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NMR Evidence for the Coexistence of Order-Disorder and Displacive Components
in Barium Titanate
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A quadrupole coupling induced #’Ti and “°Ti satellite background which transforms into well-
defined satellite lines below T, in the ferroelectric phase has been observed in the cubic phase of an
ultrapure BaTiO; single crystal. The results demonstrate the coexistence of a displacive and order-
disorder component in the phase transition mechanism and tetragonal breaking of the cubic symmetry
due to biased Ti motion between off-center sites in the paraelectric phase above T.,.
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The ferroelectric phase transition in BaTiO;5 is gener-
ally considered to be the classical example of a displacive
soft-mode—type phase transition [1,2] describable by
anharmonic lattice dynamics [3]. The question of the
possible existence of a displacive to order-disorder cross-
over close to the paraelectric-ferroelectric phase transi-
tion is however still open [4—7]. The problem to be solved
is whether the potential for the Ti motion in the cubic
paraelectric phase exhibits a minimum at the center of
the oxygen cage or whether the Ti ion is disordered
between several off-center sites. Since the electric field
gradient (EFG) tensor is zero by symmetry at the central
position and nonzero at the off-center sites, the above
problem could be definitely solved by quadrupole per-
turbed Ti NMR. Here we report on the results of such a
study.

Inelastic neutron scattering [2] and Raman measure-
ments [8] in BaTiO5; have clearly revealed the softening
of a transverse optic phonon near the Brillouin zone
center and helped to establish the soft-mode picture of
displacive ferroelectric phase transitions. Near the cubic-
tetragonal phase transition the soft mode becomes
strongly overdamped at small wave vectors somewhat
similar to the recent results in the relaxor lead zinc
niobate-lead titanate (PZN-PT) [9]. In this temperature
region the diffuse x-ray scattering in BaTiO5 is anoma-
lous and has been claimed [4] to show the presence of
pretransitional correlated clusters of quasistatic off-center
Ti ions as expected for an order-disorder transition. Later
it has been suggested [2,5,6] that this scattering can also
result from the strong anisotropy of the soft phonon
dispersion relation. The controversy over whether the
“quasistatic”’ anomalous x-ray diffuse scattering [4] can
be indeed explained within the displacive model [2,5,6] or
whether a “vibronic’ approach [10] predicting off-center
potential minima for the Ti ion along the (111) directions
is more appropriate is still not settled [7,11-14].

At present, the opinion prevails that the Ti ion is sitting
at its cubic perovskite site in the center of the oxygen
octahedron [12,15] and that the transition in BaTiOj5 is of

037601-1 0031-9007/03/90(3)/037601(4)$20.00

PACS numbers: 77.84.Dy, 76.60.-k

pure displacive character. Recent molecular dynamics
simulations [6,11] have however shown that the collective
particle dynamics is governed by different time and
length scales giving rise to a central peak in addition to
the soft mode and a coexistence between order-disorder
and displacive regimes. The definitive experimental evi-
dence for that has been however still missing. EPR mea-
surements [13,14] of Fe’* and Mn*" ions in BaTiOs,
which substitute Ti*" ions, have shown a strong local
anharmonicity of the potential at the Ti sites indicating
the possibility of a reorientational motion of these ions
and a ferroelectric order-disorder behavior. The possible
existence of such a reorientational motion has been also
inferred from Ti spin-lattice relaxation time measure-
ments [16]. Recent extended x-ray-absorption fine struc-
ture spectroscopy (EXAFS) studies [17] of the local
structure changes in PbTiO; as well suggest some order-
disorder element in this typical displacive-type ferroelec-
tric, but the detailed nature of the transition in this
system is still open.

In this Letter we present the first NMR observation of
quadrupole coupling induced 4’Ti and “°Ti satellites in
the cubic phase of an ultrapure BaTiO; single crystal
above the ferroelectric transition. Previous [16,18] Ti
NMR studies revealed no cubic symmetry breaking
above T, and no first order satellites either above or below
T.. The presence of this satellite background which exists
in addition to the central —1/2 < 1/2 Ti NMR transi-
tions and its angular dependence demonstrate a dynamic
local tetragonal breaking of the cubic symmetry. Such a
behavior is indeed expected if an order-disorder compo-
nent is present in the phase transition mechanism. Below
T, the satellite background transforms into well-defined
satellite lines. Our results show that in the paraelectric
phase near T, all Ti ions are disordered between several
off-center sites and order into well-defined positions be-
low T,.. This agrees with the early view of Slater of a
“rattling” Ti ion in BaTiOj; as well as with the original
interpretation of the diffuse x-ray scattering [4], the
conclusions of Miiller et al. [13,14] derived from Mn**
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and Fe’™ EPR, and the theoretical predictions of
Bussmann-Holder [6]. It also explains the heavy damping
of the optic soft mode close to T, as suggested by Chaves
et al. [7). The biased dynamic Ti disorder above T, is
accompanied by a displacive-type tetragonal distortion of
the unit cell. The results have also important implications
for the nature of the relaxor state in substitutionally
disordered A(BLB!_ )O; perovskites.

The NMR measurements were performed on an opti-
cally clear pure BaTiOj; single crystal grown by the “top-
seeded solution” method. The T, was 415 K on heating
and 407 K on cooling. The sample dimensions were 4 X
4 X 4 mm with the surfaces parallel to the crystallo-
graphic (001) planes. The ¥'Ti (I = 5/2) and Ti (I =
7/2) NMR spectra and relaxation times were measured in
a magnetic field of 9.2 T corresponding to a Larmor
frequency of 21.42 MHz for the two Ti isotopes. The ratio
of the quadrupole moments of the two isotopes is
Y0/Y0 =0.819 [18] and the difference in their
Larmor frequencies in the cubic phase is about 5.7 kHz.
As their natural abundances are relatively low (*'Ti:c =
7.3%, ®Ti:c = 5.5%), between 6000 and 20000 scans
were collected for the spectra in the paraelectric
(Pm3m) and the tetragonal ferroelectric (P4mm) phases,
respectively. A two 90°-pulse, four-phase (XX, XY, X-X,
X-Y) “exorcycle” [19] pulse sequence was used to form a
principal echo at time 7 after the second pulse with
minimal distortions due to antiechoes, transients, ill-
refocused signals, and piezoresonances [20]. With the
standard 7/2 — 7 and (7/2), — (7/2), sequences only
the narrow central components [16,18] can be seen.

The #7**Ti NMR spectra of BaTiO5 at 420 K (i.e., for
T > T,) are shown in Fig. 1 for the external magnetic
field B directed along [001]. All spectra were obtained on
heating. As expected for the paraelectric cubic phase, the

T T T T T T T T T

T

Intensity (arb. units)

T T T T T T T T T

-5 10 -5 0 5 10 15
v-v_(kHz)

FIG. 1. *Ti and *Ti NMR spectra of BaTiO; at T =
420 K > T, for B || [001]. The two sharp **Ti — 1/2 < 1/2
central lines are “sitting” on broad background components
originating from unresolved *=1/2 « *3/2, *+3/2 — *5/2,
and *5/2 «— *7/2 satellite transitions.
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spectra show two sharp lines belonging to the —1/2 «—
1/2 magnetic transitions of the *’Ti and **Ti isotopes. The
two sharp lines are separated by about 5.7 kHz due to the
different values of the magnetic moments of the two
isotopes. The new and unexpected feature is that each of
these two sharp lines “‘sits” on a broad background com-
ponent. Below T, = 415 K the broad components disap-
pear and are replaced by well-resolved satellites (Fig. 2)
revealing the existence of three physically nonequivalent
90° ferroelectric domains [18]. Instead of two we now
have four narrow —1/2 < 1/2 *>#Tj lines due to 90°
domains.

We believe that the broad components observed above
T, are due to unresolved Ti NMR satellites:

—vo(m —1/2)3cos’6 — 1)/2, (1)

Vip—lom = VL

i.e., due to the m — 1 — m transitions —7/2 « —5/2,
=5/2 > —3/2, =3/2 > —1/2,1/2 <~ 3/2,3/2 < 5/2,
and 5/2 < 7/2 of ¥*9Ti which appear in addition to the
central —1/2 < 1/2 line if the quadrupole coupling is
nonzero. Here v, is the nuclear Larmor frequency, vy =
3e?qQ/[h-21(2I — 1)] is the quadrupole frequency,
e?qQ/h is the quadrupole coupling constant, and 6 is
the angle between the direction of the external magnetic
field and the largest principal axis of the EFG tensor. We
also assumed that the EFG tensor is axially symmetric.
The above interpretation of the broad components as
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FIG. 2. #Ti and “Ti NMR spectra of BaTiO; at T =
415K < T, for B |[[001] demonstrating the appearance of
90° ferroelectric domains. The *’Ti and *°Ti central transition
spectrum consists of four lines (inset). The broad satellite
background is replaced by well-resolved peaks corresponding
to ¥Ti * 1/2 « *3/2 satellite transitions in [100] and [010]
domains (black arrows) and to overlapping contributions from
the #Ti* 1/2 & +3/2 transitions in [001] domains and
49T{ + 3/2 « *£5/2 transitions in [100] and [010] domains
(gray arrows). The “°Ti + 3/2 < *=5/2 [001]-domain satel-
lites, ¥Ti + 5/2 — *7/2, and all ¥'Ti satellites lie outside
the spectral window.
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unresolved first order satellites is supported by the fol-
lowing observations.

(i) The integral intensities of the two central sharp
lines and the broad components are in the ratio 9/26 =
0.35 and 8/34 = 0.24, respectively, as indeed predicted
for the ratio of the intensities |[(m|I |m + 1)|> of the
central component and the satellites in the *'Ti (I =
5/2) and ®Ti (I =7/2) spectra. This also demon-
strates that all Ti ions are off center so that the system
is spatially homogeneous and there are no undistorted
cubic regions.

(ii) The width of the broad component for *'Ti is
approximately twice as large as that for the *°Ti one in
agreement with Eq. (1) and the values of the quad-
rupole frequencies of the two isotopes [vo(*'Ti)/
vo(¥Ti) =~ 2.5].

Another fact in favor of this interpretation is the an-
gular dependence of the widths of the two components. In
Fig. 3 we compare the observed angular dependence of
the second moment of the unresolved *’Ti satellite back-
ground with theoretical values derived for the cases that
the largest principal axis of the EFG tensor points along
the three cubic unit cell edges (N = 3), the four body
diagonals (N = 4), and the six face diagonals (N = 6). By
far the best agreement is obtained for N = 3, i.e., for Ti
displacements leading to a tetragonal breaking of the
cubic symmetry. A similar tetragonal distortion has
been observed by XAFS measurements in PbTiO; [21].
Orthorhombic (N = 4) or rhombohedral (N = 6) dis-
tributions of EFG tensors as well as a random distribu-
tion of defects or stresses are definitely ruled out. From
the fit of the experimental data at 7 =420 K to the
theoretical angular dependence of the second moment
for N = 3,
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FIG. 3. Comparison between the experimental (open circles)
and theoretical angular dependencies of the second moment of
the unresolved “°Ti satellite background at T = 420 K. The
calculated curves refer to tetragonal (N = 3, solid line), ortho-
rhombic (N = 4, dotted line), and rhombohedral (N = 6,
dashed line) deviations from cubic symmetry.

037601-3

2

My(N = 3) = <e2qQ>2 92 + 3)(1 + 3 cos29)?

h 25601221 — 1) '

we obtained for the “’Ti quadrupole coupling constant in
the paraelectric phase e’qQ/h =~ 18.4 kHz and a corre-
sponding quadrupole frequency v, (**Ti) = 1.3 kHz. In
expression (2) ¥ is the angle between the [001] direction
and B. The crystal was rotated in such a way that B was
always perpendicular to the [1-10] direction.

From the angular dependence of the ¥Ti 1/2 < 3/2
satellite line just below T, we find, on the other hand,
vo(¥Ti, T = T, ) = 125 kHz. This agrees with the data
of Bastow and Whitfield [18] if an extrapolation from
T =296 Kto T, = 415 K is made according to the v, vs
T plot of Kanert and Schulz [16].

Let us now try to relate the above data to the phase
transition mechanism in BaTiO;. According to the hy-
pothesis of Comes et al. [4]—later investigated in detail
by Chaves et al. [7]—the Ti ion is at all temperatures
above T, located at one of the eight positions shifted
from the center along the body diagonals of the unit
cell. In view of the 180° symmetry of the EFG tensor,
only four of these EFG tensor orientations are distin-
guishable by Ti NMR. In the cubic phase all eight sites
are equally populated, n; = n, = n3 = ny = n5s = ng =
n; = ng. In the tetragonal phase we have in a given
90° domain n; =n, = ny = ny ¥ ns = ng = Ny = ng
so that the Ti ion moves preferentially between the four
sites in the x-y plane leading to an effective displacement
in the z direction. This is true for one 90° domain. All
three 90° domains together then result in effective
Ti displacements along the three cubic unit cell edges
(N = 3) as indeed observed. In each of these 90° domains
the Ti EFG tensor is a dynamic average over the four off-
center sites located at the body diagonals.

For a pure order-disorder transition where the Ti po-
tential surface does not change at 7. the EFG tensor in
the paraelectric phase would be an average of the EFG
tensors in the different ferroelectric domains. In the
displacive limit, on the other hand, the Ti potential sur-
face significantly changes on going through 7 so that the
EFG tensor above T, is far from being an average of the
ferroelectric phase EFG tensors.

To discriminate between these two limits let us first
assume that we deal with a pure order-disorder transition
according to the Comes-Chaves model. The Ti ions are
displaced along the body diagonals and the EFG tensors
are axially symmetric with the largest principal axes
pointing along the body diagonals. The motion of the Ti
ion between four such off-center sites in an ideal cubic
cell in a given 90° domain would average the Ti EFG
tensor to zero. This is so as the body diagonals are tilted
with respect to the cubic axes for the magic angle ¢ =
54.7° so that 3cos>® — 1 = 0. This is obviously not quite
correct as vo(T > T,) = 1.3 kHz is not exactly zero. The
predictions of the above model are however not far from
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being true as the quadrupole frequency in the paraelectric
phase is reduced by a factor of 100 with respect to the
ferroelectric phase. If, however, in the cubic phase the
order-disorder phase transition mechanism coexists with
a displacive one, the unit cell is tetragonally distorted at
any given instant of time with, e.g., ¢/a # 1, the magic
angle orientation is lost and the biased motion of the Ti
ion between the off-center sites does not average the EFG
tensor completely to zero, in agreement with the experi-
mental results. Below T, where the displacive soft-mode
component freezes out, the tetragonal distortion of the
unit cell increases and becomes static, resulting in an
increase of the quadrupole frequency, as indeed observed.

The spin-spin relaxation time 7, of the satellite back-
ground is 7, = 200 us and does not vary with tempera-
ture in the paraelectric phase up to 450 K, i.e., in the
whole interval above T, we investigated. This means that
the off-center sites of the Ti potential field are present in a
broad temperature range above 7, and are not a critical
phenomenon. This agrees with the original model of
Chavez et al used to explain the anomalous diffuse
x-ray scattering. The angular dependence of T, qualita-
tively follows that of the second moment M,, as expected
for the Chavez model.

It should be stressed that if the 7, would be due to soft-
mode fluctuations, the order-disorder induced quadrupole
coupling would be motionally averaged out, the broad
background would disappear, and only the central lines
would be observed. Our results imply a relaxation fre-
quency for the motion of the Ti ion of the order of 108 Hz
which is by 4 orders of magnitude smaller than the value
10'2 Hz characteristic of an overdamped optic soft mode.

The above results demonstrate tetragonal breaking of
the local cubic symmetry at the Ti sites in the paraelectric
phase of BaTiO;. They also show the coexistence of
order-disorder and displacive components in the ferro-
electric transition mechanism in the cubic phase as pre-
dicted by molecular dynamics simulations [11]. It should
be stressed that our results cannot be explained by aniso-
tropic soft phonons as the frequencies involved are much
too high. The clusters of off-center Ti ions seen by x-ray
diffuse scattering [4] thus indeed exist above T,.. The
early view of Slater and Mason and Matthias [22] of a
rattling Ti ion as being at the heart of the ferroelectric
phase transition mechanism in perovskites is thus con-
firmed. The order-disorder dynamics is introduced by the
relaxational motion of the Ti ion between several off-
center sites while the much faster displacive dynamics
is due to soft quasiharmonic oscillations around the equi-
librium positions. The obtained results have also impor-
tant implications for the physics of relaxors [23] and other
substitutionally disordered perovskites.

It should be also pointed out that whereas our present
results show the coexistence of order-disorder and displa-
cive components in the paraelectric-ferroelectric phase
transition in barium titanate, recent studies of potassium
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dihydrogen phosphate (KDP) and squaric-acid—type
hydrogen-bonded ferroelectrics show some displacive
character in these prototypes of order-disorder ferroelec-
trics [24,25].

*On leave from the Institute for Problems of Material
Sciences, Ukrainian Academy of Sciences, Krjijan-
ovskogo 3, 03142 Kiev, Ukraine.
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