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Elucidation of Spin State of Conduction Electrons in Graphene
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Abstract )

Graphene is a promising material for next-generation
spintronics due to its electronic properties suitable for
the transportation of electron spin information. In order
to realize applications of graphene for spintronic devices,
manipulation techniques of electron spins in graphene
are indispensable, and in particular, the development
of spin injection technique from a magnetic electrode
is a key issue. For this purpose, it is firstly necessary
to understand the spin state of graphene contacted
with magnetic metal. However, it has been difficult for
conventional techniques to analyze the electronic spin
states of graphene on magnetic metal since the weak
signals detected from graphene with a single atomic
layer thickness are easily buried in the strong signals
from the magnetic metal substrate.

It is the first time for us to selectively detect electron
spins of graphene at a junction of graphene and
magnetic metal (nickel) by employing a spin-polarized
metastable helium (He*(2’S)) beam. The present study
demonstrates that the conduction electrons of graphene
contacted with nickel are spin-polarized in the opposite
direction of the conduction electrons of nickel, which
suggests a possible mechanism why the spin injection
efficiency from the FM electrode is very low in the
graphene spin-valves reported so far.

The present study has been carried out in collaboration
with National Institute for Materials Science (Dr.
Yasushi Yamauchi, and Dr. Mitsunori Kurahashi) and
University of Science and Technology of China (Dr.
Xia Sun). These results were published in the scientific
journal "CARBON" [1].

1. Background )

In recent years, graphene has been extensively
studied due to its novel electronic structure and electric
properties. For example, quantum electronic transport,
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band-gap tuning, and extremely high carrier mobility
have been reported [2]. Graphene is also expected to
be one of the most promising materials for the next-
generation spintronic devices including molecular
spintronic devices. Tombros et al. have demonstrated
the electronic spin transport in a single-layer graphene at
room temperature [3]. The extremely long spin relaxation
length and time can be expected for graphene and related
materials due to the small spin-orbit interactions. The
distinguished electronic and spin transport properties
of graphene would make it possible to realize highly
functional spintronic devices based on graphene.

In the graphene spintronic devices, the controls of the
spin injection and detection processes at the interface
between graphene and ferromagnetic metal (FM) electrodes
are crucial for the device operation, and therefore the
elucidation of the spin-resolved electronic structure of
the graphene/FM interface, including the spin state of
graphene, is essential for designing the device structures. To
investigate the interface phenomenon, systematic concerns
should be addressed as described in the following,

The first issue is the formation of a well-defined
interface between graphene and FM. Several fabrication
methods have been used for the deposition of graphene on
appropriate substrates, such as micromechanical exfoliation
(ME) from bulk graphite [2] and ultrahigh vacuum
chemical vapor deposition (UHV-CVD) [5]. ME results in
small flakes of graphene with significant inhomogeneity
in the thickness (with an atomic layer unit) and electronic
state. Moreover, contamination and oxidization of the
graphene/substrate interface cannot be avoidable in practice
during the fabrication procedure. In contrast, UHV-CVD
can be an alternative graphene-growth method to overcome
the above problems. The chemical growth of graphene on
the clean catalytic metal surface in UHV enables samples
to be kept free from contamination. In the present study,
the UHV-CVD method was adopted for the deposition of
graphene on the FM substrates.

The second issue is to employ an appropriate
spectroscopic technique which allows us to investigate
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Fig.1 Schematic diagram of the experimental method

When a low velocity spin-polarized metastable helium (He*) beam is incident on the sample surface, the He atoms rebound above
the surface without penetrating into the interior. As a result, it is possible to selectively detect surface information. During the
collision, the Ts-hole (black broken line arrow) is filled by a surface electron and He atom returns to its ground state by releasing the
2s electron. Since the surface electron filing the 1s-hole should have the same spin state as that for the hole, the ejected electron

carries the spin information of the surface electrons. By aligning the spin direction of Ts-hole, He* becomes a spin detector. In the
present study the spin state of topmost layer of graphene/Ni(111), namely graphene, has been selectively detected with this method.
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the spin-resolved electronic structure of graphene
with thickness of one atomic layer. The conventional
techniques such as spin-resolved ultraviolet
photoelectron spectroscopy are not satisfactory because
of the superposition of large background signals from
the substrate on small signals from graphene. We have
directed our attention toward spin-polarized metastable-
atom deexcitation spectroscopy (SPMDS) [8] with
the extremely high surface sensitivity, which makes it
possible to selectively detect the spin-resolved electronic
structure of graphene on the surface of the FM substrate.

2. The details of the present study )

The graphene with coverage ranging from 0%
to 100% was prepared on the FM (nickel, Ni(111))
surface by UHV-CVD by controlling exposure time
to benzene which is a precursor for the graphene
growth [9]. The spin-resolved electronic structure of
graphene was investigated by SPMDS as follows:
The secondary electron emission was detected during
irradiation of the spin-aligned triplet metastable
helium atom, He*(2’S), beam with a thermal velocity
impinging onto and being reflected above the sample
surface. The ejected electron intensity (SPMDS
spectrum) depends on degree of the spin polarization
of the surface electrons since only a surface electron
with the same sign of spin as that of the 1s hole of
He*(2’S) can be transferred to and fill the 1s hole
following the Pauli’s exclusion priciple (Fig.1) [8].

Figure 2 shows the spin asymmetry (/p- /a)/(Ip+ 1a)
obtained from the SPMDS measurements, where
Ip and 7a denote the secondary electron intensities
for spin-polarized He*(2’S) beams with electron
spins parallel and antiparallel to the majority spin
of the Ni substrate. The sign and magnitude of the
spin asymmetry are changeable with the coverage of
graphene, and, at the coverage of 100%, the asymmetry
becomes approximately —2% at Fermi energy. In
the present configuration, negative (positive) spin
asymmetry means positive (negative) spin polarization
of the surface electrons with respect to the majority spin
of Ni. Therefore, the negative spin asymmetry observed
at 100% coverage indicates that the conduction
electrons in graphene contacted with Ni(111) are
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Fig.2 Spin asymmetries of graphene/Ni(111) obtained from SPMDS spectra

measured alternatively with He*(2%S) thermal beams aligned with the total
spin parallel and anti-parallel to the majority spin of Ni(111)
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positively spin-polarized relative to the majority
spin of Ni. On the other hand, the spin asymmetry
of the Ni(111) clean surface at the coverage of 0% is
approximately +7% at Fermi energy, indicating the
negative spin polarization of the conduction electrons
at the Ni(111) surface. The above results lead to the
conclusion that the conduction electrons of the Ni(111)
surface and the graphene thereon have opposite signs
of spin polarization with each other.

It is expected that the opposite spin polarization
as clarified in this study possibly results in the
degradation of the spin polarization of the charge
current passing through the interface between
graphene and FM in the spin valve devices. We
believe that the present study provides an important
basis for the elucidation of the spin states of the
graphene/FM interface necessary for manufacturing
highly-functional graphene-based spintronic devices.

3. Significance of obtained results and their impact )

The present study firstly provides the direct
information on how the conduction electrons of
graphene are affected by the contact with FMs by
employing a to-layer sensitive spectroscopic technique,
SPMDS. Our research achievement is also expected to
greatly contribute to the understanding and designing
spin-related properties of various two-dimensional
materials attractive for future spintronic applications.

4. Perspectives )

We will challenge further innovative of the
graphene-based spintronic devices as well as
exploratory studies of new two-dimensional materials,
based on the unique spectroscopic techniques on the
spin-resolved electronic structures and sophisticated
growth techniques of graphene-based materials and
nanostructures.
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