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Influence of anisotropic strain on the dielectric and ferroelectric properties of SrTiO;

thin films on DyScQO; substrates
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The in-plane dielectric and ferroelectric properties of coherent anisotropically strained SrTiO; thin films
grown on orthorhombic (101) DyScOj; substrates were examined as a function of the angle between the applied
electric field and the principal directions of the substrate. The dielectric permittivity revealed two distinct
maxima as a function of temperature along the [100], and [010], SrTiO5 pseudocubic directions. These data,
in conjunction with optical second-harmonic generation, show that the switchable ferroelectric polarization
develops first predominantly along the in-plane axis with the larger tensile strain before developing a polar-
ization component along the perpendicular direction with smaller strain as well, leading to domain twinning at
the lower temperature. Finally, weak signatures in the dielectric and second-harmonic generation response were
detected at the SrTiOj tilt transition close to 165 K. These studies indicate that anisotropic biaxial strain can
lead to new ferroelectric domain reorientation transitions that are not observed in isotropically strained films.
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I. INTRODUCTION

The onset of polarization in ferroelectric materials is ac-
companied by a spontaneous strain. As a result, applied
strains influence the stability of the ferroelectric phases, the
transition temperature, and the observed domain state, as
well as the dielectric and electromechanical properties.!~!* In
thin films, in-plane strain can shift the ferroelectric transition
temperature by up to hundreds of degrees, in accordance
with thermodynamic theory.”~!* The existing thermodynamic
predictions assume a uniform in-plane biaxial strain state,
which is reasonable for films on cubic substrates or films
with a significant level of relaxation. When grown on non-
square surface nets, however [e.g., (101) NdGaO;, (101)
DyScO; or any other non cubic substrate], the ferroelectric
films are subjected to nonuniform in-plane biaxial strain.'*
For (101) DyScO; this anisotropy was expected to be very
small; however, the (101) DyScOjs single crystals used in our
studies show much larger differences between the two in-
plane lattice constants'>~!7 than those previously reported in
the literature,'® increasing the anisotropy in the system. In
this work, the effects of the asymmetric biaxial tensile strain
state on the dielectric and ferroelectric properties of SrTiO;
thin films on (101) DyScOj; are determined.

II. EXPERIMENTAL PROCEDURE

SrTiO; films were grown on (101) DyScOj; substrates by
reactive molecular-beam epitaxy'® to thicknesses of 250 and
500 A. The films were deposited using a shuttered growth
technique described elsewhere.?? The stoichiometry was op-
timized in situ using reflection high-energy electron
diffraction.'* The structure, including the lattice parameters
of the SrTiO; thin films, was characterized using a Philips
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X’pert MRD four-circle diffractometer using Cu Ke radia-
tion with a four-bounce germanium monochromator and a
two bounce germanium analyzer crystal. The strain states of
these films were calculated from their lattice constants using
3.905 A as the fully relaxed lattice constant of SrTiO;.2!

In order to investigate the asymmetry of the in-plane di-
electric properties, interdigitated electrodes (IDT) were em-
ployed with angles of 0°, 15°, 30°, 45°, 60°, and 90° with
respect to the b axis (the long axis) of the DyScO; substrate.
The orientation of the electric field for these electrodes is
largely perpendicular to the finger length. By varying the
orientation of the interdigitated electrodes, properties can be
probed at various angles in the plane of the film. These IDT
electrode structures were patterned photolithographically
with Cr/Au using a lift-off process. The dielectric measure-
ments were made using an HP4284A LCR meter with a
Desert Cryogenics probe station and the dielectric constants
were extracted using a conformal mapping technique.?> The
polarization switching was also measured using a positive-up
negative-down (PUND) measurement on the same probe sta-
tion with an Aixacct TF2000 ferroelectric analyzer.”3

To complement the electrical measurements, optical
second-harmonic generation (SHG) measurements were used
to determine the point-group symmetry and the direction of
ferroelectric polarization. The SHG experiment was carried
out using a fundamental beam of 800 nm that was focused on
the thin film and the input polarization was rotated in the
plane of the film. The intensity of the second harmonic at
400 nm was recorded along the x[100],, y[010],, x'[110],,,

and y’[1_10]p directions, where p denotes the pseudocubic
indices of the perovskite unit cell. A bare substrate was used
as a reference to verify that the observed SHG signal was
generated only from the thin film.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.224117

BIEGALSKI et al.

II1. RESULTS AND DISCUSSION
A. Structure and epitaxy

The rocking curve widths of the 002 SrTiO; film peaks
are extremely sharp with full width half maxima of less than
7 arc sec (0.0019°).'426 Due to slight variability in the
DyScO; substrate lattice parameters, this work will focus
on two films (a 250 A and a 500 A thick film) though the
data presented here are consistent with all samples measured.
The 250 A thick film was fully coherent with the substrate,
with a strain of 1.06=0.03% along the longer DyScO;
in-plane direction [010] and 1.03 +0.03% along the shorter

in-plane direction [101]. The 500 A thick films show slight
structural relaxation with a strain state of 1.01 £0.03% and
0.99%0.03% for the longer and shorter axes, respectively.
(It is important to note that while our absolute error on
the strain state is 0.03% the relative difference in strain
is much smaller) Both films exhibit (001), out-of-
plane oriented SrTiO;. The epitaxial relationship is
(001),, SrTiOs11(101)DyScO; and [010],
SrTiO5/I[010]DyScO5.24-26

B. Dielectric properties
1. Orientation dependence of dielectric properties

Using IDT electrodes with various orientations, the di-
electric properties were probed along different in-plane di-
rections. Figure 1 shows the in-plane dielectric constant at 5
kHz as a function of temperature for several angles. Intrigu-
ingly, two distinct dielectric maxima along the two principal
[100], in-plane directions are observed. These two peaks ap-
pear near 260 K (labeled T,) along the longer in-plane direc-
tion (0°) and 210 K (labeled T,) for the shorter in-plane
direction (90°). Data at intermediate angles sample both
peaks. Comparable behavior is observed for the dielectric
loss [Fig. 1(b)], though the T, (tan &) occur at somewhat
lower temperatures. Both peaks show the frequency disper-
sion characteristic of relaxor ferroelectrics.

The magnitudes of the permittivity, the frequency disper-
sion in this transition, and the separate peaks in the loss data
indicate that both peaks are ferroic in origin. Existing ther-
modynamic predictions for films in equal in-plane tensile
strain predict two phase transitions that would affect both
principal in-plane orientations in the same way: a ferroelec-
tric transition at higher temperatures with an antiferrodistor-
tive phase transition (AFD) corresponding to the 105 K tran-
sition in bulk unstrained SrTiO; at lower temperatures.?’-?
The antiferrodistortive transition entails a rotation of the
TiOg octahedra and typically does not have a strong signa-
ture in the dielectric properties.?’

To further probe the nature of 7| and T,, the switchable
polarization was measured as a function of temperature for
the two principal axes (see Fig. 2). It is clear that the onset of
reversible polarization occurs at two different temperatures
along the two principal in-plane directions. The shorter in-
plane axis develops a switchable polarization ~40 K below
the onset of polarization along the longer (more strained)
axis. Thus, both T and T, are ferroelectric in origin. The fact
that a switchable polarization develops at different tempera-
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FIG. 1. (Color online) In-plane dielectric permittivity at 5 kHz
of a 250 A thick SrTiO; thin film measured as a function of tem-
perature for several in-plane angles showing two distinct peaks (T
and T,) sampled as a function of angle. 0° is aligned with the longer
[010], StTiO;5 axis (parallel to [010] DyScOs), and 90° is aligned

along the shorter [100], SrTiO; (parallel to [101] DyScO;).

tures along the principal in-plane directions and that there are
two observed T,,c as a function of angle suggests that T}
corresponds to the development of a ferroelectric phase with
the polarization parallel (or nearly so) to the long axis in
this fully coherent film. 7, would then correspond to a
ferroelectric-ferroelectric phase transition in which either the
polarization rotates away from the longer axis or one in
which an independent polarization component develops
along the shorter axis.

Previously, Chang et al.’® reported a difference in T,y
between the two principal in-plane axes for SrTiOj; thin films
on DyScO;3, though only a ~5 K difference was observed in
that work. The discrepancy can be attributed to two factors.
First, the initial batch of (101) DyScO; substrates on which

224117-2



INFLUENCE OF ANISOTROPIC STRAIN ON THE...

LI L S B

- longer axis | ]
1 —®—shorter axis | 1

—_—
(W)}
T

—_—
LN B B e e s

(9}
— T

0b...
0 s

0 100 150 200 250 300 350 400
Temperature (K)

Switchable Polarization (uC/cmz)

FIG. 2. (Color online) Switchable polarization as a function of
temperature for the two principal in-plane directions of the 250 A
thick SrTiO; film on (101) DyScOs;.

their film was grown was later observed to have a small
percentage of twins (<1%). This would complicate any de-
termination of the orientation dependence. Second, the struc-
tural quality of the initial (101) DyScOj; substrates is poorer
than that of the substrates used in this study. The films on the
early crystals have rocking curve widths of 0.004° (as de-
scribed in Ref. 11), whereas the rocking curve widths here
were 0.0019° and 0.0018° for the 500 and 250 A thick films,
respectively. Given the pre-existing defects, it is not surpris-
ing that the stain state of the films in Ref. 36 would be closer
to thermodynamic equilibrium. For films thicker than the
critical thickness (~100 A by Matthews Blakeslee
criterion'*3') films on defective substrates should be more
relaxed.’? In general, it is observed that the strain along the
longer axis relaxes more rapidly than the strain in the shorter
in-plane direction.'* This is consistent with prior reports of
homogeneous strain stated for thicker SrTiO5 films grown on
(101) DyScO5.!1+123536 The asymmetry between the two
(100), in-plane l;dttice parameters was determined to be
0.0005 £0.0004 A for the 500 A thick film in Refs. 11, 12,
34, and 36. The 500 A thick film examined in this work,
however, has an asymmetry of 0.0014+0.0004 A. The
asymmetry of the dielectric tunability reported by Chang et
al.3® is consistent with a lower dielectric maximum along the
shorter in-plane direction since tunability is generally higher
near the peak permittivity. BayeSro4TiO3 (Ref. 33) and
Pbg 3551065 TiO5 films on (101) NdGaO; (isostructural to
DyScO;) have also been shown to possess asymmetry in
their in-plane dielectric properties.>*

2. Orientation dependence of ferroelectric polarization

To examine the anisotropy in the polarization in more
depth, the dependence of the switchable polarization as a
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FIG. 3. (Color online) Switchable polarization measured as a
function of in-plane angle from the longer (more strained) axis at 70
K for a 250 A thick SrTiO; film. The experimental data (M) is
shown with the solid line and the models are shown with dashed
lines.

function of orientation was studied at 70 K, where both prin-
cipal axes are ferroelectric (see Fig. 3). A peak in the swit-
chable polarization appears approximately 45° away from
either principal axis. This is clearly inconsistent with (100),
as the polar axis if complete a;-a, in-plane switching is al-
lowed. Such a scenario should have maximum in the switch-
able polarization at 0° and 90° with a minimum near 45°.
Thus, other possibilities were considered. Figure 3 compares
the experimentally measured dependence of the switchable
polarization to two models. One model assumes that the po-
lar direction is parallel to (100),, but with two different po-
larizations along [100], and [010],. In this case, to get the
polarization maximum near 45° it was assumed that the vol-
ume fractions of a; and a, domains were equal and that little
a,-a, switching is possible. The polarization components
along the two principal in-plane directions are taken from the
experimental data. The second model assumes that the polar-
ization at low temperatures is along (110), and that a;-a,
switching is possible. Again the polarization along [110], is
taken from the experimental data. As can be seen in Fig. 3,
both models describe the angular dependence of the switch-
able polarization equally well.

Previously, SHG measurements on partially relaxed
SrTiO; films on DyScOs, where the strain state is approxi-
mately uniform in plane (g,0p=0.9320.02% and &g
=0.95%0.02%), were used to conclude that the polarization
is parallel to (110), from 77 K to room temperature.*> In
coherent and anisotropically strained SrTiOs/(101) GdScO;
films, SHG measurements suggest multiple polarization ro-
tation transitions with temperature as the remanent polariza-
tion rotates between [100], and [€10], (0<£<1).% Compa-
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FIG. 4. (Color online) In-plane dielectric constant of a 250 A
thick film measured on zero-field heating and cooling for (a) along
the longer in-plane direction and (b) along the shorter in-plane di-
rection showing signatures of three peaks in both principal
directions.

rable measurements on SrTiOs/(101) DyScOj; coherent films
are presented here, where the strains state is anisotropic in-
plane.

3. Evidence for three transitions

The temperature dependence of the real part of the dielec-
tric constant of &’(T) shows considerable thermal hysteresis
(Fig. 4). On zero-field cooling (ZFC) below T,y the SrTiOs
shows much more frequency dispersion in the permittivity
and a larger dielectric constant than when measured on zero-
field heating (ZFH). This suggests that these SrTiO; films
spontaneously develop (at least partially) a ferroelectric mac-
rodomain state at low temperatures. The result of the appear-
ance of a more normal ferroelectric state is reduced dielectric
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dispersion, a reduced magnitude of the permittivity, and a
shift of the peak in the permittivity to slightly higher tem-
peratures, all of which are apparent in Fig. 4. The spontane-
ous development of a normal ferroelectric state without the
application of a dc bias field does not occur in all relaxors,
but has been previously reported for lead scandium tantalate
ceramics with low point-defect concentrations.?” It is also
reasonable that the permittivity data for ZFC and ZFH
converge above T,,  where the ferroelectric phase is
destabilized. 38

From Fig. 4 it can also be seen that there are three dielec-
tric anomalies for measurements along both in-plane (100},
directions. This indicates that all of the transitions occur re-
gardless of the direction of the small signal electric field
implemented in the measurement. This is contrary to the
theory suggested by Chang et al.,’° that the differences in
Tax for the two orthogonal in-plane axes are due to the
coupling of the electric field used in the measurement to a xg
shear tensor. Their theory predicts only a 5 K difference in
transition temperature and could not explain the ~40 K
splitting observed in our data.

The permittivity anomaly at 165 K (labeled T) is present
in measurements along both in-plane orthogonal directions.
Unlike the transitions at 7', and 75, the transition at 753 shows
a relatively small signature in the permittivity. This feature
may correspond to the antiferrodistortive transition, pre-
dicted by thermodynamics to be between 120 and 175 K for
an average strain state like that shown by these films.3!!

4. Relaxor nature of transitions

As has previously been reported, these SrTiO; films on
DyScO; show dispersion in the permittivity sweeps as a
function of temperature that is consistent with relaxor
ferroelectricity.*” It is clear from Fig. 4 that dielectric disper-
sion was observed along both in-plane principal axes, even
for samples below the critical thickness for relaxation. Thus,
the dielectric relaxation is not a function of structural relax-
ation.

The dielectric relaxor behavior also exhibits an asymme-
try associated with the differences in in-plane strain. To con-
trast the two principal in-plane directions, the power relation
described by Martirena and Burfoot was used to fit the per-
mittivity data above T,,,,*!

1 1 |: [T_ Tmax]y:|

e LY ! ()

e(T)  emax 268
where &,,,, is the maximum real permittivity, T, is the
temperature corresponding to .., and y and ¢ are fitting
constants. y is a measure of the degree of relaxor ferroelec-
tric character; for y=1, Eq. (1) simplifies to the Curie-Weiss
law for normal ferroelectrics, and for y=2, Eq. (1) becomes
the quadratic relation given by Smolensky*? for ferroelectric
relaxors. Thus the closer vy is to 2, the more “relaxor charac-
ter” the material has. For the ZFC dielectric data measured
along the larger in-plane direction, y=2.00%0.03, while y
=1.78 = 0.03 for the shorter in-plane axis. Somewhat smaller
differences in vy values were observed in other films. In all
cases, however, more relaxor character was observed along
the long axis.
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FIG. 5. (Color online) (a) In-plane dielectric constant and (b)
loss tangent for the 500 A thick film measured along the shorter
in-plane axis on heating after cooling the films without dc bias (ZF:
zero field) represented by dashed lines and under 3 kV/cm dc bias
(FC: field cooled) represented by solid lines. All the frequencies
collapse after field cooling, indicating a more normal ferroelectric
state.

This anisotropy of the relaxor character is also present in
the field cooling data (Fig. 5). The samples were cooled un-
der an applied dc bias of 3 kV/cm (FC) and the permittivity
was measured on heating (ZFH after FC). Upon heating, the
dielectric constant shows less frequency dispersion and a
slightly higher transition temperature as shown in Figs. 5(a)
and 6(a). This indicates that a macrodomain state is induced,
which is typical for relaxor materials. Measurements of the
field-cooled sample along the shorter axis show the sharpest
peak observed in the loss data [Fig. 5(b)]. This is coupled
with a collapse of the frequency dependence of the loss. The
ability to stabilize a more normal ferroelectric state along the
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FIG. 6. (Color online) (a) In-plane dielectric constant and (b)
loss tangent data measured along the longer axis on heating for a
500 A thick film cooled without dc bias (ZF: zero field) shown as
dashes and under 3 kV/cm dc bias (FC: field cooled) represented by
solid lines. There is much less frequency dispersion in the measure-
ment after field cooling, indicating a more normal ferroelectric
transition.

shorter in-plane is consistent with the measured y’s showing
a stronger relaxor character along the longer in-plane direc-
tion.

5. SHG results on in-plane polarization directions

To help resolve the ambiguity in the direction of the spon-
taneous polarization in these anisotropically strained films,
polarization-dependent SHG measurements were conducted.
SHG is a nonlinear process which involves the conversion of
a fundamental light of frequency w to light of frequency 2w,
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as determined by the nonlinear polarization P?“’OCdijkE;’E,‘(",
where d;j is a third-rank nonlinear tensor with form similar
to that of the piezoelectric tensor.** The subscripts i, j, and k
refer to the crystal physics axes of the studied thin film. For
this case we consider mm2 as the symmetry point group
based on the fact that both x-ray diffraction and phase-field
simulations indicate three different lattice parameters, two
within the substrate plane and a third normal to the film
surface. According to Neumann’s principle, the only contrib-
uting (nonzero) nonlinear coefficients of d;; are d;s, dyy, ds),
dx;, and dsz3. Assuming the twofold rotation axis in the plane
of the film, two general models for the direction of ferroelec-
tric polarization are considered.

Model I: the film has polarization along one direction
only: either along x[100],, or along y[010],, or at an arbi-
trary angle ¢ in the plane of the sample.

Model II: the film is composed of domains with twinning,
i.e., polarization along two in-plane directions orthogonal to
each other. Two cases are considered within model II:

Case I: the sample consists of domains with polarization
along x[100],, (short axis), and along y[010], (long axis).

Case II: the film is composed of domains with polariza-

tion along x'[110], and along y’[TIO]p. The validity of each
of these models is examined next.

Model I. The domain polarization is assumed to be only
along one axis. For polarization along the long axis y[010],
the following expressions are derived:

12 = dis sin”[2(6- )], (2)

Ii‘” =[d3; cos*(0— @) +ds3 sin*(0— )%, (3)

where ¢ is a small offset angle that can arise from polariza-
tion rotation in the film plane and can also be sensitive to
antiferrodistortive rotations.** Similar expressions can be de-
rived for polarization along x[100],. Figures 7(a) and 7(b)
show polar plots at 7=175 K with the analyzer parallel to x
and y directions, respectively. Clearly, model I does not fit
the experimental data well. Similarly poor fits were obtained
at all temperatures studied from ~5-300 K, and hence this
model is thus ruled out. Therefore, twinning appears to be
present at all temperatures, but as we will see next, the po-
larization along the long y[010], axis does dominate just
below T.

Model II. Assuming twinned domains with ferroelectric
polarizations orthogonal to each other within the film plane,
the SHG polar plot intensity can be modeled using the fol-

lowing expression:*

IJ2-“’ =K, sin’ 2(6- @) + K, [sin*(6— @) + K5 ; cos*(0— @)
+ K4,j[sin2(t9— ) +K;; cos? (6— ¢))sin 2(60—- )], (4)

where j=x,y for case I of model Il and j=x',y’ for case II of
model II. K; ; are constants and ¢ is an offset angle. For case
I, the ratios of the net ferroelectric polarization along x and y,
[P}/ P!, as well as the material property, |d|s/ds3| which
represents the ratio of nonlinear SHG coefficients, are given
by
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FIG. 7. (Color online) The schematic on the top depicts the
second-harmonic generation (SHG) setup where light of frequency
 and linear polarization, at an angle 6 with respect to the x axis, is
converted to light of frequency 2w, after interacting with the
sample. By varying the angle 6, and fixing an analyzer along the x,
v, x', and y’ directions SHG intensity polar plots, i.e., If“’, 13“’, 1)2(,"’,
and Iif” are obtained. Figures 7(a)-7(f) show SHG polar plots at 175
K. These compare the theoretical models, represented by the thin
solid red lines to the experimental data, represented by open circles.
In particular, the comparison is the following: (a) model I fit, I_f“’,
(b) model I fit, Ii“’ (¢c) model 1, case I fit, 1)26‘”, (d) model I, case I
fit, I%“’, (e) model II, case II fit, Iif‘), and (f) model I, case II fit, Iif".
The thick solid red lines in Figs. 7(c)-7(f) represent intensities
which must be reciprocal in order for the fitting models to be valid.
Clearly, this is true only for Figs. 7(c) and 7(d), based on model II,
case 1.
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FIG. 8. (Color online) Temperature dependence of the nonlinear
coefficient |d§1/ d=3|. Shown here are the quantities that correspond
to left- and right-hand sides of Eq. (8) (black solid lines) and Eq. (9)
(red dashed lines). For all measured temperatures, Eq. (8) is valid
since the left- and the right-hand side quantities are equal (black
squares and stars), whereas clearly Eq. (9) is not valid. Since, Eq.
(8) is satisfied, we can conclude that the in-plane polarization is
along the (100), and not the (110}, directions.

e o
d33 K3,y KZ,xKZ,y '
where d{s=(d5+d,4)/2. For case II of model II, Egs. (5) and
(6) hold with the substitution of subscripts (x,y) with
™",y

Case I. Each domain has polarization either along x[100],
or y[010],, and both types of domains coexist in a twinned

state. From Eq. (4) it can be shown that the following con-
dition should be satisfied:

dl
7’“ =K3,X=K§iv7 (7)
33

where dj =(dy +dy)/2. Since K;;=1;°(0°)/1;(90°), the
following equality must be satisfied:

L2(0°)/1,°(90°) = 1,“(90°)/1,°(0°). (8)

Figures 7(c) and 7(d) show polar plots at T=175 K with the
analyzer parallel to the x and y directions, respectively. The
experimental data (circles) fit very well with the theoretical
model (solid lines). In addition, If“’(Oo)/1)26‘"(900)~(l.02)2
and Ii”’(90°)/ 15“’(0") ~ 12 are in excellent agreement. Figure
8 is a graphical representation of Eq. (8) and it shows that the
equality is consistently valid for the entire measured tem-
perature range as seen from the two black curves (black
squares and stars) representing, respectively, the right and
left sides of Eq. (8).

Case II. The domain polarization is along x'[110], or
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y’[I_IO]p and both domains coexist in a twinned state. The
following required condition is obtained:

L(45°)/12(135°) = I (135°)/1,(45°) (9)

Figures 7(e) and 7(f) show polar plots at T7=175 K with
the analyzer parallel to the x’ and y’ directions, respec-
tively. Even though the shape of the fit is overall good,
the equality condition defined in Eq. (9) is nor satisfied
since 12'(45°)/12°(135°) ~ (1.23)* and I,,’(135°)/2'(45°)
~(0.74)%. Upper and lower dashed lines in Fig. 8 shows the
left and right sides of Eq. (9) (respectively as squares and
stars), as a function of temperature; clearly the equality is not
satisfied. Based on this analysis we can conclude that the
direction of the ferroelectric polarization of the film is along
(100),. The films are twinned into the two in-plane domain
states.

The temperature dependence of 13‘”(00) is shown in Fig.
9(a). Its behavior is very similar to that of the spontaneous
polarization along the long axis as shown in Fig. 2 for mac-
roscopic electrical measurements. On the other hand, Fig.
9(b) shows the temperature dependence of |P)*/Py*|. At
room temperature the ratio is ~5:1 and it reaches a peak of
~7:1 at approximately 260 K, where the domain fraction
with the net polarization along the long axis dominates the
domain fraction with the net polarization along the short
axis. This is in agreement with the electrical measurements
in Fig. 2. As the temperature is further reduced, the ratio
starts to drop and reaches a constant value of ~1 for T
<175 K. This implies that for 7<<175 K, the probed area
has approximately equal fraction of domains with polariza-
tion along x[100], and y[010],,.

The ratio of the nonlinear coefficients, |d|s/ds;|, which is
an intrinsic property of the film, is plotted as a function of
temperature in Fig. 9(c). There is a clear anomaly at 175 K,
which can be associated with the antiferrodistortive transi-
tion of the thin film. Furthermore, Fig. 9(d) shows the offset
angle ¢ as a function of temperature. For 7>200 K the
offset is non existent. However, at 7<<175 K a small rota-
tion of ~1.6° appears. This offset persists until the lowest
temperature and can therefore likely be attributed to the AFD
transition of the film, as shown in the dielectric response, and
which was predicted to occur between 120 and 175 K.8!
This offset arises from the coupling of the antiferrodistortion
to the SHG signal.**

IV. THERMODYNAMIC ANALYSIS AND PHASE-FIELD
SIMULATIONS

To understand the in-plane directional dependence of the
dielectric, ferroelectric, and SHG measurements for SrTiO;
on DyScO;, we conducted both thermodynamic analysis and
phase-field simulations, similar to Refs. 11 and 12, taking
into account the asymmetric substrate strain. The expressions
for the bulk free-energy density fy, and the elastic energy
density f.p..ic are the same as in Ref. 12. It is important to
note that the thermodynamic description utilized here does
not treat the relaxor ferroelectric character, but is expected to
provide a reasonable description of the ferroic phase transi-
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FIG. 9. Shown here is the temperature dependence of (a)
second-harmonic intensity with a fixed analyzer along the y direc-
tion and 6=0°, i.e., Ii“’(O") and (b) the absolute ratio of the net
polarization along the y axis to the net polarization along the x axis,
|P;’,e‘/P;‘e[| Both (a) and (b) are in good agreement with the electrical
measurements of the polarization in Fig. 2. Figure 9(c) shows the
temperature dependence of the nonlinear coefficient ratio |d|s/d33|
and Fig. 9(d) shows the offset angle (¢) from the polar plot fitting
as a function of temperature. Both show an anomaly at 175 K that
can be most likely attributed to the AFD transition.
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tions. The thermodynamic calculations and phase-field simu-
lations were performed by simply replacing £,;,=&,,=¢; by
g,1=¢, and gy =e¢,, (e, # e,,, the biaxial strains) in the pre-
vious work (Ref. 12) while the description of the modeling
and parameters used remain valid.

As shown in Ref. 12 for the case of symmetric strains, the
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 tempera-
tures at a given strain, but also to different ferroelectric states
(e.g., polarization along the pseudocubic [110], vs [100],
directions), and thus different domain structures under a bi-
axial tensile strain.'> For the case of an asymmetric strain
with e, =1.03% along the [100] axis and e,,=1.06% along
the [010] axis, the transition temperatures determined from
thermodynamic calculations and phase-field simulations are
summarized in Table I for two different values of «, in the
Landau free-energy expression from the literature,34*7 to-
gether with the experimental measurements. For both cases,
there are three transition temperatures as a result of the
asymmetric strain. The representative domain structures after
each of the three transitions for both «[,=5.5
X 1072 c¢m® dyn/esu* and a;,=1.7x10"'? cm® dyn/esu*
are shown in Fig. 10. In Table I and Fig. 10, we use p; and ¢;
to represent polarization components and antiferrodistortive
structural order parameters, respectively. On cooling from
room temperature, the first ferroelectric transition (7) corre-
sponds to the development of a polarization along the longer
in-plane direction (i.e., the higher strain axis, here [010],
axis), while the lowest transition (73) is due to the antiferro-
distortive structural transition in the SrTiO;. However, for
the intermediate transition temperature (7,), the two coeffi-
cients (a;,) in the Landau free energy led to two different
ferroelectric states, [010],/[100], polar states for a;,=5.5
X 10712 cm®dyn/esu* and [110],/[110], for ap,=1.7
%X 10712 ¢cm® dyn/esu* (see Table I and Fig. 10). For the case
of @;,=5.5X107"2 cm® dyn/esu®, the additional transition
(T,) is due to twinning from a single variant [010], to
[010],/[100], domain structure. Since the overall average
strain is tensile, a twin structure is favorable over a single
variant  ferroelectric ~ state. Therefore, for a;,=5.5
X 10712 ¢cm® dyn/esu®, it is the competing elastic interac-
tions between the in-plane domain variants that favor the
twin formation and the asymmetric substrate constraint
which prefers a single domain state that leads to an addi-

TABLE I. Predicted transition temperatures from thermodynamics and phase-field simulations

@1,=5.5x107"12 ¢cm® dyn/esu*

a,=1.7X10712 cm® dyn/esu*

Thermodynamics Phase field Thermodynamics Phase field Experiments
T, 224 K 212 K 224 K 214 K ~260 K
(0,[72,0) (0,]72,0) (O,PQ,O) (0,[72,0)
T, Not available® 200 K 216 K 210 K ~210 K
(p1’0’0)+(0’p2’0) (plsPZ’O) (pl’pbo)
T3 112 K 113 K 113 K 114 K ~160 K

(0,p2,0,)+(g,,0,0)

(Pl,0,0)“'(0,P2,0)+(Q2s0’0)+(0s41’0)

(pl’p2’0)+(q19q2’0) (plvp230)+(ql’q230)

aFor a,=5.5X 10712 cm® dyn/esu* the (0,p,,0) phase is always stable by thermodynamic analysis under the single domain assumption.
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FIG. 10. (Color online) Representative domain structures from phase-field simulations following each of the three transitions for (a)
a@,=5.5%x10712 ¢cm® dyn/esu* and (b) a;,=1.7x 1072 cm® dyn/esu*. Different colors are used to identify the four kinds of domain
variants for both (100) and (110) polar states and the directions of the vectors p and g are shown by the arrows.

tional phase transition as compared to the symmetric strain
case. For a;,=1.7X10"12 cm® dyn/esu*, the second phase
transition produces a polar state along the [110], direction,
the stable polar state under an equivalent symmetric strain.
The fact that our prior SHG and confocal scanning optical
microscopy measurements of SrTiO; films at slightly differ-
ent but symmetric strains exhibit polar directions along the
pseudocubic [110], directions while the present SHG mea-
surements of asymmetrically strained films showed that the
[100], polar states indicates a small difference in thermody-
namic stability of the [110], and [100], polar states. There-
fore, an accurate prediction of polar states for different strain
states will require more precise values of Landau coefficients
than the existing ones. Despite the different polar states for
the second phase transition (7,) due to the uncertainty in the
Landau coefficients, it does not change the conclusion that
the anisotropic strain causes the additional phase transition
as compared to the symmetric strain case. It should also be
pointed out the temperature range for the single variant state
predicted from thermodynamics and phase-field simulations
for either «;, is significantly smaller than that measured in
the experiment.

There are several factors that could lead to the observed
discrepancies in the absolute temperatures of the transition
between theory and experiment. First, the differences may
result from the uncertainty in the values of the materials
constants input into the model. Typically the uncertainty in
these values result in error bars on the calculated transition
temperature that are similar to the discrepancies observed in
this case.!%-!2 Furthermore, the values of all these physical

constants are assumed to be identical to those for bulk ma-
terials, which may or may not be a valid assumption.'!:12:40
Third, the model assumes that the SrTiOj5 film is a normal
ferroelectric, but it has been clearly shown that the strained
SrTiO; behaves like a relaxor ferroelectric. Introduction of
relaxor character to the material often shifts the temperature
of the maximum permittivity by tens of degrees. A classical
example here is found in Pb(Sc,Nb)O; and Pb(Sc,Ta)Os,
where the relaxor nature can be controlled by the disorder in
the system and changed by a high-temperature anneal. In
these systems, annealing can shift the peak of the dielectric
constant 30 K.48-50

V. CONCLUSIONS

Asymmetrically strained SrTiO; shows two distinct per-
mittivity maxima along the SrTiO; [100], and [010], direc-
tions. Measurements of the switchable polarization as a func-
tion of temperature, relaxor character, permittivity after field
cooling, and optical second-harmonic generation measure-
ments confirm that that these two features are distinct and
real. The higher temperature transition is due to the develop-
ment of a ferroelectric polarization predominantly along the
longer in-plane axis y[010],, whereas the lower is associated
with a ferroelectric-ferroelectric transition in which the po-
larization orientation develops along both the y[010], and
the x[lOO]p directions. The antiferrodistortive transition near
170 K is observed along both axes with both dielectric and
SHG techniques. The thermodynamic modeling confirms
that the experimentally observed anisotropy in the properties
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can be attributed to the anisotropic strain state of the film.
Considering that the anisotropically strained thin films show
significantly different domain structure and phase-transition
behavior from isotropically strained thin films, we believe
that engineering strain anisotropy in ferroelectrics can be an
important parameter in controlling the dielectric and ferro-
electric properties of thin films.
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