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The electro-optic response of epitaxially strained SrTiO; grown on bulk DyScOj; substrates is
measured as a function of applied in-plane bias (both magnitude and direction) and light
polarization. The effective electro-optic coefficients are bias-field dependent. Hysteresis is observed
at room temperature, indicative of residual polarity, which is believed to be due to long-lived
alignment of nanopolar regions possibly due to defects. A simple model incorporating
non-180°-nanoscale domains can account for most of the experimental observations.

© 2009 American Institute of Physics. [DOI: 10.1063/1.3042238]

I. INTRODUCTION

Bulk SrTiO; is not ferroelectric even at absolute zero
temperature. The absence of a true phase transition has been
attributed to quantum fluctuations of the soft phonon mode;
for this reason SrTiOj is often referred to as a “quantum
paraelectric.”l The low-temperature state, while nonferro-
electric, is nevertheless highly sensitive to dopants or
strain.”™*

It has recently been demonstrated that highly strained
SrTiO;5 films on DyScOj; substrates act as relaxor ferroelec-
trics with permittivity maxima near room temperature.5
These films are grown on the (110) plane of DyScOs, which
has a rectangular surface net with lattice constants that are
about 1% larger than that of SeriO3.5 This lattice mismatch
generates a biaxial state of in-plane tensile strain and causes
an orthorhombic structural distortion, resulting in ferroelec-
tricity with an in-plane polarization.6 Sharp dielectric tuning
curves at microwave frequencies are observed with an in-
plane dielectric constant as high as 7000 at 10 GHz, drop-
ping by a factor of 5 under modest electric fields
(~70 kV/em).” The “frequency-agile” properties of these
materials show potential for tunable microwave devices.

The 25-nm-thick SrTiO; film was grown on a (110)
DyScO; substrate by reactive molecular-beam epitaxy. The
film was grown using molecular beams of strontium, tita-
nium, and a mixture of oxygen (90%) and ozone (~10%).
Growth was performed using a shuttered growth technique7
at a substrate temperature of 690 °C and an oxidant back-
ground pressure of 3 X 107 Torr. After growth the film was
cooled in the same atmosphere in which it was grown until
the substrate temperature was below 200 °C to minimize
reduction in the SrTiO5 film. Additional details on the film
growth may be found elsewhere.®’

Four-circle x-ray diffraction measurement revealed that
the in-plane lattice parameters of the SrTiO; film were
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3.948+0.001 and 3.952+0.001 A along the orthogonal
[001], in-plane directions where the substrate has spacings
of 3.947+0.001 and 3.952+0.001 A, respectively (where
the p denotes pseudocubic). This corresponds to in-plane
strains of 1.1% and 1.2%, respectively, and a 4.5 GPa aver-
age residual stress in the film.'” This indicates that the
SrTiO; film in this study is strained commensurately to the
underlying substrate within the =0.001 A resolution of our
measurements. The out-of-plane lattice parameter of the
SrTiO; film was 3.887 =0.001 A.

The optical properties of bulk and thin film SrTiO; have
been studied extensively.”flf’ Optical probes can help relate
structural and dielectric properties and can be used to map
polarization dynamics in the gigahertz-terahertz frequency
range.”’20 Moreover, the point group can often be deduced
from the symmetry of the electro-optic response.

These measurements on SrTiO;/DyScO; reveal a strong
field-dependent electro-optic response. The effective electro-
optic coefficients are field tunable, similar to the manner in
which the microwave-frequency dielectric constant is tun-
able. There is a small, but measurable, hysteresis in the
electro-optic coefficients at room temperature, which con-
trasts with essentially nonhysteretic polarization—electric
field data.® We attribute the field dependence to long-lived
alignment of nanoscale domains too small to resolve using
diffraction-limited optical techniques.

Il. EXPERIMENT PROCEDURE

Confocal scanning optical microscopy®! (CSOM) is used
to measure the local birefringence and electro-optic effect of
the 25-nm-thick SrTiOj; film grown on DyScOj; by reactive
molecular-beam epitaxy (Fig. 1).>* Linearly polarized light
from a laser source (Mira 900, A=820 nm, power
=10 mW) is first spatially filtered by a pinhole and a colli-
mator and then converted into circularly polarized light using
a quarter-wave plate. Linearly polarized light of an arbitrary
orientation is produced with a second polarizer placed after

© 2009 American Institute of Physics
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FIG. 1. CSOM setup for electro-optic measurements of SrTiO3;/DyScO;.

the quarter-wave plate, mounted on a computer-controlled
rotation stage. A beam splitter is placed between the pinhole
and microscope objective. One beam is directed to a micro-
scope objective (40X, numerical aperture of 0.65) and fo-
cused on the sample surface. Light reflected from sample
surface is collected by the same objective and its intensity 7,
is measured with the signal channel of the balanced photo-
detector; the other beam is directed to the reference channel.

Ferroelectrics are in general birefringent materials with
strong electro-optic effects. To observe the electro-optic re-
sponse, in-plane electric fields are applied to the sample us-
ing interdigitated electrodes. The interdigitated electrodes are
aligned so that 90° and 180° patterns are aligned to the edges
of the substrate within 0.6° using photolithography. How-
ever, the substrate edges are only aligned to the crystallo-
graphic (100),, directions with an error of less than 2°. Thus
the angle of the electrode has an error of less than *=3°. Both
ac and dc voltages are applied in order to map out the full
field-dependent response. In order to measure orientation-
dependent effects, the electrodes are oriented at several
angles with respect to the crystallographic axes. An applied
ac electric field will produce a corresponding modulation of
the birefringence and the overall refractive index. The refrac-
tive index change is related to the linear electro-optic coef-
ficient, which is a third-rank tensor. The index change also
depends on the light polarization and electric field angle. The
field-induced reflectivity change is detected optically and
isolated using a lock-in amplifier at the frequency of ac driv-
ing field. To minimize the noise due to laser power fluctua-
tions and inhomogeneous surface reflectance, the lock-in
output signal is normalized by the reflected light intensity 7,
to give Al/I,.

The ac frequency f, is set to ~80 kHz, higher than most
of the laser noise but within the bandwidth of the balanced
photo detector. The electrodes are deposited at several angles
(90°, 120°, 135°, 150°, and 180°), as shown in Fig. 2. The
gap between electrodes is d=6 um. The objective is
mounted on an xyz stage, which has both coarse
(micrometer-sensitivity) and fine (nanometer-sensitivity)
control over all three axes. The xy fine control scanning
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FIG. 2. (Color online) Top view of SrTiO;/DyScO; sample with interdigi-
tated electrodes. Six different orientations are available, and five of them
were used.

range is 15X 15 um?®. Reflectivity images are used as a
guide to position the focused beam, which is centered be-
tween the two interdigitated electrodes. For these experi-
ments the beam position is not scanned. The detected electro-
optic signal is recorded as a function of light polarization, dc
bias field, and field angle.

Using the normal incidence approximation, the reflec-
tance r can be derived from the Fresnel relation r=(n
—1)?/(n+1)?, and the lock-in signal can be just expressed as
its derivative with respect to the electric field dr/dE. The
normalized reflectance change can be expressed as

1 dr 4 dn
YdE= o 1dE M
and the effective electro-optic coefficients is
)
d n? dr\n*-11
et = dE == (7) 3 d_E (2)

For StTiO;, the published value n=2.34 was used.”? The
electric field amplitude dE=F,. is calculated using E,.
=V,./d, and dr/r=Al./I,. Because the optical properties
should be the same for light beams with polarization direc-
tions that differ by 180°, the data are fitted to a general
function

f(@)=a+bsin(26) +c cos(26) + ---. (3)

Higher order terms such as sin(46) and sin(66) are neglected
because they are small and unrelated to the linear electro-
optic effect, as will be explained below.

lll. RESULTS AND DISCUSSION

The normalized reflectivity (1/r)(dr/dE), proportional
to the electro-optic response, is plotted versus linear polar-
ization angle for various values of the static electric field Ey,
shown in Fig. 3. In each subplot, the magnitude and direction
of the red line represent the magnitude and direction of the
applied electric field. Data were collected at a fixed polariza-
tion angle for 22 different voltages and 36 different linear
polarization angles.
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FIG. 3. (Color online) Electro-optic response vs. light polarization plotted as
a polar graph. 0° is chosen to be along the vertical axis, with angles increas-
ing in the clockwise direction. Open dots are experimental data. Blue solid
lines are fitted according to Eq. (3). Red bars represent the electric field
strength and direction. The electric field angles are (a) 180° (or equivalently
0°), (b) 150°, (c) 135°, (d) 120°, and (e) 90°. In each subfigure, data were
acquired starting from the top left and proceeding clockwise. The bias volt-
ages are (in volts) =10, =7, =4, =3, =1.5, 0, +1.5, +3, +4, +7, +10, +10, +7,
+4, +3, +1.5, 0, —1.5, -3, -4, -7, and —-10.

The two-lobe and four-lobe angular distributions present
in Fig. 3 are signatures of birefringence. The crystal structure
of bulk SrTiOj5 is centrosymmetric with no birefringence or
linear electro-optic effect. The existence of a linear electro-
optic effect demonstrates that this symmetry is broken, at
least on a local scale.

Both the magnitude and angular distribution of the
electro-optic response depend sensitively on the strength and
angle of the bias electric field. For a given field direction, the
lobe orientation is not always constant, as can be seen in
Figs. 3(a) and 3(e). The effective linear electro-optic coeffi-
cients are derived from fits to Egs. (2) and (3). In Fig. 4, the
coefficients in Eq. (3) are plotted versus light polarization
and electric field strength. The coefficients show a modest
level of hysteresis that is attributed to a long-lived field-
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induced state. It is important to note that temperature depen-
dent capacitance measurements on similar samples show fre-
quency dispersive dielectric permittivity peaks around 250 K
for low frequency electric fields (500 Hz—1 MHz). More-
over, a remanent polarization was shown to develop below
room temperature via switching measurements.® It is be-
lieved that the discrepancy is associated with the difference
in length scales probed electrically and optically. The elec-
trical hysteresis measurement probes long-range correlation
of the dipole moments at low frequencies. In contrast, optical
measurements of relaxor ferroelectrics often show the devel-
opment of a local polarization at temperatures significantly
higher than the permittivity maxima (e.g., the Burn’s
temperature).23 Room temperature hysteresis in comparable
samples is also observed in second harmonic generation
measurement.” % Thus, it is believed that the electro-optic
measurements here are associated with local polar regions.
Given the uniformity of the CSOM results, the micropolar
regions must be quite small (perhaps of the order of 10 nm).
Application of an electric field aligns the polarization direc-
tion of these nanopolar regions. The existence of some re-
sidual hysteresis in the optical measurement is then a conse-
quence of some of these states remaining aligned for longer
times (e.g., on the order of hours to days in this work). This
could occur either if the activation energy associated with
reorientation were large, which should slow down the kinet-
ics of the reorientation, or if the local polar moments inter-
acted with point defects in the films, providing local stabili-
zation. Estimates of the activation energy from Vogel-
Fulcher analysis gave a value of 0.05 eV for these films,
which is considerably larger than that shown by many lead-
based relaxors such as lead magnesium niobate (PMN). It is
not clear, at present, which of these two effects dominates in
the case of strained SrTiO; on DyScOs.

From Fig. 4, it is clear that the linear electro-optic re-
sponse saturates above a certain critical field strength. This
could be associated with improved alignment of the nanopo-
lar regions. To try and describe the observed behavior, the
linear electro-optic response was modeled under the assump-
tion that the film had mm2 point group symmetry6 using field
strengths comparable to the experimental conditions. It was
found that the field dependence of the observed electro-optic
response cannot be described with a single orientation of the
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FIG. 4. (Color online) Effective linear electro-optic coefficients vs bias electric field strength at different light polarizations and electric field angles. (a)
Electric field at 180°. (b) Electric field at 135°. (c) Electric field at 90°. The legends indicate light polarization. Equation (2) is used to calculate the

coefficients.
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FIG. 5. Definition of various angles. X and Z define the original principal
axis of refractive index tensor. ¢ is the electric field angle to Z. X" and Z’ are
the new principal axes of refractive index tensor under external field. a is
the angle of the rotation of principal axis.

nanopolar regions. A single domain can only exhibit abrupt
changes in electro-optic response due to uniform domain re-
versal. The model considered allows for four different types
of polar directions aligned at 0°, 180°, and £90° with re-
spect to the possible symmetry axis. This symmetry axis was
chosen to be in the direction of 135° of our coordinate sys-
tems according to the first principle density-functional calcu-
lation for a homogeneously strained film done by Antons e?
al® Therefore, the directions of chosen domains in our coor-
dinate system are +135°, —45°, +225°, and +45°. It should
be noted, however, that these directions do not correspond to
the observation that the long-range polarization develops first
along the longer in-plane axis. We label the relative fractions
of those types of domains as fi, f>, f3, and f,; with the nor-
malization constraint f;+f,+f3+f,=1. The coexistence of
90° domains is consistent with the fact that the measured
in-plane lattice constants are close to each other. Landau
free-energy simulations by Li et al.” also predict the coex-
istence of 180° and 90° domains. The ratio between 90°
domains is fixed because we assume that there is no 90°
domain reorientation. In addition to 90° domains, we also
assume there are antiparallel ferroelectric domains. The ratio
between antiparallel domains depends on the applied electric
field. The resulting electro-optic response is plotted in Figs.
6-8 in a fashion similar to Fig. 3. Details of the simulations
are given in Sec. IV.

IV. SIMULATION

The lattice structure of bulk SrTiOj; is centrosymmetric.
The substrate produces tensile strain, causing the lattice

a) b) <)

a

FIG. 6. Simulated electro-optic responses for 180° (or 0°) electric field
angle at different ratio between 0°, 180°, +90°, and —90° regions. The
fractions of micropolar regions oriented at 0°, 180°, +90°, or —-90°
(f1f2-f3.f4) are given by (a) (0.2, 0.3, 0.5, 0), (b) (0.35, 0.15, 0.35, 0.15),
and (c) (0.5, 0, 0.2, 0.3).
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/k a) b) c)
FIG. 7. Simulated electro-optic responses for 135° electric field at different
ratio between 0°, 180°, +90°, and —90° domains. The fractions of micropo-

lar regions aligned in a particular orientation are given by (a) (0, 0.65, 0.175,
0.175), (b) (0.195, 0.455, 0.175, 0.175), and (c) (0.52, 0.13, 0.175, 0.175).

structure to become orthorhombic. The relevant form of

Pockels tensor (linear electro-optic coefficient) is given
6,26

by

0 0 rp;
0 0 ry
0 0 r
rij= 0 rp :)3 4)
rs7. 00
0 0 O

As shown in Fig. 5, the electric field angle ¢ and light po-
larization 6 are defined with respect to the z-axis in the co-
ordinate system along the original (zero electric field) crystal
principal axis. In the absence of external electric fields, the
impermeability tensor can be diagonalized

1 7 0 0
; == 0 7n 0 [ (5)
0 0 73

Under external electric field applied in the xz plane, of which
the y-component is zero, the new impermeability tensor is
given by

| 7+ i3k, 0 rsiEy
; =7n= 0 M)+ 7'23EZ 0 . (6)
rsi1Ex 0 733+ r33E;

The new eigenvalues of the above matrix are

1 1
| == +rpE. + +rE
(nz)” 2[7711 138+ 733 + 335,

=Nl +ri3E.— 733 - r33Ez)2 —4(rsiE)%],

(7)
1
| =mm+rakE, ®)
/2
1 1
2T 5[7711 Bt M3+ sk,
+ \3'1(7]11 +rE, = 753 r33Ez)2 —4(rsiE)*].
)

Moreover the corresponding electric field vectors of the light
polarization are
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2rs | E
{1,0, —— - 2}, (10)
M+ riE; = a3 = rE A Ny + 1i3E, = 33— r3E,)” — 4(r5 E,)
{0,1,0}, (11)
2rs E
{1,0, — - 2}, (12)
M+ 113E. = M3 = rE, = Ny + r13E, = 33— r3E,)” = 4(rs E,)
where E =F cos ¢ and E,=FE sin ¢.
The angle of rotation of principal axis is
2rs | E
azarctan{ / St E 2}. (13)
M+ 113E, = 33— r3E, = (g + r13E, — 33— r3E)” = 4(r5 E,)

The variation in reflection from the sample surface is the
experimentally measured quantity. The reflection ratio is

nl—1\? n—1\?
r=\" ) =) (14)
n,+1 n,+1
where 7, and n] are the two principal refractive indices in the
rotated principal coordinates, and

2 -1 _
n;:[<l) } /2’ n;:[<1)2} 1/2. s
nj/y n/33

For arbitrary light polarization 6, relative to z axis, the re-
flection ratio is

r(6,E) =7, sin®(0— @) + ] cos*(0- ). (16)
This is indeed the form of Eq. (3)

The lock-in detected value, after normalization, is
al, dr r(0,E +dE) —r(6,E)
I r r(0,E)

(17)

All our calculations follow Egs. (16) and (17). To simulate
the experimental result, we used a model of multiple mi-
cropolar regions. For all simulations, we set FE
=20 V/(6 pum), dE=2 V/(6 pm). One of the principal
optical axes is chosen to be along 135° to the vertical
axis.®® Micropolar regions with their polar axis aligned par-
allel and antiparallel to this direction are referred to as 0° and
180° regions, respectively. A second principal axis is chosen
to be along 45°, and micropolar regions aligned parallel and
antiparallel to this direction are referred to as +90° and —90°
regions. Several relevant elements in the electro-optic tensor

/\L_\a) rL b) /\j/ C)
FIG. 8. Simulated electro-optic responses for 90° electric field at different
ratio between 0°, 180°, +90°, and —90° domains. The fractions of domains

are given by (a) (0.4, 0.1, 0.4, 0.1), (b) (0.3, 0.2, 0.3, 0.2), and (c) (0.1, 0.4,
0.1, 0.4).

were chosen to be r3=20 pm/V, r3;3=2 pm/V, and ry;
=10 pm/V. This provided a reasonable fit to the experimen-
tal results. It should be noted, however, that alternative
choices for the parameters could give similar results. The
dielectric impermeability is set to (1/n§):0.17 and (1/ ng)
=0.16; n, and n, are chosen to be close to each other because
the effective birefringence for thin films is small.

From these simulations, we find that the contribution of
antiparallel micropolar regions cancels out in the electro-
optic response. In Fig. 7, the electric field is 135°, which is
perpendicular to the principal axis (or the polar axis of ferro-
electric regions) for the +90° and —90° regions and parallel
to 0° and 180° regions. The fractions of +90° and —90° re-
gions are fixed at 50/50 (f3=/,=0.175). In that case, their
total contribution to electro-optic effect turns out to be zero.
The ratio between 0° and 90° regions is chosen to be 0.65/
0.35 to reflect the fact that the electric field is along 0° and
breaks the symmetry between micropolar regions aligned
along 0° and 90°. The lobe shape and orientation did not
change with the ratio between 0° and 180°—only the ampli-
tude changes [as in Fig. 3(c)]. When the ratio between 0° and
180° regions saturates at high bias fields, both the 90° and
180° orientations contribute constructively to the electro-
optic effect, consistent with experiment. The electro-optic
effect is stronger compared with Figs. 6 and 8 due to the
larger fractions of f; and f, (f;+/,=0.65) chosen. This is
consistent with experimental results [Fig. 3(c)]. In Fig. 6(a),
the electric field direction lies in between the 0° and 90°
orientations. All four polar orientations contribute equally (if
one neglects the small difference between in-plane lattice
constants). By combining them with various weights one can
generate the various lobe shapes and orientations seen in Fig.
3(a). However, the relation between the applied field, its his-
tory, and the domain fractions is complex and underdeter-
mined by the electro-optic measurements. In Fig. 8, the na-
nopolar region orientations are in a similar condition as in
Fig. 6, but the electric field component in 90° domains is
reversed compared with Fig. 6. Again, the fraction is chosen
to match observations shown in Fig. 3(e). Simulations with
the choice of symmetry axis along 0° are also done. Similar
results can be obtained by choosing appropriate fi, f5, f3, and
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f4 except that the larger electro-optic responses appear along
0° and 90° in our coordinate system, which are not consis-
tent with the experiment results.

V. CONCLUSION

The SrTiO; film grown on DyScOj; substrate appears to
be uniform over a 15X 6 um? area (6 wm is the gap be-
tween the electrodes) using the scanning confocal micro-
scope mode shown in Fig. 1. Previous work suggests that
localized ferroelectric nanodomains exist,”*>"** making it
difficult to observe the domain structure using diffraction-
limited optics. In this work, a multidomain model for the
local polar moments was developed to explain the experi-
mental results. Calculations of the effective electro-optic co-
efficients, based on this model, agree qualitatively with ex-
perimental observations. Higher-resolution probes such as
apertureless near-field scanning optical microscopyzo are re-
quired to give more direct evidence for the existence of nan-
odomains.
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