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ABSTRACT

We investigate the magnetic and electronic properties of Co films on Fe3O4(001) achieved through epitaxial growth using magnetron sput-
tering. X-ray magnetic circularly dichroism measurements characterize the atomic magnetism. Compared to Co films on the MgO substrate,
Co on Fe3O4 exhibits a 96% enhancement in orbital magnetic moment (from 0.25 to 0.49 μB/atom) and an increase in spin magnetic moment
(from 1.37 to 1.53 μB/atom), resulting in an increased mratio(ml/ms) from 0.18 to 0.32. This enhancement of the orbital moment emerges as
a consequence of the interface interaction between Co and Fe3O4. Density functional theory calculations attribute this heightened orbital
magnetic moment to the robust electronic exchange interactions. Our findings not only offer insights into the modulation of magnetic
and electronic characteristics in Co-based magnetic heterostructures but also provide valuable implications for the potential application of
magnetic oxide/ferromagnetic heterostructures in future spintronic devices.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0176740

INTRODUCTION

Manipulating the spin and orbital magnetic moments is key in
applications of spintronic devices. Cobalt is a widely used magnetic
material in the field of spintronics.1 The robust magnetic properties
of Co at room temperature have led to its widespread use in prac-
tical spintronic devices, especially as a highly spin-polarized spin
injection and detection electrode.2–4 There have beenmany reported
works on the enhancement of orbital magnetic moment in Co
induced by the ferromagnet (FM)/non-magnet (NM) interfaces.5–7

Demonstrations in previous studies indicate a twofold enhance-
ment of the orbital moment in the first layer of Co grown on a

Cu(100) surface compared to the bulk.8 Another investigation on
epitaxially grown Co on Cu (001) revealed a 15% increase in spin
magnetic moment, along with 96% and 53% increments in orbital
magnetic moments parallel and perpendicular to the surface, respec-
tively.9 A separate study observed a notably enhanced perpendicular
Co orbital moment in Co/Pt multilayers exhibiting perpendicular
magnetic anisotropy (PMA).10

In recent years, there has been a growing body of research
on heterostructures involving combinations of magnetic oxide and
ferromagnetic layers. For example, a study demonstrated the effec-
tive elimination of spin backflow and spin-memory loss at Pt-
based heavy metal–ferromagnet interfaces by inserting an insulating
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paramagnetic NiO layer of optimum thickness in the heavy
metal/NiO/ferromagnetic metal structure.11 Another investiga-
tion reported the temperature-dependent damping-like spin–orbit
torque (SOT) in Pt/NiO/CoFeB, showing a reversal of sign below
certain temperatures, in contrast to the slight variation with tem-
perature observed in the Pt/CoFeB bilayer.12 In addition, another
study detailed the experimental demonstration of deterministic
current-induced spin–orbit torque (SOT) switching in a mag-
netic heterostructure comprising Fe2O3/Ta/CoFeB/MgO, showcas-
ing robust perpendicular anisotropy. The findings revealed that the
Fe2O3 underlayer significantly reduces the critical magnetization
switching current by 70% and enhances the efficiency of the SOT
current-driven switching process.13

However, studies on the magnetic moment of ferromagnetic
thin films in magnetic oxide/ferromagnetic heterostructures are still
limited. Notably, magnetite (Fe3O4) has emerged as a particularly
promising candidate due to its high-temperature stability and robust
ferrimagnetism. Theoretical predictions have indicated that Fe3O4

exhibits a 100% spin polarization near the Fermi level (EF).
14,15

This unique property has generated significant interest in Fe3O4 as
a potential material for spintronics.16,17 Therefore, demonstrating
the enhancement of the orbital moment in the Co/Fe3O4 system
contributes to a deeper understanding of the interplay between
the magnetic layer and the magnetic oxide layer. The significant
enhancement of the orbital moment in this system offers possibil-
ities for tailored spin manipulation and control, which are crucial
for the development of advanced spintronic devices. Specifically, we
observe a nearly doubled orbital magnetic moment in Co thin films
grown on Fe3O4, providing a new opportunity to tune the magnetic
and electronic properties of Co-based spintronic devices.

EXPERIMENTAL

In this work, Co/Fe3O4 heterostructure thin films were epitax-
ially grown on MgO(001) substrates using magnetron sputtering.
More specifically, a high-quality Fe3O4(001) thin film was grown
by sputtering a pure iron target in a magnetron sputtering system,
introducing a mixture of argon and oxygen gases. As shown in
Fig. 1(a), the MgO substrate was annealed at 500 ○C for 60 minutes
under a base pressure of 1 × 10−8 Torr, and the reflection high-
energy electron diffraction (RHEED) patterns revealed a remarkably
smooth surface of the substrate.18 The RHEED measurements were
in situ performed after the growth of each layer. MgO belongs to the
cubic crystal system, and the RHEED patterns of MgO(001) exhibit
two distinct directions, MgO[001] andMgO[0–11]. The other direc-
tions share the same symmetry and are equivalent due to the crystal’s
symmetry properties. Hence, we present RHEED patterns along
these two directions. Then the substrate temperature was fixed at
300 ○C during the Fe3O4 deposition process. An RF power source
was utilized, with the flow rate of oxygen controlled at 1.5 SCCM and
the flow rate of argon at ∼50 SCCM. Figure 1(b) shows the RHEED
pattern of the 3 nmFe3O4(001) film grown on aMgO(001) substrate.
The image confirms a specific (√2 ×√2)R45○ reconstruction of the
Fe3O4(001) surface.

18,19 The sharp and distinct RHEED lines as well
as the appearance of Laue oscillations in Fig. 1(b) indicate that the
grown film is a single-crystal Fe3O4 film with a highly well-ordered
and flat surface.19,20 In consideration of the limited detection depth

FIG. 1. Reflection high-energy electron diffraction (RHEED) patterns of the (a)
MgO(001) substrate, (b) 3 nm Fe3O4 film, and (c) 3 nm fcc Co film. (d) Fe 2p x-ray
photoemission spectroscopy (XPS) spectra of the 3 nm Fe3O4 film. The absence
of a satellite peak confirms the nonexistence of γ-Fe2O3.

in x-ray magnetic circularly dichroism (XMCD) testing,21 a 3 nm
epitaxial single-crystal Co thin film with an fcc structure22 was
subsequently grown on the Fe3O4(001) thin film bymagnetron sput-
tering at room temperature, as shown in Fig. 1(c). Numerous studies
have emphasized the feasibility and significance of achieving single-
crystalline growth under notable interfacial strain conditions.23,24 It
is worth noting that the lattice constant of MgO is 4.216 Å while that
of Fe3O4 is 8.396 Å, nearly double that ofMgO. Therefore, Co grown
on both substrates exhibits a similar lattice mismatch and resulting
strain state. Ultimately, a 2 nmTa capping layer was grown to protect
the film from oxidation.

The Fe 2p core-level x-ray photoemission spectroscopy (XPS)
spectra of the Fe3O4(001) film are presented in Fig. 1(d). The spec-
trum exhibits two distinctive Fe3O4 peaks at 711 and 724 eV, which
correspond to the binding energies of Fe2+ 2p3/2 and Fe2+ 2p1/2,
respectively.25–27 No satellite peaks were observed, thereby excluding
the possible presence of γ-Fe2O3.28 The metal–insulator transition,
known as Verwey transition, is a defining characteristic of Fe3O4 and
serves as strong evidence for the high quality of the magnetite thin
films that we have grown.29 Figure S1(a) shows the resistivity as a
function of temperature for the 40 nm Fe3O4 film, and the Verwey
transition occurs around 130 K (TV ), which is consistent with that
reported in other studies.30–33
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Themagnetic analysis of the grown films was ex-situ carried out
using a vibrating sample magnetometer (VSM) and x-ray magnetic
circularly dichroism (XMCD) measurements. XMCD is regarded as
one of the most promising experimental techniques for determin-
ing the magnetic moments in ultrathin films.34 The x-ray absorption
(XAS) was measured at room temperature under an applied mag-
netic field of 4000 Oe parallel to the sample plane by total electron
yield (TEY) detection.21 The 100% circularly polarized x rays were
incident at an angle of 30○ with respect to the sample plane.9,35

During testing, we employed continuous sweeps, and at each mea-
surement point, a dwell time of 1.5 s was utilized. By utilizing the
so-called sum rules, XMCD provides valuable insights into the spin
and orbital magnetic moments separately, allowing for more precise
evaluation.36,37

RESULTS AND DISCUSSION

The magnetic hysteresis loops of the 3 nm Fe3O4 film with an
applied magnetic field along the MgO[001] and MgO[0–11] direc-
tions are shown in Fig. 2(a). The saturation magnetization (Ms) of
the thin film is ∼450 ± 21 emu/cm3 along the MgO[001] direction,
which is slightly lower than the value of 480 emu/cm3 for bulk mag-
netite.38 Themagnetic hysteresis loops of theMgO/Fe3O4 (3 nm)/Co

FIG. 2. Vibrating sample magnetometer (VSM) magnetization curves of the (a)
3 nm Fe3O4 film, (b) MgO/Co (3 nm)/Ta film, and (c) MgO/Fe3O4 (3 nm)/Co
(3 nm)/Ta film. (d) Fe L2,3-edge x-ray absorption (XAS) and x-ray magnetic circu-
larly dichroism (XMCD) spectra of the Fe3O4 in MgO/Fe3O4 (3 nm)/Co (3 nm)/Ta
thin film. Co L2,3-edge XAS and XMCD spectra of the (e) MgO/Co (3 nm)/Ta film
and (f) MgO/Fe3O4 (3 nm)/Co (3 nm)/Ta film.

(3 nm)/Ta film are shown in Figs. 2(b) and 2(c). The magnetic hys-
teresis loop in the M–H curve shows a consistent magnetization
reversal behavior in the MgO/Fe3O4 (3 nm)/Co (3 nm)/Ta thin film.
This indicates a well-defined magnetic anisotropy in the film and
suggests a potential for its application in spintronic devices. It is
worth noting that the decrease in Ms compared to the MgO/Co
(3 nm)/Ta film is expected due to the use of the total thickness of
the film in calculating the value ofMs.

Figure 2(d) illustrates the Fe L2,3-edge XAS and XMCD spec-
tra of the Fe3O4 in MgO/Fe3O4 (3 nm)/Co (3 nm)/Ta thin film. In
[Fetd

3+]A[Feoh
3+ Feoh

2+]BO4, the antiparallel spin orientations of the
A and B sites give rise to distinct contributions from various sites of
Fetd

3+, Feoh
2+, and Feoh

3+, which can be distinguished.39–45 The val-
ues of spin moment ms and orbital moment ml were calculated by
applying sum rules on the integrated XMCD and total XAS spectra
based on the following equation:36,37

ml ≙ −43nh
∫L2,3 (σ+ − σ−)dE
∫L2,3 (σ+ + σ−)dE

ms + ⟨Tz⟩ ≙ −nh
6∫L3 (σ+ − σ−)dE − 4∫L2,3 (σ+ − σ−)dE

∫L2,3 (σ+ + σ−)dE
,

(1)

where nh is the effective number of 3d-band holes,40 which had
been taken from Refs. 9, 40, and 46. The magnetic dipole term
⟨TZ⟩ is negligible because of the predominantly cubic symmetry of
magnetite and cobalt even considering additional surface symmetry
breaking.8,38 The background of each XAS spectrum was fitted by
an arctangent-based step function,47 as shown in Figs. 2(d)–2(f). We
obtained the values ofms ≙ 2.49 ± 0.16 μB/f u andml ≙ 0.29 ± 0.05 ⋅
μB/f u, while the total moment for the 3 nm Fe3O4 in MgO/Fe3O4

(3 nm)/Co (3 nm)/Ta thin filmml+s ≙ 2.78 ± 0.21 μB/f u.
Figures 2(e) and 2(f) illustrate the Co L2,3-edge XAS and

XMCD spectra for MgO/Co (3 nm)/Ta and MgO/Fe3O4 (3 nm)/Co
(3 nm)/Ta films, respectively. According to the shape and position
of the absorption spectrum, no evidence of oxidation of the Co
layer by oxygen from the underlying layer or the external environ-
ment was observed within the sensitivity range of the measurement.
By comparison, the decreasing intensity of the XMCD at the L2-
edge shown in Fig. 2(f) indicates the stronger orbital magnetism.8,35

This result is verified by the values obtained from the calculation
of Eq. (1). We obtained the values of ms ≙ 1.37 ± 0.07 μB/atom
(1.53 ± 0.08 upmuB/atom)and ml ≙ 0.25 ± 0.01 μB/atom (0.49
± 0.02 μB/atom), while the total moment for the 3 nmCo layer in the
MgO/Co/Ta (MgO/Fe3O4/Co/Ta) film ml+s ≙ 1.62 ± 0.08 μB/atom
(2.02 ± 0.10 μB/atom). As demonstrated in Table SI, the value of
ml for the MgO/Co/Ta film falls within the range reported in
other literature studies.5,8–10,47,48 For example, a study on 2.1 Ml
Co/Cu(001)48 reportedml ≙ 0.24 ± 0.05 μB/atom.Notably, this value
aligns closely with the present result within the error bar. The
total magnetic moment is increased by 24.7%. The spin magnetic
moment increased by 11.7%. In particular, compared to the Co layer
grown on the MgO substrate, the magnitude of the orbital magnetic
moment of the Co layer grown on Fe3O4 is increased by almost a
factor of two. This leads to a significant increase in mratio(ml/ms),
from 0.18 to 0.32.
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To investigate the role of the Fe3O4/Co interface on the
enhancement of the magnetic moment, especially the orbital mag-
netic moment, we measured the following series of samples with
a thin Cr interlayer between Fe3O4 and Co layers: MgO/Fe3O4

(3 nm)/Cr (n)/Co (3 nm)/Ta (n ≙ 0.3, 0.5, 1, 3, 5, 10 nm). The
RHEED patterns for the Cr interlayer, as illustrated in Fig. S3, con-
firm the single-crystal epitaxial growth of the Cr layer. It can be
clearly seen from Fig. 3 that when the thickness of Cr is below 1 nm,
there is a significant enhancement in the ml and mratio of the Co
layer. This suggests that the absence of a continuous film when the
thickness of Cr is less than 1 nm results in little effect on the coupling
interaction between Co and Fe3O4 at the interface. At a thickness
of 3 nm of Cr, ml and mratio sharply decrease and their values are
close to that of the MgO/Co (3 nm)/Ta film, indicated by the hol-
low shape in Fig. 3. The results confirm that the enhancement of the
magnetic moment in Co originates from the interface between Co
and Fe3O4(001).

To investigate whether this enhancement of orbital magnetism
exists in Co bilayer structures with other iron oxides, we deposited
Co on thin films of various iron oxides. When sputtering pure
iron targets, modification of the oxygen-to-argon gas ratio in the
reaction can result in thin films of iron oxide with varying com-
positions. During the film growth process, a 50 SCCM Ar gas flow
was introduced, while the flow rate of O2 was controlled from
0.0 to 2.0 SCCM. With an increasing O2 flow rate, the oxida-
tion degree of the deposited films is gradually enhanced. Previous
study had demonstrated that O2 flow rates of 1.5 and 1.7 SCCM

FIG. 3. (a) Magnetic moment and (b) mratio(ml/ms) of the 3 nm Co layer in
MgO/Fe3O4 (3 nm)/Cr (n)/Co (3 nm)/Ta (n ≙ 0.3, 0.5, 1, 3, 5, and 10 nm) films.
Hollow symbols represent the values of the MgO/Co (3 nm)/Ta film. The dashed
lines are guidelines for the eye.

are suitable conditions for the growth of Fe3O4 thin film.18 As
shown in Fig. 4(a), the values of the magnetic moment of the 3 nm
Co layer in MgO/FeOx (3 nm)/Co (3 nm)/Ta films significantly
increase at O2 flow rates of 1.5 and 1.7 SCCM. A similarly enhanced
orbital magnetic moment led to a significant increase in mratio, as
shown in Fig. 4(b). At an oxygen flow rate of 2 SCCM, the forma-
tion of γ-Fe2O3 thin films was achieved.18 We obtained values of
ms ≙ 1.26 ± 0.06 μB/atom and ml ≙ 0.27 ± 0.01 μB/atom, while the
total moment for the 3 nm Co layer in the MgO/γ-Fe2O3/Co/Ta
film ml+s ≙ 1.53 ± 0.07 μB/atom. Relative to the Co layer grown
on a MgO substrate, the orbital magnetic moment demonstrates
an 8% enhancement, resulting in an increased mratio of 0.21. This
result confirms that the interaction between Co and Fe ions in
Fe3O4 is notably stronger than their interaction in other iron oxide
counterparts.

To complement our experimental results, we performed first-
principles density functional theory (DFT)49 calculations using the
Vienna Ab initio Simulation Package (VASP)50 to investigate the
electronic and magnetic properties of the studied materials. We
used the projected augmented wave (PAW) method to describe
electron–ion interactions51 and the generalized gradient approxi-
mation (GGA) to handle the electronic exchange-correlation func-
tional.52 To obtain the magnitude of the orbital magnetic moments,
the spin–orbit coupling was explicitly included in the Hamilto-
nian.53 Therefore, our calculation method corresponds to a fully
relativistic GGA + U approach. It has been demonstrated that the
GGA + U method is suitable for accurately describing the orbital

FIG. 4. (a) Magnetic moment and (b) mratio(ml/ms) of the 3 nm Co layer in
MgO/FeOx (3 nm)/Co (3 nm)/Ta films. Hollow symbols represent the values of
the MgO/Co (3 nm)/Ta film.
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magnetism of solids with strongly correlated electrons.54 To better
account for the Co 3d electrons, we utilized the GGA + U method55

withUeff ≙ 3 eV.56–58 The plane-wave cutoff energy was set to 400 eV,
and the structural relaxation forces were constrained to below 0.01
eV/Å per atom. Additional details on the DFT calculations are
provided in the supplementary material.

The GGA + U structural model of fcc Co on the Fe3O4(001)
surface is shown in Fig. 5(a). Fe3O4 has a cubic inverse spinel
structure AB2O4, in which the larger oxygen anions form a face-
centered-cubic structure. In the O2− lattice, only Fe3+ ions occupy
the tetrahedral (A) sites, and Fe2+/Fe3+ ions occupy the octahedral
(B) sites. The magnetic moments corresponding to the density of
states (DOS) shown in Figs. 5(b) and 5(c) are 1.850 μB/atom and
2.116 μB/atom for 3 nm Co onMgO and 3 nm Co on Fe3O4, respec-
tively. The corresponding values for the spin moment are 1.652
and 1.814 μB/atom, and the corresponding values for the orbital
moment are 0.198 and 0.302 μB/atom, respectively. The total mag-
netic moment for the fcc Co on Fe3O4 is increased by 14.4%. The
spin magnetic moment increased by 9.8%. It is worth noting that,
consistent with the experimental results, the increase in orbital mag-
netic moment is more significant, with a 52.5% increase. This leads
to an increase in mratio from 0.12 to 0.17. To validate the accuracy
of the calculation results, the magnetic moments of Co on the Fe3O4

FIG. 5. (a) GGA + U structural model of fcc Co on the Fe3O4(001) surface. Density
of states (DOS) for (b) Co on MgO, (c) Co on Fe3O4, (d) Co on γ-Fe2O3, (e)

[Feoh
2+]B ions, (f) [Fetd

3+]A ions, and (g) [Feoh
3+]B ions in Fe3O4.

TABLE I. The magnetic moments (μB) for the Co films calculated by the GGA + U
method with different Ueff values.

Ueff

MgO/Co (3 nm) MgO/Fe3O4(001) (3 nm)/Co (3 nm)

ml ms ml +ms ml ms ml +ms

0 0.076 1.564 1.640 0.090 1.840 1.930
2 0.141 1.708 1.849 0.175 1.816 1.991
2.5 0.147 1.704 1.851 0.186 1.698 1.884
3 0.198 1.652 1.850 0.302 1.814 2.116
3.5 0.231 1.622 1.853 0.320 1.735 2.055

were calculated using the GGA + U method with different Ueff val-
ues (0, 2, 2.5, 3, and 3.5), and the results are presented in Table I,
which show an increase in the magnetic moment of the Co layer on
Fe3O4 for different U values.

In Figs. 5(b)–5(g), the density of states (DOS) based on GGA
+ U calculations are presented. The DOS of Fe ions in Fe3O4 near
the Co/Fe3O4 interface is illustrated in Figs. 5(e)–5(g), revealing a
distinct peak near the Fermi level for [Feoh

2+]B and [Fetd
3+]A ions.

This is attributed to Fe3O4 acting as a semi-metallic material, where
electron states near the Fermi level are occupied, resulting in an
increase in the electronic density of states.59 The localization of
electron states for Fe ions results in a robust electronic exchange
interaction between Co and Fe3O4. The increased hybridization
between Fe ions and Co atoms substantially influences the elec-
tronic states of Co, leading to the splitting of the energy levels
of Co’s 3d orbital electrons, as shown in Fig. 5(c). This splitting
arises from electron–electron interactions, constituting a prevalent
electronic structural effect.60,61 Conventionally, removing the degen-
eracy from the d-orbital manifold quenches the orbital moment.
However, an enhanced orbital magnetic moment is observed for the
Co layer grown on Fe3O4, which is also attributed to the strong
electronic exchange interactions between Co and Fe3O4. This pro-
cess is governed by the complex interplay between electron spin and
orbital motion, which is crucial in determining the orbital magnetic
moment. The localization of [Feoh

2+]B and [Fetd
3+]A ions is a pivotal

factor influencing the electronic exchange interactions. DFT calcu-
lations for the Co/γ-Fe2O3 structure provide corroborative evidence
for these findings. The magnetic moment for 3 nm Co on γ-Fe2O3

is 2.030 μB/atom, corresponding to the DOS shown in Fig. 5(d). The
corresponding values for the spin moment and orbital moment are
1.780 and 0.250 μB/atom. The orbital magnetic moment has been
increased compared to the theoretical value for Co onMgO, and this
enhancement is reduced by half compared to that observed for Co
on Fe3O4. This phenomenon arises from the molecular expression
of γ-Fe2O3 as [Fetd

3+]A[Feoh
3+

5/3※1/3]BO4 (※indicating a vacancy).
With the same crystal lattice structure as Fe3O4, γ-Fe2O3 under-
goes a transition where 2/3 of [Feoh

2+]B positions convert to Fe3+

ions, while 1/3 of the positions become vacancies. This alteration is
anticipated to lead to a diminished electronic exchange interaction
with the Co layer, subsequently weakening its impact on the orbital
magnetic moment.

CONCLUSION

In summary, we have investigated the magnetic and electronic
properties of Co films grown on Fe3O4(001). The epitaxial growth of
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a single-crystalline fcc-structured Co film on the Fe3O4(001) surface
has been achieved. We employed XMCD measurements to charac-
terize the atomic magnetism of the thin film. The results showed
that compared to the Co thin film grown on the MgO substrate, the
orbital magnetic moment of Co on the Fe3O4 surface increased from
0.25 ± 0.01 to 0.49 ± 0.02 μB/atom, showing a 96% enhancement.
The relative enhancement of the orbital moment is thus very large,
much larger than the enhancement of the spin moment. This leads
to a significant increase in mratio(ml/ms), increasing from 0.18 to
0.32. Then we determined that this enhancement originates from the
interface interaction between Co and Fe3O4 by inserting a Cr inter-
layer between them. The DFT calculations reveal that the exchange
interaction between the Co and Fe ions, particularly involving
[Feoh

2+]B and [Fetd
3+]A ions, profoundly impacts Co’s electronic

states. This, in turn, contributes to the enhancement of Co’s orbital
magnetic moment. Furthermore, the interaction between Co and
Fe ions in Fe3O4 is notably stronger than their interaction in other
iron oxide counterparts. The presence of unquenched ml, or strong
spin–orbit coupling, is highly desirable in terms of controllability
through an electric field in spintronics operations. By enhancing
the orbital moment, we can obtain higher Magnetic Anisotropy
Energy(MAE). A large MAE creates a potential well that protects the
system’s magnetization in a specific direction, ensuring long-term
stability against thermal disturbances. This, consequently, facilitates
the stable storage of information at the atomic scale.62 Moreover,
the enhanced orbital moment provides valuable insights into the
potential applications of magnetic oxide/ferromagnetic heterostruc-
tures in future spintronic devices, leading to improved performance.
It opens up opportunities for developing efficient spin manipula-
tion techniques, enhancing device functionality, and realizing novel
spin-based functionalities.

SUPPLEMENTARY MATERIAL

See the supplementary material for the Verwey transition of
Fe3O4, analysis of RHEED patterns for the samples, XAS and XMCD
spectra of the samples, and details on the DFT calculations.
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