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A well-defined doublet structure due to polariton emission has been found in the spectra of
resonance exciton luminescence emitted by the black modification of ZnP, crystals at 7= 2 K.
The shape of the spectra is analyzed on the basis of the theory of spectral and spatial diffusion of
polaritons under boundary conditions consistent with experimental reflection data. The relative
contributions of polaritons belonging to the upper (UBP) and lower (LBP) dispersion branches
are determined for the first time. It is shown that the UBP contribution to the emitted radiation
depends significantly on the rate of interband UBP—LBP relaxation and the LBP spatial and
energy distribution. The LBP distribution function is largely established as a result of intraband
relaxation between LBP states. The ratio of LBP to UBP emission intensities is used to determine

the effective depth of the LBP spatial distribution.

§1. INTRODUCTION

Polariton effects play an important role in the emission
spectra of crystals in the neighborhood of exciton reson-
ances.' There is a whole range of spectroscopic and temporal
features of exciton luminescence that can be explained in
terms of polariton theory.'~® The basic qualitative aspects of
the phenomenon of polariton luminescence (PL) due to po-
lariton dispersion, the transmission of radiation through the
crystal boundary in the region of resonance, and the nature
of the spatial and energy distributions of polaritons have
frequently been discussed (see, for example, Ref. 7 and the
literature cited therein). However, a sufficiently rigorous
quantitative analysis of specific experimental data has been
lacking.

It has not been entirely clear which polariton state (up-
per or lower branch) provides the principal contribution to
the short-wave wing of the PL spectrum and what are the
manifestations of the spatial distribution of polaritons. More
experimental attention will have to be devoted to the true
effect of the crystal boundary (as part of the problem of
additional boundary conditions (ABC)® and the problem of
taking into account surface states®). There is considerable
interest in the energy relaxation of polaritons under the con-
ditions of their strong spatial diffusion.'®

Practical analysis of PL spectra has mostly been con-
fined to two approaches. One is based on the solution of the
simplified transport equation in which the collision integral,
or part of it, is replaced by an empirical expression selected
on the basis of qualitative considerations.>”!'-!*> The range
of validity of this method of analysis is still to be elucidated.
The other approach, in which the collision integral is evalu-
ated explicitly,>>%1%'4 seems more rigorous.

We shall use the second approach to analyze, within the
framework of the theory of spectral and spatial diffusion of
polaritons, the spectra of resonance exciton luminescence of
the black modification of ZnP, crystals. These crystals have
a number of interesting and nontrivial properties near the
fundamental absorption edge,'>*'® among which we note the
abundant hydrogen-like spectrum of exciton states (up to
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the state with principal quantum number!3 n = 7). The low-
est-lying n = 1 exciton state of these crystals (which have
rhombic macrosymmetry) is characterized by large longitu-
dinal-transverse splitting, the effective mass of the exciton is
not very much greater than the mass of the free electron, and
the luminescence spectra contain well-defined features char-
acteristic of the polariton emission mechanism. All this en-
ables us to look upon rhombic ZnP, crystals as very conven-
ient model objects for the detailed investigation of excitonic
polaritons, including features due to additional waves.

We shall devote particular attention to the relative con-
tribution to the external emission due to polaritons in the
upper and lower dispersion branches (UBP and LBP, re-
spectively). Since the solution of this problem is closely re-
lated to the analysis of ABC, we shall, in Section 2, perform a
comprehensive investigation of the amplitude and phase re-
flection spectra of ZnP, crystals for different angles of inci-
dence. We shall also determine the values of all the param-
eters necessary to construct the polariton dispersion curves.
The experimental data on luminescence, given in Section 2,
are analyzed in Section 4 in terms of the theory of spectral
and spatial diffusion of polaritons, an account of which is
given in Section 3. The analysis takes into account the
boundary conditions corresponding to the experimental re-
flection data.

§2. EXPERIMENTAL RESULTS. DETERMINATION OF THE
POLARITON DISPERSION PARAMETERS

We have investigated single-crystal ZnP, plates grown
by the gas-transport method.'”> The dimensions and the
quality of the natural faces of the crystals enabled us to re-
cord reliably both the specular reflection spectra and the
luminescence spectra. The experimental geometry was cho-
sen so that the C,, twofold axis of the crystal, lying along the
dipole moment vector of the exciton under consideration
(nondegenerate state), was parallel to the reflecting (or ra-
diating) face, with light propagating along KLC,, . The crys-
tal thickness was 0.1-1 mm, so that the back face had no
effect on the results. The measurements were performed for
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different angles ¢ between the direction of propagation of
the recorded light and the normal to the face of the crystal.

The optical spectra were investigated at 7= 2 K (the
crystals were placed directly in pumped-off liquid helium)
in a system based on the DFS-24 spectrometer. The spectral
width of the spectrometer slits was 0.05 meV at ¢~0° and
0.1 meV at ¢ > 70°. Luminescence was excited by the Kr*
laser at 6471 A, using pump power not exceeding 500 mW
within the 0.5-mm diameter light spot. The reflected light
was investigated using the continuous spectrum of an incan-
descent lamp.

The polariton luminescence spectrum is largely deter-
mined by the polariton dispersion parameters. To construct
the polariton dispersion curves, we first followed the method
of Ref. 17 and investigated the amplitude-phase exciton re-
flection spectra of ZnP, crystals at different angles of inci-
dence ¢. We directly measured the energy reflection coeffi-
cients R (o, @, ), where ¢, and ¢ are the azimuthal angles
of the polarizer and analyzer, ¢ is the angle of incidence, and
6 is the additional phase shift (between the p- and s-ampli-
tudes of the reflected light) introduced by a phase-shifting
wedge. The angles ¢, and ¥ were measured from the plane of
incidence (perpendicular to the C,, axis), using the right-
hand rule with the screw axis pointing in the direction of
propagation.

Figure 1 (a;, b;, ¢;; i = 1,..., 4; the points are experi-
mental) shows the reflection spectra R (¢, @, ¥) and the
spectra of the phase shift A = A, — A, between the p- and s-
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FIG. 1. Amplitude-phase exciton reflection spectra of ZnP, crystals at
T =2K (see text for explanation).
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amplitudes of the reflected wave for angles of incidence
@ =28 (a), 65° (b), 85° (c): hpp=9=90° (i=1), ¢ =
— =45 (i=2, 3-curves 2), Yo=9v=45 (i=2, 3-
curves 1), § = —7/2 (i=2), §=0 (i=3). The phase
shift A was calculated from the i = 2, 3 spectra (see Ref. 17).

The measured spectra were analyzed within the frame-
work of the theory of additional light waves,'® which takes
into account the exciton-free (‘“‘dead”) layer on the crystal
boundary.'® The best agreement between the theory (solid
curves in Fig. 1) and experiment was achieved for the fol-
lowing parameters of the theoretical model: resonance fre-
quency w, = 1.5606 eV, longitudinal-transverse splitting
w7 = 4.5 meV, effective exciton mass (in units of the free
electron mass) M = 3, phonon permittivity £, = 12, damp-
ing parameter I' = 0.1 meV, and dead layer thickness / = 60
A.

We note that the ordinary reflection spectrum of ZnP,
at near-normal incidence (Fig. 1, a,, s-polarization) does
not contain near the reflection minimum any sharp anoma-
lies (such as the spike observed for CdS in Ref. 19) which
could be effectively exploited to identify the longitudinal fre-
quency w; = w, + @, . On the other hand, it is clear from
Fig. 1 that, by increasing the angle of incidence or by varying
the azimuths ¥,, ¢ and the phase shift §, we could ensure the
appearance of such anomalies and thereby more reliably de-
duce the polariton energy spectrum.

The spectra of the phase A carry independent (as com-
pared with the ordinary reflection spectra) information that
can be used to verify the validity of the chosen model. For
example, the variation in the shape of the phase spectrum
(see b, and ¢,) with increasing ¢ is a qualitative manifesta-
tion of the Brewster exciton effect, which can be naturally
explained®® on the basis of the above model.

The luminescence spectra of ZnP, crystals were record-
ed for the same points on the crystal surface as the reflection
spectra because we needed the closest possible comparison of
the spectra. Figure 2 shows the polariton emission spectra of
ZnP,, recorded at emission angles ¢ =0° (a) and ¢ = 76°
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FIG. 2. Polariton luminescence spectra of ZnP, crystals at T =2 K,
recorded at different angles ¢ of emission relative to the normal to the
surface: a—p = 0°, b—@ = 76".
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(b) for E||C,, polarization. The vertical arrows mark the
frequencies w, and w, . The ordinate is the radiation intensi-
ty in relative units which are the same in both Figs. 1aand 1b
(the relative normalization of the spectra a and b is dis-
cussed below).

On the long-wave side of the PL bands in Fig. 2, there is
a number of strong emission lines (not reproduced here),
which can be ascribed to bound exciton states. We have not
been able to identify clearly emission features due to phonon
replicas.

It is clear from Fig. 2 that the PL spectrum of ZnP, has
a well-defined doublet structure. A substantial modification
of the spectrum occurs as the emission angle is varied (at
constant polarization E||C,, ): the short-wave component of
the doublet becomes appreciably narrower and stronger as
compared with the long-wave component. The details of the
PL spectrum of ZnP, were reproduced with record-breaking
resolution (for semiconducting crystals) because of the high
value of ;- and low values of I'. The analysis of the ZnP,
spectra can therefore be performed in greater detail as com-
pared with the spectra of other known semiconducting crys-
tals.

§3. SPECTRAL AND SPATIAL DIFFUSION OF POLARITONS

In the polariton mechanism, the emission of light by the
crystal is looked upon as the transformation of a polariton,
incident from the interior of the crystal on its face, into an
external photon.'! The probability of this transformation is
determined by the intensity transmission coefficients of the
crystal faces.?""*? This approach implies that we can use the
Boltzmann transport equation for the polariton distribution
functionf{* (K,r, 1), which depends on the wave vector K of
the polariton, its position vector r, and the time #( j is the
polariton branch number and A is the polarization index).
The quantity /{*’ (K,r, 1)d °Kd °r is the number of polari-
tons in the volume element d *Kd °r of phase space at the
point K,r at time .

The set of transport equations for the functions f }'” will
be considered in the simplest case of the isolated dipole-ac-
tive exciton resonance in a cubic crystal, neglecting the con-
tribution of longitudinal excitons, i.e., confining our atten-
tion to the two-band model (j = 1,2). The dependence of
the polariton frequency w on the wave vector K then has the
well-known form shown in Fig. 3, where the solid curves 1
and 2 represent the lower and upper dispersion branches,
respectively. The dot-dash curve marks the band of mechan-
ical excitons® that would characterize the spectrum of intrin-
sic excitations of the crystal in the absence of the light-exci-
ton interaction.

In view of the above experimental data, we are interest-
ed in time-independent polariton luminescence in a spectral
interval of the order of 3w, r—4w 7, which includes the re-
gion of longitudinal-transverse splitting. We shall assume
that the collision integral includes a contribution due to in-
elastic scattering of polaritons, assisted by longitudinal
acoustic (LA) phonons,® and a contribution due to elastic
scattering (R) by defects and impurities (these processes are
illustrated schematically by the dashed curves in Fig. 3).
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FIG. 3. Polariton dispersion curves corresponding to the lower (1) and
upper (2) branches. Dashed curves illustrate schematically the inelastic
scattering of polaritons by longitudinal acoustic (LA ) phonons and the
elastic scattering (R) by defects or impurities. 1/7, corresponds to the
radiationless loss of a polariton.

Moreover, we shall take into account the following points:

(a) the spectral density of states on branch 1 is relative-
ly high, so that multiple intraband (1 «> 1) scattering of po-
laritons occurs on this branch in such a way that the distribu-
tion function f {*’ becomes almost isotropic and independent
of the polariton polarization index 4;

(b) the density of states on branch 2 is low, so that
intraband scattering of the form 2 «> 2 is relatively unimpor-
tant, i.e., the population of the polariton states on branch 2 is
largely determined by single interband scattering of the form
1-2.

Under these assumptions, the transport equation for
LBP may be considered independently of the equation for
branch 2, and integration over the directions of propagation
(for example, as in radiation transfer theory?®) reduces to
the diffusion-type equation

DAf,—fijt+G+0Qf =0, (1)

where f] is the isotropic part of the LBP distribution func-
tion, D = (4 y? 7, is the diffusion coefficient (not averaged
over the energy distribution), which depends on frequency
through the group velocity v,, the momentum relaxation
time is 7, = (1/7, + 1/7,)"", 7, and 7, are the relaxa-
tion times associated, respectively, with elastic scattering by
LA phonons and elastic scattering by impurities and defects,
7, is the lifetime for the radiationless annihilation of the
polariton, G is the source function averaged over the direc-
tions of emission, and Q is the inelastic collision operator,
defined to within second-order corrections in the parameter
u/v, <1 (u is the velocity of sound and v, is the LBP group
velocity),!*

2 (E.~E,)* v, d

Of‘=_3— nph K,’Pd_(n“
{ [ (105uK‘ ) -\fl(Ka(fD) l‘)} (2)

Pevtsov et al. 667



Moreover, E, and E, are the deformation-potential con-
stants for the conduction and valence bands, respectively, p
is the density of the crystal, and T is the temperature in ener-
gy units. In deriving (2), the temperature dependence of the
phonon occupation number N, ( ¢ is the phonon wave num-
ber) was approximated by the linear function N, ~T /%iugq,
which gives the correct result for 7~0 and T>#iug.

In the coordinate frame in which the y axis points in-
ward into a semi-infinite crystal, and is perpendicular to its
y = 0 face, the boundary condition for (1), which expresses
the energy balance on the surface, assumes the form

(0L-vs)

where ¥, is the rate of surface annihilation of polaritons (in-
cluding transmission and reflection effects and radiationless
loss on the surface). Moreover, f; (K, (@), y|,- , =0.

The above second-order partial differential equation
(in spatial coordinates and frequency ) describes the spectral
and spatial LBP diffusion. This type of equation was solved
in Ref. 10 for the PL spectrum of an anisotropic crystal plate,
using a special source function G (& taken to be a function of
o and y; resonance excitation) and particular boundary con-
ditions for frequency.

Under the conditions of our experiment, the pump fre-
quency was much greater than the frequency corresponding
to the fundamental absorption edge. We may therefore sup-
pose that the spatial LBP distribution was established main-
ly outside the spectral range of the emission. When the depth
of the distribution is large enough, energy relaxation of po-
laritons in the relatively narrow region of longitudinal-
transverse splitting should not produce a significant change
in the nature of the spatial distribution (the crystal bound-
ary has an appreciable effect only for w < w, because of the
rapid increase in the rate of radiative surface annihilation of
polaritons, which is mainly inversely proportional to the
spectral density of states).

The distribution function f; (K, (), y) can then be fac-
torized with respect to the variables w and y by specifying the
spatial part f; in the approximate form ~exp( —y/L),
where L is the effective depth of the distribution. Assuming
that G = 0 in the emission region, and integrating (1) with
respect to y between 0 and oo, subject to the above boundary
conditions, we obtain

ofl—rzsf1=01 (4)

=0, (3)

y=0

where I',; = 1/7, + 7, /L is the total reciprocal polariton
lifetime in band 1 (lower branch).

The last equation is actually the differential form of the
balance equation for the number of polaritons (compare this
with Refs. 3 and 14). However, in contrast to Refs. 3 and 14,
it takes into account the inhomogeneity of the spatial distri-
bution of polaritons by introducing the effective distribution
depth L (the thickness of the crystal plate is used in Ref. 3
instead of L). It is clear from (4) that, in this approximation,
we cannot separate the probability of radiationless decay
within the bulk of the specimen from the probability of sur-
face annihilation.
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The solution of (4) under particular boundary condi-
tions for the frequency enables us to find the frequency de-
pendence of the LBP distribution function f, (K, (@), y).
The UBP distribution function f, (K,, y) satisfies the follow-
ing transport equation under the above assumptions:

7} ’ !
Uz”afz=-—F12fz+2W2£:.) (K21K1 )f1(K‘ ’y)’ (5)
K,',h
where
Iy,= Zl Wi<:) (Kl” KZ)
X' ,h

is the reciprocal UBP lifetime due to interband scattering to
the LBP state and W | (K, K;) is the probability of scatter-
ing of a polariton from the state |K;) to the state |K;) as a
result of the A-type mechanism. The radiationless lifetime 7,
does not appear in (5) because, in the approximation in
which the diffusion equation (1) is valid, we have T';,> 7. !,

where
Fuzr‘u= Z W%:l) (Klly Kl)-
K, h

If we neglect the inelastic interband scattering of polari-
tons by LA phonons, the solution of (5) for polaritons prop-
agating toward the boundary of the crystal (v,, <0) as-
sumes the simple form

fom (Ks, y) = ” fi(Ky y). (6)

It is clear from this that the function f,~ is determined
not only by the probability of interband scattering (through
T',,), but also by the effect of the depth L. In general, f,~ is
then anisotropic despite the isotropic nature of the interband
scattering (K,«<K ). This anisotropy appears because the
denominator of (6) contains the component of the velocity
v, in the direction of the normal to the crystal surface and, in
the final analysis, is due to the inhomogeneity of the spatial
LBP distribution.

The final solution of the emission problem is deter-
mined by the connection between the intensity of external
emission and the boundary values of the distribution func-
tions f; (K;, + 0). If I'V’ (w,@) is the spectral density of the
intensity escaping from the crystal with A polarization
(A =s,p), then

h 8
1 (0,9) =22 YLT8 (0, 9), (K, +0), %)
i

where g is the angle of emission, T'{*’ is the energy transmis-
sion coefficient of the crystal face in the crystal — vacuum
direction for A-polarized detected external light, and c is the
velocity of light in vacuum. The orientation of the vector K;
relative to the direction of emission is determined by the
usual laws of refraction at the crystal surface.

§4. ANALYSIS OF EXPERIMENTAL RESULTS. RELATIVE
CONTRIBUTION OF THE UPPER AND LOWER BRANCHES TO
POLARITON EMISSION

In the analysis of experimental emission spectra, we
shall allow for the fact that the principal contribution to
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FIG. 4. Theoretical energy dependence of the reflection (a—dashed
curve) and the transmission (b,c) coefficients of the crystal surface for
angles of incidence@ = 0° (a,b) and@ = 76° (¢): 1—LBP, 2—UBP (the
corresponding polariton dispersion curves are shown in Fig. 8 by the
solid lines 1 and 2). Parameter values corresponding to the experimental
data on reflection (Fig. 1) were used in the calculations.

emission for w <w, is provided for LBP. The wavelength
dependence of the function f] in this region can then be de-
termined by dividing the observed luminescence spectrum
I (w, @) by T'{* (w, @), and then extrapolating to the re-
gion > w; with the aid of the spectral diffusion equation
(4). The function f, can then be calculated from the trans-
port equation (5), and formula (7) can be used to compare
the theoretical results with experimental data.

Following this program, we present in Fig. 4 the calcu-
lated polariton dispersion curves (a, curves 1 and 2), the
reflection coefficient R (w, @) (a, curve 3, ¢ =0°), and
the transmission coefficient T'{") (w, ) (b, curves 1, 2,
@ =0%c, curves 1, 2, ¢ = 76°). The coefficients were calcu-
lated for radiation entering the crystal from vacuum, using
the dead-layer model employed in the analysis of reflection
spectra. In the reverse case of emission of radiation from the
crystal, these coefficients will have the same values provided
only that absorption is low enough. This reversibility follows
from the symmetry of the system under time reversal.??

The condition that absorption must be low will also de-
termine the range of validity of the transport equation: the
polariton wavelength must not, at any rate, exceed its mean
free path. For the resulting values of the damping parameter
T', this condition breaks down only near the point K = 0, i.e.,
for branch 2 polaritons near the frequency w; . Nevertheless,
the coefficient T still retains its macroscopic meaning (as
the ratio of the energy fluxes) even for @ Sw,, where
T$#0 for I' #0 (Ref. 21); see Figs. 4b and c, curves 2.

Figure 5 shows the results obtained by dividing the
spectra observed at two different angles of emission (see Fig.
2) by the -corresponding transmission coefficients

T{®(w, @): dark circles ¢ = 0°, open circles ¢ = 76°. It may
be considered that, for w <@, (with the exception of a small
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FIG. 5. Energy dependence of the ratio o(w, @) =1 (v, @)/
T{?(w, @) of the intensity I of external emission to the transmission
coefficient T {* for emission angles g = 0° (dark circles) and @ = 76°
(open circles). The dashed and dotted curves were obtained by numeri-
cal solution of (5) on the assumption of parabolic polariton dispersion
for w > w, in the case of three-dimensional and two-dimensional migra-
tion, respectively. w. is the frequency at which the frequency boundary
conditions were specified for the distribution function f; = o and its
derivative d f,/0w = do/dw.

region on the long-wave side of w; ), the ratio o(w, @)

=1 (o, )/T{” (v, p) reproduces the spectral depen-
dence of the function f;(K,(w), + 0), since states corre-
sponding to branch 2 do not participate in emission in this
spectral region (T 5%, f,~0), and the factor in front of the
sum in (7) does not vary appreciably for |® — wy|<w,.
Moreover, the quantity o(w, ¢) should not be very depen-
dent on the angle @, even if f; is an anisotropic function:
because of the high refractive index n, = cK,/w for o R w,,
the LBP contributing to emission propagates practically
along the normal within the small solid angle 277/n2 <1.

The latter fact enables us to look upon the equation
o(w, 0°) = o(w, 76°) in the frequency range w, S <w; as
the natural condition for the relative normalization of spec-
tra a and b in Fig. 2. The o(w, f) curves are in good agree-
ment in the spectral range 1.5590 <w < 1.5640 eV which
contains the resonance frequency w,. The two curves exhibit
a small dip near w,. This dip is not present in the original
emission spectra. Both curves bend upward on the short-
wave side, and become appreciably different.

The difference between the o(w, 0°) and o(w, 76°)
curves in the short-wave part of the spectrum shows that
there is a contribution to the UBP emission that depends
appreciably on the angle of emission near the frequency o,
because of the strong angular dependence of the coefficients
T (w, ). At the same time, it is noticeable that the UBP
emission occurs for w <@, , as well.

The doublet structure of the peak of the distribution
function f, (K,, + 0) = o(w, @) is probably due to the scat-
tering of polaritons (with the emission of LA phonons) from
the region corresponding to the short-wave component of
the doublet, whilst the probability of radiative escape of po-
laritons decreases rapidly toward longer wavelengths (com-
pare this with the situation in anthracene crystals®*). Thus,
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the long-wave component of the doublet peak of the distribu-
tion function must be looked upon as a *““phonon replica’ (on
the LA phonon) of the primary short-wave component.
Here, we draw attention to the fact that, in the ZnP, crystals
under consideration, the minimum group velocity of the po-
lariton is v, i, ~9.1X10° cm/s, which is only slightly
greater than the longitudinal sound velocity?® u~6.1x 10°
cm/s.

In view of these velocity values, the second approxima-
tion in the parameter ¥/v, in the inelastic collision operator
(2) may not be sufficient near w,. In the quantitative analy-
sis of the shape of the luminescence spectrum, we therefore
used (4) only in the region of parabolic dispersion of branch
1 polaritons (@ > w,). The frequency boundary conditions
were taken to be the experimental values of the function f;
and its derivative d f,/dw at the point w. = 1.5626 eV (see
Fig. 5), which lies in the region of the longitudinal-trans-
verse splitting. The only adjustable parameter was the ratio
N (w) =T, /a,(w), where ag(w)=5u/[v,(®)7,. (@)] is
the coefficient of the zero-order derivative in the differential
operator Q (the case 7= 0 K). By varying 7 (w) at the fre-
quency o, , the solutions of (5) were fitted to the experimen-
tal o(w, @) curve in a widest possible spectral range. The
best agreement was achieved for 7(w,) = 0.14 (dashed
curve in Fig. 5).

However, it is important to remember that the investi-
gated exciton state of ZnP, is nondegenerate. Polariton mi-
gration into the w <, region is therefore largely two-di-
mensional in character.?® The use of the three-dimensional
relaxation model is then not entirely correct. The solution of
(4), with the operator Q corresponding to the limiting case
of two-dimensional polariton relaxation (in the plane per-
pendicular to the C,, axis of the crystal), is shown by the
dotted curve in Fig. 5. The optimum value = 0.01«1, ob-
tained in this case, shows, on the one hand, that there is no
radiationless surface annihilation of polaritons, which is in
agreement with the set of boundary conditions used to calcu-
late the reflection and transmission coefficients. On the oth-
er hand, this low value of 7 suggests that the polariton life-
time in band 1 is very small in comparison with 7,., which
confirms that the diffusion approximation can be used.
Comparison of the dotted and dashed curves shows that ex-
trapolation to the @ > w; region in the equations of two-
dimensional and three-dimensional relaxation yields practi-
cally the same results (with the exception of the value of %
and, consequently, I, ). As far as the radiative loss of polar-
itons due to transmission by the boundary is concerned, such
processes do not provide an appreciable contribution to I',
for > w,. This is due, on the one hand, to the relatively low
velocity v, of exciton-like polaritons and, on the other, the
high refractive index n,, which defines a very small internal
solid angle from which the LBP can be emitted in the up-
ward direction. Because of the effect of the small solid angle
within which the LBP propagate, and are scattered by inter-
nal reflection to the UBP states, it is found that surface-
induced reabsorption is also unimportant* for the ZnP, pa-
rameters (for v > w; ).

The contribution of branch 1 polariton intensity I {” to
the external emission intensity I was determined from the

670 Sov. Phys. JETP 62 (4), October 1985

0,8
0,4 -
| |
0y -
0,2~
pllii i L1 [ ]
1,555 1,560 1,665 1,670
ﬁ(l))eV

FIG. 6. Partial contributions I {® (solid curves) and I{® (dot-dash
curves) to the external UBP and LBP emission intensity, respectively,
determined from the calculated LBP distribution function: a—g = 0°,

b—gp = 76".

extrapolated function f; with the aid of formula (7), and the
experimental data of Fig. 2 were then used to extract the
corresponding branch 2 contribution: I =71 — {9,
Figure 6 shows the energy dependence of the intensities 7 {*
and 7°. It is clear that the contributions of the UBP and
LBP states to emission near the longitudinal frequency o,
are comparable.

Figure 7 shows, on a larger scale, the short-wave wings
of the function f, = f,; that provide a contribution to the
external emission at ¢ = 0° (full points) and ¢ = 76° (open
circles). The energy dependence of the function f;~
(K,, + 0) was constructed by dividing the partial intensi-
ties 7{¥ (see Fig. 6) by the transmission coefficients
T$(w, @). It is clear that this construction is justified for
frequencies where the transport equation can be used for the
UBP, i.e., for w >w;, provided the emission angles ¢ are
smalland w > w, (n,(w,) = 1) for the maximum possible g.

The appearance of branch-2 radiating states on the
long-wave side of ®; and w, in the spectra (Fig. 6) is due to

%, rel. units
[

2,4

)

0,7

0,2

1

a,1

’

0111!|L1|1|l11|1[|-111I
1565 1,366 1,067 1,066 1,969
ﬁ‘U:eV

FIG. 7. UBP distribution contributing to external emission at the fol-
lowing angles of emission: dark circles—g = 0°, open circles—g = 76".
The solid and dot-dash curves were calculated from (7) for the same
values of @, and w, is the frequency at which the UBP refractive index is
equal to unity.
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the uncertainty in the wave vector of these states nearw; , ,
when the reciprocal lifetime I',, is finite. When I';,#0, the
conservation of momentum in 1 — 2 type scattering is not
exact, which leads to interband transitions into the region
o <wr,, AsT',increases, there is also a marked rearran-
gement of the spectrum of type 2 normal waves near w, . It is
precisely for this reason that I, determines the character of
the reflection spectrum in the region of the minimum reflec-
tion coefficient, and the value of the phenomenological pa-
rameter I" determined from the reflection spectra is equal to
I',, in the neighborhood of w, .

Substituting I';, = I’ = 0.1 meV (see Section 2) in (6),
and using the experimental data for f; = o (Fig. 5) and f;~
(Fig. 7), we can estimate the effective depth L of the distri-
bution of branch 1 polaritons. Thus, for L = 5.4 um, the
function £, calculated from (6) for ¢ = 0° (solid curve in
Fig. 7) is in good agreement with the corresponding experi-
mental dependence. For ¢ = 76°, and the same value of L,
there is a discrepancy between the theoretical (dashed lines)
and experimental curves, although the character of the an-
isotropy of ;- predicted by (6) is reproduced. This discrep-
ancy may be due to an inadequate approximation to the spa-
tial LBP distribution and the possible coordinate
dependence of the parameter I'.

A further uncertainty in the theoretical results may be
due to the neglect of relaxation over the states of mixed po-
lariton modes (including longitudinal excitons) in the re-
gionw > w, . However, in our case, the frequency w is not too
far fromw; (0 — w; 0.7 w, 1) and the spectral density of
states g(w, 6) per unit solid angle is still a rapidly-varying
function of the angle @ between the optical axis of the crystal
and the polariton wave vector. The maximum value of
g(w, 0) at constant frequency is achieved for 8 = 7/2, i.e.,
for a state with maximum |K|. Moreover, the square of the
modulus of the matrix element in the probability of scatter-
ing of a polariton by an LA phonon between states with wave
vectors K and K’ is a linear function of the difference?
g = |K'— K|, i.e, it becomes a maximum for the maximum
possible (allowed by energy-momentum conservation) val-
ues of |K| and |K’|. It may therefore be considered that, in
this frequency range, polariton relaxation proceeds largely
over the states of transverse (or almost transverse) polari-
tons that have maximum wave vectors. The two-band polari-
ton relaxation model is therefore completely justified for a
cubic crystal (it does not take into account the contribution
of longitudinal excitons; see Section 3) provided only the
ratio (w — @, )/ is low enough.

§5. CONCLUSION

Our investigation of the resonance exciton lumines-
cence spectra of ZnP, crystals has enabled us to identify the
most essential features of the polariton emission spectra.
Owing to the unique (from the point of view of polariton
effects) properties of these crystals, we were able, for the
first time, to analyze reliably the relative UBP and LBP con-
tributions to the external emission. The experimental data
presented above were then used to show that the emission
near the longitudinal frequency w, was due to polaritons
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belonging to both branches, i.e., both upper and lower. The
shape of the spectrum and the intensity of this emission is
determined by the spatial and energy distribution of the LBP
and the probability of interband scattering of the LBP to
UBP states.

The nature of the boundary conditions, which deter-
mine the energy dependence of the transmission coefficients
of the crystal boundary, plays an important role in the for-
mation of the polariton luminescence spectrum. The influ-
ence of these coefficients can be clearly seen in the strong
dependence of the shape of the luminescence spectrum on
the angle of emission of radiation by the crystal. A composite
analysis of the amplitude and phase reflection spectra has
yielded the boundary conditions that are in good agreement
with experimental data on reflection. These boundary condi-
tions were subsequently used to calculate the transmission
coefficients and reproduce the polariton distribution func-
tion on the crystal boundary.

The frequency dependence of the LBP distribution
function was analyzed within the framework of the diffusion
approximation, and the boundary conditions established in
the above way enabled us to conclude that radiationless sur-
face annihilation of volume polaritons does not play a signif-
icant role in these crystals. As far as exciton surface states
are concerned, which may also affect the resonance lumines-
cence spectra of crystals,® they are simply not formed in our
case because the radiating surface is parallel to the optical
axis of the crystal and the exciton transition is polarized
along this axis.?¢

The spatial and energy relaxation of polaritons has a
diffusion character in our specimens. The effective depth of
the spatial distribution of polaritons determined from the
ratio of the LBP to UBP emission intensities is then 5-6 um
at T=2 K. Because of the small internal solid angles in
which outwardly radiating polaritons propagate, the prob-
ability of their radiative escape is small for o > w,. Since ra-
diationless surface annihilation is also unimportant, it may
be considered that the diffusion flux of polaritons is practi-
cally zero on the crystal boundary for > w,. For w < w,, the
principal effect on the polariton luminescence spectrum is
due to the radiative escape of polaritons through the bound-
ary and intensive diffusion into the interior of the specimen.

Although our main results were obtained for particular
samples, namely, zinc diphosphide crystals, their conse-
quences and our conclusions are more general and can be
used to interpret polariton luminescence spectra of other
crystals.

The authors are grateful to E. L. Ivchenko and S. A.
Permogorov for useful discussions.
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