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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 Srf@itaxial thin films. The misfit strain-temperature phase diagram of
SrTiO; films is developed taking into account the existence of two coupled instabitint$errodistortive and
ferroelectrig in this crystal. It is shown that SrTiCfilms remain paraelectric down to 0 K only in a narrow
range of small negative misfit strains betwee@x 102 and —2.2x 10~ *. Outside this “paraelectric gap,”
the 2D clamping and straining of the film by the substrate leads to the appearance of ferroelectricity in SrTiO
films. The temperature of the ferroelectric transition increases rapidly outside the aforementioned misfit strain
range.

SITiO; is a classical example of a system with two structural order parameter in Sri®® It is also clear that
coupled instabilities—“structural” and ferroelectricin a  the interaction between the polarization and structural order
mechanically free state, bulk SrTj@rystals undergo a cubic parameter is renormalized in a clamped film. A difference
to tetragonal antiferrodistortive transition at 105(€rmed  between the sequence and type of the phase transitions in
herein for brevity “structural transition}; which is associ- this material in thin films and bulk form can therefore be
ated with staggered rotations of the Ti6ctahedr&.Despite  expected.

a strong softening of the transverse optic polar mode near 0 The above considerations motivated us to develop a ther-
K, the ferroelectric transition is not observed in pure SETiO modynamic theory of SrTiQepitaxial thin films. In this pa-
crystals® Therefore, this compound is regarded as an incipier, we report the misfit strain-temperature phase diagram of
ent ferroelectric. Recently Yamanakaal’ showed that the (001)-oriented single-domain SrTiCfilms grown on cubic
absence of a ferroelectric phase transition in SgTi®Onot  substrates. It is found that, except for a narrow range of small
entirely due to quantum fluctuations but is in fact caused byiegative misfit strains, the ferroelectric phase transition
the preceding antiferrodistortive transformation, which sup-should take place in SrTiOfilms at a finite temperature.
presses ferroelectric instability via the interaction betweerRemarkably, the 2D clamping of a thin film partly removes
the structural order parameter and polarization. It may behe suppression of the ferroelectric transition by the struc-
expected, however, that the situation may change dramattural one. In contrast to the well-known stress-induced ferro-
cally in SrTiO; epitaxial thin films. Indeed, a recent theoret- electricity in SrTiQ,* the predicted phenomenon is charac-
ical analysis of equilibrium states and phase transitions interized by a rich variety of different ferroelectric phases
BaTiO; and PbTiQ epitaxial thin films showed that the two- forming in epitaxial thin films.

dimensional(2D) clamping and straining of the film by a For bulk SrTiQ; single crystals, the thermodynamic de-
thick substrate may alter the type of the stable ferroelectriscription may be developed starting from the power-series
phase with respect to that in a bulk crystal of the same maexpansion of the Helmholtz free-energy densitin terms of
terial. This substrate effect appears through a linear-quadratigolarization components; and order-parameter components
coupling between the lattice strain and polarizatielectros-  q;(i=1,2,3)! The relevant general expression for this ex-
triction). A similar coupling exists between the strain and thepansion reads
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F=ay(P{+P+P3)+ ay(Pi+Py+P3)+ai(PIP;+ PIP3+PIP3) + B1(Q1+ 05+ a3) + S1(di+ a3+ d3)
+ B1A 0505+ 4305+ 0503) + 3C14( ST+ S5+ S5) + €1 $1S,+ $1S5+ $,S5) + 3Cau( S+ i+ SH)
~0u(SIPT+ $P3+ S3P5) ~ g1 Si(P3+ P3) + Sy(P1+ P3) + Sy(Pi+ P2) ]~ 0au( S4P2P 3+ SsP1Pa+ SsP1Py)
~A11(S105 + S205+ S303) — N1 S1(a5+A3) + Sp(a7+a3) + S3(Af+05)]— Naa( S40203+ Ssd1da+ Sed102)
—t1a(Pia3 + P3a5+ P303) — tid PE(a5+a3) + P5(ai+a3) + P3(ai+03) ]~ ta P1P20102+ P1 P01 03+ P2P30,0a),

D
|
whereS, (n=1,2,...,6 in the Voigt matrix notatiorare the X - B ‘s
lattice strains counted from the prototypic cubic statgare F= C—ll(011+ C11C12— 2C1) S+ a7 (P1+P3) +a3 P
the elastic stiffnesses at constant polarization and order pa-
rameter,g,, are the electrostrictive constants,; describe + ok (PT+ PY) + adP3+ af,PiP3
the linear-quadratic coupling between the strain and struc- U P N P S . 2
tural order parameter, artg, define the interaction between +ai(Pi+Po)P3+ BT (dr+02) + 5503
the polarization and order parameter under constant strain. It + B0+ gd) + BEUA+ BLA2Q5+ B3+ 02) 03
should be noted that in E@l) q; are set equal to the linear
oxygen displacements, which correspond to simultaneous ro- —t7( Prfqrer P%q%) —t§3P§q§—t’{2( P§q§+ P%qi)
tation of oxygen octahedra around one of their fourfold sym-
metry axe$ —ti(PI+P2)a5+t5,P5(ai+05) — taP1P20:0,
For epitaxial thin films, a special form of the thermody- —t5,(P1P30103+ P2P30,03), )

namic potential in general must be used to find equilibrium . _ o _
thermodynamic states of a filfiThis modified potential may ~Where the renormalized expansion coefficients are given by
be derived via the Legendre transformationFofas F=F

- 8303.— 8404—_ 8505_, whereo,, are the mechanical stressgs af=a,—
in the film, defined in the rectangular reference frame with

the x5 axis orthogonal to the film/substrate interface. In the

C12
011+ 91— 2 o 912) S,
11

. . . . . . C

particular case of a single-domain f|Im Wl-th a mgchamgally al=a+2 _12911_912) S,
free upper surfaced;= o,= 05=0), which is considered in C11
this paper, the energy functidh reduces to the Helmholtz 2 5
free energyF. Therefore, we may employ Eq@l) to study k= 912 = e — 9
the thermodynamics of SrTiCepitaxial thin films. We con- T 2¢y T 2¢yy
sider a case of practical interest where the film is placed
between two short-circuited electrodes, so that the micro- . gfz . 011912 924_
scopic electric field in the film is zero and depolarization- 12— d12m o dasT T T T o
field effects should not be taken into account.

The mechanical boundary conditions of the problem must Cio
be used to determine the lattice strains involved in(Ey.In BT =PB1— ( Nt hgp—2 C—an) S

the present case of a single-crystalli@®1) film epitaxially

grown on a cubiq002)-oriented substrate, the film in-plane

strainsS; and S, should be equal to the misfit'straﬁipn in BE=pB+2
the heterostructure, whereas the shear stnmust be

zero® The remaining three strain componerf,s, S,, and

C_12)\ —\ Sm ,3*:,8 _)\_52
Cy 11 12 ) 11 11 2C11,

2 2

S5, can be found from the relationgF/dS;=dF/dS, BE=Bii— Ay BE=Bip— )‘_12
= 9F/9Sg=0, which follow from the boundary condition 8P 2cy, P12z ¢y
o3=0,=05=0 on the upper surface of the film. As a result,
the free energyr can be reduced to a function of the misfit . NN 12 )\fm o 1o\ 12
strainS,,,, temperaturdl, polarizationP;, and order param- Bis= P12~ Ciy N I 1=ttt Cy
eterq; . It should be recalled that the misfit strep,, which
is the main parameter of the epitaxial system, can be calcu- g1\ g1\ g1\
lated asS,,=(b* —ag)/b* from the effective lattice param-  t3;=tqy;+ 1(:1_11 t,=tio+ 22—12 tis=tiot lcz ll,
eterb* of the substrate and the equivalent cubic cell constant 1 1 u
a, of the free-standing film. gih Guh

i i 1 - 11v12 441\ 44

Performing the necessary calculations, we obtain the fol th =ty + o =ty t _ 3

lowing expression for the energy functiéi(P; ,q; ,S,,,T): Caa
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TABLE I. Nonzero components of the polarizatiBhand the structural order parametgin different
stable phases forming in SrTi@pitaxial thin films grown on cubic substrates.

Phase HT ST SO FTI FTH FOI FOIl FOllI
P Py Ps P, (or P,) P, (or Py) P, (or Py)
q U3 g, (ordp) ds g, (or gy) ds

It can be seen that, as a result of the “substrate-induced’P5, which is favored ag,,<0, is suppressed in the presence
renormalization, the second-order coefficieats and B; of the nonzero order parametgs because the renormalized
become linearly dependent on the misfit str&jp, whereas coupling constant}; is negativein an epitaxial film. The
those of fourth order simply change values. situation here is similar to that in a free bulk crystal, where

Using Egs.(2) and (3), we have calculated the misfit the coupling coefficients; andt{, under constant stress are
strain-temperature phase diagram of single-domain SrTiOnegative® In contrast, the renormalized constati{sandt?,
epitaxial films. The material parameters involved in thesegre positive in a 2D-clamped film, which explains the pres-
equations were taken from Refs. 1, 4, 7, and 8 and assumeghce of the ferroelectric transition at zero misfit strain and in
to be temperature independéngxcept for the dielectric the vicinity of this point 6,,>—2.2x 10" %). Indeed, in the
stiffness @y and the inverse order-parameter susceptibilityrOll and FOIIl phases the polarization develops along direc-
B1. Temperature dependences ®f and 3, at T<105K  tjons orthogonal to the order parametsee Table) so that
were extracted from the experimental data on temperaturghe discussed interaction promotes ferroelectricity in this
variations of the frequencies of the polar soft mddasd  case(t should be noted that the coupling betwe®andq is
that of the order-parameter magnitudeespectively. In or-  relatively weak so that it does not induce new phase states
der to describe in a unified manner the “quantum saturaand only slightly shifts the transition lines in Fig. 1, except
tion” of «; andB; at T—0K and their Curie-Weiss-type for the ST/FTII line)

behavior at high temperatures, the dependencgS) and The above results again demonstrate that the actual me-
Ba(T) were fitted by the Barrett formutaand then extrapo-  chanical substrate effect on equilibrium states and phase
lated to higher temperaturés. transitions in thin films may be much more complex than

By calculating all of the minima oF (P;,q;,Sy,,T) with  predicted in earlier theoretical studi€s®where it was sup-
respect to the components of the polarization and structurgdosed that the substrate-induced stresses simply shift the
order parameter and then selecting the most energeticallyansition temperature and change the value of the order pa-
favorable phase, we determined equilibrium single-domaitameter.
thermodynamic states of SrTiGilms under various strain- Consider now the instability of the high-temperature
temperature conditions. It was found that, besides the highphase in SrTiQfilms. The temperatur&, of this instability
temperature tetragond@HT) phase being the distorted proto- varies nonmonotonically with the misfit strain, reaching a
typic cubic phase, only the states with the polarizatn minimum value ofT,=105K atS,,=0 (Fig. 1). The depen-
and/or the order parametgrdirected along the edges of the denceT,(S,,) here is similar to that in BaTiQand PbTiQ
prototypic cubic cell may be stable in these films. They in-fiims® but appears to be more complex because of the com-
clude purely “structural” tetragonal and orthorhombic statespetition between two instabilities—ferroelectric and struc-
(denoted as ST and SO belpvpurely ferroelectric tetrago- tural. At the transition lines, which limit the stability range of
nal and orthorhombic phase$ Tl and FO), and three
“mixed” states (FTII, FOII, and FOII), where bothP andq
differ from zero(see Table | for detai)s The phase diagram
showing the stability ranges of these states in presented in
Fig. 1. 200

The most remarkable feature of the calculated diagram is
the presence of two wide misfit strain-temperature ranges in
which SrTiO; becomes a true ferroelectric. This phenom- 0

T(K)|
300

100

enon is due to the coupling between the polarization and @ 103 Misfit Strain 5,

strain (electrostriction, which promotes the formation of a K

ferroelectric phase with an out-of-plane orientation of polar-

ization in films grown on “compressive” substrate$,( 80

<0) and that with the in-plane polarization direction in the

case of “tensile” substratesS[,>0). The “paraelectric 4

gap,” which separates the stability ranges of the aforemen-

tioned ferroelectric states, narrows rapidly with decreasing 053 0 02

temperature and below about 10 K ranges frer@x 103 ®) 103 Misfit Strain Sy,

to —2.2x10 * (see Fig. 1 FIG. 1. Phase diagram ¢001)-oriented single-domain SrTiO

The analysis shows that the existence of the paraelectrigin films epitaxially grown on different cubic substrates and its
gap at temperatures below 30 K is caused by the interactioenlarged section near zero misfit stréb). The second- and first-
between the polarization and the structural order parameteorder phase transitions are shown by thin and thick lines, respec-
The appearance of the out-of-plane polarization componertvely.
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the high-temperature phase, the second-order phase transi- o1 (MPa)

tions take place so that their positions can be easily calcu- 800

lated from the relationg;* =0 (HT/FOI and HT/FTI lineg

and B =0 (HT/SO and HT/ST linesusing Eq.(3). 780
The phase diagram shown in Fig. 1 has two quadruple
points. This contradicts the classical Gibbs rule for one-
component systems, which permits, in this case, only triple
points. It can be shown that, the system considered here rep-

resents an exception to the Gibbs rule. Standard arguments @
leading to this rule may not work in the case where lines of o (MPa) .
second-ordeiphase transitions meet at a quadruple point. It 740 v
is seen that it is exactly the case: the quadruple points ! I
shown in Fig. 1 are formed by lines of second-order phase 700 ! E
transitions. {
The HT/FTI and ST/FTI phase transitions should manifest c60 50 !
themselves in a Curie-Weiss-type dielectric anomaly, which o

can be observed in a conventional plate-capacitor setup, 0 100 200

where the measuring electric figilis orthogonal to the film ® Temperature T (K)

surfaces E;=E,=0, E;#0). On the contrary, at the HT/ FIG. 2._Temper_ature_dependgnc_es of the intenjal stressés _
FOI, SO/FOII, and ST/FOIll transition lines the temperatureando (b) in a SITIG, epitaxial thin film calculated in the approxi-
dependence of the dielectric constans experiences only a Mation of a constant misfit straif,=2>10"". The phase se-
change of slope because the electric field does not interafp/€Nce ISHT—SO (qz#0)—FOIl (P,#0, q,#0). Note the

with the in-plane component8; and P, of polarization%6 in-plane anisotropy of the stress field in a single-crystalline film.

These transitions, however, as well as the HT/ST and HT/SQssymed to be homogeneous in the film. Thus, the obtained
structural transformations, may have pronounced manifestgagy|t may not be applicable for a description of inhomoge-
tions in the temperature dependence of the internal stress@gous(polydomain or heterophasstates of the films, where

oy ando, developing in the film. To illustrate this proposi- domain-induced stress release is possible. However, the
tion, we plotted in Fig. 2 the dependencegT) calculated  sjngle-domain states determined in the paper can be used as
at a representative valug,=2x10"° of the misfit strain, 4 starting point for the analysis of the inhomogeneous states.
which was assumed to be temperature indepenfiéné de-  On the other hand, under certain conditions, the effectively
pendenceSy(T) becomes very weak at low temperaturessingle-domain states of film®.g., where the domain period
because of the weakness of the thermal expansion of thg much greater that the film thicknésare energetically fa-
substrate and flllfh It can be seen that phase transitions invorab|e and experimenta”y observed. For examp|e’ as fol-
SrTiG; thin films may be revealed experimentally by mea-|ows from the general analysis of domain formation in ferro-
suring the internal stresses. electric and ferroelastic heterostructfe? in films grown

We have found that the 2D clamping and straining of theon compressive substrateS,(<0), polydomain states are
film by the substrate may explain the observed drastic differtess energetically favorable than single-domain ones. In
ence between the dielectric response of SETHn films'™"'®  gther cases, the domain formation may be suppressed by
and that of a bulk crysté at temperatures ne@ K (~10°  rapid cooling through the transition temperature range, as
instead of 2.5 10%). Indeed, by calculating the film dielec- demonstrated experimentally by Rameshal?? In these
tric susceptibility y33= 9°F/9P3 from Egs.(2) and (3) and  cases, the results of the present paper can be directly applied.
using the phase diagram given in Fig. 1, it can be shown that To summarize, the thermodynamic theory predicts the ap-
the theoretical permittivitys35(T=0 K) becomes equal to pearance of strain-induced ferroelectricity in epitaxial
the experimental value @f;3=1300 for a SrTiQ film grown  SrTiO; thin films and demonstrates that their physical prop-
on a LaAlQ; substrat® at a reasonable misfit straB,~3  erties may differ drastically from those of bulk SrTi@rys-
X103, tals due to the mechanical film/substrate interaction.
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