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Polarized luminescence of excitons in GaSe crystals during resonance excitation in longitudinal and 
transverse magnetic fields has been investigated experimentally. When the excitons were subjected to 
resonance excitation by linearly or circularly polarized light, their emission was also found to be linearly 
or circularly polarized with high degree of polarization (P = 0.93 *0.05), which indicated the presence of 
alignment and orientation of excitons, respectively. The longitudinal magnetic field (H II c, H II k,,,J gave 
rise to the depolarization of linearly polarized radiation from aligned excitons, but had practically no 
effect on the circular polarization of radiation emitted by oriented excitons. In the transverse magnetic 
field (Hlc,  Hlk,,,J, the depolarization effect depended on the angle between the plane of polarization 
of the exciting radiation and the direction of the magnetic field. In the case of resonance excitation of 
excitons by unpolarized light in a transverse magnetic field, the emitted radiation was linearly polarized 
with preferential polarization in the plane perpendicular to H, because of the reduction in the intensity of 
radiation polarized in the plane containing H,. The transverse magnetic field was also found to give rise 
to depolarization of the circularly polarized exciton emission. The experimental data are in good 
agreement with microscopic theory,['] and quantitative comparison with this theory yields the lifetime 
7, = 1.6X lo-" sec and exciton momentum relaxation time T, = 0.5X lo-" sec for the specimens under 
investigation. A simple qualitative explanation of the observed effects is also given on the basis of the 
classical theory in which the free exciton is looked upon as a dipole oscillator rotating in a magnetic field. 

PACS numbers: 78.20.Ls, 78.60. -b, 71.35. +z 

INTRODUCTION 

Optical orientation of excitons was originally achieved 
through optical orientation by circularly polarized light 
of free electrons and holes which were subsequently com- 
bined into exc i t~ns .~ '*~ '  Direct excitation of exciton 
states by polarized light (under resonance conditions, 
and also during the generation of "hot" excitons) leads to 
a number of new effects characteristic only for the ex- 
citation of bound e x c i t o n ~ . ~ ~ '  The first  to note is the 
alignment of excitons that is similar to the alignment of 
atoms in gases under excitation by linearly polarized 
light.c4'71 This effect does not occur for f ree  carriers.  
Optical orientation results in the orientation of the mag- 
netic moments of excitons, whereas alignment produces 
the orientation of their dipole moments in the absence of 
crystal magnetization. The Hanle effect (depolarization 
of exciton radiation in a magnetic field) plays an impor- 
tant role in the study of orientation and alignment, and 
provides important information both on the energy struc- 
ture of exciton states and the relaxation of the excita- 
tions in time. Studies of the phenomenon of polarized" 
exciton luminescence augment in an important way the 
traditional methods of investigating exciton states in 
crystals. There i s  considerable interest, in this con- 
nection, in the Hanle effect under resonance excitation. 
Razbirin et a ~ . ' ~ '  have found some unusual features of 
the Hanle effect in GaSe crystals excited under such 
conditions, and have suggested that the observed anom- 
alies were connected with the momentum relaxation of 
excited excitons. 

The microscopic theory of optical orientation and 
alignment of free excitons under resonance excitation 
was developed in a previous paperc81 in which exciton 
emission was regarded a s  the result of resonance scat- 

tering of light during multiple elastic scattering of ex- 
citons excited by the light. In this paper, we report an 
experimental investigation of the polarized exciton lumi- 
nescence in the case of GaSe crystals, considered the- 
oretically in the previous paper.c81 

METHOD 

The GaSe crystals were grown by Bridgman's method, 
without special doping, and the working specimens were 
produced by cleavage. The specimens can be divided 
into two types, depending on the shape of the edge lumi- 
nescence spectra at low temperatures. The spectra of 
specimens of type I a re  dominated by emission lines due 
to free excitons, whereas impurity emission predomi- 
nates in type I1 specimens. PF-42 film polarizers were 
used to produce and analyze linearly polarized radiation, 
and quarter-wave phase plates were used in the case of 
circularly polarized light. Such plates a re  usually made 
from a birefringent material of accurately specified 
thickness, and this i s  a very difficult operation. In addi- 
tion to such plates, we therefore also used quarter-wave 
plates consisting of a combination of two parallel plates 
of mica of arbitrary thickness (within a very broad range 
of values), placed a t  a definite angle to each other. This 
is a very simple way of producing quarter-wave plates 
for any given wavelength.Cg1 The exciton luminescence 
was excited by radiation of spectral width "0.01 eV and 
photon energy in the region of the absorption lines corre- 
sponding to the ground state of the n = 1 exciton. 

The source of light was a spherical ultrahigh-pressure 
mercury lamp (DrSh-100-2). The required spectral band 
was defined either by a prism monochromator or  by light 
filters. The exciting radiation was incident normally on 
the crystal surface, parallel to i ts  optical c-axis, and 
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the emission was recorded at a small  angle to the direc- 
tion of propagation of the exciting light. Superconduct- 
ing solenoids were used to produce the magnetic fields. 
The investigations were carried out at T =2 OK. 

EXPERIMENTAL RESULTS 

The ground state of the n = 1 exciton in GaSe is qua- 
druply degenerate. When the exchange interaction be- 
tween the electron and the hole in the exciton is taken 
into account, this state is found to  lit.[^*'^' The singlet 
state r, with resultant spin S = 0 splits off by the amount 
A, * 2  meV. The triplet state with S = 1 splits into two 
terms in GaSe: r6 with spin component along the optical 
c-axis S, = * 1, and r3 with SZ =O. Data on the Zeeman 
effect in ~ a S e ' " ~  show that the magnitude of this splitting 
is A<< A,. Transitions to r, a r e  allowed when the light 
polarization is E Il c, and transitions to r, are  allowed 
for E 1 c. The exciton r3 is  optically inactive. 

The emission spectrum of type I GaSe in the region of 
the exciton transition under resonance excitation i s  
shown in Fig. 1. As can be seen, the n = 1 line of the r6 
exciton has a doublet structure. According to Mooser 
and ~chliiter,~"' this structure is due to the polytypic 
properties of GaSe crystals.2' We have investigated the 
component Eu =2.110 eV (5874 i6) which was stronger in 
our specimens. The behavior of the weaker component 
was analogous in its main features. 

1. Polarization in the absence of the magnetic field 

Figure 1 shows the exciton emission spectra for two 
mutually perpendicular polarizations (along the X and 
Y axes) under excitation by linearly polarized light with 
E II Y. The direction of propagation was along the Z axis. 
Under resonance conditions, the linearly polarized light 
excites a state in the exciton with agiven direction of 
the dipole moment (P II E), which may be looked upon as 
a coherent superposition of the S, = 1 and S, = - 1 states. 
Spin relaxation leads to a loss of correlation between 
the electron and hole dipole moments, produced when 
the exciton was created by linearly polarized light, and, 
consequently, to the disordering of the dipole moments 
of the excitons. If, however, the exciton lifetime rO is 
less than, or  comparable with, the time of i t s  spin re-  
laxation, then exciton emission will also be linearly 
polarized in the same plane a s  the exciting radiation. 
When this i s  so, we say that the excitons a re  aligned. 

Let us define the degree of linear polarization by 

where I, and I, a re  the intensities of radiation polarized 
in directions respectively parallel and perpendicular to 
the plane of polarization of the incident light. It is 
clear from Fig. 1 that the emission of a free exciton is 
highly polarized with Y,,, =0.93 * 0.05. 

We note that, when the crystal is excited by light with 
photon energy greater than the gap width (Ew > E,), so 
that free-carrier generation takes place, the linear po- 
larization of the radiation i s  not conserved. In fact, 
when excitons a re  produced by combining free carriers,  

FIG. 1. Exciton emission spectra for n = 1 
(rd  from a GaSe crystal for two different 
polarizations: Iy and ix (T = 2 OK). 

a correlation between the dipole moments of electrons 
and holes is not found to appear because, under these 
conditions, the electrons and holes that combine to make 
the exciton a re  created in different photon-absorption 
events. This i s  the reason why excitation of a crystal by 
linearly polarized light with energy Ew >E, is not ac- 
companied by alignment in the exciton system (provided 
only that hot excitons a r e  not produced), and the linear 
polarization of the exciting radiation is not reflected in 
the emission of the system. 

Only one of the exciton states, i. e., that with S, = 1 
o r  S, =- 1, is selectively populated in the case of cir-  
cularly polarized exciting radiation because light with 
circular polarization a* o r  a- corresponds to photons 
with angular momentum component * 1 along the direc- 
tion of propagation. This leads to the appearance in the 
crystal  of a nonzero exciton magnetic moment, i. e., 
exciton orientation. This orientation is reflected in the 
fact that the emitted light is circularly polarized, with 
degree of polarization given by 

where I+ and I_ a r e  the intensities corresponding to right- 
handed and left-handed circular polarization. In the 
case of resonance excitation, the observed degree of 
polarization is very high: 8,,,, =O. 03 * 0.05. 

Because transitions a r e  now possible between the 
three states corresponding to S, =0, i 1, the nature of 
the depolarization process due to spin relaxation of the 
exciton may be more complicated than in the case of 
orientation of free carriers.  Moreover, the rates of 
relaxation of different components of the exciton density 
matrix a r e  different. It follows that the degree of de- 
polarization depends on the nature of exciton polarization. 
If the lifetime r0 i s  substantially smaller than the exciton 
spin relaxation time rS, we have the simple expressions 

The times 75') and ri2' may, in general, be quite differ- 
ent. 

In accordance with (3), measured values of F~,, and 
s,,,, show that, under the conditions prevailing in our 
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experiment, ry*" > 10 rO, i. e., the spin state of the ex- 
citon is not appreciably modified during the exciton life- 
time. We shall therefore henceforth neglect spin relaxa- 
tion when we analyze changes in polararization in mag- 
netic fields. 

2. Effect of longitudinal magnetic field 

Linear polarization. In the longitudinal magnetic 
field (Faraday geometry, H II c), the emission i s  found 
to be depolarized. This occurs since the magnetic field 
destroys the initial coherence of the S, =* 1 states be- 
cause of the splitting of the r6 term into two levels with 
energies 

where 1, is the Bohr magneton andg,, is the g-factor of 
the exciton in the longitudinal fields. The shape of the 
B,,,(H~,) signal i s  shown in Fig. 2a. It differs from the 
classical Lorentz shape: 9,,,(Hl,) falls rapidly to zero 
with increasing magnetic field and then changes sign. 

Circular polarization. In accordance with the theoret- 
ical analysis,c81 the longitudinal magnetic field has prac- 
tically no effect on the degree of circular polarization 
for ro << 7,. The small observed change in the degree 
of circular polarization i s  probably due to the field de- 
pendence of the spin relaxation of excitons. A similar 
effect of a magnetic field on the spin relaxation of free 
carriers and excitons was previously reported in the 
literature.c11"31 

3. Effects of transverse magnetic field 

Linear polarization. a) In a magnetic field at 45" to 
the plane of polarization of emitted light, the depolariz- 
ing effect of the transverse magnetic field (voigt geom- 
etry, H lc) is less well defined a s  compared with the 
longitudinal field. However, .Pli,(H,,) retains most of the 
features of 9,,,(H,) (Fig. 2b). The r6 and I?, states of 
the exciton are  mixed in the transverse field, and the 
result of this i s  that the optically inactive state I?, comes 

1 L 

FIG. 2. Degree of linear polarization of exciton emission as  a 
function of the magnetic field under excitation by linearly polar- 
ized light. a-Faraday geometry, b-Voigt geometry, T = 2 OK. 
Points-experimental; curves: a-Eq. (14), b-Eq. (16). In- 
ser ts  illustrate the geometry of the experiment. 

0 
~ / 6  */J Jr/z 

?' 
FIG. 3. Degree of linear polarization of exciton emission in 
a transverse magnetic field a s  a function of the angle between 
the plane of polarization of the exciting radiation and the direc- 
tion of the magnetic field H, for H, =Hso = 6 kOe; T = 2 OK. 
Points-experimental, curve-Eq. (12). 

into play and the state r6 splits, producing three optical- 
ly active states, namely, rl, r,, and r3.[lo1 The energy 
of I?, does not change as the field increases (El =E,,,) 
and the energies of shift in opposite directions: 

Transitions to the state r1 are  allowed for E lH,, 
whilst transitions to the state r, are  allowed for E II H,. 
Light polarized linearly at 45" to the direction of H, ex- 
cites the coherent superposition of these states. De- 
polarization of the radiation occurs as  a result of the 
removal of this initial coherence by the magnetic field. 

b) Since the states r1 and r, a re  excited to a different 
degree for different angles between electric field in the 
exciting radiation and the direction of the field H,, the 
behavior of 9',,,(H,) depends on the angle cp between E 
and H, . When this angle i s  0 or n/2, i. e., when only 
the state r, or  the state I?, is excited, the degree of 
polarization does not depend on H, . We shall see from 
the formula given by (12) that, for intermediate values 
of cp, the polarization P,,,(H,, cp) depends on H, to the 
extent to which cp differs from 0 or n/2. 

Figure 3 shows the angular dependence of .71in(H,, cp) 
for H, =6 kOe, which corresponds to the half-width of 
the experimental J',,,(H,) curve in Fig. 2b. It is clear 
that the depolarizing effect of the field i s  most strongly 
defined for cp = 45". The total intensity I(cp) for cp = 0 
falls by a factor of about two, as  compared with its ini- 
tial value, when the field i s  varied between 0 and 16 kOe, 
but for cp =n/2, the intensity is independent of the field. 

Excitation with unpolarized light. The form of I(cp) 
indicated above leads to another interesting phenomenon 
that has been predicted theoretically.[s1 In the case of 
resonance excitation of excitons by natural light in a 
transverse magnetic field, the reduction in the intensity 
of radiation with E I1 H, should produce linear polariza- 
tion of the emitted radiation, with E lying preferentially 
in the plane perpendicular to H,. We have, in fact, con- 
firmed this experimentally. To describe this phenom- 
enon, it is convenient to take the coordinate system so 
that it is related to the direction of the magnetic field 
HL, and to define the degree of polarization by 
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where I, and I,, a r e  the intensities polarized so that 
E LH, and E I1 H,. As H, increases in the case of exci- 
tation with unpolarized light, the degree of polarization 
3'/':,,(H,) is also found to increase toward a maximum and 
then falls slowly, a s  shown in Fig. 4. 

It i s  interesting to consider separately each of the 
components I, and I,, as functions of the field. The cor- 
responding experimental curves a r e  shown in the insert 
in Fig. 4. The intensity of radiation with E lHl  i s  prac- 
tically independent of the field, whereas the intensity 
with E Il H, at  first decreases with increasing field and 
then, after about 16 kOe, i t  begins to increase slowly. 
The total intensity at H, = 16 kOe is reduced by about 
25%. We note that, by analogy with the Hanle effect, 
the appearance of linear polarization in this case is a 
purely interference effect, unrelated to the preferential- 
ly Boltzmann population of one of the magnetic sublevels 
(r1 or r 2 )  a s  the field increases (this effect can be ob- 
served in the opposite limiting case T,< r,, and pro- 
duces a linear polarization with opposite sign, i. e., 
preferential polarization with E 11 H,). 

Circular polarization. Circularly polarized emitted 
radiation is depolarized in a transverse field (Fig. 5). 
The behavior of .c?ci,,(H, ) i s  practically the same as that 
of P,,,(H,) for q =3:(E, &) =45". The fact that the func- 
tion y(H,) i s  the same in these two cases is  in complete 
agreement with theoretical predictions. As in the case 
of linear polarization, the depolarization of circularly 
polarized emitted radiation in a transverse field i s  a 
consequence of the removal by the magnetic field of the 
initial coherence of the states r, and r2, resulting from 
the resonance exciton absorption of the circularly polar- 
ized photons. 

Theory predictsLB1 that a transformation of linear into 
circular polarization i s  possible in a transverse field 
when excitons a re  excited by radiation that i s  linearly 
polarized a t  45" to  the direction of H, and vice versa. 
We have not been able to confirm this experimentally. 
Theory also predictsc8' that this effect should be pro- 
portional to the exchange splitting constant A between 
exciton states r, and I?, in zero fields. According to 
Eq. (2.17) in the paper of Ivchenko et the ab- 
sence of the polarization transformation effect can be 

I,rel. units 71 
FIG. 4. Degree of linear polarization of exciton emission a s  a 
function of the magnetic field under excitation by unpolarized 
light: H l c ,  T = 2 OK. Points-experimental, curve-Eq. (18). 
Insert shows the intensities of the individual emission compo- 
nents a s  functions of the magnetic field for E II H (a) andE lIHL(b). 

explained by assuming that A < 0.01 meV. We shall 
therefore assume henceforth that A=O. 

%"C 

Bound excitons. The two strongest emission lines ob- 
served for type 11 GaSe crystals, i. e., X, =2.097 eV 
(5913 A) and A, =2.089 (5933 A) have a number of fea- 
tures (position in the spectrum, strong temperature de- 
pendence, corresponding structure in absorption) sug- 
gesting that they a r e  emitted by bound e x ~ i t o n s . ~ ' ~ ]  In 
contrast to  the long-wave (relative to the f ree  exciton 
lines) structure in the spectra of type I crystals, these 
lines a r e  efficiently excited both under resonance exci- 
tation in the region of the n = 1 lines of the free exciton 
and under excitation by light with tio > E, . 

I 

11.5 

The insert in Fig. 6 shows the spectrum of bound ex- 
citons in type 11 GaSe crystals under resonance excita- 
tion in the region of the n = 1 lines of r8. Under these 
conditions, experiment shows that, when the lines A,, 
and Xb a r e  excited by linearly polarized light, the linear 
polarization i s  not conserved whereas, in the case of 
circularly polarized excitation, the lines a r e  found to be 
circularly polarized with .'P,,,, SO. 3 (A,). Under reso- 
nance excitation of f ree  excitons, the states A, and A, 
a r e  populated through the capture of free excitons by 
these centers. The absence of linearly polarized A, and 
X, under linearly polarized excitation can be explained 

- 

'-?p FIG. 5. Degree of circular 
- 

P 
polarization of exciton emission 
a s  a function of the magnetic 

\ 

- 'P field under excitation by cir-  

\ 
cularly polarized light. Voigt 

\o 
geometry, T = 2 OK. Points- 

\ 
\o 

experimental, curve-Eq. (16). 

\\ 0 H,ka Insert shows the geometry of 
\ ,  L the experiment. ' ;  ' '-!:<h';a 

'3.- 
0---  

0 
- 

FIG. 6. Degree of circular polarization of emission from a 
bound exciton, )h, a s  a function of the magnetic field under ex- 
citation by circularly polarized light in the region of free-ex- 
citon absorption lines. Voigt geometry, T = 2 OK. Points--ex- 
perimental, curve-Eq. (21). Insert shows the emission spec- 
trum from bound excitons; left-hand peak A,, right-handpeakx,,. 

593 Sov. Phys. JETP 46(3), Sept. 1977 Gamarts et al. 593 



by the fact that these states correspond to excitons bound 
on neutral donors (or acceptors). The resultant dipole 
moment of electrons (or holes) in such complexes i s  
zero, and the presence of circular polarization under 
excitation by circ_ularly polarized light is therefore con- 
nected with the orientation of the dipole moment of the 
remaining unpaired hole (electron). This dipole moment 
precesses in the transverse magnetic field, and this 
produces depolarization of the emitted radiation. 

Figure 6 shows the experimental dependence of the 
Hanle signal for the line A,. The corresponding line 
profile has the classical Lorentz shape, and can be de- 
scribed by 

with half -width AH r;. 100 Oe. 

DISCUSSION OF RESULTS AND COMPARISON WITH 
THEORY 

1. Qualitative comparison with phenomenological theory 

Before we proceed to a quantitative comparison with 
theory, let us consider the theoretical predictionsc81 in 
a qualitative fashion. The theoryCB1 was developed for 
the following three possible cases: 

(a) The phenomenological theory is valid for exciton 
lifetimes ro much greater than the free exciton momen- 
tum relaxation time T,, and, correspondingly, the time 
T = (Ti1 + Ti1)-l. 

(b) The microscopic theory is valid for arbitrary T,/ 

T, and takes into account the change in the polarization 
of light in a magnetic field during its propagation in the 
crystal prior to the formation of the exciton and after its 
annihilation. 

(c) The microscopic theory is valid for highly in- 
homogeneous broadening over the light absorption length 
I ,  when the change in the polarization of light in a mag- 
netic field during its propagation in the crystal can be 
neglected. 

The results of the phenomenological theory (a) when 
the exchange splitting of r, and r, is A = O  can be ob- 
tained by looking upon the exciton as  a classical oscillat- 
ing dipole P which is initially oriented along the vector 
E under resonance excitation with linearly polarized 
light propagating along the principal Z axis, i. e .  , ce* - E ~ @ ,  where pa,@ and EaSB are  the components 
of P and E along the chosen coordinate axes X, Y (a, P 
=X, Y). In a longitudinal magnetic field HI,, this dipole 
will rotate around the direction of HI, with angular fre- 
quency 52,, /2. In a transverse magnetic field H,, the 
excited dipole with A = O  will precess with angular ve- 
locity 51,/2. The properties of the band structure en- 
sure  that the dipole moment rotates not around the vec- 
tor Hs, as in the case of a classical dipole in the atom, 
but around the direction perpendicular to H, and to the 
optical c-axis, s o  that the resulting component P, which 
appears during this precession does not lead to the po- 
larization of the crystal and does not excite radiation. 

The polarization matrix for the emitted light propa- 
gating along the Z axis is related to the dipole-moment 
components as follows: 

doQ~(PaP~') 

(the symbol ( ) indicates, as usual, that we a r e  taking 
the average value of Pap,*). If the probability of radia- 
tive recombination of the exciton created a t  t = O  at time 
t is f(t), then 

When rO >> T, the probability f (t) is determined only by 
the exciton lifetime: 

This model provides a qualitative explanation of all  
the main features of polarization in a magnetic field. 
Its predictions a re  identical with the results of the phe- 
nomenological theory (a) for A = 0. 

When the exciton is excited by linearly polarized light 
in a longitudinal magnetic field, the rotation of the di- 
pole moment leads to a reduction in the degree of polar- 
ization in accordance with the expression 

where Y,,, is the degree of polarization in the coordinate 
system X, Y such that the polarization vector of the ex- 
citing light is E II Y. In a longitudinal magnetic field, we 
have the polarization Pi:, in the coordinate system x', 
Y' rotated through 45" about the Z axis relative to X, Y: 

In a transverse magnetic field H, =H,, the precession 
in GaSe is such that the dipole moment P, remains con- 
stant. This is why neither the intensity nor the polariza- 
tion of the emitted radiation is found to vary under exci- 
tation by light polarized in the plane perpendicular to 
H,. The polarization of the emitted light is also unaf- 
fected under excitation by light polarized so  that E II HA 
[for ~ , , , (0 )  = 11, and the intensity I,, falls by a factor of 
two in a strong field since 

Under excitation by unpolarized light, when two inde- 
pendent dipoles P; and P: a r e  excited, the change in the 
total intensity in a strong field is  reduced by a factor of 
four due to the change in Px, and the polarization is 
preferentially perpendicular to &. In high fields, the 
degree of polarization .Vi,,(H, ) in the coordinate system 
attached to the transverse magnetic field H, is 1/3. It 
is readily seen that the polarization :?{,,(H, ) will behave 
in the same way when the crystal i s  excited by circularly 
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polarized light o r  light that is linearly polarized a t  45" 
to the direction of H,. We note that, in the latter case, 
the polarization 9,,,(H,) in the coordinate system ro- 
tated through 45" relative to HL, and attached to the di- 
rection of polarization of the exciting radiation, de- 
creases to zero in accordance with the expression 

The circular polarization .PC,, behaves in the same way 
under excitation by circularly polarized light in a trans- 
verse magnetic field, in which S rotates around Y with 
angular velocity 52, /2. 

If the angle 9 between E and H, i s  neither zero nor 
n/2, the precession of the dipole produces a change in 
both the polarization and the intensity of the emitted ra-  
diation. In general, the linear polarization in the coor- 
dinate system attached to the vector E is given by 

where Fl(H, ), F2(H, ), and F3(H, ) determine the varia- 
tion in the emitted intensity in a transverse magnetic 
field under excitation by linearly polarized light with 
E I I  H, E 1 H, , and E at  45" to H,, in accordance with 
1(2.14), I(2.161, and I(2.17). Equation (12) i s  quite 
general and is valid independently of the particular 
form of Fi(H,) (i = l ,2 ,3 ) .  The denominator in (12) con- 
trols the dependence of the total intensity I on and H, . 

The oscillating-dipole model thus enables us to achieve 
a quantitative understanding of all  the experimental r e -  
sults, and the expressions for Y(H) obtained with this 
model a r e  identical with the formulas of the phenomeno- 
logical theory (a)"] for A = 0. 

However, this theory does not explain the change in 
the sign of the polarizations .CP,,,(H,, ), 95$,(H, ), B,,,,(H,), 
and the nonmonotonic behavior of I,, (H, ) observed ex- 
perimentally. The more general microscopic theory ''] 
shows that the change in the sign and the nonmonotonic 
dependence .7(H) may occur for compar&ble T and 7,. 

The reason for the change in sign is that excitons with 
wave vector k =q,, a r e  created under resonance excita- 
tion of excitons by light, whereas light is emitted by 
excitons with wave vector k =q, where q, and q a r e  the 
wave vectors of the exciting and emitted light, respec- 
tively, and q,#q. If the directions of the exciting and 
observed light a re  opposite (as in our experiment), then 
q = -9,. Therefore, a s  in the case of the cascade exci- 
tation of atoms in gases, the function f(t) in (6) is not 
a simple exponential. When the excitons take part  only 
in elastic collisions, and the scattering cross  section 
Q(9) is independent of the scattering angle, i. e., Q(9) 
= Qo, then i t  is readily shown that, for q +q,, 

Substituting (13) in (6), and taking into account the rota- 
tion of the dipole moments, we find that the polarizations 
obtained in this way a s  functions of H a r e  nonmonotonic 
and change sign for certain definite values of H. 

Although it enables us to understand the possible rea- 
son for the change in the sign of 9 ( H ) ,  this kind of quali- 
tative analysis is not complete o r  rigorous, and the cor- 
responding formulas differ from those of the microscopic 
theorycs1 even when the change in the polarization of light 
during i ts  propagation in the crystal and interference ef- 
fects produced during backward scattering a r e  not taken 
into account in this theory. The reason for this i s  that 
the change in ( P , P ~ )  in a magnetic field depends not only 
on the change in the exciton energy spectrum, i. e., the 
splitting between the exciton Zeeman sublevels, but also 
on the degree of departure of the frequency o of the ex- 
citing light from precise resonance, since the excitons 
a r e  exposed to radiation with I w - w,, ,Is I' = 1/2 T, 

where Ewqo,, is the resonance frequency corresponding 
to the intersection of the photon and exciton branches for the 
spin state m. Under excitation by a broad spectral band 
with Aw >> r, o r  in the case of large inhomogeneous 
broadening, there is no explicit function ?(w), but inte- 
gration with respect to w leads to an additional depen- 
dence of 9 on the magnetic field, and the simple classi- 
c& model which takes into account only the nonexponen- 
tial form of f ( t )  in (13) becomes unacceptable for To- T. 

2. Quantitative comparison with microscopic theory 

Since the experimental shape of 9(H) i s  close to that 
predicted by the theory for TO" T, it may be expected 
that this relation between T,, and Twill be valid in our 
case. To achieve the best quantitative agreement be- 
tween theory and experiment, we varied We parameters 
T, and T. The experimental results were compared with 
variants (c) and (b) of the theory, which a r e  valid for 
inhomogeneous broadening along the Z axis a t  the light 
absorption depth and in the absence of this broadening, 
respectively. We sought values of 7, and T ensuring the 
best agreement with theory simultaneously for all the 
experimental curves .7(H) obtained for a given specimen. 
The best agreement was obtained for case (b), i. e., in 
the absence of inhomogeneous broadening along the Z 
axis. In particular, the observed intensity I,,(H,) in a 
strong field (Fig. 4) was obtained only for case (b), in 
accordance with I(2.14) and I(2.16). 

According to 1(2.6), the degree of linear polarization 
of the exciton emission under resonance excitation by 
linearly polarized light in a longitudinal field, including 
the Faraday rotation, i s  given byc8' (for T, /rS << 1, A = 0) 

where 

According to I(2.14) and I(2.15), the degree of linear 
polarization of the exciton emission under resonance ex- 
citation of the crystal by light with linear polarization at 
45" to the direction of H,, and the degree of circular 
polarization under excitation by circularly polarized 
light, a r e  given by 

9 1 i n  (HA) i  (1) - @ (Q1/2, TO, T) -=-- 
B l i n  (0) Bcirc  (0) v (Q1, TO, Z) + I - T / ~ z ~  ' (16) 
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where @(GI, r,, r) is given by (15) and 

Linear polarization in the plane perpendicular to H, 
appears when the excitons a r e  exposed to natural light 
in a transverse magnetic field. According to I(2.14) 
and 1(2.15a), we have 

The dashed curves in Figs. 2, 4, and 5 correspond to 
(14), (16), and (18) with rO=1.6X10-" sec  and r=0.4 
x lo-" sec. To determine a,, and 0, , we used g,, = 2.7 
and g, = 1.9 for the e x c i t ~ n . ~ ' ~ ]  It is clear that the the- 
oretical predictions a r e  in satisfactory agreement with 
the experimental data on F (H). 

The polarization of radiation emitted by aligned exci- 
tons a s  a function of the angle cp between E in the excit- 
ing radiation and H, is in good agreement with (12). The 
theoretical results calculated from this formula a r e  in- 
dicated in Fig. 3 by the dashed curve. The values of 
F,, Fa, and F, were determined experimentally, and 
the field H, , was chosen so  that .pli,(H, ,, cp)/ .Pli,,(O, 
v )  I r=150=0. 5. 

~ ~ u a t i o n s  (14), (161, and (18) were obtained under cer- 
tain definite assumptions with regard to the exciton pa- 
rameters reflecting the kinetic properties of excitons 
and the light-exciton interaction. The most stringent of 
these conditions, which enables us to ignore the light- 
exciton interaction, and in particular, neglect the re-  
emission of light, is condition I(l. 21): 

This enables us to neglect the repeated creation of ex- 
cit6ns by the emitted light. In this expression, Ew,, is 
the longitudinal-transverse splitting and Ew,, =Ezq; /2m0 
is the kinetic energy of an exciton with momentum Eq,. 

The experimental value w,, for the I', exciton in GaSe 
is not accurately known, but is probably very small."o1 
Since the absorption coefficient is (~"1000 cm"C151 for 
the rB exciton in GaSe, it follows that EwLTZO. 005 meV. 
The inequality given by (19) is well satisfied for these 
values of w,, if the translational mass of the exciton 
along the c-axis is me =O. 5 m, ["] and the exciton wave 
vector is go = 2 m / ~  =3.2x lo5 cm-' (n = 3  ['"I is the refrac- 
tive index of GaSe and X is the wavelength corresponding 
to the energy of the exciton transition). 

The theoretical analysisCB1 also assumes the condition 
for the validity of the kinetic equation, i. e., 

where I, =Fiq0r/m, is the exciton mean free path. For the 
above values of me, q,, and r, the quantities q, and I ;' 
turn out to be of the same order. However, satisfactory 
agreement between theory and experiment enables us to 
extrapolate the theoretical prediction to the case go 1,- 1 

a s  well. We note that, in the theory of highly doped 
semiconductors with free-carrier concentrations corre- 
sponding to an analogous situation, the results obtained 
on the basis of the kinetic equation a r e  also in satis- 
factory agreement with experiment. 

~ h e o r y [ ~ ]  predicts that the nonmonotonic form of 
F(H) and the change in the sign of J(H) for certain defi- 
nite values of H occur only under resonance excitation 
and when r, and r a r e  comparable in magnitude. The 
usual excitation of exciton luminescence by light with 
energy exceeding the band gap does not lead to this ef- 
fect even for TO" T. Excitation by light with fio > E, can 
produce only free electrons and holes, or "hot" excitons. 
The necessary condition for the observation of exciton 
luminescence is that the excitons relax to the bottom of 
the exciton band in the neighborhood of the point with 
momentum -Eq. This relaxation is not accompanied by 
the appearance of a preferential direction for the exciton 
momentum at thebottom of the band and, consequently, 
when r0 - r, the functions Ylin(H) and .9,,,,(H) have the 
usual monotonic character. This is one of the reasons 
why the influence of exciton-momentum relaxation was 
not observed previously in experiments on the optical 
orientation of excitons in ~ a S e . [ ~ * ' ~ ]  A similar situation 
was encountered in experiments on the alignment of ex- 
citons in CdSe crystalsc181 and during the excitation of 
exciton emission by light with energy exceeding the ex- 
citon ground-state energy by the energy of 2L0 phonons 
for which the usual Lorentz shape was observed for 
F,,(H,, ) with ro=lO'" sec. 

3. Bound excitons 

When a bound exciton is formed a s  a result of capture 
of free excitons by neutral acceptors (donors) under 
resonance excitation, i. e., the process has a cascade 
character, and the free and bound exciton lifetimes a r e  
comparable, the function ~,,,,(H,) is nonmonotonic for 
bound excitons, a s  is the case of cascade excitation of 
atoms. However, experiment indicates a Lorentz shape 
for 9,,,,(H,), and this function falls in much weaker 
fields than for free excitons. In such fields, the spins 
in the free excitons do not succeed in precessing during 
the lifetime, and 9'ci,c(H,) is determined only by the pre- 
cession of the electron (hole) spin in the bound exciton: 

where 

in which TD and rO, a r e  the lifetime and spin-relaxation 
time of a bound exciton. The broken curve in Fig. 6 
represents (21) for TDS=lO-' sec and gZzl. 

If we suppose that the spins of the carr iers  bound in 
the exciton do not succeed in losing their correlation 
in the time between the creation of the exciton by light 
and its capture by the corresponding defect, the result 
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can be used to obtain the separate values ~,=3X10"  sec 
and rDS = 1.5 X 10" sec. Since the free-exciton lifetime 
is 7,-10"' sec, it i s  clear that T,, and rD differ by more 
than two orders of magnitude. 

CONCLUSIONS 

We have carried out an experimental investigation of 
optical orientation and alignment of excitons under reso- 
nance excitation in GaSe crystals. We have shown that 
the observed properties of polarized luminescence emit- 
ted by oriented and aligned excitons in an external mag- 
netic field can be satisfactorily explained within the 
framework of the theoryc8' that takes into account the 
exciton momentum distribution produced during the re -  
radiation of light under resonance excitation. The ex- 
perimental results can also be qualitatively described in 
terms of oscillating exciton dipoles. It follows that the 
polarized-luminescence spectrum emitted by excitons 
can, at least in principle, be used to obtain information 
not only about the energy structure of the exciton states 
(levels) and exciton lifetimes, but also about their kinet- 
ic properties. 

GaSe crystals are, in a sense, unique in that they can 
be used to investigate resonance exciton emission under 
resonance excitation. This is connected with the fact 
that there is no strong background of scattered exciting 
light. This, in turn, may be connected with the layered 
structure of the crystal and, in particular, the high op- 
tical quality of the surface produced by cleaving the 
crystals along the layer planes, which strongly reduces 
the intensity of diffuse scattering. For example, strong 
scattered-light background has prevented the reliable 
detection of exciton luminescence from A ~ B ~  crystals 
under resonance excitation under similar conditions. It 
would be interesting to extend the range of materials for 
experiments on polarized luminescence of excitons under 
resonance excitation, because many of the features of 
orientation and alignment observed in GaSe a re  indicated 
by the theory a s  being quite general and maybe observ- 
able in the exciton spectra of other semiconductors. 

It i s  important to note that the advantage of GaSe lies 
in the fact that the exciton-photon interaction for the 
triplet excitons n = 1, S = 1 ( re )  i s  small. The low value 
of the absorption coefficient a t  the frequency of this 
transition is connected with the fact that the excitation of 
this exciton is generally forbidden when the spin-orbit 
interaction is ignored and the separation between the S 
= 1 level and the level corresponding to the allowed sin- 
glet exciton (S =0) in GaSe is sufficiently large. This 
enables us to neglect polariton effects, for example, the 
reradiation of light. 

In crystals with stronger exciton-photon interaction, 
the above theory must be suitably modified. In particu- 

lar, the reabsorption of light should substantially reduce 
the degree of polarization of radiation emitted under 
resonance excitation by polarized light. 

"~olarization of exciton luminescence is understood to mean 
polarization due to the polarization of the exciting light. 

 his structure must not be confused with the structure due to 
the exchange interaction. In accordance with the excitation 
(Elc) and detection conditions, the r4 excitons a re  not seen 
in the spectrum of Fig. 1. The corresponding structure is 
found to be present in emission spectra if the directions of ex- 
citation and detection depart appreciably from the normal to 
the crystal surface. 

3 '~ormulas  taken from this paper will be indicated by I followed 
by the number of the equation; for example, I(2.17). 
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