting the oscillator strengths to A; = A, = 0.2 induces a distinct anomalous segment
characterized by negative dispersion on the branch associated with the semiconductor-confined mode. Within this specific
frequency band, the electrodynamic parameters satisfy the following criteria: &4 < 0, & (¢) = —4mio1(€)/c < 0, and
G2 (€) = —4mios (€)/c > 0. Conversely, increasing these oscillator strengths to A; = Ay = 0.4 (curve 4)or A} = A» = 0.6
(curve 5) completely eliminates the backward-wave behavior. Under these higher-strength conditions, the system enters a
regime where both patterned layers share an identical reactive nature, meaning that g4 < 0, 67 (¢) = —4mio(€)/c < 0,
and crucially, 6 (¢) = —4nio,(€)/c < 0 across the entirety of curves 4 and 5.

This analysis demonstrates that for a specific subset of parameters A; and A, a profound electrodynamic asym-
metry is established within the stack. Specifically, the top metasurface maintains a fundamentally capacitive profile
(—4rio(€)/c < 0), whereas the bottom metasurface transitions to an inductive, metal-like behavior (—4mio»(£)/c > 0).
It is precisely this competitive capacitive-inductive feedback between the adjacent structured layers that drives the emer-
gence of the negative-dispersion region. From a practical standpoint, the generation of such a backward-wave segment
provides the internal distributed feedback necessary to support absolute instabilities when the hybrid geometry is coupled
to a synchronized beam of charged particles.

Let us consider the case where the SPP frequency practically coincides with the resonance frequency of the first
metasurface, i.e.,

EpréE=1<éE=13

The corresponding eigenspectrum is shown in Fig. 4 for @, = 4.4 and A} = Ay = 0.2. Due to the frequency
degeneracy (&5, ~ &1 = 1), a regime of strong mode hybridization is achieved. This leads to a pronounced anticrossing
(curve repulsion), highlighted as Region A, between curve 10, which corresponds to the mode predominantly localized
near the plasma-like medium, and curve 11, the high-frequency branch predominantly associated with metasurface 1. The
strong electrodynamic coupling fundamentally reorganizes the spectrum in the vicinity of & = 1. Additionally, Regions B
and C indicate the secondary resonant interactions between the high-frequency and low-frequency electromagnetic waves,
respectively, which are localized near the two separated metasurfaces.
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Figure 4. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under the condition &5, =
&1 =1<é& = 1.3 (where @, = 4.4). Region A features a substantial avoided crossing between the dispersion branch of
the plasma-like medium (curve 10) and that of the primary metasurface (curve 11).

Fig. 5 demonstrates the eigenspectrum for a uniform distribution of resonances, where &1 = 1 < &, * 1.13 < & =
1.3 (with @, = 5.0).

In this regime, the system avoids giant single-point mode splitting and instead forms a characteristic ”ladder” of
repelling branches. The spectrum features three distinct interaction areas: Region A corresponds to the coupling of
the proper high-frequency surface modes localized near both metasurfaces; Region B highlights the interaction between
the branch localized near metasurface 1 and the branch predominantly localized near the plasma-like medium (curve
10); and Region C reflects the mutual coupling of the low-frequency metasurface modes. Such a sequential repulsion
mechanism reveals the complex cascaded nature of the mode interactions across the entire structure. Therefore, when the
SPP frequency falls between the two metasurface resonances, the spectrum undergoes a sequential reorganization. It starts
with the hybridization of low-frequency modes, followed by the interaction between the plasma-like branch and the first
metasurface branch, and culminates in the mutual repulsion of the high-frequency branches.

2.0

wn 1.04-40

Figure 5. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure for an evenly spaced
arrangement of resonances, taking &1 = 1 < &, ~ 1.13 < & = 1.3 (0, = 5.0). A distinct sequence, or “ladder,” of
mutually repelling dispersion branches emerges across interaction zones A, B, and C.

Ultimately, we examine the scenario where the SPP frequency nears the resonant frequency of the second metasurface,
givenby & =1 <&, = & =1.3.

Fig. 6 illustrates the resulting dispersion profile for @, = 5.7. Under these conditions, the primary avoided
crossing moves to a higher frequency range, taking place between curve 10—representing the mode largely confined
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to the plasma-like semiconductor—and curve 12, which represents the upper-frequency mode principally linked to the
second metasurface. Consequently, a substantial spectral gap emerges in region C around ¢ = 1.3. Furthermore,
region A continues to capture the coupling between the two intrinsic upper-frequency metasurface modes, while region B
highlights the interaction linking the plasma-like-medium branch with the branch governed by the first metasurface. In
the lower-frequency spectrum, region D indicates the ongoing mutual repulsion of the bottom-tier metasurface branches.
Therefore, as &, transitions away from & and closer to &>, the primary pathway for energy hybridization shifts from
the first metasurface to the second. Concurrently, the preservation of the other interaction zones clearly underscores the
fundamentally multiresonant nature of this six-layer structure.

2.0

1.0 195

0.0 —T 1

0 5 10 15 20 25 30
q

Figure 6. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under the condition &; =
1 <&p = 1.3 =& (with@, = 5.7). The most significant mode hybridization and splitting are localized within Region C.

To evaluate the impact of the dielectric environment, we consider the case where the fused-silica spacer is replaced
by a high-index silicon layer (¢3 = 11.7). As shown in Fig. 7, the increased permittivity causes the light line in the
third dielectric (curve 3) to shift downward. This modification, combined with the high background permittivity of the
semiconductor, reduces the SPP frequency to &, ~ 0.95. Consequently, the SPP resonance resides below the primary
metasurface resonance (&, < &), which prevents the splitting of the semiconductor-localized branch (curve 10) through
interaction with the metasurface modes. However, the intrinsic coupling between the two metasurfaces remains active,
leading to the pronounced avoided crossing observed in Region A for the high-frequency branches.

Figure 7. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure with a high-index dielectric
spacer (silicon, &3 = 11.7) for the case &, = 0.95 < ¢ =1 < & = 1.3 (@, = 5.0). Curves 1, 2, and 3 represent light
lines; curve 4 marks the boundary n4 = 0; lines 5, 6, and 7 indicate &1, &5, and &, respectively. Curves 8—12 identify the
low- and high-frequency hybrid branches.
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The influence of the metasurface oscillator strengths on the hybridization width is illustrated in Fig. 8. By increasing
the parameters A; and A, from 0.2 to 0.4 while maintaining other system variables, we observe a significant expansion
of the spectral gaps. The anti-crossing regions A, B, and C become notably wider. In this configuration, Region A
characterizes the interaction between the upper-frequency metasurface modes, while Region B represents the coupling
between the primary metasurface and the plasma-like substrate. Region C captures the repulsion between the fundamental
low-frequency metasurface branches. This demonstrates that the geometric design of the conductive elements provides a
robust mechanism for controlling the magnitude of mode splitting.

2.0

1.5

an 1.0 414

0.541

0.0 -7

Figure 8. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure under strong coupling
conditions, where the oscillator strengths are increased to Ay = A = 0.4 (@, = 5.0, &, ~ 1.13). The labeling of
branches 1-12 follows the scheme established in Fig. 7.

Finally, we examine the transition from a semiconductor-like to a metal-like substrate by setting the background
permittivity to &g = 1. As seen in Fig. 9, this shift dramatically increases the SPP resonance frequency to &, ~ 2.3.
A comparison between Fig. 8 and Fig. 9 reveals that the metallic nature of the substrate introduces a new interaction
zone, labeled Region D, where the SPP branch of the substrate couples strongly with the mode localized near the second
metasurface. Furthermore, the existing interaction regions A and B are shifted toward the higher-frequency domain.
We also observe that the spectral repulsion between the low-frequency metasurface branches (Region C) is significantly
enhanced compared to the semiconductor-based configuration.

Figure 9. Dispersion spectrum of electromagnetic waves in the analyzed solid-state structure with a metal-like plasma
medium (g9 = 1) at &, = 2.3 > & > £1. The parameters are A; = Ay = 0.4 and 61 = 6> = 0.15. Region D highlights
the additional interaction zone emerging at the SPP frequency.
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4. DISCUSSION AND CONCLUSION

Our study presents a detailed electrodynamic account of a six-layer hybrid structure, where two isotropic plasmonic
metasurfaces are integrated within dielectric spacers above a semi-infinite plasma-like medium. By analyzing the dispersion
relations for p-polarized electromagnetic waves, we have mapped a variety of waveguiding regimes. These range from
tightly confined surface states to hybrid bulk-surface modes, where the fields exhibit an oscillatory character within the
internal dielectrics while maintaining evanescent decay in the cladding and substrate. Numerical results highlight the
decisive role of cascaded mode hybridization in shaping the structure’s response. Specifically, we found that tuning
the surface plasmon-polariton (SPP) frequency of the substrate relative to the metasurfaces’ inherent resonances triggers
a complex topological reorganization of the eigenspectrum. The strong repulsion between initially non-degenerate
states manifests as a multi-resonant “ladder” of dispersion branches. Notably, the spectral position and width of these
hybridization gaps prove to be highly sensitive to both the geometric dimensions and the material parameters of the stack.
One of the central findings of this work is the identification of the specific parameters necessary for a backward-wave
regime. We demonstrated that by introducing an asymmetry in the effective oscillator strengths of the structured interfaces,
the system can be forced into a state of competitive reactive feedback. In this specific configuration, the top metasurface
remains fundamentally capacitive (—4mioj(£)/c < 0), whereas the lower one transitions into a metallic, inductive state
(—4mion(€)/c > 0). This electrodynamic imbalance serves as the direct physical mechanism behind the emergence of
negative dispersion. From a practical standpoint, creating such intrinsic distributed feedback is essential for triggering
absolute instabilities during interactions with synchronized charged-particle beams. Finally, our analysis shows that the
energy exchange pathways can be fundamentally shifted by modifying the local dielectric environment or replacing the
semiconductor with a metal. Such adjustments alter the critical SPP frequency, effectively pushing the primary interaction
zones into higher frequency domains and broadening the spectral gaps between the lowest-order branches. This structural
flexibility offers a predictable and versatile platform for managing subwavelength electromagnetic confinement, which is
crucial for the next generation of active optoelectronic and nanophotonic devices.
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BUHUKHEHHAA BIH’GMHOT HI/ICHEPCIi EJIEKTPOMATHITHUX XBWJIb ¥V TBEPIIOTIHBHlﬁ
CTPYKTYPIL IO MICTUTD IIVIABMOIIOAIBHE CEPEJIOBUIIE TA IIJIABMOHHI METAIIOBEPXHI
10.0. ABepkos, O.10. Asepkos, M.M. Bisenbkuii
Incmumym padiogpizuxu ma eaexmponixu im. O. A. Yeuxosa HAH Yxpainu, eya. Akao. Ilpockypu, 12, Xapkis, 61085, Ykpaina

Y 1upoMy JOOCHiAKEHHI NPEICTAaBIEHO [eTaJbHUN TEOPETUYHMUI 1 YMCENbHUH aHal3 AWUCTIEpCiiHUMX BJIACTUBOCTEH p-
TMOJIAPU30BAHUX €JIEKTPOMATHITHUX XBWJIb Y CKJIaJHiH GaraTomaposiil TBepOTiIbHIN CTpYKTYpi. JociimKyBaHa cucTeMa sBJisie Co000
LIECTUIIAPOBY CTPYKTYPY, 110 MiCTUTh [IBi i30TPOIHI IJIA3MOHHI METANOBEPXHi, AKi PO3/JiIeH] JieJeKTPUYHUMU NpoLIapKaMu Ta po3-
TaIlOBaHi Ha HaNiBHECKiHYCHHIH TIa3MOMNOIOHIH MiIKIaIi — ab0 CHIIBHO JIETOBAHOMY HAIiBIPOBINHUKY, a00 MeTaui. [loenHywoun
¢opmasti3mM MaTpuIk HepeHocy 3 piBHAHHAMYU MakcBeJia Ta CTpOrMMH IPaHUYHIMYI YMOBAMH, MU BHBEJIH TOYHI AUCTIEPCiiiHI PiBHAHHS
SIK 1JIs1 HOBEPXHEBHUX, TAK 1 JUIsl 00’ €MHO-TIOBEpXHEBUX MOJl. Halli uncenbHi pe3y/bTaTi BKa3yloTh Ha MPOLEC KacKaaHOI ribpuau3atii
MiX (pyHIAMEHTAIPHUMU PE30HAHCAMH METAIIOBEPXOHb i BIACHUMHU MOBEpXHEBUMHM Iuia3MoH-nonssputonHumu (III1IT) momamu mia-
kJIaaku. Oco6JMBO 3HAUYILIMM PE3Y/IbTATOM € Te, 110 PEry/IIOBaHHSA €PEKTHBHUX CHJI OCLIMIATOPIB METAlIOBEPXOHb BUKJIMKAE BUPAKEHY
qucnepciiiny acumetpito. Ie BimOyBaeThes TOAI, KOJMM OJIHA METANOBEPXHs BUSABIISE EMHICHHUIA BiITYK, TOMAI K iHIIA CTa€ eheKTHB-
HO iHOyKTHBHOI0. Takuil enxexTpopHaMiyHMil JqrcOaaHC IPU3BOIUTH JO AHOMAJIBHOTO PeXMMY HEeraTMBHOI YacTOTHOI AucHepcii, o
XapaKTepHU3Y€EThCs MOMMPEHHSIM 3BOPOTHHUX XBUIb. KpiM TOro, Mu IeMOHCTpYEMO, 10 MOAM(IKALIis AieeKTPUIHOTO OTOYEHHS a0
3aMiHa HAIIBIIPOBIJHUKOBOI MiAKJIAKK HA METATEBY 3MIIy€ 00IacTi Pe30HAHCHOI B3a€MO/ii, POMOHYIOYM YHiBepCabHuii 3aci0 Ke-
pyBaHHS CHEKTPaIbHIMH iHTEpBaJaMy po3LieruieHHs MoJ. Li BUCHOBKH CTBOPIOIOTH MillHE TEOPETHYHE IMiATPYHTS ISl IPOEKTYBAHHS
nepeOyn0ByBaHUX HAHOGOTOHHHX MPUCTPOIB Ta TeHepallii pO3MOAiIeHOro BHY TPIIIHBOTO 3BOPOTHOTO 3B’ SI3KY, IO € HEOOXiJHUM MJIs
BUHHUKHEHHS aOCOJIIOTHUX HECTIHKOCTe eJIeKTPOMArHiTHUX XBWJIb Y CUCTEMaX, OB’ A3aHMX i3 IyYKaMH 3apsiKEHUX YaCTHHOK.
KuarouoBi ciioBa: niazmonna memanogepxus; 2iOpuoHa NOGepxXHesa XeUNs; 00 EMHO-NOBEPXHEBA X6UNSL, 610 EMHA OUCNEPCIsl; HANIG-
nposiOHUK08a NIOKAAOKA; 2i0pUoU3ayis MOO
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Gold-doped two-dimensional silicon carbide (SiC) nanosheets are investigated using spin-polarized density functional theory (DFT+U)
to examine their electronic structure, induced magnetism, and thermal stability. Single (1 Au@Si) and double (2Au@2Si) substitutional
configurations are modeled within a 4x4 supercell to ensure reliable evaluation of intrinsic properties. Au incorporation significantly
narrows the band gap while preserving the semiconducting character of the SiC nanosheet. Spin-resolved density-of-states analysis
shows that Au 5d orbitals dominate the electronic states near the Fermi level. Despite nearly spin-degenerate band dispersions, Mulliken
spin population analysis reveals dopant-induced magnetism mediated by neighboring carbon atoms. The 1Au@Si system exhibits a
magnetic moment of ~3 pp, while the 2Au@2Si configuration stabilizes a ferrimagnetic-like state with a total magnetic moment
of ~6 uB. Within the mean-field approximation, the estimated Curie temperature is approximately 510 K, suggesting the possibility
of magnetic stability above room temperature and potential applications in spintronic devices.

Keywords: SiC nanosheets; Gold doping; Spintronics; Dilute magnetic semiconductors, Density functional theory, Curie temperature

1. INTRODUCTION
Two-dimensional (2D) materials have emerged as one of the most compelling platforms for investigating spin-
dependent phenomena at the nanoscale. Owing to strong quantum confinement effects and reduced dielectric screening,
the electronic states in 2D systems exhibit exceptional sensitivity to external perturbations such as elemental doping,
intrinsic defects, and applied strain [1-3]. This heightened responsiveness enables precise atomic-scale control over
charge, spin, and magnetic degrees of freedom, positioning 2D materials at the forefront of next-generation spintronic
and nano-electronic technologies.

Within this rapidly expanding research field, two-dimensional silicon carbide (SiC) nanosheets have attracted
increasing attention as wide-band-gap semiconductors due to their exceptional thermal stability, chemical inertness, high
mechanical robustness, and strong resistance to radiation-induced degradation [4,5]. Unlike many conventional 2D
materials, SiC nanosheets retain their structural integrity and electronic characteristics under extreme environmental and
operating conditions, making them particularly attractive for high-performance and durable device applications.

Despite these favorable properties, pristine SiC nanosheets are intrinsically non-magnetic and have relatively wide
band gaps, which severely limit their direct applicability to spintronic devices that require finite spin polarization and
stable long-range magnetic ordering. To overcome this intrinsic limitation, substitutional doping has been widely
employed as an effective strategy, as it can induce pronounced electronic reconstruction and generate spin polarization
through strong dopant-host orbital hybridization [6,7].

Although considerable research efforts have been devoted to transition-metal (3d) doping in SiC-based
nanostructures, such dopants often induce strong electronic localization, clustering tendencies, or undesirable metallic
behavior. These effects can adversely influence carrier mobility, magnetic stability, and overall device performance,
thereby limiting their practical applicability [8-13].

In contrast, noble-metal dopants-particularly gold (Au)-offer an alternative and fundamentally distinct route for
engineering the electronic and magnetic properties of low-dimensional systems. Gold is characterized by spatially
extended 5d orbitals, pronounced relativistic effects, and strong spin—orbit coupling, which collectively enable substantial
modification of the host electronic structure without necessarily inducing a semiconductor-to-metal transition [9, 14, 15].
Recent theoretical studies suggest that substitutional Au incorporation can introduce impurity-derived states near the band
edges and promote strong hybridization with host p orbitals. Nevertheless, the microscopic origin of magnetism in Au-
doped SiC nanosheets remains insufficiently understood. In particular, it is still unclear whether the induced magnetic
moments are primarily localized on the Au dopants or are mediated through the surrounding Si-C lattice, with a potentially
dominant contribution arising from the carbon sublattice [16].
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Motivated by these unresolved issues, the present work provides a systematic spin-polarized first-principles
investigation of Au-doped SiC nanosheets. Single (1Au@Si) and double (2Au@?2Si) substitutional doping configurations
are examined using a large 80-atom supercell to effectively suppress artificial dopant—dopant interactions and ensure
reliable evaluation of intrinsic electronic and magnetic properties. The calculations were performed within the framework
of spin-polarized density functional theory using the QuantumATK simulation platform [17], employing the LDA+U
formalism to account for localized electronic states and reduce self-interaction effects [19-21].

Our calculations reveal a dual and nontrivial impact of Au incorporation on the electronic and magnetic behavior of
SiC nanosheets. First, Au substitution induces a pronounced band-gap narrowing while largely preserving spin-degenerate
band dispersions, thereby maintaining the semiconducting nature of the host material. Second, Au doping stabilizes a
localized ferrimagnetic-like spin state that is not manifested through conventional exchange splitting in the band structure,
but is instead primarily revealed by atom-resolved Mulliken spin population analysis.

Notably, the induced magnetism is found to be predominantly mediated by the carbon sublattice, which hosts sizable
positive local magnetic moments. In contrast, the Au dopants and their nearest-neighbor Si atoms contribute antiparallel,
compensating spin polarization. For the 1 Au@Si configuration, a net magnetic moment of approximately 3ug is obtained,
whereas double Au substitution stabilizes a robust magnetic state with a total magnetic moment of about 6. Importantly,
the 2Au@?2Si system converges to essentially the same magnetic solution irrespective of whether the calculations are
initialized in non-magnetic, ferromagnetic (FM), or antiferromagnetic (AFM) spin configurations. This behavior indicates
that the magnetic ground state is intrinsically governed by dopant-host hybridization effects rather than by externally
imposed spin ordering, a characteristic feature commonly observed in transition-metal- and noble-metal-modified
semiconductors and dilute magnetic systems [6,15,16,25].

Taken together, these results establish Au-doped SiC nanosheets as a promising class of two-dimensional dilute
magnetic semiconductors in which band-gap engineering and thermally robust magnetism can coexist. Such coexistence
of semiconducting character and localized magnetic ordering is particularly desirable for next-generation spintronic and
multifunctional nanoelectronic applications, where spin-dependent electronic transport and stable magnetic ordering are
essential [2,3,9,11].

In addition to inducing robust spin polarization, Au substitution is found to stabilize a high-temperature magnetic
phase in SiC nanosheets. Total-energy comparisons between non-magnetic, ferromagnetic, and antiferromagnetic
configurations reveal that spin-polarized states are energetically favored, with a very small energy splitting between FM
and AFM solutions, indicating near magnetic degeneracy. Mean-field estimation based on first-principles total-energy
differences yields an estimated Curie temperature of approximately 510 K. Within the limitations of the mean-field
approximation, this result suggests the possibility of magnetic stability above room temperature. This result demonstrates
that Au-doped SiC nanosheets can simultaneously exhibit semiconducting character and thermally robust magnetism, a
combination rarely achieved in two-dimensional dilute magnetic semiconductors and highly desirable for practical
spintronic device applications [2,6,9,11,23].

2. COMPUTATIONAL METHODOLOGY

All calculations were carried out within the framework of spin-polarized density functional theory (DFT) using the
linear combination of atomic orbitals (LCAQO) method, as implemented in the Quantum ATK simulation package [17-18].
Spin polarization was explicitly accounted for to accurately describe dopant-induced magnetic effects and spin-dependent
electronic reconstruction in SiC nanosheets.

Within the spin-polarized DFT+U formalism, the total electronic charge density was decomposed into spin-up (o)
and spin-down (B) components. The spin density, defined as the difference between these two spin channels, was used to
characterize the system's magnetic response and spin polarization. The corresponding relations are given by:

p(r) = pe(r) + ph (1) (1)
Ap(r) = p*(r) — pP(r) 2

Here, p®(r) and pP(r) denote the spin-up and spin-down electron densities, respectively, while Ap(r) represents the
spin density distribution, which provides direct insight into the origin and spatial distribution of magnetism in the doped
SiC nanosheets.

Exchange-correlation effects were described within the local density approximation (LDA) using the Perdew-
Zunger parameterization of the Ceperley-Alder data [20]. To reduce the self-interaction error inherent in conventional
LDA calculations, the rotationally invariant Dudarev DFT+U formalism was employed. Consistent with previous
theoretical studies, the effective on-site Coulomb parameters were chosen as USi = 5.0 eV for Si-3d states and UC = 4.8
eV for C-2p states. These values provide a physically reasonable description of the electronic and magnetic properties of
Au-doped SiC nanosheets.

Core-valence interactions were treated by norm-conserving pseudopotentials of the Fritz Haber Institute (FHI) type
[18]. The valence electronic states of all constituent elements (Si, C, and Au) were expanded using a double-zeta polarized
(DZP) numerical atomic orbital basis set, providing a reliable and balanced description of both the light host atoms and
the heavy Au dopants [20].
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Electronic occupations were determined using the Fermi—Dirac distribution with an electronic temperature of 300
K to ensure numerical stability and smooth convergence of the self-consistent field cycles. A real-space density mesh
cutoff of 75 Hartree was employed, which was found to be sufficient to achieve well-converged total energies and charge
density distributions for all studied configurations.

Brillouin-zone integrations were performed using a Monkhorst-Pack k-point mesh of 3x3x1, which provides a
suitable compromise between numerical accuracy and computational efficiency for the employed supercell size [22]. The
two-dimensional SiC nanosheet was modeled using a 4x4 hexagonal supercell containing 80 atoms (40 Si and 40 C). A
vacuum region of at least 15 A was introduced perpendicular to the nanosheet plane to suppress spurious interactions
between periodically repeated images.

Substitutional Au doping was realized by replacing Si atoms, considering both the single-dopant 1Au@]1Si
configuration (=1.25 at.%) and the double-dopant 2Au@2Si configuration (=2.50 at.%). The dopant concentration was
defined relative to the total number of atoms in the supercell [21]. For the 2Au@2Si system, spin-unconstrained as well
as ferromagnetic (FM) and antiferromagnetic (AFM) initial spin configurations were explicitly examined to evaluate the
stability and robustness of the magnetic ground state. All atomic structures were fully optimized using a conjugate-
gradient algorithm until the residual forces on each atom were reduced below 0.01eV A™! and the total energy convergence
criterion reached 10-5e¢V. Spin-resolved band structures were calculated along the I'-Z direction, with the Fermi level set
to OeV. In addition, the total and partial densities of states (TDOS and PDOS) were evaluated to analyze dopant-induced
impurity states and Au-host hybridization effects [19,20].

To elucidate the microscopic origin of magnetism in Au-doped SiC nanosheets, Mulliken spin population analysis
was employed. Within this framework, the local magnetic moment associated with a given atom A is defined as the
difference between its spin-up and spin-down Mulliken populations:

o =ng —nb 3)

where n and nf represent the Mulliken populations of spin-up and spin-down electrons localized on atom A, respectively.
The total magnetic moment of the supercell is then obtained by summing the atomic contributions over all atoms:

Heor = 2ala 4

This analysis is particularly important for the present system, as Au-doped SiC nanosheets exhibit spin-degenerate
band structures while simultaneously sustaining a finite net magnetic moment. Such behavior cannot be fully resolved
from band structure analysis alone. Mulliken spin population analysis enables direct identification of the dominant spin
carriers and provides atom-resolved insight into the system's magnetic texture. The results suggest that the induced
magnetism is predominantly localized on the carbon sublattice, whereas the Au dopants and neighboring Si atoms
contribute smaller, anti-parallel spin moments that partially compensate the total magnetization. This finding highlights
the crucial role of dopant—host hybridization in mediating magnetism through the surrounding lattice rather than through
localized Au moments alone.

For systems with identical chemical composition, such as the 2Au@?2Si configuration, the relative stability of
different magnetic solutions was evaluated by comparing their total energies. The magnetic stabilization energy was
defined as:

AEmag = Eyu — Epn, ®)

where Exm and Epv denote the total energies of the non-magnetic and ferromagnetic states, respectively. A positive value
of AEmg indicates that the ferromagnetic solution is energetically favored over the non-magnetic one.
In addition, the energy difference between antiferromagnetic and ferromagnetic configurations,

AEpm-rm = Eapm — Epms (6)

was calculated to assess the sensitivity of the magnetic ground state to the initial spin ordering. The small energy
separation observed between the FM and AFM solutions indicates a near-degeneracy of these magnetic states. Such
behavior suggests that the Au-induced magnetism is not governed by rigid long-range ferromagnetic coupling but instead
reflects a ferrimagnetic-like or weakly competing magnetic ordering mediated by the Si-C host lattice. This energetic
proximity suggests that the dopant-induced magnetic state is largely governed by dopant-host hybridization in Au-
substituted SiC nanosheets.

3. RESULTS AND DISCUSSION
3.1. Electronic structure of Au-doped SiC nanosheets
The electronic band structures of Au-doped SiC nanosheets were systematically analyzed to elucidate the
influence of Au concentration on the system's electronic properties [22,23]. Two substitutional doping configurations
were considered: a single Au atom substituting a Si site (SiC:1Au@18Si NS) and a double Au substitution at two Si sites
(SiC:2Au@?2Si NS), which serve as representative models for low and moderate dopant concentrations in two-
dimensional SiC systems [24].
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Spin-polarized band structures were calculated along the high-symmetry path I'-Z of the 2D Brillouin zone, with
the Fermi level aligned at OcV, following standard electronic-structure analysis protocols for a two-dimensional Brillouin
zone (2D monolayer). The corresponding results are presented in Figures 1 and 2.

Spin-down band structure of 1Au@1Si-doped SiC NSh Spin-up band structure of 1Au@1Si-doped SiC NSh
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Figure 1. Spin-polarized electronic band structures of the 1 Au@1Si-SiC nanosheet along the I'-Z direction
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Figure 2. Spin-polarized electronic band structures of the SiC:2Au(2Si) nanosheet along the I'-Z direction

As shown in Figure 1, the SiC:1Au@]1Si nanosheet retains a semiconducting character in both spin-up and spin-
down channels, exhibiting a narrow band gap of approximately 0.30 eV. This behavior is consistent with previous reports
on noble-metal-induced band-gap modulation in wide-band-gap semiconductor systems. Upon increasing the Au
concentration to the SiC:2Au@?2Si configuration, a pronounced reduction of the band gap is observed, yielding values of
approximately 0.18¢V (direct) and 0.16¢eV (indirect), as summarized in Table 1.

Table 1. Spin-resolved band gaps and band-edge positions (VBM and CBM) for SiC:1Au@1Si and SiC:2Au@?2Si nanosheets,
illustrating Au-concentration-induced band gap narrowing while preserving spin degeneracy.

System Spin channel | Direct band gap (eV) Indirect band gap (eV) VBM (eV) CBM (eV)

SiC:1Au(ISi) NS | Spin-up 0.297 0.288 -0.1389 0.1491
Spin-down 0.297 0.288 -0.1389 0.1491

SiC:2Au(2Si) NS | Spin-up 0.179 0.157 -0.0738 0.0824
Spin-down 0.179 0.157 -0.0738 0.0824

The observed dopant-concentration-dependent band gap narrowing originates from an upward shift of the valence
band maximum (VBM), accompanied by a downward shift of the conduction band minimum (CBM). This effect can be
attributed to enhanced hybridization between Au-derived states and the host Si—C orbitals, which modifies the electronic
structure near the Fermi level [25].

Importantly, the spin-up and spin-down band dispersions remain largely similar for both doping configurations,
indicating the absence of pronounced exchange splitting at the band-dispersion level. This behavior reflects the closed-
shell electronic configuration of Au and suggests that Au substitution primarily modifies the electronic structure through
orbital hybridization rather than inducing strong band-resolved spin asymmetry. Nevertheless, as discussed in Section 3.2,
atom-resolved spin population analysis reveals the emergence of dopant-induced magnetic moments mediated by the host
lattice. Such behavior is consistent with previous first-principles studies on noble-metal-doped wide-band-gap
semiconductor systems [23,24,26].

To further elucidate the effect of Au incorporation on the electronic structure, the total density of states (TDOS)
was systematically analyzed for both single and double Au-doped SiC nanosheets. As shown in Figure 3, pristine SiC
nanosheets exhibit a clear semiconducting gap around the Fermi level (Er=0eV), which is in good agreement with
previous first-principles studies on two-dimensional SiC monolayers [30].
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Upon single Au substitution, impurity-induced states emerge near the valence- and conduction-band edges, leading
to a pronounced enhancement of the TDOS in the vicinity of the Fermi level while preserving a finite band gap. These
states mainly originate from hybridization between Au-derived orbitals and neighboring Si and C states, resulting in band-
gap narrowing without altering the overall semiconducting character of the system. When the Au concentration is
increased to the double-doped configuration (Figure 4), a further increase in the TDOS near EF is observed, accompanied
by broader spectral features. This behavior reflects stronger Au-Au and Au-host interactions as well as enhanced
electronic delocalization at higher dopant concentrations.
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Figure 3. TDOS of single Au-doped SiC (AuiSi39Ca0). The dashed line indicates
the Fermi level (EF = 0eV).
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Figure 4. TDOS of double Au-doped SiC (AuzSizsCa0), showing enhanced states near Er compared to the single-doped case

Despite the increased density of states near the Fermi level, both Au-doped systems remain semiconducting, with
no finite TDOS appearing exactly at Eg.

Moreover, the spin-up and spin-down TDOS curves remain largely symmetric, indicating no pronounced spin
asymmetry at the TDOS level, indicating that Au incorporation modifies the electronic structure without inducing a
semiconductor-to-metal transition.

Although the spin-up and spin-down TDOS curves remain largely similar over the entire energy range, enlarged
DOS plots near the Fermi level reveal weak spin-dependent differences. These small asymmetries indicate that the
exchange splitting is relatively weak and localized. Therefore, the finite magnetic moments obtained from Mulliken
population analysis originate primarily from localized spin polarization rather than from pronounced exchange splitting
throughout the entire electronic structure.

This nearly spin-degenerate electronic structure is consistent with previous first-principles investigations of noble-
metal-doped semiconductors.

To identify the atomic and orbital origins of the electronic reconstruction induced by Au doping, spin-resolved
partial density of states (PDOS) calculations was performed. Figure 5 shows the orbital-projected PDOS of Au in the
single-Au-doped SiC nanosheet. The electronic states in the vicinity of the Fermi level are predominantly governed by
Au-5d orbitals, while the contributions from Au-6s and Au-6p states are comparatively weaker and distributed over a
broader energy range. The spin-up and spin-down PDOS curves remain largely similar over most of the energy range,
indicating weak exchange splitting, consistent with the closed-shell electronic configuration of Au and previous first-
principles studies [28,29]. However, enlarged views near the Fermi level reveal small spin-dependent differences,
indicating weak local spin polarization. The Au-5d states dominate the electronic states near Er and contribute to the
localized magnetic behavior.

For the double-Au-doped configuration (Figure 6), the Au-5d states become more intense and exhibit notable
broadening, reflecting enhanced dopant-dopant as well as dopant-host interactions at higher Au concentration. Despite
this increased electronic hybridization, spin degeneracy remains preserved, further reinforcing the conclusion that Au acts
primarily as a modifier of the electronic structure rather than as a magnetic impurity in SiC nanosheets.
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Although the overall exchange splitting remains relatively weak, the observed spin-dependent differences support
the existence of localized magnetic polarization, consistent with the Mulliken spin population analysis.
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Figure 5. Spin-resolved PDOS of Au orbitals in single Au- Figure 6. Spin-resolved PDOS of Au orbitals in double Au-
doped SiC (AulSi39C40) doped SiC (Au2Si3sCao)

The spin-resolved partial density of states (PDOS) of host carbon atoms is presented in Figure 7. The electronic
states near the valence and conduction band edges are predominantly governed by C-2p orbitals, whereas the C-2s and
C-2d states contribute mainly at lower binding energies.

Although the total C-PDOS remains nearly symmetric, several carbon atoms neighboring the Au dopants exhibit
substantial local magnetic moments according to the Mulliken analysis. This indicates that the induced magnetism is
highly localized and cannot be fully resolved from orbital-averaged PDOS alone.

A similar trend is observed for the host silicon atoms, as shown in Figure 8. The Si—3p orbitals provide the dominant
contributions to both the valence and conduction bands, while the Si—3d states exhibit only weak and broadly distributed
features across the energy spectrum. The nearly symmetric spin-resolved PDOS indicates that Si atoms do not exhibit
pronounced spin polarization, despite the pronounced Au-induced electronic reconstruction. These results highlight that
the role of the host atoms is primarily indirect, mediated through orbital hybridization with Au states rather than through
the development of substantial local magnetic moments.
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Figure 7. Spin-resolved partial density of states (PDOS) of C-  Figure 8. Spin-resolved partial density of states (PDOS) of Si-
s, C-p, and C-d orbitals for the AuiSiseCao system s, Si-p, and Si-d orbitals for the AuiSizoCao system

To quantitatively assess the influence of Au concentration on the electronic band gap characteristics of SiC
nanosheets, the spin-resolved band gaps were systematically evaluated for pristine, single-Au-doped, and double-Au-
doped configurations. Particular attention was paid to the evolution of both direct and indirect band gaps in the spin-up
(1) and spin-down (|) channels in order to clarify whether Au incorporation induces spin asymmetry or magnetic
exchange effects. Increasing Au concentration results in pronounced narrowing of both direct and indirect band gaps
while preserving identical spin-up and spin-down values, demonstrating that Au enables effective band gap engineering
in SiC nanosheets while preserving nearly spin-degenerate electronic states and only weak exchange splitting.

3.2. Magnetic Properties of Au-Doped SiC Nanosheets
3.2.1. Pristine 80-Atom SiC Nanosheet: Non-Magnetic Reference State
The magnetic properties of the pristine 80-atom SiC nanosheet were first investigated using spin-polarized Mulliken
population analysis to establish a reliable non-magnetic reference state. As shown in Fig. 9, the pristine system exhibits
negligible spin polarization at all atomic sites, with local magnetic moments confined within +0.01psg. Silicon atoms carry
very small positive magnetic moments (= +0.011-0.012ug), whereas carbon atoms display comparably small negative
moments (=~ -0.010 to -0.013pg), resulting in an almost perfect compensation between the two sublattices.
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Consequently, the total Mulliken spin magnetic moment converges to approximately zero (X, ~ -0.000uz), as
summarized in Table 2, confirming the absence of intrinsic magnetism in the pristine nanosheet. These extremely small
residual moments fall well within the numerical uncertainty associated with Mulliken charge and spin partitioning and
therefore cannot be interpreted as evidence of genuine magnetic ordering.

Further orbital-resolved analysis reveals spin-symmetric occupations of the Si s/p and C p states, with no observable
exchange splitting near the Fermi level. Overall, these findings demonstrate that pristine SiC nanosheets possess a fully
spin-degenerate, non-magnetic ground state, in excellent agreement with previous first-principles studies on two-
dimensional SiC systems [30,31]. This non-magnetic reference state provides a robust baseline for identifying and
quantitatively assessing dopant-induced magnetism upon Au substitution.

Site-resolved Mulliken spin magnetic moments of the pristine 80-atom SiC nanosheet
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Figure 9. Site-resolved Mulliken spin magnetic moments of the pristine 80-atom SiC nanosheet, showing complete compensation
between Si and C contributions and a vanishing net magnetic moment

Table 2. Element-resolved Mulliken spin magnetic moments for the pristine 80-atom SiC nanosheet

Element Number of atoms Spin moment range (u) Total contribution (us)
Si 40 +0.011 to +0.012 = +0.48
C 40 -0.010 t0 -0.013 ~-0.48
Total 80 — 0.000

3.2.2. Single Au Substitution: 1Au@1Si Configuration
The substitution of a single Si atom by Au induces a pronounced magnetic response in the SiC nanosheet. The atom-
resolved Mulliken spin magnetic moments shown in Fig. 10 reveal a strongly inhomogeneous and localized spin
distribution, which is characteristic of induced magnetism governed by dopant—host interactions. The total magnetic
moment reaches approximately 3.00 uB, indicating the emergence of a ferromagnetic-like state (Tables 3 and 4).

Significant Mulliken spin magnetic moments (|uB| > 0.1)
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Figure 10. Atom-resolved Mulliken spin magnetic moments for the 1Au@]1Si-doped SiC nanosheet

Table 3. Element-resolved Mulliken spin magnetic moments for the 1Au@]1Si configuration

Element |Number of atoms | Sum of spin moments (us) | Mean per atom (us) | Max |moment| (iB) Min (uB) |Max (uB)
C 40 8.781 0.2195 2.543 -0.011 2.543

Si 39 -4.520 -0.1159 0.583 -0.583 0.001
Au 1 -1.254 -1.2540 1.254 -1.254 -1.254
Total 80 ~3.00
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The reported total spin moment is 3.003pp. Minor deviations on the order of 10-3up arise from rounding of atom-
resolved values.

Table 4. Dominant spin-carrying atoms in the 1 Au@1Si configuration

Atom index Element Spin moment (puB)
56 C +2.543
67 C +1.839
57 C +1.834
62 Au -1.254
51 Si -0.583
61 Si -0.581
52 Si -0.541
63 Si -0.537
71 Si -0.531
72 Si -0.531
55 C +0.379
46 C +0.348

Notably, the Au dopant itself carries a sizable negative local magnetic moment (—1.25 pB), whereas several
neighboring carbon atoms exhibit unusually large positive moments exceeding +2.5 puB. The unusually large Mulliken
moments obtained for several carbon atoms should be interpreted with caution because Mulliken populations depend on
the employed basis set and population scheme.

This behavior suggests that the dominant magnetic contribution does not originate from the Au atom but is instead
mediated by the surrounding carbon sublattice through strong Au—C hybridization. Such a redistribution of spin density
is commonly associated with induced magnetism in doped sp-electron systems [32,33].

In contrast, silicon atoms acquire relatively small antiparallel magnetic moments, acting as a compensating magnetic
background. Element-resolved analyses (Figs. 11 and 12) confirm that carbon provides the dominant positive contribution
to the net magnetization, while both Si and Au contribute negatively. Atoms located far from the dopant site exhibit near-
zero spin magnetic moments, confirming the localized nature of the magnetic perturbation.

These results demonstrate that even a single Au substitution is sufficient to generate robust magnetism in SiC
nanosheets. Importantly, the magnetization is largely delocalized over the carbon framework rather than being confined
to the heavy dopant atom, highlighting the central role of host-mediated spin polarization in Au-doped SiC
systems [34,35].

Element-resolved mean Mulliken spin magnetic moments

Element-resolved total Mulliken spin magnetic moments \ ) !
for the 1Au@1Si configuration
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Figure 11. Element-resolved total Mulliken spin magnetic Figure 12. Element-resolved mean Mulliken spin magnetic
moments for the 1Au@]1Si configuration moments for the 1Au@1Si-doped SiC nanosheet

3.2.3. Double Au Substitution: 2Au@?2Si Configuration (General State)

Spin-polarized calculations for the 2Au@2Si configuration reveal a further enhancement of the magnetic response
compared to the single-dopant case. As shown in Fig. 13, only a limited number of atoms exhibit significant local
magnetic moments (Ju| > 0.1pg), indicating a highly localized yet intensified induced magnetism mechanism. The largest
positive magnetic moments are predominantly localized on carbon atoms, reaching values of up to +2.41ug, whereas
silicon atoms and Au dopants exhibit negative (antiparallel) spin polarization.

Element-resolved integration (Fig. 14 and Table 5) demonstrates that carbon provides a large positive total spin
magnetic moment (+19.06pg), while silicon (—10.44uB) and gold (—2.62us) contribute compensating negative moments.
The incomplete cancellation between these opposing sublattices results in a finite net magnetic moment of approximately
6.01us, confirming the stabilization of a ferrimagnetic-like ground state.
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Significant Mulliken spin magnetic moments (|u| > 0.1 uB)
for the 2Au@2Si-doped 80-atom SiC nanosheet
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Figure 13. Local Mulliken spin magnetic moments for the 2Au@2Si-doped SiC nanosheet (Ju| > 0.1uB)
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moments for the 2Au@2Si configura-tion moments for the 2Au@?2Si-doped SiC nanosheet

Table 5. Element-resolved magnetic characteristics of the 2Au@2Si-doped 80-atom SiC nanosheet

Flement Number of | Total spin moment | Mean spin moment per atom Maximum (us) Dominant spin role
atoms (uB) (us/atom)
¢ 40 +19.059 +0.476 +2.410 Primary spin
polarization carrier
St 38 -10.437 -0.275 -1.005 Antiparallel
(compensating) host
Au 2 -2.616 -1.308 -1.319 Dopant-induced
antiparallel center
Total (Sum) 80 +6.007 ) ) Net ferromagnetic
: moment

3.2.4. Ferromagnetic and AFM-Initialized 2Au@?2Si Configuration: Robust Carbon-Mediated Induced
Ferrimagnetism and Spin-Compensation Mechanism

When the 2Au@?2Si-doped 80-atom SiC nanosheet is initialized in a ferromagnetic (FM) state, the system converges
to a stable spin-polarized solution with a net magnetic moment of Zu =~ 6.007 uB. This behavior demonstrates that Au
substitution induces an intrinsic magnetic response rather than a metastable artifact associated with the initial spin
configuration (Tables 6 and 7). Atom-resolved Mulliken spin magnetic moments reveal that the magnetization is highly
nonuniform and predominantly localized on a limited number of lattice sites in the vicinity of the do-pant-induced
perturbation. The largest positive moments are hosted by carbon atoms (e.g., C7 = +2.404 ug, Cs7~+2.372us, C6 ~+2.331 g,
Cse ~+2.317ug, Cs7 = +1.983ug, and Cis = +1.821p3), as summarized in Table 10 and illustrated in Figures 16-18.

This pronounced localization on the carbon sublattice is physically consistent with a carbon-mediated induced-
magnetism mechanism. Au substitution at Si sites perturbs the local bonding environment and electronic potential
landscape, leading to reconstruction and spin splitting of C-p—dominated electronic states near the Fermi level. Within
this mechanism, the dopant primarily acts as a spin polarizer that enables exchange-driven imbalance in the host electronic
states, while the carbon sublattice becomes the principal reservoir of positive spin density. Element-resolved total
moments corroborate this interpretation, showing that carbon provides the dominant positive contribution
(ZW(C) = +19.057us), whereas the silicon framework and Au dopants contribute antiparallel (negative) polarization
(Zu(Si) = —10.450 pp and Zp(Au) = —2.599us), as reported in Table 7.
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Table 6. Statistical summary of selected atom-resolved Mulliken local spin magnetic moments (us) for the FM-initialized 2Au@2Si-

doped SiC nanosheet

Descriptor Local moment (uB) Atom(s)/index(es) Brief comment
Au (mean) -1.300 Au(11)=-1287, Au(62)=-1.312 | Audopants alignantiparallel to the net
magnetization
Auw -1.287 Au(l1) Substitutional Au at Si site
Auz -1.312 Au(62) Substitutional Au at Si site
C (maximum) 42,404 c(7) Strong Au-C hybridization, dominant

spin polarization

+2.372, +2.331, +2.317,

C (high values) +1.983. +1.821

C(67), C(6), C(56), C(57), C(16)

Majority of magnetization localized
on the C sublattice

Si sublattice provides compensating

Si (largest |u) -0.998 Si2) (antiparallel) contribution

Si (smallest |u]) -0.005 Si(34) Near-zero moment,  weak  spin
polarization

Total moment (sum) | 6.007 - Net magnetization: FM,

ferrimagnetic-like distribution

Table 7. Element-resolved Mulliken spin magnetic moments for the FM 2Au@2Si-SiC nanosheet.

Element Number of atoms Total spin moment (uB)
C 40 19.0570

Si 38 -10.4500

Au 2 -2.5990

This antiparallel partitioning is also reflected in the element-resolved mean magnetic moments (Figures 16 and 17),
indicating that Si and Au atoms do not suppress the magnetization but instead participate through spin compensation.
Specifically, they develop induced negative moments that partially offset the strong carbon-derived magnetization. Such
a compensated spin arrangement is most appropriately described as ferromagnetic-like, since different sublattices carry
oppositely oriented spin polarization whose magnitudes do not fully cancel, resulting in a finite net magnetic moment.

2Au@2Si (FM): Atom-resolved Mulliken spin moments (jm| > 0.1 uB)
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Figure 16. Element-resolved mean spin magnetic moments. Carbon atoms exhibit a dominant positive contribution that governs
the ferromagnetic net response, while Si and Au show antiparallel (negative) polarization, providing partial compensation
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Figure 17. Element-resolved mean Mulliken spin magnetic
moments for the FM 2Au@2Si-doped SiC nanosheet, showing
positive spin polarization on C atoms and compensating negative
moments on Si and Au, with Au contributing the largest negative
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A critical stability test is provided by the antiferromagnetic (AFM) initialization. If the magnetism were merely an
imposed FM solution, an AFM initial condition would be expected to relax toward a compensated AFM state (X — 0)
or to a qualitatively different local-moment distribution. Instead, the AFM-initialized calculation converges to essentially
the same non-compensated magnetic solution with Zu =~ 6.007ug (Table 8), demonstrating that the magnetic ground state
is robust against the initial magnetic ordering and is dictated by intrinsic dopant—host interactions.

Table 8. Element-wise summary of Mulliken magnetic moments for the AFM 2Au@?2Si—SiC nanosheet

Element Number of | Total magnetic Mean magnetic Mean |y Minimum p Maximum p
atoms (N) moment, X (uB) moment, (1) (us/atom) (uB/atom) (1B) (uB)

Au 2 —2.596 —1.298 1.298 —1.310 —1.286

C 40 +19.055 +0.476 0.477 —0.003 +2.397

Si 38 —10.452 —0.275 0.275 —0.997 —0.005

Total 80 +6.007 — — — —

Atom-resolved AFM moments (Figure 19 and Table 9) confirm that the largest positive moments remain localized
on carbon sites (maximum ~+2.397ug on C7, followed by ~ +2.374 pg on Ce; and =+2.335u5 on Cs), while both Au
dopants retain sizeable antiparallel moments (Au;; =-1.286 pg and Aus, =~ -1.310u3z). Silicon atoms again act as distributed
compensating centers, with the largest magnitude observed at Si2 (=-0.997up).

2Au@2Si (AFM): Atom-resolved Mulliken spin moments

Mulliken spin magnetic moment (uB)

Atom index
Figure 19. Atom-resolved Mulliken spin magnetic moments for the AFM-initialized 2Au@?2Si—SiC nanosheet

Table 9. Statistical summary of selected atom-resolved Mulliken local spin magnetic moments (1B) for the AFM-initialized 2Au@?2Si-
doped SiC nanosheet

Descriptor Local moment (us) Atom(s)/index(es) Brief comment

Au (mean) -1.298 Au(11) =-1.286, Au(62) = -1.310 | “u dopants polarize in an antiparallel
direction

Aw -1.286 Au(l1) Substitutional Au at a Si site

Auz -1.310 Au(62) Substitutional Au at a Si site

C (maximum) 42397 () Strong Au—C hybridization, dominant

spin polarization

Majority of the magnetization is localized
on the carbon sublattice

Si sublattice provides compensating

+2.374,+2.335, +2.313,

C (high values) +1.980. +1.819

C(67), C(6), C(56), C(57), C(16)

Si (largest ) —0.997 8i(2) (antiparallel) contribution

Si (smallest |p) ~0.005 Si(34) Near-zero moment, weak spin
polarization

Total moment (sum) | 6.007 o Finite net magnetic moment (based on
total sum)

Element-resolved decomposition in the AFM state (Figures 20-21 and Table 9) quantitatively reproduces the FM
partitioning: Zu(C) ~+19.055 pp, Zpu(Si) =-10.452 pp, and Zp(Au) =-2.596us, yielding the same net magnetic moment
through incomplete sublattice cancellation.

This unified physical picture is reinforced by the comparative summary across the General, FM, and AFM solutions
(Figure 22 and Table 10). The consistency of (i) the mean local moment on Au atoms (= -1.30uB), (ii) the maximum local
moments on carbon atoms (=+2.40ug), (iii) the ex-trema of Si moments (largest || =~ -1.0uB and smallest ~ -0.005uB),
and (iv) the total magnetic moment Zp ~ 6.0pus demonstrates that the magnetization is not confined to the dopant sites but
is redistributed over the SiC lattice with a dominant carbon character.
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2Au@2Si (AFM): Element-resolved mean spin moment
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Figure 22. Atom-resolved Mulliken spin magnetic moments of the 2Au@2Si-doped SiC nanosheet comparing the general, FM,

and AFM configurations
Table 10. Unified comparison of Mulliken spin magnetic moments for the 2Au@?2Si—doped SiC nanosheet under General, FM, and
AFM configurations
Quantity /Descriptor General FM configuration | AFM configuration Physical interpretation
Y p configuration gu gu Y P
Au dopants consistently
Au (mean local -1.298 41,300 -1.298 show antiparalle]

moment, )

polarization

Aul(uB) -1.286 (Auir) -1.287 (Auin)

-1.286 (Au11) Substitutional Au at Si site

Au2(uB) -1.310 (Aug2) -1.312 (Aus2)

-1.310 (Aue2) Substitutional Au at Si site

C (maximum local

moment, js) +2.410 (C7)

+2.404 (C7)

Strong Au-C hybridization,

+2.397 (C7) dominant spin polarization

. +2.383, +2.331, +2.372,+2.331, Spin density mainly

glégfggshlgh) local +2.316, +1.998, +2.317, +1.983, ﬁ'ggg’ ﬁg?g 2313, ocalized on selected C
» U8 +1.828 +1.821 e atoms
Si (largest) n (uB) -1.005 (Si2) -0.998 (Si2)
Si (smallest n (uB) -0.005 (Siz4) -0.005 (Siz4)
Total moment Sp (us) | = 6.007 6.007 6.007 E‘(’E::;fet magnetic
Magnetic character Ferrimaenetic-like M/ AFM-initialized — Ground state is insensitive
& £ ferrimagnetic-like | ferrimagnetic to initial spin ordering

From a spintronics perspective, this behavior is particularly advantageous. A robust, nonzero net magnetic moment
that is insensitive to the initial spin configuration implies a stable magnetic response under perturbations, while the
carbon-dominated spin polarization suggests that transport-relevant electronic states may acquire significant spin
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selectivity through host-state exchange splitting. Overall, the FM/AFM convergence behavior, together with the element-
wise compensation pattern, provides strong evidence that Au substitution at Si sites stabilizes a carbon-driven,
compensated ferrimagnetic-like magnetic ground state in SiC nanosheets, governed by induced spin polarization and
dopant-host hybridization effects (Figures 16-21; Tables 5-9; Figure 22; Table 10) [30-44].

3.3. Curie Temperature Estimation and Magnetic Stability of Au-Doped SiC Nanosheets

In this section, the magnetic stability and Curie temperature—related characteristics of pristine and Au-substituted
SiC nanosheets are systematically investigated within a first-principles framework. Spin-polarized density functional
theory (DFT) calculations combined with Mulliken spin population analysis were employed to examine five
representative configurations: pristine SiC nanosheet, single Au substitution at a Si site (1Au@]1Si), double Au
substitution at two Si sites (2Au@2Si) in the non-magnetic (NM) state, as well as ferromagnetic (FM) and
antiferromagnetic (AFM) initializations of the same 2Au@?2Si composition. This strategy enables a consistent assessment
of dopant-induced magnetism and the energetic preference among different magnetic states under identical computational
conditions.

The total energies of all configurations were calculated using the same computational parameters. For accurate total-
energy comparisons, the electronic smearing was reduced to a very small value to minimize entropy-related contributions
while maintaining numerical stability (Table 11). These energies form the basis for analyzing magnetic ordering and
estimating the Curie temperature.

Table 11. Total energies of pristine and Au-substituted SiC nanosheets calculated under identical conditions for non-magnetic (NM),
ferromagnetic (FM), and antiferromagnetic (AFM) states of the 2Au@?2Si configuration

Configuration Total energy (eV)
Pristine SiC nanosheet -13295.45214
1AulSi -14484.79843
2Au(2Si) -15514.21941
FM_2Au(2Si) -15514.28516
AFM_2Au(2Si) -15514.28677

It should be noted that direct comparison of absolute total energies between pristine, 1Au@]1Si, and 2Au@2Si
systems is not physically meaningful due to their different atomic compositions; such comparisons require a formation-
energy analysis. In contrast, for the same 2Au@?2Si composition, direct comparison among NM, FM, and AFM solutions
is valid and allows reliable evaluation of magnetic stability [45].
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Figure 23. Total energy comparison for pristine SiC, 1 Au@S$i, and 2Au@2Si configurations in non-magnetic (NM),
ferromagnetic (FM), and antiferromagnetic (AFM) states, showing energetic preference of magnetic solutions over the NM state
for 2Au@?2Si.

As summarized in Table 11 and illustrated in Figure 23, both magnetic solutions are significantly more stable than
the non-magnetic reference state. The AFM initialization yields the lowest total energy, followed very closely by the FM
state, establishing the energetic hierarchy

Egpm < Epy K Eyy

This result indicates that spin polarization provides a substantial stabilization of the Au-doped system, while the
precise spin alignment plays a secondary role.



264
EEJP. 3 (2026) Sevda Rzayeva, et al.

The energy gain associated with the onset of magnetism, which quantifies the stabilization of the magnetic phase,
is defined as

AEmag = Eyy — Epy @)

yielding AE,,, = 0.06575meV. Furthermore, the energy difference between the AFM and FM configurations,
AE py-rm = Eppy — Epm = —1.61 meV (®)

is extremely small, indicating a near degeneracy between these two magnetic states (Figure 24). Such a small exchange
energy suggests weak magnetic coupling and implies that the magnetic ground state is only weakly sensitive to the relative
spin alignment, with the dominant driving force being the overall energy lowering due to spin polarization [46-48].

2Au(2Si): Magnetic ordering energy comparison
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Figure 24. Relative energy differences (AE, meV) between NM, FM, and AFM states for the 2Au@2Si system, showing a small
FM-AFM splitting (~1-2meV) indicative of near-degenerate magnetic orderings

The Curie temperature (Tc), which characterizes the thermal transition from a spin-polarized magnetic phase to a
spin-degenerate paramagnetic state, was estimated using the mean-field approximation (MFA). This approach is widely
adopted in first-principles studies of low-dimensional magnetic systems due to its conceptual simplicity and ability to
provide qualitative trends in magnetic ordering temperatures [49, 50]. Within the MFA framework, the Curie temperature
is directly related to the magnetic stabilization energy according to

2
kg THFA % 2 AE gy )

Where kg=8.617x107° ¢V/K is the Boltzmann constant and AE,,, represents the energy gain due to spin polarization.
Using the calculated magnetic stabilization energy AE,,, = 0.06575 eV for the 2Au@2Si configuration, the Curie
temperature is estimated as

0.06575

TMFA —
8.617x1075

A = 2 ~5.1-102K.
Thus, the MFA-estimated Curie temperature of the Au-doped SiC nanosheet is approximately 510 K.

It should be emphasized that the present Curie temperature represents a mean-field approximation (MFA) estimate.
The MFA neglects thermal spin fluctuations and spin-wave excitations, which are known to reduce the actual magnetic
ordering temperature, particularly in low-dimensional and two-dimensional magnetic systems. Therefore, the calculated
Tc value should be regarded as an approximate upper-limit estimate that reflects the tendency toward magnetic ordering
rather than an exact prediction of the experimental Curie temperature.

The total-energy comparison for the five investigated configurations is summarized in Figure 23, which clearly
shows that magnetic solutions for the same 2Au@2Si composition are energetically favored over the non-magnetic
reference state. Furthermore, Figure 24 highlights the relative energy differences between the NM, FM, and AFM states
for the 2Au@2Si system. The very small AFM—FM energy splitting (=1-2 meV) indicates near degeneracy between
different magnetic orderings, implying weak exchange interactions but a robust stabilization against the non-magnetic
state.

A comparison of the estimated Curie temperature of the present Au-doped SiC nanosheet with previously reported
transition-metal-doped SiC-based low-dimensional systems is provided in Table 12. Notably, the predicted Tc of
approximately 510K exceeds those reported for V-, Fe-, and Mn-doped SiC nanostructures calculated using similar DFT-
based MFA approaches [50]. This comparison highlights the effectiveness of Au substitution in stabilizing thermally
robust magnetism in two-dimensional SiC systems.
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Table 12. Comparison of Curie temperatures of transition-metal-doped SiC-based low-dimensional systems calculated using DFT-

based mean-field approximations, highlighting the highest estimated Curie temperature for the present Au-doped SiC nanosheet.

System Method Tc (K) Reference
V-doped SiC nanotube DFT+U (MFA) 420 Physica E 158 (2024) 115641
. Materials Science in Semiconductor Processing
Fe-doped SiC nanosheet DFT+U (MFA) 460 197 (2025) 109702
. Journal of Magnetism and Magnetic Materials
Mn-doped SiC nanosheet DFT (MFA) 380 530 (2021) 167926
Au-doped SiC nanosheet (this work) DFT+U (MFA) =510 Present work

The dependence of the Curie temperature on the magnetic stabilization energy is illustrated in Figure 25, which
shows the linear relationship between Tc and AEmag within the MFA framework.

Relation between AE and Curie temperature (MFA)
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Figure 25. Mean-field-approximation (MFA) Curie temperature Tc as a function of the NM—FM energy difference AE,
illustrating the estimated magnetic ordering temperature of the Au-doped SiC nanosheet.

The corresponding temperature dependence of the normalized magnetization is constructed using the standard mean-

field expression

as shown in Figure 26.

Tc

Mo

M:(l r\1/2

)/, T<T,,

(10)

While pristine SiC and the non-magnetic reference configuration exhibit vanishing magnetization over the entire
temperature range, the 2Au@?2Si system retains a finite magnetization up to approximately Tc=510K, confirming the
thermal robustness of the dopant-induced magnetic state.

Magnetization-Temperature curves (only DFT-valid Tc cases)
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Figure 26. MFA-calculated normalized magnetization (M/M0) for 2Au@?2Si, showing finite magnetization up to the estimated
Tc = 510 K within the mean-field approximation

Overall, the combined Mulliken spin population analysis, total-energy stability assessment, and MFA-based Curie
temperature estimation consistently demonstrate that double Au substitution at Si sites stabilizes a robust high-
temperature magnetic phase in SiC nanosheets. Importantly, the magnetism is predominantly mediated by dopant-induced
electronic reconstruction within the carbon sublattice rather than by localized magnetic moments on the Au atoms
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themselves. The MFA-estimated Curie temperature suggests the possibility of magnetic ordering above room
temperature. However, more sophisticated approaches beyond the mean-field approximation would be required to
quantitatively predict the experimental Curie temperature.

4. CONCLUSIONS

In summary, a comprehensive spin-polarized first-principles investigation has been carried out to elucidate the
electronic structure, magnetic behavior, and thermal stability of Au-doped two-dimensional SiC nanosheets. Single
(1Au@Si) and double (2Au@2Si) substitutional doping configurations were systematically examined in a large supercell
framework to minimize artificial dopant—dopant interactions and ensure a reliable assessment of intrinsic properties.

The results demonstrate that Au substitution provides an effective route for band-gap engineering in SiC nanosheets,
leading to pronounced band-gap narrowing while preserving spin-degenerate band dispersions and the overall
semiconducting character of the host material. Orbital-resolved density-of-states analysis reveals that the electronic
reconstruction near the Fermi level is dominated by Au 5d states, with comparatively minor contributions from Au 6s and
6p orbitals.

Despite the absence of exchange splitting in the band structure, Mulliken spin population analysis uncovers robust
dopant-induced magnetism mediated predominantly by the carbon sublattice. In the 1Au@Si configuration, a net
magnetic moment of approximately 3 uB is stabilized, whereas double Au substitution gives rise to a ferrimagnetic-like
ground state with a total magnetic moment of about 6 uB. Importantly, the magnetic solution is found to be insensitive to
the initial spin configuration, as ferromagnetic and antiferromagnetic initializations converge to nearly identical magnetic
states, highlighting the intrinsic and robust nature of the induced magnetism.

Total-energy comparisons confirm that spin-polarized states are energetically favored over the non-magnetic
reference, with a very small energy difference between ferromagnetic and antiferromagnetic solutions. Mean-field
estimation based on first-principles total-energy differences yields an estimated Curie temperature of approximately 510
K for the 2Au@2Si configuration. Since the mean-field approximation neglects thermal spin fluctuations, this value
should be regarded as an approximate upper-limit estimate, suggesting the possibility of magnetic ordering above room
temperature.

Overall, the present study establishes Au-doped SiC nanosheets as a promising class of two-dimensional dilute
magnetic semiconductors in which band-gap tunability and the possibility of high-temperature magnetic ordering coexist.

The carbon-mediated nature of the induced magnetism, combined with the preservation of semiconducting behavior,
highlights the strong potential of these systems for future spintronic and multifunctional nano-electronic applications.
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30J10TO-THIYKOBAHUI MATHETHU3M TA TEPMIYHA CTABUIBHICTDH Y HAHOJIUCTAX SiC: DFT+U
Cenna P3acpal, IOagom SIky6os2, Ymemxon Xaainos>*5, Madryn Amies®, Apiean Illapon Acape’®
L Asepbationcancekuti Oepicasnuii ynisepcumem nagmu ma npomuciosocmi, npocnexm Aszaonue, 20, AZ-1010, Baky, Azepbaiioxcan
2Incmumym 3azanvhoi ma neopeaniunoi ximii, Mipzo-Ynyebex 77-a, 100170 Tawkenm, Y3bexucman
3Inemumym ionno-naasmosux ma nazeprux mexnonozit in. Apigposa, JJypmon roni 33, 100120 Tawxenm, Yzbexucman
*Aumeepnencokuil ynieepcumem, I'pionenbopzepnan 171, Anmeepnen 2020, benvzis
Slnoicenepna wixona, Llenmpanonoasiamcoxuit ynisepcumem, Tawxenm 111221, Ysbexucmar
SHaxuusancokuii depoicasnuil yrnicepcumem, Haxuueanv, Azepbatiocan
"Kagpeopa ¢pizuxu, Yuieepcumem Ianu
SMincnapoonuii yenmp meopemuunoi gizuxu imeni A60yca Canama (ICTP), Imanisn

JlBoBuMipHi HaHOMUCTH KapOimy kpemHito (SiC), jeroBaHi 30JI0TOM, JOCITIKYIOTBCSA 32 JOMOMOTO TEOpil CIiH-MOJSIPH30BAHOT
rycruan (DFT+U) asst BuBUeHHS IXHBOT €IEKTPOHHOI CTPYKTYPH, iHJAyKOBAaHOTO MarHeTHU3My Ta TepMiuHol ctabinpHocTi. OnuHapHi
(1Au@Si) Ta noxgiitni (2Au@?2Si) koH}irypauii 3aMilIeHHS MOJCTIOITHCS B CynepKoMipii 4x4 st 3abe3nedeHHs HaaiiiHOT OLiHKH
BJIACHUX BJIACTUBOCTEH. BKIItOUeHHs Au 3HaYHO 3BY)KYy€ IIUPUHY 3a00pOHEHOI 30HH, 30epirarodu mpu MbOMY HaIiBIIPOBiTHUKOBHI
xapaxTep HaHomucta SiC. AHaJi3 TYCTUHH CTaHIB 31 CIIIHOBUM PO3Pi3HEHHSM MOKAa3ye, M0 Sd-opOiTani Au JOMIHYIOTh B €IEKTPOHHHIX
cranax mobuusy pisas @epmi. Hezarkaroun Ha Maiixke CIiH-BHPOJDKEHI IUCTIEPCil 30H, aHANI3 CHIHOBOI oMy il MajutikeHa BUSBIISE
IHlyKOBaHHH JICTYIOUNMH PEYOBHHAMH MarHETU3M, ONOCEPEAKOBaHUH cyciqHiMu aToMaMu ByTirerio. Cuctema 1 Au@Si neMoHCTpye
MarHiTHU# MoMeHT ~3 UB, Toxi sik koHpirypanis 2Au@?2Si crabdinizye (peprMarHiTHUI CTaH i3 3arajlbHUM MarHiTHUM MOMEHTOM ~0
uB. Y HabnmxkeHHI cepelHBOro Mojis omiHeHa Temmeparypa Kropi cranoButh npubamsuo 510 K, mo cBiguuTh mpo MOXKIHBICTH
MarHiTHOI cTabiIbHOCTI BHUIIE KIMHATHOI TEMIIEpaTypH Ta MOTEHLiiHEe 3aCTOCYBaHHS B CIIIHTPOHIYHUX IPHCTPOSIX.

Kurouosi cinoBa: nanonucmu SiC; necysanns 3010mom; CninmpoHixa, po30aeieHi MazHimmi HanienPoOGiOHUKU, Meopis QYHKYIOHATY
eycmunu; memnepamypa Kwopi
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