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ANNOTATION
The spectral dependences of the coefficients of interband three-photon optical transitions for InSb and for some optical
transitions are calculated and a numerical analysis of the coefficient of interband three-photon absorption of light is
carried out, which taken into account the contribution to the three-photon absorption of optical transitions occurring
during the simultaneous absorption of two photons in the Kane model.
Interband three-photon optical transitions in crystals of the InSb and type are classified, and the spectral
dependence of some optical transitions is analyzed. The coefficient of linear-circular dichroism of interband three-photon
absorption in a crystal in the Kane model is calculated.
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INTRODUCTION

The first works devoted to the research of two-photon interband transitions in crystals were carried out
in the early 1960s, shortly after the appearance of lasers [1-3]. In calculating the matrix elements of two-photon
transitions in crystals, perturbation theories were used in the field of an unpolarized electromagnetic wave [2, 3],
where the two-band Kane model was used.

In [4-7], both theoretically and experimentally, linear-circular dichroism (LCD) of two- and three-
photon absorption of light in crystals of cubic symmetry in the region of the center of the Brillouin zone was
investigated. However, the question of spectral and temperature researches of multiphoton interband absorption

of polarized light in narrow-gap crystals in the three-band Kane approximation remained open.
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MATRIX ELEMENTS OF THE THREE PHOTON INTERBAND OPTICAL TRANSITIONS

-1

Three-photon interband light absorption can be described by diagrams of type _m

5 [} 5 5
—2(5?5—'” —ui , Where E— describes one photon absorption, =*=*=describes the successive absorption of

EE
two photons, and —- describes the simultaneous absorption of two photons. Then three-photon optical
transitions from the valence band (|VI ,m, >) to the conduction band (|C, m,’) ) generally have four types, which

can be represented as the sum of the following optical transitions depending on the initial state of electrons

participating in optical transitions: a) the initial state of electrons is in the subband of heavy holes

S (Vo #372) = V) =6 17 2) Vi £372) > [V, m, ) > [V, 1) —> [, 21/ 2) +

my . m=£1/2,43/2

+|Vip, 31 2) > |c,m) —>|c,m)) > |c, 1/ 2) + |V,,,,+3/ 2) > [SO, m,) =[SO, m/) —|c,£1/2) +
+HVi, £3/2) > |V, m)) > [c,m/) = |c, £1/ 2) +|V,,,, £3/ 2) > |[c,m, ) > |V,,m/) > |¢,£1/ 2) +

+[ Vi, £372) > |V, m ) =[SO, m) —>|c, +1/2) +|V,,,,£3/ 2) > |SO,m, ) = |V,,m{) — |¢, £1/ 2) +
+|Vy, 23/ 2) > |, m ) > [SO,my) — [¢,+1/ 2) +|V,,, £3/ 2) > [SO, m; ) — [c,m)) > |c,+1/ 2)},

> AV F312) = |V um) > (e, 21/ 2) + |V, 73/ 2) > [V, m ) = [V, m]) > ¢, +1/ 2) +

my, My =+1/2,43/2

+| Vi F3/ 2
[V, ¥3/2
+| Vi F3/ 2
[V, F3/2

—|c,m) —>|c,m)—>|c,£1/2)+|V,,,F3/ 2) —|SO,m;) - [SO,m) — |c,+1/2) +
= V,,m) = |c,m) = |c,£1/2) +|V,,, F3/2) > |c,m) > |V,,m]) —>|c,+1/2) +

— |V, m;) =[SO, m/) = |c,+1/2) +|V,,, ¥3/ 2) = |SO,m) — |V, m{) > |c, £1/ 2) +
— |c,m) =[SO, m)) —>|c,+1/2)+|V,,, F3/ 2) > SO, m) —>|c,m/) —>|c,+1/ 2)};

~ ~— ~— ~—

b) the initial state of electrons is in the subband of heavy holes

(Vi 11 2)7 = "V, )" = 76, 211 2) + [V, #17.2) = [V, my) = [V, ) > [e, £1/ 2) +

my,my=+1/2,+3/2

+|Vin, £1/2) > |c,m) —>|c,my) —>|c, £1/ 2) +|V,,,£1/2) =|SO,m;) = SO, m/) —|c, £1/ 2) +

+| Vi, £1/2) > |V, m) > |c,mf) —>|c, 1/ 2) +|V,,, £1/ 2) > |c,m ) > |V,,m{) = |c,+1/ 2) +
+[Vy, £13/2) = [V;,m ) =[SO, m{) —|c, £1/ 2)+|V,,, +1/ 2) > | SO, m ) > |V,,m/) > [c,+1/ 2) +

+|Vip 1/ 2) > [c,m) —> SO, my) — ¢, £1/ 2) +|V,,, +1/ 2) - |SO, m ) = [c,my) —|c, +1/ 2)},
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S N T 2) 5 V) o> [0, 217 2) + [V, F1/2) > Viomy) > Vi my) > [e, 17 2) +

my, My =+1/2,3/2

+|Vjy, F1/2) > [c,m) > [c,m/) = |c, £1/ 2) + |V, , F1/ 2) = |SO,m; ) —|SO, /) —|c,+1/ 2) +
+Vip, FL/2) > [V, m) = [c,mf) > [¢, £1/ 2) + |V, , F1/ 2) = |c,m ) > |V, m]) = |c,£1/ 2) +
[V, F1372) 5|V, m) =[SO, M) = ¢, £1/ 2) +|V,,, 71/ 2) [ SO, m, ) = [V, m’) — |c, 1/ 2) +
+Vip, F1/ 2) > [c,m) — SO, m) —>|c,£1/ 2) +|V,,, 1/ 2) - [SO,m; ) —>|c,m{) — ¢, +1/ 2)};

c) the initial states of electrons are in the subband of heavy holes

{|S0,£1/2) = |V,,m) = |c,£1/2) +|SO,£1/2) — |V, m) —|V,,m) —|c, 1/ 2) +

my,m=+1/2,+3/2

+|S0,£1/2) > |c,m) > |c,m/) —>|c,+1/2)+|SO,£1/2) —|SO,m ) — SO, m/) — |, £1/ 2) +
+S0,+1/2) > |V,,m,) = |c,m)) —|c,£1/2) +|SO, 1/ 2) - |c,m,) = |V,,m{) > |c,£1/ 2) +
+]50,+13/2) |V, m ) =[SO, M) — ¢, £1/ 2) +|SO,+1/ 2) —[SO,m,) — [V, m/) — |¢, +1/ 2) +
+[S0,+1/2) - |c,m) —>[SO,m) —>|c,+1/ 2) +|SO, 1/ 2) —[SO, m) — |c,m{) — |c, £1/ 2)},

Y {|SO.F1/2) = |V,,m) = |c,£1/2)+|SO,F1/2) - [V, m ) = |V, m) — |c, +1/ 2) +

my,my=%1/2,+3/2

+|SO,F1/2) —>|c,m,) = |c,m/) = |¢,£1/ 2) +|SO, F1/ 2) > |SO,m; ) —|SO, my) —>|c,+1/2) +
+|SO,F1/2) »>|V,,m,) > |c,m{) —>|c,£1/2)+|SO, F1/2) —>|c,m,) > |V,,m{) —>|c,£1/ 2) +
+|SO,F1/2) —>|V,,m,) =[SO, m/) —|c,£1/2) +|SO,F1/ 2) —|SO,m;) —>|V,,m/) —>|c,£1/ 2) +
+]S0O,¥1/2) >|c,m) —|SO,m/) —|c,£1/ 2)+|SO,F1/ 2) —|SO,m ) — |c,m) —>|c, +1/ 2)},

where each component differs from each other in the order of virtual states, which can appear both in the
subbands of the valence band (|V|,m|>) and in the conduction band (|C, m,')) or in the spin-split band (
|SO,my)), m,,m/=+3/2 for subbands of heavy holes, m,,my ==+1/2for subbands of light holes,
conduction bands and spin-split-off bands, m, or ml' the eigenvalue of the total momentum operator.
|A, ma):>|B,mb) characterizes the optical transition from state |A, ma> to |B,mb), occurring by the
simultaneous absorption of two photons (see, for example, [5-7]), |A, ma> —)|B,mb>characterizes a one-

photon optical transition from the |A, ma> to |B, mb> state.

Note that some of the above matrix elements may turn out to be equal to zero in the zero, linear, and

quadratic approximation in the wave vector in the energy spectrum (in the effective Hamiltonian).
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In what follows, we choose the following Luttinger Cohn basis functions [8]. Then the effective

Hamiltonian in the above sequence of basic functions takes the form

E, +Zz—nli 0 %h _i\/gpkZ _iTepk 0 _iT:kz _iT:Zk
0 E+f;:2 0 %h —i\EPkZ _iT;k _iTgF: . % :
_iTZPk_ 0 F H [ 0 % J2I

i\Esz _iTgk H* G 0 | G% _gH
%K i\EPkZ I* 0 G -H - SH* %
0 %h 0 I* —H* F o1 _HTZ*

where each component differs from each other by the

order of the band parameters [8]. In particular, the

dimensionless Luttinger constants  %,,7,,y;are related to the band parameters A, B, D as
" A " B th ical val f which iven in [9]. Then th
—Nn= —7V,=7» —<—V3=—7=,the numerical values of which are given in [9]. Then the
om, om, 272" oam T 23

energy spectrum of light and heavy holes takes the form E, (IZ) =E, - (A+ B)k?,

(= (k)= E, — (A—B)k?, where the effective masses of light and heavy holes do not depend on the direction

2

2

: . h
of the wave vector and are determined by the relations: =A+B= —(71 + 2]/2),
m,, 2m,
n n*
=A-B= (7, —2y,) . In this case, the matrix elements of the pulse operator are determined by
2m,, 2m,

&-VH (IZ) , Where € is the vector of the polarization of the light.

Note that there are 16 types of optical transitions that differ from each other in virtual states. Therefore,

below we will consider individual optical transitions. For example, the matrix element of an optical transition

described by the following diagrams is determined by the relation, and for transitions of the type
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V,-3/2) >|V,~-3/2) — —|V,~3/2) >|c,~1/2), V,-3/2) -
|V,-3/2) >|V,-1/2) —|c,-1/2), IV,=3/2) >|V,-1/2) —»|V,-3/2) —|c,~1/2),
V,-3/2) > |V,-1/2) »|V,=1/2) —|c,—1/ 2) we have

A oo A A

i 21,241
—P.B%ke! + + +
(—2nw) (—hw) (E,—Ey—ho) | (E,—E,-2n0)| (-ho) (E,-E,-ho)

NA

Then the spectral dependences of the coefficients of the linear-circular dichroism of these optical transitions,

determined using the probabilities of these transitions, are shown in Fig. 1. Figure 1 shows that the spectral
dependence of the linear-circular dichroism coefficient (77(@)) depends on the type of optical transitions. In
particular, for the first type of optical transition, it increases with an increase in the frequency of light, and for

the second type of optical transition, with an increase in the frequency of light, it first decreases and, passing

through the minimum, increases.

0.92 ,7 0.4850

0.4846

04842

0.4838

0.4834

0.35 040 045 050 0.55 i Sl L &

a) b)

Fig. 1. Spectral dependence of the linear-circular dichroism coefficient for three-photon interband light

absorption in crystals of cubic symmetry for two cases.

MULTIPHOTON INTERBAND ABSORPTION OF LIGHT
The coefficient of interband three-photon light absorption is calculated as

K (0T)= > KgN),;Vw(a),T):@ > owl . (1)

summ Jmg c.mg;g,m;V.my
c.mg;V,my; c,mg;g,m;V,m;

Here Ké]Nm)C;V’W (a),T) is partial interband three-photon absorption coefficient of light at which when

calculating it is necessary sum over the intermediate states (at a fixed (‘g, m;>) and final states (
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|C, mé)(mg +1/ 2)); K (@,T) is total three-photon absorption coefficient of light, w N is

summ Mg 56, M.V m;
the probability of the optical transition between the valence band and the conduction band, defined as

Wc(,anc);g,mg;v,w :%Z‘Mé,’rﬁ;g,m&v,w (k)‘z |: fe (k)_ fV. (k)]'5(EC(k)_ EV. (k)_ Nha)), &)

where ‘g, m;> is the virtual state can be located both in the conduction band and in the subband of heavy holes
| Vs Miy) (M, =£3/2)  or in the subband of light holes |Vj,,my,) (M, =+1/2), as well as in the
spin-split subband |SO, M, ) (M, =+1/2) of the valence band, Mé’?n) v (K) is the composite

matrix element of the optical transition under consideration, f, (k)[ f

v (k)] are the distribution functions of

current carriers , E, (k)[E\,I (k)} is the energy spectrum of electrons (holes), is the eigenvalue of the total

angular momentum operator in the band with numberv(C,VI ) SO). The matrix element of the electron-photon

12

_ o e (27l ~ oo _ o

interaction is defined as H,,, = - — (e : Ki)",,where P is the operator is the momentum, A s the
imyw\ n,c

vector potential of the electromagnetic wave, | is the intensity of light, and n, is the refractive index of the

medium at the frequency @ .
Since the probability of a multiphoton optical transition, which is used to determine the coefficient of

multiphoton light absorption, is expressed as

2N N
w _1f_e ZARNCTN _E Yt (No)
Wc,mc’;v,m\', - ﬂh(moa)J ( ne (kC,m\,I ) (Nh(l) Eg) ‘Rc,mé;v,m\', (kC,m\,I ) X (3)
(Nw) (Nw)
(R )1 (5 )
nere k(M) =| 2Ty (Nrw-E,), m,(m,)is effecti in th )
where ey = mm, w—-Egy), (M, ) is effective mass in e zone c(V)),
N N 2
‘mgr&;gmg;vm (kém':)) the quantity  determined by  the integral of  the type

jdcos(e)Td(kadkzZ\Mgfn{;g,m;;vm (k,@,(p)r,fc (kf’;’h)h)[fhh(kfrﬁ;)hﬂ is the distribution
-1 0 0 g,m,

function of electrons (holes with energy E, (k(gw) )[Ehh (k(gw) )J) Let us consider the specific case. Let

C,Myy C, My,

Mét‘n) e, (kc(hr‘rs’)) is the composite matrix element consist of two terms, i.e.
Meie,m 3V, my,
(N) (Ne) ) _ pg (A (No) (B) (No) (A) (No)
Mc,mc’;g,mé;v,m\; (kc,rmI )_ Mc,mé;g,m;;v,n\’, (kc,m\,I )+ Mc,mg;g,m;;v,m\’, (kc,m\,I )’ where Mc,mc’;g,m;;v,m(/ (kc,n\/I )
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. . , . B No)\ . .
is the matrix element of the optical transition of the type “A”, and MC( ) MV (ké ma/) )) is the matrix element
mgig.m;;V, my

of the optical transition of the type “B”

s K M (K M (K5
:‘Méﬁ)c':g,m;;vm (kc’::: ‘Mcm ML, (k(':‘T:‘/:))Z_’_

A N - B N B Naw -
[Mc(,rfzé;g,m;;vm’/ (kc(m/l)):| Mc(yrgé:g,m;:vm’/ (k( ))+ Mc(m) i6ameVimg (kéml.))[Mc(yngé;g,mg;Vm} (kc(w)):| '
Whence we have that the total light absorption coefficient consists of the sum of the partial light absorption
2

coefficients, determined by the quantities ‘Mcm eV, (k(Nw and‘l\/lcm S (kc(’;f:)) as well as
the contributions to the total light absorption coefficient, determined by the quantity
A Nao - B Nao .
[Mév"?é:g,m;:vm’, (kc(w)):| Mg,n}é:g,m;:vm’, (kém/,))' 1.€.
N 7w AB.C
Kc(énB\(;)n\, (6() T) I \Nc(mC S, n)l vomy, (4)
where

X

M2 (K

WC(QCB\),W _ { j ( j ]':‘T:) )3 (NAaw— Eg )‘1
(B (<) 1 (B (k)|
= 5 ) (22 e oo (e )1 )

* *

M o, (K| M (R )+ ML g (0 ) M, (K5

X

calculating them separately, one can consider that the numerical contribution of the partial absorption

coefficients of light. Therefore, we will consider specific optical transitions. For example, for an optical

transition of the type|V,—3/ 2> = :>|V,—3/ 2> —)|C,—1/ 2>,

|V,—3/2> :>|V,+1/ 2> —>|C,—l/ 2>, |V,—3/2> :>|V,—1/ 2> - |C,—l/ 2>, the coefficient of

three-photon interband absorption of light for crystals of cubic symmetry is determined by the relation

5 3 m.m E?
(N=3) _ (3 ¢’ hh 2 g (3m) _ ) (3(u)
Kc,hh,l - Z Kg (O) (mc + mhh ) mo I sz; |: fc (kc My ) fhh (kc Mppy ):| Xw rc mhh
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2
A A
5] (5] we Cehn?
aéT,Ei)+2 c,hh,1 + c,hh,1 ot (5)
X(o o _X(u th - Xhh - 2Xa) (th - Xhh - 2Xw)
and for transitions of type |V,-3/2)—>|V,-3/2)—|V,-3/2)—>|c,-1/2), |V,— 3 >/—>2

—|V,=3/2) >|V,-1/2) >|c,-1/2),|V,-3/2) - |V,-1/2) —|V,-3/2) —|c,~1/2),
|V,—3/2> — —|V,-1/2) »|V,-1/2) —|c,~1/ 2) we have

K52 = 8K (O) 12, (2 )= (020 ) (7)) ) (a2 + B 2908, + L3 2080

(e mygm, e o)~ e
2y 2mm, 3hw—E
nmCh | I’T‘lc + nnl\/l h

oy 2mmy NAaw—E,
x =E (k,)/E,. I=Ilh,hh, SO . r m, = ! , k, - is wave vector of current carriers,
omg+m, moE,

determined by the energy conservation law E (k)—Ehh(k)—Sha)zo, , for linearly polarized light

_ 90 5 180 5 488 _ 1 _ _ 4
(N=3) _ p(N=3) — (N=3) _ (N=3) _ pN=3) —c(N=3) — >7 for circularly polarized

,hh1 1351 c,hh,1 135’ c,hh,1 135 v ~%¢,hh,2 _15 ¢,hh,2 c,hh,2

. _ 70 5 133 5 396 _ 8 _ 13 _ 18
iaht A =105 Pt =Jg5+ Gmi o5 %mz ~qogBmd “qpg Gmd “qpp
A A A
2(2 -1y 2(5-1 AN
LAY A 2+

+
" (ho)  (En—Ey—2ho)(ho) (E,-E,—2ho)(E, -E, - ho)

3
> 2ho(E, —Ey —ho)

ANALYSIS OF THE RESULTS
The spectral dependences of the coefficients of three-photon interband absorption of light for the

above optical transitions are shown in Fig. 2. It can be seen from Fig. 1 that the spectral dependence of

Kc(':h:sz) / Ké?’) (O) depends on the type of optical transitions. In particular, for the first and second types of

optical transitions, with an increase in the frequency of light, it increases and passing through a maximum
decreases for both linearly polarized light and circularly polarized light, but the maxima of the dependence

differ from each other in value. The numerical values of the band parameters of InSh were taken from [9]
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Fig. 2. Spectral dependence of the coefficient of three-photon interband light absorption in InSb crystals for the
two cases considered in the text.
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