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Raman spectra of CuCl were measured atT  5 K under hydrostatic pressures up to3.3 GPa. The
anomalous line shape of the transverse-optic (TO) scattering, which consists of a broad structur
several maxima, undergoes a drastic change under pressure. The anomaly disappears comp
3 GPa. These pressure effects are well reproduced by a model calculation of the anharmonic coup
the TO mode to acoustic two-phonon states (Fermi resonance). The results demonstrate that the
pressure TO anomaly does not arise from local vibrational modes of Cu atoms in off-center pos
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Copper chloride is a highly ionic I-VII semiconducto
crystallizing in the zinc-blende (ZB) structure. It exhibit
several unusual properties, e.g., a large negative ther
expansion at low temperatures, a decrease of the e
tic shear constants with increasing pressure, large m
square displacements of Cu atoms even at low tempe
ture, and a high value of the ionic conductivity at hig
temperatures [1]. Another highly unusual feature, whic
has attracted recent interest [2–5], is the anomalous fi
order Raman spectrum [5–8]. Instead of narrow Ram
lines corresponding to the characteristic transverse op
cal (TO) and longitudinal optical (LO) modes of ZB-type
crystals, CuCl shows, in the region of the TO mode fr
quency, a broad structure consisting of three maxima w
TO-like polarization characteristics [6].

Two different explanations have been proposed for t
anomalous TO structure. The Fermi resonance mo
(FRM) assumes an anharmonic coupling of the T
phonon to resonant acoustic two-phonon states [6,9]. T
anharmonic interactions result in a shift and broadeni
of the TO mode and a transfer of oscillator strength to t
two-phonon scattering. In the off-center model (OCM
a sizable fraction of the Cu ions is assumed to occu
off-center positions in the [111] antibonding direction
[10,11], resulting in a contribution of local vibrations to
the Raman response. Recentab initio calculations by
Wei et al. [2] predict metastable off-center minima alon
[111] and therefore support this model. According to th
first-principles calculations of Park and Chadi [3] variou
off-center defects should even bestable, including Cu4
groups formed by displacing four neighboring Cu ion
towards each other. On the other hand, the effects
isotope substitution were recently found to be consiste
with the FRM [5]. Thus, the question of FRM versu
OCM interpretation of the Raman anomaly in CuCl ha
remained a matter of ongoing debate [4].

Raman spectroscopy at high hydrostatic pressures
sufficiently low temperature is a means to discrimina
between the two different explanations for the Rama
anomaly. Off-center positions are predicted to becom
energetically more favorable under pressure [3], a fa
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which should lead to an intensity gain of local vibration
modes. Within the FRM, a major change is expected
the TO-like Raman response because of a detuning of
resonance due to different pressure coefficients of opti
and two-phonon acoustic branches.

In this Letter we report Raman spectra of CuCl samp
measured atT  5 K under hydrostatic pressures up t
3.3 GPa, which corresponds to the stability range of Z
type CuCl at low temperature [12]. The experiments r
veal substantial reversible changes in the Raman respo
These are well reproduced by a FRM-type calculation
the pressure-dependent Raman spectrum. No indica
is seen for any defect-related effects.

The results of earlier pressure Raman studies of Cu
up to 0.7 GPa were explained in terms of the FRM [7
However, it was also argued that later experimental
sults up to 3.2 GPa [8] are not conclusive with respect
ruling out the local vibrational mode picture [11]. Th
ambiguity in the interpretation of the previous pressu
Raman data partly results from the fact that the expe
ments were performed at relatively high temperatures (4
77 K) where the Raman features of CuCl are strong
broadened already.

The crystals (thickness20 mm, [111] orientation) used
in this study were grown by vapor transport from isotop
cally pure (99.9%)63Cu and65Cu [13]. Pressures were
generated in a diamond anvil cell (DAC) and measur
by the ruby luminescence method [14]. Helium serve
as pressure medium in order to avoid chemical reactio
and ensure fully hydrostatic conditions. The pressure w
always changed at 275 K. Raman scattering experime
were performed in backscattering geometry at a tempe
ture of 5 K using the 647.1 nm line of a Kr1 laser at a
low power density of less than400 Wycm2. The scat-
tered light was analyzed by a triple-grating spectrome
combined with a charge-coupled device detector.

Figure 1 shows Raman spectra of CuCl measured
different pressures (T  5 K). The most prominent effect
is the drastic change in the line shape of the TO-li
structure, which extends from 140 to175 cm21 at zero
pressure. The intensity of theg peak increases strongly
© 1999 The American Physical Society 351
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FIG. 1. Low-temperature Raman spectra of65CuCl measured
at different pressures. The spectra are normalized with resp
to the area under the LO peak.

relative to the LO peak height, while the intensities o
the peaksb andb0 decrease with increasing pressure an
are barely resolved at 3 GPa. In Raman spectra measu
inside the DAC we observe a peaks at a frequency about
10 cm21 below that of the LO mode. This feature is
attributed to a Fuchs-Kliewer surface mode [15] excite
under the particular optical configurationinsidethe DAC.
The mode was not observed for samples outside of
DAC. This rules out a defect-related mode.

Figure 2 shows the frequencies of Raman peak maxi
as a function of pressure. Fitted pressure coefficients
given in Table I. The shifts of the peak positions of th
TO-like structure differ from those expected for optica
modes in ZB-type semiconductors [16,17]. The featur
b andb0 exhibit a pronounced sublinear frequency shif
The dominant TO-like peakg shifts to higher frequencies
at an overall rate similar to that of the LO mode, but th
shift is weakly superlinear. This effect becomes more
evident in Fig. 3(a) which shows the frequency differenc
between LO andg peak. The splitting increases first an
at pressures above,1.5 GPa it begins to decrease. A
decrease corresponds to the normal behavior of a L
TO splitting in a polar semiconductor, where it reflec
a change in the Born effective charge [16,17].

Obviously, the Raman spectrum of CuCl develop
with increasing pressure, into that typical for ZB-typ
semiconductors; i.e., near 3 GPa it exhibits sharp TO a
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FIG. 2. Frequencies of Raman peak maxima for65CuCl as a
function of pressure. Solid lines through the data points fo
the g and LO peak represent fitted curves. The dashed lin
represents the linear slope of theg mode data above 1.7 GPa.
The dotted line indicates the calculated frequency of the surfa
phonon mode.

LO peaks with an intensity ratio of about 2:1, a decreasin
tendency for the LO-TO splitting, and only weak acousti
two-phonon scattering. In other words, the TO anoma

TABLE I. Pressure derivatives of Raman peak frequencies
65CuCl at zero pressure as obtained from quadratic fits to t
data. The mode Grüneisen parametersgG  sB0yv0d≠vy≠P
were calculated using a bulk modulusB0  45.9 GPa.

v0
dv

dP
1
2

d2v

dP2

Peak scm21d s cm21

GPa d s cm21

GPa2 d gG

g 171.5(1) 5.15(19) 0.34(06)
TOa 169.3(4) 6.9(2) 1.9(1)
s 198.4(4) 6.85(19) 20.12s06d 1.6(1)

LO 207.92(05) 6.87(13) 20.19s04d 1.52(7)

aFrom backward extrapolation of the data above 1.7 GPa; se
dashed line in Fig. 2.
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FIG. 3. (a) Difference between LO andg peak freqencies for
65CuCl and63CuCl and (b) linewidths (FWHM) of the LO and
g peaks in65CuCl as a function of pressure. Lines represe
guides to the eye.

has disappeared near 3 GPa. All observed pressure eff
are fully reversible. This applies to frequency shiftsand
to the widths of spectral features. Figure 3(b) shows t
linewidths (FWHM, full width at half maximum) of theg
and LO peak for increasing and decreasing pressure. T
widths were determined by fitting Lorentzian profiles t
experimental spectra, which were first deconvoluted by
Gaussian with a FWHM of0.8 cm21 corresponding to the
spectrometer resolution.

According to the calculations of Park and Chadi [3
the concentration of Cu ions in off-center positions shou
increase under pressure. This applies to the correla
displacements of groups of four Cu ions (Cu4 defects)
as well as other cation displacements [3]. Therefore, t
Raman intensity of the peaksb and b0, which have
been attributed to local vibrational modes, should al
increase with pressure. The opposite trend is observ
in the present experiment (see Fig. 1). We conclu
that the unusual TO-like structure in the zero-pressu
Raman spectrum cannot be taken as evidence for a siza
concentration of Cu ions in off-center positions. Also
from the evolution of the Raman spectra with pressu
there is no indication for an increase in the defe
concentration.

We show now that the observed pressure effects
consistent with a detuning of a Fermi resonance. T
strength of the anharmonic coupling of a TO phonon (wa
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vector $q  $0) to acoustic two-phonon states of total wav
vector $q  $0 is determined by Fourier coefficients of th
third derivatives of the lattice potential with respect to th
atomic displacements. For a weak coupling and assum
that the coupling matrix elements (V3) are the same for
all three-phonon combinations involved, the imagina
part Gsvd of the low-temperature phonon self-energy
proportional to the sumr2svd over those two-phonon
states which fulfill energy and momentum conservati
[18,19]

Gsvd  jV3j
2r2svd . (1)

The Raman line shape can be expressed as [18,19]

Isvd ~
Gsvd

fv 2 vb 2 Dsvdg2 1 G2svd
, (2)

wherevb is the bare TO phonon frequency andDsvd is
the real part of the self-energy obtained by a Krame
Kronig transformation ofGsvd. Given the phonon dis-
persion relations,r2svd is obtained by integration ove
the Brillouin zone. It was recently shown that, based
a realistic shell model for the phonon dispersion of Cu
[20], one obtains good agreement between model ca
lation and experimental zero-pressure Raman spectrum
a coupling constant ofjV3j

2  70 cm22 is assumed [5].
Figure 4 shows the resulting real and imaginary parts
the phonon self-energy as well as the calculated Ram
profile and the experimental spectrum [21]. At zero pre
sure the TO frequencyvb falls into a region of high values
of Gsvd arising from combinations of LA and TA branche
at theL, X, andK points of the Brillouin zone.

In ZB-type semiconductors the LA phonons shift
higher frequencies under pressure, while the TA phono
at the Brillouin zone boundary usually have negati
pressure coefficients [16,17]. The positive and negat
shifts approximately compensate each other. Thus
pronounced LA1 TA structure in r2svd is expected
to remain almost unshifted under pressure. In order
simulate the effect of pressure we furthermore assu
that the anharmonic coupling constantjV3j

2 remains
constant, so that the phonon self-energy is independ
of pressure. The only pressure-dependent parameter
is the shift of the TO mode to higher frequencies at
rate given by the experimental data for pressures ab
1.7 GPa. Figure 4(a) shows Raman spectra calculate
this way for pressures of 1 and 3 GPa. The changes
the line shape of the TO structure reproduce well t
experimentally observed changes in the Raman spe
(compare Fig. 1). The reason for the drastic change
Raman line shape is that the bare TO frequency shifts
of the range of the strong LA1 TA structure inGsvd, as
indicated by the vertical lines in Fig. 4(b). Consequent
the Raman spectrum develops into that typical for a Z
type crystal. The comparison of experimental results w
the numerical simulation provides convincing eviden
that the dominant effect causing the anomalous TO l
353
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FIG. 4. (a) Raman spectra of65CuCl calculated for different
pressures (T  0 K). The dashed line represents the zero
pressure experimental spectrum [21]. (b) Calculated real a
imaginary parts of the phonon self-energy. The vertical ba
mark the frequencies of the bare TO mode used for th
calculation of spectra shown in (a).

shape of CuCl at ambient pressure is the anharmon
coupling between phonons.

The increase in linewidths at pressures above,1.5 GPa
[see Fig. 3(b)] is also attributed to the anharmonic cou
pling. The pressure dependence of the linewidths as w
as the larger width of the LO mode compared to the TO
mode is consistent with the positive slope ofGsvd at
frequencies above170 cm21 [compare Fig. 4(b)]. It im-
plies that the lifetimes of the optical phonons decreas
as they shift to higher frequency. The isotope effect o
the pressure where the LO-g splitting shows a maximum
[see Fig. 3(a)] is consistent with the interpretation of zero
pressure Raman data [5].

In conclusion, we have measured the pressure depe
dence of the Raman spectrum of CuCl up to 3.3 GPa
5 K. The broad anomalous TO structure transforms int
a narrow TO line under pressure, becoming well sep
rated from the pronounced LA1 TA structure in the
two-phonon density of states. A simulation of the Ra
man spectrum shows that anharmonic coupling of the T
phonon with the two-phonon density of states (a Ferm
354
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resonance) accounts well for the spectral changes induc
by pressure. The off-center models seem to explain oth
anomalous properties of CuCl, but they cannot draw an
justification from the Raman anomaly.
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