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Polarization properties of ZnO and BeO: An ab initio study through the Berry phase
and Wannier functions approaches
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The spontaneous polarization and the piezoelectric constants of ZnO and BeO are calculated at anab initio
quantum-mechanical level by using two alternative strategies, namely, through the Berry phase scheme applied
to delocalized crystalline orbitals, and through the definition of well-localized Wannier functions. The two sets
of results, obtained in the same computational conditions~both schemes are implemented in theCRYSTAL code!
compare extremely well, and are in good agreement with available experimental data.
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I. INTRODUCTION

The crystalline orbitals~CO’s! describing the electronic
ground state of a periodic system are usually obtained
linear combination of~delocalized! Bloch functions~BF’s!,
in order to exploit the block factorization of the Hamiltonia
matrix, because BF’s are bases of the irreducible represe
tions of the translation group. Localized Wannier functio
~LWF’s! can be obtained by applying a unitary transform
tion to these CO’s; well-localized WF’s present many int
esting features, because of the following reasons~see, for
example, the conclusions section in Ref. 1!.

~i! LWF’s permit an easy and intuitive description of th
electronic structure of crystalline compounds in terms
chemical concepts, such as lone pairs, shared electrons
valent or ionic bonds.2–8

~ii ! Localized orbitals have been used for the implem
tation ofpostHartree-Fock estimates of correlation energy
large molecules, using the methods either of many-b
perturbation9–14 or configuration-interaction and
coupled-cluster15–21theories. These methods can be straig
forwardly extended to periodic systems through the defi
tion of a set of well-localized WF’s.

~iii ! Many properties can be evaluated in an extrem
simple and intuitive way when starting from LWF’s, where
expensive and not easy to implement methods are requ
when delocalized CO’s are used. This is the case, for
ample, of the polarization (P) ~and the effective Born
chargesZ* ),22,23 which in the localized representation
nothing else but the difference in the dipole moment of
cell-charge distributions evaluated at two different geo
etries~see below for a more precise definition!, whereas in
the BF representation it is evaluated through a formal
based on Berry phases~BP’s!,24–27which requires the evalu
ation of relatively complicated integrals.

In the present paper we compute the piezoelectric ten
of ZnO and BeO and the various contributions to it by sta
ing from LWF’s; they are in turn obtained from the CO
represented in a basis of BF’s through a localization sche
recently implemented by us.28 The piezoelectric-tensor com
ponents take a very simple form in the WF basis, as they
0163-1829/2001/65~1!/014111~9!/$20.00 65 0141
a

ta-
s
-
-

f
co-

-

y

t-
i-

y

d,
x-

e
-

or
-

e

re

related to the dependence of the centroids of WF’s on
applied strain. The same quantities~as a by product, we will
obtain also the spontaneous polarizationP and the transverse
Born chargesZ* ) will also be computed through the B
technique, already implemented in theCRYSTAL code.29

II. METHODOLOGICAL ASPECT

A. Computational details

Calculations have been performed at the Hartree-F
~HF! level with the periodicab initio CRYSTAL program.30 In
CRYSTAL, BF’s are built from localized functions, to be ind
cated in the following as atomic orbitals~AO’s!, which are
contractions~linear combinations with fixed coefficients! of
Gaussian-type functions~GTF’s!. A GTF is the product of a
Gaussian times a real solid spherical harmonic.

An all-electron basis set has been used. It is the same
Refs. 31–33. For Zn, Be, and O an 86-4111(41)G, 5-11G,
and 8-411(1)G contraction has been adopted, where the fi
number refers to ans shell, the others aresp shells;d shell
contractions are given in parentheses. The exponents o
two most diffusesp and of thed shells of the oxygen atom
are 0.48, 0.20, and 0.65~ZnO! and 0.47, 0.18, and
0.60 bohr22 ~BeO!. As regards the computational cond
tions, standard values of the tolerances as defined in
CRYSTAL manual30 have been adopted. Both systems have
wurtzite structure, and the calculated equilibrium-geome
parameters are given in Table I.

B. The localized Wannier functions scheme
and the piezoelectricity calculations

1. The localized Wannier functions scheme

In the following, the most relevant features of the meth
employed to obtain LWF’s are briefly described. A more d
tailed discussion on the various aspects of the schem
reported elsewhere.28 In the present periodic calculation
BF’s, c t(k), are given in terms of the basis set of AO’
$wm(r2sm2g)%, as
©2001 The American Physical Society11-1
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c t~r ,k!5 (
m51

M

amt~k!(
g

eik•gwm~r2sm2g!, ~1!

wherek is a reciprocal lattice vector within the first Brilloui
zone ~BZ!, and the first and second sums in the right-ha
side run over the AO’s in the cell and the lattice cells,
spectively. Given the set$c t(k), ; kPBZ% of band t, the
tth reference WF~a WF conventionally assigned to the re
erence cell! is given in the AO basis set as

v t~r !5 (
m51

M

(
g

cmt
g wm~r2sm2g!, ~2!

where the orthonormality condition̂v t
guv t

g8&5dgg8 holds for

the periodic imagesuv t
g&[v t(r2g) of uv t&[uv t

0&. In addi-
tion, coefficientsamt(k) andcmt

g in Eqs.~1! and~2!, respec-
tively, are related by Fourier-like transforms,

cmt
g 5

V

~2p!3EBZ
dk eik•gamt~k!5

1

L (
j 50

L21

eik j •gamt~k j !,

~3!

amt~k!5(
g

e2 ik•gcmt
g . ~4!

In the first equality of Eq.~3!, integration is performed ove
the BZ andV is the cell volume, while in the second equali
the finite approach is used andk j are the nodes of a
Monkhorst-Pack net within the BZ.34 In Eq. ~3!, it is as-
sumed that theG point always belongs to the net and
labeled ask0. Within this approach the number of nodesL is
the same as the number of effective cells that are to be
sidered in the corresponding sums of Eqs.~1!, ~2!, and~4!.

Starting from a set ofN bands given in terms of BF’s
$c t(k j )% t51

N , where j 51, . . . ,L, the present method pro
vides a set of LWF’s that spans the same subspace as
original BF’s. The method is based on the iterative appli
tion of a Wannierization step, which yields a set of WF’s
similar as possible~under a suitable criterion! to a given set
of spatially localized model functionsFt ~not necessarily
WF’s!, and a Boys-like localization35,36 performed only
within the subspace spanned by the reference WF’s give
the form of Eq.~2!. Model functionsFt employed in the

TABLE I. Calculated and experimental cell parameters for B
and ZnO.a0 andc0 in Å; u0 andu020.5 are the fractional coor
dinates of the oxygen atoms along thec axis.

a0 c0 c0 /a0 u0

BeO Our work 2.688 4.351 1.619 0.379
Expt. 2.698 4.376 1.622 0.378

ZnO Our work 3.281 5.250 1.600 0.383
Expt. 3.250 5.21 1.602 0.382

aReference 42.
bReference 43.
01411
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Wannierization step are obtained from the Boys-localiz
WF’s of the previous cycle by means of

Ft~r !5 (
A51

P

pA,t (
mPA

cmt
GA,twm~r2sm2GA,t!, ~5!

wherecmt
g are the coefficients of thetth WF’s, the first and

second sums run over theP atoms in the cell and the AO’s in
atom A, respectively. Concerning matricesGA,t and pA,t ,
they are used in Eq.~5! just to select the most relevant AO
coefficients of the original WF’s in the construction of fun
tions Ft . In this way, the localized character of the mod
functions is always improved with respect to the origin
ones.28 The criteria employed to define matricesGA,t and
pA,t are based on the atomic populations of WFt, qA,t

g ,
which are obtained by means of the well-known Mullike
partition of the electronic density as

qA,t
g 5 (

mPA
(
n,g8

cmt
g cnt

g1g8Smn
g8 , ~6!

whereSmn
g8 5^wm

0 uwn
g8& is the overlap matrix in the AO basi

set. Accordingly,GA,t is the cell where is situated the per
odic image of atomA that displays the maximum atomi
population,qA,t

g , in WF t. On the other hand, given a pre
defined thresholdu, factorspA,t read

pA,t5H 0 if qA,t
g ,u ; g

1 otherwise
. ~7!

It is worth noting that Eq.~7! guarantees that only contribu
tions coming from atoms whose atomic population is grea
than u are actually considered in Eq.~5!. This is used to
correct the troubles in the convergence of the iterative p
cess caused by the numerical indetermination of the WF t
in the first stages of the calculation.28

In the Wannierization step, functionsFt are transformed
into a set of nonorthonormal BF’s according to Eq.~4!, then
projected onto the chosen subspace using operatorsQ(k j )
5( t51

N uc t(k j )&^c t(k j )u, and next, symmetrically orthonor
malized. The resulting BF’s are back-transformed into W
employing Eq.~3!. These WF’s are the inputs of the subs
quent Boys-localization step and a new cycle starts.

At the end of each cycle the overall delocalization ind
L is calculated as

L5F 1

N (
t51

N

(
A,g

~qA,t
g !2G21

, ~8!

and the iterative process stops when the absolute differe
in L between two consecutive cycles is less than a gi
threshold. The parameters used to control the accuracy
efficiency of the various steps of the localization process
the same as previously reported.28,37

The degree of localization of the LWFt is here measured
in terms of two indices, namely,l t and s t , given by the
following expressions:
1-2
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l t5F(
A,g

~qA,t
g !2G21

, ~9!

s t5^v tu~r2 r̄ t!
2uv t&

1/2, ~10!

where

r̄ t5E dr r uv tu2 ~11!

is the centroid of thetth LWF. It is to be noted thatl t is
nothing other than an inverse participation ratio of the atom
populations of WFt.

2. Spontaneous polarization and piezoelectricity
through the LWF scheme.

In terms of the LWF, the electronic contribution to th
spontaneous polarizationPel takes a very simple form,

Pel5
22e

V (
t51

N

~ r̄ t
(1)2 r̄ t

(0)!, ~12!

wherer̄ t
(j) is the centroid of thetth LWF @Eq. ~11!# in the (j)

nuclear and cell configuration. The nuclear contribution ta
a form very similar to Eq.~12!,

Pnuc5
e

V (
A51

P

~rA
(1)2rA

(0)!ZA , ~13!

whererA
(j) is the position of nucleusA in configuration (j)

andZA is its atomic number. It is clear that both terms, Eq
~12! and ~13! as well as their sumP are defined modulo
(e/V) R, whereR is any direct-lattice-translation vector, s
that, in principle, many~infinite! values ofP @each one de-
fines a branch~b! of a multivaluated function# are obtained,
P(b8)5P(b)1(e/V)R, and one should decide which branch
the ‘‘good one.’’ This is not a difficulty in practice for the
calculation of the spontaneous polarizationPeq , because in

most cases the smallest possible valuePeq

(m) is such that

01411
c

s

.

uPeq
(m)u!u(e/V)Ru ; R, and is much closer to the experime

tal value than any other determination, so that this choice
be assumed as a rule for all cases.38 The situation is slightly
more complicated when derivatives are involved, as is
case of the piezoelectric constantsei j . The latter are defined
through the relation~valid in the linear regime!

Pi5(
j

ei j « j , ~14!

where« j is the strain tensor component~Voigt’s notation has
been used!. ei j is then obtained as follows:

ei j 5
]Pi

]« j
. ~15!

As in fact Pi[Pi
(b) , and taking into account thatV[V(« j )

and, in general,R[R(« j ), an infinite number ofei j values
can be obtained according to the selectedPi

(b) branch. A
simple way to bypass this problem, according to Vanderbi
suggestion,39 is the following. Let us define thef l

(j) phase

components, projectingrA and r̄ t along the reciprocal-lattice
vectorsbl (bl•ai52p d l i , whereai are primitive-cell vec-
tors!,

TABLE II. Characterization of the WF’s of ZnO and BeO.l is
the localization index@see Eq.~9!#, d is the distance of the WF

centroidr̄ from the nearest atom~third column!, s is given by Eq.
~10!. NWF is the number of equivalent WF~that is, with the same
value ofl, d, ands, and centered on the same atom!.

System Atom~type! NWF l d(Å) s (Å)

ZnO Zn 5 1.006 0.011 0.527
O ~1! 3 1.163 0.368 0.800
O ~2! 1 1.161 0.366 0.801

BeO O ~1! 3 1.033 0.369 0.745
O ~2! 1 1.031 0.370 0.747
to
e

d

TABLE III. Characterization of a WF centered on Zn~first entry in Table II! and of the most diffuse one
centered on O~type 1 of ZnO system!. qA

g ~in ueu) is the fraction of the total density of the WF attributed
atomA in cell g according to a Mulliken partition@Eq. ~6!#. S5(A,gqA

g is the sum of the contributions of th

actual and previous lines; only contributions larger thanu0.0001uueu are reported. The density is normalize
to 1.

Atom A g qA
g A g qA

g A g qA
g S

Zn Zn1 ~0,0,0! 0.9961 0.9961
O2 (21,0,0) 0.0013 O2 ~0,1,0! 0.0013 0.9987
O2 ~0,0,0! 0.0007 O1 ~0,0,0! 0.0005 0.9999

O O1 ~0,0,0! 0.9248 0.9248
Zn1 (0,21,0) 0.0680 0.9928
Zn1 ~0,0,0! 0.0028 Zn1 ~1,0,0! 0.0027 Zn2 ~0,0,0! 0.0026 1.0009
Zn2 ~1,1,0! 0.0001 Zn2 ~0,1,0! 0.0001 O2 (0,0,21) 20.0001
O1 ~1,1,0! 20.0001 O1 ~0,1,0! 20.0001 O2 (1,0,21) 20.0001
O2 (0,21,21) 20.0002 O1 (21,21,0) 20.0003 O1 (0,21,0) 20.0003
O2 (0,21,0) 20.0003 0.9997
1-3
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f l
(j)5 (

A51

P

ZAbl•rA
(j)2(

t51

N

2 bl• r̄ t
(j) . ~16!

Note that f l
(j) is an adimensional quantity. Suppose no

vectorRp5p1a11p2a21p3a3 is added torA or r̄ t ; f l
(j) will

now change by a multiple of 2p, which is obviously inde-
pendent of« j . The ‘‘proper’’39 piezoelectric constant take
then the form

ẽi j 5
1

2p

e

V0
(

l

df l

d« j
ali , ~17!

where the constant term disappears in the derivative w
respect to« j . It is then convenient to define both the ele
tronic and nuclear contributions with reference to t

FIG. 1. Total electron-charge-density map~top!, Type-1 WF in
O ~middle!, and their associated electron-density maps~bottom! in
the ~110! plane for ZnO and BeO. Consecutive isodensity lin
differ by 0.01 for the top and middle and by 0.001e/bohr3 for the
bottom pictures. Curves corresponding to absolute values la
than 0.1~top and middle! and 0.001e/bohr3 ~bottom! are not plot-
ted. Continuous, dashed, and dot-dashed lines denote pos
negative, and zero values. Gray circles indicate the nuclei positi
Maps are 6.1 Å wide.
01411
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ve,
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FIG. 2. A d-type WF ~top! and its square~bottom! centered on
Zn. Scale, symbols, and sizes are as in FIG. 1

FIG. 3. Dependence of the centroidz fractional coordinate for a
core~left scale, continous line and open circles! and a valence~right
scale, dashed line and full circles! LWF of BeO centered on oxygen
as a function of the cell parameterc ~in Å). ]z/]c52.031023 and
3.031025 Å 21 for valence and core centroids, respectively.
1-4
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POLARIZATION PROPERTIES OF ZnO AND BeO: AN . . . PHYSICAL REVIEW B65 014111
reciprocal-lattice-vector directions according to Eq.~16!, and
this is the way they are implemented in theCRYSTAL code.

Another quantity that will be used in the following sectio
is the Born, or transverse, dynamical charge tensorZ* , de-
fined as the coefficient of proportionality at the linear ord
between the macroscopic polarization per unit cell create
a directionj and a rigid displacement,t i k

, of the sublattice of
atomsk in directioni, times the equilibrium unit-cell volume
V0,

Zi k , j* 5V0

]Pj

]t i k

~18!

C. The Berry-phase approach and piezoelectric calculations

For a periodic insulating crystal, the electronic contrib
tion of the tth band to the BP along the reciprocal-latti
vectorbl can be written as39

FIG. 4. BeO polarizationP in C/m2 ~dashed line and open
circles! and energy of the systemEtot ~solid line and full circles, in
mhartree and shifted by2179.4355 hartree! as a function ofu, the
fractional coordinate of oxygen.]P/]u529.946 C/m2
01411
r
in

-

f t,l
(j)5

1

VBZ
E d3k^ut

(j)~k!u2 ibl•“kuut
(j)~k!&, ~19!

whereVBZ is the first Brillouin-zone volume andut
(j)(k,r )

5eik•rc t
(j)(k,r ), where the BFc t

(j)(k) @see Eq.~1!# are the
eigenvectors of the one-electron ground-state Hamilton
referring to the nuclear and cell configurationj. The nuclear
contribution to the phase can be projected along
reciprocal-lattice vectors in the same way as in the LW
formalism, so that the total phasef l

(j) is in both cases~LWF
and BP! the starting point for the calculation of the piez
electric coefficients.

D. The piezoelectric tensor in the wurtzite structure

In the wurtzite structure~hexagonal Bravais lattice,C6v
point group!, the unit cell contains four atoms and is full

FIG. 5. BeO phase componentf3 ~dashed line and open circles!
and total energyEtot ~solid line and full circles, in mhartree an
shifted by 2179.4355 hartree! as a function of the strain«3 .

]f3 /]«3521.393 corresponding toẽ33
(0)520.569 C/m2. See text

for more details.
d
h. The
f

TABLE IV. Dependence of the spontaneous polarization (Peq) and piezoelectricity of BeO, evaluate
through the BP and the LWF techniques, on the shrinking factor defining the reciprocal-space mes
shrinking factorI S is the same for the three directions (I S5I S1

5I S2
5I S3

). N is the corresponding number o
irreducible k points in the first Brillouin zone.t is the computational time~on a Pentium III 800-MHz

personal computer!. ẽ33
(0) is the clamped-ion term of theẽ33 proper piezoelectric tensor component~see text

for more details!. Peq and ẽ33
(0) in C/m2.

BP LWF
I S N t Peq ẽ33

(0) t Peq ẽ33
(0)

2 4 13 20.036 20.5597
3 6 48 20.036377 20.5743 9 20.036278 20.5579
4 12 119 20.036350 20.5748 20 20.036312 20.5652
5 15 226 20.036338 20.5746 38 20.036312 20.5679
6 28 390 20.036330 20.5744 65 20.036306 20.5698
8 50 1224 20.036323 20.5743 120 20.036308 20.5710
10 84 1789 20.036318 20.5742 188 20.036308 20.5709
1-5
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TABLE V. Proper piezoelectric-tensor components (ẽi j ; ẽi j
(0) is the clamped-ion contribution! evaluated

through the BP and the LWF schemes. Spontaneous polarizationPeq andẽi j in C/m2. Z* is the Born effective
charge~in e)

Peq Z* ẽ33
(0) ẽ31

(0) ẽ33 ẽ31

BeO BP 20.03633 21.9432 20.5744 0.2881 0.0364 20.0735
LWF 20.03631 21.9419 20.5698 0.2898 0.0399 20.0715

ZnO BP 20.05696 22.0711 20.4459 0.2210 1.1998 20.5336
LWF 20.05691 22.0627 20.4447 0.2214 1.1943 20.5300
ra
pe
n

d
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ge
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a
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a
.

-
ic

te

ed
defined by the length of the hexagonal edgea0, the heightc0
of the prism @so the equilibrium cell volume isV0

5(A3/2)a0
2c0#, andu, the fractionalz coordinate of the oxy-

gen sublattice. Both the cations and anions are tetrahed
coordinated. The piezoelectric tensor has just three inde
dent components.40 Two of them measure the polarizatio
induced along thec axis, at zero electric field, by a uniform
strain either along thec axis or in the basal plane. The thir
component describes the polarization induced perpend
larly to the c axis by a shear strain; as it implies a lar
symmetry reduction and a time-consuming ionic relaxati
it will not be considered in the present work. Equation~14!
then becomes in the present case

P35e33«31e31~«11«2!, ~20!

where«35(c2c0)/c0 and«15«25(a2a0)/a0.
Conventionally, the sign of the piezoelectric-tensor co

ponents is fixed by assuming that the positive direction al
the c axis goes from the cation to the anion.

Equation~20! is a macroscopic phenomenological equ
tion describing, in the linear regime, the piezoelectric-ten
components in terms of a change of the polarizationP in-
duced by a variation of the cell parametersa andc. Micro-
scopically, a strain« j produces also, in general, an intern
displacement of one sublattice with respect to the other
our case that is a variation of thezO1

5cu and zO2
5c(u

2 1
2 ) coordinates. We then separate the two contributions

follows, in derivinge33 from Eq. ~20!:

e335
]P3

]«3
U

u

1
]P3

]u U
«3

du

d«3
. ~21!

The first term~theclamped-ionterm,41,24usually indicated as
e33

(0)) gives the effect of the modification of the cell param
eters at fixed fractional coordinates. The second term, wh
gives the effect of theu relaxation, is usually defined in
terms of the components of the Born dynamical charge
sor Z* which is defined in Eq.~18!,

ZzO,3* [Z* 5
A3

2
a0

2c0

]P3

]~zO1
1zO2

!
~22!

5
A3a0

2

4

]P3

]u
. ~23!

Equation~21! then becomes
01411
lly
n-

u-

,

-
g

-
r

l
In

as

h

n-

e335e33
(0)1k Z*

du

d«3
, ~24!

wherek54/A3a0
2. In a similar way

e315e31
(0)1k Z*

du

d~«11«2!
, ~25!

where

e31
(0)5

]P3

]~«11«2!
U

u

. ~26!

In order to avoid the multivalued problem~see discussion in
Sec. II B 2!, the clamped-ion terms are actually evaluat
according to Eq.~17!,

ẽ33
(0)5

1

2p

e

V0
(

l

df l

d«3
U

u

al3 , ~27!

a13 anda23 are zero~thec axis coincides with thez cartesian
axis!, so Eq.~27! takes a very simple form,

FIG. 6. Equilibrium fractional coordinate of oxygenu ~dashed
line and open circles! and energy of the systemEtot ~solid line and
full circles, in mhartree and shifted by2179.435 hartree! as a func-
tion of the strain«3.
1-6
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TABLE VI. Comparison of BeO and ZnO piezoelectric constants calculated through the LWF sc
with previous calculations~Refs. 38 and 41! and experiments~Refs. 44 and 45!. Peq is the spontaneous
polarization in C/m2. Z* is the Born effective charge~in e); other entries are contributions to the piezoele
tric constants~in C/m2); see text for more details.

Peq Z* du/d«3 du/d(«11«2) e33
(0) e31

(0) e33 e31

BeO Our work 20.036 21.94 20.061 0.036 20.57 0.29 0.04 20.07
Ref. 41 20.05 21.72 20.09 0.29 0.50
Ref. 38 20.045 21.85 20.06 20.60 0.35 0.02 20.02
Expt. 21.85a 0.10b

ZnO Our work 20.057 22.06 20.23 0.11 20.44 0.22 1.19 20.53
Ref. 41 20.05 22.05 20.25 20.58 0.37 1.21 20.51
Ref. 38 20.057 22.11 20.21 20.66 0.38 0.89 20.51
Expt. 22.10a 1.00–1.55b

aReference 44.
bReference 45.
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ẽ33
(0)5

a33e

2pV0

df3

d«3
U

u

. ~28!

The other clamped-ion componentẽ31
(0) is evaluated in the

same way,

ẽ31
(0)5

a33e

2pV0

df3

d«1
U

u

5
a33e

pV0

df3

d~«11«2!
U

u

. ~29!

III. RESULTS AND DISCUSSION

The main features of the ZnO and BeO WF’s are summ
rized in Table II. The BeO situation is very simple; there a
four nearly equivalent valence WF’s, localized on O~the
centroid being at about 0.37 Å from the atom! with a local-
ization index very close to 1, confirming the fully ionic na
ture of this compound. The four valence WF’s of ZnO are
about the same distance from O as they are in the BeO c
however, they are slightly more diffuse~see thes column in
Table II! with a higher delocalization indexl, indicating
some degree of participation of the Zn atom. This is co
firmed by Table III, where the WF’s are analyzed in terms
a Mulliken analysis: the population on the oxygen atom
which the WF is located is 0.92e; about 0.08 electrons are o
the nearest Zn ions, and only populations smaller th
0.0004e can be found on the second and farther neighb
The degree of localization of the oxygen WF’s in the tw
systems is better appreciated from Fig. 1, where both the
and its square are reported. Thed WF’s are even more local
ized, and maintain to a large amount the atomic characte
shown by the two tables~II and III! and the figure showing
one of these WF’s~Fig. 2!.

It is interesting to investigate howr̄ t , the WF centroid,
moves as a function of the strain. Let us consider, for
ample,e33

(0) , the ‘‘clamped-ion’’ contribution toe33. If the
centroid follows rigidly the atom to which the WF ‘‘be
longs,’’ the displacement of the electronic charge due to
strain would exactly be canceled by the same~in modulus!
and opposite~in sign! displacement of a fraction of th
01411
-

t
se;

-
f
n

n
s.

F

as

-

e

nuclear charge, and the net effect would be zero. This is
case of the core WF’s, which move very rigidly with th
nucleus, as shown in Fig. 3, where the continuous line re
to the 1s WF of oxygen in BeO~the fractionalz coordinate
of the centroid does not change when thec axis is contracted
or expanded!. The dashed line, on the contrary, referring
one of the four valence WF’s of BeO, is far from bein
horizontal, and generates a net contribution to the piezoe
tric constant~see Table VI!.

According to Eq.~15!, the calculation ofe33 and e31 re-
quires the estimate of three numerical derivatives, namely~in
the e33 case!, Z* 5kdP3 /du, e33

0 5u]P3 /]«3uu , and
du/d«3. A question can be raised, then, concerning the
curacy that can be attained with a particular computer c
~CRYSTAL98 in the present case! in the numerical evaluation
of these derivatives, and how the error propagates to the
value ofe33 ande31; it is interesting to notice that the firs
two derivatives are evaluated according to different alg
rithms, when the WF or the BP schemes are adopted; a g
agreement between the values obtained with BP and WF
Z* ande33

0 would represent a strong, although indirect, e
dence of the high numerical accuracy of the two schem
Figures 4 and 5 provide the dependence ofP3 on u, and on
«3 in a relatively small interval around the equilibrium g
ometry. In both cases, the evaluated points~obtained from
the WF centroids! show an extremely good linear behavio
indicating that the numerical noise is very small.

In Table IV the dependence of the spontaneous polar
tion Peq and of thee31

(0) contribution to the piezoelectric con
stant on the shrinking factorI S adopted for the two algo-
rithms ~BP and LWF! is reported. It turns out that in both
cases convergence is quite rapid, and that beyondI S55 both
quantities change by less than 0.1%.

In Table V the values obtained for the two systems w
LWF are compared with the corresponding values obtai
with the BP scheme: it turns out that they are extrem
similar, the differences being always much smaller than 1
Also the spontaneous polarizationPeq ~see Ref. 41 for the
definition of the reference geometries to be used forPeq , and
its meaning in the case of the wurtzite geometry! obtained
1-7
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with the two methods are very close to each other.
The last numerical derivative to be evaluated,du/d«3, is

obviously common to the two techniques and is probably
most delicate, because theu points appearing in Fig. 6 are
the results of a preliminary optimization~the bestu value for
a given «3). As du/d«3 is multiplied by the Born charge
which is a relatively large number, small inaccuracies
du/d«3 can result in relatively large error bars in the tot
piezoelectric constant, also because the two contribut
~the clamped-ion term and the one we are talking about! do
have opposite signs and tend to cancel each other. Figu
shows that also in the relatively small interval explored h
~the spanned energy interval is just a fraction of a mHartr!
u is not a linear function of«3; in the present case a para
bolic interpolation has been used, and the coefficient of
linear term has been inserted in Eq.~21!.

In Table VI the present results are compared with pre
ous calculations by Dal Corsoet al.41 and Bernardiniet al.,38

and with the few available experimental results. It must
underlined that in the present study we used an all-elec
basis set and the HF Hamiltonian; in the case of Dal Co
et al., the local-density-approximation Hamiltonian has be
used with a FLAPW-type scheme; Bernardiniet al., finally,
used a plane-waves code, ultrasoft pseudopotentials, a
generalized-gradient-approximation Hamiltonian. A qu
good agreement is observed with Bernardiniet al. in the
BeO case, both for the totalei j and for the various terms
contributing to them. The largest absolute difference betw
our calculations and those of Bernardiniet al. (0.05 C/m2)
is then extremely small. Both calculations are quite close
the only experimental available datum referring toe33. e33
obtained by Dal Corsoet al. is higher than the present one b
ol

a

y

01411
e

s

6
e

e

-

e
n
o

a

n

o

0.46 C/m2 ~and by 0.40 C/m2 than experiment!, as a result
of relatively large differences in all contribution
(Z* ,du/d«3 ,e33

(0)). As regards ZnO, the three calculation
agree quite well fore31 ~note, however, that this agreement
the result of the cancellation of relatively large differences
the partial contributions, as shown bye31

(0) andZ* data!. For
e33, on the contrary, the present data are very close to
results of Dal Corsoet al. and fall in the~relatively large!
experimental interval. The data of Bernardiniet al. are
0.3 C/m2 smaller than the present ones, and below the lo
est experimental determination.

The point concerning the influence on the set of proper
investigated here of the adopted Hamiltonian, basis set,
all the specific features connected to the implementation
the computational scheme in a given computer program
serves then additional investigation, as such a kind of an
sis is at the moment scarce and not systematic in the lit
ture.

In summary, in the present paper it has been shown
delicate quantities such as the spontaneous polarization
its derivatives can be calculated in a straighforward and
tuitive way starting from very-well-localized WF and using
HF Hamiltonian and a localized basis set; the results
fully equivalent to the ones obtained through a Berry-pha
scheme~when the same basis set and Hamiltonian is use!,
and agree quite well with the available experimental resu
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14M. Schütz, G. Hetzer, and H.-J. Werner, J. Chem. Phys.111, 5691

~1999!.
.

d-

s.

.

15S. Koch and W. Kutzelnigg, Theor. Chim. Acta59, 387 ~1981!.
16W. Kutzelnigg, inLocalization and Delocalization in Chemistry,

Atoms and Molecules in the Ground State Vol. 1, edited by
Chalvet, R. Daudel, S. Diner, and J. P. Malrieu~Reidel, Dor-
drecht, 1975!, pp. 143–153.

17M.F. Guest and V.R. Saunders, Mol. Phys.35, 575 ~1978!.
18S. Saebo”, Int. J. Quantum Chem.38, 641 ~1990!.
19C. Hampel and H.-J. Werner, J. Chem. Phys.104, 6286~1996!.
20P. J. Knowles, M. Schu¨tz, and H.-J. Werner, inModern Methods

and Algorithms in Quantum Chemistry, 2nd ed., edited by J
Grotendorst~NIC Series, Ju¨lich, 2000!, Vol. 3.
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