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First-principles study of the structural phase transformation of hafnia under pressure
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We investigate the phase transformation of HfO2 under hydrostatic pressure through first-principles pseudo-
potential calculations within the local-density-functional approximation~LDA ! and the generalized gradient
approximation~GGA!. We find that with increasing of pressure, HfO2 undergoes a series of structural trans-
formations from monoclinic to orthorhombic I and then to orthorhombic II, consistent with experiments. The
calculated transition pressures within the GGA are in good agreement with the measured values, while they are
severely underestimated by the LDA. Analyzing the distribution of electron densities for the high-pressure
phases, we find that the electron densities of the orthorhombic-II phase are more homogeneous than for the
orthorhombic-I phase. Due to this distinct difference in the homogeneity of electron densities, the energy
difference between the orthorhombic-I and orthorhombic-II phases is enhanced in the GGA; thus, the transition
pressure between the two phases increases significantly.

DOI: 10.1103/PhysRevB.68.054106 PACS number~s!: 61.50.Ks, 64.60.2i, 71.15.Nc, 71.20.2b
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I. INTRODUCTION

Hafnia (HfO2) is a wide-band-gap material with a hig
dielectric constant, and this material has recently recei
much attention because of its potential application for al
native dielectrics to SiO2 in microelectronic devices. Severa
experiments have demonstrated that thin HfO2 films depos-
ited on Si lead to low leakage current and high therm
stability.1,2 As for other applications, HfO2 is considered to
be a good candidate for hard materials, because
orthorhombic-II ~cotunnite! structure, which is one of the
high-pressure phases of HfO2, has a very large bulk modulu
of 312 GPa.3

At ambient conditions, HfO2 has a monoclinic baddeley
ite structure with the space groupP21 /c and sequentially
transforms into the orthorhombic-I~Pbca! and then into the
orthorhombic-II ~Pnma! phase as pressure increases. Inin
situ x-ray diffraction measurements under high pressure
high temperature,3 the orthorhombic-I phase is found to b
stable for pressures between 4 and 14.5 GPa be
1250–1400°C, while the orthorhombic-II phase appe
above 14.5 GPa and is stable up to 1800°C at 21 GPa. H
pressure Raman spectroscopy studies4 at room temperature
reported similar results with the transition pressures of
and 12 GPa for the orthorhombic-I and orthorhombic
phases, respectively, while other experiments5,6 showed
much higher transition pressures of 10 and 30 GPa.

In very recent theoretical calculations based on the ge
alized gradient approximation~GGA!,7,8 although the mono-
clinic, cubic, and tetragonal structures were considered, m
interests were the dielectric constant and the defect pro
ties of O-related defects. Other theoretical work using
local-density-functional approximation~LDA ! was reported
for the structural phase transformation of HfO2 under
pressure.9 However, the pressure-induced structural seque
was shown to be inconsistent with experiments; the mo
clinic phase is directly transformed into the orthorhombic
phase, while the orthorhombic-I phase is energetically un
vorable. In the LDA calculations, the cohesive energies
materials are generally overestimated, and the transi
0163-1829/2003/68~5!/054106~8!/$20.00 68 0541
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pressures in pressure-induced structural transformations
underestimated.10,11 The use of the GGA has been very su
cessful in remedying the failure of the LDA.

In this paper, we investigate the structural phase trans
mation of HfO2 under hydrostatic pressure through firs
principles pseudopotential calculations. Both the LDA a
GGA calculations show that HfO2 undergoes a series o
structural transformations from monoclinic to orthorhombi
and then to orthorhombic II, with increasing of pressu
consistent with experiments. By including the GGA corre
tion for the exchange-correlation potential, we find that t
calculated pressures for the monoclinic–to–orthorhomb
and orthorhombic-I–to–orthorhombic-II transitions are
better agreement with the measured values. To analyze
improvement of the transition pressure by the GGA, we
amine the distribution of electron charge densities for
high-pressure phases and also investigate the electr
structure of HfO2.

II. COMPUTATIONAL METHOD

Our calculations are based on the first-principles pseu
potential method within the local-density-functional appro
mation. Norm-conserving nonlocal pseudopotentials are g
erated by the scheme of Troullier and Martins12 and
transformed into a separable form of Kleinman a
Bylander.13 For the Hf atom, we include a nonlinear parti
core correction14 for the exchange-correlation functional t
deal with the overlap between the core and valence elec
densities. For the LDA exchange-correlation functional,
use the Ceperley-Alder expression as parametrized by
dew and Zunger.15 We also perform GGA calculations, with
use of the functional form suggested by Perdew, Burke,
Ernzerhof.16 We consider various phases such as monoclin
cubic, tetragonal,Pbc21, and orthorhombic~I and II! struc-
tures for studying pressure-induced structural phase trans
mations. The wave functions are expanded in a plane-w
basis set with a kinetic energy cutoff of 60 Ry througho
this work, with which the total energies (Etot) are converged
to within 1 mRy per atom. Testing a higher energy cutoff
©2003 The American Physical Society06-1
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FIG. 1. The ball-and-stick
models for the primitive unit cells
~up! and their expanded crysta
structures ~bottom! of the ~a!
monoclinic, ~b! orthorhombic-I,
and ~c! orthorhombic-II structures
of HfO2.
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100 Ry, we find that the change of the total energy differe
between the monoclinic and orthorhombic-I phases is
than 0.01 mRy per atom, so that transition pressures are
converged with the kinetic energy cutoff of 60 Ry. Th
Brillouin-zone summation of the charge densities is p
formed using a uniform grid ofk points, choosing 10, 4, an
12 k points in the irreducible sectors for the monoclin
orthorhombic-I, and orthorhombic-II structures, respective
and the total energies are found to have errors within
mRy per atom. For each phase, we calculate the total e
gies for many different cell volumes. For a fixed volume, w
optimize all the lattice parameters and relax internal para
eters using the conjugate gradient method.

III. RESULTS AND DISCUSSIONS

First we discuss the details of various structures con
ered here. The ball-and-stick models for the monoclin
orthorhombic-I, and orthorhombic-II structures are shown
Fig. 1. In the monoclinic structure, there are two types of
atoms, which are threefold and fourfold coordinated, wh
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all the Hf atoms are in a sevenfold-coordinated configu
tion. A threefold-coordinated O and its three neighboring
atoms lie in a nearly flat plane. The monoclinic structure h
4 formula units of HfO2 per primitive cell. In the
orthorhombic-I phase, which first appears as a high-pres
phase, the size of the primitive cell is doubled, while t
coordination numbers of Hf and O remain unchanged.
the other hand, the orthorhombic-II phase, which is sta
lized for further increase of pressure, has higher coordina
numbers, with the same units of HfO2 in the primitive cell as
the monoclinic phase; the coordination number of Hf
creases from 7 to 9, and the O atom is either fourfold
fivefold coordinated. In addition to the monoclinic
orthorhombic-I, and orthorhombic-II phases, we also co
sider the tetragonal (P42 /nmc), cubic (Fm3m), and
Pbc21 phases. The tetragonal and cubic phases are stab
high temperatures under atmospheric pressure. The m
clinic phase at low temperature was shown to transform i
a tetragonal structure above 2000 K and then into a cu
structure above 2870 K. Previous LDA calculations9 showed
FIG. 2. The total energies~per
HfO2 formula! vs volume in the
~a! LDA and ~b! GGA calcula-
tions.
6-2
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that thePbc21 phase has an equilibrium volume similar
that of the orthorhombic-I phase but a lower total ener
The primitive cells of the cubic, tetragonal, andPbc21 struc-
tures contain 1, 2, and 4 formula units of HfO2, respectively.
For each volume, we optimize thec/a ratio for the tetragona
phase, three lattice parameters for the monoclinic struct
and two parameters for the orthorhombic-I, orthorhombic
andPbc21 structures.

The calculated total energies in the LDA and GGA a
plotted as a function of volume and compared with ea
other in Fig. 2. The total energies are then fitted to the M
naghan equation of state17 to obtain the equilibrium volume
V0, the bulk modulusB0, and the ground-state energyE0.
Our results for the lattice parameters (a, b, andc), internal

TABLE I. Calculated structural parameters for the monoclin
cubic, and tetragonal phases of HfO2 in the GGA and LDA. Here
V0 ~in units of Å3) andB0 ~in GPa! denote the equilibrium volume
per HfO2 formula and the bulk modulus, respectively, the latti
parameters~in Å! are given bya, b, andc, andb ~in degree! is the
angle between the lattice parameters. The internal coordinates o
Hf and O atoms are given byx, y, andz, anddz in the tetragonal
phase is the shift of the O atom in fractional coordinates with
spect to the ideal cubic position.

Present Previous Present Previous Exptc

GGA GGA a LDA LDA b

Monoclinic
V0 36.39 34.81 34.98 34.55 34.62
a 5.215 5.132 5.135 5.12 5.119
b 5.293 5.189 5.244 5.17 5.170
c 5.350 5.307 5.269 5.29 5.298
b 99.73 99.78 99.54 99.25 99.18
B0 192 186 251 185
Hf(x) 0.277 0.277 0.279 0.279 0.276
Hf( y) 0.042 0.044 0.042 0.042 0.040
Hf(z) 0.207 0.209 0.208 0.211 0.207
O1(x) 0.076 0.070 0.078 0.072 0.071
O1(y) 0.343 0.333 0.350 0.340 0.332
O1(z) 0.335 0.345 0.331 0.343 0.344
O2(x) 0.447 0.448 0.445 0.449 0.446
O2(y) 0.759 0.758 0.760 0.758 0.755
O2(z) 0.483 0.478 0.485 0.481 0.480

Cubic
V0 34.10 32.49 32.89 33.95 32.77
a 5.148 5.07 5.086 5.14 5.08
B0 257 289 280

Tetragonal
V0 34.82 33.12 33.34 35.075
a 5.17 5.06 5.09 5.15
c 5.22 5.181 5.14 5.289
dz 0.033 0.051 0.033
B0 183 228

aReference 8.
bReference 9.
cReferences 18–20.
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parameters for the Hf and O atoms,V0, andB0 are listed for
all the phases considered here and compared with exp
ments and other calculations in Tables I and II.

For the monoclinic phase, we find that the LDA results f
V0 andB0 are in slightly better agreement with experimen
with errors of about 1%, compared with the GGA results.
the GGA, the equilibrium volume is larger by about 5%
which is the usual tendency of slightly increasing interatom
distances, and the bulk modulus is increased by about
The LDA result ofB05186 GPa is very close to one exper
mentally measured value of 185 GPa,4 while the other ex-
perimental value is 284 GPa.5 For the internal coordinates o
Hf and O, both the LDA and GGA give similar results,

,

the

-

TABLE II. Calculated structural parameters for th
orthorhombic-I and orthorhombic-II phases of HfO2 in the GGA
and LDA. HereV0 ~in units of Å3) and B0 ~in GPa! denote the
equilibrium volume per HfO2 formula and the bulk modulus, re
spectively, and the lattice parameters~in Å! are given bya, b, andc.
The internal coordinates of the Hf and O atoms are given byx, y,
andz.

Present Present Previous Expt.b

GGA LDA LDA a

Orthorhombic I
V0 35.04 33.67 34.46
a 10.215 10.079 10.22
b 5.324 5.266 5.31
c 5.154 5.075 5.08
B0 221 251 256 220
Hf(x) 0.885 0.885 0.884
Hf( y) 0.036 0.035 0.033
Hf(z) 0.256 0.255 0.255
O1(x) 0.791 0.791 0.791
O1(y) 0.375 0.376 0.371
O1(z) 0.127 0.128 0.131
O2(x) 0.977 0.977 0.977
O2(y) 0.738 0.738 0.747
O2(z) 0.497 0.497 0.494

Orthorhombic II
V0 31.18 29.89 30.66
a 5.629 5.557 5.48
b 3.353 3.293 3.35
c 6.606 6.531 6.68
B0 252 295 306 312
Hf(x) 0.247 0.245 0.249
Hf( y) 0.250 0.250 0.250
Hf(z) 0.113 0.115 0.115
O1(x) 0.360 0.359 0.360
O1(y) 0.250 0.250 0.250
O1(z) 0.426 0.426 0.425
O2(x) 0.022 0.025 0.022
O2(y) 0.750 0.750 0.750
O2(z) 0.339 0.337 0.339

aReference 9.
bReference 3.
6-3
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good agreement with experiments. For the cubic phase
also find that the LDA result forV0 is in better agreemen
with the measured value, while the GGA value is larger
about 4%. For the tetragonal phase, however, the GGA
ues forV0 , a, and c are closer to the measured values,
compared to the LDA results. For the orhorhombic-I a
orhorhombic-II phases, the GGA equilibrium volumes a
also found to increase by about 4%, compared with the L
results. Among the phases considered, the orthorhomb
phase has the largest bulk modulus of 312 GPa,3 suggesting
a good candidate for hard materials. Similar to other pha
the bulk moduli for both the orhorhombic-I an
orhorhombic-II phases are reduced with the GGA correcti
The GGA value ofB05221 GPa in the orhorhombic-I phas
is in good agreement with the measured value of 220 G
while it is lower by about 19% for the orhorhombic-II phas

Previous theoretical calculations are listed and compa
with our results in Tables I and II. For the monoclinic pha
the overall results of Lowther and co-workers9 using the
LDA are comparable to our LDA calculations, while the
calculated bulk modulus of 251 GPa is much larger than
result of 186 GPa. The large difference in the bulk modu
between the two calculations may result from the fact t
they fix the angleb between the lattice vectors, whileb is
optimized for each volume in our calculations. There ha
been two theoretical calculations using the GGA for t
monoclinic and cubic phases. The previous GGA results8 for
V0 and the lattice parameters, which were obtained using
ultrasoft pseudopotentials21 within the GGA of Perdew,22 are
in slightly better agreement with experiments than our G
results employing the norm-conserving pseudopotenti
However, other GGA calculations7 using the ultrasoft
pseudopotentials showed larger deviations from the exp
mental results. For thePbc21 phase, our LDA results forV0
and B0 are 33.9 Å3 per formula unit and 250 GPa, respe
tively, as compared to other LDA calculations ofV0
534.5 Å3 andB05272 GPa.9

The band structures for various phases of HfO2 are drawn
in Fig. 3. In the GGA calculations, HfO2 is found to have
indirect band gaps of 3.6 and 3.9 eV for the monoclinic a
orthorhombic-I phases, respectively, whereas
orthorhombic-II phase has a direct gap of 3.1 eV. For all
phases, the LDA band gaps are generally smaller by ab
0.1 eV than the GGA results. For the monoclinic phase,

FIG. 3. The band structures for the monoclinic, orthorhombic
and orthorhombic-II phases at their equilibrium volumes of HfO2.
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calculated band gap is underestimated by about 37%
compared to the experimentally measured value of 5.68 e23

Figure 4 shows the density of states~DOS! and the local
density of states~LDOS! projected onto the Hf and O atom
at the equilibrium volume of the monoclinic phase. We fi
that the O 2s and 2p bands are centered at around217 and
23 eV, respectively, below the valence-band edge, wh
the Hf 5d band lies in the conduction band, indicating th
Hf valence electrons are almost completely transferred to
surrounding O atoms. Thus, the valence electrons are mo
localized around the O atoms, with weak directional bonds
the Hf atoms, as shown in Fig. 5.

A transition pressure (Pt) between two phases can be e
timated by the crossing point of their enthalpies which a
equivalent to the Gibbs free energy at zero temperature.
enthalpy differences with respect to the monoclinic phase
drawn as a function of pressure in Fig. 6~a!. Recentin situ
x-ray measurements3 showed that the monoclinic phase fir
transforms into the orthorhombic-I phase at a pressure o
GPa and then successively into the orthorhombic-II phas
14.5 GPa. A similar transition sequence was observed
high-pressure Raman spectroscopy studies,4 which reported
transition pressures of 4.3 and 12 GPa. In our calculatio
we also find a transition sequence from monoclinic to orth
rhombic I and then to orthorhombic II, in good agreeme
with experiments. However, thePbc21 phase is found to be
unstable against the orthorhombic-I structure, while ot
LDA calculations9 showed that a direct transition occu
from monoclinic to orthorhombic II, and thePbc21 phase is
lower in energy than the orthorhombic-I phase. The cal
lated transition pressures are listed in Table III. For the tr
sition from monoclinic to orthorhombic I, the GGA transitio
pressure is estimated to be 3.8 GPa, in good agreement

,

FIG. 4. ~a! The total density of states and local densities
states projected onto the~b! Hf and ~c! O atoms in the monoclinic
structure.
6-4
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FIG. 5. ~a! The contour plot of
electron charge densities and~b!
the line charge densities along th
O-Hf bond in the monoclinic
phase.
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experiments, while the LDA value of 0.9 GPa is sever
underestimated. Similarly, for the transition from orthorho
bic I to orthorhombic II, we find a significant improveme
of the transition pressure from 4.1 to 10.6 GPa with the G
correction. In this case, the GGA value forPt is still lower
by 11%–27% than the measured values, and this large e
may result from the underestimation of the bulk modulus
the orthorhombic-II phase. From the equation of state@see
Fig. 6~b!#, we estimate the transition volumes for each tra
sition. Compared with the LDA values, the GGA calculatio
give better agreements of the transition volumes with exp
ments, as shown in Table III. In the GGA calculations, t
volume change occurs from 0.980V0

mono to 0.943V0
mono for

the monoclinic–to–orthorhombic-I transition, while the me
sured values are 0.97V0

mono and 0.94V0
mono, whereV0

mono is
the equilibrium volume of the monoclinic phase. For t
orthorhombic-I–to-orthorhombic-II transition, the transitio
volumes are calculated to be 0.917V0

mono and 0.820V0
mono,

close to the measured values of 0.90V0
mono and 0.82V0

mono.
Since the transition pressure is obtained by the slope

the common tangent line between the total energy curve
sensitively depends on the total energy difference (DE0) be-
tween two phases at their equilibrium volumes (V0). The
LDA and GGA results forV0 andDE0 relative to the mono-
clinic phase are summarized in Table IV. For the pha
considered here, the GGA generally increasesDE0 andV0,
compared with the LDA results. In this case, the increase
V0, which is defined as@V0(GGA)2V0(LDA) #/V0(LDA),

FIG. 6. ~a! The enthalpies of various phases with respect to t
of the monoclinic phase and~b! the equations of states are plotted
the GGA calculations.
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is found to be about 4%, almost the same for each ph
while the increase ofDE0 by the GGA is largest for the
orthorhombic-II phase. Since the total energies of both
orthorhombic-I and orthorhombic-II phases relative to t
monoclinic phase increase, the transition pressures
greatly enhanced by the GGA, especially for t
orthorhombic-I–to–orthorhombic-II transition. It is interes
ing to note that the increase ofDE0 by the GGA depends on
the equilibrium volume of each structure. In Fig.
@DE0(GGA)2DE0(LDA) # is plotted as a function of the
normalized equilibrium volume,V0(LDA)/ V0

mono(LDA),
and the increase ofDE0 for the compressed phase becom
more significant as the volume decreases.

To see the effect of the GGA correction onDE0, we ex-
amine the distribution of electron densities for differe
phases. In Fig. 8, the volume of the part of the Wigner-Se
cell having a density parameterr s within the intervalr s and
r s1Dr s , divided by the equilibrium volume timesDr s ,10 is
plotted as a function ofr s , where r s is defined by r s
5(3/4pn)1/3, with n denoting the particle density. Similarly
the volume of the part of the Wigner-Seitz cell having
density gradient parameters within the interval s and s
1Ds, normalized by the equilibrium volume timesDs, is

t

TABLE III. Transition pressures and volume changes in t
pressure-induced structural phase transformations of HfO2. HerePt

~in GPa! andVt ~in V0
mono) denote the transition pressure and tra

sition volume, respectively, whereV0
mono is the equilibrium volume

of the monoclinic phase.

LDA GGA Expt.

Monoclinic → orthorhombic I
Pt 0.9 3.8 4,a 4.3 b

Vt
mono 0.995 0.980 0.97a

Vt
ortho-I 0.961 0.943 0.94a

Orthorhombic I→ orthorhombic II
Pt 4.1 10.6 14.5,a 12 b

Vt
ortho-I 0.949 0.917 0.90a

Vt
ortho-II 0.844 0.820 0.82a

aReference 3.
bReference 4.
6-5
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TABLE IV. The equilibrium volumes (V0 in units of Å3 per HfO2 formula! and the ground-state energ
differences (DE0 in units of meV! of various phases relative to the monoclinic phase in the LDA and G
calculations are listed. HereDV0 is given byDV05V0(GGA)2V0(LDA).

Monoclinic Ortho I Ortho II Cubic Tetragonal

V0(LDA) 34.98 33.67 29.89 32.89 33.34
V0(GGA) 36.39 35.04 31.18 34.10 34.82
DV0 1.41 1.37 1.29 1.21 1.48
V0(GGA)/V0(LDA) 1.040 1.041 1.043 1.037 1.044
DE0(LDA) 0 5 102 118 95
DE0(GGA) 0 34 282 169 135
DE0(GGA)2DE0(LDA) 0 29 180 51 40
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drawn, wheres is given bys5u,nu/2(3p2n4)1/3.24 Compar-
ing the distributions of pseudoelectron densities for
monoclinic and orthorhombic-I phases, we find that the
two phases have similar distributions for a wide range ofr s .
However, since the monoclinic phase shows a somew
broader distribution extending tor s above 4.0, the distribu
tion of electron densities is more inhomogeneous for
monoclinic phase. For small values ofr s , the distributions
are almost independent of the structure, indicating that
localized electron densities around the O atoms are simila
each other. If charge densities are uniformally distribu
over the whole space, the distribution of electron densi
must bed function like. As r s increases above 2.0, we fin
that the orthorhombic-II phase shows a very different f
ture, with a large fraction of the Wigner-Seitz cell within th
relatively smaller range ofr s . This result indicates that th
distribution of electron densities is more homogeneous
the orthorhombic-II phase, compared with th
orthorhombic-I phase. This behavior is also confirmed by
distribution of normalized density gradients, with larger vo
ume fractions in the region of smalls. The difference in the
homogeneity of electron densities between

FIG. 7. The increase of the ground-state energy difference w
respect to the monoclinic phase, i.e.,DE0(GGA)2DE0(LDA), is
plotted as a function of the normalized equilibrium volum
V0(LDA)/ V0

mono(LDA).
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orthorhombic-I and orthorhombic-II phases is mainly due
the increased coordination numbers of the O and Hf ato
as discussed earlier. To investigate the correlation betw
the coordination number and the homogeneity of elect
densities, we calculate the electron density distributio
within a radius of 2.25 Å around the threefold- and fourfol

th FIG. 8. Distributions of~a! pseudoelectron densities (r s) and~b!
normalized density gradients ~s! for the monoclinic,
orthorhombic-I, and orthorhombic-II structures in the GGA~see the
text for details!.
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coordinated O atoms for the orthorhombic-I phase, and
that the volume factions having higher values ofs are larger
around the threefold-coordinated O atom, as shown in Fig
The inhomogeneity of electron densities is enhanced as
coordination number of the O atom decreases.

It is known that the GGA correction to the total ener
increases as the inhomogeneity of electron densities is
hanced. In previous calculations for the diamond–to–b-tin
transition of Si,10 the energy lowering by the GGA wa
shown to be larger for the more inhomogeneous diam
phase than for the metallicb-tin phase, resulting in a large
energy difference between the two phases and thus incr
ing the transition pressure. In Fig. 10, we compare the spa
distributions of electron densities which are calculated by
LDA and GGA for the orthorhombic-I and orthorhombic-
phases. For both phases, it is difficult to find any disti
change in the distribution ofr s . However, as compared t
the LDA results, the distribution ofs clearly shows that the
electron densities are more inhomogeneous in the G
leading to a larger decrease of total energy. As going fr
monoclinic to orthorhombic I and to orthorhombic II, th

FIG. 9. Distributions of~a! pseudoelectron densities and~b!
normalized density gradients around the threefold- and fourfo
coordinated O atoms for the orthorhombic-I structure in the GG
05410
d

9.
he

n-

d

as-
ial
e

t

A,

energy lowering becomes less significant because the ho
geneity of electron densities increases. In fact, we find t
the lowering of the exchange-correlation energy by the G
correction is larger by about 0.27 eV per HfO2 for the
orthorhombic-I phase than for the orthorhombic-II pha
Thus, as the volume is compressed, the transition press
are greatly enhanced in the GGA due to the increase ofDE0
relative to the monoclinic phase.

IV. CONCLUSIONS

In conclusion, we have investigated the structural ph
transition of HfO2 under pressure through the first-principl
pseudopotential calculations. In the GGA calculations,
find that the monoclinic phase transforms to orthorhomb
at 3.8 GPa and then to orthorhombic II at 10.6 GPa. T
transition pressures and volume changes are in good ag
ment with experiments in the GGA, while the LDA severe
underestimates the transition pressures. Analyzing the di

-
.

FIG. 10. Distributions of~a! pseudoelectron densities and~b!
normalized density gradients for the orthorhombic-I a
orthorhombic-II structures within the LDA~solid triangles! and
GGA ~open circles! calculations.
6-7
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bution of electron densities, we find that the electron den
ties of the orthorhombic-II phase are more homogene
than for the orthorhombic-I phase, mainly due to the incre
of the coordination numbers. Thus, the energy difference
tween the orthorhombic-I and orthorhombic-II phases
greatly increased in the GGA, leading to an increase of
transition pressure.
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