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Surface effect on the electrical and optical properties of barium titanate at room temperature
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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 beingr c*-surfaces(both BaO- and
TiO,-terminated. The spontaneous polarization is drastically reduced neac-thefaces while it remains
almost unchanged near thesurfaces. Furthermore, both the andc*-surfaces show the tendency to deeply
reduce the refractive index for light polarized perpendicular to the surface.
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I. INTRODUCTION The paper is structured as follows: Section Il briefly dis-

Tetragonal barium titanatBaTiOs) is a ferroelectric ox- CuUSses the first-, second-, and third-order electronic polariz-
ide material of enormous importance for potential applica-2Pilities of constituent ions in tetragonal Baidy using the
tions that make use of its unusual piezoelectric, ferroelectricjuantum mechanical method based on the orbital approxima-
dielectric, optic, electro-optic, and photorefractive propertiestion- Next we discuss the dipole—dipole interaction due to the
Many of these applications are increasingly oriented towardOcal electric field acting on the constituent ions taking into
thin films geometries, where surface/interface properties aréccount the crystalline deformations and individual ionic
of growing importancé:® shifts near the sample surface. Section Il then presents the

Here we present a quantum mechanical theoretical ag€sults for the spontaneous polarization, as well as the refrac-
proach for studying the spontaneous polarization, refractivéVe indices calculated for tetragonal BahiGurfaces at
indices, and polarization properties of BaTiét the surface 00M temperature. This section also contains the discussion
of a- and c-domains at room temperature. The latter are ei-°f the above-mentioned findings.
ther BaO or TiQ terminated. Our microscopic model takes
into account the anisotropy in the first-, second-, and third- Il. DESCRIPTION OF THE MODEL
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- In order to compute the first-, second-, and third-order
erties of monodomain tetragonal perovskites like tetragonatlectronic polarizabilities of BaTi§) we use a quantum me-
BaTiO; and KNbQ,, i.e., their ferroelectricity and optical chanical approach based upon the orbital approximation. In
anisotropy as well as their linear electro-optical this approach, each ion is considered as the core consisting
coefficients’=® Furthermore the same model was successef all inner electrons and the nucleus, while the shell carries
fully applied for modeling electrical and optical properties of the outer electron. The Hamiltonian of this core-shell system
rhombohedral LiNb@ single crystald? as well as 90 and is written as
180° ferroelectric domain walls in BaTiQ*! HeH.+H (1)

. . . — o 1

Based on those experiences, which agree very well withyiih

the corresponding experimental data, we initiate the applica-

tion of this model to BaTiQ@ surfaces in tetragonal phase. p> Z"
Ho=-——-—¢€, 2

A. Orbital approximation

Such an investigation is of great help in comparing experi- “om R
mental and theoretical findings.
In this model, we account for the following points: H.=eE -R 3)
e Expansion of the local electric field by simultaneously ! '
considering its components in all directions; whereH, represents the Hamiltonian in absence of the local

* representation of the local electric field in a tensorialelectric field, andH, describes the perturbation due to the
equation allowing the description of all field components forlocal electric field. In Eqs(2) and (3) Z" represents the
all ions simultaneously; effective nuclear charge of the core for the outer electron

 development of the orbital approximation by taking into consideredE is the local electric field acting on a given ion,
account the anisotropy in the first-, second-, and third-ordeand R represents the distance from the core to any point of
electronic polarizabilities of the constituent ions; the wave function describing the shell of this ion. We denote

» consideration of the correlation between the first-,the wave function foE=0 asy,, and assume that the wave
second-, and third-order electronic polarizabilities on onefunction ¢ of the core-shell system fde #0 may be ex-
hand, and their dependence on the local electric field on thpanded into a linear series of small perturbationgyjnFor
other handsince these magnitudes are mutually dependentthis case, we introduce the variational paramates
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YN = (1+)E R) o, (4) g = 8097 19
r— 262 '
By using the quantum mechanical variation method, the ag
electronic dipole moment; along thel direction of the core-

2\6
shell system may be expressedas - _ 96y (14)
P gket
e AD0N | 80E° , 9608° , 576:G)° i
p = 1-— + = -—%% E |B- 29
ag age? age age « _ ST6(X3),
= : (15

(5) ase’
The (k,I) element of the first-order electronic polarizabil- In Egs. (9)<11), § represents the Kronecker symbol. We
ity tensor, thek,1,1") element of the second-order electronic assume the first-, second-, and third-order electronic polariz-
polarizability tensor(called also first-order electronic hyper- abilities of a consideregl ion to result from summing over

polarizability), and the(k,!,1”,1”) element of the third-order all contributions of respective orbitals, namely,

electronic polarizability tensorcalled also second-order =S .

electronic hyperpolarizabilijyare determined, respectively, ay(j) = 2 e (j), (16)

as follows?? r

9 . .

= &—Ek (6) Buar (D) = 2 Buarr (i), (17)

| r
B = PPy Ry () = 2 v (). (18)

T 9E 0E, '

Equations(16)—(18) can be rearranged into

e (ngpka —. ® () = i (IHda =~ BEX(1) a + 2E(DE(])]
oo + &(EY) 8 + 4 EX(DEE ()]
Following Eq.(5), ay, Biir,» and vy » are described for any - L()IES(j) 8 + 6 E*(HEG)E (DT, (19
orbital r as
s = B0 = O (2504 ZELE) + £ (B + 4EPEE) B (j) = ai(i).{— 2@(;)[5{1)@. _+ Eku')sur
£ (E%8,+ BEEE)], ) + () S 1+ 46DE*()E; () 8y
+E*())E()) &1 + E*()E (1) dar
B = at [~ 26, (Eyy S + Edyr + E8r) + 46 (E%Ep &g + 2E(DE(DE(1)] = 64(DIE*(G)E)(j) 8¢
+E’Eydyr + E°E 6ar + 2EEEyr) +EY(DE) a1 + E*G)EN()) dar
~ 64, (E*Ey 8 + E*Exdyr + E*E S +4EX()E(DE()E ()]}, (20)
+4E’E\EE)1)], (10)

(i) = (D= 26088 r1r + Sar S + Sy ]

Yidriny = [ 26, (8qS i+ Sqr Sy + Sqrdyr) +45(DI2E(DE () 81 + 2E(DEy () Sy

+ 2E())Ep(j) by + 2E/(DEy/ () S

+ 2E/()Ep()) S + 2B ()Ep(j) S + EX()) i

+ 48 (2E(E 8 + 2EEp) i + 2E,E by
+ 2E,Ey) Sun + 2E /By + 261 By

+ E2846,1 + E28q: 8y + E25q0 8y11) +EX(j) S i + EX()) S 1 — 64())
X[4EZ())EW(DE (1) 8 1r + 4E(DE)E () 8y
+ 4EX(DEEN() 1+ + 4E*(DE(()Ey (}) S
+4E2(DE(()Em(j) 8ar + 4E*()E) (1)Em(j) 8q

- 67, (AE’E\E, 8 + AE?E\E, &0 + AE’E\E 6y
+ 4E?E\E)) S4r + 4E?E\E) 6 + 4E%E) E)n g
+E*8481r + E*Sq 810 + E* S 81 + BELEIE; Ep)],

(12) +EX)) 800 + E*(J) S Sur + EX)) SO
where +BE(E(E(DED] 21)
. AR, H where
=T gy (12 (=3 ap (). (22
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aj) = Era;r(*j)a_: (J) ’ 23 Y (§) = @)= 26(DL8adr1n + S i + S S 1 + B&()
() X[2E()EI() 81+ 2E()Er () 8y
L + 2E()Ep(j) 6 + 2E,()Ey/ (1) S
6() = =l (24 + 2E,()Ep () B+ 260 (DE () 5+ E21) g
' + E2(1) 8 S+ EX(1) Sr 6371 = 64i)
S ()EG) X[4E*()Ed(DE((}) & + 4EX(DEW()E) () Sy

=500 (29 + 4E2()E)En () &y + 4E2()EN)E () By

For the calculation of the first-, second-, and third-order + 4E2(DE((DEp()) 8ar + 4E*(DE ())Em(]) 8q

electronic polarizabilities of the B Ti**, and G~ ions, we 4 4 4
used the Slater-type orbitalsee Ref. 7 for more detalts FE)dad + BX1) g i + B Sy
+8E(E()E(DE()) ]} (29

Yrim=Ri(R) Yim(©, @) (26) By analyzing the results in Table | it appears that the
oxygen ion which has the highest value of the free electronic
wheren, |, and m represent the principal, azimuthal, and polarizability o®* also shows the highest values for the co-
magnetic quantum numberR, ®, and® are the spherical efficients 4, &, and{,, particularly those in the 3 direction
coordinates, andk,(R) andY,,(®,®) represent the radial which are almost doubled compared to those obtained along
part of the wave function and the spherical harmonics, rethe 1 and 2 direction. This means that, compared to all other
spectively. ions, the first-, second-, and third-order electronic polariz-
In order to compute the coefficieng(j), &(j), and{.(j) abilities of the oxygen ions are affected much more, particu-
of a givenj ion, we introduced an anisotropic effective larly in the 3 direction. Note that in the following section, the
nuclear charge of the core seen by the outer electronic layéecal electric fieldE will be rewritten asE'".
for every ion. We then fit its components in such a way that
the calculated values of the free electronic polarizabilities
a;(j), ay(j), and ay(j) coincide with the measured value of
the free electronic polarizabilitg®"(j) of the same ion. The As mentioned above our model is based on the dipole—
free electronic polarizabilities are calculated #60. The dipole interaction in correlation with the quantum mechani-
effective nuclear charges of the other layers are determinecal orbital approximation. The model therefore accounts for
by the Slater rule$® These fitted values have been reportedthe possible anisotropy in the first-, second-, and third- order
in earlier work! while the values of the measura®®(j) and electronic polarizabilities, the crystalline deformations, as
the calculatedd,(j), &(j), and{,(j) are reported in Table I.  well as the ionic shifts both within the bulk and near the
Note, that compared to former work we expand the polarsurface. The latter are of uttermost importance when model-
izabilities here up to the third order for the reason of respecting the surface properties of a ferroelectric system specifi-
ing the nonlinearities at the BaTiGurface. cally for thin ferroelectric films.
Finally, the elements of the first-, second-, and third-order The local field acting on a given siteis given by the
electronic polarizability tensors of theion, which will be  Lorentz relation®*
used in the next section, are deduced from Table | and the

B. Dipole—dipole interaction

: : 3(P;-r)r—r?p
following three relations: Eloc(i) = Eet+ 2 %J—' +Ei). (30
i j
a(j) = a®N){8a = 0)EX(j) S+ 2E()Ei ()] In the last equationE® represents an external electric
+ E(DTE4) S+ AE2(DELDE (i field that generally holds aB®'=EPas+E°P, with EP@S the
ék(]_)[ 6(J.) ki 4(]_) k(J-) |(J.)] electric bias field, andE" the optical field acting on the
= SDIE>(j) 8 + BE*(EDE ()]}, (27)  system. The second term on the right-hand side of(8@).

represents the contribution to the local electric field at the
considered siteé by the dipole moments of all other ions

B (i) = )= 26(DIE} () i + Ex(i) dyr + Ei()) 6] existing inside the fictitious spherical cavity of radiR&
NTE2( : 20 : centred ini. E®®in Eq. (30) denotes the Lorentz cavity field
+HAGDIEE ()0 + EXDED & which is the electric field stemming from polarization
+E2()E|(j) S + 2E()HE(HE (j)] charges inside the spherical cavifis a mathematical fiction
N d . cut out from the specimen with the reference ion as the cen-
~ 64(DIE()E ()8 ter, as shown in Fig. 1. The cavity has radRf&" and may be
+E(DEG) &1+ E*(G)E(]) 8- truncated for ions situated closer th&i®" to the sample
surface. Usually the Lorentz cavity fielEf, is taken to be
+4EX()E(HE()E ()]}, (28)  47/3P for an infinite medium with uniform polarization.
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TABLE I. The measured free electronic polarizabilitie¥® (in
A3) and the calculated values of the coefficiefitg,, and, (in esu
CGS unit$ of the constituent ions of BaTiQ

PHYSICAL REVIEW B 71, 085418(2005

FIG. 1. Schematic of possible scenarios of the Lorentz spherical
cavities located near the surface of the BaJ Dystal.

j-ion B&* Ti4 0%

a®%(j)  1.9460 0.1859 2.3940

64(j) 3.9296x 107>  3.0859x 10716  1.5286x 107
0(j) 3.9296x 107>  3.0859x 10716  1.5286x 107
6(j) 6.2384x 107> 5717510716  2.8585x 107
& 0.6042< 10728 3.3557x 103!  0.8055x 10°%/
&()) 0.6042< 10728 3.3557x 103!  0.8055x 10°%7
&() 1.0520< 10728 6.9429< 1073  1.6822x 10727
4(j) 0.5749< 10742  2.0917x 10746  2.4328< 104!
&()) 0.5749x 10742  2.0917x 10746  2.4328< 104!
45()) 1.0147x 10742  4.3982x 1074  51632x104

This expression is not valid near the surface because of thg,

nonuniformity of polarizatioFig. 1(1)] and/or because the

incompleteness of the spherical cavity as sketched in Fig

1(2) and X3). However, we can show that thkecomponent
of the Lorentz cavity fieldE®®, is given by:

ECYi) = f P(O)f&9(6)de,
0

(31)

where P, is thek-component of the polarization at poilt
[see Fig 14)]. The superscripta/c) is used to indicate aa-

or c-oriented ferroelectric domain surface. The function

fff‘/C)(a) is given by(see Appendix A

f@(6) =2 sinfcos 6

f3(h) =4 f2(6) =sin 0 (32)
f&(0) =sir® 0
and
f9(6) = sirf 0
fiO(6) =1 () = sin® 6 (33)

f9(6) = 2 sino cos 6.

The k component of the local electric field acting Bion
sitting in then(n,,ny,n,) unit cell (the indices(n,,n,,n,)
represent the coordinates of a unit cell in the whole lattige
expressed as

e[ D) _ n
<)o)

(34)

where & denotes the Kronecker symbol, an@}'yrj“) repre-

sents the interionic distance between thien in unit celln

d thej ion in unit cellm(m,, m,,m,). The summation over

j andm covers all ions existing inside the sphere of radius
cav centered in the ion of the unit cell. Thek component

of the Lorentz cavity electric field at thesite of theh unit

cell is expressed asee Appendix A

for the a-surface:

(ﬁ’Fn>
rq| .
L arCCOSL
~ k cav
) R

(35

(ﬁ,ﬁwic)
ral .
0 i1

—F( !
F.’\ arcco oAy

n,m

X o, am, On,m P ij /)

In the last two equations,(™) denotes the volume of the

M unit cell [v(M)=ac], Fff‘) and F(kc) are, respectively, the
primitive functions off® andf\, and+1, andf+1, rep-
resent, respectively, the unit cellm,+1,m,m,) and
(me,m,,m+1). p{+7) in Egs. (34~(36) is the dipole mo-

ment along thek direction which can be expressed as

(36)
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o i

IJ

~ kk/(
with the two contributionspﬁ(j) and pk( m) specifying, re-
spectively, the electronic dipole moment and the relative
ionic dipole moment in thé& direction of thej ion located in

the m unit cell as seen by thieion located in thé unit cell. 7,m
These dipole moments are calculated up to a third-order de- r i
velopment as +% F@ arccosv
v
~ 3 ~ ~
m m m e
)=z (et
J I=1 J J ( M i
3 3 ~ ~ ~ -F@ arccos————- S
+}223eﬁ M) cloc( M) gloc( M k ReaY Mymy gy Tl
2155 "\ (43)
3 3 3 = = = = and for thec-surface
1 m m m m
33 e el
i j /T mm\ (R i,
~ o~ 3rk’ - el . . - 5kk/r
(38) T <n,m> ] ij i,j
kk'\ . .
and 1) (ﬁ,ﬁ]) 5
r{. .
I!
(RS [ M\ (7 :
Pl =223 Jels|. |-s|. ||- (39 5
) I=1 J J ! ra| .
a Iaj
In Eq. (38), off(T), g5 (T), and 5;,.(T) represent, re- +rﬁl) Fo arccos e — -FY
spectively, the(kl) element of the first- order effective elec-
tronic polarizability tensor, thékll’) element of the second- ﬁ,’ﬁ1+1a
order effective electronic polarizability tensor, and the s ij
(kllI’l") element of the third-order effective electronic polar- X arccosT 5nymy5nzmﬁ<k'
izability tensor of thej ion located in theém unit cell, given
by Egs.(B7)~(B9) in Appendix B. In Eq.(39) Z§(T) denotes (44)

the (kl) component of the static effective charge tensor of the

j ion located in them unit cell as given at the beginning of (M e[ T

Sec. Ill, ands(i) ands(j) denote, respectively, the shifts of Uiq( ) E kauf( ) Oc( ) (45)
thei andj ions along thd direction. Thus the local field J
present along thk direction acting on ion of theT unit cell
can be written as

iiﬁ&.(.ﬁ Fn)E:"C(Fn) :Qk<ﬁ>, (40) Pm( ) E > yk,..w,(J ) "?C(WE:SC(?). (46)

and

I =11"=1

The second-rank tensag€(™) andze(™) are introduced
in order to represent, respectively, the effect of the second-
A 3 A A ﬁ1 order effective electronic polarizabilitye“(rj“) tensor(third-
Sd(. ’ ) = 846, O — > Tkk’(- ' ){akfﬁ< ) + ﬁﬁ(_ ) rank tensor and the third-order effective electronic polariz-
2 L J ability 7(™) tensor(fourth-rank tensor
= From Eqs(40) and(41) it appears that the components of
+pk,|< )} (41 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
and through Eqs(B7), (B8), (B9), (27), (28), and(29). This mu-
A - - tual dependence between the first-, second-, and third-order
Q4 <~ ) Eext+2 2 > Tkk/(n m)pk,<n m) (42) electronic polarizabilities(orbital approximation on one
i =121 ™ ] hand, and their dependence on the electric figlghole—
dipole interactionon the other hand, makes a self-consistent
where for thea-surface: calculation necessary.

085418-5



CHAIB et al. PHYSICAL REVIEW B 71, 085418(2005

By solving Eq.(40) we obtamE'OC(J) thel component of  index of the light polarized along th@N direction (O is the

the local electric field of the ion located in theém unit cell.  center of the ellipsoidis n:\(x§+x§+x§).
The total polarizationP, (™), of them unit cell is expressed In the special case of light being polarized along ke
as direction, the refractive index thus becomes:

S [ M 1

Pk(ﬁ‘)— 2 ( )+Ezif(. )e-s(. ) _ = (53
vMZ T ETN j V ik
(47)
The connection between the optical dielectric constant lll. RESULTS AND DISCUSSION
opt, : . e M .
i ("), electrgprtuc dipole momentsk(j), and the optical 16 caiculation of the spontaneous polarization and re-
electric fieldE;,™ is expressed in the following way: fractive indices is carried out for botl andc-domain areas
~ in tetragonal BaTiQat room temperature by using the lattice
5 pﬁ( ) parameters and spontaneous ionic shifts given in Ref. 11. As
static effective charges, we use the data published in a recent

e (M) = s + E

: (48)
t
)is1 JEYF

theoretical work devoted to the quantitative study of succes-
sive phase transitions in BaTid®1® Z3(Ba*)=1.437,
By using Eq.(38), the termap; )/9ESP can be written as  Z3(Ti*")=2.063, Z33(0% ) =-1.200, andZy(0Z")=~1.100.
It is noteworthy that for symmetry reasons, the static effec-

P m tive charge tensors of the constituent ions of tetragonal
P i/ 3 ot M off m ot M BaTiO; have to be diagonal, and consequently the nondiago-
JE —Izl ag\ . |20 *+3pu| . nal elementg,; are zero. Moreover, the componet§ and

II =

Z5; of the static effective charge tensors have no effect in the
m calculation because the static effective charges are coupled
( ) with the ionic shifts which are parallel to the three-direction.
) (49) It is assumed that these magnitudkestice parameters, static
&Eﬂpt effective charges and ionic shiftare valid both near the
surface and in the bulk. In this computation we have to solve
Note thatdE[*(T )/3Efrpt which represents the local elec- Egs. (40) and (50), which are in fact two sets of equations.
tric field induced along thédirection of thej ion located in By considering only the 86 unit cell monolayers nearest to
the m unit cell by unit of thel” component of the optical the surface and taking into account that all unit cells in the
electric field, can be obtained by solving the following equa-same monolayer have the same properties, the number of
tion, deduced from Eq34): equations in each set can be reduced t©53<86=1290
~ equations.
( ) Now we present and discuss the results obtained for the
spontaneous polarization in theunit cell, PSP\(1), PSP71) is
ascribed to the unit celland not to individual ionsand is
defined as the total dipole momeii the unit cel) per vol-
where ume. The component& (") are deduced from E@47) in the
e e absence of any external field. The calculation shows that the
s (n,m) 854 2 T (n,m) values of the spontaneous polarization near &eand
\i,j 193 O ~ - i c-surface of tetragonal BaTiQat room temperature along
the 1 and 2 direction are exactly zero. On the other hand, the
off [ M off( M off( M 3 component of the spontaneous polariza®3f(") is non-
x| e i 20\ ) 3el |- zero and is reported in Fig. 2 for thesurface(both BaO-
(51) and TiO,-terminated, and in Fig. 3 for thec-surface(both
BaO- and TiQ-terminated. We see that the spontaneous po-
In electromagnetic theoty the index ellipsoid (also larization for the BaO- terminated-surface does not show
called the optical indicatrixin a given coordinate system is any remarkable changes near the surface except the small
written as decrease presented by the last unit cell closest to the surface
s 3 (see Fig. 2 The behavior is completely different for a
D 2 52) TlO_z-termlnateda-surface for which the spontaneous polar-
< Px = ( ization shows a small decrease when approaching the surface
B for R°®%=40 A andR®®=80 A. In both cases the decrease of
where 7°P! represents the optical dielectric impermeability PSP" near the surface measures less than 10%. This decrease
tensor of the mediur@®'=(g°")~1, andx;, X,, andx; are the is far smaller than that presented nemsurfaces, which
coordinates of an arbitrary poitN on the periphery of the reaches 57%see Fig. 3. As shown in Fig. 3, the behavior of
ellipsoid in the coordinate system. In this case the refractivéhe spontaneous polarization near theurface is the same

=, (50

k=11
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for the four distinguished cases. The only difference mani- 0.30
fests in the effective value of the spontaneous polarization of 029
the unit cell monolayer closest to the surface, which is 028 b m oo oo _______

smaller for BaO-terminate¢both ¢~ and ¢*)-surfaces than 027
for TiO,-terminated(both ¢ and c*)-surfaces. However, in

all cases the values of the spontaneous polarization near and
far away from thec-surface(inside the bulk do not change
when varyingR®®; only in between the bulk and the surface
are changes observed. In fact the larB&t, the more accu-

rate is the calculation since more interacting unit cells are
considered. However, increasifi§® 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 ghsurface(both :
BaO- and TiQ-terminated and c*-surfacegboth BaO- and 027 * .':3
TiO,-terminated of tetragonal BaTi@ at room temperature, 026 F & e R
respectively. Note that the calculated results are displayed as 025 B * R™=80A
the discrete values for the refractive indices making sense on
the unit cell bases onlyand not on the ionic scgleFor
a-surfaces(either BaO- or TiQ-terminateq, the n, refrac-

0.26 Py
0.25 *
0.24
023

0.22
a-Surface

0.21 BaO-Terminated
0.20 L ! ' ' ' ' ' '

029 F
028 Fm m mmm o — o ________

Spontaneous Polarization (C/m 2

024 F
023 F
022 F

tive index, which corresponds to light polarized perpendicu- ] a-Surface
lar to the surface, undergoes a very stong decrease when 021t TiO,-Terminated
approching the surfacé-ig. 4). Values range from 2.38 in- 00 e 0 1 o o o w0

side the bulk(far away from the surfageto ~1.75 close to
the surface. However, the change undergone by the refractive
indices n, and n;, corresponding to light polarized in the FIG. 2. (Color onling Variation of the spontaneous polarization
plane parallel to thea-surface, is very small. This change near thea-surface(both BaO- and TiQ -terminatedl of tetragonal
manifests in a decrease in both refractive indices when ag3aTiOs. Results are computed at room temperature WRf
proaching the surface, and it is more pronounced forr40 A andrR®@=80 A. The dashed line represents the single crystal
TiO,-terminated than for BaO- terminated surfaces. Wherneasured spontaneous polarization according to CutiRey 19.
approching thee-surface(eitherc* or ¢ and either BaO- or
TiO,-terminated, the refractive indexn;, corresponding to  haves near the surface either like a uniaxial negative material
light polarized perpendicular to the sample surface, undemith high optical birefringencegn~ 0.55(for a c-surface or
goes a decrease similar to that undergonenbynear the like a biaxial material having three different refractive indi-
a-surface. It decreases from 2.32 inside the bithk away ces(near ana-surface.
from the surfacgto ~1.73 close to the surfac€ig. 5). Note As mentioned before, it is not possible to perform the
that near the-surface the refractive indicag andn, coin-  present study of the surface effect on the electrical and opti-
cide with each othefi.e., n;=n,). These two refractive indi- cal properties of tetragonal BaTiQor values ofR*® larger
ces remain almost constant when approaching the BaGhan 80 A due to the extremely long computation time. How-
terminated c*-surface. However, their change near theever, computation was done for some other valueR8f
TiO,-terminated c*-surface is apparent and is more pro- (20, 40, 60, 70, and 80 )Ain the case of BaO-terminated
nounced forR°'=40 A than forR°@=80 A. ¢ -surface in order to figure out the convergence tendency of
The unit cell monolayer closest to the surface for all stud-both the spontaneous polarization and refractive indices with
ied a-andc-surfaces presents an exception with respect to th&@"., These results are reported in Fig. 6, and show that both
other unit cell monolayers for the refractive indices corre-the spontaneous polarization and refractives indices, which
sponding to light being polarized parallel to the surfce,  keep their behavior near the surface unchangeableRfith
n, and n; for a-surface, anch; andn, for c-surfacg. This  have a tendency to convergence when increa§ititj be-
exception manifests in the discontinuous decrease of the cogause the curves approach each others for high values of
cerned refractive indices of the unit cell monolayer closest tdR*®". These theoretical calculations show that the behavior of
the sample surface. the spontaneous polarization or the refractive indices is al-
Far away from the surface and for whatever the valuanost the same, whatever the value of the spherical cavity
chosen forR®®, the crystal possesses only two refractiveradiusR®®. The spontaneous polarization is always parallel
indices, the ordinary refractive index, (which coincides to the c-axis and its value decreases strongly near the
with n;=n,), and the extraordinary refractive index, c-surface. On the other hand, the refractive index corre-
(which is ng). The calculated values of these indices age  sponding to light polarized perpendicular to the sample sur-
=2.385 and,=2.315, respectively, which are in good agree-face undergoes an important change near the surface.
ment with experimental da{@,=2.398 anch,=2.312 given In the next part, which is restricted to tetragonal BaJiO
by Johnston and Weing&®tfor single-domain tetragonal single crystals, we present and discuss the dependence of the
BaTiO; at room temperature. Nevertheless, the material beelectrical and optical properties on some microscopic mag-

Unit cell x-index
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FIG. 3. (Color online Variation of the spontaneous polarization near tfieand c™-surfaces(both BaO- and Ti@-terminated of
tetragonal BaTi@. Results are computed at room temperature Wift¥=40 A andR®@=80 A. The dashed line represents the single crystal
measured spontaneous polarization according to CutiRefy 19.

nitudes used in this model like the order of the electroniceffective charges used in our calculations with th@mamic
polarizability taken into account in the calculation, and alsoeffective chargegcalled also theBorn effective charges or
the static effective charges of the constituent ions. In thdransverseeffective chargesused usually for lattice dynam-
above reported calculations, we took into account the effectis calculationg>-2° While the components of the static ef-
of both the first-, second-, and third-order electronic polarizfective charge tensorGZLf) of the constituent ions are con-
abilities. In order to study the contribution of each of these
three electronic polarizabilities, we report in Table Il the cal-  TABLE Il. The spontaneous polarizatidin C/m¥), refractive
culated values of the spontaneous polarization, refractive inhdices, and optical birefringence of BaTySingle crystals at room
dices, and optical birefringence of BaTj@®ingle crystals at temp.eratllj.rg calculated as function of the orders of the electronic
room temperature for different orders of expansion of thePolarizabilities.
electronic polarizabilities. From these results, it appears that _ .
the main contributor to the optical properties is the first-order='ectronic polarizabiliies  PP" Mo Me an
electronic polarizability. For the spontaneous polarization, inyq polarizability* 0.0802 1¢ 1¢ 0
second., and thid-order electronic polarizabilties contiburd"=: "% 02536 23854 23153-00702
by 62.58, 10.25, and -1.77%, respectively. The fact that th&rsr' and §econd-ord%r 02820  2.3846  2.3140-0.0706
contribution of the third-order electronic polarizability to the first- to third-ordef 0.2771  2.3848 2.3150-0.0698
spontaneous polarization is lower than 2¥babsolute num-  ajere, all orders of the electronic polarizabilitiy are ignored and
berg means that the expansion of the electronic polarizabilthen the ions are considered as rigimbnpolarizablg
ities up the third order is enough for obtaining accurate re®This value represents the ionic contribution to the spontaneous
sults for both electrical and optical properties. polarization.

Among the microscopic magnitudes upon which the elec*The refractive index of the nonpolarizable medium coincides with
trical and optical properties strongly depend are the statithat of the vacuum.
effective charges of the constituent ions. Table l1lI reportsdln this case only the first-order electronic polarizability is con-
some sets of the static effective charges that are found igidered. The terms witl§ and { in the expression ofy(j) [Eq.
literature, and the corresponding calculated values of th&27)] are omitted. B
spontaneous polarization, refractive indices, and optical bire®n this case both the firstta) and second-ordefB) electronic
fringence of tetragonal BaTiQsingle crystals at room tem- polarizabilities are considered. The terms witiin the expression
perature. We see that the values of all computed magnitude a(j) [Eq. (27)] and By-(j) [Eq. (28)] are omitted. ~
undergo important changes when changing the values Jfn this case all three orders of the electronic polarizabilit@sg,
static effective charges. Make sure not to confusestéic ~ and?) are considered.
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components of their dynamic effective charge tensg@i§)
are connected, in turn, to the polarization through the follow-
ing equatior?®

o™ o™

Z(T)—@

(54)

However, the elements of the dynamic effective charge ten-

Refractive Index

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:

& o
Qe“’ @ n forR=40A
21k @ *** ® o forR™ =404
L3 Ea cav 2 [
@ o (&} nzforR =40 A e
208 & * o for R =80 A ~ ~ 5 &pk< , )
e ¥ L «g( M x( M 1 J
19F & F n for R =80 A Z =z3 |+ = E —_ (55)
o * nfor R =80 A J €j=1 m
18 Fof” as|
a a-Surface J
L7 TiO,-Terminated . . . .
16 . . . . . . ! The right-hand side of the last equation has the same sign
6 10 20 3 4 50 60 70 as the static effective char@g; of thej ion, because a posi-

FIG. 4. (Color onling Variation of the refractive indices near the
a-surface(both BaO- and Ti@terminatedl of tetragonal BaTiQ.
Results are computed at room temperature ViRtA'=40 A and

Unit cell x-index

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

Ra'=80 A. The dashed and solid lines represent measured singié'¢ €lements of the dynamic effective charge tensor of a
crystal values of the ordinary and extraordinary refractive indicediven ion are larger than the corresponding ones of its static
according to Johnston and WeingéRef. 20.
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FIG. 5. (Color online Variation of the refractive indices near tit&- and c™-surfaces(both BaO- and TiG-terminated of tetragonal
BaTiO,. Results are computed at room temperature Wi=40 A andR°®=80 A. The dashed and solid lines represent the single crystal
measured values, respectively, of the ordinary and extraordinary refractive indices according to Johnston and(Reefngert
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IV. CONCLUSIONS EN 434/2, EN 434/13-1, GR 1288/7-1, and EN 434/15-1 is

By using a microscopic model taking into account a quandratefully acknowledged.
tum method based upon the orbital approximation and the
dipole—dipole interaction due to the local electric field acting APPENDIX A: LORENTZ CAVITY EIELD EXPRESSION
on the constituent ions, we calculated the electric and optical '
properties near the surface of tetragonal BaT#d room — The expression of the local electric field created by the
temperature. The study concerns all types of surfaces eithghnerical Lorentz cavity will be demonstrated in this appen-
beinga or c*-surfacesboth BaO and TiQterminated. The iy tor the c-surface. The one corresponding to theurface
calcqlat|pn§ show that the spontaneous polarization and '€an be evaluated correspondingly. However, near the
fsrpaﬁg\r'ing;?ti ?:&’iﬁéif, z%r\?vivbeerhavéosrpvc\)lzte;nggﬁg%gg rt_hg-surface, the polarizatioR on the Lorentz cavity surface is
ization decreases near thé-surfaces and behaves quite not ur_uform and depends an(or 0 by using the ;phencal
similar to recent theoretical work based on Larf&dand coqrdmate}; The element of electric fleld'created in the cen-
Landau—Ginzburg—Devonshire thermodynamic thédand teri (see Fig. 7 by the charges located in the area element
also to shell model calculations for ultrathin fildsOur S with
model also allows us to compute the spontaneous polariza- g
tion near thea-surfaces, which holds almost constant even dS=(R*)“singdéde - n (A1)
very close the surface. Furthermore, the Bagfl@haves like
a biaxial crystal resulting in dramatic changes of the refracis denoted as
tive indexn, near thea-surfaces and behaving like a uniaxial
crystal resulting in dramatic changes of the refractive index SE®=(P-n)-sinfdéde-n. (A2)
ng near thec*-surfaces. Therefore, the surface effect has a
tendency to reduce the refractive indices. This effect mighh is the unit vector normal to the surface and the product
be the main origin of the reduction of refractive indices of p.n represents the charge density in the area elemi®nt
BaTiO; films observed in recent experimental wéfk®The By taking into account that the polarization depends only
surface is expected to have more important influence on thgn g, the components ofE® can be expressed as
reduction of both spontaneous polarization and refractive in-

dices_ in thin films where the effect of two surfaces has to be SES= 7P (9)sin® 6.d6
considered. cav .
SESY = 1P,()sin® 9 dg (A3)
ACKNOWLEDGMENTS SESV= 2Py (0)sin 0 cod 0.do.

Financial support of this work by the “Deutsche
Forschungsgemeinschaft” under Grant Nos. EN 434/7Thus,

TABLE lll. The spontaneous polarizatiofin C/m?), refractive indices, and optical birefringence of
BaTiO; 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 chardes The corresponding calculated magnitudes
Reference B Ti* 0%y psPn Ne Ne on
Freiré 1.582 2.678 —1.420 0.3504 2.3784 22742  —-0.1042
Gervai$ 1.480 2,720 —1.400 0.3522 2.3780 22713  —-0.1067
Pintd’ 1.730 2.450 —1.360 0.3277 2.3809 22895 —-0.0914
Kuroiwa® 1.900 1.900 -1.1/-1.6 0.2842 2.3854 2.3198 —0.0656
Toumana#d 1.437 2.063 -—1.2/-1.1" 0.2771 2.3848 2.3150 —0.0698
Measured 0.2800  2.3980 2.3120 —0.0860

8As mentioned at the beginning of this section, only the third compo@%@l 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 BgTiO

bReference 21.

‘Reference 22.

dReference 23. This set of static effective charges does not respect the rule of ne[tEfa{Z?s(j):O].
®Reference 24. In this set of static effective charg&éBa?*) has the same value &3(Ti**) which is far
expected being seen thatBa?*)=2 andZ(Ti**)=4, whereZ(j) is the nominal charge of thgion.

f~1.1is the static effective charge ofPand —1.6 is that of G.

9This set of static effective charges is the same used for the study of Batifaces in this work.

h—1.2 is the static effective charge ofPand —1.1 is that of §.

iReference 19.

IReference 20.
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Unit cell z-index r3( i 1) andr3( i llc) are, respectively, the bottom and top edge of

the unit cell monolayer containing tf& unit cell. ¢8 and 6" are,
respectively, the angles betweeaxis on one hand and the vectors
R andRT on the other hand. The centecoincides with thé-ion

of then unit cell.

FIG. 6. (Color onling Variation of the spontaneous polarization
(top curve and refractive indicegbottom curvé near the BaO-
terminatedc™-surface of tetragonal BaTiDResults are computed
at room temperature for 5 values Bf®% 20, 40, 60, 70, and 80 A.
The dashed line in the top curve represents the single crystal mea-
sured spontaneous polarization according to Cu%ﬁ]ay]d the ion of then unit cell. It is noteworthy that® and 6" as well
dashed and solid lines in the bottom curve represent the singlasP depend only on the third- Componentmf(l e.,m). The
crystal measured values, respectively, of the ordinary and extraoprimitive function, F , of the functlonf is given by
dinary refractive indices according to Johnston and WeirfJart.

] |:(10)(0) =— (sin2 #cosf+ 2/3cos 0)
E= f PUOE(0)do, (A4) F&(6)=1F5(0) =~ (sirf 6 cosf+ 2/3co3 ) (A7)
0 FL(6) = - 2/3cos 6,

with
f(6) = sir® 0 and
f9(0) = £2(6) =sirt ¢ (A5)
f9(0) = 2 sin6 cog 0. ('ﬁ,‘rﬁ)
r
Now, let us assume that the polarizati®is constant over B _ *\ia
0° =arccos———,
each unit cell monolayeR is constant betweerb( M) and Reav
3(”Wl°) (see Fig. 7. Therefore, thek component of the
Lorentz cavity electric field of theion in theT unit cell can N
be computed as (ﬁ,’m+ 1. )
rsl .
n ? o T 1
BN =2 P | £0(0)do 0" =arccos— i (A8)
m, 4

fymy’ (M+1,) represents the unit cell having the coordinates
(my,m,,m,+1) located on the top of th& unit cell.
(AB) . . I .
Finally the Lorentz cavity contribution to the local electric
Where the summation ovén concerns only the unit cells field in thek direction of thei ion located in thé unit cell
existing inside the sphere of radi®$?' and centered in the  can be rearranged as:

= 7>, PUMIFE(B) - FP(6N)]4,
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n,m
- 5 o sl . i1
Ecav< ):EEF f(c) arccosw
=1
r ﬁ,rn+ic)
3\ .
i1
-FY arccos—

i, M
X &, 5mypk|] : (A9)

Note thatr, p, andv(™) have been defined in Sec. I B.

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

A three-dimensional Taylor series expansionp(E'®®)
around the poinE'°°=ESP" (ESP"is the local electric field in
the spontaneous statdefines thew,, element of the first-
order electronic polarizability tensor, thg,. element of the
second-order electronic polarizability tensor, and thg

element of the third-order electronic polarizability tensor as

follows:12

3

Pk = Pglgloc=spn+ E a’kI[E:OC -E"™
1=1

52 S £ - EPE - £
1=1 721

_E 2 2 Y [ES - ESPn][EIoc_ £

61 =ly=11"=1

X[Ee°-EPT, (B1)

I
oy = , B2
K Jd E:OC Eloc=gspn ( )

PHYSICAL REVIEW B 71, 085418(2005

PPk
= ok : (B3)
B r?EIOCﬂ E:?C .
&pk
Yidirir = I I [ ' (B4)
aE|OC J E|9C d Elsc Eloc=gspn
and
3 3
Pilloc=gspn= E aEP"- 52 > B EPET"
1=1 721
3 3 3
6|21 > 2 vanE] PEFET. (B5)
I'=11"=1

The last equation is deduced from EB1) by taking into
consideration thatpy|gioc=o=0.
Equation(B1) can be rearranged as
3

pE: E |0° _2 E Bk”/E:ocEloc
=1 | 1 =
13383
+ _2 E E ‘}’k”,V,ElocEIOCE:gc, (B6)
S
where
° 1
ol = ay~ 2 BarEyr+ >
I'=1
3 3
X2 2 wanETER (B7)
I'=11"=1
3
ff
BEW =B ~ E querlS}Pn. (B8)
I”=1
ff
YEW = Y- (B9)

o gt and 3" are, respectively, the first-, second-, and
third- ordereffectiveelectronic polarizability tensors.
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