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Phase transitions associated with competing order parameters in compressively
strained SrTiO; thin films
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(100)-epitaxial SrTiO; thin films having biaxial compressive strains up to —1.60% were grown on lattice
mismatched substrates. Two phase transitions induced by the coupled instabilities (antiferrodistortive and
ferroelectric) in SrTiO; were revealed in a common set of samples investigated at temperatures from 8 to
600 K by CuKa and synchrotron x-ray diffractions and by UV-Raman spectroscopy. It is shown that the in-plane
compressive strain in SrTiO; significantly increases the transition temperature between cubic and tetragonal-
antiferrodistortive phases and furthermore precipitates a ferroelectric polar phase at lower temperatures. The
strain-temperature phase diagram based on the measurements shows a cubic-to-antiferrodistortive transition
temperature that is substantially higher than predicted within a phenomenological Landau-Ginsburg-Devonshire
treatment. In contrast the transition to the ferroelectric polar phase is found to be close to the temperature
predicted, with the consequence that there is no crossing of the two phase transitions for temperatures up to
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I. INTRODUCTION

Ferroelectrics are ubiquitous in technology, based on their
strong piezoelectric and pyroelectric responses, their nonlinear
dielectric response, and their multistable polarization states.
The vast majority of applications are based on polycrystalline
PbZr, Ti;—, O3 (PZT) ceramics, but there is an ongoing interest
in a search for alternatives, both for avoiding Pb in their
manufacture and to find stronger responses [1,2]. One avenue
available for exploration is by control of strain using high pres-
sure. However, of equal fundamental interest and considerably
more technological accessibility is the investigation of biaxial
strain developed during the growth of crystals as thin films
[3]. Here we focus on exactly such a system, investigating the
existence of a ferroelectric polar phase in SrTiO3; (STO) within
a strain-temperature space.

STO adopts a conventional cubic perovskite phase at
ambient temperature. Unlike many perovskites having an
order parameter of ferroelectric polarization it does not pass
through the various polar structures under reducing temper-
ature, although it has been recognized for decades to be an
incipient ferroelectric, showing many signs of an approaching
ferroelectric state as the temperature is lowered toward 0 K
[4,5]. High pressure has been shown to stabilize a ferroelectric
phase in STO above 0 K, as have chemical and even isotopic
substitutions [6—11]. The most spectacular example is the room
temperature ferroelectricity in STO films strained by a large
biaxial tension [3]. In these films, the ferroelectric transition
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with the in-plane polarization is expected and indeed has been
experimentally identified from the soft mode behavior [12]. On
the other hand, the ferroelectric transition with the out-of-plane
polarization is expected in the compressively strained STO
films, although the clear ferroelectric transition has been rarely
reported [13,14].

In addition to the ferroelectric instability in STO, there is
competing structural transition at 105 K, into a nonpolar tetrag-
onal structure with alternately right-and left-rotated oxygen
octahedra, an antiferrodistortive (AFD) phase. For some years
there have been predictions relating to the phase stabilization
by these two order parameters (instabilities) in STO under
biaxial strain [15—17]. The competition between the two order
parameters, polarization and rotation of oxygen octahedra,
then lends special interest to this system; the potential to
stabilize the ferroelectric phase at finite temperature raises
the possibility that the two phase transition lines may in fact
cross. One can expect an appreciable impact of the rotation of
oxygen octahedra on the dielectric response in the vicinity of
such a crossing point, which may result in useful properties
for applications such as an improved temperature stability
of relatively large dielectric constant. Even more generally
such competing order parameters are of considerable current
interest relating to a wide range of physical phenomena in
condensed matter science.

A phenomenological thermodynamic treatment based on
Landau-Ginsburg-Devonshire (LGD)-type theory suggests
that the ferroelectric polar phase is expected for biaxial com-
pressive strains of greater magnitude than —0.2% [15], with a
transition temperature rising to almost 200 K for —1.1% strain,
almost twice the AFD transition temperature in unstrained
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STO (105 K). It also suggests that the AFD transition rises with
compressive strain at a lower rate than the ferroelectric tran-
sition temperature, so that the two would be expected to cross
at a temperature near 200 K at a biaxial strain of —1.1% [15].

There have been several experimental studies of the
transition lines on the temperature-strain phase diagram
of STO, although disagreement among them leaves a still
confused situation. Direct structural observations, following
the intensity of superlattice spots under unit cell doubling
in the AFD phase, show the cubic-to-tetragonal AFD phase
transition much higher in temperature than predicted for
compressively strained STO films [18-20]. Independently,
dielectric measurements on a compressed film supported the
predicted phase line for the ferroelectric polar phase transition
temperature, which then implies that there will be no crossing
point [13]. There is even a report of the relaxor behavior
without any clear ferroelectric transition in a similarly strained
film, nowhere close to the crossing point [14]. In contrast
there exists a report of a crossing point, based on an indirect
investigation of the structural transitions as signaled by second
harmonic generation under optical excitation [21]. However,
one must also note the impact of the slight off-stoichiometry in
STO films as it is known to sensitively affect the unit cell size
and ferroelectricity [22,23], which complicates the matter and
impacts on the reliable comparison among different films. To
date there appear to be no systematic experiments that follow
both transitions on a common set of strained films, which
would then directly establish whether the phase lines do, in
fact, cross.

In the present work we report a study of the phase transitions
in STO films grown with in-plane compressive strains up to
—1.6%. The films were investigated by a combination of
temperature-dependent x-ray diffraction (XRD) and Raman
spectroscopy techniques that will be seen to complement each
other in revealing the transitions into the AFD and ferroelectric
polar phases. It will be seen that we find no evidence of crossing
transition lines, indeed the two remain separated by more than
100 K over the entire strain range investigated.

II. EXPERIMENTAL DETAILS

A. Film growth

STO thin films were deposited on LaAlO3 (LAO) (100),
(La,Sr)(Al,Ta) O3 (LSAT) (100), NdGaO3 (NGO) (110), and
STO (100) substrates by pulsed laser deposition (PLD) with
KrF excimer laser (A = 248 nm). Stoichiometric STO single
crystals were used as the targets. The deposition temperature
and oxygen pressure during the deposition were in the range
of 700 — 720°C and 1 x 107#—5 x 10~* Torr.

Special care has been exercised to ensure that the films
are well formed and stoichiometric with an equilibrium lattice
constant that is the same as bulk STO, ay; a lattice constant that
differs from STO affects in turn the strain imposed by epitaxial
growth on lattice mismatched substrates [24-27]. There are
several possible sources for a deviation in unit cell size, but a
slight off-stoichiometry is most likely [22,27,28]. Although
it has been generally recognized that PLD can achieve a
good stoichiometry of the films, dedicated optimizations are
required to realize this. We have ensured stoichiometry by
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growing homo-epitaxial films on substrates of STO, and
ensuring that the diffraction peaks from the film and the
substrate overlap. To achieve the match we changed the laser
energy density, following the optimization procedure as has
been reported by Ohnishi ef al. [22] This optimized condition
for homo-epitaxial films, which yielded a difference in unit
cell size of less than 0.02%, was then used in the growth of all
the strained films in the study. Here, the unit cell size of the
films is defined by taking into account the elastic deformation,
as

ap = ((s11 + s12)ar — 2s12ay)/(s11 — $12), (D

where q| and a, are the in-plane and out-of-plane lattice
constants of the films, and s;; are the elastic compliance of
STO.

The magnitude of the strain was controlled by selecting
several mismatched substrates. The lattice mismatch increases
in the order of 0, —0.95, —1.22 (average), and —2.97% for
STO, LSAT, NGO, LAO substrates. In addition, in order to
achieve more variations of strain, the films were grown with
the different thicknesses, which results in the different strain
relaxation states from the lattice mismatch.

B. XRD investigations

The lattice constant and symmetry, and their temperature
dependence were investigated by XRD measurements per-
formed using diffractometers with CuK« x rays (Philips X’ Pert
MRD, Bruker D8 DISCOVER, and D8 ADVANCE) and
synchrotron radiation x rays (SPring-8, BL13XU beamline,
Japan).

The in-plane and out-of-plane lattice constants at room
temperature were precisely measured by reciprocal space map-
ping around STO 103 using CuKe 1 x rays monochromated by
Ge(220) 2-bounce crystal. The temperature dependence of the
lattice constant was measured by 68-26 scans of STO 002 peak
in the range of 80-600 K using CuKa x rays.

A transition from the high temperature cubic phase to the
tetragonal AFD phase was directly detected by additional
superlattice peaks at half-integer index positions in XRD
profiles. These arise from the symmetry change from space
group Pm3m to I4/mcm, which involves the rotation of
TiOg octahedra. The possible AFD transition within the
tetragonal ferroelectric phase involving the rotation of TiOg
octahedra can be also detected by the same measurement.
Since the structural factors for those superlattice peaks are
small, we used synchrotron radiation x rays with 12.4-keV
photon energy (a wavelength of 0.1 nm). The temperature was
controlled in the range of 90-530 K using the heater built into
a Joule-Thomson refrigerator set in the chamber especially
designed for the BL13XU beamline.

C. Raman spectroscopy

Raman spectra were collected with a Jobin-Yvon T64000
Raman spectrometer in triple-subtractive mode for maximum
Rayleigh line rejection; 2400 line/mm diffraction gratings
blazed for the near UV were used in all three of the dispersion
stages of the spectrometer. The detection element was a liquid-
nitrogen-cooled charge coupled device. The excitation, a
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TABLE 1. Labels for the observed Raman peaks in tetragonal
polar phase of STO films on mismatched substrates: LAO, LSAT,
and NGO.

Label TO, TO; TO, LO,4
Frequency (cm™") 175 265 550 800
Reference [30] [30] [30] [13]
LAO o o o
LSAT o o

NGO o o

325-nm line of a He-Cd gas laser, is above the interband
absorption edge of STO, thus enhancing the film signal while
suppressing scattering from substrates [29]. As a result, we are
able to identify the films’ vibrational modes in the UV Raman
spectra, whereas the modes could not be seen at all in prelim-
inary Raman spectra collected with visible-light excitation.

Spectra were collected from 8 K to ambient temperature.
A Linkam THMS600 cryostat was situated on a microscope
stage for temperatures above 80 K, and a UV microscope
objective with numerical aperture 0.32 was used to collect the
light in the back-scattering geometry. To access temperatures
below 80 K we used a Janis CCS 450 helium cryostat. Due
to the incompatibility of this cryostat with the microscope
stage, these lower-temperature spectra were obtained in the
pseudobackscattering geometry. The laser was focused onto
the sample by a 150-mm focal-length lens and the scattered
light was imaged at the spectrometer’s entrance slit with a UV
lens of numerical aperture 0.34 matched to the spectrometer
focal ratio. We collected overlapping spectra from the two
cryostats in the intermediate temperature range between 80
and 200 K.

Spectral signatures of the tetragonal polar phase of STO
are conventionally labeled as TO; to TO, and their LO
counterparts [9,13], and appear at the frequencies given in
Table I. We have managed to access a subset of these in every
one of the strained films, but masking by substrate spectra
has prevented measurements based on a common line across
all films. Figure 1 shows typical low-temperature spectra in
which the most useful features are identified for films on each
of the four substrate crystals. Below we use the temperature-
dependent amplitudes of the polar-phase vibrational lines
to assign transition temperatures [13,29,30]. Extracting the
amplitudes is aided by fitting the lines to Lorentzian functions,
and a Fano line to account for interference with a broad
background signal in the case of TO,. Corrections were made
for the Bose factor.

It has been reported that very weak peaks of the polar-
structure modes were observed in Raman spectra of unstrained
polycrystalline STO ceramics, and were interpreted in terms
of small polar-phase regions induced by grain boundaries and
other structural defects [30-32]. We have investigated such
a possibility in our films by seeking the polar-phase Raman
signatures in an unstrained homoepitaxial 40-nm-thick film
(STO/40). It is clear in Fig. 1 that there is no sign at all of
the polar Raman lines at any temperature down to 9 K in
the unstrained film, eliminating structural defects as the major
cause for the polar STO modes in our spectra.
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FIG. 1. Raman spectra of a range of samples showing each
substrate used in the experiments. The spectra were all recorded
at 9 K. The polar STO modes used to signal the polar phase are
marked with dashed lines, and significant substrate lines that mask
these modes are marked by *. The number in sample name represents
the thickness of STO films in nm. The sample naming scheme and
details are described in the Table II caption.

III. RESULTS AND DISCUSSION

A. Strain measurement

Table II shows the room temperature lattice constants and
strain of STO films employed in this study. The in-plane strain
uy|, and out-of-plane strain u  , were defined as

uy =(ay—aop)/ap and u, = (ay — ap)/ao, (2)
where q| and a, are the in-plane and out-of-plane lattice
constants and ag = 3.905 A at room temperature. The in-plane
and out-of-plane lattice constants of the film homo-epitaxially
grown on STO substrate (STO/40) are the same within the
uncertainty as ap, confirming excellent stoichiometry in the
films deposited under the conditions in this study. Otherwise
the films are all in-plane compressed due to the negative
lattice mismatch between film and substrate. As shown in
the table, the in-plane compressive strain was larger for larger
lattice mismatch and thinner films, so that the largest strain of
—1.60% and the smallest strain of —0.24% were achieved for
the 30-nm-thick film on LAO (LAO/30) and the 140-nm-thick
film on LSAT (LSAT/140), respectively. The observed strains
were larger than the previously reported values by He et al.
[20] for the similar film thicknesses and the same substrates.
We believe this is a result of the lower oxygen pressure
during PLD slowing the strain relaxation process during the
hetero-epitaxial growth. It should be noted that the film on
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TABLE II. Room temperature lattice constants and strains of the STO films used in this study. The sample names identify the substrate and
the film thicknesses in nm. The error of the estimated in-plane and out-of-plane strain is £0.08% and £0.03%, respectively.

Lattice constant (10%) Strain (%)

Sample Film thickness (nm) Substrate a u)| Uy

LAO/30 30 LAO 3.842 3.953 —1.60 1.24
LAO/100 100 LAO 3.878 3.928 —0.69 0.59
LSAT/60 60 LSAT 3.869 3.933 -0.92 0.71
LSAT/105 105 LSAT 3.871 3.929 —0.87 0.62
LSAT/140 140 LSAT 3.896 3911 —0.24 0.16
NGO/50 50 NGO 3.863/3.854 3.948 —1.08/—1.31 1.10
STO/40 40 STO 3.905 3.906 0.00 0.03

NGO is strained anisotropically in-plane due to the rectangular
net presented by the NGO (110) surface.

In addition to the difference in the strain between different
films, it should be noticed that the strain of thicker films is
inhomogeneous because of the partial relaxation state from
the lattice mismatch caused by several factors that prevent
formation of misfit dislocations [33-35]. Figure 2 shows XRD
reciprocal space maps for the films on LSAT with different
film thicknesses as typical results showing the partial strain
relaxation. Qx and Qz are the inverse of lattice spacing in the
in-plane and out-of-plane directions, respectively. As can be
clearly seen, the in-plane lattice spacing of the thinnest film
(LSAT/60) matches that of the LSAT substrate; therefore, the
film is fully constrained and the strain is uniform throughout
the film. On the other hand, the thicker films (LSAT/105,
LSAT/140) are partially relaxed; therefore, there are wide
variations of the strain. Figure 3 shows the STO 103 peak
profiles with respect to Qx, for which the intensity is integrated
along the Qz direction. As drawn in the figures, the strain
variation of thicker films would be decomposed into two
parts for simplicity. Since the strain relaxation most likely
starts at the growing surface for the examined heterostructures

[33], the residual strain remains large near the film/substrate
interfaces and becomes small in the upper part of the
films.

Figure 4 shows the in-plane and out-of-plane strains for
the films used in this study. As discussed above, the strain
of the partially relaxed films has variation for constrained
and relaxed regions. The strain of LAO/100 is, however,
plotted without variation, as the constrained region is almost
undetectable due to the considerable relaxation from the large
mismatch between STO and LAO (—2.97%). As for NGO/50,
two kinds of in-plane strain are plotted due to the rectangular
net of the NGO (110) surface although the film is almost fully
constrained. Except for the homo-epitaxial film (STO/40),
the out-of-plane strains are basically always positive (tensile)
due to the elastic deformation by the in-plane negative
(compressive) strain. If the films are in the paraelectric cubic
phase at room temperature as bulk STO, the in-plane strain ),
and out-of-plane strain u  , should obey the relationship,

uy =up(2si2/(s11 + 512)), 3)

shown as the filled area in the figure. As can be seen, the
in-plane strain and out-of-plane strain of the films have nearly

7.85 7.85 7.85
(a) LSAT/60 (b) LSAT/105 (c) LSAT/140
7.80 7.80 7.80
7.75 7.75 7.75
e =
£ 770 7.70 £ 770
N N
c c
7.65 7.65 7.65
7.60 7.60 7.60
7.55 7.55 7.55

252 256 260 264
Qx (nm’)

252 256 260 264
ax (nm™)

252 256 260 264
ax (nm’)

FIG. 2. (Color online) XRD reciprocal space maps around STO 103 reflections for the samples (a) LSAT/60, (b) LSAT/105, and

(c) LSAT/140.

214101-4



PHASE TRANSITIONS ASSOCIATED WITH COMPETING ...

(a) LSAT/60

T T T T T T T |

(b) LSAT/105

1
) -

1
.

. )
A\l
\ \
N

(c) LSAT/140

Intensity (arb. units) Intensity (arb. units) Intensity (arb. units)

-
- D S
= ~ =

254 255 256 257 258 250 260 261
Qx (nm™)

FIG. 3. STO 103 peak profiles with respect to Qx for the samples
(a) LSAT/60, (b) LSAT /105, and (c) LSAT/140. The peak intensity is
integrated along the Qz direction. Dashed lines show the decomposed
profiles for the constrained (1) and relaxed (2) regions.

a proportional relationship, although their slope is somewhat
larger than the theoretical slope for the paraelectric cubic
phase taking into account the elastic deformation. Specifically,
the deviation of the out-of-plane strain from the theoretical
line becomes larger for the larger in-plane strain. This may be
due to the elongation of the lattice by the rotation of the oxygen
octahedra and/or the spontaneous polarization [36,37].

2.0

1.5
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NGO/50 @

®--® paiaclectric
cubic phase
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Out-of-plane strain, u, (%)

STO/40 &'\ saT/140
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FIG. 4. Ambient-temperature in-plane strain and out-of-plane
strain of the samples. The strains of partially relaxed LSAT/105
and LSAT /140 are plotted with dashed lines showing the variation of
the strain. The two in-plane strains are plotted for NGO/50 due to the
rectangular net of the NGO (110) surface. The filled area represents
the out-of-plane strain that would follow from the Poisson ratio in the
paraelectric cubic phase.
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FIG. 5. Deviation of the out-of-plane lattice constant from that
expected for the HT phase for the samples: (a) LAO/100, (b)
LAO/30, (c) LSAT/105, (d) LSAT/60, and (e) NGO/50. The error
bars represent a systematic uncertainty. The arrows indicate the
temperatures at which there are sudden rises in the lattice constant,

to be associated with the expected phase changes.

B. Temperature-dependent XRD, the structural
phase transitions

The temperature dependence of the lattice constant gives
a signature of phase transitions because both transitions
involving the two order parameters in STO, the rotation of
oxygen octahedra and the spontaneous polarization, result
in the elongation of the lattice along these axes. As is well
established, for the compressively strained STO (100) films,
the elongated ¢ axes in both phases lie perpendicular to the
substrate surface [13,15,20]. Thus the phase transition tem-
peratures are signaled by sudden elongation of the substrate-
normal lattice constant when the temperature is lowered into
the AFD and ferroelectric polar phases. Figure 5 shows the
temperature dependence of the out-of-plane lattice constant for
the films on LAO, LSAT, and NGO substrates as typical results,
plotted as the deviation from the expected out-of-plane lattice
constant of the high temperature paraelectric cubic phase (HT
phase),

Aa (T)=a(T) —arpr(T). “

Here, a, y7(T) is the expected out-of-plane lattice constant
adjusted to account for the lattice distortion imposed by the
in-plane biaxial strain u(T"); namely,

aiur(T) = aour(T)A + uy(T)2s12/(s11 + 512))),  (5)

where agyr(T) is the lattice constant of unstrained STO
in cubic phase at the given temperature. u| (7)) over the
whole temperature range was estimated from the temperature
dependence of lattice constant of the substrates and the precise
lattice constant of the films at room temperature assuming
that the in-plane lattice constant of the films is clamped by
the substrate. In all the films the high-temperature data are
clustered about zero within the ~107> nm scatter, but they
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(a) LAO/100 (b) LAO/30
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FIG. 6. Temperature dependence of XRD profiles at a half-integer
index position of STO 135 reflections for the samples (a) LAO/100
and (b) LAO/30.

also all show a clear increasing lattice constant in the range
of 300-500 K. In four of the films (LAO/100, LAO/30,
LSAT/60, and NGO/50) there is another clear increase below
210K, and in LSAT /105, the lowest-temperature point appears
to be the start of an increasing lattice constant. Thus already
this measurement signals two widely separated transition
temperatures, as marked by the arrows in Fig. 5. However,
these data alone do not identify which transition, into the
AFD or ferroelectric polar phase, can be assigned to the two
temperatures.

In order to determine the order parameter responsible for
these transitions, the structural AFD transition owing to the
rotation of TiOg octahedra was first investigated by observing
the additional superlattice peaks at a half-integer index position
in synchrotron XRD profiles. Figure 6 shows the temperature
dependence of XRD profiles at a half-integer index position
of LAO/100 and LAO/30 samples. In addition to the LAO
1/23/25/2 peak [38], a reflection corresponding to STO 1/2
3/2 5/2 was observed. As can be found in the figures, the
intensity of STO 1/2 3/2 5/2 peak decreased with increasing
temperature. Figure 7 shows the temperature dependence of
the STO 1/2 3/2 5/2 peak intensity for those films. As shown
in the figures, the peak intensity shows a monotonic decrease
with rising temperature and meets zero at 450 K and 530 K for
LAQO/100 and LAO/30, respectively, indicating the un-rotated
state of TiOg octahedra above these temperatures. As shown in
Fig. 5, these films showed two transition temperatures in the
temperature dependence of the lattice constant: 170 and 460 K
for LAO/100, and 210 and 510 K for LAO/30. It is therefore
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FIG. 7. Temperature dependence of the STO 1/2 3/2 5/2 peak
intensity for the samples (a) LAO/100 and (b) LAO/30.

clear that the appearance of the superlattice peak corresponds
to the higher temperature transition.

In spite of the power of synchrotron XRD for exploring
the cubic-to-tetragonal AFD structural phase transition, it is
limited to substrates that display no interfering XRD peaks.
For the films on LSAT and NGO, the peaks from the film
and the substrate overlap, thus it is not able to decompose
them. Nevertheless, we previously investigated the rotation
of TiOg octahedra for the 35-nm-thick film on LSAT by the
selected area electron diffraction using transmission electron
microscopy in combination with the temperature dependence
of the lattice constant [39], which supports that the rotation
of TiOg octahedra is responsible for the higher temperature
transition.

C. Raman spectroscopy, the ferroelectric polar phase transition

The assignment of the lower temperature feature in Fig. 5 to
the transition to the ferroelectric polar phase, and a refined de-
termination of the transition temperature, have been achieved
with Raman spectroscopy. Figure 8 shows the temperature-
dependent Raman spectra from sample LAO/100, in which the
modes TO,, TO4, and LO4 of the STO tetragonal polar phase
all appear below about 200 K and strengthen as the temperature
is lowered further. The amplitudes of the three strongest modes
are plotted vs temperature in Fig. 9. It can be seen that all three
modes show the same temperature dependence. We have used
such plots to estimate the transition temperature below.

In Fig. 10, we show the peak intensities of the strongest
polar-phase mode from three films: LAO/30, LAO/100, and
LSAT/60. The peaks appear only below ambient temperature;
they grow slowly upon lowering the temperature followed by
a rapid increase and saturation as 0 K is approached. The
rapid rise certainly signals an increase in the polar distortion,
corresponding to an increasing order parameter. As expected
the temperature where the maximum slope is achieved varies
among the films. The very much weaker and relatively slowly
varying signal that remains at higher temperature suggests
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FIG. 8. (Color online) Raman spectra for sample LAO/100 from

80 to 250 K showing the appearance and strengthening of the polar
STO modes, as marked.

a low density of polar regions that are retained above the
transition, which we discuss below. In no case does the
high-temperature tail exceed 10% of the 9-K amplitude. Thus
to estimate a phase transition temperatures for the major
fraction of the films we extrapolate a straight line, which
is legitimate for the second-order phase transitions, drawn
through the steepest slope to the intensity well above the
transition.

The film on NGO presents special problems, since the
TO, and TO, features are all but obscured by substrate lines.
We thus have turned to LO4 near 800 cm™!. This line is
clearly visible in all of the samples (Fig. 1) but it is broader
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FIG. 9. Peak intensity vs temperature for three different polar
modes in the same sample, LAO/100. It can be seen that the modes
have almost identical temperature dependence.
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FIG. 10. (Color online) Polar mode intensity vs temperature in
three different samples with different strain conditions, LAO/30,
LAO/100, and LSAT/60 showing variation in phase transition
temperature.

(50 cm™') and weaker than TO, and TOy, and the intensity is
not as clearly followed. It is further compromised by an even
broader (150 cm™') STO second-order band lying directly
under it. Nonetheless the data show a rapid reduction in the
LOy line’s intensity above 100 K, so that the composite LO4
plus second-order feature loses amplitude and increases its
apparent width. In order to characterize these changes and
identify the temperature at which the LO4 line weakens we
fitted the composite line in NGO/50 with a single Lorentzian.
The transition is then signaled by a rapid strength reduction
concomitant with a width increase at 140-160 K, as seen in
Fig. 11. The film clearly undergoes a transition to the FE polar
phase in this temperature range.

This film shows an additional feature visible above the
substrate at around 40 cm~! (Fig. 12) that is masked by
substrate features in the other substrates. This is a recognized
mode in the AFD structure of STO, showing clear softening
as the AFD-cubic phase transition is approached [9]. At
temperatures above 160 K this is a single peak in our film
NGO/50, immediately identifying the film as in the AFD phase
above the 160-K transition. We have been unable to follow
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FIG. 11. (Color online) Fitting parameters for the NGO/50 LO,
peak, showing a phase transition near 150 K by rapid change in both
the intensity and the width of the peak.
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FIG. 12. (Color online) Raman spectra of NGO/50 showing the
splitting of the AFD mode below 160 K. The mode discussed is
marked by arrows.

lines at such low frequency to temperatures above 300 K in
these thin films, which has prevented a Raman confirmation
of the AFD-cubic transition seen in the XRD results. On the
other hand, the line shows a clear signature of a structural
phase transition at 160 K, where it splits discontinuously
into two peaks. Such a splitting has also been reported
across an AFD-to-ferroelectric polar transition in Ca-doped
STO and SrTi(*80!°0;_,); [9,11]. Thus both the LOy line
and the splitting of the 40 cm™! line are in full agreement,
giving a 160-K temperature for the AFD-to-ferroelectric polar
transition in this film.

In none of the films do we find that the polar-phase
lines vanish rigorously at a closely constrained transition
temperature; as mentioned above there remains a weak and
more slowly weakening remnant of their polar signal extending
to temperatures well above the transition temperature. This
includes a contribution from more strongly strained layers near
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the substrates; note that as is usual for strained films, most of
the films show some degree of relaxation so that their typical
lattice strain is somewhat less than the STO/substrate lattice
mismatch. On the other hand, there is a literature reporting
some of these Raman features being activated weakly by polar
distortions centered on chemical defects, stacking faults and
grain boundaries. Furthermore there is a prediction that polar
structures may occur at antiphase boundaries in the AFD phase
of STO [40]. These effects could also contribute to the weak
remnant polar signal in our spectra.

D. The phase diagram

The full set of temperature-dependent XRD lattice-constant
and superlattice measurements, combined with the signatures
of a polar phase in Raman spectra, finally permits a construc-
tion of a phase diagram for STO under biaxial strain. The focus
then is to investigate the transition temperatures into the AFD
and ferroelectric polar phases to establish whether they are
in agreement with predictions based on an LGD free-energy
expansion, and in particular seek evidence of a crossing of the
two transition lines near —1.1% biaxial strain.

Table III lists the transition temperatures for the films
examined in this study. By comparing to the results of the
Raman measurements, low temperature transitions observed in
the temperature dependence of the lattice constant by XRD are
corresponding to the ferroelectric transition. The high tempera-
ture transitions are thus assigned to be AFD transitions, as was
also supported by the synchrotron superlattice measurement
for some films. Figure 13 plots the strain-temperature phase
diagram constructed from these data. The theoretical transition
temperatures estimated by LGD-type theory are also drawn
[15]. As can be seen, the observed AFD transition temperatures
are substantially higher than the theoretical predictions and
seem to be similar to the experimental results on STO films
on LAO substrates reported by He et al. [20]. On the other
hand, the ferroelectric transition temperatures follow more
closely the theoretical predictions although some films showed
appreciable deviations.

Our comprehensive measurements show quite conclusively
that the compressively strained STO films, carefully grown
under optimized conditions, do not show the crossing of
the phase transition temperatures involving the rotation of
the oxygen octahedra and the ferroelectric polarization. In
addition, the observed tendency of the transition temperature
vs strain suggests that no crossing point can be expected

TABLE III. Observed transition temperatures to the AFD and ferroelectric (FE) phases.

AFD transition (K) FE transition (K)
Film thickness u) at RT XRD XRD XRD UV-

Sample (nm) Substrate (%) (lattice constant) (superlattice) (lattice constant) Raman
LAO/30 30 LAO —1.60 510 +£20 530 £ 40 210 420 210 £ 15
LAO/100 100 LAO —0.69 460 + 40 450 £ 40 170 &+ 20 170 + 15
LSAT/60 60 LSAT —-0.92 370 +£ 20 X 155+ 20 130 £ 15
LSAT/105 105 LSAT —0.87 270 £ 20 X 120 + 20 90 + 15
LSAT/140 140 LSAT —0.24 270 + 20 X <80 90 £ 15
NGO/50 50 NGO —1.08/—1.31 440 + 40 X 160 & 40 160 + 10
STO/40 40 STO 0.00 105 + 20 105£5 - -
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FIG. 13. (Color online) Strain-temperature phase diagram for
compressively strained STO films. Blue triangles and red circles show
the transition temperature to AFD phase and FE phase, respectively.
The transition temperatures observed by multiple methods for the
same samples are averaged. The strains of thicker films (LSAT/105
and LSAT/140) are shown with bars, reflecting the distribution of
the strain. The theoretical lines for these transitions are also drawn as
blue dot-dash and red solid lines, respectively.

even for stronger strains. The most likely explanation of the
disagreement is that the LGD expansion coefficients are based
on empirical data near ambient pressure, and represent here a
possibly inaccurate extrapolation.

IV. CONCLUSIONS

We have grown (100)-epitaxial thin films of STO under a
range of biaxial strain conditions by PLD, and have followed
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the cubic paraelectric-to-tetragonal antiferrodistortive-to-
ferroelectric polar phase transitions in a common set of
samples. A strain-free homoepitaxial film deposited in exactly
the same way is shown to be substantially free of defects
and to have excellent stoichiometry. XRD measurements of
the temperature dependence of lattice constants implied the
existence of two phase transitions in the biaxially compressed
films. Synchrotron XRD confirmed the character of the
higher temperature phase transition as cubic paraelectric-to-
tetragonal AFD by detection of a superlattice peak in reciprocal
space. Raman spectra further confirm the character of the
lower temperature phase transition as AFD-to-ferroelectric by
detection of polar STO vibrational modes and by splitting
in the ferroelectric phase of a degenerate AFD mode. From
the phase diagram thus deduced, it is clear that there is no
crossing of the AFD and ferroelectric polar distortions in the
measured range, in disagreement with the predicted behavior,
and the gradient of the experimental lines suggest that such
a crossing will not occur at any point in the phase diagram.
The disagreement likely signals inaccurate LGD expansion
coefficients. It is important that these widely used coefficients,
evaluated 40 years ago, should be revisited.
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