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The magnetic properties of graphene have attracted much attention for more than a decade. Recent stud-
ies have shown that adatoms or atomic vacancies in graphene could exhibit localized magnetic moments.
However, a macroscopic spin-polarized semiconducting band structure has never been experimentally
realized in graphene. Here, we demonstrate that a graphene monolayer, hybridized with an underly-
ing Ni(111) substrate, exhibits a spin-polarized semiconducting state even at room temperature. Our
spin-polarized scanning tunneling microscopy (STM) experiments, complemented by first-principles cal-
culations, explicitly demonstrate that the interaction between graphene and the Ni substrate generates a
large gap in graphene and simultaneously leads to a relative shift between majority- and minority-spin
bands. Consequently, the graphene sheet on the Ni substrate exhibits a spin-polarized gap with an energy

of several tens of meV even at room temperature.
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I. INTRODUCTION

Pristine graphene is a diamagnetic semimetal [1]. The
realization of magnetism in graphene has attracted much
attention over the years, since the s—p electron mag-
netism is predicted to be stable even at high tempera-
tures. Recently, many groups have attempted to introduce
magnetism in graphene [2—13]. For example, it has
been demonstrated that graphene with atomic defects and
hydrogen chemisorption defects could exhibit localized
magnetic moments. However, due to the difficulty of
controlling the densities and the regular arrangement of the
defects, it is almost impossible to realize a macroscopic
spin-polarized semiconductor band structure by simply
introducing adatoms or atomic vacancies. To overcome
this difficulty, we report a method with which to achieve
this goal by introducing a magnetic substrate Ni(111),
which can drive the graphene monolayer to exhibit a
spin-polarized semiconducting band structure. Once you
have a synthesized-graphene monolayer on a Ni(111) sub-
strate, the 7w band of graphene is strongly perturbed by
the d electrons of Ni. The r-d interaction not only opens
up a gap of several hundred meV in graphene, but also
lifts the degeneracy of majority- and minority-spin bands
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around the K point of graphene due to the exchange-
splitting effect [14—16], thus realizing the spin-polarized
ferromagnetic semiconducting state with a gap of tens
of meV in graphene. The local magnetic moments of
atomic defects in graphene and the edge magnetism in
individual zigzag graphene nanoribbons are studied suc-
cessfully by measuring their electronic structures via scan-
ning tunneling microscopy (STM) [2-5,7-9]. Here, we
use spin-polarized STM measurements for the first time
to directly measure both the relative energy shift between
the majority- and minority-spin bands and the gap opening
of the graphene monolayer on the Ni(111) substrate. These
results provide clear evidence of the emergence of the spin-
polarized semiconducting band structure in the graphene
monolayer.

II. EXPERIMENTAL RESULTS AND DISCUSSION
A. Graphene monolayer on a Ni(111) single crystal

The graphene monolayer is grown on a Ni(111) single
crystal (5 x 5 mm? area, 1-mm thickness) via a traditional
low-pressure chemical-vapor deposition (LPCVD) method
[17—19] (the growth process is schematically shown in
Fig. S1 [20]). The thickness of the as-grown graphene is
characterized by Raman spectra measurements. Figure 1(a)
shows typical Raman spectra measured at different posi-
tions of the synthesized graphene transferred to a 300-nm
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FIG. 1. (a) Raman spectra of graphene transferred to a 300-nm SiO,/Si substrate measured at different positions. (b) The ratios of

the intensities of the 2D band and G band vary with the recorded positions. (c) 100 x 100 nm?> STM image of graphene monolayer
across typical monatomic Ni(111) steps (¥, = 0.5 V,I = 0.2 nA). (d) The height profile along the monatomic Ni(111) steps in c. (e)
Zoom-in atomic-resolution STM image of graphene, showing the triangular lattice of the monolayer graphene on the Ni(111) surface.
() Schematic image of a graphene monolayer on Ni(111) surface. The carbon atoms of the 4 sublattice are on top of the Ni atoms of
the topmost atomic layer, while the atoms of the B sublattice are located above the hollow sites of the Ni(111) topmost layer.

SiO,/Si substrate. Two peaks at 1580 and 2700 cm™!
in the Raman spectra are the G band and 2D band,
respectively, which are the characteristic Raman peaks
of graphene [17—-19,21]. We can identify the layer num-
ber of graphene by comparing the intensities of the G
band and the 2D band. Figure 1(b) shows the values of
I,p/lc with an average value of about 2, indicating that
the obtained sample under the growth process is mainly
a graphene monolayer. Such a result is further confirmed
by our STM measurements. Figures 1(c) and 1(d) show
a representative STM topographic image of the graphene
monolayer across typical monatomic Ni(111) steps. The
widths of the Ni(111) terraces vary from about 20 nm
to about 80 nm. As shown in Fig. 1(e), the atomic-
graphene lattice can be resolved on the terraces, exhibiting
a large intensity imbalance between the 4 and B sublat-
tices. This indicates the inversion symmetry breaking of
graphene by the substrate. For graphene on the Ni(111)
surface [Fig. 1(f)], the carbon atoms of the A4 sublattice
are mainly on top of the Ni atoms of the topmost atomic
layer, while the atoms of the B sublattice are mainly located
above the hollow sites of the topmost atomic layer of Ni
due to their minor lattice mismatch. The strong chem-
ical interaction between graphene and the Ni substrate
not only results in the large sublattice asymmetry, but

also dramatically changes the electronic band structure of
graphene.

B. The gap of a graphene monolayer on a Ni(111)
single crystal

Figure 2(a) shows several representative scanning
tunneling spectroscopy (STS) spectra of the graphene
monolayer on the Ni(111) surface recorded at different
temperatures. It is interesting to note that we clearly
observe a finite gap of approximately 40 meV in the
graphene monolayer at low temperature. The STS spec-
tra recorded at different positions (4 atoms, B atoms, or in
the hollow of the graphene lattice) have no obvious differ-
ences in our experiments. With increasing temperature, the
gap feature in the STS spectra becomes weak due to ther-
mal broadening. However, we still can detect the gaplike
feature even at room temperature (300 K). Our experiment
demonstrates that the main features of the STS spectra
measured at different terraces (and at different positions)
are almost the same regardless of the width of the terraces
(see Fig. S2 [20]). Similar spectra are obtained with several
different nonmagnetic-STM tips [Pt(80%)Ir(20%) tips],
which removes any possible artificial effects as the ori-
gin of the observed result. The approximately 40 meV gap,
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FIG. 2. (a) Representative STS
spectra of the graphene on the
Ni(111) surface recorded at differ-
ent temperatures. (b) Band struc-
tures of graphene monolayer on
the Ni(111) surface. The sizes
of the dots represent the pro-
portion of graphene orbits to
the total orbits. The Fermi level
is at zero energy. The labels
Maj. Spin and Min. Spin indicate
the majority-spin bands (green
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which is asymmetric with respect to the Fermi level, helps
us to eliminate the attribution of the phonon-mediated tun-
neling to the gap (approximately 120 meV) as its origin
[22—24]. Moreover, we can also eliminate the biased-
graphene bilayer as the origin of the observed gap based
on the following reasons. First, our Raman spectra confirm
that the studied sample is a graphene monolayer. Sec-
ond, there are two low-energy asymmetrical peaks in the
tunneling spectra of the gapped-graphene bilayer, which
are generated at the valence-band edge and conduction-
band edge of the gapped bilayer [25,26]. Obviously, such
a feature is absent in our experiment. Third, the gap for
the biased-graphene bilayer should be the same for non-
magnetic and spin-polarized STM measurements, which is
quite different from our experimental results.

To further explore the origin of the observed gap, we
carry out similar STS measurements on bare Ni(111)
(see Fig. S3 [20]). The distinct spectra recorded for bare
Ni(111) remove the electronic states of Ni(111) as the
origin of the observed gap in Fig. 2(a). Simultaneously,
we also measure STS spectra on an insulating hexagonal-
boron nitride (4-BN) monolayer on Cu foil for comparison.
In the 2-BN/Cu system, we clearly observe the large band
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lines) and minority-spin bands
(red lines) of the graphene mono-
layer on Ni(111), respectively.
Inset: density functional theory
A (DFT)-simulated STM image of
the graphene monolayer on the
Ni(111) surface. (c) (Left) Low-
9 energy electronic-band structure
of graphene monolayer. The elec-
tronic structures for the spin-
and spin-down states are
degenerate. (Right) Schematic-
band structure of the ferromag-
netic semiconductor.
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gap of approximately 5.9 eV for the ~-BN monolayer (see
Fig. S4 [20]). This indicates that the STM can predomi-
nantly probe the electronic states of the topmost monolayer
underneath the STM tip, and the observed gap in Fig. 2(a)
mainly reflects the electronic structure of the graphene
monolayer on the Ni(111) surface [14,27]. The Ni(111)
surface should play a vital role in the emergence of the
gap in graphene, because the graphene monolayer on other
metallic substrates, such as Cu [8,28-30], usually exhibits
V-shaped spectra and there is no measurable band gap
(see Fig. S5 [20]), as one would expect to observe for the
pristine graphene monolayer.

The observation of a finite gap in the graphene mono-
layer on the Ni(111) surface is quite reasonable since
the substrate generates enormous sublattice asymmetry in
graphene [Fig. 1(e)], which is expected to open a gap in it
[31-33]. However, with consideration of the strong chem-
ical interaction between graphene and Ni and the observed
large sublattice imbalance in graphene, the obtained gap
of approximately 40 meV in the graphene monolayer
[Fig. 2(a)] is unexpectedly small. The observed gap is
only comparable to the expected gap for a graphene mono-
layer on a 4-BN substrate [32,33], whereas the interaction
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between graphene and /4-BN is much weaker than that
between graphene and Ni. To fully understand the elec-
tronic structure of the graphene monolayer on the Ni(111)
surface, we carry out first-principles calculations on this
system [34-37]. Figure 2(b) shows a representative theo-
retical electronic band structure of the studied system. The
sizes of the dots represent the proportion of graphene orbits
to the total orbits, and the largest proportion occurring at
the K point is approximately 0.37 (see Fig. S6 [20]). Since
the STM measurements predominantly probe the elec-
tronic states of the topmost graphene sheet, we only need
to care about the band structure of graphene C orbits. The
inset of Fig. 2(b) shows the calculated STM image of the
graphene monolayer on the Ni(111) surface. Obviously,
the strong chemical interaction between graphene and the
Ni substrate results in the enormous sublattice asymmetry
in graphene, as observed in our experiment. The enormous
sublattice asymmetry generates a large gap (approximately
300 meV) in graphene, labeled E,4 and E; | for the spin-
up and spin-down electrons, respectively. Importantly, the
strong m-d interaction between graphene and Ni not only
opens up a large gap in graphene, but also lifts the degener-
acy of the majority- and minority-spin bands around the K
point of graphene, as shown in Fig. 2(b). Here, we should
point out that the band edge of the minority band may
also arise from electrons at the I' point, since the ener-
gies of the minority valence band at the I" point and the K

(a) (b)

Mtip ¢

tip sample tip

sample tip

FIG. 3.

point are similar, and tunneling from states at the I" point
is expected to be more probable in STM measurements
[22-24]. According to our calculation, the spin splitting
of graphene’s conduction band is about 250 meV (simi-
lar to that for the valence band). The coexistence of the
two effects (the gap opening and the spin splitting) induced
by the Ni(111) substrate leads to the realization of the
spin-polarized ferromagnetic semiconducting state with a
gap of several tens of meV in graphene, as schematically
shown in Fig. 2(c), which agrees well with our observa-
tions in the experiment. Since we observe the gap even at
room temperature, our results, therefore, indicate that the
graphene monolayer on the Ni(111) surface is the room-
temperature ferromagnetic semiconductor. Very recently,
x-ray magnetic circular-dichroism experiments [38] and
spin-polarized surface-positronium spectroscopy [39] also
pointed out that the graphene/Ni(111) system can lead to
magnetic moments in the carbon atoms of the graphene
monolayer.

C. The spin-polarized gap of graphene on a Ni(111)
single crystal

To further confirm the ferromagnetic semiconducting
state of the graphene on the Ni(111) surface, we carry
out spin-polarized STM measurements, which provide us
with unprecedented opportunities to further identify the
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(a),(b) Top panel: schematic experimental set up of spin-polarized STM. Spins of the sample aligned perpendicular to the

sample surface can be detected by the Ni tip along the tip axis. Bottom panels: principle of spin-polarized tunneling between magnetic
electrodes that exhibit a parallel (an 4, Msample J or an 1, Msample 1) and an antiparallel (an 1, Msample J or an I, Msample )
magnetization. The spin is conserved during the elastic-electron tunneling. (c) Spin-polarized dl/dV spectra of the graphene monolayer
on the Ni surface. The red curve is measured when the tip polarization M, and the magnetization of the sample Mampie are antiparallel,
which reflects the LDOS of the spin-down electrons. The green curve is measured when the Mip and Msample are parallel, which
reflects the LDOS of the spin-up electrons. The blue dots are the dI/dV spectrum of graphene on the Ni(111) surface measured via a

nonmagnetic Pt/Ir tip.
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origin of the gap by separately detecting the majority-
and minority-spin bands of graphene (Fig. 3) [40,41]. In
our experiment, we use electrochemically-etched Ni tips
(see Figs. S7 and S8 [20]) as the spin-polarized tips [42].
Due to the weak magnetocrystalline anisotropy of Ni [43],
the magnetic polarization of the tip is always along the
STM tip, i.e., perpendicular to the surface of the sam-
ple, due to the shape anisotropy of the STM tip. Before
the STM measurements, a magnetic field of B=2.0 T
(B=—-2.0 T) perpendicular to the surface of the sample
is applied and then gradually removed to obtain an up-
polarized (down-polarized) STM tip. After that, a magnetic
field B=—0.02 T, which is much smaller than the rever-
sal field of the tip that usually ranges from about 200 to
300 mT in our experiments, is applied on the sample to
make sure that the spins of the sample are down-polarized.
As a consequence, the magnetizations of the STM tip and
the sample are either parallel or antiparallel, as shown in
Fig. 3(a). A similar method can be adopted to make sure
the spins of the sample are up-polarized by using a mag-
netic field of B=0.02 T, as shown in Fig. 3(b). Because
of the spin conservation during the elastic-electron tun-
neling, we can detect the spin-up and spin-down bands
of graphene separately, as schematically shown in Fig. 3.
In the case where the magnetizations of the STM tip and
the sample are parallel, the measured tunneling spectrum
mainly reflects the local density-of-state (LDOS) of the
spin-up electrons in the sample. In the other case where
the magnetic polarizations of the tip and the sample are
antiparallel, the recorded dI/dV spectrum is primarily con-
tributed by the LDOS of the spin-down electrons in the
sample. For simplicity, the above discussion is based on
the assumption that the STM tip is 100% spin polarized.
Figure 3(c) shows four representative spin-resolved
dl/dV spectra of the graphene monolayer on Ni(111)
probed according to the above method (see Figs. S9—S12
for more experimental results [20]). The spectra marked
by green lines are measured when the spin polarizations of
the tip and the sample are parallel, and the spectra marked
by red lines are recorded when they are antiparallel. Very
similar spectra have been obtained and verified by using
several different Ni tips in our experiment. Additionally,
we also rule out the DOS contributions of the under-
neath Ni(111) substrate [44] by directly measuring the STS
spectra on bare Ni(111) with a spin-polarized Ni tip (see
Fig. S13 [20]). The spin-polarized spectra recorded in the
graphene monolayer on the Ni(111) surface exhibit quite
large gaps of 200 to 300 meV, indicating that the strong
interaction between graphene and the Ni substrate really
generates large gaps, £,y and E; |, for both the spin-up
and spin-down electrons in the graphene. Moreover, there
is quite a large shift between the charge neutrality points
of the spin-up and spin-down bands. The overlap between
the E4 and E; | is much smaller than the gaps for either
the spin-up or spin-down electrons. As a consequence, we

can only detect a gap of several tens of meV in graphene
by using the nonmagnetic STM tip, as shown in Fig. 3(c).
We can also rule out other mechanisms of inducing a
spin-polarized energy band in the graphene-Ni system
[15,16,45-47]. For example, the lattice deformations of
graphene can be ruled out by carefully analyzing the STM
image, and the Rashba Agg of graphene on Ni is much
smaller than the measured gap in our experiment. More
theoretical analyses and discussions about the band gap
of graphene are given in the Appendix. Our experimental
result explicitly demonstrates that the joint effects of the
gap opening and the exchange-spin splitting induced by
the Ni substrate lead to the realization of the spin-polarized
semiconductor-band structure in the graphene monolayer
on a Ni(111) surface.

III. CONCLUSION

In summary, we demonstrate via spin-polarized STM
measurements that the strong interaction between graphene
and the Ni substrate generates a large gap in graphene
and simultaneously leads to a relative shift between
the majority- and minority-spin bands. Consequently,
the graphene sheet on the Ni substrate exhibits a spin-
polarized semiconductor-band structure even at room tem-
perature.
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APPENDIX: PHYSICAL MECHANISM OF THE
SPIN-POLARIZED GAP

The main mechanisms to induce a spin-polarized energy
band in the graphene-Ni system may be attributed to (a)
lattice deformations of graphene, (b) Rashba-type spin-
orbit splitting, and (c) exchange splitting caused by mag-
netic atoms.

(a) Lattice deformations of graphene.
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First-principles calculation illustrates that the
increase of angle o between the basis vectors a; and a; can
open up a band gap at K [15]. However, our atomic resolu-
tion STM images shown in Figs. 1(e) and S14 [20] exhibit
a perfect triangular lattice with no deformation, which can
thoroughly rule out this possibility.

(b) Rashba-type spin-orbit (SO) splitting.

Based on the effective-mass model [45], the spin-
orbit coupling in graphene can be described as the sum of
an intrinsic contribution and an extrinsic contribution. The
intrinsic part is

H® = yyfo sy,
The extrinsic part is
1_1566t = )\Rw%(axfzsy - Uny)W,

where the Pauli matrix oy, o0,, and o. describe electronic
states on the sublattice 4 or B of graphene, and 7, describes
states at K or K'. A; and A are the strengths of the intrinsic
SO coupling and the Rashba SO coupling.

The intrinsic SO splitting Ago in freestanding
graphene is approximately 0.02 meV [46]. An essential
precondition to enhance the Rashba Agp in graphene is to
induce a substrate of high-nuclear charge, such as a Au
(111) substrate (Ago = 13 meV in a graphene-Au system)
[46]. Nevertheless, the weight of Ni atoms are much lighter
than Au atoms (Zy; =28 and Zx, = 79), thus a Ni substrate
cannot be expected to induce a considerable Rashba Agp
[15,16,47], much smaller than the measured gap of approx-
imately 40 meV in Figs. 2(a) and 3(c). In addition, Rashba
splitting only induces spin splitting parallel to the film (see
Fig. 4), while only the spin splitting perpendicular to the
film can be detected in our experiment.

(c) Exchange splitting caused by magnetic atoms.

The most possible mechanism to open a similar-
sized gap as that in our experiments in the graphene-
Ni(111) system is that the strong chemical interaction
between graphene and Ni results in an enormous sublat-
tice asymmetry, which generates a large gap in graphene.
And simultaneously, the exchange-splitting effect caused
by magnetic atoms (Ni) leads to a relative shift between
majority- and minority-spin bands. Consequently, the
graphene sheet on the Ni substrate exhibits a spin-
polarized gap with an energy of several tens of meV.

According to the tight-binding approximation, we
can obtain the Hamiltonian near the Dirac points without
SO coupling

H = Hopsite + Hhop + Hex + Hasym

= Z Z gc;cm +t Z Z C?‘;Cja + H.c.

i=12a=1,] <ij>a=1,]
53D ILEH 3 SEEITETR
i=12a=1,] i=12a=1,]

Zeeman splitting |

}
e,

Dirac cone

N i\/

®
.""Aex . Azsym

Rashba SOC

FIG. 4. Behavior of Dirac cone with Zeeman splitting and spin-
orbit coupling. In this model, Acx, Aagym, and Ay, represent the
exchange-splitting energy, asymmetry potential of 4 and B sub-
lattices, and SO splitting, respectively. Solid (dashed) black lines
represent spin along the z direction. Red (blue) lines represent
spin in the x-y plane.

Here, Honsites Hnops Hex, and Hygy represent the on-
site energy term, the nearest-neighbor hopping term, the
Zeeman-splitting term, and the asymmetry potential of A
and B sublattices due to the Ni substrate. In the graphene-
Ni(111) system, the carbon atoms of the 4 sublattice are
mainly on top of the Ni atoms of the topmost atomic
layer, while atoms of the B sublattice are mainly located
above the hollow sites of the topmost atomic layer of Ni,
as schematically shown in Fig. 1(f). The strong chem-
ical interaction between graphene and Ni atoms results
in the enormous asymmetric potential of approximately
150 meV, exhibiting a large band gap of approximately
300 meV. In addition, an obvious exchange-splitting
effect is observed as a relative shift (Ag ~ 330 meV)
between the majority- and minority-spin bands, as shown
in Fig. 2(b) and Fig. S15 [20]. This result coincides
well with our spin-polarized STS measurements shown in
Fig. 3(c).

Above all, we conclude that Ni has no obvious effect
on the SO coupling in graphene. The combination of the
enormous sublattice asymmetry and the exchange-splitting
effect leads to a ferromagnetic-semiconducting state in the
graphene-Ni system.
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