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Pressure and temperature dependence of the Raman phonons in isotopicg-CuI
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The transverse-optic~TO! phonons of zinc-blende-type CuCl (g-CuCl! and the longitudinal-optic~LO!
phonons ofg-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 phonons ofg-CuI on 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 phonons~two
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 ofg-CuCl andg-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 number~s!: 63.20.Ry, 63.20.Kr, 62.50.1p, 78.30.Hv
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I. INTRODUCTION

Krauzmanet al.1 discussed the anomalous lineshape
the transverse-optic~TO! Raman phonons of CuCl in th
zinc-blende crystal structure (g-CuCl! and attributed it to
strong, Fermi-resonance-like, anharmonic coupling with
corresponding two-phonon acoustic density of states~DOS!.
This assignment has been contested by several author2–4

However, recent work with isotopically substituted sampl5

and as a function of pressure6 has rather conclusively con
firmed the Fermi resonance model. No such anomaly is
lieved to exist for the TO phonons of the isostructu
g-CuBr.7 Recently, however, a similar anomaly has be
found for the corresponding longitudinal-optic~LO! Raman
phonon ofg-CuBr.8,9 The shift of the anomaly from the TO
phonons ing-CuCl to the LO phonons ing-CuBr can be
qualitatively understood with a rather simple argument: T
TO and LO phonons ofg-CuCl shift down in frequency
when chlorine is replaced by bromine, because of the str
increase in reduced mass. However, the acoustic mo
which give rise to the two-phonon DOS required for t
Fermi anomaly are hardly shifted by this substitution sin
their reduced mass is mainly that of copper. This leads to
disappearance of the TOG-(TA1LA) degeneracy ofg-CuCl
which is replaced in CuBr by a LOG-(TA1LA) degeneracy.
Similar arguments lead to the lifting of the Fermi resonan
of both TO and LO Raman phonons in CuI, a feature wh
is already evident in the theoretical work of Kanelliset al.7

The fact that the Fermi resonance of Raman phon
present ing-CuCl and in g-CuBr is strongly affected by
pressure and by isotopic mass substitution has led us, in
present work, to investigate the dependence on those pa
eters of the TO and LO phonons ofg-CuI at the center of the
Brillouin zone (G point! by Raman spectroscopy. As an a
0163-1829/2002/66~24!/245202~12!/$20.00 66 2452
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ditional parameter which may reveal possible Raman re
nances, we have varied the temperature between 10 and
K ~at higher temperatures the strongly broadened TO and
peaks are difficult to measure!. At low pressure, we have
seen a strong increase in the linewidth of both phonons,
pecially that of the TO ones which broaden from'0.5 cm21

at 10 K to 12 cm21 at 300 K. The understanding of thi
strongly nonlinear temperature dependence requires the p
ence of two anharmonic decay channels, one involving de
into two phonons, the other into three. The correspond
temperature dependence of the LO Raman phonons
however, be understood on the basis of mainly anharmo
decay into two phonons.

We have also investigated the anharmonic tempera
shift of the LO and TO Raman phonons. The shifts of the
and LO phonons correspond, as usual, to third- and fou
order anharmonic vertices of the self-energy which canno
separated on an experimental basis.

Some anomalies in the phonon line shape arise with t
perature for both TO and LO modes and are interpreted h
with the aid of self-energies calculated from the one- a
two-phonon~sum as well as difference! DOS. A rigid-ion
force constants model10 ~RIM! was used to obtain the DOS
from the phonon dispersions reported by inelastic neut
scattering experiments.11 The application of these densitie
of states to the understanding of the observed line shapes
line shifts at different pressure and temperature conditi
requires the knowledge of the mode Gru¨neisen parameters o
the TO and LO phonons atG ~which follow from our pres-
sure experiments! and those of the corresponding two- an
three-phonon critical points involved in the anharmonic p
cesses. About the latter Gru¨neisen parameters, little exper
mental information is available. We have therefore und
©2002 The American Physical Society02-1
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J. SERRANOet al. PHYSICAL REVIEW B 66, 245202 ~2002!
taken an ab initio local-density approximation~LDA !
calculation of the phonon frequencies and their variat
with volume for the three cuprous halides. The phonon f
quencies so obtained are typically 10% lower than the kno
experimental results. The corresponding Gru¨neisen param-
eters agree semiquantitatively with the few available exp
mental data. In particular, they reproduce the negative va
observed for the zone-edge transverse-acoustic mode
g-CuCl andg-CuBr, and also the strong decrease in the
solute value forg-CuI, for which it is very small and possi
bly positive, a trend opposite to that observed for some II
compounds.

II. EXPERIMENTAL DETAILS

The experiments were performed on CuI samples gro
from the vapor phase using a procedure descri
elsewhere.12–14 Crystals were grown using natural copp
~69% 63Cu, 31% 65Cu) as well as isotopically enriched~to
better than 99%! 63Cu and 65Cu. Iodine, unfortunately, ha
only one stable isotope (127I). The crystals we used wer
basically the same as employed in Ref. 13 to study the
pendence of the band gap on temperature and isotopic m

A. Temperature dependence of Raman phonons

Measurements of the Raman phonons in CuI vs temp
ture were performed using two different setups. First we e
ployed a Janis cryostat to ensure that the temperature w
be lower than 2 K by inmersing the samples in liquid He
However, for the measurement of the temperature dep
dence a microscope cryostat equipped with a cold finger
used. The 6470.9 Å line of a mixed Ar1 –Kr1 gas laser was
utilized as excitation source. The backscattered light w
analyzed by a XY-Dilor triple grating spectrometer operati
in additive mode for the low-T measurements. It was de
tected by a charge-coupled device~CCD! cooled down with
liquid nitrogen. In the additive mode this CCD allows a spe
tral resolution of'0.4 cm21 @full width at half maximum
~FWHM!#. Since the Raman spectra broaden enormou
with temperature and the additive mode of the spectrom
in conjunction with the CCD detector covers a spectral ra
of only '200 cm21, we operated the spectrometer in t
subtractive mode for investigating the temperature dep
dence in the full range between 6 and 300 K; in this case
resolution was limited to'0.7 cm21. Due to the small
thickness of the65CuI sample, the opening of the slits of th
monochromator had to be increased, yielding a slightly low
resolution of'1.1 cm21.

B. Pressure dependence of Raman phonons

A diamond-anvil cell ~DAC! operated with He as the
pressure medium was employed to study the pressure de
dence of the Raman phonons in CuI in the range betwee
and 2 GPa. Above that pressureg-CuI undergoes a phas
transition15 to a tetragonal phase that is not of interest he
We used the 6470.9-Å line of a Kr1-ion laser as excitation
source and a double grating spectrometer to analyze the
tered light which was collected by a Princeton Instrume
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cooled multichannel detector consisting of Peltier-coo
photocathode and microchannel plate intensifer, with a
diode array readout. With this setup a spectral resolution
'1 cm21 ~FWHM! was achieved. Several samples we
used for these measurements, of typical sizes of 60360
330 mm. They were loaded under a microscope in inco
gaskets together with a small ruby crystal utilized as ref
ence for the determination of pressure.16,17The pressure was
applied by a hydraulic pump operated with oil which tran
ferred the force to a steel tube pushing the upper diam
towards the lower one. The temperature was varyied
changing the flux of He exchange gas into the Janis cryo
and was controlled independently and measured to a pr
sion of 61 K by two silicon sensors placed in thermal co
tact with the DAC near the position of the diamonds. Mo
details of this cryogenic DAC system are given elsewher18

The spectra of both pressure and temperature depen
runs were analyzed by performing a fit with a Voigt functio
having a Gaussian contribution of FWHM equal to the sp
tral resolution. This was determined in all cases from
width of the 6532.9-Å emission line obtained from a low
pressure neon lamp used for calibration. Such fit proced
can be justified by the excellent resolution achieved in b
pressure and temperature experiments.19

III. RESULTS

A. Low-temperature dependence of Raman phonons
on isotopic mass

Figure 1 displays the Raman spectra of CuI at 2 K for the
different isotopic compositions. Both phonon lines are rat

FIG. 1. Raman spectra of isotopically tailored and of natural C
at 2 K. The difference in intensity between the TO and the L
peaks is a clear indication of the~111! orientation of the samples
~Ref. 21!. A laser plasma line~PL! can be seen at'145 cm21.
2-2
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PRESSURE AND TEMPERATURE DEPENDENCE OF THE . . . PHYSICAL REVIEW B 66, 245202 ~2002!
sharp, although the longitudinal phonon peak appears to
broader and weaker. The weak structure, denoted byPL,
observed at'145 cm21 in the spectrum of65CuI reflects a
plasma line produced by the laser which could not
avoided with a filter due to the small thickness of this sam
and the correspondingly low Raman signal. A shift of t
phonon peaks to lower frequencies appears when the co
mass increases. The zone center modes behave like'm21/2

with m the reduced mass obtained from the average ma
of both constituents, thus in agreement with the harmo
virtual crystal approximation~VCA!.

A more detailed analysis of these spectra is performe
Fig. 2, where the Raman shifts and phonon linewidths
shown for both TO and LO phonons for copper-isotop
enriched and natural CuI. The dashed lines represent
m21/2 behavior predicted by the harmonic VCA, where w
have taken the63CuI sample as reference. We can obse
that, in spite of the good agreement, the Raman freque
shift with increasing copper mass is marginally lower th
the prediction of the harmonic theory.

In order to take into account anharmonicity to lowest
der, the dependences of the Raman frequencies and
widths of monatomic crystals on isotopic massM have been
described in the past with the expressionsv5AM21/2

2BM21 ~e.g., Si, Ref. 20! andG(v)5CM21. These equa-

FIG. 2. Mass dependence of the phonon frequencies,~a! and~b!,
and linewidths~FWHM!, ~c! and ~d!, of the 2 K spectra of Fig. 1.
The dashed lines represent the'm21/2 behavior expected for the
harmonic virtual crystal approximation~VCA! using 63CuI as ref-
erence. The solid lines display fits with the mass dependence
dicted by Eqs.~1! and ~2! for the phonon frequencies and line
widths, respectively.
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tions can be extended to diatomic, zinc-blende-type crys
like g-CuI by assuming that all acoustic phonons into whi
the Raman mode decays depend solely on the mass o
heavier atom. Under this hypothesis the linewidth of the R
man phonons of CuI would be given at low temperature b19

G~v!5CuuI
GuI

acuI
acu23r (2)~v!

5Cm3/2MI
25/2, ~1!

whereuI
G anduI

ac denote the iodine component of the atom
displacements for the Raman phonon and the acou
phonons into which the former decays, respectively, a
r (2)(v) is the corresponding two-phonon DOS, assumed
vary with the mass as'MI

1/2. We obtained from the fit
with Eq. ~1! to the TO ~LO! phonon frequenciesB
5353.8 (681.6) cm21amu. Note that Eq.~1! leads to the
result that the linewidth increases with increasingm, i.e.,
with increasing copper massMCu , contrary to the decreas
with mass found for monatomic crystals. This seeming
paradoxical prediction can be understood when one con
ers that the anharmonic matrix element is determined by
component of the displacement of the Raman phonon on
iodine atoms. This displacement increases with increas
MCu .

The anharmonic contribution to the dependence of
phonon frequencies on the copper mass is more complic
to estimate, since it corresponds to an integration involv
r (2)(v) over the entire frequency space. If we admit as
rough simplification that most of the two-phonon DOS
concentrated at'2vTO and has mainly copperlike characte
the following expression including the lowest term in pertu
bation theory for the anharmonic contribution can be d
rived:

v5Am21/22B
m3/2MCu

23

2MCu
21/22m21/2

. ~2!

We obtained for the TO mode of CuI at 2 KA
5898.1 cm21 amu1/2 and B5491.8 cm21 amu, and
for the LO mode A51002.5 cm21 amu1/2 and B
5404.6 cm21 amu. Despite the large error bars, we can e
tract from these values ofB using Eq.~2! a zero-temperature
anharmonic renormalization D152563 cm21 (24
63 cm21) for the TO ~LO! phonons. These values agre
within the error bars with those obtained from measureme
of the phonon frequencies vs temperature:22.7 cm21 for
the TO mode and22.3 cm21 for the LO phonon. This over-
simplified model can be extended by using forr (2)(v) an
additional oscillator with iodinelike character located
' 2

3 vTO , which can lead to a slightly better agreement b
tween the renormalization obtained by varying the isoto
mass and that extrapolating toT50 K the linear temperature
dependence of the phonon frequencies found at high t
perature. However, the error bars of the measurements do
warrant the use of this extended model.

B. Temperature dependence of the anharmonic self-energies

Because of the strong similarity of the spectra for t
three isotopic compositions shown in Fig. 1, we only p

re-
2-3
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J. SERRANOet al. PHYSICAL REVIEW B 66, 245202 ~2002!
formed detailed temperature runs, between 6 and 300 K
63CuI and 65CuI. Typical data are shown in Fig. 3 at diffe
ent temperatures. A broad structure is observed to rise
temperature at'95 cm21 which can be related to a stron
van Hove singularity in the two-phonon difference DOS; th
will be discuss further in Sec. V. Moreover, both TO and L
modes experience a large increase of linewidth with temp
ture and a shoulder appears at the low-energy side of the
phonon above 150 K. This shoulder evolves with tempe
ture in such a way that at room temperature TO and
peaks strongly overlap for both isotopic compositions. N
that also the TO phonon displays an asymmetric line sh
above 190 K for65CuI, with more spectral weight at low
frequencies, and a shoulder appears at'120 cm21. For
63CuI no measurements were performed between 230 K
room temperature, but the asymmetry can be noticed alre
at 150 K. The fact that the integrated intensity of the T
peak is larger by a factor of 3 than that of the correspond
LO peak reflects the$111% orientation of the measure
surface.21 This, added to the strong broadening at 300 K,
the reason why the LO peak barely appears in many of
published spectra ofg-CuI which must have been taken o
$111% surfaces.2,15,22,23Figures 1 and 2 indicate that the T
peak is narrower@G(FWHM)'0.5 cm21# at low tempera-
tures than the corresponding LO peak@G(FWHM)
'1 cm21#, whereas at 300 K both widths are nearly equ
for 65CuI. This fact will lead below to the necessity of intro
ducing different decay channels for the interpretation of
measured temperature dependence of these linewidths,
ted in Fig. 4. This figure shows for63CuI a crossover in the
temperature dependence of the TO and LO linewidths
about 170 K. At 6 K the TO width~FWHM! is a factor of 2
smaller than the corresponding LO width, whereas it is ab
30% larger at 300 K, a fact which suggests different de
mechanisms for the two Raman phonons. For65CuI we do
not observe such a crossover although the relative increa
the TO linewidth is similar to that obtained in63CuI.

FIG. 3. Raman spectra of63CuI and 65CuI shown for different
temperatures. A broad feature connected with a van Hove sing
ity of the two-phonon difference DOS~DM stands for difference
mode! appears for temperatures above 150 K at'95 cm21. Note
the dramatic broadening of both TO and LO peaks and the shou
of the LO mode rising at low frequencies with increasing tempe
ture. Peaks denoted by an asterisk in the65CuI spectra represen
calibration lines from a neon lamp.
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We have performed a fit of the LO linewidth with th
expression

GLO~T!5G1@11nBE~v1 ,T!1nBE~v2 ,T!#, ~3!

wherenBE(v i ,T) is the corresponding Bose-Einstein fact
with frequencyv i , andv1 andv2 are the frequencies of th
phonons into which the LO phonon frequencyvLO , decays,
with the constraintvLO5v11v2 imposed by energy conser
vation. The fit was performed forv15110 cm21 and v2
540 cm21, as suggested by the experimental dispers
relations.11 These values were taken to be averages of
experimental24 frequencies for the TA and LA modes at theX
and L points ~see Table II!.25 We avoid in this manner the
so-called Klemens ansatz19,26 (v15v25vLO/2) for which
the density of two-phonon states would be very low~see Fig.
10.15b of Ref. 24 and Fig. 3 of Ref. 7!.

The TO linewidth data of Fig. 4 show a very weak in
crease with temperature at low temperature, followed b
strong, nearly quadratic increase above 100 K. This tr
cannot be fitted with Eq.~3! which leads to an almost linea
behavior down to rather low temperatures. We have there
included in Eq.~3! a term representing the decay of the T
phonon into three phonons, which is quadratic vs tempe
ture at high temperatures. This higher-order anharmonic c
tribution has also been used in Ref. 27 to explain the q
dratic dependence on temperature of the LO phonons
cubic BN at high temperatures. We thus write

GTO~T!5G1@11nBE~v1 ,T!1nBE~v2 ,T!#

1G2@113nBE~v3 ,T!13nBE
2 ~v3 ,T!#, ~4!

where, in order to reduce the number of free parameters
have takenv1597 cm21 and v2535 cm21, scaled from
those used for the LO linewidth so as to fulfill energy co

r-

er
-

FIG. 4. Temperature dependence of the linewidth~FWHM! of
TO and LO phonons corresponding to Fig. 3 after deconvoluting
spectrometer resolution using a Voigt profile. The solid lines sho
fit of the LO peak with the assumption of a two-channel decay w
frequencies given in Table I, whereas for the TO mode a term
responding to decay into three phonons was added~dashed lines!.
The poor agreement with the fit for the LO phonon in65CuI can be
partially attributed to the lower resolution used for this samp
which makes the fit with a Voigt profile rather inaccurate.
2-4
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servation, i.e.,v11v25vTO . These values correspond a
proximately to the frequencies of the TA and LA modes
the L point of the Brillouin zone. We have also made t
hypothesisv35vTO/3'44 cm21, similar to that of Klemens
for the decay into two phonons. This ansatz will also
justified in Sec. V as related to a strong critical point found
the one-phonon density of states at the frequencyvTO/3. The
parameters of the fits of Fig. 4 are given in Table I.

At this point we should mention that Raman data of F
kumotoet al.23 show for the TO and LO phonons ofg-CuI at
300-K linewidths of about 12 cm21 ~FWHM!, which agree
within error with those of Fig. 4. At 4 K, however, their LO
phonon spectra have a linewidth of 1.8 cm21 and the corre-
sponding width of the TO phonon spectra is 1.6 cm21, in
contrast with the results of our Figs. 2 and 4. We believe t
this discrepancy arises from an instrumental width of ab
1 cm21 which was not corrected for~as stated by them!.

The temperature shifts~corresponding to the real part o
the anharmonic self-energy! obtained from fits to the spectr
of Fig. 3 are shown in Fig. 5 for the TO and LO phonon
The experimental points have been fitted~solid lines! with an
expression similar to Eq.~3!, whereby in this case on

TABLE I. Parameters obtained from the fit of the temperatu
dependence of the TO and LO phonon linewidths and frequen
of CuI. The phonon frequencies were fitted using the two-pho
decay model with equal acoustic frequencies~Klemens ansatz! of
Eq. ~5!. Phonon linewidths were reproduced by fits with Eqs.~3!
and ~4!, where we used for the LO modev1540 cm21 and v2

5110 cm21, representing the maxima of transverse and longitu
nal acoustic densities of states~Ref. 24!, respectively, and the cor
respondingly scaled frequencies for the TO modes.D1 represent the
zero-temperature anharmonic frequency renormalization obta
from Fig. 5. All parameters are given in cm21.

v0 D1 v1 G1 G2

63CuI TO 135.27 2.50 88.7 0.34 0.17
LO 152.85 2.64 95.5 1.31

65CuI TO 134.60 2.81 98.2 0.33 0.13
LO 150.85 1.97 82.0 1.57

FIG. 5. Temperature dependence of the phonon frequencie
the zone-center modes in63CuI and65CuI. The solid lines represen
a fit with Eq. ~5! ~see text!. The dashed lines display the extrapol
tion to 0 K of the linear dependence found at high temperatur
The parameters of the fit are listed in Table I.
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should not fix the values ofv1 andv2 by energy conserva
tion since the intermediate states are energy nonconser
virtual transitions. This leaves us with two independent
parameters,v1 and v2, representing average frequencie
Attempts to fit these parameters independently revealed
not enough experimental information is available~in view of
the error bars in the experimental frequencies!. We therefore
make a Klemens-like ansatzv15v2, wherebyv1 need not
be vTO/2 ~nor vLO/2) for the fit of the TO~LO! phonons,

v5v02D1@112nBE~v1 ,T!#. ~5!

An excellent fit is obtained for both TO and LO frequenci
with v15v2'90 cm21; the specific values ofD1 and v1
obtained from the fit are displayed in Table I. These valu
agree qualitatively with thead hocassumption of a single
oscillator at 2vTO made in Eq.~2! to explain the slight de-
viation of the reduced mass behavior expected from the V
observed in Fig. 2 for low temperatures.

C. Pressure dependence of the Raman phonons

We have investigated the pressure dependence of the
man phonons of63CuI at three different temperatures in o
der to buttress the interpretation of the changes in line sh
and the line shift of the phonons and resonances observe
Fig. 3 at ambient pressure. The dependence of the Ra
spectra ofg-CuI on pressure~up to '20 kbar) is shown in
Figs. 6~a!–6~c!, as measured at 10, 120, and 240 K, resp
tively. The following trends are apparent:

~i! At 10 K both, the TO and LO linewidths increase wit
increasing pressure, the increase being difficult to meas
quantitatively for the rather weak LO peak.

~ii ! At 120 K it is not possible to detect a variation of th
width of the weak LO peak with pressure within experime
tal scatter. The linewidth of the TO peak, however, increa
by about 15% from 0.2 to 2.0 GPa. This increase is cons
erably less~a factor of three! than that found at 10 K.

~iii ! At 240 K the TO linewidth remains nearly indepen
dent of pressure at 9.560.5 cm21. TO and LO peaks almos
overlap like in the high-temperature spectra displayed in F

es
n

i-

ed

of

.

FIG. 6. Pressure dependence of the Raman spectra of63CuI at
10 K ~a!, 120 K ~b!, and 240 K~c!. Note the broadening of the TO
linewidth with increasing pressure observed at 10 K.
2-5
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3 for ambient pressure, and the TO line shape is sligh
asymmetric showing a larger spectral weight at low frequ
cies.

Figure 7~a! shows the measured increase in the TO a
LO Raman frequencies vs pressure, as obtained from
spectra of Fig. 6. From the frequency shifts in Fig. 7~a! we
derive the Gru¨neisen parameters at 10 KgTO(G)52.5 and
gLO(G)51.8 using the expression

g52
d ln v

d ln V
5B

d ln v

dp
, ~6!

where p is the pressure andB the bulk modulus~equal to
kT

21 , wherekT is the isothermal compressibility!. Note that
comparison between different sets of Gru¨neisen parameter
is only possible if both sets have been derived using the s
value of B. We have taken for the bulk modulusB
540.3 GPa from Ref. 28, although more recent x-ray d
yield a valueB531(2) GPa.29 In this way, our values ofg
compare well with those reported by Hochheimeret al.28 at
40 K, 100 K, and room temperature.30 The differencegLO
2gTO ('20.7 measured for CuI! is related to the depen
dence of the transverse effective chargeeT* and the ionicity
on volume~see Ref. 9 and references therein!. Using Eq.~3!
of Ref. 9 we obtain for CuIeT* 51.06, wheree`54.84 was
taken from Ref. 31. A Gru¨neisen parameterg* can be de-
fined to represent the volume dependence ofeT* , as done in
Eq. ~4! of Ref. 9. We obtain for CuIg* 521.5. A negative
sign is found forg* in most zinc-blende-type materials~the
only known exception32 being SiC!. It corresponds to a de
crease in effective charge with increasing pressure.

The analysis of the dependence of phonon linewidths
pressure is more complicated since at different temperat
several distinct decay channels become active. Figure~b!
displays the pressure dependence of the TO linewidth a

FIG. 7. ~a! Pressure dependence of the phonon frequencies
~b! TO phonon linewidth of 63CuI at 10 K ~circles!, 120 K
~squares!, and 240 K~diamonds!. Solid symbols display the experi
mental points whereas the open symbols represent data extr
from Figs. 4 and 5 at 1 bar. The solid lines represent linear fits to
pressure data. For the TO linewidth at 240 K the points at 1
obtained outside the diamond-anvil cell were included in the fi
make up for the lack of data at low pressure.
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K ~solid circles!, 120 K ~solid squares!, and 240 K~solid
diamonds!, together with the ambient pressure data~open
symbols! obtained from Fig. 4~a!. The solid lines represen
linear fits to the frequencies vs pressure, where for 240 K
1-bar point from Fig. 4~a! was included to compensate fo
the lack of data obtained with the diamond-anvil cell at pr
sures lower than 4 kbar. We notice in Fig. 7~b! a change in
the sign of the slopes with increasing temperature that
be discussed in detail in Sec. V with the aid of the theoreti
model developed in the next section.

IV. THEORY

In order to interpret the pressure and temperature dep
dence of the Raman phonons in CuI we need to know
appropriate two- and three-phonon densities of states and
dependence of the appropriate van Hove singularities w
both pressure and temperature, since they are responsib
the resonances observed in the spectra and the correspo
phonon linewidths and line shifts.

A. Rigid-ion model

We have employed a rigid-ion force constants model w
11 parameters10 fitted to inelastic neutron-scattering data11 to
calculate the one-@r (1)(v)# and two-phonon@r (2)(v)#
DOS.

The inelastic neutron-scattering data reported for C
were obtained at room temperature; we have assumed
the temperature dependence of the different features of
DOS is similar to that reported in Ref. 33 for germaniu
rescaled to reproduce the observed temperature depend
of the TO phonons in CuI. The DOS must be scaled by
corresponding Bose-Einstein function when used for mod
ing the contribution to the self-energy or the linewidth
different temperatures. For the sake of simplicity, a Kleme
like ansatz was used for the different DOS.

In order to represent the anomalous temperature de
dence observed for the TO linewidth two different dec
channels have been assumed in Sec. III to describe itsT2

high-temperature behavior, i.e., a two-phonon channel w
phonons of different frequencies and a decay into th
phonons. Since no information34 is available about the three
phonon DOS,r (3)(v), and the one-phonon DOS,r (1)(v),
shows a sharp resonance at'vTO/3, corresponding approxi
mately to TAX , we have used only a decay channel into thr
phonons of equal frequency, which impliesr (3)(v)
}r (1)(v/3), and disregarded decays into other three-pho
channels. This simplification, though very rough, yields go
qualitative agreement with the observed linewidths vs pr
sure as will be shown in the discussion.

Another possible decay channel used by Fukumotoet al.23

involves a two-phonon difference mode, which simulate
term quadratic in temperature but only at intermediate te
peratures. This channel might account for the observed t
perature dependence of the TO linewidth at ambient p
sure, but cannot reproduce the almost pressure indepen
linewidth observed at 240 K and its contribution to the te
perature dependence of the LO linewidth is also negated
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the very low two-phonon difference DOS in the LO regio
This issue will be analyzed in more length in Sec. V.

B. Ab initio calculations

In order to interpret the observed pressure dependenc
the phonon line shapes we need the Gru¨neisen parameters o
the acoustic phonons contributing to the decay chann
Little information is available on this subject: The only e
perimental data for CuI were obtained by extrapolation
results for the high-pressure tetragonal phase.35 We have
therefore undertaken a first-principles calculation of the p
non frequencies and their dependence on the lattice con
for the three cuprous halides~CuCl, CuBr, and CuI!. Calcu-
lations using the full-potential linear-muffin-tin-orbital~FP-
LMTO! method36 have been reported for the TO Ram
phonons, and experimental data for the Gru¨neisen param-
eters have been collected in Ref. 35.

Theab initio calculations were performed with electron
band structures generated within the framework of dens
functional theory~DFT! and its local-density approximatio
~LDA !, for which we used the Ceperley-Alder form of th
exchange-correlation energy density of the homogene
electron gas as parametrized by Perdew and Zunger.37 The
present results have been obtained with theABINIT code,38

that is based on a plane-wave representation of the w
functions describing the electron-ion interaction by nor
conserving pseudopotentials.39,40 This representation is abl
to account for the strong hybridization of the copper 3d and
halogen p orbitals.41 Phonon frequencies were calculat
within linear-response theory42 ~see Refs. 43 and 44 for tech
nical details concerning Born effective charges and the c
putation of the dynamical matrix!.

A kinetic energy cutoff of 70 hartree was used for t
plane-wave expansion and a 43434 Monkhorst-Pack grid45

~ten special points! was employed for integration in the Bril
louin zone. With these parameters we obtain a converge
in the total energy better than 1 mhartree. The phonon
quencies are converged to better than 1 cm21.

Although the LDA yields values of the band gap mu
lower than the experimental ones~for the cuprous halides th
gaps are only 20% of the experimental values!, the calcu-
lated phonon frequencies are usually not very sensitive
this so-called ‘‘gap effect.’’ In Table II we compare the ph
non frequencies calculated at high-symmetry points of
Brillouin zone with those reported by inelastic neutr
scattering.11,46,47The experimental values of the lattice co
stants were used for the calculation of the phonon frequ
cies and mode Gru¨neisen parameters; theoretical values
the lattice constants at zero pressure were'2% smaller.
Calculated and measured phonon frequencies agree w
10% except for those corresponding to transverse-acou
phonons,48 which are more difficult to converge. Our resul
for the TO phonon frequencies compare well with those
ported by FP-LMTO in Ref. 36, although our Gru¨neisen pa-
rameters are 30% larger. For CuI the calculated frequen
yield a sign reversal of the TO-LO splitting at theX point,
compared to the neutron data.11,24 The reduction of the
TO-LO splitting at theG point when going from CuCl to Cu
24520
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is reproduced as well, although one should take into acco
the difference in temperature between experimental and
oretical data~the former are affected by anharmonic corre
tions while the latter are not!. However, this splitting is much
smaller in the frequencies calculated for CuI. The calcula
splitting can be increased if the band gap is corrected and
screening reduced, but this would not affect the TO-LO sp
tings at other points of the Brillouin zone, where differenc
with the experimental data can be due to anharmonic effe
Another important feature observed in Table II is that t
frequencies of the TO and LO phonons decrease with
mass of the halogen, whereas those of the acoustic pho
remain nearly constant for all cuprous halides. This expla
why the observed5,8 Fermi resonances for CuCl and CuB
appear at the TO and LO frequencies, respectively, since
relevant van Hove singularity of the two-phonon DOS r
sponsible for those resonances corresponds to a TA1LA
phonon combination.

Table III displays the Gru¨neisen parametersg calculated
for the cuprous halides at different high-symmetry points
the Brillouin zone, together with experimental data~in pa-
rentheses! collected in Ref. 35 and more recent data fro
Refs. 6 and 9. The experimental parameters obtained f
our Raman data vs pressure for theG point at 10 K are also
shown in brackets. The calculatedg ’s were obtained from
linear fits to the dependence of ln(v) on ln(a), with a the
lattice constant, for three different lattice constants arou
the experimental value. Although the calculated Gru¨neisen
parameters are'30% larger than those extracted from o
pressure measurements, we can use them to interpret q
tatively differences between the three cuprous halides. N
that the negative sign ofgLO2gTO observed for the Raman
phonons is also reproduced by the calculation. For the ef
tive charge of CuI we obtaineT* 51.24, which also agree
reasonably with the value extracted from our measurem
('1.06 for 10 K!. The slightly higher calculated value ofeT*
may be related to an overestimate ofe` , attributed to the

TABLE II. Phonon frequencies calculatedab initio for the cu-
prous halides at high-symmetry points of the Brillouin zone. T
experimental lattice constants were used in the calculations. Va
in parentheses represent experimental data obtained by ine
neutron scattering. FP-LMTO data from Ref. 36 are shown in cu
brackets. The frequencies are given in cm21.

Point TA LA TO LO

CuCl G 0 0 148~166! $156% 187 ~207!
X 52 ~39! 117 ~124! 211 ~218! 235 ~234!
L 42 ~34! 110 ~114! 180 ~192! 244 ~245!

CuBr G 0 0 134~135! $136% 158 ~169!
X 51 ~39! 124 ~126! 158 ~161! 157 ~154!
L 40 ~32! 113 ~106! 145 ~150! 167 ~172!

CuI G 0 0 116~126! $138% 132 ~160!
X 57 ~46! 115 ~121! 121 ~143! 118 ~156!
L 42 ~36! 106 ~100! 118 ~133! 124 ~155!

aExperimental data from Ref. 46 measured at 4.2 K.
bExperimental data from Ref. 47 measured at 77 K.
cExperimental data from Ref. 11 measured at room temperatur
2-7
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TABLE III. Mode Grüneisen parameters for the cuprous halides at high-symmetry points of the Bril
zone calculated using the linear response method within density functional perturbation theory. Va
brackets denote our experimental results for the zone center modes converted from pressure deriv
volume derivatives using a bulk modulusB540.3 GPa~Refs. 28 and 30!. Experimental data in parenthese
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 G 4.3 ~2.4! ~1.9!a $3.2% 2.5 ~1.0! ~1.5!a

X 20.7(21.4)b 2.3 2.7 1.9
L 21.5(21.4)b 1.8 3.3 2.0

CuBr G 3.4 ~2.4! ~1.8!c $2.8% 2.3 ~1.9! ~1.2!c

X 21.5(20.4)b 2.2 3.0 1.9
L 21.9(20.4)b 1.4 3.3 2.2

CuI G 3.2 @2.5# $2.5% 2.3 @1.8#
X 20.3(2.5)d 2.2 3.5 1.9
L 20.9(2.5)d 1.5 3.5 2.5

aRaman data reported in Ref. 6.
bFrom Raman data for CuCl0.80Br0.20 and CuCl0.20Br0.80 alloys ~Ref. 52!.
cRaman data reported in Ref. 9.
dExtrapolated from Raman data of the high-pressure tetragonal phase~Ref. 15!.
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band-gap problem of the LDA. However, the calculation
g* yields too large a value, as expected from the small c
culated TO-LO splitting.

The calculatedgTA shows a negative sign for all coppe
halides, however, the value for CuI is very small. Accordi
to Ref. 35 a decrease of the magnitude of the Gru¨neisen
parameters and even a change of sign is expected for
transverse acoustic phonons when going through the s
CuCl–CuBr–CuI. This result is further supported by t
change of sign of the slope in the temperature dependenc
the lattice parameter for CuCl and CuBr, which does
appear49 in CuI and indicates a small magnitude or a posit
sign ofgTA for this compound. Our calculations shows also
decrease ofgTA from CuCl and CuBr to CuI. This trend i
different from that observed in II-VI compounds such as
series ZnS–ZnSe–ZnTe, where35 gTA ~always negative! in-
creases in magnitude for theX point and decreases slightl
but remains negative for theL point. The calculated data o
Table III fail to explain the value of 2.5 reported in Ref. 3
for CuI for the transverse acoustic Gru¨neisen parameters a
the X, K, andL points. However, this value was obtained
extrapolation of Raman measurements for the high-pres
tetragonal phase15 and from disordered alloys;22 these proce-
dures are obviously questionable. Precise measuremen
the second-order Raman spectra under pressure woul
required to obtain experimental data which can be reas
ably compared with our calculated values. We have there
used our calculated Gru¨neisen parameters to model the pre
sure dependence of the two- and three-phonon DOS obta
with the rigid-ion model, and thus investigate and explain
pressure dependence of the Raman spectra measured a
ferent temperatures.

V. DISCUSSION

The low-temperature spectra of Fig. 1 can be basic
understood within the virtual crystal approximation, as e
24520
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plained in Sec. II. However, we have seen that the introd
tion of the anharmonic terms of Eqs.~1! and ~2! improves
slightly the fits in Fig. 2. This is in agreement with the low
temperature Raman data reported for CuBr.8 Moreover, the
fits yield values of the zero-temperature renormalization
agreement with those obtained by linear extrapolation of
phonon frequencies vs temperature to 0 K.

In order to analyze in detail the different aspects of t
temperature dependence of the measured spectra, we
plotted in Fig. 8~a! the Raman spectrum for65CuI at 170 K,
as indicative of the high-temperature behavior observed
Fig. 3. The lowest frequency structure in this spectrum i
broad band located at'95 cm21. This structure has bee
asigned in the past22,23 to a 2TA phonon combination en
hanced by disorder effects within an off-center model for
copper ions. This off-center model has been discarded ra
conclusively in recent work with isotopically substitute
samples.5,6,8,9The fact that this feature appears at high te
peratures~see Fig. 3!, and the low frequencies reported b
inelastic neutron scattering for the transverse phonons a
zone boundaries have led us to assign this feature to
phonon difference modes. Figure 8~b! displays as a thick line
the two-phonon difference DOS@r2

(2)(v)#, which exhibits a
pronounced van Hove singularity centered at'94 cm21,
arising mainly from (TO-TA)L phonon differences. This sin
gularity supports our interpretation of the spectral weight
this region at high temperatures.

The slightly asymmetric line shape exhibited by the T
peak at high temperatures~see arrows in Fig. 3!, and the fact
that the TO linewidth observed at room temperature is lar
for 63CuI than for 65CuI, can be also attributed to a res
nance with the two-phonon difference DOS. In Fig. 8~b! a
broad structure appears in the range between'104 and
125 cm21, with a kink at its high-frequency side. This ban
has three van Hove singularities, denoted by A, B, and C
the figure, at 103, 113, and 124 cm21, which are related to
2-8
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the difference modes (TO-TA)L , (LO-TA)X , and
(LO-TA) L , respectively. The latter would be responsible
the increase of the TO linewidth of'2 cm21 at room tem-
perature observed for63CuI with respect to65CuI. From the
mass dependence of the Raman phonons one would ex
the TO peak of65CuI to shift down in frequency with in-
creasing temperature faster than that of63CuI. However, the
eigenvectors of the LO phonons at the zone boundary h
usually a larger component of copper mass than the TO p
non at theG point. Moreover, the absolute shift to lowe
frequencies should be larger due to the larger frequenc
the LO phonons. In summary, with increasing temperat
r2

(2)(v) shifts to lower frequencies faster than the Ram
phonons, therefore the coupling is weaker for65CuI and the
TO linewidth is smaller than that of63CuI.

FIG. 8. ~a! Measured Raman spectra of65CuI at 170 K and~b!
graph with the calculated two-phonon difference@r2

(2)(v), thick
line# and sum@r1

(2)(v)# DOS, together with the Kramers-Kroni
transform of the latter@D(v)#, using a rigid-ion model. In~a! the
circles represent the experimental data and the solid line displa
fit assuming a Fermi resonance model as used in Refs. 5 and
low-temperature Raman spectra of CuCl and CuBr, respectivel
broad feature is observed at'95 cm21 that can be attributed to
difference modes, as shown in the lower graph. The inset in
upper graph shows more clearly the resonance at the LO peak
the arrows denote the position of van Hove singularities ofr1

(2)(v)
at TA1LAL and TA1LAX . The dotted peak in the lower graph
'139 cm21 represents anad hocmodification ofr1

(2)(v) required
to account for the shoulder observed at the LO peak.
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In Fig. 8~a! we can also observe a shoulder at the lo
frequency side of the LO peak, already mentioned in Sec
This feature can be reproduced by the Fermi resona
model introduced by Krautzmanet al.1 in a way similar to
that employed in Refs. 5 and 8 to explain the anomalo
low-temperature line shape of the TO and LO peaks of C
and CuBr, respectively. We have already pointed out that
two-acoustic-phonon~sum! DOS, r1

(2)(v), remains almost
unchanged from CuCl to CuBr, as can be inferred from
zone-edge phonon frequencies displayed in Table II. T
M1-type singularity seen in Fig. 8~b! at 137 cm21 is due to
the sum of TA and LA phonons at theL point of the Brillouin
zone, and can be used, together with its Hilbert transfo
~dashed line!, to fit the line shape of the LO structure. In th
spirit of Refs. 5 and 8, we model the linewidth with th
equation

G~v!5uV3u2r0
(2)~v!@112nBE~v/2T!#, ~7!

where uV3u is a third-order anharmonic coupling parame
and we have included a Bose-Einstein factor to account
the finite temperature.r0

(2)(v) is the two-phonon~sum! DOS
for 0 K, obtained from that calculated in Sec. IV B for roo
temperature by scaling with the temperature dependenc
the different phonons in germanium. The fit procedure h
been described elsewere5,8,9,50and yields foruV3u2 a value of
'6 cm22. The (TA1LA) L singularity has been enhance
ad hoc@dotted line in Fig. 8~b!# in order to better reproduce
the shape of the shoulder. Similar enhancement also ha
be invoked to explain the dependence of the linewidth
diamond on isotopic composition51 in spite of the rather
good knowledge of the dispersion relations of this mate
as compared with those of the cuprous halides. The solid
in Fig. 8~a! represents a fit with Eq.~7! and with Eq.~2! of
Ref. 8 for the spectrum of65CuI at 170 K. The inset of this
figure shows good agreement between the fit and the exp
mental data; the arrows indicate the frequency of the sin
larities of r1

(2)(v) labeled in Fig. 8~b!.
The temperature dependence of the LO phonon linew

can be summarized as follows: The LO phonons displa
normal anharmonic behavior that can be mainly attributed
decay into two acoustic phonons as shown by the fits in F
4. Difference modes are ruled out, contrary to the interpre
tion of Fukumotoet al., on the basis of the low density o
two-phonon difference states displayed in Fig. 8~b! for that
frequency region. We ascribe the discrepancy between th
and the experimental data in Fig. 4~b! for 65CuI to an artifact
of the deconvolution procedure related to the lower reso
tion employed in those measurements. This discrepa
might also arise from an additional decay channel into th
acoustic phonons, as used for the TO peak, but there is
enough evidence to support such hypothesis.

Figure 9 shows several plots ofr1
(2)(v) and r (3)(v) for

different pressure and temperature conditions~i.e., including
the appropriate Bose-Einstein factors!. The thick solid curve
represents a three-phonon density of states obtained u
the assumption of Klemens-type processes in which th
phonons involved have the same frequency. This curve t
corresponds to the one-phonon density of states with the
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J. SERRANOet al. PHYSICAL REVIEW B 66, 245202 ~2002!
quency scale expanded by a factor of three. We observ
r (3)(v) a broad structure centered at'130 cm21 related to
three TA phonons at theX and W points. The resonance o
the TO phonon with this structure should be responsible
the anomalous increase in linewidth with temperature. T
fact that higher-order anharmonic terms are not expecte
contribute significantly at low temperatures explains the v
narrow width ('0.5 cm21) observed at 2 K:r1

(2)(v) is very
small in the region. These DOS have been rigidly shifted a
scaled by the corresponding Bose-Einstein functions to t
into account the effect of temperature, as described in
previous section. The Gru¨neisen parameters calculatedab
initio (gTA1LA.0.85 andg3TA.20.9) have been employe
to rigidly shift r1

(2)(v) andr (3)(v) with pressure. This ap
proximation is reasonable in the vicinity of the singulariti
~see vertical lines in Fig. 9!.

Using the Gru¨neisen parameters of Table III and the mo
eled DOS displayed in Fig. 9, we can explain qualitative
the trends observed in Figs. 6 and 7 for the pressure de
dence of the Raman phonons of63CuI. Because of the sma
Grüneisen parameter of the (TA1LA) L phonon combina-
tion, the TO phonon, at 133 cm21 for p51 bar, will shift
towards the TA1LA singularity thus giving rise to an in-

FIG. 9. Two- @r1
(2)(v)# and three-phonon@r (3)(v), thick line#

DOS obtained with the 11 parameter rigid-ion model of Ref.
r (3)(v) was generated by scaling the one-phonon DOS assumi
decay into three phonons of equal frequency. Both DOS, obta
from neutron data at room temperature, have been shifted hori
tally, and scaled vertically by the corresponding Bose-Einst
function, in order to represent the different temperature and p
sure conditions. In addition,r (3)(v) has been divided by a factor o
2 in order to better display both DOS in the same graph.
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crease in the linewidth in qualitative agreement with the d
of Fig. 4 @see also similar results obtained for the Ram
phonons of silicon under pressure50 and the TO mode in
CuBr ~Ref. 9!#. The shift of TO(G) away from the three-
phonon singularity will contribute a nearly negligible d
crease in width with increasing pressure at 10 K. At 240
however, the three-phonon contribution becomes domin
@actually r (3)(v) has been divided by a factor of 2 in th
graphs of Fig. 9 to better display both densities of states
the same plots# and it is much larger than the two-phono
term, a fact which was already invoked to explain the lin
widths in Fig. 4. When applying pressure, however, the
frequency shifts up with respect to either singularity. Th
shift results, according to Fig. 9, in a decrease of the thr
phonon contribution and an increase of the two-phonon te
to the TO width. The compensation must be nearly comp
in order to explain the nearly pressure independent wi
observed at 240 K in Figs. 6 and 7.

In order to make quantitative predictions of the press
dependence of the linewidth displayed in Fig. 7, we ha
used the information obtained from the temperature dep
dence measurements, in the sense that the linewidth ca
expressed as a sum of a third-order term and a fourth-o
contribution. In the spirit of Ref. 5, these contributions c
be represented byad hocanharmonic constants multiplyin
the corresponding density of states responsible for the de
process:

G~v!5uV3u2r1
(2)~v!1uV4u2r (3)~v!. ~8!

The values of the coefficientsuV3u2 and uV4u2 are uniquely
determined when we require that Eq.~8! yields the param-
etersG1 andG2 of the fit for the TO phonon linewidth with
Eq. ~4!. In Table IV we display the pressure dependence
the TO linewidth extracted from the analysis of Fig. 9. N
tice that although the estimated magnitude is smaller,
DOS analysis reproduces the sign reversal of the slopes
served in Fig. 7. The change with temperature for cons
pressure is included automatically through Bose-Einst
factors. The calculation of the TO phonon linewidth at lo
temperature using Eq.~8! is strongly affected by small de
viations in the relative position ofr1

(2)(v) with respect to the
Raman phonons. Typical deviations of65 cm21 that are
expected from the error bars of the inelastic neutro
scattering data would explain the discrepancy shown for

TABLE IV. Pressure derivatives~in cm21/GPa) of the TO pho-
non linewidth of63CuI at different temperatures. Experimental da
from Fig. 7 are compared with those obtained from the two- a
three-phonon DOS of Fig. 9 and Eq.~8!. The values of the anhar
monic coefficientsuV3u258.8 cm22 and uV4u251.46 cm22 were
extracted from the fit to the temperature dependence of the co
sponding linewidth, shown in Fig. 4.

T @K#

10 120 240

Expt. 0.61~6! 0.19~5! 20.2(2)
Theor. 0.12 0.10 20.16
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K between measured and calculated values of the pres
dependences of the TO phonon linewidth displayed in Ta
IV. The discrepancy between calculated and measured G¨n-
eisen parameters can also contribute to this difference in
slopes. The use of the experimental Gru¨neisen parameters fo
the TA modes would even worsen this situation. The value
uV3u2.8.8 cm22 obtained from this analysis is significant
smaller than those reported for CuCl (70 cm22, Ref. 5! and
CuBr (45 cm22, Ref. 8!. This reveals clearly the decrease
anharmonicity throughout the series CuCl–CuBr–CuI, i
with increasing halogen mass.

VI. CONCLUSIONS

We have performed a comprehensive investigation of
Raman phonons under different temperature and pres
conditions in isotopically substitutedg-CuI. At low tempera-
ture both TO and LO phonons behave with copper m
mainly as predicted by the virtual crystal approximatio
slight deviations from this model can be accounted for by
lowest order anharmonic contributions.

The TO phonon linewidth exhibits an anomalous tempe
ture dependence that can be best understood in terms
decay into two and three acoustic phonons. The LO pho
linewidth is rather normal, i.e., it can be explained by dec
into two acoustic phonons. Nevertheless, at high temp
tures, a shoulder develops at its low-energy side which
be attributed to a resonance with the two-phonon sum d
sity of states. To model these line shapes and their de
dence on pressure and temperature, the one- and two-ph
densities of states were obtained using a rigid-ion model,
first-principles calculations were performed for the phon
ot
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frequencies and Gru¨neisen parameters. The calculated valu
agree qualitatively with those available in the literature a
allow the interpretation and explanation of the TO linewid
and its change with pressure as related to a resonance w
three TA phonon combination. Difference modes have b
discovered at 95 and 124 cm21 which explain the broad
structure and an additional broadening of the TO peak
served in the high-temperature spectra of63CuI as compared
to that of 65CuI. The Grüneisen parameters calculated for t
transverse-acoustic phonons, although negative, reflect
smaller magnitude reported in the literature for CuI as co
pared to those of CuCl and CuBr. This trend contrasts w
the behavior observed for the related II-VI series, Zn
ZnSe–ZnTe, where the magnitude of the negative Gru¨neisen
parameters for the transverse-acoustic phonons tends t
crease from ZnS to ZnTe.
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and D. Fröhlich, Phys. Rev. B65, 125110~2002!.

14C. T. Lin et al. ~unpublished!.
15O. Brafman, M. Cardona, and Z. Vardeny, Phys. Rev. B15, 1081

~1977!.
16C. Ulrich, Ph.D. dissertation, University of Stuttgart, 199

~unpublished!.
17L. Viña, S. Logothetidis, and M. Cardona, Phys. Rev. B30, 1979

~1984!.
18B.A. Weinstein, Philos. Mag. B50, 709 ~1984!.
19J. Menéndez and M. Cardona, Phys. Rev. B29, 2051~1984!.
20F. Widulle, T. Ruf, M. Konuma, I. Silier, M. Cardona, W. Krieg

seis, and V.I. Ozhogin, Solid State Commun.118, 1 ~2002!.
21M. Cardona, inLight Scattering in Solids, edited by M. Cardona

and G. Gu¨ntherodt~Springer-Verlag, Berlin, 1982!, Vol. 2, p. 49.
22Z. Vardeny and O. Brafman, Phys. Rev. B19, 3290~1979!.
23T. Fukumoto, K. Tabuchi, S. Nakashima, and A. Mituishi, Op

Commun.10, 78 ~1974!.
24H. Bilz and W. Kress, inPhonon Dispersion Relations in Insula

tors, edited by M. Cardona, P. Fulde, and H.-J. Queis
~Springer-Verlag, Berlin, 1979!, p. 116.

25These TA frequencies were scaled by the ratio of Raman~at 2 K!
2-11



.

a
in
u

re

u

-

te
on

do

ase
.S.

ev.

pn.

and
is

e-

s

M.

ys.
a,

J. SERRANOet al. PHYSICAL REVIEW B 66, 245202 ~2002!
to neutron-scattering~at 300 K! frequencies~Ref. 11!.
26P.G. Klemens, Phys. Rev.148, 845 ~1966!.
27H. Herchen and M.A. Cappelli, Phys. Rev. B47, 14 193~1993!.
28H.D. Hochheimer, M.L. Shand, J.E. Potts, R.C. Hanson, and C

Walker, Phys. Rev. B14, 4630~1976!.
29M. Hofmann, S. Hull, and D.A. Keen, Phys. Rev. B51, 12 022

~1995!.
30In Ref. 28 temperature-dependent isothermal compresibilities

given for 40, 100, and 295 K. Using these data for calculat
the bulk modulus, we obtain from the slopes of Fig. 7 the Gr¨n-
eisen parametersgTO52.5, 2.3, and 2.4, andgLO51.8, 1.7, and
1.8 for 10, 120, and 240 K, respectively. These values ag
rather well with those reported in Ref. 28.

31J.E. Potts, R.C. Hanson, and C.T. Walker, Solid State Comm
13, 389 ~1973!.

32D. Olego, M. Cardona, and P. Vogl, Phys. Rev. B25, 3878~1982!.
33G. Nelin and G. Nilsson, Phys. Rev. B10, 612 ~1974!.
34Note that the calculation ofr (3)(v) implies summing up frequen

cies of three phononsv1(q1), v2(q2), and v3(q3) satisfying
momentum conservation, i.e.,q11q21q350, which is by no
means trivial.

35B. A. Weinstein and R. Zallen, inLight Scattering in Solids, ed-
ited by M. Cardona and G. Gu¨ntherodt~Springer-Verlag, Berlin,
1984!, Vol. 4, p. 472.

36J.W. Kremer and K.H. Weyrich, Phys. Rev. B40, 9900~1989!.
37D.M. Ceperley and B.J. Alder, Phys. Rev. Lett.45, 566 ~1980!;

J.P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
38The ABINIT code is a common project of the Universi´

Catholique de Louvain, Corning Incorporation, and other c
tributors ~URL http://www.abinit.org!.

39N. Troullier and J.L. Martins, Phys. Rev. B43, 1993~1991!.
40We used the following core radii in the generation of the pseu
24520
T.

re
g

e

n.

-

-

potentials~in bohrs!: Cu: 2.05 (4s1 and 3d10) and 2.30 (4p0);
Cl: 1.65 (3s2, 3p5, and 3d0); Br: 1.85 (4s2, 4p5, and 4d0); I:
2.85 (5s2, 5p5, and 5d0).

41Similar pseudopotentials have been utilized to investigate ph
transitions and the electronic structure in silver halides. See G
Nunes, P.B. Allen, and J.L. Martins, Phys. Rev. B57, 5098
~1998!; Solid State Commun.105, 377 ~1998!.

42S. Baroni, S. de Gironcoli, A. Dal Corso, and P. Giannozzi, R
Mod. Phys.73, 515 ~2001!.

43X. Gonze, Phys. Rev. B55, 10 337~1997!.
44X. Gonze and C. Lee, Phys. Rev. B55, 10 355~1997!.
45H.J. Monkhorst and J.D. Pack, Phys. Rev. B8, 5747~1973!.
46B. Prevot, B. Hennion, and B. Dorner, J. Phys. C10, 3999~1977!.
47S. Hoshino, Y. Fujii, J. Harada, and J.D. Axe, J. Phys. Soc. J

41, 965 ~1976!.
48Note that the differences between experimental frequencies

those calculated in Ref. 36 is only 3%: The LMTO treatment
more adequate for the 3d electrons than that based on plan
wave pseudopotentials.

49Landolt-Börnstein, Numerical Data and Functional Relationship
in Science and Technology, Group III, Vol. 17, Pt. b~Springer-
Verlag, Berlin, 1982!, p. 501.

50C. Ulrich, E. Anastassakis, K. Syassen, A. Debernardi, and
Cardona, Phys. Rev. Lett.78, 1283~1996!.

51K.C. Hass, M.A. Tamor, T.R. Anthony, and W.F. Banholzer, Ph
Rev. B 45, 7171 ~1992!; J. Spitzer, P. Etchegoin, M. Cardon
T.R. Anthony, and W.F. Banholzer, Solid State Commun.88, 509
~1993!.

52B. J. Parsons and C. D. Clark inLight Scattering in Solids, edited
by M. Balkanski, R. C. C. Leite, and S. P. S. Porto~Flammarion,
Paris, 1976!, p. 414.
2-12


