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Effects of isotopic composition on the lattice dynamics of CuCl
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We have investigated the changes in the Raman spectra of CuCl resulting from isotope substitution. Our
samples were made from the stable isotopes63Cu, 65Cu, 35Cl, and 37Cl as well as the natural elements. While
the longitudinal-optic~LO! mode shifts according to the expected reduced mass behavior of aG-point phonon,
the transverse-optic~TO! vibration shows pronounced deviations. Due to the strong anharmonicity of CuCl, the
TO mode interacts with a two-phonon combination band of acoustic phonons and one obtains coupled exci-
tations which have been attributed to a Fermi resonance. We describe this process using a shell model for the
lattice dynamics of CuCl and only one cubic coefficient for the anharmonic interaction. The Fermi resonance
results in an anomalous line shape of the TO phonon, which reflects properties of the zone center mode as well
as of the two-phonon combination band. Isotope substitution allows us to discern the two contributions and to
check the validity of the model. The off-center model proposed earlier to explain the TO anomaly cannot
account for our findings.@S0163-1829~97!07825-9#
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I. INTRODUCTION

During the past decade there has been considerable i
est in the effects of isotopic composition on the bulk pro
erties of semiconductors. So far, the investigations h
largely been confined to group-IV semiconductors.1–4 In
these monoatomic lattices the mass dependence of the
non frequencies in the harmonic approximation (v;1/Am)
is trivial; i.e., it does not change with the phonon wave ve

tor qW . This facilitates the ability to discern the influence
isotopic disorder on the phonon frequencies, line shapes,
widths from anharmonic contributions.1 Another bulk prop-
erty depending on the isotopic composition is the lattice c
stant atT50 K which is affected by the amplitude of th
zero-point motion of the atoms. Since heavier isotopes pr
a smaller fraction of the anharmonic lattice potential, o
expects a smaller lattice constant when the heavier isotop
enriched with respect to its natural abundance. This was
served by Buschertet al.5 in the case of germanium. Alterin
the mean-squared atomic displacements in a subtle, w
defined manner, isotope substitution also allows a deta
investigation of the electron-phonon coupling and the ren
malization of the band gap.1–3,6,7

Recently, we have extended our investigations of isot
effects to compound semiconductors. In contrast to elem
tal semiconductors, the changes in phonon frequencies
atomic displacements in compounds strongly depend on
phonon branch and wave vectorqW , when atoms of the com
pound constituents are isotopically substituted. Since
acoustic and optic branches of the phonon dispersion
affected differently by the substitution of heavy or light a
oms, their energies can be tuned almost independently
particular at theX point. This allows one to probe the effi
ciency of the anharmonic decay ofG-point optical phonons
into lower-lying acoustic bands. Similar to elemental sem
560163-1829/97/56~1!/210~11!/$10.00
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conductors, the dependence of the lattice constant on
isotopic composition and changes of the fundamental
due to the electron-phonon coupling have been predicted
zinc-blende semiconductors employing empirical lattice d
namical models and electron pseudopotentials. In the cas
GaAs the changes in the gap with the Ga masses are in g
agreement with the experimental observation.8 First prin-
ciples calculations of the effect of isotope mass on the lat
constant in zinc-blende semiconductors have also b
performed.9

Copper chloride is among the most ionic semiconduct
which crystallize in the zinc-blende structure.10,11 Being
close to phase transitions, its physical properties exhib
number of peculiarities which have been studied extensiv
e.g., the strongly negative linear expansion coefficient at
temperatures12 and the decreasing elastic shear consta
with increasing hydrostatic pressure13 have been associate
with a strongly anharmonic lattice potential. The sizable
crease of the direct gap with increasing temperature14 is
anomalous, and changes in the band gap with isotope su
tution reveal that the admixture of the copperd electrons to
the chlorinep levels is crucial for the structure of the valenc
band.8,15–18

Another prominent feature of CuCl is its anomalous R
man spectrum even at low temperature~2 K!. Besides a
unanimously accepted LO phonon (;209 cm21) it exhibits
a broad structure with at least two peaks~145–175 cm21) in
the TO region,19–22 instead of the single TO phonon pre
dicted by group theory for zinc-blende compounds. T
anomaly does not only occur at the zone center. By mean
inelastic neutron scattering it was shown to extend into
Brillouin zone.23,24Two interpretations of this anomaly hav
been offered: On the one hand, Krauzmanet al.modeled the
anomalous TO spectrum of CuCl by a Fermi resonance
which the optical phonon is repelled out of a two-phon
combination band.21 They followed a procedure outlined ea
210 © 1997 The American Physical Society
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56 211EFFECTS OF ISOTOPIC COMPOSITION ON THE . . .
lier by Ruvalds and Zawadowski to calculate the hybridiz
tion of a two-phonon resonance with single-phonon sta
due to third- and fourth-order anharmonic couplings.25 Sub-
sequent detailed lattice dynamical calculations by Kane
Kress, and Bilz showed that third-order anharmonic coupl
is sufficient to account for both peaks of the TO phon
structure.26 On the other hand, a model in which a substan
fraction of the Cu atoms are located at nonideal sites, giv
rise to additional vibrational modes, has also be
proposed.27,28 In this model the large anharmonicity is he
responsible for secondary minima in the lattice potent
which give rise to Cu displacements from the standard z
blende sites.

Recently, this off-center model has been cited in orde
support the results of first principles calculations on str
tural anomalies in the Cu halides. Using all-electron den
functional theory, Wei, Zhang, and Zunger obtain a lo
minimum in the total energy of a 16-atom CuCl superce
when the copper atom is displaced along the@111# antibond-
ing direction.29 For a larger supercell, Park and Chadi ha
found that the total energy of CuCl is lowered even furth
by the formation of a complex of four Cu off-center atoms30

They imply that these complexes could result in local mo
and associate them with the anomalous TO phonon s
trum.

In this paper we show that the intricate changes in
Raman spectra obtained from CuCl samples of modified
topic composition can be explained quantitatively within t
framework of the Fermi resonance scenario.21,22,26The line
shifts, changes in linewidths, and changes in intensity ra
with isotope substitution are compared in detail: It is n
necessary to invoke a second set of optical phonons to
plain the TO structure.31–33The predictions of the off-cente
model27 are in qualitative disagreement with our observ
tions.

In Sec. II we discuss the experimental details, while S
III presents the data. Section IV introduces the basic c
cepts of the anharmonic interaction model as well as
specific approximations we have made. Our observations
compared to the Fermi resonance model and the off-ce
model is also discussed.

II. EXPERIMENTAL DETAILS

Natural copper and chlorine have two stable isotopes e
(63Cu: 69.2%,65Cu: 30.8%,35Cl: 75.8%, and37Cl: 24.2%!.
The elements used to grow our samples were isotopic
pure ~99.9%! except for the enriched37Cl which contained
about 11% of35Cl, as determined by mass spectroscopy.
order to avoid trivial effects due to varying chemical imp
rities and crystalline quality we investigated samples fr
independent sources and confirmed that the Raman sp
for identical isotopic compositions coincide. The samples
usually platelets of up to 10 mm2 surface area and a thick
ness of less than 0.1 mm. Using x-ray diffraction we det
mined the surface to have the@111# orientation. Most
samples were grown by heating Cu metal with the des
isotopic composition in flowing HCl gas. For the sampl
made from isotopically pure HCl purification of the initia
reaction products was achieved by two successive subl
tions under vacuum and a zone-melting process. The
-
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transport method in a closed tube containing H2 was used to
grow platelets. Further details of the sample growth te
nique have been described elsewhere.36

Raman spectra were excited using 1–10 mW of the 4
Å line of a Kr-ion laser. Other laser lines~5145 Å, 6471 Å!
have been used to check for line shape distortions or sh
due to resonance effects.31 The scattered light was disperse
by a Spex 1404 double monochromator (f50.85 m!. Using
single-photon counting, the spectra were recorded in ba
scattering geometry from a@111# surface. The samples wer
cooled to 1.8–2 K by immersing them in superfluid heliu
and special care was taken to keep the sample heating
minimum. The spectra were calibrated against nearby la
plasma lines.

III. RESULTS

When different atoms in the unit cell are isotopically su
stituted the changes in the phonon frequencies strongly
pend on the eigenvectors. Isotope substitution thus allo
one to determine mode eigenvectors as shown recently
Zhang et al. for the two coupledE2 phonons in wurtzite
CdS.37 In the harmonic approximation the optical zone ce
ter phonon frequencies of zinc-blende compounds are
portional to the inverse square root of the reduced m
(v;1/Am,m215mcation

21 1manion
21 ). For convenience, we lis

the reduced masses of our samples in Table I together
the reduced mass variance parametergm , which character-
izes the isotopic reduced mass fluctuations in the sample,
is given by

gm5( ci( ajF m̄2m i j

m̄
G 2.

Here ci andaj are the concentrations of the cation isoto
i and the anion isotopej , respectively. The reduced mass
the compound ism̄ and the reduced mass due to a particu
concentration of cation and anion isotopes is denoted
m i j . These mass fluctuations soften theqW conservation rule
and give rise to elastic, disorder-induced scattering
phonons.38 The effect vanishes in isotopically pure sample
Since we are interested in the disorder effect on zone ce
optic modes, we used the reduced mass to calculate the
variance parameter. In general the mass variance param
g depends on the eigenvector of the respective mode
thus on the phonon wave vectorqW . In the following we label
the peaks in the Raman spectrum with the notation in
duced in Ref. 20.

A. LO „g… phonon

Figure 1 shows the LO(g) Raman spectra of isotopicall
modified CuCl. The reduced massm of the samples increase
from the bottom to the top spectrum. Accordingly, th
LO(g) phonon frequency (;209 cm21) decreases from the
bottom to the top. The peak intensities are normalized to

The LO(g) frequency as a function of the reduced mass
shown in Fig. 2. The error bars indicate the mean squ
deviation as determined from several measurements on
respective sample. The dashed line corresponds to the
duced mass behavior with respect to the experimental
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212 56GÖBEL, RUF, LIN, CARDONA, MERLE, AND JOUCLA
TABLE I. Reduced massm, mass variancegm , LO(g), TO(g), and TO(b) Raman frequencies an
linewidthsGLO(g) ~FWHM! of several isotopically modified CuCl samples atT52 K in units of@cm21#. The
linewidth is corrected for the spectrometer resolution. The errors are the mean square deviation of
measurements.

Sample m @amu# gm @1025# vLO(g) GLO(g) vTO(g) vTO(b)

63Cu35Cl a 22.478 0 210.74(20) 1.65(10) 174.54(20) 156.9(2)
natCu35Cl 22.556 2.6 210.11(20) 1.34(06) 173.75(10) 156.7(1
63CunatCl 22.677 23.6 209.89(12) 1.75(02) 174.33(07) 156.3(3
65Cu35Cl a 22.728 0 209.50(20) 1.64(10) 172.34(20) 155.7(2)
natCunatCl 22.757 26.4 209.66(23) 1.74(05) 173.52(09) 155.9(2
65CunatCl 22.931 24.1 208.62(23) 1.66(02) 172.05(14) 155.4(3
natCu37Cl b 23.285 14.5 207.14(20) 1.48(05) 173.23(15) 155.0(3

aData were taken atT58K; samples have different orientation and were grown by a different process~Ref.
36!.
bThe 37Cl compound contains about 11%35Cl.
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quency of the natural compound. The agreement with
prediction for an opticalG-point phonon is excellent. Experi
mental LO(g) frequencies for some of the compounds a
listed together with the full phonon linewidth at half max
mum ~FWHM! GLO(g) in Table I. The spectrometer resolu
tion can be approximated by a Gaussian of 0.45 cm21 width.
We have determinedGLO(g) by fitting the spectra to a Voig
profile, implicitly assuming a Lorentzian line shape f
LO(g).39

B. TO phonon structure

The TO structure has two main features: a very narr
line at;173 cm21, usually denoted as TO(g), and a broad
maximum around;155.5 cm21, labeled TO(b). Raman

FIG. 1. Raman spectra of the LO phonon of isotopically mo
fied CuCl at 2 K. The reduced massm increases from the bottom t
the top; LO(g) shifts according tom21/2 as expected for a zon
center phonon.
espectra of the TO structure are shown in Fig. 3. The spe
are normalized with respect to the TO(g) peak and where
taken during the same scan as the LO(g) spectra in Fig. 1.
Note that we have displayed the spectra in a different or
as compared to Fig. 1. The vertical bars indicate the posi
of TO(b) as determined by averaging the results of seve
measurements and as given in Table I. The Raman shift
TO(g) vs the copper mass of the respective compound
shown in Fig. 4. TO(g) shifts by (2.360.2) cm21 when in
the samples containing natural chlorine65Cu is replaced by
63Cu, i.e., much more than the shift of 1.0 cm21 expected
from the corresponding change in the reduced mass. Sam
of the same copper mass have similar TO(g) frequencies and

-
FIG. 2. Raman frequencies of the LO(g) phonon atT52 K. The

data correspond to the samples listed in Table I and others
some additional isotope mixtures. The two data points for natu
CuCl stem from samples of independent origin. The solid line r
resents a reduced mass behavior;m21/2.
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56 213EFFECTS OF ISOTOPIC COMPOSITION ON THE . . .
the shifts observed for chlorine substitution are much sma
than expected from their respective reduced masses. Fo
ample, going from Cu37Cl to Cu35Cl, we observe a shift of
0.5560.2 cm21 for TO(g), much less than anticipated from
the change inm (;3.0 cm21). Therefore the TO(g) peak
cannot be attributed to a zinc-blendeG-point phonon. On the
contrary, its dependence on the isotopic composition
closer to that of a pure copper vibration, as can be seen w
comparing it to the 1/AmCu dependence shown as the dash
line in Fig. 4. Moreover, the TO(g) frequencies of sample
with the same copper composition group together and o
within these groups is the order as expected from the tre
in their respective reduced masses.

It is also important to realize that the TO(g) peak is a
very narrow feature, having neither Gaussian nor Lorentz
line shape. Consequently, the experimental TO(g) peaks of
Fig. 3 are broadened by the spectrometer resolution and
line shape is distorted. Therefore, only spectra taken with
same slit width can be compared to each other. We h
evaluated the width of TO(g) in the observed spectra b
fitting it to a Gaussian starting from the sharp rise on
lower-frequency side to higher values. Using several star
points for the fit we ensured that it does not critically affe
the width. Subsequently we have corrected these values
the Gaussian resolution function of the spectrometer.
linewidths of TO(g), GTO(g) , determined in this way are
given in Table II.

The TO(b) peak also shifts as a result of isotope sub
tution. The detection of small changes in its Raman sh

FIG. 3. Raman spectra of the anomalous TO structure for s
eral isotopically modified CuCl samples. The spectra of samp
with the same copper mass are grouped together. Within th
groups the reduced massm decreases from the bottom to the to
The TO(g) line does not shift according to changes inm but with
changes of the copper mass. The broad TO(b) line shifts according
to changes inm.
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however, is obscured by its considerable width and sm
intensity for some of the compounds. We have fitted spe
from several measurements in the range of 130–160 cm21

with a Gaussian profile and plot the average TO(b) fre-
quency over the reduced mass in Fig. 5. The TO(b) fre-
quency for some of the compounds is also given in Tabl
We would like to point out that there is noa priori reason to
assume a reduced mass dependence, an issue which w
discussed below.

IV. INTERPRETATION

A. General features of the anharmonic decay

A number of publications deal with the broadening a
energy shift of phonons due to their anharmonic decay.39–44

Here we only summarize the main ideas and results. M
lattice dynamical calculations are performed in theharmonic
approximation, where the crystal lattice potential is ex
panded to quadratic terms in the atomic displacements o
In a real crystal, however, the cubic and quartic terms in t
expansion are often non-negligible. The coupling of the h
monic eigenstates due to such anharmonicities results
shift and broadening of the normal modes. These are
scribed by a complex phonon self-energy

S~qW , j ;v!5D~qW , j ;v!1 iG~qW , j ;v!, ~1!

which depends on the frequencyv, phonon wave vectorqW ,
and the branchj of the phonon. We consider the renorma
ization of zone center phonons (qW 50W ) by anharmonic inter-

v-
s
se

FIG. 4. Raman frequencies of the TO(g) peak as a function of
the copper mass (T52 K, dashed line;mCu

21/2 scaled to the fre-
quency innatCunatCl). s, measured values;3, calculated values as
discussed in Sec. IV C. For clarity, the theoretical values have b
shifted by20.2 amu. The error bars represent the mean squ
deviation of several measurements.
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TABLE II. Measured and calculated values for the linewidthGTO(g) in @cm21# and the amplitude ratios
of TO(g) and TO(b). The measured values ofGTO(g) are corrected for the spectrometer resolution. T
trends in the linewidths and changes in the ratios of the amplitudes of TO(g) and TO(b) are in good
agreement with the Fermi resonance model. The errors are mean square deviations of several measu

Sample GTO(g) I„TO~g!)

I „TO~b!…

Measured Calculated Measured Calculated

63Cu35Cl a 0.9(1) 0.9 2.0~3! 2.1
63CunatCl 0.74(9) 1.1 2.4~4! 1.6
63Cu37Cl - 1.3 - 0.8
natCu35Cl 0.61(4) 0.6 2.84~05! 3.0
natCunatCl 0.75~4! 1.0 2.13~08! 1.9
natCu37Cl 0.92~6! 1.6 1.18~05! 1.0
65Cu35Cl a 0.8(2) 0.4 3.5~3! 4.8
65CunatCl 0.57(4) 0.6 3.1~2! 3.2
65Cu37Clb - 1.2 - 1.4

aData were taken atT58K; samples have different orientation and were grown by a different process~Ref.
36!.
bThe 37Cl compound contains about 11%35Cl.
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action. For small shiftsD and broadeningsG compared to
the harmonic Raman frequencyv(0W , j ) the line shape of the
Stokes Raman peak at low temperature (kT!\v) is

I S~0W , j ;v!}
G~0W , j ;v!

@v2v~0W , j !2D~0W , j ;v!#21G2~0W , j ;v!
.

~2!

The broadening of the Raman line is then given by

G~0W , j ;v!5
18p

\2 (
qW , j 1 , j 2

uV3~0W , j ;qW , j 1 ;2qW , j 2!u2@n~qW , j 1!

1n~2qW , j 2!11#d„v~qW , j 1!1v~2qW , j 2!2v….

~3!

V3(qW , j ;qW 1 , j 1 ;qW 2 , j 2) are the cubic coefficients in the expa
sion of the lattice potential in normal coordinates. In Eq.~3!
we have already chosen the particular case in which a z
center phonon (qW 50W ) with branch indexj decays into two
phonons with opposite wave vectorsqW 15qW ,qW 252qW and
branch indicesj 1 , j 2, respectively. Thed function in Eq.~3!
ensures conservation of energy. At low temperature the t
mal occupation numbern(qW , j ) vanishes. Therefore, if we
assume constant matrix elementsV3, the right-hand side of
Eq. ~3! becomes proportional to the two-phonon density
statesr2(v). Thus, a considerable broadening might be
pected whenever the optical Raman frequencyv(0W , j ) coin-
cides with a peak in the two-phonon density of states. Ho
ever, this assumption may be an oversimplification, si
V3 also depends on the wave vector of the pair of phon
into which the mode decays.43 This dependence is give
by39,42
ne

r-

f
-

-
e
s

V3~0W , j ;qW , j 1 ;2qW , j 2!

5
1

6S \3

8Nv~0W , j !v~qW , j 1!v~2qW , j 2!
D 1/2(

l 8,l 9
(

k,k8,k9
(

a,b,g

3Fa,b,g~0,k; l 8,k8; l 9,k9!

3
ea~ku0W , j !eb~k8uqW , j 1!eg~k9u2qW , j 2!

@MkMk8Mk9#
1/2 eiq

W
•[RW ~ l 8!2RW ~ l 9!] ,

~4!

whereFa,b,g is the third derivative of the interatomic poten
tial with respect to displacements along the Cartesian co
dinate axesa,b, and g of the atoms (0,k), (l 8,k8), and
( l 9,k9). The indexl labels the primitive cell, whilek denotes
the two atoms within the primitive cell. TheeW (kuqW , j ) are the
harmonic eigenvectors.Mk is the atomic mass andN the
number of cells in the crystal. From the mass dependenc
V3 one can estimate the change of the decay rate with
tope substitution~see Sec. IV C!.

The anharmonic shiftD of a zone center optical phono
comprises contributions due to the thermal expansion of
lattice, a fourth-order phonon scattering term, and the th
order coupling just discussed. Since the first two effects
sult in anv-independent shift, we only retain the third-ord
contribution.26 Due to its frequency dependence, it can res
in a line shape distortion@Eq. ~2!#. As discussed before, i
merely includes the decay of one phonon into two phon
of opposite wave vector; i.e., absorption of a phonon is
cluded since these states are not occupied at low temp
tures. SinceD is the real part of the self-energyS @see Eq.
~1!#, it can be obtained from the imaginary partG through a
Kramers-Kronig transformation.44

B. Calculation of model spectra

In this section we define a model which is solely based
third-order anharmonic interactions of lattice vibrations.
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56 215EFFECTS OF ISOTOPIC COMPOSITION ON THE . . .
allows us to calculate the Raman spectra of CuCl with d
ferent isotopic compositions. The only adjustable param
is the third-order coupling constantV3. Prevot et al. and
Hennionet al.have measured the phonon dispersion of Cu
at low temperatures using inelastic neutron scattering.23,24

We use the parameters which they obtained from fits of
14-parameter shell model to their data and which are gi
in Ref. 24, to calculate the phonon dispersion of CuCl.34,35

The phonon dispersion of CuCl is shown in Fig. 6 togeth
with the two-phonon density of statesr2(v). The optical
phonon energies at the zone center scale with the red
mass (;1/Am), while the energies of the acoustic branch
around theX and K points are determined by the copp
vibrations (;1/AmCu), as indicated in Fig. 6~a!. Patel and
Sherman have investigated theqW dependence of the eigen
vectors of CuCl phonons using the rigid ion model as well
the shell model.45 The eigenvector dispersions of the tw
models differ only slightly. The two-phonon density of stat
r2(v), shown in Fig. 6~b!, is calculated by integrating ove
the irreducible wedge of the Brillouin zone using a mesh
8240 points and an energy resolution of 0.1 cm21. In the
energy region close to the harmonic TO frequency at
G-point @vTO(0W , j )5161.75 cm21#, the two-phonon density
of states has peaks at 164 cm21 and 169.5 cm21. These
peaks are Van Hove singularities and arise from comb
tions of the LA and TA branches at theX andK points of the
Brillouin zone ~Fig. 6!. However, the phonon frequencie
determined in the neutron measurements are only accura
within 6%. As a result, the exact location of the peaks in
two-phonon combination band is only known to with
12%. In order to avoid artifacts in the calculated spectra,
approximater2(v), by connecting the peaks (X andK com-
binations! linearly and subsequently average it over a wid
of 1.5 cm21. We refer to the resulting quantity asr̄ 2(v).

FIG. 5. Raman frequencies of the TO(b) peak versus the re
duced mass (T52 K, dashed line;m21/2).
-
er
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The important feature inr2(v) is the sharp, precipitous dro
at ;170 cm21, the highest energy TA1LA combination
band. Its position and size are unaffected by the smooth
This large drop results from the flatness of the TA branc
in CuCl. The second approximation we make is that o
qW -independent matrix elementV3 in Eq. ~3!. The imaginary
part of the phonon self-energy is then proportional to
two-phonon density of states:G(0W , j ;v)5V3

2 r̄ 2(v).
Using these two approximations we can calculate the

man spectrum of CuCl in the TO region. Performing
Kramers-Kronig transformation of2G(0W , j ;v) we obtain the
real part of the phonon self-energyD(0W , j ;v). Broadening
G and shiftD are shown in Fig. 7~a! as solid and dashed
lines, respectively. We obtain the unrenormalized TO f
quency vTO(0W , j ) from the shell model, and show
v2vTO(0W , j ) as a straight dotted line in Fig. 7~a!. For line
broadeningsG being either constant or small (G!D) one
expects, according to Eq.~2!, an intense Raman signal whe
the first part in the denominator of the line shape funct
vanishes or goes through a minimum. This occurs when
straight line intersects or is very close to the real part of
self-energyD and, as a result, we find two peaks in th
spectrum shown in Fig. 7~b!. In order to obtain a good fit to
the measured spectrum ofnatCunatCl we have calculated
model spectra for several coupling constantsV3. While
largerV3 increase the separation of TO(g) from TO(b) they
also increase the amplitude of TO(g) with respect to that of
TO(b). We have foundV3

2570 cm22 to yield a good ap-
proximation to the observed line shape@Fig. 7~b!#. The fre-
quency of the TO(g) peak in the simulated spectrum
;3.8 cm21 lower than the observed one.

At this point we want to discuss a principal problem
consistency in the outlined procedure: Inelastic neutron s
tering, which was used to determine the phonon dispers
of CuCl, measures phonons which are already renormal
by the anharmonic interaction. Using these values to par
etrize the harmonic shell model does not yield the unren
malized harmonic frequencies.24 However, in our calculation

FIG. 6. ~a! Phonon dispersion of natural CuCl along hig
symmetry directions calculated using the shell model parame
given in Ref. 24.~b! Two-phonon density of statesr2(v). The
branch combinations which result in Van Hove singularities in
TO energy region are indicated.
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of the complex self-energyS(0W , j ;v) we implicitly used the
phonon dispersion as if it were unrenormalized. A deviat
of the absolutephonon frequencies calculated by applyi
the anharmonic renormalization from those being measu
is therefore expected. Furthermore, we have neglected
thermal expansion and fourth-order contributions to the r
part of the self-energy, which also result in a line shift a
might account for the difference between the measurem
and calculations. Even if the problem of renormalizati
were not to arise, neither the position of the drop inr̄ 2(v)
nor the harmonic frequencyvTO(0W , j ) would be known pre-
cisely. Both are inferred from a fit of the phonon dispersi
to the shell model which does not necessarily reproduce
phonon frequencies with the same accuracy at all point
the Brillouin zone. Nevertheless, this problem of consiste
has little effect on therelativeshifts due to the isotope effec

We have also omitted the effects ofisotope disorderin
our calculations; i.e., we treat the lattice dynamics in
framework of the virtual crystal approximation. The mass
of the ions on the cation or anion sublattice are approxima
by an average over the respective isotopic composit
Since the mass variance parametergm in CuCl is reduced by
about an order of magnitude as compared to german
@Refs. 1 and 38~a!# or tin @Ref. 38~b!#, where the observed
disorder effects are already very small, isotope disorder
duced shifts in the Raman spectra of CuCl should be ne
gible. The virtual crystal approximation is also justified b
the good agreement of the measured LO(g) frequencies with
the expected reduced mass behavior for isotopically pur
well as isotopically disordered samples~Fig. 2!. The line-
width of LO(g), however, shows slight modifications wit
isotope disorder which are discussed at the end of Sec. IV

FIG. 7. Fermi resonance model of the TO anomaly in CuCl.~a!
The solid line represents the imaginary part of the phonon s

energyG(v)5V3
2 r̄ 2(v). The dashed line is the Kramers-Kron

related quantity D(v). The straight dotted line represen

@v2vTO(0W , j )#. ~b! Spectrum ofnatCunatCl simulated according to
Eq. ~2!, usingV3

2570 cm22; the intensity is given in arbitrary units
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The effect of isotope-disorder-induced scattering is ev
smaller for the TO zone center phonon, since the opt
branches of the phonon dispersion bend monotonically
wards ~Fig. 6!. As a result there is only a negligible one
phonon density of states to scatter into and the resulting s
energy is strongly suppressed. Effects ofstructural disorder
in which ions would be located on off-center sites were a
omitted in our calculations. The relevance of this omission
discussed in Sec. IV D.

C. Discussion and comparison

In our calculation of the phonon dispersion of CuCl w
only change the atomic massesMk . The force constants o
the shell model are assumed to remain unaffected by
isotope substitution. Calculating the two-phonon density

statesr2(v) we obtain the line broadeningG(0W , j ;v) and the

line shift D(0W , j ;v) for each isotopic composition, as ou
lined above. We calculate the Raman spectra for differ
isotopic compositions using the same anharmonic coup
constantV3

2570 cm22 in all cases and the respective ha

monic frequencyvTO(0W , j ). The resulting spectra are show
in Fig. 8. We observe that the TO(g) frequencies for com-
pounds with the same copper mass are similar. Within th
groups TO(g) shifts according to the trend expected fro
the reduced masses; i.e., the compound with the lighter c
rine isotope has a larger TO(g) energy. The energies o
TO(g), shifted by13.8 cm21, are also shown by the crosse
in Fig. 4. We find an excellent agreement of our calcula
isotope shifts with the observations.

The changes in phonon frequencies and eigenvectors
to isotope substitution lead to complex changes in the
structure, which are automatically taken into account in o
calculation. We can describe the results in simple term
From Fig. 7 and the discussion in Sec. IV B, it is clear th
the position of the TO(g) phonon is mainly determined b
the sharp drop in the imaginary part of the self-energyG.
This drop stems from a Van Hove singularity of combin
tions of TA1LA acoustic bands around theX andK points.
Since these modes involve mostly the copper ions, the d
shifts predominantly for Cu isotope substitution. To a fi
approximation, the drop inG does not shift with chlorine
substitution, so that the TO(g) peaks of compounds havin
the same copper mass form groups. Within these group
second condition for the TO(g) position is given by
v2vTO(0W , j )5D(0W , j ;v), or the point where the straigh
line in Fig. 7~a! is closest to the dashed line representi
D. As we change the chlorine mass in compounds having
same copper mass, we shift the straight line in Fig. 7~a! by
the full isotope effect on the reduced mass. Smaller chlor
masses shift the straight line to higher frequencies, and
point where it crosses or is closest toD shifts to higher
frequencies as well. However, due to the nonvanishing sl
of the real part of the self-energyD, the shift of this point is
not as large as a reduced mass shift would imply.

The observed linewidths of the TO(g) peak increase for
the compounds made from natural copper, when the chlo
mass increases~see Table II!. This is reproduced by our cal
culated spectra and can be visualized in Fig. 7 as follo

f-



-

in

ru
s

a

e
se
hs
e
i
he
u
.
e

e

t
iv
I
ce
o
a

y

s
ent
the

-
the
a

oint.
e-
ss,
e
t the
s-

ed
for
of
o
n

of
of
p-

the

at
er
ss
ed

ive
ing

e
er
o-

on-
ro-
o
in-
hod
r

out
ut
f

ths

in

sc
n

he

56 217EFFECTS OF ISOTOPIC COMPOSITION ON THE . . .
We define the frequenciesva andvb to denote the lower and
upper edges of the drop inG. Leaving the copper mass un
altered these frequencies should remain constant due to
predominant copper character of the acoustic vibrations
volved. The edges ofr̄ 2(v) at va and vb are clearly re-
flected in the spectrum of Fig. 7~b!. The linewidthGTO(g)
then essentially depends on the amplitude of the spect
betweenva andvb . The maximum in the amplitude occur
for the smallest values of@v2vTO(0W , j )2D(0W , j ;v)#. Ne-
glecting this value in comparison toG we find Eq. ~2! to
reduce toI;G21. Increasing the chlorine mass results in
shift of the dotted line in Fig. 7~a! towards lower frequen-
cies. Consequently,G becomes larger. The amplitude of th
resulting spectrum gets smaller, and the linewidth increa
A quantitative comparison of the calculated linewidt
GTO(g) to the observed ones is obstructed by the finite sp
trometer resolution. The smallest calculated linewidth
about 0.4 cm21 and would be considerably broadened by t
0.45 cm21 spectrometer resolution while the larger calc
lated linewidths of up to 1.6 cm21 are largely unaffected
The linewidthGTO(g) also depends on intricate details of th
two-phonon density of states betweenva andvb . In view of
these two points we still find a gratifying agreement betwe
theory and experiment for the absolute values ofGTO(g) as
well as in the trends with isotope substitution.

Another rigorous test of the Fermi resonance model is
check whether it yields the correct trends for the relat
amplitudes of TO(g) and TO(b). As can be seen in Table I
the experimental amplitude ratios are quite well reprodu
by the theory. An exception is the ratio calculated f
65Cu35Cl which is predicted to be much larger than the me
sured one.

FIG. 8. Raman spectra calculated in the Fermi resonance
nario. The anomalous TO region is shown for CuCl of differe
isotopic composition (T50 K,V3

2570 cm22). The slightly smaller
actual mass of the37Cl compounds was not taken into account. T
peak amplitudes are normalized with respect to TO(g).
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The calculated TO(b) frequencies, which are indicated b
the vertical bars in Fig. 8, are about;2.2 cm21 smaller than
the measured ones~Table I!. The changes of the frequencie
with isotope substitution are, however, in good agreem
with those shown in Fig. 5 and essentially proportional to
reduced mass. From Fig. 7 we notice that TO(b) peaks at the

intersection of the dotted line@v2vTO(0W , j )# with the
dashed lineD. Shifts of the dotted line due to chlorine sub
stitution result in a reduced mass type of behavior since
slope ofD is small. Changing the copper mass results in
shift of bothD andv2vTO(0W , j ). The shift of the dotted line
due to copper substitution does change the crossing p
SinceD is flat, the crossing point is shifted just by the r
duced mass effect on the dotted line. Due to its flatne
however, the shift ofD does not move the point where th
dotted and dashed lines intersect. We thus conclude tha
shift of the TO(b) peak in CuCl should be reduced-mas
like, in good agreement with our data~Fig. 5!.

In calculations which are similar to the procedure outlin
for the TO structure we find a reduced mass behavior
LO(g). The two-phonon density of states in the vicinity
the LO(g) phonon is predominantly the combination of tw
LA modes near theL point. We approximate these by a
average acoustic mode frequency of 105 cm21. The value of
(V3

TO)2570 cm22 found above leads to an estimate
(V3

LO)2526 cm22, taking only the frequency dependence
V3 in Eq. ~4! into account. Despite this being a rough a
proximation, we find linewidths of;1.6 cm21, which are in
agreement with our observations~Table I!.

The amplitude ratioI „LO(g)…/I „TO(g)… of the simulation
is up to a factor of 4 larger than the observed one, and
observed LO(g) frequency is;6 cm21 larger than calcu-
lated. With this approximate coupling constant we find th
the changes of (V3

LO)2 due to isotope substitution are small
than 5%. As a result the calculated linewidths vary by le
than 0.08 cm21, a change much smaller than the observ
differences in linewidths~see Table I!. Thus we have to con-
sider whether disorder-induced elastic scattering could g
rise to the observed line broadenings: Despite their vanish
mass variance parametergm , the compounds63Cu35Cl and
65Cu35Cl have linewidthsGLO(g) which are larger than thos
of the samples having no or small chlorine disord
(natCu35Cl,natCu37Cl). However, these samples were pr
duced in a different manner than the other compounds,36 so
that a poorer sample or surface quality may also be resp
sible for their larger linewidths. Furthermore, they were p
duced from a different35Cl batch, so that they might als
contain different chemical impurities. Looking at the rema
ing samples which were produced using the same met
~Table I! we realize thatnatCu35Cl has the smallest disorde
parametergm as well as the smallest linewidthGLO(g) . Go-
ing to natCu37Cl the disorder parameter increases by ab
1231025 together with an increase in the linewidth by abo
0.14 cm21. The slightly larger disorder parameter o
natCu37Cl is due to the inclusion of35Cl ~see Table I!. The
mass variance parametergm of 63CunatCl, natCunatCl, and
65CunatCl is similar and about 2231025 larger than that of
natCu35Cl. These compounds show comparable linewid
GLO(g) which are about 0.38 cm21 larger than for
natCu35Cl. As a result we conclude that the differences
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linewidths are compatible with an isotope-disorder-induc
broadening of the LO(g) phonon. Further measurements
a very-high-resolution spectrometer are needed to clarify
point.

D. Off-center models

A number of models deal with off-center sites of copp
ions in CuCl. The model as described by Vardeny a
Brafman28 and Livescu and Brafman27 assumes that, in ad
dition to the ideal sites in the lattice, the cations may occu
four equivalent off-center sites. These sites are suppose
be located along the@111# antibonding directions, i.e., to
wards the faces of the tetrahedron formed by the anions.
secondary minima of the potential are located within the
ion tetrahedron. These authors suggest that the two inequ
lent copper sites, together with the undisturbed anion latt
give rise to two polar oscillators which can couple to ligh
They infer this conclusion in particular from polariton me
surements, which they fit to two oscillators, i.e., four pea
LO(g), TO(g), LO(b), and TO(b). The LO(b) mode at
T52 K is reported to have a frequency of;164 cm21. We
would like to point out that it is very hard to discern a thi
peak around this frequency in the TO spectra of Fig.
which were taken with very high resolution. Neverthele
the spectra in Fig. 3 show a weak shoulder between
TO(b) and TO(g) peaks which is, however, well accounte
for by the Fermi resonance model~Fig. 7!. Also, in a polar-
iton picture the LO(b) peak is not expected to move with th
angle of incidence. The TO(g) line, however, should chang
its position. The evidence for this behavior of TO(g) in Fig.
1 of Ref. 28~c! is based on a rather weak feature. The mu
stronger main TO(g) line, however, does not change its p
sition at all. This is consistent with the acoustic phonon ch
acter of this line in the Fermi resonance picture. In order
obtain further insight it seems worthwhile to calculate t
renormalization of the Fermi resonance in CuCl due to in
action with the photon field and to perform higher-resoluti
experiments.

A more quantitative description of this off-center mod
postulates the same mass dependence for both the TOg)
and the TO(b) mode.27 Since we have found a mass depe
dence of TO(g) which is different from the one of TO(b),
the off-center model in the form proposed in Ref. 27 clea
cannot account for the effects of isotope substitution on
Raman spectra.

Recent total energy calculations suggest that copper
oms on off-center sites form correlated defect clusters. S
lar to the model of Livescu and Brafman,27 these calculations
find that the copper atoms are displaced along the@111# an-
tibonding directions.29,30 In contrast to the earlier mode
however, the displacements are large, and the copper a
tunnel through the face of the anion tetrahedron. Parks
Chadi30 find that the formation of a cluster of four off-cente
copper atoms reduces the total energy of their supercell e
further, as compared to the total energy of the same supe
comprising only one off-center copper atom. A local mo
arising from these clusters would seem likely, but it is n
clear whether this would involve mainly copper vibrations
correspond to a softened Cu-Cl mode. A local mode w
predominant copper character30 is ruled out by the reduced
d
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mass behavior of TO(b). When assigning TO(b) to a soft-
ened Cu-Cl vibration, we still have to account for TO(g). In
the framework of the off-center model, however, it must
the unrenormalized TO(G) phonon of the zinc-blende struc
ture. Again this is excluded by the copperlike shift
TO(g) with isotope substitution. As pointed out already
Ref. 32 our Raman measurements do not exclude the p
ence of structural disorder although they do not yield a
evidence of it. However, the Fermi resonance model succ
fully predicts the observed shifts and intensity changes of
TO anomaly with isotopic substitution. It is therefore n
necessary to invoke a second set of optical phonons.

Finally, we would like to mention two further first prin
ciples calculations on the bulk properties of CuCl. Krem
and Weyrich46 reported full-potential linear muffin-tin orbita
~LMTO! calculations of the TO frequencies at theG andX
points for CuCl and other semiconductors. They find an
renormalized TO frequency of 156 cm21 and have also cal-
culated the potential for displacement of Cu along the@111#
direction. They do not find a secondary minimum whi
would indicate an off-center site for Cu in this compoun
Wanget al.47 have calculated the phonon dispersion in Cu
using a linearized augmented plane wave~LAPW! linear re-

sponse method. Their value forvTO(0W , j ) is 168.3 cm21.
Therefore, both of these publications find unrenormaliz
zinc-blende TO frequencies which are between the obse
TO(g) and TO(b) peaks. In view of the inherent uncertain
ties of the calculations these values are in good agreem

with the 161.8 cm21 used asvTO(0W , j ) in our model calcu-
lation.

First principles calculations of compounds in which t
strongly localizedd electrons take part in the binding ar
difficult. This is due to a large cutoff energy required for th
plane-wave expansion of the localizedd electrons. We be-
lieve that our data provide a basis for a stringent test of
quality of first principles calculations concerning the bu
properties of CuCl in particular and the treatment
d-electron levels close to the valence level in general.
attempt to calculate the TO phonon line shape in CuCl a
its isotope effects from first principles thus seems wor
while.

V. CONCLUSION

Several models have been proposed to explain the ano
lous TO Raman spectrum of CuCl at low temperature: T
Fermi resonance model by Krauzmanet al.21 which is sup-
ported by lattice dynamical calculations,26 and various off-
center models.27–30

We have investigated the Raman spectra of CuCl w
different isotopic compositions at low temperature (T 52 K!
and find good agreement with the Fermi resonance mode
this scheme anharmonic interactions, in which a zone ce
optic phonon decays into two acoustic phonons of oppo
wave vector, renormalize the mode frequencies and alter
Raman line shape. In CuCl the unrenormalized TO zone c
ter phonon interacts with a two-phonon combination ba
which is strongly peaked. Consequently, the TO phonon
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56 219EFFECTS OF ISOTOPIC COMPOSITION ON THE . . .
partly pushed out of the two-phonon continuum, which
sults in the TO(g) peak. Its position is closely tied to th
edge of the two-phonon density of states. Since this edg
due to Van Hove singularities, arising from the acoustic d
persion branches which involve mainly copper vibrations
shows a copper-dominated isotope effect. For samples
ing the natural copper abundance the linewidth of
TO(g) peak increases with the chlorine mass. The chan
in the TO(b) frequency are reduced-mass-like, a fact wh
is also expected within the Fermi resonance model. For
altered copper composition the ratio of the peak intensitie
TO(g) to TO(b) decreases with increasing chlorine ma
The unrenormalized LO phonon interacts with an almost
two-phonon density of states. As a result it shifts accord
to the expected reduced mass behavior of a zone center
non. The linewidth of LO(g) comprises anharmonic as we
as isotope-disorder-induced broadening. Using only one
fective anharmonic coupling parameterV3 we can account
for all our experimental findings.
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In contrast, off-center models do not account for the R
man data. The quantitative description of an earlier mod27

implies two reduced-mass-like oscillators which does not
plain the different mass dependences of TO(g) and
TO(b). While we cannot exclude the existence of off-cen
defects in CuCl, they are neither necessary nor sufficien
explain the TO anomaly.
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