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Bridging Multiferroic Phase Transitions by Epitaxial Strain in BiFeO;
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We report the influence of epitaxial strain on the multiferroic phase transitions of BiFeO; films. Using
advanced characterization techniques and calculations we show that while the magnetic Néel temperature
hardly varies, the ferroelectric Curie temperature T decreases dramatically with strain. This is in contrast
with the behavior of standard ferroelectrics where strain enhances the polar cation shifts and thus 7. We
argue that this is caused by an interplay of polar and oxygen tilting instabilities and that strain can drive
both transitions close together to yield increased magnetoelectric responses.
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Strain engineering [1] has recently emerged as a power-
ful way to tune the various remarkable physical properties
[2,3] of ABOj; perovskite oxide thin films. While epitaxial
strain controls the Néel temperature 7T, in antiferro-
magnetic (AFM) films by modifying oxygen octahedral
tilt angles [4], it usually enhances the Curie temperature 7-
for ferroelectric films by increasing polar cation shifts [5].

Among multiferroic perovskite oxides, BiFeO; (BFO) is
the most studied because both polar and magnetic orders
coexist at room temperature. Below the Curie temperature
Tc = 1100 K, bulk BFO is described by the rhombohedral
R3c space group that allows antiphase octahedral tilting
and ionic displacements from the centrosymmetric posi-
tions about and along the same [111] pseudocubic direc-
tion, respectively. In addition to the G-type antiferro-
magnetic spin ordering, a cycloid-type spatial spin modu-
lation occurs below the Néel temperature Ty ~ 640 K [6].

The highly multifunctional nature of BFO and its pa-
renthood with other strain-sensitive perovskites have trig-
gered much effort to engineer its physical properties
through strain. However and quite disappointingly, it is
now established that neither polarization [7-10] nor
room-temperature magnetic properties vary much with
strain [11,12], except for the appearance of a weak mag-
netic moment in strained films [13]. On the other hand, the
consequences of misfit strains on the transition tempera-
tures have been poorly addressed. This is surprising, as
bringing the magnetic and ferroelectric transition tempera-
tures closer together, for instance through biaxial stresses,
would offer an original approach to design materials with
enhanced magnetoelectric responses [14].

In this Letter, we report the strain dependence of
the ferroic transition temperatures in a series of epitaxial
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BFO thin films. The films were grown by pulsed laser
deposition on several substrates [15], namely,
(LaAlO3)o3-(Sr,AlTaOg)y; (LSAT), SrTiO; (STO),
DyScO; (DSO), GdScO; (GSO), SmScO; (SSO), and
NdScO; (NSO), having in-plane (IP) average parameters
ranging from 3.880 A for LSAT to 4.006 A for NSO. Such a
variety of substrates allows a virtually continuous change
of the IP misfit strain &;, = (@, — dpuk)/ dpax% (With a,,
being the average pseudocubic IP parameter of the sub-
strate and ay,,; being the pseudocubic parameter of BFO).
To avoid structural relaxation, the BFO thickness was set to
70 nm for all samples expect for those grown on LSAT for
which it was 35 nm. For Mossbauer spectroscopy experi-
ments, similar samples were grown using a ~100%
YTFe-enriched BFO target. To measure the ferroelectric
properties, fully strained bottom electrodes of either
La,/3Sr; 3sMnO; (LSMO)—for LSAT and STO—or
StRuO; (SRO)—for DSO, GSO, SSO, and NSO—were
inserted between BFO and the substrate.

Figure 1 shows the results of room-temperature x-ray
diffraction (XRD) measurements. From Fig. 1(a) we infer
that BFO grows single phase and epitaxially along the
[001] direction on all substrates. Figs. 1(b)-1(e) display
a selection of equivalent pseudocubic (103). XRD
reciprocal-space mappings for BFO on STO [Fig. 1(b)],
DSO [Fig. 1(c)], GSO [Fig. 1(d)], and NSO [Fig. 1(e)] that
we use to quantify the strain state. Remarkably, the peaks
for the substrate and film present identical ¢ (IP
reciprocal-space unit), thus attesting that BFO is fully
strained on all the substrates. The extracted out-of-plane
(OP) ¢ parameter as a function of the IP misfit strain clearly
follows a linear dependence [see Fig. 1(f)], indicating an
elastic deformation of the BFO unit. Thus, using this series
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FIG. 1 (color online).
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(a) 26 scans of BFO films grown on different substrates. (b)—(e) Reciprocal-space maps of BFO films grown

on STO (b), DSO (c), GSO (d), and NSO (e). (f) Room-temperature OP parameter c¢ as a function of the measured in-plane strain of
BFO films grown on different substrates. Horizontal error bars include the difference in the IP parameter along [001], and [1 —10],,

directions for [110],-oriented substrates.

of substrates, a large variation of IP strain values has been
achieved, from compressive —2.4% to tensile +0.9%.

Because BFO thin films are clamped in the plane, all
structural changes resulting from thermal expansion and
phase transitions are accommodated through variations of
the OP lattice parameter. Therefore, to study the role of
strain on phase transitions, we measured the temperature
evolution of the OP ¢ parameter using the (002) substrate
and film peaks. The temperature dependences of the OP
parameters of BFO films, cgg fm, and those of the corre-
sponding substrates, ¢y, are plotted in Figs. 2(a)-2(f).
While the OP substrate parameter shows the classical
linear thermal expansion behavior, cgg g, exhibits, at a
substrate-dependent specific temperature, an inflection
point that signals a phase transformation [16]. To get a
better quantitative determination of this transition, the
thermal expansion contribution (as provided by the purely
paraelectric OP parameter cpg f1,) has been evaluated and
subtracted from the experimental data of cgg g [17]-
Figures 2(g)-2(1) display I'(T) defined as I'(T) =
Lere fim(T)-cpg fim(T)]/cre fim(300 K) that reflects the
ferroelectric order parameter. Following a mean field ap-
proach, the experimental data in Figs. 2(g)-2(l) have been
fitted [see solid lines in Figs. 2(g)-2(1)] to a general func-
tion I'(T) = A + B(T- — T)"/2, where A and B are con-
stants and 7' is the ferroelectric Curie temperature of the
considered film. One can see that the highest 7 is obtained
for BFO on SSO [~1200 K, Fig. 2(k)], and that the Curie
temperature of the other BFO films drops with respect to
that of the BFO bulk. In the case of the film grown on
LSAT [T- ~ 740 K, Fig. 2(g)], T is ~360 K lower than in
the bulk. Strikingly, the stronger the compressive strain, the
lower the T value. Such findings are very surprising and
unexpected because (i) in all known conventional ferro-
electric perovskite films 7 increases (rather than strongly
decreases) when increasing the magnitude of the compres-
sive or tensile strain [5,18-21] and (ii) they are in contra-
diction with recent predictions of transition temperatures in
BFO films [22].

To directly study the ferroelectric transition and con-
firm its anomalous strain dependence we performed
temperature-dependent piezoresponse microscopy (PFM),

proceeding as follows. We first poled the BFO heterostruc-
tures, imaged them at room temperature, annealed them in
a pure oxygen atmosphere during 2/ at a target tem-
perature, and reinspected the poled regions by PFM at
300 K. As visible in Figs. 3(a) and 3(b), the OP contrast
and stripe shape progressively disappear as the annealing
temperature is increased. The PFM signals degrade at a
lower temperature for BFO/LSMO//LSAT compared to
BFO/SRO//DSO and, after heating to 923 K, the most
highly strained BFO/LSMO//LSAT sample presents par-
tially erased domains, whereas all poled stripes remain for
the BFO/SRO/DSO sample. After annealing at 1023 K, a
weak but measurable OP phase contrast is measured for
BFO/SRO//DSO while no stripe is observed for
BFO/LSMO//LSAT. This is even more visible from the
averaged profiles also displayed in Figs. 3(a) and 3(b).
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FIG. 2 (color online). (a)-(f) OP parameter of BFO films
(triangles) and the different substrates (circles) in pseudocubic
notation. (g)—(1) Normalized OP parameter of BFO films (after
correction of the paraelectric OP contribution) (symbols) and
corresponding mean field fits (lines). Data shown in this figure
correspond to samples grown on LSAT (a),(g), STO (b),(h),
DSO (c),(i), GSO (d),(j), SSO (e),(k), and NSO (f),(1).
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Note that after coming back to room temperature after the
high temperature process, new stripes could still be written
indicating that the loss of PFM contrast at high temperature
was not due to film decomposition [bottom of Figs. 3(a)
and 3(b)]. Although this experimental procedure is be-
lieved to overestimate the true 7, because the induced
polarization is metastable and decays with time [23], these
results confirm that 7~ shows an unexpected decrease with
compressive strain, in agreement with XRD.

To determine 7T, we performed Mossbauer spectros-
copy and neutron diffraction experiments as a function of
temperature. The Mossbauer spectra of the BFO//GSO
film at 298 and 530 K are presented in Fig. 3(c) (top and
bottom, respectively). In the AFM state the Mossbauer
spectra can be approximated by two six-line spectra with
different hyperfine fields [24] that progressively decrease
in temperature. The fitting of the hyperfine field evolution
in a mean field theory allows us to deduce Ty [Fig. 3(d)],
which in this case is around 640 K. In Fig. 3(e), we display
the (3 1 1) reflection related to the G-type AFM ordering
of the BFO//STO film. The peak persists up to the maxi-
mum temperature achieved in this experiment (623 K) that
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FIG. 3 (color online). OP phase piezoresponse images mea-
sured after poling for BFO/LSMO//LSAT (a) and BFO/
SRO//DSO (b) at room temperature (RT) (top) and after anneal-
ing 723, 823, 923, and 1023 K, and corresponding averaged
phase profiles perpendicular to stripes obtained at RT (blue
triangle) and 1023 K (red circles). Bottom: Rewritten artificial
domains after annealing. (c) Maossbauer spectra of the
BFO//GSO film at 298 K (top) and 530 K (bottom). (d) Corre-
sponding hyperfine field evolution (symbols) as a function of
temperature together with the mean field fit (line). (e) AFM peak
(3 4 3)c as a function of temperature measured using neutron
diffraction on a 400 nm BFO film on STO. The evolution of the
peak intensity is reported in (f), the line is a guide for the eyes.
(f) OP ¢ parameter as a function of temperature of BFO films on
STO, GSO, and NSO. Changes in slope, signaled by the linear
fits, indicate the second order transition from an AFM to a
paramagnetic state at T .

is close to the bulk Ty (~640 K). We fitted the AFM peak
intensity dependence in temperature to evaluate Ty
[Fig. 3(f), open symbols], which we estimate to be Ty >
575 K [25]. Interestingly, this AFM transition is also vis-
ible in the XRD data. In Fig. 3(f) (filled symbols) we
include the temperature behaviors of the OP ¢ parameter
around 640 K for BFO films on STO, GSO, and NSO. The
change of slope of the temperature evolution of the
c- parameter [linear fits in Fig. 3(f)] indicates that a phase
transition occurs closely to the corresponding bulk 7.
Clearly, the film T values are weakly affected, if at all,
by the compressive strain, in contrast with the strong
effects observed on the ferroelectric transition.

To reach a deep understanding of the strain dependence
of the ferroic transition temperature, we have also inves-
tigated [001]--oriented epitaxial BFO films from a first-
principles-based effective Hamiltonian method [26]. In
order to compare experimental and theoretical data, we
have recalculated the misfit strain of BFO films calculating
the TP misfit strain g;, at the 7 rather than at room tem-
perature [as in Fig. 1(f)]. Therefore, in Fig. 4, we used
&in = [aa(T =T fim) — @oui(Tcfitm) )/ @pun (T e fiim) % Ex-
perimental film T¢ values were deduced from XRD data,
and the unit cell parameters of bulk BFO ay,, (T) have
already been reported [27]. Figure 4(c) displays the critical
temperature-versus-misfit-strain diagram (lines), as pre-
dicted by the effective Hamiltonian, along with the mea-
sured T (circles) and Ty (squares and triangle). A very
good qualitative and quantitative agreement is obtained
between theory and experiment, indicating that while Ty
is mostly independent of strain and close to its bulk value,
T drastically decreases with increasing compressive IP
strain and tetragonality [c/a ratio, Fig. 4(a)]. This unex-
pected result is numerically found to originate from the
enhancement of the antiferrodistortive angle along the z
axis (w,) under compressive strain [blue line in Fig. 4(b)],
likewise causing an increase of the critical temperature at
which a purely antiferrodistortive paraelectric state occurs
[T4o1, black line in Fig. 4(c)]. In other words, the tilting of
oxygen octahedra, and its interaction with ferroelectricity,
is responsible for the anomalous strain dependence of 7 in
BFO films in contrast with conventional ferroelectrics
(such as BaTiO; or PbTiO3) where the increase of the
misfit strain results in an increase of the ¢/a and a con-
secutive increase of T-. Thus, neglecting the antiferrodis-
tortive degree of freedom, which does not exist in
conventional ferroelectrics, leads to an incorrect phase
diagram for BFO films [22]. Interestingly, such tilting
and especially its response to strain and its coupling with
electric dipoles open a new way to simultaneously optimize
many physical properties [18]. In particular, it allows T to
get closer to Ty, by applying a compressive strain, which
naturally results in large piezoelectric and dielectric re-
sponses, huge magnetic susceptibility, and a dramatic en-
hancement of cross-coupling effects (such as magneto-
electric coefficients) below Ty [28].
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FIG. 4 (color online). Effective Hamiltonian results evaluated
in a BFO film, at 300 K and as a function of misfit strain,
(a) tetragonality (c/a ratio), and (b) antiferrodistortive angles w
along x, y, and z axes (wy and wy, red line, and w, blue line).
(c) Theoretical results on BFO film transition temperatures (7,
blue line, and Ty, green line) as a function of misfit strain. The
activation temperatures for the antiferrodistortive oxygen tilting
along the z direction (tetragonal distortion 7, black line), for
the antiferrodistortive oxygen tilting within the x-y plane (or-
thorhombic distortion 7, red line), and for the tilting along
[uuv] direction (monoclinic distortion 7', orange line) are also
plotted. Experimental T (circles) and 7'y (squares and triangles)
values. Vertical error bars for T values correspond to symbol
size and for 7 values result from maximum variation of 7 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.

In summary, we combined theoretical and experimental
investigation on BFO thin films that evidence the anoma-
lous behavior of their transition temperatures under strain.
As a matter of fact, Ty is virtually independent of strain,
while T strongly decreases under compressive strain in
BFO films (in contrast with conventional ferroelectric thin
films). This latter unexpected result arises from a competi-
tion between polar displacements and the often neglected
oxygen octahedra tilts. Our original findings therefore open
a novel route for designing efficient magnetoelectric de-
vices by tuning their critical temperatures, in general, and
bringing them closer together, in particular. They also shed
light into the need of adopting a new and comprehensive
view that incorporates oxygen tilts and their interactions
with other physical properties of multiferroic compounds.
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