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Interfacial structure and magnetic coupling at Fe;O4/FeO (001) and (111) interfaces
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Heterointerfaces between ferromagnetic and antiferromagnetic materials play an important role in the devel-
opment and applications of magnetic and electronic devices. Here, atomic and electronic structures of two types
of Fe;04/FeO interfaces with different magnetic coupling modes have been investigated by combining advanced
transmission electron microscopy and first-principles calculations. It is found that the Fe;O4/FeO (001) and
Fe;0,4/FeO (111) interfaces can be formed between FeO and Fe;O4 due to different phase transformations.
The Fe;04/FeO (111) interface is generally closer to the steady state. The electronic structure of both types
of Fe;04/FeOQ interfaces changes significantly, which leads to a metal-insulator transition of the Fe;O,4 layer at
the interfaces. The energy difference between the ferromagnetic and antiferromagnetic coupling states across
the Fe;04/FeO interfaces is very small, indicating that magnetic flip-flopping easily occurs in the Fe;O,/FeO
system. The atomic magnetic moment of the interfacial Fe atoms at the Fe;O,4/FeO (001) interface decreases by
~10% due to the preferentially occupied dy, and dy, orbitals, while that at the Fe304/FeO (111) interface remains
almost unchanged. These findings suggest that the Fe;O4/FeO interfaces are susceptible to magnetic coupling

transition and may find applications in low-power consumption magnetic and electronic devices.
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I. INTRODUCTION

Ferromagnetic (FM) materials are widely used in the field
of magnetic recording and storage [1-5]. With the explosive
data growth, the energy consumption for information record-
ing and storage increases rapidly, which is partly due to the
ineffective Joule heat of the current for the generation of
magnetic field. In addition, magnetic memory devices based
on FM materials are easily disturbed by the surrounding
stray magnetic field, thereby resulting in “demagnetization”
and data loss [6]. To increase the stability of magnetic stor-
age information, ferromagnetic/antiferromagnetic (FM/AFM)
systems have become the popular design for high-density
recording media since AFM materials have an exchange bias
effect on the pinned FM materials [5,7,8].

It is generally accepted that the exchange bias effect is
macroscopically manifested as the shift of the hysteresis line
with respect to the zero field, and microscopically the ex-
change bias originates from the exchange coupling of the
uncompensated magnetic moments at the interface [5,9-12].
This effect has been widely used in a variety of magnetoelec-
tric devices, such as readout heads of computers and various
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magnetic sensors [13], but the intrinsic mechanism has not
been completely revealed so far. Therefore, the FM/AFM in-
terface effect should be approached from a more microscopic
perspective to reveal the source of the bias effect at the inter-
face and to regulate the interface magnetism.

Depending on the AFM material, FM/AFM films can be
classified into three categories, including metal oxide films,
metal films, and a third category of films such as sulfides,
nitrides, fluorides, etc. [5,12,14—16]. The metal oxide films
are more prominent in terms of pinning. As spintronics and
magnetism develop, magnetite (Fe;O,) attracts the interest
of many scientists with the characteristics of high spin po-
larization, high Curie temperature, and excellent resistivity
suitability to semiconductors. Many different magnetic cou-
pling mechanisms occur for the diverse defect structures
such as antiphase boundaries [17,18], twin boundaries [19],
etc. Fe;04 is a FM material, which can be pinned by other
AFM materials BaFeO3, CoO, FeO, etc. [20-25]. Due to
the intriguing magnetic properties and potential applications,
a number of studies on Fe304/FeO core-shell or composite
nanoparticles were carried out. For example, Swiatkowska-
Warkocka et al. fabricated Fe;O4/FeO composite particles by
pulsed laser deposition (PLD) and controlled the exchange
bias by varying the laser energy [21]. Lak et al. fabricated
monodisperse Fe;O4/FeO nanoparticles with different mean
sizes and volume fractions of FeO synthesized via decompo-
sition of iron oleate, and investigated the size effect on the
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exchange bias energy and magnetic properties [26]. Estrader
et al. investigated the correlation of magnetic properties of
Fe,O/Fe;04 nanoparticles with different sizes and proposed
an explanation for magnetic diffusion [27]. Phan et al. studied
the exchange bias mechanism in the Au/FeO/Fe;O4 system
[28]. However, due to lack of direct atomic-resolution imaging
of the Fe;04/FeO interface, the atomic structure, electronic
properties, and magnetic coupling states at this interface re-
main almost unexplored.

In this work, to reveal the atomic origin of magnetic be-
haviors at FM/AFM interfaces, a combined study of scanning
transmission electron microscopy (STEM) imaging, electron
energy loss spectroscopy (EELS) and first-principles calcu-
lations is carried out to investigate the atomic and electronic
structures and magnetic coupling at the Fe;O4/FeO heteroin-
terfaces. The results will benefit the design and development
of advanced magnetic and electronic devices.

II. EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGY

Single-crystalline FeO (001) substrate with purity of 99.99
wt % (Crystal Base Co., Ltd) was used for the fabrication
of the Fe;04/FeO (001) interface. TEM foils were prepared
through procedures of cutting, mechanical grinding, dimpling,
and Ar ion milling. The final Ar ion milling was conducted on
a precision ion polishing system (Model 691, GATAN) with
pressure of ~1 x 10~* Pa whose accelerating gun voltage was
set as 1-4 kV and incident beam angle as 4-5°. Although the
ion milling was carried out at room temperature, the sample
temperature during ion milling was estimated as ~100 °C due
to the temperature rising effect by ion milling. Since the FeO
is a metastable phase, a layer of Fe;O; thin film was formed
on the top and bottom surfaces of the FeO samples due to
the oxidation of FeO during the ion milling [29-31]. e-Fe, 03
films were used for the fabrication of the Fe;04/FeO (111) in-
terface. e-Fe, O3 films were grown on SrTiO3 (111) substrates
by PLD using a commercial «-Fe,O; target, a substrate tem-
perature of 825 °C an oxygen pressure of 10 Pa, a laser beam
frequency of 5 Hz, and a laser energy density of 1J/cm?.
TEM specimens were fabricated through the above-mentioned
procedures.

STEM observations were conducted by using 200-kV
STEM (ARM 200FC, JEOL) and 300-kV STEM (Spec-
tra 300, FEI) with pressure of 10> Pa in the specimen
chamber. For STEM imaging, a probe size of ~1 A and a
probe convergence angle of ~25 mrad were adopted. The
collection semiangles of detectors for high-angle annular
dark field (HAADF) imaging were 68-280 mrad. Simulations
of HAADF images were performed using the quantitative
TEM/STEM simulations (QSTEM) based upon the multislice
theory with frozen phonon modeling method [32,33]. For the
HAADF image simulations, an acceleration voltage of 200
kV, a Cs of 0.01 mm, a source size of 0.12 nm, a probe
convergence angle of 30 mrad, and a collection semiangle
of 68—280 mrad were used. The Fe;O4/FeO supercell with
a dimension of 22.69 A x 22.69 A x 26.66 A was adopted for
the image simulations. The assumed slice was 1.33 A. EELS
spectra of pure FeO were obtained using a crashed sample
without Ar ion milling.

First-principles calculations based on density functional
theory (DFT) [34,35] were carried out using the Vienna Ab ini-
tio Simulation Package (VASP) [36,37]. A generalized gradient
approximation (GGA) in the form of the Perdew-Burke-
Ernzerhof (PBE) [38] generalized function was employed.
The projector augmented wave (PAW) [39,40] pseudopoten-
tial method was used, where the plane wave energy cutoff was
500 eV. The Fe 3d° 4s% and O 2s% 2p* were treated as valence
states. The conventional GGA (PBE) method and the GGA +
U method were compared, and the effective Hubbard parame-
ter Uer = 3.8 eV for Fe ions was finally chosen based on the
available experimental results (Usgr = U — J). A ferromag-
netic model and an antiferromagnetic model for Fe;04/FeO
(001) and a majority-spin model and a minority-spin model
for Fe;04/FeO (111) are considered. v/2a; x /2a; x a; FeO
cells (a; = 4.3A) and a» x a» x a; Fe30; cells (a, = 8.4 A)
were modeled in a 5:4 ratio for the Fe;04/FeO (001) interface.
The Fe;04/FeO superlattice model was established to obtain
the appropriate interface spacing by structural optimization,
and then the slab model was established based on the obtained
interface spacing to ensure that different interfaces can be cal-
culated separately. For the structural optimization, all atomic
Hellmann-Feynman forces were less than 30 meV/A. 2 x 2 x
1 and 6 x 6 x 1 Monkhorst-Pack k point meshes [41] were
used for type A and type B supercells. The surfaces of the slab
models were fixed during the calculations.

III. RESULTS AND DISCUSSION

Epitaxial Fe;04/FeO (001) samples were fabricated
through an oxidation transformation of FeO during the Ar ion
milling under a pressure of ~1 x 10~*Pa (see details in the
Methods section). The plane-view bright-field transmission
electron microscopy (TEM) image of the sample is presented
in Fig. 1(a), in which wrinkleslike contrast appears due to the
formation of Fe;Oy4 on the surfaces of FeO. Figure 1(b) shows
the corresponding composite selected area electron diffraction
(SAED) pattern viewed along the [001]g.o axis, which is
featured with double diffraction spots originated from moiré
fringes. This SAED pattern indicates that Fe;O4 grows epi-
taxially on the FeO substrate with the orientation relationship
of [001](110)e,0,//[001](010)kc0; the lattice matching rela-
tionship is 5:4. To further confirm the coexistence of Fe;O4
and FeO, EELS spectra were obtained. Fe-L, 3 and O-K edges
obtained from the pure FeO (blue, crashed sample) and the
FeO sample with Fe;Oy (red, ion-milled sample) are shown in
Figs. 1(c) and 1(d), respectively. As can be seen, the Fe-L; 3
edge of the ion-milled FeO sample shifts toward the high-
energy direction compared to that of pure FeO. It suggests
that the valence state of Fe ions in the ion-milled FeO sample
is higher than that of pure FeO, which is consistent with the
formation of Fe;O4 due to the oxidation of FeO during Ar ion
milling [42].

The switching of magnetic coupling states between Fe;Oy4
and FeO was investigated by the longitudinal magneto-optical
Kerr effect (MOKE) with a laser diode (wavelength, 670 nm;
beam diameter, ~0.2 mm). Figure 2 shows the Kerr micro-
scope images of the Fe;O4/FeO (001) sample subjected to
an external magnetic field of (a) 0 Oe, (b) 2550 Oe, and
(c) —3000 Oe. Light and dark contrast correspond to the up
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FIG. 1. TEM characterizations of FeO samples prepared by
Ar ion milling. (a) Bright-field TEM image viewed along
the [001] axis. (b) Corresponding composite SAED pattern
of FeO and Fe;O,, indicating the orientation relationship of
[001](110)ge,0,//[001](010)kco. (c) Fe-L, 5 edges and (d) O-K edges
obtained from the pure FeO (blue, crashed sample) and the FeO
sample with Fe;O, (red, ion-milled sample). The Fe-L, 3 edge of the
ion-milled sample shifts toward the high-energy region.

and down magnetizations, respectively. As can be seen, the
magnetic domains change the direction of magnetic moments
when applying positive and negative external magnetic fields.
It suggests that the magnetic coupling states between Fe;O4
and FeO can be switched between ferromagnetic and anti-
ferromagnetic couplings. However, it is still not clear which
magnetic coupling is the intrinsic and energetically favorable
one.

To reveal the atomic structure of heterointerfaces, it is
sure that high-resolution observations from the cross-sectional
direction are more direct and helpful. However, in this study,
the Fe;O4 phase was formed due to the oxidation of FeO
during the Ar ion milling of plane-view TEM samples. Thus,
the Fe;0, thin layers epitaxially grew on the up and bottom
surfaces of the FeO TEM thin foils and the Fe;O4/FeO (001)
interface was parallel to the surface of TEM thin foils. As
a result, TEM observations of the Fe;O04/FeO (001) inter-
face along the cross-sectional direction are difficult. Thus,
atomic-resolved high-angle annular dark field (HAADF) im-
ages of the ion-milled Fe;O4/FeO sample were obtained from
the plane-view direction, and the results were presented in
Fig. 3. For better presentation, the HAADF images were
colored. Clearly, there are square units with strong-weak con-
trast periodically appearing in the HAADF images due to the
formation of moiré fringes. Based on the orientation relation-
ship between Fe;0,4 and FeO and the information of atomic
structure conveyed by Fig. 3(a), several possible models of
the Fe;O4/FeO (001) interface are built and relaxed by DFT
calculations. Figures 3(d) and 3(e) show model I and model
II of the Fe3;04/FeO (001) interface whose atomic structures
cannot be distinguished from the top view direction. The
simulated HAADF images using model I and model II are

OF -

FIG. 2. Kerr microscope images of the Fe;O04/FeO sample sub-
jected to external magnetic field of (a) 0 Oe, (b) 2550 Oe, and (c)
—3000 Oe. The magnetic domains change the direction of magnetic
moments when applying positive and negative external magnetic
fields.

the same and are shown in Fig. 3(c). The simulated HAADF
image matches well with the experimental ones [Figs. 3(a) and
3(b)]. It suggests that model I and model II are two possible
and reasonable models for the Fe;04/FeO (001) interface.

Epitaxial Fe;04/FeO samples with another orientation re-
lationship were fabricated through a reduction transformation
of e-Fe;03 thin films (see details in the Methods section).
Compared with previous studies [43], the present work clearly
obtains the atomic-resolution STEM images and investigates
the electronic structure and magnetic coupling at the inter-
face. Figures 4(a) and 4(b) show the HAADF and annular
bright field (ABF) images of the Fe;O4/FeO (111) inter-
face. The orientation relationship between Fe;O, and FeO
is [112](111)ge,0,//[112](111)g0. The HAADF image can
only present Fe atoms of iron oxides while the ABF image
can present clearly both Fe and O atomic columns. An atomic
model is inserted in the ABF image to better understand the
interfacial structure. The interface is denoted by the arrows. It
can be seen that the epitaxial growth between Fe;04 and FeO
is perfect and this interface is very flat.

The formation energies of both Fe;O4/FeO interfaces were
calculated by the first-principles calculations. All superlattice
model structures were first preprocessed with full relaxation
to determine the interface spacing and the number of atomic
layers affected by the interface. The results show that the
length influenced by the interface is about 5 A along the z axis
(four atomic layers). Slab models were then reconstructed to
calculate the interfaces separately. The four atomic layers at
the surfaces of slab models were fixed during the calculations.
For the Fe;O4/FeO (001) interface, the formation energy of
model I is 10 eV lower than that of model II, and the in-
terfacial formation energy differs by 470 mJ/m?. So it can
be determined that the stable configuration of Fe3;O4/FeO is
model I. For better determination of the magnetic coupling
mechanism accompanying the interface, the electronic and
atomic structures of the FM or AFM coupling heterogeneous
interfaces were calculated separately. The energy of AFM
coupling interface is just 34 mJ/m? lower than that of the
FM one, which implies that the magnetic moment switching
of Fe;04 can be achieved under the action of small external
fields.

The modulation of magnetic properties largely depends on
the regulation of atomic and electronic structures, since any
disturbance to the crystal structure in oxide magnetic systems
may dramatically alter the properties such as conductivity
and magnetic ordering. This is due to the fact that the local
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FIG. 3. HAADF images and atomic models the Fe;04/FeO (001) interface. (a) Experimental HAADF images of the ion-milled Fe;O4/FeO
sample obtained from the plane-view direction ([001] axis). (b) HAADF image showing the enlarged 3 x 3 superlattice from the red frame
of (a). (c¢) Simulated HAADF images using model I and model II. (d), (e) Possible atomic models (model I and model II) of the Fe;0,/FeO
interface. O atoms, spin-up, and spin-down Fe atoms are shown with yellow, green, and blue balls, respectively.

properties of electron hopping mechanisms and superex-
change interactions strongly depend on the local atomic
alignment and structures [44]. The two types of Fe;04/FeO
interfaces and the accompanying two different modes of mag-
netic coupling are further investigated. The density of states
(DOS), local density of states (LDOS), and projected den-
sity of states (PDOS) are plotted. As shown in Fig. 5 for
DOS and LDOS of the atomic layers at the Fe;O4/FeO (001)
interface [shaded parts in Figs. 5(b) and 5(e)], the FM and
AFM interfaces show almost the same electronic structures,
which is the reason for the small value of the formation
energy difference. Figures 5(a) and 5(d) show the DOS of
the bulk Fe;O, and bulk FeO, exhibiting semimetallic and
AFM insulating properties, respectively. Figures 5(c) and 5(f)
show LDOS of Fe atoms at the interface in Fe;O,4 and Fe
and O atoms at the FeO interface, plotted with red, green,
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FIG. 4. HAADF and ABF images of the Fe;04/FeO (111) in-
terface obtained from the e-Fe,O; sample after two-step-reducing
reaction. (a) Experimental HAADF image viewed along the [112]
zone axis. (b) Corresponding ABF image with an inserted atomic
model. The interface is denoted by the red arrows.

and purple lines, respectively. It is noteworthy that Fe;O4
exhibits a metal-insulator transition in Figs. 5(c) and 5(f). The
band gap of 0.34 eV at the interface is much smaller than the
band gaps of 0.90 eV for Fe;O4 and 1.63 eV for FeO. No
electronic states occupy the Fermi level, exhibiting insulating
properties.

A large lattice distortion is observed at the Fe;O4/FeO
(001) heterointerface, where FeO is subjected to in-plane
tensile stress and Fe; Oy is subjected to in-plane compressive
stress. Figure 6 presents the atomic structures and PDOS
of Fe;0, at the interface layer. Figures 6(a) and 6(b) show
the atomic positions after relaxation at the AFM and FM
interfaces respectively, producing atomic displacements and
reduction in the atomic layer spacing compared to the initial
model. Magnetic analysis reveals that the magnetic moments
of Fe atoms in the Fe;O4 layer in the blue box are reduced.
The magnetic moments of Fe atoms away from the inter-
face layer are between 3.93uz to 4.17u; and —4.07ug to
—4.03ug, while those at the interfaces are 3.61ug to —3.66u5
and —3.65u; to —3.56py;. The atomic spin directions at the
interfaces remain unchanged and the magnetic moments are
reduced by about 10%. Figures 6(c)-6(e) show the PDOS
of the bulk Fe;04, FM, and AFM interface of Fe;04/FeO,
respectively. Comparing the PDOS of bulk and the interfaces,
we can see that partial dy, and dy, orbitals (green and red
lines) at the interfaces shift from the conduction band to the
valence band. It indicates that the electrons increase at the
interface compared to the bulk Fe;Oy4, and dy, and dy, orbitals
are preferentially occupied by the electrons, as shown with the
black arrow. These results show that a large distortion at the
interface makes the dy, and dy, orbitals of the interfacial Fe
atoms preferentially occupied by the electrons, leading to the
reduced valence state and magnetic moments of the interfacial
Fe atoms, and therefore cause the metal-insulator transition.
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On the other hand, the atomic structure of FeO at the
interface exhibits obvious lattice distortion, showing a jagged
structure, as shown in Figs. 6(d) and 7(a). The corresponding
PDOS of Fe and O atoms of a FeO atomic layer in the bulk and
at the interface are shown in Figs. 7(b) and 7(c) and Figs. 7(e)
and 7(f). The interfacial FeO layer still exhibits the insulating
character like that in the bulk but the band gap decreases
from 1.30 eV to 0.34 eV. Electrons near the Fermi level in
the FeO bulk occupy dy._,» orbitals, while at the interface the
occupation in the dy»_,> orbitals observably reduces and the
electrons emerge to occupy dy, and dy, orbitals, denoted by
the black arrow in Fig. 7(e). This change corresponds to the
preferentially occupied dy, and dy, orbitals of the interfacial
Fe atoms in Fe;O4. The coupling between Fe;O4 and FeO
across the interface is through the dy, and dy, orbitals. It
reveals that the obvious lattice distortion splits partial dy2_y»
orbitals of FeO to higher energy levels, resulting in the cou-
pling between Fe;04 and FeO across the interface through the
preferentially occupied dy, and dy, orbitals.

For comparison with the Fe;O4/FeO (001) interface,
the Fe;O4/FeO (111) interface is further explored by first-
principles computations. Figures 8(a) and 8(d) show the
majority-spin and minority-spin models of the Fe;O4/FeO
(111) interface, which are defined by the spin of the Fe atoms
of Fe;Oy, at the interface. The interface is denoted by the red
dashed line. The black box indicates the Fe;O4 and FeO in
the interface layer. Figures 8(b) and 8(e) show the LDOS and
Figs. 8(c) and 8(f) show the PDOS of Fe;O,4 at the inter-
face. The atomic distortion at this interface is much smaller
compared to the Fe;04/FeO (001) interface. The Fe atomic
magnetic moment of the Fe;O4 interface layer is 3.7 — 4.1ug,

similar to that of the away-from-interface layer, which is dif-
ferent from the reduced magnetic moment at the Fe;O04/FeO
(001) interface. The band gap at the majority-spin interface of
Fe;04 and FeO is about 0.17 eV, and the electronic states at
the Fermi energy level mainly originate from the dy, and dx,
orbitals. Defect states appear at the minority-spin interface,
which originates from the Fe atoms in FeO (Fig. 9), while the
states of dy, orbitals of Fe atoms in Fe30, at the Fermi energy
level disappear. It can be concluded that the difference in the
atomic structure of the two types of interfaces is small but the
deference in the electronic structure is obvious.

Figures 9(b) and 9(c) show the PDOS of Fe atoms in FeO
at the majority-spin and minority-spin interface. The dy, and
dy, orbitals of Fe atoms in FeO at the top of the valence band
and the bottom of the conduction band correspond to those in
Fe3; 0y, indicating that the coupling between Fe;O4 and FeO
across the Fe304/FeO (111) interface is also through the dy,
and dy, orbitals. The defect states at the minority-spin inter-
face mainly come from the dyy orbitals, as shown in Fig. 9(c).
In contrast, the corresponding dx, orbitals appear at the top of
the valence band at the majority-spin interface, as shown in
Fig. 9(b). The dyy orbitals have similar energies with those of
the dy, and dy, orbitals at the majority-spin interface, while
the dy, orbitals at the minority-spin interface are shifted to
higher energy levels. Thus the spin inversion of Fe;O, at the
Fe;04/FeO (111) interface can induce orbital splitting in FeO,
which is not found at the Fe;04/FeO (001) interface, though
the couplings across the two interfaces are both through
the dy, and dy, orbitals. It can be seen that the effect of the
coupling between FeO and Fe;O, is closely related to the
orientation of the interface.
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FIG. 8. Atomic structure and density of states at the Fe;O0,4/FeO (111) interface. (a), (d) Atomic models of majority-spin and minority-spin
interfaces. The red dashed lines show the interfaces. The interfacial Fe atoms are denoted in the black box. (b), (¢) LDOS at the majority-spin
and minority-spin interfaces. (c), (f) PDOS of interfacial Fe atoms in Fe;Oy.

IV. CONCLUSIONS

In this study, atomic and electronic structures of
Fe3;04/FeO heterointerfaces with two orientation relationships
are investigated by means of TEM and first-principles calcu-
lations. For the Fe;04/FeO (001) interface, interesting moiré
fringes were observed. The stress effect at the interface and the
disruption of the crystal field cause a strong lattice distortion,
leading to a metal-insulator transition in the Fe;O4 atomic
layer at the interface. Due to the lattice distortion, the dy,
and dy, orbitals of the interfacial Fe atoms are preferentially

occupied by the electrons, which reduces the valence state
and magnetic moments of the interfacial Fe atoms. For the
Fe3;04/FeO (111) interface, the action of Fe in interfacial FeO
on the Fe valence electrons in Fe;0, leads to the appearance
of defect energy levels at the AFM coupling interface, which
induces a magnetic flip of Fe;04. The AFM coupling at both
types of Fe;O4/FeO interfaces is more stable than the FM
coupling, but the energy difference between AFM and FM
coupling is small. This feature of the Fe;04/FeO interface will
benefit its applications in low-power consumption magnetic
and electronic devices.

PDOS

PDOS

Energy

Energy

FIG. 9. Schematic of PDOS of the individual orbitals of Fe in FeO. (a) Modeling of the Fe;O04/FeO (111) interface. (b), (c) PDOS of Fe

atoms in FeO in the majority-spin and minority-spin interfaces.
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