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A theoretical analysis of the frequency—temperature dependence of the single-photon absorption coefficient of polarized radiation in
narrow- and wide-bandgap semiconductors is conducted, considering intraband optical transitions and including the coherent saturation
effect. It is shown that with a fixed radiation frequency, the single-photon absorption coefficient initially increases with temperature,
reaches a maximum, and then decreases. The position of this maximum shifts to lower frequencies for both narrow- and wide-bandgap
semiconductors when the temperature dependence of the bandgap width and the effective masses of holes are taken into account. In
semiconductors with a zinc-blende lattice structure, accounting for the temperature variation of band parameters leads to a reduction
in the amplitude of the frequency and temperature response of the single-photon absorption coefficient. As temperature rises, the
absorption threshold diminishes, an effect which is especially noticeable when using the Passler bandgap model. Each type of intraband
optical transition contributes differently to the frequency, temperature, and polarization dependence of the absorption coefficient
K@ (w, T) for transitions involving the split-off band (SO) and light-hole (LH) band.

Keywords: Probability of single-photon transitions; Coefficients of single-photon absorption and linear-circular dichroism, Coherent
saturation effect; Temperature dependence of the band gap
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INTRODUCTION

The absorption of light associated with optical transitions between the heavy-hole and light-hole subbands of the
valence band in cubic symmetry has long been studied both theoretically and experimentally (see, for example, [1-3] and
the references therein).

In studies [4-9], theoretical investigations were conducted on one- and multi-photon absorption caused by both
interband and intraband optical transitions. In [8], multi-photon intraband Larmor cyclotron resonance (LCR) in p-Ge was
examined under conditions of strong nonlinearity, where multi-photon processes contribute comparably to the absorption.
In [4, 6-9], the spectral and temperature dependences of the multi-photon absorption coefficient and LCR in semiconductors
with complex band structures were described. In [10, 11], saturation of the vertical optical transition rate in regions of higher
intensity and nonlinear light-intensity-dependent photocurrents induced by direct optical transitions between topological
surface and bulk states in three-dimensional topological insulators were observed. In [12], a microscopic theory of nonlinear
edge photocurrent in graphene illuminated by terahertz radiation was developed, while in [13], single- and multi-photon
interband optical transitions in monolayers of transition metal dichalcogenides were analyzed. Studies [14-17]
experimentally investigated two-photon absorption of unpolarized light in GaAs, InP, GalnAs, InSb, InAsP.

The analysis of our calculations for the LCR coefficient (the probability of light absorption with linear and circular
polarization) indicates that accounting for the effect of coherent saturation leads to a distinctive polarization dependence.
Therefore, it is of interest to theoretically investigate the LCR coefficient and light absorption as a function of the angle
between the wave vectors of charge carriers and photons. This is related to optical transitions from the light-hole and
heavy-hole subbands to the spin-orbit split-off subband, as well as the contribution of the coherent saturation effect [5-9]
to the LCR coefficient and light absorption, considering the temperature dependence of band parameters (bandgap width
and effective masses of charge carriers). The present work is dedicated to studying these phenomena.

In direct-gap semiconductors with a degenerate valence band, single-photon absorption can occur not only via interband
transitions but also via intraband transitions between different valence subbands. In a zinc-blende semiconductor, the top of
the valence band (comprising the heavy-hole and light-hole bands, which are degenerate at k = 0) is split by spin—orbit
coupling: a lower-lying split-off valence band is separated from the heavy/light-hole valence band by an energy A, [13].
Here Ay, (often called the spin—orbit splitting energy) denotes the energy gap between the split-off (SO) band and the top
of the valence band. Intraband single-photon absorption refers to optical transitions that take place within the valence
band, for example between the heavy-hole (HH) band and the split-off band (SO). These transitions require the presence
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of initial carriers (holes) in one of the bands; in p-type or intrinsic material at finite temperature, a certain fraction of the
valence band states are empty (holes are present) allowing such absorptions to occur. Because the intraband transition
energies are generally lower than the fundamental bandgap E,, they are manifested as absorption in the infrared or far-
infrared range (for instance, the HH—-SO transition in GaAs with Ag, = 0.34 eV would correspond to a ~3.6um photon).

Previous studies of one-photon absorption have mostly focused on interband processes and associated phenomena
such as optical orientation of carriers [14] and nonlinear absorption saturation. Nonlinear light absorption in
semiconductors with degenerate bands, caused by direct optical transitions between subbands of heavy and light holes,
and its dependence on radiation polarization, was examined in a number of works [15]. However, the intraband single-
photon absorption mechanism — especially including the effects of coherent saturation at high light intensities — has
remained less explored. The coherent saturation effect refers to the reduction of absorption at high photon flux, due to
depletion of initial-state carriers and other many-body effects that saturate the optical transition probability [16]. In the
context of intraband transitions, this means that beyond a certain intensity, the absorption of additional photons is
diminished because the available holes in the initial band are being exhausted (or the population distribution is driven
towards equilibrium between the bands).

In this work, we develop a theoretical description of intraband single-photon absorption in direct-gap
semiconductors of the zinc-blende type, explicitly including the coherent saturation effect. We consider both narrow-
bandgap and wide-bandgap materials to highlight how A, and other band parameters influence the absorption behavior.
We also take into account the temperature dependence of the band structure parameters (such as Ej; and effective masses),
since temperature can significantly affect the absorption coefficient spectrum. Our aim is to derive analytic expressions
for the polarized absorption coefficient K™ (w, T) for intraband transitions, and to analyze how this coefficient depends
on temperature, photon frequency, and light polarization in both low- and high-intensity regimes.

The polarization dependence of the probability of intraband optical transitions in A3BS semiconductors
with a degenerate valence band
It is known [2] that the absorption coefficient of N -photon light is K ™) determined in the following form:

(@)
K™ = Nhow WT )

where W®) is the probability of N -photon absorption per unit volume of light, defined as [2, 5-9]. For the intraband
case, we consider transitions from the HH or LH subbands to the split-off (SO) subband, whose energy dispersion is given
by

2 k2 hz k2 hZ k2

, Epn(k) =—— Ego(k) =A4A;p +—.
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here my,, myy, and mg,, are the effective mass. mg, is effective mass in the spin-orbit (SO) valence subband. As noted
above, my, is the energy gap between the top most valence edge (HH/LH) and the SO band at k = 0. The squared matrix
elements governing these intraband transitions depend on polarization. For single-photon absorption, transitions from
valence band to spin-orbit band, with relative strengths determined by angular momentum selection rules [2,5-9].
Accounting for Coherent Saturation Effects in Single-Photon Intraband Absorption To include the coherent saturation
effect, we adopt the approach of Refs. [5-9],

Y
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where m, m' = +1/2 corresponds to states in the light-hole and spin-orbit split-off subbands, m, m' = +3/2 corresponds
to states in the heavy-hole subband [18, 19], <Zm,m’ M

nmn’,m

Y
,(k)| ) is the value of the squared modulus of the

composite matrix element of the optical transition, averaged over the solid angles of the hole (E) wave vector, for a
transition from state |nE> to |n’l_€) (|ni€) - |n’E)), En’Tc(EnE) and f (fn%) are the energy and distribution function of
charge carriers in the initial (or final) state, and A is the vector potential of the electromagnetic wave:

j(,-g' £) = Ayde i0tHaT 4 A g*olwt—idt 3)

hw(hq) is the energy (momentum) of the photon, € and A, are the polarization vector and the amplitude of the vector
potential, respectively:

(ﬂ)z _ _2me? @)

moc cw?min,’

I is the light intensity, n, = % is the refractive index of the semiconductor, and the remaining terms are well-known
quantities.
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It should be noted that when calculating, for example, the frequency or temperature dependence of W™ for both
intraband and interband N-photon optical transitions, the choice of the electron-photon interaction operator, which is part
of the composite matrix element of the transition, is crucial [5-9]. Depending on the chosen operator, the relative
contribution of various optical transition channels, W ™which differ in their virtual states, may increase or decrease.

Let us analyze the optical transitions occurring from the hole subbands to the spin-orbit split—off subband (see Fig. 1),
h2k?

where the energy dispersion for light and heavy holes can be expressed as: Elh(k) and Ehh(k) Ty
hh

2— Here, mm(mnn) represents the effective

mass of light (heavy) holes, and Ag, is the spin-orbit splitting energy, the numerical values of which for several
semiconductors are provided in [20].

respectively, and for the spin-orbit split-off subband as: Eg, (k) Ago +

V.£1/2) |SO.£1/2) |v.21/2) |SO.FU/2) |7,23/2) |[SO.x1/2) |V.43/2) |SO.%1/2)
% b) ¢ d)

Figure 1. Feynman diagrams describing intraband optical transitions in semiconductors

It should be noted that when the photon energy satisfies the condition Agy < Aw, then: a) In wide-bandgap
semiconductors (e.g., GaAs, where 4Ago(Ey, and E; is the bandgap width), optical transitions from the heavy- and light-
hole branches to the spin-orbit split-off subband are allowed. b) In narrow-bandgap semiconductors (e.g., InSb, where
As0)Ey), optical transitions occur in two stages. First, transitions take place between the valence and conduction subbands
(interband transitions) in the frequency range E; < hAw(4g,. Subsequently, optical transitions proceed simultaneously
from the heavy- and light-hole branches to the spin-orbit split-off subband (intraband transitions) as well as interband
transitions in the frequency range hw)4g,. ¢) In intermediate-bandgap semiconductors (e.g., InAs, where 4y =~ E), both
intraband and interband optical transitions are allowed.

As seen from equations (1) and (2), the light absorption coefficient is determined by the squared modulus of the
composite matrix element, whose polarization dependence is defined by the type of optical transitions. In particular,
according to the Luttinger-Kohn Hamiltonian approximation [18, 19], the composite matrix elements for single-photon
transitions |V, +1/2) - |SO,+1/2) a (see Fig. 1la) and |V, +1/2) = |SO, ¥1/2) (see Fig. 1b), occurring from the light-
hole branch to the spin-orbit split-off subband, are defined by the relation:

ey
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where e} = e, t ey, ey, ey érepresents the projections of the polarization vector onto the Ox’, 0y’ axes, which are

2
= mypmpp

perpendicular to the wave vector of the holes k4B = .
(Mmpp—min)

In this case, the sum of the squared moduli of the composite matrix elements is determined as:

€] @ 2 redp)? 9 2 2
|Mso ~1/2v,-1/2 T Mso +1/2;V, 1/2| + | so +1/2v,+1/2 T Mso,—1/2;v,+1/2| = (C_ho) 2B%k? (53 1 t+2e z)- (6)

The composite matrix elements of single-photon transitions, |V, +3/2) - |S0, +1/2) i.e., optical transitions from
the heavy-hole branch to the spin-orbit split-off subband (see Fig. 1c and 1d), are expressed as follows:

(1) edp E e’_ 0
Mgy = (ch)\ﬁBk[o —e;]‘ (7
from which:
(1) edg\? 3 "2
Mg, +1/2V+3/2| (Cho) 532|e¢| : ©)
It should be noted that, according to the law of energy conservatlon + Agg ——— — hw = 0 (L = lhfor light

holes) and L = hh (for heavy holes), for transitions |V,+1/2) — |SO il/Z) and |V il/Z) [SO,F1/2), it is
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straightforward to derive an expression for the wave vector: k? = k%, p, = 2uSO"p~2(hew — Agp). For transitions of
type |V, £1/2) - |SO,£1/2) and |V,+1/2) - |SO,F1/2), we have k? =k, = 2uSO"MWh~2(hw — Agp), where

pSOhh) — TTSOThh -, (SOlh) — TISOTUR g it follows that the polarization dependence of the matrix element for
(mso—mnn) mso—mp’

transitions of type |V,4+3/2) — |S0,+1/2) and |V, +3/2) — |SO, ¥1/2) is described by the quantity |e’|? + |e’|?,
while optical transitions |V,+1/2) = |SO,+1/2) and |V,+1/2) — |SO,F1/2) are characterized by the quantity
4, Se + Ze . Therefore, the polarization dependence of the single-photon absorption coefficient (K w =1)), as well as
the probability of the considered transition (W(N =1)), is determined by these quantities. To calculate the spectral and

temperature dependence, these quantities must be averaged over the solid angles k.

It should be noted that for single-photon absorption occurring between the branches of light and heavy holes and the
spin-orbit split-off subband, single-photon LCR is not observed in diamond-like semiconductors or semiconductors of
the zinc blende type. To observe single-photon LCR, it is necessary to account for the contribution of the coherent
saturation effect to the transition probability, which will be analyzed further.

Light Absorption Induced by Single-Photon Optical Transitions from the Heavy- and Light-Hole Branches
to the Spin-Orbit Split-Off Subband
By integrating over Kk and using the density of states in the valence bands, one obtains

27r ha)
KO () = Z (i = 1) MG, 4GOI 8(Eso — Fin — hao),

with analogous expressions for transitions originating from the heavy-hole subband. In wide-gap semiconductors such as
GaAs, Ay, < Eg, so the intraband HH-SO or LH—SO transitions occur at mid-infrared frequencies. In certain narrow-
gap materials (InSb) one may have Ay, > E;, meaning that the SO band sits “below” the HH/LH edges but by a larger
energy difference than Ej itself. Numerically, this can place the intraband transition frequency in the near-infrared or
even overlapping with interband transitions.

When A, exceeds Eg, the calculated transition energy iw = Ag, can lie in a range above the conduction-band edge,
making it appear as if Egg has become “too high.” However, physically, Egg remains part of the valence band manifold;
it just so happens that Ag, > Eg places the SO subband closer to or even above the conduction band minimum on an

absolute energy scale. This does not contradict the fact that Ag, is specifically the energy splitting within the valence
band.

Linear-Circular Dichroism of Single-Photon Optical Transitions from the Light- and Heavy-Hole Branches to
the Spin-Orbit Split-Off Subband

In this case, the probability of single-photon optical transitions is determined using the following relation (see, for
example, [5-9] and the references therein):

oo =21 oy’ e 6 z[u o (o) p,m(kn]

X (fnﬁ - n/E)a(En'IVé - Enﬁ - hw)’ 9

-\ 2
where the term —— hZ 5 (eAO) |epnn:(k)| arises due to the consideration of the coherent saturation effect [21], &,

1 1
¥ T(l) is the time spent by photoexcited charge carriers in state |n, 7;), ﬁnnr(ig) =m, h‘lﬁzH (E) is the matrix
element of the momentum operator, H (k) is the Hamiltonian of the charge carriers, which is described by the Luttinger-
Kohn Hamiltonian for intraband single-photon optical transitions and by the Kane Hamiltonian for interband light
absorption [18, 19], and I, = an“;:ll;T3
several gigawatts/cm? [3]. In cases where it is impossible to analytically determine, for example, the polarization,

is a parameter that, for zinc blende semiconductors, takes on values in the range of

frequency, or temperature dependence of multi-photon absorption or LCR, an approximation can be used where IL << 1.
0

In this approximation, the radical can be expanded into a series in terms of o and only the first few terms of the series
0

can be retained.
Then, substituting (7, 8) into (9), it is straightforward to determine that the angular dependence of the probability of

single-photon absorption of linearly polarized light (W(l)) for the first-type transitions |V, +1/2) — [SO,+1/2) and

lin

|V,+1/2) - |SO, ¥1/2), shown in Fig. 2a and 2b, is described as:
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S = 2+ 25sin? P)[1 + §, (4 + 5 sin? )] V2, (1

lin
and for second-type transitions |V, +3/2) — |SO, +1/2)and |V, £3/2) - |S0,+1/2), shown in Fig. 1c and 1d, it is
described as:

. 2 -1/2
3(1) — 2sin“ ¢ (12)

lin ™ [143¢, sin2 ¢] ’

2
where ¢ is the angle between the wave vector of the holes and the light polarization vector, {, = &, (%) B%k? is the

Rabi parameter, and the wave vector k, as mentioned above, depends on the light frequency and the band parameters of
the semiconductor.

For circularly polarized light, the angular dependence of the probability of optical transitions (Wc(li)c) from the
heavy-hole branch to the spin-orbit split-off subband is determined by the expression:

) 2[%(1+cos2 ¢")FPirc cos ¢']

circ — 1 P a1l
1+3Zw[5(1+c0 s2pNFP jrccos P ]

(13)

The angular dependence of the probability of optical transitions (Wc(li)c) from the light-hole branch to the spin-orbit split-
off subband will be represented as:

~(2) 1 9[%(1+co 52 ¢")FPiirc cos ¢v’]+25in2¢’

‘Scirc_z 1 2 e B o’
1+{a,(9[5(1+cos @) FPiirccosp ]+23m )] )

(14)

where ¢'is the angle between the wave vectors of the holes and the photon, and P,;,..is the degree of circular polarization
of the light.

From Figs. 2 and 3, it can be seen that the angular dependences of the quantities Sgll,z, 3512,2, and sgﬁc, i.e., the
corresponding probabilities of single-photon light absorption, exhibit oscillatory behavior. The minimum values of
553,2 and 5512,2, as well as ngc and Sgﬁc, coincide in their angular dependence, while their maximum values depend on
the type of optical transitions. Specifically: a) The probabilities of optical transitions originating from the light-hole branch
(see Figs. 1a and 1b) are approximately 2.5 (for linearly polarized light) to 4.5 (for circularly polarized light) times greater
than the probabilities of transitions originating from the heavy-hole branch (see Figs. 1¢ and 1d). b) The maximum value
of the probability for second-type transitions is always greater than that for first-type transitions, regardless of the degree
of polarization or the value of the Rabi parameter ({,,).

Figure 2. Graphs of the quantities 3&2 (a), Sglz,z (b), ngc_c (c), and ngc (d), which determine the contributions to the angular
dependences and Rabi parameter dependences of the probabilities of single-photon optical transitions from the heavy-hole (a, ¢) and
light-hole (b, d) branches to the spin-orbit split-off subband of the valence band for linearly (a, b) and circularly (c, d) polarized

light



446
EEJP. 2 (2025) Rustam Y. Rasulov, et al.

35./90 30/

0.359
0.304
0.251
0.204

z CA; ¢ i OCW

2 3mps 2 "arys 10 05
6 2 5
a) > b
Figure 3. Graphs of the ratios sﬁ,ﬁc and ngc, which allow determining the contribution of the optical transitions shown in

Fig. 2 to the angular dependences and Rabi parameter dependences of the probabilities of single-photon optical transitions from
the heavy- and light-hole branches to the spin-orbit split-off subband of the valence band for linearly (a) and circularly (b)
polarized light.

The probabilities of optical transitions shown in Fig. 1 decrease with an increase in {,,: if {,, increases by 1.5 times,

\Sguzdecreases by approximately 3.3 times, Sgnzby 5 times, ‘”glzcby 2.1 times, and ‘”glgcby 4.5 times. It should also be

noted that with increasing {,,, the ratio of the probabilities of first-type optical transitions for linearly polarized light

increases sharply in the range of {,, (0; 0,4)values, followed by an almost imperceptible growth. For circularly polarized
5@
light, fgc noticeably increases with {,, across all its values.

circ
From Fig. 3, it is evident that the primary contribution to the angular dependences and the Rabi parameter

dependences of the probabilities of single-photon optical transitions from the heavy-hole (a, c) and light-hole (b, d)
branches to the spin-orbit split-off subband of the valence band, for both linearly (a, b) and circularly (c, d) polarized
light, is made by optical transitions involving light holes.

Thus, we have confirmed that accounting for the coherent saturation effect significantly alters the polarization dependence
of the LCR coefficient.

(1)
_lin Siin

. . . . w, .
Next, we examine the single-photon LCR coefficient, defined as the ratio n = —5-, i.e.,n = 5. »asa function of
w

circ ctrc

5D 5@
the angle and the Rabi parameter, where n = n(9 + @ n® = “n ,and n® = “;‘ are the LCR coefficients for the
ClTC circ

first-type (Fig. 2a and 2b) and second-type (Fig. 2c and 2d) optical transitions (see Fig. 4). From Fig. 4, it is evident that
both 7™ and n® exhibit oscillatory angular dependence, and their maximum values decrease with increasing ,,,
regardless of the angle between the wave vectors of the holes and the photon. It is noteworthy that the minimum value of
the angular dependence of the LCR coefficient for first-type optical transitions is nonzero at {,, > 0, whereas for second-
type optical transitions, the minimum angular dependence n® equals zero across arbitrary values of {,,.

\,-\__{M i2)

1 1
S5/S6

Figure 4. Dependence of the LCR coefficient on the angle and the Rabi parameter for single-photon optical transitions of the
first (a) and second (b) types.

Light Absorption Induced by Single-Photon Optical Transitions from the Heavy- and Light-Hole Branches
to the Spin-Orbit Split-Off Subband
The spectral, polarization, and temperature dependences of the absorption coefficient due to single-photon optical
transitions from the heavy- and light-hole branches of the valence band to the spin-orbit split-off subband are determined
by the following expression:
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_ mhe @ _ £ @ e
KW = o 2% (fzhﬁ - fso,%) |Zlh,m=i1/2;$0,m’=i1/2 Mlh,m;SO,m'(k)| S(ESO,E —Epg— hw), (15)
If the coherent saturation effect is taken into account [14], the following expression is obtained:
2
KD =Zhe ; p(h) (T, w)((Ry) + (R_)), (16)

where

@ =@ =
|MSO,+1/2,lh,11/2(k)+MSO,—1/2,lh,11/2(k)|

R, = (17)

@y |, (1) A CY) NG
j1+4h2$2|MSO,+1/2,lh,11/2(k)+MSO,—1/2,lh,i1/2(k)l

2
p(hw) = u_kSP /(m2h?) is the density of states, k. = (2u_[hw — Agy]1/A2)V/2, < Ms,)c,’nk| > is the squared modulus

of the composite matrix element MS%”IE for an optical transition of type |n7€) - |n’i2’), averaged over the solid angles

cngh3w

3
25] I(w) is the light intensity (frequency), fL(%) are the distribution

functions of charge carriers (L=1L=1 (hh) corresponds to heavy holes, L=2L=2 (lh) to light holes, and L=SO to holes in
the spin-orbit split-off subband), E;; = —h%k?/2m, is the energy dispersion of holes in the L branch [15, 16]

e',=e.te,

of the wave vector k a,, = 6w?T VT IL, Iy =
]

ex, ey, € are the projections of the polarization vector onto the Ox’, 0y" axes perpendicular to the
msomy
(mso—-mL)
In particular, for single-photon optical transitions from the light-hole branch to the spin-orbit split-off subband, the
value of R, can be expressed as:

wave vector k of the holes, and u %L = is the reduced effective mass of the holes.

-1/2
_ﬂ222r2 “weﬂZZZrz
R, =3 (%) B2kl | [1+4h2w2(m) Bk3|e_|] , (18)
€40\ p21.2( .12 2 Ao [€Ao\? p21.2(a 12 2 —1/2
R = () Bk(9el+4ez)[1+4m(7) Bk(9el+4ez)] , (19)
the 4B = Jomunmun.
(Mpp—min)

If the contribution of the coherent saturation effect to light absorption («,, = 0) is neglected and averaging over
the solid angles is performed, k from (18, 19), we obtain:

0 edn\? 2 2\ _ 22 (eAg)?
<m(+)>+<m(—°))=(c—£’) Bk 96+ 4e'3) = S (52) B7K. 20
Then, (15) takes the form:
447 (eAg\% h
K@ =22 (220)722 b (1) £ (B, w) B2 k2. @n

Table 1. Fundamental band-structure parameters for the III-V semiconductors GaAs, InSb, and InAs employed in the present
modelling of single-photon intraband absorption with coherent saturation.

Parameters Gads InSh InAs
Eg eV 1.519 0.235 0.417
Agp, eV 0.341 0.81 0.39
m./my 0.067 0.0135 0.026
mgo /Mg 0.172 0.11 0.14
As0/Eg 0.24b 4.65 1.1
my,/mg 0.09009 0.0152 0.027027
my;, /mg 0.34965 0.26316 0.33333
ar,meV /K 0.5405 0.32 0.276
Br, K 204 170 93
F -1.94 -0.23 -2.90
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,u(so'hh) MsoMhh
- mso-mun’
transitions from the heavy-hole branch to the spin-orbit split-off subband, takes on negative values for several A3B5

From Table 1, it can be seen that the reduced effective mass of holes , involved in optical

semiconductors. This, in turn, results in the wave vector of charge carriers involved in such optical transitions kéo Wh =

[ZMESO'hh)h_Z (hw -4 50)]1/2 becoming an imaginary quantity. For this reason, unlike optical transitions from the light-
hole branch, transitions from the heavy-hole branch to the spin-orbit split-off subband are forbidden.

Since optical transitions are allowed from the light-hole branch to the spin-orbit split-off subband of the valence
band, we will further analyze the frequency and temperature dependences of the single-photon absorption coefficient.
From the law of energy conservation, —— hz - + Ago — % — hw = 0, the wave vector is determined by the expression
ké})‘i) [ M(SO L K= Z(hw ASO)]l/Z

From (20) and (21), it is evident that the single-photon absorption coefficient does not depend on the degree of light
polarization. Therefore, LCR is not observed in single-photon absorption. To observe it, the contribution of the coherent
saturation effect to absorption must be taken into account, i.e., calculations need to be performed based on (16) and (17).

Now, we will calculate the frequency-temperature dependencies of the single-photon absorption coefficient using
the following expression for the single-photon absorption coefficient, associated with optical transitions from the light
hole branch to the spin-orbit split-off subband:

4me

K®W = z2 Zonri €Bso, lh(k)| (flhk fs0i)8(Eso (E) - Elh@) — hw). (22)

comgny,

Next, we assume the energy dispersion of light and heavy holes as Em(z) = —h%k?/(2my,) and Ehh(ﬁ) =
— h2?k?/(2myy,), while in the spin-orbit split-off subband it is Egq (73) = —Ago — h?k?/(2mg,), where my, (my,) are
the effective masses of light and heavy holes, respectively, and, Agp- is the spin-orbit splitting energy, with numerical
values for various semiconductors provided in [17]. Then, from (8), we obtain:

22 e?
L _ B2 (1) _ —
Ksoin =3 thn B2 (k) £ 0 (1 — exp(— heo/ksT)]
or
(1 _ 11 e* e? mpp—mip Mgo\ hw—Aso (Mpp—mp 1) _ _—hw/kgT
KSO,lh - 12 chny, <mso—mlh mlh) hw ( Mmpp ) k flh k((ul)(l e 5 )’ (23)

Where k() [Zu(so”‘)h 2(hw — A50)11/2

determined by the relation:

mso hw— Aso
e

P ——— ] The Fermi energy Ep is

=ex (EF) ex
’ zhkfj)_ P et

Ef_ -3/2 850\ 7!
eksT = 1p ("BT) (mfl{f +m3/* +mi’e ksr) , (24)

2 2mh?

where p is the hole concentration. Note that in our case, Aw » kgT, so e "@/k8T « 1.
Thus, the frequency (x = hw/Agp) and temperature (y = kgT /Agp) dependencies of the single-photon absorption
coefficient can be written as:
_ mgso xX—1
2| o 7

mso~—mMiph ¥
2wl miFamiZe=1/yY

-1
Ksoun(@,T) = K§? == (x — 1)1/2 (25)
where

5/2
1113/2e2 (mpp-mp)*  mgp  h%p

6 chny (mso=mi)5/2 my/*m?, Aso’

kP =

In further calculations, we assert that the temperature dependence of the bandgap width is determined by the Varshni
formula [17]:

T2
Eg(T) = Eg(T = 0) —vr 7 (26)

and by the Passler formula [18]:

Op

E,(T) = Ey(T = 0) — [(1 + (") )w - 1]. @7



449
On the Theory of the Intraband Mechanism of Single-Photon Absorption in Semiconductors... EEJP. 2 (2025)

Then, according to the multi-zone Kane model, the effective masses of electrons in the conduction band (m.) and
holes in the spin-orbit split-off subband (mg,) depend on temperature and are expressed as:

E al | 2 ar\71 ar -1
mo/mc = [1 + 2F+?P(Eg0 _m-I-EASO) (Ego _m) (Ego _m+A50) ], (28)
Ep ar \71 aT -1
mo/mgo = [y — < Bso (Ego - m) (EgO ~ BT + Aso) ) (29

where Ejo = E;(T = 0). For quantitative calculations, the numerical values of the parameters yr, Ty, @, 0, p are taken
from [18].

If the numerical values of the band parameters for GaAs and InAs (see Table 1) are used, then as the temperature
changes from 10 K to 300 K, the effective mass of electrons in the conduction band decreases by 0.053% and 0.051%,
respectively, while the effective mass of holes in the spin-orbit split-off subband decreases by 0.01% and 0.04%,
respectively, over this temperature range. At first glance, these changes appear to be very small; E;(T) however,
accounting for them significantly alters the frequency-temperature dependence of the absorption coefficient.

As seen from equation (8), the temperature dependence of K, s%,)zh is determined by the temperature dependence of

— ) In this

mso-myp kT

context, Figure 5 presents the frequency-temperature dependence of the distribution function of light holes involved in

single-photon transitions in GaAs and InAs. It shows that, at a fixed frequency, the distribution function f, , (1) initially
"W

f 1@ (T), while the frequency dependence is determined by the term hw;% k ((01) p(hw)exp (— mso  he-fso

increases with temperature, reaches a maximum, and then decreases. Specifically, at hw = 1,01Ag, in GaAs (InAs), the
function f k@ reaches its maximum at a temperature of 90 K (60 K). Figure 5 also shows that the functions f @ (M=
f e (T, E, (T)) and f @ M=f @ (T, E,(T) = 0) differ significantly at low frequencies across all temperatures,

but converge at high frequencies. Furthermore, the temperature dependence of the band parameters is prominently
observed at low frequencies. The calculations do not account for the contribution of the coherent saturation effect in

f i (T) and flh_kg) (D.

=3
fm.km x10

a)

Figure 5. Frequency-temperature dependence of the distribution function of light holes f, , « (T), participating in single-photon optical

transitions in GaAs (a) and InAs (b) semiconductors, accounting for the temperature dependence of the bandgap width E;(T) and the
effective mass of charge carriers using the Varshni formula, where f @ (T) is the distribution function of light holes at E; (T = 0).

The frequency-temperature dependence of the single-photon absorption coefficient Ks((l)‘)lh (0, T) (Rs%,)m(‘*” T)) in
InSb (a, b) and GaAs (c, d) (see Fig. 6), calculated using equation (14) with the Varshni formula (graphs a, ¢ in Fig. 6)
and the Passler formula (graphs b, d in Fig. 6), considers (Es%,)m (w, T)) as the absorption coefficient, where the
temperature dependence of E;(T) and the effective masses of holes is (or is not) accounted for. The contribution of the
coherent saturation effect is not included, and the amplitude value of I?.gzl),)zh (w, T) is assumed to be unity. From Fig. 6, it
is evident that at a fixed frequency, KS%,)lh (T) increases with temperature, reaches a maximum, and then decreases. This

temperature behavior of (Es%?lh (w, T)) corresponds to the analogous behavior of their distribution functions. Notably, in

the frequency range Asp < hw < 1.34g, the absorption coefficient Ks%,)zh(‘*” T) is greater than l?'_g((l)?lh(w, T), while at
hw > 1.345, the graphs of KS%,)lh (w,T) and ES%,)lh (w, T)merge.

It should be noted that in narrow-bandgap crystals, if the dependences of E,(T), mgo (T), and m.(T) are taken into
account, the dependence of Ks%,)zh(‘*” T) increases sharply (see Fig. 2). This is explained by the rapid growth of
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2 2
(mhh—mlh) (mhh—mlh) ( MsoMih
mso—myp, Mhn mso—min

factor of 10).

1/2
A 30) with increasing temperature (specifically, in InSb, this value increases by a

x®

50,1

(@.7)
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Figure 6. Frequency-temperature dependence of the single-photon absorption coefficient K.S%?lh in InSb (a, b) and GaAs (c, d),

where Kb%?lha is calculated using the Varshni formula (graphs a, c¢) and the Passler formula (graphs b, d). Here, (kéé?lh(w, T))

represents the absorption coefficient, accounting for (or not accounting for) the temperature dependence of the bandgap width E; (T)
and the effective masses of holes.

CONCLUSIONS

It has been shown that, when accounting for the contribution of the coherent saturation effect, the angular
dependences of the probabilities of single-photon optical transitions from the heavy- and light-hole branches to the spin-
orbit split-off subband of the valence band exhibit an oscillatory nature for both linearly and circularly polarized light,
regardless of the Rabi parameter values ({,,)

The maximum values of the angular dependence of the LCR coefficients for both first- and second-type optical
transitions decrease with increasing {,,, regardless of the angle between the wave vectors of the holes and the photon. The
minimum value for first-type transitions is nonzero in the low {,, region, while for second-type optical transitions, it is
zero regardless of {,, values.

The aforementioned results show that, at a fixed frequency, the single-photon absorption coefficient in GaAs and
InAs semiconductors initially increases with rising temperature, reaches a maximum, and then decreases. Its maximum
value, when accounting for the temperature dependence of E;(T), mg, (T), and m(T), shifts toward lower frequencies.
This shift is particularly pronounced when considering (27), both for narrow- and wide-bandgap semiconductors.

It is also noted that accounting for the temperature dependence of band parameters leads to a reduction in the

frequency and temperature dependence of the single-photon absorption coefficient Ks%?m (w,T).

The work was carried out at Fergana State University.

ORCID
Rustam Y. Rasulov, https://orcid.org/0000-0002-5512-0654; ©Voexob R. Rasulov, https://orcid.org/0000-0001-5255-5612

REFERENCES
[1] E.L. Ivchenko, “Two-photon absorption of light and optical orientation of free carriers,” Physics, St. Petersburg, 14(12),
3489-3496 (1972). (in Russian)
[2] R.Ya. Rasulov, Polarization optical photovoltaic effects in semiconductors with linear and nonlinear absorption of light,” Sc.D.
Thesis, loffe Institute, 1993.



451
On the Theory of the Intraband Mechanism of Single-Photon Absorption in Semiconductors... EEJP. 2 (2025)

[3] R.Ya. Rasulov, “Linear-circular dichroism in multiphoton intersubband absorption in semiconductors,” Semiconductors, 35(6),
1674-1678 (1993). https:/journals.ioffe.ru/articles/viewPDF/14966 (in Russian).

[4] S.D. Ganichev, E.L. Ivchenko, R. Ya. Rasulov, I.D. Yaroshetsky, and B.Ya. Averbukh, “Linear-circular dichroism of the drag
current during nonlinear intersubband absorption of light in p-Ge,” FTT, 35(1), 198-207 (1993).
https://journals.ioffe.ru/articles/viewPDF/14762 (in Russian).

[5] R.Ya. Rasulov, G.Kh. Khoshimov, and Kh. Kholitdinov, “Linear-circular dichroism of nonlinear light absorption in n-GaP,”
Semiconductors, 30(2), 274-272 (1996). https://journals.ioffe.ru/articles/viewPDF/18345

[6] V.R.Rasulov, R.Ya. Rasulov, I. Eshboltaev, “Linearly and Circular Dichroism in a Semiconductor with a Complex Valence Band
with  Allowance for Four-Photon Absorption of Light,” Physics of the Solid State, 59, 463 (2017).
https://doi.org/10.1134/S1063783417030283

[7] R.Y. Rasulov, V.R. Rasulov, I. Eshboltaecv, and R.R. Sultonov, “Two- and Three-Photon Linear Circular Dichroism in
Semiconductors of Cubic Symmetry,” Russian Physics Journal, 63(11), 2025-2030 (2021).

[8] R.Ya.Rasulov, V.R. Rasulov, M.Kh. Kuchkarov, and .M. Eshboltaev, “Interband multiphoton absorption of polarized radiation
and its linear circular dichroism in semiconductors in the Kane approximation,” Russian Physics Journal, 65(10), (2023).
https://doi.org/10.1007/s11182-023-02825-3

[9] R.Ya. Rasulov, V.R. Rasulov, N.U. Kodirov, and U.M. Isomaddinova, “Interband one photon absorption of light and its linear-
circular dichroism in crystals with coherent saturation effect included,” Physics of the Solid State, 65(7), 1173-1179 (2023).
https://doi.org/10.61011/PSS.2023.07.56410.77

[10] N.V.Leppenen, E.L. Ivchenko, and L.E. Golub, “Nonlinear optical absorption and photocurrents in topological insulators,” Phys.
Rev. B, 105, 115306 (2022). https://doi.org/10.1103/PhysRevB.105.115306

[11] S.N. Danilov, L.E. Golub, T. Mayer, A. Beer, S. Binder, E. Mdnch, J. Mindr, et al., “Superlinear Photogalvanic Effects in
(Bi0.3Sb0.7)2(Te0.1Se0.9)3: Probing Three-Dimensional Topological Insulator Surface States at Room Temperature,” Phys.
Rev. Applied, 15, 064030 (2021). https://doi.org/https://doi.org/10.1103/PhysRevApplied.16.064030

[12] S. Candussio, L.E. Golub, S. Bernreuter, T. Jotten, T. Rockinger, K. Watanabe, T. Taniguchi, et al., “Nonlinear intensity
dependence  of  terahertz edge photocurrents in  graphene,” Phys. Rev B, 104, 155404 (2021).
https://doi.org/10.1103/PhysRevB.104.155404

[13] R.Y. Rasulov, V.R. Rasulov, K.K. Urinova, M.A. Mamatova, and B.B. Akhmedov, “Single and multiphoton optical transitions
in atomically thin layers of transition metal dichalcogenides,” East European Journal of Physics, (1), 393-397 (2024).
https://doi.org/10.26565/2312-4334-2024-1-40

[14] D.A. Parshin, and A.R. Shabaev, “Theory of linear IR absorption by semiconductors with degenerate bands,” Zh. Exp. Teor. Fiz.
92(4), 1471-1484 (1987). http://jetp.ras.ru/cgi-bin/dn/e_065_04 0827.pdf

[15] G.L. Bir, and G.E. Pikus, Symmetry and Strain-induced Effects in Semiconductors, (Wiley, New York, 1972).

[16] E.L. Ivchenko, and R.Ya. Rasulov, Symmetry and real band structure of semiconductors, (Tashkent, Fan, 1989).
https://koha.lib.tsu.ru/cgi-bin/koha/opac-detail.pl?biblionumber=125752

[17] 1. Vurgaftman, J.R. Meyer, and L.R. Ram-Mohan, “Band parameters for III-V compound semiconductors and their alloys,”
Journal of Applied Physics, 89, 5815-5875 (2001). https://doi.org/10.1063/1.1368156

[18] R. Pagéssler, “Parameter Sets Due to Fittings of the Temperature Dependencies of Fundamental Bandgaps in Semiconductors,”
Phys. Stat. Sol. (b), 216, 975-1007 (1999). https://doi.org/10.1002/(SICT)1521-3951(199912)216:23.3.CO;2-E

[19] R. Winkler, Spin-Orbit Coupling Effects in Two-Dimensional Electron and Hole Systems, vol. 191 (Springer, Berlin, 2003).

[20] V.R.Rasulov, R.Y. Rasulov, R.R. Sultonov, and B.B. Akhmedov, “Two- and Three-Photon Linear-Circular Dichroism in Cubic-
Symmetry Semiconductors,” Semiconductors, 54(11), 1381-1387 (2020). https://doi.org/10.1134/S1063782620110226

[21] H. Haugand S. W. Koch, Quantum Theory of the Optical and Electronic Properties of Semiconductors, 5th ed. (World Scientific,
Singapore, 2009).

IO TEOPIi BHYTPIIIHLO30HHOI'O MEXAHI3MY OTHO®OTOHHOI'O ITIOT TMHAHHSA
B HAINIBITPOBIJTHUKAX 3 BPAXYBAHHSIM BIIVINBY KOTEPEHTHOI'O HACHYEHHSI
Pycram S1. Pacyaos?, Boxo6 P. Pacynos?, ®oppyx V. Kacumos®, Mapaou6ex X. Hacipos®, Iciam A. Myminos?
“@epeancokuti depaicasuuil ynigepcumem, Pepeana, Y3bexucman
b Anouacancokuti depoicasnuii ynisepcumem, Anousican, Yzbexucman

“@epeancorutl nonimexuiunuil incmumym, Qepeana, Yzbexucman
IIpoBeneHO TEOpETUUHMIT aHAII3 YaCTOTHO-TEMIIEPaTypHOI 3aJIe)KHOCTI KoedilieHTa MOTIMHAHHS 0JHO(GOTOHHOTO MOJISIPH30BAHOTO
BUIPOMIHIOBAHHS y BY3bKO- Ta IIMPOKO30HHHMX HAIiBIPOBIIHMKAX 3 ypaXyBaHHSAM BHYTPIIIHbO30HHHX ONTHYHUX IEPEXOIiB Ta
etekTy KorepeHTHOr0 HacuyeHHs. [loka3aHo, o pH GiKCOBaHIH YaCTOTI BUNPOMIHIOBaHHS KOS (DiI[iEHT MOTIMHAHHS 0THO()OTOHHOTO
BUIIPOMIHIOBAHHS CIIOYATKY 3POCTA€ 3 TEMIIEPATYPOIO, I0CATAE MAKCUMYMY, @ MOTIM 3MEHIIY€eThCs. ITOJI0KEHHS IbOTO MaKCUMYMY
3MILYETBCSL 0 HIKYMX YacCTOT SIK JUIsS BY3bKO-, TaK 1 Ul INMPOKO30OHHHMX HAIiBIPOBIJHHUKIB, SKIIO BpaxyBaTH TEMIEPaTypHY
3aJIeXKHICTh MIMPUHM 3a00pOHEHOI 30HM Ta e()eKTUBHUX MAac IIpOK. Y HAMIiBIIPOBIJHUKAX 31 CTPYKTYpPOIO IPAaTKU LHKOBOI CyMimIi
BpaxyBaHHs TEMIICPATYpPHOI 3MiHH MapaMeTpiB 30HH NPH3BOIAUTD J0 3MEHLICHHS aMIUTITYJM YacTOTHOI Ta TEMIIEpPaTypHOI peakiii
KoedilieHTa MOrIMHAHHA OAHO(GOTOHHOIO BHIPOMIHIOBaHHS. 31 3pOCTAHHSAM TEMIEPATypH MOPIr MOTIHHAHHS 3MEHIIYETHCS, L0
0COOJIMBO TTIOMITHO MPH BUKOPUCTaHHI Mozeni 3abopoHeHoi 30uu [Taccnepa. KoxeH Tvn BHYTpILIHBO30HHOTO ONTHYHOTO MEPEXOLY
110-pi3HOMY BILIMBAE Ha 3aJIEXKHICTh Koedinienta nornunanns K(w,T) B 4acTOTH, TEMIIEPATYPH Ta OJISAPU3ALIT 1151 TIEPEXOIB, 110
BKITIOYAIOTh 30HY BiameruieHHs (SO) Ta 30Hy jerkux xipok (LH).
KurouoBi ciioBa: imogipnicms 00HOGOMOHHUX hnepexo0dis; Koe@iyicHmu O0OHOQOMOHHO20 NO2AUHAHHA MA JAIHIUHO-KPY208020
OUXpoizMy, epekm KO2epeHnmHo20 HACUYEHHS, MEeMNEePAMYPHA 3ANEHCHICMb WUPUHU 3A00POHEHOI 30HU



