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ABSTRACT Reversible nanoscale magnetization reversal con-
trolled merely by electric fields is still challenging at the moment. In
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this report, first-principles calculation indicates that electric field- —_— ® co
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of unidirectional magnetic anisotropy along the (110) direction in E O ve

Fe-deficient cobalt ferrite (CoFe,_,0,, CF0), as a result of the
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migration and local redistribution of the Co>" ions adjacent to =
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the B-site Fe vacancies. In good agreement with the theoretical referred magnetization

model, we experimentally observed that in the CFO thin films the nanoscale magnetization can be reversibly and nonvolatilely reversed at room
temperature via an electrical ion-manipulation approach, wherein the application of electric fields with appropriate polarity and amplitude can modulate
the size of magnetic domains with different magnetizations up to 70%. With the low power consumption (subpicojoule) characteristics and the elimination
of external magnetic field, the observed electric field-induced magnetization reversal can be used for the construction of energy-efficient spintronic devices,

e.g., low-power electric-write and magnetic-read memories.
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cobalt ferrite thin films

eversibly controlling the nanoscale

magnetization at room temperature

by electrical means would enable the
development of various spintronic devices,
in particular, novel magnetic information sto-
rage devices.' ~> Although several approaches
have been developed so far to achieve elec-
trical modulation of magnetization reversal,
most of these methods suffer from practical
issues that hinder them from direct applica-
tions. For instance, the spin-torque effect,
which is able to switch the magnetization of
the magnetic domains by the interaction
between a magnetic medium and the spin-
polarized electric current flowing through
it, usually faces the problem of high power
consumption*® In the heterostructures
wherein the magnetization could be regu-
lated by an external electric field through
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the modulation of ferroelectric/ferromagnetic
coupling via interfacial strain and/or charges,
and exchange bias, as well as through the
modulation of charge carrier concentration,
the orbital occupation of 3d electrons, etc.,
external magnetic fields are usually re-
quired.”~"® Despite that other strategies have
been reported to eliminate the need of a
magnetic field for the realization of electric
field control of magnetization recently, addi-
tional requirements of a low working tem-
perature and complex sample structures may
arise instead.'®™"? In view of these, more
efforts should be devoted to designing novel
device concepts wherein the reversal of mag-
netization can be achieved in a simple sample
structure by solo electrical means and with
low power consumption characteristics at
room temperature.
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The nanoscale ion migration approach provides
alternative possibilities for modulating the physical
properties of semiconducting materials.2°~2° Very re-
cently, it was reported that both cationic and anionic
species can be manipulated to modulate the magnetic
moment and/or magnetic anisotropy of magnetic
oxides.?”?® Cobalt ferrite (CoFe,0,), which is exten-
sively used as magnetic recording media or used in
electromagnetic and spintronic devices,>**' is another
promising candidate for the realization of electric field
control of magnetization via ion manipulation. Having
an inverse spinel structure (AB,O,), all of the Co*"
cations and half of the Fe*" cations occupy the octa-
hedral sites (referred to B sites) in CoFe,0,4, while the
remaining Fe>" cations stay at the tetrahedral sites
(referred to A sites). The B-site Co® " ion pairs and Fe>*
ion pairs are arranged alternatively along the (110)
directions,®> and Co®" ions are responsible for the
magnetic anisotropy of the material.*® The cations also
have the tendency to migrate through cation vacan-
cies, which can be driven by annealing under magnetic
field to induce the appearance of uniaxial magnetic
anisotropy.>* 38 Comparatively, it is expected that the
external electric fields may also provide the driving
force for nanoscale ion migration®*~*'" and conse-
quently modulate the magnetization of CoFe,0, thin
films with cationic vacancies.

In this work, we theoretically propose that electric
field-induced migration and local redistribution of
the Co®" ions adjacent to the B-site Fe*" vacancies
are capable of inducing unidirectional magnetic
anisotropy in the (110)-textured CoFe,_,04 (CFO) thin
films with Fe vacancies.*> Consequently, it is observed
that nanoscale magnetization reversal can be achieved
in a simple sandwich structure at room temperature via
electrical ion-manipulation with low power consump-
tion characteristics. The electrical modulation of mag-
netization in the CFO thin films is reversible and
nonvolatile in nature and can be further assisted by
the presence of oxygen vacancies. Without the assis-
tance of an external magnetic field, the present strat-
egy of utilizing electric field-induced migration and
redistribution of ionic species to modulate the nano-
scale magnetization at room temperature is consid-
ered more favorable for the construction of novel
spintronic devices.

RESULTS AND DISCUSSION

In order to check the possibility of electrical modu-
lation of magnetization reversal through the ion-
manipulation approach, first-principles calculations
were performed to investigate the correlation between
the electric field-induced ion migration and redistribu-
tion and the magnetic anisotropy of CFO unit cells.
As shown in Figure 1a, the B-site-paired Co’" and
Fe** ions are alternatively arranged along the {110)
direction in an ideal CoFe,O, unit cell. However,
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vacancies usually exist in the physically fabricated
oxide thin films, wherein the nonstoichiometry may
arise from the nonuniform distribution of the ionic
species in the plasma glow or the scattering of the ions
by the residue gas molecules. Calculation results show
that the formation energy of the B-site Fe vacancies is
lower than that of both the Co vacancies and the A-site
Fe vacancies (Figure 1b). Therefore, the B-site Fe
vacancies can be more easily formed in the CFO thin
films. Nevertheless, the Fe vacancy prefers to stay
between the two Co®™ ions with the lowest energy of
this arrangement (Figure 1c). In the case that one Fe3+
ion is missing in the CFO unit cell and generates a B-site
vacancy, when the electric field is applied along the
[T10] direction, the second Co®" ion will further mi-
grate to take the middle cationic vacancy (Figure 1d).
The back-diffusion energy barrier of this Co®" cation is
~0.6 eV, which is sufficient to overcome the thermal
disturbance at room temperature and make the sys-
tem stable. In this circumstance, the redistribution of
the Co®" cation and the cationic vacancy breaks the
symmetry of the unit cell, and the total energy of
the unit cell with its magnetization pointing along
the [110] direction is 1 meV smaller than that with
the magnetization pointing in the opposite direction.
This calculated unidirectional magnetic anisotropy en-
ergy difference (1 meV) is comparable to the magneto-
crystalline anisotropy energy of the CoFe,0, unit cell,
by taking the magneto-crystalline anisotropy energy to
be ~1 x 10° J/m.>** Consequently, the magnetization
energetically prefers to point along [110] direction
after the diffusion of Co®" ions. When the external
electric field is applied along the [110] direction,
the Co®" ion will drift back to its original position
(Figure 1e), and the total energy of the unit cell with
the magnetization pointing along the [110] direction is
2 meV smaller than that with the magnetization point-
ing along the [110] direction. In this case, the preferred
magnetization is aligned along the [110] direction.
Therefore, it is reasonable that the electric field-
induced migration and local redistribution of Co®" ions
can result in the room-temperature magnetization
reversal of the Fe-deficient CFO unit cell and thin film
along the (110) directions.

Aiming to experimentally investigate the effect of
external electric fields on the magnetization reversal, a
100 nm thick SrRuOs3 (SRO) thin film was first prepared
onto the (110)-orientated SrTiO; (STO) single-crystal
substrate by the pulsed laser deposition (PLD) tech-
nique to receive the conducting oxide electrode (see
Methods). Then the (110)-textured CFO thin film with a
thickness of 30 nm was deposited by the PLD tech-
nigue on the SRO/STO structure at an oxygen pressure
of 0.1 Pa (Figure 2a and b). Generally, CoFe,0, is
an inverse spinel ferrite with a cubic Fm3m struc-
ture, while both SrRuOs; and SrTiO3 also have cubic
structures, therefore rendering that (110) textured
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Figure 1. Theoretical model for the electric field-induced magnetization reversal in a CFO unit cell. (a) Lattice structure of an
ideal CoFe,0, unit cell (left panel) and the corresponding (110) plane (right panel). The dashed box marks the distribution of
the cations along the [110] direction. (b) Dependence of the formation energy of the Co vacancy, A-site Fe vacancy, and B-site
Fe vacancy on the oxygen chemical potential. (c) Localized structures of the CFO unit cell with different locations of the Fe
vacancy occupation. (d, e) Localized structures and preferred magnetizations of the CFO unit cell with a Fe vacancy present

along the [110] direction and with different locations of the Co?"

migration of Co?" ions.

CoFe,04 film can be deposited on the (110)-oriented
SrRuO5/SrTi0s.** Although the (110) peak of the pre-
sent CFO thin film was not observed due to the
systematic extinction effect of X-ray diffraction, the
presence of the (220) and (440) peaks observed at 20
values of 30.2° and 62.6°, respectively, nevertheless
confirms that (110) textured CoFe,O, films were
fabricated in the present study. The energy-dispersive
X-ray (EDX) spectrum (Figure 2c) indicates that the
as-fabricated CFO thin film has a Fe/Co atomic ratio of
around 1.9, which is in good agreement with the crystal
model for first-principles calculation where one Fe**
ion is missing in a unit cell. Upon being annealed at
400 °C under a magnetic field of ~2000 Oe perpendicular
to the film surface in a pure N, atmosphere for 10 h, the
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occupation after the occurrence of electric field-induced

samples show out-of-plane uniaxial magnetic anisot-
ropy, with the easy axis aligning along the [110]
direction (Figure 2d).%”

Then the Pt/Ir-coated conductive tip of the scanning
probe microscope (SPM) was used as the counter
electrode to construct the conductive tip/CFO/SRO
sandwich structure and to load the electric field onto
the CFO samples in the conductive atomic force micro-
scopy (C-AFM) mode (Figure 3a). During the C-AFM
operation, the conductive tip was always grounded
and the biased voltage was applied on the SRO elec-
trode. After removing the applied bias voltage, the
magnetic domain structures of the same area were
characterized using a Co/Cr-coated magnetic tip in the
magnetic force microscopy (MFM) mode. As shown in
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Figure 2. (a) X-ray diffractive pattern and (b) cross-sectional scanning electron microscopic image of the as-fabricated
CFO/SRO/STO structure. (c) Energy-dispersive X-ray spectrum and (d) normalized in-plane and out-of-plane magnetic

hysteresis loops of the as-fabricated CFO thin film.

Figure 3b, the as-fabricated CFO film has a nano-
grained single-domain structure with a grain size of
60—70 nm. It is noted that a voltage of larger than 5V
may occasionally cause electrical breakdown and mor-
phology changes of the sample. Thus, the loaded
electric bias was constrained within +4 V throughout
the present study. When a biased voltage of —3 V is
applied onto the CFO film, the area of the yellow-
colored region, which corresponds to the upward-
oriented magnetic domains of the CFO sample with
their interaction between the downward-magnetized
Co/Cr-coated tip being repulsive, increases signifi-
cantly (Figure 3c). On the contrary, the effect of a bias
voltage of 3 Vis to increase the area of the blue-colored
region (Figure 3d and e), with the interaction between
the magnetic tip and the downward-oriented mag-
netic domains being attractive. Therefore, nanoscale
electric field-induced magnetization reversal can be
achieved phenomenologically in the present CFO thin
films at room temperature.

To confirm that the contrast change in the MFM
images and thus the variation of the interaction be-
tween the SPM tip and the sample are magnetic,
the magnetization of the Co/Cr-coated tip is reversed
to scan the same area. For the purpose of a better
illustration, zoomed-in MFM images focusing on single
domains, as highlighted by the red dashed lines
in Figure 4, were investigated. As shown in Figure 4a
and b, the magnetization of the circled area originally
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orienting downward can be readily switched to be
upward, upon being subjected to a biased voltage of
—4V.0Once the magnetization of the Co/Cr-coated SPM
tip was reversed, an almost perfect mirror image with
the yellow and blue regions interchanging their color
codes in good accuracy can be observed (Figure 4c).
A similar phenomenon was reproduced when the
sample was subjected to a biased voltage of 4 V before
being scanned with a reversely magnetized SPM tip
(Figure 4d, e, and f). Therefore, the influence of possible
electrostatic interactions between the CFO thin film
and the Co/Cr-coated magnetic tip can be excluded
confidentially. On the other hand, since the average
value of the current flowing through the sample is
relatively small (in the range of ~200 pA or with a
current density of ~10° A/cm?), the influence of a
possible current-induced magnetic field or spin-torque
effect on the magnetization reversal can be ex-
cluded."* Thus, the observed contrast changes in-
duced by the applied electric fields can be readily
ascribed to the switching of magnetic domains. Con-
sidering that the MFM images reflect only the domain
features of CFO in the direction perpendicular to the
film surface, which is also the easy axis direction of
the sample, the above observation suggests that an
almost 180° magnetization reversal may be realized in
the present study. Nevertheless, the present electric
field-induced magnetization reversal in CFO films
shows a low power consumption of less than 0.1 pW,
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Figure 3. Electric field-induced magnetization reversal in CFO thin films. (a) Schematic illustration of the experimental setups
for the C-AFM and MFM measurements. (b, d) Morphologies of the CFO thin film at the pristine state and (c, e) corresponding
MFM images of the CFO thin film at the pristine state and after being subjected to biased voltages of —3 and 3 V, respectively.

Scale bar: 300 nm.

as estimated with the simple equation
W = PRt m

where | is the average current value read from the
C-AFM measurement (~200 pA), R is the sample
resistance at —4 V (~10"° @, R = dV/dJ), and t is the
C-AFM scanning time at each pixel (~1 ms). Such a
power consumption is at least 10 times smaller than
that of the spin-torque devices.**"*® However, the
speed of the present ion-migration-induced magneti-
zation reversal is probably slower than that of the
magnetic read—write memories. The time required
for switching the magnetization may be further de-
creased by increasing the amplitude of the applied
voltage, according to the ion-hopping model.**>°
The reversibility of the magnetization reversal beha-
vior was further assessed with the applied biased
voltages running in the sequence of 0 V — —4 V —
0OV—4V—0V — —4YV (Figure 5). Initially, the
magnetic domains with magnetization orienting up-
ward and downward can be clearly differentiated in
the fresh CFO sample (D of Figure 5a). After applying
a negative voltage of —2 V onto the thin film, the
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0.2°
0.2°
After reversing tip
magnetization
0.2°
0.2°

After reversing tip
magnetization

After 4V

Figure 4. Verification of electric field-induced magnetiza-
tion reversal by using MFM tips with opposite magnetiza-
tions. MFM images of the CFO thin film (a, d) at the pristine
state, (b, e) after being subjected to biased voltages of
—4 and 4V, and (¢, f) after the reversal of the magnetic tip
magnetization. Scale bar: 100 nm.

yellow-colored regions with the magnetization orient-
ing upward become larger (@®). Further increasing the
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magnitude of the negative voltage continuously drives
the magnetization reversal, and most of the domains
are switched to orienting upward with a negative
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Figure 5. Reversible magnetization reversal under various
electric fields. (a) MFM images of the CFO thin film at the
pristine state and after being subjected to various biased
voltages. Scale bar: 200 nm. (b) Evolution of the contrast
change ratio after being subjected to various biased vol-
tagesin the sequenceOV— —4V—0V—4V—0V——4V.
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voltage of —4 V (®). The magnetization of the CFO
thin film does not change significantly during the
negative voltage decreasing process (@), until the
polarity of the external electric field is reversed. With
an increase in their magnitudes, the application of
positively biased voltages can switch the magnetiza-
tion of the domains to orienting downward gradually
and increase their spatial dimension sequentially
(®—@). The reloading of the negative bias voltages
then recovers the upward-oriented magnetic domain
again (®, ©®). By defining the contrast change ratio as
that between the total areas of the electrically pro-
duced upward-magnetized domains and the initially
upward-magnetized domains, up to ~70% and rever-
sible modulation of the magnetization reversal in CFO
thin films was demonstrated by the application of
external electric fields (Figure 5b). When being sub-
jected to biased voltages, the amount of migrated Co**
ions can be roughly estimated by considering the
probability of ion hopping to adjacent sites along the
direction of the applied electric field,*® which is pro-
portional to sinh(azqE/2kT), where a is the hopping
distance between adjacent sites, zq is the electron
charges of the ion, k is the Boltzmann constant, T
is temperature, and E is the electric field. For the
Fe-deficient CFO film at room temperature, the
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Figure 6. Oxygen pressure dependence of the magnetization reversal in CFO thin films. (a) Ground-state localized structure of
the CFO thin film with a Fe vacancy and an oxygen vacancy present along the [110] direction. (b) Dependence of the formation
energy of a B-site Fe vacancy on the chemical potential of oxygen, with and without the assistance of an oxygen vacancy. (, f)
Morphologies, (d, g) C-AFM images under —4 V, (e, h) MFM images at the pristine state and, after being subjected to biased
voltages of —4 V, of the CFO thin films deposited under an oxygen pressure of 0.1 and 1 Pa, respectively. Scale bar: 150 nm.
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hopping distance a, corresponding to the distance
between the Co?* ion and the adjacent cation vacancy,
is calculated to be around 0.3 nm,>" while zq is 3.2 x
10~'° Cand kT is around 26 meV at room temperature.
Since a biased voltage of +4 V, which correspond an
electric field of 1.33 x 10® V/m in the 30 nm CFO thin
film, can reverse most of the magnetization to the
opposite polarity (Figure 5a), it is reasonable to assume
that the probability of Co®>" ion hopping into the
neighboring cation vacancies under +4 V is 100%.
Similarly, the corresponding probabilities of Co®" ions
hopping to the neighboring cation vacancy, under +1,
=+ 2, and £3 V and with the corresponding degrees of
magnetization change shown in Figure 5b, are esti-
mated to be 17.9%, 38.6%, and 64.9%, respectively.
Calculation results also reveal that the formation
energy of the B-site Fe vacancies can be further
lowered when neighboring oxygen vacancies exist
(Figure 6a and b). As shown in Figure 6c, d, f, and g,
the CFO film deposited at a lower oxygen pressure of
0.1 Pa is more conductive than that deposited at a
higher oxygen pressure of 1 Pa, which suggests that
more oxygen vacancies that act as leaking sites for
charge carrier transportation exist in the former
sample>?>* The presence of a larger amount of
oxygen vacancies may further facilitate the migration
of the Co®" ions in and promote the magnetization

METHODS

Sample Preparation. The SrRuOs thin film was deposited at a
nominal temperature of 750 °C in an atmosphere of pure
oxygen (10 Pa) on a commercially available SrTiOs (110) sub-
strate with a pulsed laser deposition system. The CoFe, O, thin
film was then deposited on the SrRuOs thin film by using the
pulsed laser deposition system as well. The nominal tempera-
ture of CoFe,_,0,4 deposition is around 800 °C, while the oxygen
pressure varied between 0.1 and 1 Pa. The deposition frequency
of both SrRuO; and CoFe,_,0, thin films was set to 2 Hz.

Measurements. The crystal structure was examined with the
X-ray diffraction technique (Huber six-circle diffractometer). The
magnetic hysteresis loops were obtained with a superconduct-
ing quantum interference device (Quantum Design). An atomic
force microscope (Dimension V, Veeco) was used to perform
both the C-AFM and MFM measurements. During the C-AFM
measurement, a conducting cantilever coated with Pt/Ir (PPP-
CONTPt, Nanosensors) was used in the contact mode, and the
contact force was set to around 30 nN. After each C-AFM
scanning operation, additional scanning processes with zero
bias were performed to eliminate any possible electrostatic
charges bound on the film surface. The MFM measurement was
performed at a lift height of 60—80 nm with a magnetic tip
coated with a Co/Cr thin film (MESP, Bruker). Before MFM
measurements, a magnetic field of around 2000 Oe was em-
ployed to initialize the magnetization of the magnetic tip to the
upward or downward orientation. During the measurements,
the tips were always grounded to minimize the noise.

First-Principles Calculation and Modeling. First-principles calcula-
tion was performed based on density functional theory (DFT)
using the Vienna ab initio simulation package (VASP).>® Projec-
tor augmented wave (PAW) potentials were employed to model
the electron—ion interaction.”® Generalized gradient approxi-
mation (GGA)®® with Perdew—Burke—Ernzerhof (PBE)®' func-
tions was used to approximate exchange and correlation effects
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reversal of the CFO films under electric fields.>> >’ As a
result, we observe that the magnetization modulation
of the CFO film deposited at a lower oxygen pressure of
0.1 Pa (Figure 6e) is relatively easier than that of the
samples fabricated at high oxygen pressures (e.g., 1 Pa,
Figure 6h).

CONCLUSIONS

To summarize, we have both theoretically and ex-
perimentally demonstrated that room-temperature
manipulation of the nanoscale magnetization reversal
can be achieved by merely applying external electric
fields onto Fe-deficient cobalt ferrite thin films. The
electric field-controlled magnetization reversal is non-
volatile and reversible, which can be modulated by
tuning the polarity and amplitude of the applied
electric fields. First-principles calculation results sug-
gest that the observed magnetization reversal can be
attributed to the reversible migration and redistribu-
tion of Co>* ions between Fe vacancies and is assisted
by the presence of oxygen vacancies, which in turn
result in the unidirectional magnetic anisotropy of the
sample along the (110) directions. Such a concept of
modulating magnetization by nanoscale ion manipu-
lation through electrical means is also expected to be
applicable to other magnetic materials, which may
help to realize the low-power spintronic devices.

for structural relaxation. The cutoff energy for the plane-wave
basis restriction was set at 400 eV in all calculations. K-points
for the Brillouin-zone integration were sampled under
Monkhorst—Pack.5? The structures were fully relaxed until the
forces acting on all atoms were less than 0.02 eV/A and the self-
consistency accuracy for electronic loops reached 10~ eV. Our
simulated lattice parameters of an unstrained bulk Co-ferrite
unit cell are @ = b = ¢ = 8.349 A. The formation energies of ion
vacancies were calculated in a neutral state with the following
equation: 2 = B3¢ — E, + EXeS., where E{3 is the total energy
of the unit cell with vacancy defect (Vac = Vo, Vo, Vreas OF Vies),
E%, is the total energy of the perfect Co-ferrite unit cell, and

vac Lis the energy of the corresponding isolated vacancy atom
(O, Co, Fep, or Fep) in a vacuum. The migration barriers for
defects motion in Co-ferrite were calculated by the nudged
elastic band method (NEB) of the VTST code as implanted in
VASP.®*54 The images of NEB were relaxed until the maximum
residual force was less than 0.02 eV/A. Uniaxial magnetic
anisotropy along the [110] and [110] directions was simulated
by noncollinear calculations, which were performed by con-
sidering spin—orbital coupling using the algorithm implanted
in VASP by Hobbs et al.%®
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