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Uniaxial strain-induced ferroelectric phase with a giant axial ratio in a (110) BiFeO; thin film
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Strain engineering, which employs biaxial misfit strain to deform the crystal structure, is a powerful tool to
tune the physical behavior of epitaxial thin films. Here we show that a 10-nm-thick BiFeO; film is uniaxially
strained by (110)-oriented LaAlOj; substrate, which exhibits a monoclinic lattice with a giant ¢/a ~ 1.24 and a
unique stripe ferroelectric domain configuration, as revealed by high resolution synchrotron x-ray diffraction and
piezoelectric force microscopy. A strain-phase diagram for BiFeOs under uniaxial strain condition is predicted
by first-principles calculations, suggesting that monoclinic Pm phase with a large polarization of ~130 uC/cm?
is the lowest-in-energy phase when strained by (110)-oriented LaAlO; substrate. Our results provide a potential
route to tune physical behavior of epitaxial ferroelectric thin films by uniaxial strain in (110) orientation, instead

of widely investigated biaxial strain in (001) orientation.
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I. INTRODUCTION

In complex transition-metal oxides, the competition and
cooperation of charge, spin, and orbital degrees of freedom,
leads to the extreme sensitivity of physical properties to
structure distortions and strain states of epitaxial thin films.'
Substrate misfit strain is thus often employed to tune the crystal
structure and therefore the physical behavior of epitaxial thin
films, which is known as strain engineering.> It has been
shown that epitaxial strain can double the superconducting
transition temperature of La,_, Sr,CuOy,>* greatly enhancing
ferroelectric polarization of BaTiOs (Ref. 5) and creating a
multiferroic EuTiO; thin film.°

Most of the previous studies of strain engineering, however,
focused only on the perovskite films with (001) pseudocubic
orientation, where the biaxial strain is generated as a result
of the isotropic nature of the in-plane [100],. and [010],.
directions [Fig. 1(a)]. The strains on other crystallographic
orientations are fundamentally different from (001) orien-
tation, which may produce new crystal phases and novel
functionalities that are not available in (001) orientation. Take
(110) orientation for example; the strain is anisotropic due
to the different atomic arrangement and lattice dimension
along the in-plane [001],. and [110] pe directions [Fig. 1(b)].
This leads to a unique and interesting effect of strain on
the physical behavior of (110)-oriented films. For instance,
charge and orbital order cannot be realized in (001) and (111)
films but is stabilized in (110)-oriented Nd;_, Sr,MnOj5 film.”
Another example is controlling in-plane magnetic anisotropy
by (110)-oriented substrates in epitaxial perovskite manganite
films.® In addition, anisotropic Josephson junctions can be
achieved in (110)-oriented superconductor thin films.’

BiFeO; (BFO) is a multiferroic material, showing a
coupling between antiferromagnetism and ferroelectric order
at room temperature.'’ The effect of biaxial strain on the
crystal phase and physical behavior of (001)-orientated BFO
epitaxial thin films has been the focus of recent theoretical
and experimental studies.!''* Although tremendous work
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has been done in strain engineering of BFO in (001) ori-
entation, very few reports investigated BFO film in other
orientations'>'® and no systematic strain effect has been
experimentally studied in (110) orientation. By using high
resolution synchrotron x-ray diffraction (XRD), we show that
substrate misfit strain in (110) orientation is uniaxial, instead
of biaxial nature in (001) orientation. More interestingly,
a large compressive uniaxial strain of ~4.5% from (110)
LaAlO;3 (LAO) substrate can be employed to induce a BFO
phase with a giant axial ratio ¢/a ~ 1.24 and a large twin
angle of ~26°, which is highly distorted compared to bulk
structure. The ferroelectric nature of this BFO phase and strip
domain structures are revealed by intensity modulation peaks
in reciprocal space mappings (RSMs) and phase images from
piezoelectric force microscopy (PFM). Our first-principles
calculations, considering the uniaxial strain condition, show
that the monoclinic space group Pm is the lowest-energy phase
for BFO film under a compressive strain from —6% to —2.5%,
which agrees well with the monoclinic BFO lattice determined
experimentally. The promising physical behavior of this new
BFO phase will also be discussed.

II. METHODOLOGY

Epitaxial BFO film was deposited directly on LAO sub-
strate in (110) orientation by rf sputtering at 680 °C with
sputtering power of 120 W and Ar/O; ratio of 14/5. The
film thickness is ~10 nm, which is determined from x-ray
reflection. The crystal structure was investigated using high
resolution synchrotron x-ray diffractometry at the XDD (x-ray
development and demonstration) beam line of Singapore
Synchrotron Light Source (SSLS) and the BL14B1 beam
line of Shanghai Synchrotron Radiation Facility (SSRF).
Ferroelectric domain structure was studied by a commercial
scanning probe microscope (MFP-3D, Asylum Research,
USA) in vector PFM mode. First-principles calculations were
performed using the Vienna ab initio simulation package
(vASP)!” within the generalized gradient approximation in
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FIG. 1. (Color online) Schematic atomic structure model for
epitaxial growth of perovskite A BO; structure in (001) (a) and (110)
(b) orientations. The lattice dimension of bulk BFO is shown.

the form proposed by Perdew, Burke, and Ernzerhof.'® We
used the projected augmented wave method with a plane-wave
cutoff of 500 eV and a 3 x 3 x 3 k-point mesh in the whole
Brillouin zone.'” The Bi (5d'°6526 p*), Fe (3 p®3d®4s?), and O
(2s%2p*) are chosen as valence states. The structures are fully
relaxed till the Hellmann-Feynman forces were <2 meV/A.
The electronic polarization was calculated using the Berry
phase method.?’?! The total energies of different phases are
benchmarked with the rhombohedral R-3c¢ with lattice vector
a=b=c=40A,
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III. RESULTS AND DISCUSSION

Figure 2(a) shows an x-ray diffraction 0-26 scan of BFO
film on LAO (110) substrate, with only diffraction peaks from
pseudocubic (110) and (220) observed. From these diffraction
angles, the d spacing of BFO (110) is determined to be
~2.985 A, larger than that of bulk BFO (~2.80 A). This
indicates an elongation of out-of-plane (OP) lattice dimension,
which is a result of the in-plane (IP) compression from
LAO substrate. However, the amount of elongation is quite
small here considering the large mismatch between LAO
and BFO, which stretches the OP lattice parameter from
~4.0 to 4.6 A in the film of (001) orientation.'* To further
understand the crystal structure, RSMs were measured by
coplanar diffraction geometry [Figs. 2(b)-2(d)]. The axes
for the RSMs are arranged in such a way that a direction
orients along [TIO]pC, b along [001],., and ¢ along [110] .
[Fig. 2(e)]. The reciprocal lattice units are based on the lattice
parameters of LAO substrate, with 27 /2.68 A~! along H and
L, and 27/3.79 A~! along K. Both (001)x; and (012)g;
RSMs [Figs. 2(b) and 2(c)] show a single diffraction peak
from BFO film with the same K value as the substrate.
This indicates that BFO film is fully coherent along the
[001] . direction. Interestingly, (102) 7. RSM shows a vertical
splitting of BFO diffraction peaks located at a H position
different from the substrate, indicating that a twin structure
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FIG. 2. (Color online) (a) X-ray diffraction 8-26 scan of BFO film grown on LAO (110) substrate. Reciprocal space mappings around
(001)g . (b), (012)k;, (c), and (102) (d) are indexed in the lattice with a, b, and ¢ along [110],,, [001] ., and [110] .., respectively [as labeled
in (e)]. The unit cell with thick lines (a,,, b,,, and c,,) shows a schematic structure model of BFO (e).
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is formed along the H direction. Surprisingly, this vertical
splitting distance along L is huge, which corresponds to the
angle between two domains w as large as ~26° [Fig. 2(e)].
The lattice dimension of BFO film along the [110] pe direction
is ~3.003 A, which is larger than the lattice dimension of bulk
BFO (~2.80 A), as shown in Fig. 1(b). This suggests that the
strain along the [110] pe direction is relaxed even in the film
with a thickness of ~10 nm, which clearly shows that strain in
(110)-oriented film is uniaxial along the [001],. direction.
A previous study in epitaxial manganite (110) films also
shows that the lattice dimension along the [001] . direction is
locked by the substrate, while the lattice dimensions along
the [110],, and [ilO]I,C directions vary drastically as the
temperature changes.?” It should be noted that there is one
oxygen atom along the [110] . direction but no oxygen atom
along the [001],. direction [Fig. 1(b)]. This indicates that
oxygen octahedral rotation, which has an effect along the
[110] pe direction but not along the [001] . direction, may be
responsible for the uniaxial strain state in the (110) orientation.

The observation of a (—1/2,0,3/2) diffraction peak (not
shown) suggests that the BFO unit cell should be reselected
along the diagonal directions in the ac plane in order
to represent the real symmetry of the lattice. The lattice
parameters are calculated as a,, = 3.790 A, b, = 3.731 A,
cm = 4.684 A o= y = 90° and B = 90.37°. This new
lattice is schematically drawn by the thick lines in Fig. 2(e),
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with a,,, b, and ¢, along the [001],., [100],., and [010],.
directions, respectively. Therefore, the 10-nm-thick BFO film
on LAO (110) substrate has a monoclinic lattice with a giant
c/a ratio of ~1.24, which is slightly distorted by 0.37° from
an orthorhombic lattice.

To characterize the ferroelectric nature of ultrathin film,
direct measurement by polarization-electric field hysteresis
loops using a Sawyer-Tower circuit is difficult due to high
leakage current and large coercive field.'3?* Alternatively, the
modulation peaks in x-ray diffraction can be employed to study
the ferroelectric domain structures and the polarization direc-
tion, as reported in previous studies.>*> Due to the different
atomic shift in each ferroelectric domain, the x-ray diffraction
structure factor has a contrast along the direction perpendicular
to stripe domain walls, leading to the intensity modulation.
If the reciprocal space vector gy, is perpendicular to the
polar shift direction, no modulation peak would be detected.
Whereas if gy g1 has a component parallel to the polar shift
direction, modulation peaks will occur. Therefore, the Bragg
peaks (HKL), around which the modulation peaks appear,
give the information about the polar shift direction, i.e., the
polarization direction.

Figure 3 shows the (001) ., (010)gk, and (100)y x RSMs.
The in-plane RSMs (100) and (010) were measured by grazing
incident x-ray diffraction using a six-circle diffractometer at
SSRF. In (001) RSM [Fig. 3(a)], in addition to the strong
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H

FIG. 3. (Color online) Reciprocal space mappings around (001) ;. (a), (010) (b), and (100)5 (c) for BFO film grown on LAO substrate.

(d) H scan of BFO modulation peaks around (001) and (002).
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FIG. 4. (Color online) OP-PFM (a) and IP-PFM (b) phase image
of BFO film grown on LAO substrate (scan area2 um x 2 pum). The
IP-PFM images are taken along the H ([110],./[011],,) direction.

sharp BFO diffraction peak at H = 0, two satellite peaks
appear symmetrically around the BFO peak, with H values at
—0.0065 and +40.0065, respectively. The two satellite peaks
around the (002) peak also show the same H values [Fig. 3(d)].
Moreover, all other satellite peaks observed in this sample
share the same separation distance AH between modulation
peaks (not shown). This suggests that these satellite peaks
are from the in-plane modulation, instead of the twinning
structure.’®?” Due to the in-plane uniaxial strain for (110)
substrate, the modulation is only observed along the H
direction, which is perpendicular to the ferroelectric domain
wall direction. In (010) RSM [Fig. 3(b)], the main diffraction
peak overlaps with the substrate peak, confirming the coherent
growth along the K direction. The modulation peaks are also
clearly observed with the same AH as in (00L) RSMs. For
(100) RSM [Fig. 3(c)], a single BFO diffraction peak was
observed with the same K value as the substrate, but a different
H value. This is consistent with (102) RSM in Fig. 2(d). The
FWHM (full width at half maximum) of this (100) peak is too
broad to resolve the satellite peaks if they exist. Therefore, the
existence or extinction of (100) modulation peaks cannot be
determined. What can be confirmed for the RSM data is that
BFO film shows modulation for the (00L) and (0K 0) peaks,
suggesting the polarization direction has projections along the
[001] ¢ and [110],, directions.

To clarify the polarization information along the [110],,
direction and verify the results from modulation peaks in
RSMs, PFM is employed to study the polarization direction
of BFO film. Figure 4(a) shows the OP-PFM phase image
of BFO film, which clearly indicates a stripe ferroelectric
domain structure with 180° phase contrast in the OP direction.
This agrees with the observation of modulation peaks in
(00L) diffraction peaks. The IP-PFM phase image along the
H ([TIO]pC/[Oil]m) direction is shown in Fig. 4(b), which
also exhibits a stripe ferroelectric domain structure with 180°
phase contrast. This means that the modulation peak should
appear along the H direction. However, due to the board
main Bragg peak, the modulation peaks cannot be seen in
Fig. 3(c). The polarization of BFO film thus has out-of-plane
projection along the L ([110],./[011],,) direction and in-plane
projection slightly tilted away from the H ([110],./[011],,)
direction towards the K ([001],./[100],,) direction. Based
on the monoclinic distortion of BFO lattice, the polarization
direction should be slightly tilted away from the c,, axis within
the a,,c,, plane, because the monoclinic angle is very close
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to 90° and the c¢/a ratio has a giant value of ~1.24. This
polarization direction is shown in Fig. 2(e), which is consistent
with both RSMs modulation results and PFM data.

To understand this uniaxial strain-induced new BFO phase
in the (110) orientation, we performed first-principles calcula-
tions. In order to mimic a perfect epitaxy on a (110) plane of
LAO substrate following the description by our experiment,
the lattice vectors are given by a; = 2a(0,1 + §,,0), a, =
a(—1+ 6,,6,,1 +683), and az = a(l + 6,,8,,1 + 83) in the
new Cartesian (x,y,z) with x, y, and z along the [001],,
[100],c, and [010],. directions, respectively. Here a is the
lattice constant of the substrate. The a;, a,, and a3 lattice
vectors are along the [100] ., [011] pe» and [011] . directions,
respectively. The uniaxial strain is assumed along the [001] .
direction as suggested by our experiment. A G-type antiferro-
magnetic order, constructed by a;, a,, and a3 accommodating
a 20-atom unit cell, is imposed in our calculations. The misfit
strain 7, is defined as nmis = (@ — ag)/ag, with ag = 3.96 A
for bulk BFO. In order to compare with a previous report,” the
Pnma phase is also calculated with biaxial strain applied along
the [001] . and [110] pe directions. The lattice vectors are given
by a; = a(v/2,0,0), a, = a(0,2,0), and a3 = a(0,0,v/2 + 84)
in the Cartesian (x’,y’,z’) with x’, y’, and 7’ along the [TlO],,C,
[001],c, and [110] . directions, respectively.

Depending on the values of §;, §,, and 83, four different
phases has been obtained—monoclinic Pm, Cc, orthorhombic
Pmm2, and tetragonal P4mm. A previous report on epitaxial
(110) BFO thin film shows that the Pnma phase, which is
centrosymmetric and paraelectric, is the most stable phase in
the misfit strain range of ~ —8% to —1.6%.?® However, it
should be noted that the biaxial strain state is assumed in this
calculation, which is inconsistent with the uniaxial strain state
observed in our experiment. To clarify this issue, we built the
Pnma phase model based on the biaxial constraint as described
above. Different from that report, we found that the Pnma
phase is not a stable phase in the misfit compressive strain
range on epitaxial (110) BFO thin film [Fig. 5(a)]. Instead,
monoclinic phases Pm and Cc are the most stable phases in
the compressive misfit strain range from —6% to 0%. The
monoclinic Cc phase is observed in the misfit strain from
—2.5% to 0%, which agrees with the previous experimental
results of the Mp phase for BFO film grown on STO (110)
substrate at the misfit strain of ~ —1.5%."5 In the misfit
strain from —6% to —2.5%, the monoclinic Pm phase is
observed. This Pm phase possesses polarization along the
[1O0v],. direction within one of the pseudocubic face planes,
which is in good agreement with the polarization direction
observed in our film. We notice that the energy differences
between Pm, Pmm2, and P4mm tend to be very small
when the compressive misfit strain increases above 6%. This
explains why the lattice parameters of our film are only slightly
distorted from the orthorhombic lattice or tetragonal lattice.
Figure 5(b) shows the calculated ferroelectric polarization as
a function of misfit strain. For the Cc¢ phase, the polarization
is close to the [111],. direction, leading to the polarization
projection along all a, b, and ¢ axes. For the Pm phase, as
the compressive strain increases, the polarization along the ¢
axis, P., tends to increase and approach ~120 /LC/cm2 and
the polarization along the a axis, P,, tends to decrease and
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FIG. 5. (Color online) (a) Total energy as a function of misfit strain (%) of five different space groups—Pmm2, Pm, P4mm, Pnma, and Cc
in (110) orientation. (b) Predicted polarization as a function of misfit strain. P,, P,, and P, are along the a,,, b,,, and c,, directions, respectively.

approach ~50 uC/cm?, while the polarization along the b
axis, Py, diminishes at < —3%. This is consistent with the
experimental polarization direction determined within the ac
plane of the monoclinic lattice.

Although the monoclinic phase identified here shares the
same space group Pm with the highly strained tetragonal-like
BFO film in the (001) orientation, it has a unique crystal
structure and promising physical behavior that is not available
in the (001) orientation. Due to the large twin angle w ~ 26°,
the monoclinic ¢ axis forms an angle ~39° with the in-plane
direction, which would result in a polarization projection
of ~90 uC/cm? based on the polarization value from our
first-principles calculations. This in-plane polarization for
the BFO film is much larger than the (001) orientated
films.?® The unique ferroelectric domain configuration here
is different from previously observed 71° and 109° domains in
(001) orientation, which may find interesting applications in
domain wall nanoelectronics.>? Moreover, as the film thickness
increases, BFO film on LAO (110) substrate relaxes to a
mixture of several phases with different lattice dimensions
(to be published). This indicates a potential enhancement
in piezoelectric property, as mixed BFO phases are highly
sensitive to strain and external electrical field.?! In addition,
the strain-phase diagram for the BFO film in (110) orientation
shows two ferroelectric phases with different structure distor-
tion: Cc with ¢/a ~ 1.0 and Pm with c/a ~ 1.2, which
indicates a feasible way to achieve larger magnetoelectric
response as a result of structure softness.> The multiferroic
behavior of this new BFO phase deserves further study.

IV. SUMMARY

In summary, the structure study by high resolution XRD
shows that uniaxial strain instead of biaxial strain should be
considered in studying the (110)-oriented epitaxial perovskite
thin films. Uniaxial compressive strain of ~4.5% from LAO
(110) substrate greatly distorts the BFO crystal structure,
which shows a giant ¢/a ratio of ~1.24, a small monoclinic
angle of ~0.37°, and a large twin angle of ~26°. A unique
stripe ferroelectric domain structure is shown by modulation
peaks in RSMs and PFM images. First-principles calculation
predicts a strain-phase diagram for (110)-orientated BFO
films, suggesting a potential routine to achieve novel function-
alities in the BFO system. We hope this study will stimulate
research interest in the physical behavior of BFO epitaxial
films grown in the (110) orientation, instead of the extensively
studied (001) orientation.
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