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Abstract. Motivated by recent experiments demonstrating suppression of ferroelectricity with pressure in
SrTi'® 03, the dynamics of the phase transition mechanism are reinvestigated within a nonlinear polarizabil-
ity model. For temperatures far above the phase transition polar micro domains are formed which increase
in size with decreasing temperature to freeze out at T. without forming long range order. Experimentally,
soft mode dynamics are simultaneously observed, evidencing that displacive and order/disorder features
coexist. In the ferroelectric phase both components persist whereby an incomplete and inhomogeneous

ferroelectric state is formed.

PACS. 77.80.Bh Phase transitions and Curie point — 77.80.-e Ferroelectricity and antiferroelectricity —

05.45.-a Nonlinear dynamics and chaos

SrTiO3 exhibits in its paraelectric phase classical soft
mode behaviour which is typically observed for displacive
ferroelectric phase transitions. However, and analogous to
KTaOs3 [1,2] the structural instability is suppressed by
quantum fluctuations which dominate the low tempera-
ture dynamics. Doping both of these systems with, e.g.,
Ca [3] or Nb [4], induces ferroelectricity already at very low
doping levels. While oxide perovskite ferroelectrics with fi-
nite transition temperature 7. are known to show no iso-
tope effect on T, the situation in the quantum paraelectric
SrTiOj3 is different. There it was shown that the replace-
ment of 10 by 180 induces ferroelectricity at a transition
temperature T, of 24 K for maximum isotope exchange [5].
The picture of isotope-induced ferroelectricity in SrTi'®O5
(STO18) which emerges experimentally is novel, since soft
mode dynamics are clearly present [6,7] but in addition re-
sults from NMR [8,9] and ESR [10] experiments provide
substantial evidence that an order-disorder component
is present simultaneously. Also the ferroelectric phase is
rather unconventional since Raman [11], dielectric [12-14]
and NMR [8-10] data support the view that this phase
has no long range order and remains inhomogeneous at all
temperatures. Additionally, the pressure dependence of T,
in STO18 is much larger than expected [6] when compared
to other perovskite oxide ferroelectrics [15] since quantum
fluctuations compete with the soft mode energy scale.
Theoretically, different approaches have been taken to
explain isotope induced ferroelectricity in STO18. While
in reference [16] this phase has been interpreted in terms
of a transition into a three state quantum order-disorder
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phase, results from susceptibility measurements have been
analyzed in terms of nonlinear and scaling properties [17].
Both of these approaches remain incomplete since the dis-
placive soft mode dynamics are not incorporated. We have
concentrated on these latter aspects in an earlier work and
achieved consistent agreement with experimental data as
well as the isotope effect on T, [18]. However, the local
dynamics observed in STO18 have not been addressed by
us so far and these are known to be crucial for the dy-
namical properties of relaxor [19,20] and order/disorder
ferroelectrics [21].

Here we extend out previous calculations [18] by inves-
tigating the pressure dependence of the ferroelectric phase
transition and the local dynamics within the nonlinear po-
larizability model [20-24]. The model differs considerably
from conventional @, models, since not only are electron
lattice interactions explicitly included, but various exact
solutions in terms of breathers, solitary excitations, do-
main wall dynamics, kinks and travelling kinks exist [19,
25,26]. The global lattice potential has been shown to be
extremely sensitive to changes in the ionic masses and
new dynamical solutions in terms of travelling waves ap-
pear [27]. The vanishing isotope effect on T, in the clas-
sical limit has been predicted together with a finite one
in the quantum limit [28]. Besides describing correctly the
soft mode temperature dependence, the coexistence of dis-
placive and order/disorder components has been predicted
to be not only present in perovskite ferroelectrics [21] but
also in hydrogen bonded ones [29,30]. While in perovskite
ferroelectrics the time scales of both components are very
different, with the consequence that different experimental
techniques have to be used to detect them separately, the
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Fig. 1. Temperature dependence of the squared soft mode
frequency for various values of the coupling constant f'.

time scales of these components are similar in hydrogen
bonded ferroelectrics [30].

In order to model the novel dynamics of STO18, we
first analyze the origin of the unusual pressure dependence
on T.. As has been shown previously [31], pronounced vari-
ations of T are obtained if either the local double-well po-
tential height is varied, or the elastic constants are modi-
fied. In the quantum limit, variations in the ionic masses
are crucial for T, whereas optic properties play only a mi-
nor role at all temperatures. In reference [6] it has been
suggested that changes in the local double-well potential
cause the pressure dependence of T.. This can, however,
be ruled out since a linear dependence of T, with poten-
tial barrier height results which differs from experimental
data. For this reason we concentrate here on the pressure
dependence of the elastic constants and vary these linearly
with pressure. Within the polarizability model the elastic
constants are determined by the second nearest neighbour
rigid ion coupling constant f’, which dominates the acous-
tic mode frequency in the long wave length limit.

Throughout the following we use the nonlinear polar-
izability model and apply the self consistent phonon ap-
proximation to it, keeping all parameters constant and the
same as in reference [18], allowing only f’ to vary. The cal-
culations are based on the model Hamiltonian as defined
in references [18,23], the mass of the TiOg polarizable clus-
ter is, however, increased by 10% as compared to reference
[18] in order to fit the experimental value of T¢. of 24 K [5],
which within our previous approach was underestimated
by 25%. First the soft mode of STO18 is calculated as a
function of temperature and f’, and is shown in Figure 1.

With decreasing f’ T, is rapidly depressed and the
ferroelectric instability vanishes at a critical value of f/ =
1.07. For values of f/ > 1.07 T, is always finite and a
transition to a ferroelectric phase takes place. In the fer-
roelectric phase the soft mode rapidly recovers and ap-
proaches a temperature independent plateau in the quan-
tum limit, where the soft mode energy depends on the
corresponding T, i.e., the larger T, the higher is its en-
ergy at T'= 0 K. Obviously, it never obeys a Curie-Weiss
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Fig. 2. T¢ as a function of pressure. Green triangles and lines

give the onset temperature for the simultaneous stability of

paraelectric and ferroelectric solutions. Blue triangles and lines

are the calculated transition temperatures. Black circles refer

to the experimental data taken from reference [6].

law and a first order transition takes place. Most interest-
ingly, we observe that in a limited temperature interval
above T,, both, the paraelectric and the ferroelectric so-
lutions are simultaneously stable. This provides evidence
that an order-disorder component is present together with
the displacive one due to the soft mode. The coexistence
regime depends on the transition temperature and grows
with increasing T,.. The pressure dependence of T, is calcu-
lated by assuming that f’ scales linearly with pressure as
df'/dP = —0.036 ergcm~2/kbar. Experimental data [6]
and theoretical results are compared in Figure 2 where
the coexistence regime of paraelectric and ferroelectric so-
lutions is also shown. The very satisfactory agreement be-
tween the experimental data and our results supports the
assumption that the increasing softness of the elastic con-
stants causes the pressure dependence of T,. Note again,
that no other parameter than f’ has been changed.

So far, local lattice anomalies, as observed by ESR [10]
or NMR [8,9], have not been addressed. These can be in-
vestigated by searching for finite momentum ¢ anomalies
in the acoustic mode dispersion. While in stable solids
such anomalies are mostly not observed, they are com-
mon to displacive ferroelectrics, where the softening of the
transverse optic mode frequency with decreasing temper-
ature leads to optic- acoustic mode coupling [23,32]. As
a consequence anomalies appear at temperature depen-
dent finite momenta which give rise to the formation of
finite size dynamical micro domains. The size of these do-
mains can be estimated from the ¢ value at which the
anomalies appear. At T,, optic and acoustic modes are
degenerate and the micro domains coalesce to form a ho-
mogeneously polarized state. Thus, the character of the
ferroelectric state of STO18 can be studied in more de-
tail by calculating the acoustic mode dispersion as a func-
tion of wave vector and temperature. In order to highlight
possible anomalies we have normalized the acoustic mode
frequency to its value at T' = 100 K where its dispersion
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Fig. 3. Normalized acoustic mode frequency as a function of
momentum ¢ and temperature for f' = 1.07.

100K)

o (Mo, (T

0.2
0 o0 q

Fig. 4. Normalized acoustic mode frequency as a function of
momentum ¢ and temperature for f' = 1.32.

follows a ¢* dependence in the long wave length limit as
expected from harmonic theories. We first investigate the
limiting case where the phase transition is suppressed at
all temperatures corresponding to f’ = 1.07. As can be
seen in Figure 3, with decreasing temperature a dip in
the dispersion appears and becomes gradually more pro-
nounced with decreasing temperature where simultane-
ously the ¢ value, at which it develops, shifts from large
q values to the long wave length limit. As outlined above,
this finding implies that at high T finite size dynamical po-
lar clusters form which grow with decreasing temperature
and become more pinned to the underlying lattice. They
freeze, however not totally, since a complete softening does
not take place. Correspondingly, they can be identified as
fluctuating polar domains with slowing dynamics. In the
case of the system with the highest T, of 24 K a similar
behaviour is observed (Fig. 4). However, opposite to the

281

= T =24K

0.50 ° Tc= 0K

0.45 4
0.40

0.35

0a0] . .
0254 )
020 ®o o | B
0.154
010 o

0.05

q value of the acoustic mode anomaly
([}
|

0.00 . . . . . . . . . .
0 20 40 60 80 100

Temperature [K]

Fig. 5. The anomalous ¢ value at which the anomaly is ob-
served as a function of temperature.

previous case, the anomalies develop at smaller ¢ values
at all temperatures, which implies that the domain size
is always larger than in the incipient ferroelectric system.
At T, the g value reaches its minimum and is pinned at
q = 0.17 corresponding to a domain size of approximately
12 lattice constants. Below T, it would be expected that
a homogeneous state is formed with ¢ being zero. This
is not the case for STO18 as can be seen from Figure 5,
where the anomalous ¢ value is shown as a function of
temperature, but the domains shrink and converge to a
size of only 6 lattice constants in the quantum regime.
Since a ferroelectric state has been confirmed experimen-
tally in STO18 through the observation of a hysteresis in
the polarization and by Raman and birefringence mea-
surements [5,33,34], it must be concluded that this state
is incomplete and governed by cluster dynamics. Similar
conclusions have recently been reached from NMR [8,9]
and susceptibility [14,16] measurements.

The dynamical behaviour of all other investigated sys-
tems with 0 < T, < 25 K is similar to the one with max-
imum 7. Here a systematic trend appears since the dy-
namical micro domains decrease in size with decreasing
T..

The evolution of finite size polar clusters at temper-
atures much higher than the actual transition temper-
ature has also been observed experimentally and it was
concluded that the phase transition carries a substantial
order/disorder component [8,9,14,16]. From our results
these conclusions are confirmed. It is, however, impor-
tant to emphasize that the length scales of the displacive
and the order-disorder components differ substantially, so
that experiments testing the long wavelength limit, as
e.g. Raman and infrared measurements, will only detect
the displacive part, whereas local probes like NMR, EX-
AFS will detect the order-disorder one. The coexistence of
both components should be accessible to inelastic neutron
scattering experiments, where small momentum ¢ anoma-
lies as well as soft mode dynamics can be tested.
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In conclusion, we have shown that the dynamics of
STO18 and the pressure dependence of T. can be ex-
plained consistently within the nonlinear polarizability
model. We predict that, close to T, paraelectric and fer-
roelectric solutions coexist within a temperature regime
which decreases with increasing pressure. Far above T¢,
finite size soft clusters develop which grow in size with
decreasing temperature, but never form a homogeneous
state and always remain dynamic even though they slow
down with decreasing temperature. The existence of these
clusters at high temperatures provides clear evidence that
in spite of perfect soft mode behaviour, order-disorder dy-
namics are present simultaneously. Important in this re-
spect is the fact that the associated length scales differ
considerably so that the detection by a single experiment
is difficult. A further important outcome of our results is
the observation that the ferroelectric phase remains in-
complete, governed by the soft polar cluster dynamics.
This conclusion has also been reached in references [9,10]
where the transition at T, was postulated to stem from a
percolation process.
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