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Pressure dependence of the lattice dynamics of ZnO: An ab initio approach
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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 states 共DOS兲 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 anharmonicity on phonon linewidths, which we discuss here and compare with experimental data from Raman spectroscopy, 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 experimental data.
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I. INTRODUCTION

Zinc oxide, the mineral zincite, crystallizes under normal
conditions with the wurtzite structure 共wz兲, which corresponds to the space group P6 3 mc. Its applications in industry extend to many fields, such as pharmacy, where it is used
as basic ingredient for preparation of cosmetics, uvabsorbing sun lotions, and diverse wound healing balsams.
Other known applications1,2 cover the production of adhesive
tapes, tire rubber, varistors, ceramics, glass, and even animal
feed.3,4 Recently, it has attracted increasing interest because
of its electronic properties, i.e., a semiconducting band gap
of ⬇3.4 eV, and the possibilities for application in optoelectronic devices, directly or as a substrate for the growth of
other semiconductors such as GaN and SiC.5 Therefore these
properties have been extensively characterized, both from the
experimental5,6 and the theoretical7–11 points of view. However, despite the existence of large natural zincite crystals,
and also synthetic ones,12 our knowledge of the vibrational
properties of this material is rather limited. This fact poses an
obstacle to our understanding of the transport properties, especially the thermal conductivity, which are of importance in
the development of high quality optoelectronic devices.
As a wurtzite crystal, ZnO has phonon-dispersion relations consisting of 12 branches whose group-theoretical
analysis at the Brillouin-zone center (q⫽0) yields a decomposition into 2A 1 ⫹2B 1 ⫹2E 1 ⫹2E 2 , where E 1 and E 2 are
double degenerate modes. The zero-frequency acoustic
phonons correspond to one E 1 and one A 1 mode. ZnO is
surprising in the sense that no complete experimental data set
is available for the phonon-dispersion relations, despite the
availability of large enough crystals. Inelastic neutronscattering 共INS兲 data for ZnO have been reported only for the
acoustic branches.13–15 Besides these data, there are several
publications concerning the Raman spectra of ZnO 共Refs.
16 –19兲 as a function of temperature20 and pressure,21,22
which still cannot provide information about the B 1 mode 共at
0163-1829/2004/69共9兲/094306共14兲/$22.50

q⫽0), since it is infrared 共ir兲 and Raman inactive. The theoretical description of the lattice dynamics through semiempirical models,15 fitted to the few experimental data available, is somewhat questionable.
Another issue concerning the properties of this material is
its phase diagram. The growth of ZnO in the zinc-blende
structure 共zb兲 could improve the possibilities for optoelectronic devices, as it may be the case for AlN and GaN.23
However, ZnO grows as a bulk crystal in the wurtzite modification only, which undergoes a transition with pressure to
the rocksalt 共rs兲 phase at ⬇8 GPa. 24 –26 Epitaxial films with
zinc-blende structure have been grown on GaAs substrates27
and thin films of this structure have been reported by Bragg
and Darbyshire.28 Recently, growth of nanocrystalline rocksalt ZnO during a pressure cycle has been also reported.29
In this work we use first-principles calculations based on
density-functional theory to investigate the lattice dynamics
of ZnO for three phases: wurtzite, zinc blende, and rocksalt,
under different hydrostatic pressures. The calculations have
been performed using the method of linear response within
density-functional perturbation theory.30,31 We report calculations of the phonon dispersion relations for the three investigated phases, as well as a detailed analysis of the one- and
two-phonon densities of states, which can successfully reproduce recent experimental observations by Raman measurements under pressure on samples with several isotopic
compositions.32 The calculated dispersion relations and densities of states 共DOS兲 are also useful for the interpretation of
extant second-order Raman data.
II. COMPUTATIONAL METHOD

The ab initio calculations were performed with the code
based on density-functional theory using the pseudopotential method and a plane-wave expansion of the wave
functions.33–35 The pseudopotentials were generated using
the Troullier-Martins scheme,36 treating the 3d electrons of
ABINIT,
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SERRANO, ROMERO, MANJÓN, LAUCK, CARDONA, AND RUBIO

TABLE I. 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 pressure V 0 共in Å3 ) the lattice parameters
a and c 共in Å), the structural and internal parameters of the unit cell for the wurtzite phase c/a and u, and B 0 共in GPa兲 and B ⬘ which stand
for the bulk modulus and its pressure derivative at V 0 . The values in parentheses denote the error bars of the experimental data. For
anharmonic corrections to these data see text in Sec. III. See Sec. III A for a discussion about the importance of the anharmonic renormalization of the structural parameters concerning the comparison between experimental and calculated data.
V0

a

c

c/a

u

B0

B⬘

This work
Expt. a
Expt. b
Theor. d
Theor. e

22.882
23.796共11兲
23.810共6兲
24.570
22.874

3.198
3.2496共6兲
3.2498共3兲
3.290
3.199

5.167
5.2042共20兲
5.2066共3兲
5.241
5.163

Wurzite
1.615
1.6018共7兲
1.6021共3兲
1.593
1.6138

0.379
0.3819共1兲 c
0.3832共2兲
0.3856
0.3790

159.5
183共7兲
142.6共2兲
154.4
162.3

4.5
4
3.6
3.6
4.05

This work
Expt. a , f
Expt. b , f
Theor. d
Theor. e

18.856
19.484共11兲
19.60共6兲
19.799
18.904

4.225
4.271共2兲
4.283共1兲
4.294
4.229

209.1
228共7兲
202.5共2兲
203.3
205.7

2.7
4
3.54共4兲
3.6
3.90

This work
Expt. g
Theor. d
Theor. e

22.841
24.65
24.551
22.914

4.504
4.62
4.614
4.508

160.8

5.73

156.8
161.7

3.6
3.95

Rocksalt

Zinc blende

a

Room-temperature x-ray-diffraction data from Ref. 24.
Room-temperature EDXD data obtained using a synchrotron-radiation source from Ref. 25.
c
Taken from Ref. 49.
d
Hartree-Fock linear combination of atomic orbitals 共LCAO兲 calculations from Ref. 48.
e
LDA calculations from Ref. 9.
f
Values extrapolated to ambient pressure and taken at room temperature.
g
Data reported in Refs. 57 and 10.
b

zinc as valence electrons. We used the local-density approximation 共LDA兲 for the exchange and correlation potential,
obtained from the Monte Carlo data of Ceperly and Alder
共Ref. 37兲 as parametrized by Perdew and Zunger 共Ref. 38兲.
The use of the LDA implies an underestimate of the band
gap in semiconductors, which can be significantly improved
by treating exchange and correlation within the so-called
GW approximation.39– 41 We have obtained, for the optimized cell of the wurtzite structure, a band gap of 0.9 eV in
agreement with other similar calculations.10 This value is
much smaller than the experimental gap 共3.44 eV, Ref. 42兲,
which is correctly reproduced by the GW calculations.10,11
As starting point for the lattice-dynamical calculations,
we obtained the electronic charge density for wurtzite, zincblende, and rocksalt structures at different pressures, optimizing at constant pressure the lattice and the internal parameters 共for the wurtzite structure兲. The electronic bandstructure calculation was performed for the ground-state
wurtzite structure using a grid of 6⫻6⫻3 points for integration over the Brillouin zone 共BZ兲,43 and a cutoff energy of 80
hartree for the plane-wave expansion of the Kohn-Sham orbitals. For the zinc-blende and rocksalt modifications a grid
of 4⫻4⫻4 k points was employed, together with an energy
cutoff of 60 hartree. These values allow a convergence of the
total energy to better than 1 m hartree per unit formula. Table
I displays the calculated lattice parameters and several other

structural parameters for the three phases at V 0 , the calculated equilibrium volume at zero pressure. The comparison
with experimental data for the wurtzite structure shows an
underestimate of the lattice constants by less than 1.6%
共3.9% in volume兲, whereas the ratio c/a is slightly overestimated (0.8%). These are typical deviations within the LDA.
More elaborate density functionals, based on the generalized
gradient approximation, do not improve agreement between
calculations and experimental data, as shown below.
Phonon frequencies and atomic displacements were subsequently obtained using the linear-response method, which
avoids the use of supercells and allows the calculation of the
dynamical matrix at arbitrary q vectors. The force constants
were extracted from a Fourier transform of the dynamical
matrices obtained for a grid in the BZ. These were later
employed to obtain, by interpolation, the phonon frequencies
at arbitrary points in reciprocal space and the phonondispersion relations. The phonon frequencies were converged
to better than 2 cm⫺1 with the plane-wave energy cutoffs
and sampling grids of k points mentioned above. The oneand two-phonon DOS, as well as the zinc and oxygen partial
phonon DOS, were also calculated using these force constants. Technical details about the actual computation of responses to atomic displacements and homogeneous electric
fields can be found in Ref. 44.
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III. STRUCTURAL PROPERTIES AND PHASE
TRANSITIONS

Zinc oxide crystallizes in the wurtzite structure under normal pressure conditions.45 However thin films can be grown
in the metastable zinc-blende modification.27,28 This behavior
is related to the similarity between both structures, which
differ only in the stacking of second nearest neighbors, and
has been observed also in other optoelectronic materials such
as AlN and GaN.46,47 Nanocrystalline powder of rocksalt
ZnO has been recently synthesized at high pressure and
temperature.29
A. Ground state

Table I displays the calculated lattice parameters compared to other calculations and experimental data reported in
the literature.9,24,25,48,49 For this comparison the temperature
of the sample during the experiment must be taken into account. The ab initio calculations are usually performed with
the atoms at fixed positions, whereas the experimental data
of Table I correspond to room temperature, so the thermal
expansion of the lattice should be considered. Even comparison with experimental data at the lowest temperatures available is, strictly speaking, not correct, since it neglects the
anharmonic effect of the zero-point vibrations 共see Fig. 3 of
Ref. 50兲. Ab initio data should always be compared with
unrenormalized experimental data for T⫽0 K, i.e., after removing the anharmonic contribution of the zero-point vibrations. This comparison usually ameliorates the discrepancies
between calculated and experimental data, as it is shown in
the following. Our data underestimate a and c, measured at
300 K by energy-dispersive x-ray diffraction 共EDXD兲,24,25
by ⬇1.6% and 0.8%, respectively. Similar discrepancies are
obtained from other LDA calculations performed with a
Gaussian basis.9 The calculations performed with the generalized gradient approximation for the exchange and correlation energy,9 or using a Hartree-Fock approach with a linear
combination of Gaussian-type orbitals,48 tend to overestimate even the 300 K experimental data.
The deviations between LDA calculations and experimental data are already reduced, though only little, if we compare with experimental data at 4 K reported in Ref. 51 (a
⫽3.2483 Å and c⫽5.2035 Å). However, if we compare our
calculations with the unrenormalized values the difference is
further reduced and we underestimate the lattice parameters
by 1.2% and 0.5%, respectively. The bare values of a and c,
corresponding to fixed atomic positions, can be obtained by
linear extrapolation of the high temperature data in Fig. 1 of
Ref. 52 to T⫽0 K, following the prescription illustrated in
Fig. 3 of Ref. 50. We have obtained by this procedure a
renormalization of ⫹0.38% and ⫹0.24% for a and c at 0 K,
respectively.53 These values lie between those reported for
diamond54 and Ge,55 ⫹0.37% and ⫹0.18%, respectively.
The unrenormalized a and c agree somewhat better with the
calculated 共LDA兲 results than the renormalized values obtained directly from experiments.
We discuss next the bulk modulus B 0 . We should, in principle, also take into account the temperature dependence of
B 0 in a similar way as we have done for the lattice param-

eters, using the linear extrapolation procedure discussed
above. We find from Ref. 56 that the unrenormalized elastic
stiffness constants are ⬇2% larger than the roomtemperature values. Taking for comparison the data at 300 K
from Ref. 25, which have the smallest error bars of all available experimental data, and correcting for the difference between 300 K and 0 K, the vibrational renormalization correction allows us to reduce the discrepancy between our
calculations and the experimental results to 9.7%. The renormalization of the bulk modulus is not negligible even at 0 K,
where it amounts to 1.1%.
The experimental lattice parameters for the rocksalt structure displayed in Table I result from a fit of the pressure
dependent EDXD data extrapolated to ambient pressure. Unfortunately, no information is available on the thermal expansion for this phase, and we can compare our calculations
only with room-temperature data. The calculated lattice constant is also smaller than the experimental values, presumably due to the reasons discussed above for the wurtzite
modification. It is not possible to infer how much of the
discrepancy in Table I for the rocksalt structure is due to
errors in the local-density approximation. However, LDA
calculations performed by Jaffe et al.48 report similar values
of the lattice constant. The bulk modulus of 209.1 GPa is in
line with data obtained using EDXD under pressure with a
synchrotron-radiation source and with other theoretical values listed in Table I.
There are very few reports of the existence of the zincblende ZnO phase at ambient conditions.10,28,57 To the best of
our knowledge, the only experimental result is the lattice
constant a⫽4.62 Å. 57 This value is 2.5% larger than that
obtained from our calculations which, in turn, is similar to
the value reported in Ref. 9. This discrepancy would also be
reduced if we take into account a vibrational renormalization
similar to that used for the wurtzite modification. Our value
of B 0 for zinc blende lies between those reported in other
theoretical papers, although we obtain a larger value for its
pressure derivative, B ⬘ .
B. Phase transitions

Wurtzite-ZnO undergoes a phase transition to the rocksalt
modification upon application of pressure.26 This transition
has been observed by EDXD using conventional sources24 as
well as synchrotron radiation,25 yielding a transition pressure
of 8.7共5兲 and 9.1共2兲 GPa, respectively. In Table II we compare these values with those obtained from our and other ab
initio calculations. However, Refs. 24 and 25 report a strong
hysteresis in the transition of up to 6 GPa, the rs→wz transition being complete only at 2 GPa when lowering the pressure. The wz→rs transition occurs due to the instability of
the wurtzite structure against a shearing deformation, which
has been recently reported in ultrasonic experiments under
pressure58 and confirmed by theoretical calculations.59 This
mechanism has also been proposed for the wurtzite-torocksalt transformation of GaN.60 The wurtzite-to-rocksalt
transition also presents a pressure range where both phases
coexist, between 9.1 and 9.6 GPa according to Ref. 25 and
between 10 and 15 GPa according to Ref. 61. This last ref-

094306-3

PHYSICAL REVIEW B 69, 094306 共2004兲
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TABLE II. Transition pressure p t and relative volume change
⌬V t /V twz at the structural transition from the wurtzite to the NaCl
modification.
⌬V t /V twz

pt
This work
Expt. a
Expt. b
Theor. c
Theor. d

10.1
8.7共5兲
9.1共2兲
8.57
6.60

IV. LATTICE DYNAMICS AND ITS PRESSURE
DEPENDENCE
A. Phonon frequencies and eigenvectors

共%兲

1. Wurtzite

16
17.5
15.5
18.4
16.7

a

X-ray-diffraction data from Ref. 24.
Energy-dispersive x-ray-diffraction data using a synchrotronradiation source reported in Ref. 25.
c
Hartree-Fock LCAO calculations from Ref. 48.
d
LDA calculations from Ref. 9.
b

erence also reports metastability of the rocksalt phase at 1
bar after decompression, which has been applied to produce
nanocrystallites of rocksalt-ZnO in a high-pressure cycle.29
The origin of the disagreement in the transition pressure between both data sets is not clear, since in both cases EDXD
data were taken using synchrotron radiation as x-ray source.
Calculations performed using a Hartree-Fock formalism
yield values of the transition pressure 关8.57 and 6.60 GPa
共Ref. 62兲兴 that lie below the experimental results, whereas
the results of our calculations 共10.1 GPa兲 lie in the range of
the experimental values. The relative change of volume at
the transition pressure, however, is correctly described by the
mentioned theoretical results as well as our calculations.
Jaffe et al.9 have predicted an additional transition from the
rocksalt to the CsCl structure at around 260 GPa. The highest
pressure which has been reached in the EDXS experiments is
56共1兲 GPa.25

We have listed in Table III our calculated frequencies of
the phonons at the center of the BZ for ZnO in the wurtzite
structure at the theoretical zero-pressure volume V 0 . We also
list their calculated eigenvectors, the first and second derivatives of the frequencies vs pressure and the corresponding
Grüneisen parameters, including measurements at 7 K performed by us 共see Ref. 63 for experimental details兲. The
experimental frequencies are also affected, even at low temperatures, by anharmonic and isotopic renormalization.64,65
The latter affects mainly the high-frequency phonons and
would be due to the oxygen mass fluctuations which are
basically negligible for natural oxygen 共99.8% 16O). The
anharmonic renormalization can be obtained, for the E high
2
phonons, from available data for their temperature
dependence:20 It amounts to ⫺5 cm⫺1 . Subtracting this
number to the measured frequency of 438 cm⫺1 , we obtain
443 cm⫺1 which is only 0.7% larger than our calculated
value. If we assume a similar renormalization for the E TO
1
and A TO
frequencies,
we
find
a
difference
of
1%–2%
with
1
our calculations. The measured LO frequencies are about 7%
higher than the calculated ones. This difference correlates
with the difference between calculated and experimental values of ⑀ ⬁ 共see Table IV兲, to be discussed below. The computer code calculates the LO frequency using the expression
关see Eq. 共63兲 of Ref. 44兴
2
2
 LO
⫽  TO
⫹

4  Z *2
,
V 0 ⑀ ⬁

共1兲

where Z * is the transverse effective charge, and V 0 and 
the volume and reduced mass per unit formula, respectively.

TABLE III. Calculated phonon frequencies  , phonon eigenvectors e Zn and e O , and their pressure dependence at the ⌫ point for the
wurtzite structure. Frequencies are given in cm⫺1 and their pressure coefficients in cm⫺1 /GPa and cm⫺1 /GPa2 . Experimental data are given
in parentheses. The calculated Grüneisen 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 along the c axis. The eigenvector normalization
corresponds to four atoms per primitive cell.


E low
2
B low
1
A TO
1
E TO
1
E high
2
B high
1
A LO
1
E LO
1

91 共100 a兲
261
391 共380 a, 379 b兲
409 共410 a, 411 b兲
440 共438 a, 439 b , c兲
552
560 共584 a, 575 b , c兲
556 共595 a, 580 c, 588 d兲

e Zn

0.653
0.701
0.309
0.314
0.272
0.096
0.309
0.314


p

 2

⫺1.05 (⫺0.85 b, ⫺0.93 c兲
1.50
5.29 共4.33 b, 4.72 c兲
5.22 共5.2 b, 4.38 c兲
5.58 共5.11 b, 5.16 c兲
4.96
4.77 共4.75 b兲
4.39 共4.77 c兲

⫺0.027
⫺0.041
⫺0.093
⫺0.096
⫺0.101
⫺0.073
⫺0.089
⫺0.071

eO
⫺0.272
0.096
⫺0.636
⫺0.634
0.653
⫺0.701
⫺0.636
⫺0.634

a

Our Raman data for natural ZnO at 7 K.
Raman data for natural ZnO at room temperature 共Ref. 22兲, B 0 ⫽143 GPa.
c
Raman data for natural ZnO at room temperature 共Ref. 21兲, B 0 ⫽170 GPa.
d
Raman data for natural ZnO at room temperature 共Ref. 51兲.
b
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␥

p2
⫺1.86 (⫺1.21 b,⫺1.6 c兲
0.92
2.16 共1.63 b, 2.1 c兲
2.04 共1.80 b , c兲
2.02 共1.66 b,2.0 c兲
1.43
1.37 共1.17 b兲
1.24 共1.4 c兲
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TABLE IV. Pressure dependence of the Born effective charges Z * of the ir-active modes of ZnO and the dielectric constants in the
wurtzite 共wz兲, zinc-blende 共zb兲, and rocksalt 共rs兲 structures. For the wurtzite structure, the upper and lower rows correspond to E 1 and A 1
modes, respectively. Experimental data are shown in parentheses and results from other calculations are shown in brackets.
Phase

wz
zb
rs

Z * (e)

Z*
(⫻10⫺3 e/GPa)
p

⑀⬁

⑀⬁
(⫻10⫺3 GPa⫺1 )
p

⬜ 2.14 共2.16a兲
兩兩 2.11 共2.22a兲关2.05c, 2.11d兴
2.13
2.45

⫺3.0
⫺2.8
⫺3.1
⫺2.2

5.36 共4.11b兲
4.47 共4.03b兲
5.10
5.44

⫺18 (⫺14b兲
⫺6 (⫺14b兲
⫺14
⫺17

Our Raman data, measured at 7 K. The only experimental data for Z * found in the literature is 2.09 共Ref. 82兲; it was obtained by taking a
weighted average of the squares of the TO and LO phonon frequencies for the A 1 and E 1 modes 共Ref. 83兲.
b
Derived from the refractive indices given in Ref. 71.
c
Ab initio calculations from Ref. 84.
d
Ab initio calculations from Ref. 85.
a

Z * is obtained by evaluation of the effect of an electric field
without using the incorrect calculated values of ⑀ ⬁ .
Among the calculated eigenvectors listed in Table III,
those of the A 1 and E 1 modes can be obtained simply by
invoking the conservation of the center of mass, since there
is only one set of phonons of each symmetry. This procedure
leads for the A 1 and E 1 eigenvectors to e Zn⫽0.314 and e O
⫽⫺0.634, in perfect agreement with the listing for E TO
1 and
in
Table
III.
The
slight
difference
found
in
this
table
for
E LO
1
TO
A TO
and
E
(⬇1%)
gives
an
indication
of
the
computa1
1
tional accuracy. The B 1 and E 2 eigenvectors are not fixed by
symmetry since there are two of each kind. However, because of orthonormality, each depends only on one free parameter. No experimental data are available for the B 1 eigenvectors which, according to the calculations, turn out to be
nearly pure oxygen-like and zinc-like. The E 2 eigenvectors
have also been determined from the dependence of their frequencies on isotope masses.63 They are 兩 e O兩 ⫽0.65(1) and
兩 e Zn兩 ⫽0.27(1), also in excellent agreement with the calculated values.
The calculated  /  p show the usual trends found for
wurtzite and zinc-blende-type semiconductors: The E low
2
phonons, equivalent to the TA共L兲 modes of zinc blende, have
a negative derivative whereas all others are positive. Moreover,  /  p is larger for the TO modes than for the LO
modes, a fact which has been interpreted as reflecting a decrease in ionicity with increasing pressure 共exception SiC,
see Ref. 66兲. The calculated negative values of  2  /  p 2 indicate that the pressure dependence of the corresponding frequencies is sublinear for all modes except for E low
2 , in agreement with other materials of the family 共see Ref. 67 for GaP
and Si兲. The experimental values of the mode Grüneisen parameters ␥ are in good agreement with the calculated ones
and also reflect the trends discussed for  /  p. A large discrepancy between measured and calculated ␥ ’s is found for
the LO modes. This may result from experimental inaccuracies related to the rather broad E LO
1 Raman spectrum displayed in Fig. 1 of Ref. 21. The calculation of the thermal
expansion is not as easy as it may seem except for the material with the zinc-blende structure for which no experimental data are available. It would indeed be quite interesting to

calculate the expansion along a and c for the wurtzite structure for which, as mention in the text, extensive data are
available.52 In this case the thermal expansion along a and c
are different and, in order to evaluate them, it does not suffice to use the volume Grüneisen parameters but one must
use the dependence of all phonon frequencies on strain along
a and c.68 This requires considerable computational effort
and must be left for future work. Even for the cubic case it is
not clear how large a sampling of Grüneisen parameters will
be required to obtain reliable V(T) curves. This will be investigated when the wurtzite calculation is undertaken.
Table IV also shows excellent agreement between experimental and calculated values of Z * . The agreement is not as
satisfactory for ⑀ ⬁ : The fact that the calculated ⑀ 兩兩⬁,⬜ are
larger than the measured ones can be attributed to the LDA
gap problem which has been already mentioned in Sec. II.
The electronic contribution to the susceptibility is known to
increase with decreasing average gap, the so-called Penn gap
E Penn , 69 which usually corresponds to the gap at the X point
of the zinc-blende structure. Using Penn’s expression

⑀ ⬁ ⫺1⫽

E 2p
2
E Penn

,

共2兲

where E p is the plasma energy of the valence electrons, we
find, after correction for the gap problem for the closely related ZnS 共with zinc-blende structure, Ref. 70, the situation
should be very similar for wurtzite ZnO兲, a decrease in ⑀ ⬁
⫺1 by a factor of 0.6 which overcorrects the discrepancy in
⑀ ⬁ ⫺1 shown in Table IV 共a decrease by a factor of 0.8兲. In
spite of this discrepancy, the average of the calculated
 ⑀ 兩兩⬁ /  p and  ⑀⬜⬁ /  p,  具 ⑀ ⬁ 典 /  p⫽⫺13⫻10⫺3 GPa⫺1 , agrees
rather well with the experimental value (⫺14
⫻10⫺3 GPa⫺1 ). 71
Table V lists the ‘‘Grüneisen parameters,’’ i.e., the logarithmic derivatives vs volume with the sign reversed, of ⑀ ⬁
( ␥ ⬁ ) and Z * ( ␥ * ). The calculated ␥ * is obtained directly
from the calculated Z * vs volume, whereas the experimental
one is obtained with the expression
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TABLE V. Comparison between experimental data and calculated Grüneisen parameter ␥ ⬁ of the dielectric constants and those
of the Born effective charges ␥ * for the wurtzite structure, derived
from the data listed in Table IV.

␥⬁

兩兩

⫺0.21
⫺0.48

This work
Expt. a

␥*
⬜

兩兩

⬜

⫺0.54
⫺0.50

⫺0.21
⫺0.21

⫺0.22
⫹0.21 b

a

The refractive indices were taken from Ref. 71, the phonon frequencies and Grüneisen parameters from Table III.
b
Experimental data from Ref. 21. The LO phonons may have a
slight plasmon component which broadens the Raman peak and
possibly vitiates the value of ␥ LO 共see text兲.

␥ * ⫽ ␥ LO⫹

2
共 ␥ LO⫺ ␥ TO兲  TO
2
2
 LO
⫺  TO

1
1
⫹ ␥ ⬁⫺ ,
2
2

共3兲

derived from Eq. 共1兲. Whereas for the polarization parallel to
the c axis experimental and calculated data are in perfect
agreement, this is not the case for the perpendicular polarization. As already mentioned, we believe that the reason
may lie in an inaccurate experimental value of ␥ LO(E 1 ) due
to the broad and weak spectral feature for which this determination was made.21 The calculated negative sign of ␥ *
agrees with that found for all zinc-blende-type semiconductors with the exception of SiC.66 For GaN, an isoelectronic
material with wurtzite structure, we find from the data in
Ref. 72 ␥ * ⫽⫺0.10(5).
Table VI displays the phonon frequencies, their pressure
TABLE VI. Phonon frequencies 共in cm⫺1 ), pressure coefficients 共in cm⫺1 /GPa and cm⫺1 /GPa2 ) and Grüneisen parameters of
several modes for the wurtzite structure at certain high-symmetry
points of the Brillouin zone. For the Grüneisen parameter calculation we have used B 0 ⫽159.5 GPa.
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coefficients, and Grüneisen parameters for A 共0 0 0.5兲, H 共1/3
1/3 0.5兲, and L 共0.5 0 0.5兲, high-symmetry points of the BZ
of the wurtzite structure. We have selected these points as
representative of the edge of the BZ because they present the
largest degeneracy of the phonon frequencies. Similar to the
case of the phonons at ⌫, the Grüneisen parameters for TO
modes are significantly larger than those corresponding to
LO phonons. The other trends discussed for the ⌫ phonons
also apply here; namely, the low-frequency phonons, related
to the TA modes at the zone edge of the zinc-blende structure, exhibit a negative Grüneisen parameter. We may conjecture that this behavior should be found throughout most of
the boundary of the BZ, since the phonons at A are the
lowest-lying modes at this boundary. This is corroborated by
experimental data for the temperature dependence of the linear thermal-expansion coefficient ␣ (T), which can be expressed as a sum of Grüneisen parameters weighted by BoseEinstein factors.73 The low-frequency modes dominate at
low temperature, a fact that yields a sign reversal in ␣ (T),
which is negative at low T due to the contribution of ␥ TA at
the zone edge, and becomes positive with the activation of
LA and optic phonons at higher temperature. At even lower
temperatures, for the group IV and III-V semiconductors, the
expansion coefficient may experience an additional change
of sign and become slightly positive, due to the contribution
of the positive Grüneisen parameters of the elastic constants.
This has been explained in detail in Ref. 73, where firstprinciples calculations show two changes of sign for GaAs
but just one for ZnSe. For this material the Grüneisen parameters of the elastic constants are also negative. For ZnO, only
a sign reversal has been reported51 for ␣ (T), a fact possibly
related to the already negative value for the Grüneisen parameter of the TA共A兲 modes. These modes correspond to
folded ⌳ modes of zinc blende 共see the following section兲
and should reflect the sign of the Grüneisen parameters of the
elastic constants.
2. Zinc blende and rocksalt



A

H

L

69
189
424
557
99
165
258
454
514
539
111
115
267
465
467
554


p



⫺0.84
1.30
5.40
4.56
⫺1.25
⫺0.18
1.89
5.59
5.45
4.77
⫺0.88
⫺1.00
1.78
5.43
5.60
4.81

⫺0.002
⫺0.027
⫺0.095
⫺0.064
⫺0.030
⫺0.034
⫺0.034
⫺0.089
⫺0.080
⫺0.072
⫺0.024
⫺0.025
⫺0.036
⫺0.082
⫺0.093
⫺0.069

2

␥

p2
⫺1.96
1.10
2.03
1.31
⫺2.01
⫺0.17
1.17
1.96
1.69
1.41
⫺1.26
⫺1.39
1.06
1.86
1.91
1.38

The phonon frequencies of several high-symmetry points
for the zinc-blende structure, as well as their dependence on
pressure, are displayed in Table VII. As we discussed in Sec.
III, wurtzite and zinc-blende modifications show the same
atomic surrounding for the first nearest neighbors. Whereas
wurtzite has a sublattice stacking ABABAB . . . along the c
axis, zinc blende shows a different stacking ABCABC . . . ,
this time along the 具 111典 direction. This, and the fact that the
wurtzite primitive cell has four atoms along the c axis, allows us to consider the phonon-dispersion relations of the
wurtzite structure along ⌫-A as backfolded from those of
⌫-L in the zinc-blende BZ. This explains the similarity between the frequencies obtained for the TA and TO modes at
and E high
at ⌫, similarity which is
L and those of the E low
2
2
even carried over to their pressure dependence. For example,
for TO共L兲 we obtain a phonon frequency of 443 cm⫺1 and a
Grüneisen parameter of 1.99, whereas its equivalent mode in
the wurtzite structure, with E high
2 (⌫) symmetry, was calculated to be at 440 cm⫺1 and its Grüneisen parameter 2.02.
Table VIII lists the phonon frequencies and their pressure
094306-6
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TABLE VII. Phonon frequencies 共in cm⫺1 ), pressure coefficients 共in cm⫺1 /GPa and cm⫺1 /GPa2 ), and Grüneisen parameters
of several modes for the zinc-blende structure at certain highsymmetry points of the Brillouin zone. For the Grüneisen parameter
calculation we have used B 0 ⫽160.8 GPa.

recently76 on PbTe have yielded a very small but negative
value of ␥ TA for the X point, contrary to our calculations for
ZnO. In contrast to calculations reported for GaP,77 the rocksalt structure of ZnO exhibits a very small but positive Grüneisen parameter for the TA共X兲 mode, as shown in Table VIII.
This behavior may be related to the nonmetallic nature of the
rocksalt modification of ZnO, which is deduced indirectly
from the nonzero LO-TO splitting at the ⌫ point and has
been recently observed in measurements of the optical absorption, and also obtained in ab initio calculations.78 GaP
seems to be metallic in the rocksalt structure.77
According to Table IV, the calculated values of  Z * /  p
are rather similar for the three ZnO modifications. This derivative can be related to the derivative of an effective charge
with respect to the bond length.66 Because of the similarity
of the bonds in the wurtzite and zinc-blende structures, it is
not surprising to find similar values of  Z * /  p 共and also
 ⑀ ⬁ /  p) for both structures. It is not so obvious that the
rocksalt modification should behave in the same way.
 Z * /  p, if related to the derivative of Z * with respect to a
bond length, can be estimated to be somewhat smaller for
rocksalt than that for the zinc-blende and wurtzite structures,
in agreement with the predictions in Table IV. The fact that
 ⑀ ⬁ /  p is also similar for the three modifications reflects the
fact that E Penn , in the denominator of Eq. 共1兲, increases with
increasing pressure sufficiently to overcompensate the effect
of the increase of E p , which appears in the numerator of that
equation.
Figure 1 displays the calculated phonon-dispersion relations for the three phases investigated at the volume V 0 defined in Table I. The solid diamonds are Raman data for the
wurtzite structure,63 whereas the open and solid circles represent INS data from Refs. 13 and 15, respectively. For the
rocksalt structure, Fig. 1共c兲 shows also the dispersion relations calculated at 8 GPa, i.e., close to the phase transition
共thick curves兲. On the right-hand side of the graphs we plot
the one-phonon DOS 关solid curve,  (1) (  )] and the zinc and
oxygen partial phonon DOS, displayed by dashed and dotted
lines, respectively. These densities of states can be used for
calculating the renormalization of phonon frequencies and
linewidths due to isotopic mass disorder. This renormalization is given, for the zinc-blende structure, by79


⌫
X

L

TO
LO
TA
LA
TO
LO
TA
LA
TO
LO

403
558
128
269
487
551
93
264
443
561


p

 2

5.15
4.55
⫺0.99
1.98
5.61
4.70
⫺0.99
1.45
5.48
4.94

⫺0.084
⫺0.072
⫺0.044
⫺0.032
⫺0.088
⫺0.056
⫺0.032
⫺0.036
⫺0.092
⫺0.072

p

␥

2

2.03
1.31
⫺1.24
1.18
1.85
1.37
⫺1.71
0.88
1.99
1.42

dependence for the rocksalt structure, calculated at the equilibrium volume V 0 . In order to facilitate comparison with
future experiments, we give also the Grüneisen parameters at
8 GPa for the ⌫ phonons, i.e., at a pressure close to the
transition from the wurtzite structure. The most significant
aspect of these data is the positive value of all Grüneisen
parameters listed in Table VIII. This, according to the arguments mentioned above, would yield a positive linear
thermal-expansion coefficient at all temperatures for
rocksalt-type ZnO. To the best of our knowledge, the only
data available in the literature for Grüneisen parameters of
crystals with the rocksalt structure are those reported for Rb
halides.74,75 These data yield negative values for the TA共X兲
and LA共X兲 phonons of RbBr, of the order of ⫺0.50, 75 and
also, but larger in magnitude, for RbI.74 Measurements of the
phonon-dispersion relations under pressure performed
TABLE VIII. Phonon frequencies 共in cm⫺1 ), pressure coefficients 共in cm⫺1 /GPa and cm⫺1 /GPa2 ), and Grüneisen parameters
of several modes for the rocksalt structure at certain high-symmetry
points of the Brillouin zone. For the Grüneisen parameter calculation we have used B 0 ⫽209.1 GPa.


⌫
X

L

a

TO
LO
TA
LA
TO
LO
TA
LA
TO
LO

235
528
138
215
353
462
135
298
201
519


p

 2

5.14
3.68
0.56
1.35
4.42
4.07
1.82
1.33
6.22
3.61

⫺0.106
⫺0.056
⫺0.038
⫺0.054
⫺0.068
⫺0.046
⫺0.026
0.036
⫺0.252
⫺0.050

p2

The Grüneisen parameter at 8 GPa is 4.24.
The Grüneisen parameter at 8 GPa is 1.51.

b


(1)
Zn (1)
2
2
⌫ iso⫽  2 共 g O
2  O 共  兲 兩 e O共  兲 兩 ⫹g 2  Zn 共  兲 兩 e Zn共  兲 兩 兲 ,
6
共4兲

␥
4.57 a
1.29 b
0.85
1.31
2.62
1.84
2.82
0.93
6.47
1.45

(1)
are the one-phonon DOS projected on the oxywhere  O,Zn
gen and zinc sublattices 共normalized to 3兲, g O,Zn
are the mass
2
variance parameters of the oxygen and zinc sublattices,79 and
the eigenvectors are normalized to make the sum of the
low
squares equal to one. For natural ZnO g O
2 ⬇0. For the E 2
(1)
modes we obtain, using Eq. 共4兲 and  Zn of Fig. 1共a兲, for
⫺4
natural ZnO (g Zn
2 ⫽6⫻10 ) an isotopic broadening of
⫺1
0.06 cm . A value of less than 0.1 cm⫺1 has been reported
in the literature63 for the total width of this mode at 7 K.
Hence, most of the measured width must be due to isotopic
68
⫺4
Zn0.5 (g Zn
disorder. For 64Zn0.5
2 ⫽9⫻10 ), for which crys63
tals are available, the isotopic disorder-induced broadening
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FIG. 1. Phonon-dispersion relations and one-phonon DOS 关  1 (  ) 兴 of 共a兲 wz, 共b兲 zb, and 共c兲 rs phases, calculated at the equilibrium
volume 共zero pressure and temperature, thin lines兲 given in Table I. The thick lines in 共c兲 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 and
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 cm⫺1 . We have obtained for the E high
2
phonons a renormalization of the phonon linewidth of
5 cm⫺1 共full width at half maximum, FWHM兲 for
18
nat
Zn16O0.5
O0.5 , in reasonable agreement with the experimental value of 7 cm⫺1 reported in Ref. 32.
The few INS data available for the dispersion relations of
wurtzite in the 240–260 cm⫺1 region agree very well with
the calculations. The position of the corresponding peak in
 (1) (  ) (250 cm⫺1 ) should therefore be given rather reliably in  (1) (  ) of Fig. 1共a兲. Good agreement is also obtained
for the linear parts of the acoustic dispersion relations. This
is not the case for most of the other INS data shown in Fig.
1共a兲. For instance, the measured lower TA modes at M lie
20% higher than the calculated ones. As already displayed in
Table III, the measured E low
2 frequency is 10% larger than the
calculated value. We have already compared the higher Raman frequencies with the calculations in connection with
Tables III and IV.  (1) (  ) in Fig. 1共a兲 shows a gap which

separates oxygen-like from zinc-like vibrations. The modes
above the gap contain only 15% of the squared vibrational
amplitude of zinc 共85% of oxygen兲. The opposite is true for
the modes below the gap. Similar behavior is shown by the
zinc-blende data, in Fig. 1共b兲. However, no gap appears in
the DOS of the rocksalt phase, a fact which is shared by PbS,
PbSe, PbTe, SnTe, AgCl, and AgBr. Some of the alkali halides, however, show a gap 共e.g., NaBr and NaI兲 while others
do not 共e.g., NaCl and KF兲.
B. Two-phonon DOS and second-order Raman scattering
1. Wurtzite
(2)
Figure 2 displays the two-phonon sum 关  ⫹
(  ) 兴 and dif(2)
ference 关  ⫺ (  ) 兴 DOS for ZnO in the wurtzite structure at
several pressures. We have tried to correlate the most salient
(2)
(2)
features of the zero pressure  ⫹
(  ) and  ⫺
(  ) with structure seen in the second-order Raman spectra.16,18,22 The re-
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FIG. 2. Calculated two-phonon densities of states corresponding
to sums 共solid curves兲 and differences 共dotted curves兲 of two
phonons, for the wurtzite structure at several pressures. The vertical
lines are guides to the eye to emphasize the pressure shifts of critical points. With the exception of the bands below ⬇300 cm⫺1 , all
peaks shift up with increasing pressure.

sults of this effect are described in Table IX. This table reflects the trend mentioned when comparing the calculated
with the INS dispersion relations of Fig. 1共a兲. Most of the
calculated structures lie between 5% and 10% lower than the

measured ones, with the exception of the B 1 ⫹LO structure
for which there is good agreement between calculated and
experimental results. This reflects, at least in part, the rather
good agreement obtained by INS for the B 1 branch. It is
interesting to note that for the structure assigned in Table IX
to 2TAL modes the calculated frequency lies above the experimental one. Because of the lack of INS data in the TA共L兲
region it is not possible to speculate about the reason for this
discrepancy.
(2)
(  ) in Fig. 2 lies around
The most prominent peak in  ⫺
348 cm⫺1 at zero pressure. A prominent peak is also seen at
330 cm⫺1 in the Raman spectrum and can be unambiguously
assigned to difference modes because it disappears at low
temperatures. It has already been assigned to TO⫺TA phonon differences.80 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 cm⫺1 shift
up with pressure as corresponds to dominant positive ␥ ’s of
(2)
(  ) at
the two constituent phonons. The features in  ⫹
⫺1
⬇380 cm
do not shift appreciably with pressure. They
correspond to sums of LA and TA modes whose pressure
shift cancel each other. The peak at 230 cm⫺1 shifts down
with pressure thus reflecting the negative Grüneisen parameter of the TA modes 共see Table IV兲.
Figure 3 shows the pressure dependence of the secondorder Raman spectra of 64Zn18O, isotopically pure crystals
used in Ref. 32, in the region where difference modes have
been identified. The most prominent feature (TO⫺E low
2 )
shifts strongly with pressure22,80 thus reflecting the positive ␥
of the TO and the negative one of the TA modes. With increasing pressure this mode acquires a low-frequency shoulder which can also be identified as a difference mode by
comparison with Fig. 2. It corresponds to LO⫺B 1 differences for which, on the basis of the dispersion relations of
Fig. 1共a兲 and of Table VI, the two constituent phonons

TABLE IX. Comparison of structures in the two-phonon DOS 共sum and difference modes兲 with secondorder Raman data. The calculated and experimental 共Ref. 22兲 pressure derivatives are given in parentheses.
Mode
2LO⌫
2LOA,L,M
关 TO⫹LO兴 A,L,M
2TOA,L,M
B 1 ⫹LO
TA⫹LO
关 TA⫹TO兴 A,L,M
关 2B 1 兴 ⌫,L,M
TO⫺E low
2
LO⫺B 1
2TAL

Our calculations
关 cm⫺1 (cm⫺1 /GPa) 兴

Experiments
关 cm⫺1 (cm⫺1 /GPa) 兴

1120 共8.8兲
1100 共8.3兲
1000 共9.7兲
930 共11.3兲
810 共5.9兲
650 共3.7兲
590 共4.5兲
520 共3.0兲
348 共6.6兲
290 共3.0兲
225 (⫺2.1)

1200 a , b
1149 a, 1160 b
1084 a, 1080 b
986 a, 990 b
800– 820 a, 810 b
675 a, 680 b
overlap with first order
540 a, 530 b
334 a, 330 b, 331 c 共5.8兲
302 d 共3.0兲 d
a
208 , 205 b, 213 c (⫺3.9)

a

Raman data at room temperature from Ref. 16.
Raman data at room temperature from Ref. 18.
c
Raman data at room temperature from Ref. 22.
d
Our Raman data under pressure at room temperature for
b

64
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FIG. 4. Like Fig. 2 but for the zinc-blende structure.
FIG. 3. Pressure dependence of the Raman spectrum of
Zn18O, showing a difference mode that corresponds to TO
⫺E low
mode in the vicinity of the M point of the Brillouin zone.
2
The structure that appears at the low-frequency side is assigned to
LO⫺B 1 differences. The lines are guides to the eye.
64

should belong to the ⌫-L-H region. The calculated frequency
for the difference mode is 290 cm⫺1 for natural isotopic
abundances and its pressure coefficient 3 cm⫺1 /GPa, which
agrees reasonably well with the measured pressure coefficient, also 3 cm⫺1 /GPa. The calculated frequencies for natural ZnO must be converted to those which would correspond
to 64Zn18O for comparison with measurements of the isotopically pure crystal. This conversion reduces the LO⫺B 1
frequency to 280 cm⫺1 , considerably lower than the experimental value of 302 cm⫺1 . The discrepancy can be eliminated by correcting for the 25 cm⫺1 difference between the
calculated and experimental values of the LO Raman frequencies. Similar two peaks, related to difference modes,
have also been found in Raman spectra of wurtzite-GaN.72
In order to obtain additional support for the assignment
above, we discuss the differences in the frequencies we measured for 64Zn18O and 64Zn16O. We find for the E high
2
⫺E low
difference a blue shift of ⫹21(1) cm⫺1 and for the
2
weaker LO⫺B 1 a shift of ⫹23(3) cm⫺1 . These shifts agree
satisfactorily with the calculated values, 22 and 25 cm⫺1 ,
respectively.
2. Zinc blende
(2)
⫹
()

(2)
⫺
()

The
and
calculated for the zinc-blende
phase of ZnO at several pressures for a total q⫽0 are shown

in Fig. 4. As expected, they are rather similar to those displayed for the wurtzite structure in Fig. 2. This also applies
to the pressure dependence of both DOS. The only striking
difference is the fact that for wurtzite the DOS have many
more critical points than for the zinc-blende structure 共see,
e.g., the band centered at 400 cm⫺1 in Figs. 2 and 3兲. This
results from the fact that wurtzite has twice as many bands as
zinc blende in the first BZ and, correspondingly, a larger
number of critical points. Moreover, the lower symmetry of
wurtzite produces splitting of all doubly degenerate modes of
(2)
(  ) also shows
zinc blende except those along the c axis.  ⫺
⫺1
a dominant peak at 350 cm at zero pressure which corresponds to TO⫺TA differences and is very similar to the
TO⫺E low
2 peak of wurtzite.
3. Rocksalt

The sum and difference two-phonon DOS of ZnO are
displayed in Fig. 5 for several pressures. All structures shift
up in frequency with increasing pressure, thus reflecting the
positive pressure derivatives of the frequencies given in
Table VIII. This is also supported by the blue shift of the
phonon-dispersion relations with pressure displayed in Fig.
1共c兲. The first-order spectra of the rocksalt structure are not
Raman allowed. Therefore it may be possible to see clearly
the second-order Raman spectra without contamination of
strong first-order peaks, which could be investigated separately using infrared absorption. The DOS shown in Fig. 5
should help future investigations of second-order Raman
spectra of ZnO above the phase transition. It is interesting to
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FIG. 5. Like Fig. 2 but for the rocksalt structure.

note that the TO modes of this structure nearly overlap with
(2)
(  ) in Fig. 5. Therefore it is expected
a strong peak in  ⫺
that decay of the ir-active TO mode into the corresponding
difference mode should yield a significant contribution to the
linewidth of the former at finite temperatures. At low temperature, this contribution should vanish on account of the
Bose-Einstein statistical factors, as discussed next.
C. Anharmonic phonon linewidths: dependence on pressure
and isotopic mass

Besides the isotopic disorder induced linewidths of the ⌫
phonons, discussed in Sec. IV A 2, one must consider the
effects of anharmonic decay. The FWHM is directly related
to the two-phonon DOS
2 (2)
⌫ ⫹共  兲 ⫽ 兩 V ⫹
3 兩  ⫹ 共  兲关 1⫹n BE共  1 兲 ⫹n BE共  2 兲兴 , 共5a兲
2 (2)
⌫ ⫺共  兲 ⫽ 兩 V ⫺
3 兩  ⫺ 共  兲关 n BE共  1 兲 ⫺n BE共  2 兲兴 ,

共5b兲

⫺
where V ⫹
3 and V 3 are third-order anharmonic coupling constants, expected to depend only weakly on frequency, and
n BE(  ) are the Bose-Einstein factors. In Eq. 共5b兲 we have
assumed that  1 ⬍  2 . Strong dependence of the FWHM on
frequency, and its pressure dependence, usually results from
the critical-point structure in the pressure dependent twophonon DOS, shown in Fig. 2.
Of particular interest is the behavior of the widths of the
(2)
phonon, whose frequency falls on the ridge of  ⫹
(  ),
E high
2

TO
high
FIG. 6. Phonon linewidth 共FHWM兲 of A TO
vs
1 , E 1 , and E 2
Raman shift. Data extracted from measurements at 7 K on samples
with several isotopic compositions 共Refs. 32 and 86兲. The point
separated by an arrow corresponds to the E high
mode for
2
nat
Zn16O18
O
,
the
arrow
length
indicating
the
additional
broaden0.5
0.5
ing due to isotopic-mass disorder 关see Eq. 共4兲兴. The solid curve is
the calculated two-phonon 共sum兲 DOS, shifted by ⫹10 cm⫺1 and
multiplied by an anharmonic coupling constant of 57 cm⫺2 , as explained in the text and in Ref. 32. The dashed curve has been
plotted through the measured points as a guide to the eye.

which can be seen in Fig. 2 below the near gap at 440 cm⫺1 .
This, and the dependence of the FWHM on isotopic mass,
has been discussed in detail in Ref. 32. We reproduce in Fig.
6 some of the data of that reference for the E high
modes,
2
TO
and
E
modes.
The
together with our new data for the A TO
1
1
representation of this figure has been conceived in the manner described in Ref. 32 so as to refer all experimental points
(2)
to a single  ⫹
(  ), which corresponds to ambient pressure
and a fixed isotopic composition. The FWHM of the E high
2
mode shown in Fig. 6 follows very well the prediction of Eq.
2
⫺2
whereas the widths of the A TO
共5a兲 with 兩 V ⫹
3 兩 ⫽57 cm
1
TO
and E 1 modes deviate somewhat from it, even if one read⫹ 2
2
justs the value of 兩 V ⫹
3 兩 . An average value of 兩 V 3 兩
TO TO
⫺2
⫽50 cm gives the best overall agreement in the A 1 -E 1
region. The most conspicuous discrepancy between the theoretical and experimental frequency dependence is the lack
of a peak at 395 cm⫺1 in the latter. The reason may be inaccuracies in the calculated dispersion relations for the corresponding TA and/or LA modes. It is conceivable that, if
this inaccuracy is corrected, the 395 cm⫺1 peak may be
brought very close to the one at 415 cm⫺1 , thus enhancing
the height of the latter and reproducing the experimental results rather well. The point representing a width of 12 cm⫺1
18
in Fig. 6 corresponds to a natZn16O0.5
O0.5 crystal.32 The effect
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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⫺1 , as compared to measurements indicating that
this FWHM is smaller than 0.1 cm⫺1 . 63
V. CONCLUSIONS

FIG. 7. Representation of the change of FWHM of the A TO
1
modes vs frequency extracted from room-temperature Raman measurements under pressure on samples of 64Zn16O 共solid circles兲 and
64
Zn18O 共solid squares兲, in a similar way as in Ref. 32. The solid
curve represents the anharmonic FWHM obtained from Eq. 共5a兲
2
⫺2
using 兩 V ⫹
and the appropriate Bose-Einstein factors
3 兩 ⫽50 cm
共see text兲. The dashed curve is the guide to the eye of Fig. 6,
multiplied by the Bose-Einstein factors described in the text 共a factor of 2.4兲.

of isotopic disorder on the FWHM, equal to 7 cm⫺1 according to this figure, has been discussed in Sec. IV A 2 where a
calculated value of 5 cm⫺1 was reported. We note that this
sample shows negligible isotopic broadening for the A TO
1 and
E TO
modes.
The
reason
is
to
be
found
in
the
one-phonon
1
DOS of Fig. 1共a兲: The frequencies of these modes fall at the
top of the acoustic-optic gap, in a region where there are
basically no states available for elastic scattering.
TO
The analysis given above for the A TO
1 and E 1 widths is
supported by our Raman measurements under pressure on
two isotopically pure samples: 64Zn18O and 64Zn16O 共for
details on the experimental method see Ref. 32兲. With the
representation used in Fig. 6 we obtain, at room temperature,
(2)
the results displayed in Fig. 7. According to Eq. 共5a兲,  ⫹
()
has been multiplied by the Bose-Einstein factors which correspond to the average TA and LA decay frequencies of 150
2
and 250 cm⫺1 . The best-fit results in an average 兩 V ⫹
3兩
(2)
(2)
⫺2
⫽50 cm . Comparison in Fig. 2 of  ⫹ (  ) and  ⫺ (  ) at
⫺1
the frequency of the E low
2 mode (100 cm ) suggests that the
only significant anharmonic broadening mechanism corresponds to difference modes, which have a strong peak at that
frequency. According to Eq. 共5b兲, this mechanism should
vanish at low temperatures, at which the FWHM should be

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 phase 共rocksalt兲. The pressure for the wurtziteto-rocksalt transition has been evaluated. The structural parameters and bulk moduli have been compared with experimental data, whereby emphasis has been placed in removing
from the latter the anharmonic effects, in particular, the zeropoint renormalizations which account for part of the discrepancies between theory and experiments.
The LDA electronic structures have also been used to calculate the phonon-dispersion relations of the three modifications, including phonon eigenvectors, their pressure dependence, and a few additional response properties such as ⑀ ⬁
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 induced and anharmonic contributions to the linewidth of the
Raman phonons. By comparison with experimental data, especially those obtained by applying a hydrostatic pressure
and/or varying the isotopic masses, very detailed information
on the mechanisms contributing to the linewidths has been
obtained. The two-phonon DOS have been used to interpret
extant second-order Raman spectra.
It is hoped that this work will encourage additional experiments on phonon linewidths and second-order Raman
measurements, especially for the rocksalt modification of
ZnO, as well as detailed measurements for the phonondispersion relations of the wurtzite modification, which
could be performed using INS or inelastic x-ray scattering.
The latter has been recently employed to obtain the dispersion relations of wurtzite-type GaN.81
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