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Effect of pressure on the Raman anomaly of zinc-blende CuBr and Raman spectra
of high-pressure phases
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Raman spectra of isotopically pure CuBPCu®'Br) were measured under hydrostatic pressures up to 10
GPa at 10 K. The anomalous line shape of the longitudinal-djpii) scattering in the zinc-blende phase
(CuBr-lll, 0—4 GPa, consisting of a broad structure between 155 and 177 cexhibits a continuous change
with pressure and develops into a narrow LO phonon peak near 4 GPa. The disappearance of the LO Raman
anomaly as well as the pronounced broadening of the TO mode with pressure are explained in terms of
pressure-dependent third-order anharmonic interactions with two-phonon states. A Fermi resonance model,
which is based on a shell model fit of available phonon dispersion data, fully accounts for the changes in
Raman line shapes under pressure. Low-temperature Raman spectra of the tetragonal CuBr-IV and cubic
CuBr-V high-pressure phases are also reported. An assignment of the observed Raman modes of these phases

is proposed.
DOI: 10.1103/PhysRevB.64.064301 PACS nunifer63.20.Kr, 62.50+p, 78.30—]j
[. INTRODUCTION nate between the two different explanations for the Raman

Anomalous features in the first-order Raman spectra oAnomaly and provide strong support for the FRM. Similarly,
several zinc-blend€ZB) semiconductors have recently at- all experimental results concerning the Raman anomalies of
tracted attention and were studied experimentafyand in ~ GaP-*>and CuBFf are consistent with the Fermi resonance
theoretical work 1% Usually, Raman spectra of undoped picture. The pressure-induced narrowing of the TO peak in
zinc-blende compounds measured under nonresonant condaP is also very well reproduced by first-principles calcula-
tions show two narrow spectral features corresponding t&ons of the anharmonic decay of the=0 TO phonori’
scattering by zone-centeq€ 0) transverse-opticdlTO) and In this work we are mainly interested in the anomalous
longitudinal-opticalLO) phonons. In the case of GaP the TO LO_Raman feature in CuBr. We report Raman spectra of
Raman line is asymmetric and significantly broader than th&UBT single crystals measuredgt10 K under hydrostatic
LO peak®5! A more pronounced anomaly is seen in CuCl pressures up to 4 GPa. This pressure value marks the stabil-

where the Raman scattering with transverse-off©) po- ity limit for the ZB phase(CuBr-lll) at low temperatures.
Despite this narrow stability range, the application of pres-

lsirgvigog bcrgiaa(;;irllt?s;zsaka;efaﬁ ?genwmheife ?ﬁleognf)r;ﬁa:;is“?e ure allows one to tune phonon frequ_encies of ZB _CuBr over
. : 243 . much wider range as compared to isotope substitution. The
scattering 93‘: 14(_31%0 ‘was early noted” and studied | 5 goattering of CuBr is found to be strongly pressure de-
extensively,™>**~**no indication was originally reported for pendent. With increasing pressure it develops into a narrow
anomalies in the first-order Raman spectra of CuBr measureéipectrm feature. On the other hand, the TO mode is found to
at 4 K**~*However, detailed Raman studies of CUBr as aproaden significantly with increasing pressure. We show that
function of isotopic compositidrhave revealed that the LO  the high-pressure behavior of the TO and LO Raman features
scattering consists of a band with several spectral featuregy CuBr are fully reproduced by a FRM. Our FRM simula-
showing a pronounced dependence on isotopic compositiofion of pressure-dependent Raman spectra of CuBr involves
Two explanations for Raman anomalies in copper halides realistic shell model for the phonon dispersions and phonon
have been discussed, in particular for the TO feature in CuClensity of states. The present results for ZB CuBr represent
They are based on the off-center mdd@l”’*°and the an important example of pronounced anharmonic effects in
Fermi resonance modelFRM).}*~%% In the off-center the Raman spectra of copper halides.
model one considers a disordered'Gaublattice with a frac- Besides the ZB phase of CuBr we have also studied two
tion of the Cu ions located in off-center minima of the high-pressure modifications. On the Phillips scalthe cop-
lattice potential. This may lead to local modes associategher halides have ionicity values which are near the stability
with different positions for the Cl ions. Recentb initio  limit separating four- and six-coordinated structures. These
total-energy  calculatiodd and  molecular-dynamics compounds, however, do not directly transform to six coor-
simulations for CuCl indicate the possibility of stable or dination under pressure. Instead, optical and structural stud-
metastable static off-center displacements or dynamical dides have revealed a more complex phase transition behavior,
order of Cu ions at low temperatures. In the FRM, one coninvolving intermediate four-coordinated structures preceding
siders a renormalization of the TDY phonon due to anhar- the transition to a rocksalt pha¥&* Here, we report low-
monic interactions with a two-phonon continuum. Low- temperature Raman spectra of the tetragonal antilitharge
temperature Raman measurements on CuCl as a function @ftharge is Pb@phase CuBr-IM4.0—7.2 GPpand the cubic
isotopic compositioh? and hydrostatic pressir& have (SC16-typé phase CuBr-V(6.3—8.8 GPa Based on mea-
proven to be an effective means to experimentally discrimisured mode frequencies, their mode @isen parameters,
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and a comparison with Raman spectra of structurally related L L L L L

copper halide phasé$?®3*we propose an assignment of the CuBr-lll TO Yl
Raman-active modes observed for the high-pressure phases T=10K
of CuBr.
P (GPa)
Il. EXPERIMENT

3.50

Crystals of%3Cu®'Br were grown by vapor transport from
isotopically pure(99%) °3Cu and®'Br as described in Ref.
35. The samples were platelets haviagl] orientation and a
thickness of less than 30m. They were cut into pieces of
about 10 100 xm in size and fitted into the hole of the
gasket of a diamond anvil cglDAC). Helium was used as a
pressure transmitting medium in order to ensure fully hydro-
static conditions at low temperaturés0 K) and to avoid
chemical reactions. Before changing pressure, the cell was
always heated to a temperature above the melting point of
helium in order to keep stresses as low as possible. The
pressure was measured by the ruby luminescence métfHod
using a temperature correction according to Ref. 38. Raman
experiments were performed in backscattering geometry
with the 647.1-nm line of a Ki-ion laser. In order to avoid
sample heating, the incident light intensity was kept below
200 W/cnt. The scattered light was analyzed by a Jobin-
Yvon T64000 spectrometer in combination with a multichan-
nel charge-coupled devi¢€CD) detector. The spectral reso-
lution determined from the full width at half maximum Raman shift (cm™)
(FWHM) of Ne calibration lines was 1.4 cmi.

Intensity (arb. units)

FIG. 1. Low-temperature Raman spectra of zinc-blende

83CcuB'Br measured at different pressures up to 4 GRdid sym-
Ill. ZINC-BLENDE PHASE bols). The spectra are normalized with respect to the height of the
TO peak. Solid lines correspond to fits of a Fermi resonance model

Figure 1 shows Raman spectra of ZB-CuBuBr-IIl) at (see text

different pressures af=10 K. The line width of the TO
structure, located at 136.3(2) crh at zero pressure, in- semiconductors and mainly reflects a decrease of the Born
creases considerably with pressure. At the highest pressuret@ansverse dynamic effective chargé® The width of the
shoulder develops on its high-frequency side. The LO strucTO band of CuBr(Fig. 4) increases by a factor of 4 in the
ture extends from about 155 to 177 thand shows three 0-4-GPa range, whereas that of the Lpeature shows a
components, labeled ag 3, and 5 in Fig. 1. The LO band weak increase, but only at pressures abo& GPa.
exhibits pronounced changes under pressure. The intensity of All frequency shifts and changes in linewidths observed
the broad peaj8, centered at 167.9 cht atP=0, decreases under pressure were fully reversible. This also applies to an
whereas that of the high-energy featuse located at experimental run extending into the four-coordinated phases
173.5cm?® at P=0, increases and develops into a ratherCuBr-IV and CuBr-V. Only after a transition into the rocksalt
narrow peak. phase the widths of the spectral features of the ZB phase
For a quantitative characterization of the pressure-inducedere substantially modified upon releasing pressure, possibly
spectral changes we have fitted Voigt profiles to the experielue to irreversible generation of defects. In all spectra taken
mental spectra. These are Lorentzians convoluted with #r samples inside the DAGwith helium mediun the ratio
Gaussian with a FWHM corresponding to the spectrometebetween the integrated intensities of the LO and TO features
resolution. The LO signal has been modeled by a superposiemained constant (0.350.05), independent of pressure. A
tion of three Voigt componentsy( B8, n). Figure 2 shows different ratio(0.65 has been obtained &=0 for a free-
the obtained peak frequencies as a function of pressure. Thganding sample. This is probably the result of differences in
corresponding pressure coefficients are listed in Table I. Théhe scattering geometries for all collected scattered rays.
mode Grueisen parameters of the TO and L&) (features Raman line shapes similar to those observed for CuBr
(see Table)lare similar to those of the TO and LO modes in were obtained in early calculations of anharmonic interac-
the ZB phases CuCI-I[1.9 and 1.5 at 5 K, Ref.)3and tions of g=0 optical phonons with acoustiq=0 two-
Cul-lll (2.08 and 1.44 at 100 K, Ref. 29The LO(y)-TO  phonon state§ Furthermore, pressure-dependent spectral
splitting as a function of pressure is shown in Fig. 3, togethechanges qualitatively similar to those of the LO feature in
with the difference in the corresponding TO and LO bareCuBr have been observed for the TO-like structure of
(harmonig frequencies discussed below. The decrease of th€uCl*?#42|n this case, the pressure-induced major changes
splitting with pressure is typical for most polar tetrahedralof the TO Raman feature are well accounted for by a FRM.
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FIG. 3. Observed splitting between the L{)(and TO peaks
(closed dots of CuBr as a function of pressure. The solid line
0 p 2 3 4 represents a linear regression of the data above 2 GPa. Differences
between the baré¢harmonig LO and TO frequencies are repre-
Pressure (GPa) sented by open symbols.

oo 1G. 2. Frequencies of the Raman peaks of zinc-blende Herew, is the bargharmonic or unrenormalizgghonon
*Cu®Br as a function of pressur@olid symbols. The barethar-  frequency and’(w) andA(w) are the frequency-dependent
monic) TO and LO frequencies obtained by fitting a Fermi reso-imaginary and real parts, respectively, of the low-
nance mode(see text are shown by open symbols. temperature phonon self-energy. Real and imaginary parts
are related through a Hilbert transformatioexcept for a
The large broadening of the TO feature of CuBr under presédifference in sign this corresponds to a Kramers-Kronig
sure indicates that the TO-like scattering may also bdransformatioi In this work, we consider a third-order per-
strongly affected by pressure-dependent anharmonic effecttirbation approacticoupling of an optical phonon to two
We show here that a FRM, based on a realistic two-phonofhonons of lower energyo account for the anharmonic con-
density of states fog=0, accounts well for the evolution of tribution to phonon linewidths and frequencies. The anhar-

both the TOandLO Raman features of CuBr as a function of Mmonic broadenind’(w) is proportional to theq=0 two-
phonon density of states( w),

pressure.
The Raman spectrui{w) as a function of frequency
4§§4 18’1T 2
can be expressed INw)= ?|V3| p(w)=Ap(w). 2
I'(w) '
()= —. (D 6}
[w—wp—A(w)]"+1'(w)
5[
TABLE I. Pressure shifts of the Raman peak frequencies of
CuBr-1ll at 10 K. Coefficients were obtained by fitting quadratic SN 10
relations to the data. The frequencieg of the Raman peaks are &
given at 1 atm and the mode Grisen parameters were derived =
using a bulk modulus value @&,=36.6(8) GPaRef. 32. g 3t
o ¢
Peak wo dw/dP 3d2w/dP? Ye 52t
(em™Y)  (cm'/GPa) (cm/GP&) LO }
1F
TO 136.35) 7.7(3) —0.13(5) 2.0%6) ¢
n 163.96) 4.94) —0.87(4) ol
B 167.98) 7.43) —0.91(3) ) ) ) )
0% 173.55) 4.32) —0.02(1) 0.916) 0 1 2 3 4
Pressure (GPa)
TO (bare  141.55) 7.0(4) 0 (fixed  1.839)
LO (bare 175.05) 5.82) 0 (fixed) 1.21(8) FIG. 4. Full widths at half maximum of the LG{ and TO

peaks as a function of pressure. Lines represent guides to the eye.
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FIG. 6. The rigid shifts applied to the two-phonon DOS of the
shell model SM1 as a function of pressure. The slope approximately
represents the pressure shift of B+ LA(K) combinations of

FIG. 5. Zero wave vector two-phonon density of states and itsCUBr.

Hilbert transform at ambient pressure as calculated with the shell

tr\nNodeIh(SMl) Sggef- |45'| Ihg i”_tsﬁtt ;ho‘_"’_sd? Se'ecﬁgl:\j‘;‘gi of thegpproximation, we can account for the effect of pressure on
0-phonon calculated wi e rigid ion mo arter . .
Ref. 46 and the shell models SM1 and SM2 after Ref. 45. Forthe t\(vo-phonon DOS in the releva.nt. frequency region by
clarity, a vertical offset is used in the inset. The sharp structuregllowmg fpr a pressur.e—dependent rigid skft . .
located near 141, 159, 168, and 180 ¢nin the shell model SM1 For fitting the LO-like broad band shown. in the experi-
correspond to TA LA combinations at thé., W, andK points of mental spectra, we have used E(S.and(2) with four f_re_e
the Brillouin zone and to the TATO combination at th& point, ~ Parameters: the bare LO phonon frequenay, the rigid
respectively. shift & of the two-phonon DOS and its Hilbert transform, the
coefficientA, and an intensity scaling factor. The TO feature
The squared third-order matrix eleme¥W|? is a measure of was fitted in a similar way. Due to the lack of asymmetry or
the coupling strength betweenga=0 optical phonon and additional structure near the TO Raman feature, the value of
=0 two-phonon combinations. We assume, as is often dondhe & parameter is less well constrained in this case. There-
that A= (187/%2)|V5|? is independent of frequency. Thus, fore for the TO feature we have used only three free param-
for a given two-phonon density of states and couplingeters, fixing the two-phonon DOS shiftto that obtained for
strength, the Raman spectrum can be readily calculated. the LO mode at the same pressure value. The solid lines in
We have modeled the two-phonon density of stafE39 Fig. 1 represent fitted spectra. A very good agreement is
using parameter sets for a shell mo@@M1 and SM2and a found at lower pressures. Towards higher pressures, the
rigid-ion model (RIM). These models were used to fit the agreement is less perfect. This, however, is not surprising in
phonon dispersion curves obtained from inelastic neutronview of our simple approximation according to which the
scattering measuremerffs*®Figure 5 shows the two-phonon frequencies of all relevant acoustic phonon combinations
DOS of CuBr atP=0 and its Hilbert transform, as calcu- shift at the same ratés/dP.
lated with the shell model SM’. The inset of Fig. 5 shows The dependence on pressure of the rigid shifof the
the two-phonon DOS for the SM1 and SM2and for the  two-phonon DOS is shown in Fig. 6. The average linear shift
RIM,*® limited to the frequency range of interest here. Whileamounts to 3.25 cmt/GPa. This value is smaller than the
all three models exhibit similar overall features, there arepressure coefficients of the TO and LO frequencies. It im-
differences of a few wave numbers in the frequencies oplies that the relevant combinations g=0 two-phonon
two-phonon DOS maxima and edges. states shift at a smaller rate compared to optical phonons. It
We have tested all three models in the simulation of thanvolves one TA phonon which has a negative frequency
ambient pressure Raman spectrum. In these simulations vehift with increasing pressure. Figure 7 shows the coupling
have allowed for a small rigid frequency shitof the cal-  coefficient A for the TO and LO modes as a function of
culated two-phonon DOS, i.ep(w) in Eq.(2) is replaced by pressure. The fits of the TO structure yield only a small
p(w—8). The best overall agreement with tRe=0 experi-  variation of A(TO) with an average value of 2% cm 2.
mental Raman spectrum is obtained for the SM1 with For the LO peak, however, a decreaseAofvith increasing
=5 cm 1. This is not surprising because the SM1 gives thepressure is inferred from our fits of the experimental spectra.
best description of the acoustic phonon dispersion curves at The bare TO and LO phonon frequencies, and their split-
the W andK points of the Brillouin zongBZ).%® Therefore  ting as obtained from the fits, are indicated by open symbols
the SM1 description was used for the simulation of the high4in Figs. 2 and 3. The corresponding pressure coefficients and
pressure Raman spectra. We have assumed that, to a firebde Grumeisen parameters are given in Table I. The LO-TO

|
100 150 200 250
Energy (cm™)
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monic third-order interaction of TO and LO modes as a function of
pressure. Solid lines are guides to the eye. FIG. 8. Two-phonon density of states at zero pressure as calcu-

lated with the parameters of the shell model SKRef. 45, but
splitting of the bare phonon frequencies decreases at a ratigidly shifted by §=5 cm 1. The assignment of the DOS singu-
which is somewhat smaller than that for the measured)O( larities to the two-phonon combinations at high-symmetry points of
and TO features. Using the values of the isen param- the Brillouin zone is indicated. Arrows mark the harmonic frequen-
eters of the harmonitunrenormalizeplfrequencies it is pos- cies of the TO and LO phonons at zero pressure.
sible to obtain the Gmeisen parameter of the transverse dy-

namic effective charge structures located at about 146, 164, 173, and 185'cim
the shifted SM1 DOS correspond to FA.A combinations
3) at theL, W, andK points of the Brillouin zongBZ) and to
TA+TO at theK point, respectively. AP=0 the frequency
" ) of the bare LO phonon is located in the region of the falling
The quantitiesu andVy, are the reduced effective mass andgqge arising from the maximum-frequency B+ LA(K)
volume per formula unit, respectively, ard, (o) is the  combination. As pressure increases, the LO phonon fre-
high-frequency(statig infrared dielectric constant. From the gyency increases faster than that of the falling edge, thus
harmonic TO and LO frequencies we obtaih=1.23, using  moving away from the TAK) + LA(K) region into a region
€..=4.37, from Ref. 47. The negative logarithmic derivative of |ower DOS. The decrease A{LO) by about a factor of 2

6ocMVm 1/2

2 2
e* P (0o~ 0T0)

of e* with respect to the volume is (Fig. 7 indicates that the average squared matrix element
|V5(LO)|? depends on the character of the relevant two-
dine* (Yo~ ¥ro)wfo 1 1 phonon states. The TO linewidth is mainly determined by the

Y =T iy~ Mot Twzm 2Y=" 75 anharmonic decay into TA()+LA(L) combinations. With

4) pressure the bare TO mode shifts into a region of larger
density of TAL) +LA(L) states. This is considered to be the
The value ofy,,=—dIne,/dInVis —0.2 according to Ref. main reason for the increase of the TO linewidth with pres-
39. From Eq.4) and the harmonic Gneisen parameters of sure. Similarly, the increase of the linewidth of the Ly)(
Table | we then obtain* = — 0.6, which is similar to typical mode with pressure above 2 GPa can be attributed to a den-
values found for the 1lI-V compoundsyf =—0.6 for InP, sity of states effect. In this case, the LO phonon, after having
see Ref. 4 The negative sign, which corresponds to a depassed the two-phonon TK{+LA(K) edge, moves into
crease in the transverse dynamic effective charge with dethe region of enhanced TK() + TO(K) DOS, causing a re-
creasing volume, is found for most IlI-V and 1l-VI com- duction of its lifetime with increasing pressure.
pounds, the only exception being SI.The harmonic The TO mode can be better fitted at higher than at lower
frequencies are the correct ones to be used in the determinpressures, where a shoulder not observed experimentally ap-
tion of e* andy*. Our value ofy* differs significantly from pears in the calculated Raman spectra, arising from the
that obtained with the renormalized TO and L (frequen-  TA(L)+LA(L) combination. A better agreement between
cies (y*=—1.6). the experimental and calculated TO structures is obtained if
The pressure dependence of the linewidRig). 4 and we use a slightly differen parameter, indicating that the
the coupling strength@=ig. 7) can be understood if we trace structure due to the TA()+LA(L) is located several wave
in more detail the position of the bare phonon frequenciesiumbers below the value obtained from the calculation with
relative to the two-phonon DO%ee Fig. 8 The marked the SM1 and in better agreement with the value shown by the
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FIG. 10. Frequencies of Raman peak maxim&@i@u®'Br as a
FIG. 9. Low-temperature Raman spectra®u®'Br measured  fnction of pressure. Vertical dashed lines mark the pressures where
at different pressures up to 10 GPa. Four different phases occur e Raman spectra measured for increasing pressure indicate the
this pressure range: CuBr-llzinc blendg up to 4 GPa, CuBr-IV  ghnearance or disappearance of phases. The coexistence of phases

(antilitharge typg between 4 and 7.3 GPa, CuBr{8C16 between  cygr-|v and CuBr-V is observed between 6.3 and 7.4 GPa.
6.3 and 8.8 GPa, and CuBr-Vilocksal} above 8.8 GPa. The spec-

tra are normalized with respect to the height of the strongest peak gressure phases occur in this pressure range both at room and
each pressuréexcept the topmost spectrym low temperatures. The frequencies of all observed Raman
peak maxima as a function of pressure are displayed in Fig.
calculation with the SM2, which seems to fit better the10. Above 4 GPa, in phase CuBr-1V, four new Raman modes
L-point phonon frequenciéS.In this context we note that the appear which are clearly resolved in the spectra at 4.0, 4.8,
small decrease of th&(TO) value for intermediate pressures and 5.5 GP&Fig. 9). The peak at 178.4 cit (4 GPa shows
(Fig. 7) is an artifact of the fit procedure caused by the crossa weak low-energy side band labeled Eight new Raman
ing of the TO phonon line through the TAJ{+LA(L) peak bands, corresponding to the next phda§auBr-V) appear
of the SM1. above 6.3 GPa. Two of the weaker features were observed
The satisfactory description of the pronounced pressurenly above 7.2 GPa, when the coexisting phase CuBr-I1V had
dependence of the LO- and TO-like features in CuBr by adisappeared completely. All Raman features disappear near
realistic FRM suggests that the unusual spectral shapes 0B:8 GPa, which indicates the completion of the transition to
served at ambient pressure are caused by third-order anhdine Raman-inactive rocksalt phag&uBr-VI). The reversibil-
monic interactions only. This conclusion clearly supports thety of the phase transitions occurring above 4 GPa and pos-
interpretation of recent isotope substitution experiments oible hysteresis effects have not been studied in full detail. It
CuBr at ambient pressufeBoth the isotope substitution and should be noted here that the specific volume difference be-
pressure experiments on CuBr demonstrate that the spectitaleen CuBr-1V and CuBr-V is rather smalH1.1%) com-
shapes observed in first-order Raman spectra are highly separed to those between CuBr-1ll and CuBr-1V §.9%) and
sitive to details of theq=0 two-phonon density of states. CuBr-V and CuBr-VI (—4.5%) 32
This also applies to recent experimental and theoretical stud- From Raman spectroscopy we locate the low-temperature

ies of Raman anomalies of CuCl and GaP™° transition pressureor increasing pressureat 4.01) GPa
(IN-1V transition, coexistence of the two phases was not ob-
IV. HIGH-PRESSURE PHASES served, 6.32) GPa (appearance of phase)V7.32) GPa

(upper limit for existence of phase JVand 8.82) GPa
In Fig. 9 we present Raman spectra®8€u8'Br measured (completion of the transition to the rocksalt phagt room
at different pressures up to 10 GPE<10 K). Three high- temperature we find the corresponding pressure values to be

064301-6



EFFECT OF PRESSURE ON THE RAMAN ANOMALY OF ... PHYSICAL REVIEW 84 064301

TABLE II. Pressure shifts of Raman peak frequencies ofin Fig. 5 of Ref. 27. In the tetragonal structure, the bromine
CuBr-1V (antilitharge phaseat 10 K as obtained from fitting linear jons undergo a small displacement in {081] direction with
relations to the experimental data. The frequeneigsf the Raman  respect to their positions in the ZB phase. The volume of the
peaks are given at 4.0 GPa. The moder@isen parameters were iatragonal cell is doubled compared to that of the ZB phase.
derived using the bulk modulus valiiy=49(1) GPa(Ref. 32. This leads to a BZ of the tetragonal phase which is halved
along the[001] direction. Therefore phonons at tixepoint

Mode (C;:? 1) (C;(f’l/;jeppa) e 81;] tahst—:-e ZB phase are folded into thépoint of the tetragonal
Eig(1) 62.714) 2.8714) 2.248) A comparison of Raman spectra of CuBr-1V with those of
Al 105.44) 3.0912 1.446) Cul-V (Refs. 27 and 2Pallows us to tentatively assign the
o 174.59) 5.6(2) 1.576) four intense Raman peaks observed for CuBr-IV. In the order
E1«(2) 178.42) 5.4(1) 1.484) of increasing frequency, they are attributed to g, A,

Big 187.03) 4.21(14) 1.105) Eig, andB;4 modes, as indicated in Fig. 10. These modes

correspond, respectively, to the original T&( LA(X),
TO(X), and LOX) modes of the ZB phase. The original ZB
4.71), 7.02), 8.02), and 9.62) GPa, respectively. These TO(I') and LO(") modes become ungerade modgg &nd
pressures are in agreement with room-temperatur@, ) in the tetragonal phase and are only infrared active. The
x—ray-digfg%ctionfg neutron-diffractior’’ and optical  additional featurer was observed at 174.5 crhat 4 GPa. It
StUd"??‘% “* Our low-temperature results for the phase-gyhipits a pressure shift similar to that of the 178.4-¢m
transition pressures to CuBr-I14.0(1) GP4 and CUBr;Y mode. The origin of ther feature remains unexplained.
[6.32) GP4 agree with those reported by Reimaeinal, . The values of mode Gneisen parameters for CuBr-IV

emission spectra in CuBt & K using a DAC with helium as ?E'alculated using the bulk modulus value at 295 K as ob-

: ; tained from neutron-diffraction experimeffisare listed in
a pressure medium. The coexistence between CuBr-1V a ble Il. The Gimeisen parameters of the.. modes in
CuBr-V in the pressure range between 6.3 and 7.3 GPa Waéa ' P . 19
not observed by these authors, probably because the lumine yBr—I.V (2.24 and 1.4Bdo not differ much from th? corre-
cence decay channel of both phases have very different lifePOnding values of Cul-\(2.48 and 1.23, respectivelyas
times. calculated from the pressure dependence of Raman mode
A summary of observed Raman peak frequencies anfequencies at 100 KRef. 29 using a bulk modulus3,
their fitted pressure coefficients for CuBr-IV and CuBr-V is =50(2) GPa(Ref. 32. N
given in Tables Il and Ill, respectively. The assignment of the The structure of CuBr-V belongs to space groBp3
Raman features given in the tables is explained below. which has also been assigned to the high-pressure phase
The four-coordinated structure CuBr-IV has tetragonalCuCl-IV (Ref. 32 and to a high-pressure modification of
symmetry?>*2*® The space group i®4/nmm® Similar  GaAs®® This structure type, denoted SC16, contains 16 at-
structu55es are adopted by the natural Ilthazrggr minerapms in the cubic unit cell and is the binary analog of the BC8
(PbO,**Sn0;" and the high-pressure phase Cuf?v“Con- structure(space groupa3) of the metastable phases Si-lll

trary to PbO and SnO, the copper halides crystallize in th S\ p5 o
antilitharge structure. The close relationship between tthef' 54 and Ge-IV: .From.group theory, ten Raman-active
modes (two one-dimensional A; modes, two two-

P4/nmmand ZB structures of CuBr and Cul is demonstrated . . . . '
dimensionaEy modes, and six three-dimensiorig] modes

are expected for the SC16 structure. We have observed up to
eight modes for CuBr-V. In the case of the structurally re-
lated CuCI-IV, only six Raman modes could be obserted.
The assignment of the modes of CuBr-V given in Table Il is
Jased on a comparison of our experimental results with those
for CuCI-IV and with the calculated mode frequencies of

TABLE IIl. Pressure shifts of Raman peak frequencies for
CuBr-V (SC16 phase The frequencies of the Raman peaks are
given at 6.3 GPa. The mode Grisen parameters are based on a
bulk modulus valueB,=64(1) GPa(Ref. 32. Grineisen param-
eters for the isostructural phase CuCl-IV from Ref. 34 are als

isted. CuClI-IV obtained from a rigid ion modéf: For all modes at
Mode wo dw/dP Yo 6 (CUCI-IV) frequencies fibove 120 crh (Tg3, Tgas Agg, Tgs, Eg2, and
(cm Y (cm YGPa) Tge) the assignment is supported by similar values ofrGru
eisen parameters for CuBr-V and CuCl-Igee Table ).
Eq 45.024) —0.313(15) —0.44(6) 3.2815) The different sign and magnitude of the @aisen param-
Ag 53.45) 1.1314) 1.3514) 1.90120) eters for the lowest-energy feature in CuBr-V and CuCl-IV
To1 55.73) 2.4215) 2.798) indicates a possible error in the assignment of the two
T2 70.99) 1.796) 1.61(6) lowest-energy modes in CuCl-IV. The modes assignéeg,as
Tgs 126.01) 1.104) 0.565) 0.84(20) andAg; in CuCl-IV may actually be thdy; and T4, modes
Tga Ay 135.32) 3.12) 1.47(8) 1.36(25) as suggested by their Greisen parameters. The negative
Tgs 163.32) 3.5616) 1.396) 1.6(4) pressure shift of the lowest energy mode in CuBr-V would
Ty Eqz  224.15) 5.9918) 1.71(5) 1.7515) (tj)e consistent with that of TA modes in zinc-blende semicon-
uctors.

064301-7



F. J. MANJON et al. PHYSICAL REVIEW B 64 064301

V. SUMMARY focus on static or dynamic disorder effects. Other properties

. . of zinc-blende CuBr like the large mean-square displace-
Low-temperature Raman spectra of isotopically pure

—-59 . . . 0,61
o1 : ments of Cu atom¥~>° the ionic conductivity®®! and
CuBr (“*Cu®Br) were measured under hydrostatic PreésSUr€samperature- or pressure-driven structural instabilities appear
up to 10 GPa. The anomalous line shape of the LO scattering, he more suitable for testing such kind of theoretical stud-
in the zinc-blende phas€0—4 GPa undergoes major

. ies.
changes under pressure and dgvelops Into a narrow spgctrafOur results for the transition pressures to the phases
feature whereas the TO mode is found to broaden consider- —
ably. These effects are attributed to changes in the third-ord uBr-Iv (P4/nmm), CuBr-v (Pa3) and Cé‘i,f?g'v'(roc"sa"
anharmonic coupling of the optical modes w0 two- asically agree with those reporteo! eartet. T_h_e Raman
phonon combinations of phonons at lower energies. MorépeCtra of CuBr-1V and CuBr-V exhibit similarities to those
specifically, with increasing pressure the bare LO mod pf the structura]ly related phas_,es.(_juléRef. 29 gnd CUCI'.
shifts into a region of reduced two-phonon DOS, causing V. On t_he basis of these similarities gnd earlier theoretical
reduction of the anharmonic coupling, and the TO modec""lm‘""’ltlons .Of Raman mode frequencies of CuCl-v we pro-
shifts into a region of increased two-phonon DOS, leading t(ﬁ?se an a§S|gnme_nt of the Raman modes observed in the two
an enhancement of the anharmonic decay and a reduction ur-coordinated high-pressure phases of CuBr.
the phonon lifetime. We showed that all observed spectral
changes can be fully accounted for by a Fermi resonance
model in combination with a realistic description of the ex- F.J.M. acknowledges financial support from the European
perimental phonon dispersion curves. We conclude that the&lnion under Contract No. HPMF-CT-1999-00074. J.S. ac-
low-temperature Raman anomalies are mainly due to anhaknowledges support from the Max-Planck-Gesellschaft and
monic coupling. the Ministerio de Educacioy Ciencia(Spain through the

Consequently, the anomalous Raman response of CuBtlan Nacional de Formagaiodel Personal Investigador. The
seenat low temperatureshould not be used when looking for authors thank U. Oelke, W. Dietrich, and U. Engelhardt for
support of theoretical models like those of Refs. 7—9 whichtechnical assistance.
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