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LDA and GGA calculations for high-pressure phase transitions in ZnO and MgO
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We report total energy and electronic structure calculations for ZnO in th@vB#zite), B3 (zinc blendg,
B1 (rocksal}, and B2(CsC) crystal structures over a range of unit cell volumes. We employed both the
local-density approximatiofLDA) and the PBE96 form of the generalized gradient approximai@@A)
together with optimized Gaussian basis sets to expand the crystal orbitals and periodic electron density. In
agreement with earlieab initio calculations and with experiment, we find that the B4 phase of ZnO is slightly
lower in energy than the B3 phase, and that it transforms first to the B1 structure under applied pressure. The
equilibrium transition pressung, is 6.6 GPa at the LDA level of theory and 9.3 GPa in the GGA, compared
to experimental values around 9 GPa. This confirms a trend seen by other workers in which the LDA under-
estimates structural transition pressures which are more accurately predicted by the GGA. At much higher
compression, we predict that the B1 phase of ZnO will transform to thécB&um chloridg structure at
pr>=260 GPa(LDA) or 256 GPa(GGA) indicating that gradient corrections are small for this material at
megabar pressures. This is the first quantitative prediction of this transition in ZnO, and should be testable with
diamond-anvil techniques. We predict that ZnO remains a semiconductorpip td-or comparison we find
that the B1 to B2 transition in MgO occurs at 515 GPa with either LDA or GGA, in excellent agreement with
otherab initio predictions.

[. INTRODUCTION tronic structure of the material above and below the transi-
tion.

ZnO is a wide band gap semiconductor with a range of A second major goal is to assess the relative accuracy of
technological applications including electronic and electrothe LDA and the GGA for DFT calculations on high-
optic devices, catalysts, chemical sensors, and conductive sBtessure properties of ZnO, considered as an example of a
lar cell window layers. There is also continuing interest inPartially ionic semiconductor. Other workérsave found
the high-pressure behavior of ZnO for geophysical as well athat the LDA significantly u.nderestimatgs phase-transition
fundamental materials physics reasons. It has been knowRfessures for several metallic afuredominantly covalent
experimentally since 1962 that under increasing hydrostaticSYStems, and that the GGA yields better agreement with ex-
pressure, the Bdhexagonal wurtzitelow-pressure phase of periment. A study Of_ Zn0 f_rom the standpomt_ Of. gradient
ZnO transforms to the cubic Bftocksalt or NaQl structure corrections to DFT will prowde_more data on this issue. We
at a pressure in the vicinity gi;,=9 GPa. Recent experi- also have calculated the equgt_lons—of—state of the B1 and B2
mental work has probed the B1 phase of ZnO by synchrotro hases of MgO and the transition pressure between them, as
x-ray diffractior?® and by combined x-ray diffraction and " e>r<amplt=; of rarr:]et\;?rli more ionic solid and as a test of the
Mossbauer spectroscofii-he maximum pressure attained in aceuracy ot otlr method.
any experiment on ZnO to date is 56 GPand the B1 phase
remained stable up to this pressure. On the theoretical side [l. METHOD OF CALCULATION

there have been several fir.sF-p.rincipIes StUdi?S of th_e Bl The calculations described here were performed with a
phase and B4-B1 phase equilibrium in ZnO using the linéaf,ee dimensionally periodic implementation of the Kohn-
combination of Gaussian-type orbitaleCGTO) Hartree-  gham density-functional theory. Two different levels of ap-
Fock (HF) method! the full-potential linear muffin-tin or-  proximation in the exchange-correlatiofkC) functional

bital approachito density-functional theoryDFT) within the  were used: the LDA as parametrized by Vosco, Wilk, and
local-density and generalized gradient approximati®f®A  Nusaif® (VWN) and the GGA of Perdew, Burke, and
and GGA, linear augmented plane wdveLAPW) LDA,  Ernzerhot! (PBE9G. The single-electron Kohn-Sham eigen-
HF.,” and correlated HFperturbed ion models, and LCGTO- functions (crystal Bloch orbitals are expanded in a set of
LDA and GGA method$. These calculations were mostly contracted atom-centered Gaussian-type orbitd®TO)
limited to the same pressure range as the experiments, ardapted from standard molecular DFT basis’édsg reopti-

did not consider any possible structures of ZnO except Blmization of the most diffuse GTO’s in the crystalline envi-
B3, and B4. However, it has been suggeStéit at suffi-  ronment. For purposes of treating the Coulomb interactions,
ciently high pressure, ZnO should undergo a phase transfothe charge density is also expanded in uncontracted
mation from the sixfold-coordinated Bitubic NaC) to the  Gaussian$? and long-ranged Coulomb interactions are
eightfold-coordinated B2cubic CsC] structure, in analogy treated by a form of the Ewald convention. This LCAO-type
to the alkali halides and alkaline-earth oxides. Hence, thenethod permits basis sets and integral techniques to be car-
main goal of the present paper is to predict the equilibriunried over from quantum chemistry with only modest
transition pressurgr, between the B1 and B2 phases of changes, and helps in achieving accurate all-electron calcu-
Zn0O, the equation-of-state of the B2 phase, and the eledations that scale well with system size. Our method has been
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2T T T T T T ] blende and B4 phases are indistinguishable on the scale of
[ ZnO E(V) ] the figure. The negative of the slope of each common tangent
gives the equilibrium pressure for the associated transition
(hysteresis and metastability are not addressed by this analy-
sis). The curves through each set®fV) points are obtained
by fitting the Murnaghatf EOS to each set of data. The fit to
] the data is almost perfect in every case, indicating that a
] somewhat different choice of volume points or a different
] model equation-of-state would have given essentially the
- . same results for the EOS parameters given in Table I. This
V- . ' BB table also contains results of previous first-principles
e T E— calculationd™ as well as experimentat*81° data. The
overall agreement with experiment and earlier theory is very
good, with the LDA showing the usual cohesive overbinding
FIG. 1. Energy versus volume per formula unit for ZnO in the and slightly too small lattice constants, while the GGA cor-
B4, B3, B1, and B2 structures, showing the common tangent conrects the cohesive energy but overcorrects the lattice con-
struction for transition pressures. stants, and also predicts the somewhat too small bulk moduli.
The latter discrepancy may be due in part to the neglect of
described in detail elsewhet®and Boettger and Trické§  relativistic effects®
have described an LCGTO method very similar to ours, ex- Because it is difficult to extract accurate slopes from the
cept for the technique for the numerical integration over thecommon-tangent lines shown in Fig. 1, we have inverted the
exchange-correlatiofXC) potential and energy density. In Murnahan expression fop(V)=—dE/dV to obtain V(p)
our’® XC integrations, the multicenter integrals are decom-and used it to find the enthalpp(p) =E+pV for each
posed into sums of one-center numerical integrals on radiglhase. The transition pressures are then obtained from the
and angular grids centered on the atomic nuclei, and thenthalpy curve crossings, i.eHgs(pt1)=Hgi(p71) and
integration points and weights are adapted to the functional g,(pr,) =Hpg.(pr,). Our results for transition pressures,
behavior of the charge density near the nuclei. volumes, and volume changes are given in Table Il along
A standard self-consistent field procedure with densitywith experimentdt* and previous theoreticat data for the
matrix mixing was employed in this paper, and the resultingB4 to B1 transition, which is the only one observed or quan-
total energies as functions of volume were fitted to thetitatively predicted to date for ZnO. We find that the LDA
Murnaghar® equation-of-state(EOS to obtain the bulk predicts the B4 to B1 transition at 6.6 GPa, while the GGA
modulus and other structural parameters. Cohesive energiessult for this pressure is 9.3 GPa. The latter is in good agree-
were found by subtracting the total energy per ZnO formulament with the experimental valué®r increasing pressure;
unit of the solid at its equilibrium lattice constant from the due to hysteresis, the transition back to the B4 phase occurs
energy of the corresponding isolated atoms. The same funet much lower pressure as the pressure is decreaaind)
tionals and code were used for the atoms as for the solids byiso with the earlier Hartree-Fock prediction. Our results
increasing the lattice constants to several hundred Angstrontius show a trend notédor other materials, in which struc-
with appropriate spin states and unmodified moleculartural transition pressures are underestimated by the LDA but
orbital and density basis functions for the atomic calcula-accurately predicted by the GGA. All calculations and ex-
tions. For the B4wurtzite) phase of ZnO, the/a ratio and  periments agree that there is a volume reduction across the
internal parameteu were fully relaxed to their minimum- B4 to B1 transition of about 17%. At a much higher pressure,
energy values at each unit cell volume considered, using toye predict a transition from B1 to B2 ZnO near 2.6 Mbar
tal energies andb initio forces®*” from our code. Relativ- (260 GPa accompanied by a volume reduction of about 5%.
istic corrections, finite(room) temperature, and zero-point The LDA and GGA transition pressures agree to about 1.5%
motion were not included and are not expected to have larg@robably less than the numerical uncertainty of these pres-

PBE96-GGA

Energy(eV) relative to atoms

10 15 20 25 30
v ( A%/ formula unit)

effects on our main results. sures indicating that gradient corrections to the LDA are
relatively small in this material at megabar pressures.
IIl. RESULTS FOR ZnO Though high, such pressures can be attained in modern

Total energy versus volume data for the B4, B3, B1, andliamond-anvil cells.
B2 phases of ZnO are shovyn in Fig. 1 for both the VWN- IV. COMPARISON WITH MgO
LDA and PBE96-GGA functionals. Volume and energy are
per single ZnO formula unit in all caséthere are two for- To assess the quantitative reliability and qualitative mate-
mula units per unit cell for wurtzite, and one per primitive rial dependence of our predictions about ZnO, we now turn
unit cell for the other structurgsThe zero of energy is taken to a calculation of the B1 to B2 transition pressure in MgO.
as the sum of the energies of isolated neutral O and Zn atom&e employ the same basis set for oxygen as before, and a
as described above, so that the absolute value of the energyagnesium basis set of similar design and quality to that
at the minimum of each curve gives our prediction for theused for Zn, along with identical computational conditions
equilibrium cohesive energy of the corresponding phase oénd techniques. Our predictions for MgO Murnagifde0S
ZnO. Common-tangent lines have been added to indicatparameters and B1 to B2 transition quantities are given in
equilibria between B4 and B1, and also B1 and B2 phase$able Il along with predictior®~2* by other authors and
with each functional; note that the curves for the @hc  experimenta™*>~?properties of the Birocksal} phase of
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TABLE I. Murnaghan equation-of-state parameters for(@4rtzite), B3 (zinc blendg, B1 (rocksal}, and
B2 (CsC) phases of ZnO. All extensive quantities are per ZnO formula unit. Conventional cubic lattice
constantsa are related to equilibrium volumes By,=a®4 (B1, B3 anda®2 (B2). For the B4 structure
V= /3a%c/4 andc/a and the internal displacementare also given.

LDA GGA Other LDA? Hartree-Fock Experiment

B4

Eco(€V) 9.769 7.692 5.658 757

Vo(A3) 22.874 24.834 24.5%0 23.8107 23.79¢

Bo(GPa 162.3 133.7 160 154°4 142.69 183

B’ 4.05 3.83 4.4 3% 3.69 42

cla 1.6138 1.6076 1.604 1.593 1.60219 1.6018

u 0.3790 0.3802 0.381 0.38%6 0.3823°0.3819
B3

Econ€V) 9.754 7.679 5.606

Vo(A3) 22.914 24.854 24.5%1

Bo(GP3 161.7 135.3 156'8

B’ 3.95 3.72 3.8
B1

Econ€V) 9.611 7.455 5.41%

Vo(A3) 18.904 20.502 19.79918.8547 19.609 19.484

Bo(GPa 205.7 172.7 205 2033132 202.59 228

B’ 3.90 3.68 4.88 3.83.¢ 3.549 42
B2

Eco(€V) 8.462 6.334

Vo(A3) 18.073 19.785

Bo(GPa 194.3 156.9

B’ 3.99 3.77

8Reference 4LAPW-LDA and experiment
bReference FLCGTO-HP.

‘Reference 18.

dReference 2.

MgO. For equilibrium properties we find reasonable agreeHartree-Fock transition pressure of Cauetaa

®Reference 1.
fReference 19.
9Reference IHF-PI mode).

124 is much

ment between our calculations and earlier ones and with edewer. We presume that these early stutfiéd were less
periment for the B1 phase of MgO. Our prediction for the Blaccurate. The good agreement with other recent work for
to B2 transition pressure in MgO is 515 GPa with either theMgO suggests that our predictions for ZnO are probably also
LDA or the GGA, again showing the smallness of gradientaccurate.

corrections at high pressure in ionic materials. This transition

pressure agrees very well with the LAPW-LDA result of \, £| ECTRONIC STRUCTURE OF HIGH-PRESSURE ZnO

Mehl?? et al. and the recent pseudopotential LDA work of
Karki et al?! The earlier LDA paper by Chang and Cof&n

We have calculated the total density-of-states DOS and

predicted a much higher transition pressure while theband structure at the LDA level of theory for ZnO at five

TABLE Il. Data for phase transition B4B1 (T1) and B:B2(T2) in ZnO.

LDA GGA Other LDA Hartree-Fock Experiment
pr.(GPa 6.60 9.32 145 8.57 9.1t 8.7
Veai(pr1) (A3 22.029 23.346 23.388 22.481¢ 22.78%
Vei(pr) (A®) 18.341 19.515 19.087 18.799¢ 18.804
AV, (A3 3.688 3.831 432 3.682¢ 3.97¢
p12(GPa 260 256
Vei(pro) (A% 11.977 12.340
Vea(pr2) (A%) 11.377 11.738
AV,(A%) 0.600 0.602

®Reference 4LAPW-LDA and experiment
bReference 5LCGTO-HP.
‘Reference 2.
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TABLE Ill. Murnahan EOS parameters and phase transition data for MgO.

LDA GGA Other LDA Hartree-Fock Experiment
B1
Econ(eV) 11.817 10.045 9.96 7.27 10.3%,10.45
Vo(A3) 18.034 19.156 19.19918.088° 18.535 18.671
18.403
Bo(GP3 185.9 169.1 159.7172° 146 186 1569 162
B’ 3.40 3.28 4.26,4.09 3.53 4.7 4.08
B2
Ecor€V) 10.296 8.537 8.454 5.50
Vo(A3) 17.573 18.740 18.150 17.034
By(GPa 169.8 152.6 193
B’ 3.54 3.39 2.94
pr(GPa 515 515 45PF 515,b 105¢ 220
9.87728.96°
3 y y
Vei(pr) (A%) 9.053 9.223 6.938 11.65
9.4292 8.54P
3 ’ 'R
Vei(pr) (R3) 8.764 8.907 6 607 10.39
0.44820.42°
3 y )
AV(A3) 0.289 0.316 0.33F 1.26
8Reference 21PPW-LDA). ®Reference 25.
bReference 2ZLAPW-LDA). 'Reference 26.
‘Reference 23PPW-LDA). 9Reference 27.
dReference 24LCGTO-HP. hReference 28.

different structures or densitie§) the B4 phase at zero pres- DOS features just mentioned. Casgy (iii), and (v) are
sure;(ii) the B4 phase just below the first transitionpat; ; shown in Figs. 3-5, respectivelyCases(ii) and (iv) are
(iii) the B1 phase just abovpr;; (iv) the B1 phase just qualitatively similar to(i) and(iii), respectively, and are not
below pr,; and(v) the B2 phase just abovgr,. We show  shown] There are two key concepts that govern the response
the ZnO total DOS for case@)—(iii) in Fig. 2@ and for  of the ZnO band structure to compression and changed
cases(iv) and(v) in Fig. 2b). Figure Za) shows that when atomic coordination: (a) changes in nearest-neighbor
wurtzite ZnO is compressed, the peak at the top of the uppédsondlengths as they affect overlaps and bandwidths(and
valence band is slightly reduced in height and shifted dowrthanges in symmetry as they affgetd hybridization and
in energy, the O& and Zn3i-derived peaks are slightly band repulsion. As the neighboring atoms approach each
broadened and shifted up in energy, and a splitting appears ther on compression of the solid, basis functiasd orbit-
the Zn 3 states. Also, the overall upper valence bandwidthals in a Hickel-like picture overlap more strongly, produc-
is slightly reduced. The changes in the B4 phase band strugag increased dispersion of the electron bandk $pace and
ture over the rang@=0 to py, are thus seen to be fairly consequently increased bandwidths along the energy axis.
small. However, on transforming to the B1 structuresaf, However, when there is a phase transition to a structure of
more significant changes occur, in particular, the peak neancreased coordination, the nearest-neighbor bonds lengthen
the valence-band maximum is greatly reduced in height. Theven though the density is increased. The behavior of the
Zn 3d peak also becomes narrower, and thes@2rived bandwidths up tgr, reflects these considerations. However,
states drop slightly in energy. the band structures reveal further qualitative changes that
Upon compression of the B1 phase ZnO through the wideccur with the change of symmetry at the structural transi-
pressure range fronpr; to py,, the upper valence band tions. Where the symmetry permits hybridization of @ 2
broadens greatly, the splitting of the Zd Peak in the DOS and Zn 3d-derived bands, there is effectively a repulsion be-
shows a large increase, and the ©derived band moves tween them, which pushes the aniop &tates upwards, an
down in energy and broadens. The fundamental band gagffect previously noted in both bingyand ternary® semi-
also increases with increasing pressure in this range. Witbonductors. In the tetrahedrally coordinated B4 phdsg.
the B1—-B2 transition, the upper valence bandwidth remains3) this repulsion is present throughout the Brillouin zone, but
almost unchanged but the peak near the valence-band maxi the cubic B1(Fig. 4) and B2(Fig. 5 structures it is sup-
mum reappears. The structure of the Zh&tates changes pressed near the gamma pdinas a result of the inversion
radically (in fact they appear to be heavily hybridized with symmetry through the atomic center. As a result, the highest
the O 2p-derived statesand the O 3-derived states broaden valence bands are repelled upwards near the zone boundaries
further and shift up in energy. but not at the zone center, so that the valence-band maximum
The band structures provide insight into the origin of thenow occurs at the zone boundary rather than at the gamma
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FIG. 2. Total DOS for ZnO in(a) the B4 structure ap=0 and
pr. and the B1 structure gi=p+,, and(b) the B1 and B2 struc-
tures atp=pr,.
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FIG. 4. Band structure for ZnO in the B1 structurepat p+; -

point. This accounts for the change in shape of the band edge
seen in the total DOS plots. There is also a change in the
form of the Zn 3I-derived bands, which are now narrowest
near the gamma point as a result of the supressed hybridiza-
tion there. In the B2 structure the Zd3&and O 2 states are
completely hybridized and cannot be disentangled.
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FIG. 5. Band structure for ZnO in the B2 structurepat p, .
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VI. DISCUSSION AND CONCLUSION like most I1-VI compounds. Other structures, such as NiAs

or diatomicB-Sn in place of NaCl or InBi or AuCd in place

of CsCl, are more likely in thenetallic high-pressure phases
salt (B1) structure to t.he CsQlB2) structure at a pressure less ionic narrowe?/-gap semicondgctgrs includ?ng most
near 2.6 Mbar, assuming no other new phase appears flrst.(1 '

should be possible to attain this transition in a diamond-anvi LV and column IV materials. We have predicted that a
P . ) ) . ._large band gap persists to the highest pressures considered in
cell, and to examine the electronic properties of this materi

through the transition. We also confirm that the GGA cor- nO (and MgQ despite that the LDAand GGA band gaps

rects the tendency of the LDA to underestimate transitio are expected always to be smaller than experiment. Hence

ressures between low-pressure phases, but find that radi?a[pl re is a reasonable chance that the P transition can
P b P ' 9 actually be observed in ZnO. Of course high-pressure pho-

corrections are unimportant at high pressures. When WHon calculations would be an interesting future extension of
study the high-pressure behavior of MgO by the same ap; . :
e present paper and could still uncover unstable modes in

proach as we have used for ZnO, we find results consiste%no at some pressure
with other recent first-principles studies. Note that we have '
used the “standard methodology? of guessing a few can-
didate high-pressure structures and comparing their enthalp-

ies. We have no guarantee against metastability with respect We acknowledge discussions with Dominic Alfonso and
to other possibly lower-energy structures or even dynamidaciej Gatowski, and the support of the Office of Energy
instability, through soft phonons or other mechanisms, leadResearch, Division of Geosciences of the U.S. Department of
ing to new phases. However, there are strong empiricaEnergy. Pacific Northwest National Laboratory is operated
grounds for expecting the BB3)—B1—B2 transition se- for the U.S. Department of Energy by Battelle Memorial
guence with increasing pressure in ionic, wide-gap materialfnstitute under Contract No. DE-AC06-76RL0O1830.

Our key result is that ZnO will transform from the rock-
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