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BiFeO; (BFO) is currently considered to be the most promising candidate material for device
applications of room-temperature multiferroics. However, there exist some controversial arguments on
the origin of the enhanced magnetization and polarization observed in the epitaxially constrained BFO
thin film heterostructures. More specifically, the issue can be addressed by the following question: Can
the epitaxial strain enhance the magnetization and the ferroelectric polarization in BFO? To clarify this
controversial issue, we have systematically examined the magnetization characteristics of the rhombo-
hedral BFO films epitaxially grown on (111)-oriented SrTiOz (STO) in terms of the in-plane misfit
strain between the BFO layer and the STO substrate. The increase in the saturation magnetization with
decreasing film thickness was found to be closely related with the misfit strain. By carefully examining
synchrotron X-ray absorption spectra, we have further correlated the enhanced magnetization in a
highly strained film with the reduced degree of hybridization between Fe 3d and O 2p orbitals and with
the splitting of the triplet t,, orbital into a;, and e,” orbitals arising from the trigonal D5, distortion.

1. Introduction

Multiferroics combine two or more of the properties of
ferromagnetism (or antiferromagnetism), ferroelectricity,
and ferroelasticity.! Under an external magnetic field,
such materials would show induced electric polarization,
whereas an external electric field would induce magneti-
zation. Multiferroism is currently the subject of intensive
scientific investigation’ ® because these materials not
only exhibit fascinating physical properties but also po-
tentially offer a wide range of new applications.!*>"
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Unlike Mn-based oxide multiferroics such as
TbMnOs,> TbMn,Os,* HoMnOs,> YMnOs,'° and
BiMnO;.!' BiFeO; (BFO) exhibits room-temperature
multiferroism with its ferroelectric 7¢ at ~1103 K and
antiferromagnetic Ty at ~643 K.'? Because of a residual
moment from canted spin structure, BFO is actually
characterized by a weak ferromagnetism at room tem-
perature.'? Because the room-temperature multiferroism
is essential to the realization of multiferroic devices that
exploit the coupling between ferroelectric and ferromag-
netic orders at ambient conditions, BFO, together with
more recently revealed LuFe,04,%3 71 are currently
considered to be promising candidates for practical de-
vice applications.'®

The recent boom in multiferroic thin films was indeed
triggered by the work of Wang et al.” on the enhancement
of remanent polarization (P,) and saturation magnetization
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(M) in the epitaxially constrained BFO heterostructures.
More specifically, they reported that the [001]-oriented
epitaxially constrained BFO thin film with pseudotetra-
gonal symmetry exhibited dramatically enhanced P,
(~60 uCoul/cm?) and M, (~150 emu/cm’). Here, P,
defines the polarization value at an applied electric field
of zero in a saturated polarization-field (P—E) hysteresis
curve, whereas M, denotes a saturated value of the
magnetization in a given magnetization-field (M—H)
curve. Wang and co-workers? attributed these enhanced
P, and M, values to a strong compressive in-plane stress
imposed by the bottom SrRuO;/SrTiO; (SRO/STO)
structure. However, a group of scientists at Cambridge'’
argued that the epitaxial misfit strain did not enhance the
ferromagnetic and ferroelectric properties of heteroepi-
taxially grown BFO films. Instead, they insisted that the
coexistence of Fe>" with Fe** was primarily responsible
for the observed enhancement of the film magnetiza-
tion.'” In response to the criticism raised by the Cam-
bridge group,'” Wang et al.'® admitted the coexistence of
Fe?" with Fe*" in their films but suggested a possibility of
a gradual increase in the spin canting angle with decreas-
ing film thickness and thus with epitaxial strain.

For further scientific understanding and technological
progresses in BFO-based multiferroic films, it is thus
highly important to clarify the role of the in-plane misfit
strain on the variations of M, and P,. However, both
groups™'” examined the variations of M, and P, as a
function of the film thickness rather than in terms of the
misfit strain. To resolve this critical issue, one has to thus
carefully examine magnetic and ferroelectric properties as
a function of the misfit strain. Here we report the effect of
the in-plane misfit strain on the magnetic response of the
rhombohedral BFO films epitaxially grown along the
principal polarization direction.'” We have shown that
M of the film is directly related to the magnitude of the
in-plane misfit strain. We have further correlated the
enhanced magnetization in a highly strained film with
the reduced degree of the hybridization between Fe3d and
O2p orbitals.

2. Experimental Methods

BFO thin films with their out-of-plane direction parallel to
the pseudocubic [111], direction (or equivalently parallel to
hexagonal [001];, direction) were grown on STO (111) substrates
by employing pulsed laser deposition (PLD) method.?* KrF
excimer laser with the wavelength of 248 nm was used for this
purpose. The deposition was carried out at 675 °C under Po, =
10 mTorr. In the preparation of a ceramic BFO target, a slightly
excess amount of bismuth was used to compensate its high
volatility at the deposition temperature.
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For the structural characterizations of the BFO thin films,
both high-resolution X-ray diffraction (HR-XRD) pattern and
reciprocal space mapping (RSM) were obtained by utilizing a
D8 Discover X-ray diffractometer by Bruker AXS with the
combination of a Gobel mirror for primary optics and a Ge(220)
triple bounce analyzer crystal for secondary optics. A JEM-
2100F Cs-corrected HR-STEM (high-resolution scanning
transmission electron microscope) operating at 200 kV by JEOL
and an ESCALAB 220iXL with Mg Ka by VG Scientific were,
respectively, used for TEM and XPS (X-ray photoelectron
spectroscopy) analysis.

Magnetization responses of the BFO films were examined by
measuring magnetization-field (M-H) hysteresis curves using a
superconducting quantum interference device (SQUID) mag-
netometer (MPMS-5S; Quantum Design). The magnetic field
was applied along the in-plane direction (i.e., perpendicular to
[111] or [001],), which is known to be the magnetic easy axis.>!
To examine anisotropy in the film magnetization, we also
measured M— H curves with the applied magnetic field parallel
to the out-of-plane direction.

To investigate the origin of the evolution of the magnetic
properties, hard X-ray absorption near edge structure (XANES)
at Fe K-edge experiment was carried out at 7C1 XAFS II
beamline, and soft X-ray absorption spectroscopy (XAS) mea-
surements at O K-edge and Fe L, ;-edge were carried out at 2A
MS beamline of Pohang Light Source (PLS). While the fluor-
escence mode was used for XANES, the total electron yield
mode was employed for both Fe L, ;-edge XAS and polariza-
tion-dependent O K-edge XAS. In the polarization-dependent
XAS experiment, an elliptically polarized undulator (EPU) was
inserted at 2A beamline so that the beam polarization could be
properly adjusted without rotating the sample specimen. This
enabled us to obtain more accurate XAS data. We reduced the
beam flux to a sufficiently low level and carried out the XAS
measurement at an elevated temperature of 350 K to minimize
possible charging effect on the peak intensity. Actually, we
observed no polarization-dependent beam flux in our measure-
ments, suggesting that a charging effect was minimized.

We have normalized O K-edge XAS spectra using the spectral
intensity at the region above 560 eV, which corresponds to a
continuum spectral state and is thus proportional to the number
of the core 1s electrons of oxygen atom. By equalizing the
intensity at the region above 560 eV, we were able to obtain
the spectral intensity which is proportional to a single oxygen
atom. Regarding the spectral resolution, 0.05 eV which corre-
sponds to the estimated a;,—eg splitting (see the Results and
Discussion section) is safely within the resolution limit of PLS.

3. Results and Discussion

Thickness-Dependent In-Plane Misfit Strain. Figure la
presents a narrow section of the —26 X-ray diffraction
(6—260 XRD) patterns of the [111].-oriented BFO films
grown on STO (111) around their (111) pseudocubic
reflections. Similarly, Figure 1b shows the XRD patterns
around their (002) reflections. It is clear from these XRD
results that the out-of-plane lattice parameter of BFO
depends on the film thickness and that d;;;(BFO) >
di11(STO) for all four BFO films grown on STO (111).
It is interesting to note that the (002), diffraction peak

(21) Ruette, B.; Zvyagin, S.; Pyatakov, A. P.; Bush, A.; Li, J. F.;
Belotelov, V. I.; Zvezdin, A. K.; Viehland, D. Phys. Rev. B 2004,
69, 064114.



5052 Chem. Mater., Vol. 21, No. 21, 2009

—+—200nm STO(111) (a)
F-—-—150nm
70nm
f—-—30nm
BFO(111)

Intensity (a.u.)

38 39 40 4

2theta (degree)

©
3
© 30nm
-
>
=
(72}
c 200nm
[
b
£
STO substrate
0 60 120 180 240 300 360

@ angle (degree)

Intensity (a.u.)

Ryu et al.

—+—200nm
- 150nm
—+—70nm

STO(002) | (b)

BFO(002)

- L L
45.0 45.5 46.0 46.5 47.0

2theta (degree)

] @

0/0/0 103

o o\-. 401
\o
279 L L L L1 0.0
50 100 150 200
Thickness (nm)

Figure 1. 6—20 XRD patterns of four different BFO thin films around their (a) (111) reflections and (b) (002) reflections. (¢) XRD ®-scan diffraction
patterns of STO substrate and BFO films at two different thicknesses. (d) The thickness-dependent in-plane misfit strain (filled circles) and the
corresponding d(;10). (open circles) for six epitaxial BFO thin films with different thicknesses.

shifts to a higher angle while the (111). peak moves
slightly toward a lower angle with decreasing film thick-
ness. These results clearly indicate that all the [111].-
oriented films are compressively strained by the STO
substrate along the in-plane direction. The degree of the
in-plane orientation was assessed by examining ®-scan
spectra. These revealed the 3-fold R3¢ symmetry about
the [111], direction and a coherent, so-called “cube-on-
cube” epitaxial growth of BFO films on STO (111)
substrates as shown in Figure Ic.

The d-spacing values of (111). and (001). planes were
evaluated for six different film thicknesses, and the in-
plane pseudocubic parameter d(;1g). was estimated using
the relation: d(110). = d(oo1)c/+/2. The misfit strain (|g,,|)
was then calculated using the following relation: &, =
(efr — Agree)/detr, Where aqgr is the effective in-plane lattice
parameter of the constrained film (= d(70).) and apycc 18
that of the stress-free state. Thus, agee is equal to a/+/2
where « is the unstrained pseudocubic lattice parameter
(= 3.965 Azz)_ The calculated in-plane lattice parameter
and the corresponding misfit strain are presented in
Figure 1d as a function of the film thickness.

Evidence of the relaxation of the in-plane misfit strain
was obtained by performing RSM experiments. The
intensity contours around (021) reflection were collected
for three epitaxially grown films with different thick-
nesses. [111] and [-110] directions were, respectively, set

as the surface normal and azimuthal axes. After collecting
the diffraction patterns in the 20— space with the step
size of 0.01 and 0.005° for 20 and w, respectively, we have
converted the 26— space map into the ¢, —¢. space map
by using Leptos software from Bruker AXS. Figure 2
presents the RSM data around (021) reflection of 30, 70,
and 200-nm-thick BFO films preferentially grown along
[111].. The contours tend to be broad because a large slit
optic was used to produce a sufficient intensity, instead of
an analyzer crystal. As presented in Figure 2, the recipro-
cal scattering vector along (110) (i.e., ¢,) of all three films
is different from that of the substrate, STO (111). This
indicates that the film is partially relaxed at a thickness as
thin as 30 nm. As shown in Figure 2, the difference in ¢,
between the film and the substrate increases with the film
thickness, which suggests a gradual relaxation of the in-
plane misfit strain with the thickness. More specifically,
we have the following values of the thickness-dependent
in-plane misfit strain: (i) 0.377% for 30 nm, (ii) 0.217%
for 70 nm, and (iii) 0.047% for 200 nm. Compared with
the BFO film grown on a STO (001) substrate, in which
the ferroic layer with the pseudotetragonal symmetry is
highly strained up to ~80 nm,> the present film with the
R3¢ symmetry is partially relaxed even at 30 nm. These
observations can be attributed to the difference in the
relaxation mechanism of the elastic energy between these
two different crystalline states.?*
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Figure 2. RSM data around the (021) reflection of the 30, 70, and 200-
nm-thick epitaxial BFO films in the ¢,(110) — ¢.(111) space.

Transmission Electron Microscopy and X-ray Absorp-
tion Spectroscopy. A cross-sectional HR-TEM image of
the 30-nm-thick BFO film (Figure 3a) shows continu-
ous and straight atomic lines along [110] and [001]
directions through the interface, which indicates that
the film is grown heteroepitaxially. As presented in
Figure 3b, the inverse Fourier-transformed image ob-
tained using the electron diffraction pattern (inset of
Figure 3a) more clearly demonstrates the epitaxial
growth. We have further carefully examined a possible
presence of an interfacial impurity layer or precipitates
in our BFO films by HR-STEM analysis. However,
HR-STEM study indicates that there is no impu-
rity phase at the interfacial region, as revealed in
Figure 3c.

Chem. Mater., Vol. 21, No. 21, 2009 5053

(b)

Figure 3. Cross-sectional HR-TEM images of the 30-nm-thick BFO film
epitaxially grown on STO (111): (a) a HR-TEM image around [110] zone
with an electron diffraction pattern (inset), and (b) an inverse Fourier
transformed image. (¢) HR-STEM HAADF (high angle annular dark
field) image of the 30 nm thick BFO film.

To clearly isolate the effect of the in-plane misfit strain
on the magnetic properties, it is necessary to prepare
heteroepitaxially grown BFO thin films in which divalent
Fe ions are effectively removed. For this purpose, we first
examined X-ray photoelectron spectra of the epitaxially
grown BFO films. Considering that Fe 2p;,, main peak

(25) Schedel-Niedrig, Th.; Weiss, W.; Schlogl, R. Phys. Rev. B1995, 52,
17449.



5054 Chem. Mater., Vol. 21, No. 21, 2009

(@)

L; edge

720 725
L, edge

Intensity (a.u.)

30nm

710 720 730
Photon Energy (eV)

(b) ' ' -

Normalized Absorbance (a.u.)

1 1 1
7120 7140 7160

Figure 4. Room-temperature X-ray absorption spectroscopic results of
the [111].-oriented epitaxial BFO thin films at three different thicknesses:
(a) XAS near Fe L,3 edges; inset, the magnified L, region; and
(b) XANES spectra.

occurs at 709.5 eV for Fe>* and at 711.0 eV for Fe** %> we
have separated a given XPS spectrum (Fe 2p line) into two
distinctive peaks. The peak-fitting result indicates that
regardless of the film thickness, the fraction of Fe*" is
essentially negligible. Thus, it can be concluded that Fe
ions in our BFO films exist as the trivalent state.

This conclusion was further inspected by examining
X-ray absorption spectra (XAS) near the Fe L, ;-edge
region. It is well-known that Fe,O3 which consists of
trivalent Fe ions exclusively exhibits doublet peaks at
both L, and L3 edges in its XAS spectrum. As shown in
Figure 4a, the BFO films are also characterized by
obvious doublet peaks at both L, (~709 e¢V) and L;
(~722 eV) edges. In addition to this, the peak positions
of our BFO films are nearly the same as those of Fe,05.2°
These observations indicate that the divalent Fe ions are
practically absent in our BFO films. On the contrary, the
L-edge spectrum of FeO does not show any doublet peak
at both L, and L edges, with its peak position at a slightly
lower photon energy than the corresponding L-edge peak
position of Fe,03.>° The absence of a pre-edge peak
(at ~719 eV) in front of the L, doublet centered at
721.5 eV (inset of Figure 4a) further supports that the
divalent Fe ions are absent in our PLD-grown BFO films.
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Figure 5. (a) Room-temperature magnetization-field (M—H) hysteresis
curves of the[111].-oriented epitaxial BFO thin films grown on STO (111).
The inset shows the saturation magnetization (Mj) plotted as a function of
the in-plane misfit strain, |e,,| (%). (b) Zero-field-limit inverse magnetic
susceptibility of the [111].-oriented epitaxial BFO films plotted as a
function of the misfit strain, |e,,,| (%). Various numerical values appeared
in the vicinity of each data point denote the film thickness in nano-
meters (nm).

The probing depth of these two spectroscopic methods
(i.e., XPS and XAS) is limited to a few nanometers from
the surface. Thus, we have examined the oxidation state
of Fe ions in the interior region of the film by employing
XANES, in which hard X-ray beams are able to penetrate
into the bulk region which is a few hundred nanometers
away from the surface. We have examined the oxidation
state of Fe ions in the bulk region by comparing the
XANES spectra of the BFO films with those of a-Fe,O;
and FeO, where a-Fe,05 is characterized by the same
FeOyg octahedral structure and by the trivalent Fe ions
exclusively. On the other hand, FeO contains only diva-
lent Feions. As presented in Figure 4b, both a-Fe,O; and
the BFO films exhibit similar spectral features, i.e., a
doublet peak at the Fe K absorption edge (at ~7126 and
7133 e¢V),” indicating that all the Fe ions in the interior
region of the films are in the trivalent state. The absence of
a shoulder peak?” at the absorption energy slightly lower
than that of the doublet peak further supports the absence
of divalent Fe ions in our BFO films.

Enhanced Magnetization and Modulated Orbital Hybri-
dization. As presented in Figure 5a, all the epitaxial BFO
films exhibit a weak ferromagnetic behavior under the
magnetic field applied parallel to the in-plane direction

(27) Sasaki, S. Rev. Sci. Instrum. 1995, 66, 1573—1576.
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(i.e., perpendicular to [111]. or [001];, *'). One prominent
feature of Figure 5a is that both the saturation magneti-
zation (M) and the magnetic susceptibility (y,,) decrease
with increasing film thickness, suggesting that both M
and y,, depend on the misfit strain. Indeed, M, of the
epitaxially grown films correlates well with the magnitude
of the misfit strain, (|ey|) (inset of Figure 5a). Having
established that Fe** ions practically do not exist in all the
[111]c-oriented BFO films, we are now able to make a
conclusion that the increase in M with decreasing film
thickness is mainly caused by the misfit strain between the
BFO film and the STO substrate. On the contrary, we
observed that M, of the BFO films under the magnetic
field applied parallel to the out-of-plane direction (i.e., parallel
to [111], or [001]y) was essentially independent of the film
thickness with a negligibly small value of M. This further
indicates that the canted spin moment along the in-plane
direction is the source of the enhanced M, in response to the
increase in the in-plane misfit strain.

Having obtained a macroscopic correlation of the
magnetization with the misfit strain, (le,|), we now
examine a microscopic origin of the enhanced M, with
(|em!). It can be shown that with the help of the Landau
theory of ferromagnetism, the inverse magnetic suscept-
ibility (1/ym) of an epitaxially constrained film is propor-
tional to (|&y|). Thus, we have plotted 1/y,, as a function
of the misfit strain to see some interesting physics. As
shown in Figure 5b, there appear two distinct regions in
the 1/ym vs (lem|) plot, and the slope of region I is much
more negative than that of region I1. The inverse magnetic
susceptibility increases rapidly as (|&,,|) becomes smaller
than a certain critical value (~0.08%).

According to the study of Bai et al.,*® the epitaxial
constraint induces the destruction of a spatially modu-
lated cycloidal spin structure in bulk BFO (with a peri-
odicity of ~600 A), releasing a latent antiferromagnetic
component locked within the cycloid. This leads to a
transition from the incommensurately modulated cycloi-
dal spin state to the homogencous spin state. Thus, an
abrupt change in the slope between region I and region II
can be understood in terms of phase transition from the
cycloidal spin state to the homogeneous spin state with
the onset value around 150 nm (see the Supporting
Information). Figure 5b suggests that the in-plane con-
strained epitaxial BFO film with R3¢ symmetry under-
goes a spontaneous transition to the homogeneous spin
state below this critical thickness (or above the critical
value of the misfit strain). This leads to an abrupt change
in the slope of the plot at ~150 nm (Figure 5b).

As shown in Figure 5b, the 1/y, vs (Jen|) plot in region
ITis also characterized by a linear line with a substantially
smaller value of the slope although M, increases steadily
with the misfit strain in this region (inset of Figure 5a). To
obtain a microscopic picture of this steady increase of M
in region II, we have examined polarization-dependent

(28) Bai, F.; Wang, J.; Wuttig, M.; Li, J.; Wang, N.; Pyatakov, A. P.;
Zvezdin, A. K.; Cross, L. E.; Viehland, D. Appl. Phys. Lett. 2005,
86, 032511.
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XAS of the two epitaxially constrained BFO films with
their misfit strains belonging to region II. The normalized
O K-edge XAS of 110 and 30 nm thick epitaxial films are
presented in Figure 6. The two peaks around 530.1 and
531.7 eV are attributed to the O 2p hybridization with the
low lying t», and high lying e, orbital bands of Fe 3d,
respectively, with the crystal-field splitting of 10Dg ~
1.6 eV. Among these two, the t,, peak is known to be a
useful indicator for assessing the degree of the hybridiza-
tion between Fe 3d and O 2p orbitals.”” As shown in
Figure 6, both e, and t,, peaks for the out-of-plane
direction are enhanced with increasing film thickness: (i)
the peak height for the 30-nm-thick film: e, = 0.82(a.u.)
and t,, = 0.38(a.u.), (ii) the peak height for the 110-nm-
thick film: e, =0.91(a.u.) and t, = 0.41(a.u.). Thus, the e,
peak shows a more pronounced increase of the peak
intensity with the film thickness. This observation sug-
gests that the degree of the orbital hybridization along the
out-of-plane direction is suppressed with increasing misfit
strain (i.e., with decreasing film thickness). This tendency
of enhancing the degree of the orbital hybridization with
the film thickness is consistent with the relatively strong
tr, peak intensity observed in a bulk BFO, as compared
with that of nanoconfined particles.*”

It is known that under the D5, trigonal symmetry, the
triplet ty, orbital is split into a singlet a;, orbital and a
doublet e,” orbital.>" A careful examination of the ab-
sorption spectra of our BFO films also suggests the
splitting of t,, orbital into a;, and e,” orbitals
(Figure 6). This indicates that the FeOg4 octahedron in
the R3¢ BFO undergoes a structural distortion to trigonal
symmetry. In our experimental beam geometry, a,, orbi-
tal is enhanced by a polarized X-ray beam along the out-
of-plane direction, whereas the e,” orbital is enhanced by
a polarized beam along the in-plane direction. As shown
in Figure 6, the peak position for the out-of-plane polar-
ization is lower than that for the in-plane polarization.
This indicates that among these two orbitals, the a;,
orbital corresponds to a lower lying state.’! The degree
of the a;,—e,” splitting in each spectrum was estimated
using the peakfit program based on the Voigt profile. As
indicated in Figure 6, the degree of the a;,—e,” splitting
increases with decreasing film thickness or with increasing
out-of-plane lattice parameter. This suggests that the
degree of the trigonal distortion enhances with increasing
out-of-plane lattice parameter, and thus with increasing
in-plane misfit strain.

The degree of the orbital overlapping along the out-of-
plane direction decreases with increasing lattice para-
meter along this direction. Thus, the XAS intensity
corresponding to the a;, orbital band is expected to be
decreased with increasing out-of-plane lattice parameter,
i.e., with decreasing film thickness. This prediction

(29) Thakur, P.; Chae, K. H.; Kim, J.—Y.; Subramanian, M.; Jayavel,
R.; Asokan, K. Appl. Phys. Lett. 2007, 91, 162503.

(30) Park, T.-J.; Sambasivan, S.; Fischer, D. A.; Yoon, W.-S.; Mis-
ewich, J. A.;; Wong, S. S. J. Phys. Chem. C 2008, 112, 10359-10369.

(31) Kim, J.-Y.; Koo, T.-Y.; Park, J.-H. Phys. Rev. Lett. 2006, 96,
047205.
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Figure 6. Polarization-dependent X-ray absorption spectra at O K-edge
of (a) the 110-nm-thick epitaxial BFO film and (b) the 30-nm-thick
epitaxial BFO film.

accounts for the observed decrease in the a;, peak
intensity of the 30-nm-thick, as compared with that of
the 110-nm-thick. On the contrary, the peak intensity
corresponding to the e,” orbital band is expected to be
increased with decreasing film thickness (i.e., with de-
creasing in-plane lattice parameter). However, the XAS
spectra presented in Figure 6 do not clearly demonstrate
this prediction. This suggests a further fine splitting of the
doubly degenerate e, orbital into e (Il ) and eg(L) orbitals
under a highly strained condition (30-nm-thick film).
Because of a strong in-plane compressive strain in the
30-nm-thick film, the in-plane component of the split
orbitals (eg(l)) now moves toward a higher energy state
(i.e., toward the e,-orbital state). This explains our obser-
vation that the degree of the a;,—e,” splitting increases
with decreasing film thickness: 0.05 eV for 110 nm thick
film vs 0.12 eV for 30 nm thick film (Figure 6).

The observed enhanced magnetization in a highly
strained film could be correlated with a small variation
of the octahedron tilt angle (6). Considering experimental
difficulty associated with measuring a subtle variation of
the tilt angle in an epitaxial film (not a powder), we have
theoretically computed the canted spin moment as a func-
tion of the tilt angle. For this purpose, first-principles
density functional theory (DFT) calculations were carried
out within the projector augmented wave method imple-
mented in the Vienna ab initio simulation (VASP) pack-
age®” by explicitly treating 15 valence electrons for Bi
(5d"%s%6p°), 14 for Fe (3p°3d°6s°4s?), and 6 for oxygen

(32) Kresse, G.; Joubert, D. Phys. Rev. B1999, 59, 1758-1775.
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Figure 7. Computed magnetization of the rhombohedral BFO plotted as
a function of the tilt angle (6). The computed direction of M is perpendi-
cular to [111]. which is the principal polarization direction of the R3¢
BFO.

(2s*2p™). As shown in Figure 7, the canted spin moment
perpendicular to [001];, (i.e., [111].) decreases with decreas-
ing tilt angle from its equilibrium value of 13.6°, finally
ending up with M =0 at § = 0. The DFT magnetization
predicts that increasing tilt angle from 13.6° also reduces
the computed spin moment. These computational results
thus indicate that a small change in the octahedron tilt
angle from its equilibrium value cannot enhance the canted
spin moment along [110], (i.e., vertical to [111].).

We have then considered other possible cause of the
enhanced magnetization. The in-plane epitaxial misfit
strain may cause a small distortion in the Fe—O—Fe
bond angle, thus, a variation of the spin canting™ as the
weak ferromagnetic behavior of BFO is known to be
manifested by the superexchange interaction through the
Fe—O—Fe bond.** In a recent report by Prashanthi
et al.,*® the enhanced magnetization in a Dy-modified
BFO was attributed to the decrease in the Fe—O—Fe bond
angle. According to an interesting study done by Li and co-
workers,*® the spontaneous magnetization increases while
the Fe—O—Fe bond angle decreases with decreasing con-
tent of calcium in Nd; Ca,FeO; orthoferrites: 6-fold
increase in the spontaneous magnetization accompanied
with the decrease in the Fe—O—Fe bond angle by 6° for the
variation of x value from 0.5 to 0.1. In our BFO films, we
observed 8-fold increase in M, with decreasing film thick-
ness from 150 to 30 nm (region II; Figure 5). This suggests
that the Fe—O—Fe bond angle decreases (presumably less
than 10°) with increasing misfit strain in region II of
Figure 5b. Considering all of these, one can now deduce
that the reduced degree of the orbital hybridization in a
highly strained film is closely related with the observed
enhanced magnetization through a small variation in the
Fe—O—Fe spin canting. This results in the enhancement of
the in-plane component of M in a highly constrained BFO
film having R3¢ symmetry.

4. Conclusions

It was shown that the observed increase in M, with
decreasing film thickness was closely correlated with the

(33) Kumar, A.; Rivera, L.; Katiyar, R. S.; Scott, J. F. Appl. Phys. Lett.
2008, 92, 132913.
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214105.
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Palkar, V. R. Solid State Commun. 2009, 149, 188-191.
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in-plane misfit strain between the epitaxial BFO layer
and the substrate. For a small value of the misfit strain
(region I), the observed increase in M, with |ey| (i.c., a
rapid decrease in 1/y,, with |&,|) was attributed to a
transition from the modulated cycloidal spin state to
the homogeneous spin state. On the other hand, a fur-
ther steady increase in M, beyond this transition point
(region II) was correlated with the reduced Fe3d—O2p
orbital hybridization with increasing |e,|. We have
further shown that the splitting of the triplet t,, orbital
into a;, and e,” orbitals that arises from the trigonal D5,
distortion increases with the in-plane misfit strain.
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