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Microscopic probing of order-disorder versus displacive behavior in BaTi03 by Fe + EPR
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The cubic-crystalline field-splitting parameter a of Fe at a Ti site in BaTi03 has been measured

with EPR in the cubic phase as a function of pressure p and temperature T. From these measure-

ments, the relative explicit volume and temperature dependences of a (p, T) have been obtained. The
former is three times those found in MgO, KTa03, or SrTi03. The relative explicit temperature
dependence (8 lna /BT) y is positive and four and a half times that found in inert MgO. In contrast,
this effect is negative in KTa03 and SrTi03, where soft underdamped ferroelectric modes dominate.
Both giant effects in BaTi03 point to a strong local Ti anharmonicity and ferroelectric order-
disorder behavior in contrast to SrTiO3 and KTa03.

I. INTRODUCTION

BaTi03 is the first ferroelectric oxide ever discovered.
The debate as to whether its transition is more displacive
or order-disorder-like still continues. Neutron and Ra-
man scattering experiments clearly revealed a transverse-
optical soft mode indicative of displacive behavior.
However, the latter is highly overdamped near the cubic-
tetragonal phase transition. Infrared-reflectivity ex-
periments, including data in the tetragonal and
orthorhombic phases, can be interpreted by strong relaxa-
tion excitations and a fading of the real part of the soft
mode. Near-relaxation behavior is revealed in the
10"—10' -Hz region by transmission experiments using
backward-wave oscillators, s allowing a reinterpretation of
hyper-Raman data, as resulting from relaxator dynamics.
All these new data indicate that, on cooling, one has to
deal with a crossover phenomenon from displacive to
order-disorder behavior. In the latter, large pretransi-
tional correlated clusters, or rather chains, exist as re-
vealed by the important and undis~puted x-ray streaks in
the cubic and ferroelectric phases. ' These intrinsic pre-
transitional correlations have been proposed" as being the
cause of the anomalous temperature dependence of the in-
dex of refraction n (T) in the cubic phase near T, .' In an
important paper, the anomalous part, hn(T), was pointed
out as resulting from pretransitional fluctuations of the
polarization (5P }.'

Whether a structural or ferroelectric transition is more
displacive or order-disorder-like, i.e., whether an under-
damped soft mode exists or relaxator dynamics are ob-
served, depends on the local potential V(R) of the ion or
molecular unit in question. The displacive regime is
characterized by a more harmonic V(R} than the order-
disorder one. In the simplest case, this can be approxi-
mated with the radial 8 = 2R2 dependence of V(R) in
single mode' or statistical-mechanics' ' theory as

or

V p&kT, (order-disorder) .

From the above, it is important to obtain information
on V(R). For example, the cubic potentials of the Ti ion
ln SrT103 and BaTi03 have to be different. In SrTi03,
the ferroelectric (not structural) mode is underdamped but
heavily ouerdamped in BaTi03. '" Therefore, one expects
the Ti ion to move in quite a more harmonic potential in
SrTi03 (V~ &kT) than in BaTi03 (V ykT). This is
partly due to the larger size of the Ba + ion as compared
to that of the Sr + one. The question, therefore, arises
whether one can probe V(R) microscopically. The next
sections summarize EPR results on Fe + to this end, and
show from three very large effects that BaTi03 is quite
anharmonic and more of the order-disorder variety.

II. MICROSCOPIC BPR INFORMATION

Electron paramagnetic resonance is known to reflect
the local environment of the paramagnetic ion, typically
the position of the next neighbors in slightly covalent
crystals. In a cubic environment, V(R) can be written to

(a}
V(R)

(Fig. 1). The distinction between the limiting cases of
displacive versus order-disorder' behavior at the transi-
tion temperature T, is determined by whether

V « k T, (displacive),

&with the constants A and 8 positive. Such a potential has
minima at 8 =+V'A/28 with energy V =(A/2)R

FIG. 1. Single-cell potentials in (a) order-disorder, (b) displa-
cive structural-phase-transition systems. From K. A. Muller s
introduction to Structural Phase Transitions |,'Ref. 16).
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lowest order by

V(R)=(x +y +z ——', R ), R =x +y +z (3)

A paramagnetic singlet orbital ground state with spin
S &2 is split by (3) via spin-orbit and spin-spin interac-
tion. The splitting is described empirically by a spin
Hamiltonian of the form

4,=—[S„'+S„'+S,'——,
' S(S+1)(3S'+3S—1)] .

For a Mn + or Fe + ion with half-filled 3d shell 3d,
S=—,', the Ss/2 ground state is split into a I's quartet and
a I s doublet by 3a, which can be determined by EPR. '

The dependence of rr on Fe + in various cubic oxides as
a function of lattice spacing 2d was found to follow an
empirical curve a =ao/d" with n 7 and =6 near re =2
A, except for SrTi03, BaTi03, and KNb03. ' Whereas
for SrTi03 the EPR parameter rr is only slightly lower
than the empirical curve, in the latter two crystals a is a
factor of 2.5 smaller. Although this fact was pointed out
a decade ago by Muller, ' it has not caught the attention
of the ferroelectric commumty. Furthermore, the low a
parameter correlates, as was then recognized, with the
strongly overdamped and anisotropic soft modes in
BaTi03 and KNbOi and the consecutive tetragonal,
orthorhombic, and rhombohedral phases not observed in
other perovskites. One of the reasons for the small
amount of interest was the unclear theoretical relation of
a to V(R) for Fe3+; the position of this ion in the octahe-
dral cell was not well understood, either.

An understanding of the position of Fe3+ in its octahe-
dral cage was considerably improved with an analysis of
Siegel and Miiller. ' Using the superposition model to
analyze some 20-year-old EPR second-order fine-structure
splittings measured in the three ferroelectric phases of
BaTiOs by Sakudo, ' ' it was shown that the Fe +

remains centered in the octahedron. Thus, it is also clear
why parameter a varies by no more than 10% in all
phases of BaTi03.z' The reason why the Fe + remains
centered is twofold. Fe + is nominally one unit negatively
charged with respect to the Ti + it replaces, and therefore
repels the negative nearest-neighbor 0 ions, as follows
from a recent theory of Sangster. Furthermore, the 3d
shell of Fe +(3d ) is half-filled with the configuration
(t2s),(es) . The es orbitals are antibonding and add
repulsive forces between the Fe3+ and 0, whereas the

t2s are not antibonding. Cr + with configuration (res) is
still centered because of its negative effective charge but
less than Fe +, owing to the two missing eg electrons.
This behavior is nicely reflected in the rment tight-
binding calculations of transition-metal ions in SrTi03 by
Selrn. e and Pecheur, from which it follows that the t2g
orbitals are more localized on the oxygens surrounding the
transition-metal ion, whereas the converse is true for the
es orbitals. Furthermore, the too low charge of Fe + and
Cr pushed the t2 levels up in the band gap of SrTiO&
or BaTi03,2 25 whereas the ones of Mn + are close to the
valence band. The Mn + (r2s) is isoelectronic to Cr +
but the Sangster effect is ab ent: the Mn~+ charge is the
same as the substitutional Ti + and its t2g levels are delo-
calized by 65% on the oxygen atoms. ~4 The Mn + thus

follows the cooperative motion of the Ti + and allows
probing of Ti + dynamics. Furthermore, its spin is
S=—,

'
and not split by (4). Therefore, the information

gained by Fe3+ EPR via a(d) is complementary to the
one of Mn +.

To obtain information on V(R), we can, with restric-
tions, take advantage of the empirical o (d) dependence of
Fe in the following way. We first compute, from a (d),
how much larger d,rr in BaTi03 has to be than its actual
lattice constant d to observe a reduced by a factor of 2.5
mentioned earlier. From the exponential law of a on d,
we get d,rr/d=(2. 5)'~ =1.17; i.e., the probing Fe3+
"sees" the oxygen atoms in BaTiO& at a 17% larger dis
rance than what it should be for inert oxide. Now, we as-
sume the minimum II of V(

~

R
~

) of (1) also at a dis-
tance larger by the same proportion, R (BaTiO&)/R (IO)
=d,rr/d, where IO stands for inert cubic oxide. Of
course, R +d, but to lowest order their variation is pro-
portional. With this, we calculate, for V =(A/2)R in
BaTi03, V (BaTi03)=1.34 V (IO), a 34% enhanced
anharmonicity ~ I /8 The s.ame enhanced anharmonicity
has also to be present in KNb03.

The question arises at this point whether additional ex-
periments can confirm the conclusion reached above.
This has indeed been the case most recently by measure-
ments of the pressure p and temperature T dependences
of the cubic-crystalline splitting parameter rr(p, T)
described in Sec. III, whose total differential is given by

dri = dp+ dT . (5)
p r T

(Ba /r)p )r and (r)a/BT)~ were first measured for Fe + and
Mn + by WalshP~ then, using the differentiated form of
the equation of state V= V(p, T), where V is the volume,
Walsh, Jeener, and Bloembergen s obtained the relation

r)a 3a Ba

aT
=

P aI

where a=(1/d)(M/dT)z is the coefficient of linear
thermal expansion, and P= —(3/d)(Bd /r)p )r, the volume
compressibility. The first term on the right-hand side is
the explicit volume effect, and the second, the explicit
temperature effect. (r)a/ap)z and (Ba/BT)~ were also
measured earlier for Fe3+ in SrTiO&2s and more recently
for KTa03. In the latter publication, Rytz er al. com-
pared the values obtained for Fe + and Mn + in MgO as
well as Fe + in SrTiO3 and KTa03. Two very interesting
properties of a(p, T) were noticed. The explicit volume
effect relariue to a was within 6% the same for al/ four
measurements. The optic modes of either MgO, SrTiO, ,
or KTaO3, being underdamped, indicate quite harmonic
potentials. The exphcit temperature effect is negative in
KTa03 and SrTi03, whereas it is positive for Mn + and
Fe + in MgO. The negative contribution was attributed
to the temperature dependence of the soft mode present in
SrTiO3 and KTa03, but absent in MgO.

The experiments on the pressure dependence in the cu-
bic and tetragonal phases in BaTiO3 are described in Sec.
III, as well as the temperature dependence of a in the cu-
bic phase. These are analyzed in Sec. IV with Eq. (6) and
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yield giant relative explicit volume and temperature ef-
fects not found for any other oxide, three and over four
times larger, respectively, and confirm also from their
signs the enhanced anharmonicity in BaTi03 and its
mainly relaxator-type dynamics.

III. EXPERIMENTAL PROCEDURE

A. Sample preparation

4 =gPS H+A, (7)

have a maximum splitting of ~=5a/gP G. This quan-
tity was measured as a function of temperature and pres-
sure. It had earlier been reported above and below T, .io

8. Temperature dependence

The Fe + FS splitting in the cubic phase was measured
in a water-cooled TED» cavity with a horizontally mount-

A BaTiOi single-crystal boule doped with 0.03 wt. %
Fe203 has been grown by J. Albers with the top-seeded
solution technique. 2 ' ' After x-ray orientation along
[100], two cyhndrical samples with diameters of 0.7 and
0.9 mm were carefully shaped to lengths of 2.2 and 0.6
mm, respectively. The small sample size was imposed by
the pronounced microwave damping at 19 GHz caused by
this ferroelectric in the tetragonal phase. At ambient tem-
perature, the Fe + signal was strong and the

~

+ —', ) -+
~

+ —,
'

) fine-structure (FS) lines were roughly 30
G wide. This is about a factor of 3 narrower than the
width observed in crystals from other sources, 2 ' ' and is
proof of the excellent quality of the BaTiOq used. There-
fore, in the cubic phase, the

~

+ —,
' )~

~

+-,' ) transitions
were clearly resolved from the

~

+ —,
' )~

~

+ —,
' ) lines.

For a magnetic field parallel to a (100) direction, the
former fine-structure transitions with a Hamiltonian

ed multistrip quartz heating element. Precise [100] crys-
tal alignment was achieved by rotating the quartz-tube
sample holder inside the heater, together with the magnet
whose axis of rotation was perpendicular to the sample
drive, until the FS splitting was at a maximum. For tem-
perature control and reading, a 0.03-mm Pt—Pt-Rh ther-
mocouple was placed on the sample. Thermal fluctua-
tions never exceeded 10 K up to the highest-
temperature point measured at 640'C. Cavity design,
temperature control, as well as their performances, have
already been described in detail elsewhere. i2

Figure 2 shows the measured splittings of the
~+ —', )+ ~+ —,

'
) as a function of temperature from T, at

135 to 640'C. The dependence is linear and its slope com-
puted to be ,

' g13/h—c(~/5 T)z ———4. 14 && 10
cm 'K '. The constant 5a=516 G is a=96.6/10
cm at T, and is, within experimental accuracy, the one
reported. Table I compiles (Ba/BT)~ dependences in-
cluding previous results in otber cubic crystals such as
MgO, SrTi03, and KTa03.

C. Pressure dependence

The hydrostatic EPR experiments were carried out in a
sapphire-loaded TED» cavity similar to the one described
by Wolbarst, but scaled to 19 GHz. Silicon oil served as
pressure-transmitting fluid, and a 1%-precision Bourdon
gauge manometer monitored its pressure. Close to the
cavity, a 100-Q Pt resistor was imbedded in the
beryllium-copper pressure bomb, and together with the
afore-mentioned control system, the thermal variations
were kept smaller than 3)& 10 i K. To guarantee a repro-
ducible position of the 0.7-mm-diam. sample in the pres-
ence of hydrostatic pressure, its (100) base was glued with
epoxy onto a hollow brass holder. The magnetic field
could be rotated in the (100) plane.

Figure 3(a) shows the increase in splitting of the outer-
most fine-structure lines 5a for H~ ~[100] as a function of

TABLE I. The cubic-crystalline splitting parameter a of Fe + and Mn + and its measured tempera-
ture and pressure dependences.

BaTiO3.Fe +

KTaO Fe+
SrTi03..Fe +

MgO:Fe +

MgO. Mn +

(10 cm '}

97'
305'
198
205"
19.0"

BQ

BT
p

(10 cm ' K ')

4 1b

—11.0
—4.0'
—0.51'

3a
Bp

(10 cm ' kbar ')

+ 2.52
+ 2.55'
+ 1.71'

+ 0.9'

+ 0.09'

'Reference 20.
This paper.

'S. H. temple, Bull. Am. Phys. Soc. 8, 62, (1963).
Reference 3.

'Reference 30.
K. A. Muller, Helv. Phys. Acta 3), 173 (1958).

N'Reference 29.
"%'. Low, Proc. Phys. Soc. 8 69, 1169 (1956).
'Reference 28.
'Reference 27.
"W. Low, Phys. Rev. )0), 1827 (1956).
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FIG. 2. Measured temperature dependence of the

i
k z )~ i k z ) cubic fine-structure splitting 5a for Hi i

(100)
in BaTiO3 above T,.

b (+—,
' ~+—,

'
)=4~ &—5ha,

b,(+ —,
' ~+ —,

'
) =8lU7+4ha .

(9)

The change in value of 5a computed with (9) from the

500—

pressure at T=134'C just above T, . A linear regression
computation gave a slope of 13.0 G/kbar with a correla-
tion coefficient r=0.944. This rather low coefficient was
the reason for repeating the experiment at room tempera-
ture T=24'C. At this temperature, the crystal is in the
tetragonal ferroelectric phase. Therefore, an axial term in
the Hamiltonian of the form

P ~=D[Sg ——,'S(S+1)]
exists. This parameter varies as a function of pressure
(BD/t)p)r as well as the quantity of interest (Ba/Bp)T.
To obtain the latter, the splittings of the

i
+ —,

' )~
i
+ —,

' )
and the one of the

i
+—', )~

i
+—', ) lines were measured.

The variation of all lines is shown in Fig. 4 for Hii[100]
as a function of p. The change of their splitting b from
the total Harniltonian

4 z ——gPS H+P;+4,„
is to lowest order

i I

2
p (kbar)

FIG. 4. Pressure dependence of all five fine-structure split-

tings of Fe + in BaTi03 at room temperature for a tetragonal
domain parallel to [100]i i

H.

data in Fig. 4 is plotted in Fig. 3(b). Their variation with
pressure p is considerably more linear than those in Fig.
3(a). Indeed, the correlation coefficient in the linear re-

gression r=0.986 closer to 1 indicates this. The slope ob-
tained (85a/Bp)T ——13.5 6/kbar is essentially the same as
that measured in the cubic phase. This is gratifying and
proves that the cubic potential at the octahedral site mea-
sured from the center position, where the Fe + sits, '

shows the same anharmonicity. Converting this pressure
coefficient into wave number per kbar, we get

T

=2.52X10 cm '/kbar,
Bp r 5hc Bp

as listed in Table I, with the values determined in the oth-
er oxides. Although (Ba/Bp)T of BaTiO& is nearly the
same as that found for KTaO&, we regard this as acciden-
tal because (da/dT)~ is 4.1 times that in BaTiOi. Actual-
ly, one has to compare the values obtained here for
BaT103 with all the others listed in Table I in a systemat-
ic way, as is done in the following section.

IV. ANALYSIS AND DISCUSSION

550

540

490

480

A. Evaluation of the explicit volume
and temperature effect

550 470

I

460—
i i i

1 2 0
p ()~bar)

0.2
i i i i i i

2

p ()~bar)

FIG. 3. Pressure dependence of the cubic fine-structure split-
ting 5a measured in (a) the cubic phase at T, =134'C; (b)
evaluated in the tetragonal phase at room temperature from the
data of Fig. 4 and Eq. (11}.

EPR parameter a varies considerably from host to host
and from the Fe + to the Mn + ion, as can be seen from
the second column of Table I. Excluding BaTiO& for the
moment, this is due to the d dependence of a on the
cubic host lattice constant 2d for a given ion (Fe +) and
to the different spin-orbit constants between Fe + and
Mn +. To obtain a meaningful comparison, one has, as
outlined below, to look at the relative volume and there-
fore also the relative temperature dependences, i.e., the
logarithmic derivatives of a

i i
9 lna/Bx; )„, where the

J
x;,xj. are the thermodynamic variables V, p, and T. From



K. A. MULLER AND %. BERLINGER

Eq. (6), we have

8 lna

P Bp

8 lna

BT

The first term on the right hand side is the relative expli-
cit volume effect (REVE), and the second, the relative ex-
plicit temperature effect (RETE). The REVE was found
to be essentially constant in the four cases investigated
which were computed with the bulk linear thermal-
expansion coefficients a and volume compressibilities P.
They are (3a/p)(Gina/Bp)z. —(3.6+0.2)X10 4 K
(See ¹readded in proof. ) This constancy is the uery
reason for employing the logarithmic dependence, or better,
one should say that it forces one to use it, as well as the
bulk a and P coefficients. For the latter, this is the ana-
log ap roach to using bulk lattice constants 2d to obtain
a(d). One deals with pure empirical quantities, whereas
the local relaxation, thermal expansion, and volume
compressibility are not known; on the contrary, they are
probed by these experiments.

In the cubic phase of BaTiO&, n has not been measured
systematically. There is one measurement at 160 C and
one at T, . The slope between these two measurements is
close to one computed from the linear thermal-expansion
coefficients in the tetragonal phase a, =ah ——15.7X10 6

'C ', u, =6.2X10 6 'C ', a= —,(a, +ab+u, )

=12.5&10 'C '. The bulk compressibility is com-
puted from the measured cubic elastic constants at 150'C,
Si& ——8.33X10 ' m /N and S&i ———2.68X10
m /N. With the well-known formula P=3(S„
+2Siz)=8.91X10 kbar ', we get

2}y $O
—2 C—1kb (11)

Using this value, the REVE and RETE are obtained with
(11) and the measured quantities a, (Ba /Bp )r, and
(Ba /d T)z are listed in Table I. They appear in the second
column of Table II.

8. Comparison of results in BaTi03 arith those
in other cubic oxides

The relative explicit volume effect in BaTiOi
(3a/p)(B lna/Bp)r is three times the average of 3.6X 10
K found in the other oxides! This is gigantic consider-
ing the 5% rms deviation for the other oxides. It is evi-
dence that the local compressibility is much enhanced.
This is actually what one expects from the 2.5-times-too-
low absolute value of a in BaTiO& and KNbO&.. the too
low a reflects the locally widening-up octahedral cage, as
discussed in Sec. II, which becomes much more

compressed there than in a normal oxide. The REVE is
so large that even if one assumed the absolute value of a
to be normal in BaTiO3, the REVE would overshoot the
5% rms value of other oxygens by 15%.

The second row in Table II compares the RETE found
in BaTiOi with the values computed for the remaining
oxides. Rytz et al. have discussed the signs of the abso-
lute effective temperature effect (Ba/BT) v. In the typical
inert dielectric oxide MgO, it is positive, whereas it is neg-
ative in the incipient ferroelectrics SrTiOq and KTaOq. It
was pointed out in Ref. 30 that there are two contribu-
tions:

(Ba/BT)i -+fi f2T, /—(T T, )— (12)

a positive Debye contribution +fi, and a negative soft-
mode contribution —f2T, /(T —T, ) . The RETE's listed
in Table II show this in even clearer form than was the
case in Ref. 30 for the absolute effective temperature ef-
fect. The values of Mn + and Fe3+ for MgO are almost
the same. In this crystal, the soft-mode term is absent,
whereas it is present in KTa03 and SrTi03. The two
RETE values of KTaOi and SrTiO& are negative and
comparable to one another. In contrast, the RETE is pos-
itive in BaTiOi and four and half times that in MgO!
This giant positive RETE of 6.7X 10 ~ K ' reflects sub-

stantial anharmonicity and therefore relaxator dynamics,
masking a negative soft-mode contribution possibly
present, which has to be of the order of —2X 10-' K-'.

To visualize and compare our results, in Fig. 5(a) we
plotted the scaled quantity a(4.2/2d) as a function of
2d, and in Figs. 5(b) and 5(c), the REVE and RETE from
Table II. It should be noted that the ferroelectric PbTiOi
with its underdamped soft mode lies close to the straight
scaled line in Fig. 5(a), i.e., the Ti + ions "see" a quite
harmonic potential and, as is well known, the Pb + is sub-

stantially involved in the soft mode. The arrows in Fig. 5

mark the deviation for BaTiO& from (a) the 'horizontal
scaled line of a, (b) the average of the REVE in SrTiOi,
KTaOi, MgO:Fe +, and MgO:Mn +, as well as (c) the
distance from zero of the RETE. The arrows clearly indi-
cate that in BaTiO3 and KNb03„ the local potential is
more anharmonic compared to the other oxides, as quan-
titatively estimated in Sec. II.

Anharmonic dynamical lattice theory explains the soft
mode and dielectric constants in the incipient ferroelec-
trics SrTiOi, KTaOs, and possibly in PbTiOi', for exam-

ple, in the work of Bruce and Cowley' or in the more re-
cent one of Migoni, Bilz, and Bauerle. However, the
present findings put into question whether such a theory
can quantitatively account for the classic three ferroelec-

TABLE II. Comparison of the relative explicit volume and temperature effects of Fe + in BaTiO3
with those of Fe + and Mn + ions in cubic oxides. A11 numbers are in units of 10 K

Cubic oxide

3a 8 1na

P Bp

8 lna
BT

BaTiO3..Fe'+ MIO Fe + MIO.Mn + SrTiO Fe +

+ 3.8

—1.75

KTaO3.Fe +

—2.13
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tric phase transitions in BaTiO3 or KN403 Our Fe +

EPR results point much more to Slater's original view of
the "rattling Ti ion." Therefore, theories resulting from
the electronic bands and densities appear at least as
promising. In fact, from a vibronic approach, Bersuker
predicted a strong anhara&onicity in BaTiO3 with the

. minimum position of the Ti ion in all phases to lie along
the (111)directions.

This prediction was verified independently with x-ray
diffraction by Comes, Lambert, and Guinier. The con-
troversy over whether these "static" observations could
not also be explained by the dynamic anisotropic over-
damped soft mode was recently solved by EPR of Mn +
in BaTiO3. This ion is magnetic, but in contrast to the
Fe +, is sited near the Ti position Wit. h this Mn + EPR
study, a relaxational motion of the Ti + of the order of
~=10 ' sec could be inferred, well below the range at-
tainable by Raman, hyper-Raman, neutron scattering,
or backward-wave oscillator' techmques. The work
presented here concurs with such a time v because the
EPR spectra of Fe3+ are observed in all phases of
BaTi03 This can only be the case if the reorientation
time of the Ti ions in the high-temperature phases is
much shorter than the time scale in the Fe + EPR experi-
ment given by the crystalline splitting of 5a, i.e., (1/c)5a
=10 sec ~~v=10 ' sec.

V. CONCLUSION

The present pressure- and temperature-dependent ex-
periments (in Sec. III) of the cubic ligand-field splitting
parameter a of Fe + used as a microscopic probe in
BaTiO& confirm the 34% enhanced anharmonicity of the
Ti ion (see Sec. II), deduced from its absolute value as
compared to other oxides. The relative explicit volume ef-
fect, REVE, (3a/p)(Gina/Bp)T, is a factor of 3.0 larger
as compared to the value of (3.6+0.2) &(10 K ' in the
inert cubic oxide MgO as well as the incipient ferroelec-
trics SrTiO& and KTa03. The constancy of the REVE in
the latter cases proves that this is the quantity to compare
the BaTiOs results with, and, through Eq. (10), also with
the relative explicit temperature effect, RETE. The
RETE (c)lna/BT)i is positive, 4.5 times that 111 MgO,
whereas it is negative in SrTi03 and KTa03 with under-
damped soft modes. This confirms the substantial order-
disorder character in BaTiOq (see Fig. 5). High-resolution
x-ray-deduced Debye-Wailer factor analyses by Ehses
et a!.39 also point to a strong anharmonicity. Therefore,
it is doubtful whether lattice dynamical theory' ' is cap-

ax(4 2)6
2d

LaAIO KTaO~ M903 0200 0
PbTiO~

150—
I E

100—
o

SrTiO&

BaTiO~ ~ KNbO 350—

0 I

3u(Bing )P Bp T

hC
I

I~
X

BaTIO&

5.6 ~10 K MQO
4 2+

SrTIO& KTaO&
I I I I0 I

(gina)
V

BaT IO~
II
Ji

MQO

Fe'+ g 2+
Mn0 0

I & I
~ KTaO&

I I

4.23.9 4.0
2d ()()

FIG. 5. Comparison of scaled cubic field-splitting parameter
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close to the value of 3.4X10 K ' experimentally de-
duced. However, froin one oxide ro the other, '

n =6=n, /3 5because of t.he different local oxygen relax-
ations occurring near the impurity.

able of dealing with this strong anharmonicity, and an ap-
proach starting with the adiabatic electronic structure is
more realistic. This is what most recent, in part
ab initio, calculations attempt in a self-consistent
way.
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