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High-density phases of ZnO: Structural and compressive parameters
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Dense ZnO phases, obtained by static compression at room temperature, are studied by x-ray diffraction
using synchrotron radiation. The initial wurtzite structure of ZnO is observed to transform to the rocksalt
structure at 9.1 0.2 GPa with a large volume collapse of 16.7% on increasing pressure. Accurately determined
structural and compressive parameters over a large pressure range for both phases are presented. We report the
following values for the null compression bulk moduli and their pressure derivatives: 142.6 GPa and 3.6 and
202.5 GPa and 3.54, for the wurtzite and the rocksalt phases, respectively. From a comparison between the
present results and calculated ones, it is inferred that Hartree-Fock calculations yield the best estimation of the
compressive parameters in dense ZnO. Furthermore, we show that the ideal relationship betwieaxiz
ratio and theu oxygen positional parameter is preserved as the wurtzite lattice becomes denser while approach-
ing the structural transition pressuf&0163-182¢08)04945-5

I. INTRODUCTION of the u oxygen positional parameter for the wurtzite struc-
ture.
Synthetic ZnO is used in numerous applications, for in-
stance, as a chemical sensor, a catalyst, and for the fabrica- Il. EXPERIMENT

tion of optical thin coatings. Natural ZnO represents an ana- ) _ ) _
log for important constituent phases of the lower mahtle.  Polycrystalline ZnO with a nominal purity of 99.99% was
Contrarily to other IIB-IVA binary compounds which adopt obtained from Alfa AESAR. Bothin situ x-ray diffraction

different metastable structures, bulk zinc oxide is known ta!Sing @ Bragg-Brentano diffractometer and micro-Raman

crystallize only in the hexagonal wurtzite structuRR6gmec, s?hecrtrtohscr:)?r)]/ 'TIS'??;S d tr;]at noWd(ratec';ablen;:rizistEa::lne tprhasn::s
Z=2) at room conditions. A transition to the cubic rocksalt Oe! han the wurizite phase were prese ally at roo

structure Em3m) takes place at room temperature at around;:onditions in the sample. Measured lattice parameters of the
P P starting material at room conditionsa=3.2498 A, ¢

9 GPa resulting in an increase of coordination numper_, from_¢ 5066 A, anct/a=1.6021, were in close agreement with
4 to 6, and a large volume decrease of about 27%%e ionic

X the published data or with those of NIST ZnO certified x-ray
component of the tetrahedrally covalent bonding of theytraction standard.Ground samples were loaded in a gas-
wurtzite structure of Zn_o leads to a transformation t_o thexeted diamond anvil cell using silicone flui®ow Corning
rocksalt structure, as it is the case for other IIB-IVA binary 200 as a pressure transmitting medium, generating pressures
compounds. Apart from a recent study of Gerward and Staufh excess of 50 GPa. Fine Cu powder, mixed with the
Olsen? structural and compressive data obtained with thesample, was used as a pressure gauge. Our pressure calibra-
latest x-ray diffraction techniques using synchrotron radiation (pressure-volume interpolatipmwas based on available
tion in a pressure range well beyond the wurtzite-to-rocksalshock compression data of Cu reduced to 300 K isothermal
transition pressure are not available. Although the wurtziteP(V) dat&-°and fitted to the third-order Birch-Murnaghan
to-rocksalt transition had been recorded, other studies hagquation of state  P(V)=(3By/2)[(VIVo) ™
covered a smaller pressure raride. —(VIVo) {1+ 3(By—4)[(VIVg) “2P-1]}, with By
New computational techniques have led to calculations of=129.5 GPa and3;=3.35. Pressure variations across the
the compressive properties of simple solids. Several compiprobed area lead to an increase of diffraction line linewidth
tational studies have been reported on the physical propertidsss than the broadening due to strain induced by grain
of dense Znd’ A critical comparison between experimen- boundary interactions.
tal and theoretical results is possible for ZnO as the structural Energy-dispersive x-ray diffraction experimegBDXD)
and compressive parameters can be measured with a fairere performed at the National High Pressure Facility of the
level of accuracy since the dense solid adopts simple strugsornell High Energy Synchrotron SourcéCHESS/B1
tures. The goal of the present high pressure x-ray diffractioine).* Appropriate white x-ray beam collimation was pro-
study of ZnO is threefold. First, measure by energy-vided by crossed microslabs of tungsten defining a nearly
dispersive x-ray diffraction using synchrotron radiation accu-square 90Qum? beam. The Bragg angle calibration was ob-
rate equations of state, the pressure dependence of relevdatned from x-ray diffraction of a thin Au foil, accurately
structural and compressive parameters of both the low predecated at the sample position. All EDXD spectra were ac-
sure wurtzite and the high pressure rocksalt phases. Secorgijired atEd=40.28+0.05 keV A. X-ray diffraction spectra
compare the experimental results with recent calculated conwere analyzedthe line profile fitting and lattice parameter
pressive properties. Third, study the pressure-induced changefinements using progranxrpa.*?3
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& FIG. 2. Isothermal300 K) equations of state of ZnO as mea-
.g 4000 E : gt sured by energy-dispersive x-ray diffraction. Solid and open sym-
(] % 3 g 9.1GPa bols represent data points for increasing and decreasing pressures,

g ¥ respectively. Solid lines are Birch-Murnaghan equations of state

plotted according to the compressive parameters given in Table |

2000 for each phase.

B. Structural and compressive parameters

Unit cell volumes were estimated based on at least eight
v r diffraction lines throughout the pressure range covered, both

12 16 20 24 28 32 in compression and decompression. The pressure depen-

Photon Energy (keV) dence of the unit cell volume for both observed phases is

FIG. 1. Examples of EDXD spectra indicating the coexistencediVen in Fig. 2. We have fitted, for each phase, all the com-

of the wurtzite and rocksalt phases arounct9012 GPa(increasing ~ Pression and decompression data points to the third-order
pressure and the emergence of the wurtzite phagde  Birch-Murnaghan equation of state, known to give a realistic

<1.9GPa-0.2 GPa upon decompression. For all specid estimation of the compressive parameters, namely, the bulk
=40.3keV A. Spectra are presented in cascade for clarity. Labelnodulus Bo) and its pressure derivativeBf) at null com-

w and rs refer to wurtzite and rocksalt, respectively. X-ray diffrac-pression. For the wurtzite phase, when bBthand B, are

tion lines from the Cu pressure gauge and the gasket material akgaried during they? minimization, we obtain an unrealisti-

labeled as Cu and g, respectively. cally small Bj and an increase8,. For comparison with
published results, we report a valueRy= 142.7 GPa which
ll. RESULTS AND DISCUSSION follows from a constraint of the value & to 3.6. For the

rocksalt phase, we find an excellent convergence of the fit to
the Birch-Murnaghan equation of state givindd,
=202.5GPaB,=3.54, andV/V,=0.822. The larger bulk

A large number of EDXD spectra were recorded at pres aul  th ksalt bh ) ted it reflects th
sures ranging from 0.1 MPa to %G GPa at room tempera- modulus ot the rocksalt phase IS expected as It retiects the
increase in oxygen coordination, from 4 to 6, as the struc-

ture with increasing and decreasing pressures. A clear

; e . ural transition proceeds from the wurtzite phase.
wurtzite-to-rocksalt transition is observed starting at 9.1 Compressive parameters for the wurtzite and the rocksalt
+0.2 GPa with increasing pressure. The two phase_s cqexi hases of ZnO have been measured in the past by x-ray
over a pressure range of 9.1 t0 9.6 GPa, as shown in Fig. Litta ction: values of bulk moduli and their associated pres-
The structural transition is complete at 9.6 GPa resulting in & re derivatives found in the literature cover a substantial

drastic 16.7% change in the unit cell volume. Our result forrange considering that both structures are relatively simple
the wurtzite-to-rocksalt transition pressure is in close agreeang thus their volumes are, in principle, easily evaluated.
ment with those reported in previous studie$.The high  present and published experimental results are presented in
pressure rocksalt phase is stable up ta-36GPa, the high- Table I. For the wurtzite phase, we find a substantial differ-
est pressure achieved in the present study. ZnO is predictethce between the present results By and B, and those

to transform to the CsCl-type structure as it is the case fofeported by Karzekt al* and Gerward and Staun Olsén.
larger monoxides adopting the rocksalt structure at roonWhereas the former study gives a lardgy than what we
conditions' No indication of a transformation to the CsCl have measured with a simil&;, the latter reports a larger
phase has been observed in this study. Upon decompressiahan usual value for the pressure derivative of the bulk
the rocksalt structure in maintained beyond the upstrokenodulus(9.4, in this case On average, our measurBg and
transition pressure: ZnO reverts to the wurtzite structure aB/, and the extrapolated volume at null compression for the
1.9+0.2 GPa, below which a single phase is present. Theocksalt phase of Zn@205.5 GPa, 3.54 and 19.6*fare in
phase hysteresis is consequently substantial. very good agreement with those of Bates, White, and Roy,

A. The wurtzite-rocksalt structural transition
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TABLE I. Structural and compressive parameters for the wurtzite and the rocksalt phases of ZnO. Subscript O refers to a parameter
evaluated at null compression. Present and published data, both experimental and calculated, are presented. The bulk moduli and their
associated pressure derivatives evaluated at room conditions are those obtaingd franimizations of the present data to the Birch-
Murnaghan equation of state. Other experimental and calculated parameters are from the literature. Volumes are per chemical formula unit.
The volume at null compression of the rocksalt structure was obtained from the fit. For the rocksalPghas®l P+, indicate the transition
pressures upon compression and decompression, respectively.

Experimental Calculated
Present data Ref. 2 Ref. 4 Ref. 3 Ref. 5 Ref. 6 Ref.4 Ref. 7
wurtzite
Vo(A3) 23.8136) 23.796 23.7847 24.570
a(A),c(A) 3.24983), 5.20663) 3.2496, 5.2042 4.2475, 5.2075 3.2903, 5.2414
cla 1.60213) 1.60187) 1.6035 1.593 1.604
d(c/a)/dP(GPa™ 1) —0.0005(1) —0.0007(3) —0.0005
B, (GP3 142.62) 1837) 136(8) 154.4 160
Bg 3.6 (fixed) 4 (fixed) 9.4(15) 3.6 4.4
rocksalt
Vo(A3) 19.606) 19.60 19.484 19.60 19.799 18.8547
ag(A) 4.2831) 4.28 4.2712) 4.2804) 4.2944 4.225
B, (GP3 202.52) 205.5 2287) 17010 203.3 132 205
Bg 3.544) 3.6 4 (fixed) 9.59) 3.6 3.8 4.88
P (GPa 9.1(2) 9.5 8.7 =10 8.57 145 9.37
P, (GPa 1.92) =2

and Karzelet al,* as given in Table I. We believe that the actual observation (940.2 GPa). It is also worth noting
compressive parameters we report for the rocksalt phase @hat we have found a similar good agreement between the
ZnO represent accurate values. measured compressive parameters and those calculated using
Calculated values of the compressive parameters of dengge Hartree-Fock methdd for the case of dense ZnS, for
ZnO have been reported using different theoretical apwhich the wurtzite-rocksalt transition is also observed.
proaches:ab initio Hartree-FocK, linear-augmented plane Clearly, the Hartree-Fock method predicts, with a desired
waves (LAPW),* ab initio perturbed-ion methofi,and the  accuracy, total energy differences at different densities for a
extended ionic mod€|.Results are summarized in Table I. given phase or between phase of different phases in dense

All calculations predict correctly the stability of the rocksalt znO and, most likely, in other ionic/partially covalent solids.
structure as emerging from the wurtzite structure upon the

application of pressure. A large range of values for the bulk

moduli and their associated pressure derivatives of each C. Pressure dependence of the parameter

phase and the wurtzite-rocksalt transition pressure have been The u parameter which describes the relative position of
reported.Ab initio weakly perturbed-ion calculatiohgive  the anion sublattice with respect to the cation sublattice

results ofBy=132 GPa and,=3.8, for the rocksalt phase, along thec axis in the wurtzite structureR6smc, Zn ats, 2,
which are far what we have obtained. The latter approaclp and2,%,, and O at,2,u, and%,%,u+ %) is related to the
which is based on the theory of separability of weakly over-c/a by uc/a=(3/8)"2. It has been assumed that thepa-
lapping groups have given good representations of totalameter is closed to 3/8 for all compounds in the wurtzite
wave functions in a variety of systems and seems to giv&tructure. For ZnO and ZnS, Kisi and Elcombkave in fact
comparable results to those of the Hartree-Fock calculationshown experimentally that there is a strict correlation be-
as applied to the case of ZnS, but does not succeed equally figeenu andc/a, i.e.,uc/a is near the ideal value (3/55.
well to model dense ZnO. Calculations of Karzef a|.4 The obvious questions which arise are Whethemmram_
(LAPW) vyield substantially higher values d8, and B,  eter and the ideal correlation betweemndc/a are affected
(wurtzite: 160 GPa and 4.4; rocksalt: 205 GPa and y4i88 by the compression of the ZnO waurtzite lattice.
comparison to what we have measutedirtzite: 142.6 GPa We have measured a pressure change ofctlze axial
and 3.6; rocksalt: 202.5 GPa and 3.3#e calculated param- ratio for the wurtzite phase of ZnO. Results are shown in Fig.
eters(LAPW) are, however, in closer agreement with their 3, A linear relationship between tlda and pressure is ob-
reported experimental resultsvurtzite: 183 GPa and 4; served; a linear fit to the data give§c/a)/dP= —0.0005
rocksalt: 228 GPa and)4 +0.0001 GPal, in very good agreement with published
Our measured values @, and B, are in very good experimentdl and calculatetvalues. Furthermore, we find
agreement with those obtained from the Hartree-Fock calcuno indication of an abnormal variation of tlida near the
lation of Jaffe and HeSs(wurtzite: By=154.4 GPa and)  structural transition pressure. If the ideal relationship be-
=4; rocksalt:By=203.3 GPa an®,=4), although the pre- tween the axial ratio and the positional parameter were to
dicted transition pressuk8.57 GPais somewhat lower than hold at higher density then an increaseuwsthould be ex-
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1.620 0.3850 intensity and acquisition time. Our results indicate no obvi-
ous anomalies in the x-ray diffraction intensities which

1615 ¢ 1 03845 would lead to the conclusion that the parameter deviates

1610 | 1 0.3840 from its ideal value. It must be said, however, that we have
recorded significant intensity fluctuations as a function of

1.605 | T 0-3835 pressure as a result of poor x-ray diffraction intensity aver-

aging due to a less-than-perfect powder and texture, as ex-

L.
1.600 1 ) . ) X .
c/a pected by using the energy-dispersive x-ray diffraction

1 0.3830 U

1.595 1 0.3825 method. More work is underway to determine the accurate
variation of the internall parameter and its relationship with
1.590 1 0-3820 the axial ratio as a function of the external pressure on com-
1585 | 1 0.3815 pounds adopting the wurtzite structure.
1.580 ' : t : 0.3810
00 20 40 60 80 100 IV. CONCLUSION
P(GPa) Using energy-dispersive x-ray diffraction with synchro-

tron radiation at room temperature, we have observed, upon
compression, the wurtzite-to-rocksalt transition at 9.1

under pressure at room temperature. A lineafsiitid ling) gives a 0.2 GPa in ZnO and established the rocksalt phase stability
c/a=1.6021 at room pressure and a pressure dependence Of

—0.0005+0.0001 GPal. The broken lindright vertical scalgrep- Up to 56-2 GPa. The compression parameters of the two
resents the pressure variation of th@xygen positional parameter phases are found to b,e, for the wurtzite and rocksalt plhases,
according to the ideal relationshim/a:(3/8)1/2. BOZ 1426 GPa an£0:3.6 and 80:2025 GPa anCBO
=3.54 withV/Vy=0.822, respectively. Our experimental re-
pected accordingly, as shown in Fig. 3. In order to isolate thé&ults represent accurate equations of state data for dense ZnO
effect the pressure-induced change of the axial ratio omthe and are in very good agreement with results obtained from
parameter versus a possible breakdown of the ideal relatiofdartree-Fock calculations. Finally, we observe no indication
ship between the axial ratio angf we have attempted to that the u positional parameter deviates from the ideal
record, as a function of pressure, the variation of x-ray dif-uc/a=(3/8)? as wurtzite ZnO becomes denser.
fraction intensity consequent to the relative displacement of
the anion sublattice with respect to that of the cation sublat-
tice. For that purpose, we have evaluated at each pressure the
integrated intensity of the wurtzit€002 and (101) x-ray It is a pleasure to acknowledge the help of the entire
diffraction lines, normalized to the recorded intensity of theCHESS staff and Dr. K. E. Brister. This work was financially
Zn K, fluorescence line to minimize the effect of the x-ray supported by NSERC.

FIG. 3. Variation of the axial ratio of the wurtzite phase of ZnO
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