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Ti and Sr nuclear magnetic resonance spectra of '30 enriched SrTiO; (STO-18) provide direct evidence
for Ti disorder already in the cubic phase and show that the ferroelectric transition at T = 24 K occurs in
two steps. Below 70 K rhombohedral polar clusters are formed in the tetragonal matrix. These clusters
subsequently grow in concentration, freeze out, and percolate, leading to an inhomogeneous ferroelectric
state below T-. This shows that the elusive ferroelectric transition in STO-18 is indeed connected with
local symmetry lowering and implies the existence of an order-disorder component in addition to the
displacive soft mode one. Rhombohedral clusters, Ti disorder, and a two-component state are found in the
so-called quantum paraelectric state of STO-16 as well. The concentration of the rhombohedral clusters is,

however, not high enough to allow for percolation.
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SrTiO; (abbreviated as STO-16) is considered [1] to be a
classical displacive soft mode system where the ferroelec-
tric phase is suppressed by zero point fluctuations of the
soft mode leading to quantum paraelectricity [2]. The
discovery of Itoh et al. [3] of a dielectric peak near T =
24 K in a 93% '80-isotope-exchanged SrTiO; (STO-18)
sample seems to support this assumption [2], as the larger
mass of 80 reduces quantum zero point fluctuations and
allows for the condensation of the polar soft mode at a
nonzero Tc. The peak in the static dielectric constant
appears as the concentration of the 80 ions exceeds the
critical concentration X, = 33% and shifts to higher tem-
peratures with increasing x. The appearance of a polariza-
tion hysteresis loop below T indicates that the dielectric
peak indeed corresponds to the evolution of a ferroelectric
state in STO-18.

Recent microscopic observations by inelastic neutron
scattering [4] have, however, shown significant discrepan-
cies with the above picture. The transverse optic Ey; soft
mode in STO-18 softens [5] but does not condense [4] at
T¢. Itis practically independent of the concentration of 80
within the resolution of the neutron scattering experiment
and the same as in STO-16 [4]. This indicates that the
softening of the polar TO soft mode—though present
[6]—is not the only mechanism driving the ferroelectric
transition in STO-18 as assumed so far and that some other
mechanism should be present, too.

Here we show that the low temperature state of STO-18
and STO-16 is below 70 K, in fact, a two-component one,
and that polar rhombohedral clusters are embedded into a
nonpolar tetragonal matrix. In STO-18 the clusters grow in
intensity and percolate, leading to the formation of an
inhomogeneous ferroelectric state below T'¢. Similar clus-
ters are seen in STO-16 as well, but their population is too
small to allow for percolation. We have as well observed
inherent Ti disorder in STO-18 and STO-16 already in the
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cubic phase coexisting with soft mode-type unit cell dis-
tortions [7]. The observation of first order quadrupole
satellites in the Ti NMR spectra of both STO-16 and
STO-18 demonstrates the presence of nonzero quadrupole
coupling at the Ti sites. This is incompatible with the
central position of the Ti ion in the oxygen octahedron
and requires the presence of off-center Ti sites and Ti
disorder. The angular dependence of the second moment
of the satellite background in addition shows that on the
NMR time scale the local structure of the macroscopically
cubic phase consists of a random array of differently
oriented soft mode-distorted tetragonal nanodomains in
analogy to cubic BaTiO3 [7-9]. The multivalley Ti poten-
tial surface does not seem to change with temperature.

The ¥7Sr(I =9/2), “Ti(I =5/2), and *Ti(I =7/2)
NMR spectra have been measured in a magnetic field B =
9.2 T corresponding to Larmor frequencies of 16.471 and
21.406 MHz for the 3’ Sr and 4"#°Ti isotopes, respectively.
Because of a slight difference in their gyromagnetic mo-
ments, the Larmor frequencies of the *’ Ti and *“*Ti isotopes
differ by 5.7 kHz in the field of 9.2 T giving rise to two
sharp 1/2 < —1/2 central lines in the cubic phase. The
measurements were performed on STO-18 single crystal
samples (about 93% '80) [3] cut with two edges parallel to
the (110) planes. The size of the STO-18 sample plates was
7 X 3 X 0.3 mm?. To increase the signal-to-noise ratio, 6—
7 plates of STO-18 were attached together. The STO-16
measurements were performed on a 7 X 4 X 4 mm? sam-
ple with the surfaces parallel to the (001) planes. The
exorcycle pulse sequence has been used to observe the
satellites [7].

The *"#°Ti NMR spectra of STO-18 in the cubic phase at
T =200 K are shown in Fig. 1(a). We see in addition to
the two sharp 1/2 « —1/2 central lines also a broad
background due to unresolved =1/2 « *3/2, +3/2 &
+5/2, ... first order quadrupole coupling induced satel-
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FIG. 1. (a) *»**Ti NMR spectra of SrTi'80j; in the paraelectric
cubic phase. Note the broad unresolved satellite background in
the Ti spectra demonstrating the breaking of the cubic symmetry
and the sharp 1/2 «< —1/2 central transition on top of it.
(b) Angular dependence of the second moment of the satellite
background of the *"Ti spectra of STO-18 at T = 200 K. The
solid line is the theoretical fit [7] for tetragonal distortions.

lites. The integral intensities of the two central lines and
the broad background components are in the ratio 9/26 =
0.35and 4/17 = 0.24, respectively, for the two Ti isotopes.
This agrees with the predicted theoretical ratios for the
intensities of the central components and the satellites in
the ¥’Ti and *Ti spectra [7], thus supporting the above
assignment. Additional support comes from the fact that
the width of the 4’Ti background component is about 2.5
times as large as the width of the *Ti component, in
agreement with the ratio of their quadrupole frequencies
vo. The existence of satellites demonstrates the presence
of a nonzero electric field gradient (EFG) tensor at the Ti
sites and thus the local breaking of the cubic O;, symmetry
by off-center displacements of the Ti ions.

In Fig. 1(b) we show the angular dependence of the
second moment M, (1) of the satellite background of the
4TTi spectra of STO-18 at 200 K. The best fit (solid line)
shows that the local breaking of the cubic symmetry is
tetragonal in analogy to cubic BaTiO; [7]. Within the 8-
site Chavez model [8,9] developed for barium titanate, this
means that the Ti ions are dynamically disordered between
off-center sites displaced along the body diagonals and that
four out of the eight off-center Ti sites are preferentially

occupied. The M,(1¥) data also show [7] that on the NMR
time scale the local structure of the cubic phase consists of
a random array of six differently oriented polar tetragonal
nanodomains. A similar M,(?}) plot of the broad back-
ground component is obtained for STO-16.

The motionally averaged *’Ti quadrupole frequency
obtained from the M, data of STO-18 is at T = 200 K,
vy = 0.85 kHz. This is significantly less than observed in
the cubic phase of barium titanate [7] and shows that the
lattice packing in STO is much tighter and the off-center
sites are therefore closer to the center.

In contrast to the *74°Ti data, there is no such angularly
dependent broad background component in the 8’Sr NMR
spectra in the cubic phase. The Srion thus seems to occupy
the high symmetry perovskite site in the cubic phases of
both STO-18 and STO-16. In view of its position in the
STO lattice, the EFG tensor at the ®Sr site is much more
sensitive to small distortions or rotations of the oxygen
octahedra than the EFG tensor at the Ti site. This is
important, as the eigenvector of the polar Slater mode in
STO-18 should involve oxygen displacements as well as an
effective shift of the Ti ion.

The temperature dependence of the shift of the central
1/2 < —1/2 Sr NMR transition at B || [110] is shown in
Fig. 2. At the cubic-tetragonal antiferrodistortive transition
at T, = 104 K, where alternations in the rotation direc-
tions of the oxygen octahedra in adjacent unit cells occur,
the central 3Sr NMR line splits into two components at
this orientation. This is due to the presence of two non-
equivalent tetragonal domains and the fact that the largest

T T T T T T T
06+ nm |
- . -.\.
04| . -
N F \. ]
Z 02| N i
~ ||
o - o7 g _
.‘g 00k SrNMR /.~. - |
= B 11 [110] .
: b
a) _0.2 | _18kA‘ T T T T TA _
= - W 016 2 11
% 04 / 50.141 & 17
z 06 i ) 50.12; \ 1]
- A R G,
_08 | ' 0.08 Lottt et |
- 0 25 50 75 100125150
- T(K) ]
_10 P R U N T T T N T T T M N T S S [ T S T A S M M A A
0 25 50 75 100 125 150
T (K)

FIG. 2. Temperature dependence of the ®’Sr 1/2 « —1/2
central transition in STO-18 showing a line splitting at the
cubic-tetragonal transition at 7, = 104 K. The insert shows
the huge broadening of NMR line at T = 24 K in 95% 80
enriched STO-18 which is absent in STO-16.
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principal axis of the cylindrically symmetric Sr electric
field gradient (EFG) tensor is parallel to the tetragonal axis
of a given domain. The rotational order parameter ex-
tracted from the Sr NMR data agrees rather well with the
one obtained from the EPR data of Miiller ez al. [10]. There
is no such splitting in the Ti spectra.

The #Sr 1/2 < —1/2 spectra at B || [111], where the
87Sr NMR central lines of all tetragonal domains coincide,
are shown in Fig. 3(a) at the different temperatures. There
is a single Sr line between 100 and 70 K as expected on the
basis of the tetragonal symmetry. Below 70 K the central Sr
NMR line of STO-18 splits, demonstrating the existence of
a two-component state. The more intense component still
exhibits tetragonal symmetry whereas the second compo-
nent which now consists of three narrow lines and a broad
background [Fig. 3(b)] exhibits rhombohedral symmetry
and shows in contrast to the tetragonal one a nonzero
asymmetry parameter of the EFG tensor, n = (Vyy —
Vyy)/Vz; = 0.08. The temperature and angular depen-
dence of this second component is different from that of
the first component. The coexistence of the second com-
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FIG. 3. (a) Comparison of the 8’Sr 1/2 < —1/2 NMR spectra
of STO-16 and 95% '80 enriched STO-18 above and below
Tc = 24 K. (b) Simulated (solid lines) and measured (points)
87Sr NMR 1/2 <> —1/2 line shapes in STO-18 at T = 16 K <
Tcand B || [111].

ponent with the first one demonstrates the formation of
rhombohedral clusters in the tetragonal matrix. The inten-
sity of these clusters increases with decreasing temperature
as shown in Fig. 4. It changes from zero to about 15%
around 70 K, stays constant between 60 and 30 K, and
reaches 60% at T.. For the orientation B || [110], the
ferroelectric transition is accompanied by a huge increase
in the 8’Sr NMR linewidth (insert to Fig. 2), indicating the
onset of a multidomain state. A similar but much weaker
rhombohedral 3’Sr NMR line appears also in STO-16
below 70 K. Since there is no such broadening or splitting
of the NMR spectra as seen in STO-18, the concentration
of these clusters seems here to be too low (~5%—-6%) to
allow for percolation.

The simulated and experimental rhombohedral St NMR
spectra of STO-18 are compared in Fig. 3(b) for B || [111]
and T = 16 K, i.e., below T-. The EFG tensor can be here
described as a sum of two terms
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FIG. 4. Temperature dependence of the relative intensity (a)
and the 37Sr asymmetry parameter 7 (b) of the rhombohedral
clusters in STO-18.
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where V) is the EFG tensor of the tetragonal STO lattice
below T4, = 104 K and the second term represents a small
(~Vz;/10) rhombohedral (111)-type perturbation.
Distortions of any other symmetry will also produce di-
agonal components resulting in a large splitting of the
spectrum at B || [110] which has not been observed. The
EFG tensor of the rhombohedral clusters which appear
below 70 K can be as well described by expression (1).

The rhombohedral EFG tensor has two principal axes
slightly (5 °) tilted from the (001) and (110) cubic direc-
tions. The deviation from cylindrical symmetry is signifi-
cant and the asymmetry parameter is 7 = 0.16. The
corresponding EFG tensor eigenvalues are: V,; =
—3.35 %10 V/m?, Vy, =198 X 10 V/m?, and
Vyx = 1.41 X 10°° V/m?. The x, y, z principal axes
have the following polar () and azimuthal (¢) angles
for the [001] domain: x — (90°,315°), y — (85°,45°),
and z — (5°,225°).

Point charge calculations show that such a rhombohedral
perturbation can reflect 020’ shifts along the (111) direc-
tions of the order of 0.02 A (or equivalently O>~-Sr bond
distance changes of this magnitude). The superposition of
the rhombohedral distortions on the tetragonally deformed
lattice will result in a triclinic symmetry of the low tem-
perature phase.

The temperature dependence of the asymmetry parame-
ter n of the rhombohedral EFG tensor V is shown in Fig. 4.
It changes from zero to about 0.08 around 70 K and shows a
significant increase to 0.16 at T.. The 3’Sr quadrupole
frequency v, varies between zero at T, = 104 K and
vo = 70 kHz at T¢. A change is seen here, too, both at
70 K and at T, but the effect of the phase transition on the
quadrupole frequency is much smaller than in the case of
the asymmetry parameter.

The 47*°Ti spectrum varies little with temperature and
shows no splitting of the central lines either at the antiferro
distortive transition at 7, = 104 K nor at the ferroelectric
transition at 7 = 24 K. This is in contrast to the case of
barium titanate where the central line splits [7] due to 90 °
domains at the cubic-tetragonal transition. There is, how-
ever, a shift of the central Ti NMR line in STO-18 on
cooling from 30 to 15 K at B || [111] whereas there is no
such shift in STO-16.

The broad Ti satellite background starts to disappear at
lower temperatures and is transformed into resolved satel-
lite peaks already at about 70 K, i.e., in the temperature
range where rhombohedral clusters can be detected in the
Sr NMR spectra. Around 7 = 24 K, the Ti quadrupole
frequency increases to 15 kHz, indicating Ti ordering.
This is in agreement with the observed increase in the Ti
spin-lattice relaxation time.

The obtained results show the existence of a two-
component state in both STO-16 and STO-18 at low tem-
peratures. Below 70 K, polar rhombohedral clusters are
embedded in a nonpolar tetragonal matrix. In STO-18 the

clusters grow in intensity and percolate as 7 approaches
Tc, leading to an inhomogeneous ferroelectric state. In
STO-16 their population is too small to allow for percola-
tion. The difference between STO-18 and STO-16 may be
due to the fact that the intercluster interaction constant
[11,12], which depends on the inverse square of the soft
phonon frequency, is larger than a critical value in STO-18
and smaller than that in STO-16. Our results also demon-
strate that Ti disorder is present already in the cubic phases
of STO-18 and STO-16. The results demonstrate the pres-
ence of an order-disorder component in the ferroelectric
phase transition mechanism of STO-18 in addition to the
soft mode one. The discovery of the presence of disorder in
STO thus validates the early ideas Slater and Miiller of the
“rattling”’ Ti ion [13] as being at the heart of the structural
phase transition mechanism in perovskites.
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