
Surface effect on the electrical and optical properties of barium titanate at room temperature

H. Chaib, L. M. Eng,* F. Schlaphof, and T. Otto
Institute of Applied Photophysics, University of Technology Dresden, D-01062 Dresden, Germany

sReceived 23 April 2004; revised manuscript received 24 September 2004; published 25 February 2005d

The surface effect on the electrical and optical properties of tetragonal barium titanate at room temperature
is investigated theoretically by using a microscopic model based on the orbital approximation in correlation
with the dipole–dipole interaction. Both the first-, second-, and third-order electronic polarizabilities were
considered in this calculation in order to obtain accurate results for both the spontaneous polarization and
refractive indices. All types of surfaces were studied, either beinga- or c±-surfacessboth BaO- and
TiO2-terminatedd. The spontaneous polarization is drastically reduced near thec-surfaces while it remains
almost unchanged near thea-surfaces. Furthermore, both thea- andc±-surfaces show the tendency to deeply
reduce the refractive index for light polarized perpendicular to the surface.
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I. INTRODUCTION

Tetragonal barium titanatesBaTiO3d is a ferroelectric ox-
ide material of enormous importance for potential applica-
tions that make use of its unusual piezoelectric, ferroelectric,
dielectric, optic, electro-optic, and photorefractive properties.
Many of these applications are increasingly oriented toward
thin films geometries, where surface/interface properties are
of growing importance.1–6

Here we present a quantum mechanical theoretical ap-
proach for studying the spontaneous polarization, refractive
indices, and polarization properties of BaTiO3 at the surface
of a- andc-domains at room temperature. The latter are ei-
ther BaO or TiO2 terminated. Our microscopic model takes
into account the anisotropy in the first-, second-, and third-
order electronic polarizabilities of all constituent ions, their
ionic shifts as well as the crystalline deformations. The
model was previously tested for the calculation of bulk prop-
erties of monodomain tetragonal perovskites like tetragonal
BaTiO3 and KNbO3, i.e., their ferroelectricity and optical
anisotropy as well as their linear electro-optical
coefficients.7–9 Furthermore the same model was success-
fully applied for modeling electrical and optical properties of
rhombohedral LiNbO3 single crystals,10 as well as 90 and
180° ferroelectric domain walls in BaTiO3.

11

Based on those experiences, which agree very well with
the corresponding experimental data, we initiate the applica-
tion of this model to BaTiO3 surfaces in tetragonal phase.
Such an investigation is of great help in comparing experi-
mental and theoretical findings.

In this model, we account for the following points:
• Expansion of the local electric field by simultaneously

considering its components in all directions;
• representation of the local electric field in a tensorial

equation allowing the description of all field components for
all ions simultaneously;

• development of the orbital approximation by taking into
account the anisotropy in the first-, second-, and third-order
electronic polarizabilities of the constituent ions;

• consideration of the correlation between the first-,
second-, and third-order electronic polarizabilities on one
hand, and their dependence on the local electric field on the
other handssince these magnitudes are mutually dependentd.

The paper is structured as follows: Section II briefly dis-
cusses the first-, second-, and third-order electronic polariz-
abilities of constituent ions in tetragonal BaTiO3 by using the
quantum mechanical method based on the orbital approxima-
tion. Next we discuss the dipole–dipole interaction due to the
local electric field acting on the constituent ions taking into
account the crystalline deformations and individual ionic
shifts near the sample surface. Section III then presents the
results for the spontaneous polarization, as well as the refrac-
tive indices calculated for tetragonal BaTiO3 surfaces at
room temperature. This section also contains the discussion
of the above-mentioned findings.

II. DESCRIPTION OF THE MODEL

A. Orbital approximation

In order to compute the first-, second-, and third-order
electronic polarizabilities of BaTiO3, we use a quantum me-
chanical approach based upon the orbital approximation. In
this approach, each ion is considered as the core consisting
of all inner electrons and the nucleus, while the shell carries
the outer electron. The Hamiltonian of this core-shell system
is written as

H = H0 + H1, s1d
with

H0 =
p2

2m
−

Z*n

R
e2, s2d

H1 = eE ·R, s3d

whereH0 represents the Hamiltonian in absence of the local
electric field, andH1 describes the perturbation due to the
local electric field. In Eqs.s2d and s3d Z*n represents the
effective nuclear charge of the core for the outer electron
considered,E is the local electric field acting on a given ion,
andR represents the distance from the core to any point of
the wave function describing the shell of this ion. We denote
the wave function forE=0 asc0, and assume that the wave
function c of the core-shell system forEÞ0 may be ex-
panded into a linear series of small perturbations inc0. For
this case, we introduce the variational parameterl as
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csld = s1 + lE ·Rdc0. s4d

By using the quantum mechanical variation method, the
electronic dipole momentpl

e along thel direction of the core-
shell system may be expressed as10

pl
e >

4kx3
2lkxl

2l
aB

F1 −
8kx3

2l3

aB
2e2 E2 +

96kx3
2l6

aB
4e4 E4 −

576kx3
2l9

aB
6e6 E6GEl .

s5d

The sk, ld element of the first-order electronic polarizabil-
ity tensor, thesk, l , l8d element of the second-order electronic
polarizability tensorscalled also first-order electronic hyper-
polarizabilityd, and thesk, l , l8 , l9d element of the third-order
electronic polarizability tensorscalled also second-order
electronic hyperpolarizabilityd are determined, respectively,
as follows:12

akl =
] pk

] El
, s6d

bkll8 =
]2pk

] El ] El8
, s7d

gkll8l9 =
]3pk

] El ] El8 ] El9
. s8d

Following Eq.s5d, akl, bkll8, andgkll8l9 are described for any
orbital r as

akl,r = ak,r
* fdkl − ur

*sE2dkl + 2EkEld + jr
*sE4dkl + 4E2EkEld

− zr
*sE6dkl + 6E4EkEldg, s9d

bkll8,r = ak,r
* f− 2ur

*sEl8dkl + Ekdll8 + Eldkl8d + 4jr
*sE2El8dkl

+ E2Ekdll8 + E2Eldkl8 + 2EkElEl8d

− 6zr
*sE4El8dkl + E4Ekdll8 + E4Eldkl8

+ 4E2EkElEl8dg, s10d

gkll8l9,r = ak,r
* f− 2ur

*sdkldl8l9 + dkl8dll9 + dkl9dll8d

+ 4jr
*s2EkEldl8l9 + 2EkEl8dll9 + 2EkEl9dll8

+ 2ElEl8dkl9 + 2ElEl9dkl8 + 2El8El9dkl

+ E2dkldl8l9 + E2dkl8dll9 + E2dkl9dll8d

− 6zr
*s4E2EkEldl8l9 + 4E2EkEl8dll9 + 4E2EkEl9dll8

+ 4E2ElEl8dkl9 + 4E2ElEl9dkl8 + 4E2El8El9dkl

+ E4dkldl8l9 + E4dkl8dll9 + E4dkl9dll8 + 8EkElEl8El9dg,

s11d

where

ak,r
* =

4kx3
2lrkxk

2lr

aB
, s12d

ur
* =

8kx3
2lr

3

aB
2e2 , s13d

jr
* =

96kx3
2lr

6

aB
4e4 , s14d

zr
* =

576kx3
2lr

9

aB
6e6 . s15d

In Eqs. s9d–s11d, dkl represents the Kronecker symbol. We
assume the first-, second-, and third-order electronic polariz-
abilities of a consideredj ion to result from summing over
all contributions of respective orbitals, namely,

akls jd = o
r

akl,rs jd, s16d

bkll8s jd = o
r

bkll8,rs jd, s17d

gkll8l9s jd = o
r

gkll8l9,rs jd. s18d

Equationss16d–s18d can be rearranged into

akls jd = ak
*s jdhdkl − uks jdfE2s jddkl + 2 Eks jdEls jdg

+ jks jdfE4s jddkl + 4 E2s jdEks jdEls jdg

− zks jdfE6s jddkl + 6 E4s jdEks jdEls jdgj, s19d

bkll8s jd = ak
*s jdh− 2uks jdfEl8s jddkl + Eks jddll8

+ Els jddkl8g + 4jks jdfE2s jdEl8s jddkl

+ E2s jdEks jddll8 + E2s jdEls jddkl8

+ 2Eks jdEls jdEl8s jdg − 6zks jdfE4s jdEl8s jddkl

+ E4s jdEks jddll8 + E4s jdEls jddkl8

+ 4E2s jdEks jdEls jdEl8s jdgj, s20d

gkll8l9s jd = ak
*s jdh− 2uks jdfdkldl8l9 + dkl8dll9 + dkl9dll8g

+ 4jks jdf2Eks jdEls jddl8l9 + 2Eks jdEl8s jddll9

+ 2Eks jdEl9s jddll8 + 2Els jdEl8s jddkl9

+ 2Els jdEl9s jddkl8 + 2El8s jdEl9s jddkl + E2s jddkldl8l9

+ E2s jddkl8dll9 + E2s jddkl9dll8g − 6zks jd

3f4E2s jdEks jdEls jddl8l9 + 4E2s jdEks jdEl8s jddll9

+ 4E2s jdEks jdEl9s jddll8 + 4E2s jdEls jdEl8s jddkl9

+ 4E2s jdEls jdEl9s jddkl8 + 4E2s jdEl8s jdEl9s jddkl

+ E4s jddkldl8l9 + E4s jddkl8dll9 + E4s jddkl9dll8

+ 8Eks jdEls jdEl8s jdEl9s jdgj, s21d

where

ak
*s jd = o ak,r

* s jd, s22d
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uks jd =
Srak,r

* s jdur
*s jd

Srak,r
* s jd

, s23d

jks jd =
Srak,r

* s jdjr
*s jd

Srak,r
* s jd

, s24d

zks jd =
Srak,r

* s jdzr
*s jd

Srak,r
* s jd

. s25d

For the calculation of the first-, second-, and third-order
electronic polarizabilities of the Ba2+, Ti4+, and O2− ions, we
used the Slater-type orbitalsssee Ref. 7 for more detailsd:

cnlm = RnlsRdYlmsQ,Fd s26d

where n, l, and m represent the principal, azimuthal, and
magnetic quantum numbers,R, Q, and F are the spherical
coordinates, andRnlsRd and YlmsQ ,Fd represent the radial
part of the wave function and the spherical harmonics, re-
spectively.

In order to compute the coefficientsuks jd, jks jd, andzks jd
of a given j ion, we introduced an anisotropic effective
nuclear charge of the core seen by the outer electronic layer
for every ion. We then fit its components in such a way that
the calculated values of the free electronic polarizabilities
a1

*s jd, a2
*s jd, anda3

*s jd coincide with the measured value of
the free electronic polarizabilityaexps jd of the same ion. The
free electronic polarizabilities are calculated forE=0. The
effective nuclear charges of the other layers are determined
by the Slater rules.13 These fitted values have been reported
in earlier work,7 while the values of the measuredaexps jd and
the calculateduks jd, jks jd, andzks jd are reported in Table I.

Note, that compared to former work we expand the polar-
izabilities here up to the third order for the reason of respect-
ing the nonlinearities at the BaTiO3 surface.

Finally, the elements of the first-, second-, and third-order
electronic polarizability tensors of thej ion, which will be
used in the next section, are deduced from Table I and the
following three relations:

akls jd = aexps jdhdkl − uks jdfE2s jddkl + 2Eks jdEls jdg

+ jks jdfE4s jddkl + 4E2s jdEks jdEls jdg

− zks jdfE6s jddkl + 6E4s jdEks jdEls jdgj, s27d

bkll8s jd = aexps jdh− 2uks jdfEl8s jddkl + Eks jddll8 + Els jddkl8g

+ 4jks jdfE2s jdEl8s jddkl + E2s jdEks jddll8

+ E2s jdEls jddkl8 + 2Eks jdEls jdEl8s jdg

− 6zks jdfE4s jdEl8s jddkl

+ E4s jdEks jddll8 + E4s jdEls jddkl8

+ 4E2s jdEks jdEls jdEl8s jdgj, s28d

gkll8l9s jd = aexps jdh− 2uks jdfdkldl8l9 + dkl8dll9 + dkl9dll8g + 4jks jd

3f2Eks jdEls jddl8l9 + 2Eks jdEl8s jddll9

+ 2Eks jdEl9s jddll8 + 2Els jdEl8s jddkl9

+ 2Els jdEl9s jddkl8 + 2El8s jdEl9s jddkl + E2s jddkldl8l9

+ E2s jddkl8dll9 + E2s jddkl9dll8g − 6zks jd

3f4E2s jdEks jdEls jddl8l9 + 4E2s jdEks jdEl8s jddll9

+ 4E2s jdEks jdEl9s jddll8 + 4E2s jdEls jdEl8s jddkl9

+ 4E2s jdEls jdEl9s jddkl8 + 4E2s jdEl8s jdEl9s jddkl

+ E4s jddkldl8l9 + E4s jddkl8dll9 + E4s jddkl9dll8

+ 8Eks jdEls jdEl8s jdEl9s jdgj. s29d

By analyzing the results in Table I it appears that the
oxygen ion which has the highest value of the free electronic
polarizability aexp also shows the highest values for the co-
efficientsuk, jk, andzk, particularly those in the 3 direction
which are almost doubled compared to those obtained along
the 1 and 2 direction. This means that, compared to all other
ions, the first-, second-, and third-order electronic polariz-
abilities of the oxygen ions are affected much more, particu-
larly in the 3 direction. Note that in the following section, the
local electric fieldE will be rewritten asEloc.

B. Dipole–dipole interaction

As mentioned above our model is based on the dipole–
dipole interaction in correlation with the quantum mechani-
cal orbital approximation. The model therefore accounts for
the possible anisotropy in the first-, second-, and third- order
electronic polarizabilities, the crystalline deformations, as
well as the ionic shifts both within the bulk and near the
surface. The latter are of uttermost importance when model-
ing the surface properties of a ferroelectric system specifi-
cally for thin ferroelectric films.

The local field acting on a given sitei is given by the
Lorentz relation:14

Elocsid = Eext + o
j

3sPj · r jdr j − r j
2Pj

r j
5 + Ecavsid. s30d

In the last equation,Eext represents an external electric
field that generally holds asEext=Ebias+Eopt, with Ebias the
electric bias field, andEopt the optical field acting on the
system. The second term on the right-hand side of Eq.s30d
represents the contribution to the local electric field at the
considered sitei by the dipole moments of all other ionsj
existing inside the fictitious spherical cavity of radiusRcav

centred ini. Ecav in Eq. s30d denotes the Lorentz cavity field
which is the electric field stemming from polarization
charges inside the spherical cavitysas a mathematical fictiond
cut out from the specimen with the reference ion as the cen-
ter, as shown in Fig. 1. The cavity has radiusRcav and may be
truncated for ions situated closer thanRcav to the sample
surface. Usually the Lorentz cavity field,Ecav, is taken to be
4p/3P for an infinite medium with uniform polarization.
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This expression is not valid near the surface because of the
nonuniformity of polarizationfFig. 1s1dg and/or because the
incompleteness of the spherical cavity as sketched in Figs.
1s2d and 1s3d. However, we can show that thek component
of the Lorentz cavity field,Ecav, is given by:

Ek
cavsid = pE

0

p

Pksudfk
sa/cdsuddu, s31d

wherePk is thek-component of the polarization at pointM
fsee Fig 1s4dg. The superscriptsa/cd is used to indicate ana-
or c-oriented ferroelectric domain surface. The function
fk

sa/cdsud is given byssee Appendix Ad:

fk
sadsud = 5 f1

sadsud = 2 sinu cos2 u

f2
sadsud = sin3 u

f3
sadsud = sin3 u

s32d

and

fk
scdsud = 5 f1

scdsud = sin3 u

f2
scdsud = sin3 u

f3
scdsud = 2 sinu cos2 u.

s33d

Thek component of the local electric field acting oni-ion
sitting in the ñsnx,ny,nzd unit cell sthe indicessnx,ny,nzd
represent the coordinates of a unit cell in the whole latticed is
expressed as

Ek
locSñ

i
D = Ek

ext + Ek
cavSñ

i
D

+ o
j=1

5

o
k8=1

3

o
m̃

3rk8Sñ,m̃

i, j
DrkSñ,m̃

i, j
D − dkk8r

2Sñ,m̃

i, j
D

IrSñ,m̃

i, j
DI5

3 pk8Sñ,m̃

i, j
D , s34d

wheredkk8 denotes the Kronecker symbol, andr s ñ,m̃
i,j

d repre-
sents the interionic distance between thei ion in unit cell ñ
and thej ion in unit cell m̃smx,my,mzd. The summation over
j and m̃ covers all ions existing inside the sphere of radius
Rcav centered in thei ion of theñ unit cell. Thek component
of the Lorentz cavity electric field at thei site of theñ unit
cell is expressed asssee Appendix Ad:

for the a-surface:

Ek
cavSñ

i
D = o

j=1

5

o
m̃

p

vsm̃d
3Fk

sad1arccos

r1Sñ,m̃

i,1
D

Rcav 2
− Fk

sad1arccos

r1Sñ,m̃+ 1̃a

i,1
D

Rcav 24
3 dnymy

dnzmz
pkSñ,m̃

i, j
D , s35d

for the c-surface:

Ek
cavSñ

i
D = o

j=1

5

o
m̃

p

vsm̃d
3Fk

scd1arccos

r3Sñ,m̃

i,1
D

Rcav 2
− Fk

scd1arccos

r3Sñ,m̃+ 1̃c

i,1
D

Rcav 24
3 dnxmx

dnymy
pkSñ,m̃

i, j
D . s36d

In the last two equations,vs m̃d denotes the volume of the
m̃ unit cell fvs m̃d=a2cg, Fk

sad and Fk
scd are, respectively, the

primitive functions offk
sad and fk

scd, andm̃+1̃a andm̃+1̃c rep-
resent, respectively, the unit cellssmx+1,my,mzd and
smx,my,mz+1d. pk

s ñ,m̃
i,j

d in Eqs. s34d–s36d is the dipole mo-
ment along thek direction which can be expressed as

TABLE I. The measured free electronic polarizabilitiesaexp sin
Å3d and the calculated values of the coefficientsuk,jk, andzk sin esu
CGS unitsd of the constituent ions of BaTiO3.

j-ion Ba2+ Ti4+ O2−

aexps jd 1.9460 0.1859 2.3940

u1s jd 3.9296310−15 3.0859310−16 1.5286310−14

u2s jd 3.9296310−15 3.0859310−16 1.5286310−14

u3s jd 6.2384310−15 5.7175310−16 2.8585310−14

j1s jd 0.6042310−28 3.3557310−31 0.8055310−27

j2s jd 0.6042310−28 3.3557310−31 0.8055310−27

j3s jd 1.0520310−28 6.9429310−31 1.6822310−27

z1s jd 0.5749310−42 2.0917310−46 2.4328310−41

z2s jd 0.5749310−42 2.0917310−46 2.4328310−41

z3s jd 1.0147310−42 4.3982310−46 5.1632310−41

FIG. 1. Schematic of possible scenarios of the Lorentz spherical
cavities located near the surface of the BaTiO3 crystal.
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PkSñ,m̃

i, j
D = Pk

eSm̃

j
D + Pk

i Sñ,m̃

i, j
D , s37d

with the two contributionspk
es m̃

j
d and pk

i s ñ,m̃
i,j

d specifying, re-
spectively, the electronic dipole moment and the relative
ionic dipole moment in thek direction of thej ion located in
the m̃ unit cell as seen by thei ion located in theñ unit cell.
These dipole moments are calculated up to a third-order de-
velopment as

pk
eSm̃

j
D = o

l=1

3

akl
effSm̃

j
DEl

locSm̃

j
D

+
1

2o
l=1

3

o
l8=1

3

bkll8
eff Sm̃

j
DEl

locSm̃

j
DEl8

locSm̃

j
D

+
1

6o
l=1

3

o
l8=1

3

o
l9=1

3

gkll8l9
eff Sm̃

j
DEl

locSm̃

j
DEl8

locSm̃

j
DEl9

locSm̃

j
D

s38d

and

Pk
i Sñ,m̃

i, j
D = o

l=1

3

Zkl
*SSm̃

j
DeFSlSm̃

j
D − SlSñ

i
DG . s39d

In Eq. s38d, akl
effs m̃

j
d, bkll8

eff s m̃
j
d, and gkll8l9

eff s m̃
j
d represent, re-

spectively, theskld element of the first-order effective elec-
tronic polarizability tensor, theskll8d element of the second-
order effective electronic polarizability tensor, and the
skll8l9d element of the third-order effective electronic polar-
izability tensor of thej ion located in them̃ unit cell, given
by Eqs.sB7d–sB9d in Appendix B. In Eq.s39d Zkl

*ss m̃
j
d denotes

the skld component of the static effective charge tensor of the
j ion located in them̃ unit cell as given at the beginning of
Sec. III, andslsid andsls jd denote, respectively, the shifts of
the i and j ions along thel direction. Thus the local field
present along thek direction acting on ioni of the ñ unit cell
can be written as

o
j=1

5

o
l=1

3

o
m̃

SklSñ,m̃

i, j
DEl

locSm̃

j
D = QkSñ

i
D , s40d

with

SklSñ,m̃

i, j
D = dkldijdñm̃ − o

k8=1

3

Tkk8Sñ,m̃

i, j
DFak8l

effSm̃

j
D + sk8l

effSm̃

j
D

+ rk8l
effSm̃

j
DG , s41d

and

QkSñ

ĩ
D = Ek

ext + o
j=1

5

o
k8=1

3

o
m̃

Tkk8Sñ,m̃

i, j
Dpk8

i Sñ,m̃

i, j
D , s42d

where for thea-surface:

Tkk8Sñ,m̃

i, j
D =

3rk8Sñ,m̃

i, j
DrkSñ,m̃

i, j
D − dkk8r

2Sñ,m̃

i, j
D

IrSñ,m̃

i, j
DI5

+
p

vsm̃d
3Fk8

sad1arccos

r1Sñ,m̃

i, j
D

Rcav 2
− Fk8

sad1arccos

r1Sñ,m̃+ 1̃a

i, j
D

Rcav 24dnymy
dnzmz

dkk8,

s43d

and for thec-surface:

Tkk8Sñ,m̃

i, j
D =

3rk8Sñ,m̃

i, j
DrkSñ,m̃

i, j
D − dkk8r

2Sñ,m̃

i, j
D

IrSñ,m̃

i, j
DI5

+
p

vsm̃d
3Fk8

scd1arccos

r3Sñ,m̃

i, j
D

Rcav 2 − Fk8
scd

31arccos

r3Sñ,m̃+ 1̃a

i, j
D

Rcav 24dnymy
dnzmz

dkk8.

s44d

sk8l
effSm̃

j
D =

1

2 o
l8=1

3

bk8ll8
eff Sm̃

j
DEl8

locSm̃

j
D , s45d

and

rk8l
effSm̃

j
D =

1

6 o
l8=1

3

o
l9=1

3

gk8ll8l9
eff Sm̃

j
DEl8

locSm̃

j
DEl9

locSm̃

j
D . s46d

The second-rank tensorss̃effs m̃
j
d andr̃effs m̃

j
d are introduced

in order to represent, respectively, the effect of the second-

order effective electronic polarizabilityb̃effs m̃
j
d tensorsthird-

rank tensord and the third-order effective electronic polariz-
ability g̃effs m̃

j
d tensorsfourth-rank tensord.

From Eqs.s40d ands41d it appears that the components of
the local electric field depend on those of the first-, second-,
and third-order effective electronic polarizabilities, while
these, in turn, also depend on the electric field components
through Eqs.sB7d, sB8d, sB9d, s27d, s28d, ands29d. This mu-
tual dependence between the first-, second-, and third-order
electronic polarizabilitiessorbital approximationd on one
hand, and their dependence on the electric fieldsdipole–
dipole interactiond on the other hand, makes a self-consistent
calculation necessary.

SURFACE EFFECT ON THE ELECTRICAL AND… PHYSICAL REVIEW B 71, 085418s2005d

085418-5



By solving Eq.s40d we obtainEl
locs m̃

j
d, the l component of

the local electric field of thej ion located in them̃ unit cell.
The total polarization,Pks m̃d, of the m̃ unit cell is expressed
as

Pks m̃d =
1

vs m̃doj=1

5 Fpk
eSm̃

j
D + o

l=1

3

Zkl
psSm̃

j
De ·slSm̃

j
DG .

s47d

The connection between the optical dielectric constant
«kl8

opts m̃d, electronic dipole momentspk
es m̃

j
d, and the optical

electric fieldEl8
opt is expressed in the following way:

«kl8
opts m̃d = dkl8 +

4p

vs m̃doj=1

5 ] pk
eSm̃

j
D

] El8
opt . s48d

By using Eq.s38d, the term]pk
es m̃

j
d /]El8

opt can be written as

] pk
eSm̃

j
D

] El8
opt = o

l=1

3 Fakl
effSm̃

j
D + 2skl

effSm̃

j
D + 3rkl

effSm̃

j
DG

3

] El
locSm̃

j
D

] El8
opt . s49d

Note that]El
locs m̃

j
d /]El8

opt which represents the local elec-
tric field induced along thel direction of thej ion located in
the m̃ unit cell by unit of thel8 component of the optical
electric field, can be obtained by solving the following equa-
tion, deduced from Eq.s34d:

o
j=1

5

o
l=1

3

o
m̃

Skl
* Sñ,m̃

i, j
D ] El

locSm̃

j
D

] El8
opt = dkl8, s50d

where

Skl
* Sñ,m̃

i, j
D = dkldi jdñm̃ − o

k8=1

3

Tkk8Sñ,m̃

i, j
D

3Fak8l
effSm̃

j
D + 2sk8l

effSm̃

j
D + 3 rk8l

effSm̃

j
DG .

s51d

In electromagnetic theory15 the index ellipsoid salso
called the optical indicatrixd in a given coordinate system is
written as

o
k=1

3

o
l=1

3

hkl
optxkxl = 1, s52d

where h̃opt represents the optical dielectric impermeability
tensor of the mediumh̃opt=s«̃optd−1, andx1, x2, andx3 are the
coordinates of an arbitrary pointN on the periphery of the
ellipsoid in the coordinate system. In this case the refractive

index of the light polarized along theON directionsO is the
center of the ellipsoidd is n=Îsx1

2+x2
2+x3

2d.
In the special case of light being polarized along thek

direction, the refractive index thus becomes:

nk =
1

Îhkk
opt

. s53d

III. RESULTS AND DISCUSSION

The calculation of the spontaneous polarization and re-
fractive indices is carried out for botha- andc-domain areas
in tetragonal BaTiO3 at room temperature by using the lattice
parameters and spontaneous ionic shifts given in Ref. 11. As
static effective charges, we use the data published in a recent
theoretical work devoted to the quantitative study of succes-
sive phase transitions in BaTiO3:

16–18 Z33
*ssBa2+d=1.437,

Z33
*ssTi4+d=2.063, Z33

*ssOx,y
2− d=−1.200, andZ33

*ssOz
2−d=−1.100.

It is noteworthy that, for symmetry reasons, the static effec-
tive charge tensors of the constituent ions of tetragonal
BaTiO3 have to be diagonal, and consequently the nondiago-
nal elementsZkl

*s are zero. Moreover, the componentsZ11
*s and

Z22
*s of the static effective charge tensors have no effect in the

calculation because the static effective charges are coupled
with the ionic shifts which are parallel to the three-direction.
It is assumed that these magnitudesslattice parameters, static
effective charges and ionic shiftsd are valid both near the
surface and in the bulk. In this computation we have to solve
Eqs. s40d and s50d, which are in fact two sets of equations.
By considering only the 86 unit cell monolayers nearest to
the surface and taking into account that all unit cells in the
same monolayer have the same properties, the number of
equations in each set can be reduced to 335386=1290
equations.

Now we present and discuss the results obtained for the
spontaneous polarization in theñ unit cell, Pspns ñd. Pspns ñd is
ascribed to the unit cellsand not to individual ionsd and is
defined as the total dipole momentsin the unit celld per vol-
ume. The componentsPks ñd are deduced from Eq.s47d in the
absence of any external field. The calculation shows that the
values of the spontaneous polarization near thea- and
c-surface of tetragonal BaTiO3 at room temperature along
the 1 and 2 direction are exactly zero. On the other hand, the
3 component of the spontaneous polarizationP3

spns ñd is non-
zero and is reported in Fig. 2 for thea-surfacesboth BaO-
and TiO2-terminatedd, and in Fig. 3 for thec-surfacesboth
BaO- and TiO2-terminatedd. We see that the spontaneous po-
larization for the BaO- terminateda-surface does not show
any remarkable changes near the surface except the small
decrease presented by the last unit cell closest to the surface
ssee Fig. 2d. The behavior is completely different for a
TiO2-terminateda-surface for which the spontaneous polar-
ization shows a small decrease when approaching the surface
for Rcav=40 Å andRcav=80 Å. In both cases the decrease of
Pspn near the surface measures less than 10%. This decrease
is far smaller than that presented nearc-surfaces, which
reaches 57%ssee Fig. 3d. As shown in Fig. 3, the behavior of
the spontaneous polarization near thec-surface is the same
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for the four distinguished cases. The only difference mani-
fests in the effective value of the spontaneous polarization of
the unit cell monolayer closest to the surface, which is
smaller for BaO-terminatedsboth c− and c+d-surfaces than
for TiO2-terminatedsboth c− and c+d-surfaces. However, in
all cases the values of the spontaneous polarization near and
far away from thec-surfacesinside the bulkd do not change
when varyingRcav; only in between the bulk and the surface
are changes observed. In fact the largerRcav, the more accu-
rate is the calculation since more interacting unit cells are
considered. However, increasingRcav further in our calcula-
tion is currently impossible due to extremly long computa-
tion time.

Figures 4 and 5 report the calculated values for the refrac-
tive indices ascribed to each unit cell near thea-surfacesboth
BaO- and TiO2-terminatedd andc±-surfacessboth BaO- and
TiO2-terminatedd of tetragonal BaTiO3 at room temperature,
respectively. Note that the calculated results are displayed as
the discrete values for the refractive indices making sense on
the unit cell bases onlysand not on the ionic scaled. For
a-surfacesseither BaO- or TiO2-terminatedd, the n1 refrac-
tive index, which corresponds to light polarized perpendicu-
lar to the surface, undergoes a very stong decrease when
approching the surfacesFig. 4d. Values range from 2.38 in-
side the bulksfar away from the surfaced to ,1.75 close to
the surface. However, the change undergone by the refractive
indices n2 and n3, corresponding to light polarized in the
plane parallel to thea-surface, is very small. This change
manifests in a decrease in both refractive indices when ap-
proaching the surface, and it is more pronounced for
TiO2-terminated than for BaO- terminated surfaces. When
approching thec-surfaceseitherc+ or c− and either BaO- or
TiO2-terminatedd, the refractive indexn3, corresponding to
light polarized perpendicular to the sample surface, under-
goes a decrease similar to that undergone byn1 near the
a-surface. It decreases from 2.32 inside the bulksfar away
from the surfaced to ,1.73 close to the surfacesFig. 5d. Note
that near thec-surface the refractive indicesn1 andn2 coin-
cide with each othersi.e., n1=n2d. These two refractive indi-
ces remain almost constant when approaching the BaO-
terminated c±-surface. However, their change near the
TiO2-terminatedc±-surface is apparent and is more pro-
nounced forRcav=40 Å than forRcav=80 Å.

The unit cell monolayer closest to the surface for all stud-
ied a-andc-surfaces presents an exception with respect to the
other unit cell monolayers for the refractive indices corre-
sponding to light being polarized parallel to the surfacesi.e.,
n2 and n3 for a-surface, andn1 and n2 for c-surfaced. This
exception manifests in the discontinuous decrease of the con-
cerned refractive indices of the unit cell monolayer closest to
the sample surface.

Far away from the surface and for whatever the value
chosen forRcav, the crystal possesses only two refractive
indices, the ordinary refractive indexno swhich coincides
with n1=n2d, and the extraordinary refractive indexne
swhich is n3d. The calculated values of these indices areno
=2.385 andne=2.315, respectively, which are in good agree-
ment with experimental datasno=2.398 andne=2.312d given
by Johnston and Weingart20 for single-domain tetragonal
BaTiO3 at room temperature. Nevertheless, the material be-

haves near the surface either like a uniaxial negative material
with high optical birefringence,dn,0.55sfor a c-surfaced or
like a biaxial material having three different refractive indi-
cessnear ana-surfaced.

As mentioned before, it is not possible to perform the
present study of the surface effect on the electrical and opti-
cal properties of tetragonal BaTiO3 for values ofRcav larger
than 80 Å due to the extremely long computation time. How-
ever, computation was done for some other values ofRcav

s20, 40, 60, 70, and 80 Åd in the case of BaO-terminated
c−-surface in order to figure out the convergence tendency of
both the spontaneous polarization and refractive indices with
Rcav. These results are reported in Fig. 6, and show that both
the spontaneous polarization and refractives indices, which
keep their behavior near the surface unchangeable withRcav,
have a tendency to convergence when increasingRcav be-
cause the curves approach each others for high values of
Rcav. These theoretical calculations show that the behavior of
the spontaneous polarization or the refractive indices is al-
most the same, whatever the value of the spherical cavity
radiusRcav. The spontaneous polarization is always parallel
to the c-axis and its value decreases strongly near the
c-surface. On the other hand, the refractive index corre-
sponding to light polarized perpendicular to the sample sur-
face undergoes an important change near the surface.

In the next part, which is restricted to tetragonal BaTiO3
single crystals, we present and discuss the dependence of the
electrical and optical properties on some microscopic mag-

FIG. 2. sColor onlined Variation of the spontaneous polarization
near thea-surfacesboth BaO- and TiO2 -terminatedd of tetragonal
BaTiO3. Results are computed at room temperature withRcav

=40 Å andRcav=80 Å. The dashed line represents the single crystal
measured spontaneous polarization according to CudneysRef. 19d.
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nitudes used in this model like the order of the electronic
polarizability taken into account in the calculation, and also
the static effective charges of the constituent ions. In the
above reported calculations, we took into account the effects
of both the first-, second-, and third-order electronic polariz-
abilities. In order to study the contribution of each of these
three electronic polarizabilities, we report in Table II the cal-
culated values of the spontaneous polarization, refractive in-
dices, and optical birefringence of BaTiO3 single crystals at
room temperature for different orders of expansion of the
electronic polarizabilities. From these results, it appears that
the main contributor to the optical properties is the first-order
electronic polarizability. For the spontaneous polarization, in
which the ionic polarization contributes by 28.94%, the first-,
second-, and third-order electronic polarizabilities contribute
by 62.58, 10.25, and -1.77%, respectively. The fact that the
contribution of the third-order electronic polarizability to the
spontaneous polarization is lower than 2%sin absolute num-
bersd means that the expansion of the electronic polarizabil-
ities up the third order is enough for obtaining accurate re-
sults for both electrical and optical properties.

Among the microscopic magnitudes upon which the elec-
trical and optical properties strongly depend are the static
effective charges of the constituent ions. Table III reports
some sets of the static effective charges that are found in
literature, and the corresponding calculated values of the
spontaneous polarization, refractive indices, and optical bire-
fringence of tetragonal BaTiO3 single crystals at room tem-
perature. We see that the values of all computed magnitudes
undergo important changes when changing the values of
static effective charges. Make sure not to confuse thestatic

effective charges used in our calculations with thedynamic
effective chargesscalled also theBorn effective charges or
transverseeffective chargesd used usually for lattice dynam-
ics calculations.25–29 While the components of the static ef-
fective charge tensorssZkl

*sd of the constituent ions are con-

TABLE II. The spontaneous polarizationsin C/m2d, refractive
indices, and optical birefringence of BaTiO3 single crystals at room
temperature calculated as function of the orders of the electronic
polarizabilities.

Electronic polarizabilities Pspn no ne dn

No polarizabilitya 0.0802b 1c 1c 0

first-orderd 0.2536 2.3854 2.315320.0702

first- and second-ordere 0.2820 2.3846 2.314020.0706

first- to third-orderf 0.2771 2.3848 2.315020.0698

aHere, all orders of the electronic polarizabilitiy are ignored and
then the ions are considered as rigidsnonpolarizabled.
bThis value represents the ionic contribution to the spontaneous
polarization.
cThe refractive index of the nonpolarizable medium coincides with
that of the vacuum.
dIn this case only the first-order electronic polarizabilitysãd is con-
sidered. The terms withj and z in the expression ofakls jd fEq.
s27dg are omitted.
eIn this case both the first-sãd and second-ordersb̃d electronic
polarizabilities are considered. The terms withz in the expression
of akls jd fEq. s27dg andbkll8s jd fEq. s28dg are omitted.
fIn this case all three orders of the electronic polarizabilitiessã, b̃,
and g̃d are considered.

FIG. 3. sColor onlined Variation of the spontaneous polarization near thec+-and c−-surfacessboth BaO- and TiO2-terminatedd of
tetragonal BaTiO3. Results are computed at room temperature withRcav=40 Å andRcav=80 Å. The dashed line represents the single crystal
measured spontaneous polarization according to CudneysRef. 19d.
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nected to the polarization of the crystal through Eq.s47d, the
components of their dynamic effective charge tensorssZkl

*dd
are connected, in turn, to the polarization through the follow-
ing equation:29

Zkl
*dSṁ

j
D =

vsm̃d

e
.

] Pksm̃d

] slSm̃

j
D . s54d

However, the elements of the dynamic effective charge ten-
sor of a given ion are linked to the elements of the static
effective charges tensors of the other ions in the same unit
cell by the following equation:

Zkl
*dSm̃

j
D = Zkl

*sSm̃

j
D +

1

e
o
j8=1

5 ]pk
eSm̃

j8
D

]slSm̃

j
D . s55d

The right-hand side of the last equation has the same sign
as the static effective chargeZkl

*s of the j ion, because a posi-
tive shift of a positively charged ion induces an increase of
both the ionic and electronic dipole moments while a posi-
tive shift of a negatively charged ion induces a decrease of
both the ionic and electronic dipole moments. This is why
the elements of the dynamic effective charge tensor of a
given ion are larger than the corresponding ones of its static
effective charge tensor.28,30–32

FIG. 4. sColor onlined Variation of the refractive indices near the
a-surfacesboth BaO- and TiO2-terminatedd of tetragonal BaTiO3.
Results are computed at room temperature withRcav=40 Å and
Rcav=80 Å. The dashed and solid lines represent measured single
crystal values of the ordinary and extraordinary refractive indices
according to Johnston and WeingartsRef. 20d.

FIG. 5. sColor onlined Variation of the refractive indices near thec+- and c−-surfacessboth BaO- and TiO2-terminatedd of tetragonal
BaTiO3. Results are computed at room temperature withRcav=40 Å andRcav=80 Å. The dashed and solid lines represent the single crystal
measured values, respectively, of the ordinary and extraordinary refractive indices according to Johnston and WeingartsRef. 20d.
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IV. CONCLUSIONS

By using a microscopic model taking into account a quan-
tum method based upon the orbital approximation and the
dipole–dipole interaction due to the local electric field acting
on the constituent ions, we calculated the electric and optical
properties near the surface of tetragonal BaTiO3 at room
temperature. The study concerns all types of surfaces either
beinga or c±-surfacessboth BaO and TiO2 terminatedd. The
calculations show that the spontaneous polarization and re-
fractive indices have the same behavior when changing the
spherical cavity radiusRcav. However, the spontaneous polar-
ization decreases near thec±-surfaces and behaves quite
similar to recent theoretical work based on Landau33,34 and
Landau–Ginzburg–Devonshire thermodynamic theory,35 and
also to shell model calculations for ultrathin films.36 Our
model also allows us to compute the spontaneous polariza-
tion near thea-surfaces, which holds almost constant even
very close the surface. Furthermore, the BaTiO3 behaves like
a biaxial crystal resulting in dramatic changes of the refrac-
tive indexn1 near thea-surfaces and behaving like a uniaxial
crystal resulting in dramatic changes of the refractive index
n3 near thec±-surfaces. Therefore, the surface effect has a
tendency to reduce the refractive indices. This effect might
be the main origin of the reduction of refractive indices of
BaTiO3 films observed in recent experimental work.37,38The
surface is expected to have more important influence on the
reduction of both spontaneous polarization and refractive in-
dices in thin films where the effect of two surfaces has to be
considered.
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APPENDIX A: LORENTZ CAVITY FIELD EXPRESSION

The expression of the local electric field created by the
spherical Lorentz cavity will be demonstrated in this appen-
dix for thec-surface. The one corresponding to thea-surface
can be evaluated correspondingly. However, near the
c-surface, the polarizationP on the Lorentz cavity surface is
not uniform and depends onz sor u by using the spherical
coordinatesd. The element of electric field created in the cen-
ter i ssee Fig. 7d by the charges located in the area element
dS with

dS= sRcavd2 sinu du dw ·n sA1d

is denoted as

dEcav= sP ·nd · sinu du dw ·n. sA2d

n is the unit vector normal to the surface and the product
P·n represents the charge density in the area elementdS.

By taking into account that the polarization depends only
on u, the components ofdEcav can be expressed as

5dE1
cav= pP1sudsin3 u du

dE2
cav= pP2sudsin3 u du

dE3
cav= 2pP3sudsinu cos2 u du.

sA3d

Thus,

TABLE III. The spontaneous polarizationsin C/m2d, refractive indices, and optical birefringence of
BaTiO3 single crystals at room temperature calculated by using some sets of static effective charges found in
litirature. Measured values are also reported for comparison.

The set of static effective chargesa The corresponding calculated magnitudes

Reference Ba2+ Ti4+ Ox,y,z
2− Pspn no ne dn

Freireb 1.582 2.678 21.420 0.3504 2.3784 2.2742 20.1042

Gervaisc 1.480 2.720 21.400 0.3522 2.3780 2.2713 20.1067

Pintod 1.730 2.450 21.360 0.3277 2.3809 2.2895 20.0914

Kuroiwae 1.900 1.900 21.1/21.6f 0.2842 2.3854 2.3198 20.0656

Toumanarig 1.437 2.063 21.2/21.1h 0.2771 2.3848 2.3150 20.0698

Measured 0.2800i 2.3980j 2.3120j 20.0860j

aAs mentioned at the beginning of this section, only the third componentsZ33
*sd of the static effective charge

tensor contributes in the calculation because the static effective charges are coupled with the ionic shifts
which are parallel to the three-direction in the tetragonal BaTiO3.
bReference 21.
cReference 22.
dReference 23. This set of static effective charges does not respect the rule of neutralityfo j=1

5 Z*ss jd=0g.
eReference 24. In this set of static effective chargesZ*ssBa2+d has the same value asZ*ssTi4+d which is far
expected being seen thatZsBa2+d=2 andZsTi4+d=4, whereZs jd is the nominal charge of thej ion.
f21.1 is the static effective charge of Ox,y

2− and21.6 is that of Oz
2−.

gThis set of static effective charges is the same used for the study of BaTiO3 surfaces in this work.
h21.2 is the static effective charge of Ox,y

2− and21.1 is that of Oz
2−.

iReference 19.
jReference 20.
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Ek
cav= pE

0

p

Pksudfk
scdsuddu, sA4d

with

fk
scdsud = 5 f1

scdsud = sin3 u

f2
scdsud = sin3 u

f3
scdsud = 2 sinu cos2 u.

sA5d

Now, let us assume that the polarizationP is constant over
each unit cell monolayer,P is constant betweenr3

s ñ,m̃
i,1

d and

r3
s ñ,m̃+1̃c

i,1
d ssee Fig. 7d. Therefore, thek component of the

Lorentz cavity electric field of thei ion in theñ unit cell can
be computed as

Ek
cavSñ

i
D = po

mz

PksmzdE
uT

uB

fk
scdsuddu

= po
m̃

Pksm̃dfFk
scdsuBd − Fk

scdsuTdgdnxmx
dnymy

,

sA6d

Where the summation overm̃ concerns only the unit cells
existing inside the sphere of radiusRcav and centered in thei

ion of theñ unit cell. It is noteworthy thatuB anduT as well
asP depend only on the third-component ofm̃ si.e.,mzd. The
primitive function,Fk

scd, of the functionfk
scd is given by

Fk
scdsud = 5F1

scdsud = − ssin2 u cosu + 2/3cos3 ud
F2

scdsud = − ssin2 u cosu + 2/3cos3 ud
F3

scdsud = − 2/3cos3 u,

sA7d

and

uB = arccos

r3Sñ,m̃

i,1
D

Rcav ,

uT = arccos

r3Sñ,m̃+ 1̃c

i,1
D

Rcav . sA8d

sm̃+1̃cd represents the unit cell having the coordinates
smx,my,mz+1d located on the top of them̃ unit cell.

Finally the Lorentz cavity contribution to the local electric
field in thek direction of thei ion located in theñ unit cell
can be rearranged as:

FIG. 6. sColor onlined Variation of the spontaneous polarization
stop curved and refractive indicessbottom curved near the BaO-
terminatedc−-surface of tetragonal BaTiO3. Results are computed
at room temperature for 5 values ofRcav: 20, 40, 60, 70, and 80 Å.
The dashed line in the top curve represents the single crystal mea-
sured spontaneous polarization according to Cudney19 and the
dashed and solid lines in the bottom curve represent the single
crystal measured values, respectively, of the ordinary and extraor-
dinary refractive indices according to Johnston and Weingart.20

FIG. 7. Schematic of the Lorentz spherical cavity forc surface.

r3s ñ,m̃
i,1

d and r3
s ñ,m̃+1̃c

i,1
d are, respectively, the bottom and top edge of

the unit cell monolayer containing them̃ unit cell. uB and uT are,
respectively, the angles betweenz axis on one hand and the vectors
RB andRT on the other hand. The centeri coincides with thei-ion
of the ñ unit cell.
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Ek
cavSñ

i
D = o

j=1

5

o
m̃

p

vsm̃d
3Fk

scd1arccos

r3Sñ,m̃

i,1
D

Rcav 2
− Fk

scd1arccos

r3Sñ,m̃+ 1̃c

i,1
D

Rcav 24
3 dnxmx

dnymy
pkSñ,m̃

i, j
D . sA9d

Note thatr , p, andvs m̃d have been defined in Sec. II B.

APPENDIX B: CONNECTION BETWEEN THE
ELECTRONIC POLARIZABILITIES AND THE
EFFECTIVE ELECTRONIC POLARIZABILITIES

A three-dimensional Taylor series expansion ofpk
esElocd

around the pointEloc=Espn sEspn is the local electric field in
the spontaneous stated defines theakl element of the first-
order electronic polarizability tensor, thebkll8 element of the
second-order electronic polarizability tensor, and thegkll8l9
element of the third-order electronic polarizability tensor as
follows:12

pk
e = pk

euEloc=Espn+ o
l=1

3

aklfEl
loc − El

spng

+
1

2o
l=1

3

o
l8=1

3

bkll8fEl
loc − El

spngfEl8
loc − El8

spng

+
1

6o
l=1

3

o
l8=1

3

o
l9=1

3

gkll8l9fEl
loc − El

spngfEl8
loc − El8

spng

3fEl9
loc − El9

spng, sB1d

akl = U ]pk
e

]El
locU

Eloc=Espn
, sB2d

bkll8 = U ]2pk
e

]El
loc ] El8

locU
Eloc=Espn

, sB3d

gkll8l9 = U ]3pk
e

]El
loc ] El8

loc ] El9
locU

Eloc=Espn

, sB4d

and

Upk
euEloc=Espn= o

l=1

3

aklEl
spn−

1

2o
l=1

3

o
l8=1

3

bkll8El
spnEl8

spn

+
1

6o
l=1

3

o
l8=1

3

o
l9=1

3

gkll8l9El
spnEl8

spnEl9
spn. sB5d

The last equation is deduced from Eq.sB1d by taking into
consideration thatupk

euEloc=0=0.
EquationsB1d can be rearranged as

pk
e = o

l=1

3

akl
effEl

loc +
1

2o
l=1

3

o
l8=1

3

bkll8
eff El

locEl8
loc

+
1

6o
l=1

3

o
l8=1

3

o
l9=1

3

gkll8l9
eff El

locEl8
locEl9

loc, sB6d

where

akl
eff = akl − o

l8=1

3

bkll8El8
spn+

1

2

3o
l8=1

3

o
l9=1

3

gkll8l9El8
spnEl9

spn, sB7d

bkll8
eff = bkll8 − o

l9=1

3

gkll8l9El9
spn, sB8d

gkll8l9
eff = gkll8l9. sB9d

ãeff, b̃eff, and g̃eff are, respectively, the first-, second-, and
third- ordereffectiveelectronic polarizability tensors.
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