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The vibrational properties of zinc-sulfide —zinc-selenide zone-edge phonons (ZEP) have been studied using

infrared absorption and Raman scattering. The ZEP behavior cannot be described in the usual one-two

modes framework; it has been observed that, when the S content decreases the ZnS ZEP tend towards the S-

localized mode in ZnSe; when Se content decreases, the LO (ZnSe) phonons at the X point of the Brillouin

zone tend towards the LA (ZnS) frequencies at the same points and no mixing between ZnS and ZnSe

phonons is seen. In the range of acoustic frequencies, the ZnS disorder-induced TA mode is Raman active,

as are the 2TA (ZnS) and 2TA (ZnSe) frequencies without crossed mixing. Two types of vibrations are

observed: a localized one and a propagating one whose frequency is close to that of the virtual-lattice phonon.

INTRODUCTION

Until now most of the experimental and theoret-
ical work on mixed crystals has been devoted to
the study of the vibrational properties of phonons
in the center of the Brillouin zone (BZ).' It has
been found that two major classes of behavior can
be observed: one-mode behavior for which the
zone-center-phonon (ZCP) frequencies vary con-
tinuously with the impurity concentration and tzoo-
mode behavior for which two oscillators corres-
ponding to the two constituents exist for all con-

centrationss.

In order to understand to what extent the phonon
eigenstates can be described by plane waves, and
how this concept can be projected into the BZ, it
is necessary to learn not only what happens in the
center of the BZ but-in all directions and for all
the values of the BZ. A priori, the experimental
technique which best fits this goal is neutron dif-
fraction.

Few experiments have been performed using this
technique. Diffraction by NHCl, „Br„(Ref.2)
showed a mixing of different optical and acoustical
branches leading to broad incoherent bands related
to the phonon density of states. These bands could
not be followed throughout the entire composition
range of the mixture; the onset of disorder due
to the mixing caused a considerable broadening
in the region where there should be a lifting of
the degeneracy at the band-mode crossing with
the TA and LA branches. It has been shown that
the presence of a gap impurity mode in the two-
mode-type crystal ZnS„Se, with x or 1 —X=0.25,
does not appreciably affect the host-lattice den-
sity of states. On the other ha, nd, in the one-mode-
type crystal ZnSe„Te, „with 1 —x =0.25, the pho-
non density of states is that of a virtual crystal,
the average of the two components. ' Unfortunately

these experiments have not been performed in
mixed crystals with higher-impurity concentration
and no generalization can be proposed unambigu-
ously.

Phonons with opposite momenta can be coupled
together to give zero momentum. The standing
wave can absorb or reflect the infrared light (ir)
or can Raman scatter (RS) the incoming laser
light. " The momentum region which will be
"seen" by these techniques will mainly be the
zone-edge region where the phonon density of
states is high.

Zinc-sulfide-zinc-selenide mixed crystals are
ideal materials for this study. They are transpar-
ent to the 6471-A krypton la.ser light which ex-
cludes resonant effects and they do not contain
free carriers which permit observation of the ir-
absorption processes by coupled phonons.

In addition, some experimental information is
already available on ZnS, ZnSe, and their mixture.
The zone-edge phonons of the pure components
have been studied' ' using ir absorption. More re-
cently, second-order Haman- scattering experi-
ments were performed on ZnS (Ref. 9) and ZnSe
(Ref. 10). Neutron-diffraction data of great ac-
curacy for ZnS (Ref. 11) and of less accuracy for
ZnSe (Ref. 12) are available now and will be used
to fit our experimental data.

The optical properties of mixed zinc sulfide-
zinc selenide have been studied in the center of
BZ." Because S in ZnSe and Se in ZnS generate
nonpropagating impurity modes, ZnS, „Se„crystals
have a typical two-mode behavior with two TG„
and LO„modes for all impurity concentrations.

The first theoretical attempt to understand zone-
edge phonons (ZEP) in this type of crystal was
based on an extension of a simple random-element
isodisplacement model. ' According to this the-
ory ZnS, Se„should exhibit a mixture of one- and
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two-mode behavior for optical and acoustical ZEP.
In the next section we analyze the double-phonon

processes of pure ZnS and ZnSe taking into ac-
count the neutron scattering data. The third sec-
tion will be devoted to the ir and Raman study of
mixed ZnS, „Se„. The experimental results will
be discussed in the last section.

EXPERIMENTAL RESULTS

Frequencies (cm ) Assignments

(a) ZnS 667
630
585
480
440
404
386

2LOg
2TOz
2TO~

LAI, + TOI
TA~+ TO~

TOX+ TAx or 2LA~
2LAg

TABLE I. Double-phonon assignments.
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Infrared-absorption measurements on polycrys-
talline material were performed at room temper-
ature using a Beckman double spectrometer. The
selection rules which govern the combination of
ZEP in crystals with zinc-blende structure have
been established for different directions and for
some specific points of the BZ.' They are based
on Birman's calculation. "'

Figure 1 shows the ir-absorption coefficient of
ZnS and ZnSe. The double-phonon absorption spec-
tra extend from the reststrahlen LO frequency
to two times the highest frequency of the optical
phonons.

The absorption peaks of pure ZnS and ZnSe
have been assigned to the combinations of optical
and acoustical phonons with opposite momenta as
presented in Table I. This assignment is based
on the frequencies deduced from neutron scatter-
ing experiments. "'" In pure ZnS the high-fre-
quency-absorption peaks are generated only by the
addition of tmo optical phonons, 2LO~, 2TOx, and

2TO~; the other peaks are due to the addition of
optical and acoustical phonons. In the Z direction,
the splitting between the TO branches generates

(b) ZnSe 430
410
370
354
330

2TOx or (LOx+ TOx)
2TOg

LAg + LO~
2LAg
2LAg

a broad band whose maximum is 585 cm '.
Our experimental results on ZnS are in agree-

ment with Deutsch's" findings with the exception
of the higher-order combination processes which
have not been seen in the present work. Our as-
signments differ because at the time mhen
Deutsch's experiment was performed neither the
neutron data nor the selection rules were pub-
lished.

Because of the small difference in mass between
zinc and selenium, the frequency difference be-
tween the LO and the LA branches is small at the
edges of ZnSe BZ. Consequently, there are'not
regions of the ir spectrum which can be attribu-
ted to combinations of optical phonons only. For
each ir-absorption peak there mill be more than
one possible combination process. In addition,
there are fewer neutron data for ZnSe than for
ZnS. The assignment proposed in Table I can
nevertheless be made, giving the best fit with the
known neutron results. This attribution differs
from that previously published but our interpreta-
tion takes into account the fact that a crossing:
between TO and LO branches takes place in the
X and L points of the BZ.' '"

Our RS results on ZnS and ZnSe are in good
agreement with previously published results. As
compared to ir, the RS experiment does not give
any additional information on the optical branches,
but it is more sensitive and accurate in the acous-
tical energy range. Therefore, we shall make use
preferentially of the ir data for the optical
branches and of RS for the acoustical branches.

300
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FIG. l. Infrared-absorption coefficient of pure ZnS
and ZnSe.

B. Infrared absorption by ZnSe~ „S„
ir measurements mere performed on polycrys-

talline ZnSe, „S samples about 0.5 mm thick. The
frequency dependence of the ZEP in the range of
two times the ZnS optical phonon has been followed



404p

as a function ofa o x. In fre u

absorption peakss are onl e
quency range th e ir-

yg y
a ions of phonons

e nS-
a i ons. The ZnSe ran

c e tail of the Z
ge

ab oe acient of wh h

nS e ahl

e two-
ic is much

en, the

g

t' ll
Figure 2 sh ows the absor t

rys als: ZnS S 75 p 25,

p

p.95 ep p„ZnS „Sep 2»

t

g
n is the 2I

re-

es very rap'dl
is in-

seen when 1-x&
ere the mass r tra io between e

y y the displace t
are generated ma

The
cement of the 1' ht

m Rln-

e phonon densit f
ig t sulfur atoms.

p ed to decrease rect
i y o states at th ' ex-e point I. is ex-

at le
ase roughly as the

least for small (1 -x) valu
e S concentrat

d d th 1 ht
'

ion

ig ion which w

is intro-

Z
' ZS Th de disorder which is c o

1 to th e decreas

li ht

er of
p y

1t
~ 11'd f'n'd L'O

1 aff t th Tob
of which

e To branches, the g
ions of the S and Z

i inc reasin Se
n eigen-

g Rnd

b h t2
o the localized 'b

s' Se content the den, the double-optical- -phonon

bandwidth decreas b
fer

ses ecause the q
en e optical bran
'

y ecreases w th
eases,

p M qa sorption eak
si y

cm -500 cm ' CRnnot
equency

cannot be attributed to
nS and ZnSe oo nS ptical phonons

resultina i
t o o ff'icient with S Se

e R

p

CRS

ue or ZnS, ,Se ' ' ep» w chis o e
' ue epeakintheu e

'
he vicinity of 500

~)(ZnS . ' as a
w ic shifts toward h

n e frequenc ra g
44 ' ri utions from b

r an

are ir active h'
oth ZnS and Z Sn e

icult. Nevertheles
e identification dif-

tr
eog coe ess, for smal cen-

mainl -- -"."S-n e, the absor tion

and a
n e-phonon c

Rce. %hen S is the m
'

e double-the mixture th
pectrum is wash d

-phonon absor ti
as ed out by the - a en

absorption band.
e ZnS-reststrahlen

C. Ramanan scattering of ZnS Se

were obta' d t
a o mixed pol cr '

mmp es
p

krypton laser.
e 6471-A line of a

In Fig. 3 the room-
n p 5Se, „and Z nS

ure spectra of ZnS
e are shown.

e are identical to those r ' isp yp
nSe are mixed

is ed.

mode behavior f tmod
' or he o tica

wo-

combinations b
p 1 branches and

s etween zone-ed e
no

-e ge ZnS optical h
consistent with

t dbh avior of the ac ' nc e
w ic will be examin

ina ions between
e ail.

ween zo e-ce te p o-

Figure 4 shows the low- spectra
5Sp, ZSp Se

fp ZS

of
ie in detail b
ion conditions" and

dro sur ' w-freguency part

1
b tt 'bt dt o 2Th~ and the sec

um of ZnSe is
I

zone-center hop onons TOr and IO
o the

r and I Or Rt 205 and

Z" Si-x Sex

100 X = 005
0.25
0.50
0.75

80—
Z /".

I ~

'I

)

O
~ 60—

Ox

O
I- 40—
K
O
M
tD

20—
/ I

/2lMPX

I

WaVE NuenaEa

0 I

400
I

700
(cm )

FIG. 2. Infr ar ed-ab-absorption coeff'
g „e„,x=0.05, 0.25 0

scient of mixed

e requenc
e dotted liine

n ation.

SC H MELT ZER R. BESERMAN

this

AND D. S LAMOVITS



22 NE FDGE PHONONS IN MIXED. . .

!
O

L
O

I—
M

LLI
I—
Z'

ZnSe

I

100
I I I

300 500
WAVE QUlVIBER (crn-')

FIG. 3. Ramaman spectra of ZnS, ZnS Se
excttatio th 6471-A l'

O

O

25050 cm, respectivelp
'

ly. The intense band at 142
cm contains two cou 1o p ed modes: 2TA and TQ

1' d' th 2TA ak
'

peak is more intense than that

When 25&~Q of ZnSe is introduced into Zn

shape of the double-phonon s
o ie . The impurity mode of ZnSe is in the

frequency range of (TO —TA
in the disa

~)(ZnS) and results
e isappearance of this double- h-p

p . These effects could be th
of an interferen b tce e ween the continuu

e e result

an e localized impurity gap d .'
p 5 e» mixed- crystal low- frequenc

spectrum is composed of the ZnSe-like

mode and of the shifted 2TA (ZnS andx
a i ional peak at 83 cm ' ap ears

which has been attributed to the
one-ph

i u e o the disorder-induced
-p i y of state, and fits well th TA-p onon densit of

ZnS) fre uenc " '
pe s o nq cy. The acoustical peaks do n

shift appreciably with imy wi impurity concentration.
o ZnSe-disorder-induced mod h b

his will be discussed later t
a e ZnS-disorder-induced eaks

1-x + 0.5.
pe s appear for

The HS spectrum of ZnS Se s
crease of th

p 25 p 75 how s a de-
o e zone-center ZnSe-like honon

'

sities with respe t t th
e p onon inten-

is split into two ma'
c o e double--phonon band which

in o wo main peaks at 150 and 172
e former, which is m ', ' eic is more intense, is related

ZnSe, and the latter to ZnS.

DISCUSSION

T e absence of cross dou lin bo p g
e appearance of a ZnS-induced TA

Vl

UJ

Z

TO LO

I I I

100 200
WAVE NUMBER (cm-')

FIG. 4. ZnS S
0.25, 0.5, 0.75, and 1

& ~ e„ low-frequency Raman spec a: @=0,

peak in a crystal where ZnS conc entration is smal-

branches can
an 0, as well as thee existence of two TA

nc es, can be understood in the f
framework.

e ollowing

The virtual-crystal mod
branches; it predicts normal modes of vibra-

ion, the frequencie f h'

the ZnSe and ZnS bran . ' or

' so w icharethe
n ranches. In addition for 1-"g.-"-.-.

ponding to the vibrat'
'onso nS, a TAm ode corres-

calized vibration whic is mom
vi r ion of the Zn generat es a lo-

e propagating phonon, spatial coherence be-



D. SCHMELTZER, R. BESERMAN, AND D. SLAMOVITS 22

tween vibrations exists, which allows combina-
tions of phonons with opposite momenta. As for
the localized mode, no selection rules hold and
second-order RS is possible. These two types of
phonons are not of the same nature and therefore
cannot be cross coupled. The localized mode with
its momentum-independent frequency can interact
with light.

In this model the characteristic equation is writ-
ten22

l l l P F V V

edge of the BZ the frequencies and the displace-
ment vectors are given by the solution to

( M,

4ss

The transverse frequencies are

TOYO TA

+ L4A'(M ' M')-'+] 6B'M 'M 'j'~'

eg l ~ a' pl'
aslsa' l )sal sa'sl' '

where V is the usual potential:

(2)

The displacements are

'Ko=2 (l, —l,),
(t, +l,).

In a crystal which does not contain disorder, D
is the usual dynamical matrix, the nonlinear func-
tion does not act on the first term of the charac-
teristic equation, and the solutions are those of a
virtual crystal.

When the disorder is introduced, Eq. (1) has two
sets of eigenfrequencies. The first occurs when
the frequency + has a value within the range of
the virtual-lattice frequencies; the nonlinear part
of the characteristic equation does not modify the
nature of the propagating mode. The second occurs
when co has a value which is above the maximum
value of the virtual crystal and new solutions are
found corresponding to nonpropagating phonons.
The departure from the virtual crystal can be writ-
ten in the case of ZnSp»Sep, p as follows:

V- (V) =2+'KA, u', , -266 u, , (u, , +u, „,)

At the X point the longitudinal frequencies corres-
pond to the linear chain with only the force con-
stant AIO, and B=O.

From the TQ~(ZnSe) = 215 cm ' and TAr(ZnSe) =70
cm ' we can deduce A and B (in a.u. )

A=4.6x10' sec ',
B = 3.7 x 10' sec '

for a mixed crystal ZnS, ,Se, , The virtual-crys-
tal frequency is given by Eq. (6) with

The calculated frequency ~TA =72 cm ' is in good
agreement with our experimental value TA~ = 78

cm '.
The localized frequency is deduced from Eq. (3)

which is more conveniently written

—(K-G)u, lu, , (3) V - (V) = 2 g ~, 0',„(f),
In the unit l the Zn atoms occupy the site 1 and the
S(Se) occupy the site 2:

where &TA is the disorder parameter which can be
calculated for the TA vibrations.

1 1 1 1
~m, v m„~m, „' (4)

l,
TA= 1+ 2 +B ~, -8B2 ll2 2 &

=1x10' sec ',
where E and G are, respectively, the coupling
constants within the 1 cell and from the 1 to (l+1)
cell.

We want to evaluate V- (V) in ZnS, „Se„. K and
6 will be expressed, respectively, as the sum of
and the difference between two force constants A
and B, which will be deduced from the experimen-
tal frequencies of ZnS and ZnSe at the X point;
A and B are concentration independent. At the

with

~l 4B 1
(~;„-4A(m„) .

The calculated localized frequency (&o2T„+X»)'~'
=80 cm ' is in good agreement with the experimen-
tal value TAx(ZnS) =83 cm '.

This interpretation which has been proposed to
explain the behavior of the acoustical branches can



ZONE-EDGE PHONONS IN MIXED. . .

I

E4o o

O30 0

+20
lK
LL) 0

IINP.

0

x /Wx

r . . r. („00)0 0.25 0.50 0.75
Zns & Znso

, IMP.

FIG. 5. Frequency dependence of the ZCP and ZEP in
the direction (100) as a function of the concentration x;
IMP are the impurity-localized and gap modes of S in
ZnSe and Se in ZnS, respectively.

rections of the BZ when the content of B or C de-
creases. This behavior can be generalized to all
mixed crystals where localized and gap modes ap-
pear.

In Fig. 5 the result of our discussion is shown
in the direction (100). The dispersion curves of
pure ZnS and ZnSe are taken from Refs. 11 and
12. The optical branches merge into the impurity
mode with decreasing S(Se) concentration, the
LA (ZnS) branch transforms itself into a Lo
(ZnSe); the TA branches of both constituents re-
main almost nonmodified as the concentration
changes. The ZnS and ZnSe ZEP are seen together
with the disorder-induced phonon density of states
which is essentially composed of the ZnS TA peak.

be extended to the optical branches and explains
why no cross-coupling between optical ZEP has
been observed. The second part of our discussion
will be devoted to a phenomenological discussion
of the ZEP behavior in mixed ZnS, „Se„.

In a zine-blende crystal AB, „C„where m~&m„
&m~, the LO and LA ZEP in the directions of al-
ternating planes are respectively generated by dis-
placements of either the A or B atoms in the crys-
tal AB, and by the A or C atom displacements in
the e rystal AC. The atom A generates the LA
zone-edge mode of the crystal AB and the zone-
edge LO mode of the crystal AC. %e should then
expect the LA phonon of AB to become the LO pho-
non of AC with increasing C concentration.

The vibrations of the light (S) and heavy (Se)
foreign impurity atoms in AC (ZnSe) and AB (ZnS)

crystals, respectively, give rise to a local and a
gap nonpropagating mode. They will be the fre-
quencies toward which will merge all the optical
branches from all the points, and from all the di-

CONCLUSIONS

Using ir and HS techniques, it has been possible
to study the ZEP behavior of mixed ZnS, „Se as a
function of x. The behavior of the acoustical
branches has been explained by the existence of a
localized mode which is added to the virtual-lat-
tice- acoustical branch.

In a zinc-blende-structure AB, „C„mixed crys-
tal when m~&m„&m~, the LA branch of the AB
crystal becomes the LO branch of the AC one;
the other optical phonons should tend towards the
localized or the gap mode when the impurity con-
centration is reduced.
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