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Electrically enhanced magnetization in highly strained

BiFeO3 films

Jan-Chi Yangl, Chang-Yang Kuo!, Heng-Jui Liu?, Hang-Chen Ding3, Chun-Gang Duan3, Hong-Ji Lin%,
Zhiwei Hu!, Tun-Wen Pi%, Liu Hao Tjengl, Chien-Te Chen?, Elke Arenholz’, Qing He® and Ying-Hao Chu®’

The control of magnetism via an electric field has attracted substantial attention because of potential applications in
magnetoelectronics, spintronics and high-frequency devices. In this study, we demonstrate a new approach to enhance and
control the magnetization of multiferroic thin film by an electric stimulus. First, to reduce the strength of the antiferromagnetic
superexchange interaction in BiFeO3, we applied strain engineering to stabilize a highly strained phase. Second, the direction of
the ferroelectric polarization was controlled by an electric field to enhance the Dzyaloshinskii—-Moriya interaction in the highly
strained BiFeO3; phase. Because of the magnetoelectric coupling in BiFeO3, a strong correlation between the modulated
ferroelectricity and enhanced magnetization was observed. The tunability of this strong correlation by an electric field provides
an intriguing route to control ferromagnetism in a single-phase multiferroic.
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INTRODUCTION

To implement multifunctional, low-power consumption and ‘green’
nanoelectronics, electrical control of the spin degree of freedom is an
intriguing route to explore. Promising approaches, as well as a new
field of physics, focus on using magnetoelectric multiferroics,? in
which an electric field can be used to switch or alter the inherent
magnetic order.3 Furthermore, applications based on multiferroics,
such as logic, memory and high-frequency devices, have been
developed over the past decade,!®'! providing new varieties of
next-generation electronic devices.

To achieve electric control of magnetism in multiferroics, various
material systems have been proposed and studied experimentally.>!>13
Single-phase magnetoelectric multiferroics—materials that show
spontaneous magnetization and polarization simultaneously—are
favored, but they remain elusive under ambient conditions. Two
alternate pathways to obtain multiferroicity have been widely adopted.
One method is to start with intrinsic magnetic materials, such as
manganites, and to strategically develop improper ferroelectricity
therein.!#!> Another method is to add magnetic ions to a traditional
ferroelectric material, such as BaTiO;, to induce a magnetic
moment.'®1® Although both approaches have been demonstrated
conceptually, they share common challenges: (1) the order tempera-
ture of the developed materials is in most cases too low for practical
applications; (2) the induced magnetization/ferroelectricity cannot be

arbitrarily modulated by external electric/magnetic fields, because of
weak coupling between the magnetization and ferroelectricity. One
unique exception is BiFeO; (BFO), which exhibits a strong coupling
between ferroelectricity and antiferromagnetism at room temperature
(ferroelectric T ~ 830 °C, antiferromagnetic Ty ~ 370 °C).1® Weak
ferromagnetism has been detected in BFO thin films;?®?! therefore,
enhancing the magnetization of BFO is the most intuitive way to
remove obstacles to the practical application of electric field control of
magnetism.

In this study, we demonstrate a controllable means of enhancing the
magnetization in highly strained BFO thin films. This goal was
accomplished via use of (1) a highly distorted BFO phase to reduce
the antiferromagnetic superexchange interaction, which manifests
itself in a reduced antiferromagnetic Néel temperature, as determined
by X-ray linear dichroism (XLD) and (2) an electric field-driven
rotation of the ferroelectric polarization to enhance the
Dzyaloshinskii-Moriya (DM) interaction, as supported by density-
functional theory (DFT) calculations. The enhanced moment was
detected by X-ray magnetic circular dichroism (XMCD), and the
strong magnetoelectric coupling was revealed by photoemission
electron microscopy (PEEM). Our results provide a promising
route to engineer BFO thin films for next-generation nano-

electronics.
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MATERIALS AND METHODS

Thin film growth and structure characterization

Thirty nanometer BFO films were deposited by pulsed laser deposition at
700 °C in 100 mTorr of oxygen. The growth was monitored by high-pressure
reflective high-energy electron diffraction. The films were subsequently cooled
in 1 atm of oxygen to room temperature. For electrical poling experiments,
a thin LaNiO; (~few unit cells) layer was inserted as a bottom electrode
deposited under the same growth conditions as for the BFO. X-ray diffraction
(XRD) was used to confirm the crystallinity and to determine the strain state of
the BFO films.

Magnetic characterization and analysis

The magnetic properties of the BFO films were investigated using polarization-
dependent soft X-ray absorption spectroscopy (XAS). The experiments were
conducted at beamlines 11A and 08B at the National Synchrotron Radiation
Research Center (NSRRC) in Taiwan. The energy resolution at the Fe-L; 3 edges
(hv =700-730 eV) was set to 0.25 eV, and the degree of linear polarization of
the incident X-ray beam was 99%. The spectra were collected in total-electron-
yield mode, and a single Fe,O5 crystal was measured simultaneously in a
separate chamber to calibrate the photon energy with an accuracy better than
10 meV. The antiferromagnetic and ferromagnetic domain structure in the
BFO films was further studied using PEEM at beamline 11.0.1 at the Advanced
Light Source, Lawrence Berkeley National Laboratory.

RESULTS AND DISCUSSION

To enhance the magnetization of BFO strategically, as a first step, we
used strain engineering by depositing BFO on pseudo-cubic (pc) (001)p,
single-crystal substrates with different lattice parameters, including
LaAlO; (LAO, a=3.79 A), NdGaO; (NGO, a=3.86 A), SrTiOs
(STO,a=3.90 A)and DyScO; (DSO, a=3.94 A). Figure la shows
the out-of-plane (OOP) XRD 6-26 scans of BFO films grown on these
substrates. Only (00L),. peaks of BFO and peaks contributed by the
substrates were observed, indicating that the growth direction of BFO
thin films is along the c-axis regardless of substrate. The c-axis lattice
parameters of BFO films extracted from the XRD results were 3.98,
4.04, 4.17 and 4.64 A for the films grown on DSO, STO, NGO and
LAO, respectively, thus indicating that the BFO films are subjected to
different epitaxial strains due to the lattice mismatch between the
substrate and the film. To further investigate the structure of highly
strained BFO films on NGO substrates, we used grazing incidence
XRD to record the in-plane (IP) reciprocal space maps. Figure 1b
shows the reciprocal space maps around the (110),, diffraction feature
of NGO, in which the reciprocal space units were normalized to the
lattice constant of the NGO substrate (a,.~3.86 A). The BFO (1 10),c
peak was detected at (0.995 1.0), corresponding to a and b lattice

a 102°

constants of 3.87 A and 3.86 A. Furthermore, the ¢/a ratio of the
BFO films on NGO reached 1.083, thus confirming that the film
exhibits a large biaxial compressive strain imposed by the substrate.
The distorted structure of BFO on NGO is similar to the previously
observed highly distorted rhombohedral phase in the mixed-phase
BFO system (a mixture of rhombohedra-like and tetragonal-like
phases).?> This highly distorted rhombohedral phase shows an
enhanced spontaneous magnetization in the mixed-phase system.??
Therefore, enhanced ferromagnetism can be expected in highly
distorted BFO films on NGO.

To investigate the ferroelectric domain structure of the highly
strained BFO films, piezo-response force microscopy (PFM) was used.
Domains with upward and downward polarizations give rise to
opposite contrasts (dark and bright, respectively) in the OOP-PFM
images, whereas the IP components of polarization can produce a
torque on the cantilever of the microscope, resulting in contrast in the
IP-PEM images. By combining the OOP-PEM and IP-PFM images, we
were able to identify the polarization direction of each domain. The
PEM results are summarized in Figure 2. The center square
corresponds to a region after electrical poling, whereas the as-grown
(un-poled) region is located outside the square. A uniform bright
contrast in the OOP channel indicates a single downward ferroelectric
component along the OOP direction. The IP-PFM image shows a
stripe-like pattern with three levels of contrast—dark (black), neutral
(brown) and bright (white). Dark and bright contrasts correspond to
the IP polarization components pointing along the [1-10],. and
[-110], directions, whereas the neutral contrast corresponds to the
IP polarization components pointing along either [-1-10],. or [110],..
These results indicate that the domain structure of the BFO films on
NGO is characterized by four polarization variants.

To investigate the ferroelectric switching behavior in the highly
distorted BFO films, the response of the ferroelectric polarization to an
applied DC bias via a conducting AFM tip was studied. Figures 2a—c
show the IP-PEM of the same area with the central square switched by
an applied bias of —4, —6 and —9 'V, respectively. The domain
structure in the switched area changed as a function of the applied
poling voltage. With —4 'V applied through the tip, the domain
structure of the poled area (Figure 2a) showed a near perfect
alignment of stripe-like domains with a contrast level similar to the
as-grown area. When the poling voltage was increased to —6 V, a
lower IP-PFM contrast in the poled area compared with the as-grown
area was observed. With the tip scanning along the [1-10] axis in this
image, each scan line crossed both the poled and as-grown areas, thus
precluding degradation of the tip as a reason for changes in contrast
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Figure 1 Structure analysis of highly strained BiFeOz (BFO) thin film. (a) 6-26 scans for 30-nm BFO films as a function of the epitaxial strain imposed by
various substrates. (b) In-plane reciprocal space mapping of the highly distorted BFO phase on an NdGaO3 (NGO) substrate.
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Figure 2 Responses of the ferroelectric domains to an external electric field. The topography and piezo-response force microscopy (PFM) images of the same
area with a central square poled by (a) =4 V, (b) =6 V and (c) —9 V. The insets show the out-of-plane (OOP)-PFM contrasts for the same area.
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Figure 3 X-ray absorption spectroscopy studies of highly strained BiFeO3 (BFO) thin films. (a) The temperature-dependent / p for BFO/NdGaO3 (NGO), where
the inset figure shows the soft X-ray absorption (XA) spectra measured at 27 and 300 °C at the Fe L3 edge with the X-ray linear polarization E parallel to ¢
(E//c, orange line) and perpendicular to ¢ (ELc, black line). (b) The XA spectra with E//c and ELc for the as-grown (solid curves) and poled (dotted curves)
BFO/NGO thin films. The inset shows the corresponding change in the c-axis observed via X-ray diffraction (XRD). The orbital nature and structure variation

are illustrated in the schematics of the inset.

levels. The ‘fading’ domain structure of the poled area indicated that
the ferroelectric polarization lost its IP components during the
electrical poling process. As the poling voltage further increased to
-9V, no detectable IP component was found in the poled area, thus
suggesting that the ferroelectric polarization of the poled area is
rotated predominantly to the OOP direction. This result indicates that
a meta-stable state is created after —9 'V poling, and a ferroelectric
polarization aligned along the [001],, direction was observed in the
distorted BFO crystal structure constrained by the NGO substrate.
Remarkably, this process is reversible because of the ferroelectric
nature of BFO, as summarized in the Supplementary Materials
(Supplementary Figure Sla and b). These results clearly demonstrate
that the ferroelectric polarization in the highly distorted BFO phase
can be tailored by an external electric field. Now, a key question arises:
how is this intriguing feature coupled to the antiferromagnetism as
well as to the inherent ferromagnetism of BFO?

The polarization dependence of XAS is determined by magnetic
contributions?»?> and crystal field effects,>?® which, in the present
case, are directly related to the antiferromagnetism and ferroelectricity

of BFO.!” The magnetic contribution to the XLD can be determined
by monitoring the linear dichroism as a function of temperature: the
magnetic XLD is expected to decrease rapidly when the sample is
heated to the Néel temperature (Ty).>>%” A reduction of the XLD with
increasing temperature is shown in the inset of Figure 3a for the highly
strained BFO films. Temperature-dependent Iy, at the Fe-L, edge is
shown in Figure 3a, where I is the integration of the absolute XLD
signal, that is, [E//a-E//cl?> from 721 eV to 726 €V (see the inset)
normalized to the value measured at room temperature. Compared
with that of bulk BFO, a much lower Ty of ~ 230 °C was observed.
The Néel temperature of BFO is dominated by the strength of the
exchange interaction (J), which can be expressed by:

]z|t|4/(U* 4%)
where ¢ represents the overlap integral between the oxygen 2p orbital
and the Fe d orbital in a one-electron Hamiltonian, whereas U and A
stand for the on-site Coulomb repulsion and charge transfer energy,
respectively.?”-?8 For d° systems, the primary interaction is between the
two filled e, orbitals via the oxygen 2p o-bonding orbitals. The
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Figure 4 Photoemission electron microscopy imaging of the electrical control of magnetism in highly strained BiFeO3 (BFO) thin films. (a) X-ray linear
dichroism (XLD)-photoemission electron microscopy (PEEM) and (b) X-ray magnetic circular dichroism (XMCD)-PEEM images for the poled (yellow-squared

areas) and un-poled (as-grown) regions in a highly strained BFO thin film.

increased Fe-O distance along the c-direction as well as the deviation
of the Fe-O-Fe bond angle from 180° within the ab plane, as
compared with bulk BFO, would give rise to a decrease in the
hopping integral, resulting in a suppression of the antiferromagnetic
Néel temperature. Therefore, the reduced Ty suggests a reduction of
the superexchange interaction in our highly strained BFO films, which
in turn is expected to enhance the canted moment of BFO because the
magnitude of the moment strongly depends on the competition of the
superexchange and DM interactions.

In addition to understanding the influence of strain engineering on
the antiferromagnetic order of highly strained BFO, it is crucial to
study the effect of the electrical poling. Before the XAS measurement,
the polarization of the poled samples was switched by a scanning
probe technique with a 2-axis motor setup (scanning voltage set to
—9V) to obtain an upward polarized area of ~4 mm?, which is much
larger than the X-ray beam size (several hundred pm?). The Fe-L; XAS
spectra taken with E parallel to the c-axis (in black) and parallel to the
a-axis (in red) are shown in Figure 3b for both the as-grown (solid
lines) and poled (dots) films. The energy shifts at peaks A and B of the
spectra taken with E//c and E//a can be attributed to the splitting of
the #,, and e, orbitals, respectively. The energy of the electron
transition from the 2p core level to the d(x*>—y?) states was higher
than that to the d(3z% — 1?) states, resulting in a larger energy difference
between peak A and peak B of E//c compared with that of E//a. More
importantly, we observed an increase of the splitting in the e,
(40 meV) and t,, (20 meV) orbitals for the poled BFO film. Such an
increase implies a larger c/a ratio of the film after the electrical poling
process. The corresponding energy diagrams and configurations are
illustrated in the inset of Figure 3b. Good agreement was found with
the XRD measurements (shown in the inset of Figure 3b) for both
samples: we found a measurable increase in the lattice parameter along
the c-axis and a narrower full width at half maximum for the poled
sample. Such a result excludes sample damage as a result of the poling
process and as the origin of the change in c¢/a. Additionally, a
perceptible change of surface topography (Figure 2¢) also supports
the above conclusion. These results indicate that the structure of the
highly strained BFO is elongated along the c-direction after the
electrical poling procedure. Our results strongly support the unique
feature of ferroelectric polarization between the two phases, a distorted
rhombohedral BFO with the polarization along <111>,. and an
extremely compressive strained phase with the polarization along
<001>,.,%° thus suggesting an potentially promising means of
modulating the intermediate phases between the rhombohedral and

NPG Asia Materials

tetragonal BFO phases. This finding should lead to electrically
controllable magnetization in BFO.

The correlation of antiferromagnetic and ferromagnetic orders in
the highly strained BFO films was further studied using PEEM.
Figures 4a and b show the XLD- and XMCD-PEEM images of a highly
strained BFO film, with yellow squares indicating areas where the
ferroelectric polarization has been switched by an applied voltage of
-9V to point toward the sample surface (upward). The XLD-PEEM
images show the ratio between images taken at the two most
prominent features of the Fe3™ L, edge with linearly polarized X-rays
(E vector in the sample surface) at a grazing X-ray incidence angle
(0=30°). A clear stripe-like domain structure in the poled and
un-poled areas can be observed in the XLD-PEEM image, where the
switched regions can be easily identified by the discontinuity of
domains and the change of domain alignment. The polarization of the
poled region is now in a ferroelectric mono-domain state according to
the PFM result (Figure 2¢). Therefore, the stripe-like domain structure
observed in the poled region in the XLD-PEEM image can be
attributed mainly to the antiferromagnetic domains.

To reveal the ferromagnetic component in the highly strained BFO
film, XMCD-PEEM images were obtained using both left circularly
polarized and right circularly polarized X-rays in a grazing incidence
geometry (0=30°). To enhance the magnetic contrast and eliminate
contributions from the topography, the ratio of the two images is
shown. The image contrast is effectively a map of the local IP
magnetization vector; that is, regions with magnetic moments aligned
parallel to the X-ray wave vector appear bright, whereas those that are
antiparallel appear dark. No ferromagnetic contrast was detectable
above the noise level in the as-grown area. The poled area in this
image shows regular stripe-like ferromagnetic domains. Moreover,
the XLD- and XMCD- PEEM images in the poled region show a
one-to-one correlation. The highly correlated nature of the anti-
ferromagnetic and ferromagnetic domain structures in the switched
area suggests that the enhanced magnetization can be attributed to a
canted Fe moment in the otherwise antiferromagnetically ordered
BFO. This result demonstrates an electric field-driven magnetization
in the highly strained BFO film. Such enhanced magnetism can further
be used to enhance the exchange coupling with a ferromagnetic
layer adjacent to a BFO layer because the canted magnetic moment
in BFO has a key role in controlling the magnetization in the
ferromagnet/BFO heterostructures.’®3!

To provide more insight into the experimental findings, we
conducted DFT calculations using the projector augmented-wave
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Figure 5 Schematic illustration of the electric field-induced magnetization change (a) The as-grown state of a BiFeO3 (BFO) film on NdGaO3 (NGO), in which
the polarization points along the [111],. direction. The canting angle of the as-grown strained BFO thin film attributed to the Dzyaloshinskii-Moriya (DM)
interaction is approximately 3°, whereas the net magnetization is ~0.21 ug; (b) the poled state, in which the polarization rotates toward the [001].
direction. The canting angle of the poled BFO is ~ 5°, whereas the resultant magnetization is 0.35 ug.

method as implemented in the Vienna ab initio simulation package.??
The Perdew—Burke—Ernzerhof form of the generalized gradient
approximation for exchange and correlation was used.** The cutoff
energy was 500 eV, and a 4 X 4 X 4 k-point sampling was used in a self-
consistent calculation. The effective Hubbard constant (U.g= U-
J=2.0eV) for the Fe 3d electrons was chosen to give a better
description of the strongly correlated systems.** To simulate the
polarization switching of BFO on NGO substrates, we used a pseudo-
cubic monoclinic BFO structure with an IP lattice constant of 3.86 A
and G-type antiferromagnetic order,?®3> as shown in Figure 5. The
OOP unit cell parameter was varied to minimize the total energy, and
all internal coordinates were relaxed until the Hellmann-Feynman
forces on the relaxed atoms were less than 2meV A~!. The
ferroelectric polarization direction of the ground state of BFO in such
a structure is close to but not exactly along [111],,, in agreement with
the experiment. To determine the [001],. polarization state, we started
from a paraelectric pseudo-cubic structure with fixed Bi ions and then
moved the Fe ions gradually along the pseudo-cubic [001],, direction
until the total energy was minimized. During the search for the stable
state with [001],. polarization, the O ions were allowed to be fully
relaxed.

The DM interaction arises from the spin-orbit coupling in the
superexchange,*® which involves non-collinear magnetism. Following
Ederer and Spaldin,’®3” we performed two sets of non-collinear
magnetic structure calculations, that is, one for the nearly [111]pc
polarized state and the other for the [001],. polarization. The canting
angle of unstrained BFO was calculated to be 1°, which results in a
small magnetization of 0.05 g 2° Furthermore, we found that for the
highly strained BFO with a nearly [111],,. as-grown polarized state, the
canting angle is approximately 3° and increases to 5° for the [001],
polarized state. Our calculations indicate that the magnetic moments
of individual Fe ions in the two polarization states are similar, that is,
3.96 and 3.94 g for the nearly [111], and [001],. polarized states,
respectively. In addition, the rotation angles of the oxygen octahedra
around the c-axis with respect to the [111] and [001] polarizations

were deduced to be 8.9° and 11° respectively. Consequently, the
magnetization caused by the DM interaction in BFO increases from
0.21 to 0.35 g per formula unit when the ferroelectric polarization
is switched from the [111],. direction to the [001],. direction
(see Figure 5), qualitatively agreeing with the experiments. Further
proof for a stronger DM interaction is the increase of the magneto-
crystalline anisotropy energy when the nearly [111],. polarized state
switches to the [001],. state. The magnetocrystalline anisotropy
energis are 0.12 and 0.88 meV per formula unit for the nearly
[111]pc and [001],, states, respectively, suggesting a significant increase
of the spin-orbit coupling, which then amplifies the DM interactions.
However, the DFT calculation simulates a relatively ideal supercell
at T=0K; thus, the calculated values can only be qualitatively
interpreted.

CONCLUSION

We applied strain engineering and electric fields to significantly
enhance the inherent magnetization of BFO. The decreased Ty due
to large compressive strain was characterized using XLD, indicating
the reduction of the superexchange interaction. PEM studies com-
bined with DFT calculations demonstrated the feasibility of enhancing
the DM interaction in the highly strained BFO phase via an electrical
modulation of the ferroelectric polarization. XMCD and PEEM
measurements demonstrated the electrically controllable nature of
the enhanced magnetizations and the strong correlation between the
enhanced magnetization and multiferroicity in BFO films. Our study
adds a new scenario to the electric field control of magnetism and
sheds light on next-generation and low-power spintronics.
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