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The lanthanum (La) modification is known to improve dielectric and magnetic properties of BiFeO; (BFO),
a promising room-temperature multiferroic oxide. The effects of La doping on the variations of the off-
centering distortion and the orbital mixing of BFO are experimentally studied, in conjunction with first-
principles density-functional theory (DFT) calculations. Both the Fe-O bond anisotropy in the FeOg-octahedron
cage and the off-centering ferroelectric polarization along the hexagonal [001], are predicted to be substan-
tially reduced by the La doping. These DFT predictions agree with the structural-refinement results obtained
from high-resolution x-ray powder-diffraction data. We have shown that the apparent improvement of the
polarization-field response is not intrinsic and can be attributed to the reduced leakage current by the La
doping. X-ray absorption near-edge structure (XANES) spectroscopy study further indicates that the degree of
Fe 3d-4p orbital mixing decreases with the La doping. The conclusion deduced from XANES study correlates
well with the orbital-resolved density of states which predicts that the La doping increases the number of

unoccupied states in the p orbital but suppresses the number of unoccupied states in the Fe 3d orbital.

DOI: 10.1103/PhysRevB.82.045113

I. INTRODUCTION

Multiferroics are an interesting group of materials that
exhibit both ferroelectricity and ferromagnetism with
coupled electric and magnetic order parameters.! Multiferro-
ism is currently the subject of intensive scientific
investigation>™!% as they potentially offer a wide range of
interesting applications.!*%8 BiFeO; (BFO) is currently
known to be the only ABOs-type simple perovskite that ex-
hibits room-temperature multiferroism and, thus, is consid-
ered to be the most promising candidate for practical appli-
cations of multiferroics.>'"!% It is a rhombohedrally distorted
ferroelectric perovskite (7.~ 1100 K) with the space group
R3¢ and shows G-type antiferromagnetism up to 643 K
(Néel temperature, Ty).'*!5 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 satu-
ration magnetization (M,) in the epitaxially constrained BFO
heterostructures. A more recent study revealed that the en-
hanced value of M in an epitaxially constrained film was
proportional to the magnitude of the epitaxial misfit strain
and was closely related to the reduced degree of hybridiza-
tion between Fe 34 and O 2p orbitals.'® However, BFO suf-
fers from its high-leakage current (low-electrical resistivity)
problem!”! coupled with relatively weak tendency of the
magnetoelectric (ME) coupling.?*?!

Numerous attempts were made to reduce the electrical
leakage thus to improve the ME coupling characteristics of
BFO. Among these, the nonaliovalent lanthanum (La) doping
is the most prevalent approach.?>-33 The effect of La doping
on the magnetic property of BFO-based ceramics has been
investigated rather extensively. The observed enhanced mag-
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netization by the La doping was attributed either to the en-
hanced ME interaction arising from the destruction of a cy-
cloidal spin structure in the rhombohedral R3¢ BFO'%*° or to
a spatial homogenization of the spin arrangement.?*?> Con-
trary to this, the study of the La-doping effect on the electri-
cal leakage and ferroelectric property is rare. According to
the study done by Zhang and co-workers,'? the La doping
(up to 10 at. %) enhances the apparent value of the ferro-
electric switching polarization (2P,) in the polarization-
electric field (P-E) hysteresis curve. In the P-E measure-
ment, however, they employed increasing values of the
maximum applied electric field (E,,,) from 155 kV/cm for
the undoped (pure) BFO to 305 kV/cm for the 20 at. % La-
doped BFO (i.e., Bi;_,LaFeO; with x=0.20) polycrystalline
ceramic. When they used the same value of E_,, at 200
kV/cm, the La doping even decreased the value of 2P, up to
x=0.20. However, they did not report the La-doing effect on
the electrical leakage characteristics of BFO-based ferroics.

At the present stage, thus, it is not clear whether the ap-
parent change in P, truly reflects the variation of the off-
centering ferroelectric distortion or is simply related to a re-
duced electrical leakage by the La doping. In view of this
uncertainty, one of main purposes of the present study is to
clarify the effect of La doping on the degree of the ferroelec-
tric off-centering distortion, in conjunction with the variation
of the Fe-O bond anisotropy at the FeOg4-octahedron cage
which is responsible for manifesting a spin-canted weak fer-
romagnetism. First-principles density-functional theory
(DFT) calculations support our experimental results that the
La doping significantly decreases the ferroelectric off-
centering distortion as a result of the reduced degree of the
Bi-ion displacement along the hexagonal [001],. The x-ray
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absorption near-edge structure (XANES) spectroscopy study
interestingly reveals that the degree of the 3d-4p orbital mix-
ing also decreases with the La doping. We have quantita-
tively explained this spectroscopic observation using the
computed partial density of states (DOS) of Fe p and Fe d
orbitals.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Pure and La-doped BFO powder samples used in the
present study were prepared by a conventional solid-state-
reaction method. Stoichiometric amounts of high-purity
Bi,O; (Kojundo Chem. Laboratory. Co., 99.99%), Fe,O;
(Kojundo Chem. Laboratory. Co., 99.99%), and La,0,
(Sigma-Aldrich, Inc., 99.99%) powders were mixed and ball
milled in a high-purity ethanol medium for 24 h. The pure
BFO mixture was then calcined at 650 °C for 1 h and sub-
sequently at 810 °C for 1 h, followed by thorough grinding.
On the other hand, the La-doped BFO powders
(Bi;_,La,FeO; with x=0.08 and 0.15) were calcined at
800 °C for 10 h to ensure the stoichiometric A-site substitu-
tion of La ions for Bi ions. The synthesized powders were
then leached with dilute nitric acid and finally the desired
powers (R3¢ rhombohedral symmetry) without having any
impurity phase and divalent Fe?>* were obtained. For dielec-
tric measurements of polycrystalline ceramic pellets, both
calcined BFO and La-doped BFO powders were cold-
isostatically-pressed at 200 MPa and subsequently sintered at
830 °C in air for 1 h. Electrical properties (dielectric permit-
tivity, I-V curve, and Cole-Cole plot) of the sintered ceramic
pellets were measured using an impedance analyzer (HP
4194).

High-resolution powder-diffraction (HRPD) experiment
was done at 8C2 beamline of the Pohang Light Source (PLS)
at Pohang Accelerator Laboratory. The incident x-ray was
monochromatized to the wavelength of 1.544 A using a
double-bounce Si (111) monochromator. The diffraction pat-
terns were collected over 26 range of 10°—135° with a step
size 0.0024° and a counting time of 2 s per step. The crystal
structure was determined by comparing the experimentally
collected HRPD pattern with the calculated pattern using the
Rietveld method (RIETAN-2000). The structural parameters
such as lattice parameter and bond distance were refined ac-
curately within the allowed error range. The HRPD data
were also refined by utilizing the software called “POWDER
CELL program’* to cross-check the Rietveld-refined results.
Optimization procedures were continued until the difference
in the refined result between these two methods is less than
5%. For a possible correlation of the structural change aris-
ing from the La doping with the variation of the orbital
states, we carefully measured XANES and extended x-ray
absorption fine structure (EXAFS) spectra at synchrotron
7C1 XAFS beamline of the PLS. The fluorescence mode was
used for the measurement.

To quantitatively understand the effect of La doping on
the degree of the atomic distortion and the DOS, we per-
formed first-principles DFT calculations on the basis of the
generalized gradient approximation® and the GGA+U
method®® implemented with the projector augmented
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wave?’3® pseudopotential using the Vienna ab initio simula-

tion package.’*° The Hubbard U, of 4.5 eV was chosen on
the basis of empirical corrections. We explicitly treated five
valence electrons for Bi (6s%6p?), nine for La (4p®5s26d"),
eight for Fe (3d%4s?), and six for oxygen (2s?2p*). All these
calculations were performed using (i) a 4 X 4 X 3 Monkhorst-
Pack k-point mesh*' centered at I' for R3¢ structure, (ii) a
500 eV plane-wave cutoff, and (iii) the tetrahedron method
with the Blochl corrections for the Brillouin-zone
integrations.*> The structural optimizations were performed
for the 30-atoms cell which corresponds to a hexagonal unit
cell. The ions were relaxed until the forces on them were less
than 0.01 eV/A. The off-centering ferroelectric polarization
was calculated by exploiting the Berry-phase method of
Vanderbilt and King-Smith.*>** We performed DFT compu-
tations for two compositions: (i) undoped BFO and (ii) one
La ion substituted for one Bi ion per hexagonal unit cell (i.e.,
per six BFO formula cells). Thus, the latter corresponds to 17
(=100/6) at. % La doping in R3¢ BFO.

III. RESULTS AND DISCUSSION
A. Refined crystal structure and electron localization function

Figure 1(a) presents high-resolution synchrotron x-ray
diffraction (HR-XRD) patterns of pure (undoped) and La-
doped BFO powders at three different compositions, namely,
Bi,_,La FeOs; with x=0, 0.08, and 0.15. The three HR-XRD
patterns indicate that both BFO and La-doped BFO powders
do not contain any impurity phase. All three patterns at room
temperature agree well with the standard Joint Committee
for Powder Diffraction Standard diffraction pattern of the
rhombohedral R3¢ symmetry. The HR-XRD data were care-
fully refined to obtain information on the variation of local
atomic structure by the La substitution. Figure 1(b) presents
the Rietveld refinement result of the pure BFO powder as an
example. The following values were obtained for the three
representative reliability factors (R): R,=1.95, R,,=2.57,
and R.,=1.59. These values ensure the reliability of the
present Rietveld refinement. The refined lattice parameters of
the hexagonal unit cell for three different Bi,_,L.a,FeO; pow-
ders are (i) a=5.57987 A, ¢=13.87229 A for x=0 (ie.,
pure BFO), (ii) a=5.57976 A, ¢=13.86375 A for x=0.08,
and (iii) =5.57923 A, ¢=13.85279 A for x=0.15.

Figure 2(a) presents a schematic drawing of the refined
crystal structure of the hexagonal unit cell of the undoped
BFO containing six BiFeO; formula cells (i.e., 30 atoms),
showing six corner-sharing FeOg-octahedron units per hex-
agonal cell. Figure 2(a) also shows two distinct kinds of the
nearest-neighbor Fe-O bonds (Fe-O1 and Fe-O2) in the
FeOg-octahedron cage. As presented in Fig. 2(b), the three
oxygen ions located at the upper half plane (along the ¢ axis)
of the FeOy4 cage belong to “Ol1.” On the other hand, the
three remaining oxygen ions at the lower half plane of the
FeOg cage belong to “02.” Figure 2(b) also shows that the Bi
ion at the A site is displaced from its centrosymmetric posi-
tion. According to our DFT calculations, the off-centering
Bi-ion displacement along the ¢ xis of the undoped BFO is
~0.39 A [=(3.879-3.094)/2 A]. On the other hand, the
off-centering distortion of the Fe ion at the FeOg4-octahedron

045113-2



VARIATIONS OF FERROELECTRIC OFF-CENTERING...

(@)

l { Lol s .., BLFO,x=0.I5
L ir0 oo

Ilhd g BEQ

20 30 40 50 60 70 80 90 100 110 120 130
20 (Degrees)

Intensity (arb. units)

(b)

Intensity (arb. units)

1 T T A NI VAR TR Hé

B Ly 0y m . ]
T } v :

20 40 60 80 100 120 140
20 (Degrees)

FIG. 1. (Color online) (a) Room-temperature HR-XRD patterns
of BFO-based powders at three different compositions, namely,
Bi,_La,FeO; with x=0, 0.08, and 0.15. (b) An example of the
Rietveld refinement using the diffraction pattern of the undoped
BFO. In the pattern, the red-colored points represent the measured
intensity at different 26 values while the black-colored lines denote
the refined profile. The Bragg reflection positions are marked with
the green-colored vertical lines and the difference profile is shown
by the blue-colored lines at the bottom.

cage is relatively negligible. These DFT results agree well
with the refined results (both Rietveld analysis and POWDER
CELL program®¥). According to the previous DFT
studies,?!334346 the stereochemically active lone-pair elec-
trons originating from the hybridization of 6s and 6p atomic
orbitals of Bi are responsible for the off-centering displace-
ment of the Bi ion along the ¢ axis of the hexagonal cell or,
equivalently, along [111], of the pseudocubic unit cell.

The electron localization function (ELF) is an informative
tool to distinguish different bonding interactions in solids.*’
As shown in the left-hand-side contour of Fig. 2(c), negligi-
bly small values of the computed ELF between atoms indi-
cate a dominant ionic bonding character for both Fe-O and
Bi-O, and this conclusion agrees with the previous DFT re-
sult reported by Ravindran et al.*® According to the ELF
result of the pure BFO, the electron density is maximum at
the O sites and is minimum at the Fe site. This clearly dem-
onstrates a metal-to-ligand charge transfer process in the R3¢
BFO. In addition, Fig. 2(c) shows the off-centering displace-
ment of Bi along [001];, (i.e., or along [111],).

As shown in the right-hand-side contour, the La-ion sub-
stitution alters a local structure greatly. It is interesting to
notice that the Fe ion in the octahedron cage now moves to a
more symmetric position. Consequently, the Fe-O bond an-
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FIG. 2. (Color online) (a) A schematic drawing of the refined
hexagonal unit-cell structure of BFO containing six BiFeO5 formula
cells (30 atoms). The refined structure shows (i) six corner-sharing
FeOg-octahedron units per hexagonal cell and (ii) two distinct kinds
of the nearest-neighbor Fe-O bonds (Fe-Ol and Fe-O2) in the
FeOg-octahedron cage. (b) A local atomic structure centered at the
A-site Bi ion of an ABO;-type perovskite lattice, showing the off-
centering displacement of the Bi ion along the ¢ axis of the hex-
agonal cell. According to the DFT calculations this off-centering
distortion in the undoped BFO is predicted to be ~0.39 A which
nearly coincides with the Rietveld refinement result. Notice that due
to the off-centering distortion along the ¢ axis, the Bi-O1 bond
distance is significantly longer than the Bi-O2 bond distance. (c)
The computed ELF plotted along the ¢ axis of the hexagonal unit
cell. The ELF contours were obtained by performing DFT calcula-
tions of the rhombohedral R3¢ unit cell containing ten atoms. The
left-hand-side contour presents the ELF plot of the pure BFO
whereas the right-hand-side contour shows the ELF plot of the
17 at. % La-modified BFO.

isotropy (e.g., the difference in the bond distance between
Fe-O1 and Fe-02) reduces significantly upon the substitution
of La ion for Bi ion at the A site of perovskite lattice. The
La-ion substitution not only alters a local structure but also
induces a variation in the electron density. As shown in Fig.
2(c), the electron density at the Fe core decreases substan-
tially upon the La-ion substitution for Bi. Interestingly, this
reduced electron density at the Fe-ion site accompanies with
an enhanced electron density at the La core (stronger elec-
tronegativity of La ion as compared with that of Bi ion). This
suggests that the oxidation state of the Fe ion increases
slightly upon the La-ion substitution for Bi.

B. Ferroelectric off-centering distortion and
FeOg-octahedron cage

Figure 3(a) presents the variation of the Fe-O bond dis-
tance with the La-doping content. The colored filled circles
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FIG. 3. (Color online) (a) The variation of the Fe-O bond dis-
tance with the La doping. The color-filled circles denote the two
distinct bond distances (Fe-O1 and Fe-O2) obtained from the Ri-
etveld refinement of HR-XRD patterns whereas the open circles
represent the computed DFT values. (b) Room-temperature
Fe K-edge EXAFS spectra of BFO-based powders at three different
compositions, namely, Bi;_,La FeO; with x=0, 0.08, and 0.15.

denote the two distinct bond distances (Fe-O1 and Fe-O2)
obtained from the Rietveld refinement of HR-XRD patterns
whereas the open circles represent the computed DFT values.
Both the refined results and the DFT calculations predict that
the FeOg-octahedron cage becomes progressively uniform
with the La content, which indicates a gradual decrease in
the local structural distortion of the FeOg-octahedron cage
with the La doping.3* We have cross-checked the conclusion
deduced from the crystal-structure refinement and the DFT
calculations by examining the effect of the La modification
on the Fe K-edge EXAFS spectrum. The radial distribution
function, as obtained by Fourier transform of the EXAFS
function, x(k), into real space, demonstrates that the two dis-
tinct peaks (doublet) corresponding to the first-shell Fe-O
bonds gradually merge into a single peak with increasing
La-doping content [Fig. 3(b)]. Thus, our conclusion obtained
from the structure refinement and the DFT calculations is
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FIG. 4. (Color online) A comparison of the double-well poten-
tial of the pure BFO with that of the 17 at. % La-doped BFO. The
computed Kohn-Sham energy is plotted as a function of the Bi-ion
displacement (from its centrosymmetric position) along the ¢ axis
of the hexagonal cell.

also supported by hard x-ray absorption spectroscopy analy-
sis.

Though the structurally anisotropic FeOg-octahedron cage
shows an interesting tendency of the Fe-O bond homogene-
ity with the La doping, its off-centering distortion is negli-
gible as mentioned previously. Both the structure refinement
and the DFT calculations indicate that this statement remains
valid for La-doped BFOs. On the other hand, we have found
that for both pure and La-doped BFOs (up to 17 at. % La
substitution), the stereochemically active 6s lone pair of Bi is
mainly responsible for the off-centering ferroelectric distor-
tion along the ¢ axis of the hexagonal cell. However, as
presented in Fig. 4, the off-centering displacement of the Bi
ion (from the centrosymmetric position) along the ¢ axis is
significantly reduced by the La doping. Our structure refine-
ment qualitatively agrees with this DFT prediction. The
Berry-phase polarization calculations further predict that a
large polarization of 86 wuC/cm? for the undoped BFO is
reduced to 36 uC/cm? by 17 at. % La doping. It is inter-
esting to notice that the La doping substantially reduces the
barrier height of the double-well potential, which, in turn,
reduces the stability of the off-centering ferroelectricity
against thermal agitation (Fig. 4). In view of these DFT re-
sults, one can make the statement that the La doping substan-
tially reduces not only the ferroelectric polarization but also
the displacive ferroelectric character. Thus, the reported ap-
parent improvement of the P-E curve by the La doping!® is
not caused by the enhanced off-centering ferroelectric polar-
ization but originates from some other extrinsic effects.

C. Reduced leakage current by the La doping

As shown in the current-voltage (I-V) curves, the La dop-
ing substantially reduces the leakage current of BFO-based
polycrystalline pellets [Fig. 5(a)]. The Cole-Cole plot pre-
sented in Fig. 5(b) also shows that the La doping greatly
enhances the resistivity and, thus, supports the result of I-V
curves. Thus, the apparent improvement of the P-E response
by the La doping'® does not reflect the variation of the ferro-
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FIG. 5. (Color online) (a) I-V curves of BFO-based sintered
ceramic pellets at four different compositions, namely,
Bi,_La,FeO; with x=0, 0.08, 0.15, and 0.30. (b) Complex imped-
ance patterns of BFO-based sintered ceramic pellets at three differ-
ent La contents, namely, x=0, 0.08, and 0.15.

electric off-centering distortion but is simply related to a re-
duced electrical leakage. By virtue of this enhanced electrical
resistivity by the La doping, Zhang and co-workers!® were
able to increase the maximum applied electric field (E,,,,) in
their P-E measurements: from 155 kV/cm for the undoped
BFO to 305 kV/cm for the 20 at. % La-doped BFO. This
consequently leads to an increase in the apparent value of
2P, (net switching polarization) with the La doping.

The dielectric permittivity estimated from the peak of a
semicircle in the complex impedance spectrum [Fig. 5(b)]
indicates that the main semicircle is caused by a conducting
mechanism at the bulk grains. This suggests that the ob-
served change in the resistivity by the La doping does not
stem from minor amounts of secondary phases at grain
boundaries. The synchrotron HR-XRD data also support the
absence of any minority phase. Therefore, the apparent im-
provement of the P-E curve by the La doping can be inter-
preted in terms of the enhanced electrical resistivity in the
bulk grains, not at grain boundaries. It has been recently
reported that the charge carrier of BFO-based perovskite ox-
ides (e.g., BiFe;_,Mn,0;) is a hole rather than an electron
(p-type carrier).*® According to this proposition, the observed
increase in the electrical resistivity (Fig. 5) can be attributed
to a reduction in the concentration of minor hole carriers or
the fraction of Fe** ions by the La doping. However, a more
systematic study is needed to clearly identify the underlying
mechanism of this enhanced resistivity by the La doping.
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FIG. 6. (Color online) Fe K-edge XANES spectra of La-
modified BFO (Bi,_,La,FeOz) powders at three different La con-
tents, namely, x=0, 0.08, and 0.15.

D. Fe 3d-4p orbital mixing

Figure 6 presents the Fe K-edge XANES spectra of
La-modified BFO (Bi,_,La FeO5) powders at three different
La contents, namely, x=0, 0.08, and 0.15. In Fig. 6, the
normalized x-ray absorption coefficient is plotted as a
function of photon energy. The pre-edge peak A corresponds
to the 1s-3d electric dipole-forbidden transition
(Al=*=2. ~|(nimju|ln'l’m[)|*=0). This weak-intensity peak
is known to be a consequence of the Fe 3d-4p orbital mixing
(hybridization).*® Because of a partially endowed p-orbital
character by the 3d-4p hybridization, the intensity of
this forbidden peak is not strictly zero (Fig. 6). On the
other hand, the peak B corresponds to the 1s-4p
electric dipole-allowed transition (Al==x1, Am
=0, = 1. ~.[(nlm|uln’'l'm])|>#0). As shown in the insets of
Fig. 6, the intensity of the peak A reduces while the intensity
of the peak B enhances with increasing La content. These
converse effects can be explained in terms of the difference
in the degree of the 3d-4p orbital mixing which arises from
the variation of local structure by the La doping.

The undoped BFO possesses a highly distorted noncen-
trosymmetric structure which is characterized by a relatively
large off-centering distortion of the Bi ion and by a structural
anisotropy in the FeOg-octahedron cage (Fig. 2). However,
the La doping reduces both the off-centering distortion (Fig.
4) and the Fe-O bond anisotropy in the FeOg-octahedron
cage (Fig. 3). Thus, the degree of the 3d-4p orbital mixing is
expected to be more pronounced*’ in the highly distorted
undoped BFO (x=0). Consequently, the intensity of the peak
A which originates from the 1s-3d dipole-forbidden transi-
tion reduces progressively as the La content increases be-
cause of the reduced degree of the 3d-4p orbital mixing with
the La doping. On the other hand, the intensity of the peak B
which corresponds to the 1s-4p dipole-allowed transition en-
hances with the La doping. Thus, the XANES results are
consistent with the previous finding that the La doping re-
duces both the off-centering displacement and the Fe-O bond
anisotropy in the FeOg-octahedron cage.

E. Orbital-resolved density of states

We have carefully examined the orbital-resolved DOS to
understand the XANES spectroscopy results from first prin-
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FIG. 7. (Color online) A comparison of the partial DOS of the
pure BFO with that of the 17 at. % La-doped BFO. The upper
panel (a) presents the computed orbital-resolved DOS for the Fe 3d
orbital whereas the bottom panel (b) shows the orbital-resolved
DOS for the p orbitals.

ciples. Because of the reduced degree of the 3d-4p orbital
mixing associated with the reduced structural distortion, the
La doping is expected to decrease the number of occupied
states in the Fe p orbital (2p,3p) but increases the number of
occupied states in the Fe d orbital (3d). In parallel with these
changes in the occupied states, the La doping simultaneously
increases the number of unoccupied states in the Fe p orbital
(4p) but decreases the number of unoccupied states in the
Fe d orbital. Interestingly, the computed orbital-resolved
DOS of the Fe ion presented in Fig. 7 does accord well with
these predictions. Table I summarizes these changes in nu-
merical values (states per formula unit).

As shown in Fig. 7, the density of unoccupied states of
the Fe 3d orbital decreases most prominently at the Kohn-
Sham energy of ~2 eV above the Fermi level [=E,(d)] by

TABLE 1. Calculated orbital-dependent occupied and unoccu-
pied states of the Fe atom in the undoped BFO and the 17 at. %
La-doped BFO.

Fe p character Fe d character

BFO, x=0 Occupied states 1.68 22.61
Unoccupied states 9.86 14.10
BLFO, x=0.17 Occupied states 1.25 27.70
Unoccupied states 10.34 4.96
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FIG. 8. (Color online) Schematic diagrams showing the effect of
La doping on the spin structure and the resulting magnetization
vector oriented perpendicular to [110];,.

the La doping. This reduced density of the unoccupied d
states does correspond to the reduced intensity of the peak A
which originates from the 1s-3d dipole-forbidden transition
(Fig. 6). On the other hand, the La doping most prominently
enhances the density of unoccupied states of the Fe p orbital
at the Kohn-Sham energy of ~15 eV above the Fermi level
[=E,(p)]. In this case, the enhanced density of the unoccu-
pied p states does correspond to the enhanced intensity of the
peak B (arising from the 1s-4p dipole-allowed transition) by
the La doping. According to this interpretation, the energy
difference, E,(p)-E,(d), should be equal to E,. 5
—Ep 4 4- Thus, our DFT computations read E,(p)-E,(d)
=Epeuk = Epear 4=~ (15-2) eV=~13 eV. Interestingly,
this DFT value nearly coincides with the energy difference
deduced from the XANES spectra of Fig. 6, namely,
~(7128-7115) eV=~13 eV. Therefore, the reduced de-
gree of the 3d-4p orbital mixing by the La doping, which has
been deduced from the XANES spectra, directly reflects our
DFT prediction that the La doping enhances the number of
unoccupied states in the Fe p orbital but suppresses the num-
ber of unoccupied states in the Fe d orbital.

F. Spin canting from [110];,

Finally, we have examined the effect of La doping on the
spin anting and the resulting magnetization vector. As sche-
matically shown in Fig. 8, the DFT calculations (taking into
account the spin-orbit coupling) predict that for both un-
doped and La-doped BFOs, the net canted moment is per-
pendicular to the hexagonal [110], direction, irrespective of
the doping. Notice that Mg, and Mg, vectors are projected
onto the a-b basal plane. Thus, they do not lie on the same
plane: ferromagnetic coupling on the same basal plane but
canted antiferromagnetic (AFM) coupling along the ¢ axis.
Thus, the ground-state spin configuration of the pure BFO
can be approximated by a A-type canted AFM structure.*¢
This conclusion is also valid for La-doped BFOs. However,
the net canted moment is predicted to be significantly en-
hanced by the La doping: from 0.11 emu/g for the undoped
BFO to 0.21 emu/g for the 17 at. % La-doped BFO.

The enhanced magnetization by the doping accompanies
with a small variation of the spin-canting angle from the
hexagonal [110],, direction, as schematically shown in Fig. 8.
According to our DFT calculations, the canting angle ()
increases slightly from 0.203° for the undoped BFO to
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0.226° for the 17 at. % La-doped BFO, which leads to the
increase in the net canted moment on the a-b plane but
leaves the magnetic easy axis unchanged. Thus, the observed
enhanced magnetization by the La doping!'??*>30 can be
attributed, at least partly, to the variation of the spin-canting
angle associated with the La doping. Considering the domi-
nant role of the Fe-magnetic moment in the total magnetic
moment, one can further correlate the enhanced magnetiza-
tion with the reduced degree of the 3d-4p orbital mixing by
the La doping, thus, with the increase in the number of oc-
cupied states in the Fe 3d orbital (Table I).

IV. CONCLUSIONS

The following conclusions are made from the present ex-
perimental and computational studies of the La-doping ef-
fects on the ferroelectric off-centering distortion and the
3d-4p orbital mixing of BFO multiferroics with R3¢ symme-
try. (i) Both the off-centering ferroelectric distortion and the
Fe-O bond anisotropy of the FeOg-octahedron cage decrease
with the La doping. (ii) The apparent improvement of the

PHYSICAL REVIEW B 82, 045113 (2010)

P-E curve by the La modification is not intrinsic and can be
attributed to the reduced leakage current by the La doping.
(iii) XANES spectra indicate that the degree of the 3d-4p
orbital mixing decreases with the La doping. (iv) The com-
puted orbital-resolved density of states predicts that the La
doping increases the number of unoccupied states in the p
orbital but decreases the number of unoccupied states in the
Fe 3d orbital. This is closely related to the reduced degree of
the 3d-4p orbital mixing by the La doping.
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