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Perpendicular magnetic anisotropy at the Fe/Au(111) interface studied by
Mössbauer, x-ray absorption, and photoemission spectroscopies
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The origin of the interfacial perpendicular magnetic anisotropy (PMA) induced in the ultrathin Fe layer on
the Au(111) surface was examined using synchrotron-radiation-based Mössbauer spectroscopy (MS), x-ray
magnetic circular dichroism (XMCD), and angle-resolved photoemission spectroscopy (ARPES). To probe
the detailed interfacial electronic structure of orbital hybridization between the Fe 3d and Au 6p bands, we
detected the interfacial proximity effect, which modulates the valence-band electronic structure of Fe, resulting
in PMA. MS and XMCD measurements were used to detect the interfacial magnetic structure and anisotropy in
orbital magnetic moments, respectively. In situ ARPES also confirms the initial growth of Fe on large spin-orbit
coupled surface Shockley states under Au(111) modulated electronic states in the vicinity of the Fermi level.
This suggests that PMA in the Fe/Au(111) interface originates from the cooperation effects among the spin,
orbital magnetic moments in Fe, and large spin-orbit coupling in Au. These findings pave the way to develop
interfacial PMA using p-d hybridization with a large spin-orbit interaction.

DOI: 10.1103/PhysRevB.103.104435

I. INTRODUCTION

One of the fascinating aspects of material design re-
search is interfacial atomic control, which creates a variety of
novel properties. Recently, materials designed using artificial-
intelligent machine learning processes have also been antic-
ipated to provide a clue to the combination of elements and
atomic orientation possessing novel properties [1–3], which
has garnered tremendous attention in the spintronics research
and high-performance device applications. In particular, when
ferromagnetic transition metals (TMs) are deposited on sur-
faces with large spin-orbit coupling or topologically insulating
properties, novel properties, such as perpendicular magnetic
anisotropy (PMA) emerge at the interfaces, which are derived
from the Rashba-type spin-orbit coupling effects through in-
terfacial symmetry breaking [4–7]. The interfacial magnetic
proximity can be a novel technology for developing and en-
hancing spin-orbit-related functionalities. Therefore, hybrid
structures combining different spin-orbit coupling strengths
yield a magnetic cooperative effect as enhancements of the
interfacial orbital magnetic moments, resulting in a large
PMA. The spin-orbit coupling between the ferromagnetic 3d
TMs Fe or Co and the more-than-half-filled 4d-5d heavy TM
elements, such as Pd and Pt have been utilized for PMA
through the proximity at the interfaces [8–10]. In the case
of Au, the 5d states are mostly occupied. The relationship

between the Rashba-type spin-orbit interaction in Au(111),
mainly originating from the 6p Shockley surface states, and
PMA in 3d TMs has not been explicitly clarified. Here, we
address the Fe/Au(111) interfaces using a magnetic Fe layer
and nonmagnetic Au because the proximity between a large
Rashba-type spin-orbit coupling constant on the Au surface
and the spins in the Fe layer results in interfacial PMA. His-
torically, the interfaces of Fe/Au(111) have been thoroughly
examined for the development of multilayered structures with
PMA [11–14]. However, there are few reports on microscopic
and element-specific investigations of PMA in Fe/Au(111)
interfaces.

Au (111) surfaces have been extensively investigated using
scanning tunneling microscopy [15–18] and angle-resolved
photoemission spectroscopy (ARPES) [19,20] because this
type of surface exhibits not only free-electron-like parabolic
k2 Shockley surface states, but also a large Rashba-type spin-
orbit coupling originating from ∇φ×h̄k with a linear term
of crystal momentum h̄k and a gradient of potential profile
φ. The large spin-orbit interaction in the heavy element gold
provides a wide variety of topological physics, and spin-orbit
coupled phenomena at the surfaces and interfaces through
Rashba-type splitting [6].

To investigate the layer-resolved electronic and magnetic
states in Fe films with PMA, Mössbauer spectroscopy (MS)
using a 57Fe isotope source is a powerful and unique tool
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because it detects the information of doped 57Fe sites at
the interface. Because the nuclear excitation interacts with
the electrons of the s orbital in the Fe atom, the electronic
structure of the Fe 3d states can be probed through the
s-d coupling. Although there have been several previous re-
ports of MS in Fe thin films possessing in-plane magnetic
anisotropy, they are mainly limited to detection by conversion
electron MS using isotope sources [21–24]. Recent develop-
ments in MS using synchrotron radiation (SR) incident beams
have opened up a unique technique using focused and polar-
ized beams and precise measurements, which have enabled us
to separately determine the contributions from the interface
and other bulk regions [25]. Although SR-based MS can be
employed for a layer-resolved discussion, there have been few
studies on interfacial PMA.

ARPES using SR beams is a powerful technique for detect-
ing detailed electronic structures at the surfaces and interfaces
within the probing depth. Numerous studies have investi-
gated the electronic structures of deposited ultrathin layers on
Rashba-type Au(111) surface states [26–28]. X-ray absorption
spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) can directly deduce the spin and orbital magnetic
moments based on their angular dependence and yield studies
of element-specific magnetic anisotropy. Although the initial
growth mechanism for depositing less than one monolayer
(ML) has been examined [29], studies for ultrathin Fe layers
in a few ML range, exhibiting PMA, are necessary owing to
their potential application in spintronic devices.

In this paper, we adopted MS, XMCD, and ARPES to
investigate Au/Fe interfaces to elucidate the layer-resolved
electronic and magnetic properties. Using SR-based MS, we
aim to depict the interfacial electronic states. Using ARPES
with a first-principles calculation, we aim to understand the
electronic structures at the magnetic interfaces on the Rashba-
type Au (111) surface in order to advance research on novel
PMA using spin-orbit coupled interfaces.

II. EXPERIMENT

All sample preparations were conducted using electron-
beam evaporation. A 100-nm thick Au layer was grown
on the c-plane sapphire substrate. The surface of a (111)-
oriented Au crystal was cleaned by argon-ion bombardment
and subsequent annealing at 400 ◦C. This procedure is known
to form well-ordered surfaces. Reflection high-energy elec-
tron diffraction (RHEED) and low-energy electron diffraction
(LEED) were employed to probe the surface flatness. The Fe
layer was grown at 150 ◦C on a clean Au surface using 56Fe
and enriched 57Fe sources. The Au layer was deposited onto
the ultrathin Fe layer at room temperature for MS, XMCD,
and superconducting quantum interference device (SQUID)
measurements. The thicknesses of the individual layers were
monitored using a quartz thickness monitor. MS was con-
ducted at SPring-8 BL11XU where a diamond x-ray phase
plate and an iron borate nuclear Bragg monochromator were
installed to generate polarized beams. The beamline details
are described in Ref. [30]. Focused beams of 14.4 keV for
nuclear excitation of 57Fe were irradiated at a grazing angle of
0.16◦ with respect to the surface plane of the sample in several
polarization modes under a magnetic field applied along the

FIG. 1. Characterization of sample structures: (a) RHEED pat-
terns after cleaning the Au substrate, 3-ML-thick Fe deposition, and
1-nm-thick Au capping layer deposition. (b) Magnetization curves
applying the magnetic fields along the out-of-plane and in-plane
directions.

surface normal. A cooling system using liquid He was used at
a temperature of 20 K. The Mössbauer spectra were calibrated
with reference to an α-Fe foil.

XMCD measurements were conducted using BL-7A at
the Photon Factory of the High-Energy Accelerator Organi-
zation (KEK). A magnetic field of ±1 T was applied along
the incident polarized beam by switching the magnetic-field
directions. The absorption signals are defined as μ+ and μ−.
XAS and XMCD are defined as (μ+ + μ−)/2 and μ+ − μ−,
respectively. The total electron yield mode was adopted. The
XAS and XMCD spectra were obtained after normalization
with respect to the incident photon intensities [31]. All XAS
and XMCD measurements were performed at 80 K using
liquid N2.

ARPES measurements were performed at the beamline
BL5U of the UVSOR synchrotron facility at the Institute for
Molecular Science, Okazaki, Japan. The BL5U system was
equipped with a Monk-Gillieson VLS-PGM monochroma-
tor and a hemispherical electron energy analyzer possessing
two-dimensional image detection with an acceptance angle
of ±15◦ for measurements with p-polarized (horizontal) and
s-polarized (vertical) SR beams. Linearly polarized SR beams
were injected at 45◦ from the sample surface normal. The
ARPES end station is connected to the sample preparation
chamber to transfer the deposited sample without breaking
an ultrahigh vacuum. The surface conditions were monitored
by LEED and core-level photoemission intensities of Fe 3p
and Au 4 f with a photon energy of 120 eV. Photoemis-
sion spectra were calibrated using the Fermi edge of gold in
angle-integrated spectra, and the energy resolution was set to
15 meV.

III. RESULTS AND DISCUSSION

We synthesized the stacked structures of Au (1 nm;
capping)/Fe (0.5 nm; 3 ML) on an Au(111) substrate. Fig-
ure 1(a) shows the RHEED patterns for each deposition stage.
Mainly, 1 × 1 patterns were observed, which originated from
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FIG. 2. Synchrotron-radiation Mössbauer spectra of Au (1-nm)/Fe (3-ML)/Au(111) structure detected under application of a magnetic
field of 0.03 T along the perpendicular direction to the sample surface normal using a (a) π -polarized beam and (b) nonpolarized beam at 20 K.
(c) The case without applying a magnetic field, detected using a remanent state. Solid and dot curves are the fitting results using two types of
curves in red (Component 1) and blue (Component 2) color, respectively.

the Au(111) substrate. The Fe deposition on Au(111) proceeds
with the crystalline growth keeping the fcc Fe(111) structure
up to 3 ML. For an Fe layer thicker than the critical thickness,
the growth of bcc Fe with the (110) orientation proceeds [18].
In a previous report, for the initial growth stage, Fe island
growth was observed using scanning tunneling microscopy
[18] and analyzed by grazing incidence x-ray diffraction [32].
With increasing thickness, coalescence occurs, and the layer-
by-layer continuous film growth starts accompanied by the
interfacial strain [29]. The magnetization measurements by
SQUID exhibit a clear ferromagnetic behavior for the 3-ML-
thick Fe with a capping Au layer. Furthermore, as shown in
Fig. 1(b), clear PMA was detected in agreement with a pre-
vious report of ultrathin Fe on the Au(111) surface [13]. The
magnetic anisotropy energy (EMA), which is determined from
the product surrounded by in-plane and out-of-plane magnetic
hysteresis (M-H) curves, is estimated to be 1.3×105 J/m3,
including the shape magnetic anisotropy contribution.

Figure 2 shows the Mössbauer spectra of 3-ML-thick Fe
where the layer consists of a 1-ML-thick enriched 57Fe fac-
ing the Au and 2-ML-thick 56Fe layer before Au capping.
Magnetic ordering can be monitored by hyperfine sextet-line

shapes (Ii: i = 1–6) through the transition from the nuclear
spin quantum number 1/2 to 3/2 states. As shown in Fig. 2(a),
in the case of π -polarized beam injection where the magnetic-
field vector of the incident linearly polarized SR beam (B) is
aligned in plane to the film as shown in the inset, the second
and fifth peak intensities (I2 and I5) are suppressed under an
external magnetic field of 0.03 T applied in the perpendicular
direction. Because B does not couple with the spins in the in-
plane direction (y), the sample exhibits PMA or is magnetized
parallel to the beam direction (z). In the case of a nonpolarized
beam as shown in Fig. 2(b), I2 and I5 intensities increase,
and the line shapes become similar to an isotropic bulk case.
From Figs. 2(a) and 2(b), the z direction is determined to be
the magnetic easy axis. Furthermore, as shown in Fig. 2(c),
without applying a magnetic field, I2 and I5 almost disappear
with small intensities, which probes the remanent magnetiza-
tion in the M-H curves. This suggests that the sample of the
3-ML-thick Fe layer on Au(111) exhibits PMA.

Next, to elucidate the detailed magnetic characteristics,
we conducted spectral fitting of the Mössbauer spectra. Be-
cause of the broadening of the I1 and I6 peaks, two types of
components were adopted for spectral fitting. The Mössbauer
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TABLE I. Parameters derived from the fitting of Mössbauer spectra displayed in Figs. 2(a)– 2(c). Two types of components are assumed.
Parameters of the IS, the QS, and the hyperfine-field (Hhf ) are listed.

Component 1 Component 2

IS (mm/s) QS (mm/s) Hhf (T) IS (mm/s) QS (mm/s) Hhf (T)

(a) π polarization (0.03 T) 0.23(6) −0.13(12) 36.9(1) 0.29(5) −0.08(10) 33.4
(b) Nonpolarization (0.03 T) 0.20(2) −0.10(3) 36.5(2) 0.31(2) −0.02(3) 33.3(2)
(c) π polarization (0 T) 0.25(5) −0.03(8) 36.1(2) 0.33(4) 0.11(8) 33.4(2)

parameters, the isomer shift (IS), the quadrupole splitting
(QS), and the hyperfine magnetic-field (Hhf ) derived from the
fitting for each spectrum in Fig. 2 are listed in Table I. The
component with a larger Hhf (Component 1) is assigned as the
interfacial Fe-Au component, whereas the other corresponds
to the Fe bulk (Component 2). These two components had
similar area intensities. To analyze the PMA from the spectra,
the intensity ratio of I2,5 (I2 or I5) and I3,4 is related to the
tilted angle θ from the sample surface normal as follows:

I2,5

I3,4
= 4 sin2θ

1 + cos2θ
. (1)

From the intensity ratio in Fig. 2, angle θ is close to zero,
suggesting a perpendicular magnetic easy axis, which is con-
sistent with the M-H curves in Fig. 1(b). We emphasize that
the detection of PMA at the Fe/Au interface can be achieved
using SR-based MS with detailed information of the inter-
facial Fe ions. Furthermore, the interfacial charge transfer
effect due to the difference in the electronegativity between
Au and Fe can be elucidated from the IS values, which are
estimated to be 0.23 ± 0.02 mm/s for the interfacial compo-
nent referring to high-symmetric α-Fe. Quadrupole splitting
is also modulated at the interface regions because of the large
electric-field gradient from Au, determined mainly by I3,4

splitting. Two types of QS components are related to the hy-
perfine splitting. These values differ from the bulk values. The
large QS values originate from the interfacial electric-field
gradient due to the Fe-Au bonding, and the other is from the
contribution of the Fe-Fe bonding.

Figure 3 shows the XAS and XMCD of Fe L edges with
angular dependence taken at 80 K. Clear metallic line shapes
are detected even at a 3-ML thickness. In the normal incident
case, the spin (m⊥

s ) and orbital magnetic moments (m⊥
orb)

along the normal direction are deduced in the relation mθ
orb =

m⊥
orb + (m‖

orb − m⊥
orb)sin2θ . Because of the d-orbital states,

the angular dependence is expressed as a function of sin2θ

[33,34]. The oblique incident geometry case includes half of
the in-plane component for m‖

orb. By adopting the XMCD sum
rules, m⊥

orb and m‖
orb are determined to be 0.10 and 0.09μB,

respectively, with error bars of ±10% due to the ambiguity
in the subtraction of the background. The value of m⊥

orb is
enhanced through the interfacial proximity with Au. The value
of ms is expressed using the magnetic dipole moment (mT) as
meffθ

s = (ms − 7m⊥
T ) + 21

2 m⊥
T sin2θ , where m⊥

T = 0 in the case
of a magic angle cos2θ = 1/3. The value of ms is 1.71μB

and a negligible value of mT is deduced using the Fe 3d-hole
number of 6.9 estimated from the density-functional-theory
(DFT) calculation. These values are consistent with the previ-
ous XMCD of Fe/Au for more than 2-ML-thick Fe on Au. For

less than 2 ML, it has been reported that the contribution of mT

is enhanced [28]. The element-specific magnetic anisotropy
energy EMA from the orbital moment anisotropy and spin-
density anisotropy is estimated from the following relation
within the second-order perturbation for spin-orbit coupling:

EMA∼1

4
ξ (m⊥

orb − m‖
orb) − ξ 2

�Eex

[
21

2

3

2
m⊥

T + α

]
, (2)

using ξFe = 50 meV for Fe and exchange splitting �Eex, re-
sulting in 125 μeV/atom, which is translated into the order
of 104 J/m3 without using the second term corresponding to
m⊥

T . The positive values of EMA stabilize the PMA. The value
of α is the residual after being expressed by mT, which is
negligible. The relation of m⊥

T + 2m‖
T = 0 is assumed. The

value of EMA from XMCD is overestimated compared with
that from SQUID, in general, by a prefactor of 0.1 [33].
Considering the prefactor, our results suggest that the orbital
moment anisotropy of Fe through proximity to Au is essential
for the enhancement of m⊥

orb. Furthermore, the M-H curves
at the Fe L3 edge are also shown in Fig. 3(b). The PMA
was clearly observed. We note that the element-specific M-H
curves in XMCD can exclude the diamagnetic contribution

FIG. 3. XAS and XMCD of Fe L edges detected by circularly
polarized beams, μ+ and μ−: (a) XAS taken at normal incident
geometry and XMCD by normal and oblique incident geometries
tilted at 60◦. The inset shows the expanded view around L3 edge.
(b) Magnetic-field dependence of XMCD at Fe L3-edge photon en-
ergy in normal and oblique incident cases.
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FIG. 4. Valence-band photoemission spectra of Au(111) and 3-ML-thick Fe on Au(111): (a) Angle-integrated valence-band spectra
referring to the Fermi level (EF) and corresponding band dispersion mapping in ARPES taken at a photon energy of 45 eV. (b) The mapping
of angle-resolved spectra of the Au (111) surface taken at 45 eV and (c) 3-ML-thick Fe in horizontal and vertical incident beams taken at a
photon energy of 60 eV along the �-K direction in the hexagonal surface Brillouin zone. Dot curves in (c) are the theoretical calculation results
depicted from Fig. 5 with orbital characters of d3z2 (green), dyz and dzx(red), and dx2−y2 and dxy (blue).

from the substrates, which is difficult to correct for SQUID
data, especially in the case of ultrathin films. Therefore,
the orbital moment anisotropy in the Fe sites is dominant
for the PMA in the Fe/Au interface because of its proximity
to the Au layer.

ARPES reveals the valence-band electronic structure of
an ultrathin Fe layer under the Au (111) Shockley surface
states. As shown in Fig. 4(a), the angle-integrated valence-
band photoemission spectra with the Fe layer dependence
account for the changes in the spectral line shapes, suggesting
the appearance of Fe 3d states. In the corresponding band
dispersion mapping, the Au (111) Shockley surface states
exhibited parabolic bands and whole valence-band dispersions
were observed at a photon energy of 45 eV. On this sur-
face, Fe deposition gradually modulates the surface states,
and the Fe 3d states appear with increasing Fe layers in the
flatband feature owing to orbital degeneracy. At the initial
growth stage, the valence-band electronic structures of Au
are modulated by Fe deposition and cannot be explained by
simple summations of the Au and Fe line shapes. As shown

in Fig. 4(b), the expanded view in the vicinity of the Fermi
level (EF) in Au clearly shows the Rashba-type spin-orbit
splitting in the parabolic surface state, which is the same as
the previous report [26–28]. In the case of horizontal incident
beam mainly detecting x2 − y2, 3z2, and zx orbitals as shown
in Fig. 4(c), a high-intensity region appears around the � point
taken at a photon energy of 60 eV where the perpendicular
component of the wave-vector k⊥ crosses near the � point,
assuming the unit cell in the band-structure calculation, and
the Fe 3d cross section is enhanced. The parallel component
k‖ of 1.0 Å−1 corresponds to the midpoint between the �-K
line. Quite small dispersive features were observed even in
the 3-ML-thick Fe deposition. In contrast, in the case of a
vertical incident beam detecting xy and yz orbitals, nondisper-
sive broad bands appear. The band dispersions estimated from
the DFT calculation are also plotted. Because of the initial
growth stage, distinct band dispersion features are not formed
at a thickness of 3 ML. The DFT calculations agree with the
broad ARPES data only at a qualitative level. The discrepancy
in the dispersions between the ARPES spectra and the DFT
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FIG. 5. A first-principles calculation of orbital-resolved band dispersions of 3-ML-thick Fe on Au(111). The highlighted bands in color are
the Fe 3d states. Black curves correspond to the band dispersions of Au. (a) dx2−y2 (blue), d3z2 (green), and dzx (red) orbitals are highlighted as
the horizontal geometry in ARPES. (b) dxy (blue) and dyz (red) orbitals are highlighted corresponding to the vertical geometry in ARPES.

calculation might be due to the effect of surface disorder at
the initial growth stage before forming the band structure of
bulk Fe [35].

A first-principles band-structure calculation for 3-ML-
thick Fe on Au(111) was carried out by adjusting the lattice
constant to Au. At the initial growth stage of Fe on Au(111),
this assumption is plausible through the proximity in the
ultrathin layer case before the lattice relaxation to stabilize
the bulk bcc structure. DFT calculations were performed us-
ing the Vienna ab init io simulation package [36] with the
projector augmented-wave potential [37], including spin-orbit
interaction and the spin-polarized generalized gradient ap-
proximation for the exchange and correlation term [38]. The
Fe/Au(111) slab was constructed with 19 atomic layers of Au
and three atomic layers of Fe with an in-plane lattice constant
of 4.078/

√
2 (Å) of the hexagonal unit cell. A plane-wave

cutoff energy of 400 eV for the wave function and 35×35×1 k
points in the first Brillouin zone. Figure 5 shows the orbital-
resolved band dispersions of the Fe 3d states with Au valence
bands along the �-K symmetric line in the two-dimensional
hexagonal Brillouin zone. The Au(111) band dispersions with
the Rashba-type surface-state splitting were clearly observed.
The dispersive features derived from Fe are typical for disper-
sions in strained fcc structures. The 3dz2 orbitals at the � point
are evident for the p-d hybridization along the out-of-plane
direction. In the vicinity of EF, the in-plane orbitals are domi-
nant, which favors the out-of-plane orbital magnetic moment.
In the case of bcc Fe, the band dispersion features were quite
different [39]. Therefore, the Fe layer facing on the Au is
essential for the PMA from the viewpoint of DFT calculations.

Considering the above results, we discuss the detailed elec-
tronic and magnetic properties at the Fe/Au interface in the
following four subjects.

First, the hyperfine field in the MS is reconsidered as listed
in Table I. It consists of the Fermi contact term (HFermi),the
dipole interaction (Hdipole), and the orbital magnetic moment
(Horb) through the electron orbital,

Hhf = HFermi + Hdipole + Horb. (3)

The term HFermi is described by the δ function at the nuclear
center and is dominant for Hhf compared with the terms of
Hdipole and Horb at the 57Fe site [40]. As the two components
have almost equal intensities, the 57Fe layer faces the interface
with Fe-Fe and Fe-Au chemical bonds. The enhancement of
Hhf at the interfacial component is explained by Fe-Au bond-
ing because the Au solute in the Fe1−xAux alloy influences to
increase Hhf [41]. The difference in Hhf of 3 T corresponds
to 0.17 meV energy. The Horb term also contributes to the
anisotropy in orbital magnetic moments through the 4s-3d
hybridization at the atomic 57Fe site.

Second, the quadrupole term corresponding to the QS at
the interface is discussed. As shown in Fig. 6, the interface
modulates the potential profile, which induces an electric field
of −∇φ, which is related to the effective magnetic field of
−∇φ×h̄k and enhances the Rashba-type spin-orbit interac-
tion σ [∇φ×h̄k] using a spin matrix σ . The interfacial Fe
site is affected by the large potential gradient, resulting in a
large quadrupole splitting in the MS measurements as listed
in Table I. The large quadrupole splitting in MS is specific
for the Fe/Au interface compared with that of the Fe/MgO
interface [21].

Third, the interfacial band structures were compared with
first-principles calculations. According to the second-order
perturbation theory, the PMA is stabilized at the Fe/Au inter-
faces for the (100) and (111) orientations [42,43]. Because the
Au 5d states are almost completely occupied, the Au 6p and
Fe 3d states are dominant in the vicinity of EF. The in-plane
3d orbitals crossing the EF mainly contribute to the PMA,
which is similar to the Fe/MgO interface recognized as a p-d
hybridized interface [44]. In the case of the Fe/Au interface,
not only the p-d hybridization but also the Rashba-type spin-
orbit coupling affects the PMA.

Finally, for the origin of the PMA in the Fe/Au interfaces,
the Au surface states of the p bands stabilize the PMA of the
Fe 3d spins. Therefore, the Fe/Au interface is categorized as
a p-d hybridized interface with a Rashba-type spin-orbit inter-
action using the interfacial potential gradient. This is different
from the d-d interfaces of the Fe/Pt and Co/Pd cases because
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FIG. 6. Schematics of the potential profile. (a) The potential profile of the Au surface and (b) that of the Fe/Au interface.

the 5d (4d ) states are not significant origins for the PMA in
the Fe/Au interface.

IV. SUMMARY

We investigated the microscopic origin of interfacial PMA
induced in an ultrathin Fe layer on a Au(111) surface using
synchrotron-radiation-based MS, XMCD spectroscopy, and
ARPES. We detected the interfacial proximity effect, which
modulates the valence-band electronic structure of Fe, re-
sulting in PMA. The polarization dependence in MS under
a magnetic field shows the PMA characteristics and the en-
hancement of the interfacial component in the hyperfine field
through Fe-Au bonding. In situ ARPES and DFT calculations
also confirm that the initial growth of Fe on the strongly spin-
orbit coupled Shockley surface states in Au(111) modulates
the electronic states in the vicinity of the EF. This suggests

that the PMA in the Fe/Au(111) interface originates from the
cooperation among spin, orbital magnetic moments in Fe, and
Rashba-type spin-orbit coupling in Au.
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