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The pressure dependence of the internal structural parameter u of the wurtzite phase of ZnO was studied
using high resolution angular dispersive x-ray diffraction up to 12 GPa in a helium pressure medium. The u
parameter increases with pressure up to about 0.430 at about 5.6 GPa, and then rapidly decrease to about 0.380
during the phase transition. Two models of the phase transition path were proposed recently by first-principles
calculations �A. M. Saitta and F. Decremps, Phys. Rev. B 70, 035214 �2004�; S. Limpijumnong and S.
Jungthawan, Phys. Rev. B 70, 054104 �2004��. These possible mechanisms responsible for the wurtzite-to-
rocksalt phase transition under high pressure are experimentally evaluated based on our results. The bulk
moduli of the wurtzite and rocksalt phase at zero pressure were estimated as 135.3±1.8 and 177.4±4.6 GPa,
respectively.
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As one of the crystals analyzed by Bragg and Bragg using
x-ray techniques,1 ZnO has attracted a lot of attention over
nearly a century from both experimental and theoretical
points of view.2–10 The pressure induced phase transition
from wurtzite-to-rocksalt �B4-to-B1� structure was first re-
ported by Bates et al. in 1962.11 Synchrotron x-ray diffrac-
tion experiments on this phase transition were performed by
various groups.12–17 The mechanism responsible for this
pressure induced phase transition, however, is not yet fully
understood. Very recently, two separate groups reported the
results of first-principles calculations on the possible path
that would allow the least costly crossing of the transition
enthalpy barrier.18,19 From these calculations, the existences
of possible metastable structures, i.e., an intermediate “te-
tragonal” phase, or “hexagonal” phase, were proposed, re-
spectively. It is noticed that the internal structural parameter
u �cf. the fractional atomic coordinates �1/3 ,2 /3 ,u� for oxy-
gen in P63mc structure�, which defines the relative position
of the two sublattices in the hexagonal close-packed wurtzite
structure, will show different pressure dependences depend-
ing on the transition path �see Fig. 1 in Ref. 18�. Thus, high
accuracy experimental measurement of u�P� is needed to
solve this puzzle, and to improve our understanding of the
mechanism behind this common phase transition in semicon-
ductors.

In situ high pressure angle-dispersive x-ray diffraction
�ADXRD� experiments were carried out in a diamond anvil
cell �DAC� apparatus at room temperature, and designed to
generate hydrostatic conditions by using helium as a pressure
medium.20 Polycrystalline zinc monoxide with a nominal pu-
rity of 99.9995% �Puratronic®, Alfa Aesar� was prepressed to
a pellet with thickness about 5 �m, and then loaded into the
T301 stainless steel gasket sample hole which was about
45 �m in thickness at the start of the experiment. This guar-
antees that no sample bridging with anvils takes place during
compression. One tiny ruby ball was loaded at the center of
the sample chamber and the pressure was calibrated by the

ruby luminescence method.21 Time dependence of pressure
in helium medium was monitored until equilibrium condi-
tions were reached after each pressure change. The average
of the pressure values which were measured before and after
x-ray diffraction �XRD� patterns were taken are reported.
The ADXRD experiments ��=0.3888 Å� in a DAC were
performed at beam line ID-B, HPCAT, Advanced Photon
Source �APS�, Argonne National Laboratory. A 400 �m
x-ray beam was focused by K-B mirrors to about 15 �m �in
diameter� at the sample position. Diffraction patterns were
recorded on a MAR345 image plate with a typical exposure
time of 60 s, and then integrated by using the program
FIT2D.22

Representative high pressure XRD patterns are shown in
Fig. 1 up to 15.5 GPa during the compression cycle. The
wurtzite-to-rocksalt phase transition is observed in the range
from 8.8 to 15.5 GPa. The corresponding Rietveld refine-
ment for each pattern was carried out using GSAS package.23

The refined internal structural parameter u in wurtzite phase
is plotted in Fig. 2 as a function of pressure. In previous
experimental studies, Desgreniers roughly estimated that the
u values change under pressure by evaluating the integrated
intensity of wurtzite �002� and �101� diffraction peaks from
energy dispersive XRD �EDXRD� data.13 As pointed out in
his report, the accurate variation of the u parameter could not
be determined due to the inherent disadvantage of EDXRD
method in determining reliable intensities. Decremps et al.
reported that the u value remained constant �within experi-
mental errors� to 6.0 GPa,16 then displayed a slight decrease
with pressure based on the analysis of their high pressure
extended x-ray-absorption fine-structure �EXAFS� data. This
result, however, suffered from the technical difficulty to ob-
tain high quality absorption signal through the diamond an-
vils under high pressure, and the well-known ambiguity that
EXAFS analysis results are strongly dependent on the num-
ber of fitting parameters and the microstructural model used.
The high pressure 67Zn-Mössbauer spectroscopy measure-
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ment and Hartree-Fock and linearized-augmented plane-
wave calculations studies for ZnO,9 on the other hand, im-
plied that the u value should increase with pressure.

In this paper, we show that Rietveld refinement of high
resolution ADXRD data provides a more straightforward and
precise information of the variation of u with pressure than
previous estimates. From Fig. 2, it is clear that the u value
increases with pressure up to about 0.430 at around 5.6 GPa.
Thereafter, this trend changes and u slightly decreases with
the increasing pressure, then drops quickly during the B4-
to-B1 phase transition. Concomitantly, the c /a ratio de-
creases slightly with pressure from 1.601 to 1.593. It is no-
ticed that the ideal correlation uc /a= �3/8�1/2 between c /a
ratio and u, which was experimentally confirmed by the
wurtzite structural refinements of ZnO and ZnS at ambient
conditions,4 loses its validity under compression due to the
large distortion of the wurtzite sublattice under pressure. The
u values estimated from such an ideal correlation show slight
increase with pressure as shown in Fig. 2.

These results shed light on the evaluation of the proposed
phase transformation models. In the model suggested by
Saitta and Decremps,18 a distortion from wurtzite structure
via a tetragonal path, wherein each Zn �or O� atom is located
at the body center of square pyramid formed by five O �or
Zn� atoms, while the c /a and u remain close to that of the B4
structure. In the next step, the c /a decreases to bring the Zn
atom from the body center to the base center of the pyramid
until u=0.5, resulting in the B1 structure. However, in an
alternate model proposed by Limpijumnong and
Jungthawan,19 a different distortion, i.e., homogeneous B4-
to-B1 phase transition could continuously follow the hexago-
nal path, in which the c /a ratio should decrease to about
1.22, and u increases from about 0.38 to 0.5. In spite of the
fact that the c /a ratio shows a slight decrease with pressure,

the u�P� trend in our experimental results show that the ini-
tial intermediate distortion path prefers the hexagonal model
than the tetragonal model up to 5.6 GPa. However, the hex-
agonal intermediate path is not the ideal one used in
calculations.19 Therefore, any change of the c /a ratio would
counter the variation of u under pressure. The u values
quickly decrease during phase transition pressure range may
imply that this distortion hexagonal intermediate phase is in
competition with the alternative path.

The predicted B4 structure via the metastable hexagonal
phase has never been observed experimentally, but could be
calculated using the currently well developed first-principles
simulations. For example, total energy calculations for B4
structure versus c /a ratio showed that the u value jumps to
0.5 above 24 GPa which is higher than the observed first
order B4-to-B1 transition.16 Thus, a suggestion to find this
transformation at low temperature and high pressures re-
mains to be investigated.16 The B4 phase may remain stable
to higher pressure range at low temperature compared to
room temperature in spite of the fact that the slope of the
phase boundary between B4 and B1 phase �dP /dT� is close
to zero as estimated from the high temperature and high
pressure experimental results.15 The corresponding experi-
ment at low T and high P is still worthy to be performed in
the future to understand the B4-to-B1 phase transition
mechanism by freezing this metastable phase from more
general point of view.24,25

During the decompression process, some previous experi-
ments showed that this B4-to-B1 phase transition reverted to
B4 phase with pronounced hysteresis and this was a fully
reversible transition.9,13,16 However, other previous experi-
ments found that the partially quenched B1 phase was re-
tained with the B4 phase at ambient conditions.11,12,14 In this
study, the diffraction peaks of B4 phase appear at about 3.2
GPa in the decompression process, and then its fraction
quickly increases in the two coexisting phases with decreas-

FIG. 1. �Color online� The typical ADXRD patterns of ZnO
under high pressure.

FIG. 2. �Color online� The internal structural parameter u of
wurtzite structure ZnO as a function of pressure, in which Rietveld
refinement: square symbol; and estimated from c /a ratio: circle
symbol.
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ing pressure. It is interesting to notice that the very weak
diffraction peak �200� of B1 phase still can be observed
when pressure is released, and this weak peak coexists with
B4 phase of ZnO for at least 2 days at ambient conditions.
Apart from the catalyst effect, compression and heating his-
tory effects, the particle size effect of ZnO, for example,
down to nanoscale, would significantly influence the phase
stability pressure range, and the final fraction of B1 and B4
phase at ambient conditions.26 The nanoscale grain size of
ZnO did help in fully trapping the B1 phase at room condi-
tions from the previous reports.27 Thus a plausible explana-
tion proposed for the previous contradictory reports is a little
amount of B1 phase could be trapped in nanoscale grain size
during B4-to-B1 transition in compression and then B1-
to-B4 transition during decompression, which resulted in the
partial B1 phase may still be observed even after pressure is
released.

The bulk moduli of B4 and B1 phase were estimated by
fitting the P-V data to a second order Birch equation of
state.28 The B0 at zero pressure was estimated as 135.3±1.8
�B4 phase� and 177.4±4.6 GPa �B1 phase�, respectively.
Table I summaries the corresponding bulk moduli of B4 and
B1 phase reported by previous studies. It is noticed that our
data demonstrates relatively smaller bulk moduli than most
of previous reports in which different pressure media were
used. Thus separate experiments using silicone oil as pres-

sure medium were also performed, and larger bulk moduli
were obtained. This is common behavior that hydrostatic
pressure conditions yield more meaningful bulk modulus
while the quasihydrostatic or nonhydrostatic conditions have
a trend of overestimation of B0.29 The bulk moduli derived
from our helium medium measurement provide more reliable
B0 values for the future first-principles calculations.

In summary, the pressure dependence of structural param-
eter u of wurtzite phase ZnO in helium pressure medium at
room temperature was studied by Rietveld refinement of
high resolution angular dispersive x-ray diffraction. The val-
ues of u increase with pressure, up to about 0.430 at around
5.6 GPa, and then rapidly decrease to about 0.380 during the
phase transition process. This trend of distortion by hydro-
static pressure with pretransitional effect demonstrates that
the initial intermediate distortion path prefers the hexagonal
model. These structural evolutions under pressure derived
from Rietveld refinement provide experimental confirmation
to the corresponding first-principles simulations.
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TABLE I. Equation of state parameters for ZnO at room temperature �XRD: x-ray diffraction, ADXRD: angle dispersive XRD, EDXRD:
energy dispersive XRD, EXAFS: extended x-ray-absorption fine-structure, DAC: diamond anvil cell, LVA: large volume apparatus�. The
pressure range, pressure marker, and pressure medium in some previous reports were not clearly identified in text, and estimated from figures
or experimental descriptions �marked by * in the table�.

Structural
type B0�GPa� B0�

Pressure range
�GPa�

Pressure
marker Pressure medium Techniques Reference

B4 135.3±1.8 4 �fixed� 0–11.7 Ruby Helium ADXRD/DAC This work run No. 1

139.6±4.9 4 �fixed� 0–9.3 Ruby Silicone oil ADXRD/DAC This work run No. 2

183±7 4 �fixed� 0–15* NaCl NaCl �Lab�XRD/DAC 9

136±8 9.4�1� 0–10* Ruby Methanol/ethanol EDXRD/DAC 12

142.6±0.2 3.6 �fixed� 0–10 Cu Silicone oil EDXRD/DAC 13

173 4 �fixed� 0–8.2 Ruby Silicone oil EDXRD/DAC 16

181 4 �fixed� 0–9.1 Ruby Silicone oil EXAFS/DAC 16

140±2 4 �fixed� 0–9* Ruby Methanol/ethanol/water ADXRD/DAC 17

B1 177.7±4.6 4 �fixed� 8.8–15.5 Ruby Helium ADXRD/DAC This work run No. 1

194±11 4 �fixed� 11.1–29.3 Ruby Silicone oil ADXRD/DAC This work run No. 2

228±7 4 �fixed� 10.5–22.5* Ruby NaCl �Lab�ADXR D/DAC 9

170±10 9.5�9� 0–29* Ruby Methanol/ethanol EDXRD/DAC 12

202.5±0.2 3.54�4� 9.1–56* Cu Silicone oil EDXRD/DAC 13

194 4.8 0–30 Ruby Methanol/ethanol EDXRD/DAC 14

191-201 3.54 �fixed� 2–11 NaCl NaCl/BN EDXRD/LVA 15

204 4 �fixed� 2–15 Ruby Silicone oil EDXRD/DAC 16

218 4 �fixed� 2–14 Ruby Silicone oil EXAFS/DAC 16

194±20 4 �fixed� 9–202* Au* No medium* ADXRD/DAC 17
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