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Raman scattering in b-ZnS
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The first- and second-order Raman spectra of cubic ZnS (b-ZnS, zinc-blende! are revisited. We consider
spectra measured with two laser lines for samples with different isotopic compositions, aiming at a definitive
assignment of the observed Raman features and the mechanisms which determine the linewidth of the first
order TO and LO Raman phonons. For this purpose, the dependence of the observed spectra on temperature
and pressure is investigated. The linewidth of the TO phonons is found to vary strongly with pressure and
isotopic masses. Pressure runs, up to 15 GPa, were performed at 16 K and 300 K. Whereas well-defined TO
Raman phonons were observed at low temperature in the whole pressure range, at 300 K the TO phonons
appear to hybridize strongly with the two-phonon background and lose their identity, especially in the~3–10!-
GPa region. The intensity of the TO phonons, which nearly vanishes when measured with a red laser line, is
shown to result from a destructive interference of the amplitudes of the band-edge resonance and that of a
background of opposite sign. The analysis of these effects is aided by calculations of the densities of one- and
two-phonon states performed with the adiabatic bond charge model of the lattice dynamics.

DOI: 10.1103/PhysRevB.69.014301 PACS number~s!: 78.30.Fs, 63.20.Ry, 63.20.Kr
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I. INTRODUCTION

Zinc sulfide is found in nature as zinc-blende~also called
sphalerite,b-ZnS, with cubic structure! and as wurtzite~2H,
hexagonal,a-ZnS!. The names of these minerals are used
designate the corresponding crystal structures. ZnS,
natural and synthetic, crystallizes in as many as ten diffe
polytypes1–3 and mixed crystals, transforming from on
structure to another at stacking faults.3

Large good qualityb-ZnS crystals are found in nature an
can also be grown in the laboratory at relatively lo
temperature.4 Investigations of their lattice vibrations wer
started early and are of interest because this material is
prototype of the important zinc-blende family of semico
ductors. Such investigations were performed by ir~Ref. 5!
and Raman6–9 spectroscopies. In Ref. 8 Raman measu
ments ofb-ZnS were combined with measurements of t
4H and 6H polytypes to obtain information about t
phonon-dispersion relations ofb-ZnS along the@111# direc-
tion of its Brillouin zone~BZ!. Raman measurements for th
wurtzite modification were published by Pouletet al.10 and
by Arguelloet al.11 These measurements provide the phon
frequencies only at a few points of the BZ. Informatio
across the whole Brillouin zone has been obtained by ine
tic neutron scattering~INS! using large~but rather imperfect!
natural and synthetic single crystals.12,13 These INS data
have been fitted with phonon-dispersion relations based
shell models.13 More recently, the INS data of Ref. 13 hav
been fitted with a six-parameter bond charge model~BCM!
and the corresponding dispersion relations have been us
calculate the one-phonon density of states forb-ZnS and
other zinc-blende-type crystals.14

In this work we present Raman spectra ofb-ZnS prepared
with different isotopic compositions~nominal compositions
natZnnatS, 68ZnnatS, 64Z34S, 68Zn34S0.5

natS0.5). We give in Table
I the average isotopic masses of these four samples an
0163-1829/2004/69~1!/014301~11!/$22.50 69 0143
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corresponding mass fluctuation parametersgZn
(2) and gS

(2) .15

Measurements were performed with two different laser lin
~red, 647.1 nm, and green, 514.5 nm!, at several tempera
tures in the~6–300!-K range and under hydrostatic pressur
from 0 to 15 GPa~see also Refs. 16 and 17!. They encom-
pass the TO and LO Raman phonons as well as spectra
responding to sums~overtones and combinations! and differ-
ences of two phonons.16,18We also report calculations, base
on the BCM lattice dynamics, of the densities of sta
~DOS’s! for sums and differences of two phonons with to
q equal to zero. The calculations were performed for
various isotopic compositions under consideration. Th
have been used for the interpretation of the second-o
Raman spectra and also of the linewidths of the TO(G) and
LO(G) phonons vs pressure, temperature, and isotopic m
The following results have been obtained.

~1! The vanishing of the TO(G) intensity for laser fre-
quencies in the red (;1.95 eV) has been confirmed.7,16 It
can be attributed to a destructive interference of
nonresonant-scattering amplitude with the term that re
nates at the band gap. The introduction of this nonreson
amplitude changes the value of the electron-phonon de
mation potential d054 eV reported in Ref. 19 tod0

TABLE I. Compositions and mass fluctuation parametersg(2) of
our ZnS samples. The masses and isotope abundances wer
tained from Ref. 43. Natural S contains 95% of32S, 0.8% of 33S,
and 4.2% of34S. Throughout this work we have used34S andnatS.
Because of its similarity to32S we shall labelnatS as32S.

Nominal compositions ^MZn& ^MS& gZn
(2) gS

(2)

natZnnatS 65.41 32.07 6.031024 1.731024

68ZnnatS 67.92 32.07 0 1.731024

64Z34S 63.93 33.97 0 0
68Zn34S0.5

natS0.5 65.41 33.02 0 9.131024
©2004 The American Physical Society01-1
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.16 eV, more in line with calculated values and with t
systematics ofd0 for the zinc-blende-type materials.

~2! The widths of the LO(G) Raman phonons are show
to be determined by two decay channels:~a! decay into 2LA-
phonon overtones and~b! decay into TA1TO combinations.
At 16 K these linewidths increase with increasing pressu
reaching a maximum at about 3.5 GPa. They decrease a
this pressure, reaching a minimum at 5.5 GPa, a maximu
8.5 GPa, and another broad minimum at 10 GPa. This ef
can be qualitatively explained on the basis of the calcula
densities of two-phonon states and the measured pres
dependence of the LO(G) frequencies and those of the 2L
and TA1TO critical points.16,17 The calculated two-phonon
DOS’s also explain the dependence of the widths on isoto
masses for the two isotopically pure crystals measured
well as the natural crystal.

~3! The Raman spectrum of the TO(G) phonon shows a
larger width than the LO(G) spectrum at atmospheric pre
sure, even at low temperature. This reflects strong decay
cesses for the TO phonons into two-phonon states, wh
have been identified as TA1LA combinations. This phenom
enon is similar to that observed for GaP.16,20The width of the
TO peak varies slightly with isotopic composition and, mo
strikingly, it increases upon the application of pressure. At
K, nearly Lorentzian TO peaks can be observed through
the whole pressure range, with full width at half maximum
~FWHM! between 1.5 and 7.5 cm21, displaying maxima at 4
and 9 GPa. At 300 K the TO peak mixes for a pressurep
.3.5 GPa with the two-phonon background, made stron
Raman active by the admixture with TO(G) phonons. The
bare frequency of the TO(G) phonon increases with pressu
faster than that of the TA1LA background, a fact which
leads to the reappearance of a sharpened TO(G) peak above
the two-phonon band atp.10 GPa. These observation
have been quantitatively interpreted on the basis of a Fe
resonance involving the calculated two-phonon DOS. T
anharmonic coupling constantuV3u2590 cm22 is in line
with that found for GaP, CuCl, and CuBr.20–22

~4! Several features of the two-phonon Raman spe
have been interpreted on the basis of their dependenc
pressure, temperature, and isotopic mass. In particular
have confirmed the assignment17 of the peak observed fo
natural ZnS at 220 cm21 under normal conditions to differ
ences of TO and TA phonons: the peak disappears aT
50 K and shifts with pressure at a rate higher than tha
the zone-edge TO phonons. Its dependence on isotopic m
also signals the correspondence to scattering by TO-TA
ference modes. Other second-order structures observed i
Raman spectra have been reliably assigned on the bas
the calculated two-phonon densities of states. Special a
tion has been paid to the high-frequency end of the tw
phonon spectrum, which consists of scattering by two LO(G)
phonons, and its dependence on isotopic mass.

~5! Whereas no effects of the isotopic disorder on
linewidths of the TO(G) and LO(G) peaks have been iden
tified, even for the68Zn32S0.5

34S0.5 sample, effects on thei
frequencies have been observed for this sample. They h
been assigned to the real part of the self-energy assoc
with the isotopic disorder.
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II. EXPERIMENTAL DETAILS

A. Sample preparation

In order to grow cubic ZnS crystals, the temperature m
be kept below 800 °C.23 Therefore, sublimation is not pos
sible and chemical vapor transport must be applied a
growth method for bulk material.24–27

Several processes are performed preceding growth:
emental sulfur is purified by sublimation at 90–150°C. T
1:1 mixture of 32S and34S is produced by multiple sublima
tion, followed by melting and rolling in a fused silica am
poule. Small pieces of Zn metal (<0.2 g) are etched in pro
panol with 1–5 % nitric acid, under ultrasonic shaking
remove possible oxide layers. A further purification
achieved by sublimation in a fused silica ampoule, follow
by separation of the residue.

The resulting porous layer of Zn favors the synthesis
action under sulfur vapor pressures of 3–450 mbar. For
purpose, the zinc end of the ampoule is heated stepwise u
about 1000 °C. The formation of a ZnS passivation lay
prevents the evaporation of the metal and controls the p
gressing reaction by solid-state diffusion of the Zn ato
through this layer. The synthesis must be complete becau
is found that a metal excess of a few milligrams drastica
decreases the growth rate.

At a maximum temperature of 400 °C, the stoichiome
is adjusted by vacuum annealing. The portion of the synt
sis ampoule with ZnS is placed into a growth ampoule w
an inner diameter of 10–12 mm and a length of about 3
mm. By using iodine (0.3–2 mg/cm3) as a transporting
agent, the growth of transparent colorless, yellowish, a
greenish crystals, up to 5 mm in length and with (100
(110), and (111) facets, takes place in the temperature ra
of 650–750 °C, at a source temperature of 750–850 °C.
presence of 350–700 mbar of argon and a low-tempera
gradient limit the transport rate~maximum 3.3 mg/h cm2),
and also the number of nucleation centers, as desired.
samples used in this work are listed in Table I.

B. Experimental details

The Raman spectra of a sample with natural isotopic co
position were measured with anXY-Dilor triple spectrometer
equipped with a nitrogen cooled charged-coupled dev
~CCD!. The sample was kept in a microscope cryostat and
temperature varied from 4 to 300 K. The incoming polariz
tion was rotated by means of al/4 plate in order to measur
both x(z,z) x̄ and x(y,z) x̄ scattering configurations. Th
514.5-nm line of an Ar1-ion laser was used as excitatio
source. The samples with variable isotopic compositio
were measured with a SPEX Triplemate spectrometer,
equipped with a nitrogen cooled CCD. These samples w
measured in a microscope cryostat at temperatures from
to 300 K. The temperature control was better than60.2 K.
In this case the different lines of a mixed Ar1-Kr1-ion laser
were used.

The high-pressure measurements were performed in
mond anvil cells using helium and a 4:1 methanol-etha
mixture as pressure transmitting medium at low and ro
1-2
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RAMAN SCATTERING IN b-ZnS PHYSICAL REVIEW B69, 014301 ~2004!
temperature, respectively. The excitation source was
514.5-nm line of an Ar1-ion laser, and a double-gratin
spectrometer~ISA JOBIN YVON U1000! was used to ana
lyze the scattered light, which was collected by a Prince
Instruments multichannel detector consisting of a Pelt
cooled photocathode and a microchannel plate intens
with a Si diode array readout. The typical sample sizes u
in the measurements were 60360330 mm3. The samples
were loaded under a microscope in inconel gaskets toge
with a small ruby crystal utilized as reference for the det
mination of pressure.28 The pressure was applied by a h
draulic pump operated with oil, which transferred the for
to a steel tube pushing the upper diamond against the ga
and lower diamond.29

The analysis of the Raman spectra was performed a
calibration with the emission lines of a low-density neon g
lamp. These lines were fitted to a Gaussian profile, the
sulting width being the spectral resolution, which will b
indicated in the description of the experimental data. T
Raman peaks were fitted to Voigt profiles, i.e., a convolut
of a Lorentzian with a Gaussian, the latter having as wi
the spectral resolution.

III. DENSITY OF TWO-PHONON STATES

The density of two-phonon states subject to the c
straintsv5v16v2 ~plus sign for sum processes and min
sign for difference processes! and q156q2 was calculated
using the bond charge model parameters of the disper
relations given by Rajput and Browne.14 For the q-space
integration we used the tetrahedron method with 3345 po
in the irreducible Brillouin zone. The DOS calculated f
natural ZnS are shown in Fig. 1~a! for difference processe
and Fig. 1~b! for sum processes.

We have also calculated, employing the same force c
stants, the two-phonon DOS for the two isotopically pu
samples used in our experiments, namely,68Zn32S and
64Zn34S. Instead of presenting them here as figures simila
Fig. 1 , we find itmore useful to give in Table II the position
of the most prominent peaks and thresholds and their ass
ments on the basis of the dispersion relations.30

We discuss next some interesting features of the isot
effects on the two-phonon frequencies listed in Table
First, we note that the isotope shifts of the 2LOG (7
61 cm21) and the 2TOG (661 cm21) agree reasonably
well with those calculated from the corresponding reduc
masses (5.9 cm21 for 2LOG and 4.7 cm21 for 2TOG). The
structure found at 702 cm21 for natural ZnS, only 10 cm21

below that for the 2LOG , has been assigned to 2LOL . For
the latter overtone mode, it is interesting to note that the s
of 20 cm21 between68Zn32S and64Zn34S, much larger than
that calculated for 2LOG , reflects only the effect of the
change in the sulfur mass (19 cm21); we can thus conclude
that the eigenvector of the LOL phonon does not significantl
involve the motion of the Zn atoms. The same thing can
said for the LOX and LOS phonons. Although, by symmetry
these eigenstates mix with the corresponding LA sta
~mainly Zn-like, see below! the admixture is negligible be
cause of the large difference between the Zn and S mas
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The corresponding shifts read off Table II for the 2TOX and
2TOL peaks are 14 and 11 cm21, respectively; the predic-
tions based on the sulfur mass are larger~17 and 16 cm21,
respectively!. This indicates a larger admixture of Zn motio
to these modes than for the corresponding LO modes. Fo
2TA peaks we find shifts of24 cm21 both atX and atL.
The shifts calculated from the Zn masses are25.5 cm21 and
24.3 cm21, respectively. The differences between the tw
sets of shifts reflect the admixture of a small amount of s
fur motion in the corresponding eigenvectors.

We also note that the isotope shift reverses sign at a
quency between@LA1TAu#S (301 cm21) and @TO1TA#X
(401 cm21), corresponding to the fact that the eigenvecto
of the acoustic phonons are Zn-like while those of the op
ones are S-like.

In Fig. 2~a! we display the calculated two-phonon su
DOS for three of the samples under consideration in
(275–400)-cm21 region which encompasses the frequenc
of the TOG and LOG phonons and the shift reversal regio
The curves in Fig. 2~a! shift monotonically with each of the
isotopic masses, except for the structures in
(340–370)-cm21 region which fall in the range where th
isotope shifts change sign. These structures change m
tonically between68Zn32S and the natural sample; they co
sist in these cases of a plateau and a square-root thresho~at
356 and 368 cm21, respectively, for the natural sample!. The
plateau is assigned to 2LAW modes and the threshold t
@TO1TA#L . The former are Zn-like and thus shift up from
68Zn32S to 64Zn34S, whereas the latter are partly sulfur-lik
~TO! and Zn-like~TA!. Hence, there is a partial compens

FIG. 1. ~a!Two-phonon difference~with q12q250) and ~b!
sum ~with q11q250) densities of states of natural ZnS obtain
from the semiempirical dispersion relations in Ref. 14. No corr
tions for differences between the calculations in Ref. 17 and
INS data on which they are based have been performed. T
differences amount to as much as 20 cm21 for some of the critical
points. The most important features, some of which have been
served in the experiment, are summarized in Table II.
1-3
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TABLE II. Phonon combinations corresponding to different critical points which produce a peak~Van Hove singularity! in the density of
two-phonon states obtained for several isotopic compositions, using the BCM parameters of Ref. 14. The subindices ‘‘u’’ and ‘‘ l ’’ indicate
the upper and lower transverse branches, respectively.

Overtones and Energy position Overtones and Energy position Phonon Energy position
combinations ~in cm21) combinations ~in cm21) difference ~in cm21)

64Zn34S natZnnatS 68ZnnatS 64Zn34S natZnnatS 68ZnnatS 64Zn34S natZnnatS 68ZnnatS
2LOG 702 712 709 @LO1TA#L 456 464 462 @LO2TA#L 272 281 282
2LOL 682 702 702 @LO1TA#X 429 439 440 @LO2TA#X 248 257 259
2LOX 678 697 698 @TO1TA#X 394 401 401 @TO2TA#X 210 218 220
2LOS 664 682 682 @TO1TA#L 359 368 366 @TO2TAu#S 188 199 198
LO1TOX 645 662 662 2LAW 359 356 349 @LO2LA #S 155 167 162
@LO1TO#L 630 647 647 @LA1TAu#W,S 304 301 295 @TOu2LA #S 133 143 147
2TOX 608 622 622 @LA1TAl#W 282 281 276 @TOl2LA #S 118 127 129
2TOL 580 593 591 @LA1TAl# S 258 256 251 @LA2TAl#S 92 93 94
2TOG 561 570 567 @2TAu#S 246 244 239 @LO2TO#L 52 55 55
@LO1LA #S 513 519 516 @2TAl#W 212 211 207 @LO2TO#X 34 37 39
@TOu1LA #S 492 499 496 2TAX 181 180 177 @LO2TOu#S 21 20 21
@TOl1LA #S 475 479 476 2TAL 138 137 134 @TOu2TOl#S 13 14 16
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tion in the shift of this mode with predominance of the s
furlike shift because the TOL frequency is higher than th
TAL frequency. Accidentally, the two features coincide f
the 64Zn34S sample, giving a strong peak at 359 cm21. This
fortuitous coincidence would be lifted by the application
pressure.17,16

The DOS of the difference modes is shown in Fig. 1~a!
for the natural sample. It is dominated by a strong peak
218 cm21 which will be the strongest structure in the tw
phonon difference Raman spectra~see Sec. VII!. The shift of
this feature from64Zn34S to 68Zn32S, 10 cm21, and also the
shift of most peaks in this difference DOS, is much larg
than that of the peaks in the sum DOS at similar frequen
(23 cm21) and has the opposite sign. This behavior w
enable us in Sec. VII to identify the difference modes in t
two-phonon Raman spectra.

When comparing the DOS of Figs. 1 and 2 and the f
01430
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quencies of Table II with experimental data, one must ke
in mind that the dispersion relations calculated in Ref. 14
natural ZnS, using a rather small number of adjustable
rameters~six!, do not exactly fit the available INS data. W
can read from Fig. 1 of Ref. 14 that the calculated LOG and
TOG frequencies lie about'6 cm21 above the experimenta
points ~measured at 300 K!. This explains the difference
between the 2LOG and 2TOG frequencies of Table II and
twice those listed in Table III. The largest differences a
found for the LOX and LAX modes: the calculated LOX mode
lies 18 cm21 higher than the measured point, whereas
corresponding LAX mode lies 12 cm21 lower. Similar differ-
ences are found at the L point: LOL is 12 cm21 higher
whereas LAL is 8 cm21 lower. Appropriate corrections mus
be applied to the frequencies of Table II before compar
them with the two-phonon Raman-scattering data. We s
see that these corrections considerably improve the ag
oadening.

FIG. 2. ~a! Two-phonon sum density of states corresponding to natural ZnS~solid!, 68ZnnatS ~dotted!, and 64Zn34S ~dashed!. Only the

region close to the TO and LO Raman peaks is shown to facilitate the later discussion of the effect of the DOS on the phonon br
~b! Two-phonon sum DOS of natural ZnS in the region of the TOG and LOG phonons~vertical lines!, before~dashed curve! and after~solid
curve! correcting the dispersion relations as indicated in the text. Note that the 2LAW peak shifts to the other side of the@TA1TO#L

threshold after the correction of the dispersion relations discussed in the text.
1-4
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ment between the frequencies of Table II and the experim
tal data.

The sum DOS of Fig. 2~a! will be used in Sec. VII to
interpret the phonon linewidths and their dependence
pressure and isotopic composition. Before doing that,
corrections just mentioned must also be applied. Figure 2~b!
displays the relevant portion of this DOS before and a
applying such corrections for natural ZnS.

IV. TO AND LO RAMAN PHONONS

A. Experimental results

Typical first-order spectra measured at 80 K with t
514.5-nm laser line are shown for four isotopic compositio
in Fig. 3. The resolution used for these measurements
0.860.1 cm21 FWHM. Note that the integrated strengths

TABLE III. Frequencies and linewidths~FWHM, in parenthe-
ses! measured in cm21 for the TO and LO Raman phonons o
several isotopically modified samples of Table I. The error bars
the frequencies are60.5 cm21. Those for the linewidths are
0.5 cm21 ~TO! and 0.2 cm21 ~LO!.

16 K 80 K 300 K

64Z34S TO 273.1~1.9! a 273.0~2.6! 270 ~9.3!
LO 347.5~0.7! a 347.4~0.9! 345 ~2.9!

68ZnnatS TO 275.6~3.7! 275.6~4.0! 273 ~12.2!
LO 350.6~0.7! 350.6~1.1! 348 ~3.3!

68Zn32S0.5
34S0.5 TO 272.5~2.3! a 272.5~3.1! 269.5~11.6!

LO 348 ~0.8! a 348 ~1.0! 345.6~3.3!
natZnnatS TO 277.5~3.3! 277.4~4.0! 275 ~10.8!

LO 353 ~0.7! 353 ~0.85! 350 ~3.3!

aData extrapolated from those at 80 K by using the appropr
Bose-Einstein factors.

FIG. 3. Raman spectra ofb-ZnS for several isotopic compos
tions at 80 K, as measured~see Table III for deconvoluted widths!.
The solid lines are fits with a Voigt function, using 0.8 cm21 for the
spectral resolution.
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the TO peaks are one order of magnitude weaker than for
LO peaks~this will be discussed in Sec. IV B! and are su-
perimposed on a weak background, which we attribute to
decay channel provided by the two-phonon density of sta
@see Fig. 2~b!#. The frequencies of the eight peaks in Fig.
and their widths, obtained after deconvolution using Vo
profiles, are listed in Table III.

Part of the initial motivation of this work was to invest
gate whether the LO and/or TO linewidths depend on iso
pic mass: A strong dependence had been observed for th
modes20 of GaP and theE2

uppermodes31 of wurtzite-type ZnO.
According to Table III, a dependence of width on isotop
mass takes place for the TO phonon, but the spectral res
tion is too low to allow any conclusions concerning the L
phonon.

B. Antiresonant behavior of the TO phonons

According to Fig. 3 the ratio of the TO and LO integrate
intensities isI TO /I LO50.10 at\vL52.41 eV. We find from
Fig. 1 of Ref. 19 at this laser frequencyI LO

510210vL
4 cm21 sr21. This figure enables us to obtain ex

perimental values forI LO at several energies in the rang
2.5<\vL<3.8 eV. We have not detected anyI TO intensity
for \vL51.96 eV, in agreement with the result of Ref. 1
This behavior can be accounted for with the expressions@see
Eq. ~7! of Ref. 19#

I TO~v!5d0
2@2Ag0~x!2B#2,

g05x22@22~12x!21/22~11x!21/2#, x5vL /v0 ,
~1!

whered0 is the corresponding electron-phonon deformat
potential32 and \v0 is the energy of the direct gap,\v0
53.8 eV at 300 K forb-ZnS. Note that Eq.~1! is a simpli-
fication of Eq.~7! of Ref. 19, obtained under the reasonab
assumption of a negligible spin-orbit splitting. An expressi
for A, taken to be positive, can be found in Ref. 19. The fi
term in brackets in Eq.~1! is positive, sinceAg0(x) is nega-
tive, and increases rapidly with increasingvL . Hence, a
positive and sufficiently large value ofB leads to an antireso
nance and a zero intensity for a value ofvL,v0. We adjust
the value ofB so as to bring this zero of intensity to\vL
.1.95 eV, as required semiquantitatively by the absence
TO intensity at this frequency.

This treatment of the data of Ref. 19 leads toud0u
518 eV, instead of the valueud0u54 eV which disagreed
with theoretical calculations.19,32 The new value ofd0, ob-
tained after taking into account the antiresonance, is com
ible with the value ofd05124 eV calculated in Ref. 32.

V. PRESSURE DEPENDENCE OF THE TO- AND
LO-PHONON FREQUENCIES AND LINEWIDTHS

A. Experimental results

Measurements at several pressures were performed a
K ~up to 12 GPa! and at 16 K~up to 15 GPa!. Figure 4 shows
the low-temperature spectra obtained at several represe
tive pressures. This figure reveals the nonmonotonic beh
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ior of the linewidth vs pressure as displayed in Fig. 5. W
have plotted in Fig. 6 the measured variation of the TO- a
LO-phonon frequencies with pressure, which agrees with
measurements and calculations of Weinstein.16 Like in most
zinc-blende-type semiconductors, the LO-TO splitting d
creases with increasing pressure, a fact which will be d
cussed below. By fitting the measured dependence of
phonon frequencies on pressure we obtain the following
pressions for the frequencies vsp ~GPa!:

vLO ~300 K!5347.2~7!14.7~3!p20.05~2!p2,

vLO ~16 K!5350.6~4!14.3~1!p20.04~1!p2,

vTO ~16 K!5275.6~7!16.1~2!p20.08~1!p2. ~2!

Figure 7~a! displays spectra measured at 300 K for diffe
ent pressures in the~0.3–11!-GPa range obtained with
resolution of 1.7 cm21 ~FWHM!, which has not been de
convoluted. The linewidth of the LO peak is seen to va
rather smoothly with increasing pressure, whereas the
structure varies in a nonmonotonic way which can be rep
sented by three components:~A! at low pressures,~B! in the
intermediate range, and~C! at high pressures. This behavio
is somewhat similar to that observed in the isomorphic co
pounds GaP~Refs. 16 and 33!, and in CuCl~Ref. 34!, whose
constituents are nearest neighbors of ZnS in the perio
table. Like in the cases of GaP and CuCl, it reflects a str
anharmonic coupling of the TO phonon with a backgrou
which corresponds to decay into the sum of two phon
@see Figs. 1~b! and 2#.

B. Discussion

The deconvoluted FWHM of the LO and TO phonons
16 K are shown vs pressure in Fig. 5. They can be treate
this temperature, as arising from the standard second-o
perturbation expression~Fermi’s golden rule!:31

FIG. 4. Raman spectra of the LO and TO phonons
b268Zn32S measured for several pressures at 16 K with
514.5-nm laser line. The spectra are unsmoothed: the instrum
resolution of 1.1 cm21 FWHM has not been deconvoluted.
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G~v!5uV3u2r1
(2)~v!@11n~v1!1n~v2!#, ~3!

wheren(v1) andn(v2) are the Bose-Einstein~BE! factors
of the two frequencies of the summation mode into whichv
decays with wave-vector conservation:v5v11v2 and
r1

(2)(v) is the two-phonon sum DOS. For the TO phono
v1 andv2 correspond to TA and LA modes at or close to t
edge of the BZ. We take here for the evaluation of the
factorsvTA580 cm21 andvLA5195 cm21. With these fre-
quencies, the BE factors are negligible at 16 K. However
80 K, 11n(v1)1n(v2).1.34, a fact which is reflected b
the TO widths listed in Table III for 16 and 80 K.

FIG. 5. Pressure dependence of the TO-phonon linewidth
68Zn32S at 16 K and comparison to the corresponding portion of
INS-corrected two-phonon sum DOS extracted from Fig. 2~b!.

FIG. 6. Pressure dependence of the frequencies of the LO
TO phonons at 16 K and the LO phonon at 300 K~open circles!.
The frequencies of the TO mode at 300 K are not given here s
they are strongly modified by anharmonic interaction~see Fig. 7!.
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FIG. 7. ~a! LO and TO Raman
spectra of 68Zn32S measured at
300 K with the sample under sev
eral pressures. Note that the LO
peak varies smoothly with pres
sure ~its height has been normal
ized to one! while the TO peak
varies in a nonmonotonic way
which reflects the interaction with
the two-phonon ~sum! back-
ground. The three dashed lines a
proximately represent the varia
tion with pressure of the differen
peaks contributing to the TO
Fermi resonance. The resolution
not deconvoluted, is 1.7 cm21

FWHM. ~b! Simulation of the TO
spectra of Fig. 7~a! as a Fermi
resonance of the bare TO fre
quency with the corresponding
two-phonon background.
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We display in Fig. 5 a comparison of the two-phon
~sum! DOS r1

(2)@v1(p)1v2(p)5vTO(p)# with the line-
width data for the TO phonons at 16 K. The DOS~solid
curve! has been slightly modified so as to correct for discr
ancies of about 20 cm21 between the calculated dispersio
relations and the INS data on which they are based.14

The two maxima and two minima observed in the FWH
correspond rather well to critical points in the DOS~maxima:
@TAu1LA #W and @TA1LA #X ; minima: @TA1LA #X and
@TAu1LA #K where the subscript ‘‘u’’ designates the uppe
of the two TA bands at either W or K!. Using Eq.~3! and the
two-phonon DOS normalized to six branches per primit
cell ~i.e., the integral of the two-phonon DOS equal to 3!,
we obtainuV3u2.90 cm22, rather close to the value foun
for GaP (57 cm22, Ref. 20! and CuCl (70 cm22, Ref. 21!.

In trying to follow a similar procedure to analyze the pre
sure dependence of the LO-phonon widths shown in Fig
we encountered some serious difficulties. The decay ch
nels for these phonons involve 2LAW overtones and@TA
1TO#L combinations, whose frequency must also be re
justed to correct for the discrepancies with the INS data m
tioned above. The adjustment, however, is different for e
critical point: 2LAW must be shifted up by 20 cm21,
whereas@TA1TO#L must be shifted down by 5 cm21. As a
result of these shifts, the frequencies of the two criti
points reverse order and the shape of the DOS chan
strongly. The two maxima shown for the LO widths in Fig.
correspond to the two critical points seen at 355 a
368 cm21 in the corrected DOS of Fig. 2~b!, whereas the
increase in the FWHM at the highest pressures correspo
to the increase in DOS in Fig. 2~a! above 370 cm21. Using
Eq. ~3! we find for the LO-phonon linewidth at zero pressu
the average anharmonic constantuV3u2515 cm22.

At 300 K the BE factors for the TO modes amount
'3.8. This produces a strong enhancement of the an
monic decay, i.e., a strong coupling of the LO phonon w
the two-phonon continuum, so that the linewidth can
01430
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longer be represented at each pressure by a constant@given
by Eq. ~3! evaluated atv5vTO(p)]. Like in the cases of
CuCl and GaP we must insert in the Lorentzian express
for the line shape

A~v!5
GT~v!/2

@v02v2DT~v!#21@GT~v!/2#2
~4!

values ofGT(v)/2 ~the imaginary part of the anharmon
phonon self-energy! andDT(v) ~its real part! which depend
on frequency. Using for GT(v)5G(v)@11n(v1)
1n(v2)#, G(v) being obtained from the solid curve in Fig
5 based on the INS-corrected two-phonon DOS between
and 338 cm21, and calculatingDT(v) as the Hilbert trans-
form of GT(v), we have generated, for 300 K, the curves
Fig. 7~b!. These curves mimic, at least qualitatively, the e
perimental curves of Fig. 7~a!. At low pressures, a broad
~FWHM '12 cm21) but well-defined peak labeledA is
seen. It shifts in frequency with increasing pressure to me
with a much broader structure labeledB. The intensity of this
structure decreases above 6 GPa while a sharper peak
pears tending, such as in the cases of GaP and CuCl, to
unrenormalized TO frequency~FWHM '4 cm21 at 9.2
GPa!. The experimental data of Fig. 7~a! suggest a broaden
ing of this peak above 9.2 GPa which is not obvious in t
modeling of Fig. 7~b!, probably due to the limitations of the
model.

Using the expression

eT
25

me`V~vLO
2 2vTO

2 !

4p
, ~5!

it is possible to calculate the value of the transverse effec
charge,eT51.8 at 1 atm, and its dependence on pressure
Eq. ~5! V is the volume per molecule of ZnS,m the reduced
mass of the primitive cell, ande` the long-wavelength di-
electric constant. Using the values ofvLO andvTO given in
1-7
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J. SERRANOet al. PHYSICAL REVIEW B 69, 014301 ~2004!
Eq. ~2! and e`55.7 ~Ref. 35!, and taking the logarithmic
derivative of Eq.~5! we find the Gru¨neisen parameter of th
effective chargegT :

gT52
dln eT

dln V
5gLO1

~gLO2gTO!vTO
2

vLO
2 2vTO

2
2

1

2 S dln e`

dln V
11D .

~6!

By replacing into Eq.~6! the values of the mode Gru¨neisen
parametersgLO and gTO obtained from Eq. ~2! and
dln e` /dln V50.21 ~Ref. 35! we find gT520.86. The nega-
tive sign of gT means that the chargeueTu, and thus the
ionicity of b-ZnS, decreases with increasing pressure, a s
ation which applies to most zinc-blende-type semiconduc
~only known exception: SiC, Ref. 36!. This value agrees rea
sonably well with gT520.7 and 21.0 found in the
literature.38,37

VI. DEPENDENCE OF LO G AND TOG FREQUENCIES
AND LINEWIDTHS ON ISOTOPIC MASSES

A strong dependence of the linewidths of some Ram
phonons on isotopic mass has been observed for GaP (TG),
CuCl (TOG), CuBr (LOG), and ZnO (E2

upper).20–22,31 It is
related to the fact that the frequency of these phonons fal
a region in which the two-phonon DOS varies steeply w
frequency. This is not the case for the TO phonons of Z
@see Fig. 2~b!# and, in principle, no striking dependence
the FWHM is expected. Table III shows a marginal variati
of the TOG widths with isotopic composition. We have no
been able to explain these variations on the basis of Fig. 2~b!.
At 300 K this failure may be related to the complicated n
ture of the TOG line shape@Fig. 7~a!# which renders mean
ingless a simple fit to a Lorentzian, with a frequency ind
pendentG. At low temperatures, however, one may expe
the simple Lorentzian treatment to work, as was the case
the pressure dependence ofG ~Fig. 5!. We have not been
able, however, to account for the differences~between 1.9
and 3.7 cm21 FWHM! found in Table III at 16 K. The dif-
ferences do not vary much with temperature, hence it is
possible to attribute them to higher-order anharmonic p
cesses. Another possibility, namely, lattice defects such
stacking faults, is hard to verify.

The LOG frequency of the natural sample falls in a steep
region of the two-phonon DOS. This region corresponds,
ter the correction illustrated in Fig. 2~b!, mainly to @TO
1TA#L pairs of phonons whose frequency shifts fro
64Zn34S to 68Zn32S only slightly more than that of the LOG
phonon~see Table II!, a fact which explains the failure to
observe a dependence of the LO-phonon linewidth on is
pic mass.

One may consider the possibility of an effect of isotop
disorder ~in the natZnnatS and, even more so, in th
68Zn32S0.5

34S0.5) on the linewidths. Such dependence is a
not evident in the data of Table III. The reason is likely to
that the corresponding frequencies fall at a threshold of
one-phonon DOS where this DOS vanishes. This reason
invoked to explain the lack of isotope disorder effect for t
LOG phonons of ZnSe~Ref. 39! and the very small effect
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(;0.2 cm21! observed for Si,40 Ge,41 and a-Sn.42 For the
TOG phonons of ZnSe, however, a strong mass disorder
fect is observed, because the TOG frequency does not fall a
a threshold of the one-phonon DOS but in the middle o
DOS band.39 The mass disorder should not only contribute
the linewidthG but also to the corresponding real part of t
self-energyD. This effect does not vanish at a threshold b
rather reaches a maximum39–42 which is positive if the one-
phonon DOS lies mostly below the frequency under cons
eration and negative in the opposite case. When scaling
frequencies of Table III according to the square root of
masses we find that they all agree with each other to wit
60.1 cm21, except for those of the68Zn32S0.5

34S0.5 sample
which deviate by20.3 (10.8) cm21 for the TO~LO! peaks
from the predictions obtained by scaling. This difference c
responds to the self-energyD due to mass disorder. The va
ues ofD calculated for the TO and LO Raman phonons
the 68Zn32S0.5

34S0.5 sample are20.3 and10.5 cm21, respec-
tively. For these calculations15 we have used the one-phono
DOS obtained from the dispersion relations of Ref. 14 a
eigenvector components equal to one for the intermed
states andueGu250.67 for the phonons at theG point. The
latter eigenvectors follow from the conditions of center-o
mass conservation.

VII. SECOND-ORDER SPECTRA

The second-order spectrum of natural ZnS, measure
300 K with the micro-Raman setup and a resolution
2.5 cm21, is shown in Fig. 8. We chose for this spectrum t
scattering configuration in which the incident and scatte
polarizations are parallel to one of the crystal axes. In t
configuration, both TO and LO phonons are Raman forb
den and do not overlap with neighboring two-phonon str
ture. The residual LO peak is probably due to t
quadrupole-allowed intraband Fro¨hlich mechanism and re
mains weak because of being far away from resonance.

Figure 9 shows the unpolarized spectra of three isoto
samples plus the natural one within the (130–300)-cm21

range~with the TO peak visible! and Fig. 10 shows the cor

FIG. 8. Second-order Raman spectrum of natural ZnS at 30

for the x(zz̄)x polarization@the notationx(zz̄)x is that of Ref. 44#.
1-8



d

ith

se
tion

en-

-
fer-

on
The

ure-

ow-

cted

t of
is
ca
f t

ot

th

pec-

s a
cally

RAMAN SCATTERING IN b-ZnS PHYSICAL REVIEW B69, 014301 ~2004!
responding spectra in the (550–725)-cm21 range. The large
isotopic shifts of the peak at 219.5 cm21 ~natural sample!,
together with the pressure and temperature effects to be
cussed below, allow us to conclusively assign this peak
differences of two phonons which, upon comparison w

FIG. 10. Second-order Raman spectra at 300 K for several
topic compositions corresponding to combinations of two opti
modes. The dashed lines are guides to estimate the shifts o
critical points with the isotopic mass, as explained in the text.

FIG. 9. Second-order Raman spectra at 300 K for several is
pic compositions in the range of the difference mode@TO
2TA#X . The dashed lines are guides to estimate the shifts of
critical points with the isotopic mass, as explained in the text.
01430
is-
to

Table II, turn out to be TO-TA at thex point of the Brillouin
zone. Note that the frequencies for the@TO2TA#X structure
in the DOS’s listed in Table II correspond rather well to tho
for the observed second-order peaks. Additional confirma
of the assignment of the@TO2TA#X 219.5-cm21 scattering
peak is obtained from Fig. 11 where the temperature dep
dence of the scattering in thex(zz̄) x̄ configuration is dis-
played. Note that, contrary to the sum peaks (2TAL , 2TAX ,
@LA1TA#S), the peak at 219.5 cm21 disappears at low tem
peratures as would be expected for scattering by the dif
ence of two phonons, whose intensity follows the law

I ~T!}n2~11n1!, ~7!

wheren1 andn2 are the Bose-Einstein factors of the phon
being created and that being annihilated, respectively.
vanishing ofI for T→0 follows from the vanishing ofn2: at
T50 no phonons can be annihilated. Our pressure meas
ments yield for the@TO2TA#X peak of the68Zn32S sample
the frequency

v~@TO2TA#X!5219.4~4!16.1~6!p. ~8!

Although we shall not present here detailed curves sh
ing the intensities of the various two-phonon peaks vsT, we
have also checked that the sum peaks follow the expe
dependence:

I ~T!}~11n1!~11n2!. ~9!

The rather large pressure coefficient of Eq.~8! corre-
sponds to the difference between the positive coefficien
TOX and the negative one of TAX , as already pointed out by
Weinstein.16

o-
l
he

o-

e

FIG. 11. Temperature dependence of second-order Raman s
tra in the region of the@TO2TA#X critical point for natural ZnS.
Note the strong increase in intensity of the difference mode a
function of temperature. The spectra have been arranged verti
with a spacing of 300 counts.
1-9
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We have tentatively assigned the small structure wh
appears in Fig. 11 at 198 cm21 to another difference mode
namely,@TO2TAu#S , i.e., to the second strongest peak
Fig. 1~a!. It disappears at low temperature, but it remains
weak at 300 K to make sure that its intensity follows Eq.~7!.
We did not investigate this scattering configuration for t
isotopic samples; hence the assignment must remain te
tive. Note the excellent agreement between the measured
quencies of the 2TAL (141.7 cm21), 2TAX (180.0 cm21),
and the calculated ones (143 cm21, after adding 6 cm21 for
the dispersion relations correction, and 180 cm21, respec-
tively!. The measured and calculated isotope shifts also a
with each other. Agreement is also found for the@2TAu#S

modes, especially after applying the correction to the f
quencies of Table II.

The peak labeled 2LAW in Table IV ~at 380 cm21 for the
64Zn34S sample! corresponds to the 359-cm21 2LAW peak of
Table II after adding the correction of the dispersion re
tions, which in this case amounts to 24 cm21. Similar agree-
ment is found for the@TO1TA#X frequencies of Tables I
and IV and their isotopic shift; in this case no correction
needed. Note that the sign reversal of the shifts occurs
tween 316 cm21 and 397 cm21, in agreement with Table II
and the discussion of Sec. III.

We could go on comparing the measured frequenc
~Table IV! with the calculated ones~Table II plus correc-
tions! but this can be easily done by the reader. Instead,
discuss the frequencies of some of the features for which
corrections of the calculation are absolutely necessary for

TABLE IV. Measured frequencies of the second-order Ram
peaks for the investigated isotopic compositions, in cm21.

Assignment 64Z34S natZnnatS 68ZnnatS 68Zn32S0.5
34S0.5

2LOG 692.4 700.0 699.2 695.5
2LOL 681.0 692.7 689.2 685.6
2LOX 651.1 667.9 667.0 664.2
@LO1TO#L 622.4 637.7 636.1 632.5
2TOX 597.8 614.6 614.0 607.3
2TOW 590.6 607.3 607.6
@LO1LA #S 510.3 517.0 512.3 512.1
@TOl1LA #S 484.9 482.7 484.0
@LO1TA#L 443.6 449.7 446.8 447.0
@LO1TA#X 412.0 419.8 418.0 417.0
@TO1TA#X 391 397 396 393
2LAS 380a

Not assigned 346a

Not assigned 336a

@LA1TAu#W,S 312 312a

@LA1TAl#W 304 300
2TAS 238.4 239 235.9 234.8
@TO2TAu#S 198a

@TO2TA#X 211.4 218.9 219.5 215.0
2TAX 181.3 180.0 177.3 175
2TAL 142.2 141.7 140.8 140

aData obtained from measurements on natural ZnS by using se
scattering geometries.
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assignment. We have already mentioned, in connection w
Table III, that such corrections are needed for the TOG and
LOG phonons. For the corresponding two-phonon states
measure~natural sample! 2LOG5700 cm21, which agrees
perfectly with the corrected calculation (712–1
5700 cm21). The isotope shifts of this peak are also inte
esting: contrary to most other peaks the natural sample
the highest frequency, due to the fact that it shifts like t
reduced mass. The 2LOX peak is measured at 668 cm21 for
the natural sample whereas the calculated frequency
697–245673 cm21 ~the remaining discrepancy is to be a
tributed to uncertainties in the correction!. The @LO1TO#L

peak, measured at 638 cm21, is calculated to be at 647–6
5641 cm21. We leave any further comparison of the resu
of Table II ~plus corrections! and Table IV to the reader.

VIII. CONCLUSIONS

We have presented a comprehensive study of the one-
two-phonon Raman spectra ofb-ZnS and their dependenc
on pressure, temperature, isotopic mass disorder, and,
limited extent, laser frequency. The dependence on laser
quency enables us to attribute the vanishing of the first-or
TO peak at 1.95 eV to a cancellation between a nonreso
global background and the resonant effect of theE0 edge.
This realization allows us to correct thed054 eV first-order
electron-phonon deformation potential to a value of about
eV, closer to the calculated values (d0.24 eV). Measure-
ments of the frequencies and linewidths of the TO and
Raman peaks reveal that they shift like the reduced mas
the primitive cell, except for small self-energy correctio
due to the sulfur mass disorder in the68Zn32S0.5

34S0.5 sample.
The latter effects are also not conclusively observed in
corresponding linewidths, a fact that can be accounted fo
the basis of the two-phonon densities of states.

The dependence of the TO and LO peaks on press
measured at 16 K as well as at 300 K, reveals a numbe
interesting features which can be attributed to anharmo
decay into two phonons. The pressure effects are particul
strong for the TO phonons at room temperature: the meas
ments, and also calculations based on the two-phonon
sity of states, reveal that the TO phonon is strongly coup
to the two-phonon background~consisting mostly of TA1LA
combinations!, such as a Fermi resonance which chang
gradually upon application of pressure. At pressures hig
than 10 GPa the TO frequency moves out of the two-pho
region and sharpens up, thus recovering its decoupled in
sity.

The measurements vs temperature, pressure, and iso
mass help us to attribute the peaks in the second-order
man spectra to calculated structures in the two-phonon d
sity of states. A strong difference mode@TO2TA#X is found
at 219 cm21 for the natural sample and a much weaker o
assigned to@TO2TAu#S scattering, at 199 cm21. All other
observed modes are found to correspond to sum mo
~overtones and combinations!. They are assigned to peaks
the calculated two-phonon DOS.
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