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Local structure of condensed zinc oxide
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The high-pressure local structure of zinc oxide has been studied at room temperature using combined
energy-dispersive x-ray-diffraction and x-ray-absorption spectroscopy experiments. The structural parameteru
and the lattice-parameter ratioc/a of the wurtzite phase is given as a function of pressure and compared with
results fromab initio calculations based on a plane-wave pseudopotential method within the density-functional
theory. It is shown that an accurate study of ZnO requires the explicit treatment of thed electrons of Zn as
valence electrons. In good agreement with present calculations, our experimental data do not show any varia-
tion of u(P) in the low-pressure wurtzite phase between 0 and 9 GPa, pressure at which the phase transition
to the rocksalt phase occurs. Moreover, no dramatic modification of ther-phaseK-edge position up to
;20 GPa is observed, indicating the absence of metallization. In view of all these results, theoretical models
identifying the wurtzite-to-rocksalt transition as an homogeneous path are discussed.

DOI: 10.1103/PhysRevB.68.104101 PACS number~s!: 61.10.Ht, 62.50.1p, 61.50.Ks
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I. INTRODUCTION

Aside from being a good sunblock to protect the sk
from UV overexposure, ZnO is a transparent piezoelec
semiconductor which occurs naturally as a mineral~called
zincite!, e.g., at the meeting point of three relevant grou
for physics, materials science, and geophysics. More spe
cally, high-pressure experimental data on this compound
fundamental to condensed-matter physics because they
strain empirical models of the interatomic potential repuls
part in semiconductors, which might afterwards benefit
design of optoelectronic devices.

As pressure is raised from an ambient condition, ZnO a
group-III nitrides~AlN, GaN, and InN! transform from four-
fold ~wurtzite, labeledw; P63mc space group! to sixfold
~rocksalt, labeledr; Fm3̄m space group! coordinated crysta
structures. The microscopic mechanism involved in t
transformation has been the subject of numerous studies
the existence of a transition path is still debated. Recent
oretical calculations of phonon dispersion have shown
standard total-energy calculations might lead to wrong c
clusions regarding the occurrence of high-pressure struc
phase transitions.1,2 Moreover, lattice-dynamical propertie
are helpful for understanding the transformation pathwa
For example,w-InN was predicted3 to be unstable prior to
the transition to ther –high-pressure phase, leading to
second-order isostructural transformation from the stand
wurtzite phase to another hexagonal configuration~labeled
w8). Recently, Serranoet al.4 refined the previous conclu
0163-1829/2003/68~10!/104101~10!/$20.00 68 1041
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sion using density-functional theory~DFT! local-density ap-
proximation~LDA ! calculations and found a clear variatio
of the internal crystallographic parameteru from its ambient
value (; 3

8 ) up to 0.5 whenw-AlN and w-InN are pressur-
ized. The same type of intermediate phase transformation
been described for GaN,5 where, via a group-theory analys
of the group-subgroup relationship between the two wurtz
networks, a transformation involving coherent atomic m
tions rather than a simple unpredictable diffusion is p
posed. However, this result has been confirmed neither
perimentally nor theoretically.6 This behavior has only bee
calculated for group-III nitrides and the presence of su
transformation in ZnO is probed and discussed in the pre
paper~Sec. IV!.

The variation ofu up to 0.5 has never been observ
experimentally, probably because thew-to-w8 transformation
is usually predicted to occur at a pressure above the obse
first-orderw-to-r transition. Nevertheless, if such phase tra
sition exists in nitrides or ZnO, it should be preceded
some structural instabilities in thew phase, such as a nonlin
ear pressure behavior ofc/a and u3 or phonons softening.5

Experimentally, the elastic behavior of ZnO has been de
mined by ultrasonic experiments up to thew-to-r transition
pressure~9 GPa!. An unusual negative value for the she
modes has been observed and indicates thatw-ZnO is indeed
unstable with respect to a shear perturbation,7 a result that
has been recently confirmed by theory.8 By contrast, no
anomalous behavior is seen for any optical mode in the
periments or calculations.9 Thus, an accurate measurement
©2003 The American Physical Society01-1
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F. DECREMPSet al. PHYSICAL REVIEW B 68, 104101 ~2003!
u(P) in ZnO would shed some light on thew-structure sta-
bility. In addition, the determination of the bond distan
Zn-O as a function of pressure is the most direct way
explore the repulsive part of the interatomic potential, wh
is of great importance for the understanding of ZnO phys
and chemical properties.

The room-temperature compression behavior ofw- and
r-ZnO was studied previously by x-ray powd
diffraction.10–15 However, neither calculations nor exper
ment regarding the pressure dependence of the local stru
of w-ZnO has been published. An experimental attemp
determineu(P) has been proposed11 by comparing the inte-
grated intensity of the~002! and ~101! energy-dispersive
x-ray-diffraction lines. But, according to the author, in vie
of the problems arising from the extraction of the powd
quality ~texture, microstrain, orientation! and the pattern
background contributions~Compton scattering, fluores
cence!, more work is needed to obtain reliable data on
local structure. Results from high-pressure67Zn-Mössbauer
spectroscopy onw-ZnO allowed to probe the hyperfine inte
actions related to the valence state of zinc.13 But, here again,
the pressure variation of the microscopic structure can o
be deduced indirectly@through the use of lattice dynamic
and linearized augmented plane-wave~LAPW! band-
structure calculations#.

The principal objective of this study is to achieve atom
scale insight into the wurtzite structure stability of condens
ZnO. The pressure variation of the atomic positions in b
wurtzite and rocksalt phases are first calculated through
density-functional perturbation theory approach using a s
dard local-density approximation plane-wave/pseudo
tential scheme, and, secondly, probed experimentally by
extended x-ray-absorption fine-structure~EXAFS! calcula-
tions. It is well known that EXAFS analysis suffers from th
ambiguity that the results are strongly dependent on the n
ber of fitting parameters.16 This is particularly critical in the
case of the wurtzite structure where, at least, contributions
to the fifth shell including multiple-scattering effects have
be taken into account to satisfactorily refine the experime
x-ray-absorption fine-structure~XAFS! spectra. Thus, at the
same experimental conditions of pressure, temperature, p
der texture, and strain state, x-ray diffraction~XRD! patterns
were recorded to follow the long-range order. The pres
x-ray-absorption spectroscopy~XAS! and XRD combined
study allows to confirm the reliability of our analysis b
checking the pressure dependence ofa(P) and c(P) de-
duced from XAFS,17 against that obtained independen
from XRD data treatment.

In addition, high-pressure x-ray-absorption near-ed
structure~XANES! measurements of bulk ZnO were carrie
out in order to get an accurate determination of the
K-edge pressure dependence. Up to;20 GPa, no dramatic
modification of ther-phase edge position indicates the a
sence of metallization. Further, the structures of bothw- and
r-ZnO under pressure have been confirmed by comparing
XANES raw data with full multiple-scattering calculation
In particular, the present study allows to disentangle the
biguity of the crystallographic structure of the recover
sample atP50. Finally, the experimental results are com
10410
o
h
l

ure
o

r

e

ly

-
d
h
e

n-
-
n

-

p

al

w-

nt

e

n

-

he

-

pared with original results fromab initio calculations and
discussed in terms of wurtzite stability and the microsco
w-to-r transition process.

II. EXPERIMENTS

A. Sample and high-pressure apparatus

The high-pressure cell was a conventional membr
diamond-anvil cell.18 A steel gasket was preindented fro
200 to 60mm, and a 150-mm hole was drilled in the cente
by spark erosion. Polycrystalline zinc oxide with a nomin
purity of 99.9995%, purchased from Alfa AESAR, wa
loaded into the gasket hole. Chemically inert, silicon oil w
used as a pressure transmitting medium. Pressure was
tematically measuredin situ before and after each measur
ment using the fluorescence emission of a ruby ball19,20

placed into the gasket hole. The accuracy was better than
GPa at the maximum pressure reached.

B. X-ray diffraction

X-ray-diffraction experiments were performed at Labor
toire pour l’Utlisation du Rayonnement Electromagnetiq
~LURE! ~Orsay, France!, where the synchrotron radiation i
emitted by the DCI storage ring operating at 1.85 GeV w
typical currents of 300 mA. The powder x-ray-diffractio
measurements were made in the energy-dispersive m
with the wiggler at the DW11 station. After the energy ca
bration of the Ge detector, the 2u angle was determined b
collecting diffraction patterns of a gold sample placed in b
tween the anvils (2u513.759°). The polychromatic x-ray
beam was collimated to a 50350-mm2 spot centered on the
gasket hole and the diffraction patterns were collected for
to 600 s.

C. Extended x-ray-absorption fine structure

Extended x-ray-absorption fine-structure spectrosc
was performed at LURE, at the D11 dispersive XAS stat
at the ZnK edge. The calibration of the photon energy sc
was determined comparing theK-edge pure Zn spectrum co
lected at ambient conditions using the dispersive techni
with analogous spectra recorded with the same conditi
using the standard XAS technique~double-crystal scanning
monochromator!. The position of the diamond cell was opt
mized in order to reject strong Bragg peaks from the d
monds at high energy above the absorption edge: the a
able energy range was up to about 500 eV above the ZK
edge. Additional details of the beamline setup and the pro
dure of pattern acquisition have been previously publishe21

D. X-ray-absorption near-edge structure

The high-pressure ZnK-edge XANES measurements o
bulk ZnO were carried out at the European Synchrotron
diation Facility on beamline ID24.22 A curved Si~111! crystal
polychromator horizontally focused a;500-eV fan of radia-
tion onto a ;30-mm spot. A Pt-coated mirror, place
;60-cm upstream of the sample at a grazing incidence a
of 4 Mrad, was used to vertically refocus the beam down
below 30-mm full width at half maximum.23
1-2
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LOCAL STRUCTURE OF CONDENSED . . . PHYSICAL REVIEW B68, 104101 ~2003!
E. Computer experiment: Method of calculation

The high-pressure structural properties of zinc oxide h
also been studied by means ofab initio computer simula-
tions. Our calculations have been performed using thePWSCF

code,24 and are based on the DFT within the local-dens
approximation.1 A standard plane-wave/pseudopotent
scheme is adopted. Our pseudopotentials are chosen thr
the Troullier-Martins scheme.25 Other zinc-based semicon
ductors can accurately be treated by freezing the zincd elec-
trons in the core, and adopting a nonlinear core-correc
scheme to account for this approximation. An accurate st
of ZnO requires instead the explicit treatment of thed elec-
trons of Zn as valence electrons. This choice, although c
putationally demanding, proves essential in yielding, for
ample, the correct energetics of the different structures.
calculations were performed with a kinetic-energy cutoff
75 Ry, and specialk-points integration in the Brillouin zone
with ~444! or ~666! regular grids.

The wurtzite structure contains two parameters not fix
by symmetry, i.e., thec/a ratio and the internal coordinateu.
In order to determine the pressure behavior of the system
the wurtzite phase, we chose to fix different volumes, and
relax the total energy of the crystal with respect to tho
parameters. This method allows us to obtain an ene
volume equation of state which can be fitted with a Mu
naghan equation. The same kind of calculation is straight
wardly performed in the cubic NaCl phase, where of cou
the only variable is the lattice parameter.

III. ANALYSIS

A. X-ray-diffraction data

The x-ray-diffraction data were analyzed usingDATLAB

software.26 Figure 1 shows a stack ofw- and r-ZnO XRD
spectra recorded from ambient to high pressure where
background has been subtracted. Because the origin o
background is multiple~synchrotron source, detector, and a
sorption of the sample and its environment! and difficult to
quantify, it was fitted to a polynomial function up to thir
order. Peak positions were determined using a pseudo-V
model and the lattice spacingsdhkl ~in Å! were extracted
from the energies of the reflection linesEhkl ~in keV! using
Bragg’s law:Ehkl .dhkl56.199/(sinu). Finally, the lattice pa-
rameters were calculated using a classical least-square
finement program. The relative errors of the lattice para
eters were determined to be less than 0.05% in
refinements.

B. EXAFS

EXAFS data analysis was carried out in the framework
the GNXAS codes27–29 for theoretical calculations of x-ray
absorption fine structure including multiple-scattering~MS!
pathways. The simulations were performed using the muf
tin approximation and the Hedin-Lundqvist exchang
correlation self-energy. The refinement is based on a min
zation of a standardx2-like residual function related to th
difference between the raw experimental absorption coe
cient and the theoretical signal.30 Using continued-fraction
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techniques, the XAFS signal calculations were performed
cluding both two-atom and three-atom irreducible MS ter
@respectively, notedg (2) andg (3)].27 In the following, using
standard notation, then-body distribution function peaks o
the i th shell are labeledgi

(n) . Before fitting the experimenta
signal with a theoretical model, a preanalysis was perform
in order to~i! simulate the atomic background, including th
main anomalies due to the opening of double-electron e
tation channels;~ii ! determine for each structure the releva
fitting process.

1. Background subtraction

The presence of double-electron photoexcitations, e
tiny, usually results in anomalies in the EXAFS signal bac
ground which affect the reliability of the local structure d
termination~see, for example, Appendix A2 of Ref. 29!. The
study of double-electron excitations in the ZnK edge has
only been attempted in the vicinity of theK edge.31 At high-
est energy~where the double-electron photoexcitations m
create anomalies in the EXAFS signal!, more relevant results
have only been obtained with copper32 and 4p elements
from Z531 ~Ga! to Z536 ~Kr!,33 where the magnitude o
the opening of absorption channels creating the@1s3p#
and @1s3d# double-hole configurations is shown to linear
increase with decreasingZ. The presence of these channe
has also been evidenced for Ga and Ge (Z532), whose con-
tribution appears to be absolutely necessary for reason
EXAFS fits.28 Moreover, the amplitude of the@1s3p#
double-electron excitation cross section has been experim

FIG. 1. X-ray energy-dispersive spectra for wurtzite and ro
salt ZnO at different pressures. At 9.3 GPa, a new diffraction p
~arrow! reflects the occurrence of thew-to-r phase transition. On
decompression~from 16 GPa!, the diffraction pattern fingerprint of
the w phase reappears at;2 GPa.
1-3
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F. DECREMPSet al. PHYSICAL REVIEW B 68, 104101 ~2003!
tally shown to be larger when the metal is oxydized~mainly
due to the more efficient 1s hole screening in metal than i
its corresponding oxide34!. Thus, the extrapolation of previ
ous results toZ530 ~Zn! justifies the background correctio
procedure used in the present work on ZnO, where
@1s3p# double-electron feature has been taken into acco
Experimental EXAFS spectra ofw-ZnO at ambient condi-
tions and a best-fit model background including doub
electron features are reported in Fig. 2. The empirical ba
ground anomaly has been fitted to the experimental d
using the ‘‘smooth step’’ function available in theFITHEO

program ofGNXAS.29 As empirically expected, the amplitud
of the @1s3p# cross section is significant. Its energy can
roughly estimated using theZ11 rule leading in the case o
Zn to 100 eV (3p3/2) and 103.5 eV (3p1/2) above the main
1s edge. It can be noted that these values are slightly lo
than the @1s3p# energy observed in this work
(;9790 eV), probably because of a merging betwe
@1s3s# and @1s3p# contributions.

2. Wurtzite phase analysis

Using the GNXAS code, an initial study revealed tha
whereas a substantial contribution to the EXAFS signa
given by the oxygen nearest neighbors, the additional con
butions from the next-nearest neighbors are essential to
count for the total EXAFS signal. However, increasing t
number of fitting parameters dramatically decreases the
curacy of the result and a strategy has to be develope
choose appropriate fitting parameters and to find connect
between them.

It is obvious that in a general triangular three-atom co
figuration, the structural parametersR12, R13, andu213 au-
tomatically define the third interatomic distanceR23 ~see Fig.

FIG. 2. RawK-edge spectrum ofw-ZnO at P50 and back-
ground ~modeled using a four degree polynomial function! with
visible double-electron excitation at;9790 eV. Inset: magnified
plot of double-electron excitation shape~line! and residual experi-
mental signal. The background parameters were independentl
fined for each spectra~different pressure, different structure!, and
no significant difference was detected. It indicates, in particular,
expected transferability of double-electron features from one st
ture ~w! to another (r ).
10410
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3!. Therefore, the doubletg (2) signals beyond the secon
shell can be calculated using the corresponding triplet co
dinates. This strategy avoids the use of further structural
rameters by introducing in the fitting process an interconn
tion between theg(2) and theg(3) peaks through the Carno
formula.35 In the following, the two-atom signalsg (2) of the
second shell@g2

(2) peak# and the fourth shell@g4
(2) peak# are

calculated using the three-atom contributionsg (3) @g1
(3) and

g3
(3) peaks, respectively#. A single effective multiple-

scattering signalh (3) including both theg (2) and theg (3)

contributions is used for the corresponding shells.
All XAFS signalsg (n) reported in Table I have been ca

culated up to 1000 eV above the ZnK edge and considere
for reproducing the experimental XAFS spectra collected
der pressure. In addition to the background, the XAFS c
culated signal has been refined using a total number of
empirical parameters (E0, defining the alignment of the en
ergy scale, andS0

2, rescaling the calculated EXAFS signa!
and ten structural parameters: the six parameters descr
the three two-body distributions~distanceR and correspond-
ing variancesR

2 for each doublet! and the four parameter

re-

e
c-

FIG. 3. Schematic representation of a three-body configurat
The corresponding EXAFS signal is specified by the parame
R12, R13, andu213, the third distanceR23 being calculated through
the Carnot formula.

TABLE I. Pair and triplet configurations forw-ZnO at ambient
conditions. The three coordinates defining the three-body pe
are as described in Fig. 3. The degeneracy is specified for e
configuration.

Peak
R12

~Å!
R13

~Å!
u213

~°! Degeneracy Atoms
XAFS
signal

g(2)

1 1.977 4 Zn-O g1
(2)

2 3.207 6 Zn-Zn g2
(2)

3 3.214 1 Zn-O g3
(2)

4 3.250 6 Zn-Zn g4
(2)

5 3.807 9 Zn-O g5
(2)

g(3)

1 1.977 1.977 108.11 6 O-Zn-Zn g1
(3)

2 1.977 1.977 108.11 3 Zn-O-O g2
(3)

3 1.977 1.977 110.80 6 O-Zn-Zn g3
(3)
1-4
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LOCAL STRUCTURE OF CONDENSED . . . PHYSICAL REVIEW B68, 104101 ~2003!
describing the two three-body distributions~angle mean
value u and corresponding variancesu

2). The coordination
numbers have been kept unchanged under pressure. Th
composition of the best-fit multiple-scattering signal into
dividual g (2) andh (3) terms is shown in Fig. 4. In all refine
ments, the value of the amplitude reduction factorS0

2 has
been found to lie around 0.95~5! andE0 was found to coin-
cide within 1 eV with the energy position of the second pe
of the experimental spectra derivative~9663 eV!.

3. Rocksalt phase analysis

All XAFS signals g (n) reported in Table II have bee
calculated up to 1000 eV above the ZnK edge and consid
ered for reproducing the experimental XAFS spectra c
lected under pressure. The signal has been modeled as a
of five contributions described as follows~the corresponding
structural parameters are listed in brackets!: ~i! First shell
Zn-O g1

(2) (R1 , sR1

2 ); ~ii ! three-body O-Zn-Zn contribution

h1
(3) associated with theu1590° triangles where the long

bond coincides with peak two of theg(2) (R1 , sR1

2 , u1 , su1

2 ;

the other covariance matrix parameters are fixed as for
w-ZnO XAFS analysis!; ~iii ! third shell Zn-O g3

(2) (R3 ,
sR3

2 ); ~iv! three-body O-Zn-Zn contributionh1
(3) associated

with the u15180° triangles where the long bond coincid
with peak four of theg(2) (R1 , sR1

2 , u1 , su1

2 ); ~v! three-

body Zn-O-O contributiong2
(3) associated with theu1590°

triangles (R1 , u1 , su1

2 ). The empirical parametersE0

(;9664 eV) andS0
2 (;0.90) have been fitted together wit

the structural parameters and the best-fit XAFS signa
shown in Fig. 5.

C. XANES

From a qualitative point of view, x-ray-absorption nea
edge spectroscopy~XANES! is one of the most sensitiv
techniques for probing pressure-induced structural modifi
tions. Figure 6 shows raw ZnK-edge XANES data recorde
as a function of pressure during the upstroke ramp, up tP

TABLE II. Pair and triplet configurations forr-ZnO at ambient
conditions. The three coordinates defining the three-body pe
are as described in Fig. 3. The degeneracy is specified for
configuration.

Peak
R12

~Å!
R13

~Å!
u213

~°! Degeneracy Atoms
XAFS
signal

g(2)

1 2.142 6 Zn-O g1
(2)

2 3.029 12 Zn-Zn g2
(2)

3 3.710 8 Zn-O g3
(2)

4 4.284 6 Zn-Zn g4
(2)

g(3)

1 2.142 2.142 90.0 24 O-Zn-Zn g1
(3)

2 12.142 2.142 90.0 12 Zn-O-O g2
(3)

3 2.142 2.142 180.0 6 O-Zn-Zn g3
(3)
10410
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;16 GPa. In good agreement with XRD or EXAFS, the da
shows the onset of a phase transition to the NaCl ph
around 10 GPa, the transition being complete at about
GPa.

In principle, a complete recovery of the local geome
and site coordination around Zn could be obtained fr
XANES. However, the quantitative analysis of this regi
presents difficulties mainly related to the theoretical appro
mation in the treatment of the potential and the need
heavy time-consuming algorithms to calculate the absorp
cross section in the framework of a full multiple-scatteri
approach. We have performed a comparison of the data
full multiple-scattering calculations using a self-consiste
energy-dependent exchange-correlation Hedin-Lundqvist
tential ~FEFF8 package36!. Self-consistency was obtained b
successively calculating the electron density of states, e
tron density, and Fermi level at each stage of the calcula
within a 27-atom cluster~4 Å or ; three shells! centered on

FIG. 4. Best-fit calculated multiple-scattering signals for the
K-edge XAFSkx(k) spectra ofw-ZnO recorded at ambient pres
sure. Theg1

(2) , g3
(2) , andg5

(2) signals are associated with the firs
third, and fifth shell of neighbors, respectively. The two triplet s
nals are indicated ash1

(3) and h3
(3) because they include also th

doublet associated with the longest interatomic distance of the
angle @g2

(2) and g4
(2) , respectively#. Note the absence of theg2

(3)

signal because~i! its amplitude has been found to be too weak to
taken into account and~ii ! the longest distance of the correspondi
atoms triplet does not involve the photoabsorbing atom~Zn!. The
agreement between measured~Expt! and calculated~Fit! spectra is
excellent in the whole energy range.

ks
ch
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the atom for which the density of states is calculated, a
then iterated. Full multiple-scattering XANES calculatio
were carried out for a 93-atom cluster~6.2 Å or ; seven
shells! centered on the absorbing atom: all multipl
scattering paths within this cluster were summed to infin
order. Besides the structural information defining the geo
etry of the cluster (a53.2427 Å, c55.1948 Å, and u
50.3826 forw-ZnO; a54.280 Å forr-ZnO!, the only exter-
nal parameters used as input for the XANES simulatio
were a 0.5-eV experimental broadening, and a small offse
the energy scale (25.0 eV). A typical result of the simula
tions for the wurtzite and NaCl phases of bulk ZnO a
shown in Fig. 7. The overall good agreement between
calculated and the measured spectra is striking, conside
the absence of adjustable parameters in the theory~in par-
ticular, no structural disorder factor was added to the sim
lations!. The major features and their variation with pressu
are correctly reproduced.

IV. RESULTS AND DISCUSSION

A. Wurtzite phase

The structures of bothw- andr-ZnO under pressure hav
been confirmed by comparing the XANES raw data with f

FIG. 5. Best-fit calculated multiple-scattering signals for the
K-edge XAFSkx(k) spectra ofr-ZnO recorded at ambient pres
sure. Here again, the agreement between measured~Expt! and cal-
culated~Fit! spectra is excellent.
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multiple-scattering calculations. In particular, the pres
study dispels the ambiguity of the crystallographic struct
of the recovered sample atP50 which is found to be pure
wurtzite.

Within the approximation described in Ref. 17, the E
AFS analysis was sophisticated enough to determine b
internal ~u! and unit-cell (c, a) parameters as a function o
pressure. As a matter of fact, the wurtzite symmetry sets
relation betweenu, c, a, and thegi

(n) peaks position~see
Table III!.

The EXAFS resultsa(P), c(P), and V(P) are plotted
in Fig. 8 with both experimental x-ray diffraction an
ab initio results for comparison. Cell-parameter@ l (P)#
measurement as a function of pressure was analyzed
the Murnaghan equation of state:l (P)5 l (0)•@11(B8/B0)
•P# (21/B8), whereB8 is the pressure derivative of the iso
thermal incompressibility at 300-KB0 ~results summarized
in Table IV!. A linear fit to the data givesd(c/a)/dP
520.0004 GPa21, in excellent agreement with previou
work.11 The EXAFS results of dZn-O(P) and u(P)
5dZn-O(P)/c(P) are given in Fig. 9.

The variation ofdZn-O has been fitted with the Murnagha
equation of state, leading toBd05420 GPa@with dZn-O(0)
51.985 Å andBd8 fixed to 12#. In good agreement with
Desgreniers,11 the u oxygen positional parameter ind

FIG. 6. ZnK-edge XANES spectrum of bulk ZnO as a functio
of pressure during the upstroke ramp.
1-6
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FIG. 7. Left: Zn K-edge
XANES of bulk r-ZnO at P
515.6 GPa andab initio simu-
lated spectrum for the NaCl phase
Right: ZnK-edge XANES of bulk
w-ZnO atP50.4 GPa andab ini-
tio simulated spectrum for the
wurtzite phase.
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the
cates, within experimental uncertainty, no peculiar cha
under pressure.40 Karzelet al.13 predicted an increase ofu to
explain their 67Zn-Mössbauer spectroscopy results~pressure
dependence of the main componentVzz of the electric-field
gradient tensor!. However, this discrepancy with our resu
can stem from the fact that theVzz↔u correlation has been
indirectly deduced from scalar-relativistic linearize
augmented plane-wave~LAPW! calculations,Vzz being mea-
sured at low temperature~4.2 K!.

B. Rocksalt phase

The present XRD and EXAFS high-pressure experime
show the occurrence of a phase transition from the wurt
to the rocksalt phase at about 9 GPa~kinetic pressure transi
tion!. Theoretically, the rocksalt structure is seen to be m
stable against the wurtzite one at pressure higher than
GPa, in good agreement with the experimental thermo
namic equilibrium transition observed at around 6 GPa15

The experimental~EXAFS, XRD! and theoretical results o
V(P) for the r phase are given in Fig. 10.

The pressure dependence ofV ~cell volume per chemica
formula! has been fitted for decreasing pressure between
and 2 GPa with the Birch-Murnaghan equation of sta

TABLE III. Two- and three-body distribution function peak
and associated interatomic distances as a function of interna~u!
and unit-cell (c, a) parameters of the wurtzite structure. Th
long-bond distance of the triplet peaks corresponds to the dist
R23 of Fig. 3.

Peaks Atoms Distances Long-bond distance
g1

(2) Zn-O u.c
g3

(2) Zn-O (12u).c
g5

(2) Zn-O Aa21c2.u2

g2
(3) O-Zn-Zn Aa2/31c2/4

g3
(3) O-Zn-Zn a
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Given in Table V, the present results obtained from bo
experimental and theoretical studies are in excellent ag
ment with previously reported data.10–14,37,39

It can be noted that in other II-VI compounds, the tran
tion of the low-pressure to rocksalt high-pressure phas
usually associated with a metallization. In the case of Zn

ce

FIG. 8. Pressure dependence of the cell parameters for
wurtzite phase among compression.
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TABLE IV. Murnaghan equation-of-state parameters for the wurtzite phase of ZnO. Generalized gradient approximation is repre
GGA. SuperscriptsF indicate a fixed value ofB8 in the Murnaghan fitting. VolumesV, in Å3, are per chemical formula unit. Distancesa and
c are in Å. Isothermal bulk moduli are in GPa.Bi0 defines the linear incompressibility along thei axis, withBi8 its pressure derivative.

References Method a0 Ba0 Ba8 c0 Bc0 Bc8 u0 V0 B0 B8

This work XRD 3.250 614 12F 5.201 406 12F 23.79 173 4F

This work EXAFS 3.258 564 12F 5.220 491 12F 0.382 23.99 181 4F

This work DFT-LDA 3.238 464 15 5.232 466 9 0.380 23.76 154 4.3
11 X ray 3.2498 5.2066 23.810 142.6 3.6F

13 XRD1Mössbauer 3.2496 5.2042 23.796 183 4F

14 XRD 3.2475 5.2075 23.7847 136 9.4
37 LDA 0.379 22.874 162.3 4.05
37 GGA 0.3802 24.834 133.7 3.83
39 Hartree-Fock 0.3856 24.570 154.4 3.6
13 LAPW 0.381 160 4.4
-

n
-
re

en
ure
nal
ed
y
er-

s-

of a

ure,
.
res
40

rrier
ly, a

d
salt
the present XANES analysis shows theK-edge energy posi
tion to increase at thew-to-r transition, indicating an in-
crease of the band gap. Further, no dramatic modificatio
the r-phase edge position up to;20 GPa is observed, indi
cating the absence of metallization, in agreement with
ported conductivity measurements.38

FIG. 9. Pressure dependence of the first-nearest-neighbors
tance of zinc (dZn-O) and the internal cell parameter~u! for the
wurtzite phase.
10410
of
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C. Transition path

As recalled in the Introduction, a transition path betwe
the w and ther phase has been proposed in the literat
involving the occurrence of an intermediate hexago
phase, labeledw8. It is clear that no such phase is observ
experimentally and that thew phase is transformed directl
into ther phase above 9 GPa at 300 K. However, it is int
esting to probe the respective stability of thew and w8
phases, which can be done theoretically above thew-to-r
experimental transition pressure.

In Fig. 11 we report the total energy vs thec/a ratio along
three isochores ofw-ZnO. The corresponding values of pre
sure, in the wurtzite range~i.e., for c/a'1.6), are about 19,
29, and 39 GPa. These calculations show the existence
second minimum aroundc/a'1.28, which corresponds to
the w8 phase. This structure is metastable at any press
and becomes more stable than thew phase beyond 20 GPa
However, a phase transition between those two structu
would still be discontinuous at pressures below about
GPa. In fact, as shown in the figure, there is an energy ba
along this transformation path up to 39 GPa. Consequent

is-
FIG. 10. Pressure dependence of the cell volume for the rock

phase~upon decompression for experimental data!.
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LOCAL STRUCTURE OF CONDENSED . . . PHYSICAL REVIEW B68, 104101 ~2003!
kink in the pressure variation ofu is observed at 24 GPa
pressure higher than the experimentalw-to-r pressure transi-
tion. The change of theu value from 0.382~initial low-
pressure value! up to 0.5 is obviously connected to a sym
metry change of the structure which can be seen as
intermediate phase (w8) betweenw- andr-ZnO.5 As a matter
of fact, this interpretation is of most interest, since in view
theP-T phase diagram of ZnO,15 thew-to-w8 transformation
could be observable at low temperature, a domain in wh
the pressure stability range of thew phase is expected to b
larger ~against the rocksalt phase! than at 300 K.

However, in opposition with previous predictions3,5 of an
homogeneous path along whichw-ZnO iscontinuouslytrans-
formed tor-ZnO, the present calculations lead to a const
value of u below and above 24 GPa, pressure at which
abrupt discontinuity from 0.382 to 0.5 is observed. In th
mean time, experimental data do not show instability of
wurtzite structure which could be expected below thew-to-
w8 transition. The present EXAFS analysis gives a press
independent value ofu in the wurtzite stability range. From
the XANES analysis, the structural phase transition is sho
~Fig. 12! to induce modifications in the electronic structu
that lead to an energy shift of about11 eV in the onset of
absorption~defined as the energy corresponding to the ma
mum of the first derivative at the absorption edge!. However,
the Zn K-edge energy for the wurtzite phase is unchang

TABLE V. Murnaghan equation-of-state parameters for t
rocksalt phase of ZnO. SuperscriptsF indicate a fixed value ofB8
in the Murnaghan fitting. VolumesV, in Å3, are per chemical for-
mula unit. Isothermal bulk moduli are in GPa. The EXAFS resu
have been obtained through thedZn-O measurements using the cub
symmetry relationdZn-O5a/25(V/2)1/3.

Method V0 B0 B8

XRD 19.64 204 4F

EXAFS 19.70 218 4F

DFT-LDA 19.49 198 4.6

FIG. 11. Total energy of the wurtzite crystal with respect to t
c/a ratio. Inset: Calculated pressure dependence of the interna
rameteru.
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under pressure. All these results lead to the conclusion
neither a pretransitional effect nor a second-order isost
tural phase transition would be observed in the wurtz
phase prior to the first-order transition to the rocksalt one

Finally, it can be noticed that the elastic shear soften
observed both experimentally7 and theoretically8 at room
temperature~while c/a is measured to be constant! is in
disagreement with the transition path proposed in Ref.
Actually, the weakening ofC44 andC66 elastic moduli under
pressure is probably due to bond-bending forces,41 in oppo-
sition to the proposedw-to-w8 mechanism of transition
where an initial decrease of thec/a ratio is expected before
the opening of the bond-bending angles. Thus, the existe
of a w-to-r transition path, as well as the nature of the int
mediate phase, still remain open questions.

V. CONCLUSION

Combined energy-dispersive x-ray-diffraction and x-ra
absorption spectroscopy experiments have been used to
termined the internal parameteru and the lattice parameter
ratio c/a of the wurtzite phase as a function of pressure.
its experimental range of stability, the hexagonal wurtz
phase is shown to be undistorted by external hydrost
pressures with no pretransitional effect, in good agreem
with presentab initio calculations. While other zinc-base
semiconductors can accurately be treated by freezing
zinc d electrons in the core, the present work shows t
an accurate study of ZnO requires instead the explicit tre
ment of thed electrons of Zn as valence electrons. The sim
lations have also been performed above the experime
w-to-r phase transition. While the expected shift of theu
value from 0.382 to 0.5 is observed, this transition is sho
to be discontinuous in opposition to a possible displac
transformation.
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FIG. 12. Evolution of the ZnK-edge absorption onset~defined
as the energy value corresponding to the maximum of the first
rivative at the absorption edge! with pressures for the pressure u
stroke~circle! and downstroke~triangle! spectra, respectively. The
lines are a guide for the eye.
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