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Phase transitions and domain structures in strained pseudocubic (100) SrTiO; thin films

Y. L. Li,’>* S. Choudhury,' J. H. Haeni,'! M. D. Biegalski,! A. Vasudevarao," A. Sharan,! H. Z. Ma,? J. Levy,’
Venkatraman Gopalan,! S. Trolier-McKinstry,! D. G. Schlom,! Q. X. Jia,? and L. Q. Chen'
'Department of Materials Science and Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802, USA

MST-STC, MS K763, Los Alamos National Lab, Los Alamos, New Mexico 87545, USA
3Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
(Received 4 January 2006; published 12 May 2006)

The mutual interactions between a structural transition and a ferroelectric transition are analyzed for differ-
ent strain states in a pseudocubic (100) SrTiO3 film by examining the equilibrium solutions of the total free
energy as a function of polarization, strain and structural order parameter. The range of possible ferroelectric
transition temperatures and the possible ferroelectric states of a strained SrTiOj film are determined with
respect to the variation in the reported properties of bulk SrTiO5 single crystals. The ferroelectric and structural
domain morphologies at a biaxial tensile strain ¢;=0.94% were predicted using phase-field simulations. It is
shown that variations in the reported values of bulk properties and in the Landau energy coefficients from
different literature sources lead not only to a wide range of possible transition temperatures at a given strain,
but also to different ferroelectric states (e.g., polarization along the pseudocubic (110) vs (100) directions) thus
different domain structures under a biaxial tensile strain. Both optical second harmonic generation and confocal
scanning optical microscopy measurements demonstrate that the domain states in SrTiO; films strained at e
=0.94% and 1.16% exhibit polar directions along the pseudocubic (110) directions within the pseudocubic

(001) plane of the film.
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I. INTRODUCTION

Strontium titanate (SrTiOsz) is known as an incipient
ferroelectric or quantum paraelectric since pure SrTiO; re-
mains paraelectric down to 0 K under stress-free conditions,
but has a ferroelectric instability manifested by large dielec-
tric constants at low temperature.'? It is well established that
SrTiO; undergoes an antiferrodistortive (AFD) phase transi-
tion from cubic to tetragonal symmetry at ~105 K, which is
associated with rotations of the TiO4 octahedra about one of
the cubic axes.>* It has been suggested that the ferroelectric
transition might be suppressed by this preceding AFD phase
transition,””’ in addition to the quantum fluctuations of the
atoms about their centrosymmetric positions,z’8 i.e., the te-
tragonal distortions prevent the ferroelectric transition. It was
proposed that SrTiO; would have a ferroelectric transition
around 30 K if there was no intervening structural tran-
sition.®

Due to its high dielectric constants and low microwave
losses at cryogenic temperatures, SrTiO5 is an ideal candi-
date for electrically tunable microwave devices. For many
applications, thin film structures are required since they can
reduce the operating voltages and are compact. The desire to
maximize dielectric tunability while minimizing dispersion
at microwave frequencies requires that candidate films oper-
ate at temperatures slightly above the ferroelectric transition
temperature 7. In order to increase 7., and thus the operat-
ing temperature, chemical substitution has been employed.
For example, the 7. of Ba,Sr;_,TiOs, a material widely in-
vestigated for these applications, can be chemically tuned
from close to 0 K for nearly pure SrTiO; to 403 K for pure
BaTiO;.° Local structural and compositional inhomogene-
ities can, however, produce nonuniform strains. Nonuniform
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strains may be responsible for polarization variations that
could suppress ferroelectricity due to internal depoling
fields'®!" and the significant inhomogeneous broadening of
the peak in &, vs temperature (7) observed in the vast ma-
jority of ferroelectric thin films,'>!3 which is detrimental to
many applications. An alternative method to enhance T.. is to
uniformly strain a film by utilizing the lattice mismatch be-
tween an epitaxial film and the underlying substrate. Indeed,
it was recently discovered that a strained epitaxial SrTiO;
thin film grown on a dysprosium scandate (DyScOs) sub-
strate is ferroelectric near room temperature, resulting from a
nearly 0.94% tensile in-plane strain.'*!3

Strain-induced enhancement of 7. has been predicted pre-
viously in SrTiO; using thermodynamics'® although the pre-
dicted T, (~204 K) is significantly lower than that deter-
mined experimentally.'* An extensive literature search of the
properties of bulk SrTiO; single crystals reveals significant
variations among measurements made by different groups,
and thus significantly different values for coefficients in a
Landau description for both the structural and ferroelectric
phase transitions. Therefore, one of the purposes of this pa-
per is to examine the effect that differences among the mea-
sured values of relevant physical properties have on the pre-
dicted ferroelectric transition temperatures, as well as on the
ferroelectric states of biaxially strained SrTiOj5 thin films. It
will be shown below that the variation in the materials con-
stants can lead to a wide range of possible ferroelectric tran-
sition temperatures and even different ferroelectric states
with different directions of electric polarization. We will also
describe the interactions between the AFD structural transi-
tion and the ferroelectric transition at different strains. Fi-
nally, we predict the possible domain structures as a result of
both structural and ferroelectric transitions, as well as their
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interactions when a pseudocubic (100) SrTiOj; film is subject
to ~0.94% tensile biaxial strain, corresponding to the case of
a 500-A-thick pseudocubic (100)-oriented SrTiO; film on a
(110)-oriented DyScO; substrate.'*!3 It will be demonstrated
that the variation in the Landau coefficients (due to differ-
ences among measured property values) leads to two pos-
sible ferroelectric states, and thus two types of possible do-
main structures under tensile biaxial strains. Therefore, we
performed both optical second harmonic generation (SHG)
and electro-optic confocal scanning optical microscopy
(CSOM) measurements on pseudocubic (100) SrTiO; films
grown on (110) DyScO; substrates. Analyses of both the
SHG signals and CSOM electro-optic responses showed that
the ferroelectric state is orthorhombic with the polarization
along the pseudocubic (110) directions within the plane of
the pseudocubic (001) SrTiO; film.

II. THERMODYNAMIC DESCRIPTION

To describe a proper ferroelectric transition and an AFD
structural transition, the spontaneous polarization p
=(p,,pa,p3) and the structural order parameter q=(q,,q>,
q3) are chosen as the order parameters. The structural order
parameter represents the linear oxygen displacement that
corresponds to simultaneous out-of-phase rotations of oxy-
gen octahedra around one of their fourfold symmetry axes.'”
Polarization measurements show that the ferroelectric transi-
tion in SrTiO; thin films is of second order,'® and hence a
fourth-order polynomial in the components of the polariza-
tion and of the oxygen displacement is employed'®!*? in the
stress-free Landau free energy expansion, i.e.,

SourPiq) = Aypipj + AjjiaP i ;i1 + Bijq:9; + Bijud:i9:9x4:
+ CijulP P 91415 (1)

where i, j=1,2,3; A;j, Bjju, and Cjj are constant, and A;;
and B;; are functions of temperature. It should be emphasized
that all the coefficients in Eq. (1) are measured under stress-
free conditions. In this paper, we follow the usual Einstein
summation convention, i.e., the repeated indices in a given
term imply summation over them. In Eq. (1), only the terms
allowed by the cubic symmetry of the SrTiO; crystal are
nonzero, i.e.

Jou= al(l’% +P% +P§) + all(péll +P3 +P§) + a’lZ(P%P% + P%P%
+P§P%) + Bl(‘ﬁ + 42 + 613) + ,311(41 + 42 + ‘13)
+ Bl 415 + a3 + 3 — 11 (P + Pads + P3a3)
- flz[P%(‘h + CI3) +P2(‘Il + ‘13) +Dp3 (fh + ‘12)]
— 144(P1P29192 + P2P39293 + P3P19391) » (2)

where a;;, B;;, and 7;; are assumed to be constants and a; and
B depend on temperature.

If a single crystal is strained, there is an elastic energy
contribution to the total free energy. Using linear elasticity,
the elastic energy density is

SetasticPisqi» gij

where c;j, is the elastic stiffness tensor, e;;=¢;

1 1 0 0
= 72Cijki€ij€r = Ecijkl(sij - 8ij)(8kl - 8k1)’ (3)

0 . .
ij—€;; 1s elastic
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strain, &;; is the strain state compared to the parent cubic
paraelectrlc phase, and &’ ij 1s the stress-free strain or the
transformation strain as a result of the structural and/or ferro-
electric transitions

S?j = Qi1+ Nijudids» (4)

in which Q;;; and A, represent, respectively, the electro-
strictive coefficient and the linear-quadratic coupling coeffi-
cient between the strain and the structural order parameter.

Now consider a (100),-oriented StTiO5 thin film with a
stress-free surface that is subject to a biaxial substrate con-
straint, where the subscript p refers to the pseudocubic Miller
index. A rectangular coordinate system, x=(x;,x,,X3), is set
up with the x;, x,, and x; axes along the [100],, [010],, and
[001], crystallographic directions of the cubic SrTiO; film.
The macro substrate constraint is then described by the av-
erage biaxial strain e, i.e., £;1=€xn=¢(, £1,=0. Although the
average biaxial strains need not be equal along the two in-
plane directions of the film [and for SrTiO5; grown on (110)
DyScOs, g, differs slightly from &,], in this paper we limit
our analysis to the case where £,;,=&,,. If a single-domain
state is assumed, i.e., the polarization and the structural order
parameter are uniform throughout the entire film, the stress
and strain fields are homogeneous in the film as well. There-
fore

E11=Exp=¢€, 812=0. (5)

To satisfy the stress-free surface boundary condition, the
other three strain components must satisfy

Oi3= afelastic/&eﬁ = 0’ (6)

where i=1, 2, and 3. Solving Eq. (6) by considering cubic
symmetry, we have

£13= QupiP3+ Aauq1q3,  823= Quapaps + Aauqoqs,

2, 2 2 2, 2 2
e33=1812(p1 +P3) + g1P3 + Malqi + ¢3) + M1g;

= 2¢ppeplleny, (7)
where gy =c1011+2¢012,  g12=c11Qn+cn(Q11+0n),
Ni=cpA+2epA 1, Np=cAptep(A+Ay,), and the
c;j» Qjj» and A;; tensor components are in Voigt’s notations of
Cijks Qijui» and Ay, respectively. Substituting all the strain
components in Egs. (5) and (7) into the elastic energy ex-

pression in Eq. (3), we have the equilibrium elastic strain
energy of the pseudocubic film under a biaxial strain, e,

Fliasiic =Ml (p] + p3) + Adbps + Add] (p] + p3) + Acyps
+Aaf,pips + Adly(pip3 + pip3) + ABI(aT + 43)
+ AB’;% + Aﬁu(‘h + 612) + Aﬁéﬂ:«s + Aﬁlz%%
+ABL(93q5 + 4ia3) — Y (Pt + pags) — Adsapigs

_Aflz(Pﬂz"'qul) At 3(17%"‘17%)‘13_

1
2 2
+q3) - Atzf14P1P241612+ P (ctp+ e =
1

;3 1P3(q 1
26‘%2)63,

(8)
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where the superscript f indicates the film, A means the changes of the corresponding coefficients in Eq. (2) due to the elastic

interaction, and

Ad=— (cry—c)leg+2¢1p)(Q) + Q12)e

11

Aol =— 2(cyy —cpp)leyy +2€12)lee
(SF

0>

Aol (e —e)en(@i1+ 010)* +cii(Q7,+01)
1=

2C11

Aa§3= (c11=cp)ley +2012)Q%2’
11

i

2 2 2 2 2 2
Aol 211011912 = ¢p(Q11 + Q12)” + c11¢12(07 + O1p) +2¢11644004
2= ;

11

Ao, = (c11 = cp)eq +2¢12)012(01 + 010) |

ABl=

a (cyy=cp)ey +2epp)(Ay +A1z)e

(S1

Aﬁ{1=

(c11 = c)ep(Ay +A12)2 + Cll(A%l + A%z)

11

2(cy = ey +2c1)App
A,B{;:— - e
1

0>

_ (e =cp)ley + 2012)—/\%2

2C11

’ Aﬁé:ﬁ - s

11

2 2 2 2 2 2
2cT A A = (A + A )™+ cqepp(Af + AT +2¢y1c44A Yy

Aﬁ'fz = )

11

—cp)(ep +2c)A (A +Ap)

11

A[E’I3= (011

A

S (cr1=cn)len(@n+ Q)AL +Ap) + (1A + @A)
1= ’

11

Arly=~

2(cyy = cpp)ey +2¢12) Q1A

11

B (c11=cle1n(Q11 + 0 (A + App) +¢11(01pA 1 + O11A )]

11

(cr—c)ler +2¢) (@11 + Q1) A, A
- » Al =

C1

_ (e =c)ley +2¢) (A + A )0y,
11 ’

Athy =—4c4404 4y

The sum of the bulk Landau free energy and the film
elastic energy, f=fpu+ i gives the total free energy of a
(100) ,-oriented SrTiO; film subject to a uniform biaxial con-
straint, e,. This free energy will be employed below to ana-
lyze the phase transitions and their interactions. It should be
noted that the free energy is obtained under the assumptions:
(1) the film consists of a single domain, i.e., the domain wall
energy is not included, (2) the thickness of the film is much

smaller than its underlying substrate so the constraint on the
film from the substrate can be described by the biaxial strain
eq, and (3) a short-circuit electric surface boundary condition
is employed so that the dipole-dipole interaction and the de-
polarization effect are ignored. It is easy to see that the in-
troduction of elastic energy modifies the coefficients of both
the quadratic and fourth-order terms of the polarization and
the AFD structural order parameter in the bulk free energy
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polynomial in Eq. (2). Therefore, the biaxial strain will affect
the transition temperatures of both the ferroelectric phase and
the AFD structural phase and their interactions.

III. RESULTS AND DISCUSSIONS

A. Range of ferroelectric transition temperature
in SrTiO; films

From Eq. (8) it is seen that the elastic energy does not
change the ferroelectric transition order so the ferroelectric
transition in the film is still of the second order. For a
second-order phase transition, a ferroelectric transition will
take place when the following determinant is zero:

Ff P Ff

i dpidps  Ipdps

o 0. ©
dpadpr  dpy  dpadps '

Ff P Ff

Ip3dpy p3dpy P3| piprepico

Let us first consider the situation that there is no AFD
structural transition, i.e., ¢;=¢,=q3=0. The ferroelectric
transition temperature can be determined from 7%
=max[T11F ,Tg], where Tf and Tg are, respectively, solutions

to

(c11=cp)(ey +2¢1)(0y +Q12)e
1

=0 (10)

al(Tf)+Aa'{=a1(Tf)— 0

and

400

Temperature T (K)
S
(=)
1

Ferroelectric phase 1

4 I ' I ' I ' I ! I ! I
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2
In-plane constraint strain e, (%)

FIG. 1. (Color online) Ferroelectric transition temperature range
vs in-plane substrate constraint strain in SrTiO5 films without con-
sidering any preceding AFD structural transition.
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TABLE 1. Elastic stiffness in units of dyn/cm?.

Ref. 21 Ref. 21 Ref. 21 Refs. 16, 19, and 22-24
c (X10%) 348  3.181  3.156 3.36
cp(X10%) 101 1.025  1.027 1.07
cu(X10%)  1.19 1.236  1.215 1.27

2(cy = cp)ley +2¢12)01n
1

a)(T5) + Ad = a (T5) - eo=0.

(11

Therefore, it is easy to see that the ferroelectric transition
temperature depends on the in-plane strain e, the elastic
constants c;j, the electrostrictive coefficients Q,»j, and the co-
efficient «;(7). Different values for these parameters have,
however, been reported in the literature by different groups.
We list all that we consider to be the most accurate reported
values>%16:1921-26 i Tables I-III, respectively. In this paper
cgs units are used. Based on the spread in the reported values
of these parameters, we calculate the ferroelectric transition
temperature as a function of strain.

Figure 1 shows the possible ferroelectric transition tem-
peratures as a function of the in-plane substrate constraint
strain for (100), SrTiO; thin films without considering any
preceding AFD structural transition. The diagonally shaded
regions indicate the range of ferroelectric transition tempera-
tures due to the spread in the parameters entering in Egs. (10)
and (11). As has been shown previously in SrTiO; and other
systems,'®?7 the ferroelectric transition temperature increases
with increasing in-plane strain, irrespective of whether it is
compressive or tensile. In the figure, the region labeled
“paraelectric phase” means where p;=p,=p;=0 and ¢,=¢,
=q3=0, which will be used in the following figures.

B. Range of AFD structural transition temperature
in SrTiOj; films

The AFD structural transition temperature in strained
(100),, SrTiO; films can be obtained in a similar way. If we
ignore any possible preceding ferroelectric transition, the
AFD structural transition temperature can be determined
from TS=max[T},T3], where T and T3 are, respectively, the
solutions to

(cr1=cp)eq +2cp) (A + A12)e
(ST

=0 (12)

Bl(Tlg) + Aﬁ{ = ,31(7‘?) -

0

and

TABLE II. Electrostrictive coefficients in units of cm?/esu?.

Refs. 16 and 22 Ref. 25 Ref. 25
0,,(x10713) 5.09 8.90 7.34
01,(x1071) -1.50 -1.67 -1.45
044(X10713) 1.065
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FIG. 2. (Color online) AFD structural transition temperature
range vs in-plane substrate constraint strain in SrTiOj3 films without
considering any preceding ferroelectric transition.

2(cyy = cpp)ley +2¢1p) Ay

BI(T3) + A= B(T3) - er=0

11

(13)

In the calculation, we used the Barrett formula, 8;=1.32
X 10*[coth(145/T)—coth(145/105)], which was fitted to
experiment data®® and extrapolated to higher temperatures.'¢
The values for the linear-quadratic coupling coefficients be-
tween the strain and structure order parameter, A;;, from the
literature!6:17:1920.22.23.29 are listed in Table V.

Based on Egs. (12) and (13), and data in Table IV, we
calculate the AFD structural transition temperatures as a
function of in-plane strain. The results are presented in Fig.
2. It is shown that the AFD structural transition temperature
also increases with increasing substrate in-plane constraint
strain. The magnitude of the increase in the AFD structural
transition temperature is less than that of the ferroelectric
transition temperature. This is due to the weaker coupling
between strain and the AFD structural order parameter as
compared to that between strain and ferroelectricity. There-
fore, it could be expected that under larger substrate con-
straint strains the ferroelectric phase transition would pre-
cede the AFD structural transition in biaxially constrained
SrTiOj5 films. A recent experimental measurement®*3! of the
structural transitions in SrTiO; films showed that the in-
crease in transition temperature due to the underlying sub-
strate constraint is even higher than expected from thermo-
dynamic analysis, indicating a possible underestimation in

ij>

TABLE III. Descriptions of @, in units of cm? dyn/esu® with
temperature 7 in Kelvin.

a;=4.5 X 107[coth(54/T) - coth(54/30)] Refs. 6, 16, and 22
a@;=6.98 X 107[42 coth(42/T)-38], T<50 K Ref. 26
a;=8.02X1073(T-28), T>70 K Ref. 26
a;=7.86X1073(T-35.5), T>100 K Ref. 2
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the literature of the coupling coefficient between strain and
the AFD structural order parameter.

C. Effect of the AFD structural transition on the
ferroelectric transition

From Figs. 1 and 2 it is clear that the AFD structural
transition precedes the ferroelectric transition in constrained
SrTiO; films when the in-plane substrate constraint strain is
small. In this section, we will discuss the effect of the pre-
ceding AFD structural transition on the ferroelectric transi-
tion temperature. For the clarification of the following de-
scriptions we listed in Table V all the possible stable phases
in the biaxially strained (100),, SrTiOj films. In the designa-
tion of the table, the letters “T” and “O” indicate crystallo-
graphically “tetragonal” and “orthorhombic” symmetries, re-
spectively. The superscript “P,” “S” or “F” tells whether the
phase is paraelectric, AFD structural (or ferroelastic) or
ferroelectric. After the AFD structural transition from the
paraelectric phase T? to the ferroelastic phase Of (p1=p,
=p;=0, ¢, #0, g,=¢g5=0), the ferroelectric transition tem-
perature can be determined from Tf =max[ T}, T5, 7], where
TF, TE, and Tg are the solutions of the following equations,
respectively:

f
al(TlF)+Aa’;+(t11+At{1)2(§%AA[2/)=O, (143)
11 11
A .
o (T5) + Ad + (11, + Ar{z)z(f:l‘l%féfn) =0, (14b)
, : A

If the ferroelastic phase is TS (p;=p,=p3=0, ¢,=¢,=0, ¢
#0), the T7=T% and Tg are solutions to

al(Tf)+Aa];+(t|2+At];3)2(§%AA[;%):O, (153)

11 33

o (T) + Add, + (1, +At§3)ﬁ =0. (15b)
11 33

For the case where the stable ferroelastic phase is Og (p1
=p,=p3=0, ¢;=%¢,#0, q3=0), the T|, T5 and T} are de-
termined through

al(Tf) + A“{ + (B + Aﬁ{.)
1
(ty + A[1101) + (1 + Atjlrz) - 5(144 + Af{m)

2(B11 +ABL) + (B + AB))

=0,

(16a)
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TABLE 1V. Coefficients A;; (cm™) and B;; (dyn/cm®).

Refs. 16, 19, and 22 Refs. 17 and 232 Ref. 292 Ref. 20¢
A (X10'% 8.7 14.7 9.32 8.35
App(X101%) -7.8 -7.34 -6.40 -5.54
Agy(X101%) -9.2 -9.88 -6.93 -7.56
B (X10%) 1.69 1.58 1.20 0.996
B (X10%) 3.88 3.78 2.88 2.72

ndicates values derived with the elastic constants (Refs. 23 and 24) ¢;;=3.36 X 102, ¢|,=1.07 X 10'2, and

cqs=1.27X10'% dyn/cm?,

a)(T5) + Aaf + (B, + AB))
1
(t + AZJ;J + (1 + A’]lcz) + 5044 + At{m)

2B + Aﬁth) + (B + Aﬁqz)

=0,

(16b)

2(t), + A

=0
2811+ AB) + (B + AB)
(16¢)

Using the data listed in Table IV, numerical calculations
show that the tetragonal TS phase (¢,=¢,=0, g;#0) is al-
ways stable when ¢;<<0. When ¢;,>0, however, the varia-
tion in the coefficients leads to either the orthorhombic
0} (¢1#0. g:=¢3=0 or ¢,#0, q,=¢3=0) or O3 (q,=%¢;
#0, g3=0) as the stable phase. It should be noted that the
data in Table IV produce a stable tetragonal phase under the
stress-free condition, in agreement with experiment.’

The available coupling coefficients #;; between the polar-
ization p and the structural order parameter q under stress-
free conditions are listed in Table VI. Based on Egs.
(14)—(16) and the available data listed in Tables I-IV and VI,
we recalculated the ferroelectric transition temperatures tak-
ing the possibility of a preceding AFD structural transition
into account. The results are summarized in Fig. 3. In the
figure, the vertically shaded regions represent the stable
ferroelectric phase; the diagonally shaded regions show the
uncertainty in the ferroelectric transition temperature due to
the uncertainty of the parameters from different sources. The
dash-dot lines indicate the boundaries of the AFD structural
transition ranges from Fig. 2. The dashed lines show the
boundaries of the range of ferroelectric transition tempera-
tures without taking into account the effect of the possible
AFD structural transition (from Fig. 1). It is easily seen that
under a compressive substrate constraint, the ferroelectric
transition is depressed when it follows an AFD structural
transition, i.e., the ferroelectric transition temperature de-
creases due to a preceding AFD structural transition. Under a
tensile substrate constraint, i.e., ¢y >0, the ferroelectric tran-
sition temperature may be either enhanced or depressed
slightly when it follows an AFD structural transition, de-
pending on the stable AFD structural phase. The ferroelectric
transition is depressed when it follows an AFD transition to
0§ orthorhombic phase, while it may be enhanced when it

a)(T5) + Adh + (B, + AB))

follows an AFD transition to O} orthorhombic phase. The
change in the ferroelectric transition temperature due to the
preceding AFD phase is, however, very small under a tensile
strain.

An earlier thermodynamic prediction'* was a combination
of Figs. 1 and 3, i.e., where the range of ferroelectric transi-
tion contained both without and with considering preceding
AFD structural transitions. Moreover, it included an addi-
tional set of reported electrostrictive coefficients. This set
was eliminated from the calculations leading to Figs. 1 and 3
after scrutinizing the experimental data. The area surrounded
by lines with ‘X’ in Fig. 3 is thus an updated prediction of
the earlier diagram'* that includes the uncertainty in the ex-
perimentally measured parameters that go into the thermody-
namic analysis.

From Fig. 3, the predicted ferroelectric transition tem-
perature ranges from 175 to 370 K as compared to the ex-
perimentally determined transition temperature (see the cross
in Fig. 3) for the particular case of 0.94% tensile strain, i.e.,
the average strain of £,;=0.936% and £,,=0.951% of a
500-A-thick (100) ,» StTiO; film epitaxially grown with slight
relaxation on a (110) DyScOj; substrate.'*!> Therefore, de-
spite the error bars of the predicted transition temperature
that arise from uncertainty in the coefficients, the agreement
between prediction and experiment is considered to be excel-
lent, and the high ferroelectric transition temperature is in-
deed largely due to the strain.

00T T
Paraelectric phase
300+
<,
&~
g same as Fig. 1
5 200 44
©
a
£
2 L]
(B 9977777777 . ey 7777 i
4 Ferroelectric
VY phase
0 T ' T . I/f . "I' ! T v T Y T
-1.2 -0.8 -0.4 0.0 0.4 0.8 1.2

In-plane constraint strain e; (%)

FIG. 3. (Color online) Ferroelectric transition temperature range
vs in-plane substrate constraint strain in SrTiO; films after taking
the AFD transition into consideration.
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TABLE V. Phase definitions in biaxially strained (100), StTiO5 films.

Point Order parameter (p;q)
group (with respect to the Equivalent domain variants

Designation symmetry pseudocubic cell) (with respect to the pseudocubic cell)

TF 4/mmm (0,0,0;0,0,0),

TS 4mm (0,0,0;0,0,93), (0,0,0;0,0,-¢3),

o} mm?2 (0,0,0:¢,,0,0), (0,0,0;-4,,0,0),, (0,0,0:0,4,0),,.
(0,0,0:0,~¢;,0),

Og mm?2 (0,0,0;91,44.0), (0,0,05-41,41,0),, (0,0,05¢1,~¢1,0),,
(0,0,0:-¢1,-¢1,0),

T 4mm (0,0,p3:0,0,0), (0,0,-p3:0,0,0),

OIF mm?2 (p1,0,0;0,0,0), (=p1,0,0;0,0,0),, (0,p,0;0,0,0),,
(0,-p1,0:0,0,0),

05 mm?2 (pl,p1,0;0,0,0),, (_pl’pl’();o?o’o)ps (pl’_pl’();()?o’o)p’
(=p1,-p1.0;0,0.0),

T; dmm (0,0,[73;0,0,(13)1,, (an’—P3§0,0,¢Z3)p, (0307p3;0’07_q3)p’
(0,0,-p3;0,0,~¢3),

Of; mm?2 (p1,0,0:0,49,,0), (=p1,0,0;0.9,,0),, (p1,0,0:0,-¢,,0),,
(=p1,0,0;0,-¢5,0),, (0,p;,0:4,,0,0),,
(0,—p],0;q2,0,0)[,, (0917190;_‘12’030)[7’
(0’_pl’0;_q270,0)p

of mm?2 (p1,0,0;0,0,43), (=p1,0,0;0,0,43),, (p1,0,0;0,0,~g3),,
(_p190’0;070’_q3)p’ (0,p1,0;0,0,6]3)p,
(0,-p1,0;0,0,43),, (0,p1,0;0,0,~¢3),,
(0,-p1,050,0,-¢3),

05 mm?2 (P1.71:0:0.0.453), (P1.£1,050,0.g3),, (=p1.p1,0:0.0.5),.
(_pl’pl’O;O’O’_qS)p’ (pl’_pl’O;Oio’q,?)p’
(pl’_p170;0’07_q3)p’ (_p17_p170;0’0’q3)p’
(—Pl’—P1’0§0,07—613)p

o mm?2 (P1-r1,0:91,41,0), (=P1>=P1,0591,91,0)p, (P1P1,05=¢1.~41,0)),

(_pl’_pl’O;_qls_QIsO)p’ (plv_pl?O;qlv_QIsO)p’
(p1.-r1.0:=91,-41,0),. (=p1.P1.0:=¢1,41.0),,
(=p1,11,0391,—41,0),

D. Temperature-constraint strain phase diagrams

A plot of the relative stability of various structural and
ferroelectric states as a function of strain is called a stability
diagram. Figures 4(a) and 4(b) present two stability diagrams
for (100),, SrTiOj; thin films. Table VII lists the values of the
coefficients used for the phase diagram calculation, and most
of them were also used by Pertsev, Tagantsev, and Setter!'®
and Tagantsev, Courtans, and Arzel.?? The stable phase under
a given temperature and in-plane strain was obtained by
minimizing the total energy with respect to the polarization
and the structural order parameter. In the figures, the
paraelectric phase means that p,=p,=p3=¢q;=¢,=¢3=0, as
in Figs. 1-3. The other notations indicate the nonzero com-
ponents of the polarization and the AFD structural order pa-
rameter of the stable phases in the corresponding regions.
The solid lines represent the phase boundaries where adja-
cent phases have equal energies. It is seen that the pure ferro-
electric phase (i.e., ¢;=¢,=¢g3=0) or pure AFD structural
phase (i.e., py=p,=p3=0) may be stabilized under certain
temperature and constraint strains. The differences between
Figs. 4(a) and 4(b) arise solely from the different value of the
coefficient «, in the Landau free energy, i.e., @,=5.5

X 1072 cm®dyn/esu* for Fig. 4(a) and a;,=1.7X107'?
cm®dyn/esu* for Fig. 4(b). The value of a;,=5.5
X 10712 cm® dyn/esu* is the average of the experimental
data’? @,=9.28 X 1072 cm® dyn/esu* at 7=8 K and the
a1,=1.7x107"2 cm® dyn/esu* value used in the previous
calculation.?? It is seen that the variation in the Landau co-
efficients (in this case the values for «;,) from different
sources will result in different stable states for the ferroelec-
tric phase. For example, under tensile strain the larger «a,
value stabilizes the ferroelectric O or Of phase (ie., p,
#0,p,=p3=0 or p,#0,p,=p;=0) [see Fig. 4(a)], but the
smaller a;, value favors the ferroelectric O3 or Of phase
(i.e., py=%£p,,p3=0) [see Fig. 4(b)]. The stability diagram in
Fig. 4(b) is essentially the same as that published earlier by
Pertsev, Tagantsev, and Setter.!

E. Ferroelectric domain morphologies

It should be emphasized that the domain stability maps in
Fig. 4 were constructed by assuming a homogeneous single
domain for each phase. During a structural or ferroelectric
phase transition, it is inevitable that multiple domains or het-
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FIG. 4. (Color online) Phase stability diagram of (100),-or-
iented single-domain SrTiO; films by taking (a) a,=5.5
X 10712 cm® dyn/esu*; (b) a;,=1.7X 1072 cm® dyn/esu®.

erophase structures form due to the degeneracy of domain
states and the release of strain energy. To predict the domain
structures, we employed the phase-field model for ferroelec-
tric thin films.3>** The temporal and spatial evolutions of
the two order parameters p and q are described by the time
dependent  Ginzburg-Landau  equations:  dp,(x,1)/d¢
==L,0F/dp{(x,t), dqx,t)/dt=-L,0F/dq{x,1), (i=1,2,3)
where L, and L, are the kinetic coefficients related to the
domain mobilities of p and q, respectively. F is the total free
energy of the system, including the bulk free energy, elastic
deformation energy, dipole-dipole interaction energy, and do-
main wall energy, i.e.

TABLE VI. Coupling coefficients #;; in units of dyn/ esu’.

Ref. 16 Ref. 22
111(X101) -2.34 -1.94
11,(X101) -0.94 -0.84
144(X101) 6.51 6.51

PHYSICAL REVIEW B 73, 184112 (2006)

FIG. 5. (Color online) Ferroelectric domain morphology at T’
=125K and ¢;=0.94% obtained by taking a;,=5.5
X 10712 cm® dyn/esu* and (a) considering dipole-dipole interaction,
(b) ignoring dipole-dipole interaction. The polarization vectors p of
the domains are indicated by the arrows. The slab underlying the
film is the substrate.

F= J f f [fbulk(pi, Qi) +felastic(pi,qi,8ij) +felectric(pisEi)
|4

+ fuat(Pijs qi,j)]dS'x’

where V is the volume of the film and d*x=dx,dx,dx;. In
simulations we assume that the strain field &;; and electric
field E; are always at equilibrium for a given distributions of
p and q. The calculations of the elastic energy and the elec-
tric energy can be found elsewhere.’**> For an isotropic sys-
tem, the domain wall energy is calculated through f,, .
=(G,pipij+G,q:49:;)!2, where G, and G, are the domain
wall energy coefficients and p; ;=dp;/dx;, q;;=0dq;/ dx;. A
model size of 128Ax X 128Ax X 36Ax was employed, and
periodic boundary conditions were applied along the x; and
X, axes. Ax is the grid spacing. The thickness of the film was
taken as 20Ax. In simulation, L,/L,=180, G,/G,=0.012,
and G,/Gy=0.4 where G is related to the magnitude of Ax
through Ax=\G,/a;, and ay=|a;|. The corresponding ferro-
electric domain wall thickness is about 1.5Ax.

1. Orthorhombic Of, Og, and O‘f domain morphologies

Using the set of parameters corresponding to Fig. 4(a), the
predicted orthorhombic Of domain morphology at T
=125 K and ¢,=0.94% is shown in Fig. 5. Figure 6 depicts
the orthorhombic Of domain morphology at 7=100 K and
€0=0.2%. Due to the uniform biaxial tensile strain, the order
parameters p or q of the stable phases are all in plane and lie
along the (100), directions. The four colors used to depict
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FIG. 6. (Color online) AFD structural domain morphology at
T=100 K and ¢;=0.2%. The order parameter vectors q of the do-
mains are indicated by the arrows.

the films in Figs. 5 and 6 represent, respectively, the four
variants, i.e., (p;,0,0)/(¢,,0,0), (=p;,0,0)/(=q,,0,0),
(0,p,,0)/(0,4,,0), and (0,—p,,0)/(0,—g,,0). The direc-
tions of the corresponding order parameter vector p or q on
the variants are shown by the arrows. From the figures it is
seen that both the ferroelectric and AFD structural domain
microstructures contain both 90° and 180° domain walls. The
90° domain walls, which release the strain energy, are basi-
cally normal to (110}, in-plane directions. Moreover, the do-
main volume fractions of the variants (£p,,0,0)/(xq,,0,0)
and (0,%p,,0)/(0,+¢q,,0) are about the same, which is
compatible with the uniform biaxial constraint. The ferro-
electric domains obtained by considering dipole-dipole inter-
actions have sharp wedge shapes. In contrast, the domain
walls of the AFD structural domains (Fig. 6) and the ferro-
electric domains without dipole-dipole interactions [Fig.
5(b)] appear to be more rounded. Dipole-dipole interactions
were taken into account for the following presented results.

We also simulated the case where both the ferroelectric
polarization p and the AFD structural order parameter q are
simultaneously nonzero, i.e., phase Og . The domain mor-
phologies obtained at 7=100 K and €,=0.94% are given in
Figs. 7(a) and 7(b) for the order parameters p and q, respec-
tively. It is found that the morphology of p in Fig. 7(a) is
similar to that of a pure ferroelectric phase shown in Fig.
5(a). Most interesting is the fact that the domain shapes of
the AFD structural variants (+g,,0,0) and the ferroelectric
variants (0, +p;,0) are almost exactly the same, and so are
the AFD structural variants (0, +g¢,,0) and the ferroelectric
variants (£p,,0,0). This is consistent with the prediction
shown in the phase diagram where (p;,0,0;0,¢,,0) or
(0,p1,0;¢9,,0,0) is the stable phase for this particular tem-
perature and constraint strain. It implies that the polarization
vector p is always perpendicular to the AFD structural dis-
placement vector q. Moreover, the domain shape of q is not
as rounded as that in Fig. 6 and there are more 180° anti-
phase domain walls for q than for p. They should be attrib-
uted to the interactions between the two order parameters p
and q, i.e., they have to be paired to each other which might
slow down the evolution of the AFD domains compared to
the pure ferroelastic phase.

2. Orthorhombic Og domain morphology

If we employ the set of coefficients which produced the
domain stability map shown in Fig. 4(b), the stable ferroelec-
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FIG. 7. (Color online) (a) Ferroelectric domain morphology and
(b) AFD structural domain morphology at 7=100 K and e,
=0.94% obtained by taking a;,=5.5X 10~'? cm® dyn/esu*. The di-
rections of the vectors p and q in the corresponding domains are
shown by the arrows.

tric phase for the case of 7=100 K and €;,=0.94% is the
orthorhombic phase Og. The corresponding morphology is
shown in Fig. 8. In the orthorhombic phase, both the ferro-
electric polarization p and the AFD structural order param-
eter vector q lie in plane and are along the (110}, directions.
From the domain morphologies it is evident that the polar-
ization p and the AFD order parameter q are always parallel
to each other, in contrast to those shown in Fig. 7, where p
and q are orthogonal to each other. The 90° domain walls
having orientations of {100}, or {010}, are clearly seen in
Fig. 8.

F. Experimental determination of the ferroelectric state
1. Optical second harmonic generation (SHG) measurement

To determine the point group symmetry and the direction
of the ferroelectric polarization in a strained (100), SrTiO;
film on a (110) DyScO; substrate (¢;=0.94%),'*!> we em-
ployed optical SHG measurements. SHG involves the con-
version of light at frequency w into an optical signal at a
frequency of 2w by a nonlinear material. The conversion
process occurs by the creation of a nonlinear polarization
p?“’OCdijkEJ‘-"E,‘;’, by light of frequency w through the third
order nonlinear tensor d;j;. Each of the subscripts i, j, k refers
to any one of the crystal physics axes of the material, 1, 2, 3.
Anticipating a little, the strained SrTiO; has point group
symmetry mm?2, where the twofold rotation axis lies within
the plane of the SrTiOj thin film. By symmetry consider-
ations, the ferroelectric polarization p in this point group can
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FIG. 8. (Color online) (a) Ferroelectric domain morphology and
(b) AFD structural domain morphology at T=100 K and e
=0.94% obtained by taking a;,=1.7 X 10~'> cm® dyn/esu*. The di-
rections of the vectors p and q in the domains are shown by the
arrows.

lie only along this twofold axis, which is conventionally la-
beled as crystal physics axis x3. Additionally, by Neumann’s
law, only the nonlinear coefficients, d;s, da4, d3;, d3,, and ds3
are nonzero, where the abbreviated Voigt’s notation of jk
— [ is used for these third-rank coefficients. In the tetragonal
4mm, the same coefficients are non-zero, with the additional
constraints of dis=d,4 and d3;=dx,.

For a strained (100), SrTiO; film on a (110) DyScO;
substrate, we considered two possible models for the pos-
sible directions of polarization in the growth plane: Model I:

the polarization appears along the x[110], or y[1_10]p direc-
tions, the orthorhombic state; Model II: the polarization lies
along the x’[010], or y’[100], directions, the tetragonal
State.

The SHG experiment was performed as follows. A beam
of light (the fundamental wave) with wavelength 800 nm

PHYSICAL REVIEW B 73, 184112 (2006)

was incident from the substrate side in normal geometry, and
its polarization direction, at an angle 6 from the y axis, was
rotated continuously within the plane of the film. The same
500-A-thick strained SrTiO; film grown on (110) DyScOs
studied previously'*!> was used here. The intensity, I?“’, of
the output SHG signal at 400 nm wavelength from the film
was detected along either j=x,y,x',y’ polarization direc-
tions by a photomultiplier tube. The resulting polar plots of
SHG intensity at 223 K are shown in Fig. 9. A reference
study of a bare (110) DyScO; substrate without any film
yielded no SHG intensity within the detection limits. A the-
oretical analysis of this film system, similar to that outlined
in other references,’*~#? yields the following expression for
the SHG intensity:

If’” =K, sin® 20+ K2J~(sin2 0+ Ks cos® 0)?

+ K4,j(sin2 0+Ks; cos® 6)sin 26, (17)
where K;; are constants. We now explore each of the two
possible models for the polarization directions.

Model I: Assuming that the domain polarizations are

along the pseudo-cubic x[110], or y[I_IO]p directions, it can
be shown* that

d
d_33 = K3,y = (K3,x)_l .
31

(18)
From Eq. (17), we can deduce that (I<3J~)2
=I]2w(0°)/12w(90°). Further, condition (18) stipulates that
K;,=K; ", which therefore requires that

L(90°)/1°(0°) = [°(0° )/I[°(90°). (19)
As seen from Figs. 9(a) and 9(b), this condition is clearly
experimentally satisfied. At —=50 °C (223 K), the experimen-
tal values are If“’(90°)/1§‘”(0 °)~(1.58)2 and
Ii“’(0°)/1}2,“’(90°)~(1.48)2. From Egs. (18) and (19), we
therefore get a resultant value of dz3/d;;=1.53+£0.05 at
223 K.

Model II: Assuming that the ferroelectric polarization
may be along x'[100], and y'[010], directions, and perform-
ing a similar analysis as above,* we arrive at the required
stipulation that

TABLE VII. Parameters of cubic SrTiO3 under stress free conditions at low temperatures in cgs units.

a;=4.5 X 1073 [coth(54/T) - coth(54/30)]
o =2.1%x10712
a1=5.5X10""%/a,=1.7X 10712
0,,=5.09x 1071

Q01,=-1.50x 10713

Quu=1.065% 10713

c11=3.36X 10"

c1p=1.07X 10"

c44=1.27x10"

B1=1.32X10%coth(145/T)—coth(145/105)]
B11=1.69x 104

B1,=3.88x10%

Ay =8.7x 10"

Ap=-7.8x10"

Ay=-92x10"

t1=—1.94x 10"

t1,=-0.84 X 1013

1414=6.51 X 101
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FIG. 9. (Color online) Polar plots of second harmonic generation intensity (IJZ."’) at 7=223 K as a function of the polarization angle, 6,
of the fundamental light at frequency w incident normal to the film surface of a 500-A-thick SrTiOs film on (110) DyScOs. (a) l%“’, (b) If“’,
(c) Iif", and (d) Iif", where directions x, y, x’, and y’, are defined in the inset. The circles are the measured data and the solid curves are the

theoretical fits based on Eq. (17).

LP(135°)/1(45°) = L(45°)IL(135°). (20)

Figures 9(c) and 9(d) show the polar plots of SHG intensity
112-“’, where j=x'[100], and y’[010],, respectively. It is seen
that condition (20) is not satisfied; the left hand argument of
Eq. (20) is equal to ~0.42 and the right hand side of Eq. (20)
is equal to ~3.36.

The above experimental conclusions were also confirmed
to be true for a series of temperatures from 77 to 300 K, and
will be reported separately.*> From the above discussion, we
conclude that Model I is correct, namely, that the point
group symmetry of SrTiO; strained with e;=0.94+0.05% in
plane is mm2, and that the polarization lies along the
pseudocubic (110), in-plane directions of the SrTiO; film.
The results are consistent with a recent first-principles calcu-
lation which showed that the stable ferroelectric state is
orthorhombic with point group mm2 (and space group
Amm?2) under a tensile strain.**

2. Confocal scanning optical microscopy (CSOM)

The electro-optic response of a 250-A-thick (100),
SrTiO; film grown on (110) DyScO; was measured at room
temperature (21 °C) using the confocal scanning optical mi-
croscopy (CSOM).!? Four-circle x-ray diffraction measure-
ments reveal that this thinner SrTiO;5 film is commensurately
strained to the (110) DyScO5; with an average biaxial strain
of ¢g=1.16£0.05%. Interdigitated electrodes were deposited
so that in-plane electric fields can be applied to the sample.
The electrodes were arranged along several different angles
with respect to the crystallographic axes. Light from a mode-
locked Ti:sapphire laser (power=10 mW, wavelength
~820 nm) was focused with a microscope objective between
two adjacent electrodes separated by 6 um. A combined dc
+ac voltage (frequency f=85 kHz) was applied to the elec-
trodes. The reflected light was detected with an optical
bridge using a portion of the incident beam for balancing.
The Fresnel reflection ratio of the film changes as a result of
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FIG. 10. (Color online) Electro-optic response of a 250-A-thick
SrTiO3 film on (110) DyScOj3 as a function of light polarization
angle and applied electric field in the pseudo-y direction at room
temperature. Open circles and squares are experiment data. The
solid curves represent linear least-square fits to Eq. (21). The
thicker straight bars represent the applied voltage. Radial scales are
in arbitrary units. V4, was applied in the order of (a), (b), (c), and

(d).

the electro-optic effect. After photodetection, a lock-in am-
plifier measures the light intensity variation Al as a function
of the light polarization and applied dc bias. Al is propor-
tional to the effective linear electro-optic coefficient'? and
can be fitted to the following equation:

Al=a+b cos(26) + c sin(26), (21)

where 6 is the light polarization angle; a, b and ¢ are coef-
ficients related to the linear electro-optic tensor.
Figure 10 shows the electro-optic effect with electric field

along the y[110] , direction. The open circles and squares are
the measured A/ for light polarized in the corresponding di-
rection. The dc bias voltages are labeled next to each plot
and were applied in the clockwise order (a—b—c—d). In
(c-d), squares are used to represent negative values for Al
The light polarization dependent electro-optic effect origi-
nates from sample’s birefringence and nonlinear optical
properties. The electro-optic effect is generally stronger at
higher bias fields and weaker at lower bias fields, and exhib-
its clear hysteresis [see Figs. 10(b) and 10(d)].

One possible interpretation for the field dependence of the
electro-optic effect is that there are multiple ferroelectric

PHYSICAL REVIEW B 73, 184112 (2006)

nanodomains coexisting within the area of the diffraction-
limited optical spot. At low field strengths, the domains with
opposing polarization orientation mostly cancel. When the
applied dc field is sufficiently strong, they polarize in the
same direction and result in a saturated electro-optic effect.
Further optical studies capable of revealing the nanoscale
structure are necessary to provide direct support for this in-
terpretation.

IV. CONCLUSIONS

The range of possible ferroelectric transition temperatures
and the possible ferroelectric states of strained SrTiO5 films
were predicted using the reported properties of bulk SrTiO4
single crystals. The ferroelectric transition temperature de-
pends more strongly on the strain imposed by a substrate
than does the AFD structural transition temperature, and
hence the ferroelectric transition always precedes the AFD
structural transition under a sufficiently large substrate con-
straint strain. Although the ferroelectric polarization is along
the [001], direction under a compressive biaxial strain, it
could be along either (001), or (110), in-plane directions
under a tensile strain, depending on which reported coeffi-
cients are used. Our experimental measurement of the polar-
ization direction in a strained SrTiO; film under a larger
tensile strain using both SHG and CSOM demonstrated that
the ferroelectric polarization is along the (110), in-plane di-
rections. It is found that the ferroelectricity in strained epi-
taxial SrTiOj; thin films can be significantly depressed when
the film is under compressive strain and the ferroelectric
state is preceded by an AFD structural transition while the
ferroelectric transition can take place at a higher temperature
than the AFD structural transition when the film is under a
larger tensile strain. Finally, the ferroelectric and structural
domain morphologies were predicted using phase-field simu-
lations, and it is shown that both the elastic interactions and
the electrostatic interactions play an important role in deter-
mining the domain shapes and domain-wall orientations. The
range in reported values for the bulk properties of SrTiO5
single crystals and in the Landau coefficients lead to not only
a relatively wide range of possible ferroelectric transition
temperatures for a given strain, but also to different ferro-
electric states and thus different domain structures at a biax-
ial tensile strain. The ferroelectric state found near room tem-
perature in SrTiOj; films strained in tension with e;=0.94%
is consistent with our calculations.
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