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Low-frequency superelasticity and nonlinear elastic behavior of SrTiO3 crystals
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To clarify the inconsistencies in existing elastic constant data of SrTiO3 in the vicinity of the 105 K phase
transition we have studied the temperature dependence of the Young’s modulus of SrTiO3 crystals. Dynamic
mechanical analysis at 10–140 K and 10–45 Hz has been used for the experiments. We found two remarkable
features: a giant elastic softening~superelasticity! below the cubic→ tetragonal phase transition, and elastic
anomalies in the quantum paraelectric region between about 25 K and 45 K. The giant elastic softening is
caused by domain-wall motion: it can be suppressed with uniaxial compression and does not occur in the@111#
direction. Elastic anomalies observed in the quantum paraelectric region display nonlinear elastic behavior. We
relate these nonlinear elastic anomalies with the appearance of polarization clusters. Our data can be consis-
tently described assuming a freezing of the dynamical polar clusters below 25 K.
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I. INTRODUCTION

In the 1960s and 1970s the cubic→ tetragonal phase
transition of SrTiO3 at 105 K was extensively studied an
regarded as a model system for other transitions. It was
sumed that this transition could be described by critical
ponents obtained with renormalization group theory, follo
ing from an n53, d53 Hamiltonian, e.g., the theoretica
value for the order-parameter exponentb50.365.1 Indeed
Müller and Berlinger2 using the electron paramagnetic res
nance technique found an order-parameter exponenb
50.3360.02.

Recently it was shown that this transition can be w
described by classical Landau theory with terms up to
sixth order of the free-energy expansion, the effect of qu
tum saturation being included. For this purpose Saljeet al.3

analyzed the temperature dependence of the rotation an
of the (TiO6) octahedra~ESR measurements!, the excess dif-
fraction intensities ~synchrotron experiments!, the twin
obliquity ~x-ray rocking curves! and the excess entrop
~adiabatic calorimetry!. They obtained the parameters of th
free-energy expansion and found out that this phase tra
tion of SrTiO3 must be continuous and almost tricritical.

Considerable interest to these crystals has recently b
resurrected in connection with the idea of a new quant
coherent state suggested by Mu¨ller et al.4 Such a coheren
state ~often called Mu¨ller state! was expected to occur in
SrTiO3 below a certain temperature (Tq'37 K). At this
temperature the quantum fluctuations become strong eno
to prevent further critical decreasing of the soft mode f
quency. As a result, the proper ferroelectric phase transit
which would be expected to occur atTf'35 K, does not
appear untilT50 K and the system remains in a so-call
quantum paraelectric~QPE! state. The dielectric susceptibi
PRB 610163-1829/2000/61~2!/946~11!/$15.00
s-
-
-

-

l
e
-

les

si-

en

gh
-
n,

ity along @110# direction saturates belowTq at extremely
high values (x.104).

The basic idea of a quantum coherent state has b
adopted from the Landau theory of superfluid helium. In p
ticular, an analogy between the superfluid phase of4He and
the quantum paraelectric state of SrTiO3 was drawn. It was
based on a similarity between the roton dispersion in He
and the flattening of a transverse-acoustic branch due to
pulsion with the soft optical branch near the Brillouin-zo
center in SrTiO3, which recently has been found in
neutron-scattering experiment.5

Although it seems that one important criterion for the r
alization of a quantum coherent state is fulfilled, it is n
clear whether such a state actually exists. A critical analy
of this problem has been given recently.5 There it was pro-
posed to relate theTq anomalies with the existence of larg
polarization clusters, which render the system enormou
anharmonic. Brillouin-scattering measurements revea
anomalies in the elastic constantsC33 andC44 around 40 and
25 K, respectively.6 They were attributed to the presence
polarization clusters, which lead to an interaction betwe
the strain tensorUi j and the gradient of the polarization ve
tor Pl of the typehi jkl Ui j ¹kPl .7 Recently Neset al.8 have
observed distinct anomalies in the internal friction and el
tic compliance of SrTiO3 below 44 K, which cannot be ex
plained by the interaction with the ordinary phonon syste
including the soft mode, and the origin of these anoma
remains unclear. This explains partially our interest to t
the elastic behavior of SrTiO3 in the ultra-low-frequency
region.

Another point concerns the different behavior of the el
tic constants in the tetragonal phase of SrTiO3 reported by
various authors. The temperature dependences of the el
constants of SrTiO3 were studied with ultrasonic~Rehwald9
946 ©2000 The American Physical Society
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Scott and Ledbetter10 Fossumet al.,11 Balashovaet al.12!
resonant~Sorgeet al.13!, vibrating-reed resonant~Neset al.8!
and Brillouin-scattering~Hehlen et al.6! methods. All to-
gether these data yield information about the elastic pro
ties in the kHz–GHz region. The controversial elastic beh
ior observed preferably in the kHz–MHz region is usua
attributed to the uncontrolled domain structure of the sam
used in the experiment. In this paper we consider some
these results in terms of the free-energy expansion of S
et al.3 and present the ultra-low-frequency~Hz region! elas-
tic behavior of SrTiO3 in a wide temperature range includin
the phase transition from cubic to tetragonal phase atTc
5105 K. Our experimental results give clear evidence fo
dominant contribution of domain-wall motion into the ultr
low-frequency elastic properties, which produces a gi
softening. Special attention is paid to the analysis of the n
linear elastic anomalies measured in the quantum parae
tric regime.

The experimental part of this work is based on dynam
mechanical analysis~DMA ! measurements performed dow
to 15 K. Although DMA can be used for the determination
the elastic constants of a crystal, it is different from ultr
sonic methods. First, the frequencies that are applied are
tremely low (0.1–50 Hz) and, second, measurements
ways imply an oscillating external stress on the sample.
wonder the domain structure of the crystal highly depends
and can vary with the direction and the amount of the ex
nal stress. The elastic measurements are supported ther
by the results of optical microscope observation of the
main structure in these crystals.

II. EXPERIMENTAL

In the DMA method the samples are subjected to a gi
static force which is modulated by a dynamic force of chos
amplitude and frequency (f 50.1–50 Hz). The amplitude
Dh and the phase shiftd of the resulting elastic response
a sample are registered via inductive coupling with a reso
tion of 10 nm and 0.10, respectively. The knowledge ofDh
and d allows the determination of the real and imagina
parts of the elastic compliance, which can be used to ca
late the Young’s modulus. Measurements have been
formed by a parallel plate stress~PPS! or three-point bending
~TPB! arrangement~Fig. 1!.

In the PPS mode the applied force produces a homo
neous stress profiles(k50) within the sample leading to a
elastic deformationDh, resulting in a homogeneous Young
modulus Y(k50), where k is the wave vector. Typica
sample dimensions for PPS measurements wereS
50.5 mm2 and h55 mm. In the TPB mode the applie
force leads to an inhomogeneous stress in the sample w
Fourier components(kÞ0) and as a result the Young
modulus or elastic compliance is determined atkÞ0. The
typical sample dimensions for the TPB method wereL
55 mm, b51 mm, andh50.25 mm. The relations be
tween the effective spring constantK measured by DMA-7
and Young’s modulus are determined as14

PPS method:

K5Y~mW !S/h, ~1!
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TPB method:

K5Y~mW !4bS h

L D 3F11
3

2 S h

L D 2 Y~mW !

G~mW nW !
G21

, ~2!

whereb, h, L, andS represent the geometrical parameters
the samples, andG(mW nW ) is the shear modulus. Using bot
methods and combining different measuring geomet
yields a lot of information about the elastic behavior of t
measured crystal. However, since the absolute accurac
such a measurement is usually not better than 20%,
practically impossible to measure all components of a giv
elastic stiffness tensor. The relative accuracy of the DM
method is about 0.2–1% and for this reason we presen
data in the relative form.

The samples were single crystals of SrTiO3. They were
Verneuil grown with an ultrahigh purity of 99.9998 %. Th
main impurities were 3 ppm of Fe and 2 ppm of Ni.

III. LANDAU FREE ENERGY AND ELASTIC ANOMALIES

The Landau expansion of the free energyF of a crystal
with interacting order parameterQ and elastic strainU i can
be divided into three parts: the order-parameter partFQ, the
elastic energyFU , and the interaction energyFQU between
the order parameter and the strain.

The phase transition of SrTiO3 at 105 K is accompanied
by a symmetry reductionPm3̄m→I4/mcm. The transition is
improperly ferroelastic. It is associated with the instability

the soft mode at theR point (1
2 , 1

2 , 1
2 ) of the Brillouin zone.

The active representation for such a nonequitranslatio
phase transition is the three-dimensional representationT1g

of the space groupPm3̄m. The relevant part of the free
energy expansionF can be written as15

F5FQ1FU1FQU, ~3!

FQ5
1

2
a~T2Tc!~q1

21q2
21q3

2!1
1

4
b1~q1

21q2
21q3

2!2

1
1

4
b2~q1

41q2
41q3

4!1
1

6
c~q1

61q2
61q3

6!,

FIG. 1. Typical sample geometries for TPB and PPS methodF
is the force,b is the sample width,L is the span,d is the sample
thickness,S is the base area.
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TABLE I. Free energy coefficients.

C11
0 5C22

0 5C33
0 53.1831011 N m22 B51.2293106 J m23

C12
0 5C13

0 5C23
0 51.0231011 N m22 a15a259.9733107 J m23

A051.953104 J K21 m23 a3521.4133108 J m23

B858.693105 J m23

C51.173106 J m23

Tc5105.6 K
us560.75 K
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FU5
1

2
~C11

0 2C12
0 !~U0

21U t
2!1

1

2
Ca

0Ua
2

1
1

2
C44

0 ~U4
21U5

21U6
2!,

FQU5l1Ua~q1
21q2

21q3
2!1l2@A3U0~q1

22q2
2!

1U t~2q3
22q1

22q2
2!#

1l3~U6q1q21U5q1q31U4q2q3!,

where U05(U12U2)/A2, U t5(2U32U12U2)/A6, Ua

5(U11U21U3)/A3, andCa
05C11

0 12C12
0 . For the sake of

simplicity only one sixth-order term is considered in the e
pansion of the Landau potentialFQ. FU can be reduced to
the simple and often used expression, i.e., (1/2)Ci j

0 UiU j

~whereCi j
0 is the elastic constant tensor in cubic symmetr!.

The symmetry changePm3̄m→I4/mcm requires q1

5q250 and q3
25(a/b* )(Tc2T) with b* 5b11b2

2@8l2
2/(C11

0 2C12
0 )#. We can, therefore, reduce the thre

component order parameter to a scalar (Q5q3).
With these simplifications and taking quantum saturat

into account3 we get the following expression for the fre
energy:

F5
1

2
A0usS coth

us

T
2coth

us

Tc
DQ21

1

4
BQ41

1

6
CQ6

1a1~U11U2!Q21a2U3Q21
1

2 (
i , j 51

3

Ci j
0 UiU j , ~4!

whereus is the Debye temperature andB5b11b2. The new
coupling constantsa1 and a2 are expressed in terms of th
initial constantsl1 andl2 asa15l3 /A322l2 /A6 anda2

5l3 /A314l2 /A6. The first term in Eq.~4! considers the
quantum saturation in the displacive limit.3 Quantum satura-
tion becomes very important in the low-temperature regi
Coupling terms with nondiagonal strain components (U4 ,
U5, andU6) in the expansion~3! represent the contribution
to the shear elastic constantsC44, C55, andC66. Since we
do not analyze the behavior of shear elastic constants
corresponding coupling terms are omitted.

The behavior of the elastic constantsCi j can be derived
using the Slonczewski-Thomas equation16

Ci j 5Ci j
0 2

1

11 ivtQ

]2F

]Ui]Q S ]2F

]Q2D 21
]2F

]Q]U j
, ~5!

which in the static limit (vtQ!1) yields
-

-

n

.

he

Ci j 5Ci j
0 2

2aiaj

~B12C^Q2&!
, ~6!

where

^Q2&5
2B81AB8224CA0us@coth~us/T!2coth~us/Tc!#

2C
~7!

is the equilibrium value of the order parameter. Many of t
coefficients appearing in the free-energy expansion~4! were
determined by Rehwald9 and Saljeet al.3 ~cf. Table I, left
column!.

We have determined all other necessary coefficients fr
the results of dilatometric measurements17 and the data pre-
sented in the left column of Table I, using the followin
relations:

Ui
05Si j

0 aj^Q
2&,

B5B812aiSi j
0 aj , ~8!

whereSi j
0 is the compliance in the cubic system. After eval

ation of all relevant parameters of the free energy we ca
late the elastic constants and compliances as function
temperature. Figures 2 and 3 present the results of these
culations in comparison with published experimental d
~Rehwald9; Neset al.8; Scott and Ledbetter10!.

Equation~6! predicts a negative jump forC12 and a posi-
tive one forC13. It contains only positive parameters exce
ai andaj . Sincea15a2.0 anda3,0 ~cf. Table I!, we can
conclude that the second term will be positive, provided t
i 51,2 and j 53 or vice versa, i.e., forC135C235C31
5C32. C12, by comparison, will show a negative jump
the phase transition.

The elastic constants and compliances almost quan
tively agree with the experimental data obtained
Rehwald,9 provided that we interchange the two crystall
graphic base vectorsb and c with each other. This implies
the interchange of the elastic constantsC11→C33 and C12
→C13.

Similar considerations apply to the other experimen
data: If we interchange the base vectorsb and c with each
other, we get a better accordance of the measured el
compliances with the calculated ones~Fig. 2!, at least at
temperatures very far belowTc . At temperatures just below
Tc the experimental data differ considerably from one a
other. Rehwald9 and Neset al.8 present a similar jump of the
elastic complianceS11 at Tc , i.e., DS11'0.25S11

0 , which is
close to the jump ofS33 calculated by us. Scott’sS11 by
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contrast appears to change continuously fromS11 ~calc.! at
Tc to S33 ~calc.! at very low temperatures. The abov
mentioned experimental data have been obtained by u
sonic and vibrating-reed resonant methods, i.e., with
quencies in the MHz and kHz region, respectively. Since
measuring conditions are comparable with each other
reason for the differences of the data most likely must
found in the different properties of the crystals. None of t
above-mentioned authors has checked the domain stru
and the domain-wall motions of the crystal that can ha
considerable influence on the elastic behavior. Particula
as we show below, the domain-wall movement can prod
a giant contribution to the elastic anomalies in the ultral
frequency limit. Rehwald,9 whose experimental data agre
pretty well with our calculations, assumes a ‘‘pseudocub
crystal, i.e., a crystal with equal volume portions of the d
main types. In our opinion a more or less single-dom
crystal, with a confusion of two crystallographic axes (b and
c), would be more plausible.

IV. TWIN STRUCTURE IN THE TETRAGONAL PHASE

In the low-temperature tetragonal phase of SrTiO3 there
are three types of orientational domains with two differe
translations each. The domain structure thus contains
roelastic domains and antiphase domains. Our further at
tion will be devoted to the ferroelastic domain walls, sin

FIG. 2. Elastic constants of SrTiO3 crystals measured by Reh
wald ~Ref. 10! and calculated using the free-energy coefficie
presented in Table I.
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only their movement is possible under external stress, cr
ing thus significant contribution to the elastic anomalies.

We have performed temperature-dependent optical mi
scope observations of SrTiO3 crystal plates.18 The domain
structure in SrTiO3 in the bulk of the sample consists o
coarse ferroelastic domains. We found almost no memor
the domain patterns under repeated heating and coo
through the transition point. The most common structu
were arrays of parallel domain walls leading to the format
of needle domains near to the crystal surface. The dom
walls showed no temperature dependence between 8 K,T
,103.4 K~see Fig. 4!. At the temperature between 103.4
and Tc the contrast between the birefringence of two ad
cent domains is too weak to allow the visual observation
the domain walls.

V. DYNAMIC MECHANICAL ANALYSIS

The temperature dependences of the relative Youn
modulus Y[100]

r [Y[100](T)/Y[100] ~130 K! obtained by the
TPB and PPS methods are presented in Fig. 5. In this c
the changes of the Young’s modulusY[100]

r (T) are associated
with the temperature behavior of the relative elastic com
anceS11

r (Y[100][1/S11
r ).

Both methods show practically the same qualitative
havior of Y[100]

r (T) in the low-temperature phase, althoug

s

FIG. 3. Elastic compliances of SrTiO3 crystals measured by
Rehwald~Ref. 10!, Nes et al. ~Ref. 9!, Scott and Ledbetter~Ref.
11! and calculated using the free-energy coefficients presente
Table I.
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950 PRB 61A. V. KITYK et al.
some quantitative difference is observed. Nevertheless,
relative changes of Young’s modulus obtained by both th
methods exceed the anomalies expected from the phen
enological theory and those obtained in high-frequen
measurements8–10 by almost an order of magnitude. More
over, the same qualitative and quantative changes take p
also for the Young’s modulus along the directions@110# and
@112# measured by the TPB method. The temperature dep
dences of the relative Young’s modulusY[112]

r (T) are pre-
sented in Fig. 6 for two fixed frequencies of 10 and 45 H

It is immediately obvious that the elastic behavior alo
this direction has nearly the same character as for the@100#
direction and is practically frequency independent in
range 5–50 Hz. It should be stressed that weak anomalie
the real part and more pronounced anomalies in the im
nary part of the Young’s modulusY[100]

r (T) appear also in
the TPB geometry in the low-temperature region~between
about 25 and 45 K!. They will be considered in more deta
in the next section. The giant anomalous softening, wh
appears immediately belowTc , can easily be suppressed b
external static stress~dc component of stress! applied in the

FIG. 4. The photomicrographs on the left show a twinned a
of SrTiO3 at different temperature increments. Each image
550 mm wide. Some surface scratching is also visible. The int
sity profiles extracted from these images are displayed on the
side. From Ref. 18.
he
e
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y

ce

n-
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e
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h

same geometry as the measuring ac component of s
~Fig. 7!.

In the case of very high values of static stressY[112]
r (T)

displays nearly monodomain behavior. The magnitude of
jump at Tc of 6–8% is close to the one which has be
obtained from our numerical estimations and is also close
the high-frequency elastic constants data.8–10 The particular
influence of external stress on the elastic behavior belowTc
confirms the idea of domain-wall contributions to the to
elasticity. An important observation was that by releasing
static stress at any temperature in the tetragonal phase
initial value ~for multidomain structure! of the Young’sa

s
-
ht

FIG. 5. Temperature dependence of the relative Young’s mo
lus Y[100]

r of SrTiO3 crystals measured by PPS and TPB method
f 510 Hz.

FIG. 6. Temperature dependence of the relative Young’s mo
lus Y[112]

r of SrTiO3 crystals measured by the TPB method atf
510 and 45 Hz.
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modulus was recovered. The domain formation in SrTiO3 is
rather stable with respect to the applied stress. In this se
the domain structure behaves quite similarly to a soli
structure of improper incommensurate ferroelastics.19 Due to
the anomalous giant elastic softening in the tetragonal ph
of SrTiO3 this state can be characterized as a superela
one. To calculate the domain-wall contribution to the elas
behavior let us consider a simplified configuration of t
domain structure containing a sequence of only two type
domains: with ac and ca orientation, respectively@Fig.
8~a!#. Such a sequence indeed forms the twin structure
SrTiO3. The profile of periodic longitudinal strains along
chosenX direction (U[Uxx) is shown in Fig. 8~b!.

The amplitude of the modulation isU05(Uc2Ua)/2.
Under an applied stresss5ss1ds (ss and ds are the
static and oscillating parts, respectively!, the width x1 of
domains withU(1) enlarges, whereas the widthx2 with
U(2) shrinks@Fig. 8~b!#; x11x252xo corresponds to the
new periodicity of the domain structure. We assume thax0
is a function of the static stressss only and does not depen
on the oscillating part of the stressds @i.e., (]x1 /]s)x0

5

2(]x2 /]s)x0
#, which is obviously valid for small ampli-

tudes of dynamical stress. The macroscopic strain of the
tem due to the domain wall shift is

DU5
U0~x12x2!

x11x2
5

U0

x0
Dx, ~9!

whereDx is the domain-wall shift under dynamical stres
Thus the contribution to the compliance due to the doma
wall movement can be determined as

DSD5
U0

x0

Dx

Ds
, ~10!

where according to Eq.~8! U0}^Q2&. Here the ratioDs/Dx
is proportional to the effective spring constantkD of in-

FIG. 7. Temperature dependence of the relative Young’s mo
lus Y[112]

r of SrTiO3 crystals measured with different static loa
Fs(ss}Fs) by the TPB method (f 511 Hz, crystal size: 6.731.5
30.44 mm3).
se
n

se
tic
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of
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s-
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terkink interaction andx0 is the interkink distance. In the
previous section we concluded already that the interw
distancex0 remains nearly constant in the whole range of t
tetragonal phase. We have fitted our experimental results
cording to equationY[100]

r 5(11DSLK
r 1DSD

r )21, where
DSLK

r and DSD
r are the relative contributions due to the r

laxational LK mechanism and domain-wall moveme
mechanism, respectively~Fig. 9!.

One obtains excellent agreement between the experim
tal and the calculated values ofY[100]

r .The parameter
Dx/x0Ds turned out to be independent of temperature. T
is in agreement with the observation that the domain str
ture remains unchanged in the whole tetragonal phase.
important to note that no domain freezing~hardening of the
Young’s modulus! was detected down to 15 K.

At the end of this section we make some remarks c
cerning the quantitative difference in the Young’s modu
measured by the PPS and TPB methods. We explain it by
different character of strain distribution inside the samp
which indeed takes place in both of these methods. Rem
ber that in the case of the PPS method the strain is ne
homogeneous over almost all volumes of the samp
whereas for the TPB method it is strongly inhomogeneo
This results in differences in the character of the doma
wall movement, which schematically for a simple on
dimensional domain sequence is shown in Fig. 10.

One observes that in PPS geometry only parallel shifts
domain walls occur@Fig. 10~b!#, whereas in the TPB mode
twin boundaries tilt in opposite directions under an appl
load @Fig. 10~c!#. No doubt that in both cases the effectiv
spring constantkD is different, which most likely is the rea
son for the quantitative difference in the magnitudes of
Young modulus determined by the PPS and TPB metho

u-

FIG. 8. ~a! Schematic representation of the sequence of
roelastic domain walls in the low-temperature tetragonal phas
SrTiO3, ~b! distortion of the domain structure under external stre
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respectively. In a special case such a difference is strik
particularly, if the compression occurs along the crysta
graphic@111# direction ~Fig. 11!.

One observes that the anomalous change of the You
modulusY[111] measured by the PPS method is nearly fi

FIG. 9. Temperature dependence of the relative Young’s mo
lus Y[100]

r ~TPB and PPS methods! measured and calculated accor
ing to Eqs.~8! and ~12! ~see text!.

FIG. 10. ~a! Schematic representation of the sequence of
roelastic domain walls in the low-temperature tetragonal phas
SrTiO3 for two different types of their distortion:~b! under homo-
geneous stress~PPS mode! and ~c! in the presence of the bendin
~inhomogeneous! deformation~TPB mode!.
g,
-

’s

times smaller in comparison with the one obtained in
TPB geometry. Note that a simple estimation gives in t
direction the value for the LK jump of about 2%, which
below the experimental resolution for the PPS mode. T
experimental fact is an excellent confirmation for the diffe
ent types of domain-wall movements which must occur
both of these methods. In the PPS mode the homogen
stress along the@111# direction is not able to move walls a
all, since it does not prefer any of the existing three types
domain orientations. In this case we can say that the dom
wall contribution is suppressed ‘‘geometrically.’’ Contrar
in the TPB mode the inhomogeneous stress having both
gitudinal and shear components still produces consider
domain-wall movement which results in the superelastic
of SrTiO3.

VI. LOW-TEMPERATURE ELASTIC ANOMALIES

In addition to the giant softening, a smaller elas
anomaly was observed in the temperature range of ab
25–45 K. Figure 12 shows the low-temperature part of
relative Young’s modulusY[100]

r (T) obtained by the PPS an
TPB methods. One observes an additional weak soften
only in the TPB geometry. The behavior is reproducible, a
the anomalies in the real part are accompanied by the ano
lies in the imaginary partY[100]9 5Y[100]

r tand ~Fig. 13! in the
same temperature range.

A pronounced decrease inY[100]9 (T) between 25 and 50 K
occurs here additionally to the anomalous peak observe
the region of the cubic-tetragonal phase transition atT
5Tc . No losses have been revealed in the PPS geom
We also have not observed anomalies along two other di

u-

r-
of

FIG. 11. Temperature dependence of the relative Youn
modulusY[111]

r of SrTiO3 crystals measured by the PPS and TP
method atf 510 Hz.
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tions, i.e., parallel to the@111# and @112# directions. In ad-
dition, for TPB geometry we have revealed a strong dep
dence of both real and imaginary parts of the elas
constants on the amplitude of dynamic stress~Figs. 14 and
15!.

FIG. 12. Detailed plots of the temperature dependence of
relative Young’s modulusY[100]

r of SrTiO3 crystals measured by th
PPS and TPB methods (f 511 Hz) in the low-temperature region

FIG. 13. Temperature dependence of the imaginary part of
complex Young’s modulusY[100]

r of SrTiO3 crystals measured by
the TPB method atf 511 Hz.
n-
c

It turns out that at low enough amplitudes of the dynam
load ~less than about 100 mN for a sample with dimensio
L55 mm, b51 mm, h50.27 mm), the elastic anoma
lies do not appear even in the TPB mode. In the PPS m
the magnitudes of stresses are usually one or two orders

e

e

FIG. 14. Temperature dependence of the relative Youn

modulusY[100]
r 8 of SrTiO3 crystals measured by the TPB metho

( f 511 Hz) at different amplitudes of the dynamic loaddF.

FIG. 15. Temperature dependence of the imaginary part of

Young’s modulusY[100]
r 8 of SrTiO3 crystals measured by the TP

method (f 511 Hz) at different amplitudes of the dynamic loa
dF.
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which partially explains why these anomalies are not
served in such a geometry. Another reason for this will
come clear below. The data shown in Figs. 14 and 15 t
represent clear nonlinear elastic behavior.

The high-temperature anomalous peak in the imagin
part is clearly related with the cubic-tetragonal transition a
most probably must be attributed to the interaction~friction!
of ‘‘mobile’’ twin walls with defect and discrete lattice
structure.21

What could be the origin of the observed nonlinear lo
temperature elastic behavior of SrTiO3? Immediately one
can exclude the following mechanisms:

~i! The observed low-temperature anomalies are cle
not related with the adiabatic-isothermal crossover. The c
responding estimations yield extremely small magnitudes
the contributions into the elastic modulus due to the sm
thermal expansivity, especially in the low-temperature
gion.

~ii ! Domain freezing cannot account for the observ
anomalies. The considerable contribution of domain-w
motion to the elastic constant is still observed in the lo
temperature region~see Figs. 5 and 6!.

According to the results of neutron-scatterin
measurements22 SrTiO3 exhibits a rather strong TO-TA cou
pling, which partially can be described by the coupling te
}U j¹kPl , wherePl is the polarization vector, andU j is a
component of the strain tensor. One expects that approac
Tq polarization clusters become increasingly importa
which indeed leads to the extremely high dielectric perm
tivity. Estimations have shown that at low temperatures
cluster polarization̂ P2& is large in SrTiO3.5 The neutron
experiments suggest that QPE clusters render the sy
enormously anharmonic. Brillouin scattering shows that
coupling of strain to polarization is sufficiently nonlinear f
small wave vectors, being mediated by the clust
themselves.22 Naturally, it comes to mind that the nonlinea
elastic behavior is related with the QPE clusters.

Before considering the influence of paraelectric cluster
the nonlinear elastic behavior the following fact must
stressed. In the TPB geometry the external loadF creates a
linear strain gradient inside the sample~Fig. 16!, i.e.,
U [100](z)}s0(z2h/2).

In Fig. 16 the gradient interactions are given for thr
types of orientational domains. Such a strain gradient cre
a perfect homogeneous polarization along the@001# direction
~due to the invariants presented in Fig. 16 for the three ty
of domains!. Therefore, the influence of the strain gradient
equivalent to the action of an external homogeneous ele
field along the @001# direction. In liquid crystals this is
known as the flexoelectric effect.20 It was established that a
electric field has strong influence on the ferroelectric so
mode behavior, i.e.,vTO

2 (T,E)5vTO
2 (T,0)1D(E,T) where

D(E,T)}E2/vTO
4 (T,E).23 Since E}so , then D(E,T)

[D(so ,T). Therefore, the polarization fluctuation
^dPi

2(T)&}kBT/vTO
2 (T,E) ( i 5x,y) are strongly dependen

on the applied electric field, which in our case is equival
to the applied stress. We have calculated the stress, w
appears in the sample in a three-point bending experim
using the relations53FL/bd2.24 With F5Fs1dF(t) and
dF5852470 mN we obtain maximal stresses between 0
and 0.12 GPa. Extremely high magnitudes of the strain
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the sample edges together with small sample thickness
to large values of the induced polarization. Assuming t
P2U2 interactions dominate the elastic constant behavio
SrTiO3 at low temperatures, we obtain

DY* }^dPi
2~T!&}

kBT

vTO
2 1D~s0!/~11 ivt!

. ~11!

Equation ~11! can be reduced to the more suitable Deb
form by introducing the renormalized stress-dependent re
ation timet* 5tvTO

2 /@vTO
2 1D(s0)# leading to

DY* }
kBT

vTO
2

2
kBTD~s0!

vTO
2 @vTO

2 1D~so!#

1

11 ivt*
. ~12!

The first term corresponds to the linear contribution, wher
the second one is a nonlinear relaxation contribution to
elastic modulus. Equation~12! implies that we measure th
polarization fluctuations in the presence of a time-depend
inhomogeneous strain. Physically, it has the following me
ing: if vt* !1 (t* is the life time of the polarization clus
ters! the polarization clusters feel the electric field like
static field and are periodically suppressed under dyna
loading. Forvt* @1 the dynamics of polarization clusters
slow compared to the time-dependent strain gradient, imp
ing that they do not feel the electric field at all. Figure 1
shows the temperature dependences of the real and im
nary parts of the complex modulus calculated according
Eq. ~12!. One obtains a good correspondence to the exp
mental data~Figs. 14 and 15!.

Note that even the shifts of the anomalies with increas
stress are nicely reproduced. The anomalous peak in the
perature dependence of the imaginary part at about 2
appears atvt* 51, i.e., it can be attributed to the freezing
the polarization clusters. Other evidence for polarizat

FIG. 16. Strain gradient leading to the appearance of a ho
geneous polarization along@001# direction in three-point bending
The corresponding linear gradient invariants are presented for t
orientational types of domains.
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clusters in SrTiO3 have been obtained recently from diele
tric loss measurements near 25 and 40 K.25

VII. SUMMARY

Although the temperature dependence of the elastic c
stants of SrTiO3 was measured extensively by various a
thors, there was no clear picture about the elastic behavio
these crystals near the 105 K phase transition. In our opin
the observed discrepancies are due to the occurrence o
roelastic domains appearing belowTc . Using the parameter
determined by Saljeet al.3 for the Landau expansion o
SrTiO3, we have calculated the temperature dependence
the elastic constants. A comparison with the experime
data shows that the high-frequency~MHz region! elastic be-
havior of SrTiO3 can be well described by Landau theo
with terms up to sixth order and the free-energy parame
of Saljeet al.3

FIG. 17. Temperature dependences of the real and the imag
parts of the complex Young’s modulus calculated according to
~12!.
l

t-
n-
-
of
n

er-

of
al

rs

The low-frequency elastic behavior, however, turns ou
be quite different and cannot be described by simple Lan
theory. A giant~superelastic! softening appears in the tetrag
onal phase at low frequencies~Hz region!. It was never ob-
served before in these crystals at higher frequencies~i.e., in
the kHz–GHz region!. To explain it, we have calculated th
elastic response of a crystal containing a number of
roelastic domain walls. The resulting anomaly in the elas
compliance was obtained to be proportional to the sponta
ous strainU0 and inversely proportional to the domain-wa
distancex0 and the domain-wall interactionkD . Fitting our
data with DSD5@U0 /(x0kD)}(x0kD)21 ^Q2&#, we ob-
tained excellent agreement over a large temperature ra
(T515 K to T5Tc). Here the temperature dependence
the order parameterQ was calculated from the free-energ
expansion of Ref. 3 and the fit parameter 1/x0kD turned out
to be temperature independent in the whole tetragonal ph
This is in good agreement with the optical microscope o
servations of the twin structure which revealed no change
the size of domains in the whole region of the tetrago
phase.

We have also detected elastic anomalies in the lo
temperature range between 25 and 45 K at relatively h
amplitudes of the applied dynamic stress. An anomalous
havior has been observed only in the three-point bend
geometry in both real and imaginary parts of the comp
Young’s modulus. No anomalies were observed at su
ciently small amplitudes of the dynamic stress and
parallel-plate geometry. The obtained results thus repre
clear nonlinear elastic behavior in the quantum paraelec
regime. In our opinion the origin of the elastic anomalies
related with polarization clusters which are increasing
large in the quantum paraelectric region. The nonlinear ch
acter of the elastic anomalies appears due to the fact tha
quantum paraelectric clusters are dynamically suppressed
der the action of the applied time dependent strain gradi
which due to the flexoelectric coupling is equivalent to t
action of a time-dependent homogeneous electric field.
low 25 K the dynamical polar clusters appear to be frozen
the time scale of our experimental range of frequencies.
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