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The transverse-opti€TO) phonons of zinc-blende-type CuCl{CuCl) and the longitudinal-opti¢LO)
phonons ofy-CuBr exhibit striking anharmonic self-energy anomalies at the center of the Brillouin zone. We
investigate here by Raman spectroscopy the dependence of the LO and TO phone@silodn pressure,
temperature, and isotopic mass of copper, in the search for related effects. We find that the pressure dependence
of the TO phonon linewidth is qualitatively different at low temperature and close to room temperature. A
model is developed to interpret these differences based on anharmonic decay into two and three(plionons
different channels In order to make semiquantitative predictions we used the experimental pressure depen-
dence of the TO phonons and that of phonons at the edge of the Brillouin zone that we obtained by linear-
responseab initio local-density approximation calculations. We have also calculated the pressure dependence
of the zone-edge phonons §fCuCl andy-CuBr and compared it with the few existing experimental results.
In this process, interesting anomalies concerning the transverse-acoustic phonons at the zone edge have been
found.

DOI: 10.1103/PhysRevB.66.245202 PACS nunider63.20.Ry, 63.20.Kr, 62.56.p, 78.30.Hv

I. INTRODUCTION ditional parameter which may reveal possible Raman reso-
nances, we have varied the temperature between 10 and 300
Krauzmanet al! discussed the anomalous lineshape ofK (at higher temperatures the strongly broadened TO and LO
the transverse-opti€TO) Raman phonons of CuCl in the peaks are difficult to measyreAt low pressure, we have
zinc-blende crystal structurey{CuCl) and attributed it to  seen a strong increase in the linewidth of both phonons, es-
strong, Fermi-resonance-like, anharmonic coupling with thepecia”y that of the TO ones which broaden frea®.5 cmi *
corresponding two-phonon acoustic density of staB#3S).  at 10 K to 12 cm® at 300 K. The understanding of this
This assignment has been contested by several aufffbrs. srongly nonlinear temperature dependence requires the pres-
However, recent work with isotopically substituted samples ence of two anharmonic decay channels, one involving decay
and as a function of pressfiraas rather conclusively con- .0 o phonons, the other into three. The corresponding

firmed the Fermi resonance model. No such anomaly is be{emperature dependence of the LO Raman phonons can,

lieved t7° exist for the TO phor.“’r.‘s of the ISOStrUCturalhowever, be understood on the basis of mainly anharmonic
y-CuBr."” Recently, however, a similar anomaly has been

found for the corresponding longitudinal-optcO) Raman de?/\;g IQ;?/;WE?ISF:Jh?:\?QsSt.i ated the anharmonic temperature
phonon ofy-CuBr2® The shift of the anomaly from the TO 9 P

phonons iny-CuCl to the LO phonons iny-CuBr can be shift of the LO and TO Raman phonons. The shifts of the TO

qualitatively understood with a rather simple argument: Theand LO phonon_s corrgspond, as usual, to th'rd.' and fourth-
TO and LO phonons ofy-CuCl shift down in frequency order anharmonic vertlges of the sglf-energy which cannot be
when chlorine is replaced by bromine, because of the strongeParated on an experimental basis. o
increase in reduced mass. However, the acoustic modes S°Me anomalies in the phonon line shape arise with tem-
which give rise to the two-phonon DOS required for the Perature for both TO and LO modes and are interpreted here
Fermi anomaly are hardly shifted by this substitution sinceVith the aid of self-energies calculated from the one- and
their reduced mass is mainly that of copper. This leads to th&vo-phonon(sum as well as differengeDOS. A rigid-ion
disappearance of the TTA+ LA) degeneracy ofy-CuCl  force constants mod@l (RIM) was used to obtain the DOS
which is replaced in CuBr by a LO(TA+ LA) degeneracy. from the phonon dispersions reported by inelastic neutron
Similar arguments lead to the lifting of the Fermi resonancescattering experiments. The application of these densities
of both TO and LO Raman phonons in Cul, a feature whichof states to the understanding of the observed line shapes and
is already evident in the theoretical work of Kanebisal.” line shifts at different pressure and temperature conditions
The fact that the Fermi resonance of Raman phonongequires the knowledge of the mode Geisen parameters of
present iny-CuCl and in y-CuBr is strongly affected by the TO and LO phonons dt (which follow from our pres-
pressure and by isotopic mass substitution has led us, in theure experimenjsand those of the corresponding two- and
present work, to investigate the dependence on those parartiree-phonon critical points involved in the anharmonic pro-
eters of the TO and LO phonons efCul at the center of the cesses. About the latter Greisen parameters, little experi-
Brillouin zone (U point) by Raman spectroscopy. As an ad- mental information is available. We have therefore under-
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taken an ab initio local-density approximation(LDA)
calculation of the phonon frequencies and their variation I ATO
with volume for the three cuprous halides. The phonon fre-

guencies so obtained are typically 10% lower than the known /
experimental results. The corresponding @isen param-
eters agree semiquantitatively with the few available experi-
mental data. In particular, they reproduce the negative values
observed for the zone-edge transverse-acoustic modes of
y-CuCl andy-CuBr, and also the strong decrease in the ab-
solute value fory-Cul, for which it is very small and possi-

bly positive, a trend opposite to that observed for some 11-VI
compounds.

Il. EXPERIMENTAL DETAILS

Raman Intensity [arb. units]

The experiments were performed on Cul samples grown

from the vapor phase using a procedure described ? Scul
elsewherd?1* Crystals were grown using natural copper l*

(69% 53Cu, 31% %°Cu) as well as isotopically enrichetb /

better than 99% %3Cu and ®°Cu. lodine, unfortunately, has - AW J‘t\- ]

only one stable isotope'{1). The crystals we used were - ‘ ‘ ‘ - ‘ ‘
basically the same as employed in Ref. 13 to study the de- 125 130R 135 L"_‘; 145 150 155
pendence of the band gap on temperature and isotopic mass. aman shift [cm ']

FIG. 1. Raman spectra of isotopically tailored and of natural Cul
A. Temperature dependence of Raman phonons at 2 K. The difference in intensity between the TO and the LO
)eaks is a clear indication of th@1l) orientation of the samples

Measurements of the Raman phonons in Cul vs temper )
P P Ref. 21). A laser plasma linéPL) can be seen at 145 cm 1.

ture were performed using two different setups. First we em-

ployed a Janis cryostat to ensure that the temperature would . - .
be lower tha 2 K by inmersing the samples in liquid He cooled multichannel detector consisting of Peltier-cooled

However, for the measurement of the temperature deperp_hotocathode and microchannel plate intensifer, with a Si-

. , : . iode array readout. With this setup a spectral resolution of
dence a microscope cryostat equipped with a cold finger Wa%i 1 (FWHM) was achieved. Several samples were

used. The 6470.9 A line of a mixed A=Kr™ gas laser was ~1dcnf1 h ts. of tvpical Si ok BD
utilized as excitation source. The backscattered light wa§>€d 'or these measurements, of typical Sizes O ©

analyzed by a XY-Dilor triple grating spectrometer operating><30 pm. They were loaded under a MICTOSCOPE In inconel
in additive mode for the loWF measurements. It was de- gaskets together with a small ruby crystal utilized as refer-

tected by a charge-coupled devi€CD) cooled down with €18 for the determination of pressdfé’ The pressure was
liquid nitrogen. In the additive mode this CCD allows a spec-app“ed by a hydraulic pump operateq with oil which .trans—
tral resolution of~0.4 cri * [full width at half maximum ferred the force to a steel tube pushing the upper diamond

(FWHM)]. Since the Raman spectra broaden enormouslt%\gﬁrqrs] t?hee If(l)we(r)f%neeé 'I;P;]Zr:e;npzra_t#troe tk\:\tlaaja\rﬁange% ?;t
with temperature and the additive mode of the spectrometet 2 99 ux xchange gas | IS Cryos

in conjunction with the CCD detector covers a spectral rang siT)i ngaf‘_ folgttr)onsncljolgtijlii %ing::;gr:n?agza; u[ﬁgrrt:alac%rﬁ_c"
of only ~200 cmi'!, we operated the spectrometer in the - y P

subtractive mode for investigating the temperature depent-aCt with the DAC near the position of the diamonds. More

dence in the full range between 6 and 300 K; in this case thge'{aiIS of this cryogenic DAC system are given elsewHére,
resolution was limited to~0.7 cnl. Due 'Eo the small The spectra of both pressure and temperature dependent

. 5 . : runs were analyzed by performing a fit with a Voigt function
thickness of thé®>Cul sample, the opening of the slits of the having a Gaussian contribution of FWHM equal to the spec-

gggﬁﬁgr?ﬂiolr Tet:dn;[_olbe increased, yielding a slightly Iowe[[ral resolution. This was determined in all cases from the

' ' width of the 6532.9-A emission line obtained from a low-

pressure neon lamp used for calibration. Such fit procedure
B. Pressure dependence of Raman phonons can be justified by the excellent resolution achieved in both

A diamond-anvil cell(DAC) operated with He as the Pressure and temperature experiméfts.

pressure medium was employed to study the pressure depen-

dence of the Raman phonons in Cul in the range between 0 Ill. RESULTS

and 2 GPa. Above that pressuseCul undergoes a phase

transitiort® to a tetragonal phase that is not of interest here.

We used the 6470.9-A line of a Krion laser as excitation

source and a double grating spectrometer to analyze the scat- Figure 1 displays the Raman spectra of Cu2 & for the

tered light which was collected by a Princeton Instrumentdifferent isotopic compositions. Both phonon lines are rather

A. Low-temperature dependence of Raman phonons
on isotopic mass
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' ' ' tions can be extended to diatomic, zinc-blende-type crystals
133.0 150.0 like y-Cul by assuming that all acoustic phonons into which
- the Raman mode decays depend solely on the mass of the
E heavier atom. Under this hypothesis the linewidth of the Ra-
; 1325 | 149.5 man phonons of Cul would be given at low temperatur by
g . I'(0)=Cluj ufuf*x p®(w)
5 1320 — CMalZM I*5/2, (1)
- 1485 | whereu] andu?® denote the iodine component of the atomic
1315 L, . h . ‘ ‘ displacements for the Raman phonon and the acoustic
20 4«25 480 20 25 430 phonons into which the former decays, respectively, and
10 - . , L5 - p®)(w) is the corresponding two-phonon DOS, assumed to
- © @ vary with the mass as=M2. We obtained from the fit
£ 08 | ] 13 | ] with Eq. (1) to the TO (LO) phonon frequenciesB
— =353.8 (681.6) cm'amu. Note that Eq(1) leads to the
E 06 | 1 11l 1 result that the linewidth increases with increasing i.e.,
= with increasing copper masd,, contrary to the decrease
= 04l 1 09 | 1 with mass found for monatomic crystals. This seemingly
= paradoxical prediction can be understood when one consid-
= ers that the anharmonic matrix element is determined by the
B 02 . 0.7 1 .
2 component of the_dlsplacement of _the Raman phonon on _the
= o0 To . 05 L | iodine atoms. This displacement increases with increasing
420 425 430 420 4425 430 Mcu
1 [amu] p [amu] The anharmonic contribution to the dependence of the

phonon frequencies on the copper mass is more complicated
FIG. 2. Mass dependence of the phonon frequen@@and(b),  to estimate, since it corresponds to an integration involving
and linewidths(FWHM), (c) and(d), of the 2 K spectra of Fig. 1.  p(?)() over the entire frequency space. If we admit as a
The dashed lines represent theu ™ behavior expected for the rough simplification that most of the two-phonon DOS is
harmonic virtual crystal approximatiofy CA) using ®Cul as ref-  concentrated at 2wro and has mainly copperlike character,
erence. The solid lines display fits with the mass dependence prgpe following expression including the lowest term in pertur-

dicted by Eqgs.(1) and (2) for the phonon frequencies and line- pation theory for the anharmonic contribution can be de-
widths, respectively. rived:

sharp, although the longitudinal phonon peak appears to be ©3M cS
broader and weaker. The weak structure, denoted®hby 2M g L2— 12
observed at=145 cm ! in the spectrum of°Cul reflects a _ !
plasma line produced by the laser which could not beVe obtam_eld for/z the TO mode of (-:'ll“ at 2 K’
avoided with a filter due to the small thickness of this sample=898.1 cm amt?  and B=491.810m amu, and
and the correspondingly low Raman signal. A shift of thefor the LO mode A=1002.5cm am#’? and B
phonon peaks to lower frequencies appears when the copper#04.6 cm ~amu. Despite the large error bars, we can ex-
mass increases. The zone center modes behave-like?2  tract from Fhese values cB using Eqg.(2) a zero-temperature
with u the reduced mass obtained from the average mass@é‘harnl(jln'c renormalization A;=—-5=3 cm * (-4
of both constituents, thus in agreement with the harmonic=3 ¢m °) for the TO (LO) phonons. These values agree
virtual crystal approximatiotiVCA). within the error bars Wlth_ those obtained from measurements
A more detailed analysis of these spectra is performed i®f the phonon frequencies vs temperature2.7 cm * for
Fig. 2, where the Raman shifts and phonon linewidths aréhe TO mode and-2.3 cmi * for the LO phonon. This over-
shown for both TO and LO phonons for copper-isotope-Simplified model can be extended by using f8#)(w) an
enriched and natural Cul. The dashed lines represent thedditional oscillator with iodinelike character located at
Y2 pehavior predicted by the harmonic VCA, where we ~3®70, Which can lead to a slightly better agreement be-
have taken theé’*Cul sample as reference. We can observéween the renormalization obtained by varying the isotopic
that, in spite of the good agreement, the Raman frequenc@ss and that extrapolatingTe=0 K the linear temperature
shift with increasing copper mass is marginally lower thandependence of the phonon frequencies found at high tem-
the prediction of the harmonic theory. perature. However, the error bars of the measurements do not
In order to take into account anharmonicity to lowest or-warrant the use of this extended model.
der, the dependences of the Raman frequencies and line- _ )
widths of monatomic crystals on isotopic madshave been B. Temperature dependence of the anharmonic self-energies
described in the past with the expressioms= AM Y2 Because of the strong similarity of the spectra for the
-BM~! (e.g,, Si, Ref. 2pandT’(w)=CM 1. These equa- three isotopic compositions shown in Fig. 1, we only per-

w=Au 1?-B 2
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FIG. 3. Raman spectra ¢fCul and %°Cul shown for different
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temperatures. A broad feature connected with a van Hove singular-
ity of the two-phonon difference DOfDM stands for difference
mode appears for temperatures above 150 K~&5 cm 1. Note

FIG. 4. Temperature dependence of the linewitfVHM) of

TO and LO phonons corresponding to Fig. 3 after deconvoluting the

the dramatic broadening of both TO and LO peaks and the should slpectrometer resolu_tlon using a V0|gt profile. The solid lines ShOV_V a
- . I ) it of the LO peak with the assumption of a two-channel decay with

of the LO mode rising at low frequencies with increasing tempera-,

- frequencies given in Table I, whereas for the TO mode a term cor-
ture. Peaks denoted by an asterisk in fi€ul spectra represent ; - .
oo responding to decay into three phonons was addeshed lines
calibration lines from a neon lamp.

The poor agreement with the fit for the LO phonorfi€ul can be
formed detailed temperature runs, between 6 and 300 K, fgpartially attributed to the lower resolution used for this sample,
63Cul and ®°Cul. Typical data are shown in Fig. 3 at differ- Which makes the fit with a Voigt profile rather inaccurate.

ent temperatures. A broad structure is observed to rise with ) ) ) )
temperature at=95 cm * which can be related to a strong We h.ave performed a fit of the LO linewidth with the
van Hove singularity in the two-phonon difference DOS; this€XPression

will be discuss further in Sec. V. Moreover, both TO and LO _

modes experience a large increase of linewidth with tempera- Fo(M=T4[1+nge(wy, T) +Npe(w2, T)], )
ture and a shoulder appears at the low-energy side of the L@herengg(w;,T) is the corresponding Bose-Einstein factor
phonon above 150 K. This shoulder evolves with temperawith frequencyw; , andw; andw, are the frequencies of the
ture in such a way that at room temperature TO and LOphonons into which the LO phonon frequeney,, decays,
peaks strongly overlap for both isotopic compositions. Notewith the constrainty, o= w, + w, imposed by energy conser-
that also the TO phonon displays an asymmetric line shapeation. The fit was performed fow,=110 cm ! and w,
above 190 K for®Cul, with more spectral weight at low =40 cmi !, as suggested by the experimental dispersion
frequencies, and a shoulder appears~at20 cm'®. For relations'! These values were taken to be averages of the
83Cul no measurements were performed between 230 K anexperimenta! frequencies for the TA and LA modes at tke
room temperature, but the asymmetry can be noticed alreadynd L points (see Table 2> We avoid in this manner the

at 150 K. The fact that the integrated intensity of the TOso-called Klemens ansat?® (w,=w,=w o/2) for which
peak is larger by a factor of 3 than that of the correspondinghe density of two-phonon states would be very I@ee Fig.

LO peak reflects the{111} orientation of the measured 10.15b of Ref. 24 and Fig. 3 of Ref).7

surface?! This, added to the strong broadening at 300 K, is The TO linewidth data of Fig. 4 show a very weak in-
the reason why the LO peak barely appears in many of therease with temperature at low temperature, followed by a
published spectra of-Cul which must have been taken on strong, nearly quadratic increase above 100 K. This trend
{111} surface<:*>?2ZFigures 1 and 2 indicate that the TO cannot be fitted with Eq(3) which leads to an almost linear
peak is narrowefI'(FWHM)~0.5 cmi 1] at low tempera- behavior down to rather low temperatures. We have therefore
tures than the corresponding LO pedd (FWHM) included in Eq.(3) a term representing the decay of the TO
~1 cm 1], whereas at 300 K both widths are nearly equalphonon into three phonons, which is quadratic vs tempera-
for 85Cul. This fact will lead below to the necessity of intro- ture at high temperatures. This higher-order anharmonic con-
ducing different decay channels for the interpretation of thdribution has also been used in Ref. 27 to explain the qua-
measured temperature dependence of these linewidths, plstratic dependence on temperature of the LO phonons in
ted in Fig. 4. This figure shows fdt®Cul a crossover in the cubic BN at high temperatures. We thus write

temperature dependence of the TO and LO linewidths at
about 170 K. A 6 K the TO width(FWHM) is a factor of 2
smaller than the corresponding LO width, whereas it is about
30% larger at 300 K, a fact which suggests different decay
mechanisms for the two Raman phonons. E¥ul we do  where, in order to reduce the number of free parameters, we
not observe such a crossover although the relative increase bave takenw,=97 cm ! and w,=35 cm !, scaled from

the TO linewidth is similar to that obtained {¥Cul. those used for the LO linewidth so as to fulfill energy con-

F1o(T)=T"1[1+nge(wy,T) + nge(w,,T)]
+T 5[ 14 3nge(ws, T) +3n3g(ws, T, ()
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TABLE I. Parameters obtained from the fit of the temperature

PHYSICAL REVIEW B 66, 245202 (2002

X ; ) " Pdkbar) A k]| [ paban 120K | Pkbar) /240K
dependence of the TO and LO phonon linewidths and frequencies 169 M{W""’ | 201 /\ A 12 f \.«\____
of Cul. The phonon frequencies were fitted using the two-phonon 3
decay model with equal acoustic frequencigéemens ansajzof g 712-"”]"\”.*/.,“, J\A P 135
Eq. (5). Phonon linewidths were reproduced by fits with E. _: 4 Al
and (4), where we used for the LO mode;=40 cm ! and w, 5[ 9‘4.,\}%&;».«?% ' ._Jk/\_. 125 J N
=110 cm %, representing the maxima of transverse and longitudi- £ s A ’\ L y\’\— ]
nal acoustic densities of statéRef. 24, respectively, and the cor- g . ” Mo .
respondingly scaled frequencies for the TO modestepresentthe 2 | 195 A [ :y\’\—- ]
zero-temperature anharmonic frequency renormalization obtainecg | é\me L ]
from Fig. 5. All parameters are given in crh 2 025 (a) A 41 ©

120 140 160 110 150 170 100 120 140 160 180
wo Aq wy r, r, Raman shift [cm ] Raman shift [em™] Raman shift [cm™']
*Cul TO 135.27 2.50 88.7 0.34 0.17 FIG. 6. Pressure dependence of the Raman spectfZCofl at
LO 15285  2.64 955 131 10 K (a), 120 K (b), and 240 K(c). Note the broadening of the TO
&cul TO 134.60 2.81 98.2 0.33 0.13  linewidth with increasing pressure observed at 10 K.
LO 150.85 1.97 82.0 1.57

should not fix the values ab, and w, by energy conserva-
tion since the intermediate states are energy nonconserving
servation, i.e.w;+ w,=wro. These values correspond ap- virtual transitions. This leaves us with two independent fit
proximately to the frequencies of the TA and LA modes atparametersw, and w,, representing average frequencies.
the L point of the Brillouin zone. We have also made the Attempts to fit these parameters independently revealed that
hypothesisu; = wro/3~44 cmi !, similar to that of Klemens  not enough experimental information is availafiteview of

for the decay into two phonons. This ansatz will also bethe error bars in the experimental frequengi&¥e therefore
justified in Sec. V as related to a strong critical point found inmake a Klemens-like ansatz; = w,, wherebyw; need not

the one-phonon density of states at the frequengy3. The  pe w1o/2 (nor w o/2) for the fit of the TO(LO) phonons,
parameters of the fits of Fig. 4 are given in Table I.

At this point we should mention that Raman data of Fu-
kumotoet al 2% show for the TO and LO phonons ¢fCul at
300-K linewidths of about 12 cm' (FWHM), which agree
within error with those of Fig. 4. At 4 K, however, their LO An excellent fit is obtained for both TO and LO frequencies
phonon spectra have a linewidth of 1.8 chand the corre-  With @;=w,~90 cm *; the specific values ofA; and w,
sponding width of the TO phonon spectra is 1.6 ¢min  obtained from the fit are displayed in Table I. These values
contrast with the results of our Figs. 2 and 4. We believe thaggree qualitatively with thed hocassumption of a single
this discrepancy arises from an instrumental width of abouscillator at 2015 made in Eq.(2) to explain the slight de-

1 cm ! which was not corrected fdias stated by them viation of the reduced mass behavior expected from the VCA

The temperature shift&orresponding to the real part of observed in Fig. 2 for low temperatures.
the anharmonic self-energgbtained from fits to the spectra
of Fig. 3 are shown in Fig. 5 for the TO and LO phonons.
The experimental points have been fitfedlid lineg with an
expression similar to Eq(3), whereby in this case one

Aq[142ngg(wq,T)]. 5

w=wy—

C. Pressure dependence of the Raman phonons

We have investigated the pressure dependence of the Ra-
man phonons of°Cul at three different temperatures in or-
der to buttress the interpretation of the changes in line shape

158 ~o OCul 7155 R Sl | and the line shift of the phonons and resonances observed in
Pl 150 Ly Fig. 3 at ambient pressure. The dependence of the Raman
'g 5 ¢ 1145 \ spectra ofy-Cul on pressuréup to ~20 kbar) is shown in
= 140 LO 140 LO Figs. 6a)—6(c), as measured at 10, 120, and 240 K, respec-
5 s | {ass | ] tively. The following trends are apparent:

s = i (i) At 10 K both, the TO and LO linewidths increase with

5 130 \130 \ increasing pressure, the increase being difficult to measure
125} 125 | quantitatively for the rather weak LO peak.
120 TO Jiml To (i) At 120 K it is not possible to detect a variation of the

0 50 100150200250 300
Temperature [K]

0 50 100150 200250 300

Temperature [K] width of the weak LO peak with pressure within experimen-

tal scatter. The linewidth of the TO peak, however, increases

FIG. 5. Temperature dependence of the phonon frequencies &Y about 15% from 0.2 to 2.0 GPa. This increase is consid-
the zone-center modes fiCul and®*Cul. The solid lines represent €rably lessa factor of thregthan that found at 10 K.
a fit with Eq. (5) (see text The dashed lines display the extrapola- (i) At 240 K the TO linewidth remains nearly indepen-
tion to 0 K of the linear dependence found at high temperatures.dent of pressure at 9450.5 cm 1. TO and LO peaks almost

The parameters of the fit are listed in Table I. overlap like in the high-temperature spectra displayed in Fig.
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-
[=

165 oy K (solid circleg, 120 K (solid squares and 240 K(solid
160 L (@) IE 10 %o ¢, b 1 diamonds, together with the ambient pressure détgen
— =9 %L‘.\ symbolg obtained from Fig. @&). The solid lines represent
V1S 1S st ; linear fits to the frequencies vs pressure, where for 240 K the
= . . .
S, 150 Im o7t 1 1-bar point from Fig. 48) was included to compensate for
& - ] the lack of data obtained with the diamond-anvil cell at pres-
= 145 ¢ ] = 5t sures lower than 4 kbar. We notice in Figh¥a change in
= 140 [ ] é 4t ] the sign of the slopes with increasing temperature that will
g 13 | 1E 3 l-a—grwmmstum be discussed in detail in Sec. V with the aid of the theoretical
2 g, & ] model developed in the next section.
130 13
ol —O‘//_
e I T ) E—— IV. THEORY
0 5 10 15 20 0 5 10 15 20
Pressure [kbar] Pressure [kbar] In order to interpret the pressure and temperature depen-

ence of the Raman phonons in Cul we need to know the
ppropriate two- and three-phonon densities of states and the

(squarey and 240 K(diamonds$. Solid symbols display the experi- dependence of the appropriate van Hove smgulanﬂes with
mental points whereas the open symbols represent data extract ch pressure and temper_ature, since they are responsible for
from Figs. 4 and 5 at 1 bar. The solid lines represent linear fits to thé € resonances observe_d in th_e spectra and the corresponding
pressure data. For the TO linewidth at 240 K the points at 1 baPhonon linewidths and line shifts.

obtained outside the diamond-anvil cell were included in the fit to

make up for the lack of data at low pressure. A. Rigid-ion model

FIG. 7. (a) Pressure dependence of the phonon frequencies ang
(b) TO phonon linewidth of83Cul at 10 K (circles, 120 K

3 for ambient pressure, and the TO line shape is slightly We have employed a rigid-ion force constants model with

asymmetric showing a larger spectral weight at low frequend parameter§ fitted to inelastic neutron-scattering ddtto

cies. calculate the one{p™®(w)] and two-phonon[p®(w)]
Figure 1a) shows the measured increase in the TO and©S-

LO Raman frequencies vs pressure, as obtained from the The int—;lastic neutron-scattering data reported for Cul
spectra of Fig. 6. From the frequency shifts in Fig)ve  Were obtained at room temperature; we have assumed that

derive the Groeisen parameters at 10 4o(I')=2.5 and the temperature dependence of the different features of the
y.o(T')=1.8 using the expression DOS is similar to that reported in Ref. 33 for germanium,

rescaled to reproduce the observed temperature dependence
of the TO phonons in Cul. The DOS must be scaled by the
y=- =B——, (6) corresponding Bose-Einstein function when used for model-
dinVv dp ing the contribution to the self-energy or the linewidth at
) different temperatures. For the sake of simplicity, a Klemens-
wtularep is the pressure anB the bulk moduluséqual t0 e ansatz was used for the different DOS.
«xr ", wherexy is the isothermal compressibilityNote that In order to represent the anomalous temperature depen-
comparison between different sets of Geisen parameters gence observed for the TO linewidth two different decay
is only possible if both sets have been derived using the sam&,annels have been assumed in Sec. Il to describ&2its
value of B. We have taken for the bulk moduluB  phigh-temperature behavior, i.e., a two-phonon channel with
=40.3 GPa from Ref. 28, although more recent x-ray datghonons of different frequencies and a decay into three
yield a valueB=31(2) GPa In this way, our values o phonons. Since no informatidhis available about the three-
compare well with those reported by Hochheine¢ial 2 at phonon DOS p®)(w), and the one-phonon DO$M)(w),
40 K, 100 K, and room temperat.u?‘%.'l'he differenceyo  shows a sharp resonancesai»ro/3, corresponding approxi-
—¥70 (=—0.7 measured for Cllis related to the depen- mgately to TA., we have used only a decay channel into three
dence of the transverse effective chagfeand the ionicity phonons of equal frequency, which impliep®(w)
on volume(see Ref. 9 and references thefeldsing Eq.(3) o« p(1)(/3), and disregarded decays into other three-phonon
of Ref. 9 we obtain for Cuby =1.06, wheree.=4.84 was  channels. This simplification, though very rough, yields good
taken from Ref. 31. A Gmeisen parametey* can be de- qualitative agreement with the observed linewidths vs pres-
fined to represent the volume dependence’of as done in  sure as will be shown in the discussion.
Eq. (4) of Ref. 9. We obtain for Culy* = —1.5. A negative Another possible decay channel used by Fukuneol.?®
sign is found fory* in most zinc-blende-type materiafthe  involves a two-phonon difference mode, which simulates a
only known exceptiotf being SiQ. It corresponds to a de- term quadratic in temperature but only at intermediate tem-
crease in effective charge with increasing pressure. peratures. This channel might account for the observed tem-
The analysis of the dependence of phonon linewidths omperature dependence of the TO linewidth at ambient pres-
pressure is more complicated since at different temperaturesire, but cannot reproduce the almost pressure independent
several distinct decay channels become active. Figdog 7 linewidth observed at 240 K and its contribution to the tem-
displays the pressure dependence of the TO linewidth at 1perature dependence of the LO linewidth is also negated by

dlnw_ dinw
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the very low two-phonon difference DOS in the LO region.  TABLE II. Phonon frequencies calculated initio for the cu-

This issue will be analyzed in more length in Sec. V. prous halides at high-symmetry points of the Brillouin zone. The
experimental lattice constants were used in the calculations. Values
in parentheses represent experimental data obtained by inelastic

B. Ab initio calculations neutron scattering. FP-LMTO data from Ref. 36 are shown in curly

. brackets. The frequencies are given iném
In order to interpret the observed pressure dependence of quenc dvent

the phonon_ line shapes we n_eed_ the ii@igen parameters of Point TA LA TO LO
the acoustic phonons contributing to the decay channels
Little information is available on this subject: The only ex- CuCl
perimental data for Cul were obtained by extrapolation of
results for the high-pressure tetragonal phse/e have
therefore undertaken a first-principles calculation of the phocuBr
non frequencies and their dependence on the lattice constant
for the three cuprous halidé€uCl, CuBr, and Cyl Calcu-
lations using the full-potential linear-muffin-tin-orbitéFP- ¢
LMTO) method® have been reported for the TO Raman
phonons, and experimental data for the @isen param-
eters have been collected in Ref. 35.

Theab initio calculations were performed with electronic ®Experimental data from Ref. 46 measured at 4.2 K.
band structures generated within the framework of density?Experimental data from Ref. 47 measured at 77 K.
functional theory(DFT) and its local-density approximation °Experimental data from Ref. 11 measured at room temperature.
(LDA), for which we used the Ceperley-Alder form of the
exchange-correiation energy density of the homogeneo[j§ reproduced as well, although one should take into account
electron gas as parametrized by Perdew and Zuiigemne the difference in temperature between experimental and the-
present results have been obtained with ABeviT code®®  oretical datathe former are affected by anharmonic correc-
that is based on a plane-wave representation of the wawéons while the latter are nptHowever, this splitting is much
functions describing the electron-ion interaction by norm_Sma”er in the frequencies calculated for Cul. The calculated
conserving pseudopotentidfs*® This representation is able Splitting can be increased if the band gap is corrected and the
to account for the strong hybridization of the copperand screening reduced, but this would not affect the TO-LO split-
haiogen p orbitals?* Phonon frequencies were calculated tings at other points of the Brillouin zone, where differences
within linear-response thedi/(see Refs. 43 and 44 for tech- With the experimental data can be due to anharmonic effects.

nical details concerning Born effective charges and the comAnother important feature observed in Table Il is that the
putation of the dynamical matrix frequencies of the TO and LO phonons decrease with the

A kinetic energy cutoff of 70 hartree was used for themass of the halogen, whereas those of the acoustic phonons
plane-wave expansion and &4 X 4 Monkhorst-Pack grit? remain nearly constant for all cuprous halides. This explains
(ten special pointswas employed for integration in the Bril- Why the observetf Fermi resonances for CuCl and CuBr
louin zone. With these parameters we obtain a convergencdpear at the TO and LO frequencies, respectively, since the
in the total energy better than 1 mhartree. The phonon fretelevant van Hove singularity of the two-phonon DOS re-
quencies are converged to better than 1" &ém sponsible for those resonances corresponds to & LT

Although the LDA yields values of the band gap much Phonon combination. .
lower than the experimental onésr the cuprous halides the ~ Table Ill displays the Gmueisen parameterg calculated
gaps are only 20% of the experimental valueie calcu-  for the cuprous halides at different high-symmetry points of
lated phonon frequencies are usually not very sensitive téhe Brillouin zone, together with experimental ddta pa-
this so-called “gap effect.” In Table Il we compare the pho- renthesescollected in Ref. 35 and more recent data from
non frequencies calculated at high-symmetry points of thdefs. 6 and 9. The experimental parameters obtained from
Brillouin zone with those reported by inelastic neutronOur Raman data vs pressure for thepoint at 10 K are also
scattering*“®4’The experimental values of the lattice con- Shown in brackets. The calculateds were obtained from
stants were used for the calculation of the phonon frequeriinear fits to the dependence of &)(on In(@), with a the
cies and mode Gneisen parameters; theoretical values oflattice constant, for three different lattice constants around
the lattice constants at zero pressure wer2% smaller. the experimental value. Although the calculated i@igen
Calculated and measured phonon frequencies agree withparameters are-30% larger than those extracted from our
10% except for those corresponding to transverse-acoustRfessure measurements, we can use them to interpret quali-
phonons® which are more difficult to converge. Our results tatively differences between the three cuprous halides. Note
for the TO phonon frequencies compare well with those rethat the negative sign of, o — yro observed for the Raman
ported by FP-LMTO in Ref. 36, although our Grisen pa- phonons is also reproduced by the calculation. For the effec-
rameters are 30% larger. For Cul the calculated frequencidéve charge of Cul we obtaie} =1.24, which also agrees
yield a sign reversal of the TO-LO splitting at thepoint,  reasonably with the value extracted from our measurements
compared to the neutron ddfe?* The reduction of the (~1.06 for 10 K. The slightly higher calculated value ef
TO-LO splitting at thel” point when going from CuClto Cul may be related to an overestimate &f, attributed to the

0 0 148(166) {156, 187 (207)
52(39 117(124  211(218  235(234
42(34) 110(114  180(192  244(245

0 0 134(135) {136, 158 (169
51(39 124(126  158(161) 157 (154
40(32 113(106  145(150  167(172

0 0 116(126) {138 132 (160)
57(46) 115(121)  121(143  118(156
42(36) 106(100  118(133  124(155

rX=rXxX™=rXx™
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TABLE Ill. Mode Gruneisen parameters for the cuprous halides at high-symmetry points of the Brillouin
zone calculated using the linear response method within density functional perturbation theory. Values in
brackets denote our experimental results for the zone center modes converted from pressure derivatives to
volume derivatives using a bulk moduls=40.3 GPaRefs. 28 and 30 Experimental data in parentheses
were reported in Refs. 6, 9, and 35, and FP-LMTO data from Ref. 36 are shown in curly brackets.

TA LA TO LO
Cucl r 43(2.4 (1.9%{3.2 2.5(1.0 (1.572
X —0.7(-1.4P 2.3 2.7 1.9
L —1.5(—1.4P 1.8 33 2.0
CuBr r 3.4(2.4 (1.8°{2.8 2.3(1.9 (1.2°
X —1.5(—0.4P 2.2 3.0 1.9
L —1.9(-0.4P 1.4 3.3 2.2
Cul r 3.2[2.5] {2.5 2.3[1.8]
X —0.3(2.5¢ 2.2 35 1.9
L —0.9(2.5¢ 15 35 25

8Raman data reported in Ref. 6.

PFrom Raman data for CuggBro oo and CuC) ,dBr, 5o alloys (Ref. 52.
‘Raman data reported in Ref. 9.

dExtrapolated from Raman data of the high-pressure tetragonal pRa&el5.

band-gap problem of the LDA. However, the calculation ofplained in Sec. Il. However, we have seen that the introduc-
v* yields too large a value, as expected from the small caltion of the anharmonic terms of Eqggl) and (2) improves
culated TO-LO splitting. slightly the fits in Fig. 2. This is in agreement with the low-
The calculatedyr, shows a negative sign for all copper temperature Raman data reported for C¥iBtoreover, the
halides, however, the value for Cul is very small. Accordingfits yield values of the zero-temperature renormalization in
to Ref. 35 a decrease of the magnitude of ther@rsen  agreement with those obtained by linear extrapolation of the
parameters and even a change of sign is expected for tqﬂ,onon frequencies vs temperature to 0 K.
transverse acoustic phonons vyhen going through the series |, order to analyze in detail the different aspects of the
CuCl-CuBr—Cul. This result is further supported by thetemperature dependence of the measured spectra, we have

change_ of sign of the slope in the temperature c_iependencegotted in Fig. 8a) the Raman spectrum fdi*Cul at 170 K,
the lattice parameter for CuCl and CuBr, which does no s indicative of the high-temperature behavior observed in

zip[;e:jg n ?ourl tﬁinsdclgr(:cgbens da éTranlzlaT(lﬁ?eE:thundses%rosvgZsllst:)VZFig' 3. The lowest frequency structure in this spectrum is a
gn ofyra P : broad band located at95 cm . This structure has been

decrease ofy;, from CuCl and CuBr to Cul. This trend is asigned in the pa&? to a 2TA phonon combination en-

different from that observed in II-VI compounds such as the . L
series ZnS—znSe—ZnTe, wh&tey, (always negativein- hanced by disorder effects within an off-center model for the

creases in magnitude for the point and decreases slightly COPPer ions. This off-center model has been discarded rather
but remains negative for thie point. The calculated data of Conclusively in recent work with isotopically substituted
Table Ill fail to explain the value of 2.5 reported in Ref. 35 SamPples.®®*The fact that this feature appears at high tem-
for Cul for the transverse acoustic Geisen parameters at Peraturesisee Fig. 3 and the low frequencies reported by
the X, K, andL points. However, this value was obtained by inelastic neutron scattering for the transverse phonons at the
extrapolation of Raman measurements for the high-pressu®ne boundaries have led us to assign this feature to two
tetragonal phas@and from disordered alloy’&these proce- Phonon difference modes. Figuréh8displays as a thick line
dures are obviously questionable. Precise measurements € two-phonon difference DO$?)(w)], which exhibits a

the second-order Raman spectra under pressure would gonounced van Hove singularity centered~a94 cm
required to obtain experimental data which can be reasorfrising mainly from (TO-TA) phonon differences. This sin-
ably compared with our calculated values. We have thereforgularity supports our interpretation of the spectral weight in
used our calculated Gneisen parameters to model the pres-this region at high temperatures.

sure dependence of the two- and three-phonon DOS obtained The slightly asymmetric line shape exhibited by the TO
with the rigid-ion model, and thus investigate and explain thepeak at high temperaturésee arrows in Fig.)3 and the fact

pressure dependence of the Raman spectra measured at dfifat the TO linewidth observed at room temperature is larger
ferent temperatures. for ®3Cul than for ®®Cul, can be also attributed to a reso-

nance with the two-phonon difference DOS. In Figb)3a
broad structure appears in the range betweel04 and
125 cm !, with a kink at its high-frequency side. This band
The low-temperature spectra of Fig. 1 can be basicalljhas three van Hove singularities, denoted by A, B, and C in
understood within the virtual crystal approximation, as ex-the figure, at 103, 113, and 124 ¢ which are related to

V. DISCUSSION
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. . . . ‘ . In Fig. 8@ we can also observe a shoulder at the low-
frequency side of the LO peak, already mentioned in Sec. Il.
This feature can be reproduced by the Fermi resonance
model introduced by Krautzmaet all in a way similar to
that employed in Refs. 5 and 8 to explain the anomalous
low-temperature line shape of the TO and LO peaks of CuCl
1 and CuBr, respectively. We have already pointed out that the
two-acoustic-phonorisum) DOS, p®(w), remains almost
unchanged from CuCl to CuBr, as can be inferred from the
zone-edge phonon frequencies displayed in Table Il. The
M, -type singularity seen in Fig.(B) at 137 cm ! is due to
il s w ) ' the sum of TA and LA phonons at ttepoint of the Brillouin
80 9 100 110 120 130 140 150 160  zone, and can be used, together with its Hilbert transform

Raman Intensity [arb. units]

Raman shift [cm ] (dashed ling to fit the line shape of the LO structure. In the
. . . . ‘ . spirit of Refs. 5 and 8, we model the linewidth with the
@ equation
0.50 TA+LAX)
T (b) ['()=|Va|?pf(@)[1+2nge(w/2T)], )
g TA+LA(L) o , ,
< 025 - where|V,| is a third-order anharmonic coupling parameter
2 and we have included a Bose-Einstein factor to account for
g the finite temperaturg{?)(w) is the two-phonorisum) DOS
7 0.00 A for 0 K, obtained from that calculated in Sec. IV B for room
Qo J temperature by scaling with the temperature dependence of
_ A®) the different phonons in germanium. The fit procedure has
been described elsewéfe’*°and yields forlV5|? a value of
w025 T 00 100 110 120 130 140 150 160  ~6cmZ The (TA+LA), singularity has been enhanced
Frequency [cm_l] ad hoc[dotted line in Fig. )] in order to better reproduce

the shape of the shoulder. Similar enhancement also had to
FIG. 8. (a) Measured Raman spectra $ul at 170 K and(b) be invoked to explain the dependence of the linewidth of

graph with the calculated two-phonon differenge?(w), thick ~ diamond on isotopic compositidhin spite of the rather
line] and sum[p'@(w)] DOS, together with the Kramers-Kronig good knowledge of the dispersion relations of this material
transform of the lattefA(w)], using a rigid-ion model. Ifa) the  as compared with those of the cuprous halides. The solid line
circles represent the experimental data and the solid line displaysia Fig. 8(@) represents a fit with Eq7) and with Eq.(2) of
fit assuming a Fermi resonance model as used in Refs. 5 and 8 f@®ef. 8 for the spectrum of°Cul at 170 K. The inset of this
low-temperature Raman spectra of CuCl and CuBr, respectively. Aigure shows good agreement between the fit and the experi-
broad feature is observed at95 cni'! that can be attributed to  mental data; the arrows indicate the frequency of the singu-
difference modes, as shown in the lower graph. The inset in theyities ofp(f)(w) labeled in Fig. &).
upper graph shows more clearly the resonance at the LO peak and 1,4 temperature dependence of the LO phonon linewidth
the arrows denote the position of van Hove §ingu|aritiep£6)f(w) can be summarized as follows: The LO phonons display a
at TA+ L’ig and TA+ LAy . The dotted peak in ﬂg% lower graph at ), mal anharmonic behavior that can be mainly attributed to
~139 cm " represents aad hocmodification ofp’"(w) required  yo .o into two acoustic phonons as shown by the fits in Fig.
to account for the shoulder observed at the LO peak. . .

4. Difference modes are ruled out, contrary to the interpreta-

tion of Fukumotoet al,, on the basis of the low density of
the difference modes (TO-TA) (LO-TA)x, and two-phonon difference states displayed in Figo)Sor that
(LO-TA), respectively. The latter would be responsible forfrequency region. We ascribe the discrepancy between the fit
the increase of the TO linewidth @2 cm™* at room tem-  and the experimental data in Fighafor ®°Cul to an artifact
perature observed fdFCul with respect to®Cul. From the  of the deconvolution procedure related to the lower resolu-
mass dependence of the Raman phonons one would expa@n employed in those measurements. This discrepancy
the TO peak of®*Cul to shift down in frequency with in- might also arise from an additional decay channel into three
creasing temperature faster than thaf#@ul. However, the acoustic phonons, as used for the TO peak, but there is not
eigenvectors of the LO phonons at the zone boundary havenough evidence to support such hypothesis.
usually a larger component of copper mass than the TO pho- Figure 9 shows several plots pt?(w) and p®)(w) for
non at thel' point. Moreover, the absolute shift to lower different pressure and temperature conditiires, including
frequencies should be larger due to the larger frequency ahe appropriate Bose-Einstein factorhe thick solid curve
the LO phonons. In summary, with increasing temperaturg@epresents a three-phonon density of states obtained under
p®(w) shifts to lower frequencies faster than the Ramarthe assumption of Klemens-type processes in which the 3
phonons, therefore the coupling is weaker f8€ul and the  phonons involved have the same frequency. This curve thus
TO linewidth is smaller than that d°Cul. corresponds to the one-phonon density of states with the fre-
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03 r r r 03 T T T TABLE V. Pressure derivativeén cm™1/GPa) of the TO pho-
0K 0 kbar 0K 14 kbar non linewidth of®3Cul at different temperatures. Experimental data
02 [ TO LO, 1 o2 TO LO ] from Fig. 7 are compared with those obtained from the two- and

three-phonon DOS of Fig. 9 and E@®). The values of the anhar-
monic coefficients|V;|2=8.8 cni 2 and |V,|?=1.46 cm 2 were

01 - p(s)((o) @, 1 01 E ]
(@) extracted from the fit to the temperature dependence of the corre-
0.0 sponding linewidth, shown in Fig. 4.
100 120 140 160 T K]
15 T 10 120 240
120K 14 kbar
1.0} TO LO Expt. 0616) 01%5) —02(2)

Theor. 0.12 0.10 —-0.16

0.5

crease in the linewidth in qualitative agreement with the data
of Fig. 4 [see also similar results obtained for the Raman
phonons of silicon under presstteand the TO mode in
CuBr (Ref. 9]. The shift of TO{) away from the three-
phonon singularity will contribute a nearly negligible de-
crease in width with increasing pressure at 10 K. At 240 K,
however, the three-phonon contribution becomes dominant
[actually p®(w) has been divided by a factor of 2 in the
graphs of Fig. 9 to better display both densities of states in
0.0 . 0.0 . the same plofsand it is much larger than the two-phonon
100 120 140 16 100 120 140 164 term, a fact which was already invoked to explain the line-
Raman shift [cm '] Raman shift [cm '] widths in Fig. 4. When applying pressure, however, the TO

FIG. 9. Two-[p®(w)] and three-phonofip®(w), thick line] fre_quency shifts up_with re:'spect.to either singularity. This
DOS obtained with the 11 parameter rigid-ion model of Ref. 1O.Shnct results, ?chrd'ng to ':'9- 9, in a decrease of the three-
p®)(w) was generated by scaling the one-phonon DOS assuming @honon contribution and an increase of the two-phonon term
decay into three phonons of equal frequency. Both DOS, obtainetP the TO width. The compensation must be nearly complete
from neutron data at room temperature, have been shifted horizod order to explain the nearly pressure independent width
tally, and scaled vertically by the corresponding Bose-Einsteirobserved at 240 K in Figs. 6 and 7.
function, in order to represent the different temperature and pres- In order to make quantitative predictions of the pressure
sure conditions. In additiom®(w) has been divided by a factor of dependence of the linewidth displayed in Fig. 7, we have
2 in order to better display both DOS in the same graph. used the information obtained from the temperature depen-

dence measurements, in the sense that the linewidth can be
quency scale expanded by a factor of three. We observe igxpressed as a sum of a third-order term and a fourth-order
p®(w) a broad structure centered-atl30 cni * related to  contribution. In the spirit of Ref. 5, these contributions can
three TA phonons at th¥ and W points. The resonance of pe represented bgd hocanharmonic constants multiplying
the TO phonon with this structure should be responsible fothe corresponding density of states responsible for the decay
the anomalous increase in linewidth with temperature. Theyrocess:
fact that higher-order anharmonic terms are not expected to
contribute_ significantlyiat low temperatures explair_ws the very I(w)= |V3|2p(+2)(w) +[V42p®(w). (8)
narrow width (=0.5 cmi %) observed at 2 Kp?(w) is very
small in the region. These DOS have been rigidly shifted and'he values of the coefficient®/;|? and|V,|? are uniquely
scaled by the corresponding Bose-Einstein functions to takdetermined when we require that E®) yields the param-
into account the effect of temperature, as described in thetersI'; andT', of the fit for the TO phonon linewidth with
previous section. The Gneisen parameters calculatetd  Eqg. (4). In Table IV we display the pressure dependence of
initio (y1a+1a=0.85 andystp=—0.9) have been employed the TO linewidth extracted from the analysis of Fig. 9. No-
to rigidly shift p®(w) and p®(w) with pressure. This ap- tice that although the estimated magnitude is smaller, the
proximation is reasonable in the vicinity of the singularitiesDOS analysis reproduces the sign reversal of the slopes ob-
(see vertical lines in Fig.)9 served in Fig. 7. The change with temperature for constant

Using the Grmeisen parameters of Table Il and the mod-pressure is included automatically through Bose-Einstein
eled DOS displayed in Fig. 9, we can explain qualitativelyfactors. The calculation of the TO phonon linewidth at low
the trends observed in Figs. 6 and 7 for the pressure depetemperature using Ed8) is strongly affected by small de-
dence of the Raman phonons $ul. Because of the small viations in the relative position gf{?)(w) with respect to the
Grineisen parameter of the (FALA), phonon combina- Raman phonons. Typical deviations af5 cm ! that are
tion, the TO phonon, at 133 cm for p=1 bar, will shift — expected from the error bars of the inelastic neutron-
towards the TA-LA singularity thus giving rise to an in- scattering data would explain the discrepancy shown for 10

Density of states [states/cm ]
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K between measured and calculated values of the pressufiequencies and Gngisen parameters. The calculated values
dependences of the TO phonon linewidth displayed in Tabl@gree qualitatively with those available in the literature and
IV. The discrepancy between calculated and measured-Gru allow the interpretation and explanation of the TO linewidth
eisen parameters can also contribute to this difference in th@nd its change with pressure as related to a resonance with a
slopes. The use of the experimental Gegisen parameters for three TA phonon combination. Difference modes have been
the TA modes would even worsen this situation. The value ofliscovered at 95 and 124 c¢rh which explain the broad
|V5|2=8.8 cm 2 obtained from this analysis is significantly Structure and an additional broadening of the TO peak ob-
smaller than those reported for CuCl (70 cRef. 5 and ~ served in the high-temperature spectr&®ul as compared
CuBr (45 cm 2, Ref. 8. This reveals clearly the decrease in to that of 85Cul. The Gruneisen parameters calculated for the
anharmonicity throughout the series CuCl-CuBr—Cul, i.e.ransverse-acoustic phonons, although negative, reflect the
with increasing halogen mass. smaller magnitude reported in the literature for Cul as com-
pared to those of CuCl and CuBr. This trend contrasts with
the behavior observed for the related II-VI series, ZnS—
VI. CONCLUSIONS ZnSe-ZnTe, where the magnitude of the negativen@isen
parameters for the transverse-acoustic phonons tends to in-

We have performed a comprehensive investigation of th frease from ZnS to ZnTe.
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