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A quantitative theory of two-photon linear-circular dichroism caused between the subbands of light and heavy holes of the valence
band and conduction band is constructed, which takes into account the admixture of valence band states to the conduction band states
and the temperature dependence of the band gap (E4(T)) in semiconductors of tetrahedral symmetry in the multiband Kane model. It
is shown that the type of oscillatory angular dependence or the amplitude values of the probabilities of two-photon optical transitions
depend on the state of light polarization. This is due to the fact that, under the influence of linearly polarized light, alignment along the
pulse occurs, and under the action of circularly polarized light, the moments of current carriers are oriented. It has been determined
that the probability of two-photon optical transitions from the heavy hole subband to the conduction band of semiconductors at a fixed
temperature increases with increasing frequency, passes through a maximum, and sharply decreases regardless of the degree of
polarization of light, as well as the band gap.
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INTRODUCTION

Currently, the main research in the field of multiphoton (multiquantum) light absorption is carried out in wide-gap
semiconductors, as a number of their physicochemical properties have been studied in depth and in more detail. In this
regard, multiquantum effects occurring in narrow-gap crystals have been less studied in both theoretical and experimental
aspects. The main reason for this is that the theoretical study of a number of optical phenomena in narrow-gap crystals
requires the use of not only the Luttinger-Kohn approximation but also the Kane multiband approach.

The first work on two-quantum interband transitions in crystals was carried out in the early 60s, shortly after the
advent of lasers [1-3]. When calculating the matrix elements of two-quantum transitions in crystals, perturbation theories
based on the field of an unpolarized electromagnetic wave were used [2, 3], where the two-band Kane model was used.

In [4-11], linear-circular dichroism (LCD) of two- and three-quantum light absorption in crystals was studied both
theoretically and experimentally. Nonlinear interband single-quantum absorption of polarized light in Weyl semimetals
was studied in [12]. However, the question of the polarization and frequency-polarization dependence of two-quantum
interband linear-circular dichroism in zinc blende crystals, caused between the subbands of light and heavy holes of the
valence band and conduction band in the Kane approximation, taking into account the admixture of valence band states
to the conduction band states, remained open to study, which this work is devoted to.

BASIC RELEATIONSHIPS
It is known [4] that the coefficient of multiquantum light absorption is determined by the probability of a N quantum

optical transition from the |n, E) state to the |n’, k'> state, determined by the relation
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where f z ( fn,z)- is the equilibrium distribution function of current carriers in the initial (final) state, M;E%)nrﬁ' is the

composite matrix element of the N- quantum optical transition.
It can be seen that W™, in turn, is assigned a value of Mr(l%’)n,%. In particular, to calculate the Mg:% - composite
matrix element of a single-quantum optical transition from the subband of light holes to the conduction band, one must

know the Hamiltonian, since [13, 14]
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polarization vector (amplitude value of the potential vector) of the light wave, ﬁ(ﬁ)— is the Hamiltonian of current carriers,

[FI(E) ]-is the matrix elements of the momentum operator, €(A,)-is the
cs;V,'gm

the remaining quantities are well known. Note here that ﬁ@) - is a quadratic matrix whose dimension depends on the

choice of model. For example, in the Kane approximation, ﬁ(%) - can be represented as an 8x8 matrix, the form of which
is given in [13, 14] in the Luttinger-Kohn approximation. However, in [13, 14], when calculating band matrix elements,
the substitution of states of the valence band (I') to states of the conduction band (I';) was not taken into account, taking
this into account gives the following matrix elements of the momentum operator, presented in Tables 1 and 2.

Table 1. Interband matrix elements

my -

>(Tg)
m e pml,ms

of valence band states to conduction band states, where p.; = (S|p,|Z),

calculated fromm',m = 3/2,+1/2,—1/2,—3/2 taking into account the substitution

ey =é tiey ey e, e, -areprojections € relative to

the coordinate system x’,y’, ', dependent on the direction of the wave vector of current carriers k (k||z").
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Table 2. Intraband matrix elements of the momentum operator [5 . ﬁ,(,l;f,zl / (flk)] for crystals of cubic symmetry. Here {, =

|Pc,v|2/(moEg), Eg- is the band gap.
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Let us note here that taking into account the substitution of valence band states for conduction band states leads to
the following hole Hamiltonian:

L5 Tk k2 ]

2 V3 V2 0
kzky 2,5 , k2 k2
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which differs from the Luttinger-Kohn Hamiltonian (see, for example, formula (26.12) in monograph [13]).
Then the effective mass of electrons in the conduction band is expressed as
1 1 2 2(2 1
o] X e @
and the Kane parameter is determined by the relation
2 _ 3 mo-mc Eg(Egt+Aso)
|pC'V| = 2Mo T 2(Eg+850)+Eg’ ®)

Agp - is the width of the spin-orbit splitting of the valence band. In this case, the value that describes the substitution
of valence band states to conduction band states {; = 3my(mp, —my)/(4mymy) >>1 for a number of
semiconductors (see Table 3), where my;, (my,) - are heavy (light) holes. This means that taking into account the
substitution of valence band states for conduction band states should lead to a significant contribution to the coefficient
of both single and multi-quantum absorption of light, depending on the frequency of light and temperature, the study of
which is the subject of this work.
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Table 3. Numerical values of quantity (.

InSb InAs GaAs
46.5 255 6.18

_ 3mompp —myy,
O e ——

MppMyp

To complete the problem, in further calculations we will take into account the dependence of band parameters, for
example, the band gap on temperature [Eg(T)], since the Kane parameter p., = (BBm(z)ngL_z)l/2 and the effective

masses of current carriers (see formulas (5) and (6)) also depend on E,(T). In particular, the E;(T) dependence is
expressed by the Varshni formula [15]

E,(T) = E4(T = 0) ©)

Yr T+Ty

and Passler’s formula [16]

Ey(T) = Ey(T = 0) - 22 [(1 + (%)p)l/p - 1]. %)

Here yr, Ty, a, ©,-are constant values depending on the physicochemical properties of the semiconductor, the
numerical values of which are given in Tables 3 and 4.

E4(T) dependences determined by relations (6) and (7), it is clear that with increasing temperature, the band gap
width described by the Varshni formula changes very slowly, and determined by the Passler formula decreases noticeably.

In particular, the temperature dependences of the effective masses of electrons m.(T) in the conduction band and
holes mg, (T) in the spin-orbit splitting zone can be represented as [15]:

mo EpAso mo Ep(Eg+2A50/3)
=y - =1+ 2F + 2£Eg*28s0/3)
mso(T) yl 3Eg(Eg+A50)’ mc(T) 3Eg(Eg+A50)

®)

(see Fig. 2a and b). From Fig. 2 it can be seen that with increasing temperature, m.(T) for narrow (wide) band gap
semiconductors decreases (increases), and mg, (T) increases in semiconductors with an arbitrary band structure, where
the calculation is carried out using the Varshni formula. This temperature behavior of the effective masses leads to a
noticeable change in the temperature and frequency dependence of the optical properties of semiconductors, for example,
the light absorption coefficient. We will consider the analysis of this case later.

mcund(T) / M ona (D) Mo (T) / Mso (0)
1,0
2.4
09
2.0 Inds
0.8
1.6
0.7
1.2 Gads ZnS
100 200 300 400 500 - 100 200 300 400 500

a) T,K b) r.x

Figure 1. Temperature dependence of the effective masses of electrons (a) in the conduction band and holes (b) in the spin-orbit
splitting zone of a semiconductor, calculated using the Varshni formula. Numerical values of zone parameters and thermoelectric
quantities are obtained from Tables 3 and 4.

Table 3. Numerical values of band and thermoelectric quantities of some semiconductors [16]

Crystals Ey(T = 0),eV 0,, K a,meV /K p 0p, K
GaAs 1.519 230 0.472 2.44 360
InAs 0.414 143 0.281 2.1 262
InSb 0.234 136 0.250 2.68 205
ZnS 3.841 240 0.532 2.76 440
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Table 4. Numerical values of band parameters of some semiconductors at T=0 K[2] [15].

GaAs InAs InSb ZnS
Eg, eV 1.519 0.417a 0.235a 3.54
Agp, eV 0.34 0.39 0.81 0.06
Ep, eV 28.8 21.5 23.3 20.4
yr,meV /K 0.46 0.276 0.32
Ty, K 204 93 170
Y1 6.98 20.0 34.8
Y 2.06 8.5 15.5
Y3 2.93 9.2 16.5
m./mgy 0.067 0.026 0.0135
Mgo /My 0.172 0.14 0.11
F -1.94 -2.9 -0.23

3. FREQUENCY, ANGULAR AND TEMPERATURE DEPENDENCES OF THE PROBABILITIES OF TWO-
QUANTUM INTERBAND OPTICAL TRANSITIONS IN CRYSTALS OF TETRAHEDRAL SYMMETRY
Since the probability of optical transitions (see formula (1)) is determined by the composite matrix element,
therefore, we will further calculate the matrix elements of the following two quantum optical transitions (without taking
into account coherent saturation): a) the initial states of holes are in the heavy hole subband, where the conservation law
written as 6 (E¢ong — Enn — 2hw), then the matrix elements of optical transitions of type |V, +3/2) = |m) — |c, +1/2)

2 ! !
have the form (ﬂ) \/—Pcvflk e'zelz [ 2 hwlg

ch (thw) + ; (Ein—Epp— hw)l’

are prohibited; b) the initial states of holes are in the bottom of light holes, where the conservation law is written as
S6(Econa — Eip — 2hw), then the matrix elements of optical transitions of type |V, +1/2) = |m) = |c, £1/2) have the

A0\2, k1 hwlgler |? . . _
form (ec—ho) h\/_E(—hm) ( Zg) 4+ ——2 = | and optical transitions of type |V, +1/2) = |m) — |c, F1/2) are

z _(Ehh—Elh -hw)l’
prohibited.

and optical transitions of type |V, +3/2) = |m) — |c, ¥1/2)

h2k? . . . nk? .
Here Eopg = T Eg4- is the energy spectrum of electrons in the conduction band, E; = — s the energy
c L

spectrum of holes in the valence band, L = lh (L = hh) corresponds to light (heavy) holes, symbol — describes a single-

quantum optical transition. Then the composite matrix of a two-quantum interband optical transition M IE k) SO’ taking

into account the admixture of valence states I'8 (valence band) and I'7 (spin-orbital splitting band) into the I'6 states
(conduction band) is described by the following expression

2
@  _1fedo\* eyl WK [ 4 NE a4 helg NP,
Mlhﬁ: ck 3 ( ch ) (hw)? (1 3 (g) €z (Ehh—Em—ﬁw) le’L1*], ©)
* 2 2
@ _ ﬂ)4 |pc,V| thZ( 2 hwlg ) ' 2 12
Mhh,;; C.% - 3 ( ch (hw)z 1 + 3 Ejp—Epp—hw € z e L (10)
2
where (e;o) = znnec (hw)z, I(w)-is the intensity (frequency) of light, n, - is the refractive index of light at frequency
w

W,Pey = (3Bm(2)Eg/h2) - is the Kane parameter, B = h?(mp,, — my,)/(dmy,my,), mp, (my,)-is the effective mass
of light (heavy) holes.

Let us note here that if we do not take into account the admixture of valence states I'8 and I'7 to the I'6 states, then
the results obtained are [14, 15]. Since the probabilities of intersubband two-quantum interband optical transitions are
determined by relation (9) and (10), therefore, based on this expression, it is possible to calculate the frequency-
temperature dependence of both the coefficients of two quantum light absorption and its linear-circular dichroism, taking
into account the temperature dependence m.(T), mgo (T) and E,4(T) [15]3. Then, by substituting (9) and (10) into (1), we
can determine the frequency and polarization dependence of the probability of a two-quantum optical transition, where it
is taken into account that to calculate the angular dependences of the optical parameters of a semiconductor it is convenient
to use the following relations [4]: for linearly polarized light

le', 2 = cos?(é- k), |e's|" =1 le/,]? = 1= cos?(é - k), (b

and for circularly polarized light

, 1 . grs 7Y | 121 S PN T Lo
le',I? =Esmz(q-k), |e J_r| =E[1+cosz(q-k)] +Pmccos(q-k), (12)
eAyp 1 e? 2m . . . .
and also ( p ) = roohnaw where ¢ — is the wave vector of the photon, P, — is the degree of circular polarization,

I- is the light intensity, n,, - is the refractive index of the semiconductor at frequency w.
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In Fig. 2 shows the frequency-angular dependences Wu(rzlgar and Wc(li)c for light of linear (a, €) and circular (b, e)
polarization for optical transitions from the heavy hole subband to the conduction band in GaAs. The results presented in

Fig. 2a,b were obtained for E;(T = 0 K), and the results in Fig. 2d,c — for E;(T = 330 K). From these figures it is clear
that the appearance of the graph, for example, the symmetry of oscillations of the angular dependence or the change in
the amplitude values of W;frzllar and Wc(li)c, depends on the state of light polarization. This is due to the fact that since
under the influence of linearly polarized light the alignment of pulses occurs, and under the action of circularly polarized
light the moments of current carriers are oriented, and also taking into account dependencies m(T), mgo(T) and E,4(T)
leads to the temperature dependence of the wave vector of photoexcited current carriers.

W_<2)m(hh,];; clz) W(z)

cire

(hh,i;;c,];)

0.8
0.6
0.4
\/ X/ \)
‘(’lf‘%i"l”@(""% | 0.2
2, 0 N
0 ,
ho/E ™ T
CU/ g 2 ha)/Eg g 2
a) 5

W<2) (hh,l;;c,l;)

linear

ha)/ E,
d) ¢)

Figure 2. Frequency-angular dependences W ® for light of linear w2 (a, d) and circular w? (b, c) polarization for optical

linear circ
transitions from the heavy hole subband to the conduction band in GaAs. In figures a, b it was assumed that E;(T = 0 K), and in

d, c- Ey(T = 330 K).

In Fig. 3 shows the frequency-temperature dependences of the probability of Wc(li)c two-quantum optical transitions
from the subband of light holes to the conduction band of semiconductors InSb (a), InAs (b), GaAs (c) under by the action
of circularly polarized light, averaged over the solid angles of the wave vector of the current carriers, where the
dependence E,(T) is taken into account (see Varshni’s formula).

Calculations show that taking into account E,(T) leads to a sharp increase in Wc(li)c in low frequency regions and a
transition through a maximum, then a hump-shaped dependence (see Fig. 3a) and b)) with increasing frequency at
arbitrary temperatures. Note that the greater the width of the band gap, the greater the depth of the hump.

It should be noted that the probability of two-quantum optical transitions under the influence of linearly polarized

light W}l(rzlz o €xactly repeats the frequency-temperature dependence Wc(li)c, but the amplitude value is four times smaller.

Calculations show that the probability of two-quantum optical transitions from the heavy hole subband to the
conduction band of semiconductors at a fixed temperature increases with increasing frequency and passes through a
maximum and sharply decreases regardless of the degree of polarization of light, as well as the band gap. This can be
explained by a similar frequency-temperature dependence of the current carrier distribution functions.

It is known [4-10] that the coefficient of two-quantum linear dichroism of light absorption is determined by the
probability ratio of Ww® ow® e ratio n® = w® / w® In Fig. 4 shows the frequency-angular dependences

circ linear> circ linear"
7@ caused by optical transitions from the branch of light holes to the conduction band of semiconductors InSb (a),
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InAs (b), GaAs (c), where graphs 1 correspond to E; (T = 0 K), and graphs 2 - E;(T = 30 K) (graphs 2). From Fig. 4 it
can be seen that at certain values of the angle (), regardless of the width of the band gap, it takes on a very large value,

which, firstly, is due to the fact that these angles Wu(flgar have small values, and secondly, such an anomalous value

2 . . .
decreases sharply at {;, = |pC,V| / (moE g) = 0, i.e. when we do not take into account the admixture of valence band states
to the conduction band states.

W(Z)
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Figure 3. Frequency and temperature dependence of the probability of two-quantum optical transitions Wc(li)c from the light hole
branch to the conduction band of semiconductors InSb (a), InAs (b), GaAs (c) under the influence of circularly polarized light.
The calculations took into account the temperature dependence of the band gap.
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Figure 4. Frequency-angular dependence of the two-quantum coefficient of linear-circular dichroism 7, caused by optical

transitions from the branch of light holes to the conduction band of semiconductors InSb (a), InAs (b), GaAs (c), where graphs 1
correspond to E;(T = 0 K), and graphs 2 - E5(T = 30 K) (graphs 2). The calculations did not take into account the contribution

of the coherent saturation effect in n®.

¢

CONCLUSIONS

In conclusion, we note that in Kane’s three-band approximation:

A quantitative theory of two-quantum interband linear-circular dichroism in InSb, InAs and GaAs semiconductors
is constructed, which takes into account the admixture of valence band states to conduction band states and the
temperature dependence of the band gap in the multiband Kane model.

It is shown that the probabilities of interband two-quantum optical transitions in both narrow- and wide-bandgap
semiconductors with a frequency rostrum at a fixed temperature first increase, then, passing through a maximum,
decreases, regardless of the degree of polarization of the light.

Frequency and temperature dependence of the probability of two-quantum optical transitions M/c(li)c from the light

hole branch to the conduction band of semiconductors InSb (a), InAs (b), GaAs (c¢) under the influence of circularly
polarized light.
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[ToGynoBaHoO KIBKICHY TEOPi0 ABOGOTOHHOTO JIHIHHO-KPYyTrOBOTO ANXPOI3MY MiXK MiA30HAMHM JIETKHX 1 BAXKKHX J[IPOK BaJIEHTHOT 30HU
Ta 30HH INPOBITHOCTI, sIKa BPaXxOBY€ IOMIIIKY CTaHiB BAJICHTHOI 30HM JI0 CTAHIB 30HH IPOBIJIHOCTI Ta TEMIIEPATypHY 3aJeXKHICTh
umprHa 3a60poneHoi 30uHu (E, (T)) y HaniBpoBinHAKaX TeTpaeapudHOi cuMeTpii B GaraTo3onHii Monei Keiina. IToxazano, mo un
KOJIMBAJIBHOI KYTOBOI 3aJISKHOCTI a00 aMIUTITy{HI 3Ha4eHHS IMOBIpHOCTEH TBOGOTOHHUX ONTUYHHX NEPEXOMIB 3aIeXaTh Bij CTaHy
nossipu3anii cBiTia. lle MOsICHIOETBCS THM, LIO MiA AI€I0 JIIHIHHO MOJISIPH30BAHOIO CBIiTJA BiAOYBA€THCS BUPIBHIOBAHHS B3JIOBXK
IMITyJIbCY, @ MiJ Ji€I0 HUPKYJISIPHO IOJIIPU30BAHOTO CBIT/JA BiJOYBAa€ThCsl Opi€HTAlliss MOMEHTIB HOCIiB cTpyMy. BusnaueHo, 1o
HWMOBIpHICTh ABOYOTOHHUX ONTHYHUX MEPEXOIIB i3 MiI30HM BAXKKHX HIPOK y 30HY MPOBIJHOCTI HAIIBIPOBIIHUKIB 1pu (ikcoBaHii
TeMIiepatypi 3pocTa€e 3i 301JbILICHHSM YacTOTH i NMPOXOAUTH Yepe3 MAKCHMyM 1 Pi3KO 3MEHUIYETHhCS HE3aJCHKHO B CTYHEHs
MOJIAPU3AIlii CBITMIA, OCKUIBKH a TAKOK IMUPHUHA 3200pOHEHOT 30HH.
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