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A microscopic theory is constructed for optical orientation and alignment of excitons in semiconductors
under resonant excitation; the theory is valid for any ratio of their lifetimes to the momentum relaxation
time. The exciton radiation is regarded as a result of resonant scattering of light with multiple elastic
scattering of the excited excitons by impurities. It is shown that in the case of n-fold scattering (n> 2)
the probability of backward emission of the light, i.e., at scattering angles close to , is increased by two
times. The theory takes into account the influence of the Faraday rotation, dichroism and birefringence of
the light propagating in a crystal in a magnetic field. The influence of inhomogeneous broadening is
analyzed. The developed is used to calculate the change in the intensity and in the degree of polarization
of exciton radiation in GaSe in longitudinal and transverse magnetic fields following excitation with

linearly and circularly polarized light.

PACS numbers: 78.20.Ls

INTRODUCTION

Optical orientation of excitons in semiconductors was
first observed by Gross, Ekimov, Razbirin, andSafarov
in CdSe crystals, ' This phenomenon was observed by
now in many semiconductors (see the review'??),

In GaSe crystals, the exciton orientation was first ob-
served by Veshchunov, Zakharchenya, and Leonov. ™’
In®®) as well as in a later study'*? the excitons were pro-
duced by binding free electrons and holes excited with
light. Inm, where resonant excitation was used, both
orientation and alignment of the excitons were observed,
in accordance with the predictions of the theory. ® The
character of the depolarization of the exciton radiation
in the magnetic field (the Hanle effect) differed qualita-
tively from that customarily observed for excitons and
free carriers. Calculation within the framework of the
phenomenlogical theorym with allowance for the singu-
larities of the band structure of GaSe does not explain
the dependences of the polarization on the magnetic field
observed in"). It was suggested in‘®’ that the charac-
ter of these dependences is connected with the fact that
in GaSe the exciton lifetime 7 is comparable with the
momentum relaxation time 7,, and an analogy was noted
there between the orientation of free excitons and the
orientation of atoms in gases under cascade excitation.
The role of the different energy levels in the atom under
resonant excitation of excitons is played in this case by
states with different momenta.

If 7y and 7, are comparable in value, the phenomeno-
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logical theory of'® does not hold. In this paper we de-
velop a microscopic theory of optical orientation of ex-
citons, which is valid for an arbitrary ratio of 74 and 7,
and takes into account the singularities of the optical

properties of GaSe.

In the first part of the article we derive a general ex-
pression for the density matrix of the secondary radia-
tion following resonant excitation of the excitons. It is
shown that this radiation can be regarded as a result of the
resonant scattering of light in multiple scattering of the
excited excitons by the impurities. In the general case
it is necessary to take into account here scattering in all
orders, and this can be done in a sufficiently weak in-
teraction of excitons and photons in the crystal The
description of the secondary radiation as resonant scat-
tering is a consistent quantum-mechanical description,”
that takes into account, in particular, interference phe-
nomena that occur in backward scattering of light. At
T¢> 7,, When the predominant contribution is made by
high-order scattering, the derived expressions coincide
with the formulas of the phenomenological theory that
regards secondary radiation as a result of exciton lumi-
nescence.

In the second part of the article we calculate the
change in the degree polarization of exciton radiation in
GaSe under resonant excitation in longitudinal and trans-
verse magnetic fields.

The present paper is the theoretical part of a joint ex-
perimental and theoretical investigation of optical orien-
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tation and alignment of excitons in GaSe. A separate
article will be devoted to a detailed description of the
procedure and results of the experiment and to their
comparison with the conclusions of the theory developed
here.

I. OPTICAL ORIENTATION IN THE CASE OF
NONEQUILIBRIUM EXCITON MOMENTUM °
DISTRIBUTION

1. General formula for the secondary radiation density
matrix

We consider a semi-infinite crystal on the surface
z=0 of which the exciting light is normally incident. The
intensity and polarization of the exciting light in the
crystal are determined by the density matrix d3(w, z)
in a basis of polarization vectors e,. The density ma-
trix of the light radiated by the excitons from the vol-
ume V,, situated at a distance z from the crystal sur-
face, is connected with the exciton Green’s function
F,n (@, w', z) by the relation

des(0’,q,2) = 2 im“. im'ame' (q» o’,2),

(1.1)
*.
Fomr (K, @)= j dt’ €®'* OlBgm: (£) bxm(t+t") 10>.

Here K and m are the wave vector and the index of the
spin state of the exciton; bk, (f) and bx,(¢) are the op-
erators of creation and annihilation of the exciton in the
state (K, ) in the Heisenberg representation; «’ and q
are the frequency and wave vector (in the crystal) of the
radiated light. |0) is the ground state of the crystal,
and j%= (mlje,l0) is the matrix element of the current-
density operator following excitation of the exciton into
the state m. Formula (1. 1) follows directly from the
known relation between the vector potential of the ra-
diated light and the extraneous current produced when
the crystal is excited (see, e.g.,'®?), if we change over
to the second-quantization representation in the indi-
cated relation. The value Vj of the radiating region is
chosen in this case such that, on the one hand, the den-
sity matrix d% (z) hardly changes in the region, and on
the other hand, the linear dimensions of the region ex-
ceed the wavelength of the light, We note that in (1.1)
and subsequently we leave out inessential factors that
do not depend on the polarization indices. We consider
the case of resonant excitation with light whose average
frequency corresponds to the energy of the ground state
of the exciton, and whose spectral line width is smaller
than the distance between the ground and excited states.
Therefore the summation in (1. 1) is only over the spin
indices of the exciton in the ground state n=1.

We calculate the Green’s function F,,,. (K, «') first for
monochromatic excitation. We use for the calculation
the diagram technique developed by Keldysh'®® for non-
equilibrium systems. To this end we introduce, in an-
alogy with, ' a contour C with two branches parallel to
the time axis, the upper from — « to + < and the lower
from + < to — «, In the approximation linear in the in-
tensity of the exciting light, the single-particle Green’s
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function in (1. 1) can be expressed in terms of the two-
particle Green’s function of the excitons in the absence
of exciting light:

<O1B s (£2) B (£1) 105
(1.2)

4o
LV i g (0,2) [ G it K, ).
= -

= (ho)?

GmI:n,mmu (titatst; K, K’) ’ (1. 3)
= <OITCb](ml(tl+) bxm(tz—) bx'm.(ts—) bK'MA(t‘+)exP [_ j V(T)d‘[] ‘0>’

where T is the operator of ordering along the contour
C, bkn(t) and bg,(f) are the operators of creation and
annihilation in the interaction representation, and qq is
the wave vector of the exciting light in the crystal. The
index * indicates the position of the temporal point on
the upper (from - < to + ) or lower branch of the con-
tour C, respectively. The operator of the interaction
of the excitons with the impurities and with the lattice
vibrations V is best represented in the form of two
terms, V;+ V,. The interaction V; is responsible for
the exciton momentum scattering within the limits of the
exciton band. We shall henceforth include in V; only
scattering by impurities. In this case we have

V,= Evl_x' exp{i(K—K’)r,} bx'mbxm, (1.4)

KK’
ms

where vg-x+ is the amplitude of the scattering of an ex-
citon by an individual impurity center and r; is the posi-
tion of the s-th impurity. The expression (1. 3) for the
function G is averaged over the impurity distribution
which is assumed, as usual, to be uncorrelated. For
simplicity we neglect in (1. 4) the scattering with transi-
tion from one spin state of the exciton to the other, i.e,,
we do not take into account the spin relaxation of the ex-
citons. In this case the two-particle Green’s function
(1. 3) is different from zero only at my =m, and i, = ms.

The operator -V, describes nonradiative transitions of
the exciton into lower states: bound excitons, indirect
excitons and electron-hole pairs, etc. At sufficiently
low temperatures, when there is no reversed transi-
tions from these states, the contribution of V; to the
Green’s function of the excitons does not depend on the
concrete mechanism of the transition and is determined
by the “departure” time, i.e., the lifetime of the exci-
ton 74, which is assumed henceforth to be independent
of the state of the exciton (K, m).

In our case, when the excitation is produced by mono-
chromatic light and the exciton scattering is elastic, the
Green’s functions F,,,.K, ') can be written in the form

Frm (K, 0")=8(0—0") fan: (K, 0). (1.5)
The function f (K, w) determines the probability of the

excitation of an exciton with wave vector K at the fre-
quency of the exciting monochromatic radiation.

Ivchenko et al. 1173



Lo/ s
\
X FIG. 1. Simplest diagram for the func-
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2. Derivation of the equation for the function f,,,/(K,w)

The simplest diagram that determines f,,,. (K, w) is
shown in Fig. 1. The upper and lower exciton lines are
set in correspondence respectively to the causal and
anti-causal Green’s functions
G (0, Km) =(0—oxn+ib) ", G (0, Km)=(0—0xn—i8)", (1.6)
where fiwg, is the exciton energy in the state (K, m) and

6-~+0, It follows from (1. 2) that for each diagram the
corresponding expression is multiplied by

Y it ' (,2).
ap

Therefore the diagram of Fig. 1 is set in correspon-
dence with the expression

1 . .
WZ im“iM'l day’ (0,2)"
ap
% N.vg-ql®
(0—0gmtib) (0—@qm'—i8) (0—@ gumti8) (@ — @ gom’'—i8)

(1.7)

’

where N, is the concentration of the scattering centers.

Substituting (1.7) in (1.5) and (1.5) in (1. 1) we obtain
the usual expression for the cross section for the scat-
tering of light in single scattering of an exciton by an
impurity. Under resonance conditions, however, it is
necessary to sum an infinite sequence of diagrams.
This summation can be carried out if the average mo-
mentum | Aq| are transferred in the exciton scattering
exceeds its reciprocal mean free path

le-““(vmt)-’: i=_1‘+Lv vwmiq_o
T T T, m,

where 7, is the momentum relaxation time, m, is the
effective mass of the exciton. At Ag~ gq this is the or-
dinary condition for the applicability of the kinetic equa-
tion

(1.8)

@o>l™t or  @gT>1,

where w,o= (2m,)(figo)? is the exciton Kkinetic energy.
We also assume the Born approximation to be valid.
When these conditions are satisfied, it suffices to take
into account in the summation the diagrams without in-
tersection of the impurity lines (Fig. 2a). Atq+qo=~0
it is necessary to take into account, from among the
diagrams with line intersection, those shown in Fig. 2b,
which are conveniently represented in the form of Fig.
2c. Each of the diagrams of Fig. 2a or Fig. 2b will be
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regarded as a sum of diagrams with a specified number
of vertical impurity lines and with an arbitrary number
of non-intersecting horizontal impurity lines, i.e., lines
joining vertices located on one branch of the contour C.
This leads to a replacement of the functions G% and
GS,. which are set in correspondence with the exciton
lines, by the exact causal and anti-causal Green’s func-
tions without allowance for the interaction of the exci-
tons with the light; in this case these functions are de-
fined by the formulas

G¢(0, Km) =G (0, Km) =Qgn~'=(0—0xn+ilxn) 7, (1. 9)
where the damping is
171
Txn(@)= 5[ —+), QK-K)b(axm—0) |,
rle ] (1. 10)

2
o(K.—Kz>=—,{,‘—N.|vK.-‘,I'.

In formula (1.9), wg, is the exciton frequency renormal-
ized with allowance for the interaction; the quantity I'x,,
includes the damping due to the nonradiative departure
from the exciton band.

The diagram of Fig. 2a, of order 2n, describes or-
dinary scattering of light with n-fold scattering of the
excited excitons by the impurities. The diagram inFig.
2c describes the interference contribution made to the
scattering cross section by the backwards scattering.
This contribution is of general character, independent
of the actual scattering mechanism, and is due to the
fact, as seen from Fig. 3, in backward scattering the
phase shift of the ray scattered directly by centers 1,
2,...,n coincides exactly with the phase shift of the ray
scattered in succession by the centers n,n-1,..., 1.
As a result, the intensity of the backwards scattering of
n-th order is doubled at n> 2. %

We now derive an equation for the function f,,,. (K, w).
It is convenient to write it in the form

f=fO+O—f,

where f* corresponds to the sum of diagrams of the
type 2a, while f'# corresponds to the sum of diagrams

\ N\ N,

\ \ \
a X ¥ X

/ / /
& 90 K1 K 2 q ) et
v fo Ky K2z §_

N - FIG. 2. Normal (a) and
b ><*’ ¥ anomalous (b, ¢) diagrams

PR for the function f,,,.(q, w).

L e
ST, Kptr -Kikx g n
w, 90 K Kz 9 -
\ Y
\ \ \
c ¥ ¥ ¥
/ / /

Lz
Sq K+ KFr gy
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FIG. 3. Interference of backward-
scattered waves (in multiple scatter-
ing).

2c. The diagram f; with one vertical impurity line was
included by us not only in f‘* but also in ¥, With this
definition, as seen from Figs. 2a and 2c, f® =7V at
q+¢,=0. ’

Summing diagrams 2a and 2c¢, which reduces in this
case to summation of two “ladders, ” we obtain for f¥
and f‘? the following equations:

1 .
(o 10mm 1) £ (K, 0) = Ao (00 @) o (@) 8mq,  (1.112)
1 A a :
[T + i (Okn— g am) + 7] f =B (G0 ©) g (0) 00 (1.11D)
where
Amm (K, 0) = 2Tx+i0mm ) /20QknQ8m’, (1.12a)

A (K, 0) =[2Tx+i(0xm—0-x4s xm) 1/20QenQx 4nm; (1.12b)
%=q1Tqs, Omm'=Okn—@km, gmm>(m)=2im“im>"'dae"(m,z),
af

2Tk =Tx+T-xix,

T = ¥, Q(K—K) [Anw (K, 0) fm (K, @)= A (K, @) fam' (K, @) ],

¥ (1.13)
and the expression for If{2). is determined by a formu-
la that differs from (1. 13) in that A,,.(K, @) is replaced
by 3,,..(K, w). We have taken into here the fact that at
wer> 1 and | w,,.] § 7! the value of I'g is independent
of m, and at a fixed direction K does not change in the
range of values of K satisfying the condition | wg,, — wl
& I'x and greatly exceeds the renormalization of the
difference in frequencies w,,. as a result of the colli-
sions.

The term f; which enters in f,,,. (K, w) is equal to

gnm' (0)Q(g—a)

liomm) @ty 27 (0 0) 8w (0, 0). (1. 14)

fimm (q, @)=

3. Alliowance for the change of the polarization of light
as it propagates in the crystal

Formulas (1.1), (1.5), and (1.11) determine the den-
sity matrix of the radiation from a small volume Vj in
the immediate vicinity of the volume. We are interested
in the radiation emitted by the entire crystal and propa-
gating in a narrow solid angle in a direction opposite to
the excitation direction, To calculate the density matrix
of this radiation it is necessary to integrate expression
(1. 1) over the entire excited volume. It is necessary to
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take into account here the fact that when light propa-
gates in a crystal in a magnetic field, its intensity and
polarization prior to the absorption point and after the
emission can be altered as a result of absorption, di-
chroism, birefringence, or Faraday rotation. We as-
sume that in the absence of a magnetic field, at the
chosen light propagation direction z, a crystal has an
optically isotropic behavior. For a uniaxial crystal,
such a direction is the principal symmetry axis,

The polarization basis vectors e, are conveniently
chosen such that the tensor of the transverse permit-
tivity €g5 in this basis is diagonal. We separate here
in €5 the resonance contribution due to excitation of
the exciton n=1

ot (0,0) = b [t~ e Y 1)

- 1.15

ho® ~ Qqm ( )
Here 73 is the nonresonant (background) isotropic com-
ponent of the permittivity. The basis e, depends on the
direction of the magnetic field. In this basis, each of
the states m is excited by light of only one polarization,
i.e.,

jmuimp‘= |jm" l *Bap.

The density matrix of the exciting light is given in the
basis e, by '
dap’ (@, 2)=das"(@) exp {i(§:*—§*") 2}, (1.16)

where dog(w) = di,(w, 0), and G§ is the root of the dis-
persion equation

(cq/0)*=ta (@, Q).

The density matrix of the light radiated backwards, i.e.,
dos(w', q), is determined at g =-qo by the relation
dap(0’, — ) = j dz exp{i(§o"—4.*") 2} dap(0’, —qo, 2). (1. 17)

>0

Substituting formulas (1.1), (1.5), and (1. 16) in this

expression, we obtain after integrating with respect to
w and o' the following expression for the integral den-
sity matrix d,z(- qo) for nonmonochromatic excitation:

s
dup(~0) = [ [ do do” dug(0’, ~a0) = | dmm;’—“ig—i’(;.:,(_%m)

(1.18)
The quantity f,,,.. (@, m) in (1. 18) is the solution of Egs.
(1.11), in which g% ,(w, 2) is replaced by the value of
d’5(w) on the crystal boundary.

4. Criteria for the applicability of the theory '

Let us indicate the conditions under which formulas
(1.17) and (1. 18) are valid. We neglect reradiation,
i.e., the secondary production of excitons by the ra-
diated light. This approximation is correct if the non-
radiative lifetime 7, is small in comparison with the
radiative time 7 ,4=1,40;), where I, is the mean free -
path of the exciton with respect to photon radiation and
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is given by
(1.19)

lad™'=qowr/T.

Here wyr is the longitudinal-transverse splitting for
the exciton:

4n
= j aj2
o= E [im*I2
m

Thus, the condition T,4> T indicated above can be ex-
pressed in the form

(1.20)

(1.21)

@t ((l)q,,Tu)_‘,

where 7= (2I'),

Equations (1. 11) for f,,,. presume the possibility of
separating a volume V; with linear dimensions that are
small in comparison with the quantity I,=1g§ - ¢8*1 !
=l Which determines the length over which a notice-
able change takes place in the intensity and polarization
of the light, but are large in comparison with the dif-
fusion length of the exciton 2, = v,o(ror)/?, so that we
can neglect in (1.11) the diffusion transport of the ex-
citons. This locality condition Ip < 1,4 can be written
in the form

01r7€ (0gV T0T) . (1.22)
In addition, we neglect throughout the polariton effect,
i.e., we regard the photons and excitons in the crystal
as weakly interacting particles. This approach is valid
when the exciton mean free path /, is small in compar-
ison with .., i.e.,

01rT< (0g,T) . (1.23)
It is seen that the condition (1. 21) is the most stringent
and if it is satisfied the inequalities (1.22) and (1. 23)
are also satisfied. Since Eqs. (1.11) were derived un-
der the condition w 7> 1, the inequality (1,23) leads
also to the inequality wyr <7 !=2I. At w 7 <1 the
resonant contribution to €55 is small in comparison
with the nonresonant one. Therefore the coefficient of
light transmission through the crystal boundary is prac-
tically independent of the frequency, and

G 2n ljm22 ljnPl?
a_zp _
190 cnofio Z ( Quum Qqom” ) )

m

(1.24)

5. Allowance for inhomogeneous broadening

As shown by experiment, 5 when the excitation is by
a broad line Aw>T the exciton-radiation line width in
GaSe is 6w>T and is determined by the inhomogeneous
broadening of the exciton spectrum. The influence of
the inhomogeneous broadening on the polarization of the
radiated light is substantially determined by the cor-
relation length a of the exciton energy fluctuations. At
a> I =14, formula (1.18) above remains in force,
since no averaging of the quantity 7§- * takes place
over the light absorption depth ,,, and at Aw>T" aver-
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"aging over the transverse coordinates does not change

the final expression for the integral density matrix of
the photons. At 7,,> a> g;!, the exponential in (1.16)
and (1.17) is replaced by

exp {i _’- [60" (z)— io"' (z,) ]dzl} = expli(°—¢*)z],

where §* is the value of G§(w) averaged over the ex-
citon energy. If the inhomogeneous broadening is dw
>»>T, then we get from (1.24)
§*—3* =ing,w.r/dw. (1. 25)
We took account of the fact that the sum 3,122 in .
(1. 20) does not depend on the polarization a. Thus, at
a<< [, there is no birefringence or dichroism of absorp-
tion of light at the absorption length, which in this case
is equal to (2Img*)"!. If furthermore a> Ip, then the

locality condition is preserved and we have according
to (1.18)

daa(=0) = Y, 1 (), (1. 26)

where
o (@)= { d0 frm' (4, ).

6. Solution of the equations for £, (K,w) in the
isotropic approximation

It is seen from (1. 11) that at wgy, — wl ST scattering
by impurity centers leads to excitation of excitons that
likewise have only | wg,- wl £ T, i.e., the scattering
is accompanied by a small change of wg,. For the
sake of simplicity we shall consider henceforth the case
of spherical isotropy of wxm and Q(K -K’). In this case
the function Q(K-K') at K’ ~K can be expanded in Le-
gendre polynomials P;(cos@’), where 6’ is the angle be-
tween the vectors K and K’:

Q(K—K')= Q(K, cos e')=_,V‘__I QP (cos ©).

We substitute this expansion in (1, 11a), multiply by
P;.(cosb), where 9 is the angle between K and g,, and in-
tegrate over the solid angle. As a result we obtain in-
dependent expressions for the corresponding compo-
nents £, (K, ) of the expansion of f{1. (K, w) in Le-
gendre polynomials, Next, summing these equations
over K, we get

[ B2 4K foms (K, ),
after which the functions f{%. ;(K, w) are readily deter-

mined, At q=-q, when f=2f'Y —f we obtain thefol-
lowing expression for f,,,(—qq, w):

from (=G0, @) = % At (—Go, ©) A (Go, ©) -
o 2 1
o _ , 1.27
X; -v'e [Tn“+immm'+2(1‘p"—l‘p') T i@ ] ( )
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where I'9=T-1/27, and T}=T9Q,/(2+ 1)Q,. At Q(coss)
=@q=const, when only the principal term with /=0 re-
mains in (1, 27), we have

Amm' (—Qo, m) Amm? ('-Io, (l))
(1t i®mm To) (1FHi@mm'T)

fm' (—Qo, ©) = Erm (©)
N (1.28)
X Qo2 T Ao T ]

To 1+iomm T

According to (1.26), in the case of strong inhomoge-
neous broadening at a depth 7,;,, the radiation polariza-
tion is determined by the quantity f,,.(=q,). In the con-
sidered approximation we have in accordance with (1.28)

frum' (—@o) =

QoTTogrim’ [

T 1tiomm’ ro]
n(1tiomm To) (1+iomm T)?

% Triome ) (1.29)
When only diagrams of type 2a are considered, the ex-
pression in the square brackets in (1. 28) and (1.29) is
replaced by unity. It is seen that at 7¢y<7,, i.e., as 7
~7g, OF at | Wpme| > 77}, the contribution of the diagrams
2c is immaterial, If we take into account in (1. 27) the
terms with /#0 and the function @(cos6) is smooth
enough, when Q,;/Q,<2l+1, the second term in the
brackets of (1, 28) or (1.29) acquires an additional fac-
tor [2 - Q(- 1)/Q].

Formulas (1.28) and (1. 29) are valid for backward
scattering. When the direction of the scattered light is
inclined to the normal by an angle §, it can be shown, by
solving Eq. (1.11b) by the iteration method, that the
contribution of the diagrams 2c decreases: when terms
up to second order in » inclusive are taken into account,
the relative change of the contribution of these diagrams
is

Afmmr
1 —~frmme

(0u0) 107
(1+i0nm o) (A i@mmT)

_ 8
-3 (1.30)

Thus, the contribution of f® —f; is significant at 3

< (qolp)®, i.e., atwlp<1. Therefore at 7o~ the polar-
ization of the radiation should change substantially when
the scattering angle is changed by an amount on the order
of (qolp)™.

7. Transition to the limit of the phenomenological
theory

We consider the limiting case 75, | Wy | < 751, We

note first that at large values of 7y the limiting angle

By =(qolp)™* at which the difference f‘® - f; is comparable

with £V is small and when the scattering light is ob-

served in a sufficiently large solid angle the contribu-

tion from f‘® - f, vanishes, and therefore =7V, At

| Wyl <771, as seen from (1.24), the birefringence

and dichroism are insignificant in a magnetic field. In

the zeroth approximation in the parameters r,/7y and

Wpmt Ty, the function £, (K, w) satisfies the equation

17%,..(K, w) =0 and is equal to
framt (K, ©) = Conm (@) A (K, @) (1.31)

Inasmuch as | Wy, | < 7;! in this case, the quantity

(K, w)=A(K, w) does not depend on the spin indices,

mm'
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i.e., fam (K, w) can be written in the form of a product
of the function C,,.(w), which depends only on the spin
indices, and the function A (K, w), which depends only
on K. At an arbitrary ratio of 7, and 7y, such a repre-
sentation, as seen from (1.27) and (1. 28), is impossi-
ble. To determine C,,,.(w) we sum the right-hand and
left-hand sides of (1.11a):

mem (K, 0)

We substitute in this relation f3,,. (K, w) in the form
(1. 31) and integrate with respect to w. We then obtain
for the matrix

gmm’ (@)

P (1.32)

Amm’(qou (1)).

O = j do Z (K. @)= j 4o Com (@) 2 A (K, ©)

fhe equation

1/t i@mm: ) Prm+ =Grmm . (1.33)
According to (1.18), (1.31), and (1.32), the integral
density matrix of the radiated light is in this case

dos (@) ~ Y 1o [ 0 fm (0, @) ~ Y 1o

The expressions (1.33) and (1.34) were used earlier
in'®!, where a phenomenological theory of optical orien-
tation of excitons in semiconductors was developed. The
equation for the matrix p,,. in (1.33) was written in the
diagonal representation. In an arbitrary basis, with
allowance for spin relaxation and also for the possible
dependence of the recombination rate on the spin state,
this equation can be rewritten in the form"®’

(1.34)

(5). 0t (51) e

). v (1.35)

It was indicated in"®’ that the phenomenological theory,

. strictly speaking, is valid for bound excitons, for which

the microscopic and phenomenological theories are
equivalent, The derivation given above shows that at
7, < 7o K 7,4 the theory can be used also to describe
optical orientation of free excitons.® We consider be-
low, using GaSe crystals as an example, the qualitative
differences that result at 7y~ 7, from the use of the ex-
act formulas of the microscopic theory in comparison
with the results of the phenomenological theory.

Il. POLARIZATION OF EXCITON RADIATION OF

" GaSe IN A MAGNETIC FIELD

1. Exciton spectrum and selection rules

It is known that GaSe is crystallized in three modifi-
cations, BA(Dg,), ¥(Cs,) and £(D;,). All the modifications
have a similar band structure (see, e.g., the review
where detailed references to the original papers are
given). We shall therefore consider henceforth only the
¢ modification. The lower conduction band and the up-
per valence band at the point are simple and correspond
to the representations I',(4;) and I'y(4]). When the spin
is taken into account, the representation I'y goes over
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into I'g, and Iy into I';. A noticeable spin-orbit mixing
takes place then in the nearest bands I'y and I';, which
split into I'; + 'y, The ground state of the exciton splits
as a result of the interaction of the electrons and the
holes into three terms: IgxTy=Tg+T,+Tg(A}+ 4 +E*).
The exchange-interaction Hamiltonian 5%, takes the
form

Ha=—1:('A0°d+A0 0.), 2.1)
where 0 &" are Pauli matrices for electrons and holes.
In the absence of spin-orbit mixing of the bands, we
have A =0, the terms I'; and I'g have one and the same
energy and correspond to a total exciton 8= 1(0c¢+0"),
equal to 1, and S,=0, +1. These states will henceforth
be labeled by the indices 0 and +1. The upper level I'y
experiences a splitting A; that amounts according to the
data of'**? to approximately 2 meV, and corresponds to
a total spin S=0.

In the absence of spin-orbit mixing of the bands, di-
rect optical transitions are allowed only at ¢,#0. When
account is taken of the spin-orbit mixing, transitions
are allowed both to the state I',, for which only the ma-
trix element j§ , differs from zero and to the state I'y,
for which the following matrix elements are not equal to
zero:

o= —fre-r=lo, J*=27"(jsxi,). 2.2)

The splitting of the exciton state in the magnetic field

is described by the Hamiltonian

Hu="/ o[ H. (g, 0. Fg'o.) tH . (g.°0,+g. 0, ], (2' 33)
where H is the magnetic field intensity vect01j, oH,
=0,H,+0,H,, and y, is the Bohr magneton. For the
three lowest states of I';+ I'g with S,=0, +1, the Ham-
iltonian is

Hu=/,1(5.Q,+5.9,), (2. 3b)

where
hQ=g o, hQ =g pH,, §u,J.=‘gu,¢:"8u‘.L-

According to the data of*'*? g,=2.7+0,2 and g,=1.9
0,15, If #/7 <A, and the splitting of the exciton states
RW,,. is also smaller than 4,, then the state Iy is not
excited if the exciton is reasonantly excited by light
propagating along the principal symmetry axis C;. We
shall therefore consider only the three lowest states.

2. Longitudinal magnetic field (Faraday geometry)

In this case there are two optically active levels +1
with energies wg, .3 = wk,0:2,/2, excited respectively
by right- and left-polarized light, and the vectors

e.1=2""(e,tie,)

are the eigenvectors of the polarization. Correspond-
ingly we have in this case in accordance with (1.24) and
(2.2)
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—i(§o"—qo*") =7nqo0rrAap (g0, ®), (2. 4)
where @ 8=+1, Just as above, we assume that the ex-
citing-light line width Aw greatly exceeds the line width
of the exciton absorption. Substituting (2. 4) and (1. 28)
in (1. 18) and integrating with respect to w from -« to
+%, we obtain

1 1 1+iwgsT,

day=das’ [1 —x
. 2 1y 1tiwast

2.5)

] {(1+i0u70) (1+i0ast) } .

"Here and below we leave out the common factor of dgg,

since it does not depend on the magnetic field and on
the polarization of the light. It is seen from (2.5) that
the degree of circular polarization of the radiation,
apart from the sign, is equal to the degree of circular
polarization of the exciting light and does not vary in a
longitudinal magnetic field.

In the case of excitation by linearly polarized light,
the degree of linear polarization of the radiation, in the
coordinate system that coincides with the polarization
plane of the exciting light, takes the form

2Red, -,

‘ =277 0,9, /(1—L). 2.6
Pin (Hy)= == 0(Q, 70, 7) e (2.6)
where
1 1—-Q%1ot T 1-Q?
O 0 D)= [ 9 21 1407 ] @7

The degree of polarization of the radiation in a coordi-
nate system rotated around the direction of qy by an
angle 45° to the plane of polarization of the exciting light
is

?lli; (Hn):

2Im da.—a _ [ Qu (To+t) _ QII'[2 ]
dyt+d_, -, 1+Q21° w(1+Q77)

x[(i——z%o) (1+sz,[=1*)]_‘.

If the inhomogeneous broadening is large and /p <a
<l the expressions for #{,, and 9{}, take according
to (1.26) and (1. 29) the form

(2.8)

Pun (Hy) = 0:(Qy, T, 1)/ (1—7/210), @.9)
where
(@ w0 )= (-1+512212)* [1—91;2)21?1) _ZTTo 1113;::]; (2.10)
P i (Hy) = (1_1/2r; 21+Q,,’t=)’{ 2glﬂ+i}$::r;gﬁ) @.11)

T Qnr(3—Q,,’1:’)}
2t, 1+Q77 ’

At 7! <77 and Q, < ;! formulas (2.6), (2.8), and (2.9),
(2. 11) go over into the ordinary Hanle-effect expres-
sions which follow directly from the phenomenological
equation (1. 35):

1
14+Q21° '

QT

recioy (2.12)

Piin (Hy)=—

Plin (Hy) =

In this simplest case 7,, decreases monotonically with
increasing H,, and the polarization plane is rotated
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through an angle ¢ = —tan'l(ﬂ,,ro), i.e., @l <7/4 and
2\, increases to +3, after which it decreases. Ac-
cording to (2. 6)-(2. 8), the function 7}, (H,) becomes
nonmonotonic at 7y~ 7,, namely #{,, reverses sign at a
certain value of H,, and then decreases to zero. The
angle of rotation of the polarization plane is | ¢| < 7/2,
and therefore #)}, does not reverse sign. In the case
of strong inhomogeneous broadening, according to (2. 9)
and (2.11), the rotation angle ¢ can reach values37/4,
so that both # {,, and 27}, reverse sign in this case at
certain values of H,.

3. Transverse magnetic field (Voigt geometry)

An analysis of the experimental data shows that the
exchange-interaction constant A of GaSe is small in
comparison with %z/7, and does not manifest itself in the
optical orientation of the excitons. When considering
the general case of an arbitrary ratio 7,/7, we therefore
put A=0. For the case 7, <7, we shall derive formulas
with A#0,

We choose the x axis parallel to the vector H,. At A
=0 the two levels with energies wgy, ;= W, o+ Q./2, for
which j§,5=7jo/2!%, are excited only with light having
e,#0, while the third level with energy wg, 3= wg, ¢ and
with energy 3 =j, is excited only at e,#0. In this case
the eigenvectors of the polarization of the light are the
unit vectors e, and e, and we have according to (1.24)

—i(qo"'—qo‘")=nqnm”A,3((I0‘ (1)),
—i(Go*—Go*") =‘/zﬂqnmnr[An(4m ®) +Az2 (g, ©) 1,
—i(§o"—Go"") ='/1mgo0rr[A1s(go, @) FAss(go, ) ].

(2.13)

Substituting (1.28) and (2. 13) in (1. 18) we obtain after
integrating with respect to w

), domdyr'=de ®, (Q2 Jt0t),
(2.14)

T
d,=d,,’ ( 1- 9

To
i {(1-57) [~ raer)

2 '
N [1 )

)o@l

where &, (82, 79, 7) is defined by formula (2.7).

The degrees of linear polarization {1} in the coordi-
nate frame connected with vector H,, and of #42 in the
coordinate frame rotated through an angle 45° relative

to the vector H,, are given by the relations

) de—d, @
:iln ="Z’Td‘:vlv Plin =

2Red,,
detdy,

(2. 15a)

The degree of circular polarization of the radiation is
given by

P cire=2Im ds/ (detdy,). (2.15b)

In the case of strong inhomogeneous broadening we
have according to (1.26) and (1.29)

dw=dwo(1-‘t/2‘[g), dxy=dyx'=dxvuq>2(QL/2v Toy ).

de="/20=[1—1/270+ D, (Q1, To, 7). (2.16)
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where the function &,(§2, 7o, 7) is defined by formula
(2.10).

In the case 7,< 1(, at an arbitrary value of 4, Eq.
(1. 35) is best solved in a basis of the state + 1, 0 which
is not diagonal at H1 C; and A# 0. Solving the system
(1. 35) for these states at #,, and #, defined by formu-
las (2 1) and (2 3b), we get
: Q, 1t ]

i, damd [1 . —
dyv Vll ’ 2 1 + (Q-LZ_*_AZ) TG

(2.17)

Q 2 Q 2
somiie [ (S ) s (252

[+ (52) T e}

It is seen from (2, 15) and (2. 17) that the exchange
splitting A does not alter qualitatively the dependences
of the degree of polarization of the radiation on H. How-
ever, just as in uniaxial II-VI crystals, '®! if A#0 a cir-
cular polarization of the radiation appears in a trans-
verse magnetic field if the excitation is by light linearly
polarized at an angle 45° to the direction of H,, and con-
versely, when the excitation is by circularly polarized
light, linear polarization appears, 9 (f;:# 0. AtAr,«<1,
the maximum degree of %', or #$2) in the latter
amounts to $|A|7, and is reached at QL~2/1'0. '

It is seen from (2. 14)-(2.17) that in the case of exci-
tation by linearly polarized light with e 1 H, the intensity
J=d,, +d,, and the degree of polarization of the radiation
do not change in a magnetic field. In the case of exci-
tation by linearly polarized light with e il H, the degree
of polarization of the radiation likewise remains un-
changed and stays equal to unhity, while the radiation in-
tensity J decreases with increasing H,. At 7,<t, the
function J(H,) is monotonic and at 2,7¢> 1> Q,1, we
have J~3J(0). At 7,~7o, J(H,) also first decreases with
increasing H,, and then in strong fields, owing to the
dichroism, in the magnetic field, it again increases and
reaches Q,7>1 at the value J(0). If the inhomoge-
neous broadening is strong, when the dichroism is neg-
ligible, the intensity J reaches a minimum value J,
<3J(0), and then increases and reaches at £,7 > 1 the
limiting value 3J(0). Therefore in a transverse mag-
netic field, when the excitation is by unpolarized light,
just as in the case of excitation by light that is polarized
circularly or lmearly at an angle 45° to the direction of
H,, a polarization 9’1“ is produced. At 7, <7, the vari-
ation of ?{}) is monotonic and the maximum value of

|2 @) is & At 7,~T7, the quantity |#}}) (H,)| goes
through a maximum and then tends to zero at Q,7>1.

In the case of strong inhomogeneous broadening |#!)
(H.)| goes through a maximum value larger than §, and
in strong fields it decreases to 3.

If the excitation is by circularly polarized light,
P oire(Hy) decreases to zero with increasing H,. At 7,
«< 19, the function #.,..(H,) is monotonic, & ...(H.)
passes through zero at r,~ 75, reaches a minimum val-
ue, and then tends asymptotically to zero. The vari-
ation of m(H ,) following excitation by light linearly
polarized at an angle 45° to H, duplicates completely
the variation of #.,.(H,) under circularly polarized
pumping,
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Thus, by measuring the change of the degree of polar-
ization of the resonant radiation in a magnetic field, we
can determine the values of the times 7, and r, and
ascertain whether inhomogeneous broadening takes place
over lengths on the order of 7.

In conclusion, the authors thank A. G. Aronov, V. I,
Perel’, and M. 1. D’yakonov for useful discussions.

DA similar method was used by Rebane, Tekhver, and
Khizhnyakov to describe secondary resonant radiation of im-
purity centers in ionic crystals (see the review!"),

2’Diagrams analogous to 2c were taken into account in the cal-
culation of the vertex part in the theory of the Fermi liquid
in'19 where they also turned out to be significant at a small
summary momentum of the colliding particles. The presence
of the singularities that arise when the light is scattered
backward upon excitation of hot excitons with emission of op-
tical phonons, was noted inf?, Analogous singularities of
backward scattering of light or radio waves by different in-
homogeneities were discussed earlier in a number of papers

A more complete bibliography is given in

. We are grateful to V. I. Tatarskii for call-
ing our attention to these papers.

3)n the theory developed above it was assumed that the exciton
energy relaxation time is T, >7,. The phenomenological
equation (1.35) is valid both at T,<<T(<<T,, when the energy
of the exciton remains practically unchanged during the time

* Ty, and in the opposite limiting case 1,<« 7, and 7, < 1y, when
the lifetime is long enough for an equilibrium exciton distri-
bution to be established. At 7, = 7% T,4it is necessary to
take into account in (1. 35) also the energy relaxation,
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