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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 parameter
and the lattice-parameter ratida 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 dfeleetrons 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 ofr{ileaseK-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.
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[. INTRODUCTION sion using density-functional theoffpFT) local-density ap-
proximation(LDA) calculations and found a clear variation
Aside from being a good sunblock to protect the skinof the internal crystallographic parametefrom its ambient
from UV overexposure, ZnO is a transparent piezoelectriczalue (~2) up to 0.5 whenw-AIN and w-InN are pressur-
semiconductor which occurs naturally as a mindcalled  ized. The same type of intermediate phase transformation has
zincite), e.g., at the meeting point of three relevant groupsheen described for Gal\where, via a group-theory analysis
for physics, materials science, and geophysics. More specifpf the group-subgroup relationship between the two wurtzite
cally, high-pressure experimental data on this compound argetworks, a transformation involving coherent atomic mo-
fundamental to condensed-matter physics because they cofions rather than a simple unpredictable diffusion is pro-
strain empirical models of the interatomic potential repulsiveppsed. However, this result has been confirmed neither ex-
part in semiconductors, which might afterwards benefit theyerimentally nor theoretical§/This behavior has only been
design of optoelectronic devices. calculated for group-lll nitrides and the presence of such
As pressure is raised from an ambient condition, ZnO angransformation in ZnO is probed and discussed in the present
group-Ill nitrides(AIN, GaN, and InN transform from four-  paper(Sec. V).
fold (wurtzite, labeledw; P6smc space groupto sixfold The variation ofu up to 0.5 has never been observed
(rocksalt, labeled; Fm3m space groupcoordinated crystal experimentally, probably because théo-w' transformation
structures. The microscopic mechanism involved in thiss usually predicted to occur at a pressure above the observed
transformation has been the subject of numerous studies affidst-orderw-to-r transition. Nevertheless, if such phase tran-
the existence of a transition path is still debated. Recent thesition exists in nitrides or ZnO, it should be preceded by
oretical calculations of phonon dispersion have shown thasome structural instabilities in the phase, such as a nonlin-
standard total-energy calculations might lead to wrong conear pressure behavior ofa and u® or phonons softening.
clusions regarding the occurrence of high-pressure structur@xperimentally, the elastic behavior of ZnO has been deter-
phase transitions? Moreover, lattice-dynamical properties mined by ultrasonic experiments up to theto-r transition
are helpful for understanding the transformation pathwayspressure(9 GPa. An unusual negative value for the shear
For examplew-InN was predictetito be unstable prior to  modes has been observed and indicatesvitanO is indeed
the transition to ther —high-pressure phase, leading to aunstable with respect to a shear perturbafi@nresult that
second-order isostructural transformation from the standartas been recently confirmed by theBry contrast, no
wurtzite phase to another hexagonal configurafilabeled anomalous behavior is seen for any optical mode in the ex-
w’). Recently, Serranet al? refined the previous conclu- periments or calculationsThus, an accurate measurement of
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u(P) in ZnO would shed some light on thestructure sta- pared with original results fronab initio calculations and
bility. In addition, the determination of the bond distance discussed in terms of wurtzite stability and the microscopic
Zn-O as a function of pressure is the most direct way tg/V-to- transition process.
explore the repulsive part of the interatomic potential, which
is of great importance for the understanding of ZnO physical IIl. EXPERIMENTS
and chemical properties. , _ A. Sample and high-pressure apparatus

The room-temperature compression behaviomefand , ,
r-ZnO was studied previously by x-ray powder _ The high-pressure cell was a conventional membrane
diffraction 191 However, neither calculations nor experi- diamond-anvil celf® A steel gasket was preindented from
ment regarding the pressure dependence of the local structuf@0 10 60um, and a 15q:m hole was drilled in the center
of w-ZnO has been published. An experimental attempt td?Y SPark erosion. Polycrystalline zinc oxide with a nominal
determineu(P) has been proposdby comparing the inte- Purity of 99.9995%, purchased from Alfa AESAR, was
grated intensity of the002) and (101) energy-dispersive loaded into the gasket hole. Chemically inert, silicon oil was
x-ray-diffraction lines. But, according to the author, in view US€d as a pressure transmitting medium. Pressure was sys-

of the problems arising from the extraction of the powdert€matically measureth situ before and after each measure-
quality (texture, microstrain, orientatipnand the pattern Ment using the fluorescence emission of a ruby Bl
background contributions(Compton scattering, fluores- placed into the g_asket hole. The accuracy was better than 0.5
cence, more work is needed to obtain reliable data on theGPa at the maximum pressure reached.
local structure. Results from high-pressi¥@&n-Mossbauer ) .
spectroscopy ow-ZnO allowed to probe the hyperfine inter- B. X-ray diffraction
actions related to the valence state of ZihBut, here again, X-ray-diffraction experiments were performed at Labora-
the pressure variation of the microscopic structure can onlyoire pour I'Utlisation du Rayonnement Electromagnetique
be deduced indirectljthrough the use of lattice dynamics (LURE) (Orsay, France where the synchrotron radiation is
and linearized augmented plane-waw@APW) band-  emitted by the DCI storage ring operating at 1.85 GeV with
structure calculatiorjs typical currents of 300 mA. The powder x-ray-diffraction
The principal objective of this study is to achieve atomic-measurements were made in the energy-dispersive mode
scale insight into the wurtzite structure stability of condensedyith the wiggler at the DW11 station. After the energy cali-
ZnO. The pressure variation of the atomic positions in bothpration of the Ge detector, theg2angle was determined by
wurtzite and rocksalt phases are first calculated through theollecting diffraction patterns of a gold sample placed in be-
density-functional perturbation theory approach using a stanween the anvils (2=13.759°). The polychromatic x-ray
dard local-density approximation plane-wave/pseudopobeam was collimated to a 5060-um? spot centered on the

tential scheme, and, secondly, probed experimentally by Zgasket hole and the diffraction patterns were collected for up
extended x-ray-absorption fine-structuieXAFS) calcula- tg 600 s.

tions. It is well known that EXAFS analysis suffers from the
ambiguity that the results are strongly dependent on the num- C. Extended x-ray-absorption fine structure

ber of fitting parameter¥ This is particularly critical in the . )
Extended x-ray-absorption fine-structure spectroscopy

case of the wurtzite structure where, at least, contributions ualas performed at LURE, at the D11 dispersive XAS station

to the fifth shell including multiple-scattering effects have to he 7nK edae. Th librati f the ph |
be taken into account to satisfactorily refine the experimentaf'fltt e ZnK edge. The calibration of the photon energy scale

x-ray-absorption fine-structurXAFS) spectra. Thus, at the was determined comparing theedge pure Zn spectrum col-

same experimental conditions of pressure, temperature, pO\AP-.Cted at ambient conditions using the dispersive technique
der texture, and strain state, x-ray diffractiotRD) patterns W't_h analogous spectra record_ed with the same conc_Jltlons
were recorded to follow the long-range order. The presen?ISIng the standard XAS_t_echmql(ldou_ble-crystal scanning
x-ray-absorption spectroscopiXAS) and XRD combined mpnochromatdr The position of the diamond cell was opti-
study allows to confirm the reliability of our analysis by Mized in order to reject strong Bragg peaks from the dia-
checking the pressure dependencea¢P) and c(P) de- monds at high energy above the absorption edge: the avail-
duced from XAFSY against that obtained independently able energy range was up to about 500 eV above th& Zn
from XRD data treatment. edge. Additional detz_;ul_s_ of the beamline setup and the_z proce-
In addition, high-pressure x-ray-absorption near-edgéjure of pattern acquisition have been previously publisted.

structure(XANES) measurements of bulk ZnO were carried
out in order to get an accurate determination of the Zn
K-edge pressure dependence. Up~t80 GPa, no dramatic The high-pressure ZK-edge XANES measurements on
modification of ther-phase edge position indicates the ab-bulk ZnO were carried out at the European Synchrotron Ra-
sence of metallization. Further, the structures of hetand  diation Facility on beamline ID2# A curved S{111) crystal
r-ZnO under pressure have been confirmed by comparing thgolychromator horizontally focused-a500-eV fan of radia-
XANES raw data with full multiple-scattering calculations. tion onto a ~30-um spot. A Pt-coated mirror, placed

In particular, the present study allows to disentangle the am~ 60-cm upstream of the sample at a grazing incidence angle
biguity of the crystallographic structure of the recoveredof 4 Mrad, was used to vertically refocus the beam down to
sample atP=0. Finally, the experimental results are com- below 30xm full width at half maximunt®

D. X-ray-absorption near-edge structure
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E. Computer experiment: Method of calculation L L L L L L LB P

The high-pressure structural properties of zinc oxide have
also been studied by means al initio computer simula- B i
tions. Our calculations have been performed usingrthisCF ) (
code®® and are based on the DFT within the local-density P=0 GPa, recovered sample
approximation: A standard plane-wave/pseudopotential s | ‘

- ‘
I | A MZH-? GPa
L A_P=13.4GPa_ |

" P=11.]1 1Pa

scheme is adopted. Our pseudopotentials are chosen throug
the Troullier-Martins schem®. Other zinc-based semicon-
ductors can accurately be treated by freezing the dialec-
trons in the core, and adopting a nonlinear core-correction
scheme to account for this approximation. An accurate study
of ZnO requires instead the explicit treatment of thelec- ‘ )
trons of Zn as valence electrons. This choice, although com= | P=2.7 GPa
putationally demanding, proves essential in yielding, for ex- | A P=9.3 GPa
ample, the correct energetics of the different structures. Oul | et
calculations were performed with a kinetic-energy cutoff of P=8.3 (GPa
75 Ry, and specidt-points integration in the Brillouin zone, R ’ r
with (444) or (666) regular grids.
The wurtzite structure contains two parameters not fixed P=0 GPa
by symmetry, i.e., the/a ratio and the internal coordinate O._ T T T T
In order to determine the pressure behavior of the system ir 20 55 30 35 20
the wurtzite phase, we chose to fix different volumes, and to Energy (keV)
relax the total energy of the crystal with respect to those
parameters. This method allows us to obtain an energy- FIG. 1. X-ray energy-dispersive spectra for wurtzite and rock-
volume equation of state which can be fitted with a Mur-Salt ZnO at different pressures. At 9.3 GPa, a new diffraction peak
naghan equation. The same kind of calculation is straightfortarrow reflects the occurrence of the-to-r phase transition. On
wardly performed in the cubic NaCl phase, where of coursdélecompressioffrom 16 GPa, the diffraction pattern fingerprint of
the only variable is the lattice parameter. the w phase reappears &i2 GPa.

(arb. units)

ntensity
I
|

P=7.3 GPa

I1l. ANALYSIS techniques, the XAFS signal calculations were performed in-
_ ) cluding both two-atom and three-atom irreducible MS terms
A. X-ray-diffraction data [respectively, noted/?) and y®].?’ In the following, using

The x-ray-diffraction data were analyzed usingrLAB standard notation, the-body distribution function peaks of
software®® Figure 1 shows a stack of- andr-ZnO XRD  theith shell are labeled(" . Before fitting the experimental
spectra recorded from ambient to high pressure where thgignal with a theoretical model, a preanalysis was performed
background has been subtracted. Because the origin of the order to(i) simulate the atomic background, including the
background is multiplésynchrotron source, detector, and ab-main anomalies due to the opening of double-electron exci-
sorption of the sample and its environmeand difficult to  tation channels(ii) determine for each structure the relevant
quantify, it was fitted to a polynomial function up to third fitting process.
order. Peak positions were determined using a pseudo-Voigt
model and the lattice spacingk,, (in A) were extracted 1. Background subtraction
from the energies of the reflection lin&s,, (in keV) using
Bragg’s law:Epy, .dh = 6.199/(sind). Finally, the lattice pa-
rameters were calculated using a classical least-squares

The presence of double-electron photoexcitations, even
llgly, usually results in anomalies in the EXAFS signal back-
finement program. The relative errors of the lattice paramground which affect the reliability of the local structure de-

eters were determined to be less than 0.05% in alférmination(see, for example, Appendix A2 of Ref. 29he
refinements. study of double-electron excitations in the Znedge has

only been attempted in the vicinity of the edge®! At high-

est energywhere the double-electron photoexcitations may
B. EXAFS create anomalies in the EXAFS sighahore relevant results

EXAFS data analysis was carried out in the framework ofhave only been obtained with copperand 4 elements

the oNxAs coded”~2° for theoretical calculations of x-ray- from Z=31 (Ga) to Z=236 (Kr),*® where the magnitude of
absorption fine structure including multiple-scatteriihdS)  the opening of absorption channels creating fis3p]
pathways. The simulations were performed using the muffinand[1s3d] double-hole configurations is shown to linearly
tin approximation and the Hedin-Lundqvist exchange-increase with decreasing The presence of these channels
correlation self-energy. The refinement is based on a minimihas also been evidenced for Ga and @e-@32), whose con-
zation of a standarg?-like residual function related to the tribution appears to be absolutely necessary for reasonable
difference between the raw experimental absorption coefiEXAFS fits?® Moreover, the amplitude of thé1s3p]
cient and the theoretical signil.Using continued-fraction double-electron excitation cross section has been experimen-
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FIG. 3. Schematic representation of a three-body configuration.
The corresponding EXAFS signal is specified by the parameters
Ri5, Ry3, and 6,3, the third distanc&,; being calculated through

FIG. 2. RawK-edge spectrum oW-ZnO at P=0 and back- the Carnot formula.
ground (modeled using a four degree polynomial funcjiomith

visible double-electron excitation at 9790 eV. Inset: magnified ©?) o
plot of double-electron excitation shage) and residual experi- 3). Therefore, the doubley” signals beyond the second

mental signal. The background parameters were independently ré—_he" can b_e calculated us_ing the corresponding triplet coor-
fined for each spectrédifferent pressure, different structiyeand dinates. This strategy avoids the use of further structural pa-

no significant difference was detected. It indicates, in particular, thé@Meters by introducing in the fitting process an interconnec-

expected transferability of double-electron features from one struction between theg®) and theg® peaks th"_OUQh the Carnot
ture (w) to another (). formula® In the following, the two-atom signalg(® of the

second shellg!?) peal and the fourth shellg{?) peaK are
calculated using the three-atom contributioft® [g{* and

3 . . . .
due to the more efficientslhole screening in metal than in gs” peaks, resp(g)ctlwe]y A single eff(ezcgnve multl?s[)e-
its corresponding oxidd). Thus, the extrapolation of previ- Scattering signab;** including both they'= and they
ous results t&= 30 (Zn) justifies the background correction contributions is used (frgr the corresponding shells.
procedure used in the present work on ZnO, where the All XAFS signalsy'™ reported in Table | have been cal-
[1s3p] double-electron feature has been taken into accoungulated up to 1000 eV above the Enedge and considered
Experimental EXAFS spectra af-ZnO at ambient condi- for reproducing the experimental XAFS spectra collected un-
tions and a best-fit model background including double-der pressure. In addition to the background, the XAFS cal-
electron features are reported in Fig. 2. The empirical backeulated signal has been refined using a total number of two
ground anomaly has been fitted to the experimental dat§mpirical paramzetersE(o, defining the alignment of the en-
using the “smooth step” function available in theTHEO ~ €rgy scale, and;, rescaling the calculated EXAFS sighal
program ofcnxas.?® As empirically expected, the amplitude and ten structural parameters: the six parameters describing

of the [1s3p] cross section is significant. Its energy can bethe three two-body distributionglistanceR and correspond-
roughly estimated using thé+ 1 rule leading in the case of ing variances for each doublétand the four parameters
Zn to 100 eV (P3) and 103.5 eV (B4y) above the main

1s edge. It can be noted that these values are slightly lower TABLE I. Pair and triplet configurations for-ZnO at ambient
than the [1s3p] energy observed in this work  conditions. The three coordinates defining the three-body peaks
(~9790 eV), probably because of a merging betweerare as described in Fig. 3. The degeneracy is specified for each

tally shown to be larger when the metal is oxydiZeahinly

[1s3s] and[1s3p] contributions. configuration.
. . Ry, Ry Oas XAFS
2. Wurtzite phase analysis Peak (A) (A (°)  Degeneracy Atoms signal

Using the GNXAS code, an initial study revealed that
whereas a substantial contribution to the EXAFS signal is9

given by the oxygen nearest neighbors, the additional contri- 1~ 1.977 4 Zn-0 ¥
butions from the next-nearest neighbors are essential to ac-2 ~ 3.207 6 Zn-zn AP
count for the total EXAFS signal. However, increasing the 3  3.214 1 Zn-0 ¥
number of fitting parameters dramatically decreases the ac-4  3.250 6 Zn-zn ¥
curacy of the result and a strategy has to be developed to5  3.807 9 Zn-0 P
choose appropriate fitting parameters and to find connectiong®
between them. 1 1977 1977 108.11 6 0-Zn-Zn
It is obvious that in a general triangular three-atom con- 2 1.977 1977 108.11 3 Zn-0-0 &
figuration, the structural parametdrg,, R,3, and 6,,5 au- 3  1.977 1.977 110.80 6 0-zZn-zn ¥

tomatically define the third interatomic distarRg; (see Fig.
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TABLE Il. Pair and triplet configurations far-ZnO at ambient S ALERF LEEEN ERRES RLEEY RE RN
conditions. The three coordinates defining the three-body peaks

are as described in Fig. 3. The degeneracy is specified for each

configuration. - (2)
! LA
R Ri3 0213 XAFS [
Peak (A) (A) (°)  Degeneracy Atoms signal i y(z)
= 3
g N F
1 2142 6 Zn-0 4§ ; @)
2 3.029 12 Zn-zn  y¥) - Y s
3 3.710 8 Zn-0 P -1
4 4.284 6 Zn-zn ¥ °$-_/\/\/\/\/\/\—’—vn(3>
g® <l o A
1 2142 2142 90.0 24 0-Zn-Zn ¥ =l 9
2 12142 2142 900 12 Zn-0-0 ¥ oy .
3 2142 2142 180.0 6 0-Zn-Zn »§ 3

describing the two three-body distributioangle mean
value 6 and corresponding varianaeg). The coordination
numbers have been kept unchanged under pressure. The de-
composition of the best-fit multiple-scattering signal into in-
dividual ® and 5® terms is shown in Fig. 4. In all refine-
ments, the value of the amplitude reduction fac&rhas

been found to lie around 0.65 andE, was found to coin- b b b b b Lo L
cide within 1 eV with the energy position of the second peak 1 _18
of the experimental spectra derivati(@63 e\J. k (A™)

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

All XAFS signals ¥(™ reported in Table Il have been sure. They{?, 1), andy{?) signals are associated with the first,
calculated up to 1000 eV above the Knedge and consid- third, and fifth shell of neighbors, respectively. The two triplet sig-
ered for reproducing the experimental XAFS spectra col-nals are indicated ag{¥ and 5% because they include also the
lected under pressure. The signal has been modeled as a sdaublet associated with the longest interatomic distance of the tri-
of five contributions described as followhe corresponding angle[ v and y§?), respectively. Note the absence of thel®
structural parameters are listed in brackets) First shell ~ signal becausé) its amplitude has been found to be too weak to be

Zn-O 7(2) (Ry o2 ); (ii) three-body O-Zn-Zn contribution taken into account an@) the longest distance of the corresponding
! PR atoms triplet does not involve the photoabsorbing at@m). The

agreement between measulé&xpt) and calculatedFit) spectra is

3. Rocksalt phase analysis

7{®) associated with the);=90° triangles where the long

bond coincides with peak two of thgg?) (R, G-é]_’ 01, 051? excellent in the whole energy range.
the other covariance matrix parameters are fixed as for the
w-ZnO XAFS analysis (iii) third shell Zn-O 4§ (R;,  ~16 GPa. In good agreement with XRD or EXAFS, the data

02R3); (iv) three-body O-Zn-Zn contributiom{®) associated shows the onset of a pha}se transition to the NaCl phase
with the 6,=180° triangles where the long bond coincides@round 10 GPa, the transition being complete at about 14

ith K f f thea® (R 2 2. h_GPa.__
with peak four of theg™™ (Ry, ok, 61, 0%,); V) three In principle, a complete recovery of the local geometry

body Zn-0-O contributionys” associated with thé;=90°  and site coordination around Zn could be obtained from
triangles Ry, 61, oj). The empirical parameter§,  XANES. However, the quantitative analysis of this region
(~9664 eV) andSé (~0.90) have been fitted together with presents difficulties mainly related to the theoretical approxi-
the structural parameters and the best-fit XAFS signal ignation in the treatment of the potential and the need for
shown in Fig. 5. heavy time-consuming algorithms to calculate the absorption
cross section in the framework of a full multiple-scattering
approach. We have performed a comparison of the data with
full multiple-scattering calculations using a self-consistent

From a qualitative point of view, x-ray-absorption near- energy-dependent exchange-correlation Hedin-Lundgvist po-
edge spectroscop§XANES) is one of the most sensitive tential (FEFFs packagé®). Self-consistency was obtained by
techniques for probing pressure-induced structural modificasuccessively calculating the electron density of states, elec-
tions. Figure 6 shows raw Zik-edge XANES data recorded tron density, and Fermi level at each stage of the calculation
as a function of pressure during the upstroke ramp, up to within a 27-atom clustef4 A or ~ three shellscentered on

C. XANES
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| Pressure (GPa)

o (arb. units)

9700 9750 9800

Energy (eV)

9650

FIG. 5. Best-fit calculated multiple-scattering signals for the Zn
K-edge XAFSky(k) spectra ofr-ZnO recorded at ambient pres- FIG. 6. ZnK-edge XANES spectrum of bulk ZnO as a function
sure. Here again, the agreement between meaghrgaf) and cal-  of pressure during the upstroke ramp.
culated(Fit) spectra is excellent.

multiple-scattering calculations. In particular, the present
the atom for which the density of states is calculated, angtudy dispels the ambiguity of the crystallographic structure
then iterated. Full multiple-scattering XANES calculations of the recovered sample &=0 which is found to be pure
were carried out for a 93-atom clusté.2 A or ~ seven  wurtzite.
shelly centered on the absorbing atom: all multiple-  Within the approximation described in Ref. 17, the EX-
scattering paths within this cluster were summed to infiniteAFS analysis was sophisticated enough to determine both
order. Besides the structural information defining the geominternal (u) and unit-cell €, a) parameters as a function of
etry of the cluster §=3.2427 A, ¢=5.1948 A, andu  pressure. As a matter of fact, the wurtzite symmetry sets the
=0.3826 forw-Zn0O; a=4.280 A forr-ZnO), the only exter- relation betweery, ¢, a, and theg™ peaks positionsee
nal parameters used as input for the XANES simulationsraple II1).
were a 0.5-eV experimental broadening, and a small offsetin  The EXAFS resultsa(P), c(P), and V(P) are plotted
the energy scale<{5.0 eV). A typical result of the simula- in Fig. 8 with both experimental x-ray diffraction and
tions for the wurtzite and NaCl phases of bulk ZnO aregp initio results for comparison. Cell-parametgr(P)]
shown in Fig. 7. The overall good agreement between theneasurement as a function of pressure was analyzed with
calculated and the measured spectra is striking, consideringe Murnaghan equation of statéP)=1(0)-[1+(B’/B,)
t_he absence of adjust_able parameters in the thénrpar-_ .P](-1B), whereB'’ is the pressure derivative of the iso-
T'Ctl.“ar’ nﬁhstructuril d!{sorder fg(ithor_ was_a?ded tt% the SIMUthermal incompressibility at 300-B, (results summarized
ations. The major features and their variation wi pressure . rapje IV). A linear fit to the data givesd(c/a)/dP

are correctly reproduced. =—0.0004 GPal, in excellent agreement with previous
work The EXAFS results ofd,,o(P) and u(P)

IV. RESULTS AND DISCUSSION =dzn.0(P)/c(P) are given in Fig. 9.
] The variation ofd,.o has been fitted with the Murnaghan
A. Wurtzite phase equation of state, leading ®By,=420 GPa[with d;,.o(0)

The structures of bottw- andr-ZnO under pressure have =1.985 A andB) fixed to 12. In good agreement with
been confirmed by comparing the XANES raw data with full Desgreniers! the u oxygen positional parameter indi-

104101-6



LOCAL STRUCTURE OF CONDENSED ... PHYSICAL REVIEW B8, 104101 (2003

T T T T .l - T @1 "+ [ ¥ & =37
simulation
—o— experimental

FIG. 7. Left: Zn K-edge
XANES of bulk r-ZnO at P
g =15.6 GPa andab initio simu-
lated spectrum for the NaCl phase.
Right: ZnK-edge XANES of bulk
w-ZnO atP=0.4 GPa anab ini-
tio simulated spectrum for the
wurtzite phase.

o (arb. units)

NaCl phase | Wurtzite phase
96ISO 97I00 97I50 98I00 ] 96I50l — .97100I ‘97'50‘ .98I00I
Energy (eV)

cates, within experimental uncertainty, no peculiar changé&iven in Table V, the present results obtained from both
under pressuré Karzelet al® predicted an increase afto  experimental and theoretical studies are in excellent agree-
explain their87Zn-Mossbauer spectroscopy resuisessure ment with previously reported datd; 43739

dependence of the main componé&ft, of the electric-field It can be noted that in other II-VI compounds, the transi-
gradient tensgr However, this discrepancy with our result tion of the low-pressure to rocksalt high-pressure phase is
can stem from the fact that thé, «~u correlation has been usually associated with a metallization. In the case of ZnO,
indirectly deduced from scalar-relativistic linearized-
augmented plane-waykAPW) calculationsy,, being mea- 1.002
sured at low temperatur@.2 K). 1.000 a/a ]

0.998 |

c/c0

B. Rocksalt phase
0.996 |

The present XRD and EXAFS high-pressure experiments
show the occurrence of a phase transition from the wurtzite
to the rocksalt phase at about 9 GRanetic pressure transi- 0.992f
tion). Theoretically, the rocksalt structure is seen to be more g9
stable against the wurtzite one at pressure higher than 7.6

0.994[

GPa, in good agreement with the experimental thermody- ¥ ®
namic equilibrium transition observed at around 6 GPa.  0.986} 1
The experimentalEXAFS, XRD) and theoretical results of bt . st Ko XX 0,
V(P) for ther phase are given in Fig. 10. 012 i,r:sssr:((:h’; 910123458 ey’ 10
The pressure dependence\ofcell volume per chemical
formula) has been fitted for decreasing pressure between 20 1gosf " T orerT g
and 2 GPa with the Birch-Murnaghan equation of state. 1.0005 * XRD
0.995 F E
TABLE IIl. Two- and three-body distribution function peaks 0,990§_ © EXAFS. -
and associated interatomic distances as a function of int¢mnal 0985 F calculation 3
and unit-cell €, a) parameters of the wurtzite structure. The 0.980 E 3
long-bond distance of the triplet peaks corresponds to the distance 0.975 3 3
R,5 of Fig. 3. E 3
0.970 £ ]
Peaks Atoms Distances Long-bond distances ~ ®%5E < 3
g? Zn-0 u.c 0960 F 0 ]
gt? Zn-0 (1-u).c 0955, ., i
9(52) Zn-0 \/m ’ ! : ? I:ressuie (Glﬁ’a) ’ ’ >
g& 0-Zn-Zn Ja%i3+c?a
gt 0O-Zn-Zn a FIG. 8. Pressure dependence of the cell parameters for the

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 represented as
GGA. Superscript§ indicate a fixed value @8’ in the Murnaghan fitting. Volumeg, in A%, are per chemical formula unit. Distanceand
c are in A. Isothermal bulk moduli are in GPB;, defines the linear incompressibility along thexis, withB; its pressure derivative.

References Method ag B.o B, Co Beo B, U Vo By B’
This work XRD 3.250 614 12 5201 406 1P 23.79 173 &
This work EXAFS 3.258 564 T2 5.220 491  1b 0.382 23.99 181 7
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 1426 RB.6
13 XRD+Mossbauer  3.2496 5.2042 23.796 183 F 4
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

the present XANES analysis shows tkeedge energy posi- C. Transition path

tion to increase at thev-to-r transition, indicating an in- As recalled in the Introduction, a transition path between
crease of the band gap. Further, no drar_natlc mod|f|c§1t|o_n ohe w and ther phase has been proposed in the literature
ther-phase edge position up 620 GPa is observed, indi- yyolving the occurrence of an intermediate hexagonal
cating the absence of metallization, in agreement with réphage |abeled’. It is clear that no such phase is observed
ported conductivity measuremerits. experimentally and that ther phase is transformed directly
into ther phase above 9 GPa at 300 K. However, it is inter-
esting to probe the respective stability of theand w’
phases, which can be done theoretically above vtkte-r
experimental transition pressure.

o EXAFS

1.000 1
3 ! resultsi In Fig. 11 we report the total energy vs tbka ratio along
é 0.998 £ Murnaghan fit ] three isochores af-ZnO. The corresponding values of pres-
B 90 F 3 sure, in the wurtzite rangg.e., forc/a~1.6), are about 19,
2 : ] 29, and 39 GPa. These calculations show the existence of a
g 0.994 = second minimum around/a~1.28, which corresponds to
g ! ] the w’ phase. This structure is metastable at any pressure,
g 72 E and becomes more stable than thg@hase beyond 20 GPa.
O oo f 3 However, a phase transition between those two structures
S ! ] would still be discontinuous at pressures below about 40
o 098 ] GPa. In fact, as shown in the figure, there is an energy barrier
N s ] along this transformation path up to 39 GPa. Consequently, a
< 0.986 1
Ef 5
) 0.984 | 3 ' ' ' ' ! ' ' ' ' ! ' Tt ! ' '_
z E : 1.00 * XRD =
0.982 | 3 wssi b © EXAFS E
calculation | ]
L e — 10 098 |
[ 4 097 |-
1005 | E g
@ 1.000 : 026 [
2 ]
B o995 | 3 e
= s ]
0.990 [ 3 054 ¢
T FEETE FETEE FTETE FETEE PEET FEETE FETE FEETE PR
0 1 2 3 4 5 6 7 8 9 10 093 | ;.
Pressure (GPa) o 1 2 3 4 5 € 7 8 9 w0 ;i1 6

Pressure (GPa)
FIG. 9. Pressure dependence of the first-nearest-neighbors dis-

tance of zinc @,,.0) and the internal cell parametéu) for the
wurtzite phase.

FIG. 10. Pressure dependence of the cell volume for the rocksalt
phase(upon decompression for experimental data
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TABLE V. Murnaghan equation-of-state parameters for the DRI AL UL
rocksalt phase of ZnO. Superscriffiigndicate a fixed value oB’ a3 mr 1 1T 17T 1T 1T 1 71T %Jr% E
in the Murnaghan fitting. Volume¥, in A3, are per chemical for- oiini | ]
mula unit. Isothermal bulk moduli are in GPa. The EXAFS results b ]
have been obtained through ttig, o measurements using the cubic 96634 |- 1
symmetry relatiord,,.o=a/2= (V/2)*?. %\ wca b 1

Method Vo Bo B’ 196630 | ]

XRD 19.64 204 % sz | 1
EXAFS 19.70 218 ] ‘ ]
DFT-LDA 19.49 198 4.6 i o upstroke 1
ez b v downstroke | ]

o - , e R T E R .

kink in the pressure variation af is observed at 24 GPa, Pressure (GPa)

pressure higher than the experimentetio-r pressure transi-

tion. The change of thel value from 0.382(initial low- FIG. 12. Evolution of the ZrK-edge absorption onsédefined

pressure valueup to 0.5 is obviously connected to a sym- as the energy value corresponding to the maximum of the first de-
metry change of the structure which can be seen as afivative at the absorption edpgwiith pressures for the pressure up-
intermediate phasen(') betweernw- andr-ZnO3 As a matter  stroke(circle) and downstrokdtriangle spectra, respectively. The
of fact, this interpretation is of most interest, since in view oflines are a guide for the eye.

the P-T phase diagram of Zn&, thew-to-w’ transformation ey pressure. All these results lead to the conclusion that
could be observable at low temperature, a domain in whichygjther a pretransitional effect nor a second-order isostruc-
the pressure stability range of thephase is expected to be {ra| phase transition would be observed in the wurtzite
larger (against the rocksalt phasthan at 300 K. phase prior to the first-order transition to the rocksalt one.
However, in opposition with previous predicticiieof an Finally, it can be noticed that the elastic shear softening
homogeneous path along whisRZnO iscontinuouslytrans-  observed both experimentallyand theoreticall at room
formed tor-ZnO, the present calculations lead to a constantemperature(while c/a is measured to be constaris in
value ofu below and above 24 GPa, pressure at which andisagreement with the transition path proposed in Ref. 5.
abrupt discontinuityfrom 0.382 to 0.5 is observed. In the Actually, the weakening of ,, andCgg elastic moduli under
mean time, experimental data do not show instability of thepressure is probably due to bond-bending foftés, oppo-
wurtzite structure which could be expected below ¥iréo-  sition to the proposedwv-to-w’ mechanism of transition
w’ transition. The present EXAFS analysis gives a pressureahere an initial decrease of tléa ratio is expected before
independent value af in the wurtzite stability range. From the opening of the bond-bending angles. Thus, the existence
the XANES analysis, the structural phase transition is show®f a w-to-r transition path, as well as the nature of the inter-
(Fig. 12 to induce modifications in the electronic structure mediate phase, still remain open questions.
that lead to an energy shift of abotttl eV in the onset of
absorption(defined as the energy corresponding to the maxi- V. CONCLUSION
mum of the first derivative at the absorption edd¢owever, Combined energy-dispersive x-ray-diffraction and x-ray-
the ZnK-edge energy for the wurtzite phase is unchangedbsorption spectroscopy experiments have been used to de-
termined the internal parametarand the lattice parameters

50 e T ratio c/a of the wurtzite phase as a function of pressure. In

FIAN [ 1oGpa| 3 its experimental range of stability, the hexagonal wurtzite

WfE Mo _o----= = | 29GPa | A phase is shown to be undistorted by external hydrostatic

wE e T 39GPa | ] pressures with no pretransitional effect, in good agreement
] . " with presentab initio calculations. While other zinc-based

semiconductors can accurately be treated by freezing the
zinc d electrons in the core, the present work shows that
E an accurate study of ZnO requires instead the explicit treat-
o5 %@ o ment of thed electrons of Zn as valence electrons. The simu-

(5
e
T

Total energy
/
/

1

!

\\

\
1 1

=
30 £ ?éw E lations have also been performed above the experimental
40 [ EEow 00 0 o0 3 w-to-r phase transition. While the expected shift of the
50 E e 3 value from 0.382 to 0.5 is observed, this transition is shown
-60 F ’ ;:essu‘r"e(m’,"a) “ E to be discontinuous in opposition to a possible displacive

transformation.
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