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Surface magnetism is analyzed by spin-dependent He+-ion neutralization (the Auger neutralization) in the
vicinity of a surface using an electron spin-polarized low-energy He+-ion beam [spin-polarized ion scattering
spectroscopy (SP-ISS)]. Recently, spin-orbit coupling (SOC) has been found to act as another mechanism of
spin-dependent low-energy He+-ion scattering. Thus, it is crucial for surface magnetism analyses by SP-ISS to
separate those two mechanisms. In the present study, we investigated the spin-induced asymmetry in scattering of
low-energy He+ ions on ultrathin Au and Sn films as well as the oxygen adsorbate on a magnetized-Fe(100) surface
where these two mechanisms may coexist. We found that the Fe surface magnetism immediately disappeared
with the growth of those overlayers. On the other hand, we observed no induced spin polarization in the Au and
Sn thin films even in the very initial stage of the growth. We also observed that the spin asymmetry of the O
adsorbate was induced by the magnetism of the underlying Fe substrate. The present study demonstrates that the
two mechanisms of the spin-asymmetric He+-ion scattering (the ion neutralization and SOC) can be separated
by an azimuthal-angle-resolved SP-ISS measurement.
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I. INTRODUCTION

He+-ion beams have been widely used as a probe for
solid-surface analysis. This is because the ionization energy of
He is so large at 24.6 eV, which is actually the largest among
all elements, and, consequently, He+ ions are neutralized
with high probability in the vicinity of the surfaces. This is
especially the case for low collisional energy (i.e., below a few
keV) between the He+ ion and a surface. The velocity of He+

ions is comparable to the Fermi velocity at such low energy,
hence the low-energy He+ ion has sufficient duration for the
charge exchange with a surface. Therefore, the outermost
surface can be selectively analyzed by detecting the scat-
tered low-energy He+ ion which survives the neutralization
low-energy He+-ion scattering spectroscopy [low-energy ion
scattering spectroscopy (LEIS) or ion scattering spectroscopy
(ISS)] [1,2].

It is well known that the low-energy He+ ion is typically
neutralized in the vicinity of surfaces through the Auger
neutralization (AN) mechanism, which is an interatomic
Auger process [Fig. 1(a)] [1]. Due to the Pauli exclusion
principle, the electron-spin orientation of the He+ ion, which
is defined by the 1s electron, should be opposite to that
of the surface electron involved in the AN [3]. Thus, the
AN probability reflects the population density of the surface
valence electrons which have an opposite direction spin to
the impinging He+ ion. In other words, the spin-dependent
He+-ion scattering is related to surface spin polarization,
namely, the surface magnetism. This is a basic principle
of surface spin polarization analysis by spin-polarized ISS
(SP-ISS) [4].

In SP-ISS, the scattered He+-ion intensity is measured
separately for the incident He+ ion with up and down spins by
using a spin-polarized He+-ion beam. The spin dependence
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of the He+-ion scattering is evaluated by the spin asymmetry
A defined as (I↑ − I↓)/[PHe+ · (I↑ + I↓)], where I↑ and I↓
are the scattered intensities of the incident He+ ions with
up and down spin, respectively, and PHe+ denotes the spin
polarization of the incident He+ ion beam. The direction of the
up spin (the down spin) is defined to be parallel (antiparallel)
to the guiding magnetic field (Fig. 2). We have applied SP-ISS
to the spin-polarization analysis of various magnetic surfaces
in the past decade [5].

Aside from the above-mentioned ion neutralization-based
mechanism, we have indicated that spin-dependent He+-ion
scattering also arises due to the spin-orbit coupling (SOC)
in the He+-target atom collision [6–9]. This claim is based
on the observation of spin-dependent He+-ion scattering
on nonmagnetic surfaces which consists of relatively heavy
elements. The large spin asymmetry of more than 10% has
been observed in those experiments, which was not attributed
to the spin-dependent He+-ion neutralization because of no
spin polarization on nonmagnetic surfaces. The alternative
mechanism, which is the SOC of the He+-ion scattering,
is intuitively interpreted as the effect on the spin S of the
projectile He+ ion from the Biot-Savart field H induced by the
projectile He+ ion angular motion around the target nucleus
during the He+-target atom binary collision. Thus, the SOC
potential USOC in the collision between a projectile of mass
M1 and a target of atomic number Z2 has the following form:

USOC = H · S ∝ (Z2/|r|3)(r × M1v) · S, (1)

where v is the velocity of the projectile and r is the position
of the target nucleus as seen from the projectile. It is noted
that the He+-ion spin is presumed to accompany the nucleus
motion of the He+ ion during the collision in the simple picture
expressed in Eq. (1).

Recently, we have theoretically shown that SOC for the
hole virtually created in the target atom during the collision
is responsible for the spin-dependent He+-ion scattering on
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FIG. 1. Two mechanisms of the spin-dependent low-energy He+-
ion scattering on solid surfaces. (a) In the Auger neutralization, the
hole of the He+ 1s orbital is filled by a surface electron with opposite
spin to that of the He+ 1s electron. (b) Due to spin-orbit coupling
for a hole virtually created in a target atom during the collisional
intermediate state, the scattering cross section of a He+ ion differs
between spins.

nonmagnetic surfaces [Fig. 1(b)] [10]. The SOC in the colli-
sional intermediate state explains the large spin asymmetry of
more than 10%, which could not be understood if the He+-ion
spin was presumed to classical mechanically accompany the
He+-ion nuclear motion during the collision as the simple
picture given by Eq. (1).

FIG. 2. Schematic of the experimental setup.

The two mechanisms of the spin-dependent He+-ion
scattering, i.e., spin-dependent ion neutralization and SOC,
have been separately investigated so far. No study has been
reported for the situation where surface magnetism and SOC
coexist. Thus, it remains an open question as to how those
two mechanisms can be separated experimentally, although
it is quite important for surface spin-polarization analysis by
SP-ISS.

In the present study, we investigated spin-dependent He+-
ion scattering on the surface where the effects of surface
magnetism and SOC were expected to coexist. As a sample,
we selected an ultrathin Sn or Au film on a magnetized Fe
single-crystalline substrate. Our earlier studies have revealed
that the He+-ion scattering is significantly spin dependent due
to SOC on a polycrystalline Sn or Au sheet target [8,9]. On the
other hand, the effect of surface magnetism in the He+-ion scat-
tering may appear on an ultrathin nonmagnetic film grown on
a magnetized substrate due to the induced spin polarization. It
has been suggested that magnetic spin polarization is induced
in the conduction electrons of the nonmagnetic overlayer at
the interface with a magnetic substrate [11–17]. For the sake
of comparison, we also investigated the O/Fe system in the
present study, where the spin-dependent scattering from O is
considered to be mostly due to the surface spin polarization.
This is because we have observed no spin asymmetry at the O
peak position on the Fe(100) surface heavily exposed to the O2

atmosphere in our previous SP-ISS study [4]. The negligibly
small contribution of SOC in the He+-ion O-atom collision
will be evidenced from the azimuthal-angle dependence of the
spin-asymmetric He+-ion scattering from O in the last part of
our paper.

II. EXPERIMENT

We performed experiments in an ultrahigh vacuum (UHV)
chamber (base pressure ∼7 × 10−9 Pa), which was equipped
with a rotatable electrostatic energy analyzer, a beam line for
spin-polarized 4He+ ions, a sample manipulator, a reflection
high-energy electron diffraction (RHEED) apparatus, deposi-
tion sources of Fe, Au, and Sn, and a quartz oscillator thickness
monitor. Electron-spin-polarized 4He+ ions were generated by
the Penning ionization of spin-polarized metastable He 23S1

atoms [4]. We used an optical pumping technique to polarize
metastable He 23S1 atoms. The polarization of the incident
He+-ion beam (PHe+ ) is defined as (n↑ − n↓)/(n↑ + n↓),
where n↑ and n↓ are the numbers of projectile He+ ions whose
magnetic moment is parallel and antiparallel to the guiding
magnetic field, respectively. The spin polarization of the
He+-ion beam PHe+ in the present experiment was about
0.2 [18].

The entire apparatus was surrounded by a three-axis coil to
compensate the Earth’s magnetic field. An additional coil pro-
duced a weak guiding field (0.3 Oe), which was parallel to
the vertical axis (Fig. 2). The spin direction of the incident
He+-ion beam was defined by the guiding magnetic field;
hence, it was polarized so as to be parallel or antiparallel to
the guiding field. We set the scattering geometry as the spin of
the incident He+ ion to be perpendicular to both the scattering
plane and the surface normal of the Fe(100) target, as shown in
Fig. 2. In the present SP-ISS experiment, the incident and exit
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angles measured from the surface normal direction of the target
were 0◦ and 30◦. Thus, the scattering angle was 150◦. The
incident energy E0 was in the range between 1.4 and 1.7 keV.

The scattered He+ ions were measured using a rotatable
hemispherical energy analyzer (Omicron SHA50), which was
operated in a constant pass-energy mode with a pass energy
of 318 eV. The SP-ISS spectra for the two opposite spins of
the incident He+ ion (i.e., up and down spins) were alternately
measured more than 100 times in order to eliminate the effect
of changes with time. The signals were separately accumulated
for the up and down spin-polarized He+ ions and, finally, they
were compared to each other to obtain the spin asymmetry A.

Iron single-crystalline (100) films (bcc-Fe) were epitaxially
grown on MgO(100) substrates by vapor deposition of iron
[19]. The thickness of the Fe film was a few tens of nanometers.
We deposited Sn and Au on the Fe(100) film using an electron-
beam evaporator (Omicron EFM3) at room temperature in
UHV. The typical deposition rate was 0.05 nm/min. The
sample was pulse magnetized in-plane by a retractable pulse
magnet placed in the UHV chamber before the SP-ISS
measurements. The magnetization direction was parallel to
the Fe[001] easy axis of the bcc-Fe films, which was parallel
to the vertical direction as shown in Fig. 2.

III. RESULTS AND DISCUSSION

Figure 3(a) shows the spin asymmetries of Fe and Au as a
function of the Au deposition amount on the Fe(100) surface.
The spin asymmetries of Fe and Au were measured at the ISS
peak energies, which were 1135 and 1400 eV, respectively.
Since the ISS peaks of Fe and Au are well separated, as shown
in the inset of Fig. 3(a), the spin asymmetries of Fe and Au are
straightforwardly attributed to the collision of the He+ ion to
the Fe and Au target atoms at the Au/Fe surface, respectively.

In our RHEED experiment, we consistently observed a
1 × 1 streak through the Au deposition on the Fe(100) surface,
although the streaks became slightly obscured with the Au
deposition. This suggests the growth of the Au overlayer

FIG. 3. (a) The spin asymmetry and (b) the scattered He+-ion
intensity of Fe (black squares) and Au (red circles) as a function of
the Au deposition amount on the magnetized-Fe(100) substrate. The
inset shows the ISS spectrum of the Au (0.2 nm)/Fe(100) surface.

with a similar crystalline periodicity to Fe(100). In fact, it
has been reported that Au(100) epitaxially grows on Fe(100)
with a rotation of 45◦ due to good lattice matching, namely,
Au(100)//Fe(100) and Au[110]//Fe[100] [20–22]. Thus, we
hereafter assume that one monolayer (ML) of the Au overlayer
has a thickness of half of the lattice constant (0.204 nm).

Figure 3(b) shows the behavior of the ISS signal intensity
at the peak position of Fe and Au as a function of the Au
deposition amount. The ISS signal intensity is integrated in
counts from 1120 to 1160 eV for Fe and from 1375 to 1415 eV
for Au. The Fe signal vanishes with the Au deposition of
about 3.5 nm. By considering the surface sensitivity of ISS,
the Fe surface should be fully covered by the Au deposition of
3.5 nm. Thus, it seems that the layer-by-layer growth does not
explain our data in Fig. 3(b). However, it has been indicated
that the Au film grows on Fe(100) with nearly layer by layer
at the substrate temperature of 373 K [20]. The inconsistency
on the growth mode of Au/Fe(100) may be due to the Fe
substrate temperature during the Au film growth. It was room
temperature in our case and, consequently, the thermally
activated diffusion process at the surface is limited as statistical
growth [23]. The effect of reduced interlayer mass transport
during the film growth analyzed by ISS has been discussed
by Primetzhofer et al. [24]. In the statistical growth, the full
covered surface is reached exponentially as a function of the
mean thickness of the deposited film, and it is interpreted to
be the case of Au/Fe(100) in the present study.

In Fig. 3(a), the spin asymmetry of Fe decreases with the Au
deposition, and it finally disappears at the thickness of several
ML. This behavior of the Fe spin asymmetry is interpreted
to be due to the bonding at the Au/Fe interface from the
analogy of O/Fe discussed later. Thus, the hybridization of the
electronic state at the Au/Fe interface depolarizes the spin
state of the Fe surface. No magnetic order is observed in
the Au thin film in the whole thickness range as discussed
below; therefore, no antiferromagnetic coupling of Au at the
Au/Fe interface is observed, which has been proposed to be the
origin of the magnetic dead layer at the magnetic/nonmagnetic
interface [25–28].

On the other hand, the spin asymmetry of Au continuously
exhibits the opposite polarity to the spin asymmetry of Fe.
No substantial change of the Au spin asymmetry occurs in
the whole thickness range. The spin asymmetry of Au on
the Au thick film should be due to SOC because of no
effect of magnetism from the Fe substrate. Actually, the spin
asymmetry of Au on the thick film is equivalent to that on the
polycrystalline Au sheet observed in our earlier study [6].

The behavior of the spin asymmetry observed on Au/Fe
in Fig. 3(a) is similar to that on Sn/Fe, as shown in Fig. 4(a).
In the case of Sn/Fe, it is additionally observed that the spin
asymmetry of Sn is slightly enhanced in the initial stage of the
Sn deposition. No substantial change occurs in the spin asym-
metry of Sn by the further deposition of Sn. Similarly to Au/Fe,
the spin asymmetry of Sn on the thick Sn film is equivalent to
that observed on the polycrystalline Sn sheet [9]; hence, it is
attributed to the pure SOC effect. Those similar behaviors of
the spin asymmetry between Au/Fe and Sn/Fe suggest that the
origin of the spin asymmetry is identical in these two systems.

In our RHEED experiment on Sn/Fe, we observed trans-
mission patterns indicating the Sn island formation on the Fe
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FIG. 4. (a) The spin asymmetry and (b) the scattered He+-ion
intensity of Fe (solid black squares) and Sn (open red circles)
as a function of the Sn deposition amount on the magnetized-
Fe(100) substrate. The inset shows the ISS spectrum of the Sn
(0.2 nm)/Fe(100) surface.

surface in the initial stage of the growth. The behavior of the
ISS signal intensity as a function of the Sn deposition amount
is shown in Fig. 4(b). The ISS signal intensity is integrated in
counts from 1120 to 1160 eV for Fe and from 1285 to 1325 eV
for Sn. The behavior of the ISS signal intensity as a function
of the deposition amount of Sn/Fe(100) is similar to that of
Au/Fe(100) [Fig. 3(b)], and thus it is likely that the growth
mode is similar between Au/Fe(100) and Sn/Fe(100), which
is the statistical growth.

It is well known that the quasiresonance charge transfer
is a major channel of the He+-ion neutralization in addition
to AN on Sn surfaces [1]. The quasiresonance neutralization
(qRN) takes place because a Sn atom has a 4d core level
which is energetically close to the empty 1s level of a
He+ ion. As evidence of qRN on Sn, both the scattered
He+-ion intensity and the spin asymmetry of Sn periodically
oscillates as a function of the reciprocal of the He+-ion velocity
[9,29–31]. Those oscillations are understood in terms of
the quantum mechanical interference between adiabatic and
nonadiabatic transitions in the quasiresonance charge transfer.

It is noted that the valence electron that is responsible for
the spin polarization, i.e., magnetism, is not involved in the
qRN of the He+ ion because the He+ 1s level is energetically
as deep as 24.6 eV, as measured from the vacuum level. Thus,
the spin polarization in the Sn ultrathin film induced by the
underlying Fe substrate is not detected through qRN. This is
not the case for the He+-Au collision, where only AN is a
major neutralization channel of the He+ ion. It is known that
the collision-induced neutralization/reionization is negligible
compared to AN in the He+-Au system [32], although it has
been indicated to be significant at the much higher energies
used in the present study [33]. Therefore, the effect of the target
spin polarization should appear more strikingly in the spin
asymmetry on Au rather than on Sn. Nevertheless, the increase
of the spin asymmetry in the initial stage of the thin-film growth

FIG. 5. The spin asymmetry of Fe (black squares) and Au
(red circles) in the very initial stage of the Au deposition on the
magnetized-Fe(100) substrate. The asymmetries are plotted for the
azimuthal angles of 0◦ and 180◦.

is much pronounced on Sn than on Au. This implies that the
variation of the spin asymmetry of Sn in the initial stage of the
deposition is simply due to SOC. In other words, no induced
spin polarization appears in the nonmagnetic overlayer by the
magnetism of the underlying substrate in both the systems of
Sn/Fe(100) and Au/Fe(100).

To examine the above interpretation, the relationship
between the spin asymmetry and the azimuthal angle was
investigated in the very initial stage of the Au deposition on
Fe(100), as shown in Fig. 5. The spin asymmetry originating
from SOC is independent of azimuthal angle because it arises
from the He+-ion target atom binary collision [7]. On the
other hand, the asymmetry by the magnetism is proportional
to the cosine of the angle between the He+-ion spin and the
target magnetization [34]. Since the He+-ion spin is parallel
or antiparallel to the guiding field, the spin asymmetry A

originating from the magnetism is related to the azimuth
rotation angle δ as A ∝ cos δ. Therefore, if the effect of SOC
is additionally considered, the spin asymmetry A is expressed
as

A ∝ cos δ + c, (2)

where c is the offset due to SOC.
The polarity of the spin asymmetry should reverse by

the azimuthal-angle rotation of 180◦ if the contribution of
SOC is relatively small, as shown in Eq. (2). Actually, the
polarity of the Fe asymmetry is opposite to each other between
the azimuth angle of 0◦ and 180◦ in Fig. 5. By contrast,
no substantial change occurs in the spin asymmetry of Au
by rotating the azimuth angle. This manifests that the spin
asymmetry of Au purely originates from SOC in the whole
thickness range, including the very initial stage of the Au
deposition.

It is observed in Fig. 5 that the absolute value of the Fe asym-
metry differs slightly between the azimuth angles of 0◦ and
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FIG. 6. The ISS spectrum (solid black curve) and the spin
asymmetry of oxygen measured at the azimuthal angles of 0◦

(solid red triangle) and 180◦ (open red triangle). The sample was
the magnetized-Fe(100) substrate exposed to an O2 atmosphere of
1.33 × 10−5 Pa for 50 s at room temperature.

180◦. According to Eq. (2), if the spin asymmetry entirely orig-
inates from the magnetism, the absolute values should agree
with each other between those azimuth angles. Therefore, the
azimuthal-angle dependence of the Fe asymmetry shows the
slight contribution of SOC to the spin asymmetry of Fe.

As a general trend, we have observed that the effect of SOC
increases with the mass of the He+ ion’s collision-partner atom
[8]. The slight effect of SOC found on Fe in the present study
is consistent with this tendency. The relationship between
the target atomic number and SOC is not understood by
the classical mechanical picture expressed in Eq. (1). This
is because the charge of the target nucleus increases as the
target atomic mass increases, but, simultaneously, the distance
between the He+ ion and the target nucleus increases with
the enhanced screened Coulomb force. Therefore, SOC in the
collision-induced quantum mechanical intermediate state de-
scribed in Sec. I should be considered to understand the target
element dependence of SOC. This will be our future work.

In agreement with the trend of the target element depen-
dence of SOC mentioned above, we observed no effect of
SOC in the He+-ion oxygen-adatom collision, as shown in
Fig. 6. The O/Fe(100) surface was prepared by exposing the
Fe(100) surface to an oxygen (O2) atmosphere with a partial
pressure of 1.33 × 10−5 Pa for 50 s at room temperature. It

has been indicated that atomic oxygen adsorbs on Fe(100)
as a result of the dissociation of the O2 molecule [35]. The
behavior of the spin asymmetry of Fe and O as a function of
the exposure to the O2 atmosphere has already been reported
in our previous paper [34]. Briefly, both spin asymmetries of
Fe and O exhibit positive polarity and they monotonically
decrease with the exposure. They finally disappear when
exposed at 1.33 × 10−5 Pa for 80 s. Thus, the exposure
condition used in the present study corresponds to the transient
surface where both of those spin asymmetries of Fe and
O are changing. In Fig. 6 , the spin asymmetry of O
perfectly reverses by the azimuthal-angle rotation of 180◦.
Thus, no offset corresponding to c in Eq. (2) is observed and,
consequently, the spin asymmetry of O is simply attributed to
the spin polarization induced by the magnetism of the Fe(100)
substrate. The mechanism of the induced spin polarization
has been proposed to be the molecular orbital hybridization
between O 2p and Fe 3d [36,37].

IV. CONCLUSION

We investigated spin-dependent low-energy He+-ion scat-
tering in terms of the coexistence effect on the surface
magnetism and the spin-orbit coupling (SOC). We examined
the coexistence effect on these two mechanisms from SP-ISS
experiments on the Au and Sn thin films formed on a
magnetized Fe(100) substrate. We concluded that the variation
of the spin asymmetry of Sn observed as a function of the
thin-film thickness is attributed just to SOC. Thus, the change
of the electronic state of the target atom modifies the spin
asymmetry originating from SOC even though it arises from
the He+-ion target atom binary collision. The spin asymmetries
of Au and Sn are attributed to SOC in the whole thickness
range. In contrast, the spin asymmetry of O adsorbed on
Fe(100) is attributed to just the spin polarization induced by
the magnetism of the underlying Fe substrate. The present
study shows that the spin asymmetry A is related to the origin
of the spin-dependent He+-ion scattering as A = cos δ + c,
where δ is the azimuthal angle of the target and c is the offset
determined by SOC. Thus, one is able to separate those two
contributions by analyzing the relationship between A and
δ. This is crucial for surface spin-polarization analyses by
SP-ISS.
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