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Recently, strain engineering has been shown to
be a powerful and flexible means of tailoring the
properties of ABO3 perovskite thin films. The effect
of epitaxial strain on the structure of the perovskite
unit cell can induce a host of interesting effects, these
arising from either polar cation shifts or rotation
of the oxygen octahedra, or both. In the multi-
ferroic perovskite bismuth ferrite (BiFeO3—-BFO), both
degrees of freedom exist, and thus a complex
behaviour may be expected as one plays with epitaxial
strain. In this paper, we review our results on the role
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of strain on the ferroic transition temperatures and ferroic order parameters. We find that,
while the Néel temperature is almost unchanged by strain, the ferroelectric Curie temperature
strongly decreases as strain increases in both the tensile and compressive ranges. Also
unexpected is the very weak influence of strain on the ferroelectric polarization value. Using
effective Hamiltonian calculations, we show that these peculiar behaviours arise from the
competition between antiferrodistortive and polar instabilities. Finally, we present results
on the magnetic order: while the cycloidal spin modulation present in the bulk survives
in weakly strained films, it is destroyed at large strain and replaced by pseudo-collinear
antiferromagnetic ordering. We discuss the origin of this effect and give perspectives for
devices based on strain-engineered BiFeOs.

1. Introduction

Among multi-ferroics [1,2], BiFeO3 (BFO) [3,4] has attracted a great deal of attention because of
its high ferroic ordering temperatures (the Néel temperature Ty is 640K and the ferroelectric
Curie temperature Tc is 1100K in the bulk) and large polarization (100 nC cm~2 in high-quality
single crystals [5] and thin films [6]). BFO crystallizes in the R3c space group, with cations polar-
shifted along the pseudo-cubic (111) directions and FeOg octahedra rotated about the (111) axes.
The magnetic order is antiferromagnetic G-type, with a superimposed cycloidal modulation
with a long period of about 62nm [7]. A magnetoelectric coupling between magnetic and
ferroelectric orders has been demonstrated in films and single crystals. It allows the control of
antiferromagnetic domains by an electric field [8,9], paving the way for low-power spintronics
devices using multi-ferroics [2,4,10]. BFO has additional interesting virtues, such as a bandgap
in the visible spectral range [11,12]—which may be useful for future photovoltaic devices
[13-15]—conductive domain walls [16,17] and a high gating efficiency in ferroelectric field-effect
structures [18].

The various functionalities of BFO are closely connected with the structural instabilities
that coexist in this compound, and we describe in this paper our efforts to tune magnetism
and ferroelectricity by means of strain engineering [19,20]. We have combined various
experimental tools (temperature-dependent X-ray diffraction, neutron diffraction, piezoresponse
force microscopy (PFM) and Mossbauer spectroscopy) with effective Hamiltonian calculations.
As a series of examples, we report the influence of strain on the ferroic phase transitions, the
ferroelectric polarization and the magnetic order.

2. Sample elaboration

To conduct a detailed study on the numerous properties of BFO and their response to epitaxial
strain, a series of films on various substrates imposing a range of misfit strains from —2.5% to
+1.3% were grown by pulsed laser deposition [21-23]. The substrates used were (La, Sr)(Al, Ta)O3
(LSAT), SrTiO3 (STO), DyScO3 (DSO), GdScO3 (GSO), SmScO3 (SSO), NdScO3 (NSO) and PrScO3
(PSO). The scandates were (110)-oriented (orthorhombic notation) while the cubic LSAT and STO
were (001)-oriented. Note that we use pseudo-cubic notation throughout this paper. All films had
a nominal thickness of 70nm, except the one deposited on LSAT for which the thickness was
35nm. X-ray 260 /w-scans and reciprocal space maps [24] showed that the films were grown in a
single epitaxial phase and were fully strained. For M&ssbauer spectroscopy experiments, the BFO
target used for sample preparation was 100% enriched with %" Fe. Lower electrodes of SrRuOj3 or
(La,Sr)MnOj3 were intercalated between the substrate and BFO film for transport and ferroelectric
property measurements. To perform electrical characterization measurements, we used targets of
BFO doped with 5% Mn to reduce leakage [25,26]. Gold top electrodes, 10-50 pm in diameter,
were deposited using DC sputtering and lift-off.
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3. Strain and ferroic transition temperatures

First, we investigated the effect of strain on the ferroelectric T¢ of the films. For this, we combined
temperature-dependent X-ray diffraction with PFM measurements. As the films are completely
strained, the out-of-plane (OP) lattice parameter can be used as an indicator of structural and
phase transitions in BFO. We measured the OP ¢ lattice parameter of the film and the substrate and
its dependence on temperature. We found that while the substrate c parameter exhibited a linear
trend from thermal expansion, the BFO ¢ parameter displayed an inflection point at temperatures
that varied for the different samples. From this inflection point, the Curie temperature of the films
was deduced [24].

To complement the X-ray measurements, we characterized the ferroelectric response of the
films using PFM. Here, ferroelectric domains were written in the BFO using a conductive atomic
force microscope tip by applying a DC voltage between the tip and lower electrode. The samples
were then heated under an oxygen atmosphere at a target temperature for 2 h. After the annealing
process, PFM at room temperature was used to image the previously written domain structure.
For the strongly compressively strained samples, the domains were destroyed at progressively
lower temperatures as the strain increased. This confirms that the T¢ of the films is indeed
reduced with increasing compressive strain.

The Néel temperature Ty of the films was determined for selected samples by means
of temperature-dependent neutron diffraction and Mossbauer spectroscopy. For the neutron
diffraction experiments, we used the BFO//STO sample, and the intensity of the atomic force
microscope peak (1/2 1/2 1/2). was monitored as a function of temperature. A decrease
in the intensity of this peak at around 570K signified a change in the magnetic state of
the sample, leading us to deduce a Néel temperature around 570K for this film. From
temperature-dependent Mossbauer spectroscopy measurements, we measured the hyperfine
field [27] in our BFO//GSO sample and found that this hyperfine field decreased with
increasing temperature to extrapolate to zero at 640K, a temperature we take as Ty. In
bulk BFO, the temperature dependence of the OP parameter ¢ shows a step at Tn. In
our films, we could also detect a slight change of slope in the ¢ versus T data in the
600-650K range.

The Tc and Ty values for all films are summarized in the phase diagram in figure 1, together
with results from first-principles-based effective Hamiltonian (Heff) calculations (taking into
account both the antiferrodistortive angles—that is, the oxygen-octahedra rotations—and the
cation shifts). The calculations [28] were performed at 300K to gain insight into the observed
Tc and Ty trends with misfit strain. In figure 1a,b, we plot the Heff-computed tetragonality (c/a
ratio) and the rotation angles of the oxygen octahedra about the x-, y- and z-axes. The tetragonality
increases with increasing (compressive) strain, as expected, and the rotation angles also vary
quite substantially. In perovskites, polar and rotational degrees of freedom usually exclude each
other, i.e. rotations are detrimental to polar shifts and thus to ferroelectricity. In BFO, however,
both degrees of freedom are present, and our calculations indicate that while strain tends to
elongate the unit cell (which in a conventional tetragonal ferroelectric would increase polar
shifts and strengthen ferroelectricity) it also considerably enhances the rotation angles. Both the
experimental and theoretical data show a strong decrease in Tc versus strain, which indicates
that the strain-induced increase in the octahedra tilts is the main factor driving the ferroelectric
response in BFO films. Also reproduced by theory is the weak dependence of the Ty on strain,
consistent with the variation of the Fe-O-Fe bond angles by a few degrees, and its influence
of super-exchange interactions for large bond angles [29] (i.e. far from the crossover between
antiferromagnetic and ferromagnetic exchange that occurs at around 127°). For compressive
strains higher than about 3%, we predict that Tc and Ty will eventually coincide, which might
lead to an enhanced magnetoelectric response. However, experimentally it remains a challenge to
stabilize R-type BFO at such strain levels, as crystallization in a T-type polymorph [30] becomes
increasingly favourable [31-33].
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Figure 1. Effective Hamiltonian results evaluated in a BFO film, at 300 K and as a function of misfit strain; (a) tetragonality
(c/aratio) and (b) antiferrodistortive angles e along the x-, y- and z-axes (wy and ey, red line and cwz, blue line). (¢) Theoretical
results on BFO film transition temperatures as a function of misfit strain. The activation temperatures for the antiferrodistortive
oxygen tilting along the z-direction (tetragonal distortion Tqq, black line), for the antiferrodistortive oxygen tilting within the
x—y plane (orthorhombic distortion Tyq, red line), and for the tilting along a [uuv] direction (monoclinic distortion 7, orange
line) are also plotted. Experimental T (circles) and Ty (squares and triangles) values. Vertical error bars for Ty values correspond
to symbol size and for T¢ values result from maximum variation of T¢ that may be obtained between different fitting processes
using the mean field function. Below T, for any considered strain, the simulations predict that the crystallographic phase is Cc,
with a polarization along a [uuv] direction while the oxygen octahedra rotate about a [u'u’v'] axis. Adapted from [24]. (Online
version in colour.)

4. Strain and polarization

In order to gain an understanding of how the ferroelectric polarization is modified by epitaxial
strain, we measured I(V) loops using an Aixacct TF Analyzer 2000 at 1 kHz. The I-V curves were
corrected for leakage and time integrated to yield polarization P-E loops for each sample. From
the polarization loops, the coercive voltage and remanent polarization were extracted [34]. The
behaviour of the spontaneous polarization with epitaxial strain is presented in figure 2. Here, we
compare the experimental results with first-principles calculations, where the agreement between
measured and calculated trends is quite good. In measuring the remanent polarization in (001),.
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Figure 2. Measured (squares) remanent polarization versus strain and calculated components of the remanent polarization
vector. The norm of the polarization vector and the angle this vector makes with the (111) direction are also shown. Adapted
from [34]. (Online version in colour.)

samples, we are in fact measuring the projection of the polarization (which usually lies along a
(111) direction) along the (001) direction. Thus, any rotation in the polarization vector towards
(respectively away from) the in-plane direction will induce a decrease (respectively increase) in
the measured remanent polarization. This observation is consistent with the results presented
here, i.e. the total polarization is hardly changed by strain.

5. Strain and magnetic ordering

Finally, we have explored the effect of epitaxial strain on the cycloidal spin order present in the
bulk. Previous neutron diffraction studies have indicated that the cycloid is absent for films grown
on SrTiO3z (compressive strain of 1.6%) [35]. However, subsequent experiments on thicker films
did evidence cycloidal ordering [36], whose presence was ascribed to the relaxed structure of
the films owing to their larger thickness (200nm versus 70 nm in [35]). These results are, at least
qualitatively, consistent with the predictions of Bai et al. [37] that an epitaxial strain of about 1%
would make the cycloid unstable against a (pseudo-collinear) antiferromagnetic order.

To revisit the role of strain on magnetic order, we conducted conversion electron Mossbauer
spectroscopy (CEMS) measurements on our strain series of films. The experiments were
performed using a y-ray beam from an approximately 50 mCi >’Co radioactive source under
normal incidence, and the conversion electrons were collected using a homemade He-CHy gas
flow proportional counter [38].

The room temperature Mossbauer spectra of the BFO//GSO and BFO//PSO samples are
presented in figure 3. Both spectra exhibit a six-line magnetic hyperfine pattern with an isomer
shift value of 0.37 mms~! (relative to a-Fe at 295K) corresponding to the trivalent state of iron
ions in the octahedral positions.

The Mossbauer spectrum of the film on GSO (figure 3a) exhibits inhomogeneous line
broadenings with a clear asymmetry, very similar to the case of bulk BFO with a cycloidal spin
structure. It has been shown that such a spectral asymmetry in BFO can be explained by a slight
modulation of the excited states” hyperfine energies, arising when (i) the hyperfine field rotates
by an angle 6 with respect to the principal axis OZ of the electric field gradient tensor and (ii) such
a rotation leads to an anisotropic variation of the hyperfine field magnitude [5]. In a single-
crystal spectrum, this rotation will also change the line intensity ratio Rp3 between the second
(or fifth) and third (or fourth) lines on the magnetic hyperfine sextet, which depends on the angle
B between the Fe spin and the incident y-ray direction.

Assuming that OZ is along the polarization direction [111], we modelled the Md&ssbauer
spectrum of BFO on GSO using a correlated distribution of the quadrupole shift
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Figure 3. Conversion electron Mdssbauer spectra at 295 K for two BFO films; (a) one on GSO and (b) the other on PSO. The
symbols correspond to the data, the red lines to a fit with a cycloidal model and the blue line to a fit with an antiferromagnetic
(AF) order. Adapted from [39]. (Online version in colour.)

2€(9) = —AEQ/2(3cos?§ — 1), where AEg =0.44mms~! is the quadrupole coupling parameter,
Bn¢(6) = Bngy, cos26 + By sin? 0 and Ry3(0) =4[1 — cos? B(0)]/[1 + cos? B(0)], as 6 rotates into the
(111) plane containing OZ in the cycloidal magnetic structure. It can be seen that the experimental
data are very well reproduced with an asymmetry parameter & = By¢/;/Bps1 = 0.98.

For the film on PSO (figure 3b), the CEMS spectrum has a symmetric shape with a very
low intensity of the second and third lines, evidencing a preferred OP orientation of the Fe
antiferromagnetic moments. A fit by a cycloidal spin arrangement model is not applicable in this
case, even with a vertical plane of the cycloid, as shown in figure 3b. The data were therefore fitted
using a single hyperfine sextet as expected in the case of a collinear spin structure. A hyperfine
field value of 49T, close to the bulk BFO value, and average angle g = 28° between the Fe spins
and incident y-ray radiation were extracted from the fit.

We thus conclude that, at high tensile strain, the cycloidal spin structure is destroyed and an
OP orientation of the spins is obtained, while for BFO on substrates that impose a small strain,
the cycloid survives.

6. Conclusion

In summary, we have reported the influence of epitaxial strain on the ferroic properties of multi-
ferroic BiFeOj3 thin films. The coexistence of the polar and tilting structural instabilities yields
a peculiar behaviour, completely different from that observed in classical ferroelectrics, such as
PbTiO3 or BaTiO3. Indeed, in BFO we find that the Curie temperature strongly decreases with
strain, and that there is little change in the polarization. Using first-principles-based calculations,
we show that this is due to the dominant influence of oxygen-octahedra rotations, whose strain-
induced amplification tends to destabilize ferroelectricity. We have also investigated the role of
strain on magnetic order. While we confirm the presence of a bulk-like cycloidal spin arrangement
in weakly strained films (on GdScO3), a strong tensile strain (using PrScO3 substrates) destroys
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the cycloid and favours a pseudo-collinear antiferromagnetic ordering, as had been found earlier
for strong compressive strain (using SrTiOs3). Thus, strain engineering appears to be an interesting
approach to unveil new properties and phenomena in BiFeO3. We anticipate more surprises by
extending this study to other functionalities, for instance in optics. In terms of potentisal device
applications, using piezoelectric substrates could allow controlling ferroic orders by an electric
field, following the already observed control of polarization amplitude and coercive voltage [40].
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