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Recent studies by a number of research groups have shown that the structure of epitaxial BiFeO3
(BFO) films changes drastically as a function of substrate-induced biaxial compression, with the
crystal structure changing from one being nearly rhombohedral (R-like) to one being nearly
tetragonal (T-like), where the “T-like” structure is characterized by a highly enhanced c/a ratio of
out-of-plane c to in-plane a lattice parameters. In this work, we show that the critical compressive
strain G, necessary to induce this transition can be reduced significantly by substituting 10% Ba for
Bi [Big9Bag 1FeO3_5 (BBFO)] and that the “T-like” phase in both BBFO and BFO is stable up to the
decomposition temperatures of the films in air. Furthermore, our results show that the BBFO solid
solution shows clear ferromagnetic properties in contrast to its undoped BFO counterpart.

Il. INTRODUCTION

Bismuth ferrite [BiFeO; (BFO)]' is the only known
material with both magnetic order and a large ferroelectric
polarization at room temperature. This makes this perov-
skite compound singularly interesting both for applica-
tions (sensors or spintronics) and from the perspective of
scientific interest in the coexistence of magnetic and polar
properties that are often seen as mutually exclusive.
The recent experimental observation of a highly tetragonal
phase in BFO films with c/a > 1.2*"° is promising for the
development of lead-free piezoelectric materials and
illustrates the strong structural changes that can be induced
via epitaxial strain.
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The use of strain and composition is an attractive
method for tuning properties of materials in thin-film
form. The dependence of the ferroelectric polarization
in BFO on strain has been studied both experimentally’®
and theoretically®® and reveal that the polarization
(pointing in a 111 direction in the bulk) rotates toward
the 001 axis under mild compressive strain, —0.5% < o}
yielding a significant increase in the polarization measured
along the 001 direction. However, larger compressive
strain (—3% < ¢ < —0.5%)®7 results in only a weak
further increase. Perhaps the most surprising feature is the
observation of an apparently highly tetragonal phase under
much larger compressive strain (~—5%).>~ In fact, while
BFO grown on a variety of substrates is monoclinic®™"'
but close to thombohedral, with a pseudo-cubic c/a ratio
close to unity (R-like phase), the material transforms to
monoclinic but close to tetragonal, with c/a > 1.2 (T-like
phase), when grown under large compressive strain.*°
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In other words, strain induces monoclinic-to-monoclinic
phase transition in BFO (which is, however, not strictly
isosymmetric'?).

This remarkable strain-driven structural phase tran-
sition occurs only when BFO is grown on substrates with
an in-plane lattice parameter below ~3.8 A (see below).
However, such large compressive strain is difficult to
achieve on many of the commercially available substrates
and conducting oxide bottom electrodes, and even growth
onto LaAlO; substrates may not always yield single-phase
films.> In fact, clear demonstration of ferroelectric switch-
ing via polarization-field (P(E)) hysteresis loops has so far
only been achieved on Mn-doped films.* This motivates us
to explore ways to tune the critical strain 6. necessary to
induce the transition via a modification of the unit cell
volume by substitution of a larger ionic radius cation for
either Bi or Fe. Ba substitution is particularly intriguing as
the alloys between the antiferromagnetic/ferroelectric
BFO and BaFeO3_y13 ~!7 are expected to exhibit inter-
esting physical properties on their own right: BaFeO, 5
(Fe*") is a paramagnetic insulator (C.J.C. Bennett, un-
published data), whereas the perovskite form of BaFeO;
(Fe**) is theoretically predicted to be a ferromagnetic
insulator,'*'#2! with a ferromagnetic Fe**-O-Fe** super-
exchange coupling. Epitaxial films of BaFeO;_, (x < 0.5)
indeed show ferromagnetic behavior’® even though
oxygen vacancies will result in a mixed Fe valence
state and are the subject of further study (C.J.C. Bennett,
unpublished data).

In this work, we show that the critical compressive
strain G, necessary to induce the transition from the R-like
to the T-like phase can be reduced significantly in a 10%
Ba-substituted alloy (BigoBag FeOs_g). This solid
solution shows clear ferromagnetic properties. We also
demonstrate that the T-like phase in both BBFO and BFO
is stable up to the decomposition temperatures of the
films in air.

Il. EXPERIMENTAL METHODS

Epitaxial films of Bi,_,Ba,FeO;_s5 were grown by
pulsed laser deposition onto a variety of substrates
[SrLaAlO, (a = 3.755 A), LaAlO; (LAO) (pseudocubic
lattice parameter ap. = 3.789 A) NdGaO; (NGO)
(ape = 3.85 A) (Lag 29,510, 71)(A10 65-12035)03 (LSAT)
(a = 3.86 A) StTiOs (a = 3.905 A), and KTaO; (KTO)
(a = 3.989A)]. All substrates were cut in a pseudocubic
001 orientation. To explore the entire composition range
(0 = x = 1), repeated alternating deposition of sub-
monolayer amounts of BFO and BaFeO;_, were used
(two-target mixing®’), while an additional series of sam-
ples with x = 0.1 was grown using a BigoBag FeOs3_g5
solid solution target. X-ray photoelectron spectroscopy
(XPS) measurements (data not shown, see below) con-
firmed the correct Ba content in the samples obtained by

two-target mixing. All films were grown at 700 °C in
a background gas of 50 mTorr O,, a laser repetition rate of
10 Hz, and a deposition rate of ~0.17 A per laser pulse.
Typical film thicknesses were 80—-100 nm. The films’
structure was analyzed via high resolution x-ray diffrac-
tion (XRD, PANalytical X'Pert MRD, Almelo, The
Netherlands) and at variable temperature. SQUID magne-
tometry (Quantum Design MPMS, San Diego, CA) was
used to measure the magnetic properties. Electron micros-
copy observations were carried out in a VG Microscopes
HB501UX equipped with a Nion aberration corrector and
operated at 100 kV. Specimens were prepared by conven-
tional grinding and ion milling. Composition and valence
state information were obtained by XPS using a K-Alpha
XPS instrument (Thermo Fisher Scientific, Waltham, MA)
using a monochromatic Al Ka x-ray source focused to
a 400 pm diameter spot on the sample surface, with the
data acquired at a pass energy of 50 eV on samples sputter
etched for 15 s using 1 kV Ar ions.

lll. RESULTS AND DISCUSSION
A. Structure of Bi;_,Ba,FeO5_; films

Figure 1(a) shows in-plane (a) and out-of-plane (c)
lattice parameters for the entire composition range, 0 =
x = 1, as extracted from reciprocal space maps (RSMs)
containing the substrate’s and the film’s pseudocubic 013
diffraction peak. Samples for x = 0.2 were grown onto
relaxed films of SmScO3 (a,. = 3.99 A) on LaAlO;
substrates, whereas those for x = 0.1 were deposited onto
KTaO; substrates. In other words, substrates or buffer
layers with large in-plane lattice parameters were chosen
in all cases to minimize compressive strain. Single-phase
solid—solution films were obtained for all values of x.
Figure 1(a) also shows the corresponding unit cell volume
(plotted as VI3 = (a%c)). Although there is a significant
amount of scatter on the data points, the general trend of the
unit cell volume clearly follows the expectation from
Vegard’s law (solid line). The horizontal line indicates
the lattice parameter of the SmScOj3 buffer layer, showing
that the samples in a range near x = 0.5 are somewhat
“clamped” to this buffer layer, whereas structural re-
laxation is apparent both at higher and lower values of x.
All films crystallize in a perovskite crystal structure that
can approximately be described as tetragonally distorted.
On these SmScO; or KTaOj3 templates with a = 3.99 A,
we find that the tetragonality remains small, with c/a <
1.03 even at x = 1, where the distortion is largest.

The RSMs for all these films grown on SmScOs or
KTaOj are characterized by a single peak for the 103, and
113, reflections (with some broadening occurring as
a consequence of a small monoclinic distortion, as is
typically seen for BFO?~'%). A completely different picture
arises when films with x = 0.1 are grown onto various
substrates with different in-plane lattice parameters. As
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shown in Fig. 1(b), for BipoBag (FeO3;_5 grown on LSAT,
the 103, peak splits into two well-separated reflections cor-
responding to one in-plane lattice parameter (a = 3.86 A)
but two out-of-plane lattice parameters (4.24 and 4.38 A,
respectively). When grown on LaAlOs, i.e., a substrate with
an even smaller lattice parameter, a single peak is found
again, as shown in Fig. 1(c), witha = 3.79 Aandc = 4.64 A.
Figure 1(d) shows a Z-contrast scanning transmission
electron microscopy image of this film. It is clearly seen
that this film grows largely coherent with the substrate, and
the image shows no indication of a deviation from the
perovskite structure, despite the large tetragonality with
cla = 1.22.

B. R-like-to-T-like transition of BFO and BBFO

The results for the entire series of BigoBag FeOs_g
films grown on the various substrates are shown in Fig. 2,
where we again simplify the analysis by treating all films
as nearly tetragonal and, therefore, plot the out-of-plane
lattice parameter ¢ as a function of the in-plane lattice
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FIG. 1. (a) Lattice parameters of Bi;_,Ba,FeO;_; films. Samples for
x = 0.2 were grown on SmScOj3-buffered LaAlO; (LAO) substrates and
for x = 0 and 0.1 grown directly onto KTaOj3. The dotted horizontal line
indicates the lattice parameter of the scandate buffer. Solid circles and
squares correspond to out-of-plane and in-plane lattice parameters,
respectively, whereas open circles indicate the corresponding pseudocu-
bic lattice parameter (a26)1/3. The linear interpolation (Vegard’s law) is
indicated as a guide to the eye. (b) and (c) X-ray reciprocal space maps
through the film’s and the substrate’s 103 reflections for Bip 9Bagy (FeOs_;
on (Lag 29,S1971)(Alg.¢s,Ta9 35)O03 and LAO, respectively. (d) Z-contrast
scanning transmission electron microscopy cross-section image of the
interface between Bij oBay |FeO3;_5 on LAO.

parameter a. Labels by the data points indicate the type of
substrate on which the film was grown. This representation
allows us to attribute the two different diffraction peaks
within the RSMs of the films on NGO and LSAT as
belonging to two different crystalline forms of the same
material. In accordance to the vocabulary introduced
previously® for BFO, we label the less-tetragonal phase
as R-like (i.e., a monoclinic structure with strong re-
semblance to the rhombohedral phase of BFO, even if our
data are insufficient to resolve the details of the monoclinic
phase beyond the comparably small c/a ratio). Similarly,
we label the more highly tetragonal structure T-like. In
fact, for the sample grown on LaAlOj, refining the
structure based on the positions of 12 XRD peaks
(including the accessible 001, Okk, and hhh peaks as well
as 112, 211, and 321), the structure can be described as
tetragonal with @ = b = 3.79(2) A and ¢ = 4.64(3) A.
Guides to the eye are drawn as lines corresponding to
a constant unit cell volume (which would overestimate
the ¢ enhancement as a consequence of strain for a realistic,
compressible solid). Comparing the lines for the T-like
and R-like phases indicates that compressive strain results
in an abrupt increase in the unit cell volume by 4.9%.
The lower panel in Fig. 2 shows the same type of data
for BFO, with a comparison of our data (solid squares) to
results found in the literature. Solid lines again correspond
to a constant unit cell volume, and results from LDA + U
calculations” are also indicated. The increase in unit cell
volume (AV/V = 6.5%) corresponds to the previously
observed monoclinic-to-monoclinic phase transition.”%!'
Although the end members (on LAO and KTO substrates,
respectively) behave similarly for both BFO and
BigoBag {FeO5_;, there is a clear difference in how this
strain-induced transition occurs as the substrate’s lattice
parameter is reduced. For BFO, a film on an LSAT
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FIG. 2. Composition-dependent transition between the monoclinic
“T-like” and “R-like” phases, evidenced in plots of the lattice parameters
c(a) for BigoBagFeO;_s (top panel) and BiFeO; (BFO) (bottom).
Results of this work are shown as solid symbols. The lines (drawn as
guide to the eye) correspond to constant unit cell volumes (¢ « a .
For BFO, the data are compared to predictions from LDA + U
calculations® and previously published experimental results.*>’
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substrate grows with an in-plane lattice parameter that is
significantly larger than that of the substrate (3.92 A versus
3.86 A) and shows a small tetragonality (c/a = 1.03).
BigoBag FeO5_g, in contrast, almost perfectly strains to
LSAT [Fig. 1(b)] and already shows the presence of the
phase with the high tetragonality (c/a = 1.13 for this
sample). In other words, the strain-induced structural
transition in BiggoBay FeO;_s occurs already on sub-
strates with a much larger lattice parameter than those
needed to induce the T-like phase in BFO. Thus, the
critical compressive strain G, necessary to induce the
monoclinic-to-monoclinic phase transition is reduced
significantly by the substitution of Ba for Bi. This is
presumed to be a consequence of the enlargement of
the unit cell volume by Ba substitution, as discussed earlier
[Fig. 1(a)].

C. Temperature-dependent x-ray studies

Epitaxial strain in thin films can result from lattice
mismatch at the growth temperature or from differences
in thermal expansion between a substrate and a film. For
example, large tensile strain is obtained on BFO films
when they are grown on Si substrates.® Thus, it is not
a priori clear whether BFO and Bij 9Bag FeO3_g crystal-
lize in the T-like phase during deposition or if these
materials undergo a structural phase transition during
cooling after growth. Therefore, x-ray 8—26 scans through
the film’s and the substrate’s 001, peaks were recorded
every 50° between 100 and 750 °C for both BFO (Fig. 3)
and BigoBag {FeO;_5 (data not shown). The 001 reflec-
tions for the BFO and the LaAlO; substrate are clearly
seen; the vertical “stripe pattern” between the two peaks is
a consequence of thickness fringes from the film peak. The
R-like phase of BFO would appear as a peak near 22.2°
and is clearly not observed. At 750°, the film decomposed
in air. This data thus clearly demonstrate that the T-like
phase is stable up to the decomposition temperature
of BFO, with the same results also observed for
BipoBag 1FeO;_;. Interestingly, the peak position for the
film shifts in the opposite direction than that of the LAO
substrate with temperature, i.e., the c-axis lattice parameter
for this film decreases with increasing temperature. As-
suming that the in-plane registry between the film and the
substrate does not change with temperature (insignificant
formation of structural defects during the x-ray experi-
ment), the film’s in-plane lattice parameter is obtained by
scaling the room-temperature value of a with the temper-
ature dependence of the LAO substrate’s diffraction peak
(for which ap,. = cpe). Thus, the unit cell volume of BFO is
found to increase from 67.14 to 67.85 A*, corresponding
to a small thermal expansion of aggo = 0.58 x-1075/K
(while the same data set shows a thermal expansion of
orao = 1.1 x-107/K for LaAlOs;, in agreement with
published data®*). The low thermal expansion of BFO

(in the T-like phase) thus contributes to the tetragonal
strain, but this contribution is not sufficient for the R-like-
to-T-like transition. In fact, a hypothetical cubic, incom-
pressible material with the same thermal expansion as this
film and deposited at 620 °C onto LaAlO; would exhibit
aroom-temperature tetragonality of c¢/a = [(1 + 6000 50)/
(1 + 6000550)]° = 1.01. This again shows that the T-like
structure of the film is not simply the Poisson-type
consequence of an in-plane compression, consistent with
the increase of unit cell volume upon compressive strain.

D. Magnetic properties of Bi,_,Ba,FeO;_;

The formation of “T-like” phase films on conducting
bottom electrodes has not been possible without the
occurrence of significant leakage across the films, and
thus it was not possible to further investigate the ferro-
electric properties of these materials. R-like phase
Bi;_,Ba,FeO;_; showed insulating behavior (too insulat-
ing for R(7T) measurements using conventional apparatus),
and quantitative P(E) measurements have not yet been
completed.

We now turn our attention to the magnetic properties
of both the T-like and R-like forms of BFO and
BigoBag FeOs;_5. Low-temperature data are shown in
Fig. 4, where the film’s magnetization is measured with
the magnetic film in the plane and plotted after subtraction
of the substrate’s contribution as measured on a separate
sample. Because of variations between different crystals,
the absolute value of the magnetization is difficult to
obtain on such nonsaturated loops. However, clear qual-
itative observations can be made. First, we note that none
of the loops are fully saturated even at 6 T, indicative of
magnetic ordering that can only be induced at very high
fields. This is quite different from most epitaxial films of
ferromagnetic perovskites, which often saturate at fields
below 1 T and may be indicative of more complex order in
all the samples. The differences between the T-like and
R-like phases are clearly noticeable for BFO, where the
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FIG. 3. Temperature dependence of the 620 x-ray scan through the
film and substrate 001 reflections for BFO on LaAlOs.

J. Mater. Res., Vol. 26, No. 10, May 28, 2011 1329



C.J.C. Bennett et al.: Compositional tuning of the strain-induced structural phase transition and of ferromagnetism in Bi;_,Ba,FeO3_;

induced (high-field) magnetization increases at least
twofold by epitaxial strain. This hints to a different spin
orientation between the two antiferromagnetic materials
and is subject to further study. More strikingly, the
addition of 10% Ba clearly transforms the material into
a ferromagnet. In fact, the data point to a superposition of
a nonsaturated (high-field) response with a more conven-
tional ferromagnetism having a remanent magnetization of
~0.1pg/Fe ion and a coercive field of ~0.5 T. Without the
knowledge of the exact oxygen stoichiometry 6 of these
Bi, _,Ba,FeO;_j; films, a definite analysis of this behavior
is not possible because charge neutrality in the Ba-
substituted films could in principle be maintained either
entirely by the formation of oxygen vacancies (for 6 = x/2)
or by a mixed Fe valence state (Fe’*,_,Fe**, or Fe’*,_,,
Fe™* ).

To determine the Fe valence from XPS data, the
accepted curve fitting scheme® was used to describe
the Fe 2p,;; line (data not shown). Although there are
subtle differences between the samples, all show a pre-
dominant Fe** character, as expected for low Ba content.
However, the spectra indicate a weak but clear trend to
higher Fe valence with Ba substitution (implying that & <
x/2). Therefore, Fe occurs in a mixed-valent state, similar,
for example, to La;_,Sr,FeO3; (where charge dispropor-
tionation into Fe** and Fe>* is observed,?*’ with a pre-
dicted ferromagnetic superexchange between Fe**:34°
and Fe>":3d>2%) or BaFeO;_., (where the ferromagnetic
Fe**-O-Fe** superexchange competes with O-vacancy-
induced antiferromagnetic = Fe**-O-Fe**  coupling.)
However, at the present low value of x, the observed
small average magnetic moment of ~0.1pg/Fe may be
indicative of ferromagnetic clusters within an antiferro-
magnetic matrix.

IV. SUMMARY AND CONCLUSIONS

To summarize, our data show that the solid solution
Bi;_,Ba,FeO;_; is stable for all values 0 =< x < 1. For the
specific example of Bigg¢Bag FeO; 5, we show that the
critical strain . needed to induce the monoclinic-to-
monoclinic phase transition (from a nearly rhombohedral
R-like to a nearly tetragonal T-like phase) is significantly
reduced with respect to pure BFO, with the R-like and
T-like phases coexisting on NGO and LSAT substrates.
On LAO, both BFO and Biy¢Bag FeO5;_5 crystallize
directly in the T-like phase rather than undergoing a phase
transition upon cooling, i.e., the T-like phase is stable up
to the temperature at which the films decompose in air
(~750 °C). Measurements of the magnetic properties show
that the strain-induced structural change is accompanied by
a significant increase in the induced magnetization, whereas
the addition of 10% Ba results in a ferromagnetic response
(Mg ~ 0.1pg/Fe and H. =~ 0.5 T) superimposed to the
unsaturated M(H) loop as seen in BFO. These results show
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FIG. 4. Low-temperature magnetization data (taken at 5-10 K with
the field in the plane) for Bip9Bay FeO;_s and BFO. (a) Data in the
“R-like” phase (i.e., on SrTiO3), (b) the equivalent for the “T-like” phase
(i.e., on LaAlOs3).

that small compositional changes can be used to signifi-
cantly modify bismuth ferrite’s response to epitaxial strain
and tune its magnetic properties.
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