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Abstract )

Our group aimed at elucidating the interface spin-
related electronic and magnetic properties of the
graphene-magnetic metal heterostructures as the
most fundamental components of the graphene-based
spintronic devices. The developed growth technique
of microstructure-controlled graphene and the unique
interface spectroscopy techniques at atomic-layer level
lead to the findings of unusual interface properties
such as antiparallel spin polarization between graphene
and Ni and perpendicular magnetic anisotropy in the
Ni atomic layers close to the interface. The achieved
results are expected to contribute to the development of
spintonic devices centered on graphene.

1. Background )

Spintronics is an emerging technology taking
advantage of the dual property of electrons; the charge
and spin degrees of freedom. Over the past decades,
spintronics has been developed based on inorganic
metals and semiconductors. Recent studies have started
to shed light on the spintronics applications of molecular
materials including organic molecules and nanocarbons.
We call this new field “Molecular Spintronics”. In
molecular spintronics, the establishment of efficient
control of the spin direction in molecular materials is
essential in order to realize device applications making
use of the potentials of these materials for transfer and
storage of spin information.

Our group has focused on graphene as the promising
base-material for molecular spintornic devices. After
the discovery of the conventional fabrication method
by the mechanical exfoliation from graphite (A. Geim
and K. S. Novoselov, 2010 Nobel Prize in Physics),
graphene has attracted world-wide attention as an
innovative nanoelectronic material. In the spintronics
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field, graphene is expected to be an ideal spin-transport
material due to the extremely long spin diffusion length
reflecting the weak spin-orbit coupling and high carrier
mobility.

On the other hand, the weak spin-orbit coupling and
nonmagnetism of graphene make it difficult to control
the spin direction in graphene. This indicates a necessity
of the spin manipulation technique employing graphene-
based heterostructures and the interfaces therein. In
particular, the heterostructures between graphene and
ferromagnetic metals are considered to be the most
fundamental components of spintronic devices being
associated with the spin- injection.

We investigated the spin-related electronic and
magnetic properties of the graphene-magnetic metal
heterostructures by focusing on the single-layer
graphene(SLG)/Ni(111) structure as a model system
with the small lattice mismatch at the interface.

2. Contents of the study y

We started our study from the development of the
new growth method of single-crystalline graphene with
an uniform carbon layer number on a Ni(111) thin film
[1], and then proceeded to the elucidations of the spin
polarization states of graphene and interfacial magnetic
properties in the SLG/Ni(111) heterostructures by
employing unique spectroscopy techniques [2, 3]. In the
followings, we summarize our main results.

The mechanical exfoliation of graphitic atomic layers
from bulk graphite is the most conventional fabrication
method of graphene. However, the small size and non-
uniformity in the layer number and in the electronic
states of exfoliated graphene prevent us from elucidating
the electronic properties of the graphene-based
heterostructures. Ultrahigh vacuum chemical vapor
deposition (UHV-CVD) can be an alternative fabrication
method, because single-layer graphene is known to be
grown over a large-area on catalytic metal crystals.

In our study [1], we developed a new UHV-CVD
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Fig.1 Change in the reflection intensity of electron
beam from the sample surface as a function of the
benzene exposure

The Ni(111) thin film was kept at 873 K for the CVD growth of
graphene.
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technique which enables us to fabricate microstructure-
controlled graphene on metal thin films with an in-situ
monitoring system by reflection high energy electron
diffraction. Figure 1 shows the change in the mirror
reflection intensity of the electron beam from the sample
surface during the exposure to benzene molecules
(precursor).

It was shown that the reflection intensity of the
electron beam shows a significant change with the
quantities of benzene-exposure. The first decreasing
and the second increasing of the intensity observed
in the range of 0-60 L are attributed to the nucleation
and the growth of SLG, respectively. The SLG growth
is completed at 60 L by the complete coverage on
the Ni(111) surface, and followed by the bilayer
graphene (BLG) growth at the smaller growth rate
by several orders of magnitude. The relevance of the
graphene growth process in a layer-by-layer fashion
enabled us to precisely control the layer number and
homogeneity of graphene as a function of the exposure
amount of precursors. In addition, it was also found
that the uniformity of the electronic states of the UHV-
CVD graphene can be remarkably high compared to
exfoliated graphene by adjusting the exposure condition
to complete the growth of the respective atomic layers.

The direct observation of the spin-dependent
electronic properties of graphene at the interface with

Spin dependent
emission

s

Graphene/ferromagnetic

| Ni(111)

metal interface
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Fig.2 Schematic drawing of SPMDS for the SLG/Ni(111) structure

When a low velocity spin-polarized metastable He* beam is incident on the sample surface, the He* atoms are scattered
above the surface without penetrating into the interior. As a result, it is possible to selectively detect the information of SLG.
On the surface, the 1s-hole (black broken arrow) is filled by a surface electron and He atom returns to its ground state by
releasing the 2s electron. Since the surface electron filling the 1s-hole should have the same spin state as that of the hole,

the ejected electron carries the spin information of SLG.
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magnetic metals has been challenging because in
conventional spin-resolved spectroscopies like spin-
polarized photoelectron spectroscopy the weak signals
from graphene with only a single atomic layer thickness
are buried in the strong signals from the underlying
magnetic metal substrate. In the present study, we
successfully elucidated the electronic structure and spin
polarization of SLG located at the top-surface of the
SLG/Ni(111) structure by employing spin-polarized
metastable-atom deexcitation spectroscopy (SPMDS).
The probe of SPMDS is a spin-polarized metastable
He* atom with thermal kinetic energy. The scattering of
the beam, which selectively occurs above the topmost
surface, allows the extremely sensitive detection of the
spin-dependent surface electronic structures.

Figure 2 illustrates the principle of spin detection in
SPMDS. When a spin-polarized metastable He atom
(He*) approaches the sample surface, an electron on the
outer surface migrates to the He* atom and fills the spin-
polarized 1s hole, and, simultaneously, the 2s electron
is ejected from the He* atom according to the Auger
process. The above process is spin-dependent, since only
a surface electron with parallel spin is allowed to fill the
spin-polarized 1s hole. So, we can directly investigate
the polarization states of electron spins in graphene by
measuring the change (the spin-dependent asymmetry)
of the secondary electron emission intensities depending
on the relative orientation of the spins in the He* atom
and graphene.

Figure 3 shows the spin-dependent asymmetry
obtained by the irradiation of the spin-polarized He*
beam parallel and antiparallel to the majority spin of the
Ni(111) substrate. The positive spin asymmetry around
13 eV, which corresponds to the Fermi level of Ni(111),
decreases with increasing the graphene coverage, and
after the completion of the SLG growth a negative peak
of 2% is observed at around 14 and 15 eV corresponding
to the Fermi level of SLG. The 14 and 15 eV peaks are
assigned to the graphene n* and & orbitals mixed with
the Ni d states, respectively.

The present SPMDS study successfully revealed
the electronic properties of graphene at the SLG/
Ni(111) interfaces. The antiparallel spin-polarization
of conduction electrons between SLG and Ni on the
interface possibly causes degradation of the spin
injection efficiency into graphene as reported for the

B3 SLG/Ni (111)HBHZOWTRHESNIcAEVIERIRED S
F7IVRERICELDELL

AUV RIBERE He RT3, AEYOAENANEREOSHAL &
AT RFEATICAD LS IR TR UER UTe,

Fig.3 Spin asymmetries of SLG/Ni(111) measured with

the spin-polarized He* beams with the total spin parallel
and anti-parallel to the majority spin of Ni(111)
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spin-valve devices with magnetic metal electrodes.

For designing spintronic device functions, the
elucidation of the magnetic properties is of equal
importance as the electronic properties. We therefore
investigated the magnetic properties of the graphene/
Ni(111) interface by using depth-resolved X-ray
magnetic circular dichroism (XMCD) spectroscopy with
the atomic-layer-scale depth resolution [2].

The measurements of the depth-resolved Ni L-edge
and C K-edge X-ray absorption (XAS) and XMCD
spectra were carried out for the SLG/Ni(111) thin film
sample at BL-7A (Photon Factory, KEK, Japan). As
shown in Figure 4, the XAS and XMCD spectra, which
reflect the electronic and magnetic states, were measured
by irradiating the circularly-polarized X-ray beam at the
incidence angle o and by measuring the Auger electron
intensity as a function of the detection angle 0 using
the imaging type electron detector. All measurements
were carried out at ambient temperature and under the
remanence condition. In the XMCD measurements,
pulsed magnetic fields were applied in parallel and
antiparallel to the propagation direction of the circularly-
polarized X-ray beam. In the present measurements, it
is essential to measure XMCD for two X-ray incidence
angles (o0 = 30° and 60°). We can examine depth-
dependent changes of the magnetic anisotropy from the
detection angle 0 dependences of the XMCD spectra
obtained at different incidence angles.

Figure 5 shows the depth-dependent changes of the

Single-layer
graphene

Ni(111)

Imaging type detector

4 FEHHEXMCD RIEDEXE

FREXERE—LDARAE a THE L XMCD AR MLHS a EFHTBARAND AL Y RUFERRE—XA Y hDIROSNET, S5icA
—Y T BEFOREARE O ITHKF LI XMCD ART MLDOZEEH S, TN SBIKIREDRSICLDE(LZH B ENTEET,

Fig.4 Schematics of the depth-resolved XMCD measurements
The spin and orbital magnetic moments along the direction parallel to the incidence angle a can be calculated from the
XMCD spectra measured at a . The depth-dependent changes of these magnetic states can be obtained from the spectral

changes depending on the detection angle 6.
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Fig.5 Mean probing depth A dependences of the
spin magnetic moment (upper panel) and the orbital
magnetic moment (lower panel) parallel to the
directions of ¢ = 30° () and a = 60° (O), respectively

spin and orbital magnetic moments analyzed from the Ni
L-edge XMCD spectra. It was demonstrated that within
the Ni(111) thin film the stable magnetization direction
changes from in-plane to out-of-plane in the region of a
few Ni atomic layers from the SLG/Ni(111) interface.
This perpendicular magnetic anisotropy in the interfacial
Ni atomic layers was shown to be accompanied with
a considerable decrease of the magnetic moment as
large as 20% in comparison with that in Ni crystal. In
addition, the C K-edge XMCD analysis revealed that
the m band of SLG is not only out-of-plane magnetized
by the exchange coupling with the interfacial Ni atomic
layers but also having a much larger spin-orbit coupling
than in pristine graphene possibly associated with the
n-d interactions at the interface.

3. Importance of the results and their impacts }

From the fundamental viewpoint, the success in
large area growth of the graphene sheet with a well-
defined microstructure will contribute to widely
ranged applications of graphene as a commonly-used
electronic substance like silicon. The elucidations of
the spin polarization states and the interfacial magnetic
anisotropy characteristic to the graphene/magnetic
metal heterostructures will serve as a guide for realizing
highly-efficient spin injection in the graphene-based
spintronic devices and will exploit new opportunities
for the developments of the spin and magnetic memory
devices.

4. Perspectives )

Molecular spintronics centered on graphene can be
reasonably believed to contribute to the advancement of
information technologies by leading to the development
of highly functional spintronic devices beyond the
present limits. We are going to proceed to the study
of the molecular spintronic devices by making use
of the graphene and graphene related material based
heterostructures [1-7] as the base element.
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