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The first- and second-order Raman spectra of cubic ZB:ZI{S, zinc-blendgeare 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(3a-flg
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.
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. INTRODUCTION corresponding mass fluctuation parameig§3d and g .15
) o ) ) Measurements were performed with two different laser lines
Zinc sulfide is found in nature as zinc-blen@gso called  (red, 647.1 nm, and green, 514.5 nrat several tempera-
sphalerite 3-ZnS, with cubic structupeand as wurtzitd2H,  tures in the(6—300-K range and under hydrostatic pressures
hexagonal@-Zn9). The names of these minerals are used tdfrom 0 to 15 GPasee also Refs. 16 and 1 7They encom-
designate the corresponding crystal structures. ZnS, bothass the TO and LO Raman phonons as well as spectra cor-
natural and synthetic, crystallizes in as many as ten differeniesponding to sum@vertones and combinationand differ-
polytypes™ and mixed crystals, transforming from one ences of two phonor'$:*®We also report calculations, based
structure to another at stacking faults. _ on the BCM lattice dynamics, of the densities of states
Large good quality3-ZnS crystals are found in nature and (DOS's) for sums and differences of two phonons with total
can also be grown in the laboratory at relatively low q equal to zero. The calculations were performed for the
temperaturé. Investigations of their lattice vibrations were various isotopic compositions under consideration. They
started early and are of interest because this material is thgave been used for the interpretation of the second-order
prototype of the important zinc-blende family of semicon- Raman spectra and also of the linewidths of the TD&nd

ductors. Such investigations were performed byRef. 5 | O(T") phonons vs pressure, temperature, and isotopic mass.
and Ramafi® spectroscopies. In Ref. 8 Raman measureThe following results have been obtained.

ments of 3-ZnS were combined with measurements of the (1) The vanishing of the TQY{) intensity for laser fre-

4H and 6H polytypes to obtain information about the quencies in the red~+1.95 eV) has been confirméd® It
phonon-dispersion relations @ZnS along the111] direc-  can be attributed to a destructive interference of a
tion of its Brillouin zone(BZ). Raman measurements for the nonresonant-scattering amp"tude with the term that reso-
wurtzite modification were published by Poukettal’® and  nates at the band gap. The introduction of this nonresonant
by Arguelloet al** These measurements provide the phonoramplitude changes the value of the electron-phonon defor-
frequencies only at a few points of the BZ. Information mation potentiald,=4 eV reported in Ref. 19 tod,
across the whole Brillouin zone has been obtained by inelas-

tic neutron scatteringNS) using large(but rather imperfegt TABLE I. Compositions and mass fluctuation parametg?$ of

natural and synthetic single crystéf§3 These INS data ©ur ZnS samples. The masses and isotope abundances were ob-

. . . . . i H 33
have been fitted with phonon-dispersion relations based off!ned from Ref. 43. Natural S contains 95% B8, 0.8% of*’s,
and 4.2% of**S. Throughout this work we have uséts and™'s,

shell models® More recently, the INS data of Ref. 13 have B its similarity (525 hall [abe™s as32S
been fitted with a six-parameter bond charge mdB&M) ecause ol Its simiiarity we shall label™s as™s.

and the corresponding dispersion relations have been usedfo . I 2 2
calculate the gne—phgnonpdensity of states BEZnS and Nominal compositions (Mzr) (Mg 9 os”
other zinc-blende-type crystal$. natz ynatg 65.41 32.07 6R10°4 1.7x10°4
In this work we present Raman spectrg®¥nS prepared 68zpnag 67.92 32.07 0 1%410°4
with different isotopic compositionfnominal compositions  64734g 63.93 33.97 0 0
"ZnMES, ©Zn™S, #73S, FZn*S5S,s). We give in Table  szpgias, 6541 3302 0  9%10°

| the average isotopic masses of these four samples and the
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=16 eV, more in line with calculated values and with the Il. EXPERIMENTAL DETAILS
systematics ofly for the zinc-blende-type materials.

(2) The widths of the LO[') Raman phonons are shown
to be determined by two decay Channé@:decay into 2LA- In order to grow cubic ZnS Crystals, the temperature must
phonon overtones arfth) decay into TA-TO combinations. be kept below 800 °€? Therefore, sublimation is not pos-

At 16 K these linewidths increase with increasing pressuresible and chemical vapor transport must be applied as a
reaching a maximum at about 3.5 GPa. They decrease abo@owth method for bulk materidf. >’

this pressure, reaching a minimum at 5.5 GPa, a maximum at Several processes are performed preceding growth: El-
8.5 GPa, and another broad minimum at 10 GPa. This effe@mental sulfur is purified by sublimation at 90-150°C. The
can be qualitatively explained on the basis of the calculated:1 mixture of 3%S and®S is produced by multiple sublima-
densities of two-phonon states and the measured pressuien, followed by melting and rolling in a fused silica am-
dependence of the L@( frequencies and those of the 2LA poule. Small pieces of Zn metai(0.2 g) are etched in pro-
and TA+TO critical points®'’ The calculated two-phonon panol with 1-5% nitric acid, under ultrasonic shaking to
DOS's also explain the dependence of the widths on isotopieemove possible oxide layers. A further purification is
masses for the two isotopically pure crystals measured, a&chieved by sublimation in a fused silica ampoule, followed
well as the natural crystal. by separation of the residue.

(3) The Raman spectrum of the TDY phonon shows a The resulting porous layer of Zn favors the synthesis re-
larger width than the LAY) spectrum at atmospheric pres- action under sulfur vapor pressures of 3—450 mbar. For this
sure, even at low temperature. This reflects strong decay préurpose, the zinc end of the ampoule is heated stepwise up to
cesses for the TO phonons into two-phonon states, whicabout 1000 °C. The formation of a ZnS passivation layer
have been identified as FALA combinations. This phenom- prevents the evaporation of the metal and controls the pro-
enon is similar to that observed for GE¥B°The width of the ~ gressing reaction by solid-state diffusion of the Zn atoms
TO peak varies slightly with isotopic composition and, mostthrough this layer. The synthesis must be complete because it
strikingly, it increases upon the application of pressure. At 18s found that a metal excess of a few milligrams drastically
K, nearly Lorentzian TO peaks can be observed throughoudecreases the growth rate.
the whole pressure range, with full width at half maximum- At @ maximum temperature of 400 °C, the stoichiometry
(FWHM) between 1.5 and 7.5 cm, displaying maxima at4 is adjusted by vacuum annealing. The portion of the synthe-
and 9 GPa. At 300 K the TO peak mixes for a presgure Sis ampoule with ZnS is placed into a growth ampoule with
~3.5 GPa with the two-phonon background, made strongly@n inner diameter of 10-12 mm and a length of about 350
Raman active by the admixture with TD( phonons. The mm. By using iodine (0.3—2 mg/cth as a transporting
bare frequency of the T@Y) phonon increases with pressure agent, the growth of transparent colorless, yellowish, and
faster than that of the TALA background, a fact which greenish crystals, up to 5 mm in length and with (100),
leads to the reappearance of a sharpened J®gak above (110), and (111) facets, takes place in the temperature range
the two-phonon band ap>10 GPa. These observations of 650—750 °C, at a source temperature of 750-850 °C. The
have been quantitatively interpreted on the basis of a Fernfiresence of 350—700 mbar of argon and a low-temperature
resonance involving the calculated two-phonon DOS. Theradient limit the transport ratémaximum 3.3 mg/h cr),
anharmonic coupling constaf¥;|?=90 cmi 2 is in line  and also the number of nucleation centers, as desired. The
with that found for GaP, CuCl, and CuB¥; % samples used in this work are listed in Table I.

(4) Several features of the two-phonon Raman spectra
have been interpreted on the basis of their dependence on
pressure, temperature, and isotopic mass. In particular, we
have confirmed the assignméhof the peak observed for ~ The Raman spectra of a sample with natural isotopic com-
natural ZnS at 220 cm' under normal conditions to differ- position were measured with ag-Dilor triple spectrometer
ences of TO and TA phonons: the peak disappeard at equipped with a nitrogen cooled charged-coupled device-
=0 K and shifts with pressure at a rate higher than that of CCD). The sample was kept in a microscope cryostat and its
the zone-edge TO phonons. Its dependence on isotopic maknperature varied from 4 to 300 K. The incoming polariza-
also signals the correspondence to scattering by TO-TA diftion was rotated by means ofAd4 plate in order to measure
ference modes. Other second-order structures observed in theth x(z,z)x and x(y,z)x scattering configurations. The
Raman spectra have been reliably assigned on the basis ®14.5-nm line of an Af-ion laser was used as excitation
the calculated two-phonon densities of states. Special attesource. The samples with variable isotopic compositions
tion has been paid to the high-frequency end of the twowere measured with a SPEX Triplemate spectrometer, also
phonon spectrum, which consists of scattering by twoIl)O( equipped with a nitrogen cooled CCD. These samples were
phonons, and its dependence on isotopic mass. measured in a microscope cryostat at temperatures from 80

(5) Whereas no effects of the isotopic disorder on theto 300 K. The temperature control was better thaf.2 K.
linewidths of the TO[") and LO(") peaks have been iden- In this case the different lines of a mixed AKr " -ion laser
tified, even for the®zZn*’S34S, 5 sample, effects on their were used.
frequencies have been observed for this sample. They have The high-pressure measurements were performed in dia-
been assigned to the real part of the self-energy associatedond anvil cells using helium and a 4:1 methanol-ethanol
with the isotopic disorder. mixture as pressure transmitting medium at low and room

A. Sample preparation

B. Experimental details
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temperature, respectively. The excitation source was the
514.5-nm line of an Af-ion laser, and a double-grating
spectrometefISA JOBIN YVON U1000 was used to ana-
lyze the scattered light, which was collected by a Princeton
Instruments multichannel detector consisting of a Peltier-
cooled photocathode and a microchannel plate intensifier
with a Si diode array readout. The typical sample sizes used
in the measurements were %60x 30 um®. The samples
were loaded under a microscope in inconel gaskets together
with a small ruby crystal utilized as reference for the deter-
mination of pressuré® The pressure was applied by a hy-
draulic pump operated with oil, which transferred the force
to a steel tube pushing the upper diamond against the gasket
and lower diamond®

The analysis of the Raman spectra was performed after
calibration with the emission lines of a low-density neon gas
lamp. These lines were fitted to a Gaussian profile, the re-
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of a Lorentzian with a Gaussian, the latter having as width ] ]

the spectral resolution. FIG. 1. (aTwo-phonon differencgwith g;—qg,=0) and (b)

sum (with q,+g,=0) densities of states of natural ZnS obtained
from the semiempirical dispersion relations in Ref. 14. No correc-
IIl. DENSITY OF TWO-PHONON STATES tions for differences between the calculations in Ref. 17 and the

. . INS data on which they are based have been performed. These
The density of two-phonon states subject to the CONyitferences amount to as much as 20 ¢nfor some of the critical

straintsw = w;* w, (plus sign for sum processes and MiNus y5ints. The most important features, some of which have been ob-

sign for difference processeandd,= *d, was calculated served in the experiment, are summarized in Table II.
using the bond charge model parameters of the dispersion

relations given by Rajput and Brown&.For the g-space The corresponding shifts read off Table Il for the 27@nd
integration we used the tetrahedron method with 3345 point2 TO, peaks are 14 and 11 ¢rh, respectively; the predic-
in the irreducible Brillouin zone. The DOS calculated for tions based on the sulfur mass are largef and 16 cm?,
natural ZnS are shown in Fig(d) for difference processes respectively. This indicates a larger admixture of Zn motion
and Fig. 1b) for sum processes. to these modes than for the corresponding LO modes. For the

We have also calculated, employing the same force cor2TA peaks we find shifts of-4 cm ! both atX and atL.
stants, the two-phonon DOS for the two isotopically pureThe shifts calculated from the Zn masses-a®5 cm ! and
samples used in our experiments, namefzn®’S and —4.3 cnr'!, respectively. The differences between the two
64zn3*s. Instead of presenting them here as figures similar taets of shifts reflect the admixture of a small amount of sul-
Fig. 1, we find itmore useful to give in Table Il the positions fur motion in the corresponding eigenvectors.
of the most prominent peaks and thresholds and their assign- We also note that the isotope shift reverses sign at a fre-
ments on the basis of the dispersion relatiths. quency betweefiLA+TA]s (301 cmil) and[TO+TA]y

We discuss next some interesting features of the isotopg401 cm 1), corresponding to the fact that the eigenvectors
effects on the two-phonon frequencies listed in Table Il.of the acoustic phonons are Zn-like while those of the optic
First, we note that the isotope shifts of the 2LQ@7 ones are S-like.
=1 cm b and the 2TQ (6=1 cm 1) agree reasonably  In Fig. 2(a) we display the calculated two-phonon sum
well with those calculated from the corresponding reducedOS for three of the samples under consideration in the
masses (5.9 cm' for 2LOr and 4.7 cm? for 2TOy). The  (275-400)-cm* region which encompasses the frequencies
structure found at 702 cnt for natural ZnS, only 10 cm*  of the TQ: and LQ: phonons and the shift reversal region.
below that for the 2L@, has been assigned to 2LOFor  The curves in Fig. @) shift monotonically with each of the
the latter overtone mode, it is interesting to note that the shifisotopic masses, except for the structures in the
of 20 cm ! between®®zZn®?S and®zn®'s, much larger than (340—370)-cm* region which fall in the range where the
that calculated for 2LQ, reflects only the effect of the isotope shifts change sign. These structures change mono-
change in the sulfur mass (19 c#); we can thus conclude tonically between®®Zn®?S and the natural sample; they con-
that the eigenvector of the LLQphonon does not significantly sist in these cases of a plateau and a square-root thresttold
involve the motion of the Zn atoms. The same thing can be356 and 368 cm!, respectively, for the natural sampl&@he
said for the LQ and LG: phonons. Although, by symmetry, plateau is assigned to 2lyA modes and the threshold to
these eigenstates mix with the corresponding LA statefTO+ TA], . The former are Zn-like and thus shift up from
(mainly Zn-like, see belowthe admixture is negligible be- 98zn*?S to %4zn®*S, whereas the latter are partly sulfur-like
cause of the large difference between the Zn and S massg3.0) and Zn-like(TA). Hence, there is a partial compensa-
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TABLE II. Phonon combinations corresponding to different critical points which produce a(paakove singularityin the density of
two-phonon states obtained for several isotopic compositions, using the BCM parameters of Ref. 14. The suhihdités [ indicate
the upper and lower transverse branches, respectively.

Overtones and Energy position Overtones and Energy position Phonon Energy position
combinations (inecm™ ) combinations (inecm™Y) difference (inecm™Y)

642n34s nathnatS 68Znnats 64Zn34s nathnatS GSZnnatS 64Zn34S nathnaIS 68Znnats
2LOr 702 712 709 [LO+TA], 456 464 462 [LO-TA]. 272 281 282
2L0O, 682 702 702 [LO+TAly 429 439 440 [LO-TA]x 248 257 259
2L0Oy 678 697 698  [TO+TAlx 394 401 401 [TO-TAlx 210 218 220
210 664 682 682 [TO+TA], 359 368 366 [TO-TA,]s 188 199 198
LO+TOyx 645 662 662 2LAy 359 356 349 [LO-LA]s 155 167 162
[LO+TO], 630 647 647 [LA+TA lws 304 301 295 [TO,—LA]s 133 143 147
2TO 608 622 622 [LA+TA lw 282 281 276 [TO—LA]s 118 127 129
2TO. 580 593 591 [LA+TA]s 258 256 251 [LA-TA]s 92 93 94
2TOr 561 570 567 [2TA s 246 244 239 [LO-TO], 52 55 55
[LO+LA]s 513 519 516 [2TAlw 212 211 207 [LO-TOly 34 37 39
[TO,+LA]s 492 499 496 2TA 181 180 177 [LO-TOQ,s 21 20 21
[TO+LA]s 475 479 476 2TA 138 137 134 [TO,~TO]s 13 14 16

tion in the shift of this mode with predominance of the sul- quencies of Table Il with experimental data, one must keep
furlike shift because the TOfrequency is higher than the in mind that the dispersion relations calculated in Ref. 14 for
TA_ frequency. Accidentally, the two features coincide fornatural ZnS, using a rather small number of adjustable pa-
the %Zn**S sample, giving a strong peak at 359 cmThis  rametergsix), do not exactly fit the available INS data. We
fortuitous coincidence would be lifted by the application of can read from Fig. 1 of Ref. 14 that the calculated;L&hd
pressurd/ 16 TOy frequencies lie about6 cm ! above the experimental
The DOS of the difference modes is shown in Fige)l points (measured at 300 K This explains the differences
for the natural sample. It is dominated by a strong peak abetween the 2L and 2TQ frequencies of Table Il and
218 cm ! which will be the strongest structure in the two- twice those listed in Table Ill. The largest differences are
phonon difference Raman spectsge Sec. V. The shift of  found for the LG, and LAx modes: the calculated LOmode
this feature from®4Zn3*S to %8zZn2s, 10 cm!, and also the lies 18 cmi ! higher than the measured point, whereas the
shift of most peaks in this difference DOS, is much largercorresponding LA mode lies 12 cm? lower. Similar differ-
than that of the peaks in the sum DOS at similar frequencieences are found at the L point: LQs 12 cmi'! higher
(-3 cm 1) and has the opposite sign. This behavior will whereas LA is 8 cm ! lower. Appropriate corrections must
enable us in Sec. VIl to identify the difference modes in thebe applied to the frequencies of Table Il before comparing
two-phonon Raman spectra. them with the two-phonon Raman-scattering data. We shall
When comparing the DOS of Figs. 1 and 2 and the fresee that these corrections considerably improve the agree-
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FIG. 2. (8 Two-phonon sum density of states corresponding to natural (o), %3Zn"®S (dotted, and %Zn%'S (dashe¢l 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 broadening.
(b) Two-phonon sum DOS of natural ZnS in the region of the-E®d LG- phonongvertical lineg, before(dashed curveand after(solid
curve correcting the dispersion relations as indicated in the text. Note that the, ek shifts to the other side of thgA+TO],
threshold after the correction of the dispersion relations discussed in the text.
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TABLE lII. Frequencies and linewidthéWHM, in parenthe-  the TO peaks are one order of magnitude weaker than for the
seg measured in cm' for the TO and LO Raman phonons of LO peaks(this will be discussed in Sec. IV)Band are su-
several isotopically modified samples of Table I. The error bars forperlmposed on a weak background, which we attribute to the
the frequencies aret0.5 cm . Those for the linewidths are decay channel provided by the two-phonon density of states

0.5 cm * (TO) and 0.2 cm* (LO). [see Fig. ?b)]. The frequencies of the eight peaks in Fig. 3
and their widths, obtained after deconvolution using Voigt
16 K 80 K 300 K profiles, are listed in Table III.
64734g TO 2731192 273.0(2.6) 270(9.3 Part of the initial motivation of this work was to investi-
LO 347.5(0.7)2 347.4(0.9 345(2.9 ggte whether the LO and/or TO linewidths depend on isoto-
687 naig TO 275.6(3.7) 275.6(4.0 273(12.2 pic mass: A strong dependence had been observed for the TO

mode$® of GaP and th&4"P*'modes’ of wurtzite-type ZnO.
According to Table Ill, a dependence of width on isotopic
8zn¥iSs TO 272523 °* 2725(3.1) 269.5(11.6 mass takes place for the TO phonon, but the spectral resolu-
LO 348(0.8% 348(1.0  345.6(3.3 tion is too low to allow any conclusions concerning the LO
natz yhalg TO 277.53.3 277.4(4.0 275(10.8 phonon.
LO 353(0.7) 353(0.85 350(3.3

LO 350.6(0.7 350.6(1.1) 348(3.3

- . B. Antiresonant behavior of the TO phonons
aData extrapolated from those at 80 K by using the appropriate ) _ _ _
Bose-Einstein factors. According to Fig. 3 the ratio of the TO and LO integrated

intensities id 1o/l 0=0.10 athw, =2.41 eV. We find from

ment between the frequencies of Table Il and the experimerfi9- 1 4°f Ref. 19 at this laser frequency o
tal data. =10 Yw! cm tsr 1. This figure enables us to obtain ex-

The sum DOS of Fig. @) will be used in Sec. VIl to perlmental values fotLo at several energies in the range
interpret the phonon linewidths and their dependence oR.5<%iw <3.8 eV. We have not detected ahy, intensity
pressure and isotopic composition. Before doing that, théor fiw =1.96 eV, in agreement with the result of Ref. 19.
corrections just mentioned must also be applied. Figpe 2 This behavior can be accounted for with the expressises
displays the relevant portion of this DOS before and aftefEq. (7) of Ref. 19
applying such corrections for natural ZnS. ITo(w)=d§[—Ago(x)— B

IV. TO AND LO RAMAN PHONONS 9o=X [2—(1—x) Y= (1+x)" 2], x=wlw,,
(1)

whered,, is the corresponding electron-phonon deformation
otentiaf? and A w, is the energy of the direct gap,wq
3.8 eV at 300 K forB-ZnS. Note that Eq(1) is a simpli-
ation of Eq.(7) of Ref. 19, obtained under the reasonable
assumption of a negligible spin-orbit splitting. An expression
for A, taken to be positive, can be found in Ref. 19. The first

A. Experimental results

Typical first-order spectra measured at 80 K with the
514.5-nm laser line are shown for four isotopic composmonso
in Fig. 3. The resolution used for these measurements Wafs
0.8+0.1 cmi * FWHM. Note that the integrated strengths of

/L

A term in brackets in Eq() is positive, sincéAgy(x) is nega-
xzo_.':(:/'\‘*-\fn 5 LOASOK tive, and increases rapidly with increasirg . Hence, a
C N positive and sufficiently large value 8fleads to an antireso-
. nance and a zero intensity for a value®f<w,. We adjust
%- «/\V' s, 4, the value ofB so as to bring this zero of intensity fow,
5 “ 7 =1.95 eV, as required semiquantitatively by the absence of
E oo o eseete ; TO intensity at this frequency.
3 g This treatment of the data of Ref. 19 leads |t
'Té =18 eV, instead of the valufdy|=4 eV which disagreed
£ with theoretical calculation¥:*? The new value ofd,, ob-
z n tained after taking into account the antiresonance, is compat-
A s n ible with the value ofdg= +24 eV calculated in Ref. 32.
e e e V. PRESSURE DEPENDENCE OF THE TO- AND
260 o 20 o e e 380 LO-PHONON FREQUENCIES AND LINEWIDTHS
Raman shift (cm™) A. Experimental results
FIG. 3. Raman spectra ¢g-ZnS for several isotopic composi- Measurements at several pressures were performed at 300

tions at 80 K, as measurddee Table Il for deconvoluted widths K (up to 12 GPaand at 16 K(up to 15 GPa Figure 4 shows
The solid lines are fits with a Voigt function, using 0.8 chforthe  the low-temperature spectra obtained at several representa-
spectral resolution. tive pressures. This figure reveals the nonmonotonic behav-
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FIG. 4. Raman spectra of the LO and TO phonons of 0 \ X . . . .
B—5Zn%’S measured for several pressures at 16 K with the 00 25 50 75 100 125 150
514.5-nm laser line. The spectra are unsmoothed: the instrument Pressure [GPa]
resolution of 1.1 cm! FWHM has not been deconvoluted. FIG. 5. Pressure dependence of the TO-phonon linewidth of

87n%2S at 16 K and comparison to the corresponding portion of the
ior of the linewidth vs pressure as displayed in Fig. 5. WelNS-corrected two-phonon sum DOS extracted from Fig).2
have plotted in Fig. 6 the measured variation of the TO- and
LO-phonon frequencies with pressure, which agrees with the _ 2 (2)
mezfsurementsqand calculati(?ns of Weinsf@ihikg in most [(w)=[Val*p @)1+ n(wy) +n(w)], @
zinc-blende-type semiconductors, the LO-TO splitting de-
creases with increasing pressure, a fact which will be diswheren(w;) andn(w,) are the Bose-Einstei(BE) factors
cussed below. By fitting the measured dependence of thef the two frequencies of the summation mode into which
phonon frequencies on pressure we obtain the following exdecays with wave-vector conservationi=w;+w, and

pressions for the frequencies pIGPa: p(f)(w) is the two-phonon sum DOS. For the TO phonons

w41 andw, correspond to TA and LA modes at or close to the

w o (300 K)=347.27)+4.7(3)p—0.052)p?, edge of the BZ. We take here for the evaluation of the BE
factorswta=80 cm ! andw =195 cm 1. With these fre-

w0 (16 K)=350.64)+4.31)p—0.041)p?, quencies, the BE factors are negligible at 16 K. However, at

80 K, 1+n(w;) +n(w,)=1.34, a fact which is reflected by
wro (16 K)=275.67)+6.12)p—0.081)p2. (2) the TO widths listed in Table Ill for 16 and 80 K.

Figure 7a) displays spectra measured at 300 K for differ- 420
ent pressures in th€0.3—1)-GPa range obtained with a
resolution of 1.7 cm* (FWHM), which has not been de- LO
convoluted. The linewidth of the LO peak is seen to vary > [
rather smoothly with increasing pressure, whereas the TC
structure varies in a nonmonotonic way which can be repre- — 379 [
sented by three component#) at low pressuregB) in the
intermediate range, an() at high pressures. This behavior
is somewhat similar to that observed in the isomorphic com-
pounds GaRRefs. 16 and 33 and in CuCI(Ref. 34, whose
constituents are nearest neighbors of ZnS in the periodic
table. Like in the cases of GaP and CuCl, it reflects a strong
anharmonic coupling of the TO phonon with a background
which corresponds to decay into the sum of two phonons 2% T~16K
[see Figs. (b) and 2.

L%

W

i

G
T

300K TO

320 -

Raman shift [cm™

270

0.0 25 5.0 7.5 10.0 125 15.0
Pressure [GPa]
The deconvoluted FWHM of the LO and TO phonons at  F|G. 6. Pressure dependence of the frequencies of the LO and
16 K are shown vs pressure in Fig. 5. They can be treated, g0 phonons at 16 K and the LO phonon at 300dfen circles
this temperature, as arising from the standard second-ord@he frequencies of the TO mode at 300 K are not given here since
perturbation expressiofFermi’s golden rulg®! they are strongly modified by anharmonic interactisae Fig. 7.

B. Discussion
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P(GP: P ) FIG. 7. (a) LO and TO Raman
i(l;.og) (a) TO .C x4 L.:,;)OK P(GPa) c ; 300K spectra of %8Zn*’S measured at
! M/\ oz () ,—,L 300 K with the sample under sev-
T 1030 MM 1 T l eral pressures. Note that the LO
0.18 i NJ\ 10.30 peak varies smoothly with pres-
: A x4 9.18 H ! sure (its height has been normal-
g 8.5 : L ized to ong while the TO peak
E i\ x4 ’_JL 8.25 ! varies in a nonmonotonic way
2 7.40 H / which reflects the interaction with
s X8 ___jk Mk_ the two-phonon (sum back-
%’ 557 [ x8 J _ L 557 f i ground. The three dashed lines ap-
g 4.8% . proximately represent the varia-
= . x8 ’_JL 4.81 i tion with pressure of the different
319 B/ | B peaks contributing to the TO
. 8 3.79 i Fermi resonance. The resolution,
192 ~ not deconvoluted, is 1.7 cm
x8 _JL 192 7 FWHM. (b) Simulation of the TO
0.28 /4 # : .
- x8 028 g spectra of Fig. ® as a Fermi
resonance of the bare TO fre-
250 275 M0 325 350 5 40 250 215 300 @25 350 quency with the corresponding
Raman Shift [em™] Raman Shift [em '] two-phonon background.

We display in Fig. 5 a comparison of the two-phononlonger be represented at each pressure by a corjgfiasn
(sum DOS p@[wi(p)+ wy(p)=wro(p)] With the line- by EQq. (3) evaluated aw=wro(p)]. Like in the cases of
width data for the TO phonons at 16 K. The D@&lid CuCl and GaP we must insert in the Lorentzian expression
curve has been slightly modified so as to correct for discrepfor the line shape
ancies of about 20 cit between the calculated dispersion
relations and the INS data on which they are baéed. I't(w)/2

The two maxima and two minima observed in the FWHM Alw)= Cw_ A 2. /212 (4)
correspond rather well to critical points in the D@Baxima: [0o= = Av(@) "+ [Fr(w)/2]

[TA,+LA]w and [TA+LA]y; minima: [TA+LA]x and values of I't(w)/2 (the imaginary part of the anharmonic
[TA,+ LAk where the subscripty” designates the upper phonon self-energyand At(w) (its real part which depend

of the two TA bands at either W or)KUsing Eq.(3) andthe on frequency. Using for I't(w)=T(w)[1+n(w;)
two-phonon DOS normalized to six branches per primitive+n(w,)], I'(w) being obtained from the solid curve in Fig.
cell (i.e., the integral of the two-phonon DOS equal t9,36 5 based on the INS-corrected two-phonon DOS between 280
we obtain|V;|2=90 cm 2, rather close to the value found and 338 cm?, and calculatingA(w) as the Hilbert trans-

for GaP (57 cm?, Ref. 20 and CuCl (70 cm?, Ref. 20.  form of I't(w), we have generated, for 300 K, the curves of

In trying to follow a similar procedure to analyze the pres-Fig. 7(b). These curves mimic, at least qualitatively, the ex-
sure dependence of the LO-phonon widths shown in Fig. Sperimental curves of Fig.(@. At low pressures, a broad
we encountered some serious difficulties. The decay chanFwHM ~12 cmi?) but well-defined peak labeled is
nels for these phonons involve 2lAovertones andTA  seen. It shifts in frequency with increasing pressure to merge
+TO], combinations, whose frequency must also be readwith a much broader structure labelBdThe intensity of this
justed to correct for the discrepancies with the INS data menstructure decreases above 6 GPa while a sharper peak ap-
tioned above. The adjustment, however, is different for eaclpears tending, such as in the cases of GaP and CuCl, to the
critical point: 2LA, must be shifted up by 20 cnf, unrenormalized TO frequencfFWHM ~4 cm ! at 9.2
whereaq TA+TO]_ must be shifted down by 5 cit. Asa  GPa. The experimental data of Fig(& suggest a broaden-
result of these shifts, the frequencies of the two criticaling of this peak above 9.2 GPa which is not obvious in the
points reverse order and the shape of the DOS changesodeling of Fig. Tb), probably due to the limitations of the
strongly. The two maxima shown for the LO widths in Fig. 5 model.
correspond to the two critical points seen at 355 and Using the expression
368 cmi ! in the corrected DOS of Fig.(B), whereas the

increase in the FWHM at the highest pressures corresponds ) ,uewV(wEO—wio)

to the increase in DOS in Fig(& above 370 cm?. Using er= 4o ' ©)

Eq. (3) we find for the LO-phonon linewidth at zero pressure

the average anharmonic constéig|?=15 cr 2, it is possible to calculate the value of the transverse effective

At 300 K the BE factors for the TO modes amount to chargeer=1.8 at 1 atm, and its dependence on pressure. In
~3.8. This produces a strong enhancement of the anhakg. (5) V is the volume per molecule of Zng, the reduced
monic decay, i.e., a strong coupling of the LO phonon withmass of the primitive cell, and.. the long-wavelength di-
the two-phonon continuum, so that the linewidth can noelectric constant. Using the values ©f 5 and wtg given in
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Eq. (2) and €,,=5.7 (Ref. 35, and taking the logarithmic 2000 - ' : ‘ ' '
derivative of Eq.(5) we find the Gimeisen parameter of the [TO-TA] 7™

effective chargey: 300K
1500 x(2z)X
__diner _ (no~reto 1fdhne.
YT diny T T e T2 2l diny )

(6) 1000 |
By replacing into Eq(6) the values of the mode Gmeisen
parametersy,o and yqo obtained from Eq.(2) and

din €,./din V=0.21 (Ref. 395 we find y;=—0.86. The nega-
tive sign of y; means that the charge;|, and thus the
ionicity of 8-ZnS, decreases with increasing pressure, a situ-
ation which applies to most zinc-blende-type semiconductors

500

Raman Intensity [counts / 300 s]

(only known exception: SiC, Ref. 36This value agrees rea- 100 200 300 R 4°§’h,f 300 600 700
sonably well with y;=—0.7 and —1.0 found in the aman Shift [em ']
literature38:37 FIG. 8. Second-order Raman spectrum of natural ZnS at 300 K

for the x(z;)x polarization[the notationx(z;)x is that of Ref. 44.
VI DEEENL?SS\Eﬁ:)?ESLgL ?:nggchﬁigg;\lCIEs (~0.2 cm-1) observed for St° Ge** and a-Sn*? For the
TOr phonons of ZnSe, however, a strong mass disorder ef-

A strong dependence of the linewidths of some Ramarfect is observed, because the T@equency does not fall at
phonons on isotopic mass has been observed for GaP)(TO a threshold of the one-phonon DOS but in the middle of a
CuCl (TQ), CuBr (LOp), and ZnO EYPPe).20-22311t js  DOS band®® The mass disorder should not only contribute to
related to the fact that the frequency of these phonons falls ithe linewidthI™ but also to the corresponding real part of the
a region in which the two-phonon DOS varies steeply withself-energyA. This effect does not vanish at a threshold but
frequency. This is not the case for the TO phonons of ZnSather reaches a maximdm*?which is positive if the one-
[see Fig. Pb)] and, in principle, no striking dependence of phonon DOS lies mostly below the frequency under consid-
the FWHM is expected. Table Il shows a marginal variationeration and negative in the opposite case. When scaling the
of the TQ- widths with isotopic composition. We have not frequencies of Table IIl according to the square root of the
been able to explain these variations on the basis of Fiy. 2 masses we find that they all agree with each other to within
At 300 K this failure may be related to the complicated na-+=0.1 cmi !, except for those of thé®Zn®’$3tS, s sample
ture of the TQ line shapdFig. 7(a)] which renders mean- which deviate by—0.3 (+0.8) cm * for the TO(LO) peaks
ingless a simple fit to a Lorentzian, with a frequency inde-from the predictions obtained by scaling. This difference cor-
pendentl’. At low temperatures, however, one may expectresponds to the self-enerdy due to mass disorder. The val-
the simple Lorentzian treatment to work, as was the case faies of A calculated for the TO and LO Raman phonons in
the pressure dependence Iof(Fig. 5. We have not been the %8zn®S31s, - sample are- 0.3 and+0.5 cm *, respec-
able, however, to account for the differend&etween 1.9 tjvely. For these calculatiohdwe have used the one-phonon
and 3.7 cm* FWHM) found in Table Ill at 16 K. The dif- DOS obtained from the dispersion relations of Ref. 14 and
ferences do not vary much with temperature, hence it is nogigenvector components equal to one for the intermediate
possible to attribute them to higher-order anharmonic prostates ander|>=0.67 for the phonons at thE point. The

cesses. Another possibility, namely, lattice defects such agtter eigenvectors follow from the conditions of center-of-
stacking faults, is hard to verify. mass conservation.

The LG frequency of the natural sample falls in a steeper
region of the two-phonon DOS. This region corresponds, af-
ter the correction illustrated in Fig.(, mainly to [TO
+TA]_ pairs of phonons whose frequency shifts from The second-order spectrum of natural ZnS, measured at
®4Zn%S to ®8Zn®?S only slightly more than that of the LO 300 K with the micro-Raman setup and a resolution of
phonon(see Table I, a fact which explains the failure to 2.5 cm!, is shown in Fig. 8. We chose for this spectrum the
observe a dependence of the LO-phonon linewidth on isotoscattering configuration in which the incident and scattered
pic mass. polarizations are parallel to one of the crystal axes. In this

One may consider the possibility of an effect of isotopic configuration, both TO and LO phonons are Raman forbid-
disorder (in the "Zn"™S and, even more so, in the den and do not overlap with neighboring two-phonon struc-
87n%2534S,5) on the linewidths. Such dependence is alsoture. The residual LO peak is probably due to the
not evident in the data of Table Ill. The reason is likely to bequadrupole-allowed intraband Fiech mechanism and re-
that the corresponding frequencies fall at a threshold of thenains weak because of being far away from resonance.
one-phonon DOS where this DOS vanishes. This reason was Figure 9 shows the unpolarized spectra of three isotopic
invoked to explain the lack of isotope disorder effect for thesamples plus the natural one within the (130—300)-tm
LOr phonons of ZnSéRef. 39 and the very small effect range(with the TO peak visibleand Fig. 10 shows the cor-

VIl. SECOND-ORDER SPECTRA
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nat, nat,

i [TO-TAlx 300K 1 ss0 | A0S 7 [TO-TAl
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—_ I = ’ i a4 [LA+TA
i z ma /N AT
s | S 2500 + ; ;“ITO—T A'u]z J
: LY AN AR
= gt S / A F N
2 g 250K \j LR

2 AN

= = 1500 ! 4 q
k F 200K \/ \/\\,__
=
E § 100 | 150K ]
(=]
“ Ws

500 - 50K

7K

|

0
‘ ‘ . . . . 100 125 150 1755 200 1255 30 275
150 175 200 225 250 275 300 Raman Shift [em ']
Raman Shift [cm™'] FIG. 11. Temperature dependence of second-order Raman spec-
FIG. 9. Second-order Raman spectra at 300 K for several isotdra in the region of th¢ TO—TA] critical point for natural ZnS.

pic compositions in the range of the difference mofiEO Note the strong increase in intensity of the difference mode as a
—TAlx. The dashed lines are guides to estimate the shifts of théunction of temperature. The spectra have been arranged vertically
critical points with the isotopic mass, as explained in the text. ~ With a spacing of 300 counts.

. . 3 Table I, turn out to be TO-TA at the point of the Brillouin
responding spectra in the (550—725)-chrange. The large  ;one Note that the frequencies for {iBO— TA]y structure
isotopic shifts of the peak at 219.5 ¢ (natural sample i the DOS's listed in Table II correspond rather well to those
together with the pressure and temperature effects to be digsy the observed second-order peaks. Additional confirmation
cgssed below, allow us to conc_luswely assign th|§ peak_ 1Qf the assignment of theTO— TA], 219.5-cmi ! scattering
differences of two phonons which, upon comparison withpeay is obtained from Fig. 11 where the temperature depen-
dence of the scattering in the(zz)x configuration is dis-
played. Note that, contrary to the sum peaks (2TRTAy,
[LA+TA]s), the peak at 219.5 cnt disappears at low tem-
peratures as would be expected for scattering by the differ-
ence of two phonons, whose intensity follows the law

[(T)ocny(1+ny), )

wheren,; andn, are the Bose-Einstein factors of the phonon
being created and that being annihilated, respectively. The
vanishing ofl for T—0 follows from the vanishing off,: at

T=0 no phonons can be annihilated. Our pressure measure-
ments yield for thg TO— TA]y peak of the®®Zn®’S sample

the frequency

w([TO-TA],)=219.44)+6.1(6)p. (8

Normalized Intensity [arb. units]

Although we shall not present here detailed curves show-
ing the intensities of the various two-phonon peakd yvee
have also checked that the sum peaks follow the expected
dependence:

550 575 600 625 650 675 700 725 [(T)ec(1+n5)(1+ny). 9
Raman Shift [cm ']

FIG. 10. Second-order Raman spectra at 300 K for several iso- The rather large pressure coefficient of E§) corre-
topic compositions corresponding to combinations of two opticalsponds to the difference between the positive coefficient of
modes. The dashed lines are guides to estimate the shifts of thEOx and the negative one of TA as already pointed out by
critical points with the isotopic mass, as explained in the text. Weinstein'®
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TABLE IV. Measured frequencies of the second-order Ramarassignment. We have already mentioned, in connection with
peaks for the investigated isotopic compositions, i ¢m Table Ill, that such corrections are needed for the-EDd
LOr phonons. For the corresponding two-phonon states we

Assignment Z¥S  Mzas  Szfs %7nSiSs  measure(natural sample2LOp=700 cnil, which agrees
2LOy 692.4 700.0 699.2 695.5 perfectly with the corrected calculation (712-12
2LO, 681.0 692.7 689.2 685.6 =700 cm ). The isotope shifts of this peak are also inter-
2LOy 651.1 667.9 667.0 664.2 esting: contrary to most other peaks the natural sample has
[LO+TO], 622.4 637.7 636.1 632.5 the highest frequency, due to the fact that it shifts like the
2TOy 597.8 614.6 614.0 607.3 reduced mass. The 2L Qpeak is measured at 668 chfor
2TOy 590.6 607.3 607.6 the natural sample whereas the calculated frequency is
[LO+LA]s 510.3 517.0 512.3 512.1 697-24=673 cm ! (the remaining discrepancy is to be at-
[TO+LATs 484.9 482.7 484.0 tributed to uncertainties in the correctjoThe[LO+ TO],
[LO+TA], 443.6 449.7 446.8 447.0 peak, measured at 638 ¢ is calculated to be at 647—6
[LO+TA]y 412.0 419.8 418.0 417.0 =641 cm 1. We leave any further comparison of the results
[TO+TA]x 391 397 396 393 of Table Il (plus correctionsand Table 1V to the reader.

2LAs 3802

Not assigned 348

Not assigned 338 VIIl. CONCLUSIONS

&ﬁilﬁ:‘]]v\yz 312 ij)ia 300 We have presented a comprehensive stuc.iy of the one- and
2TA 2384 239 235.9 2348 two-phonon Raman spectrq ﬁFZn.S and the!r dependence
[TO-TAJs 1982 on pressure, temperature, isotopic mass disorder, and, to a
[TO—TAl, 2114 218.9 219.5 215.0 limited extent, laser frequgncy. The de_peljdence on_Iaser fre-
2TA, 1813 180.0 177.3 175 guency enables us to attribute the'vanlshmg of the first-order
2TA, 1422 1417 140.8 140 TO peak at 1.95 eV to a cancellation between a nonresonant

global background and the resonant effect of Eheedge.

@Data obtained from measurements on natural ZnS by using severdhis realization allows us to correct tlig=4 eV first-order

scattering geometries. electron-phonon deformation potential to a value of about 18
eV, closer to the calculated valuedyf&24 eV). Measure-

We have tentatively assigned the small structure whichments of the frequencies and linewidths of the TO and LO
appears in Fig. 11 at 198 crh to another difference mode, Raman peaks reveal that they shift like the reduced mass of
namely,[ TO—TA ]s, i.e., to the second strongest peak inthe primitive cell, except for small self-energy corrections
Fig. 1(a). It disappears at low temperature, but it remains tocdue to the sulfur mass disorder in th&zn®?S34S, 5 sample.
weak at 300 K to make sure that its intensity follows Ef). The latter effects are also not conclusively observed in the
We did not investigate this scattering configuration for thecorresponding linewidths, a fact that can be accounted for on
isotopic samples; hence the assignment must remain tenteire basis of the two-phonon densities of states.
tive. Note the excellent agreement between the measured fre- The dependence of the TO and LO peaks on pressure,
quencies of the 2TA(141.7 cm't), 2TA¢ (180.0 cm'Y), measured at 16 K as well as at 300 K, reveals a number of
and the calculated ones (143 ch after adding 6 cm' for  interesting features which can be attributed to anharmonic
the dispersion relations correction, and 180 émrespec- decay into two phonons. The pressure effects are particularly
tively). The measured and calculated isotope shifts also agrestrong for the TO phonons at room temperature: the measure-
with each other. Agreement is also found for {f&TA,]s ments, and also calculations based on the two-phonon den-
modes, especially after applying the correction to the fresity of states, reveal that the TO phonon is strongly coupled
quencies of Table II. to the two-phonon backgrouridonsisting mostly of TA-LA

The peak labeled 2L4 in Table IV (at 380 cmi! forthe  combinationy such as a Fermi resonance which changes
64Zn%*s samplg corresponds to the 359-cth2LA, peak of  gradually upon application of pressure. At pressures higher
Table Il after adding the correction of the dispersion rela-than 10 GPa the TO frequency moves out of the two-phonon
tions, which in this case amounts to 24 ¢ Similar agree-  region and sharpens up, thus recovering its decoupled inten-
ment is found for thg TO+ TA]y frequencies of Tables Il sity.
and IV and their isotopic shift; in this case no correction is The measurements vs temperature, pressure, and isotopic
needed. Note that the sign reversal of the shifts occurs benass help us to attribute the peaks in the second-order Ra-
tween 316 cm! and 397 cm?, in agreement with Table Il man spectra to calculated structures in the two-phonon den-
and the discussion of Sec. Ill. sity of states. A strong difference moff€O0— TA]y is found

We could go on comparing the measured frequencieat 219 cm ! for the natural sample and a much weaker one,
(Table 1V) with the calculated oneéTable Il plus correc- assigned td TO—TA,]s scattering, at 199 cm'. All other
tions) but this can be easily done by the reader. Instead, webserved modes are found to correspond to sum modes
discuss the frequencies of some of the features for which thevertones and combination§ hey are assigned to peaks in
corrections of the calculation are absolutely necessary for thine calculated two-phonon DOS.
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