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Origin of enhanced magnetoelectric coupling in NiFe,0,/BaTiO3; multilayers studied
by x-ray magnetic circular dichroism
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NiFe,04/BaTiO3; (NFO/BTO) multilayer heterostructures grown on (001)-SrTiO;3 substrates with alternating
ferroelectric BTO and ferrimagnetic NFO layers exhibit magnetoelectric (ME) coupling, which increases with the
number of layers and, hence, with the number of NFO/BTO interfaces. We have studied the local electronic and
magnetic states of Ni and Fe ions in the NFO/BTO multilayers with various NFO and BTO thicknesses by x-ray
absorption spectroscopy and x-ray magnetic circular dichroism. With an increasing number of layers, both Ni
and Fe magnetic moments decrease. With decreasing NFO layer thickness, the average magnetic moment of Ni
decreases, while the average magnetic moment of Fe ions remains unaffected, meaning that Ni ions at the interface

lose ferromagnetic moments. This suggests that the enhancement of ME coupling is associated with Ni ions at
the interface whose ferromagnetic behavior is weakened through hybridization with the BTO electronic states.
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I. INTRODUCTION

Multiferroics, a class of materials that exhibit ferroelectric
and ferromagnetic properties simultaneously, have drawn
increasing interest due to their potential applications for
next-generation multifunctional devices [1-4]. If there is
magnetoelectric (ME) coupling in multiferroic materials, an
external magnetic field will induce electric polarization, while
an external electric field will induce magnetization. ME
coupling in single-phase compounds is, however, generally
weak. On the other hand, composite materials consisting
of alternating ferroelectric and ferromagnetic layers [5] or
ferromagnetic nano-rods embedded in a ferroelectric matrix
[6,7] may exhibit stronger ME coupling.

Recently, thin films consisting of alternating ferromagnetic
spinel-type NiFe, 0,4 (NFO) and ferroelectric perovskite-type
BaTiO3 (BTO) layers BTO/(NFO/BTO), were prepared and
exhibited the coexistence of ferroelectric and ferromagnetic
ordering with strong ME coupling between them [8,9]. It
was found that with increasing the number of layers n for
a fixed total thickness of the sample, the magnetic moment
decreases and ME coupling increases, and both observations
were attributed to the NFO/BTO interfaces because the relative
contributions of the interfaces increases with n. Structural
compatibility of perovskites with various magnetic oxides,
such as those with the spinel structures, allows one to
combine thin layers of ferroelectric and magnetic materials
to design multifunctional heterostructures. NFO is one of the
well-known inverse spinel-structure oxides, represented by
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Fe*[Ni?*Fe3t]0,. Half of the Fe’* ions occupy the tetrahe-
dral sites, while the Ni%t ions and the other half of the Fe3* ions
occupy the octahedral sites. Similar to the antiferromagnetic
coupling between Fe®* ions at the tetrahedral and octahedral
sites in Fe3Oy, the Ni?T ions at the octahedral sites and the Fe3*
ions at the tetrahedral sites are antiferromagnetically coupled
through superexchange interaction via oxygen ions, as the
Kanamori-Goodenough rule predicts [10,11].

To understand the microscopic origin of the enhanced
ME coupling at the BTO/NFO interfaces in the BTO/NFO
multilayer thin films, it is necessary to investigate the electronic
and magnetic properties of the Fe and Ni ions at the interfaces.
For that purpose, x-ray absorption spectroscopy (XAS) and x-
ray magnetic circular dichroism (XMCD) are ideal techniques
because they are element-specific probes of the electronic and
magnetic properties of transition-metal ions [12]. We have
studied the Fe and Ni ions in samples with various BTO
and NFO layer thicknesses. We have found that interfacial
Ni atoms lose ferromagnetic moment while the Fe magnetic
moments remain unaffected at the interface, and the loss of the
Ni ferromagnetic moment is correlated with the enhancement
of ME coupling in the NFO/BTO multilayers. We discuss how
both the weakened Ni ferromagnetic moment and the enhanced
ME coupling can simultaneously be realized at the interface.

II. EXPERIMENTAL

Two sets of BTO/(NFO/BTO),, (n = 1, 2, 3, 4) multilayers
were prepared on (001)-oriented 0.7% Nb-doped SrTiO3
(STO) single-crystal substrates by using the pulsed laser
deposition technique. BTO and NFO ceramic targets were used
to prepare the BTO and NFO multilayers. The KrF laser with
a power density of 1.5 J/cm? and a flowing oxygen pressure
of 13 Pa were maintained. During the deposition, the pulse
repetition rate of 2-4 Hz and the substrate temperature of
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FIG. 1. (Color online) Sample structures of BTO/(NFO/BTO), multilayer thin films. In set 1 samples, the volume ratios of BTO to NFO
are kept to 4:1, while in set 2 samples, the thicknesses of the BTO and NFO layers are the same in each sample.

800 °C were used. The deposited films were then annealed at
800 °C for 1 hour at 3000 Pa oxygen pressure. The prepared
high quality samples were characterized for their properties
using x-ray diffraction and scanning electron microscopy [9].
The structures of the samples are shown in Fig. 1. The total
thicknesses of these films were kept at about 120 nm. We pre-
pared two sets of samples. In set 1, the volume ratios of BTO to
NFO in the films are kept at 4:1, while in set 2, the thicknesses
of the NFO and BTO layers were the same. The thickness ratio
of BTO to NFO, therefore, varies between samples.

The XAS and XMCD measurements were carried out at
the Dragon beamline 11A of National Synchrotron Radiation
Research Center (NSRRC), Taiwan. XAS and XMCD spectra
were collected in the total-fluorescence-yield mode by using
a photodiode. Because the probing depth of the fluorescence
detection is about 100 nm, the entire volume of the multilayers
was probed. In order to obtain XMCD spectra, the direction of
the applied magnetic field was reversed. That is, XAS spectra
for positive and negative magnetic field directions i with
fixed photon helicity were taken, and XAS and XMCD spectra
were obtained by taking the average and the difference between
1+ and p_, respectively. To obtain XMCD in a magnetic field
less than 1 T accurately and reproducibly, we always set the
magnetic field +1 T and —1 T before we set lower magnetic
field. (For example, in order to obtain p, and p_ XAS at
0.5 T, we set +1 T then +0.5 T, and we set —1 T then —0.5 T.
Similarly, to obtain the remanent magnetization at zero field,
we set +1 T then O T, and we set —1 T then O T, respectively.)
The L3 edge of XAS has been normalized to unity by dividing
the average of ;1 and u_ XAS and XMCD scaled consistently.
The magnetic field was parallel to the surface plane of the
samples and made an angle of 30° with respect to the Poynting
vector of the soft x rays. All the measurements were performed
at room temperature with magnetic fields up to 1 T. The base
pressure of the chamber was about 1 x 10~ Torr.

III. RESULTS AND DISCUSSION

Figure 2 shows the Fe L, 3 XAS and XMCD spectra of the
BTO/NFO/BTO film (n = 1) of set 1. The spin-orbit coupling
of the Fe 2p core level splits the XAS into the L3 (2p3/2) and
L; (2p1/2) edges separated by ~13 eV. InFig. 2(a), the Fe L 3
XAS spectrum of the BTO/NFO/BTO film is compared with

those of Fe metal [18], GaFeOs [19], and y-Fe, O3 [20]. The
valance state of Fe in y-Fe, O3 and GaFeOj are all trivalent, but
the Fe ions are located at sites of different local symmetries.
The line shape of the Fe L, 3 XAS spectrum of BTO/NFO/BTO
is rather similar to both y-Fe,O3; and GaFeOs but is quite
different from that of Fe metal, indicating that the valence of
the Fe ions in BTO/NFO/BTO are in 3+. The difference of the
XAS of BTO/NFO/BTO from those of y-Fe, O3 and GaFeOs is
the lower intensities of structures A and C in BTO/NFO/BTO.
Because peaks A and C are due to Fe** ions at the octahedral
(Oy) sites and peak B to those at the tetrahedral (7y) site,
weaker A and C mean that the number of Fe3* at the octahedral
positions is smaller. This corresponds to the facts that the
octahedral-to-tetrahedral ratio decreases from 5:3 in y-Fe, O3
to 1:1 in NFO, and all the Fe** ions occupy the (distorted)
octahedral sites in GaFeOj3. Note that y-Fe,O3 has the spinel
structure represented by Fe3t [, /3Fe3+5 13104, where the open
square denotes Fe (O),) vacancies, and that NFO is represented
by Fe**[Ni**Fet]0,.

The different sites of Fe>* become much more evident in
XMCD. The Fe L3 XMCD spectra of the BTO/NFO/BTO
samples show three sharp negative, positive, and negative
peaks at hv = 708.15, 709.30, and 710.25 eV, respectively,
denoted by A, B, and C. The positive and negative peaks
correspond to the directions of the spins of the Fe3* ions
at the tetrahedral and octahedral sites, which are coupled
antiferromagnetically in NFO. The negative peaks A and C
come from the Fe?t ions at the octahedral sites, and the positive
peak B comes from the Fe>* ions at the tetrahedral sites. The
XMCD spectrum is also compared with those of y-Fe,0s3,
GaFeOs3 and Fe metal. The XMCD spectral line shape of the
BTO/NFO/BTO sample is clearly different from that of Fe
metal. The positive peak B due to Fe3* at the T} sites is absent
in GaFeOs because all the Fe** ions occupy the octahedral
sites in GaFeO3. The peak positions of A, B, and C coincide
with those of y-Fe,03, indicating that Fe3* ions are both at
the T; and O,, sites. Peak C is weaker in NFO because of the
smaller Fe**(0;,) to Fe* (T) ratio than y-Fe,03.

In Fig. 3, the XAS and XMCD spectra of the Ni L;3
core level are shown and are compared with the spectra of
reference compounds. Each absorption spectrum of Ni shows
two groups, the L3 (2p3/2) and Ly (2p1,2) edges, separated
by the spin-orbit splitting of the 2p core level of ~17 eV.
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FIG. 2. (Color online) Comparison of the Fe L, 3 XAS (a) and XMCD (b) spectra of the BTO/NFO/BTO thin film of set 1 with those of

Fe metal [18], GaFeOj; [19], and y-Fe, O3 [20].

The double peak structure at the L3 edge and a partially
resolved doublet structure at the L, edge are the characteristic
features of the high spin (S = 1) Ni?* ion in the octahedral
crystal field [13,14]. In panel (a), the Ni L, 3 XAS spectrum
measured for the BTO/NFO/BTO sample is compared with
the reference data of Ni metal [15], PrNiO; (Ni*T) [16], NiO
(Ni2*) [17], and a calculated spectrum of Ni*>* in an octahedral
crystal field. The Ni L, 3 XAS spectrum of BTO/NFO/BTO
is different from those of Ni metal and PrNiO5 and similar to
the spectrum of NiO and the calculated spectrum of Ni** in
an octahedral crystal field, indicating that the valance of Ni in
BTO/NFO/BTO is 2+ like Ni in NiO. As for XMCD, as shown
in Fig. 3(b), the Ni L, 3 XMCD spectrum of BTO/NFO/BTO
is different from that of Ni metal and agrees well with the
calculated XMCD spectrum of Ni** in the octahedral crystal
field (10 Dq = 1.5 eV), indicating that the ionic Ni atoms
with localized 3d electrons contribute to the magnetism in the
present sample.

Figures 4(a) and 4(b) show the Fe and Ni L3 XMCD
spectra of the BTO/NFO/BTO thin film of set 1 measured at
magnetic fields 0.2, 0.5, and 1 T. Figure 4(c) shows the Fe Lj
XMCD intensities at peaks A and B, which are assigned to
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Fe’* ions at the Oy, and T} sites, respectively, and Fig. 4(d)
shows comparison of the Ni L3 XMCD intensity with the
magnetization measured using a superconducting quantum
interference device (SQUID) magnetometer. The magnetic
field dependence of the XMCD spectra of the BTO/NFO/BTO
thin film indicates residual magnetization at zero field and
clearly shows ferromagnetism at room temperature. The
remanent magnetization at zero field was about 23% of
the saturation magnetization. The magnetic hysteresis loop
of BTO/(NFO/BTO),, samples have been published by Liu
et al. [9]. As a result, the saturation magnetization, remnant
magnetization, and coercivity decrease with the increase of the
number of interfaces.

Figure 5 shows how the XMCD spectra change between the
different samples having different numbers and thicknesses of
NFO and BTO layers. The XMCD spectra of set 1 at the
Fe and Ni L, 3 edges of various ns are shown in Figs. 5(a)
and 5(b). The XMCD intensity of the Fe and Ni L, 3 edges
decreases with increasing number of NFO and BTO layers, as
shown in Figs. 5(c) and 5(d). This observation means that as
we increase the interface volume ratio of the NFO layers, the
magnetization decreases, which implies the degradation of the
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FIG. 3. (Color online) Comparison of the Ni L, 3 XAS (a) and XMCD (b) spectra of the BTO/NFO/BTO thin film of set 1 with those of
Ni metal [15], PrNiO5 (Ni**) [16], NiO (Ni**) [17], and the calculated spectra of Ni>* in an octahedral crystal field.
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FIG. 4. (Color online) Fe (a) and Ni (b) L, 3 XMCD spectra of the BTO/NFO/BTO thin film of set 1 at various magnetic fields. (c) Fe L;
XMCD intensities at peaks A and B, which are assigned to Fe** ions at the O, and 7}, sites, respectively. (d) Comparison of the SQUID results

with the Ni L3 XMCD intensity of BTO/NFO/BTO.

Ni ferromagnetic moment at the interfaces. Figure 5(e) shows
the ME coupling coefficient ag versus the number of layers
of the BTO/(NFO/BTO),, thin films of sets 1 and 2. Here,
o is defined by §V/(6Ht), where 8V is the induced voltage
signal, 6 H is the magnetic excitation signal, and 7 is the total
film thickness. With the increase of number of layers, the ME
coupling coefficient «g increases. From Figs. 5(c), 5(d), and
5(e), we can conclude that when the magnetic moment of Ni
and Fe decreases, the ME coupling increases. By changing
the layer numbers, not only the interfaces but also the strain
from the BTO layer may influence the magnetization of NFO
because the NFO layers would be in a highly compressively
strained state due to the lattice mismatch between the NFO
and BTO layers. Liu et al. [9] showed that when the number
of layers increases, the ¢ parameter of NFO increases, as
shown in Fig. 6(c), which means that the compressive strain
within the a-b plane in NFO layers increases. We also
obtained a similar trend of decreasing magnetization for set
2 of BTO/(NFO/BTO), multilayer thin films, but set 1 and
set 2 behave differently as functions of the layer (interface)
number, which indeed indicates that the strain also affects the
magnetization in a complicated way.

In order to see how the Ni and Fe magnetizations are
affected by the interface and the strain, we have plotted the
percentage of the L3 edge XMCD intensities of Fe and Ni
against the NFO layer thickness (x axis) and the layer number
2n + 1 (y axis) in Figs. 6(a) and 6(b) on the color scale. Here,
appropriate interpolation and extrapolation have been made
for the color coding. In the x (NFO thickness) direction, as the

NFO layer thickness increases, the interfacial volume ratio of
the NFO layer decreases. In the y (layer number) direction,
the compressive strain (or lattice distortion) in the NFO layer
increases according to the data from Liu et al. [9] as replotted
in Fig. 6(c). The gradual reduction of the magnetization in
the BTO/NFO/BTO multilayers with layer number could be
understood by considering the negative magnetostriction of
NFO that it contracts when magnetized [21]. Figures 6(a) and
6(b) show that the Fe L3 XMCD intensity depends only on
the layer number, while the Ni L3 XMCD intensity depends
on both the layer number and NFO thickness. This means that
both Fe and Ni ferromagnetic moments decrease due to strain,
while the Ni ferromagnetic moment decreases additionally at
the interface. The fact that the decrease of the Ni dichroism
signal with decreasing thickness of the NFO layer occurs on
top of the decrease of both Fe and Ni dichroism signals with
the total number of the layers indicates that the decrease of the
Ni moment occurs at the interface and not over many layers.
To check this, we have estimated the dead layer thickness to
be as thin as 2—4 nm from the decrease of the Ni XMCD to Fe
XMCD intensity ratio, confirming our original assumption.
As for the ME coupling, multilayers consisting of NFO and
BTO layers clearly yields ME output, which increases with
the layer number [9]. The interface therefore should play a
crucial role in inducing the ME coupling. In Fig. 6(d), the
ME voltage coefficient oy is plotted as a function of the
NFO thickness and the layer number. From comparison of
Figs. 6(b) and 6(c), it is clear that ME coupling increases
with the decrease of Ni ferromagnetism at the interface. A
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FIG. 5. (Color online) Fe (a) and Ni (b) L, 3 XMCD spectra of the BTO/(NFO/BTO),, thin films (where n = 1, 2, 3) of set 1. The Fe L;
XMCD intensities (c), Ni L3 XMCD intensities (d), and ME coupling coefficient ag (e) versus the number of layers of the BTO/(NFO/BTO),,

thin films of sets 1 and 2.

possible cause of the reduction of the Ni spin moment at the
interface is spin canting. Chinnasamy et al. [22] deducted
a noncollinear magnetic structure on the surface of ultrafine
particles using Mossbauer spectroscopy, magnetization, and
EXAFS measurements and observed the canting of surface
spins. Aguesse et al. [23] discussed atomic diffusion across
the interface between CoFe,04 (CFO) and BTO layers. In the
present case, atomic diffusion between NFO and BTO appears
more likely because of the analogy to the CFO/BTO system.
Recently, microscopic mechanism of ME coupling at the
Fe/BTO interface was studied by element specific x-ray
magnetic scattering, and Ti atoms at the interface were found to
have finite spin polarization [24]. The details about the nature
of the ME coupling in the NFO/BTO multilayers are currently
unknown, but we speculate that strong ME coupling occurs at
the interface defects, where Ni atoms of NFO and Ti atoms of
BTO are located close and hybridizing each other (probably
through intervening oxygen atoms) and the magnetic moments

of the Ni atoms is partially transferred to Ti atoms. It is also
a possible scenario that some Ni atoms are diffused out of the
NFO layer into the BTO layer and replace Ti atoms. In the
latter case, contributions of Ni to the ferromagnetism will be
weakened, while the Fe atoms will remain ferromagnetically
order through the robust superexchange coupling between the
Fe’*(0;) and Fe**(T;). The magnetic moments of the Ni
atoms and the ferroelectric distortion of the BTO lattice will
thus have finite coupling and enhance the ME coupling in the
NFO/BTO interfacial regions.

IV. CONCLUSIONS

Multilayer heterostructures BTO/(NFO/BTO),, epitaxially
grown on (001)-STO substrates were studied by XAS and
XMCD. The Ni ions are in the 2+ states at the Oj, position,
while Fe ions are in the 34 states at O, and T, positions
of the spinel structure. The ferromagnetic moment of Ni>* is
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parallel to Fe3*(0},) but are antiparallel to Fe** (7)) following
the inverse spinel structure of NFO. The Ni ferromagnetic
moment is found to decrease at the interface. We found clear
correlation between the ME coupling strength and the de-
creases of the ferromagnetic moment of Ni. This suggests that
the enhancement of ME coupling occurs through interfacial
Ni atoms or Ni atoms diffused into the BTO side, whose
hybridization with the BTO electronic states is enhanced and
whose ferromagnetic behavior is weakened.
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