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Isotopic investigation of the lattice dynamics in CuBr

J. Serrano, T. Ruf, F. Widulle, C. T. Lin, and M. Cardona
Max-Planck-Institut fu Festkaperforschung, Heisenbergstr. 1, 70569 Stuttgart, Germany
(Received 20 November 2000; revised manuscript received 26 February 2001; published 20 Jiine 2001

We present a detailed investigation of the Raman spectra of isotopically tailored CuBr at low temperature.
The transverse opti€TO) phonon of CuBr exhibits an almost perfect Lorentzian line shape, whereas the
longitudinal optic(LO) phonon displays a complex broad structure. The change of the TO frequency with the
variation of the isotope composition can be well described withinvinteal crystal approximationVVCA),
which corresponds to @ .~ dependence on the reduced massSlight deviations from this general trend
are attributed to anharmonic renormalization and agree semiquantitatively with results extracted from previous
measurements of the temperature dependence of the Raman spectra. In the LO case, the broad structure is
resolved into three separate featurksB, andC. While A andB are rather broad? is a narrow peak located
at the high-energy side of the LO structure. Two different trends are observed when analyzing the evolution of
the LO structure with isotope substitution: peBkshows axu ~*? behavior, analogous to that of the TO
phonon, whereas peaksand C shift almost only with the copper mass. The LO line shape is explained in
terms of theFermi resonancé€FR) model, i.e., an interaction between the LO mode and a combination band
of two acoustic phonons. We have performed a shell model calculation, with parameters taken from inelastic
neutron scattering measurements, in order to obtain the one- and two-phonon densities GD&t8te3his
calculation yields Raman line shapes in remarkable agreement with the experimental observations.
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[. INTRODUCTION tors, the mass dependence of the phonon frequencies is
simply given bym~%2in the harmonic approximation, inde-

In the last decade considerable effort has been devoted {gendently of the phonon wave vectqr This relation does
the study of the effects of isotope substitution on the elecnot hold for binary compounds, where the changes of the
tronic and vibrational properties of semiconductors. Manyphonon frequencies and atomic disp]aceméei@envectors
investigations have been concerned with elemental materialith the mass of the constituent atoms are specific to each
i.e., diamond, Si, Ge, of which crystals of some technologiphonon branch and wave vectog.*° The different behavior
cally interesting isotopic modifications have been grown. Foipf acoustic and optic branches by substitution of either heavy
example, it is well known that one of the limiting factors of or |ight atoms allows one to probe the efficiency of the dif-
the thermal conductivity is, along with other kinds of defects,ferent anharmonic decay channels &f-point optical
the mixture of isotopes in crystals grown out of natural ele-snonongand, in principle, also of other phonons using spec-
ments possessing more than one stable isotope; a remarkallgscopic techniques, such as inelastic neutron or x-ray
contribution occurs due to elastic scattering by the differencatteringt! which allow one to probe larger wave vectors
isotopes of the constituent atoms of the material. In the casg). |n the case of GaP a double-peak structure has been
of diamond, *“C-enriched crystals have a significantly larger recently reported for the Raman spectrum of the transverse
thermal conductivity, especially at 80n silicon this con- optic (TO) phonons. Changes of the relative positions and
ductivity has been reported recently to be enhanced by ftensities of the two peak components with Ga isotope sub-
factor of up to 6(at 20 K) through enrichment of°Si with  gtitution confirmed the anharmonic nature of  this
respect to the natural abundarfcisotope substitution also  strycturet2!® This feature was also reproduced by first-
results in a change of the lattice constant, as it has beegyinciples calculations in which the anharmonicity was
reported for diamond,Si, and Ge*® Another related effect treated by density functional perturbation the¢BFPT) 2
is the modification of the electronic band gap due to the |sotope substitution and Raman scattering have been also
dependence of the electron-phonon interaction and the lattiggsed to determine phonaigenvectorst the Brillouin zone
constant on the average isotopic mas$® center in cases where they are not fixed by symmetry, such

These effects are related to modifications of the latticeas for theE, phonons of the wurtzite structure compounds
dynamics through isotope substitution. Hence, the investiga€dS and GaN®!® In the case of SiC, the use of different
tion of isotopically modified samples is not only useful to polytypes allowed the investigation of the eigenvectors for
develop new technologically interesting materials, but it alsmonzeroqg along thel’-L direction in the zinc-blende crystal
provides a way to separate isotope-disorder-related effecttructure’’ The measurement of phonon eigenvectors pro-
from anharmonic processes. From such studies one gainsvades an important check for lattice-dynamical model calcu-
better understanding of the phonon decay mechanisms anaktions, since even an excellent fit of a given model only to
their influence on many physical propertiésg., phonon- measuredirequencydispersion curves does not imply the
phonon interaction, electron-phonon interaction, lattice pareliability of the calculatedeigenvectors Moreover, many
rameters, thermal conductivjty In elemental semiconduc- physical properties, such as inelastic neutron or light scatter-
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ing intensities and selection rules, require a precise knowl- TABLE I. Isotope information for the investigated CuBr

edge of the eigenvectors which, unfortunately, have receivesamples: isotopic composition, average massnd mass variance

much less attention than the phonon frequencies. parametery. m and g are obtained from the isotopic composition
Copper bromide, together with CuCl and Cul, is one ofand the corresponding masses.

the most ionic materials with the zinc-blende structure at

ambient conditiond®® Many of its physical properties are  Isotope Isotope conter(¥o) m (amu 9

similar to those of CuCl, i.e., it displays a negative thermal

expansion coefficient below 50 ¥;2° a relatively large **Cu 99.9° 62932  0.x10°
ionic conductivity at high temperaturé$?® and an anoma- "Cu ®*Cu, 69.17;"Cu, 30.83 63.546 21410 °
lous increase of the band gap with increasing temperdfure. ~ °"Cu 99.7% 64.922 0.%10°
X-ray absorption and neutron diffraction measurements ' B 99.41° 78930 0.410°
show an increasing disorder of the CTsublattice with in- "Br 7Br, 50.69; *'Br, 49.31 79.904 15810 °
creasing temperatufd; Prelated to a large anharmonicity of ~ *'Br 98.75° 80.891 0.&10°°

its vibrational potentials. The largest anharmonic vibrationa'%\Th ot ontis th h th nal i h
amplitudes are along tHd 11) direction?® The strong anhar- € 1Sotope con entis the enric mgnt oft € nomina Isotope. The
concentration of the other isotope is the difference between that

monicity requires consideration of at least quartic terms in | d100%. Th iration of th t . i
the interatomic potential expansion in order to describe prop—va uean . The concentration of the most common impurities

erly many physical propertié&:2°3and leads to a decrease °f °her aloms was less than 300 ppm.
of the Cu-Br bond length with increasing temperature above
300 K3' The Raman spectrum of CuCl exhibits an anoma-Structures consisting of two overlapping broad features in the
lously broad structure in the TO region, consisting of thregl@nge ~160-170 cm*, with a sharp peak at its high-
main peaks instead of the single-TO-phonon peak expecte@nergy side, arounet 172 cnt* for the natural sample. The
for zinc-blende compound®. Two different models have line shape of this phonon is explained quantitatively by the
been applied to explain this unusual feature: In the so-calleffermi resonance model. The change of the phonon frequen-
off-center modelone considers a disordered Csublattice ~cies With isotope composition is also addressed for the
with Cu® ions displaced away from their tetrahedral posi- TO(I') phonon, while in the case of the LO structure more
tions due to off-center minima of the lattice potential. Thisinformation is required in order to explain the observed
leads to two different “TO modes” associated with two pos- dominance of Cu displacements in the two-phonon density
sible equilibrium positions for the Cuions (the standard Of states(DOS) in this region. The fact that the Fermi reso-
and the disp'aced positioh%?’_‘?’s In the Fermi resonance Nance occurs for the TO phonon in CUCI, whereas in CuBr it
mode] one considers an anharmonic renormalization of th@ccurs for the LO phonon, can be qualitatively attributed to
TO(I') phonon due to interactions with a two-phonon con-the increase in reduced mass associated with the increase in
tinuum of acoustic mode¥—4° the halogen mass when going from CuCl to CuBr. This in-
The Raman spectrum of CuBr at low temperature hagrease shifts the TO phonon away from the two-phonon reso-
been reported to show a TO) phonon with a normal nance region while bringing the LO mode closer to it.
Lorentzian line shaple at136 cm !, and a broad asymmet-
ric peak at 169 cm- corresponding to théongitudinal op-
tic (LO) mode at thel' point*~*3 with a linewidth of Il EXPERIMENTAL DETAILS
~7 cm ! at 6 K. When the temperature is increased, two Natural copper and bromine contain two stable isotopes
new features arise around 70 thand 125 cm® at 246  each £3Cu, 69.17%:5°Cu, 30.83%;"°Br, 50.69%; and®'Br,
K,* respectively. The first has been assigned to a 2TA com49.31%. The elements used to grow our samples were iso-
bination, whereas the second structure was studied with thepically pure (~99%) except for®’Br, whose enrichment
off-center and Fermi resonance models, either postulating quality was slightly lower98.75%. The actual purity of the
TO-phonon structure due to a double-well potefiti&imi-  different isotopes was measured by means of mass spectro-
lar to that suggested by off-center models for Qulusing  scopic analysis; their isotope enrichment is shown in Table I.
a TA+LA combination as an anharmonic decay channel ofThe samples were of two kindsi) very tiny platelets of
the TO(') phonof? (Fermi resonance modelAlthough ~1 mn? surface area and thickness less than 10, and
none of these models seems to be conclusive in explainingi) conic single crystals with a base diameter of 1-2 mm and
all the available experimental data, there are some aspectslength of 3—5 mm. The Raman spectra from both types of
that cannot be addressed by the off-center model, e.g., theamples coincide for identical isotope composition. The
changes of the Raman spectrum with isotope substitution igrowth method for samples of tyfig was the same used for
CuCl (Ref. 32 and the extended x-ray absorption fine struc-growing the CuCl isotope-enriched crystals measured in Ref.
ture measurementEXAFS) in CuBr?® 32; this method is described in Ref. 46, and allows one to
In this work we present a detailed investigation of thegrow small crystals reducing the amount of expensive
Raman spectrum of CuBr at 2 K with a set of isotopically isotope-enriched elements needed. Source materials for the
tailored samples covering the four possible combinations ofrowth of the CuBr isotopic mixed crystals were obtained by
Cu and Br isotopes, in addition to those obtained from thehe chemical reaction of NaBr, K#%r, N&Br, and
natural elements. This study reveals the anharmonic natul@uSQ5H,0, ®CuSQ5H,0, and ®*CuSQ5H,0. Prior to
of the LO(") spectrum, which is resolved into three different this reaction, the sulfate was prepared by dissolving natural
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FIG. 1. Raman spectra of the TDJ phonon of CuBr for dif- ¢ 635798 T frequency as reference. The dashed line represents
ferent isotopically tailored samples. The vertical bars indicate thea fit with Eq. (7) (see Sec. Y.

peak positions obtained from the harmonic virtual crystal approxi-
mation, which shift withy =2

For elemental crystals the virtual crystal approximation
or isotopic alloy enriched copper metal in diluteg$0;.32 (VCA) pre@cts that all phonons should exhibit tﬁe same de-
CuBr conic single crystals of typ@) were grown by subli- pendence Y% on the average isotopic mass in the
mation of the CuBr powders in closed evacuated ampoulesharmonic approximation, independent of wave vector and
The Raman spectra were obtained using a triple-gratingpranch. The extension to binary compounds is straightfor-
Dilor XY spectrometer operating in the high-dispersionward, but the dependence of the phonon frequency on the
mode. The scattered light was collected with a chargemass varies now witky. In the case of the zone-center optic
coupled-device detectdiCCD) cooled by liquid nitrogen. phonons in the zinc-blende structure, this relation holds for
The 6470.9 A Ki line was used for excitation from a Kr-Ar the reduced mass, i.eno(I')*u~ 2 where the subscript
mixed gas laser. The samples were immersed in superfluistands for optic modes.
helium and kept at temperatures bel@ K in an optical The vertical bars in Fig. 1 illustrate thig scaling,
cryostat and measured in backscattering geometry. The laseith the phonon energy of th&Cu’®Br sample used as a
power was adjusted between 25 and 50 mW to avoid sampleeference. With increasing the measured TQ{) peak is
heating. No changes in the spectra were observed when ighifted slightly towards higher frequencies than expected on
creasing the power by a factor of 2. TR&Cu’®Br sample the basis of the VCA. This difference reaches its maximum
was so small that it had to be measured using a micro-Ramaor ~ ®°Ci#'Br, with the experimental frequency
setup with a cold finger at 6 K under vacuum. The laser~0.13(9) cm* higher than the harmonic VCA prediction.
power was 28 mW and a 50 objective was used in this This deviation is also visible in Fig. 2, where the TIQ(
case. The spectral resolution in both setups ws5 cm L. frequency is shown as a function of the reduced mass. The
The 6532.9 A line of a Ne lamp was used for calibration. error bars indicate the standard deviation determined from
different measurements. The solid line represents the reduced
IIl. RESULTS mass behavior .~ 2 with respect to thé3Cu’Br sample.
The reasons for this shift will be discussed in Sec. V.
A. TO(T') phonon The experimental TAY) frequencies and the full width at
Figure 1 displays the Raman spectra of CuBr in the regiomalf maximum(FWHM), I'tory, for the different isotopic
of the TO(") phonon for different isotopic compositions. compositions are shown in Table IT;o ) was obtained by
The intensitiedpeak heightare normalized and the spectra fitting the spectra with a Voigt profilé.e., a convolution of
are ordered with increasing reduced mass from the bottom ta Gaussian and a Lorentzjarwhich implies a Lorentzian
the top. As the reduced mass, increases, the phonon fre- line shape for the phonon. This is justified by the excellent
quency decreases proportionally go 2. resolution achieved in the experiment and the almost sym-

—1/2
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TABLE Il. Reduced masg., Raman frequenciesror), w o(A), w o(B), andw o(C), and linewidths
I'rory (FWHM) of isotopically modified CuBr samples &t=2 K in units of cm L. The linewidth has been
corrected for the spectrometer resolution by deconvolution with a GausBigp.&0.5 cmi't). The error
bars(in parenthesgsare the standard deviation of several measurements.

Sample w (@amuy WTO(T) I roqry wLo(A) wo(B) w1 0(C)
83Cu™Br 35.014 136.7(%) 0.902) 166.4020) 168.3520) 173.796)
naCy’9Br 35.204 136.4@0) 0.81(1) 165.7220) 168.2220) 173.1910)
S3curaBy 35.205 136.3®) 0.791) 166.1G20) 168.1G20) 173.6111)
S3CUB'Br 35.395 136.1®) 0.841) 165.9720) 167.5G20) 173.428)
nac gy 35.396 136.0) 0.871) 165.6520) 167.5q20) 173.0G6)
nac ARy 35.588 135.70Y) 0.853) 165.5520) 167.14G20) 172.836)
85Cu’®Br 2 35.622 135.6®) 1.052) 164.2G25) 166.8825 171.518)
85Cu@Br 35.819 135.26) 0.901) 164.4G20) 166.5720) 171.435)
85CUPiBr 36.016 134.94) 0.861) 164.2720) 166.1320) 171.375)

8Data were taken at 6 Ksee Sec. )l

metric line shape of these spectfaotice that the TO width  expected- .~ Y2 behavior. The results for peaksandC can
changes very strongly with the b%%m'nf mafgrgo(r /N~ be grouped into sets of samples with varying bromine but
creases by=7% when going from®*Cu#'Br to ®*CuBr,  constant copper mass. Within each of these groups, denoted
and by~22% betweerC#'Br and ®°Cu’*Br. The differ- by O, 00, and ¢ in Fig. 4, the phonon frequency is almost
ent increments may be due to the different setup used tthdependent of.. However, the average mode frequency of
m_easure65Cu7gBr (see Sec. )l This variation with the bro- each group roughly follows the.~¥2 law. In other words,
mine mass has the trend expected from anharmonic contrine A andC feature frequencies vary predominantly with the
butions; it is, however, much larger than that expected frontopper mass and are almost independent of the bromine

the mass changes2.5%. mass.
B. LO(T") phonon A IB C  resolufion

Figure 3 displays the Raman spectra of the LPpho- L 5cu™B ~—n ]
non for different isotopic compositions. Note that the spectra uer | g -
are now ordered with increasing copper mass from the bot- F o ]
tom to the top. This phonon appears as a broad structure with Cu™Br T
a FWHM of around 17 cm?, showing three main features, = 'M e ]
labeledA, B, and C, located in natural CuBr around 166, £ CuBr ™ T
168, and 172 cm’, respectively. While featured and B A RN | n i rtani]
are quite broadC is an asymmetric and rather narrow peak 'E teu® Br /\ '
located at the high-energy side of the LUQ¢phonon spec- ; i I
trum. The frequencies of these features are listed in Table II. Z ey By //\, I——
The vertical bars in Fig. 3 indicate the frequencies that are & o |
expected for au~ Y2 behavior with respect to th® peak of E ey ™Br e TN ,_\\“‘_"“”"
the 3Cu’®Br sample. The most striking fact is that the mass g SN T
dependence d8 is quite different from that oA andC. The S [ "cu™Br Bt
frequency shifts of the latter are mainly determined by the ____/’|\A
copper mass, whereas featBeollows the = behavior F 63 mat i, S
expected within the VCA for a zone-center optic phonon. Cu™Br w""" T,
The shift of the pealkC observed when replacin®Cu by oo ! N it
%Cu in the CG&Br sample amounts, for instance, to jfiB’r/\w
~2.05(13) cm?, which is much larger than the 5 ]

~1.50 cm ! anticipated from the reduced mass behavior.

Figure 4 shows the behavior of the three peak frequencies
versus the reduced mass. The error bars correspond to the
standard deviation of the results from several measurements. g, 3, Raman spectra of the CuBr LDY phonon &2 K for
The maxima were found by analyzing the first derivative ofgifferent isotopic compositions. Three features can be clearly dis-
the spectra, whose line shapes neither correspond to Loreninguished, two broad structures, labeladand B, and a narrow
zians nor to Gaussians. Thexu Y2 behavior, taking peak at the high energy side, labeledThe vertical bars indicate
83Cu’Br as a reference, is displayed by the dashed lineshe peak positions obtained from the harmonic virtual crystal ap-
From these lines one notices that only featBrebeys the proximation, which shift withu =2,

155 160 165 170 175 180
Raman shift [em™']
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174 ‘ ‘ - - The renormalization of the phonon frequency and line-
Em width due to both, disorder-related effects and anharmonic
173 <z 1 decay, can be expressed by a self-energy
C \\\\
i TSl ] . . i .
172 s 2(0Ji0)=A(qj;0)~5T(a.j;), ®
a3
mye ——- gul/i ] where A(q,j;w) is the frequency shift of the phonon with
T © CubBr frequencyw of branchj and wave vectoqg, andI'(q,j;)
E 170 ¢ 0 CuBr ] represents its broadenif§WHM). To a first approximation
& ¢ CuBr we can treat both anharmonicity and disorder contributions
é 169 F o ] in an additive way, i.e.A=A gt Aznn and T =T g+ Tanne
s B~ where A and I are related by the Kramers-Kronig
5 168 | \\E\\ relations>° Therefore, we can use perturbation theory to ad-
o T dress each term individually. If we confine ourselves to Ra-
=~ 167 [ \\%\ ] man spectroscopy with visible light, i.e., wave vectpt0,
: \‘\Q\ the spectral function of a particular phonon of frequeacy
166 T \\\%H %] and branctj at low temperature §°!
165 | \\\\\\\ ] A(O,Jw):i F(O,j,w) ,
s 27 [0=w(0,)) = A(0,j;@) P+ [T'(0,j;w)/2]?
164 | ‘ ‘ ‘ , =S (2
350 352 35.4u[a 1131'5116 358 360 wherew(0,j) represents the harmonic Raman frequency.
FIG. 4. Evolution of the Raman shift of the featuisB, andC A. Disorder effects

of the LO(T') phonon in CuBr with the reduced mass. The dashed \yithin second-order perturbation theory, isotope disorder

lines represent the. =/ behavior of the harmonic VCA. The open can be characterized through a mass fluctuation parameter,
circles, squares, and diamonds are experimental data for th@(x) for each atomic species

83Cu*Br, "CuBr, and %®Cu*Br samples, respectively. The solid

lines represent linear fits to th® and C structures, separately for

each sample set with the same copper isotope composition. g(k)= E Ci
i

2

, )

m( k) —m;(«)
m(«)
The different dependences exhibited by the frequencies Qfhere ¢ and m: stand for the concentration and mass of
these three features are not specific to CuBr; similar effects ! » — .
have also been reported in the Raman studies of isotopicall otope|, respectwe_ly, anan() is the average mass of the
tailored GaP and CuCl in Refs. 12 and 32, respectively. | to.mlc speciesk, 1.€., the sum of thg Isotope masses
the case of CuCl, the TO phonon exhibits a broad structurc\-‘.‘velghted by their respective concentratllons. Thg actual val-
with two main features, namely T@J and TO(@3), whose ues of'g(K) for our CuBr samples are displayed in Table I.
frequency shifts are proportional to changes of only the cop:rhe. h|ghe_st values Og("). are achieved, for _the samples_
per mass and the reduced mass, respectively, with varyin vailable, in the natural mixtures. However, since the maxi-

: - L : o lue ofg(x) in CuBr is almost one order of magni-

isotopic composition. The fact that something similar ap- um va .

pears in CuBr, this time, however, for the LO phonon, can pdude smaller than that dfGe s "“Gey s, the most disordered.
itioP€ compositiorf that has been reported to show an isotopic

elf-energy shift of~1 cm™!, a very small effect is ex-
ected for CuBr. The contribution to the FWHM is then
given by

of the one-phonon and two-phonon spectra with increasin
halogen mas& This will be further analyzed in Sec. V.

IV. THEORY isot

a
F i ) j L] == 2 L] j 2 (1) 1 4
There are two different terms that contribute to the pho- as @] ) 6" EK 9()|&(k|q)) 7P (@) @

non frequency renormalization and linewidth: the inelastic
anharmonic decay processes and elastic phonon scatterili¢ . . 1)
ve vectorq, and atomic species, andp,’(w) the one-

due to atomic disordefisotopes and impuriti¢$® Raman ) . . .
f P puriie [phonon partial density of states of tkeatomic specieg.The

spectroscopy of isotopically tailored materials is a powerfu ; )
technique to investigate this renormalization for zone-centefféduency shift Aq(w) can be obtained fromlgs(w)

phonons. It allows one to focus first on the study of isotopi-"roUgh the Kramers-Kronig relations.
cally pure samples, where only anharmonic self-energy pro-
cesses are present, and then to turn to the more complex
isotope mixtures, which show both kinds of effects simulta- Lattice-dynamical calculations are usually performed in
neously. the harmonic approximationwhere the lattice potential is

eree(x|q,j) is the eigenvector of the phonon of brarjch

B. Anharmonic decay processes
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expanded to quadratic terms in the atomic displacements V. DISCUSSION
only. However, in a real crystal the cubic and quartic terms . .
Y Y q As mentioned in Sec. Il A, the TO-phonon frequency

in this expansion are often non-negligible. In this work we h I anifi i hift with
apply a simplified third-order perturbation approach to acVe'Susx shows a small but significant uniform shift wit

count for the anharmonic contribution to the phonon line-respect to the harmonic VCA predictions. This deviation has
widths and frequencies. To this extent, the anharmonié0 e attributed to anharmonic processes, since it occurs sys-

broadening of the Raman line is given®dy temati<_:a||y in all samples, either is_otopically pure or mixed.
Following the arguments exposed in the previous section, we

18 performed a fit of the experimental data to the equation
. T o . -12_p, -1 e in Ei i }
Lo O.fi0)=—5 E IVa(0,]:Ghi1:—Grio)|? Ap _ Bu (dashed_lme |n_lz|g.)2 obta|_nl|ng for the an
h% aiteiz harmonic renormalizationBy ™ *=7.6 cm ~ for natural

. . ) CuBr. This value is in rather good agreement with data de-

X[n(a,jo)+n(=0a,j2) +1]6(w(a,js) rived from the temperature-dependent Raman frequencies re-

to(—Qj,)— o), (5) ported in Refs. 41, 42, and_44, which.imply a rgnormaliza—

tion of about 5.4 and 6 cmt, respectively. In Fig. 2 we

whereVs(q,j;0:,j1;02.j2) are the cubic coefficients in the compare thi.s fjt to the experimental data, and show .this sys-
expansion of the lattice potential in normal coordinatesematic deviation from the.™*? reduced mass behavior ex-
n(q,j) denotes the thermal occupation number of phonons ofected for harmonic crystal. The large value of this shift
branchj and wave vectog, and thes distribution guarantees (compared to that of germanium2 cm™* from Ref. 47
energy conservation. At low temperature the thermal occucan be attributed to the anharmonicity of CuBr, which is
pation number vanishes and, assuming a constant value fﬂ'atEd to its structural instability, being one of the few ha-
the cubic coefficient independent of wave vector and brancHides with zinc-blende crystal structure at ambient pressure
which, including the required prefactors, we lalgl Eq.(5)  and having a phase transition pt=4.9 GP&' A better
can be greatly simplified. The anharmonic contribution to theduantitative approach may require a detailed and reliable de-
FWHM is then proportional to the two-phonon density of scription of the eigenvectors throughout the whole phonon
Statesp(z)(w) (joint density of states approximatibrwhich diSpeI’Sion re|ati0nS, beyond that which is pl’esenﬂy avail-

can be obtained from a variety of lattice-dynamical models able. - ) ) o
In the LO case, the most striking feature is at first sight its

anomalous line shape, quite different from the Lorentzian-
like peak that one would expect to encounter for a “normal”
. i s,  Zone-center phondH.In order to address the nature of this
The actual dependence g on w is rather comp!lcateﬁlz,' . anomaly, we considered first the picture obtained from Ra-
although the_re are a few f|rstlpr|nC|pIes calculations avalllable;nan investigations on CuCl where a very similar multifea-
for some zmc—blendg semiconductdrsThe ' anharmonic  re structure has been reported for the TO phoisee Ref.
phonon frequency shiftA.,w), can be obtained from the 37 ang references thergirin Ref. 32 a simple model based
imaginary part of the corresponding self-energy, i.e..,on an anharmonic coupling between the two-phonon density
['ani{ @), through the Kramers-Kronig transformation. of states and the TO phonon allowed the description of the
The anharmonic frequency renormalization can also b&aman spectra and their change with isotope substitution.
estimated from the temperature dependence of the phonofhe various features of the TO Raman spectra of CuCl were
frequency. As described in Ref. 56, the phonon frequency &yplained as a result of a number of singularities located near
low temperature can be written as=Am Y2—-Bm~1fora  zeros of the denominator in E@2). This is the so-called
monatomic crystal. The factohm Y2 can be determined Fermi resonance modéFR).**~*° Several available lattice-
from the linear extrapolation t8=0 of the linear regime of ~dynamical models can be used to calculate the one- or two-
the temperature-dependent Raman frequency, and the diffephonon DOS?~*°In Fig. 5a) we display the phonon disper-
ence between this value and the actual frequency=a0  sion calculated with the 14-parameter shell model of
corresponds to the terBm-~ L. Generalizing this expression H0Shin0;” using the parameter set(BM-I). Figure §b)
for binary compounds, we can write for CuBr the anhar-Shows the corresponding two-phonon DOS, and the inset dis-

monically renormalized phonon frequency at low tem eraplays the significant differences found between the DOS cal-
ture as y P q y P culated from the shell model of Ref. 5%ith two different

sets of parameters, i.e., SM-I and SM-dnd the rigid-ion
model (RIM) of Plumelle et al.®® obtained by fitting the
w=Alu"?+CIme,+D/mg+E/(Mcymg) ™ (7)  same inelastic neutron scattering dtahe RIM and the

SM-I display a dip in the DOS around the LD)Y phonon
where the coefficient€, D, andE depend on the eigenvec- frequency. This dip corresponds to a reduction of the
tors. Due to the relatively small difference betweeg, and LA +TA decay channels.
mg,, a rough approximation consists of using the reduced We have calculated the anharmonic renormalization of
mass instead of both masses, img,~mMg,=2u, recovering the LO-phonon line shape due to the Fermi resonance with
again the equation for elemental crystals in terms of the rethe two-phonon DOS using the three sets of parameters de-
duced mass. scribed above; the best agreement with the experimental

Fam(o,j;w)=|V3|2p(2)(w). (6)
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FIG. 5. (a) Phonon dispersion curves of CuBr
calculated with the shell model along several
high-symmetry directions. The parameters used
are those of set | in Ref. 59b) Two-phonon
DOS, p'®(w), obtained with the same model.
The inset represents an enlargement where the
results of various models fop'®(w) are com-
pared in the frequency region of interest to the
 SMAI ] Fermi resonance under discussicee Sec. V.
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spectra was found for the parameter set SM-I. In Figl & phonon DOS by about-3 cm*, which is well within the
display the real and imaginary parts of the anharmonic phogncertainty of the neutron scattering measurements. A value
non self-energy defined in E¢l) and the Raman spectrum of |v,|2~45 cm 2 yields remarkable agreement between

calculated with Eq(2) for natural CuBr. As adjustable pa- the experimental line shape and the FR model calculations,
rameters we used the effective cubic coefficiggtdefined oo shown in Fig. @). This value of| V4|2 is rather close to

in the previous section, and a rigid shift of the whole tWO- 14t used in Ref. 12 for similar calculations for Gaw {2

0 - | | | =53 cm ?). In Ref. 32,|V4|?=70 cm 2 was found to re-
TA+LA(W) TAYLAGK) produce the TO-phonon line shape in CuCl. According to
. Eqg. (2), the maxima in the Raman spectra correspond to
minima in the denominator, i.e., to zeros or near-zeros of the
expressionw— w(0,j) — A(w). We can see in Fig. (@) that
there are two prominent features in the vicinity of the “har-
monic” LO frequency at~166 cm 1. These features cor-
respond to the two-acoustic-phonon combination+1LA4 at
the W andK points, respectively. The small should&r lo-
cated at the low-energy side of the phonon structure, can
therefore be attributed within this model to (RA+LA)-
phonon combination at the/ point. The fact that there are
no neutron data available for this point leaves us with a slight
uncertainty in the actual position of the shoulder. The narrow
peak at~172 cm ! then constitutes a resonance of the tail
of the two-phonon DOS at frequencies higher than the
TA+LA combination around thé& point. Comparing this
two-phonon DOS in the LO region with that used in Ref. 32
to explain the anomalous TO-phonon line shape in CuCl, we
conclude that the physics behind both anomalies is basically
the same. In fact, if we look at the two-phonon DOS
calculated for CuCl in Ref. 32, the region at the
TO(I')-phonon resembles remarkably the DOS in CuBr at
s s s s the LO(I")-phonon frequency. The halogen substitution es-
150 160 170 180 sentially leaves the acoustic DOS unchangéednostly de-
Raman shift [cm ] pends on the copper masshile the optic-mode zone-center
FIG. 6. (a) Imaginary partI'(w), (dashed ling and real part, frequencies are reduced accord_mgoqp Y2 between CuCl .
A(w), (solid line) of the phonon self-energy in natural CuBr calcu- &nd CuBr. Hence the LO mode in CuBr and the TO mode in
lated from Ref. 59(see text The dot-dashed line represents ( CUCI are close to the same two-phonon DOS featwigich
— wp), Wherew, stands for the harmonic unrenormalized LO fre- has an acoustic-mode origiriThis allows the FR model to
quency.(b) Raman spectrum of the LO phonon of natural CuBr at€Xplain both cases with the same arguments.

(3]

<

[}
(9]

Phonon self-energy [cm_l]
=

1
[
(7))

Intensity [arb. units]

2 K (open circles The three featuresA, B, C) described in the In Ref. 32 a narrow peaklabeled TO)] was found,
text are shown together with a fisolid line) using the FR model which exhibited mainly a dependence on the copper mass
and the phonon self-energy ). with isotope substitution. It was argued there that the domi-
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nant copper displacements of the acoustic-phonon eigenvec CuCl

tors lead to a copper-mass dependence of the two-phono CuBr

DOS at the TO phonon frequency, explaining the changes of CHL SN CINEN

the Raman spectra with different isotopic composition. In the o Loco (my /m ) (O0) @)
case of CuBr, we observe in Fig. 3 that the featukesdC, LO() a

attributed to Van Hove singularities of the DOS, vary also 133 . Lo = Oy g
predominantly with the copper mass. One would, however, ,«, ey by Laco 2] LX),
expect the behavior of the acoustic phonons to be determine: Cu 19 Br 14 125 (exp. 121)
mainly by the bromine mass, since bromine is the heavier of 14 o
the two ions. UsingA(w) and I'(w) from the above- LAR)
mentioned lattice-dynamical models in the FR model, it was Cu o

not possible to describe the isotope dependence of the LC o LA datomic ~ freduency
structure. The masses of the copper and bromine ions ar :;ﬁmnidel f;fg“"“cy

quite similar, which suggests that strong mixing of the eigen-

vectors may occur in the acoustic phonons. Therefore, a very FIG. 7. Schematic explanation of the “copperlike” behavior of
precise knowledge of the atomic displacements is needed iie acoustic-phonon DOS in CuBr. On the left side we display the
order to obtain an accurate two-phonon DOS and the righg¢hange between the diatomic chain model prediction and the actual
description of its shift with the isotopic composition. A frequency ratio at theX point for CuCl obtained from inelastic
simple model, without taking into account these effects canheutron scattering, leading to a larger force constant for chlorine.
not be expected to reproduce line shape changes due to suPR the right side of the figure, the same force constant ratio found
subtle effects. In the case of CuCl, however, there is a IargE‘ CuCl is assumed for CuBr. Together with the diatomic chain

difference between the anion and cation masses. This efl0del predictions, this leads to a frequency ratie-df.25, in good
reement with the value of 1.21 obtained from the neutron data

plains the excellent description of the isotope dependence . .
the Raman spectra of CuCl by the FR model. It has bee(zf)m Ref. 59. This argument holds provided that an exchange of the

. mass dependence between acoustic and optic phonons occurs, i.e.,
demonstrated by X-ray. mgasu_remé?]f@ tha_t thg quartic- the acouztic modes shift with the Iight(amopppe) pmas.s, and the
order anhar_monlc contribution is not negligible in CuBr but ptic ones shift with the heaviébroming mass.
may be as important as the third-order term. This can Ieag
also to a different isotope dependence of the phonon frequexpected from Eq4). However, the frequency renormaliza-
cies, without dramatic changes in the expected phonon linion A 4 results from an integral involving virtual transitions
shape* over the whole Brillouin zone, leading to a small but signifi-

A simple argument can be used to infer possible anomacant shift. This can be observed when comparing the TO-
lies in the eigenvectors: The relative difference between th@honon frequencies of*Cu*'Br and natural CuBr. Within
LA(X) and LO(X) frequencies should be proportional to the the error bars, }he_ experimental disorder-related shift of
square root of the ratio of the ion masses, provided that botfr ~0.07(5) cm® 'is in agreement with a value of

modes have the same effective force constant, i.e., for CUCB 0.04 cm * obtained from Eq.(4) with the one-phonon
wLop  OLax=(Mey/Me) 2. If we use the values of Ref. OS calculated using the SM-I of Ref. 59, assuming equal

61, we obtain a frequency ratio ef1.9 whereas the mass eigenvector components _for copper and bromine. In the case
ratio is 1.33; this leads to a force constant ratig, (ke of the LO phonon, the isotope disorder effects are com-

=1.4. An interpretation of this observation is that the XA\( pletely masked by the strong anharmc_)nlc Processes, V\.’h'Ch’
copperlike phonon in CuCl has a lower frequency, in 2ddi-2S discussed earlier, alter the phonon line shape dramatically.

tion to the mass effect, due to the smaller force constant
associated with the copper-copper interaction. If we assume
the same force constant ratio for CuBr and take the mass We have investigated the Raman spectra of isotopically
ratio (mg,/mMc,)¥?=1.12, we can explain the observed fre- tailored CuBr. The TO phonon shows a normal Lorentzian-
guency ratio of~1.21 by exchanging the mass dependencdike line shape, which, to a first approximation, scales in
of the LA and LO phonons at th¥ point (see also Ref. 8, p. frequency likex ™2 with isotope substitution. In contrast,
15188. This is shown graphically in Fig. Ab initio calcu-  for CuCl the TO phonons exhibit a strongly anomalous, non-
lations of the phonon eigenvectors and the pressure depeherentzian, line shape. In addition, for CuBr the TO phonon
dence of the different decay channels are required to explairi, displays a slight deviation from thg ~*/? behavior that
in a quantitative way, the copper-mass dependence of thean be attributed to anharmonic renormalization. We ob-
two-phonon DOS in the LO region inferred from our mea-tained an anharmonic shift o&+7.6 cni ! for natural
surements. CuBr, in good agreement with the value of+ 5.5 extrapo-
Isotope disorder effects on the Raman phonons of CuBlated from temperature-dependent Raman measurements.
are expected to be small because of the low values of botA small isotopic disorder effect is also observed in the
the mass variance parameteg$x), and the corresponding TO-phonon frequency of natural CuBr. The LO phonon
partial one-phonon densities of states. At the TO-phonon freexhibits a complicated broad structure consisting of three
quency, the one-phonon DOS vanistiese dispersion rela- features, similar to those observed for the TO phonons of
tions in Fig. 5. This leads to negligible contributions of elas-CuCl, which can be explained by means of the Fermi
tic scattering by isotope disorder to the linewidth, asresonance model. This work on CuBr provides strong

VI. CONCLUSIONS
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