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We have performed first-principles calculations of the electronic structure of ZnO, and applied them to the
determination of structural and lattice-dynamical properties and their dependence on pressure. The dynamical
matrices have been obtained for the wurtzite, zinc-blende, and rocksalt modifications with several lattice
parameters optimized for pressures up to 12 GPa. These matrices are employed to calculate the one-phonon
densities of state€DOS and the two-phonon DOS associated with either sums or differences of phonons.
These results provide the essential tools to analyze the effect of isotope-induced mass disorder and anharmo-
nicity on phonon linewidths, which we discuss here and compare with experimental data from Raman spec-
troscopy, including first- and second-order spectra. Agreement of calculated properties with experimental
results improves considerably when the renormalization due to anharmonicity is subtracted from the experi-

mental data.
DOI: 10.1103/PhysRevB.69.094306 PACS nunier63.20—e, 78.20.Bh, 78.30.Fs
. INTRODUCTION q=0), since it is infraredir) and Raman inactive. The the-

oretical description of the lattice dynamics through semi-

Zinc oxide, the mineral zincite, crystallizes under normalempirical models? fitted to the few experimental data avail-
conditions with the wurtzite structuréwz), which corre- able, is somewhat questionable.
sponds to the space grofG;mec. Its applications in indus- Another issue concerning the properties of this material is
try extend to many fields, such as pharmacy, where it is useilis phase diagram. The growth of ZnO in the zinc-blende
as basic ingredient for preparation of cosmetics, uv-structure(zb) could improve the possibilities for optoelec-
absorbing sun lotions, and diverse wound healing balsamsronic devices, as it may be the case for AIN and GaN.
Other known applicatiort€ cover the production of adhesive However, ZnO grows as a bulk crystal in the wurtzite modi-
tapes, tire rubber, varistors, ceramics, glass, and even animitation only, which undergoes a transition with pressure to
feed®* Recently, it has attracted increasing interest becausthe rocksalt(rs) phase at=8 GPa?*~?° Epitaxial films with
of its electronic properties, i.e., a semiconducting band gaginc-blende structure have been grown on GaAs substfates
of ~3.4 eV, and the possibilities for application in optoelec-and thin films of this structure have been reported by Bragg
tronic devices, directly or as a substrate for the growth ofand Darbyshiré® Recently, growth of nanocrystalline rock-
other semiconductors such as GaN and Sierefore these salt ZnO during a pressure cycle has been also repétted.
properties have been extensively characterized, both from the In this work we use first-principles calculations based on
experimentat® and the theoretic&t*! points of view. How-  density-functional theory to investigate the lattice dynamics
ever, despite the existence of large natural zincite crystalgf ZnO for three phases: wurtzite, zinc blende, and rocksalt,
and also synthetic oné$,our knowledge of the vibrational under different hydrostatic pressures. The calculations have
properties of this material is rather limited. This fact poses arbeen performed using the method of linear response within
obstacle to our understanding of the transport properties, eslensity-functional perturbation theaty*! We report calcu-
pecially the thermal conductivity, which are of importance inlations of the phonon dispersion relations for the three inves-
the development of high quality optoelectronic devices.  tigated phases, as well as a detailed analysis of the one- and

As a wurtzite crystal, ZnO has phonon-dispersion relatwo-phonon densities of states, which can successfully repro-
tions consisting of 12 branches whose group-theoreticafluce recent experimental observations by Raman measure-
analysis at the Brillouin-zone centeq£0) yields a decom- ments under pressure on samples with several isotopic
position into 2\;+ 2B, +2E, + 2E,, whereE; andE, are  compositions? The calculated dispersion relations and den-
double degenerate modes. The zero-frequency acoustsities of state¢DOS) are also useful for the interpretation of
phonons correspond to orig, and oneA; mode. ZnO is extant second-order Raman data.
surprising in the sense that no complete experimental data set
is a_vallfa_ble for the phonon-dispersion relatlons_, despite the Il. COMPUTATIONAL METHOD
availability of large enough crystals. Inelastic neutron-
scatteringINS) data for ZnO have been reported only for the  The ab initio calculations were performed with the code
acoustic branche’S~° Besides these data, there are severahBINIT, based on density-functional theory using the pseudo-
publications concerning the Raman spectra of Z{Rafs. potential method and a plane-wave expansion of the wave
16-19 as a function of temperatiffeand pressuré??  functions®>~>° The pseudopotentials were generated using
which still cannot provide information about tBg mode(at  the Troullier-Martins schem&, treating the 8 electrons of
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TABLE |. Calculated structural parameters of wurtzite-ZnO compared with both experimental and theoretical data reported in the
literature. The table lists the calculated values for the equilibrium volume per unit formula at zero pkgs&ard®) the lattice parameters
aandc (in A), the structural and internal parameters of the unit cell for the wurtzite ptfasandu, andB, (in GPg andB’ which stand
for the bulk modulus and its pressure derivativeVgt The values in parentheses denote the error bars of the experimental data. For
anharmonic corrections to these data see text in Sec. lll. See Sec. lll A for a discussion about the importance of the anharmonic renormal-
ization of the structural parameters concerning the comparison between experimental and calculated data.

Vo a c ca u By B’

Waurzite

This work 22.882 3.198 5.167 1.615 0.379 159.5 45

Expt.2 23.79611) 3.24966) 5.204220) 1.60187) 0.38191) 1837) 4

Expt.? 23.8106) 3.24983) 5.20663) 1.60213) 0.38322) 142.62) 3.6

Theor.d 24.570 3.290 5.241 1.593 0.3856 154.4 3.6

Theor.® 22.874 3.199 5.163 1.6138 0.3790 162.3 4.05
Rocksalt

This work 18.856 4.225 209.1 2.7

Expt.® f 19.48411) 4.2712) 2287) 4

Expt.? f 19.606) 4.2831) 202.52) 3.544)

Theor. 19.799 4.294 203.3 3.6

Theor.® 18.904 4.229 205.7 3.90

Zinc blende

This work 22.841 4.504 160.8 573

Expt.? 24.65 4.62

Theor.d 24.551 4.614 156.8 3.6

Theor.® 22.914 4.508 161.7 3.95

8Room-temperature x-ray-diffraction data from Ref. 24.

PRoom-temperature EDXD data obtained using a synchrotron-radiation source from Ref. 25.
‘Taken from Ref. 49.

dHartree-Fock linear combination of atomic orbitélsCAO) calculations from Ref. 48.

°LDA calculations from Ref. 9.

fValues extrapolated to ambient pressure and taken at room temperature.

9Data reported in Refs. 57 and 10.

zinc as valence electrons. We used the local-density approxstructural parameters for the three phase¥atthe calcu-
mation (LDA) for the exchange and correlation potential, lated equilibrium volume at zero pressure. The comparison
obtained from the Monte Carlo data of Ceperly and Alderwith experimental data for the wurtzite structure shows an
(Ref. 37 as parametrized by Perdew and ZungRef. 38.  underestimate of the lattice constants by less than 1.6%
The use of the LDA implies an underestimate of the band3.99% in volume, whereas the ratio/a is slightly overesti-
gap in semiconductors, which can be significantly improvedyated (0.8%). These are typical deviations within the LDA.
by treating .exchang_ezuand correlation within the so-calledygre elaborate density functionals, based on the generalized
GW approximatior. ~We have obtained, for the opti- gragient approximation, do not improve agreement between
mized cell of the wurtzite structure, a band gap of 0.9 eV iNcalculations and experimental data, as shown below.
agreement with other similar calculatiolisThis value is Phonon frequencies and atomic,displacements were sub-
Vrc#g;] ?Q?éﬁ;ég;r}etgfogﬁgggrgsqgv%ﬁiu?;i;?bﬁz sequently obtained using the linear-response method, which
' avoids the use of supercells and allows the calculation of the

As starting point for the lattice-dynamical calculations, dvnamical matrix at arbitrang vectors. The force constants
we obtained the electronic charge density for wurtzite, zinc- y ! X Itrarg v : .
ere extracted from a Fourier transform of the dynamical

blende, and rocksalt structures at different pressures, optYy i ) ¢ id in th h |
mizing at constant pressure the lattice and the internal pgnatrices obtained for a grid in the BZ. These were later

rameters(for the wurtzite structupe The electronic band- employed to ob'Fain, by inte'rpolation, the phonon frequencies
structure calculation was performed for the ground-statét arbitrary points in reciprocal space and the phonon-
wurtzite structure using a grid ob66x 3 points for integra- dispersion relations. The phonon frequencies were converged
tion over the Brillouin zonéBZ),*3 and a cutoff energy of 80 to better than 2 cm® with the plane-wave energy cutoffs
hartree for the plane-wave expansion of the Kohn-Sham orand sampling grids ok points mentioned above. The one-
bitals. For the zinc-blende and rocksalt modifications a gricand two-phonon DOS, as well as the zinc and oxygen partial
of 4xX4X 4 k points was employed, together with an energyphonon DOS, were also calculated using these force con-
cutoff of 60 hartree. These values allow a convergence of thetants. Technical details about the actual computation of re-
total energy to better than 1 m hartree per unit formula. Tablesponses to atomic displacements and homogeneous electric
| displays the calculated lattice parameters and several othéields can be found in Ref. 44.
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lll. STRUCTURAL PROPERTIES AND PHASE eters, using the linear extrapolation procedure discussed
TRANSITIONS above. We find from Ref. 56 that the unrenormalized elastic
stiffness constants are~2% larger than the room-

mal or ] nditiors However thin films can be arown temperature values. Taking for comparison the data at 300 K
a' pressure co ors. 9 from Ref. 25, which have the smallest error bars of all avail-

In the metastable zInc bl_ende modificatidrtThis behawor_ able experimental data, and correcting for the difference be-
is related to the similarity between both structures, which

differ only in the stacking of second nearest neighbors anctiWeen 300 K and O K, the vibrational renormalization cor-
y 9 9 ' rﬁction allows us to reduce the discrepancy between our

has been observed also in other optoelectronic materials suc . .
X esults to 9.7%. The renor-
as AIN and GaN®*’ Nanocrystalline powder of rocksalt Calculations and the experimental r 0

: . alization of the bulk modulus is not negligible even at 0 K,
ZnO has begen recently synthesized at high pressure anrv%/]here it amounts to 1.1%.
temperaturés

The experimental lattice parameters for the rocksalt struc-
ture displayed in Table I result from a fit of the pressure
A. Ground state dependent EDXD data extrapolated to ambient pressure. Un-

Table | disp|ays the calculated lattice parameters Comfortunately, no information is available on the thermal eXp-an'
pared to other calculations and experimental data reported #ion for this phase, and we can compare our calculations
the literature’?*25484%or this comparison the temperature only with room-temperature data. Thg calculated lattice con-
of the sample during the experiment must be taken into acstant is also smaller than the experimental values, presum-
count. Theab initio calculations are usually performed with ably due to the reasons discussed above for the wurtzite
the atoms at fixed positions, whereas the experimental daf@odification. It is not possible to infer how much of the
of Table | correspond to room temperature, so the thermaliscrepancy in Table | for the rocksalt structure is due to
expansion of the lattice should be considered. Even compargftors in the local-density approximation. However, LDA
son with experimental data at the lowest temperatures avaifalculations performed by Jaftet al*® report similar values
able iS, Strict|y Speaking’ not Correct, since it neg|ects th@f the lattice constant. The bulk modulus of 209.1 GPa_IS n
anharmonic effect of the zero-point vibratiofsge Fig. 3 of line with data obtained using EDXD under pressure with a
Ref. 50. Ab initio data should always be compared with synchrotro_n—radiation source and with other theoretical val-
unrenormalized experimental data fbe=0 K, i.e., after re- ues listed in Table I. _ .
moving the anharmonic contribution of the zero-point vibra- There are very few reports of the existence of the zinc-
tions. This comparison usually ameliorates the discrepanciddende ZnO phase at ambient conditidft8>"To the best of
between calculated and experimental data, as it is shown i@Ur knowledge, the only experimental result is the lattice
the following. Our data underestimageand c, measured at constanta=4.62 A°" This value is 2.5% larger than that
300 K by energy-dispersive x-ray diffractigfEDXD),2425  obtained from our calculations which, in turn, is similar to
by ~1.6% and 0.8%, respectively. Similar discrepancies aréhe value reported in Ref. 9. This discrepancy would also be
obtained from other LDA calculations performed with a reduced if we take into account a vibrational renormalization
Gaussian basfsThe calculations performed with the gener- similar to that used for the wurtzite modification. Ou_r value
alized gradient approximation for the exchange and correladf Bo for zinc blende lies between those reported in other
tion energy’ or using a Hartree-Fock approach with a lineartheoretical papers, although we obtain a larger value for its
combination of Gaussian-type orbitdfstend to overesti- Pressure derivatived’.
mate even the 300 K experimental data.

The deviations between LDA calculations and experimen-
tal data are already reduced, though only little, if we com-
pare with experimental data 4 K reported in Ref. 514 Waurtzite-ZnO undergoes a phase transition to the rocksalt
=3.2483 A andc=5.2035 A). However, if we compare our modification upon application of press#feThis transition
calculations with the unrenormalized values the difference isias been observed by EDXD using conventional sodtess
further reduced and we underestimate the lattice parametevgell as synchrotron radiatio?,yielding a transition pressure
by 1.2% and 0.5%, respectively. The bare valuea ahdc,  of 8.7(5) and 9.12) GPa, respectively. In Table Il we com-
corresponding to fixed atomic positions, can be obtained bpare these values with those obtained from our and ather
linear extrapolation of the high temperature data in Fig. 1 ofinitio calculations. However, Refs. 24 and 25 report a strong
Ref. 52 toT=0 K, following the prescription illustrated in hysteresis in the transition of up to 6 GPa, the:msz tran-

Fig. 3 of Ref. 50. We have obtained by this procedure ssition being complete only at 2 GPa when lowering the pres-
renormalization of+ 0.38% and+ 0.24% foraandcat O K,  sure. The wz»rs transition occurs due to the instability of
respectively® These values lie between those reported forthe wurtzite structure against a shearing deformation, which
diamond* and Ge® +0.37% and-+0.18%, respectively. has been recently reported in ultrasonic experiments under
The unrenormalized andc agree somewhat better with the pressuré® and confirmed by theoretical calculatiotisThis
calculated(LDA) results than the renormalized values ob-mechanism has also been proposed for the wurtzite-to-
tained directly from experiments. rocksalt transformation of Gaff. The wurtzite-to-rocksalt

We discuss next the bulk modulBg. We should, in prin-  transition also presents a pressure range where both phases
ciple, also take into account the temperature dependence obexist, between 9.1 and 9.6 GPa according to Ref. 25 and
By in a similar way as we have done for the lattice param-between 10 and 15 GPa according to Ref. 61. This last ref-

Zinc oxide crystallizes in the wurtzite structure under nor-

B. Phase transitions
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TABLE II. Transition pressurep; and relative volume change IV. LATTICE DYNAMICS AND ITS PRESSURE
AV, /V{* at the structural transition from the wurtzite to the NaCl DEPENDENCE
modification. . i
A. Phonon frequencies and eigenvectors
Pt AV IV{* (%) 1. Wurtzite

This work 10.1 16 We have listed in Table Ill our calculated frequencies of
Expt.@ 8.7(5) 17.5 the phonons at the center of the BZ for ZnO in the wurtzite
Expt.” 9.1(2) 15.5 structure at the theoretical zero-pressure volipeWe also
Theor.® 8.57 18.4 list their calculated eigenvectors, the first and second deriva-
Theor.d 6.60 16.7 tives of the frequencies vs pressure and the corresponding

Gruneisen parameters, including measurements K per-
a-ray-diffraction data from Ref. 24. formed by us(see Ref. 63 for experimental detailsThe
"Energy-dispersive x-ray-diffraction data using a synchrotron-experimental frequencies are also affected, even at low tem-
radiation source reported in Ref. 25. peratures, by anharmonic and isotopic renormalizaén.
“Hartree-Fock LCAO calculations from Ref. 48. The latter affects mainly the high-frequency phonons and
9. DA calculations from Ref. 9. would be due to the oxygen mass fluctuations which are

basically negligible for natural oxyge(99.8% €0). The

erence also reports metastability of the rocksalt phase at @hharmonic renormalization can be obtained, for E"
bar after decompression, which has been applied to produd¥'onons, from available data for  their temperature
nanocrystallites of rocksalt-ZnO in a high-pressure cgtle. dependencé It amounts to—5 cm *. Subtracting this
The origin of the disagreement in the transition pressure bglUmber o the measured frequency of 438 ¢mwe obtain
tween both data sets is not clear, since in both cases EDX(#3 M ~ which is only 0.7% larger than our calculated
data were taken using synchrotron radiation as x-ray sourc&@lué. If we assume a similar renormalization for B

Calculations performed using a Hartree-Fock formalism@nd A1° frequencies, we find a difference of 1%-2% with
yield values of the transition pressuf@.57 and 6.60 GPa OUr calculations. The measured LO frequencies are about 7%

(Ref. 62] that lie below the experimental results whereaghigher than the calculated ones. This difference correlates
the results of our calculatiorfd0.1 GPa lie in the ra;nge of with the difference between calculated and experimental val-

the experimental values. The relative change of volume ates ofe.. (see Table IV, to be discussed below. The com-

the transition pressure, however, is correctly described by th uter code calculates the LO frequency using the expression
; . ; see Eq(693) of Ref. 44
mentioned theoretical results as well as our calculations:

Jaffeet al® have predicted an additional transition from the A Z*2
rocksalt to the CsCl structure at around 260 GPa. The highest wlo= w%gﬂfﬁ, 1)
pressure which has been reached in the EDXS experiments is Ot €
56(1) GPa?® whereZ* is the transverse effective charge, avigland u

the volume and reduced mass per unit formula, respectively.

TABLE lll. Calculated phonon frequencias, phonon eigenvectors,, andeg, and their pressure dependence atlthpoint for the
wurtzite structure. Frequencies are given in ¢nand their pressure coefficients in chiGPa and cm?/GP&. Experimental data are given
in parentheses. The calculated Geisen parameters have been obtained using a bulk modulus of 159.5 GPa. The sign of the eigenvectors
specifies the relative displacement of the oxygen atom located on top of the zinc atom alangxike The eigenvector normalization
corresponds to four atoms per primitive cell.

w €zn €o Jw Pw Y
ap ﬁpz

Elow 91 (1009 0.653 —0.272  —1.05(—0.85° —0.939 —0.027  —1.86(-1.21°-1.69
Blow 261 0.701 0.096 1.50 —0.041 0.92
AJ® 391(3802 379P) 0309 —0.636 5.294.33, 4.72° —0.093 2.161.63% 2.19
EI° 409 (4102 411°) 0.314  —0.634 5.25.2°, 4.38% —0.096 2.041.80" ©)
S 440 (4382 439" 9 0.272 0.653 5.585.11°, 5.16° -0.101 2.021.662.0°
Bhign 552 0.096  —0.701 4.96 -0.073 1.43
AL 560(5842 575 ©) 0.309  —0.636 4.77(4.75°) —0.089 1.37(1.17°)
E;° 556(595% 580°, 588%  0.314  —0.634 4.394.77° -0.071 1.241.49

#ur Raman data for natural ZnO at 7 K.

PRaman data for natural ZnO at room temperafiRef. 22, B,=143 GPa.
‘Raman data for natural ZnO at room temperafiRef. 21, B,=170 GPa.
dRaman data for natural ZnO at room temperatiiRef. 5J).
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TABLE 1V. Pressure dependence of the Born effective cha#jeof the ir-active modes of ZnO and the dielectric constants in the
wurtzite (wz), zinc-blende(zb), and rocksal{rs) structures. For the wurtzite structure, the upper and lower rows correspdiydaiod A,
modes, respectively. Experimental data are shown in parentheses and results from other calculations are shown in brackets.

Phase Z*(e) 9Z* . €. Je,, . 71
(X 1072 e/GPa) —Z(x10°3 GPah
ap ap
1 2.14(2.16) -3.0 5.36(4.11°) —18 (-1
wz [|2.11 (2.22[2.0%, 2.11% -28 4.47(4.09) -6 (— 14
zb 2.13 -31 5.10 —-14
rs 2.45 -2.2 5.44 -17

a0ur Raman data, measured at 7 K. The only experimental daftféound in the literature is 2.06Ref. 82; it was obtained by taking a
weighted average of the squares of the TO and LO phonon frequencies &y tred E; modes(Ref. 83.

®Derived from the refractive indices given in Ref. 71.

€Ab initio calculations from Ref. 84.

dAb initio calculations from Ref. 85.

Z* is obtained by evaluation of the effect of an electric field calculate the expansion alomgandc for the wurtzite struc-
without using the incorrect calculated valueseof. ture for which, as mention in the text, extensive data are
Among the calculated eigenvectors listed in Table IlI,available® In this case the thermal expansion alangndc
those of theA; and E; modes can be obtained simply by are different and, in order to evaluate them, it does not suf-
invoking the conservation of the center of mass, since theréice to use the volume Gneisen parameters but one must
is only one set of phonons of each symmetry. This procedurase the dependence of all phonon frequencies on strain along
leads for theA; and E, eigenvectors t®,,=0.314 ande,  a and c.°® This requires considerable computational effort
= —0.634, in perfect agreement with the listing 8f° and ~ and must be left for future work. Even for the cubic case it is

EL° in Table IIl. The slight difference found in this table for not clear how large a sampling of Greisen parameters will
AIO and EIO (~1%) gives an indication of the computa- be required to obtain reliabM(T) curves. This will be in-

tional accuracy. Th&, andE, eigenvectors are not fixed by vestigated when the wurtzite calculation is undertaken. _
symmetry since there are two of each kind. However, be- Table IV also shows excellent agreement betwgen experi-
cause of orthonormality, each depends only on one free pdlental and calculated values ot . The agreementuli not as
rameter. No experimental data are available forBpeigen- ~ Satisfactory fore..: The fact that the calculated.;~ are
vectors which, according to the calculations, turn out to bdarger than the measured ones can be attributed to the LDA
nearly pure oxygen-like and zinc-like. THg, eigenvectors 9ap problem which has been already mentioned in Sec. II.
have also been determined from the dependence of their frd.n€ €lectronic contribution to the susceptibility is known to
quencies on isotope mas$sThey are|eg|=0.65(1) and mcreaesge with decreasing average gap, the so-called Penn gap
leso|=0.27(1), also in excellent agreement with the calcu- Epenn Which usually corresponds to the gap at the X point
lated values. of the zinc-blende structure. Using Penn’s expression

The calculateddw/dp show the usual trends found for
wurtzite and zinc-blende-type semiconductors: TE@W

. . 2
phonons, equivalent to the T) modes of zinc blende, have 1= = %)
a negative derivative whereas all others are positive. More- * EIZDenn,

over, dw/dp is larger for the TO modes than for the LO
modes, a fact which has been interpreted as reflecting a de-
crease in ionicity with increasing pressuixception SiC, whereE, is the plasma energy of the valence electrons, we
see Ref. 6B The calculated negative values @fw/dp? in-  find, after correction for the gap problem for the closely re-
dicate that the pressure dependence of the corresponding fiated ZnS(with zinc-blende structure, Ref. 70, the situation
guencies is sublinear for all modes exceptE@W, in agree-  should be very similar for wurtzite ZnQa decrease .,
ment with other materials of the familgee Ref. 67 for GaP —1 by a factor of 0.6 which overcorrects the discrepancy in
and S). The experimental values of the mode Geisen pa- e.—1 shown in Table IV(a decrease by a factor of 0.8n
rametersy are in good agreement with the calculated onesspite of this discrepancy, the average of the calculated
and also reflect the trends discusseddardp. A large dis-  dell/ap anddel/ap, d(e.)/op=—13x 103 GPa !, agrees
crepancy between measured and calculateds found for  rather well with the experimental value —(14

the LO modes. This may result from experimental inaccurax 103 GPa 1)."*

cies related to the rather broai“to Raman spectrum dis- Table V lists the “Gruneisen parameters,” i.e., the loga-
played in Fig. 1 of Ref. 21. The calculation of the thermalrithmic derivatives vs volume with the sign reversed,egf
expansion is not as easy as it may seem except for the méy..) andZ* (y*). The calculatedy* is obtained directly
terial with the zinc-blende structure for which no experimen-from the calculate@* vs volume, whereas the experimental
tal data are available. It would indeed be quite interesting tane is obtained with the expression
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TABLE V. Comparison between experimental data and calcu-coefficients, and Gneisen parameters for@@ 0 0.5, H (1/3
lated Gruneisen parametey,. of the dielectric constants and those 1/3 0.5, and L(0.5 0 0.5, high-symmetry points of the BZ
of the Born effective chargeg* for the wurtzite structure, derived of the wurtzite structure. We have selected these points as
from the data listed in Table IV. representative of the edge of the BZ because they present the
largest degeneracy of the phonon frequencies. Similar to the

Y Y case of the phonons &t, the Grineisen parameters for TO
I L l L modes are significantly larger than those corresponding to
This work —021 —054 —021 —0.22 LO phonons. The other trends discussed for fhphonons
Expt.2 —0.48 —0.50 —0.21 +0.21P also apply here; namely, the low-frequency phonons, related

to the TA modes at the zone edge of the zinc-blende struc-
@The refractive indices were taken from Ref. 71, the phonon freture, exhibit a negative Gneisen parameter. We may con-

quencies and Gneisen parameters from Table IIl. jecture that this behavior should be found throughout most of
PExperimental data from Ref. 21. The LO phonons may have ghe boundary of the BZ, since the phonons at A are the
slight plasmon component which broadens the Raman peak arldwest-lying modes at this boundary. This is corroborated by

possibly vitiates the value of, o (see texk experimental data for the temperature dependence of the lin-
ear thermal-expansion coefficieaT), which can be ex-
_ 2 pressed as a sum of Greisen parameters weighted by Bose-
w 1 1 . . -
Y =y o+ %’ ty— =, (3)  Einstein factor$® The low-frequency modes dominate at
W0~ W0 2 2 low temperature, a fact that yields a sign reversak{T),

: L which is negative at low due to the contribution of, at
derived from Eq(1). Whereas for the polarization parallel to the zone edge, and becomes positive with the activation of
the ¢ axis exp_eri.mental and calculated data are in perfecf_A and optic p,honons at higher temperature. At even lower
agreement, this is not the case for the perpendicular polagsmeratures, for the group IV and I1I-V semiconductors, the
ization. As already mentioned, we believe that the reasog,ansjon coefficient may experience an additional change
may lie in an inaccurate experimental valueygb(Ey) due o gjgn and become slightly positive, due to the contribution
to the broad and weak spectral feature for which this deterat he positive Gineisen parameters of the elastic constants.
mination was madé’ The calculated negative sign oF  This has been explained in detail in Ref. 73, where first-
agrees with that found for all zinc-blende-type Sem'conduc'principles calculations show two changes of sign for GaAs
tors with the exception of Si€° For GaN, an isoelectronic but just one for ZnSe. For this material the Geisen param-
material *W'th wurtzite structure, we find from the data in g(ers of the elastic constants are also negative. For ZnO, only
Ref. 72y = _.0'1(15)‘ ) ) a sign reversal has been reportefdr «(T), a fact possibly

Table VI displays the phonon frequencies, their pressureg|aied to the already negative value for the K@isen pa-
rameter of the TAA) modes. These modes correspond to
folded A modes of zinc blendésee the following section
and should reflect the sign of the Gieisen parameters of the
%lastic constants.

TABLE VI. Phonon frequenciegin cm™t), pressure coeffi-
cients(in cm™Y/GPa and cm'/GP&) and Gfineisen parameters of
several modes for the wurtzite structure at certain high-symmetr
points of the Brillouin zone. For the Gneisen parameter calcula-
tion we have use®,=159.5 GPa.

2. Zinc blende and rocksalt

@ 9e Fw 4 The phonon frequencies of several high-symmetry points
p (;_p'z for the zinc-blende structure, as well as their dependence on
pressure, are displayed in Table VII. As we discussed in Sec.
A 69 —0.84 —0.002 —1.96 I, wurtzite and zinc-blende modifications show the same
189 1.30 —0.027 110 atomic surrounding for the first nearest neighbors. Whereas
424 5.40 —0.095 2.03 wurtzite has a sublattice stacking ABABA .. along thec
557 4.56 —0.064 131 axis, zinc blende shows a different stacking ABG2B. .,
H 99 -1.25 —0.030 —2.01 this time along thé111) direction. This, and the fact that the
165 —-0.18 —0.034 -0.17 wurtzite primitive cell has four atoms along tleaxis, al-
258 1.89 —0.034 1.17 lows us to consider the phonon-dispersion relations of the
454 5.59 —0.089 1.96 wurtzite structure alond’-A as backfolded from those of
514 5.45 —0.080 1.69 I'-L in the zinc-blende BZ. This explains the similarity be-
539 477 —0.072 1.41 tween the frequencies obtained for the TA and TO modes at
L 111 ~0.88 ~0.024 ~1.26 L and those of theE®" and E}9" at T, similarity which is
115 —1.00 —0.025 -1.39 even carried over to their pressure dependence. For example,
267 1.78 ~0.036 1.06 for TO(L) we obtain a phonon frequency of 443 thand a
465 5.43 —0.082 1.86 Gruneisen parameter of 1.99, whereas its equivalent mode in
467 5.60 0093 1901 the wurtzite structure, witlE)9"(I") symmetry, was calcu-
554 4.81 —0.069 1.38 lated to be at 440 cimt and its Grneisen parameter 2.02.

Table VIl lists the phonon frequencies and their pressure
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TABLE VII. Phonon frequenciegin cm ), pressure coeffi- recently® on PbTe have yielded a very small but negative
cients(in cm™*/GPa and cm'/GP&), and Gfneisen parameters value of yr, for the X point, contrary to our calculations for
of several modes for the zinc-blende structure at certain highznQ. In contrast to calculations reported for Game rock-
symmetry points of the Brillouin zone. For the Geisen parameter  gajt structure of ZnO exhibits a very small but positive Bru

calculation we have usel,=160.8 GPa. eisen parameter for the TX) mode, as shown in Table VIII.
This behavior may be related to the nonmetallic nature of the
@ 9o (92_“’ Y rocksalt modification of ZnO, which is deduced indirectly
p ap? from the nonzero LO-TO splitting at thE point and has

been recently observed in measurements of the optical ab-

I Ig ggg i’;‘);’ :8'833 igi sorption, and also obtained &b initio calculations’® GaP
: : : seems to be metallic in the rocksalt struct(fre.

X A 128 —0.99 —0.044 —124 According to Table 1V, the calculated values &&*/dp
LA 269 1.98 —0.032 118 are rather similar for the three ZnO modifications. This de-
TO 487 5.61 —0.088 1.85 rivative can be related to the derivative of an effective charge
LO 551 4.70 —0.056 1.37 with respect to the bond lengtfi Because of the similarity

L TA 93 -0.99 —0.032 -171 of the bonds in the wurtzite and zinc-blende structures, it is
LA 264 1.45 —0.036 0.88 not surprising to find similar values ofZ*/dp (and also
TO 443 5.48 —0.092 1.99 de.,19p) for both structures. It is not so obvious that the
LO 561 4.94 —0.072 1.42 rocksalt modification should behave in the same way.

dZ* [ dp, if related to the derivative oZ* with respect to a
bond length, can be estimated to be somewhat smaller for
‘?'eF_’e”dence for the rocksalt structL_Jre, calculated_ at the_ €AYscksalt than that for the zinc-blende and wurtzite structures,
librium volume V. In order to facilitate comparison with i 45reement with the predictions in Table IV. The fact that
future experiments, we give also the @eusen parameters at ;. ;g is also similar for the three modifications reflects the
8 GPa for thel’ phonons, i.e., at a pressure close 10 theget thate, . in the denominator of E1), increases with
transition from the wurtzite structure. The most significantiy reasing pressure sufficiently to overcompensate the effect
aspect of thgse d.ata Is the positive value .Of all @isen of the increase oE,, which appears in the numerator of that
parameters listed in Table VIII. This, according to the argu-gquation. P

ments mentioned above, would yield a positive linear "o e 1 displays the calculated phonon-dispersion rela-

thermal-expansion coefficient at all temperatures fortions for the three phases investigated at the volugele-
rocksalt-type ZnO. To the best of our knowledge, the Onlyfined in Table I. The solid diamonds are Raman data for the

data available in the literature for Greisen parameters of wurtzite structurd® whereas the open and solid circles rep-
crystals with the rocksalt structure are those reported for Rbogent s data from Refs. 13 and 15, respectively. For the
halides:™ "> These data yield negative values for t%e(m rocksalt structure, Fig.(t) shows also the dispersion rela-
and LAX) phor_lons of RbBr, of the order of 0.50,™ and tions calculated at 8 GPa, i.e., close to the phase transition
also, but larger in magnitude, for RE{Measurements of the hick curves. On the right-hand side of the graphs we plot
phonon-dispersion relations under pressure performe e one-phonon DORsolid curve,p™(w)] and the zinc and

oxygen partial phonon DOS, displayed by dashed and dotted
lines, respectively. These densities of states can be used for
alculating the renormalization of phonon frequencies and

inewidths due to isotopic mass disorder. This renormaliza-

TABLE VIII. Phonon frequenciegin cm™!), pressure coeffi-
cients(in cm™ Y/GPa and cm!/GP&), and Gruneisen parameters
of several modes for the rocksalt structure at certain high-symmetr
points of the Brillouin zone. For the Gneisen parameter calcula-

tion we have use@,=209.1 GPa. tion is given, for the zinc-blende structure, By
7 2 77
© T Y Tiso=g ©(95p6 () |eo(@)*+ g5 5 (@) |ezn(@) ),
a
P (4)
r TO 235 5.14 —0.106 457 .
LO 528 3.68 _0.056 129 Wherep(oly)Zn are the one-phonon DOS projected on the oxy-
X 1A 138 0.56 —0.038 0 85 gen and zinc sublatticéaormalized to 3 g;ﬂ“ are the mass
LA 215 135 _0.054 131 variance parameters of the oxygen and zinc sublatfitasd
T0 353 4'42 —0.068 2.62 the eigenvectors are normalized to make the sum of the
' ' ' | to one. For natural Zg&~0. For theEX"
LO 462 407  —0.046 1.84 squares equa : gs=0. 2
L A 135 182 0.026 582 modes we obtain, using Eq4) and pit) of Fig. 1(a), for
LA 298 1.33 0.036 0.93 natural ZnO @5"=6x10"%) an isotopic broadening of
T0 201 6.22 —0.252 6.47 0.06 cm %, A value of less than 0.1 cit has been reported
Lo 519 361 — 0.050 145 in the literatur@® for the total width of this mode at 7 K.
' ' ' Hence, most of the measured width must be due to isotopic
@The Grineisen parameter at 8 GPa is 4.24. disorder. For®zn58zn, 5 (95"=9%10"%), for which crys-
PThe Grineisen parameter at 8 GPa is 1.51. tals are availablé the isotopic disorder-induced broadening
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FIG. 1. Phonon-dispersion relations and one-phonon D@$w)] of (a) wz, (b) zb, and(c) rs phases, calculated at the equilibrium
volume(zero pressure and temperature, thin ljrgigen in Table |. The thick lines ifc) display the dispersion relations of the rocksalt phase
at 8 GPa, i.e., close to the phase transition. On the right-hand plots, the solid curves represent the one-phonon DOS, whereas dashed anc
dotted curves display the projected DOS corresponding to zinc and oxygen displacements, respectively. The diamonds stand for Raman data
reported in Ref. 63 whereas the solid and open circles display INS data of Refs. 13 and 15.

should amount to 0.09 cht. We have obtained for theh9"  separates oxygen-like from zinc-like vibrations. The modes
phonons a renormalization of the phonon linewidth ofabove the gap contain only 15% of the squared vibrational
5cm t (full width at half maximum, FWHM for amplitude of zinc(85% of oxygen. The opposite is true for
natzn160t80, 5, in reasonable agreement with the experi-the modes below the gap. Similar behavior is shown by.the
mental value of 7 cmt reported in Ref. 32. zinc-blende data, in Fig. (). However, no gap appears in
The few INS data available for the dispersion relations ofth® DOS of the rocksalt phase, a fact which is shared by PbS,
wurtzite in the 240—260 ciit region agree very well with PPSe, PbTe, SnTe, AgCl, and AgBr. Some of the alkali ha-
the calculations. The position of the corresponding peak ifides, however, show a gdp.g., NaBr and Nalwhile others
pD(w) (250 cn'Y) should therefore be given rather reli- 0 not(e.g., NaCl and Kk
ably in p®)(w) of Fig. 1(a). Good agreement is also obtained
for the linear parts of the acoustic dispersion relations. This B. Two-phonon DOS and second-order Raman scattering
is not the case for most of the other INS data shown in Fig.
1(a). For instance, the measured lower TA modesViatie
20% higher than the calculated ones. As already displayed in Figure 2 displays the two-phonon sip@(w)] and dif-
Table Ill, the measureB " frequency is 10% larger than the ference[ p'®(w)] DOS for ZnO in the wurtzite structure at
calculated value. We have already compared the higher R&everal pressures. We have tried to correlate the most salient
man frequencies with the calculations in connection withfeatures of the zero pressys€’(w) andp®(w) with struc-
Tables Il and IV.p®)(w) in Fig. 1(a) shows a gap which ture seen in the second-order Raman spééttd?’The re-

1. Wurtzite
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3.0 measured ones, with the exception of g+ LO structure
I for which there is good agreement between calculated and
12 GPa experimental results. This reflects, at least in part, the rather
good agreement obtained by INS for tBg branch. It is
i interesting to note that for the structure assigned in Table I1X
\ to 2TA, modes the calculated frequency lies above the ex-
perimental one. Because of the lack of INS data in th€LTA
region it is not possible to speculate about the reason for this
8 GPa discrepancy.

The most prominent peak ip'®)(w) in Fig. 2 lies around
348 cm ! at zero pressure. A prominent peak is also seen at
i 330 cmi ! in the Raman spectrum and can be unambiguously
assigned to difference modes because it disappears at low
4GPa tempe_ratures. It has already been assigned te- T® pho—
non difference&® The fact that the calculated peak lies well
_ above the measured one reflects the mentioned 20% error for
the TA modes €20 cm 1): the INS data are higher than the
calculated ones; this results in the opposite effect for TO-TA.

The features in the DOS of Fig. 2 above 400 cnshift
0GPa| - up with pressure as corresponds to dominant positigeof
the two constituent phonons. The features gff)(w) at
\\/\‘ ~380 cm ! do not shift appreciably with pressure. They

g
(=]
s

—
W

p? (@) & p” (w) [states/cm™]
5

e
n

e,
i
™,
™,

correspond to sums of LA and TA modes whose pressure
- A S shift cancel each other. The peak at 230 énshifts down
400 600 800 1000 1200 with pressure thus reflecting the negative @eisen param-
Frequency [cm ] eter of the TA modegsee Table V.

FIG. 2. Calculated two-phonon densities of states corresponding Figure 3 shows the pressure dependence of the second-
to sums (solid curve$ and differences(dotted curves of two  order Raman spectra d¥Zn'®0, isotopically pure crystals
phonons, for the wurtzite structure at several pressures. The verticaked in Ref. 32, in the region where difference modes have
lines are guides to the eye to emphasize the pressure shifts of cribeen identified. The most prominent feature (—TB'ZOW)
cal points. With the exception of the bands belevg00 cm*, all  ghifts strongly with pressuf®thus reflecting the positive
peaks shift up with increasing pressure. of the TO and the negative one of the TA modes. With in-

creasing pressure this mode acquires a low-frequency shoul-
sults of this effect are described in Table IX. This table re-der which can also be identified as a difference mode by
flects the trend mentioned when comparing the calculatedomparison with Fig. 2. It corresponds to @, differ-
with the INS dispersion relations of Fig(al. Most of the  ences for which, on the basis of the dispersion relations of
calculated structures lie between 5% and 10% lower than thEig. 1(a) and of Table VI, the two constituent phonons

D N

0.0

TABLE IX. Comparison of structures in the two-phonon D@3Sm and difference modewith second-
order Raman data. The calculated and experiméRted. 22 pressure derivatives are given in parentheses.

Mode Our calculations Experiments
[em ! (cm Y/GPa) [em ! (cm Y/GPa)

2LOr 1120(8.9 1200 P
2LO0aLm 1100(8.3) 11492 1160°
[TO+LOJaLm 1000(9.7) 10842 1080°
2TOu LM 930(11.3 9862 990°
B,+LO 810(5.9 800—820% 810°
TA+LO 650 (3.7) 6752 680°
[TA+TO]aLm 590 (4.5 overlap with first order
[2By]rim 520(3.0) 5402 530°
TO—EQW 348 (6.6) 3342 330° 331°(5.9
LO-B; 290 (3.0) 302¢@3.0 ¢
2TA, 225 (—2.1) 2082 205°, 213° (—3.9)

dRaman data at room temperature from Ref. 16.
®Raman data at room temperature from Ref. 18.
‘Raman data at room temperature from Ref. 22.
dour Raman data under pressure at room temperaturéZot80, from Fig. 3.
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FIG. 4. Like Fig. 2 but for the zinc-blende structure.

FIG. 3. Pressure dependence of the Raman spectrum of

64Zn1801 Showing a difference mode that Corresponds to To|n F|g 4. As eXpeCted, they are rather Simi|al’ to thOSE diS-

—E®" mode in the vicinity of theM point of the Brillouin zone. ~ played for the wurtzite structure in Fig. 2. This also applies

The structure that appears at the low-frequency side is assigned 0 the pressure dependence of both DOS. The only striking

LO— B, differences. The lines are guides to the eye. difference is the fact that for wurtzite the DOS have many
more critical points than for the zinc-blende structisee,

should belong to th&-L-H region. The calculated frequency e g, the band centered at 400 ¢hin Figs. 2 and ® This

for the difference mode is 290 cm for natural isotopic  results from the fact that wurtzite has twice as many bands as

abundances and its pressure coefficient 3 tiGPa, which zinc blende in the first BZ and, correspondingly, a larger

agrees reasonably well with the measured pressure coeffyymper of critical points. Moreover, the lower symmetry of
cient, also 3 cm~/GPa. The calculated frequencies for natu-

ral ZhO must be converted to those which would correspontivurtzne produces splitting of all doubly degenerate modes of
i ic o(2)
to ®4Zn'®0 for comparison with measurements of the isoto-- - blende except those along thaxis.p*’(w) also shows

pically pure crystal. This conversion reduces the 1B a dominant peak at .350 cm at zero pressure .Wh'Ch corre-
frequency to 280 cmt, considerably lower than the experi- spondel‘,ovso TO-TA differences and is very similar to the
mental value of 302 cmt. The discrepancy can be elimi- 190~ Ez2" peak of wurtzite.

nated by correcting for the 25 cm difference between the

calculated and experimental values of the LO Raman fre- 3. Rocksalt

quencies. Similar two peaks, related to difference modes, The sum and difference two-phonon DOS of ZnO are

have also been found in Raman spectra of wurtzite-GaN. gigplaved in Fig. 5 for several pressures. All structures shift
In order to obtain additional support for the assignment, i frequency with increasing pressure, thus reflecting the
above, Weg'scfss the dlg‘flerelgces in the frequencies hon " CPositive pressure derivatives of the frequencies given in
sur?d for *Zn °0 and Zn™0. We find for the E; Table VIII. This is also supported by the blue shift of the
—E3" difference a blue shift of- 21(1) cm * and for the  phonon-dispersion relations with pressure displayed in Fig.
weaker LO-B; a shift of +23(3) cnmi'*. These shifts agree 1(c). The first-order spectra of the rocksalt structure are not
satisfactorily with the calculated values, 22 and 25¢m  Raman allowed. Therefore it may be possible to see clearly
respectively. the second-order Raman spectra without contamination of
5 Zinc blende strong first-order peaks, which could be investigated sepa-
' rately using infrared absorption. The DOS shown in Fig. 5
The p(f)(m) and p'?(w) calculated for the zinc-blende should help future investigations of second-order Raman
phase of ZnO at several pressures for a tqtaD are shown spectra of ZnO above the phase transition. It is interesting to

094306-10



PRESSURE DEPENDENCE OF THE LATTICE DYNAMIEE. . . PHYSICAL REVIEW B 69, 094306 (2004

0‘8 T T T
12 E
12 GPa 7K
10 | 1
WVJ\/M\_\‘ a A1T°
0.6 \““'— ) A E1T0
o~ ‘T; 8
=
9 8 GPa =
‘83 W%% E 6
a 04 o E
Pt 7
a 4 GPa
3
3 KN )
Q- ..
0 GPa 0 . L L . .
350 375 400 425 450 475 500
WA]/“‘ Frequency [cm ']
0.0 Lommert”’ P L\N»\ FIG. 6. Phonon linewidtiFHWM) of A]°, E]°, andE5%" vs
0 200 00 600 800 1000 1200 Raman shift. Data extracted from measuremeni k& on sanples
Frequency [cm'l] with several isotopic compositiondRefs. 32 and 86 The point
separated by an arrow corresponds to tEé'gh mode for
FIG. 5. Like Fig. 2 but for the rocksalt structure. natznl60580, 5, the arrow length indicating the additional broaden-

ing due to isotopic-mass disordesee Eq.(4)]. The solid curve is
the calculated two-phonofsum DOS, shifted by+10 cm ! and
note that the TO modes of this structure nearly overlap withmultiplied by an anharmonic coupling constant of 57 énas ex-
a strong peak im@(w) in Fig. 5. Therefore it is expected Pplained in the text and in Ref. 32. The dashed curve has been
that decay of the ir-active TO mode into the correspondingplotted through the measured points as a guide to the eye.
difference mode should yield a significant contribution to the
linewidth of the former at finite temperatures. At low tem- which can be seen in Fig. 2 below the near gap at 440%cm
perature, this contribution should vanish on account of thelhis, and the dependence of the FWHM on isotopic mass,
Bose-Einstein statistical factors, as discussed next. has been discussed in detail in Ref. 32. We reproduce in Fig.
6 some of the data of that reference for 89" modes,
C. Anharmonic phonon linewidths: dependence on pressure  together with our new data for the]® andE;° modes. The
and isotopic mass representation of this figure has been conceived in the man-
ner described in Ref. 32 so as to refer all experimental points
oa singlep?)(w), which corresponds to ambient pressure
and a fixed isotopic composition. The FWHM of tEg'9"
mode shown in Fig. 6 follows very well the prediction of Eq.
(58) with |V;|?=57 cm 2 whereas the widths of tha]®
'y (0)=|V3]?pP(w)[1+nge(wy) + Nge(w,)], (58 and E]° modes deviate somewhat from it, even if one read-
justs the value of|V4|?. An average value oflV]|?
T (0)=|V;[?p@(w)[Nge(@1) —Nge(@5)],  (5b) =50 cm ? gives the best overall agreement in th§™-E{°
region. The most conspicuous discrepancy between the the-
whereV; andV; are third-order anharmonic coupling con- oretical and experimental frequency dependence is the lack
stants, expected to depend only weakly on frequency, andf a peak at 395 cm' in the latter. The reason may be in-
nge(w) are the Bose-Einstein factors. In E@b) we have accuracies in the calculated dispersion relations for the cor-
assumed thab, < w,. Strong dependence of the FWHM on responding TA and/or LA modes. It is conceivable that, if
frequency, and its pressure dependence, usually results frothis inaccuracy is corrected, the 395 thmpeak may be
the critical-point structure in the pressure dependent twobrought very close to the one at 415 ¢h thus enhancing

Besides the isotopic disorder induced linewidths of he
phonons, discussed in Sec. IV A2, one must consider th
effects of anharmonic decay. The FWHM is directly related
to the two-phonon DOS

phonon DOS, shown in Fig. 2. the height of the latter and reproducing the experimental re-
Of particular interest is the behavior of the widths of thesults rather well. The point representing a width of 12¢m
Eg'gh phonon, whose frequency falls on the ridgepéff)(w), in Fig. 6 corresponds to %i’“anGOé%OO.g, crystal®? The effect
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25 . - - . - due to isotopic disorder, as discussed in Sec. IV A 2. For an
isotopically natural sample this FWHM was calculated to be
0.06 cm'!, as compared to measurements indicating that
this FWHM is smaller than 0.1 cnt.®®

20
V. CONCLUSIONS

Pseudopotential LDA electronic structures have been used
to calculate structural parameters, bulk moduli, and transition
pressures of ZnO in three modifications: the conventional
wurtzite, the nearly isoenergetic zinc blende, and the first
high-pressure phageocksal}. The pressure for the wurtzite-
to-rocksalt transition has been evaluated. The structural pa-
rameters and bulk moduli have been compared with experi-
mental data, whereby emphasis has been placed in removing
from the latter the anharmonic effects, in particular, the zero-
point renormalizations which account for part of the discrep-
ancies between theory and experiments.

The LDA electronic structures have also been used to cal-
culate the phonon-dispersion relations of the three modifica-
tions, including phonon eigenvectors, their pressure depen-
0 , , , , , dence, and a few additional response properties suaf), as

350 375 400 425 450 475 500 and the effective charges and their dependence on pressure.
The one- and two-phonon densities of states have been also
calculated and used for analysis of the isotopic disorder in-

FIG. 7. Representation of the change of FWHM of th&’ duced and anharmonic contributions to the linewidth of the
modes vs frequency extracted from room-temperature Raman me®aman phonons. By comparison with experimental data, es-
surements under pressure on sample&'Bh'0 (solid circle and ~ pecially those obtained by applying a hydrostatic pressure
84Zn*80 (solid squares in a similar way as in Ref. 32. The solid and/or varying the isotopic masses, very detailed information
curve represents the anharmonic FWHM obtained from Bg. ~ on the mechanisms contributing to the linewidths has been
using |V3|?2=50 cm 2 and the appropriate Bose-Einstein factors obtained. The two-phonon DOS have been used to interpret
(see text The dashed curve is the guide to the eye of Fig. 6,extant second-order Raman spectra.
multiplied by the Bose-Einstein factors described in the {exac- It is hoped that this work will encourage additional ex-
tor of 2.4). periments on phonon linewidths and second-order Raman
measurements, especially for the rocksalt modification of
ZnO, as well as detailed measurements for the phonon-

dispersion relations of the wurtzite modification, which

m% tol t?'zf'gl“llre’ h?; b%ﬁn dlscussecti 'g SV\?C' IVtAch V\t'htﬁ.re Bould be performed using INS or inelastic x-ray scattering.
calculated value of > cm was reported. We note at tiS e |atter has been recently employed to obtain the disper-

sample shows negligible isotopic broadening fomqg and  gjon relations of wurtzite-type Galt
E1° modes. The reason is to be found in the one-phonon '
DOS of Fig. 1a): The frequencies of these modes fall at the
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the frequency of th&S" mode (100 cm?) suggests that the NanophasgGrant No. HPRN-CT-2000-0016and Comel-
only significant anharmonic broadening mechanism correcan (HPRN-CT-2000-00128 and by the Spanish MCyT
sponds to difference modes, which have a strong peak at thé&rant No. MAT2001-0945 Computer time has been
frequency. According to Eq(5b), this mechanism should granted by the Center de Computa¢i€omunicacions de
vanish at low temperatures, at which the FWHM should beCatalunya (¢).

—_
9/}

T, (FWHM) [cm™]
)

Frequency [cm ']

of isotopic disorder on the FWHM, equal to 7 chaccord-
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