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of the anomalies in the line shape of the transverse optic phonons

G. Kanellis,* W. Kress, and H. Bilz
Max-Planck-Institut fiir Festkorperforschung, Heisenbergstrasse 1, 7000 Stuttgart 80, Federal Republic of Germany
(Received 11 November 1985)

The anomalous line shapes of the transverse optic (TO) phonons of the copper halides CuCl,
CuBr, and Cul observed in Raman and neutron scattering experiments are calculated in the frame-
work of valence-shell models, which are extended to include the leading third-order anharmonic
terms. The self-energies of the zone-center TO modes are calculated and it is shown that the
anomalous line shapes are due to Fermi resonances. The good agreement between the calculated
and the measured line shapes shows that other explanations such as two-phonon bound states and

off-center ions can be ruled out.

I. INTRODUCTION

The anomalous line shapes of the transverse optic (TO)
phonons of the copper halides CuCl, CuBr, and Cul have
attracted considerable interest in recent years both experi-
mentally and theoretically.

The first-order Raman spectra of CuCl reveal a pro-
nounced double- and sometimes even triple-peak structure
at about the frequency of the TO(T') phonon.!~!* This
structure is an inherent phonon property, which has also
been observed in inelastic neutron scattering experiments
at low temperature.!* The neutron scattering measure-
ments not only reveal the double-peak structure of the
TO(T') phonon, but also show that the TO-phonon spec-
trum is strongly wave-vector dependent and turns progres-
sively into a normal quasiharmonic mode spectrum when
the frequency of the TO phonon is increased by increasing
the wave vector. This behavior indicates strongly that the
anomalous line shape is due to a resonance phenomenon.
The pressure dependence of the line shapes points in the
same direction. Pressure-dependent first-order Raman
scattering measurements reveal important changes in the
line shapes.'°~!2 At low pressures the line shape is
changed and a small third peak shows up. With further
increasing pressure up to the phase transition, the intensi-
ty and the frequency of the lower-frequency peak decrease
monotonically.

Similar features are observed also in the first-order Ra-
man spectra of CuBr.!°~!2 At very low temperatures the
TO(I') mode has a single-peak structure. At moderate
temperatures a second low-intensity peak shows up at the
low-frequency side of the TO mode. With increasing
pressure, this peak increases in intensity and broadens
considerably so that close to the phase transition only one
very broad structure is observed.

The Raman spectrum of Cul does not display any par-
ticular features except for a significant broadening at
higher temperatures and pressures. '

Much interest has been devoted to the explanation of
the anomalous line shapes observed in CuCl. The early
explanations of the Raman spectra by a superposition of
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first- and second-order spectra’ have been ruled out exper-
imentally’ and the spectra have been confirmed to be of
first order.!* Krauzman et al.® attributed the double-
peak structure in the first-order Raman spectra of CuCl
to a Fermi resonance between the TO(I') mode and the
two-phonon density of states. They approximated the
two-phonon bands of the optic modes by an elliptically
shaped density function, which contained one adjustable
parameter and made use of an earlier suggestion by Ru-
valds and Zawadowski,'® according to which weak
fourth-order anharmonic terms in the potential give rise
to resonances near the upper cutoff frequency of the two-
phonon bands while a two-phonon bound state may be
formed above the cutoff frequency, when the fourth order
anharmonic terms become sufficiently strong. Reso-
nances or bound states may interact through third-order
terms in the potential with the one-phonon states. As a
result, double-peak structures can be obtained for a certain
range of anharmonic interactions. Using this model
Krauzman et al.® and Shand et al.!” described the Ra-
man spectra of CuCl. Both calculations were based on a
model two-phonon density of states of elliptical shape.
No use was made of a detailed model description of the
phonon dispersion curves from which the two-phonon
summation and difference bands can be obtained. In both
calculations the disposable parameters which described
the anharmonic interactions, as well as the shape of the
two-phonon density of states, were fitted to the measured
line shapes.

A similar procedure has been followed by Hennion
et al.'* in their analysis of the neutron data for CuCl
Here again all disposable parameters were fitted to the ob-
served line shapes. It should be mentioned here that the
relative intensities of the two peaks observed in CuCl
seem to be to some extent sample dependent and that in
some spectra a small third peak shows up in between the
two main peaks. Yet another small peak has been ob-
served at 60 cm~'.>%%13 These additional peaks cannot
be explained by the models mentioned above.

Vardeny and Brafman'® propose a completely different
model to explain the anomalous line shapes observed in
copper halides. They consider a disorder model in which
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the Cu™ ions may occupy their lattice positions as well as
four equivalent off-center positions in the directions of
the four nearest-neighbor bonds. The Cu* ions are al-
lowed to tunnel between these positions. The authors
claim that the system can be treated in the long-
wavelength limit as a mixed crystal which shows a two-
mode behavior. The two TO modes of the mixed crystal
give rise to the double-peak structure. The small third
peak between the two TO peaks is considered as one of
the LO modes of the two-mode system.

We show in this paper that the observed line shapes of
all three copper halides can be calculated on the basis of
phenomenological models for the lattice dynamics which
have been presented in the first paper (hereafter called I)
of this series.'® With these models we calculate the ap-
propriate two-phonon densities of states for sum and
difference processes and show that the observed line
shapes are in fact due to a Fermi resonance of the TO(T")
modes with the two-phonon densities of states. In our
calculation we take into account the leading term in the
third-order expansion of the short-range potential for the
coupling between the TO(I') mode and the two-phonon
density. We show that the line shapes are to a large extent
determined by the high-density parts in the two-phonon
spectrum and their position relative to the TO(T") fre-
quency. Thus the changes in both the two-phonon densi-
ties and the relative position of the TO modes explain the
differences in the line shapes of the three copper halides.
This study was highly motivated by the new experimental
data obtained by Blacha'! and Blacha et al.?

In Sec. II we outline the anharmonic theory used in this
study. The numerical results are presented in Sec. III.

II. THEORY

In order to account for anharmonic effects, the har-
monic models used to fit the experimental phonon disper-
sion curves are extended to include third- and fourth-
order anharmonic terms in the expansion of the potential.
The anharmonic part of the Hamiltonian is written as
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where A; is a combined index for the wave vector q; and
the branch index j;, which label the phonon i. The pho-
non field o’perators A, are defined in terms of phonon
creation (a; ) and annihilation (a, ) operators by the rela-
tions

J
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and the expansion coefficients V> and V** are related to
the Fourier transforms ¢*/(1;,A,,A3) and ¢'*(A;,A;5,A3,A,)
of the third- and fourth-order anharmonic expansion coef-
ficients of the interaction potential with respect to the
atomic displacements by the relations'®
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where w,, are the eigenfrequencies in the harmonic ap-
proximation and A(Y,; q;) is the generalized § function,
which is unity for ¥, q; equal to zero or a reciprocal-
lattice vector and zero otherwise. It has been pointed out
by Oitmaa® that the Hamiltonian of a shell model does
not only contain anharmonic terms in the displacements
of the centers of the ionic masses (ionic displacements) but
also cubic and higher-order terms in the relative displace-
ments of the shell with respect to the core displacements
as well as mixed terms in the displacements of the cores
and the relative displacements of the shells. These contri-
butions renormalize the anharmonic terms in the ionic
displacements. In the harmonic approximation the con-
tributions from the relative shell displacements renormal-
ize the rigid-ion frequencies by less than about 10—20 %.
The renormalization of rigid-ion frequencies can, howev-
er, be much larger, when the electron-phonon interaction
is strong and leads to pronounced anomalies in the pho-
non dispersion curves (e.g., in refractory compounds?!) or
to ferroelectric soft modes.?*%3

In copper halides such anomalies do not occur. Since
we are interested here in the leading terms, we neglect the
small renormalization of the anharmonic terms in the ion-
ic displacements by the anharmonic contributions from
the relative core-shell displacements. Thus we consider
only an effective anharmonic potential for the ionic dis-
placements and write the third-order anharmonic poten-
tial as
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where ¢,5,(0,k;1',k’;1",k") is the third-order anharmonic interaction matrix and e,(k,A;) is the component a (a=x,y,z)
of the eigenvector of the ion « in the mode A;. The fourth-order term is given by an analogous expression.
From the anharmonic terms ¢*’ and ¢*' the phonon self-energy =(A,w) is calculated taking into account the lowest-

order diagrams given in Fig. 1.
In this approximation the phonon self-energy

2(A,)=(#/kT)[AN,0)—iT(A,0)]

(5)
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where k is the Boltzmann constant, A(A,») and ['(A,w)
are the frequency-dependent shift and linewidth of the
mode A, respectively, ; and w, are the harmonic phonon
frequencies of the modes A; and A,, respectively, and j’ is
the branch index of the optic modes at I'. The thermal
occupation factor n (o) is

n(w)=1/[explfiw/kT)—1] . (8)

The first two and the two last terms in Eq. (7) account for
summation and difference processes, respectively. The
first term in Eq. (6) is a real, frequency-independent con-
tribution, which takes into account the frequency shift A,
due to the thermal expansion of the lattice. The remain-
ing three terms in Eq. (6) are the contributions due to
Figs. 1(a), 1(b), and 1(c), respectively. The first two dia-
grams contribute only to a frequency-independent shift,
whereas the third one describes the linewidth and shift of
a phonon due to its decay into two phonon states.

Since the harmonic frequencies w; which enter into
equations (3)—(7) are not the quasiharmonic frequencies
determined from the measured phonon dispersion curves,
we use the self-consistent method of Fischer?* to calculate
the self-energy 2(A,w). The phonon frequencies calculat-
ed with the shell model at finite temperature are quasihar-
monic frequencies. They contain the shifts due to the
anharmonic interactions but have still infinite lifetimes,
i.e., no linewidths. These quasiharmonic frequencies are
given by

0; =[0f; +200A(A;,0;)]'?, 9

where wg; are the harmonic frequencies.
In the self-consistent approximations the infinitesimally
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FIG. 1. Diagrams of the lowest-order contributions to the
phonon self-energies.
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small constant e—0% in Eq. (7) is replaced by a finite
damping constant y, which is in a first approximation
given by

Y=Y1+7Y2, (10)

where y; is assumed to be proportional to I'(A,w;) calcu-
lated in solving Eq. (6) self-consistently. The self-
consistent procedure yields a solution of the Dyson equa-
tion with renormalized one-phonon propagators. Finally,
the anharmonic line shape of the TO(T") phonon w(A) is
calculated from the relation

' Aw)
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The calculations are based on the quasiharmonic frequen-
cies obtained from valence-shell models described in I.
The frequency-independent shift resulting from the first
three terms in Eq. (6) is taken into account by a small ad-
justable constant Ay The important terms for the line
shape of the TO(I') mode are those resulting from the
three-phonon processes in Fig. 1(c). This diagram is taken
into account in the leading-term approximation for the
third-order contributions to the effective potential consid-
ering only the bond-stretching interaction,

¢mh=%-2Ar%, (12)
1-2

where A’ is the third-order coupling constant and Ar, is
the change in the nearest-neighbor distance. The sum
runs over all nearest-neighbor anion-cation pairs (1-2).
The anharmonic bond-stretching force constant A’ not
only accounts for the anharmonic short-range overlap
contribution but also contains the anharmonicity of the
strong nearest-neighbor Coulomb interaction. In view of
the partial covalent character of the zinc-blende structure
compounds and in view of the fact that the interplanar
Coulomb force constants decrease rapidly with increasing
interplanar distances, all other Coulomb contributions are
neglected in the present calculation. The strength of the
anharmonic coupling parameter A’ is adjusted as to obtain
a best fit of the measured line shapes.

III. RESULTS AND DISCUSSION

Following the procedure outlined in the preceding sec-
tion, we calculate the self-energies and the line shapes of
the TO(T") modes for CuCl, CuBr, and Cul.

Figure 2 shows the line shape of the TO(I") phonon for
CuCl (solid curve) calculated with the valence-overlap-
shell model. The experimental data of Krauzman et al.}
are represented by the dashed curve. The agreement be-
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FIG. 2. Line shape of the TO(T') phonon in CuCl at 40 K
calculated with the valence-overlap-shell model (VOSM) (solid
curve). The dashed curve shows the experimental spectra of
Krauzman et al. (Ref. 8). Anharmonic parameters are
A'=16e2/rov,, Ap=0.2 THz.

tween the calculated and measured line shape is gratify-
ing. The close similarity between the two curves indicates
that the observed anomalous line shape of the TO(I") pho-
non is indeed caused by a Fermi resonance between the
TO(T') phonon and the two-phonon density of states. Our
results show further that it is sufficient to take into ac-
count the leading term of the third-order anharmonic con-
tributions to the three-phonon coupling processes. In our
study we use the different models discussed in (I) to calcu-
late the two-phonon densities of states. We find that all
models yield nearly identical densities of states. The line
shapes of the TO(I") phonons can also be reproduced by
all these models rather accurately using different values of
the anharmonic parameters. These differences are attri-
buted to the different ways in which short-range and de-
formation contributions are separated in these models.

It should be pointed out here that the parameter A’ is
not a pure scaling factor for the anharmonic coupling as
could be expected from the structure of Eq. (6), but that it
also influences the frequency dependence of the phonon
self-energy via the self-consistency condition for the pho-
non linewidths. Thus an increase in A’ not only leads to
larger values of I'(A,w), but it also broadens the structures
observed in ['(A,w). It should be emphasized that the line
shape of the TO(T") phonon depends to some extent on the
wave vector of the incident light. This wave vector is so
small that its effects on the phonon frequency can be
neglected. The eigenvectors are, however, strongly depen-
dent on the direction of q even for small wave vectors.
Since the experimental conditions under which the spectra
have been obtained are not very clear with respect to the
orientation of the samples, we have calculated the line
shapes by averaging over different orientations. It should,
however, be mentioned that the small differences observed
in the measured spectra may be caused by different sam-
ple orientations with respect to the incident light. In Fig.
3 we represent the TO(I") line shape of CuCl obtained
from a simple-valence-shell model.

The calculated line shape for the TO(I') phonon in
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FIG. 3. Line shape of the TO(I') phonon in CuCl at 40 K
calculated with a simple-valence-shell model (VSM). Note the
third peak at about 4.75-THz. The small peak between 2 and
2.5 THz has also been observed in some Raman scattering ex-
periments (Refs. 3, 6, 9, and 13). Anharmonic parameters are
A'=26e%/rov,, Ag=0.4 THz.

CuBr is shown in Fig. 4. This spectrum shows a main
peak at about 4 THz and a pronounced shoulder extend-
ing to lower frequencies. Unfortunately, no detailed ex-
perimental data exist for CuBr at atmospheric pressure.
The 0.15-GPa data of Hochheimer et al.'® at 100 K
show, however, a line shape similar to our results. In
these data a small structure extends to lower frequencies.

In Fig. 5 we present finally the results for Cul. In
agreement with the experimental data of Burns et al.!> we
find a broad TO peak with a small shoulder at the low-
frequency side.

Figures 6—8 show the self-energies of the TO phonons
in CuCl, CuBr, and Cul, respectively. The calculations
have been carried out for small but finite wave vectors in
the three main symmetry directions (100), (110), and (111).
The results for the three different crystal orientations
show small variations of the phonon self-energies due to
the directional dependence of the eigenvectors of the TO
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FIG. 4. Line shape of the TO(T') phonon in CuBr at 100 K
calculated with the VOSM. Anharmonic parameters are
A'=16e2/rov,, Ag=0.1 THz.
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FIG. 5. Line shape of the TO(I") phonon in Cul at 375 K

calculated with the VOSM (solid curve).

The dashed curve

shows the experimental spectrum of Burns et al. (Ref. 15).
Anharmonic parameters are A’ =28e2/rqv,, Ao=0.6 THz.
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FIG. 6. Self-energies of the TO(I") phonon in CuCl at 40 K
calculated with the VSM for small finite wave vectors q in the
main symmetry directions. The solid and dashed lines represent
the damping I' and the shift A, respectively. The frequency of
the quasiharmonic TO(I") mode is indicated by arrows.
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FIG. 7. Self-energies of the TO(T") phonon in CuBr at 100 K.
The notation is as in Fig. 6.

phonon even at very small wavevectors. The overall shape
of the frequency shift A(v) (dashed line) and the damping
['(v) (solid line) is, however, the same for all three orienta-
tions. We now focus on Fig. 6(a) and discuss the relation
between the self-energy and line shape of the TO(I") pho-
non in a Fermi resonance [Eq. (11)]. The largest contribu-
tions to the line shape arise from the structures in the
self-energy at frequencies which are close to the frequency
of the TO(I") phonon (indicated by the arrow). Real and
imaginary parts of the self-energy are related by the
Kramers-Kronig relation. Thus a peak in the damping
corresponds to a step rise of the shift function A(w) from
negative values below the resonance to positive values
above the resonance with a zero shift at the resonance.
For simplicity we discuss first the case in which the fre-
quency of the TO(T') mode o(TO)=wryo coincides with
the peak position of the damping function. In this case
A(TO,w1o) is equal to zero. Thus the function
[@(TO)+ A(TO,w)—w]~? has singularities at wo=w(TO),
at o_=o(TO)+A(TOw_), and at o, =w(TO)
+A(TO,w,). This gives rise to two peaks in the line
shape of the TO(T') phonon at @_ and o, since there the
damping I'(TO,w) is already small. There is, in principle,
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FIG. 8. Self-energies of the TO(T") phonon in Cul at 375 K.
The notation is as in Fig. 6.

always a third peak at @y which is, however, strongly
broadened due to the maximum of I'(TO,w) at w,. A very
similar behavior is obtained when the maximum of the
damping function is shifted slightly away from the fre-
quency oto(T). In this case g is shifted away from the
maximum of the damping and becomes therefore more
pronounced. This leads also to asymmetries and differ-
ences in the intensities and widths of the two peaks at w
and w_. The preceding discussion shows that the small
third peak in the spectrum of CuCl reported in Fig. 3 and
observed in some of the experimental data is an intrinsic
property of the Fermi resonance.

When the TO(T') frequency is separated still further
from the resonance in the self-energy, the w, resonance is
strongly enhanced and one or the other or both of the side
peaks at . and o_ may disappear. This disappearance
depends on the detailed behavior of A(TO,w). In CuBr
and Cul the upper side peak disappears and the lower
peak is broadened due to the strong damping at o _.

In order to analyze our results further, we show in Figs.
9—11 the two-phonon sum and difference bands for the
three copper halides. The TO(I") frequencies are indicat-
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FIG. 9. Two-phonon densities of states of CuCl at 25 and
300 K. The outlines represent the total density of the difference
(black areas) and the summation (blank areas) densities. The ar-
rows indicate the quasiharmonic TO(T") frequency.

ed by arrows. In CuCl the TO(I') frequency lies at the
cutoff of a strong TA(X)+LA(X) combination band.
Additional contributions due to TO(X)—TA(X) differ-
ence bands are small but still important at 40 K. This sit-
uation gives rise to a pronounced double-peak structure in
the line shape of the TO(I") phonon (Figs. 2 and 3).

In CuBr the frequency of the TO(T") phonon has moved
out of a strong LO(X)—TA(X) difference band. The line
shape (Fig. 4) shows, therefore, a relatively sharp peak at
about the TO(T") frequency of the quasiharmonic phonon.
This peak exhibits, however, a strong shoulder at the
low-frequency side. Since this shoulder is essentially due
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FIG. 10. Two-phonon densities of states of CuBr at 25 and
300 K. The notation is as in Fig. 9.
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FIG. 11. Two-phonon densities of states of Cul at 25 and 300
K. The notation is as in Fig. 9.

to difference processes, it disappears rapidly with decreas-
ing temperature. This temperature behavior is confirmed
by the experimental results of Hochheimer et al.' In
Cul the situation is similar to that in CuBr. Here the fre-
quency difference between the LO(X)—TA(X) difference
band and the TO(I') mode is even larger than in CuBr.
The TO(T') line shape is therefore again dominated by a
strong peak at about the frequency of the quasiharmonic

TO(T") phonon. At low temperatures this peak is rather
sharp. Its line width increases rapidly with increasing
temperature due to the population of the difference bands.
At the same time a shoulder is build up at the low-
frequency side. This behavior is in agreement with the
measured spectra of Burns et al.'’

IV. CONCLUSIONS

We have shown that the observed line shapes of the
TO(T") phonon in CuCl, CuBr, and Cul can be calculated
on the basis of a lattice-dynamical model, which repro-
duces the measured phonon dispersion curves and gives
the appropriate two-phonon summation and difference
bands. Our results show that the three-phonon interac-
tions give rise to Fermi resonances, which determine the
line shapes of the TO(I') phonons. The anharmonic
three-phonon interaction can be taken into account in a
leading term approximation, in which only the third-order
terms due to the nearest-neighbor bond-stretching interac-
tion are taken into account. Our results show that there is
no need to consider vertex renormalizations by two-
phonon bound or resonance states. It seems more impor-
tant to determine the self-energies self-consistently by tak-
ing into account the line width and the quasiharmonic
shifts of the phonons involved in the diagrammatic expan-
sion of the self-energy. Our results show clearly that the
anomalous line shapes of the copper halides are caused by
Fermi resonances and that there is no need to consider
off-center positions of the Cu* ions. We therefore con-
clude that the defect model of Vardeny et al.'* does not
correctly describe the origin of these anomalies.

*Permanent address: Physics Department, University of Thes-
saloniki, Thessaloniki, Greece.
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