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Local position of Fe3+ in ferroelectric BRTi03
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The EPR spectra of Fe + in the three ferroelectric phases of BaTi03 could be interpreted on

the basis of the Newman superposition model. In the latter, the position of the nearest (oxy-

gen) ligands determines the EPR spectrum. It is found that the Fe + participates by less than an

order of magnitude in the collective motion of the Ti4+ ions out of their inversion symmetric

position: by centering the Fe + and using previously determined intrinsic oxygen coordinates

and parameters of the Newman model, the sign and magnitude of the EPR b20 terms could be

obtained for (a). the tegragonal phase, (b) the tetragonal (001) spectrum perpendicular to the

(110) polarization in the orthorhombic phase, and (c) the very small (111) splitting in the

rhombic phase; the electronic polarization being of the same magnitude in all three phases. The

centered Fe + also yields correct EPR b2 parameters for PbTi03 and KNb03. The investigation

shows that the Fe + is a very sensitive probe of the intrinsic oxygen positions. The small cou-

pling of the Fe3+ to the off-center ferroelectric motion is ascribed to its half-filled 3d shell.

I. INTRODUCTION

BaTi03 is one of the best-known displacive fer-
roelectric systems. It belongs to the, perovskite struc-
ture and has three phase transitions, from cubic to
tetragonal, tetragonal to orthorhombic, and
orthorhombic to rhombohedral. The first complete
study of Fe'+ in the tetragonal phase was carried out
by Hornig, Rempel, and Weaver using c-domain crys-
tals. ' It was later compared to a similar study of Gd3+

by Rimai and de Mars. 2 Subsequent studies by Saku-
do3 and Sakudo and Unoki4 extended the investiga-
tions to the orthorhombic Amm2 and rhombohedra1
R3m phases. Domain selection was achieved by ap-

plying electric fields along the (110) and (111) cubic
axes. The main results of these papers are:

(i) The local symmetry of Fe'+ in the cubic and
tetragonal phases reflects the symmetry of the bulk
material. ' The bza (T) parameter is positive, large,
and proportional to the square of the polarization,
[P(T)l".

(ii) In the orthorhombic phase, the EPR spectr'um

does not show the orthorhombicity of the bulk ma-
terial. The local symmetry is tetragonal, with its axis
parallel to a cubic (100) axis perpendicular to the
spontaneous (110) polarization. The bz (T) splitting
is half as large as in the tetragonal phase but negative.

(ttl) Ill thc rhombohcdrRl phase, thc axial spllttlng

parameter b2 was found to be more than an order of
magnitude smaller than in the orthorhombic and

tetragonal phases; contrary to expectations, since in
all three phases the spontaneous Ti displacement and
the polarizations are of the same order of rnagni-
tude. '4

(iv) The cubic parameter a is nearly insensitive to
the phase transitions. '~

On the other hand Takeda' extended the EPR
research of Gd'+ to the lower two phases of BaTi03.
He reported axial ~bf ~

terms directed along (110)
and (111) axes of almost the same magnitude of
267 & 10 and 340 & 10:cm ', respectively, as com-
pared to 294 & 10~ cm ', in the tetragonal phase.
Thus the b2 values of Gd'+ are perfectly normal in
their direction and magnitude to the observed polari-
zations in the three phases,

The aim of this paper is to give an understanding
of the unexpected behavior of Fe'+ in BRTi()3, which
has not been clarified till now. The analytic basis of
this understanding is the superposition model of
Newman reviewed by Newman and Urban. Owing
to the latest success of this model in the interpreta-
tion of the Fe3+ EPR data, it is now possible to ob-
tain detailed information on the local surroundings of
the Fe + ion as demonstrated by Siegel and Muller.

Up to now, in the interpretation of the Fe3+ EPR
parameters in BaTi03 two assumptions have been
made, first the Fe + is on the Ti + site, and second,
the Fe3+ has ionic coordinates identical to Ti4+.

These assumptions are the natural basis for EPR ex-
periments from which information on the bulk ma-
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I

terial would be desirable by doping with a paramag-
netic ion, The first assumption can be shown to be
fulfilled in BaTi03 by comparing its cubic parameter a
with that of MgO or SrTi03, where it is known that
Fe + has a sixfold oxygen coordination. ' The
second assumption originated from properties (i) in
the tetragonal phase, which will be shown not to
hold. From the present calculations the information
is derived that Fe'+ is located in the center of the oc-
tahedron, and does not follow the Ti4+ motion which
is displaced by about 0.1 A from the center. The
Fe3+ EPR parameters are very sensitive probes of the
intrinsic oxygen positions. With this knowledge the
open questions cited above including properties (i)
can be explained. Furthermore, it will be shown that
the same model yields correct b2 parameters for Fe +

in PbTi03 and KNb03. The available data on Mn +

indicate the same behavior.

II. MODEL CALCULATION FOR Fe3+

IN THE THREE FERROELECTRIC
PHASES OF SaTi03

The present interpretation of the unexpected
behavior of Fe + in BaTi03 is based on the Newman
superposition model. We have reviewed this model
for Fe3+ in Ref. 8, The essential equation, which
correlates the EPR parameters b2 and b22 with the
surroundings of the paramagnetic ion is

A. Substitutional Fe3+ with
Ti4+ coordinates

In this model we assume that Fe'+ is on the Ti'+
site with ionic coordinates identical to Ti"+. This
model corresponds to the assumptions normally made
in EPR. The local surroundings of Fe'+ consist of an

oxygen octahedron distorted in the tetragonal,
orthorhombic, and rhombohedral phases. For the
three ferroelectric phases of BaTi03 the coordinates
of the ions are given in Figs. 1—3 using the data of
Refs. 11—14. The site of the Ti4+ and Fe3+ ion was

chosen as the origin of the coordinate system (4 -=0).
With the ionic coordinates given in the three figures
and the crystallographic data of Table I, b2 and b2

could be calculated using Eq. (1). The results for the
three phases of BaTi03 are given in Table II, where
the experimental values are shown in the first
column. In the second, the calculated values for the
Ti coordinate model are presented. A comparison
sho~s that three fundamental discrepancies exist.
(i) The calculated signs of b2 in the tetragonal,
orthorhombic, and rhombohedral phases are opposite
to the measured signs. (ii) The calculated value of
b2 in the orthorhombic phase is large, whereas the
measured value of b2 is zero within the experi-
mental-error limit. (iii) In the rhombohedral phase,
the calculated value shows a strong axiality compar-

'I

g

b2 =b,(R,) x z, (8,, y, ) .Rp

Rj

In this equation the various symbols have the follow-
ing meanings: Rj are the distances between the
paramagnetic ion Fe + and the ligand ion i. Rp is the
reference point, normally chosen near a value of the
Rj s. 8j is the angle between the EPR main axis, the
Fe'+ ion, and ligand ion i gT is the an.gle between
the EPR x axis and the projection of the ligand coor-
dinates of ion i in the x-y plane. N is the coordina-
tion number.
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and b2(RO) is the intrinsic parameter. For Fe + as
paramagnetic ion this parameter b2(R0) can be ob-
tained from the distance dependence of Eq. (2)
derived from MgO, "P

T o 't
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with b2(2. 101 A) -0.412(25) crn ' and the power-
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FIG. 1. Local environment, the coordinates of the ions
and the computed value of b2 for Fe + in the tetragonal

phase of BaTi03. In the environment, the signs of the in-

trinsic oxygen shifts for BaTi03 are included.
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FIG. 2. Local environment, with the signs of the oxygen shifts included, the coordination of the ions and the prediction for

b2 and 6& in orthorhombic BaTi03.

able to the tetragonal and orthorhombic phases,
which is not found experimentally. From these three
discrepancies, we conclude that Fe'+ does not have
ionic coordinates identical to Ti4+. Thus Fe3+

behaves differently from Ti'+. The other alternative
would be that the superposition model is incorrect;
however, this can be excluded by the success of the
model in the interpretation of Fe3+ data in our previ-
ous paper. The validity of this model for Fe + and
Gd'+ ions regarding the b2 parameters has also been
corifirmed more recently by Buzare. "

B. One-parameter model

In the substitutional model we obtained the result
that Fe'+ cannot be sited on intrinsic Ti + coordi-
nates. In the one-parameter model; we therefore as-
sume that Fe'+ deviates from the exact crystallo-
graphic position. This deviation is described by a dis-

placement 4, which is parametrized in units of the
lattice constants. The displacement is assumed to be
in the direction of the polarization in each phase.
For a given value of 6 the distances and angles were
calculated and with Eq. (1), b2 and bj were deter-
mined. The result of this calculation is shown in
Figs. 1—3. The full lines represent the predictions of
b2 or b2 for t2=8 and the calculated value of b2, us-

ing Eq. (2). The dashed curves demonstrate the
range of uncertainty emanating from the errors of t2

and b2. For zero displacement 6 =0, Fe'+ is located
on the exact Ti'+ position; therefore this one-
parameter model includes the substitutional model
discussed above.

For the tetragonal phase of BaTi03 (Fig. 1) it can
be seen that positive values of b2 can be obtained.
For a displacement parameter 4 = —0.032, the experi-
mental value of b2 =+929 x 10~ cm ' can be ex-
plained. Including the errors in b2 and t2, using
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FIG. 3. Local environment, the coordination of the ions in the rhombohedral system and the computed b2 for this structure.

4 ~ —0.027, the sign and the magnitude of b~ can
also be obtained.

In the orthorhombic phase, b2 and also b2 =0 had
to be explained. In Fig. 2 the prediction of the one-
parameter model is shown. The sign and the amount
of the measured b2 can be obtained for 5 = —0.022.
Taking the errors of t2 and b2 into account, values of
b + —0.018 are also possible to obtain the experi-
mental value of b2. The 4 range from -0.018 to
—0.022 also yields simultaneously the very low value

of b2. To obtain bq =0, dL= —0.017 had to be used.
In the rhombohedral phase, Fig. 3, it can be seen

that negative values of b2 are only obtainable in a
small 5 range. To get b2 = —23 &10~ cm ', a value
of d, =+0.02 had to be taken.

By this one-parameter model, which only varies the
Fe + position and takes the oxygens on the ideal crys-
tallographic position, all measured amounts and signs
of b2 or b2 in BaTi03 can be explained for one
specific chosen value of 4 in each phase summarized

TABLE I. Superposition-model parameters, lattice constants, and oxygen shift data for the

tetragonal, orthorhombic, and rhombohedral phases of BaTi03.

BaTi03 Tetragonal phase
D

Orthorhombic phase Rhombohedral phase

Superposition-

model data

1 0
Ro= —e =2.018 A

2

b2(RO) = 0 569(62
(cm ')

~2
——8(1)

1 0
o= —a =1.995 A

2

b, (R,) =-0.623(75)
(cm-')

t2 =8(1)

R o
=R cub

= 1.998 A

b2(Ro) =—0.616(73)
(cm ')

~, -8(1)

I,attice
constants

a = b =3.9920 A

e =4.0361 A

at T =293 K, Ref. 11

a =3,990 A
b =5669 A
e =5.862 A
at T =263 K, Ref. 13

a = b = e =4.004 A

a P=y=89.87 A

at T =132 K, Ref. 14

Oxygen shift
data

hz i
= —0.0398(10)

hz2 =—0.0303(10)

at T=300 K, Ref. 12

h

b,zi = —0.020
hz2 = —0.023
b,y =+0.003

at T=274 K, Ref. 13

hx =0.0221(5)
hz =0.0291(4)

at T=132 K, Ref. 14
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TABLE II. Comparison of the experimental Fe + EPR data with thr
model.

ata wit t ree different models on the basis of the superposition

Experimental EPR data Ti coordinate model
(I0~ cm-') (10-4 -')

One-parameter model; deviation b, to
obtain the experimental EPR value

Centered model
(10~ em ')

Tetragonal
phase

b20 =+929
at T =300 K, Ref. 1

b20 2028(700 5= —003 D=hxc
= —0.12 A

b20 = +1047(250)

Orthorhombic' b2 —530(10)
phase b2 =0

at T =276 K, Ref. 2

b2 =+760(300)
b22 = +1245(300)

5 = —0.02 D=gxc
0= —0.11 A

b20 565(136
b22 = —82(22)

Rhombohedral b2 = —23(5)
phase

at T 173 K, Ref. 4

b2 =+1585(400) 5=+0.02 D=AJ3xg
=0.14 A

D along [111]

b,' = -83(19)

'EPR main axis along a (100) axis.

in Table II. Comparing the 4 values of Table II with
the crystallographic oxygen shift data of Table I in
the tetragonal, orthorhombic, and rhombohedral
phases, the signs of both values are the same. The
amounts of the shift data and the displacive parameter
are also quite similar. This means that the Fe + has
about the same deviation from the ideal crystallo-
graphic Ti4+ position as the shift of the oxygens in all

phases of BaTi03 through any of their phase transi-
tions. Therefore Fe + is sited near the center of the
octahedron. Considering now that the octahedron is
immobile, then the Ti4+ ion is at the ceriter of the oc-
tahedron in the cubic phase, and shifts off-center by
about 0.1 A along the (100), (110), or (111) direc-
tions in the tetragonal, orthorhombic, and rhom-
bohedral phases. However, Fe3+ remains, according
to our results, in all phases near the center of the oc-
tahedron.

cubic

.(
a w /

bo =0
2

tetragonal

J.
F/
~

/ i

b =2b (c/21[(-(c/al 2]
2

amounts of b2 in the tetragonal and orthorhombic
phases can be predicted very well. The parameter b2

in this model originates only from the differences in
the lattice constants b and c. If b were equal to e b'

2

would be zero and a fourfold symmetry axis with a
cubic axis as the EPR main axis would be obtained.
The calculated value of b2 is very small compared to

C. Centered model

From the one-parameter model, we have learned
that the experimental EPR values can be explained if
we assume that Fe'+ is near the center of the oc-
tahedron. %e take this result as the starting point in
the centered model which assumes: (i) Fe'+ is at the
center of the octahedron. (ii) The distortions in the
oxygen octahedron surrounding Fe'+ will be caused
only through changes in the lattice constants. In Fig. 4
the octahedrons are drawn for all four phases of
BaTi03. This figure also includes the superposition-
model equations for this specific model. Inserting
the crystallographic data of Table I, the EPR parame-
ters in Table II of the last column are obtained.

The calculated sign of b2 is identical with the
measured sign in all three ferroelectric phases. The

orthorhombic

0 t2
b2 2b2(a/2) 1- 2a/tlb2+c2'

2
t2

b2=6b (a/2) 2a/gb +c2 si»6
2 2

t) =45

tan g) = b/c

.f((g
rhornbohedra(

=3b2(a/2) L3cos &-~1

FIG. 4. Superposition-model equation for the centered
model in the four phases of BaTi03.
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that of the Ti coordinate model. The error of b2

given in Table II originated only from the error in the
lattice constants and from the error in b2.

In the rhombohedral phase, the parameter b2 is 20
times smaller than in the Ti coordinate model. It
also has the correct order of magnitude. The abso-
lute value is somewhat larger than the measured
value. The error given here comes from the assumed
error in the rhombohedral angle y of 0.02' and that
of b2. The main result of this model is that all the
experimental b2, b2 data of BaTi03 can be explained
sufficiently in centering the Fe3+ and taking the in-
trinsic oxygen coordinates.

III. Fe + IN TETRAGONAL PbTi03
AND ORTHORHOMBIC KN103

There are only a few oxide perovskites, apart from
BaTi03 and SrTi03, with known Fe + EPR data.
Therefore, with the same models as for BaTi03, the
PbTi03 and KNb03 compounds were investigated,
and in Table III, all relevant data for these two com-
pounds are given, i.e., the crystallographic and those

on Fe'+ EPR in PbTi03 (Refs. 16 and 17) and
KNb03 (Refs. 18 and 19), respectively.

The remarkable features of tetragonal PbTi03 are:
The Ti coordinate model predicts the wrong sign of
b2', therefore Fe + has ionic coordinates different
from Ti"+. On the other hand, the centered model
correctly predicts the sign and magnitude of the ex-
perimental EPR data. Therefore Fe'+ in PbTi03
behaves in the same manner as Fe + in BaTi03.

For KNbO3, only EPR data for the orthorhombic
phase are known without the knowledge of the signs
of b2 and b2. From a comparison with the
orthorhombic phase of BaTi03, one would expect a
negative sign of b2. In the Nb coordinate model, the
calculated b2 parameter is an order of magnitude too
large; therefore the ratio b2/b2 is also too large com-
pared with the experimental value. Hence Fe3+ again
behaves differently from Nb'+. In the centered
model, the value of b2 and also the correct order of
magnitude of b2 can be successfully predicted.

The calculated value of b2 is too small, perhaps
due to the too simple assumption about the oxygen
surroundings. These two compounds show that the
behavior of Fe'+ in BaTi03 is not an exception but
rather a more common feature than expected.

TABLE III. Results of the model calculatibns for Fe in tetragonal PbTi03 and orthorhombic
KNb03.

Fe3+ in tetragonal
PbTi03

Fe3+ in orthorhombic
KNbO3

Superposition-

model data

Lattice
constants

Oxygen shift
data

Experimental
EPR data

Ti and Nb
coordinate model

Centered
model

1 0
Rp = e =2.076 Ap

b2(Rp) =—0.453(36)
(cm ')

~, =8(1)
a =3.904 A
e 4.152 A

at T=300 K, Ref. 16
LLzi = 1.072
hz2 =2.072

at T =300 K, Ref. 16
b2 =+5300(200)10 cm

at T= 90 K, Ref. 17
b2 =—4676(2000)10~ cm

b2 =+5774(1400)10 cm '

1 0
Rp= —a =1.986 Ap

b2(Rp) =—0.646(81)
(cm ')

s, =8(1)
a =3.973 A
b =5.695 A
e =5.721 A
at T=195 K, Ref. 18
uzi =0.0375
LLz2 =0.0336
Lky =—0.0011
at T='195 K, Ref. 18
b P = 1776(})10~ cm

=293(3)10-4 cm

b2/b2 [ =0.165(2)
at T =300 K, Ref. 19
b2 1105(470)10~ cm
b22 =2572(650)10~ cm '

b /b =2.3+1.6
b2 =—1525(370)10 cm '

b =—155(34)10~ cm
b 2/b o 0 10(5)
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IV. Mn2+ IN TETRAGONAL
BaTi03 AND PbTi03

In Secs. I—III we saw that Fe3+ behaves differently
from Ti +. To see whether the paramagnetic ion Fe'+
is an exception, we looked at the behavior of Mn2+ in
ferroelectric oxide perovskites and also analyzed the
Mn + EPR data of tetragonal BaTi03 and PbTi03.

The basis of the analysis is also the superposition
model with the intrinsic b2(R) function for Mn2+

with oxygen as ligand derived from MgO in Ref. 10.
The functional dependence is given in Eq. (3)

shows that Mn2+ tends to move towards the center of
the octahedron but it is not located in the center, like
the centered model, as also shown by the displace-
ment parameter h. The main characteristics are: (i)
Mn'+ does not have identical coordinates like Ti4+ in
these ferroelectric oxide perovskites either; (ii) the
directions of the displacement of the Fe + and Mn +

ions are the same; and (iii) the positions of Fe'+ and
Mn + are different in these compounds probably due
to the difference in the nominal charge and the siz-
able difference in the ionic radii [r(Mn +) —r(Ti~+)
=0.23 A]

b2(R) = b2(2. 101 A)
(A)

(3) V. DISCUSSION

with bq(2. 101 A) = 0 1—575. (5) cm ' and t2=7(1).
The EPR data for BaTi03 and PbTi03 were taken

from Refs. 20 and 21, respectively. The site determi-
nations of Mn'+ for BaTi03 were done in Ref. 8.
With the crystallographic data of Refs. 11 and 12
(Table I) and that of Ref. 16 (Table III), for the
three models we obtain the data of Table IV.

For both compounds, the Ti coordinate model
predicts the wrong sign of b2. Therefore we must
conclude that Mn'+ also has ionic coordinates dif-
ferent from those of Ti4+. The One-parameter model

The superposition model shows that Fe + in fer-
roelectric BaTi03 does not have ionic coordinates
identical to Ti"+. It is in the center of the oc-
tahedron. The Fe + ion, therefore, does not move
out of the inversion symmetric position as the Ti4+

docs. Fe'+ is passive and does not take part in the
phase transitions as Ti + does. However, it sees the
near intrinsic oxygen surroundings and therefore is a very

useful probe about the bulk oxygen lattice alone This.
behavior of Fe + in BaTi03 is not a single example,
but rather appears to be a general feature in fer-
roelectric oxide perovskites as our results in PbTi03

TABLE IV. Comparison of experimental Mn + data with three different models on the
basis of the superposition model.

Mn + in tetragonal
BaTi03

Mn + in tetragonal
PbTi03

Superposition-
model data

Experimental
EPR data

1 0
Rp —c 2018 A2

b 2(R p) —0.208(16)
(cm ')

t2 ——7(1)

bo +.215(2) x10~ cm ~

at T =300 K, Ref. 20

I 0
Rp c 2076 A

2

b, (R,) =-0.»1(9)
{cm ~)

&2 =7(1)

=+502(4) x 10~ cm
at T =300 K, Ref. 21

Ti coordinate
model

b2P ———550(220) x-10~ cm-' b2 =—1223(550) x10~ cm

Centered model b2 =+333(76) x10~ cm ' b2o =+1844(433) x10 cm '

One-parameter
model
dislocation h,

to obtain the
experimental

b2 value

4 =—0.024(2)
D =axe= —0.10 A

~ =+0.02)(1)
0

D = 6 x c =+0.10 A
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and KNbO3 indicate. The larger Mn + behaves in a
similar but not identical manner.

The distortion of the oxygen octahedron about the
inversion symmetric coordinate is proportional to the
lattice strain. The latter in turn depends quadratically
on the polarization P(T) in the tetragonal phase, as
the crystal is only electrostrictive in the cubic phase. 2

This explains, in agreement with earlier work, the re-
lation b20 (T) = 1.40[P(T)]2 observed. In the latter
relation, P is measured in p,/cm' and b20 in 10~
crn '. Wemple calculated the axial b2 parameter in
the presence of a lattice polarization P, assuming it
results entirely from lattice strain a =10 'P,' (e in

percent). Then using the measured proportionality
of D = b20 with strain D =0.14m(cm ') for Fe3+ in

MgO he obtained D =1.4P, . Our findings justify
why his calculation was successful: the Fe'+ in MgO
is centered in the octahedron, as well as in ferroelec-
tric BaTi03, whether the octahedron is strained by
direct uniaxial stress or by a given polarization
through electrostrictive strain.

Sakudo' discussed his results in terms of a model
of consecutive ordering of oxygen polarizations along
[100] (tetragonal phase), [100] and [010]
(orthorhombic phase), and finally [100], [010], and
[001] (rhombohedral phase) directions. He then ex-
pressed doubts about his interpretations, because in
the NMR results of KNb03, an orthorhombic nuclear
quadrupole splitting of the Nb nucleus was observed
in the orthorhombic phase. 24 In the light of our find-

ings, the difference in behavior is obvious as the Nb
is at the intrinsic displaced lattice coordinate and the
Fe3+ is not. The reason why this was not recognized
is that, at the time, one was not aware of the sensi-
tivity of the EPR and NMR to inner electric fields
and covalency: the success of the present work
underlines that the EPR b2 parameters are deter-
mined, to a large extent, by the next-neighbor ligand
positions. In contrast, the nuclear quadrupole split-
ting is proportional to the second derivative of the
crystal field. The latter is a slowly converging func-
tion of summations of individual monopole, dipole,
and quadrupole contributions. 25 Thus, NMR and
EPR do not measure the same property even if the
probing Fe'+ ion is located at the exact Ti + site.

The Sakudo model of consecutive ordering of oxy-
gen polarizations along the three independent (100)
directions has, according to our work, to be replaced
by the ordering of local oxygen "position". Our
model is also in agreement with the analysis of the
EPR BaTi03.6d + results by Takeda'. He computed
the electric field gradients on the Ba2+ (Gd3+) site
resulting from the nearest-intrinsic-neighbor oxygen
positions including their polarization and the contri-
butions from Ti4+ ions. He obtained reasonable
agreement in assuming oxygen polarizations parallel
to the (110) and (111) directions, respectively, thus

ruling out the (100) parallel polarization models in

the orthorhombic and rhombohedral phases. . As in
our application of the Newman superposition model
the oxygen positions only determine the crystal-field
splitting of the Fe + level, our findings are in agree-
ment with the Gd + data.

Our microscopic findings on the local position of
the Fe'+ in BaTi03 is also of value to understand the
shift in T, upon iron doping. The spontaneous polar-
ization of the ferroelectric BaTi03 stems mainly from
the shift of the Ti + ions from the center of the oxy-
gen octahedra. In Fe +-doped BaTi03, the local po-
larization in a Fe +06 cluster is zero because Fe + is
in the center of the octahedron. Therefore, the po-
larization of the entire material is reduced proportion-
ally to the concentration of the doping. The dipole-
dipole interaction between the permanent dipoles is
also partly blocked, and the region of correlation will

be smaller than in undoped material. T, will there-
fore be reduced by doping with Fe +. This charac-
teristic behavior was observed by Arend and more
recently by Ihrig" for the cubic-to-tetragonal phase
transition of BaTiO3.

Sakudo3 and Sakudo and Unoki4 found that the cu-
bic parameter a is within 10% insensitive to the phase
transitions. From our calculation, we came to the
conclusion that the origin of the constants of the cu-
bic parameter a lies in similar surroundings in all

phases of BaTi03. Because Fe + is in the center of
the octahedron, the distances in all four phases to the
oxygens and the covalency are about the same, and,
therefore, the cubic parameter a is about the same.
Its small amount in BaTi03 and KNb03 has been not-
ed by Muller and will be discussed elsewhere in
relation to recent theories of ferroelectricity.

Finally, we wish to give a qualitative idea why Fe'+
behaves differently from Ti4+. This can be done with

arguments from the lattice-dynamical theory. " In
displacive structural phase transitions such as in

BaTi03, the ferroelectric transition has its origin in a
cancellation of the positive short-range interaction by
the negative Coulomb interaction. The frequency of
the soft mode, coo, is given by

(4)

where p, is a reduced mass, S is the short-range in-
teraction, and C is the Coulomb interaction. BaTi03
undergoes a ferroe}ectric transition at T„ therefore
the amount of the short-range interaction is identical
to the Coulomb interaction. In the Ti4+06 cluster,
this behavior is observed but not in the Fe'+06 clus-
ter, as shown by our model calculation. The differ-
ences in this behavior must have their origin in
differences between Ti4+ and Fe3+. They have dif-
ferent masses [m (Ti~+) =47.9; m (Fe3+) =55.8],
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but as Eq. (4) shows, only a proportional factor is
changed. They have about the same ionic radii
[r(Fe3+) =0.64 A and r(Ti +) 0.60 A; 0.68 A
(Ahrens)1. There is, however, a nominal difference
in the charge. The Fe'+ ion has three and the Ti"+
four positive charges. However, the effective charges
of both are considerably lower; with the Ti4+ still a
fraction of e higher than that of the Fe'+. Whether
this sma11 difference is sufficient to yield cancellation
of forces for the Ti4+ but not for the Fe3+ is doubt-
ful. Consider the Sn4+ at an octahedral site which
suppresses the transition (BaSn03 is not ferroelec-
tric)" and certainly has a higher effective charge than
the Fe'+ with almost the same ionic radius. What
Sn + and Fe have and the Ti + or Nb'+ do not is
the following, : the Fe + has a half-filled 3d shell, 3d,
and the Sn + has a completely filled 4d shell, 4d',
i.e., their anti- and nonbonding d orbitals are half or
totally occupied. " Both ions suppress the ferroelec-
tric transition. Thus the unfilled d shells of Ti4+ and
Nb'+ appear to be crucial to the existence of fer-
roelectricity with displaced B ions, apart from the an-
isotropic nonlinear polarizabiiity of the oxygens (ab-
sent for S2, F, Cl, etc.). The latter was shown to
be of importance by the microscopic theory of Migoni
et al. ' due to the volume dependence of the oxygen
p electrons. If the latter p-electron charge can move
onto empty d-cation orbits, the oxygen shell polariza-
bility is enhanced and ferroelectricity occurs. Here
we have certain evidence that a half-occupied d shell
is sufficient to inhibit the effect.

VI. CONCLUSIONS

We have shown quantitatively that the Fe3+ in
BaTi03 as well as in KNb03 and PbTi03 remains at
the center of the octahedrons in their ferroelectric
phases, where the Ti and Nb ions are off-center. Our
results are in agreement with all previously reported
EPR data and latest intrinsic x-ray refined structure
analysis. The "inertness" of the Fe'+ to off-center
motion is suggested to be due to its half-fi11ed 3d'
shell in contrast to the unfilled d shells of Ti'+ or
Nb5+, all ions having almost the same size.

The superposition model has proven to be a really
valid too1 to obtain our quantitative results. They
show that the Fe3+ is a sensitive probe for the intrin-
sic distortion of the oxygen octahedron surrounding
it. The crucial probing difference between local
short-range nearest-neighbor positions detected by
EPR and local long-range crystal fields in NMR has
been emphasized.
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The Zr + also suppresses the ferroelectric BaTi03 transi-
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tion (Ref. 32) despite its having an empty 4d shell, but its
ionic radius is r =0.78 A as compared to the r =0.68 of

0
Ti4+, i.e., the Zr4+ cannot move off-center by 0.1 A and
we have a size effect. Actually, Zr + suppresses T, about
half as much as Sn + with a full 4d' shell and a radius of

I

0
r =0.71 A, which is near that of Ti4+. This shows that in
Sn + it is the full 4d shell which leads to the suppres-
sion, whereas in the larger Zr + the empty 4do shell,
which is favorable for ferroelectricity, counteracts the
suppressive effect of its large size.


