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The frequency-temperature dependences of the probability of two-photon absorption (2PA), caused by transitions from the branch of
light holes to the subband of spin-orbit splitting and linear-circular dichroism (LCD) associated with 2PA, as well as the coefficient of
two-photon light absorption in GaAs and InAs, where the contribution to the absorption of the effect of coherent saturation. The role
of various types of transitions, differing from each other in virtual states and participating in the 2PT, is analyzed. In Gads and InAs,
the presence of several peaks in the frequency-temperature dependences of the 2PA coefficient was revealed; the appearance of the
peaks is explained not only by a specific change in the distribution functions of photoexcited holes, but also by the fact that at certain
frequency values, some denominators in the expressions of the composite matrix elements tend to zero.
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INTRODUCTION

Nonlinear spectroscopy of solids has proven invaluable in determining their optical and electronic parameters. For
instance, when single-photon absorption is forbidden by selection rules, multiphoton transitions may become allowed [1].
The processes of multiphoton absorption in crystals have been the subject of extensive theoretical and experimental
studies since the advent of the laser (see, for example, [2—7]). This interest in multiphoton absorption has been driven by
the significance of nonlinear absorption facilitated by powerful lasers and masers, as well as its role in numerous aspects
of fundamental research in semiconductor physics. It should be noted that in the processes of electron-hole pair generation
induced by intense optical radiation, both in bulk [2-13] and low-dimensional crystals, multiphoton interband and
intraband transitions play a critical role [14-24].

Although [14-24] investigated optical phenomena in bulk and low-dimensional crystals, where either interband
transitions or transitions between the branches of light and heavy holes are restricted, the question of single- and
multiphoton absorption of linearly and circularly polarized light in narrow- and wide-bandgap semiconductors, driven by
optical transitions from the branches of light and heavy holes to the spin-orbit split subband of the valence band, remains
unresolved. This study is dedicated to addressing this issue.

Effective Luttinger—Kohn Hamiltonian for III-V Semiconductors (GaAs, InAs) Formulation of the
Luttinger—Kohn Hamiltonian

In zincblende I11-V semiconductors, the top valence bands (heavy-hole, light-hole, and split-off bands) are described
by the Luttinger—Kohn (LK) Hamiltonian derived from k - p theory. This effective Hamiltonian acts on the Bloch states
at the Brillouin-zone center with total angular momentum j = 3/2 (degenerate heavy-hole and light-hole, I'; symmetry)
and j = 1/2 (split-off band, I;) due to the spin—orbit interaction. The LK Hamiltonian is a 6 X 6 matrix (or 4 X 4 if the
split-off band is excluded) built from the angular momentum J = 3/2 matrices J,, fy, J, and wavevector components
ky, ky, k,. To second order in K, the general form can be written (in the j = 3/2 basis) as a quadratic form in k;k;J;/;
terms with three dimensionless Luttinger parameters y;,¥,,¥3. In an isotropic approximation (neglecting cubic
anisotropy), the Hamiltonian simplifies to:

Hpg = Zh_:lo[(h + g]’z) k? = 2y,(k '])2]’

where m, is the free electron mass, k? = k2 + k2 + k2, and K - ] = k,J,, + k], + k,J,. This is the so-called spherical
approximation (y, = ¥3), which is often used for simplicity. In the general case for cubic crystals, y, # 3, and one must
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include distinct terms for f7k? and the off-diagonal couplings J;,/;k;, k; (which cause band warping). An explicit
representation of the full 4 X 4 LK Hamiltonian (for the j = 3/2 subspace) in the Bloch basis |3/2, mj) is

, /A -B C 0
A — R [-B* D 0 C
K "2my\ ¢ 0 D B
0 C¢c* B A

where (suppressing factor h?/2mg) A = y,k? + (v2 +v3)(ki + kj — 2kZ), D = y1k* + (v, + y3)(kZ + k3 — 2kZ)
(cyclic permutations for D) and the off-diagonal couplings are B = 243, v, k,(k, — iky), C = —/3, Y2, (k,% — k32,) +
2iv/3,y3, kyk,. (Here the basis is ordered as |3/2,+3/2),[3/2,—1/2),|3/2,+1/2),13/2,—3/2) for this matrix.) The
6 X 6 Hamiltonian including the split-off j = 1/2 states is an extension of the above, with the spin—orbit energy Agg
separating the I'; band on the diagonal and additional k-dependent coupling terms between j = 3/2 and j = 1/2 blocks.
In the absence of inversion asymmetry (no bulk inversion asymmetry term B = 0 for centrosymmetric zincblende), the
above H;y is the standard effective Hamiltonian for holes in III-V compounds first formulated by Luttinger (1956).
Eigenenergies and Eigenfunctions Zone-center basis: At k = 0 (the I" point), the valence-band edges consist of a four-
fold degenerate Iy state (spin—orbit j=3/2 quartet) and a split-off I'; doublet separated by Agg. One convenient choice of
orthonormal Bloch basis for the Iy valence states is in terms of spin—orbit coupled atomic p-orbitals |X), |Y), |Z) and spin
T,1. For example:

13/2,43/2) = = (|X +iY) 1),

¢
13/2,41/2) = Z (X +ir) 1) + \E(|Z) 1,

3/2-1/2) = 2 - D+ [212) D,

13/2,-3/2) = (X = i¥) 1),

up to overall phase factors. Here |3/2,£3/2) are “heavy-hole” (HH) states with angular momentum projection m; =
+3/2 (maximally aligned orbital and spin), and [3/2,+1/2 > are “light-hole” (LH) states (m; = £1/2) which are a
mixture of spin-up and spin-down with the p,-orbital character. The split-off |1/2, +1/2) states (not written above) are
primarily p,-type with opposite spin mixture and lie Agq lower in energy.

Dispersion and effective masses: For a given wavevector K, one finds the band energies by diagonalizing H; . Along
high-symmetry axes, the eigenstates can often be chosen as pure m; states. For example, if Kk is taken along the z-axis
([001] direction), then Jz commutes with HLK , so m; remains a good quantum number. In this case, the HH states (m; =
+3/2) decouple from the LH states (m; = +1/2), yielding parabolic dispersions:

h2kf
Heavy-hole band: Ej, (k) =#(y1 —2y,) for k=kjZ. This implies an effective mass mEthOl] =ym;’y
0 17472

along [001].
2
Light-hole band: Ey, (k|) = 2m| (Y1 + 2y2) for k = k|2, with effective mass m;, ' = e
0 1 2

Twofold spin degeneracy is retained (e.g. m; = +3/2 and —3/2 give the same Ej;). Because y; >y, for typical
III-Vs, the HH band is “heavier” (larger effective mass, smaller curvature) than the LH band. For directions other than
[001], the angular momentum projection is not a conserved quantum number, and the HH-LH states mix under the
influence of the y; terms in the Hamiltonian. This mixing leads to anisotropic dispersion or warping. For instance, for
motion along the [111] direction one finds Epp(Kj1117) & (¥4 — 2y3)k? and Epn (k1) < (rq + 2y3)k?, which differ
from the [001] masses if y; # y,. In GaAs and InAs, y; > y, (see values below), so the constant-energy surfaces of the
HH band are non-spherical, with the dispersion being flatter (heavier mass) along [111] than along [001]. The LK model
thus captures the cubic anisotropy of the valence band, while still providing analytic eigenfunctions (four-component
spinors) that are combinations of the Bloch basis states above. These LK eigenstates are used as envelope functions in
envelope-function approximations for heterostructures and to calculate transition matrix elements for optical processes.

nk [001] _ mg

Standard Luttinger Parameters for GaAs and InAs
The Luttinger parameters (1, ¥,, ¥3) are typically determined by fitting the model to experimentally measured band
dispersions (effective masses) or derived from ab initio band structure calculations. Below we list representative room-
temperature values for GaAs and InAs:
GaAs: v, = 6.98,y, = 2.06,y; = 2.93; these differences are minor and reflect fit updates. Agg = 0.341 eV for
GaAs.
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InAs: y; = 20.0,y, = 8.5,y3 = 9.2 with Agg = 0.39 eV. These large parameter values indicate the strongly
nonparabolic, highly anisotropic valence band in InAs (heavy holes in InAs have an especially large effective mass due
to y; — 2y, being small).

Two-photon light absorption in 4385 semiconductors
The two-photon absorption (2PA) coefficient is expressed in the following form [9—-11]:

where: £2) (f{2))- is the distribution function of light (In) and heavy (hh) holes, M) (k) - is the matrix element

2PA ,
(ME) of the transition |hh, m)— |lh,m’), I (w)- represents the intensity (or frequency, m\omega) of light, the wave
2PA -
vector of holes participating in optical transitions |hh, +3/2) — |lh, £1/2), with the energy dispersion Ey, (k) =
2
(A— (-1)!B)k? = h—kz (L =1,2,1 = 1(hh), is given as:

my,my, .
Mpp—myy,

[ = 2(lh)-for heavy holes the wave vector is expressed as: klh = (Zylh hhh_ZZhw) , where py, ,, = is the

reduced mass of the holes.

The energy of heavy holes with such a wave vector is equal to E hh(kl(hz Z;?)) = ———— 2hw, while the energy of light
hh =M,
holes is Ey, (klh Wi ) =— mhfn 2hw, and their distribution functions are determined respectively as:
i
— oxp (=20 _mn Er
[Ehh (klh hh ] = exp ( kT mhh—mlh) exp (kBT) (2)
and

[Elh(klh )] = exp ( w%) exp (,::;TFT) 3

kpT mpp—mip

Calculations show that if the temperature dependence of the bandgap width, the effective masses of charge carriers,
and the effect of coherent saturation are not taken into account, the distribution functions increase with temperature at a
fixed frequency, reach a maximum, and then decrease. At a fixed temperature, the distribution functions decrease with
increasing frequency. This behavior of the distribution functions plays a key role in the frequency-temperature
dependence of the 2PA coefficient.

Further, it should be noted that in subsequent calculations, unlike in [25], it is assumed that during multiphoton
transitions, virtual states exist not only in the branches of heavy and light holes but also in the spin-orbit split subband.

Quantitative calculations show that the optical transitions considered in [25] for wide-bandgap semiconductors
provide the main contribution to absorption in the low-frequency region, while the contribution in the high-frequency
region (A so < 2hw <E g) is less than 5%. Therefore, further analysis will focus on transitions between the light hole
subband and the spin-orbit split subband, as these transitions make a significant contribution in the frequency region
Aso < 2hw < E, (ASO,Eg < Zha)) for wide-bandgap (narrow-bandgap) semiconductors.

Matrix elements of two-photon transitions from the light hole branch to the spin-orbit split subband
When the photon energy satisfies the condition Ag, < 2Aw, optical transitions occur from the heavy and light hole
branches to the spin-orbit split subband. In particular, two-photon optical transitions from the light hole branch of the
valence band to the spin-orbit split subband occur in two stages: in the first stage, i.e., during a transition of type
[lh,£1/2) = |SO,£1/2), the spin direction does not change during the optical transition, while in the second stage,
[lh,£1/2) = |SO,¥1/2) (see Fig. 1), the spin direction reverses (see Table 1).

Table 1. Composite matrix elements of optical transitions from the light and heavy hole branches to the spin-orbit split subband (each

multiplied by (( h")) e, =¢ +le' 2 =e?y e’; .

Virtual state Composite matrix elements of optical transitions
Type 1 optical transitions (spin direction does Type 2 optical transitions (spin direction reverses)
not change)
B?k? 3h A i 2(A+B)P.k
In the branches of the e e +al=+ 1) e'? —QeLe;
Epp— Ejp — how * B z V6  ho
valence band hwvZ lEnp = Eip — ho 6
. . . P2 1 PZ
In the spin-orbit split — L— el” + 4e} 2 ‘el
subband 3V2Econa — Emn — ( +) V2 Eeona — Eny — haw) £+
A B%k? 3V2ABK?
. 2\/2 ) 12 11
In the conduction band B (Esg — Epp — ha) © © —Eso y— e,ey
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In Table 1: A,B -band parameters of the semiconductor, B = %W bandgap parameters, P.- Kane parameter
LhMhh

[26, 27], e/, (@ = x,y, z)-components of the light polarization vector, Ay-amplitude of the electromagnetic wave vector
potential.

2PA
In particular, for the optical transitions |lh, +1/2) —— [SO, +1/2) shown in Fig. 1, the square of the modulus of
the sum of the matrix elements (ME) is written as:

2 1(eA B2k2 12 12
|Mlh,i1/2;50,i1/2| = E(C_ho) ( ) (ERZe s+ R +R e e ) 4)
2PA _
and for optical transitions of type [lh, +1/2) —— |50, +1/2):
2 ed Bk? ro2 42
|Mins1/2.50 712 = (Cho) (hw) Rzie'ie's, 5)
where:
%, = 16](A—te V4 (Ae 1) 4 (Lo Y’ 6
z- BESO Ejp—hw B 3B2k2 Epona—Epn—hw/) |’ 6a)
_ P? hw 2 3hw 2
SRJ‘ - [(SBZkZ Econd_Elh‘h‘U) + (Ehh_Elh_h(‘)) :|’ (6 b)
_ P2 hw z 24h0 (A
1= [8 (332}{2 Econd‘Elh‘h‘”) T Eppn—Ein—hw (B T 1))]’ (6 C)
o _[aqa Z2rp\? 1 P2hw A 2
zlL = [6 (B + 1) (Bk) t3 (Bk 2(Econa—Ein— hw)) +18 (B) (Ego —Ep— hw) : 6d)
|v.x1/2) 7150,+1/2) V.£1/2) 7150.£1/2) Ve s0.z172) V. x1/2)" 7150,%1/2)
|1h,m =+1/2) |SO,m=+1/2) —+1/2) |ih,m =+3/2)
a) b) c) d)

Figure 1. Types of two-photon transitions from the light hole branch of the valence band to the spin-orbit split subband

2PA
|V,+1/2) —— |50, £1/2): a) Intermediate states are located in the light hole branch; b) In the spin-orbit split subband; c) In the
heavy hole subband; d) In the heavy hole subband. In such optical transitions, the spin direction of charge carriers does not change. Optical
transitions involving spin flip are determined in a similar manner, where the substitution |SO,+1/2)«>[SO,+1/2) must be applied.

It should be noted that if the energy conservation law associated with TPA is taken into account, the energies of the
holes involved in optical transitions from the light hole branch to the spin-orbit split subband are determined by the
following expression

2w) mso Min _
EC( SOlh mcond(mso_mlh) (Zhw ASO) +E ’ (7)
Ein(ksom) = e (210 = 850), Enn (ko) = 72— (2heo — o),

mpp(Mso—mip)

(SO,ih)
and their wave vector is given by: kéf)(‘l),)l \/ 2= (2hw — Agp) where: pS00) = %— is the reduced mass of the
SO~ M

holes, E, (4s0)- is the bandgap width (spin-orbit splitting), mg, - is the effective mass of the holes, Eg, (E) = Agp +

2
" k2 s the energy spectrum of the holes in the spin-orbit split subband.
SO

It should be noted that we will conventionally classify semiconductors as wide-bandgap (Eg)ASO), intermediate-
bandgap (Eg =~ A 50), and narrow-bandgap (Eg(A 50). Now, let us analyze both interband and intraband optical transitions
in these semiconductors. It is known that an optical transition between the conduction band and the valence band
(interband optical transition) occurs when the condition Eg(2hw is satisfied, while transitions from the light and heavy
hole branches to the spin-orbit split subband (intraband optical transition) occur under the condition 45, (2hw. Thus, the

order of interband and intraband optical transitions depends on the ratio A—g. From this, it can be seen that as the frequency
s0

increases in wide-bandgap (narrow-bandgap) semiconductors, intraband (interband) optical transitions occur first,
followed by interband (intraband) optical transitions. In intermediate-bandgap semiconductors, both interband and
intraband optical transitions occur (almost) simultaneously. This implies that when studying optical transitions, special
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attention must be paid to the band structure of the semiconductor, which will be taken into account in subsequent
calculations and in the analysis of results.

Since we will subsequently calculate the spectral, temperature, and polarization dependencies of optical properties,
such as the light absorption coefficient and LCD, driven by two-photon transitions from the light and heavy hole branches
to the spin-orbit split subband, it should be noted that in wide-bandgap (narrow-bandgap) semiconductors, such transitions
are allowed in the frequency range 45, (2hw(E, (Eg, ASO(Zh(u).

Linear-circular dichroism in two-photon transitions from the heavy and light hole branches to the spin-orbit
split subband
Next, we will calculate the spectral and polarization dependencies of the LCD coefficient, determined by the
probability of two-photon transitions, taking into account the phenomenon of coherent saturation [28, 29]:
2
2) X
Z MSO,m’;lh,m(k) x

2
w2 2o ehu’ s 14y
i I \mgye i (hw)? -
k mm'=+1/2;k

7
X (Funze = Fs07)8(Eso(k) = En (k) — 2h0), (8)

Where the symbol {...) denotes averaging over the solid angles of the wave vector of the holes. Then, the square of
the modulus of the two-photon matrix element (ME) is determined by the following relation: for optical transitions of

2PA
type |lh, +1/2) —— [SO, +1/2).

,1-1/2

(2 o
Z MSO,m’;lh,m 9

mm'/=+1/2;k

2
17edo\*(B2K? 4 Iz 12 12
_(_Cho) ( ) ) (mze z+R1e 1 +Rz1e je Z)

1
R, = —2 : ©

4/p2p2\?2
agy 1(/eAg B4k 14 14 12 42
\/1+4h2(u22(7) (‘Rze z+m_]_€ _]_'szle 1€ Z)

hw
2PA _
for optical transitions of type |lh, £1/2) —— |50, +1/2)

4,p2,2\2
eAg\* B’k 12 g2
(Ch)(fm))leeJ-ez

@ _
Rsom = - , (10)
g (eAg\*(B2k? 2,2
o) (B e
where
ap 1[edg\* (B2K?\2 250\ [ uson (- ho 2
4 o =&(—=—) ——(2—-1)], (11)
h2w22 \ ch hw hw 4Uhhlh Aso
&R = 2a (L)g LA is the Rabi parameter, k2 = 2Bk A g = AZ&T(DT@ I —M-re resent values in
R A\14/ B2KZ p > A h2 TS0 a2z o nl 0 AT on|B2ky) P

units of light intensity that depend on the band parameters of semiconductors, taking into account the energy conservation
law describing two-photon transitions between the light and heavy hole subbands of the valence band. Since the value I,
depends on the effective mass of the holes in the spin-orbit split subband and its width, it is therefore influenced by the
choice of Kane's model (three-band or four-band).

Thus, the coefficient of two-photon LCD light absorption depends not only on the band parameters of the

i Cw)y _ msoMin . .

semiconductor but also on the energy EC(klh,SO e ——— (2hw — 4gp) + E; of photoexcited electrons in the
: QCw)y _ msoMmin QCw)Y _ myp

conduction band, Ehh(klh,so) = m (Zhw - ASO) of heavy holes, and ESO (klh,SO) = —m(Zhw -

Agp) — Agp of holes in the spin-orbit split subband.
If the contribution of the coherent saturation effect is neglected (i.e.,{z = 0), then the average value of

-2
<Zm‘mr= +1/2% |M é{?m’; hm (k)| > is determined as follows: for linear polarization:

4 ,p252\2

(M1 s0.072l7) =2 (222)" (B2) L3, + 8%, +2Ry.), (12)
4 ,p25,2\2
|Mlh¢1/2;so,¢1/2|2 =2 (e == Rz (13)
15\ ch hw
for circular polarization

4 p23,2\2

(IMun 1250, 1721%) = (22)" () 2L @Ry + 7R, + 3%2), (14)

4 2
(IMuns1250 5072 ]") = 5 (22) (B2 e (15)

hw
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Thus, the dependence of the probabilities of two-photon transitions from the light hole branch to the spin-orbit split

2PA 2PA
subband, |V,+1/2) —— |50, +1/2) and |V, +1/2) —— |SO, ¥1/2), for linearly polarized light is determined by the
following relationships:

|Mm,i1/2;so,i1/2|2 = ;(%)4 (B;ZZ)Z (mzelg + ERJ_e"i + ERZJ_e’ie’g), (16)
|Mlh,il/2;50,-T—1/2|2 = (%)4 (B;::Z)z mlzle,ie’; (17)

Here, for linearly polarized light
les]? = %s in?¢’, |e’i|2 =1—|e,|? F Pyccosdp’ = ;(1 +cos?¢") F Py cos @', (18)

and for circularly polarized light
¢ [ =cos’ g,|e.[ =sin’ ¢, |e’i|2 = ;(1 +cos?@") F Py cos @', (19)

where ¢(¢’) —is the angle between the vectors &(§) and E, é- is the light polarization vector, E([j) is the wave vector of
the hole (photon), P, — is the degree of circular polarization.

It should be noted that the polarization (angular) dependence, as well as the dependence on the Rabi factor for both
the probability and the LCD coefficient, driven by two-photon optical transitions, are calculated according to relations
(17) and (18). Initially, to simplify numerical calculations, we will ignore the contribution of the coherent saturation effect
to the transition probabilities.

2PA ;
The spectral and angular dependence of the transition probabilities |lh, £1/2) —— |S0, +1/2) (VV”(:ZT/‘ZT;O +1/2)
2PA .
and |lh, +1/2) —— |S0, ¥1/2). (I/I/l;ll‘i_ff/azr;?m_;l /2 for linear polarization in GaAs and InAs semiconductors, calculated

2PA
according to equations (17) and (18), are shown in Fig. 2. The transition probabilities for |lh, +1/2) —— [SO, +1/2),

Tl b B ™
08 T

2PA _
and |lh, £1/2) —— |S0, ¥1/2) for circular polarization are also depicted in Fig. 2.

(linear)
I/V/'h +1/2;50.71/2

04
0.2+ | Gads
¢
/1
hefAg, 2 )
b)
(cire) (circ)
W s2:s0.212 Wih;il.’Z;Sﬂ_;l 73

1.0y

0.8
0.6 ' 71/
| Dl
od] |77 4
] Ill{lllllll//ll L
0.2+
Gads
J ¢
* I
fiofAs 2 halAg, 4 % 2

2PA
Figure 2. Spectral and angular dependencies of the transition probabilities of type |lh, +1/2) —— |SO, £1/2) and
2PA
|lh, £1/2) —— |SO, ¥1/2) for linear polarization: (a, ¢) in Inds and (b, d) in Gads
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2pA .
The spectral and angular dependence of the transition probabilities |lh, £1/2) —— [SO, £1/2), (VI/},(luiflffzr)so +1/2)> and

2PA — [ . . . . .
[lth,+1/2) —— |SO, ¥1/2), (Wlfll’li"ffzgo;l /o) for linear polarization in GaAs and InAs semiconductors, calculated

2PA
according to equations (17) and (18), is shown in Fig. 2. For transitions of type |lh,+1/2) —— |S0,+1/2) and

2PA
[lh, £1/2) —— |50, F1/2) for circular polarization, the results are also presented in Fig. 2.

From Fig. 2, it can be seen that: a) The maximum values of the transition probabilities in InAs semiconductors are
significantly higher than those in GaAs, while the oscillation of the angular dependence in InAs and GaAs is identical,

i.e., the maximum and minimum oscillation values occur at the same angle in both materials. b) With increasing

. (linear) (circ) . ..
frequency, the maximum values of Wy, 11 /5.50 11/, and Wy, t175.60 41/, decrease, passing through a minimum before

increasing again, while W},(ll?ff;.;o F1/2 and I/I/l,gcirf/)z. S0,.71/2 increase in both /n4s and Gads for both linear and circular

B

polarization.

_ yy (cire) - (linear) rf(rg:”;,‘
My sv2s0412 = Wﬂh,im:so £1/2 /Wlh,tl"z-io +1/2 )
-
1‘ W
|
12 ‘

1.2

fm)/Am - : %

b)
2PA
Figure 3. Spectral and angular dependencies of the two-photon LCD coefficient for optical transitions |lh, + §> — |S 0,+ %}
(a) and the resulting LCD (b) in GaAs and InAs, where the contribution of the coherent saturation effect is neglected

Figure 3 shows the spectral and angular dependencies of the two-photon LCD coefficient for optical transitions

[lh, +1/2) 2, |SO,+1/2) (Fig. 3a) and the resulting LCD (Fig. 3b) in GaAs and InAs semiconductors. From this
figure, it is evident that the two-photon LCD exhibits the following characteristics: In narrow-bandgap semiconductors,
it is greater than in wide-bandgap semiconductors. The polarization dependence has an oscillatory nature. With increasing
frequency, the maximum value decreases for both semiconductors. It is more significant in the low-frequency region than
in the high-frequency region and remains practically unchanged in the frequency range Aw)1,545,. Peaks occur at angles

% between the light polarization vector and the wave vector of charge carriers, and these peaks are independent of the
type of semiconductor. Now, we proceed to analyze the calculation results considering the contribution of the coherent
saturation effect to the probabilities of two-photon transitions. Calculations show that the two-photon LCD coefficient

6
should be distinctly observable in the low-frequency region, as it is proportional to the value (%) . Therefore, we will
=4so

further analyze the contribution of the coherent saturation effect in the frequency range . First, we calculate the

3 L4
frequency-angular dependencies of the LCD coefficient for several values of the Rabi parameter £, = 2a, (L) =

1) B

&R =01and &z = 1.5
Figure 4 shows the frequency-angular dependencies of the probabilities VI/;,(llZlf/"ZT;O 11/, and Wu(ll,iitlffzr-)so,ﬁ /2 inGaAs
and InAs, illuminated by both linearly and circularly polarized light for £z = 0.1 and &z = 1.5. It can be observed that
the physical nature of the probabilities depends on the degree of light polarization, the types of transitions, and the band

structure of the semiconductor: a) At a fixed frequency, the angular dependence Vlllfllliflfﬁrgo +1/2 (Vlllffgf/)z;soy +1/2

)

2PA
exhibits three (two) peaks for transitions |lh,+1/2) ——|S0,4+1/2), and four peaks for transitions |lh,+1/

2PA _
2)—— S0, ¥1/2).

From the latest results (see, for example, Fig. 4a, c, b, d), it is evident that the spectral dependence of the 7;, 50 =
5o
(chiz)
Lh,SO

transitions for both linearly and circularly polarized light become zero at specific points.

two-photon LCD coefficient can only be calculated at certain angle values, since the probabilities of optical
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Figure 4. Spectral and angular dependencies of the transition probabilities of type |lh,+1/2) —[SO,+1/2) and
2PA

|lh, £1/2) —— |S0O, ¥1/2) for linear (a, ¢) and circular (b, d) polarization in InAs and GaAs. The Rabi parameter is assumed to be 0.1

In such cases, the LCD coefficient remains undefined. Therefore, we will analyze the frequency-angular
dependencies of 7y 1+1/2;50,+1/2 0 GaAs and InAs for two angle values between the light polarization vector and the

photon wave vector: z (a) and = (b) (Fig. 5).

(circ) (linear)
M zvzs0. 202 = VVIh,ﬂ/z;So.ﬂ/z/VVI) £1/2:50.,£1/2

0.16

b) holAg,

Figure 5. Frequency dependence and dependence on the Rabi parameter of the two-photon LCD coefficient for the angle between
the light polarization vector and the photon wave vector equal to % (a) and g (b), calculated for optical transitions

2PA
|lh,£1/2) —— |SO, £1/2) in GaAs and InAs, where the intersections of the graphs are marked with circles

From Fig. 5, it is evident that the nature of the frequency dependence of the LCD coefficient: a) Depends on the
band structure of the semiconductor; b) The amplitude value of 15, +1/2;50,+1/2 1S almost ten times greater than that of
Mih,+1/2;50,%1/2 in both the high- and low-frequency regions for GaAs and InAs.

Fig. 6. Angular dependence and dependence on the Rabi parameter of the resulting two-photon LCD coefficient
(nrezult = Min+1/2;50,+1/2 F Mih,+1/2;50,F1 /2) in GaAs and InAs for two frequency values: Aiw = 0.25eV (a) and hw =
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0.5eV (b). It can be observed that the LCD is more noticeably observed in GaAs than in InAs, but the maximum LCD
values in InAs occur at iz—", and in GaAs at %ﬂ when hw = 0.25eV; in GaAs at %, and in InAs at % when hw = 0.5eV.

Myezulr. Gads
R ; InAs
InAs Mrezult. R
4

3z _ z
4

Figure 6. Angular dependence and dependence on the Rabi parameter of the resulting two-photon LCD coefficient
(nrewlt = Mn+1/2;50,+41/2 T Wlh,i1/2;so,¢1/2) in GaAs and InAs for two frequency values: iw = 0.25eV (a) and iw = 0.5eV (b)

Calculations show that if the dependencies E(T), m(T),mgo(T), calculated using the three-band Kane model, are

taken into account, the main contribution to the resulting two-photon LCD coefficient (n(z) (w, T)), averaged over the
2photonabsorption

solid angles of the hole wave vector, comes from transitions of type [lh, +1/2) |SO, +1/2), while

2photonabsorption

the contribution of transitions |lh, +1/2) |SO,F1/2) is less than 3%. The calculations also indicate
that, without considering the effect of coherent saturation, (17(2) (w, T)) in GaAs and InAs is practically independent of
temperature.

Light absorption due to two-photon transitions from the light hole branch of the valence band to the spin-
orbit split subband
Thus, the coefficient of two-photon absorption caused by optical transitions between the light hole subband and the
spin-orbit split subband is determined by the following relation

2hw  2mmgomyy,

KO0, = == S o n (Kinso) = fro(Kino)] %

) 2 5 2
f: sinf - do fo Tde |Zlh,m=i1/2;50.m’:i1/2 Ml(h,)m;.S‘O,m' (kl(i‘;,)l, 0, (p)| (20)

where kl(,fas)[)) is the wave vector of the photoexcited holes, and the matrix element (ME) of the transition
2fotonliyutilish

|th,+1/2) ————— |50, +1/2) is:

o= () 3G ) (o[ #4542
lh,+1/2;50,+1/2 ch) 2\ hw BEsy — Ejp, — hw B ?

_ P hw 2 2 3hw /2
B2k23 Econd—Eih—hw (el + 4@2 ) + Epp—Eip—hw € J'}’ (21)
2PA _
for |lh, £1/2) —— |SO, ¥1/2):
__ (eAo\? [ i 2(a+B)Pck | 1 p2 3vZABKk? -
Minz1/25071/2 = (Ch) [\/3 (hw) V2 (Econa—Ein—hw), Eso—Ezh—hw] -ee (22)

fin (kl(,f(g’g,) [fs0 (kl(,f?(),)] - are the distribution functions of charge carriers in the light hole subband (spin-orbit split
2
subband), Bz(kl(,i(g()) g h?z(n::;;:;h) (gioji?h) (2hw — 4gp), 6 (p)-are the polar (azimuthal) angles of the hole wave
vector. Calculations show that each term in equations (20) and (21) provides comparable contributions to the two-photon
matrix element. This indicates that significant contributions are made not only by transitions where the intermediate states
are located in the light and heavy hole branches but also in the spin-orbit split subband, as well as in the conduction band.
The average value of the matrix element (ME) (see formula (3.4.2)) is determined as:

2 . 5 2
<|Ml(if,)m;50,m’(kl(lf,(;)())' 0, ‘/’)| > = fonsm 0-do J; "dg Yinm=+1/2;50,m' =+1/2 |Ml(lf,)m;so,m’(kl(fi(gt)750' 0, <P)| .



197

On the Theory of Two-Photon Intersubband Absorption and Linear-Circular Dichroism... EEJP. 2 (2025)
. . 2¢oToHHOeNOrIoLeHHE
Then: for optical transitions of type: |lh, +1/2) |SO,+1/2):
2\ 1 (1 e?2m\? (B%k?)? 3 8 2
sl = 5 G2 (2" (0 o, (0 ) @

2PA
and for optical transitions of type: |lh, +1/2) —— |S0,+1/2)

<|Mlh.i1/2;50¢1/2|2> = %(ﬁgi—pz (B;ZZ)Z %5 <(5Rz {3 + R, {3 + R, {;)) (24)

The number indicated at the top (bottom) in expressions (22) and (23) refers to linear (circular) polarization. Thus, if in
expression (19) the relations (20)—(23) are taken into account and the effect of coherent saturation is neglected, then:
a) For linearly polarized light:

I e? 2 B22 ZM(so,m)
2 _ 30 (£ _ (@) = (2w)
Kiimear = 2(2) ho (fmﬁ fso,ﬁ) <chnw> < Ao ) h3 kso,in X

x ([39 + 5 @23, + 89, +3%,0]) @9)
b) For circularly polarized light:

bi e? 2 B22 Zu(so,zh)
@ _ 3_° (£ _ £(2) - 2w)
Kcirc - 2(27T) hw (flh,ﬁ fso_ﬁ) (chnw) ( hw ) A3 kSO,lh x

x ([z&n;l + L @R TR+ zmu)]>. (26)

The frequency-temperature dependencies of the absorption coefficient K (2), calculated using (24) and (25) for
2fotonliyutilish 2fotonliyutilish

transitions |lh, +1/2) ——— > |S0,+1/2) and |lh, +1/2) ———— > |SO, ¥1/2) in GaAs (a, ¢) and InAs
(b, d), are shown in Fig. 7. From this figure, it can be observed that: a) In GaAs, the consideration of E,(T) practically

does not affect K® (w, T), whereas in InAs, it leads to an increase in K® (w, T). b) The amplitude value of K (2) (w, T)

circ
is greater than the amplitude value of Kl(ii)ear (w,T). ¢) With increasing temperature in InAs, the maximum values of
(@)
K

ciretinear (@ T) decrease in the low-frequency region, while in the high-frequency region, they increase instead.

K®(a,7) K (o,T)

K(Z)

livear

K®
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(o.7)
(o7)

LE® (w,T
cire ( ) [{'(Z)

cire
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0.
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Figure 7. Frequency-temperature dependencies of the two-photon absorption coefficient K ® (w, T) for linearly polarized light (a,
b) and circularly polarized light (c, d) in semiconductors GaAs (a, ¢) and InAs (b, d)
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This situation is explained by the ratio of the bandgap width to the spin-orbit splitting width, which is greater than
one in GaAs and close to one in InAs.
In the study, the maximum value of K® (w, T) for linear polarization, calculated for in GaAs, was set equal to one,

neglecting the contribution of the coherent saturation effect. (R @ (w, T)) represents the 2PA coefficient in cases where
the temperature dependence of the band parameters is considered (or not considered).

CONCLUSIONS
Thus, in this work:

1. Based on the multi-band Kane model, interband two-photon absorption (2PA) of light, caused by optical transitions
from the light hole branch to the spin-orbit split subband in GaAs and InAs, has been theoretically investigated.

2. Two-photon interband optical transitions have been classified, with attention paid to the fact that virtual states of
charge carriers are present not only in the light and heavy hole branches but also in the spin-orbit split subband and
the conduction band.

3. In GaAs and InAs, the presence of several peaks in the frequency-temperature dependencies of the 2PA coefficient
has been identified. The appearance of the peaks is explained not only by the specific change in the distribution
functions of photoexcited holes but also by the fact that, at certain frequency values, some denominators in the
expressions for the composite matrix elements tend toward zero.

4. It has been shown that all two-photon optical transitions, which differ by their virtual states, contribute comparably
to the absorption.

5. It has been demonstrated that in the frequency regions where the spectral dependence of the probabilities of two-
photon transitions changes sharply, two-photon linear-circular dichroism (LCD) can be clearly observed.
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JO TEOPIi IBO®OTOHHOI'O MIXKITIJI30HHOI'O MO JIMHAHHS TA JIHIAHO-IIUPKYJISIPHOTO
JUXPOI3MY B HANIBITPOBITHAUKAX THITY AsBs
Pycram 5. Pacysior?, Bokcoo P. Pacyios?, ®@appyx Y. Kacumos®, Mapaon6ex X. Hacipos®<, Iciiam E. ®apmanos?,
Adaii 3. Typcinbaes?
“@epeancvruil Oepacasrull yHisepcumem, Pepeana, Y3oexucman
b Anouscancoruii deparcasnuii ynisepcumem, Anousican, Yzbexucman
‘@epeancoruil depoicagnuii mexuiunui ynieepcumem, Qepeana, Y3bexucman
[Tis0enno-Kazaxcmancvruil ynigepcumem Myxmapa Ayezosa, Illumxenm, Kazaxcman

VY craTTi AOCHIIKYIOTBCS YacCTOTHO-TEMIIEPATypHi 3aJeXHOCTI WMOBIpHOCTI ABO(OTOHHOrO moriauHaHHS (2PA), 3yMOBIEHOTO
Hepexo/iaMu 3 TUJIKH JIETKUX IiPOK 0 MiI30HH CIiH-0pOITaIbHOrO PO3IIEIUICHHS, 8 TAKOX JIIHIHHO-IUPKYIsIpHOTO quxpoizmy (LCD),
noB’s3aHoro 3 2PA, Ta koediuienta 180(OTOHHOTO NOTJIMHAHHS CBIT/a B HAMIBIIPOBigHUKaX GaAds Ta InAs. Po3risHyTo BILIUB eeKTy
KOT€pPEHTHOT0 HACHUCHHS Ha MOTJIMHAHHA. [IpoaHasi3oBaHO pOJIb Pi3HUX THIIIB IIEPEXOIB, SIKi BiAPI3HAIOTHCS BipTyaJbHUMH CTaHAMU
Ta OepyTh yuactb y 2PA. Y Gads ta InAs BUSBICHO HAasBHICTh KUTBKOX MIKIB y YaCTOTHO-TEMIIEPATYPHIH 3aJ€KHOCTI KoedilieHTa
2PA; nosiBa IUX MIKiB IMOSCHIOETHCS HE JIMIIE CHEH(ITHO0 3MiHOI0 (QYHKIIH pO3IOAiay (OTOAKTHBOBAHKX JIPOK, a H THM, IO IPH
MIeBHUX 3HAUEHHSX YaCTOTH JAEsIKi 3HAMEHHUKH y BHPa3ax M CKJIAJCHUX MAaTPHIHUX €IEMEHTIB IPSIMYIOTh 10 HYJIS.

KuawuoBi caoBa: o0sogomonni onmuuni nepexoou, eipmyanvhi cmanu, 6aeamoOmonHi OnMuyHi nepexoou; KoegiyieHm
060(OMOHHO20 NOTUHAHHSA, eeKm KO2EPEeHMHO20 HACUYEHH S, HANI6NPOBIOHUK



