PHYSICAL REVIEW B

VOLUME 5,

NUMBER 2 15 JANUARY 1972

Effects of Uniaxial Stress on Excitons in CuCl

T. Koda, T. Murahashi, and T. Mitani
Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo, 113 Japan

and

S. Sakoda and Y. Onodera
Department of Physics, University of Kyoto, Sakyo-ku, Kyoto, 606 Japan
(Received 21 June 1971)

The effects of uniaxial stress on the exciton reflection spectra of zinc-blende CuCl have been
investigated experimentally and theoretically. From a comparison of the experimental results
with a theory which takes account of the strain, spin-exchange, and stress-induced k-linear
terms, it is established that the stress-induced k-linear term is playing an essential role in
the anor_r’lalous transxerse-long‘itudinal mode mixing of the Z3 exciton observed in a configura-
tion of PII [001] and Kl [110]. The coefficient of the stress-induced k-linear term is estimated
to be about 10°7 eV cm, which seems to be reasonable in comparison with the previously known
k-linear term in CdS. It is further proved that this effect is closely related to a stress-induced
gyrotropy in deformed CuCl from macroscopic considerations on the dielectric tensor with a
spatial dispersion linear in K. Additional contribution of the effect of an off-axis incidence in

case of lower symmetry is also discussed.

I. INTRODUCTION

The effects of uniaxial stress on excitons have
been attracting a considerable interest in this
decade. In an early stage of the study, the stress-
induced changes in the exciton spectra were simply
related to deformation-induced changes in the rele-
vant one-electron energy bands. Here the exciton
wave functions were assumed to be simple products
of the hole (or missing electron) and electron wave
functions associated with particular valence and
conduction bands. A number of works have been
reported using this approximation method, mostly
concerned with experimental determinations of the
deformation-potential constants of the relevant
energy bands.?

It has recently been gradually recognized, how-
ever, that the spin-exchange interaction in an elec-
tron-hole pair produces a considerable change in
the exciton spectra by a configuration mixing of
exciton levels in the j-j coupling scheme, as has
been first pointed out by Onodera and Toyozawa. 2
The exchange, when combined with a strain, gives
rise to a splitting of exciton levels which is unex-
pected in the simple deformation-potential treat-
ment. Observation of the stress-exchange splitting
of excitons in wurtzite II-VI crystals demonstrated
this effect most conspicuously.?® Several studies
have subsequently been reported on the stress-ex-
change coupling effects on excitons in II-VI crys-
tals® and GaAs.5

Recently it has been proved further that the uni-
axial stress effect reveals more profound aspects
of excitons in quite a prominent way, namely, we
have observed an unusual reflection anomaly in the
uniaxially deformed CuCl which cannot be accounted

5

for by the existing theory.® Subsequently, this
phenomenon has been investigated theoretically by
two of the authors and successfully accounted for
by the introduction of the stress-induced k-linear
terms in the usual exciton matrix formalism.” In
this way we are formulating a more and more re-
fined theory for the uniaxial stress effects on ex-
citons.

However we would like to point out here that the
importance of the uniaxial stress effects on excitons
does not merely lie in a sophistication of theory,
but in their relationship to more general aspects
of crystal optics in which excitons play a dominant
role. In an artificially deformed crystal under an
external stress, we can realize various circum-
stances treated in crystal optics such as the usual
(K-vector-independent) optical birefringence and
an optical anisotropy linear in K (gyrotropy). As
shown in the present paper, we can investigate these
macroscopic optical properties in terms of a micro-
scopic view of excitons.

This paper deals with a detailed account of the
experimental and theoretical investigation of the
effects of uniaxial stress on excitons in CuCl. Al-
though the study is not complete enough in a quan-
titative sense, because of various problems involved
in a quantitative analysis of the experimental re-
sults, it is believed to be worthwhile to report our
present understandings on the phenomenon we have
investigated for uniaxially deformed CuCl. Emphasis
will be placed mainly on a semiquantitative descrip-
tion of the basic features of the phenomenon and on
general aspects of excitons in crystal optics.

A theoretical framework of exciton states in de-
formed CuCl is presented in Sec. II. In Sec. III,

a detailed account of the experimental results is
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given, followed by a semiquantitative comparison
with the theoretical results. Section IV is devoted
to a phenomenological interpretation of the results
in terms of the stress-induced gyrotropy as well
as to discussions pertaining to the stress-induced
k-linear effect. Section V is a summary and con-
tains our concluding remarks on the subject. In
the Appendix, microtheoretical support is given to
the phenomenological considerations on the dielec-
tric-constant tensor developed in Sec. IV A.

II. THEORY OF EXCITONS IN UNIAXIALLY DEFORMED
CuCl

A. Brief Survey on Exciton States in CuCl

Basic features of the energy-band structure of
zinc-blende CuCl are established by several previous
studies.® The I'; conduction band (I'g in double-
group notation) is s-like, while the I'; valence band
is composed of Cu 34 orbitals hybridized with Cl
3p orbitals. The negative spin-orbit splitting in
the I'; (upper) and I’y (lower) valence bands is as-
cribed to a larger amount of the Cu 34 component.®
Both of the conduction and valence bands have ex-
trema at the I' point as is the case in most of zinc-
blende semiconductors. The electron and hole ef-
fective masses are not accurately determined yet,
but the hole mass is supposed to be considerably
large because of the d-orbital-rich valence band.

Two direct exciton states associated with the I';
and I'y valence bands are called the Z; and Z, ,
excitons, respectively, by Cardona.!® Since the
spin-orbit splitting of the hole, A= - 63 meV, is
considerably larger than the electron-hole spin-
exchange energy A, =8.7 meV, ! the resulting ex-
citon levels follow approximately a j-j coupling
scheme. The exciton wave functions, the I'; and
I'; excitons for the Z; band and the I';, I';, and I',
excitons for the Z, , band, have been derived in
Ref. 7 as the proper linear combinations of the
missing valence-electron—conduction-electron
pairs.

B. Energy Band under Stress

In order to formulate an effective-mass equation
for excitons under uniaxial stress, which will be
given in Sec. IIC, it is necessary to investigate the
energy spectra of the relevant one-electron energy
bands under stress. The valence-band energy spec-
trum can be derived from the Ty (T',) bases at k=0
by introducing the spin-orbit, strain, and k- p en-
ergies as perturbations. Within the first-order
approximation of these perturbations, the spin-or-
bit interaction is responsible for the spin-orbit
splitting of the I'; band into the I'; and I'y bands,
while the strain yields the usual deformation-po-
tential terms. The third perturbation, the K- p
term, vanishes in first order because of the time-
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reversal symmetry in the zinc-blende CuCl.!?

When we proceed to the second-order effects,
this k - p term gives rise to the usual kinetic energy
of the valence electron which is quadratic in K. In
additiop_, we have to include a term which is bilin-
ear in k- p and strain in the same order of approx-
imation. ! Usually such a term is quite small in
magnitude, but nevertheless an effect arising from
this term turns out later to play an essential role
in the presently observed exciton spectra under
uniaxial stress.

The explicit form of the valence-band energy
spectrum EU(E, e;;) in the presence of the strain
tensor e;; is expressed in terms of { i }
={v,a,...,b,B} as follows:

Ev(i;, eij):[Ek(E)JFED(eH)'FEkD(E, eij)]i "(%7\)-{ ¢ E 5
(1)
with
E,(K)=Agk?1+4, [(2-519k,2+c.p.]
+Ay [I 2,414, )RRy +e.p.], (2)

Eple;;)=Df ey +eyy +e,,) i+D, [0 L=31%)ey +c.p. ]

+D,[( 0, +1,1) e +c.p. ], (3)
and
Ep(k, e;;)=[Bleywk, —e,k,) +Cley, —e) k]l +c.p.
(4)

Here the b,’s are three Bloch states belonging to the
I'; valence band; T([1]=1) is an angular momentum
operator with the components 7, I,, and /,; and o

is the Pauli spin matrix. c.p. denotes cyclic per-
mutations with respect to the indices, x,y, and z.
In this expression, E,(k) corresponds to the kinetic
energy of the valence electron, Ej(e;;) to the usual
strain Hamiltonian, and E,zD(]T(, e;;) to the stress-in-
duced k-linear terms, which are bilinear in strain
and k - D term. The appearance of the last energy
term is permissible in the absence of the inversion
symmetry in the zinc-blende structure.

There can also exist, in principle, other k-linear
terms. They are the first-order term derived from
a perturbation of (7%/2mc)?(Gx VV)- K and a second-
order term bilinear in k - p and spin-orbit interac-
tion. However, it can be shown that these intrinsic
k-linear terms existing in an unstrained CuCl are
sufficiently small to be safely neglected in the
present consideration.”

As for the I'g conduction band, the energy
E(K, e;;) is expressed in terms of {v }={sa, s}
simply by

EC(E,eij):AgkziJng (exxt+eyy+ee)i. (5)
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Here s is the Bloch function of the I'; conduction
band.

Consequently, the whole energy spectrum of the
conduction and valence bands in strained CuCl is
expressed by a set of parameters; A§, A4y, Ay, and
A, for the electron and hole masses, respectively,
the deformation-potential constants D, D}, Dy,
and D,, and the coefficients of the stress-induced
k-linear term B and C. Experimental estimation
of some of these parameters is attempted in Sec.
IIIC from a study of the uniaxial stress effects
on exciton spectra.

C. Exciton Matrix under Stress

Exciton states in deformed CuCl are derived
from the one -electron cnergy spectrum under stress
described in Sec. IIB. The effective-mass equa-
tion for excitons with wave vector K formed by these
energy bands is given by
{#Z; '}Euv:u’v’ Fu’u' (F):EFU.V (F) ) <6)
W

where

Eu vty = 6u u! Elczv‘ (%E —iV) - Guu' Ez‘ © ("%—K _iV)

+ 5uu' 6uu' V(;) +Q'Juu:u.'v' G(F) . (7)

The first two terms in (7) represent the kinetic en-
ergies of the electron and hole, respectively. The
third term corresponds to the Coulombic attraction
energy which is diagonal with respect to the differ-
ent (u,v) pairs. The last term is the electron-hole
exchange energy. € stands for the volume of the
unit cell. J,,.,.,» consists of two different kinds
of terms: One is the direct exchange interaction
similar to that appearing in the atomic excitation,
while the other corresponds to the long-range
resonance interaction between the exciton dipole
moments and is responsible for the longitudinal
and transverse splitting of the exciton levels. We
shall neglect the participation of energy bands other
than the lowest I'g conduction and the highest I';
and I'y valence bands, which is supposed to be rea-
sonable in view of the band structure of CuCl. Then
the exciton effective-mass equation (6)is constructed
from the 12 electron-hole pair states (u,v). Here
u and v refer, respectively, to the missing elec-
tron states in the valence bands and to the electron
states in the conduction band.

This 12X 12 effective-mass equation is solved by
a perturbation method in the following way: First,
the strain and exchange terms are momentarily
ignored. Further, we neglect the off-diagonal ele-
ments of the kinetic energy of hole. The latter
neglect is equivalent to assuming spherical energy
bands for hole, which is justified on account of the
heavy-hole mass in CuCl. Then the effective-mass
equation reduces to a completely diagonal 12X 12

matrix. Assuming a 1s hydrogenic function for the
zeroth-order envelope function F(r), the strain and
exchange terms are calculated by the eigenstates

of this diagonal matrix. The resulting 12X12 ma-
trix which includes nondiagonal exchange and strain
terms is finally diagonalized. The 12 eigenenergies
and eigenvectors obtained by this procedure cor-
respond to all the exciton states associated with the
Zgyand Z, , bands under a particular stress.

The most important feature of this exciton matrix
is that nonvanishing off-diagonal elements exist
even within the submatrix for the (T, I's) pair cor-
responding to the Z; exciton band before diagonal-
ization. These off-diagonal elements originate
from the stress-induced %-linear term E,,(-3K
—ﬁ, e;;) and give rise to a stress-induced coupling
between the different exciton states belonging to
the Z; band. A similar situation is also found in
the Z, , band. Such a coupling depends on the
direction of the applied uniaxial stress and will be
described in more detail later for several config-
urations in comparison with the experimental re-
sults.

As a result of such diagonalization of the exciton
matrix with strain, we can calculate the energy
spectrum of the Z; and Z, , exciton bands as a func-
tion of the strain, or, if we know the elastic con-
stants of CuCl, of the applied uniaxial pressure P
for a particular configuration of P and K with
respect to the crystallographic axes. Such calcu-
lation can also predict the polarization character-
istics and the relative intensities of the respective
exciton states under stress. In order to get nu-
merical results which can be compared with the
experimental results, we have to determine of
course the values of the parameters appearing in
the exciton matrix. We choose the spin-orbit
splitting A= — 63 meV, the transverse exchange
energy Ar =8.7 meV, and the longitudinal exchange
energy 4, =24.9 meV according to the magneto-
optical results of Staude.!' The elastic compliance
constants at liquid-helium temperature are tenta-
tively estimated from the room-temperature values
reported by Inoguchi et al.!* by reducing them by
10%, taking into account the increased stiffness at
lower temperatures. The assumed elastic con-
stants are s§,=7.5;x10712, s¥, = -3.0,x107'% and
s%,=5.7,X10"2 cm?/dyn. The remaining param-
eters are the deformation-potential constants and
the coefficients of the stress-induced k-linear
terms, which are to be estimated from the uni-
axial stress measurements as described in Sec.

II1.
III. EXPERIMENTAL RESULTS AND COMPARISON WITH
THEORY

A. Experimental Procedure

Samples were cut from ingots of single-crystal
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FIG. 1. Schematic diagram of the experimental system.

CuCl grown by the Bridgman method and were
polished to the parallelepipeds of about 3xX3X4
mm in size. The sample surfaces were oriented
by the x-ray Laue reflection measurements to the
particular crystallographic planes within an ac-
curacy of a few degrees. In total, 12 samples were
used for the uniaxial stress measurements in the
five different experimental configurations as de-
scribed below. Several samples were subjected to
a thermal annealing treatment (at 390 °C for 45 h
and subsequent slow cooling) prior to the optical
measurements, but since no significant difference
was found in the optical spectra of annealed and
unannealed samples, most of samples were used
without annealing treatment.

After chemically etching with concentrated HCl1
solution, the sample was mounted in a glass liquid-
helium Dewar vessel for the uniaxial stress mea-
surements. The pressure apparatus used in this
experiment is similar to that described in Ref. 4.
The sample was immersed in liquid helium pumped
below the A point and the reflection spectra were
measured photoelectrically in a nearly normal in-
cidence condition (the deviation from it was less
than 5°) by a Jarrell-Ash 3. 4-m grating spectro-
graph with the inverse dispersion of 0.24 nm.

The photon energies were calibrated by a super-
position of the 388.865-nm line of He. The exper-
imental assembly is schematically illustrated in
Fig. 1.

B. Experimental Results

The experimental configurations employed in the
present uniaxial measurements are specified by the
direction of the applied uniaxial pressure P and
the K vector of the incident light, respectively,
with respect to the particular crystallographic
axis, and by the polarization of the E vector of the
light. Since the pressure was always perpendicular
to K (K1 P) in the present measurements, the
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spectra were measured for the EiIl P and E L P
polarizations. The measurements were made on
the following five experimental configurations:
Bufoo1], Ku[110]; Bufoo1], Ku[100]; Bu[111],
Kin[1To]; Bu[1T0], K [11Z]; and B [112], K1 [1T0].
Changes in the reflection spectra were measured
for the two polarizations during a stepwise applica-
tion of uniaxial pressure up to about 2 kbar. Final-
ly, the whole pressure was released to zero in or-
der to check the recovery of the spectra to the
original shape. The experimental results are
shown in diagrams (a) of Figs. 2-6. Details of

the observed spectra are discussed in Sec. IIIC in
comparison with the theoretical results.

C. Comparison of Experimental and Theoretical Results

In Sec. II we described a theoretical framework
for calculating the exciton states in uniaxially de-
formed CuCl. In this section we shall investigate
how the present theory applies to the experimental
results in explaining the characteristic features
of the spectra.

Before going on to such discussions, we have to
mention a problem associated with the quantitative
analysis of the reflection spectra. In order to in-
terpret precisely a reflection spectrum in terms
of a microscopic theory of excitons (unperturbed by
an external radiation field), we have to deal with a
polariton problem with suitable boundary condi-
tions at the crystal surface. Macroscopically, the
behavior of polaritons is described by the dielectric
tensor €(w, K) which is generally dependent on both
w and K, Such a dielectric tensor which describes
the polariton modes associated with excitons in
uniaxially deformed CuCl is discussed in Sec. IV A.
However, we shall find there that the polariton
problem is too complicated to make a theoretical
approach to the reflection spectrum. Moreover,
we find that the spatial dispersion effect due to the
k-linear dependence of €(w, K) plays an essential
role in the presently observed spectra in deformed
CuCl. Consequently, we lose the foundation of
analyzing the observed reflection spectra by means
of the usual Kramers-Kronig transformation.

Thus since we have no feasible way at present
to make a quantitative analysis of the results, we
have to satisfy ourselves here with a semiquantitative
comparison of the experimental and theoretical re-
sults. In the following, we shall consider separate-
ly the cases of the different experimental config-
urations.

1. B [001]and Ku[110]

The spectra observed in this configuration
[Fig. 2(a)] show the typical features of the effects
of the uniaxial stress on excitons in CuCl in the
most prominent way, as already mentioned in our
previous reports.® 7 Since a detailed interpretation



len

CuCl 0123  Putoon, KIQ10)

(@) Zs Zi2
. O kbar

REFLECTION

| 1 ] 1 1 ]
320 322 324 326 328 330

PHOTON ENERGY (eV)

P (kbar)
v 2
() ' I
CuCl 0123
329 P00, KI(1O)
/(//
328 s

327 \

ENERGY (eV)
w
N
22
T

<
321 Baay s
%

320+

319 L | 2 1
0
P (kbar)

of the result has already been given, we shall only
summarize here the important points relevant to the
discussions to follow.

In the Z; exciton band, the original reflection
structure shows a slight splitting into the E I P
and 1P components with increasing stress. In
addition, a sharp new reflection peak appears for
E 1 P on the high-energy side of the original Z,
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FIG. 2. Experimental and theoretical results for

Pl [001] and Rn f110]. (a) Observed change of the ex—
citon reflection spectra with stress at 1. 8 K. The solid
and dashed curves represent the polarized components
with EIl P and E_Ll3 respectively. (b) An experimental
plot of the reflection peaks against applied pressure for
EllP (solid lines) and EL B (broken lines) polarizations.
(c) Calculated exciton levels under stress plotted against
the deformation energy A=Djley—e,,) =Di(syy— s19)P.

The parameters adopted are D;=1.2 eV and CK=0.16 eV,
The corresponding scale for P is shown on the top of the
figure. The solid and dashed llnes represent the optical-
ly active levels polarized with EIP and E_LP respective-
ly, while the dotted lines represent the optically inactive
levels. Small figures on the curves indicate the relative
oscillator strengths normalized to 100 for each polariza-
tion.

reflection band. This stress-induced peak grows
up to an unusually strong reflection anomaly with

E 1 P with increasing stress. Besides this, stress
induces a much weaker but distinct reflection peak
with & 1P on the low-energy side of the Z, peak.

In the Z, , band, the original structure sphts into
two polarized components with E 1l P and E 1P, and
a new structure is induced with stress for & 1P on
the lower-energy side of the original Z, , reflection
peak. In order to show these stress-induced changes
in the spectra, we have plotted in Fig. 2(b) the en-
ergies of the respective reflection peaks against the
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applied stress. Since the reflection peaks do not
correspond to the exact exciton resonance energies,
this plot is only for a semiquantitative considera-
tion before attaining a more rigorous method of
analysis.

In a theoretical exciton matrix pertinent to this
particular configuration, we have the deformation-
potential constants D; and D§ — D§ and the coefficient
of the k-linear term, C, as the adjustable param-
eters to be determined from the experimental re-
sults. As for the deformation potentials, we es-
timate Dy=1.2 eV from the observed splitting of
the Z, , exciton as shown in Fig. 2(b). The sign
of the figure should be positive from the observed
polarization pattern of the splitting. On the other
hand, we may assume that D§ — Dy~ 0, since the
center of gravity of the split components is almost
independent of stress.

For the coefficient C of the stress-induced % -
linear term, it is more difficult to make a reliable
estimation. It has been definitely concluded in
Refs. 6 and 7 that this parameter is not negligible,
but plays an essential role in the observed spectra
as seen from Fig. 2(a). In fact, if C=0, we would
have no optically active mode induced on the high-
energy side of the Z; exciton contrary to the ex-
perimental result. From the observed magnitude
and energy position of the clamping point between
the transverse (T) and longitudinal (L) modes of
the Z5 band, the combined parameter CK is es-
timated to be about 0.16 eV. The wave vector K
of the exciton is considered to be equal to the photon
wave vector #K, in the medium. Here K, is the
wave vector of the photon in the vacuum, and is
about 1.6%10° cm™ at this energy.  # is the re-
fractive index in the resonant frequency region,
and is tentatively assumed to be 10. The coefficient
C is then estimated to be 1X10~7 eVem. Further
discussion regarding this parameter will be given
later in Sec. IVC.

Results of the theoretical calculation resulting
from this parameter fit are given in Fig. 2(c) which
is to be compared with a semiquantitative experi-
mental plot in Fig. 2(b). Here the calculated exciton
energies associated with the Z; and Z, , bands are
plotted as a function of the deformation energy
A=Dyle,, — e, in units of meV. The exciton en-
ergies at A=0 are fitted to the results by Staude.
The corresponding scale for the applied pressure
P in kbar can be calculated from the estimated
values of D; and the elastic compliance constants
as shown on the top of the figure. Besides the
eigenenergies for the exciton levels, the theory
can predict the polarization and the relative inten-
sities of the optically active exciton modes. The
solid and dashed lines represent the optically active

"modes which are polarized with E 1 P and E 1 P,
respectively. The calculated relative intensities
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of these modes are shown by figures on the curves
which represent percents relative oscillator
strengths, normalized to 100% for given polariza-
tion and stress. Optically inactive modes, including
those with the oscillator strength less than 1%, are
shown by dotted lines.

The essential features of this theoretical result
pertinent to the interpretation of the experimental
results are summarized as follows: From the de-
formation-potential constant D; which we have de-
termined from the splitting of the Z; ,exciton, it
is predicted for the Z; band that the End component
of the transverse exciton (hereafter abbreviated as
the T exciton) shifts towards higher energy, while
the longitudinal exciton (the L exciton) to the lower
energy. In the presence of the stress-induced k-
linear term, even if quite small, a drastic change
occurs near the crossover point of these two modes
giving rise to a coupling between the L and T modes.
The observed stress-induced reflection anomaly
has been ascribed to such a clamping effect.” On
the other hand, the E 1P component of the T exciton
is split from the EIP component by a stress-ex-
change effect to lower energy. This mode couples
with the triplet I', exciton lying on the low-energy
side of it again by the stress-induced k-linear
term. The observed appearance and its polariza-
tion are coincident with this theoretical prediction.
These stress-induced couplings between the differ-
ent exciton states are simply determined by the
symmetries of these states under a particular de-
formation and can be easily predicted by a group-
theoretical consideration. Moreover, a macro-
scopic approach to this problem leads us to an in-
terpretation of the same phenomenon in terms of
a macroscopic dielectric tensor €(w, K) as discussed
later in Sec. IV A.

As a summary of the comparison of the experi-
mental and theoretical results in this configura-
tion, we may conclude that the present theory can
satisfactorily explain a number of peculiarities ob-
served in this configuration. As a minor discrep-
ancy with the theory, one notices in Fig. 2(a) that
the observed strength of the L-T mixed mode in the
Zg4 band is apparently much stronger than the the-
oretical prediction. The explanation for this effect
will have to be sought in the polariton problem in-
volved in the interpretation of the reflection spectra,
rather than a different choice of the constant C.

2. Pu[001] and K1 [100]

In this and following configurations, the experi-
mental results are shown only for the observed
spectra. Experimental plots similar to Fig. 2(b)
become quite ambiguous, in particular for the
complicated structures observed in the Z, , band,
so that we shall satisfy ourselves to make a direct
inspection of the observed spectra in comparison
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FIG. 3. Experimental and theoretical results for
P1001] and KNI [001]. (a) Observed change of the exciton
reflection spectra with stress at 1.8 K for EIP (solid
lines) and £1 P (broken lines) polarizations. (b) A plot of
the calculated exciton levels similar to Fig. 2(c). All the
parameters are the same as adopted in Fig. 2(c). Fig-
rues in parentheses indicate the relative oscillator
strengths of the weaker polarization components in the in-
completely polarized exciton states.

with the theoretical calculation.

The experimental and theoretical results are
represented in Figs. 3(a) and 3(b), respectively.

In the observed spectra, the behavior of the Z; ,
band is quite similar to case 1 except that the re-
flection peaks are not completely polarized in either
EP or £ 1P directions. On the other hand, we
immediately notice that the Z; band behaves quite
differently from the case of P11 [001] and K1 [110].
Strong anomalies due to the L-T mixed mode exciton
and the stress-induced triplet I', exciton are com-
pletely absent in this configuration.

The theoretical result to be compared with these
spectra is calculated with all the parameters es-
timated in the preceding case, and is shown in Fig.
3(b). The essential difference from case 1 arises
from the fact that the stress-induced %-linear term
couples the two T modes of the Z; and Z, , bands
and also the L mode with the triplet I'; exciton in
the Z; band. Due to the absence of the L-T coupling
in this configuration, there is no clamping effect
in contrast to the preceding case, which is in ex-
cellent agreement with the experimental result.

The absence of the stress-induced T, triplet exciton
in the observed spectra for this configuration also
confirms this prediction. Due to the coupling be-
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tween the T modes, polarizations of the optically
active modes are not complete in this configuration.
The figures in the brackets represent the relative
oscillator strengths of the weaker components.

For example, the Z, exciton polarized with & 1P
gets a considerable amount of the £l P component
as a result of such a coupling. This explains the
coinciding peaks in the observed E1P and E 1 B
spectra. On the other hand, as the exciton polarized
with & 1P obtains only a slight amount of the E 1L P
component, it cannot be observed at the proper
energy position by the light with polarization & 1 B.

3. Pi[111] and K1 [110]

In this configuration, the relevant exciton matrix
contains the deformation-potential constant D, and
another coefficient B for the stress-induced %-
linear term as the adjustable parameters. These
parameters are estimated in a similar way as made
in case 1. From observed stress splitting of the
Z,,, exciton, we estimate D,=-2.4eV. As for B,
we tentatively assume B~ 1077 eVem. The stress-
induced k-linear term in this configuration gives
rise to a coupling of the L. mode with the EiI P com-
ponent of the T mode and a coupling of the triplet
I'; exciton with the E 1P component of the T mode.
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. FIG. 4. E_)Eperimental and theoretical results for
Pl[111] and KII[110]. (a) Observed change of the exciton
reflection ipegtra with stress at 1.8 K for EI D (solid
lines) and EL P (broken lines) polarizations. (b) A plot
of the calculated exciton levels against A=Dje,,
=—3D,SyP. The parameters used are Dy=—2.4 eV and
BK=0.16 eV.

However, in contrast to case 1, the energy separa-
tions between the coupling modes are all increased
with stress, as seen in Fig. 4(b), so that the effect
of the mode coupling is expected to be too small to
be observable.

As for the Z, , band, the theory predicts com-
plicated structures for the E 1P component origi-
nating from a coupling of the ¥ 1 P component of the
Zy,,-T mode with the triplet I'y , excitons. Such
structures are indeed observed in the experimental
result shown in Fig. 4(a).

4. Pu[110] and R1[112]

All parameters involved in the exciton matrix
have been estimated in the preceding cases 1 and
3, so that we can check the validity of the theory
in the following two cases. First, we consider the
case of P [170] and K11[112], the experimental
result of which is shown in Fig. 5(a).

A remarkable feature of the spectra in this con-
figuration is the sharp reflection peak appearing
on the high-energy side of the Z; band for E 1 P.
According to the present theory, the origin of this
peak is interpreted as follows: By applying stress
P [110], the cubic symmetry of the zinc-blende
CuCl is reduced to the monoclinic one with the
principal axis along the [001] direction. For
K1[112], the K vector of the incident light makes
an angle of 35° from this principal axis. Such an
off-axis incidence of light gives rise to a L-T mode
mixing both in the Z; and Z; , bands through the
electron-hole exchange interaction. The stress-
induced k-linear term also contributes to the same
coupling as well as to a slight coupling between the
triplet I', exciton and the E il P component of the
Z4 exciton. However the contribution of the stress-
induced %-linear term is predicted to be much
smaller than the effect of the off-axis incidence.
Thus the observed stress-induced sharp anomaly
in the Z; band is considered to be dominantly due
to the off-axis incidence effect characteristic to the
low symmetry of this configuration. The theoretical
result shown in Fig. 5(b) is thus in qualitative agree-
ment with the observed spectra.

5. Pi[112] and Ku[110]

The symmetry is the lowest, in this case, among
the experimental configurations adopted. The
stress-induced appearance of the L-T mixed mode
in the Z; band as seen in Fig. 6(a) is likewise at-
tributed to the effect of off-axis incidence as in the
preceding case. Complicated structures of the
Z,,; band are clearly observable. These observed
features are in good accord with the theoretical
prediction shown in Fig. 6(b).
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IV. DISCUSSION

A. Phenomenological Interpretation in Terms of
Stress-Dependent Gyrotropic Dielectric Tensor

In Secs. I-III, we have given a microscopic ex-
planation of the phenomena in terms of the exciton
states under stress, where possible couplings be -
tween different exciton states and their polarization
characteristics have been understood directly on the
basis of the effective-mass theory of excitons with
the stress-induced %-linear terms taken into ac-
count. We now show below that the same results
can be derived in a qualitative sense by investigating
the behavior of the macroscopic dielectric tensor
with the aid of symmetry considerations.

Dielectric response of excitons, in particular
with the Z; exciton in deformed CuCl kept in mind,
is described by a dielectric tensor E(w,-ﬁ), or else
more conveniently by its inverse € }(w, K). We ex-
pand this tensor in powers of the wave vector K as

6”-1(0); K) =€ ij-l(w) +i6iil (w)Kl ’ (8)

neglecting terms higher than first order in K. %16

The coefficient §,;;; of the k-linear term is re-
quired to be antisymmetric with respect to the in-
terchange of the first two indices 6,; = - 6;;;, by the
symmetry relation €;;(w, - K) = ¢;; (v, K) of the di -
electric constant. One can therefore write §;;K;
=€ijm fmuK1=€ijm fm» Where e;;, is the antisymmetric
psegdotensor of rank three.® With use of this vec-
tor £, called the gyration vector, the electric field
E in the medium is connected to the electric dis-
placement vector D by

BE=cNw)-D-ifxD. 9)

In a medium with nonzero -f., the E vector has a
component —ifx D which is perpendicular to both
fand D. The normal mode of propagation for E
is then determined by the symmetry of ¢; ,'l(w) and
by the direction of T with respect to the K vector.
For simplicity we shall consider the case in_ wh1ch

€;;"(w) is diagonal and assume that T#0. ¥ {1 K,
the E vector is composed of two mutually perpen-
dicular transverse components. Macroscopically,
this leads to the optical activity of the medium.
From a microscopic point of view, this corresponds
to a situation in which a coupling occurs between
the two T modes of an exciton by virtue of the spa-
tial dispersion linear in K. On the other hand, if
_f.i'ﬁ, the second term of Eq. (9) represents a
longitudinal component of E (since D1 K always),
while the first term is of purely transverse nature.
A microscopic interpretation of this situation is a
coupling of the L and T modes associated with an
exciton via a k-linear effect. .

Generally, the relative orientation of f with re-
spect to K is determined by the symmetric pseudo-
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as adopted in Figs. 2(c) and 4(b).
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tensor f;;. Symmetry properties of this gyration
tensor f;; are determined solely by the crystal
symmetry as has been investigated by several
authors.® 17 We investigate here the possible
properties of the gyrotropic tensor in the case of
CuCl.

In undeformed CuCl, the dielectric tensor is
isotropic and the gyration tensor f;; vanishes be-
cause of the 7, symmetry. Then, we consider the
case where an external stress is applied along the
[001] axis (z). The point symmetry of the crystal
is reduced from 7, to Dy;. In this symmetry,
nonvanishing elements of the gyration tensor f;;
are solely f,,. = —f,, =f. (Here the x and y axes are
taken along the crystallographic [100] and [010]
axes, respectively.) Then the tensor ¢;;™(w, K)
is written as a function of (w, K) and of the external
pressure P as

& (w, P) 0 if(P)K,
€M w, K, B)= 0 &, Uw,P) DK,
-if(P)k, -if(P)K, ¢ (w,P)

(10)

In this expression, the difference of €, and ¢,
arises from the stress-induced splitting of the T
modes of the relevant exciton band, specifically
from the stress-exchange splitting for the Z; ex-
citon. The coefficient f is the nonzero element of
the stress-induced gyration tensor and is considered
to be proportional to the applied pressure P for a

small B.
A microscopic expression for the dielectric ten-

sor which describes the dielectric response of the
Z 4 excitons will be given in the Appendix. It is
shown that the phenomenological dielectric function
is well founded on the microtheoretical basis. Then
we can proceed with a phenomenological considera-
tion on the basis of the inverse dielectric tensor
described above. In the case of P11 [001] and
K1 [110]1. the gyration vector T is immediately found
to lie along the [170] direction, so that f L¥ in this
configuration. According to the consideration
mentioned above, a coupling should occur between
the E II P transverse component and the L. component
of the E vector, whereas the E t P component re-
mains a pure T mode. (The corresponding micro-
scopic theory described in Sec. III C predicts a
mixing of this mode with the pure triplet exciton.
However the present phenomenological theory has
nothing to do with the triplet excitons for which the
dipole matrix elements vanish.) As a result, we
find that the phenomenological theory leads us to
just the same coupling and polarization scheme as
has actually been observed in this configuration.
Next we consider the case of P11 [001] and
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K1 [100]. The gyration vector in this configuration
is found to be parallel to K, so that we can expect

a coupling between the two T modes through the
k-linear effect. The normal modes of propagation
of the E vector are two oppositely rotating elliptic
modes with mutually perpendicular major axes.
Again we find a correct correspondence between this
phenomenological picture and the microscopic theor:
which predicts the stress-induced coupling of the
two T modes via k-linear term.

Similar phenomenological considerations are
valid for other experimental configurations as well.
When the applied stress reduces the crystal sym-
metry lower than that of an axial symmetry, the
tensor ('I(w) contains off-diagonal elements
in zeroth order of K. The resulting optical anisot-
ropy causes a L-T mode mixing for an off-axis
incidence of K, corresponding to the situation we
have discussed for cases 4 and 5 in Sec. IIIC.

As a summary, we can rephrase the present
phenomena as stress-induced optical gyrotropy in
CuCl. Naturally such a simple macroscopic picture
cannot tell us anything about the microscopic exciton
energy spectrum, including the possible clamping
effect and participation of the pure triplet excitons.
Nevertheless, such a macroscopic view will be
quite useful in the future study of excitons under
stress, not merely as an instructive alternative
of the interpretation. In the first place, such a
macroscopic consideration is expected to lead us
to a more detailed understanding of the polariton
problem which is required for quantitative analysis
of the reflection spectra. Further, it will provide
us with an interesting case of crystal optics, in
general, where an optical activity in crystal is
directly correlated with a microscopic behavior
of excitons. Another point to be stressed is the
generality of our macroscopic considerations which
depend solely on the symmetry of the crystal and
of the experimental configuration. Besides, al-
though we have kept excitons in mind, the theory
remains valid for any other polarization waves in
a crystal, such as optical modes of lattice vibra-
tion. One can therefore expect just the same effects
in the infrared spectra as we observed for excitons.
It will perhaps be very interesting to detect a pos-
sible similar anomaly in the optic lattice vibrations
and investigate its microscopic origin.

B. Possible Effects of Off-Axis Incidence of Light

When the K vector of the incident light is not
oriented along one of the principal axes of the di-
electric tensor, there occurs a L-T mode mixing
in the zeroth order of K. This problem of an off-
axis incidence has been discussed by Hopfield and
Thomas.'® They developed a continuum theory of
the dielectric property due to the direct excitons
in a wurtzite crystal and showed a dependence of
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the mixed mode energy upon the angle of incidence
from the principal axis. In this connection we may
note that the present theory extended in Sec. IIC is
actually a general theory which includes the effects
of such an off -axis incidence from a microscopic
point of view. Here, the wave vector of the exciton
and the external uniaxial stress can be taken in
arbitrary directions. For example, in the config-
urations 4 and 5 discussed in Sec. IIC, the ex-
ternal stress reduces the cubic symmetry to the
monoclinic and triclinic ones, respectively. The
resulting L-T mode mixing in the Z; exciton band
is dominantly due to the effect of an off-axis in-
cidence of light in the deformed crystal. In micro-
scopic terms this has been described as a combined
effect of the stress and the electron-hole exchange
interaction.

Since such an effect of the off-axis incidence is
of the zeroth order in K and hence is much more
effective in producing an appreciable mixing of the
L and T modes, one might suspect that the anom -
alous L-T mixing observed in configuration 1 might
also be caused, more or less, by a possible off-
axis incidence arising from a slight misalignment
of the experimental geometry, rather than by the
stress-induced %-linear term. However, this pos-
sibility can be eliminated for the following three
reasons: First, the off-axis incidence never gives
rise to a mixing of the T and triplet I', excitons,
which is simultaneously detected in this configura-
tion. The second reason comes from the particular
symmetry of the Z; exciton. If we neglect small
stress-induced % -linear terms, the submatrix cor-
responding to the (T';, T'y) pair in the exciton matrix
is completely diagonal, and consequently there is
no direct coupling in the (I';, I'¢) excitons even for
the off-axis incidence. A possible coupling between
the L and T modes can only occur through an in-
direct interaction via the (T, T'g) exciton states.
The magnitude of this interaction is roughly es-
timated as (A, A/3)\)sing. Here 6 is the angle of
deviation of K from the [110] direction, which is
estimated to be less than 5° in the present mea-
surement. Since the deformation energy A=D,

X (eyy — € .,) defined in Sec. IIIC will be at most
about 20 meV at the largest stress in the measure-
ment, the possible interaction energy is too small
to explain the observed L-T mode mixing of the

Zg4 exciton band. Finally, the effect of the off-axis
incidence cannot account for the observed difference
in the configurations of K [110] and K1 [100] for
the same stress P [001], whereas the stress-in-
duced k-linear term can successfully explain it.

As a summary of the discussion above, an
anomalous L-T mixing observed in the Z; band for
P1[001] and K1 [110] is conclusively ascribed to
the stress-induced %-linear term. On the other
hand, the same L-T mixed mode observed in the
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configurations with lower symmetry is considered
to be dominantly due to the effect of an off-axis
incidence. In fact, in the latter case the calculated
intensities of the L-T mixed mode are almost un-
changed even if we neglect the stress-induced 2 -
linear terms in the exciton matrix.

C. Coefficients B and C of Stress-Induced k-Linear Terms

In Sec. IIIC, the coefficients of the stress-in-
duced & -linear terms, B and C, were estimated
as ~10~7 eVem from a semiquantitative comparison

|
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of the experimental and theoretical results. Though
this estimation should be regarded as only a crude
one in the order of magnitude, it will be helpful
to see if this magnitude is consistent with the actual
energy-band structure of CuCl. A theoretical
evaluation of C has already been discussed in the
previous work.” Here we shall provide an addi-
tional discussion on the magnitude of the coefficients
B and C.

According to the second-order perturbation cal-
culation of a bilinear term in K+ p and strain, these
coefficients are expressed as follows:

Bgi_@(__ (0 TNV, s(TD) (T 15, 10,(T5))  (B,(TY)1V,,18,(L)) (b (L) 15, 15,(TH))
m

E(T5) - E(TY)

E(TY) - E(TY)

" (bx(rg) Ipxl bz:rz-:vz-zz (F3)> (baczuyz-ﬂ (1“3) I Vx,{ by(r'é)>> , (113_)

C

o ; Y2 (BT V2021 b,(T5)) ((T5) 15,16,(T5)
" m E(TY) - E(TY) :

(11b)

Here V,2,2 and V,, are the crystal potentials which
are conjugates to the strains (1/v2)(e,, —e,,) and
ey, respectively; I'} and I'; represent the lower
valence bands® lying about 3 and 0.7 eV below the
upper valence band I';, respectively; and the b’s
are the respective valence-band Bloch functions.

s(I{) is the Bloch function of the I'{ conduction band.

A theoretical calculation of B and C from expres-
sions given above is, however, not feasible at
present on account of the lack of the quantitative
knowledge of the matrix elements involved in Eqs.
(11). Instead, we shall satisfy ourselves to make
an inference on the magnitude of these coefficients
in comparison with the previously known %-linear
terms in wurtzite II-VI crystals.

The intrinsic k-linear term which appears in the
off-diagonal element of the I'; valence band of
wurtzite CdS and ZnO has been discussed by Hop-
field* and by Mahan and Hopfield, #? and the co-
efficient C (in Hopfield’s notation) for CdS has been
estimated to be 6x107° eVem. (It seems to us that
this is possibly somewhat overestimated.) If we
regard the wurtzite lattice as a uniaxially deformed
zinc-blende crystal according to a quasicubic
model, such an intrinsic k-linear term in wurtzite
crystal is related to the stress-induced %-linear
term in deformed zinc blende, and the coefficient
C of Hopfield is approximately expressed either
as Be,, (for A3 Dje,,) or as (\/D,e,,) Be,, (for
X <Dje,). Since e,,~3X107% at an external pres-
sure of about 1.5 kbar in CuCl, the resulting co-

E(T%5) - E(Ty)

efficient C will be about 3x107!° eVcm, assuming
B=~10"" eVcm as estimated before. This magnitude
is nearly comparable with the estimation in CdS,
which justifies the evaluation of the coefficient B.

V. CONCLUSION

Ithas been established that stress-induced %z -linear
terms play an essential role in the anomalous ex-
citon spectra of uniaxially deformed CuCl. In
particular, an extraordinary reflection peak ob-
served on the high-energy side of the Z; exciton
band for P 11 [001] and K1 [110] is conclusively as-
cribed to the strong coupling between the L and T
modes near the crossover point via the stress-in-
duced k-linear term. A small stress-induced k-
linear dispersion of the exciton is sufficient to
produce a drastic change in the Z; reflection spec-
tra as observed. The same exciton matrix formal-
ism, which takes the spin-exchange, strain, and
the stress-induced %-linear terms into account,
is found to be valid in explaining the characteristic
features of the exciton spectra observed in other
experimental configurations as well. When the
external stress lowers the crystal symmetry
further, the effect of an off-axis incidence is found
to predominate in the L-T mode mixing over the
stress-induced %-linear effect. All of these effects
can be simultaneously taken into account in the
general exciton matrix formalism presented here.

From a macroscopic point of view, these phe-
nomena can be regarded as being due to a stress-
induced optical gyrotropy in the medium. A stress-
dependent dielectric tensor with a k-linear spatial
dispersion provides a phenomenological interpre-
tation of the behavior of exciton spectra under
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stress. Further, this dielectric tensor has been
shown to be derivable directly from the explicit
exciton wave functions under stress. The present
phenomena provide us with an interesting case for
the microscopic study of the optical gyrotropy in
crystals.

Although in our present study comparison of
theory and experiment is restricted to a semiquan-
titative extent because of difficulties in directly
analyzing the reflection spectra observed, approx-
imate estimations have been made for the deforma-
tion potential constants D, and D, andfor the coeffi-
cients of the stress-induced %-linear terms: D,
=1.2eV, D,=-2.4¢eV, and B,C~10""eVcm.

Among the remaining problems left for future
work, first we shall have to deal with the polariton
problem associated with the excitons in deformed
CuCl. Complications arise from the fact that
various couplings are caused between the exciton
levels by the combined effect of the strain, strain-
induced k-linear term, and spin exchange. The
problem therefore does not seem to be easily
handled at the present stage, despite its importance
for a quantitative understanding of the reflection
spectra observed.

Finally, we would like to emphasize the unique-
ness of the effects of uniaxial stress on excitons,
as investigated here, because they reveal several
new aspects of excitons in ionic crystals which have
not been pursued on purpose. Cuprous halides are
supposed to be some of the most suitable materials
for such a study. We are now extending the same
measurements on CuBr and Cul crystals.
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APPENDIX

Here, we indicate a microscopic derivation of the
dielectric tensor, thereby giving a substantiation
to the phenomenological considerations developed
in Sec. IVA. A general expression for the contri-
bution of excitons to the dielectric tensor has been
derived in Ref. 15 as

41rNez) 5 4nc?
T

e”(w,_f()=(1 T Vmw? Viw®

w - wy(K) w+wg(=

X;Q(M_&Mm«m M ,gmm)%f.%_m)

(A1)
in terms of the matrix elements of an operator

M=—(e/2me) ) (B oy faPe)

44

(A2)

Here (K, s) refers to a mechanical (uncoupled to
any electric field) exciton with the wave vector

K, eigenfrequency w,(K), and quantum number s,
while B* and ¥, are the momentum and position
vectors of the ath electron, respectively. N is the
total number of electrons and V the volume of the
crystal.

In applying this expression to a calculation of the
dielectric tensor of deformed CuCl under consid-
eration, we take for (K,s) only the Z; exciton states
explicitly and assume that all other contributions
are included in a dielectric tensor ¢;;(w). Using
the basis for the Z; excitons with the k-linear dis-
persion as derived in Sec. IIC, the calculation was
made for P [001]. For this particular stress di-
rection, the dielectric tensor becomes as follows
to first order in K:

€i5(w, K) = €35(w)8y; +iv (W) K (A3)
where

4me® A PP
El(w)z €n: 63!3}: €J’. —_— m_z_ﬁw_z— ’F(O) I 2 ” —1w1(0) H

(A4)
2 2

€u(w)E €ee™ €l: - m‘IZ;Tii)z IF(O)IZ wA_z(j:(o) s (A5)
and

Yre,y=Vyg,x™ ~ Vex,p™ ’)/,y’ng(w) ’ (A6)
with

4me® (A, 4,124, P? 1

g(w)z_m%wﬁ IF(O)Iz[ (.1412—A2)A3T (w__wl(o)

T —wz(oj) +PQ( w-w0)  w- w2(0)>J'

(A7)

In these expressions, 7iw;(0) and 7w,(0) are the
energies of the mechanical Z; excitons at K=0 in
deformed CuCl given by

nw;(0)=A; Ap +[E, - E(I';) - E,] fori=1,2.

E, is the exciton binding energy, and E, the energy
difference between the I'; and I'; bands of the un-
deformed crystal. P and @ are the dipole and
quadrupole moments, respectively, given by

p={ f bIPbyar, Q= ¢ f DY Peyb,dr
Q Q

where b, and b, , . stand for the Bloch functions of

the I'y and I'; bands, respectively, and § the volume

of the unit cell. Finally, parameters A4;,A,, and

Aj are defined as



718 KODA, MURAHASHI,
_ A 2( 2}\2 )-1
Al_( 3E(T,) "7\> 1+ [3E(T.) —)\]2 ’

22 -1
ax-(1 pEy ) “

A—CA( A )A
7% Dy \3E(Ty) -r/) 7%

where E(T';) is the energy of the uppermost I';
valence band in the deformed crystal as given by

E(T)=3(a+3)) +3(a%=5ra 4291/ 2,
The meaning of the other parameters is same as

used in the text.
In expression (A7) for g(w), the first term in the
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large parentheses originates from the k-linear
dispersion of the Z; exciton, while the second term
comes from the quadrupole moment of the exciton
which can exist irrespective of the k-linear dis-
persion of the exciton. However, the ratio of the
first to the second term is estimated as

(44,1724, P* ~<£> & 510
(A —Ap)Ar PQ Q/ D, =77

so that we may neglect the latter contribution.

We note that the dielectric tensor (A3) has the
same structure as the inverse dielectric tensor
(10) deduced in the text from symmetry considera-
tions to first order in K, as it should. We thus have
given a microscopic foundation for the macroscopic
considerations on the optical gyrotropy developed
in Sec. IV A.
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81 our present exciton problem, the second-order
term of Eq. (8) has two sources. One is the kinetic en-
ergy associated with the translational motion of exciton.
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