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Interface electronic structures of BaTiO; @ X nanoparticles (X=y-Fe,03, Fe;0y,
a-Fe, 03, and Fe) investigated by XAS and XMCD
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The electronic structures of BaTiO; @ X (core @shell) nanoparticles (X = y-Fe,03, Fe;0,4, and Fe) have been
investigated by employing soft x-ray-absorption spectroscopy and x-ray magnetic circular dichroism (XMCD).
It is found that the valence states of Ti ions near interfaces are formally tetravalent (Ti**:34%) and that the
valence states of Fe ions in shells are essentially the same as those of the corresponding bulk materials, with
some disorder in the site occupations for X=y-Fe,O3 and Fe;0,4. The negligible Ti 2p XMCD signals were
observed, indicating that the induced spin polarization of the interface Ti3d electrons is negligible in

BaTiO; @ X nanoparticles.
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Nanocomposite materials are considered to be possible
candidates for multifunctional materials, having both mag-
netic and ferroelectric properties.’-? It has been found that the
appropriate shaping and sintering of the ferroelectric-based
artificial nanoscale heterostructures enable a tuning of physi-
cal properties,? for which interfaces are considered to play a
key role. First-principles calculations for BaTiO;/Fe
multilayers* predicted the change in the interface magnetiza-
tion under the ferroelectric displacement of BaTiO5; and ob-
tained the induced magnetic moments on the interface Ti
ions. However, the predicted induced magnetic moments on
the interface Ti ions have not been experimentally confirmed
yet. Recently the interesting magnetodielectric coupling has
been observed in core@shell-type BaTiO;@ y-Fe,04
nanoparticles,’ depending on the shell thickness, the lattice
mismatch near interfaces, and temperature.

In order to understand the origin of the magnetoelectric
coupling in BaTiO;/X multilayers or BaTiO;@X (core
@shell)-type nanoparticles, it is important to investigate their
electronic structures, such as the valence and spin states of
transition-metal (7) ions in X and the induced spin polariza-
tion of Ti ions near the interfaces. Soft x-ray-absorption
spectroscopy (XAS) (Refs. 6 and 7) and soft x-ray magnetic
circular dichroism (XMCD) (Refs. 8 and 9) are powerful
experimental tools for studying the valence states and the
element-specific magnetic moments of 7 ions in solids, re-
spectively. In this work, we have investigated the electronic
structures of core@shell ferrite nanoparticles of BaTiO; @ X
(X=y-Fe, 03, Fe;0,, and Fe) by employing XAS and XMCD
with synchrotron radiation. In particular, we have tried to
measure the induced spin polarization of the interface Ti ions
by performing XMCD measurements.

Core @shell-type BaTiO; @ X nanoparticles (X=y-Fe,0s,
Fe;0,, and Fe) were synthesized by a sonochemical method.
The details of the synthesis and the characterization of
BaTiO; @ X nanoparticles are described in Refs. 5 and 10.
The average size of cores and the average thickness of shells
were ~70 and ~20 nm, respectively.>'? XAS data were ob-
tained at both 8A1l and 2A undulator beamlines at the Po-
hang Accelerator Laboratory (PAL) both at room temperature
and at 7~ 80 K with the total resolution less than 100 meV

1098-0121/2009/79(3)/033402(4)

033402-1

PACS number(s): 73.22.—f, 78.70.Dm, 87.64.ku

at hv~500 eV. XMCD experiments'! were performed at the
2A beamline at the PAL by using the circularly polarized
light with a degree of circular polarization >90%. XMCD
spectra were obtained at 7~ 80 K under the applied mag-
netic field of ~0.7 T. The total resolution for XMCD was
~120 meV at hv~700 eV. Base pressure was better than
~5X1071% Torr. XAS and XMCD spectra were collected in
the total electron yield mode, which has a probing depth of
=~10 nm.

Figure 1 shows the measured Fe 2p XAS spectra (dots) of
BaTiO; @ X (X=a-Fe,0;, y-Fe,0;, Fe;0,, and Fe), which
are divided into L; (2ps,) and L, (2p;,,) regions. These are
compared to the Fe 2p XAS spectra (solid lines) of parent
bulk materials: a-Fe,05,'> y-Fe,0,,'>13 Fe;0,,'"* and Fe
metal (our own data)."”> This comparison shows that the
present Fe 2p XAS spectra of BaTiO; @ X for X=a-Fe,0,
and Fe;O, are very similar to those of bulk «-Fe,O; and
Fe;0,, respectively, while that for X=y-Fe,O5 shows a small
difference in the intensity of the low-energy peak (A) in the
L5 absorption edge compared to that of bulk y-Fe,O5. Fe
ions in both a-Fe,O; and y-Fe,O; are formally trivalent
(Fe**), and the differences in the line shapes between the two
are due to the different site occupations;''® Fe ions in
a-Fe,03 occupy the octahedral (O),) sites only, while Fe ions
in y-Fe,05 occupy both the O;, and tetrahedral (7)) sites. The
sharper and larger intensity of the low-energy peak (A) in L,
for a-Fe,O5 is due to the O-site occupation of Fe ions.
Hence the larger intensity of the peak A in our X=7y-Fe,0O;,
as compared to bulk vy-Fe,O;, indicates that Fe ions in
BaTiO; @ y-Fe,O5 nanoparticles occupy O, sites more than
in bulk ’y—F6203.

The Fe 2p XAS line shape of Fe;0, is a little different
from those of a-Fe,O5; and y-Fe,05 due to the existence of
divalent Fe?* ions in Fe;O,. In particular, the extra-shoulder-
like features in the low-energy sides (marked with arrows)
arise from the existence of the Fe?* states.'* As compared to
bulk Fe;O,, the Fe 2p XAS for BaTiO; @ Fe;O, exhibits a
slightly weaker intensity for the peak A but with the same
intensities for the low-energy shoulders (arrows). Consider-
ing the discussion above, such differences indicate that the
0,-site occupation of Fe®* ions in our BaTiO; @ Fe;0, is
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FIG. 1. (Color online) Comparison of the Fe 2p XAS spectra
(dots) of BaTiO3 @ X with the corresponding bulk materials (solid
lines).

less than in bulk Fe;O, but that the relative amount of Fe**
ions with respect to Fe>* ions is the same in BaTiO; @ Fe;0,
and bulk Fe;O,4. This conclusion is supported by the Fe 2p
XMCD study (see Fig. 2). Finally, the Fe 2p XAS spectrum
for X=Fe exhibits the extramultiplet features, as compared to
pure Fe metal, which is because the metallic Fe shell is
slightly oxidized.!” To sum up, the Fe 2p XAS spectra of
BaTiO; @ X nanoparticles reveal that the Fe-based shells
maintain their original valence states of the corresponding
bulk materials. This finding is consistent with that of Fig. 2
below.

Figure 2(a) shows the measured Fe 2p XAS spectra of
BaTiO; @ y-Fe, 03, obtained with different photon helicities:
p, (red) and p_ (blue). Also shown are the Fe 2p XMCD
spectrum (middle panel), which corresponds to Ap=p,—p_
(red lines) with its integrated value (black dotted lines). At
the bottom panel the sum (red lines) of p,+p_, correspond-
ing to the Fe 2p XAS, and its integrated value (black dotted
lines) are shown. The resulting Fe 2p XMCD spectrum of
BaTiO; @ y-Fe,05 is similar to that of bulk y-Fe,O5 [see
Fig. 2(b)],!" indicating that the valence and spin states of Fe
ions in BaTiO; @ y-Fe,O5 nanoparticles are similar to those
of bulk ’}/-Fezo_g.

Figure 2(b) compares the Fe 2p XMCD spectra (Ap=p,
—p_) of BaTiO;@X (X=7y-Fe,05, Fe;0,4, and Fe), which
were determined as in Fig. 2(a). In order to find the effects of
nanosize particles, we also compare these spectra with the
corresponding Fe 2p XMCD spectra of bulk y-Fe,05,'? bulk
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Fe;0,,'8 and bulk Fe (our own data).'> The complicated fea-
tures in the L; absorption edges of X=-Fe,0O; and Fe;0,
are due to the antiparallel spin orientations between O, and
T, sites in y-Fe,O5 and Fe;0,4,'"'® which are labeled as O
and T in Fig. 2(b), respectively. Here any FeO phase in X
=Fe;0, does not contribute to the Fe 2p XMCD because
FeO is antiferromagnetic.

The Fe 2p XMCD spectra of BaTiO; @ X nanoparticles
provide experimental evidence that the shells are ferrimag-
netic for X=y-Fe,05 and Fe;0,. The Fe 2p XMCD spectrum
of X=vy-Fe,05 is very similar to that of bulk y-Fe,03, except
for the slightly larger XMCD signal for O, sites. This feature
in Fe 2p XMCD is consistent with that for Fe 2p XAS in
Fig. 1, that is, BaTiO; @ y-Fe,O5 nanoparticles occupy the
more O, sites than in bulk y-Fe,Os. On the other hand, the
Fe 2p XMCD for X=Fe;0, exhibits weaker negative octa-
hedral peaks (O) than in bulk Fe;0O,, suggesting that the
0,-site occupation of Fe** ions in BaTiO; @ Fe;0, is smaller
than in bulk Fe;O4. Since the XMCD amplitude is site-
specific, the weaker octahedral peaks (0O) in BaTiO; @ Fe;0,
than in bulk Fe;0, indicate the reduced magnetic moment'3
in BaTiO; @ Fe;0, than in bulk Fe;0,4. Note, however, that
the intensity ratios between two octahedral peaks (O) in
BaTiO; @ X for both X=Fe;O, and y-Fe,O; are different
from those in their bulk oxides, implying that the size effect
in the ferrimagnetic shells is not simple. It is expected that
the interface mixing causes disorder in the spin arrangement
among different sites in BaTiO; @ X nanoparticles.

The XMCD spectrum of BaTiO; @ Fe is also qualitatively
similar to that of bulk Fe metal, indicating that the mag-
netic moments of Fe ions in the shell are coupled ferromag-
netically. However, the detailed XMCD spectrum of
BaTiO; @Fe is somewhat different from that of pure Fe
metal, which is due to the partial oxidation of Fe in the
shell.!” To sum up, the XMCD spectra for BaTiO; @ X nano-
particles in Fig. 2 provide evidence that the shells are ferri-
magnetic for X=7y-Fe,O5 and Fe;0,, and ferromagnetic for
X=Fe. Further, the Fe 2p XMCD spectra for BaTiO; @ X
show the existence of the disorder in the site occupancy for
X=17-Fe,05 and Fe;0,, as compared to their bulk materials,
even though the valence states of the Fe ions in the ferrimag-
netic shells are the same as those of the corresponding bulk
materials.

Figure 3(a) compares the measured Ti 2p XAS spectra of
BaTiO; @ X (X=Fe, y-Fe,03, and Fe;0,) with that of bulk
TiO, powder'® and the calculated XAS for a Ti** ion in the
0, symmetry with the crystal-field splitting 10 Dq of 1.8 eV
(Ref. 20). A very good agreement is found between the mea-
sured Ti 2p XAS spectra of BaTiO; @ X and the calculated
Ti 2p XAS for a Ti** ion in the O, symmetry. Further, the
Ti 2p XAS spectra of BaTiO; @ X are nearly identical to one
another for all X. Therefore Fig. 3(a) justifies the tetravalent
Ti** (3d") states in BaTiO;@X. Considering the probing
depth of XAS (=~10 nm) and the average shell thickness
of BaTiO; @ X nanoparticles (~20 nm), these Ti2p XAS
signals come mostly from interfaces. Therefore this compari-
son provides evidence that Ti ions near the interfaces of
BaTiO; @ X are formally tetravalent (Ti**:3d°). As will be
discussed below, we think that these valence states of Ti ions
are important in determining the physical properties of
BaTiO; @ X nanoparticles.
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FIG. 2. (Color online) (a) The Fe 2p XMCD data for BaTiO3; @ y-Fe,05. See the text for details. (b) Comparison of the Fe 2p XMCD
(Ap=p,—p_) spectra (dots) of BaTiO; @ X to those of their bulk materials (solid lines).

As predicted in Ref. 4, the interface Ti ions of
BaTiO; @ X might exhibit the induced spin polarization if
the shells are ferromagnetic (X=Fe) or ferrimagnetic (X
=v-Fe,05 and Fe;0,). In order to check how large the in-
duced spin polarization of the interface Ti ions is, we have
performed Ti2p XMCD measurements for BaTiO; @ X.
Note that in Fig. 3(a), the scale factor?' of the Ti2p XAS
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spectrum increases from 1 for X=Fe to ~25-28 for X
=Fe;0, and y-Fe,05. This trend indicates that the average
thickness of the shell increases from X=Fe to X=Fe;0,
~X=1-Fe,0O; since the Ti-related signals come from
interfaces.?>?> The largest Ti2p XAS intensity for
BaTiO; @Fe arise from the thinnest shell thickness for X
=Fe among BaTiO; @ X.
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FIG. 3. (Color online) (a) Comparison of the Ti 2p XAS spectra of BaTiO; @ X, bulk TiO, (Ref. 19), and the calculated Ti 2p XAS for
a Ti** ion in the O;, symmetry (Ref. 20). (b) (Upper) Ti2p p, (red) and p_ (black) for BaTiO; @ Fe. (Lower) The corresponding Ti 2p

XMCD, Ap=p,—p_.
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The upper and lower panels of Fig. 3(b) show the Ti 2p
p, (red) and p_ (black), and the Ti 2p XMCD (Ap=p,—p_)
for BaTiO; @ Fe, respectively. Figure 3(b) exhibits the al-
most zero Ti 2p XMCD signals for BaTiO; @ Fe, indicating
that the induced spin polarization of Ti 3d electrons near the
interface is negligibly small. Such a weak dichroism is con-
sistent with the tetravalent (Ti**) states of the interface Ti
ions because Ti** ions have no occupied 3d electrons in the
ground states (3d°), and so there are no d electrons available
for the induced spin polarization. Our finding suggests that
the core-shell coupling at BaTiO; @ X nanoparticles is not
strong enough to modify their interface electronic structures
substantially, so the subtle changes are not detectable by
XAS or XMCD at finite temperature even though the zero-
temperature calculations for Fe/BaTiO; multilayers pre-
dicted the induced magnetic moments on the interface Ti
atoms.* That is, our study shows that the induced spin polar-
ization of the interface Ti 3d electrons in BaTiO; @ X nano-
particles is too weak at finite temperature to invoke the
interface-driven multiphysical properties in BaTiO; @ X. The
negligible XMCD feature in Fig. 3(b), however, does not
rule out the possibility of the interface Ti ions having in-
duced magnetic moments of sp character. In this aspect, the
XMCD measurement of the Ti 1s (K) edge would be useful
to check the above possibility.

In conclusion, the electronic structures of BaTiO; @ X fer-
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romagnetic nanoparticles (X=y-Fe,0;, Fe;0,, and Fe) have
been investigated by employing XAS and XMCD with syn-
chrotron radiation. T 2p XAS spectra (T=Fe,Ti) show that
the valence states of Fe ions in the shells are very similar to
those of bulk y-Fe,03, Fe;0,, and Fe, within the experimen-
tal uncertainties, and that Ti ions near the interfaces are for-
mally tetravalent (Ti**:3d°). Fe 2p XMCD measurements
reveal that Fe ions in the shells are ferrimagnetic for X
=7y-Fe,05 and Fe;0,, and ferromagnetic for X=Fe. The dis-
order in the site occupancy has been found in BaTiO; @ X
nanoparticles for X=+y-Fe,O; and Fe;0,4, as compared to
their bulk materials. Contrary to the theoretical prediction,
the dichroic effect in the interface Ti 2p XMCD spectra is
almost negligible, indicating that the induced spin polariza-
tion of the interface Ti 3d electrons is negligibly weak in
BaTiO; @ X nanoparticles. This finding is consistent with the
tetravalent Ti** ions that have the 3d° ground-state configu-
ration.
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