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The insertion effect of an interface NiO layer on magnetism in Fe/BaTiOg is investigated by X-ray absorption spectroscopy (XAS). From X-ray
magnetic circular dichroism (XMCD) analysis, the enhancement of remanent magnetization in Fe is observed with increasing NiO thickness. We
also find that the NiO layer is partially composed of metallic Ni, and its thickness is estimated to be ~0.4 nm from the NiO-thickness dependence of
the Ni XAS intensity by assuming that Ni is localized at the interface between Fe and NiO. Moreover, extended X-ray absorption fine structure data
shows that the Ni-O distance of the interface NiO layer is shorter than that of bulk NiO, which leads to the pseudomorphic growth of NiO on
BaTiO3. We thus suppose that the improved Fe growth promoted by the interface NiO layer enhances the magnetic moment in Fe.

© 2018 The Japan Society of Applied Physics

1. Introduction

Electric-field-induced magnetic switching has been inten-
sively studied so far because of its great potential to reduce the
energy consumption of the switching process in nanometer-
scale magnets.'"® The ferromagnetic—ferroelectric hetero-
structure is a simple case of controlling magnetism by apply-
ing an electric field to ferroelectric materials. In that sense, we
focus on a simple multiferroic heterostructure, Fe/BaTiOs3,
and observe its interface state with the aim of controlling the
magnetoelectric effect. Magnetic and electric manipulations
of BaTiOs-based multiferroic heterostructures have been
extensively studied recently.”') It was reported that the
coercive field of an Fe thin film grown on BaTiO; changes
when an electric field is applied between the Fe film and the
bottom of BaTiO3.'>!® Some theoretical calculations suggest
that such field-induced change is due to the hybridization
between Ti 3d—O 2p and Fe 3d at the interface.'*'> How-
ever, direct observation of the interface state has not been
reported. We have recently found from X-ray absorption
spectroscopy (XAS) and X-ray magnetic circular dichroism
(XMCD) that an Fe oxide component exists near the interface,
and that it closely correlates with the field-induced magnetic
change in Fe.'® In this study, we insert an interface NiO layer
between the Fe thin film and BaTiO; for realizing peculiar
interface phenomena, such as the ferromagnetic/antiferro-
magnetic coupling between Fe and NiO. Although our final
goal is to utilize such interfacial effect and apply it to the field
effect, here, we concentrate on the investigation of the effect
of the interface NiO layer on the magnetism of Fe/BaTiOs by
using XMCD and extended X-ray absorption spectroscopy
(EXAFS), and a possible interfacial structure is discussed.

2. Experimental procedure

XMCD experiments were performed at the soft X-ray
undulator beamline BL-16A of Photon Factory, Japan.!”
The polarization switching between opposite circular polar-
izations was also applied'®!?) to XMCD hysteresis measure-
ment. NiO films were grown on a 0.5-mm-thick BaTiO3(001)
substrate in a high-vacuum chamber at room temperature by
O,-reactive evaporation from a Ni rod by electron bombard-
ment. Wedge-shaped NiO films were prepared, in which the
thickness was altered from O to 3 nm, then a 2-nm-thick Fe
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film was grown on that. The film was then covered with Au
by the electron bombardment evaporation of Au in a Mo
crucible at room temperature in order to protect the films
from oxidation.

The XMCD spectra were taken at room temperature under
the grazing incidence condition, in which the angle between
the surface normal and the X-ray beam was 60°, because the
films show in-plane magnetization. The magnetic fields of
+250 Oe were applied along the incident X-ray beam during
the XMCD measurement. The XMCD-hysteresis curves were
obtained by measuring the XMCD intensity at the L3 peak
top (708.5eV) as a function of magnetic field. The XMCD
intensity is defined as a difference in absorption intensities
between right and left circular polarizations divided by an
averaged peak intensity.

The Ni and Fe K-edge EXAFS spectra were measured at
the bending magnet beamline, BL-12C, of Photon Factory,
Japan. All the spectra were recorded at room temperature
in the fluorescence-yield mode with a 19-element solid-state
detector. To examine the crystallographic structure of Ni and
Fe sites, the EXAFS spectra were taken at normal incidence
configuration, in which structural information in the in-plane
direction is sensitively obtained.

3. Results and discussion

Figure 1 shows Fe L-edge XAS, u* and p~, and XMCD,
ut—u~, spectra of Fe (2nm)/BaTiO; and Fe (2nm)/
NiO (2.25nm)/BaTiO; thin films. The spectral shapes of
XAS and XMCD of the films do not show a big change, but
the XMCD intensity is larger in the case of the Fe (2nm)/
NiO (2.25 nm)/BaTiOs.

Then, we look at the XMCD-hysteresis curves of the
Fe (2nm)/NiO (0-3nm)/BaTiOj3 thin film measured at the
Fe L; absorption edge at 708.5 eV with different NiO thick-
nesses, nio, as shown in Fig. 2. All the curves show rela-
tively good squareness, which indicates that the Fe film
shows almost the same in-plane magnetic anisotropy at any
NiO thickness. On the other hand, the remanent magnetiza-
tion increases as the thickness increases, as is also the case
with the XMCD spectra in Fig. 1. To determine the factor
that makes the remanent magnetization smaller for the films
with thinner or without NiO, we look at the chemical state
and structure of Ni in detail.

© 2018 The Japan Society of Applied Physics
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Fig. 1. (Color online) Fe L-edge XAS, u* and y~, and XMCD, py*—pu~,
spectra of Fe (2nm)/BaTiO; and Fe (2nm)/NiO (2.25nm)/BaTiO; thin
films.
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Fig. 2. (Color online) XMCD-hysteresis curves of Fe (2nm)/NiO (0-3
nm)/BaTiO; thin film with different #y;o values measured at Fe L3 absorption
edge (708.5¢eV).

Figure 3 shows Ni K-edge XAS spectra of the Fe (2nm)/
NiO (0-3nm)/BaTiO;5 thin film with different fyjo values.
The shoulder and peak structures at ~8330 and ~8345¢eV are
attributed to metallic Ni and NiO, respectively, according
to the reference spectra.’” This indicates that the interface
NiO layer is partially composed of metallic Ni, and its com-
ponent is larger for a thinner NiO, as is also observed in
Ni L-edge XAS, which is not shown here. By comparing
with the white line intensity of these spectra, we estimated
the ratio of the metallic Ni component to the NiO component,
and the thickness of the metallic Ni is determined to be
~0.4nm if we assume that Ni is localized at the interface
between Fe and NiO. Because EXAFS can detect only
averaged structural information in depth, we further need
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Fig. 3. (Color online) Ni K-edge XAS spectra of Fe (2nm)/NiO (0-3
nm)/BaTiO; thin film with different #y;o values.
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Fig. 4. (Color online) (a) Fourier transform of the Ni K-edge EXAFS
function, k2y(k), and (b) inverse Fourier-transformed EXAFS function at the
first shell of Fe (2nm)/NiO (2.25nm)/BaTiO; thin film. Fitted spectrum is
also shown in the figure.

depth-resolved XAS analysis?'® in order to determine the
depth distribution of Ni.

Next, the local structure of the interface NiO layer is
investigated by EXAFS measurement. Figure 4(a) shows the
Fourier transform of the Ni K-edge EXAFS function of
Fe (2nm)/NiO (2.25 nm)/BaTiOj; thin film. The main peaks
at ~1.5 and ~2.5A correspond to the first nearest Ni-O and
Ni—-Ni bonds in the NiO rock-salt framework. In addition,
there are small structures at higher coordination, ~3-5 A, and
they are considered as a mixture of Ni-O and Ni-Ni bonds.
Then, we further analyze the EXAFS data of the nearest
Ni—O bond because it contains solely the NiO component
and no complicated analyses are required. EXAFS curve
fitting is performed using the IFEFFIT package’** in k
(wave number) space after the inverse Fourier transformation
for the nearest Ni-O contribution (1.0-3.0 A). The EXAFS
spectra for the fcc NiO?® calculated using the FEFF82” code
are used as a theoretical standard. Experimental and fitted

© 2018 The Japan Society of Applied Physics
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Fig. 5. (Color online) (a) Fourier transforms of the Fe K-edge EXAFS
function, k2y(k), and (b) inverse Fourier-transformed EXAFS function at the
first shell of Fe (2nm)/BaTiO; and Fe (2nm)/NiO (2.25 nm)/BaTiO; thin
films.

inverse Fourier-transformed EXAFS functions are displayed
in Fig. 4(b). We obtained the Ni—O bond length as 2.03 A,
and estimated the in-plane lattice constant of Ni-O as 0.406
nm. By taking into account that the lattice constant of BaTiO3
(a = 0.398 nm)*® is smaller than that of bulk NiO (¢ = 0.418
nm),”® it is reasonably understood that the in-plane lattice
constant of NiO shrinks to coordinate with that of BaTiOs,
and the pseudomorphic growth of NiO is thus carried out.

Next, we look at the local structure of the Fe site.
Figure 5(a) shows Fourier transforms of the Fe K-edge
EXAFS function, k2y(k), of Fe (2nm)/BaTiO; and Fe (2
nm)/NiO (2.25 nm)/BaTiOj3 thin films. The inverse Fourier-
transformed EXAFS function of the first shell (1.0-2.6 A)
is also shown in Fig. 5(b). The amplitude in Fe/BaTiO; is
maximum at the lower wave vector, k ~ 4.5 A‘l, and it rapidly
decays, while in the case of Fe/NiO/BaTiOj3, the maximum
amplitude is observed at higher k. Considering the k-depend-
ence of the backscattering amplitude of scattering atoms,
the maximum amplitude appears at lower k for lighter ele-
ments.?”3? This is a direct confirmation that the peaks in
Fig. 5(a) at ~1.8A in Fe/BaTiO; and ~2A in Fe/NiO/
BaTiOj are attributed to the Fe—O and Fe—Fe bonds, respec-
tively. Therefore, in the case of Fe/BaTiO3, we suppose that
the Fe layer is partially oxidized and shows a disordered
structure caused by the multidomain structure of BaTiOs.
Consequently, the bce-Fe framework, that is, the Fe—Fe bond
is not clearly observed. These results can also be understood
from the Ni EXAFS data that Fe stably grows on the NiO
buffer layer possibly due to the elimination of the multi-
domain structure in BaTiO;. We therefore assume that the
NiO buffer layer suppresses the structural disorder in the
Fe thin film.
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Fig. 6. (Color online) XMCD-hysteresis curves of Fe (2nm)/NiO (0-3
nm)/BaTiO; thin film with different #y;o values measured at Fe Lz absorption
edge (708.5eV) after the heating treatment at 370 K for 10 min.

To confirm the role of the NiO buffer layer, we examine
the heat treatment effect on the magnetic property of the film.
Figure 6 shows the XMCD-hysteresis curves measured at
the Fe L; absorption edge at 708.5eV of the Fe (2nm)/
NiO (0-3nm)/BaTiO5 thin film with different NiO thick-
nesses, fnio, after the heating at 370 K for 10 min. Both the
remanent magnetization and squareness become enhanced for
all the films, and no NiO thickness dependence is observed. It
is reported that such heating process stabilizes the tetragonal
BaTiO; phase and improves the epitaxy of the film.!? There-
fore, we suppose that such stabilized tetragonal BaTiO3 can
keep the Fe magnetic moment robust even without the NiO
buffer layer. In the case of the as-prepared BaTiO; substrate,
multidomains in the substrate may cause structural disorders
in the Fe layer if we prepare Fe directly on the substrate. On
the other hand, the inserted NiO layer can eliminate the effect
of the domain structure of the substrate on the structure of Fe,
and promotes the improved growth of the Fe layer. We thus
find that the insertion of NiO as a buffer layer can enhance
the Fe magnetic moment, and the next target is to realize a
significant magnetic interaction at the interface as well as
structural implement.

4. Conclusions

We have investigated the insertion effect of the interface NiO
layer on magnetism in the Fe/BaTiO; thin film by X-ray
absorption spectroscopy. From the XMCD measurement, the
enhancement of remanent magnetization in Fe was observed
with increasing NiO thickness. It was also found that the NiO
was partially composed of metallic Ni, and its thickness was
estimated to be ~0.4nm from the NiO-thickness dependence
of the Ni XAS intensity, by assuming that Ni is localized at
the interface between Fe and NiO. In addition, EXAFS data
showed that the Ni—O distance of the interface NiO layer is
shorter than that of bulk NiO, which leads to the pseudo-
morphic growth of NiO on BaTiO3;. We thus concluded that

© 2018 The Japan Society of Applied Physics
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the improved growth of Fe promoted by the interface NiO
layer enhances the magnetic moment in Fe.
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