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For the first time, certain peculiarities in the shape of the polariton luminescence (PL) spectra of
anisotropic crystals have been investigated under conditions where the dissipative decay of
excitons violates the criterion of applicability of the Boltzmann kinetic equation. We develop a
theory of mixed-mode PL which takes into account spatial dispersion, and which is valid for
arbitrary ratios of the real and imaginary parts of the radiating-state wave vectors. Using a
mixed-mode emission geometry, we carried out low-temperature (2 K) measurements of the PL
spectrum of CdS, recording the photoluminescence in various directions with respect to the
normal to the radiating facet of the crystal. Using the results of our theoretical calculations, we
can accurately reproduce all of our experimental data by treating the effective spatial decay length
of the polariton distribution, the only quantity whose variation significantly affects the results, as
an adjustable parameter. We have observed an effect associated with interference between
radiating mixed-mode states, which is caused by elastic scattering of the polaritons in the spatially

dispersive medium.

I.INTRODUCTION

Many features of the emission spectrum of crystals ob-
served experimentally in the neighborhood of resonant fre-
quencies associated with dipole-active optical transitions to
exciton states can be described accurately by invoking the
polariton luminescence mechanism'~ (see also Ref. 4 and
the references cited therein). Within the formalism of the
polariton approach, luminescence is a process in which po-
laritons lying on various dispersion-relation branches 3 with
frequencies w; (K) are transformed at the crystal boundary
into external photons with frequency o = ck, = wg (K),
where ¢ and k, are the velocity and wave vector of a photon
in the external medium and K is the polariton wave vector.
This implies that the form of the luminescence spectrum will
be determined by the spatial-energy distribution function of
the polaritons and the conditions for transmission of radi-
ation through the crystal surface.

As a rule, finding the distribution function involves
solving the boltzmann kinetic equation. If the angular de-
pendence of the polariton scattering probability varies
smoothly, the condition for applicability of the kinetic equa-
tion reduces to fulfillment of the following inequalities’:

|Re Ko| >0~ | Tm Ky, e
|Re (Ko —Kp) | > oy, opr, (2)

where B'#[3", and a,, are the absorption coefficients for
polaritons on the dispersion branches 7 =/, B', B". The
first inequality implies that the mean free path of the polari-
ton

Ly=o~'=vp/T'sSy

must exceed the wavelength

rhe=27/|Re Kg|
(where v = |dwg/d Kp| is the group velocity, I's is the
total inverse lifetime (i.e., the attenuation), and S, is the
oscillator strength® of the polariton on branch 3). The sec-
ond inequality corresponds to the condition that there be no
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interference between polariton states on different dispersion
branches. This interference arises for I'; 70 and makes it-

self felt through additional interference currents in the ener-
6

gy-

In principle, inequalities (1) and (2) can be made to
hold by choosing crystals with sufficiently large longitudi-
nal-transverse splitting @, of the exciton state and suffi-
ciently small values of I';. However, under real conditions
the inequalities (1) and (2) are often not fulfilled [particu-
larly Eq. (1), when Re K; —0], due to either the presence of
permanent defects and impurities in the samples or to elevat-
ed crystal temperatures. In this situation, the problem of
radiation transfer in the exciton region of the spectrum can-
not be treated within the framework of the kinetic-equation
approximation, and the question of how the polariton lumi-
nescence (PL) is generated in the presence of attenuation
requires a special discussion.

From the point of view of experimental study of the
situation, we found it extremely convenient to analyze the
PL spectrum in terms of the mixed modes which can be ex-
cited in uniaxial crystals.””' By choosing an appropriate
geometry for recording the emission, and by varying the an-
gle 6 between the wave vector of the mixed mode and the
optical axis of the crystal, we can vary the effective “longitu-
dinal-transverse” splitting w$%- (@) of the exciton state’'?
and thereby change the ratio I' 5/ 0% For sufficiently large
values of w$"-, we expect that inequalities (1) and (2) are
satisfied over practically the whole spectral region within
the longitudinal-transverse splitting. However, as o$-—0
(which can be achieved by varying &) there certainly will be
some region of the spectrum where conditions (1) and (2)
are violated. In this case, the interesting possibility arises of
passing in an experimentally simple way (i.e., by varying
%) from a situation where inequality (2) is fulfilled to a
situation where it is violated. The variability of w$%- allows us
to investigate in detail the little-studied intermediate case
between strong and weak exciton-phonon coupling, and also
to create conditions under which spatial dispersion (SD)
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gradually passes to anomalous dispersion.

In this paper we study the PL of mixed modes of uniax-
ial crystals both experimentally and theoretically under con-
ditions such that inequalities (1), (2) are violated. A theory
of PL is developed which is valid for arbitrary ratios of the
real and imaginary parts of the wave vectors of the emitting
states of the crystal, which are excited by scattering from
polariton initial states with well-defined quantum numbers
K. The results of our theoretical calculations agree with the
experimental PL spectrum of CdS crystals.

In Chapter II of this paper, we formulate the statement
of the problem and expound on the method of calculating the
PL spectrum of mixed modes for the case when it is neces-
sary to go outside the framework of the kinetic approxima-
tion. In Chapter III we describe the basic details of the ex-
periment and cite the experimental data on low-temperature
PL of cadmium sulfide crystals in the geometry appropriate
to the study of the mixed modes. A quantitative comparison
of the experimental spectra with the numerical calculations
and a discussion of the results are given in Chapter IV.

Il. THEORY
1. Statement of the problem

Let us discuss the energy spectrum of polaritons of a
uniaxial crystal in the neighborhood of an isolated dipole-
active exciton state; we will assume that optical transitions
into this state are allowed only for the optical polarization
ELC, where C is the optical axis of the crystal. The distinc-
tive feature of such a spectrum, as is well known,'? is its
strong anisotropy: for wave propagation in an arbitrary di-
rection which differs from K||C and K1C, two transverse
modes (7°'1,72) andtwomodesofmixed type (M 1,M 2) can
be excited at a fixed frequency (Fig. 1).

For a crystal with spatial dispersion, the dielectric per-
mittivity tensor ¢, (w,K) of interest to us is characterized by
only two components ¢, (o, K) and ¢ (w, K), correspond-
ing to the optical polarizations ELC and E||C, in the system
of coordinates illustrated in the inset of Fig. 1. Near the reso-
nance frequency we can assume € (o, K) =&, = const, as-
sume and that all the dependence of ¢;; on w and K is includ-
edin ¢, (w, K) (see Ref. 8):

(3)

Orr
K)= [1+———-—],
exlo,K)=es, 0 (K)—o—il/2

where

g Rev/x?
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or(K) =0, +hK.2/2M,+1h (K*—K.2)[2M (4)

while g, is the component of the background dielectric per-
mittivity tensor for the polarization ELC, w, = @, — w,is
the longitudinal-transverse splitting, #iw, and #w, are the
minimum energies of the transverse and longitudinal exciton
bands, K, is the projection of the vector K on the C-axis, and
M [ 'and M ' are components of the inverse effective mass
tensor of an exciton for the propagation directions K1C and
K||C.

In the notation of (3) and in what follows, we will as-
sume that the inequalities

Orr, |0—0.] <o,

hold; this assumption is valid for many semiconductor crys-
tals in common use within the spectral region of resonance
exciton luminescence. Taking these inequalities into ac-
count, the dispersion relations for the modes under discus-
sion are

K/ o*=e, (0, K) (modes T1, T2),
K2
w*—c*(K*—K.?) /e (0, K)

=8_L((1)7K) (modes MI,IVIZ)

Taking (3) into account, we can write these relations in the
form of functions w (K):

EpOLT

(1)
o = op(K)— ——22 5
o=o0x = or(K) (Koo (5)
() €,0rr
= =@, (K)— ——4MmMMM—, 6
O=0x o (K) (cK/®o)*—¢s (©
where
ox(K) =07 (K)+aoLr, (7)

G)LT=(1)LTK:2/(£D/COZ)
and g, = ¢, =¢.

The dispersion curves of the polariton upper branches
(PUB) T2 and M 2shown in Fig. 1 are given by Egs. (5), (6)
in the region of wave vectors |K| < £,"*k,as ' - 0; the curves
T 1and M 1forthe polariton lower branches (PLB) aregiven
by these expressions for |K| > &;/%k,. For real frequency o,
there are solutions to Egs. (5), (6) for which the wave vec-
tors K are complex, even for I = O; these solutions corre-
spond to surface radiating modes with Re K*<0 and Im
K? =0 (i.e,, Re K- ImK = 0), which are excited at the crys-

FIG. 1 Schematic illustration of the dispersion curves for the radiating
mixed modes (M 1, M 2) andthetransversemodes (7' 1, 7°2) inthespectral
region of the isolated doubly-degenerate exciton state of a uniaxial crystal
for a fixed direction of emission into vacuum at an angle . The inset at left
shows the geometry used to measure the emission due to the mixed modes.
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tal boundary. These waves do not cause energy transfer
within the medium for I' = 0, and therefore give no direct
contribution to the external emission. However, for I"'#0
the surface radiating modes are partially included in the en-
ergy transfer within the medium,® and consequently we
should expect a well-defined contribution to the crystal lu-
minescence from these modes.

The dispersion intervals for the nonuniform surface-ra-
diating waves are actually shown in Fig. 1: they lie in the
region to the left of the point where 72 and M 2 intersect. To
the right of this point, for I' = 0 the dispersion curves repre-
sent well-defined quantum (polariton) states of the crystal.
This same point of intersection corresponds to a zero value
of the normal components of the wave vectors of the modes
at the sample surface.

In analyzing the process of light emission when the dis-
sipative attenuation I' is taken into account, we should keep
in mind that near the frequency w, the value of [Im K|
becomes comparable to |Re K| for the PUB, and that the
corresponding modes are, generally speaking, nonuni-
form.!® Furthermore, in this particular region of the spec-
trum, nearby values acquire real parts equal to the wave vec-
tors of the mixed modes M 1 and M 2, especially when the
direction of propagation is close to K1C. This implies that
the criteria (1), (2) for applicability of the kinetic equation
are clearly violated for polaritons on the 72, M2, and M 1
branches near the frequency w, .

The inset to Fig. 1 shows the experimental geometry
used to measure the radiation of the mixed modes M 1 and
M 2. In this experimental geometry it is possible to change
the longitudinal-transverse splitting @, [see (6), (7)] by
choosing ¢, i.e., the exit angle of the radiation
(sing = K, /k,). In this connection, the form of the mixed-
mode dispersion relation given by Eq. (6) turns out to be
very convenient, since the dispersion relations for the trans-
verse modes (5) and mixed modes (6) become formally
equivalent: Eq. (6) differs from Eq. (5) only in containing a
different “resonant” frequency (w; in place of w,) and a
different “longitudinal-transverse” splitting (@, in place
ofw, ).

At this point we should add that under these experi-
mental conditions the emission spectrum is measured for
fixed values of ¢ (or @, ), i.e., for a fixed projection K, of
the wave vector (i.e., the same for all the radiating modes).
This implies that for the radiating modes the angles 6,
between K; and C inside the crystal are variables (i.e., they
depend on the frequency @) and the dispersion relation (6)
determines which state emits light in the external direction
given by the angle @ (the corresponding solutions to this
equation are shown schematically in Fig. 1 by the curves M 1
and M 2). For nonzero values of T', the angles 6; become
complex, and when I is large enough, the concept of an
intensity within the radiating medium loses its meaning.

Corresponding to the conditions of the experiment, we
will assume that excitation of low-temperature PL comes
about by steady-state illumination of the crystal with light
whose wavelength lies in the spectral region of intrinsic ab-
sorption, so that this absorption results in the generation of
free electrons and holes. As these carriers thermalize, they
are bound into excitons which in turn undergo multiple scat-
tering by phonons, impurities, and crystal defects, thereby
relaxing in energy and momentum into the resonance region
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where a certain steady-state polariton distribution function
is established.

Usually the inequality ¢,0, <w;r, where o,
=#k§/2u (u =M, M ), issatisfied for dipole-active exci-
tons. Therefore the densities of states

pp(w)= Z 6 (co—-(m((m

for polaritons of branches ' =T1,M1andB" =T2, M2
differ strongly (forI"'—0):pgz. <pp-. Forthe M 1 branch the
density of radiating K-states near the frequency w, is con-
siderably smaller than the densities of all the other (nonra-
diating) states of type M 1 and the densities of states for the
T 1 branches. Consequently, in the neighborhood of the fre-
quency w,; wecan neglect completely the scattering of waves
within thebranches 72, M 2, while within M 1 wecan partial-
ly neglect it (in any case, for the radiating states). For this
reason, we can ignore the generation of 72, M2, and M 1
waves (with small values of |K|) caused by LO phonon scat-
tering from higher-lying exciton states, and also any possible
scattering of the PLB induced by multiple internal specular
reflection from the surface.’

Thus, we can assume that the distribution function fof
polaritons is essentially determined by the relaxation of
these polaritons through transverse 7’1 (f;,x ) and nonra-
diating mixed (f,,,x ) mode states. Finding the precise form
of these functions goes beyond the framework of the present
article. It is sufficient for our purposes to limit ourselves to
the simplest factorized form:*

fox (0, 2) =fpx (o) exp(—z/L), (8)

which includes a certain smooth function of @ near w,
(where L is the effective spatial decay length of the polariton
distribution, determined by processes of multiple scattering
by free carriers and excitons). The fact that f; ¢ (w,z) de-
pends only on z is a consequence of the uniformity of the
problem along the plane of the surface.

In the experimental geometry of interest to us, only the
mixed modes M 1 and M 2 give a contribution to the spectral
intensity = I ¥ (w,Q) of p-polarized radiation propagat-
ing outside the crystal in the direction of the unit vector
Q =ky/k, (ko /ky = sin @, see the inset of Fig. 1). For the
reasons presented above, we can assume that radiating states
of the M 1 and M 2 branches are populated because of single
scattering of T"1 polaritons and nonradiating M 1 polaritons
according to the distribution functions specified in (8). by
introducing these distribution functions, we limit ourselves
to those values of the attenuation parameter for which the
conditions of applicability of the kinetic equation are ful-
filled for the T 1 states and nonradiating M 1 states.

2. Theoretical calculation

In order to calculate the intensity of emission
1.7 (w,Q) we make use of the Keldysh diagram technique,
which is generalized in order to discuss exciton kinetics (see
Ref. 13, where a case in which condition (1) is violated is
discussed for the first time in treating the kinetics of trans-
verse polariton modes of the upper dispersion branch of the
crystal ZnP,). The necessary Green’s function has the ma-
trix form
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6=(gr- gr)
G= G- G+
where

G** (nt, n't")
=—i Sp [poTcdn(ta) Q'™ (ta',) Sc] ’

A

Po is the density matrix for noninteracting excitons, T is an
operator which orders the lines of the diagram, a," and a,
are creation and annihilation operators

S¢=exp( — th V(r)dr) ,

and /I>( 7) is the interaction operator in the Heisenberg repre-
sentation.

Let us discuss the Fourier components of the Green’s
function G ; * (K,K',») for the mixed modes B=M 1, M2
for a specified 7T'1 and M 1 polariton distribution function,
taking into account the distinctive features of the scattering
processes noted in the preceding paragraph. The diagrams
for the function G5 * (K,K',0) are represented in Fig. 2,
where the heavy solid lines denote exciton Green’s functions
renormalized by photon-exciton, exciton-lattice, and other
interactions:

Grro=[0—0%" +il'(0,K)/2]-,
Mka (GMKw) (9)

Gox *(0,2)=2nfex (0,2) 8 (0—0K ), B=T1, M1
Here o is given by Eq. (7), while o " and 0" are
given by Egs. (4) and (7) respectively; I' (w, K) is the exci-
ton attenuation due to scattering and capture processes. The
Green’s function G g, can be represented in the form of a
sum of two pole terms

GMKw = 2 :GMJKco-,
i=1,2

2M" KM,S—Ebkoz 1
7 Kui—Kug K—Kuf

(10)
Grusmo=(—1)’

where K,; is the solution to the dispersion relation (6).

In calculating I (w,), the Green’s function
G zx and G 3¢, correspond to the upper and lower exci-
ton lines shown in Fig. 2. Note that for = T'1, M 1 we need
not include diagrams for G ;¢ (@,z) and G k' (@,z) with
external lines corresponding to scattering via the states (T'1,
K) and the nonradiating states (M 1, K), since the distribu-

MK

MjIK,

FIG. 2. Diagram for the Green’s function G %,; /, /' = 1,2, B=T1.
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tion functions f;x (@,z) and f,,x (@,2) are considered to be
prespecified.

The spectral intensity of the luminescence I “,0’ (0,0) is
determined by the amplitudes of the transmission coeffi-
cients ¢ % from the crystal into the external medium, and by
the amphtudcs of the electric field intensity vectors
E; (K, ,»; z = 2,) of the mixed modes with frequency @ and
wave vector component K, =k, with
Q=02+ Qf, )72, at the boundary of the crystal z = z,:

3.

(11)

(P)

(0)( toﬂ Eﬂ(KJ_V m, 2= Zo)

(2 )?

=Ml M2

Thesign (...) denotes averaging with respect to the ensemble
of scattering particles and with respect to the direction of the
polarization and propagation of the scattered wave.

By adding the supplementary boundary conditions
(SBC) of Pekar!® to the Maxwell boundary conditions, and
by taking into account the presence of a nonexcitonic “dead”
layer of thickness / at the surface of the crystal,'® we obtain
for the quantity ¢ {5’ the expression

t(P) — nﬂznox/noz Zﬁp
P [netnett (met—e,)?1" (147,) cos S8—i(y+7p/y)sind ’

(12)

where

Ny.€p (anz+nMZZ)

2 2
no” (€5—Nox +Nar1:Nr2s)

Fip = ,

No:€p

noxz)‘/z ’

Moz =M COS @, Mox=N, Si = (ng*—noe2)"

0z 0 @, Nox o SIN @, Ng, ng"—MNox )
d=¢eskol/ (8o—n0s*) ",

x= noz(eb—

nyand ng = (K3 )'? /k, are the indices of refraction of the
surrounding medium and the crystal for the modes M 1 and
M2.

In order to calculate the quantities E; (K,,0;z=1) it
is convenient to decompose E; (K,w; z) into its longitudinal
and  transverse  components Eg" = (E;K;)K;/
K} and Ej = E; — Eg" with respect to the wave vector
K;; for the mixed modes, these components are related by
the expression

tong__ Kﬂiﬁij((ﬂ, K;) Byt

E , (13)
’ Fonge 1ong (0, Kog)
where
€tons (0, Kp) =KaKg;e (0, Kp) [Kq®.

From the Maxwell equations,we establish the following rela-
tion between the exciton polarization P; and the component
s of the intensity:

4annox/nﬁ= (nﬁz—eb) Egt',

on the basis of this expression, it is easy to find a relation
connecting P; and Eg"¢ by using (14).
Using the rules of the diagram technique, we obtain
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(Eg (K, 0;2)Eg*(K |, »;2))

= A4 y 2/ ZdrﬂKiw (Kﬁ"; z,2;)

. J - 3
B"=T1,M1 Kg» "3

X Tt o (Kpri 2,25) Gy (@, 2), (14
where
B, B'=M1, M2;

g-ﬂxlm(Ka'; z,3)

nBzz/nﬂz

X, (ng’—es)* €’

K) (es (Ky') €5 (K)),

A is a constant, z; is the coordinate of the jth scattering cen-
ter, V(q) is the Fourier transform of the perturbing potential
(¢ =k; —k), and e; and e, are unit polarization vectors
forthewavesf’' = T'1,M land3 = M 1,M 2.Incarryingout
the summation 2’ with respect to K,,,, it is necessary to
exclude the radiating states of type M 1. It is useful to note
that the magnitudes |K| of the wave vectors of the radiating
states are considerably smaller than the magnitudes |K'| of
the wave vectors of the scattered waves, and therefore we can
replace V(X' — K) in (14) by V(K').

Svoustituting (9), (10) into (14), (15), we finally ob-
tain

]% expliK.(z—z)]

XV (Ky— (15)

19 (0,2)= X 19 (0,9)+1,% (0, 2), (16)
Be=M1,M2
iy (0,2)=F(0,2) | Fy(0, Q) |/ (2k, Im np,+L-1),  (162)

ny:},z(m, Q)=—F(0,Q) 2 Re[

gvnn((ﬂ,g)g.a“ ((Q,Q) ]
_iko(nMu—n,\nz.) +L-! !

(16b)
where
1 2M 2ce oL cos foxs (@)
F (0, Q)= || “CEHOLT 0] _fexg (@)
( ) (2n)® 3 | nin — N lz 5; 1?2 ThpKg
(17)
152 (0, Q) [ (ng2 — )2 nj w2 T
& — 13 9 B b Bz 0x
Fp(0,Q)= ™ o e Tt | (17a)
while the quantity
1 2z 1 . 18
Tupy B N-— |V (Kg) P8 (0 — mlgﬂl) (18)

is the inverse decay time for the states (M 1, K) or (M2, K)
into the polariton states (8, K. ) per unit solid angle in the
neighborhood of the direction K;. and N is the concentra-
tion of scattering centers. In this case, (16b) describes the
interference-produced contribution of the mixed modes M 1
and M 2 to the intensity of external radiation 7 &, connected
with scattering of polaritons of branches M 1, T'1 into coher-
ently radiating states M 1 and M 2 by the same center.
Thus, Eq. (16) allows us to calculate the luminescence
spectrum of the mixed modes — including the nonuniform
ones — in the presence of attenuation, where the approxima-
tion of the kinetic equation is violated. By using this ap-
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proach, we succeed in surmounting the principal difficulty
connected with using the concept of emission intensity in an
absorbing medium by operating only with the field ampli-
tudes.

IIl. EXPERIMENT

In order to investigate experimentally the distinctive
features of the mixed-mode PL, we used crystals of CdS
grown by the gas-transport method.!’ The crystalline sam-
ples consisted of films of thickness about 0.1 mm, with mir-
ror-smooth natural growth facets with the optical (hexagon-
al) C axis oriented in the plane of the radiating facets. We
carried out a preliminary spectroscopic selection among the
samples, allowing us to choose crystals with high structural
perfection and optical quality. Special attention was paid to
the choice of crystals in which the low-temperature spectra
of spectral reflection had the standard form'’'® which is
most often encountered, and which is accurately described
by means of the “dead” layer (DL) model employing the
additional Pekar boundary conditions.'’

The samples were immediately immersed in pumped-
out liquid helium at a temperature of 2 K. The construction
of the crystal holder we used allowed independent rotation
of the sample in the optical cryostat around both the vertical
and the horizontal axes. The angle of rotation about the ver-
tical-axis rod was measured with an error of less than + 0.1°
by measuring the deflection of a laser beam reflected from a
mirror rigidly clamped to this axis. Corresponding to the
experimental geometry shown in the inset to Fig. 1, the C-
axis of the crystal was oriented horizontally, i.e., perpendic-
ular to the rod axis (i.e., the y-axis).

The spectrum was recorded using an apparatus assem-
bled around a DFS-24 spectrometer operating in the photon-
counting regime with a minimum spectral slit width of 0.05
meV under conditions of maximum posible spectral resolu-
tion. The light used to excite the PL came from an Ar™ laser
focused on the crystal surface within a spot (strip) with di-
mensions ~0.4X4 mm?; the wavelength of the light was
A =476.5 nm, while the optical beam power was ~7 mW.
This relatively weak illumination did not lead to any appre-
ciable change in the spectrum of specularly reflected light.

The angular resolution Ag (with respect to the output
radiation angle @, specified by rotating the rod around the
vertical axis) was limited by the minimum working aperture
of the objective, which was located in front of the input slit of
the spectrometer; Ap =~ 1° for ¢ < 15°t0 20°, while Ap =~ 6° for
@ >20°. This increase in Ag at large angles leads to a sub-
sidiary loss of angular resolution; however, this loss is bal-
anced by the possibility of reliably reproducing the fine
structure of the emission spectrum under the most favorable
signal-to-noise conditions.

The experimental geometry corresponding to the theo-
retical situation described in Chapter II is realized in the
spectral region of the lowest exciton state 4, _ ; of cadmium
sulfide for light polarized so that EL[CK]. The emission
spectra of CdS crystals at 7= 20 K was already studied in
Ref. 12, in which there was a discussion of the variation of
the intensity and shape of the luminescence line 4, of a
mixed polariton. However, in light of the results of Chapter
I1, an analysis of the spectra carried out by using the argu-
ments of purely polariton kinetics (i.e., without taking into
account broadening of the polariton state) is unjustified (the

Abukadyrov et al. 363



I Ae R 1) Fe
S | >
a
o
o
an
an
an
a
W -05 0
I A A, I r

FIG. 3. Luminescence spectra of CdS crystals (the exci-
ton state 4,_,, T=2 K) in the mixed mode emission
geometry (see inset to Fig. 1) for the output emission
angles ¢ = 2.5° (a), 15° (b), 30° (¢), and 67.5° (d). The
points are experiment, the smooth curves are theory.
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more so since in Ref. 12 these arguments were applied to a
relatively high-temperature experimental situation). In our
case, the choice of 7= 2 K has the considerable merit that
only at low temperatures is the exciton attenuation I" small
enough'® for the criteria for applicability of the kinetic equa-
tion to be fulfilled for those polariton branches which pro-
vide the initial states for scattering into the radiating mixed
mode states.

Typical PL spectra of the mixed modes measured at
T =2 K for various output angles ¢ are shown in Fig. 3:
@ =2.5° (a), 15° (b), 30° (c) and 67.5° (d). Along the ab-
scissa we plot the relative frequency v = (v — 0, )/ o, 7.
The line A, is localized near the value v = 0; its intensity
rapidly increases with increasing @. Orientation of the C axis
relative to the direction in which the emission was measured
at which the line 4, completely disappears, allows us to
establish an absolute reference point ¢ = 0° for the output
angle.

As the angle @ increases, the width of the line 4; also
increases along with its maximum intensity 7, . In this case,
starting with certain angles ¢ R 30°, we have observed a fine
doublet structure in the spectrum of 4; (Fig. 3d). Theshape
of this structure is modified at large angles, and disappears
for sufficiently large values ¢ * 75°. The way the observed
fine structure develops on the line 4, can be seen in Fig. 5
plotted on a rough scale. In this figure, the experimental data
are presented for five output emission angles: ¢ = 30° (1),
45° (2), 60° (3), 75° (4), and 80° (5).

It is convenient to measure the function /,; (¢) using
I ,r, the intensity of the emission line 4~ of the orthoexciton
state of symmetry I'¢ localized near the frequency v = — 1
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(see Fig. 3), as a reference intensity. The narrow line 4 is
connected with a dipole-forbidden state of the exciton; its
intensity I, (@) is primarily determined by the @-depen-
dence of the Fresnel transmission coefficient for the polar-
ization EL[CK] at the frequency Ar. In the interval
0<@ < 30° this dependence is practically undetectable. By
normalizing I,;, with the intensity /., we can greatly in-
crease the accuracy of our measurement of the function
I, (@)

This dependence is illustrated in Fig. 6 by plotting the
experimental points in the form of the ratio I, (¢)/1,r
(see below). The behavior of the half-width of the emission
line A, as @ varies is shown in Fig. 9 (see below): the experi-
mental points are plotted after subtracting the instrumental
spectral width ~0.05 meV.

IV.COMPARISON OF THE EXPERIMENTAL AND
THEORETICAL DATA; DISCUSSION OF RESULTS

The calculations of the PL spectra of the mixed modes
were carried out using Eq. (16) from the theory given in
Chapter II, for the following parameter values of the exciton
resonance A4, _,; of the CdS crystal: #iw, =2552.4 meV,
fiw,+ =2 meV, A =0.075 meV, €, =9.3, M, =09 m,
(om0 is the mass of the free electron), M| = 2.85 m,, I1=170
A, and L = 0.8 um. These values of the parameters are in
good agreement with data on Brillouin resonant scattering?®
and on excitonic reflection of light,'®! including the spec-
tra of CdS crystals measured in this paper.

In the narrow spectral region occupied by the line 4,
we can neglect the smoothly-varying frequency dependence
of the distribution functions f;-; and f,,,; for the polaritons
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which undergo the scattering, and also the lifetimes
7ps' (Zx, Ta = I') with respect to emission from the radi-
ating state (8’, K). For this particular region of the spec-
trum the value of I is essentially determined by the exciton
reflection spectra at low temperatures. '

The calculated PL traces are compared with experi-
mental data in Fig. 3 (solid traces are theory). It is clear
from Fig. 3 that the experimental and theoretical spectra are
in good agreement, given the assumptions we have made and
the parameter values we have chosen. In this case it is impor-
tant to emphasize that the only parameter whose variation
turns out to affect the curves is the effective spatial decay
length of the distribution L. The remaining parameters are
fixed by the other experimental data.

On comparing the experimental and theoretical results
more carefully, we note certain discrepancies in the short-
wavelength region of the spectrum for small angles (@ < 30°)
and in the long-wavelength region for large angles (¢ > 30°).
These discrepancies apparently can be avoided if we also
include in the theory inelastic scattering channels into radi-
ating states with relatively large values of |K| and the fre-
quency dependences of the distribution functions f7, (@)
and f3;, (w). Furthermore, the observed additional radi-
ation in the spectral interval between the lines 4; and A,
(especially at large angles @) can indicate a certain repopu-
lation of the radiating states M 1 due to scattering of excitons
from the parabolic band I'® (by a scattering potential of ap-

propriate symmetry). In connection with this, it is also
noteworthy that the intensity of the emission on the long-
wavelength side of the line 4, whose position practically
coincides with the bottom of the exciton I'¢ band, falls off
abruptly.

The line 4, is not seen in the output radiation for the
direction normal to the face of the crystal (¢ = 0°). In this
case, the mixed modes are transformed into a pure longitudi-
nal exciton mode and a pure transverse photon mode. The
longitudinal exciton undergoes total internal reflection in
the direction ¢ = 0°, which the probability of scattering into
a transverse photon state (E||C, K L C) is negligibly small.
Therefore, there is no E||C radiation from the crystal in this
direction near the frequency w, . As the angle ¢ increases,
the intensity of 4, emission increases, and at the same time
its half-width grows; this correlates qualitatively with the
increase in the “longitudinal-transverse” splitting &,
o« sin® @ (or, in other words, the oscillator strength of the
transition).

The theoretical traces in Fig. 3 were plotted taking into
account all the contributions to the luminescence from the
mixed modes M 1 and M 2, as discussed Chapter II, 2. It is
interesting to analyze in more detail the mechanisms which
give rise to these traces. To do this, we show in Fig. 4 the
spectral functions for the partial intensities I (w,p)
=1.% (0,2) caused by contributions to the external radi-
ation from the mixed modes (S = M 1,M 2, traces 1 and 2),

FIG. 4. Spectral dependence of the partial intensities /,,, .
I,,, ofthemodes M 1, M 2 (curves 1,2) and theirinterference
contribution /,,,, (curve 3), calculated for parameters of the

J exciton state 4, _, in CdS at the output emission angles
@ =2.5°(a), 15° (b), 30° (¢), and 67.5° (d).
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. taking into account their interference (8 = M 12, trace 3),
for output angles ¢ = 2.5° (a), 15° (b), 30° (¢) and 67.5° (d).

As the output angle @ increases, a considerable vari-
ation is observed in the intensities /; and their spectral func-
tions. In this case, special interest attaches to the interfer-
ence contribution I,,,, (traces 3), which enters in with
opposite sign in the total intensity 7 = I {> [see (16)]. It is
clear from Fig. 4 that the negative intensity /,,,, behaves
nonmonotonically as @ increases; its magnitude reaches a
maximum for a certain intermediate angle ¢_ (it is found
from numerical calculations that ¢, =9°).

In the interval 5° < ¢ < 20°, the contribution I,,,, to I'is
comparable to the partial intensities /,,, and I,,,, while for
@ = @, the value of I,,,, near the frequency w; can even
exceed I,,, and I,,, somewhat (of course, in this case we
always have |I,, | <l + Ip2 ). As @ increases, we ob-
serve spectral broadening of all the components and a shift of
the maximum of /,,, to shorter wavelengths. This behavior
of the separate components leads to a complex change in the
shape of the total spectrum I = I {*°, which is especially no-
ticeable at large output emission angles, where a doublet
structure is observed in the maximum (see Fig. 3d).

Figure 5b demonstrates how the theoretical shape of the
radiation maximum of 4, varies as the angle @ increases. It
is clear that the theoretical traces in Fig. 5b reproduce the
principal qualitative features of the experimental traces
(Fig. 5a) quite well. The doublet structure appears within a
certain range of output angles (30° < ¢ < 75°) both in theory
and experiment. At large values of ¢, the doublet structure
disappears, while the maximum shifts to the short-wave-
length side. Also noteworthy is a certain asymmetry in the
shape of the spectral components I, which is most notice-
able at small output angles. A comparison of Figs. 3a and 4a

/\ | Aﬁ
/\4 4
/\ | |
2 2
1 [
| 1 ] ] |
-0,2§ 0 0.25 -0,25 0 025 v

FIG. 5. Comparison of experimental (a) and theoretical (b) spectral line-
shapes of the mixed-mode emission from CdS crystals (the exciton state
A, _,, T=2K) for the output angles ¢ = 30° (1), 45° (2), 60° (3), 75°
(4) and 80° (5). The spectral width of the slit equals 0.05 meV.
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shows that the observed narrow asymmetric profile of the
emission 4, for ¢ = 2.5°is essentially due to asymmetry in
the spectral contribution 7, .

In order to correctly describe the experimental data giv-
en here, it is important to include all three terms in (16). In
particular, the interference term 1, , affects the character of
the variation in the spectral line shape of the total intensity
as a function of the angle ¢ to a considerable degree, while
the shift in the maximum of A, noted above is connected
with the short-wavelength shift with increasing @ in the
maximum of the intensity 7,,, .

Asfor theangular (i.e., ¢) dependence of the maximum
in the intensity I,,, = I (.. (Fig. 6), it is very sensitive to
the value of the spatial decay length of the polariton distribu-
tion L. The theoretical (solid) traces in Fig. 6 clearly illus-
trate this fact. The best agreement between theory and ex-
periment is attained for L = 0.8 um. It is clear from Fig. 6
that as @ increases the theoretical value I,,,,, (@) for a given
L goes to a universal limiting value. In comparing the calcu-
lated traces with the experimental ones, this universal value
is chosen to equal the measured ratio I,; /I, in the region
of large values of @.

The value of L which corresponds to the experimental
trace 4 in Fig. 6 is a characteristic of each specific CdS crys-
tal sample. The measurements we have carried out on other
samples show that the traces /,,; (¢)/I,r (and consequent-
ly the value of L as well) are generally different for different
samples.

The angular dependence of the maximum of the emis-
sion intensity /, is most strongly affected by interference
between the radiating modes M 1 and M 2. Neglect of this
interference leads to a fundamental qualitative change in the
dependence I, (@), as is demonstrated by the inset in Fig.
6: curves 4 and 4’ were plotted for L = 0.8 um, neglecting
and including the interference term I,,,, , respectively. Note
that curve 4’ has a sharply-defined maximum, correspond-

IAL/IAF
2.0

L0

g 20

| l
20 ¢ ()

FIG. 6. Dependence on output angle ¢ of the ratio of the maximum spec-
tral intensities of the emission lines 4, and 4 in crystals of CdS (the
exciton state 4, _ ;, 7= 2 K). The points are experiment, the theoretical
traces 1-7 were calculated for various values of the effective spatial decay
length of the polariton distribution L = 0.1 (1); 0.3 (2);0.5 (3); 0.8 (4);
2.0 (5);5.0(6);and 10.0 (7) um. In the inset we compare the theoretical
functions /,, (@), plotted including (curve 4) and neglecting (curve 4')
the interference contribution /,,,, for L = 0.8 um.
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ing to values of the output angle ¢ = @c =~ 9°; this was men-
tioned earlier in connection with the discussion of Fig. 4.

It is clear from Fig. 6 that for increasing ¢ in the region
20°> @ the theoretical traces I,, (¢) plotted for various
values of L practically coincide with one another. This insen-
sitivity of 7,,,,, tothe values of L forlarge values of the output
angle is connected with the characteristic angular depen-

- dence of the imaginary parts of the indices of refraction ng,
which appear in the expression (16a, 16b). If @ = min{e,,
a,} is the smaller of the two values of absorption coefficient
under discussion here, i.e., ag = 2k, Im ng, for the modes
B =M1,M?2,thenitis clear from (16a, 16b) that the effect
of L on the intensity of the radiation becomes insignificant
when the condition aL > 1 holds.

Using the formal similarity between the dispersion rela-
tions (5) and (6) for the transverse and mixed modes we
have described above, we can easily generalize the results®'
of theoretical investigations of isotropic absorption of light
by excitons, taking into account spatial dispersion, to the
case under discussion here of anisotropic absorption. In
analogy with the approach of Ref. 21, we will discuss the
behavior of the absorption coefficient « at the frequency
o = o, for which a multiple root appears in the dispersion
relation (6) for some value of I' = I'.. Near this particular
frequency, a(w) attains a maximum value for fixed values of
.

In our case, noting that the inequality

M
| 1—# sin’® @/e, <1

I

holds, we have

W =0T 0.&
. 1
I.=4sin ¢(0,0Lr)".

The frequency w,, has a simple geometric meaning: it
corresponds to the point where the dispersion curves for the
transverse photons in the polarization E||C and the purely
longitudinal excitons intersect (see Fig. 1).

In Fig. 7, the dependence of @, = a(w,. ) on output an-
gle @ is represented by the solid traces 1-4 for values of #l"
from 0.025 to 0.1 meV. These dependences are determined
by the behavior of the quantities I', as functions of @. At
some output angle ¢ = ¢, determined by the condition
I, =T, a clearly-defined kink appears in the trace a, (¢).
This particular angle ¢, corresponds to the point of maxi-
mum interference of the radiating modes M 1 and M 2; for
# = 0.075 meV (curve 3 of Fig. 7) we have ¢, =9°.

In the region to the left of the kink (¢ <@.) we can
reach the condition ', €T, for which the effects of spatial
dispersion on the mixed modes can be neglected, while the
angular dependence of a, takes the form

o (@) =2k, sin® porr/ (e,"T).

For ¢ R ¢, the coefficient . depends weakly on ¢, and
is characterized by values close to the maximum value of the
absorption coefficient when the light is polarized so that
ELC for the mixed modes (for #AI =0.075 meV,
a (@R @.)=10°cm™').

It should be noted that the absorption coefficient a,
under discussion here is a meaningful measurable quantity
for sufficiently thick crystalline films, i.e., films with thick-
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FIG. 7. Dependence on output angle ¢ of the absorption coefficient
a, = a(w, ) of that mixed mode which has the smallest value of a, at the
frequency w. = 0, + w, ¢, for Al = 0.025 (1);0.05 (2);0.075 (3); and
0.1 (4) meV.

ness d>2a ;' (compare with Ref. 21). In the samples we
used, the latter inequality does hold; however, in this case d
is so large (~0.1 m) that for ¢ R . the intensity of the light
transmitted through the film at the frequency w, is practi-
cally unmeasurable. Therefore, under the conditions of our
experiment it is impossible to study the behavior of the kink
inthetracea, (@) at the angle ¢, by looking at the transmis-
sion spectrum of 4, .

As for the angular dependence of the maximum emis-
sion of 4, (see Fig. 6), we observed no singularity in this
function (either in theory or in experiment) at the angle
@ = @... This is due to the fact that, in contrast to the trans-
mission spectrum of light through a thin film, both modes
M 1 and M 2 participate in the formation of the 4; emission
spectrum near the frequency o, , resulting in a strong mutual
interference contribution which smooths out the angular de-
pendence of the total measured intensity.

In Fig. 8 we show a slice of the calculated isoenergetic
surfacew = o, for 4, _ , polariton emission in CdS (I" = 0)
through the xz measurement plane (C is the crystal axis,
z = z,is the “crystal-vacuum” boundary ): a shows the over-
all shape, b the region of small values of |[K|. As we see, the
isoenergetic surfaces M 1 and M 2 of the mixed modes pass
smoothly into each other at § = 90° (¢ = 0°), having a circle
in the yz plane as a curve of osculation. This osculation of the
surfaces M 1 and M 2 occurs only for the frequency w, ; the
osculation curve corresponds to states of purely longitudinal
excitons (ELC) and transverse photons (E||C).

The region of radiating states is included between the
two horizontal dashed lines x = k, and x = — k, (i.e., the
cross-section of a cylinder in K-space). It is clear from Fig.
8b which states on the surface M 1 and M 2 contribute to the
radiated light propagating at an output angle ¢ to the normal
(with wave vector K;). For small angles ¢, the radiating
states M 1 and M 2 are positioned next to each other in K
space; this also ensures that the interference effect will be
present for small values of T".

A comparison of the calculated and measured depen-
dence of the half-width A of the emission line 4, on the angle
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FIG. 8. Cross-section of the isoenergetic surface » = w, for 4, _, polari-
tons in CdS (" = 0) when the emission is measured in the xz plane (see
Fig. 1) (Cis the crystal axis, z = z, is the crystal-vacuum interface): a is
the general form, b is the region of small values of |K|. The states radiating
into M 1 and M 2 (Fig. b) are specified by the output angle (i.e., the com-
ponent K, ).

@ is shown in Fig. 9. The theoretical trace (solid) is in good
agreement with the experimental points. Nonmonotonic be-
havior in A is observed for increasing ¢ in the region of large
values of (¢ R 70°): theline 4, ceases to broaden and there
is even a rather small narrowing for ¢ > 80°. The function
A (@) qualitatively correlates with the character of the vari-
ation of the longitudinal-transverse splitting w, ; o« sin’p,
excluding the region where the narrowing occurs; in this
region there is a decrease in the contribution of the partial
intensity /,,, to the measured total intensity of the radiation.

nLor

4,meV

25

g 40 80
? 0
FIG. 9. Dependence on output emission angle ¢ of the half-width of the

emission line 4, in CdS for 7= 2 K: the points are from experiment, the
solid curve is theory.
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V.CONCLUSION

The theoretical and experimental investigation of the
PL of mixed modes in an anisotropic crystal described in this
paper shows that under conditions where the dissipative at-
tenuation I of an exciton violates the criterion of applicabili-
ty of the Boltzmann kinetic equation, the process of genera-
tion of the PL spectrum has a number of new and specific
features. First of all, the reconstruction of the spectrum of
normal modes for I' 0 leads to the inclusion in the energy
transfer through the crystal boundary of surface-radiating
modes (including the nonuniform ones), so that these
modes make a direct contribution to the overall intensity of
emission at frequencies w S, . Secondly, the presence of
spatial dispersion gives rise to an interference interaction
between the mixed modes, which is manifest in the excita-
tion at the boundary of the crystal of an additional (interfer-
ence-produced) energy current. This interference-produced
contribution to the measured luminescence intensity is
found to be comparable in absolute value to the individual
contributions of the separate modes when the values of I'
and the angle ¢ of the output radiation from the crystal cor-
respond to a multiple root of the dispersion relation for the
radiating mixed modes.

The mechanism for generation of the PL discussed here
includes the process of elastic scattering of polaritons from
quantum states with well-defined wave vectors, i.e., with rel-
atively large values of |K]|, into radiating states of the mixed
modes. The distribution function of the polaritons being
scattered is characterized by an effective spatial decay length
L for the exponential attenuation of the spatial distribution.
The value of L is uniquely determined by the dependence of
the maximum in the luminescence spectral intensity on the
output angle ¢. For this case, L is the only significant vari-
able parameter of the theory, since the values of all the other
parameters are specified by other experimental data.

The good quantitative agreement between the experi-
mental data presented here on low-temperature exciton lu-
minescence in CdS crystals and the results of theoretical cal-
culations confirms the validity of the theoretical approach
developed in this paper. This approach can be successfully
used to describe the process of generation of the PL spectra
in all cases where the light emission comes about through
excitation of states with short lifetimes because of scattering
(not necessarily only elastic scattering) into these states of
polaritons (excitons) from well-defined initial quantum
states.

In conclusion, we thank E. L. Ivchenko for his assis-
tance in choosing the method of theoretical analysis, and for
fruitful discussions regarding the questions treated in this
article.
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