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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 isotop&u, °Cu, 3°Cl, and *Cl as well as the natural elements. While
the longitudinal-optidLO) mode shifts according to the expected reduced mass behavidrpioant phonon,
the transverse-opti@O) 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 findingd.50163-182807)07825-9

I. INTRODUCTION conductors, the dependence of the lattice constant on the
isotopic composition and changes of the fundamental gap
During the past decade there has been considerable intedue to the electron-phonon coupling have been predicted for
est in the effects of isotopic composition on the bulk prop-zinc-blende semiconductors employing empirical lattice dy-
erties of semiconductors. So far, the investigations haveamical models and electron pseudopotentials. In the case of
largely been confined to group-IV semiconductbis.ln  GaAs the changes in the gap with the Ga masses are in good
these monoatomic lattices the mass dependence of the phagreement with the experimental observafloirst prin-
non frequencies in the harmonic approximatiasn1/y/m) ciples calculations of the effect of isotope mass on the lattice
is trivial; i.e., it does not change with the phonon wave vec-constant in zinc-blende semiconductors have also been
; performed’

tor . This facilitates the ability to discern the influence o Copper chloride is among the most ionic semiconductors

isotopic disorder on the phonon frequencies, line shapes, arwhich crystallize in the zinc-blende structdfel Being

widths from anharmonic contributiosAnother bulk prop- close to phase transitions, its physical properties exhibit a

erty depending on the isotopic composition is the lattice conq,mper of peculiarities which have been studied extensively:

stant atT=0 K which is affected by the amplitude of the ¢ g ‘the strongly negative linear expansion coefficient at low
zero-point motion of the atoms. Since heavier isotopes prObf’emperature‘sz and the decreasing elastic shear constants
a smaller fraction of the anharmonic lattice potential, oneyith increasing hydrostatic presstitéiave been associated
expects a smaller lattice constant when the heavier isotope {§ith a strongly anharmonic lattice potential. The sizable in-
enriched with respect to its natural abundance. This was olxrease of the direct gap with increasing temperafure
served by Buschesit al” in the case of germanium. Altering anomalous, and changes in the band gap with isotope substi-
the mean-squared atomic displacements in a subtle, welytion reveal that the admixture of the copgkelectrons to
defined manner, isotope substitution also allows a detaileghe chlorinep levels is crucial for the structure of the valence
investigation of the electron-phonon coupling and the renorpgng815-18
malization of the band gajp.>*’ Another prominent feature of CuCl is its anomalous Ra-
Recently, we have extended our investigations of isotopénan spectrum even at low temperatu® K). Besides a
effects to compound semiconductors. In contrast to elemenmanimously accepted LO phonor-209 cni?) it exhibits
tal semiconductors, the changes in phonon frequencies angdphroad structure with at least two pedkd5-175 cm?) in
atomic displacements in compounds strongly depend on thge TO region:®=%? instead of the single TO phonon pre-
phonon branch and wave vectﬁ;rwhen atoms of the com- dicted by group theory for zinc-blende compounds. This
pound constituents are isotopically substituted. Since theanomaly does not only occur at the zone center. By means of
acoustic and optic branches of the phonon dispersion ar@elastic neutron scattering it was shown to extend into the
affected differently by the substitution of heavy or light at- Brillouin zone?*?*Two interpretations of this anomaly have
oms, their energies can be tuned almost independently, ineen offered: On the one hand, Krauznedral. modeled the
particular at theX point. This allows one to probe the effi- anomalous TO spectrum of CuCl by a Fermi resonance in
ciency of the anharmonic decay bfpoint optical phonons which the optical phonon is repelled out of a two-phonon
into lower-lying acoustic bands. Similar to elemental semi-combination band* They followed a procedure outlined ear-
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lier by Ruvalds and Zawadowski to calculate the hybridiza-transport method in a closed tube containingwas used to
tion of a two-phonon resonance with single-phonon stategrow platelets. Further details of the sample growth tech-
due to third- and fourth-order anharmonic couplifgSub-  nique have been described elsewh¥re.
sequent detailed lattice dynamical calculations by Kanellis, Raman spectra were excited using 1-10 mW of the 4067
Kress, and Bilz showed that third-order anharmonic couplindd line of a Kr-ion laser. Other laser ling§145 A, 6471 A
is sufficient to account for both peaks of the TO phononhave been used to check for line shape distortions or shifts
structure?® On the other hand, a model in which a substantialdue to resonance effectsThe scattered light was dispersed
fraction of the Cu atoms are located at nonideal sites, givingy a Spex 1404 double monochromatdr=(0.85 ). Using
rise to additional vibrational modes, has also beersingle-photon counting, the spectra were recorded in back-
proposed.”? In this model the large anharmonicity is held scattering geometry from[d11] surface. The samples were
responsible for secondary minima in the lattice potentialcooled to 1.8—2 K by immersing them in superfluid helium,
which give rise to Cu displacements from the standard zincand special care was taken to keep the sample heating at a
blende sites. minimum. The spectra were calibrated against nearby laser
Recently, this off-center model has been cited in order tplasma lines.
support the results of first principles calculations on struc-
tural anomalies in the Cu halides. Using all-electron density . RESULTS
functional theory, Wei, Zhang, and Zunger obtain a local
minimum in the total energy of a 16-atom CuCl supercell, When different atoms in the unit cell are isotopically sub-
when the copper atom is displaced along[th&l] antibond-  stituted the changes in the phonon frequencies strongly de-
ing direction?® For a larger supercell, Park and Chadi havePend on the eigenvectors. Isotope substitution thus allows
found that the total energy of CuCl is lowered even furtherone to determine mode eigenvectors as shown recently by
by the formation of a complex of four Cu off-center atoffls. Zhang et al. for the two coupledE;, phonons in wurtzite
They imply that these complexes could result in local mode£dS?’ In the harmonic approximation the optical zone cen-
and associate them with the anomalous TO phonon speéer phonon frequencies of zinc-blende compounds are pro-
trum. portional to the inverse square root of the reduced mass
In this paper we show that the intricate changes in théo~1/\u,u™*=m o+ My . For convenience, we list
Raman spectra obtained from CuCl samples of modified isothe reduced masses of our samples in Table | together with
topic composition can be explained quantitatively within thethe reduced mass variance paramefgr which character-
framework of the Fermi resonance scenalié>?®The line izes the isotopic reduced mass fluctuations in the sample, and
shifts, changes in linewidths, and changes in intensity ratioés given by
with isotope substitution are compared in detail: It is not

necessary to invoke a second set of optical phonons to ex- S M 2

plain the TO structurd'~>3The predictions of the off-center 9,=2 G gl ——

modef’ are in qualitative disagreement with our observa-

tions. Herec; and a; are the concentrations of the cation isotope

In Sec. Il we discuss the experimental details, while Seci and the anion isotopg respectively. The reduced mass of

IIl presents the data. Section IV introduces the basic conge compound ig. and the reduced mass due to a particular

cepts of the anharmonic interaction model as well as thgpncentration of cation and anion isotopes is denoted by
specific approximations we have made. Our observations are These mass fluctuations soften tiim;onservation rule

compared to thg Fermi resonance model and the off Centéﬁnd give rise to elastic, disorder-induced scattering of
model is also discussed.

phonons® The effect vanishes in isotopically pure samples.
Since we are interested in the disorder effect on zone center
Il. EXPERIMENTAL DETAILS optic modes, we used the reduced mass to calculate the mass
variance parameter. In general the mass variance parameter
63Natura| copper and chlogge have two stagle isotopes eachl depends on the eigenvector of the respective mode and
(*"Cu: 69.2%,>Cu: 30.8%,”Cl: 75.8%, and™'Cl: 24.29%. 5 on the phonon wave vectgr In the following we label

The elements used to grow our samples were isotopically,q peaks in the Raman spectrum with the notation intro-
pure (99.9% except for the enriched’Cl which contained  4,ced in Ref. 20.

about 11% of®Cl, as determined by mass spectroscopy. In
order to avoid trivial effects due to varying chemical impu-
rities and crystalline quality we investigated samples from
independent sources and confirmed that the Raman spectraFigure 1 shows the LOf) Raman spectra of isotopically
for identical isotopic compositions coincide. The samples arenodified CuCl. The reduced magsof the samples increases
usually platelets of up to 10 mfnsurface area and a thick- from the bottom to the top spectrum. Accordingly, the
ness of less than 0.1 mm. Using x-ray diffraction we deterLO(y) phonon frequency 209 cm 1) decreases from the
mined the surface to have thgl1l] orientation. Most bottom to the top. The peak intensities are normalized to 1.
samples were grown by heating Cu metal with the desired The LO(y) frequency as a function of the reduced mass is
isotopic composition in flowing HCI gas. For the samplesshown in Fig. 2. The error bars indicate the mean square
made from isotopically pure HCI purification of the initial deviation as determined from several measurements on the
reaction products was achieved by two successive sublimaespective sample. The dashed line corresponds to the re-
tions under vacuum and a zone-melting process. Then duced mass behavior with respect to the experimental fre-

A. LO(y) phonon
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TABLE I. Reduced masg:, mass variancg, , LO(y), TO(y), and TO{8) Raman frequencies and
linewidthsT' o,y (FWHM) of several isotopically modified CuCl samplesTat 2 K in units of[cm™ 1. The
linewidth is corrected for the spectrometer resolution. The errors are the mean square deviation of several
measurements.

Sample w [amy] g, [107°] L0(y) Iogy OTO(y) wTO(R)

8cu®cl @ 22.478 0 210.74(20) 1.65(10) 174.54(20) 156.9(2)
naicuPSCl 22.556 2.6 210.11(20) 1.34(06) 173.75(10) 156.7(1)
8Scuracl 22.677 23.6 209.89(12) 1.75(02) 174.33(07) 156.3(3)
85cue @ 22.728 0 209.50(20) 1.64(10) 172.34(20) 155.7(2)
nacyracl 22.757 26.4 209.66(23) 1.74(05) 173.52(09) 155.9(2)
sScuracl 22.931 24.1 208.62(23) 1.66(02) 172.05(14) 155.4(3)
naic 27| P 23.285 14.5 207.14(20) 1.48(05) 173.23(15) 155.0(3)

#Data were taken af = 8K; samples have different orientation and were grown by a different pr¢Bess
36).
®The 3Cl compound contains about 118%CI.

guency of the natural compound. The agreement with thepectra of the TO structure are shown in Fig. 3. The spectra
prediction for an optical -point phonon is excellent. Experi- are normalized with respect to the T&( peak and where
mental LO(y) frequencies for some of the compounds aretaken during the same scan as the bpEpectra in Fig. 1.
listed together with the full phonon linewidth at half maxi- Note that we have displayed the spectra in a different order
mum (FWHM) T' o,y in Table I. The spectrometer resolu- as compared to Fig. 1. The vertical bars indicate the position

tion can be a
We have det
profile, impli
LO(y).*®

The TO structure has two main features: a very narrow

line at~173

pproximated by a Gaussian of 0.45 tmidth.  of TO(B) as determined by averaging the results of several
erminell o, by fitting the spectra to a Voigt measurements and as given in Table |. The Raman shifts of
citly assuming a Lorentzian line shape for TO(y) vs the copper mass of the respective compound are
shown in Fig. 4. TO§) shifts by (2.3-0.2) cm ! when in
the samples containing natural chlorifiCu is replaced by
B. TO phonon structure 3Cu, i.e., much more than the shift of 1.0 ciexpected
from the correspondmg change in the reduced mass. Samples

f the same ¢ rm have similar r nci n
cm 1, usually denoted as T@j, and a broad orihe OPpermass € ar ¥pirequencies and

maximum around~155.5cm !, labeled TOB). Raman

Raman Intensity [ arb. units ]

[ T T T T
T T T [ §\— Beu®el
[ \
[ N nat 35
nalCu37C' ! )\/ Cu™Cl ]
210 - .
- eaCunatCI > natCunmCI
| [ nat
g , esCu35 Cu Cl 51 C| 49
na(CunatCI E 09 : GsCuna‘CI
73
63, 65 na
65~ 35 e Cu -3t CUGQ lCI
Cu™Cl o] 5 h
S Losf ]
@x 208 ¢ / . ]
83 nat d \ E
Cu Cl - nat 35, 37 \ 1
[ Cu™Cl " Cls AN
[ ‘o
nat 35
Cu™Cl [ nat -~ 37 —
207 | Cu™'Cl E\

[ \
®cu®cl 1 : M TP BN PP TP TN ]
N T 225 227 22.9 23.1 23.3

205 210 215 Reduced Mass [ amu ]

Raman Shift [ cm™ ]
FIG. 2. Raman frequencies of the L§&(phonon aff=2 K. The

FIG. 1. Raman spectra of the LO phonon of isotopically modi- data correspond to the samples listed in Table | and others with

fied CuCl at 2
the top; LO(y)

center phonon.

K. The reduced magsincreases from the bottom to some additional isotope mixtures. The two data points for natural
shifts according tow Y2 as expected for a zone CuCl stem from samples of independent origin. The solid line rep-
resents a reduced mass behavign ~ 2.
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FIG. 3. Raman spectra of the anomalous TO structure for sev- FIG. 4. Raman frequencies of the T¢)(peak as a function of
eral isotopically modified CuCl samples. The spectra of sampleshe copper massT(=2 K, dashed Iine~m5ul’2 scaled to the fre-
with the same copper mass are grouped together. Within thesguency in"@Cu™Cl). O, measured valuess, calculated values as
groups the reduced mags decreases from the bottom to the top. discussed in Sec. IV C. For clarity, the theoretical values have been
The TO(y) line does not shift according to changesirbut with shifted by —0.2 amu. The error bars represent the mean square
changes of the copper mass. The broad ZQ(ne shifts according deviation of several measurements.
to changes inu.

however, is obscured by its considerable width and small

the shifts observed for chlorine substitution are much smalle tensity for some of the compounds. We have fitted spectra
om several measurements in the range of 130-160‘cm

than expected from their respective reduced masses. For ex: . i

ample, going from CHClto CW¥Cl, we observe a shift of with a Gaussian profile and plot_ the_ average BD(fre-
0.55+0.2 cmi  for TO(y), much less than anticipated from guency over the reduced mass in '.:'g‘ - T_he ll?_p(re-

the change inu (~3.0 cni 1), Therefore the TOf) peak quency for some of the compounds is also given in Table 1.

cannot be attributed to a zinc-blenBepoint phonon. On the We would I'kg to %omt out(;hat th(;are IS reopriori reaiqnhto il b
contrary, its dependence on the isotopic composition igssume a reduced mass dependence, an Issue which will be

closer to that of a pure copper vibration, as can be seen WhecHscussed below.

comparing it to the IYm¢, dependence shown as the dashed

line in Fig. 4. Moreover, the TOY) frequencies of samples IV. INTERPRETATION

w!th_the same copper composition group together and only A. General features of the anharmonic decay

within these groups is the order as expected from the trends o ] )

in their respective reduced masses. A number of publications deal with the broadening and

It is also important to realize that the T@ peak is a €nergy shift of phonons due to their anharmonic detaf.
very narrow feature, having neither Gaussian nor Lorentziafiiere we only summarize the main ideas and results. Most
line shape. Consequently, the experimental FOpeaks of lattice c_jyna_mlcal calculations are perfo_rmed in Hzgm(_)mc
Fig. 3 are broadened by the spectrometer resolution and theiPProximation where the crystal lattice potential is ex-
line shape is distorted. Therefore, only spectra taken with th@@nded to quadratic terms in the atomic displacements only.
same slit width can be compared to each other. We havi @ regl crystal, however, the. c_ublc and quartic terms in this
evaluated the width of TOX) in the observed spectra by €xpansion are often non-negligible. The co_upl'mg of the h_ar-
fitting it to a Gaussian starting from the sharp rise on theMonic eigenstates due to such anharmonicities results in a
lower-frequency side to higher values. Using several startingnift and broadening of the normal modes. These are de-
points for the fit we ensured that it does not critically affectScribed by a complex phonon self-energy
the width. Subsequently we have corrected these values for

the Gaussian resolution function of the spectrometer. The 3(9.j;0)=A(q,j;0) +il(q,j; ), ()
linewidths of TO(y), I'rg(,), determined in this way are ) -
given in Table II. which depends on the frequenay, phonon wave vectoq,

The TO(8) peak also shifts as a result of isotope substi-2nd the branch of the phonon. We consider the renormal-
tution. The detection of small changes in its Raman shiftjzation of zone center phonong=0) by anharmonic inter-
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TABLE II. Measured and calculated values for the linewifithy,) in [cm 1] and the amplitude ratios
of TO(y) and TO(@B). The measured values dfq(,) are corrected for the spectrometer resolution. The
trends in the linewidths and changes in the ratios of the amplitudes ofy)T@d TO(@B) are in good
agreement with the Fermi resonance model. The errors are mean square deviations of several measurements.

Sample Frogy [(TO(y))
1(TO(B))
Measured Calculated Measured Calculated
s3cute @ 0.9(1) 0.9 2.8) 2.1
s3curacl 0.74(9) 1.1 2.40) 1.6
S oltil(e] - 1.3 - 0.8
nacPeCl 0.61(4) 0.6 2.8005) 3.0
naicuragl 0.754) 1.0 2.1308) 1.9
naCECl 0.926) 1.6 1.1805) 1.0
85cuPscl @ 0.8(2) 0.4 3.83) 4.8
sscural 0.57(4) 0.6 3.2 3.2
65cA7CIP - 1.2 - 1.4

aData were taken af = 8K; samples have different orientation and were grown by a different pr¢Bess
36).
®The 3CI compound contains about 118%CI.

action. For small shifts\ and broadening$’ compared to

_ acening Va(0,ji0.i1i = d.J2)
the harmonic Raman frequenay0,j) the line shape of the

Stokes Raman peak at low temperatk@ €% w) is 1 73 1/22
61 8Nw(0,))o(dj)o(=a.j2)] 11" ki @By
- I'(0,j; XD, 5 (017K ;1" K"
IS(OJ;G))OC = . (‘> J w) 2 2/R . ’B’Z(_ > ) >
[0=(0,))=A(0.};0) "+ I'(0,]; ) .  Lakl0.))esK |a,j)ey (K= au2) 4 a0r)-gamy

(MMM, ]2
4

where®, ; . is the third derivative of the interatomic poten-
tial with respect to displacements along the Cartesian coor-
= 18w 2 - - - dinate axesa,B, and y of the atoms (&), (I',k"), and
. _ . - . . 2 - 1} 1 1 L L
FO.je)=57 aJZj [Va(0.530j2:=a.52)I"[n(aj2) (1" K"). The index! labels the primitive cell, whilé denotes
111412 CL: L - > .
R ) ) the two atoms within the primitive cell. The(k|q,j) are the
+n(—0,jo)+1]8(w(q,j1)+w(—0,j2) — w). harmonic eigenvectoraV is the atomic mass anl the
3) number of cells in the crystal. From the mass dependence of
V3 one can estimate the change of the decay rate with iso-
.. _ o _ tope substitutior(see Sec. IV ¢
V3(0.J;01.1:02.]2) are the cubic coefficients in the expan-  The anharmonic shift of a zone center optical phonon
sion of the lattice potential in normal coordinates. In B).  comprises contributions due to the thermal expansion of the
we have already chosen the particular case in which a zongttice, a fourth-order phonon scattering term, and the third-
center phonond=0) with branch indexj decays into two order coupling just discussed. Since the first two effects re-
branch indices; ,j,, respectively. Thes function in Eq.(3)  contribution Due to its frequency dependence, it can result
ensures conservation of energy. At low temperature the thefd @ |I'“‘? Sr%pe d}!]StO(;tIOfIEq. ()] Ash discussed befoLe, It
mal occupation numben(ﬁ,j) vanishes. Therefore, if we merely includes the decay of one phonon into two phonons

assume constant matix elementy the right-hand side of ¢ BORPCE MBS e LG FAEC B 8 IR pera:
Eq. (3) becomes proportional to the two-phonon density of P P

statesp,(w). Thus, a considerable broadening might be ex_tures. Sinced is the real part of the self-energy [see Eq.

; . . (2)], it can be obtained from the imaginary p&rthrough a
pected whenever the optical Raman frequen€9,j) coin-

) . . X Kramers-Kronig transformatiof.
cides with a peak in the two-phonon density of states. How-

ever, this assumption may be an oversimplification, since
V3 also depends on the wave vector of the pair of phonons
into which the mode decays.This dependence is given In this section we define a model which is solely based on
by39:42 third-order anharmonic interactions of lattice vibrations. It

The broadening of the Raman line is then given by

B. Calculation of model spectra
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allows us to calculate the Raman spectra of CuCl with dif-The important feature ip,(w) is the sharp, precipitous drop
ferent isotopic compositions. The only adjustable parameteat ~170 cm %, the highest energy TALA combination

is the third-order coupling constad;. Prevotetal. and  band. Its position and size are unaffected by the smoothing.
Hennionet al. have measured the phonon dispersion of CuCIThis large drop results from the flatness of the TA branches
at low temperatures using inelastic neutron scattéfify. in CuCl. The second approximation we make is that of a
We use the parameters which they obtained from fits of thgj-independent matrix elemeM in Eq. (3). The imaginary
14-parameter shell model to their data and which are giveRart of the phonon self-energy is then proportional to the
in Ref. 24, to calculate the phonon dispersion of CHSP two-phonon density of stateE(0,]; @) = V2p(w).

Thtf] %r]lorlon df‘persmg of guCIfBIS?own n _';'r? 6 t?_gelther Using these two approximations we can calculate the Ra-
Wi € two-phonon density of stalgs(w). The optical gaan spectrum of CuCl in the TO region. Performing a

phonon energies at the zone center scale with the reduc 3 Kroni ¢ ion of (6. - btain th
mass (- 1/\z), while the energies of the acoustic branches''2mers-Kronig transformation of I'(0,]; w) we obtain the

around theX and K points are determined by the copper féal part of the phonon self-energy(0,j;w). Broadening
vibrations (~1/ymg,), as indicated in Fig. @). Patel and I @nd shiftA are shown in Fig. (& as solid and dashed

Sherman have investigated tﬁedependence of the eigen- lines, respectLVt_aIy. We obtain the unrenormalized TO fre-
vectors of CuCl phonons using the rigid ion model as well afluéncy wro(0,j) from the shell model, and show
the shell modef® The eigenvector dispersions of the two w—w7o(0,j) as a straight dotted line in Fig(&. For line
models differ only slightly. The two-phonon density of statesbroadeningd’ being either constant or small'&A) one
p-(w), shown in Fig. ), is calculated by integrating over expects, according to E¢), an intense Raman signal when
the irreducible wedge of the Brillouin zone using a mesh ofthe first part in the denominator of the line shape function
8240 points and an energy resolution of 0.1¢émln the  vanishes or goes through a minimum. This occurs when the
energy region close to the harmonic TO frequency at thetraight line intersects or is very close to the real part of the
[-point [ wro(0,j) = 161.75 cn1 1], the two-phonon density self-energyA and, as a result, we find two peaks in the
of states has peaks at 164chand 169.5cm!. These SPectrum shown in Fig.(B). In order to obtain a good fit to
peaks are Van Hove singularities and arise from combinat’€ measured spectrum SFCU™Cl we have calculated
tions of the LA and TA branches at theandK points of the ~Model spectra for several coupling constais. While
Brillouin zone (Fig. 6). However, the phonon frequencies largerVs increase the separation of T¢)(from TO(g) they
determined in the neutron measurements are only accurate &30 increase the amplitude of T§)(with respect to that of
within 6%. As a result, the exact location of the peaks in theT O(8). We have foundv3=70 cm 2 to yield a good ap-
two-phonon combination band is only known to within Proximation to the observed line shajfég. 7(b)]. The fre-
12%. In order to avoid artifacts in the calculated spectra, wéluency of the TOf) peak in the simulated spectrum is
approximatep,( o), by connecting the peak¥(andK com-  ~3.8 cn * lower than the observed one.

binations linearly and subsequently average it over a width At this point we want to discuss a principal problem of

of 1.5cm L. We refer to the resulting quantity as,(w). consistenqy in the outlined procedyre: Inelastic neutron scat-
¢ Y 3%(0) tering, which was used to determine the phonon dispersion

of CuCl, measures phonons which are already renormalized

! v J . . . .
157 1 by the anharmonic interaction. Using these values to param-
! ] etrize the harmonic shell model does not yield the unrenor-
malized harmonic frequencié$However, in our calculation
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FIG. 6. (8 Phonon dispersion of natural CuCl along high-
Reduced Mass [ amu ]

symmetry directions calculated using the shell model parameters
given in Ref. 24.(b) Two-phonon density of states,(w). The

FIG. 5. Raman frequencies of the T@) peak versus the re- branch combinations which result in Van Hove singularities in the
duced massT=2 K, dashed line~u~%?). TO energy region are indicated.
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The effect of isotope-disorder-induced scattering is even
smaller for the TO zone center phonon, since the optical
branches of the phonon dispersion bend monotonically up-
wards (Fig. 6). As a result there is only a negligible one-
phonon density of states to scatter into and the resulting self-
energy is strongly suppressed. Effectsstriictural disorder

in which ions would be located on off-center sites were also
omitted in our calculations. The relevance of this omission is
discussed in Sec. IV D.

T(w), A(w) [em™" ]

C. Discussion and comparison

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

L » B statesp,(w) we obtain the line broadeniri@(ﬁ,j;w) and the

140 150 160 170 line shift A(G,j;w) for each isotopic composition, as out-
Raman Shift o [cm ] lined above. We calculate the Raman spectra for different
isotopic compositions using the same anharmonic coupling

FIG. 7. Fermi resonance model of the TO anomaly in Cé@l. constantV3=70 cm 2 in all cases and the respective har-

The solid line represents the imaginary part of the phonon selfiygnic frequencho((j,j)_ The resulting spectra are shown
energyl' () =V3p,(w). The dashed line is the Kramers-Kronig in Fig. 8. We observe that the T@) frequencies for com-
related quantity A(w). The straight dotted line represents yo,nds with the same copper mass are similar. Within these
[w—w10(0,))]. (b) Spectrum of *CuCl simulated according to  groups TOg) shifts according to the trend expected from
Eq.(2), usingV3=70 cnT % the intensity is given in arbitrary units.  the reduced masses; i.e., the compound with the lighter chlo-
. rine isotope has a larger T®) energy. The energies of
of the complex self-energ¥ (0,j; ») we implicitly used the  TO(y), shifted by+3.8 cm %, are also shown by the crosses
phonon dispersion as if it were unrenormalized. A deviationin Fig. 4. We find an excellent agreement of our calculated
of the absolutephonon frequencies calculated by applying isotope shifts with the observations.
the anharmonic renormalization from those being measured The changes in phonon frequencies and eigenvectors due
is therefore expected. Furthermore, we have neglected the isotope substitution lead to complex changes in the TO
thermal expansion and fourth-order contributions to the rea$tructure, which are automatically taken into account in our
part of the self-energy, which also result in a line shift andcalculation. We can describe the results in simple terms:
might account for the difference between the measurementsrom Fig. 7 and the discussion in Sec. IV B, it is clear that
and calculations. Even if the problem of renormalizationthe position of the TOf) phonon is mainly determined by
were not to arise, neither the position of the dropois(w)  the sharp drop in the imaginary part of the self-enefgy
nor the harmonic frequenayo(0,j) would be known pre- This drop stems from a Van Hove singularity of cqmbina—
cisely. Both are inferred from a fit of the phonon dispersiontions of TA+LA acoustic bands around th¢ andK points.
to the shell model which does not necessarily reproduce theince these modes involve mostly the copper ions, the drop
phonon frequencies with the same accuracy at all points i§hifts predominantly for Cu isotope substitution. To a first
the Brillouin zone. Nevertheless, this problem of consistency@PProximation, the drop i’ does not shift with chlorine
has little effect on theelative shifts due to the isotope effect. Substitution, so that the T@{ peaks of compounds having
We have also omitted the effects isbtope disordern  the same copper mass form groups. Within these groups a
our calculations; i.e., we treat the lattice dynamics in thesecond condition for the TQ( position is given by
framework of the virtual crystal approximation. The massesw— w1o(0,j)=A(0,j;w), or the point where the straight
of the ions on the cation or anion sublattice are approximatetine in Fig. A& is closest to the dashed line representing
by an average over the respective isotopic compositionA. As we change the chlorine mass in compounds having the
Since the mass variance parameggrin CuCl is reduced by ~same copper mass, we shift the straight line in Fig) By
about an order of magnitude as compared to germaniurthe full isotope effect on the reduced mass. Smaller chlorine
[Refs. 1 and 3&)] or tin [Ref. 38b)], where the observed masses shift the straight line to higher frequencies, and the
disorder effects are already very small, isotope disorder inpoint where it crosses or is closest 20 shifts to higher
duced shifts in the Raman spectra of CuCl should be neglifrequencies as well. However, due to the nonvanishing slope
gible. The virtual crystal approximation is also justified by of the real part of the self-energy, the shift of this point is
the good agreement of the measured kPfrequencies with  not as large as a reduced mass shift would imply.
the expected reduced mass behavior for isotopically pure as The observed linewidths of the T®) peak increase for
well as isotopically disordered samplésSig. 2). The line- the compounds made from natural copper, when the chlorine
width of LO(y), however, shows slight modifications with mass increasgsee Table ). This is reproduced by our cal-
isotope disorder which are discussed at the end of Sec. IV Qulated spectra and can be visualized in Fig. 7 as follows:

Raman Intensity
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The calculated TQR) frequencies, which are indicated by
the vertical bars in Fig. 8, are about2.2 cm ! smaller than
the measured ong3able ). The changes of the frequencies
with isotope substitution are, however, in good agreement
with those shown in Fig. 5 and essentially proportional to the
reduced mass. From Fig. 7 we notice that BDpeaks at the
intersection of the dotted ling w— wTo(ﬁ,j)] with the
dashed lineA. Shifts of the dotted line due to chlorine sub-

| "cu®Cl 1 stitution result in a reduced mass type of behavior since the
[ | ] slope ofA is small. Changing the copper mass results in a
cucl 7 shift of bothA andw— wro(0,j). The shift of the dotted line

due to copper substitution does change the crossing point.
Since A is flat, the crossing point is shifted just by the re-
duced mass effect on the dotted line. Due to its flatness,
I 561550 . however, the shift oA does not move the point where the
] dotted and dashed lines intersect. We thus conclude that the
shift of the TO({B) peak in CuCl should be reduced-mass-
like, in good agreement with our datkig. 5).
In calculations which are similar to the procedure outlined
, for the TO structure we find a reduced mass behavior for
140 145 150 155 160 165 170 LO(y). The two-phonon density of states in the vicinity of
Raman Shift [cm ™ ] the LO(y) phonon is predominantly the combination of two
LA modes near thd. point. We approximate these by an
FIG. 8. Raman spectra calculated in the Fermi resonance sc&Verage acoustic mode frequency of 105 ¢nthe value of
nario. The anomalous TO region is shown for CuCl of different (V3)2=70 cm 2 found above leads to an estimate of
isotopic composition T=0 K,V3=70 cm 2). The slightly smaller (V5°)?=26 cm 2, taking only the frequency dependence of
actual mass of thé’Cl compounds was not taken into account. The V3 in Eqg. (4) into account. Despite this being a rough ap-
peak amplitudes are normalized with respect to F)O( proximation, we find linewidths of- 1.6 cm %, which are in
agreement with our observatiofiBable ).
The amplitude ratid (LO(y))/1(TO(y)) of the simulation

it 37,
Zcu’Cl ]

Raman Intensity [ arb. units ]
T .

65Cuna(C|

We define the frequencies, andwy, to denote the lower and
upper edges of the drop iA. Leaving the copper mass un- .
altered these frequencies should remain constant due to ﬂl]%ur) to a factor of 4 Iarger than thglobserved one, and the
predominant copper character of the acoustic vibrations in? serveq LO@ frequency Is~6 cm larger than C?ICU'
volved. The edges 0p,(w) at w, and wy are clearly re- lated. With this approxmate:' coupling copstgnt we find that
fl : 2 A b . the changes of\(go)2 due to isotope substitution are smaller
ected in the spectrum of Fig.(8). The linewidthI'rq,) 0 . .
then essentially depends on the amplitude of the spectrufft@ 5% As a result the calculated linewidths vary by less
betweenw, andw, . The maximum in the amplitude occurs than 0.08 cm*, a change much smaller than the observed
for the smallest values dfo— wro(0,])— A(G,j: ®)]. Ne- differences in I|n_eW|dth$_see Table)l Thus we have to con-
glecting this value in comparison B we find Eq.(2) to s_lder whether d|sord9r—|nduced ?'aSt_'C scat_termg_coulq give
reduce tol ~T' L. Increasing the chlorine mass results in afiseto the_ observed line broadenings: Despng th(glrvanlshmg
shift of the dotted line in Fig. () towards lower frequen- rg)asssvarlance_pargmetgp, the cpmpoundsﬁ Cu**Cl and
cies. Consequentlyl; becomes larger. The amplitude of the Cu™Cl have linewidths" o(,) which are larger than those
resulting spectrum gets smaller, and the linewidth increaseé’:a the5 se;;nple;c, having no or small chlorine disorder
A quantitative comparison of the calculated linewidths(""CU*°Cl,"*CL*’Cl). However, these samples were pro-
T'1o(y) to the observed ones is obstructed by the finite specduced in a different manner than the other compouifids,
trometer resolution. The smallest calculated linewidth isthat a poorer sample or surface quality may also be respon-
about 0.4 cm* and would be considerably broadened by thesible for their larger linewidths. Furthermore, they were pro-
0.45 cni'! spectrometer resolution while the larger calcu-duced from a differenf®Cl batch, so that they might also
lated linewidths of up to 1.6 cm are largely unaffected. contain different chemical impurities. Looking at the remain-
The linewidthI'1o(,y also depends on intricate details of the ing samples which were produced using the same method
two-phonon density of states betweegandwy, . In view of (Table |) we realize that™Cu*°Cl has the smallest disorder
these two points we still find a gratifying agreement betweerparameteg,, as well as the smallest linewidth, o,y . Go-
theory and experiment for the absolute valued e, as ing to "Cu’'Cl the disorder parameter increases by about
well as in the trends with isotope substitution. 12X 10 ° together with an increase in the linewidth by about
Another rigorous test of the Fermi resonance model is td.14 cmit. The slightly larger disorder parameter of
check whether it yields the correct trends for the relative"*Cu*’Cl is due to the inclusion of°Cl (see Table)l The
amplitudes of TO§) and TO(3). As can be seen in Table Il mass variance parametgy, of °*Cu™Cl, "™Cu"@Cl, and
the experimental amplitude ratios are quite well reproduced®Cu™Cl is similar and about 2210~ ° larger than that of
by the theory. An exception is the ratio calculated for "®Cu*Cl. These compounds show comparable linewidths
85CuP>Cl which is predicted to be much larger than the meaI' o,y Which are about 0.38 cit larger than for
sured one. ”aCLfg5CI. As a result we conclude that the differences in



218 GOBEL, RUF, LIN, CARDONA, MERLE, AND JOUCLA 56

linewidths are compatible with an isotope-disorder-inducedmass behavior of TQR). When assigning TQf) to a soft-
broadening of the LOf) phonon. Further measurements onened Cu-Cl vibration, we still have to account for T (In
a very-high-resolution spectrometer are needed to clarify thighe framework of the off-center model, however, it must be
point. the unrenormalized T@{) phonon of the zinc-blende struc-
ture. Again this is excluded by the copperlike shift of
TO(y) with isotope substitution. As pointed out already in
Ref. 32 our Raman measurements do not exclude the pres-
A number of models deal with off-center sites of copperence of structural disorder although they do not yield any
ions in CuCl. The model as described by Vardeny ancevidence of it. However, the Fermi resonance model success-
Brafmart® and Livescu and Brafmdhassumes that, in ad- fully predicts the observed shifts and intensity changes of the
dition to the ideal sites in the lattice, the cations may occupyro anomaly with isotopic substitution. It is therefore not
four equivalent off-center sites. These sites are supposed Kbcessary to invoke a second set of optical phonons.
be located along th€111] antibonding directions, i.e., to- Finally, we would like to mention two further first prin-

wards the faces of the tetrahedron formed by the anions. Th@lples calculations on the bulk properties of CuCl. Kremer

;econdary minima of the potential are located Within. the aNand Weyrich® reported full-potential linear muffin-tin orbital
ion tetrahedron. These authors suggest that the two mequwﬁ:MTo) calculations of the TO frequencies at thieand X
lent copper sites, together with the undisturbed anion Iatticepoints for CuCl and other semiconductors. Thev find an un-
give rise to two polar oscillators which can couple to light. : y

They infer this conclusion in particular from polariton mea- renormalized TO frequency of 156 crhand have also cal-

surements, which they fit to two oscillators, i.e., four peakscmateOI the potential for displacement of Cu along [thi]

LO(y), TO(y), LO(B), and TO@). The LO(8) mode at direction. They do not find a secondary minimum which
T—> K is repo'rted to r,1ave a frequency of164 cm L. We would indicate an off-center site for Cu in this compound.

would like to point out that it is very hard to discern a third Wanget f”"-47 have calculated the phonon dispersion in CuCl
peak around this frequency in the TO spectra of Fig. 3Using a linearized augmented plane waAPW) linear re-
which were taken with very high resolution. Neverthelesssponse method. Their value fasro(0,j) is 168.3 cnmit.

the spectra in Fig. 3 show a weak shoulder between th&herefore, both of these publications find unrenormalized
TO(B) and TO(y) peaks which is, however, well accounted zinc-blende TO frequencies which are between the observed
for by the Fermi resonance mod@lig. 7). Also, in a polar-  TO(y) and TO(8) peaks. In view of the inherent uncertain-
itonlpictfu_re _ﬂ;e Loﬁ%r?eﬁll_g’i? lr)Ot er>1<pected to ;nO\I/g V\gth the ties of the calculations these values are in good agreement
angle of incidence. The ine, however, should change |, , ~1 Sy 3

its position. The evidence for this behavior of T€)(in Fig. :/;;’[igr:he 161.8 cm” used asvro(0,]) in our model calcu

1 of Ref. 28c) is based on a rather weak feature. The much First principles calculations of compounds in which the

stronger main TOf) line, however, does not change its po- strongly localizedd electrons take part in the binding are

sition at all. This is consistent with the acoustic phonon char—difficult This is due 1o a large cutoff eneray required for the
acter of this line in the Fermi resonance picture. In order to ' : 9 . gy req
lane-wave expansion of the localizddelectrons. We be-

obtain further insight it seems worthwhile to calculate theP ) ! .
renormalization of the Fermi resonance in CuCl due to interli€ve that our data provide a basis for a stringent test of the
action with the photon field and to perform higher-resolutiondulity of first principles calculations concerning the bulk
experiments. properties of CuCl in particular and the treatment of

A more quantitative description of this off-center model d-electron levels close to the valence level in general. An
postu|ates the same mass dependence for both the/)TO( attempt to calculate the TO phonon line Shape in CuCl and
and the TOB) mode?’ Since we have found a mass depen-its isotope effects from first principles thus seems worth-
dence of TOg) which is different from the one of TQ§),  While.
the off-center model in the form proposed in Ref. 27 clearly
cannot account for the effects of isotope substitution on the
Raman spectra. V. CONCLUSION

Recent total energy calculations suggest that copper at- )
oms on off-center sites form correlated defect clusters. Simi- Several models have been proposed to explain the anoma-
lar to the model of Livescu and Brafmahthese calculations lous TO Raman spectrum of CuCl at low temperature: The
find that the copper atoms are displaced along[1id] an- ~ Fermi resonance model by Krauzmanal 2! which is sup-
tibonding direction€®3° In contrast to the earlier model, ported by lattice dynamical calculatiofsand various off-
however, the displacements are large, and the copper atomenter model$’~*
tunnel through the face of the anion tetrahedron. Parks and We have investigated the Raman spectra of CuCl with
Chad? find that the formation of a cluster of four off-center different isotopic compositions at low temperatufie£2 K)
copper atoms reduces the total energy of their supercell eveand find good agreement with the Fermi resonance model. In
further, as compared to the total energy of the same supercdhis scheme anharmonic interactions, in which a zone center
comprising only one off-center copper atom. A local modeoptic phonon decays into two acoustic phonons of opposite
arising from these clusters would seem likely, but it is notwave vector, renormalize the mode frequencies and alter the
clear whether this would involve mainly copper vibrations orRaman line shape. In CuCl the unrenormalized TO zone cen-
correspond to a softened Cu-Cl mode. A local mode withter phonon interacts with a two-phonon combination band
predominant copper characteis ruled out by the reduced which is strongly peaked. Consequently, the TO phonon is

D. Off-center models
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partly pushed out of the two-phonon continuum, which re- In contrast, off-center models do not account for the Ra-
sults in the TOg) peak. Its position is closely tied to the man data. The quantitative description of an earlier nfddel
edge of the two-phonon density of states. Since this edge isnplies two reduced-mass-like oscillators which does not ex-
due to Van Hove singularities, arising from the acoustic displain the different mass dependences of ¥P(and
persion branches which involve mainly copper vibrations, itTO(g). While we cannot exclude the existence of off-center

shows a copper-dominated isotope effect. For samples haefects in CuCl, they are neither necessary nor sufficient to
ing the natural copper abundance the linewidth of thesypiain the TO anomaly.

TO(y) peak increases with the chlorine mass. The changes
in the TO(B) frequency are reduced-mass-like, a fact which
is also expected within the Fermi resonance model. For un-
altered copper composition the ratio of the peak intensities of
TO(y) to TO(B) decreases with increasing chlorine mass.
The unrenormalized LO phonon interacts with an almost flat
two-phonon density of states. As a result it shifts according A.G. gratefully acknowledges A. Debernardi for provid-
to the expected reduced mass behavior of a zone center phinig the code for the Brillouin zone integration and stimulat-
non. The linewidth of LO§) comprises anharmonic as well ing discussions. We thank V. Belitsky for a critical reading
as isotope-disorder-induced broadening. Using only one efef the manuscript. Thanks are also due to M. Siemers and H.
fective anharmonic coupling parametég we can account Hirt for their expert technical assistance and A. Schmeding
for all our experimental findings. for the analysis of the isotope concentration"8Cu*'ClI.
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