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A Landau-Ginsburg-Devonshire-type theory is used to describe the mechanical substrate effect on equilib-
rium states and phase transitions in SrTiO3 epitaxial thin films. The misfit strain-temperature phase diagram of
SrTiO3 films is developed taking into account the existence of two coupled instabilities~antiferrodistortive and
ferroelectric! in this crystal. It is shown that SrTiO3 films remain paraelectric down to 0 K only in a narrow
range of small negative misfit strains between2231023 and22.231024. Outside this ‘‘paraelectric gap,’’
the 2D clamping and straining of the film by the substrate leads to the appearance of ferroelectricity in SrTiO3

films. The temperature of the ferroelectric transition increases rapidly outside the aforementioned misfit strain
range.
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SrTiO3 is a classical example of a system with tw
coupled instabilities—‘‘structural’’ and ferroelectric.1 In a
mechanically free state, bulk SrTiO3 crystals undergo a cubi
to tetragonal antiferrodistortive transition at 105 K~termed
herein for brevity ‘‘structural transition’’!, which is associ-
ated with staggered rotations of the TiO5 octahedra.2 Despite
a strong softening of the transverse optic polar mode ne
K, the ferroelectric transition is not observed in pure SrTi3

crystals.3 Therefore, this compound is regarded as an inc
ent ferroelectric. Recently Yamanakaet al.4 showed that the
absence of a ferroelectric phase transition in SrTiO3 is not
entirely due to quantum fluctuations but is in fact caused
the preceding antiferrodistortive transformation, which su
presses ferroelectric instability via the interaction betwe
the structural order parameter and polarization. It may
expected, however, that the situation may change dram
cally in SrTiO3 epitaxial thin films. Indeed, a recent theore
ical analysis5 of equilibrium states and phase transitions
BaTiO3 and PbTiO3 epitaxial thin films showed that the two
dimensional~2D! clamping and straining of the film by
thick substrate may alter the type of the stable ferroelec
phase with respect to that in a bulk crystal of the same
terial. This substrate effect appears through a linear-quad
coupling between the lattice strain and polarization~electros-
triction!. A similar coupling exists between the strain and t
PRB 610163-1829/2000/61~2!/825~5!/$15.00
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structural order parameter in SrTiO3.
1,6 It is also clear that

the interaction between the polarization and structural or
parameter is renormalized in a clamped film. A differen
between the sequence and type of the phase transition
this material in thin films and bulk form can therefore b
expected.

The above considerations motivated us to develop a t
modynamic theory of SrTiO3 epitaxial thin films. In this pa-
per, we report the misfit strain-temperature phase diagram
~001!-oriented single-domain SrTiO3 films grown on cubic
substrates. It is found that, except for a narrow range of sm
negative misfit strains, the ferroelectric phase transit
should take place in SrTiO3 films at a finite temperature
Remarkably, the 2D clamping of a thin film partly remov
the suppression of the ferroelectric transition by the str
tural one. In contrast to the well-known stress-induced fer
electricity in SrTiO3,

1 the predicted phenomenon is chara
terized by a rich variety of different ferroelectric phas
forming in epitaxial thin films.

For bulk SrTiO3 single crystals, the thermodynamic d
scription may be developed starting from the power-se
expansion of the Helmholtz free-energy densityF in terms of
polarization componentsPi and order-parameter componen
qi( i 51,2,3).1 The relevant general expression for this e
pansion reads
R825 ©2000 The American Physical Society
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whereSn ~n51,2,...,6 in the Voigt matrix notation! are the
lattice strains counted from the prototypic cubic state,cnl are
the elastic stiffnesses at constant polarization and order
rameter,gnl are the electrostrictive constants,lnl describe
the linear-quadratic coupling between the strain and st
tural order parameter, andtnl define the interaction betwee
the polarization and order parameter under constant stra
should be noted that in Eq.~1! qi are set equal to the linea
oxygen displacements, which correspond to simultaneous
tation of oxygen octahedra around one of their fourfold sy
metry axes.6

For epitaxial thin films, a special form of the thermod
namic potential in general must be used to find equilibri
thermodynamic states of a film.5 This modified potential may

be derived via the Legendre transformation ofF as F̃5F
2S3s32S4s42S5s5 , wheresn are the mechanical stress
in the film, defined in the rectangular reference frame w
the x3 axis orthogonal to the film/substrate interface. In t
particular case of a single-domain film with a mechanica
free upper surface (s35s45s550), which is considered in

this paper, the energy functionF̃ reduces to the Helmholtz
free energyF. Therefore, we may employ Eq.~1! to study
the thermodynamics of SrTiO3 epitaxial thin films. We con-
sider a case of practical interest where the film is pla
between two short-circuited electrodes, so that the mic
scopic electric field in the film is zero and depolarizatio
field effects should not be taken into account.

The mechanical boundary conditions of the problem m
be used to determine the lattice strains involved in Eq.~1!. In
the present case of a single-crystalline~001! film epitaxially
grown on a cubic~001!-oriented substrate, the film in-plan
strainsS1 and S2 should be equal to the misfit strainSm in
the heterostructure, whereas the shear strainS6 must be
zero.5 The remaining three strain components,S3 , S4 , and
S5 , can be found from the relations]F/]S35]F/]S4

5]F/]S550, which follow from the boundary condition
s35s45s550 on the upper surface of the film. As a resu
the free energyF can be reduced to a function of the mis
strainSm , temperatureT, polarizationPi , and order param-
eterqi . It should be recalled that the misfit strainSm , which
is the main parameter of the epitaxial system, can be ca
lated asSm5(b* 2a0)/b* from the effective lattice param
eterb* of the substrate and the equivalent cubic cell cons
a0 of the free-standing film.5

Performing the necessary calculations, we obtain the
lowing expression for the energy functionF(Pi ,qi ,Sm ,T):
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TABLE I. Nonzero components of the polarizationP and the structural order parameterq in different
stable phases forming in SrTiO3 epitaxial thin films grown on cubic substrates.

Phase HT ST SO FTI FTII FOI FOII FOIII

P P3 P3 P1 ~or P2) P1 ~or P2) P1 ~or P2)
q q3 q1 ~or q2) q3 q2 ~or q1) q3
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It can be seen that, as a result of the ‘‘substrate-induc
renormalization, the second-order coefficientsa i* and b i*
become linearly dependent on the misfit strainSm , whereas
those of fourth order simply change values.

Using Eqs.~2! and ~3!, we have calculated the misfi
strain-temperature phase diagram of single-domain SrT3
epitaxial films. The material parameters involved in the
equations were taken from Refs. 1, 4, 7, and 8 and assu
to be temperature independent,9 except for the dielectric
stiffnessa1 and the inverse order-parameter susceptibi
b1 . Temperature dependences ofa1 and b1 at T<105 K
were extracted from the experimental data on tempera
variations of the frequencies of the polar soft modes4 and
that of the order-parameter magnitude,10 respectively. In or-
der to describe in a unified manner the ‘‘quantum satu
tion’’ of a1 and b1 at T→0 K and their Curie-Weiss-type
behavior at high temperatures, the dependencesa1(T) and
b1(T) were fitted by the Barrett formula11 and then extrapo-
lated to higher temperatures.12

By calculating all of the minima ofF(Pi ,qi ,Sm ,T) with
respect to the components of the polarization and struct
order parameter and then selecting the most energetic
favorable phase, we determined equilibrium single-dom
thermodynamic states of SrTiO3 films under various strain
temperature conditions. It was found that, besides the h
temperature tetragonal~HT! phase being the distorted proto
typic cubic phase, only the states with the polarizationP
and/or the order parameterq directed along the edges of th
prototypic cubic cell may be stable in these films. They
clude purely ‘‘structural’’ tetragonal and orthorhombic stat
~denoted as ST and SO below!, purely ferroelectric tetrago
nal and orthorhombic phases~FTI and FOI!, and three
‘‘mixed’’ states ~FTII, FOII, and FOIII!, where bothP andq
differ from zero~see Table I for details!. The phase diagram
showing the stability ranges of these states in presente
Fig. 1.

The most remarkable feature of the calculated diagram
the presence of two wide misfit strain-temperature range
which SrTiO3 becomes a true ferroelectric. This pheno
enon is due to the coupling between the polarization
strain ~electrostriction!, which promotes the formation of
ferroelectric phase with an out-of-plane orientation of pol
ization in films grown on ‘‘compressive’’ substrates (Sm
,0) and that with the in-plane polarization direction in t
case of ‘‘tensile’’ substrates (Sm.0). The ‘‘paraelectric
gap,’’ which separates the stability ranges of the aforem
tioned ferroelectric states, narrows rapidly with decreas
temperature and below about 10 K ranges from2231023

to 22.231024 ~see Fig. 1!.
The analysis shows that the existence of the paraele

gap at temperatures below 30 K is caused by the interac
between the polarization and the structural order parame
The appearance of the out-of-plane polarization compon
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P3 , which is favored atSm,0, is suppressed in the presen
of the nonzero order parameterq3 because the renormalize
coupling constantt33* is negativein an epitaxial film. The
situation here is similar to that in a free bulk crystal, whe
the coupling coefficientst11

s andt12
s under constant stress ar

negative.4 In contrast, the renormalized constantst12* and t13*
are positive in a 2D-clamped film, which explains the pre
ence of the ferroelectric transition at zero misfit strain and
the vicinity of this point (Sm.22.231024). Indeed, in the
FOII and FOIII phases the polarization develops along dir
tions orthogonal to the order parameter~see Table I! so that
the discussed interaction promotes ferroelectricity in t
case.~It should be noted that the coupling betweenP andq is
relatively weak so that it does not induce new phase st
and only slightly shifts the transition lines in Fig. 1, exce
for the ST/FTII line.!

The above results again demonstrate that the actual
chanical substrate effect on equilibrium states and ph
transitions in thin films may be much more complex th
predicted in earlier theoretical studies,13–15where it was sup-
posed that the substrate-induced stresses simply shift
transition temperature and change the value of the order
rameter.

Consider now the instability of the high-temperatu
phase in SrTiO3 films. The temperatureTc of this instability
varies nonmonotonically with the misfit strain, reaching
minimum value ofTc5105 K atSm50 ~Fig. 1!. The depen-
denceTc(Sm) here is similar to that in BaTiO3 and PbTiO3
films5 but appears to be more complex because of the c
petition between two instabilities—ferroelectric and stru
tural. At the transition lines, which limit the stability range o

FIG. 1. Phase diagram of~001!-oriented single-domain SrTiO3
thin films epitaxially grown on different cubic substrates~a! and its
enlarged section near zero misfit strain~b!. The second- and first-
order phase transitions are shown by thin and thick lines, res
tively.
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the high-temperature phase, the second-order phase tra
tions take place so that their positions can be easily cal
lated from the relationsa i* 50 ~HT/FOI and HT/FTI lines!
andb i* 50 ~HT/SO and HT/ST lines! using Eq.~3!.

The phase diagram shown in Fig. 1 has two quadru
points. This contradicts the classical Gibbs rule for on
component systems, which permits, in this case, only trip
points. It can be shown that, the system considered here
resents an exception to the Gibbs rule. Standard argum
leading to this rule may not work in the case where lines
second-orderphase transitions meet at a quadruple point.
is seen that it is exactly the case: the quadruple poi
shown in Fig. 1 are formed by lines of second-order pha
transitions.

The HT/FTI and ST/FTI phase transitions should manife
themselves in a Curie-Weiss-type dielectric anomaly, whi
can be observed in a conventional plate-capacitor set
where the measuring electric fieldE is orthogonal to the film
surfaces (E15E250, E3Þ0). On the contrary, at the HT/
FOI, SO/FOII, and ST/FOIII transition lines the temperatu
dependence of the dielectric constant«33 experiences only a
change of slope because the electric field does not inte
with the in-plane componentsP1 and P2 of polarization.16

These transitions, however, as well as the HT/ST and HT/
structural transformations, may have pronounced manifes
tions in the temperature dependence of the internal stres
s1 ands2 developing in the film. To illustrate this proposi
tion, we plotted in Fig. 2 the dependencess i(T) calculated
at a representative valueSm5231023 of the misfit strain,
which was assumed to be temperature independent.@The de-
pendenceSm(T) becomes very weak at low temperature
because of the weakness of the thermal expansion of
substrate and film#. It can be seen that phase transitions
SrTiO3 thin films may be revealed experimentally by mea
suring the internal stresses.

We have found that the 2D clamping and straining of th
film by the substrate may explain the observed drastic diff
ence between the dielectric response of SrTiO3 thin films17,18

and that of a bulk crystal19 at temperatures near 0 K (;103

instead of 2.53104). Indeed, by calculating the film dielec-
tric susceptibilityx335]2F/]P3

2 from Eqs.~2! and ~3! and
using the phase diagram given in Fig. 1, it can be shown t
the theoretical permittivity«33(T50 K) becomes equal to
the experimental value of«3351300 for a SrTiO3 film grown
on a LaAlO3 substrate20 at a reasonable misfit strainSm'3
31023.

An important issue is the range of applicability of th
results obtained in the paper. Since we considered here o
single-domain states of single crystalline SrTiO3 films, inter-
nal stresses, strains, polarization, and order parameter w
s
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assumed to be homogeneous in the film. Thus, the obta
result may not be applicable for a description of inhomog
neous~polydomain or heterophase! states of the films, where
domain-induced stress release is possible. However,
single-domain states determined in the paper can be use
a starting point for the analysis of the inhomogeneous sta
On the other hand, under certain conditions, the effectiv
single-domain states of films~e.g., where the domain perio
is much greater that the film thickness! are energetically fa-
vorable and experimentally observed. For example, as
lows from the general analysis of domain formation in ferr
electric and ferroelastic heterostructures20,21 in films grown
on compressive substrates (Sm,0), polydomain states are
less energetically favorable than single-domain ones.
other cases, the domain formation may be suppressed
rapid cooling through the transition temperature range,
demonstrated experimentally by Rameshet al.22 In these
cases, the results of the present paper can be directly app

To summarize, the thermodynamic theory predicts the
pearance of strain-induced ferroelectricity in epitax
SrTiO3 thin films and demonstrates that their physical pro
erties may differ drastically from those of bulk SrTiO3 crys-
tals due to the mechanical film/substrate interaction.

The authors thank Professor E. Courtens for giving acc
to Ref. 4 prior to its publication. A.K.T. and N.S. acknow
edge the Swiss National Science Foundation for finan
support.

FIG. 2. Temperature dependences of the internal stressess1 ~a!
ands2 ~b! in a SrTiO3 epitaxial thin film calculated in the approxi
mation of a constant misfit strainSm5231023. The phase se-
quence isHT→SO (q2Þ0)→FOII (P1Þ0, q2Þ0). Note the
in-plane anisotropy of the stress field in a single-crystalline film
-
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