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ABSTRACT

By analyzing the in-plane angular dependence of ferromagnetic resonance linewidth, we show that the
Gilbert damping constant in ultrathin Fe304 epitaxial films on GaAs substrate can be enhanced by
thickness reduction and oxygen vacancies in the interface. At the same time, the uniaxial magnetic
anisotropy due to the interface effect becomes significant. Using the element-specific technique of X-ray
magnetic circular dichroism, we find that the orbital-to-spin moment ratio increases with decreasing film
thickness, in full agreement with the increase in the Gilbert damping obtained for these ultrathin single
crystal films. Combined with the first-principle calculations, the results suggest that the bonding with Fe
and Ga or As ions and the ionic distortion near the interface, as well as the FeO defects and oxygen
vacancies may increase the spin-orbit coupling in ultrathin Fe304 epitaxial films, and in turn provide an
enhanced damping.
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INTRODUCTION

The rapid development of spintronics, in particular, spin-orbitronics has been strongly linked with the
realization of the role of spin-orbit coupling (SOC) in novel physical phenomena like spin Hall effect’,
spin dynamic damping’, topological insulators’, and the vortex spin configuration in skyrmion®. Large
SOC can be used to transform a spin-polarized current to a charge current or vice versa, enabling
manipulation of nanoscale spin devices in non-magnetic materials. It has been recently reported that the
strongly spin-orbit coupled topological insulator with magnetic perturbation by using impurities,™®
adatoms,” or substrate®” leads to enhanced magnetism and the accompanying fascinating quantum

1913 "and even produce the half metal properties'*"”. For similar reasons in high spin state systems,

effects
e.g. ferromagnetic or half metallic materials, it is possible that large SOC may introduce topological
properties. Xiao et al.'® reported that half-Heusler compounds can be tuned into a new class of three-
dimensional topological insulators. Half metallic Fe;O,, is a competitive contender in the race to become
one of the key materials in future spintronics computing, or spin-operation-based data processing and
sensing, due to its high spin polarization near the Fermi level (Ey), high Curie temperature (7.) and good
electronic conductivity at room temperature.'”" Unquenched m,y, or strong SOC, is a desired property in
terms of the controllability by electric field in spintronics operation, however, which have been reported
with controversy in magnetite.””** Surfaces and interfaces lack structural inversion symmetry, allowing
interfacial SOC to play an expanded role, which generates various effects including the Dzyaloshinskii-

#2 and the spin-orbit torque’*?®. In this paper, focusing on the enhancement of

Moriya (DM) interaction
spin-orbit coupling of ultrathin epitaxial Fe;O, film, by decreasing the film thickness, we investigate the

influence of the surface and interface effect.

EXPERIMENTAL AND THEORETICAL METHODS

Fe;0, Film Deposition. Fe;O, ultrathin films with thickness varying from 4 nm to 8 nm were epitaxially
grown on GaAs(001) substrates by Molecular Beam Epitaxy (MBE) using post-growth oxidation method
as illustrated in Supporting Information (SI) Figure S1. It has been shown that the magnetic dead layer
and the antiphase boundaries (APBs) could be avoided by the post-growth oxidation method.* Firstly,
the substrates were chemically cleaned using an H,SO,:H,0,:H,0 (4:1:1) solution for 30 s, followed by
deionized (DI) water rinsing and isopropyl alcohol (IPA) vapor cleaning. After being transferred into the
UHV chamber, the substrates were annealed at 830 K for about 30 min until a sharp pattern of reflection

high-energy electron diffraction (RHEED) was identified as shown in SI Figure S2. After Fe films with



thicknesses of 4nm, 6nm and 8nm were grown on the GaAs substrates in MBE chamber, the films were
finally oxidized in situ to Fe;O, in an oxygen atmosphere with the O, partial pressure of 5x10™> mbar at
500 K. After oxidation for 20 min, no further change of RHEED patterns was observed with further
annealing after that. By Fe;O, lattice rotating 45° to match GaAs lattice, the lattice mismatch between
Fe;O, and GaAs is about 5%, and the epitaxial relationships for all samples are all
Fe,0,(100)[011]//GaAs(100)[001] as suggested by the RHEED.” Thereafter, the nominal thicknesses of

the pre-deposited Fe layers (#;,) will be quoted for the samples after the oxidation.

Material Characterization. The saturation magnetic moments of the Fe;O,/GaAs epitaxial films
were measured by Vibrating Sample Magnetometer (VSM). Ferromagnetic Resonance (FMR)
measurements were performed with a Brucker ESR equipment of model ER-200D-SRC at a microwave
frequency of 9.78 GHz at room temperature. The X-ray magnetic circular dichroism (XMCD)
measurements at the Fe L, ;absorption edges were carried out at the UK National Synchrotron Radiation

Laboratory (U.K.).

Theoretical Calculation. The ab initio calculations were performed via density functional theory
(DFT) by using a 56-atoms unit cell of Fe,,03, model with inverse spinel structure (see SI Figure S3) with
periodic boundary condition. We adopted a projected augmented wave (PAW)™ pseudopotential to
describe the core electrons and the general gradient approximation (GGA) of Perdew, Burke, and
Ernzerhof (PBE)* for exchange and correlation as implemented by the Vienna Ab-initio Simulation
Package (VASP).” The kinetic energy cutoff was set 400 eV, and the Brillouin zone was sampled by 5 x
5x 5and 7 x 7 x 7 k-point meshes using the Monkhorst-Pack method™ for geometry optimizations and
further calculations on electronic structure and other properties, respectively. All structures were fully
relaxed without any symmetry constraint until both the Hellmann—-Feynman forces acting on each ion and
total energy change are less than 0.005 eV/A and 1x10™ eV, respectively. The SOC was included in the

calculation as a perturbation using the scalar-relativistic eigenfunctions of the valence states.

RESULTS AND DISCUSSION

The saturation magnetic moments (M,) per formula unit (f.u.) of the Fe;0,/GaAs films are shown in the
inset of SI Figure S4(a). The M, of the films with #,,=4 nm and 6 nm are very close to the bulk value of 4
pg/f.u., indicating that the films with #;,=4 nm and 6 nm are well oxidized and as well have the bulk
structure in general. However, a great increment of saturation moment in the film with #;,=8 nm was

found. Due to the post-growth oxidation process of sample fabrication, considerable oxygen vacancies or



non-stoichiometry may appear near the interface of Fe;O, and GaAs in thicker film. Oxygen vacancies,
which could be controlled by the fabrication condition, i.e. partial oxygen pressure, annealing time and
annealing temperature, are possible to lead the spin of A site Fe ions near the vacancies to switch parallel

to the B site Fe ions and in turn enhance the saturation moment.**

FMR is one of the most powerful experimental techniques for studying magnetic properties of
thin films and can provide sufficient information describing the magnetic properties of thin films, such as
magnetic anisotropy and relaxation mechanisms of the magnetization.””° Only one sharp peak for each
FMR spectrum in our films presences, as shown in SI Figure S4(a), indicating that there is only one main

magnetic phase of Fe;0, existed in our samples, which is also suggested by our XPS results®~".

The information of magnetization relaxation damping which is related to the SOC can be
obtained from the resonance field and linewidth of FMR spectra. As shown in Figure 1, the FMR
linewidth exhibits an angular dependence with a clear maximum at around 20°, 160°, 200° and 340° with
respect to GaAs(100)[011] direction, indicating a combination of in-plane magnetic uniaxial anisotropy
(UMA) and cubic magnetocrystalline anisotropy, consistent with the angular dependence of FMR
resonance field, as shown in SI Figure S4(b).”™® The cubic magnetocrystalline anisotropy originates from
the inverse spinel structure of Fe;O, crystal. However, the additional UMA is pure interfacial effect. In
general, this UMA can be explained by two distinctly different mechanisms due to the Fe;0,/GaAs
interface associated with “unidirectional chemical bonding” and “anisotropic lattice relaxation”.”**' By
fitting the thickness dependence of FMR resonance field, we found that as the thickness of Fe;O, film
decreases, the UMA plays an increasingly predominated role and the cubic magnetocrystalline anisotropy
becomes less significant, which may be related to the imperfection of the cubic symmetry due to the

inevitable termination of the periodic lattice structure near the interface.”*

It is well known that the relaxation mechanisms of the magnetization are reflected in the FMR
linewidth, which include intrinsic Gilbert-type and extrinsic non-Gilbert-type mechanisms. In general,

three contributions are considered:*

AH = AHgy; + AHippom + AHrys (D)

where the first term is intrinsic linewidth which is proportional to Gilbert damping constant « , and it is
isotropic determined by intrinsic SOC of materials. The second term of Eq. (1) is inhomogeneous
broadening consists of two factors. The inhomogeneous effective magnetization of the sample which

results in the uneven internal field by A4mM,; and the anisotropy changes over the lattice leads to the



inhomogeneous magnetic orientation. Using A¢y to define the subtle difference in the azimuthal angle

and then the AH;;,;,,m Can be expressed as:
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The third term of Eq. (1) is caused by two-magnon scattering® as discussed and calculated by Mills et
al.*** AHrpys is necessary to be taken into consideration when fitting the experimental data, which is
responsible for the small difference in FMR linewidths between easy and hard axes of in-plane magnetic

anisotropy.

Firstly, we consider the Fe;0,/GaAs films with bulk-like saturation moments, i.e. the films with
tr=4 nm and 6 nm. Different contributions for the linewidth have been separated, as shown in Figure 2,
and the fitted magnetic parameters are shown in Table 1, in which a great increment of inhomogeneous
linewidth broadening parameter A¢ with decreasing the Fe;O, thickness indicates that the homogeneity of
the film becomes imperfect as the thickness decreases, so as the inhomogeneity most likely appears near
the interface of Fe;O, and GaAs. In addition, the two parameters of linewidth broadening, i.e. 'y and I,
are two-magnon scattering constants with contribution of in-plane UMA and magnetocrystalline
anisotropy and they reasonably show similar trends of thickness dependences of K, and K. It is valuable
to note that Gilbert damping constant o increases from 0.013 to 0.022 as the film thickness decreases
from 6 nm to 4 nm. Considering a is proportional to square of the orbital-to-spin moment ratio
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(m,,/my,;,)","" the increasing a can be related to the increasing orbital moment and in turn increasing the

SOC in the films,” which suggests that the interface effect may play an important role in the film.

The XMCD measurements were performed to quantitatively address the spin and orbital moments
of the Fe;0,/GaAs epitaxial thin films. The resulting current output from the sample was measured in
total electron yield mode as a function of the X-ray photon energy. The dichroism was obtained as the
difference spectrum, I'-I', achieved by reversing the direction of applied magnetic field at fixed
polarization. Typical XAS and XMCD spectra at 300 K of the 4 nm and 6 nm Fe;O, films are presented in
Figure 3. The complex form of the XMCD spectrum arises because of an overlap of different sets of
multiplet structures. The B sites Fe’* and Fe** spin-up states exhibit negative peaks at Fe L; edge and
positive peaks at the Fe L, edge, while the A site Fe’* spin-down states behave the oppositely at the Fe L;
and L, edges, respectively. The relative intensity ratio of the A and B site Fe ions in the XMCD spectrum
varies with different thickness, where the intensity of B-site Fe** increases with the increasing thickness,

indicating the appearance of FeO near the Fe;O,/GaAs interface’ which is attributed to the possible



oxygen defects’?

The orbital-to-spin moment ratio (m,,,/m,,) was calculated by applying sum rules on
the integrated XMCD of Fe L; and L, ; edges based on Eq. (3).” M,,/M,;, increases from 0.05 to 0.09 with
decreasing thickness from 6 nm to 4 nm, implying that the possibility on enhanced SOC, which is most

likely due to the interface or surface effect.
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To gain an insight into the relation between surface/interface and the increase of orbital moment
in epitaxial Fe;O, thin film, we performed ab initio calculations. The SOC is a decisive factor for the

3% and was included in

orbital magnetization in solids, though generally weak for 3d transition metals,
the calculation. The optimized Fe;O, unit cell (see SI Figure S3) is composed of 8 oxygen face-centered
cubic (fcc) lattices (32 O anion), and 8 Fe cations occupying the tetrahedral interstices (A site, Fe,,) while
16 Fe cations locating in the octahedral interstices (B site, Fe,.). Fe,, and Fe,, ions possess antiparallel
magnetic moment and thus Fe;O, show ferrimagnetic properties, where the net total magnetization is
mainly determined by magnetic moments of Fe,,, ions. The calculated lattice constants is 8.397 A, and the
local spin moments m,,, of the Fe, and Fe,, ions are —3.76 py and 3.71 pg respectively, in good

agreement with the previous experimental and calculated values™®, Taking SOC into account, 0.004 and

0.010 of m,,,/m,, ratio of the Fe,, and Fe, ions were obtained, respectively.

We firstly consider the stress effect induced by the mismatch of GaAs substrate. The lattice
constants of Fe,;0, and GaAs are 8.396 A and 5.654 A. By Fe;0, lattice rotating 45°, Fe;O, lattice is
compressed by about 5% of lattice constant on single crystal GaAs as epitaxial growth. Considering the
stress only, we calculated the compressed Fe,O, lattice with lattice constant of 8.00 A, which is V2 of
lattice constant of GaAs, as shown in Figure 4(a). The total energy increases 2.4% for the thin films
compared with the bulk-like Fe;O,. However, the ratio m,,,/m,,, increases to 0.0057 for the Fe,, ions and
decreases to 0.0079 for the Fe,, ions after compression, which would lead to a small decrease of net

m,,/m,;,. Therefore, the stress solely is not the origin of the increase of SOC.

We then investigate the effect of surface on m,,/m,,, in the film. Since the film thickness
decreases to the nanoscale, the magnetic properties of surface ions become significant. A vacuum space
of 15 A is set to separate the interactions between neighboring slabs of the unit cells in the (100)
direction, as shown in Figure 4(b), and then we have the surface Fe,, ions on one side and the surface Fe,,
ions on the other, as indicated the blue balls in the Figure. It was found that m,,,/m,,, increases to 0.0041

for the surface Fe, ions and decreases to 0.0064 for the surface Fe, ions. The decrease of m,,;,/m,,, of the



surface Fe, ions originates from the increment of m,,,, while the m,,, of these ions remains unchanged.

Thus the surface effect may not be main origin of the enhanced SOC in our Fe;0,/GaAs system.

We also calculate the interface between Fe;O, and GaAs by setting one unit sell of GaAs lattice
on one side of Fe;O, crystal in the (100) direction, while a vacuum space of 15 A is set to the other, as
illustrated in Figure 4(c). As-or Ga- terminated surfaces are both possible for GaAs, and the interface Fe,,
ions are obtained, as indicated with the blue balls in the Figure. It is noted that in order to simulate the
real Fe;0,/GaAs interface, we also used 8.00 A as the same lattice constant of Fe;O, in this calculation as
discussing the compressive stress above. From the calculation, with the interface Fe ., ions bonded with
Ga or As ions, m,,/m,,, of the interface Fe,, ions increase to 0.014 (Fe-Ga) or 0.015 (Fe-As),
respectively, 67% of increment compared with that of the configuration with stress only. Thus the

bonding of Fe ions and Ga or As ions would lead to the enhanced SOC in the film.

Considering that FeO might appear near the Fe;O,/GaAs interface, we have also calculated the
Fe;0, lattice on FeO lattice. Bulk FeO crystallizes in rocksalt structure and the lattice constant is 4.34 A,
leading to a small lattice mismatch between Fe;O, and FeO of around 3.4%. Though all Fe** ions in FeO
are located in oxygen octahedral interstice, similar to B-site Fe ions in Fe;0,, it is well acknowledged that
bulk FeO is a paramagnetic material at room temperature. In the calculation, we set a FeO lattice and a
vacuum space of 15 A to each side of Fe;0, lattice, and we also used 8.00 A as the same lattice constant
of Fe;0, as the case of Fe;0,/GaAs interface. The result shows that the spin and orbital moments of Fe
ions in FeO near the Fe;O,/FeO interface increase to 0.038 pg and 0.030 pg respectively, and the
calculated m,,,/m,;, is 0.79, while those of A- and B-site Fe ions in Fe;O, remain unchanged. This shows
that Fe;O, can induce both spin and orbital moments of Fe ions in FeO near the interface, and this might

be an origin of the enhanced SOC in the films.

With the stress due to the mismatch of 5% between Fe;O, and GaAs, the bottom Fe_, ions are
possible to distort from the center of the oxygen octahedral interstice at the interface. We calculated the
distortion effect of Fe,., ion which moves only 0.1 A (about 5% of the bond length of Fe,.—O) from the
equilibrium position, as shown in Figure 4(d), and the result shows that m,,,/m,,;, of the distorted Fe, ion
increases to 0.013, 30% of increment compared with bulk Fe;O,. The distortion of Fe,, ion at the

interface might also be responsible for the enhanced SOC in the film.

Strongly enhanced orbital moment was found in the interface of Fe/MgO™%, Co,FeAl/MgO®,
Co/Pt”, and other system®*. Some mechanisms have been reported which may be responsible for the

enhanced orbital moments at the interface. (i) At the surface, interface and the distortion configuration,



the crystal field partitioning of the electronic levels is modified, due to the reduced symmetry. Thus the
lower symmetry at the interface results in a reduced crystal field quenching of the orbital moment, and
from this produces enhanced orbital moments.” (ii) At the surface or interface, the value of density of
states (DOS) at the Fermi level, E, is larger than in the bulk, which may result in an enhanced orbital
moment.” (iii) The induced perpendicular magnetic anisotropy (PMA) at the interface is related to an

increase in the orbital moment due to the hybridization between two layers.”’

On the other hand, for the relatively thick film, i.e. #-,=8nm, considerable FeO defects and oxygen
vacancies may appear near the interface of Fe;0, and GaAs due to the post-growth oxidation method.**”’
The Gilbert damping has also been separated from the FMR linewidth, and the damping constant was
obtained. The fitting results show that the damping constant of the film increase to 0.23, 92% of
increment compared with that of the film with #;,=6nm. As discussed above, the spin and orbital moment
of Fe** ions near the interface between Fe;0, and FeO defects can be induced, which might be responsible
for the enhancement of SOC in relatively thick Fe;0,/GaAs films. Additionally, first-principle calculation
provides another evidence that the oxygen vacancies in Fe;O, might also be the origin of the enhanced
SOC. The calculation was performed in a unit cell of Fe;O, with an introducing oxygen vacancy, as
illustrated in Figure 4(e). The calculated m,,/m,,, of the one Fe,, and three Fe,, ions neighboring the
oxygen vacancy increase by a factor of 62% and 121% to 0.0060 and 0.022, respectively, and it results in
a 131% increase of net m,,;/m,,;,. Similar enhanced orbital moment of 3d metal due to the oxygen vacancy

1‘63

was found by Pavlenko et al.” which involves a lowering of the local symmetry and an orbital

reconstruction.

In summary, different thickness of ultrathin epitaxial Fe;O, films were fabricated by using post-
oxidation method in MBE system. The FMR results show that the magnetization dynamical damping is
increased by two times with decreasing the film thickness from 6 nm to 4 nm, and XMCD measurements
give the direct evidences that the ratio of orbital-to-spin moment is also enhanced by nearly two times,
which indicates that SOC may be enhanced for decreasing the film thickness, and is possibly responsible
for the interface. First-principle calculations provide the origin of enhanced SOC from different isolated
surface or interface effects. It reveals that the bonding effect with Fe and Ga or As ions at the interface,
the ionic distortion due to the lattice mismatch between Fe;O, and GaAs, as well as FeO defects and
oxygen vacancies which might appear in the relatively thick film could lead to the increase of the
m,,/mg,;, of Fe ion by the factors around 30% to 131%. This work is beneficial to the design and

application for FM/SC spintronic devices.
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TABLE

tr, a Am AQ
4 nm 0.022 0 0.03
6 nm 0.013 0 0.004

Table 1. Parameters obtained from theoretical fitting.
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Figure 1. Angular dependence of linewidth AH on in-plane orientation ¢y with respect to
GaAs(100)[011] direction with different thickness 7z,=(a) 4 nm, (b) 6 nm, (c) 8 nm. The red circles are the

experimental data points and the solid lines represent the theoretical fitting curves.
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Figure 2. Angular dependence of the intrinsic linewidth, inhomogeneous and two-magnon scattering

linewidth broadening at #;, =4 nm. The red circles represent the experimental data.
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Figure 3. (a)(b) XAS spectra at the Fe L, ; edges in Fe;O, thin films with the magnetic field parallel and
antiparallel to the orientation of the photon helicity. (c)(d) Summed XAS spectra and its integration. The
red dotted line indicates the background. (e)(f) XMCD spectra and its integrations, with different

thickness 7= (a)(c)(e) 4 nm and (b)(d)(f) 6 nm.
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Figure 4. The schematic diagrams of calculation and the results. (a) Supercell of Fe;O, with and without
considering the compressive stress. (b) With the vacuum space of 15 A on top of the supercell of Fe;0,,
the surface Fe, (on top) and Fe , (on the bottom) ions are indicated with blue balls. (c) With the vacuum
space of 15 A on top and a supercell of GaAs on the bottom of the supercell of Fe,0,, the interfacial Fe,,
ions is illustrated with blue balls. (d) A distorted Fe,, ion in the Fe;O, unit cell. (¢) An oxygen vacancy
(dash red circle) in the Fe;O, unit cell. (f) Supercell of Fe;O, on FeO lattice with the dash line indicating
the Fe;O,/FeO interface. (g) The calculated m,,,/m,,, of Fe,, (hollow balls) and Fe, (solid balls) ions in
the bulk (black), compression (red), surface (green), interface with Ga-terminated (dark blue) or As-
terminated (light blue) GaAs model of Fe,,O;, unit cell versus the distance along the (100) direction.
Here the distance is normalized to the lattice constant of Fe;O, (a,=8.394 A). The colored balls at the

bottom indicate the position of each atomic layer.
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