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The structural phase transition of SrTiO5; at 105 K, which has been believed to be independent of the
ferroelectric soft mode [Phys. Rev. 177, 858 (1969)], is shown, on the contrary, to be driven by the same
long-wavelength polar instability. Isotope replacement of '°0 by 30 is predicted to cause an increase in
the structural phase transition temperature by 3.8 K. In both isotopic cases, dynamical polarizability-
induced ferroelastic-type cluster formation takes place above the structural phase transition, which is
intrinsic and a consequence of electron-lattice driven mode-mode coupling. Distinct length and time
scales are identified. The precursor domains are evidence that order-disorder effects coexist with

displacive dynamics.
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SrTiOj; has been known for almost 50 years and is one of
the best investigated oxide perovskites, exhibiting a variety
of unusual properties. At Tg = 105 K a structural phase
transition takes place where adjacent oxygen octahedra
rotate relative to each other and the crystal symmetry is
lowered from cubic to tetragonal [1]. The tilting angle here
plays the role of an order parameter [1,2]. This latter phase
transition is accompanied by the freezing of a transverse
zone boundary acoustic mode, which coexists with a long-
wavelength polar soft mode [1]. The latter continuously
decreases in energy with decreasing temperature suggest-
ing the onset of a ferroelectric instability [3]. Around 20 K,
however, quantum fluctuations set in, which inhibit the
complete softening, and consequently classify this sys-
tem as a ‘“‘quantum paraelectric’’ [4]. Upon Ca doping a
ferroelectric state is obtained, which changes its char-
acter with increasing Ca doping from an XY, n =2
quantum ferroelectric to a random-field field-induced
domain state [5]. Ferroelectricity can also be induced
through oxygen isotope exchange and exhibits, upon full
exchange, a transition temperature 7. =24 K [6].
Analogous to the 90 system, SrTi'®0; also shows a
soft-mode behavior which is a typical signature of a dis-
placive transition [7,8]. This conclusion is, however, in-
correct since the long-wavelength soft mode coexists with
locally distorted regions which are indicative of order-
disorder behavior [9,10]. A coexistence of both types of
transition dynamics has indeed been postulated early on for
SrTi'%0; [11].

The structural phase transition of SrTiO; has been the
focus of experimental and theoretical research for a long
time since, in the vicinity of T, a central peak emerges
which increases in intensity upon approaching 7'g [12,13].
In addition, various experiments have provided evidence
that this transition involves different length and time scales
where at least two components must be involved [14,15].
While the central peak has been explained as being either
due to intrinsic or quenched defects [16,17], the two com-
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ponents have been attributed to the host lattice and local
strain fields, or to intrinsic effects and inhomogeneous
quasistatic domains [18,19]. Here, we show that self-
induced local strain fields give rise to the two-component
behavior where dynamically broken symmetry finite
length scale domains appear as a consequence of mode-
mode coupling. These domains do not arise from ionic
displacements but are a consequence of intrinsic local
polarization (dipole) fluctuations [20].

It has been believed until now that both instabilities, the
long-wavelength polar one and the zone boundary related
one, are completely independent of each other. Contrary to
this belief we show in the following that the structural
instability is totally driven by the polar soft mode. In
addition, we predict that this instability is also isotope
dependent which should not be the case if the modes
were unrelated. The observation of two components is
shown to be an intrinsic effect, since the polar soft mode
strongly interacts through nonlinear local electron-lattice
coupling with the related acoustic mode, thereby leading to
finite momentum dynamical anomalies in the frequency
dispersion [20] well above T'g [9]. These anomalies shift to
smaller momentum values with decreasing temperature
and simultaneously become more pronounced. Such a
behavior is typical for strain fields and ferroelastic-type
instabilities. In spite of the strong interaction between the
polar and the structural soft mode, the polar mode shows
no anomaly at the structural phase transition temperature.

In order to demonstrate the interdependence of the
structural and the polar soft mode we use a polarizability
model which is based on a double-well potential in the
electron-ion interaction [21,22]. This type of “®-four”
potential differs significantly from those used in rigid ion
models since strong polarizability-induced temperature-
dependent renormalizations of dynamical properties result.
In addition, new nonlinear excitations are supported [23].
The simplest version of this model is its pseudo-one-
dimensional analogue with Hamiltonian [22]:
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Here, the first terms refer to the kinetic energy of the ionic
cores with site n-dependent displacement coordinates u;,,
while the following ones are the potential energies stem-
ming from the interactions between next nearest neighbors
(f") and interactions between the shells and the first nearest
neighbors (f). The on-site potential in the relative core-
shell displacement w is anharmonic and consists of an
attractive part proportional to g, and a repulsive fourth
order term g,, which together with f’ guarantees the
stability of the lattice. These on-site terms are a conse-
quence of the oxygen ion 2 p® instability [24]. The mass M,
refers to a cluster representing the BO; unit in ABO;,
whereas m, represents the A-ion sublattice. The relative
core-shell displacement w corresponds to an effective po-
larizability coordinate which measures the long-
wavelength dipole moment. It is important to note that
this dipole moment exclusively determines the
temperature-dependent properties of the system within
the self-consistent phonon approximation (SPA) through

gaw + gaw? = w(gy + 3g4(W)r)
h how,
=w(g, +3g, w2 . coth——%/ )
( %ZN(U%J eJ ZkBT
= wgr. (2)

Here the dynamical information enters through the SPA
eigenvalues w, ; and related eigenvectors wi ; for all mo-
mentum g-dependent phonon branches j. The soft polar

mode frequency wro(g = 0) is shown in Fig. 1(a) for
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SrTi'%0; and SrTi'®0;. As can be seen, nearly perfect
mode softening sets in for both isotopic forms which is
reminiscent of a displacive transition. However, close to T¢
for SrTi'303, a discontinuity is present which is typical of a
first order transition [7]. This prediction is in disagreement
with data from Ref. [8], but agrees with recent measure-
ments of Ref. [24]. Note, that the soft mode in the ferro-
electric phase of SrTi'® 03 does not exhibit a Ginzburg-
Landau temperature dependence but saturates at rather
small values in the quantum regime [7].

We now calculate the structural instability within the
same framework as the polar-soft-mode-driven instability
using precisely the same parameters, except that the second
nearest neighbor force constant is changed to be attractive
in order to model the rotational instability of the oxygen
octahedra. The change in sign in the nearest neighbor force
constant has no effect on the long-wavelength polar mode.
The temperature dependence of the zone boundary mode is
obtained by using the same self-consistently derived values
of the polarizability coordinate [Eq. (2)] as above. The
calculated results are shown in Fig. 1(b) and compared to
experimental data for SrTi'®0; together with predictions
for SrTi'80; for which experimental data are not presently
available. The good agreement between experiment [1,18]
and theory clearly suggests that the structural instability is
a consequence of the temperature-dependent long-
wavelength dipole moment.

Most strikingly, however, our calculations predict an
isotopic effect on the structural transition temperature 7'y
of +3.8 K as can be seen in the inset to Fig. 1(b). This
isotopic effect is not present in conventional rigid ion
®-four models and should also not be present for a ferro-
electric transition at these elevated temperatures. Here it is
a consequence of the isotope effect on the dipole moment
which, for the polar soft mode, is effective only at low
temperatures [25].

2.0-
1.8
1.6
1.4
1.2
1.0
0.8-
0.6-
0.4-
0.2-
0.0

(b)

136 108
Temperature [K]

T T T T
150 200 250 300

Temperature [K]

? T T
0 50 100

FIG. 1 (color online).
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(a) Calculated temperature dependence of the polar soft mode in SrTi'®0; (light grey line) and SrTi'®0O;

(black line). (b) Calculated temperature dependence of the zone boundary soft mode in SrTi'®0; (light grey line) and SrTi'®O; (black
line). Experimental data (open stars) have been taken from Refs. [1,18]. The inset to (b) shows the same results as displayed in the
main figure, however, within a smaller temperature range in order to highlight the change in the transition temperature caused by the

160-180 isotopic exchange.
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FIG. 2 (color online). Calculated wave vector g dependence of
the acoustic soft mode for the various temperatures given.

The calculated dispersion of the acoustic mode which
drives the structural instability is shown in Fig. 2. In
agreement with experiment [1] the calculated results also
reveal the pronounced softening at the zone boundary
mode which is already present at high temperatures.

Even though it might be speculated from Fig. 1(b) that
the structural instability has displacive character, various
experiments which test local properties, such as NMR [10]
and EPR, [26], have provided convincing evidence that for
temperatures 7 >> T local cluster formation takes place
pointing to order-disorder dynamics. These local dynamics
are investigated here by searching for finite momentum
anomalous softening in the acoustic mode dispersion
which in turn defines the corresponding cluster size.
While the normalized acoustic mode which softens at the
structural transition shows an inflection point at small g
values, a more interesting behavior is displayed by the
acoustic mode related to the soft polar mode. With decreas-
ing temperature both optic and acoustic modes start to
couple strongly through polarizability fluctuations,
whereby an anomaly at finite g-values in the acoustic
mode dispersion is induced. In order to highlight this
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FIG. 3 (color online).

anomaly, the acoustic mode dispersion is normalized to
its high temperature (7' = 400 K) dispersion where the
optic-acoustic mode coupling is vanishingly small. Again
the calculations have been performed for both, SrTi'¢O;,
and SrTi'805, and the predictions are shown in Figs. 3(a)
and 3(b).

Around 250 K an anomalous softening in the acoustic
mode dispersion at a finite incommensurate momentum
has clearly developed and becomes very pronounced with
decreasing temperature. These features are reminiscent of
superstructure formation [20], and such a behavior is also
typical for a ferroelastic instability but appears here on a
finite length scale characterized by the momentum at
which the softening is strongest. These regions correspond
to dynamically broken symmetry domains which are self-
induced through polarizability fluctuations causing strong
mode-mode coupling. Contrary to previous models where
defects have been postulated to be the origin of local
symmetry breaking [17,18], the symmetry breaking is
here a consequence of strong nonlinearity in the local
dipole moment (proportional to w). While for high tem-
peratures the instability, which always remains dynamical,
appears around g = 0.5, it shifts to smaller g-values with
decreasing temperature corresponding to a growth in the
dynamical clusters size. However, the ¢ = 0 limit, which is
the homogeneous case, is never reached; i.e., there is a
coexistence of homogeneous solutions corresponding to
the structural phase transition, and dynamical dipole in-
duced strained domain states which persist in the tetrago-
nal phase and remain present even in the ferroelectric low
temperature phase of SrTi'®0;. Most interestingly, the
local dynamical domain formation is much more pro-
nounced in STO18, where the softening is increased by
more than 10% as compared to STO16. The size of the
distorted regions (domains) is obtained from the critical
g-value at which the softening is most pronounced and is
shown in Fig. 4. For high temperatures they approach a size
of 2.5 lattice constants in SrTi'®O5, and their size is de-
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(a) Calculated temperature and momentum dependence of the normalized acoustic mode for SrTi'®O;

(STO16). (b) Calculated temperature and momentum dependence of the normalized acoustic mode for SrTi'®0; (STO18).
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FIG. 4 (color online). Calculated temperature dependence of
the domain size as derived from the acoustic mode anomaly.
(Black symbols refer to calculated results for STO16; light grey
symbols refer to calculated results for STO18; black and light
grey full lines are an exponential fit to the symbols; the step-like
features in the calculated values are a consequence of using finite
size steps in the momentum dependence).

creased in SrTi'°05 by 10%. With decreasing temperature
the domain size increases approximately exponentially to
reach a size of 6.7 lattice constants in STO18 at 7 = 0 K,
and of 5.6 lattice constants in STO16.

Note that the structural instability has no influence on
this exponential growth. On the other hand, the polar
instability of SrTi'®0; at T = 24 K causes a sudden de-
crease of this growth, but the domain size remains finite in
the ferroelectric state [9]. This finding, which is consistent
with dielectric measurements [27] and recent Raman scat-
tering data [28], shows that the ferroelectric state is
incomplete.

The coexistence of two soft modes and local
ferroelastic-type dynamical domains demonstrates that
the phase transitions in SrTi'®!'80; are not of purely dis-
placive origin but also carry a substantial order/disorder
component. The strong anharmonicity in the electron-ion
interaction (proportional to gr) causes dynamically broken
symmetry domains which, opposite to local effects in the
displacements, are here obtained already at the SPA level
due to polarizability-induced strong mode-mode coupling
[20]. Two length and time scales are involved as has been
suggested previously [9] and recently by coherent x-ray
diffraction [18]. The two-component behavior is an intrin-
sic property resulting from the increasing optic-acoustic
mode coupling strength with decreasing temperature. In
particular, the short-wavelength structural instability is
intimately related to the long-wavelength polar soft mode
and driven by the temperature-dependent fluctuating dipole
moment. An isotopic effect on this instability is predicted
which would be absent if both phase transitions were
independent of each other.

(1]
(2]

(3]

(4]
[51
(6]
(7]
(8]
(91

[10]
[11]
[12]
[13]
[14]

[15]
[16]

[21]
[22]
[23]
[24]
[25]
[26]
[27]

(28]

167603-4

G. Shirane and Y. Yamada, Phys. Rev. 177, 858 (1969).
K. A. Miiller, W. Berlinger, and J. C. Slonczweski, Phys.
Rev. Lett. 25, 734 (1970).

W. Cochran, Adv. Phys. 9, 387 (1960); R.A. Cowley,
Phys. Rev. 134, A981 (1964); J.M. Worlock and P. A.
Fleury, Phys. Rev. Lett. 19, 1176 (1967).

K. A. Miiller and H. Burkhard, Phys. Rev. B 19, 3593
(1979).

J. G. Bednorz and K. A. Miiller, Phys. Rev. Lett. 52, 2289
(1984).

M. Itoh, R. Wang, Y. Inaguma, T. Yamaguchi, Y.-J. Shan,
and T. Nakamura, Phys. Rev. Lett. 82, 3540 (1999).

A. Bussmann-Holder, H. Biittner, and A.R. Bishop, J.
Phys. Condens. Matter 12, L115 (2000).

M. Takesada, M. Itoh, and T. Yagi, Phys. Rev. Lett. 96,
227602 (2006).

A. Bussmann-Holder, H. Biittner, and A.R. Bishop,
arXiv:cond-mat/0610362; A. Bussmann-Holder and
A.R. Bishop, Europhys. Lett. 76, 945 (2006).

R. Blinc, B. Zalar, V. V. Laguta, and M. Itoh, Phys. Rev.
Lett. 94, 147601 (2005).

A.D. Bruce, K. A. Miiller, and W. Berlinger, Phys. Rev.
Lett. 42, 185 (1979).

T. Riste, E. Samuelson, K. Otnes, and J. Feder, Solid State
Commun. 9, 1455 (1971).

S. Shapiro, T. Axe, G. Shirane, and T. Riste, Phys. Rev. B
6, 4332 (1972).

S. Andrews, J. Phys. C 19, 3721 (1986).

R. A. Cowley, Phys. Scr. T66, 24 (1996).

J.B. Hastings, S. M. Shapiro, and B. C. Frazer, Phys. Rev.
Lett. 40, 237 (1978).

B.I. Halperin and C.M. Varma, Phys. Rev. B 14, 4030
(1976).

M. Holt, M. Sutton, P. Zschack, H. Hong, and T.-C.
Chiang, Phys. Rev. Lett. 98, 065501 (2007).

S. Ravy, D. Le Bolloc’h, R. Currat, A. Fluerasu, C.
Mocuta, and B. Dkhil, Phys. Rev. Lett. 98, 105501 (2007).
H. Bilz, H. Biittner, A. Bussmann-Holder, W. Kress, and
U. Schroder, Phys. Rev. Lett. 48, 264 (1982); G. Benedek,
A. Bussmann-Holder, and H. Bilz, Phys. Rev. B 36, 630
(1987).

R. Migoni, H. Bilz, and D. Béuerle, Phys. Rev. Lett. 37,
1155 (1976).

H. Bilz, G. Benedek, and A. Bussmann-Holder, Phys. Rev.
B 35, 4840 (1987).

A. Bussmann-Holder and A.R. Bishop, Phys. Rev. B 70,
184303 (2004).

A. Bussmann, H. Bilz, R. Roenspiess, and K.-H. Schwarz,
Ferroelectrics 25, 343 (1980).

A. Bussmann-Holder and H. Biittner, Phys. Rev. B 41,
9581 (1990).

K. A. Miiller, W. Berlinger, C.H. West, and P. Heller,
Phys. Rev. Lett. 32, 160 (1974).

L. Zhang, W. Kleemann, R. Wang, and M. Itoh, Appl.
Phys. Lett. 81, 3022 (2002).

T. Shigenari, K. Abe, T. Takemoto, O. Sanaka, T. Akaike,
Y. Sakai, R. Wang, and M. Itoh, Phys. Rev. B 74, 174121
(20006).



