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CONDENSED MATTER PHYSICS

Graphene-mediated ferromagnetic coupling
in the nickel nano-islands/graphene hybrid

Min Gao'?', Xiaowen Han'**

Nanoscale magnetic structures are fundamental to the design and fabrication of spintronic devices and have ex-
hibited tremendous potential superior to the conventional semiconductor devices. However, most of the magnetic
moments in nanostructures are unstable due to size effect, and the possible solution based on exchange coupling
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between nanomagnetism is still not clear. Here, graphene-mediated exchange coupling between nanomagnets is
demonstrated by depositing discrete superparamagnetic Ni nano-islands on single-crystal graphene. The hetero-
structure exhibits ideal two-dimensional (2D) ferromagnetism with clear hysteresis loops and Curie temperature
up to 80 K. The intrinsic ferromagnetism in graphene and antiferromagnetic exchange coupling between graphene
and Ni nano-islands are revealed by x-ray magnetic circular dichroism and density functional theory calculations.
The artificial 2D ferromagnets constitute a platform to study the coupling mechanism between complex correlated
electronic systems and magnetism on the nanoscale, and the results and concept provide insights into the reali-

zation of spin manipulation in quantum computing.

INTRODUCTION

Spintronic devices with high processing speed and small power
consumption have large potential and superiority over conventional
semiconductor devices in data storage and information processing
by using the spin degree of freedom (I1-4). The continuous pursuit
to reduce the size of spintronic devices, increase the density integra-
tion, and decrease the cost of data storage has spurred the development
of nanoscale magnetic structures (5-10). In particular, magnetic
nano-islands provide a useful tool to investigate the spin inter-
actions on the nanoscale and monitor the evolution and impact of
magnetization (11, 12). However, it is still challenging to stabilize
the nanoscale magnetic moments in applications such as quantum-
based computation and spintronics. According to the theoretical
prediction, a weakly reactive substrate such as graphene (13-16) can
mediate the exchange coupling between nanomagnetic structures.
The proximity-induced anomalous Hall effect (AHE) has been ob-
served from graphene in a magnetic Fe3O4 nanoparticle array (17).
In this system, spin-orbit coupling is considered to be enhanced in
graphene due to the proximity effect leading to mediation of the
interaction between the nano-scale Fe;04 magnets. However, there
is no direct evidence on the change of magnetic moments in
graphene; therefore, the detailed exchange interaction between
graphene and nanomagnets is still unclear.
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In this work, a graphene-mediated exchange coupling ferromag-
netic system is fabricated by depositing discrete Ni nano-islands on
single-crystal graphene as schematically illustrated in Fig. 1A. The
Ni nano-islands behave as superparamagnetism due to the nanoscale
size (18). The temperature-dependent magnetic measurement shows
the ideal global two-dimensional (2D) ferromagnetism as manifested
by clear hysteresis loops and a Curie temperature of 80 K, which is
much higher than the block temperature of freestanding super-
paramagnetic Ni nano-islands. The ferromagnetism in the Ni nano-
islands/graphene system is ascribed to antiferromagnetic exchange
coupling between the superparamagnetic Ni nano-islands and
ferromagnetic graphene as confirmed by x-ray magnetic circular
dichroism (XMCD) measurements and density functional theory
(DFT) calculations.

RESULTS AND DISCUSSION

The observation of ferromagnetism in the Ni nano-islands/
graphene system

The single-crystal monolayer graphene is grown on intrinsic Ge
(110) by chemical vapor deposition and transferred to a 300-nm
SiO,/Si substrate by the polymethyl methacrylate (PMMA)-assisted
wet transfer method (19). Raman scattering and Raman mapping
(fig. S1) show that the ratio of I,p/I is about 1.7 and the intensity of
Ip approaches 0, indicating that the transferred graphene consists of
a monolayer and has high crystalline quality (20). The high-quality
monolayer graphene is believed to exhibit the exceptional feature of
2D electron gas (2DEG) (21). An 8-nm-thick Ni is deposited on the
graphene/SiO,/Si substrate by electron beam evaporation (see
Materials and Methods and fig. S2). Owing to the poor wettability
and small surface free energy of graphene (22), the Ni layer is dis-
persed randomly to form discrete nano-islands on graphene, as re-
vealed by atomic force microscopy (AFM) (Fig. 1, B and C).
The cross-sectional scanning transmission electron microscopy
(STEM) image and corresponding energy dispersive spectroscopy
(STEM-EDS) data in Fig. 1D disclose that the Ni nano-islands are
disconnected.
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Fig. 1. Characterization of Ni nano-islands/graphene. (A) Schematic of the construction of the 2D ferromagnetic system consisting of discrete Ni nano-islands and
single-crystal graphene. (B) AFM image of Ni nano-islands/graphene. (C) Line scan along the dashed line in (B). (D) Cross-sectional STEM image and corresponding STEM-
EDS map of Ni. (E) Schematic of the configurations of the graphene (1), Ni film/graphene (Il), and Ni nano-islands/graphene (lll). (F) Sheet resistance (Rs) of graphene (red
line 1), Ni film/graphene (blue line Il), and Ni nano-islands/graphene (orange line lll) versus temperature at a zero field. All of the resistance curves are normalized by the
values at T=300K, and the inset shows the linear dependence of R-InT for Ni nano-islands/graphene at low temperature. (G) Perpendicular magnetic field dependence
of the Hall resistance R,, of graphene (red line I), Ni film/graphene (blue line Il), and Ni nano-islands/graphene (orange line lll) at 5 K. The dashed line indicates the appear-

ance of NHE.

The Ni nano-islands/graphene hybrid is made into a Hall bar
device (Materials and Methods and Supplementary Text) to con-
duct a series of transport measurements. Figure 1F shows the nor-
malized temperature-dependent sheet resistance Ry(T) of the Ni
nano-islands/graphene system (orange line III) at zero magnetic
field in comparison with graphene (red line I) and Ni film (30 nm)/
graphene (blue line II). In pure graphene (red line I in Fig. 1F and
fig. S3A), R increases as the temperature is reduced from 300 to 5 K
and exhibits a InT dependence due to the weak localization behavior
commonly observed from 2D materials at low temperature (23-25).
The Ni film/graphene (blue line IT in Fig. 1F and fig. S3B) shows the
typical metallic (26) behavior together with obvious resistance de-
duction at high temperature and almost constant resistance at low
temperature. However, the sheet resistance of the Ni nano-islands/
graphene system (orange line IIT) behaves quite differently, show-
ing a unique transition. When the temperature deceases from 300 to
50 K, the sheet resistance declines since the total resistance Ry con-
sists of the combination of Ni nano-islands and metallic graphene,
and the temperature dependence of R; is similar to that of metals.
However, upon further cooling, the sheet resistance increases grad-
ually and shows a linear relationship with InT (inset of Fig. 1F and
fig. S3C), which can be attributed to the typical weak localization
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behavior of graphene. In addition, the metal-insulator transition of
graphene induced by the additive Ni nano-islands also contributes
to the increment of total resistance R, as suggested by the DFT cal-
culations afterward. Figure 1G shows the corresponding Hall resist-
ances as a function of perpendicular magnetic fields at 5 K. For pure
graphene (red line I), the Hall resistance exhibits a linear trace as
expected for the normal Hall effect (NHE). The Hall resistance of
the Ni film/graphene (blue line II) shows a hysteresis loop indicat-
ing the existence of ferromagnetism and AHE. The Hall resistance
in Ni nano-islands/graphene shows a hysteresis loop from ~-0.2 to
~0.2 T, which suggests the presence of ferromagnetism and AHE,
while at high magnetic fields, the Hall resistance loop closes and
evolves into a slight linear trace indicating the appearance of NHE
(indicated by the dashed line in Fig. 1G). Therefore, the total Hall
resistance in the Ni nano-islands/graphene system can be expressed
as (27, 28)

Ry =Ry + RY™ = apoH + pM (1)
where Ry 'F = oo H represents the NHE component due to the
Lorentz force, o is the ordinary Hall coefficient, and Ry " = BM is
the AHE component in which B is the anomalous Hall coefficient
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related to the carrier density and M is magnetization. Coexistence
of NHE and AHE in the Ni nano-islands/graphene system suggests
that graphene is magnetically coupled with the Ni nano-islands,
and consequently, global ferromagnetism is formed. The angle-
dependent RQYHE curves in fig. S4 suggest that the ¢ axis is the easy
magnetization direction. In addition, both the saturation value of
RQYHE and the coercive field decrease as the rotation angle increases
due to the decrease of projection of the applied magnetic field to-
ward the c axis.

The Curie temperature is defined as 80 K in the

Ni nano-islands/graphene system

To further explore the ferromagnetic properties of the Ni nano-
islands/graphene system, the Hall resistance R,y is measured at dif-
ferent temperatures (fig. S5) and the extracted RAME loops are
displayed in Fig. 2A. When the temperature is below 60 K, the AHE
curves show clear hysteresis loops, indicating a long-range ferro-
magnetic order. When the temperature is over 60 K, the loops vanish,
indicating that the long-range ferromagnetic order is destroyed by
the thermal fluctuation and the system evolves into a paramagnetic
phase. Thus, the Curie temperature T, of the Ni nano-islands/graphene
system is found to be ~60 K. To fully elucidate the ferromagnetic
characteristics of the Ni nano-islands/graphene system, the magnetic
properties are determined on the Magnetic Property Measurement
System (MPMS-3, Quantum Design). After subtracting the dia-
magnetic contribution from the SiO,/Si substrate (fig. S6), the mag-
netic hysteresis loops can be deduced as shown in Fig. 2B. Similar to
the AHE loops, magnetic hysteresis loops shrink with increasing
temperature and then disappear completely when the temperature
is increased to ~80 K. The minor discrepancy in T can be attributed
to the variations in the different measurement configurations. None-
theless, it is rather interesting that as the coupling effect assisted by
graphene is removed, the system only consisting of freestanding Ni
nano-islands exhibits superparamagnetism with a block tempera-
ture (Tp) at 20 K (fig. S7), which is much lower than the Curie tem-
perature of the Ni nano-islands/graphene system. The comparison

Ni nano-islands/graphene

Tos50Q 00K
’ 80K

B0}
/

60 K

~ 40K
-0.05 0.00 0.05 /

5K

RaE

0.0
HoH (T)

-0.5 0.5

B Ni nano-islands/graphene

suggests that the existence of 2DEG provided by the single-crystalline
graphene enables effective coupling of the discrete superparamag-
netic Ni nano-islands leading to stable global 2D ferromagnetism.

The evidence of ferromagnetism in graphene

XMCD measurements are carried out by the total electron yield
(TEY) method to confirm the exchange coupling effect between
graphene and Ni nano-islands, as shown in Fig. 3. The Ni L, ; ab-
sorption spectrum in Fig. 3A shows two strong peaks at 855 and
872 eV, which correspond to the L and L, edges, respectively. The
spin (Ms) and orbital (M) magnetic moments are evaluated by the
following sum rules (29)

_ 2mps [ —u)dB-2f (" -p7)dE
Peirc sz.s (}L+ + }J._ ) dE

+ -
pup W —RTdE
Peirc ‘[L (M++}L_)dE

Ms

and (2)

M =5 (3)

where ny, is the number of 3d holes of Ni and calculated as 1.50 ac-
cording to DFT calculations as shown below. P, indicates that the
degree of circular polarization of the incoming photons is about
95%. Therefore, Mg = 0.04 pg and My = 0.10 pp. The large ratio of
%Z = 2.5 shows that the unquenched orbital moment is related to the
nanoscale characteristics of the Ni nano-islands (30). Figure 3B ex-
hibits the x-ray absorption spectroscopy (XAS) result of the C-K
absorption edge. The regions of 283 to 289 eV and 289 to 300 eV in
XAS spectra are attributed to C 1s — n* and 1s — o* transitions,
respectively. Different from the standard XAS spectrum of graphene
(31, 32), the delicate and broadened features shown by the C-K edge
originate from C 2p-Ni 3d hybridization and charge transfer (33).
Because of the surface sensitivity of the TEY method, the C XAS
signal can only come from the uncovered graphene between adja-
cent Ni nano-islands, and the corresponding XMCD spectrum re-

veals induced ferromagnetism in graphene between Ni nano-islands
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Fig. 2. Magnetization of Ni-nano-islands/graphene. (A and B) Hall resistance RQ?E curves and magnetic hysteresis loops in the temperature range from 5 to 100 K under
perpendicular magnetic fields. All the curves are shifted vertically for clarity. Inset: Enlarged curves at the corresponding temperature from —0.05 to 0.05 T. emu, electro-

magnetic unit.
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Fig. 3. XMCD spectra of the Ni nano-islands/graphene system. (A) XAS spectra of Ni-L, 3 and (B) C-K absorption edges measured with right- and left—circularly polar-
ized light (red and blue) at 15 K after subtracting the smooth background. The corresponding XMCD spectra are shown in the bottom panels. a.u., arbitrary units.

unambiguously. To determine the orbital magnetic moment (M)
of graphene quantitatively, the following sum rule is used (34, 35)

npup J(u"—n)dE
Peirc _[( |J.++},l_)dE

My = 3 ()

The number of holes in the C 2p orbital is n = 3.06 according to
DFT calculations and so My = —0.21 up. The estimated magnetic
moment of the Ni nano-islands/graphene system is larger than that
of the graphene/Ni (111) system (33) by a factor of more than 2 but
similar to that of the graphene/Fe/Ni (111) system (36). The oppo-
site sign of the orbital magnetic moments of C and Ni shows possible
antiferromagnetic coupling between graphene and Ni nano-islands.
Since XMCD is unable to provide the spin moment information of C,
antiferromagnetic coupling between the spin moments of graphene
and Ni is verified by DFT calculations as shown below. The XMCD
results provide clear evidence that the graphene plays an important
role in mediating ferromagnetic coupling between discrete Ni
nano-islands.

Our systematic investigation of the magnetic properties of the Ni
nano-islands/graphene system leads to the following conclusions.
First of all, the nanoscale freestanding Ni nano-islands are super-
paramagnetic with a block temperature of 20 K. Second, pure
graphene is nonferromagnetic. Third, the Ni nano-islands/graphene
hybrid shows ferromagnetic characteristics up to 80 K, and fourth,
coupling between the Ni nano-islands and graphene is antiferro-
magnetic. The ferromagnetic mechanism of Ni nano-islands/graphene
is further clarified. After deposition of Ni nano-islands on single-
crystal graphene, single-domain ferromagnetic Ni nano-islands
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polarize the adjacent graphene and couple with neighboring nano-
islands via spin-polarized graphene. At a high temperature (>80 K),
ferromagnetic coupling between Ni nano-islands is destroyed by
thermal fluctuation and so the hybrid is paramagnetic. When tem-
perature is lower than 80 K, coupling between neighboring Ni
nano-islands mediated by graphene suppresses the thermal fluctua-
tion and the hybrid becomes ferromagnetic. Hence, graphene plays
a key role in mediating exchange coupling among the discrete Ni
nano-islands. As the Fermi level of graphene is closely related to the
carrier density, ferromagnetism can be expected to be tunable by
varying the gate voltage.

The gate-tunable AHE in the Ni nano-islands/

graphene system

Because of the gate-tunable carrier density and polarity of graphene,
AHE of the Ni nano-islands/graphene hybrid can be tuned by the
gate voltage, as shown in Fig. 4. Figure 4A shows the Ry, curves at
gate voltages ranging from —60 to 60 V in a step of 10 V at
T =5 K. All the curves show a clear hysteresis loop but with a differ-
ent slope and sign of the NHE background, indicating that the car-
riers gradually change from holes to electrons as the gate voltage is
changed from —60 to 60 V. Figure 4B shows the corresponding Ry '
loops after subtracting the NHE component. All the RQ;{E loops have
a similar shape but different values of saturation magnetoresistance
RA™E (R™ value at 0.5 T). The extracted R2;'" is plotted in Fig. 4C
as a function of gate bias, and it shows an inverted “V” shape with
the maximum at —10 V. According to Eq. 1, the gate-dependent RQ;{E
may be attributed to the tunable carrier density or ferromagnetism.

However, T, is independent of the gate voltage (fig. S8), thereby
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Fig. 5. First-principles calculations. (A) Band structure for the LDA calculations of
the 8-Ni cluster on graphene (inset: schematic of the band structure). (B) Band
structure for the LSDA + U calculations of the 8-Ni cluster on graphene. The red and
blue lines show the spin down and up bands, respectively. The circles indicate the
contribution from graphene, and the diameter is proportional to the weight of the
graphene states. The inset shows the schematic of the spin model.

excluding the change of ferromagnetic coupling between the Ni
nano-islands and graphene. In addition, the inverted “V” shape of
RQYHE is reminiscent of the carrier density of graphene around Dirac
point, as shown by the plot of sheet resistance R, versus gate bias shown
in fig. 9, implying that RAF has a close relationship with the carrier
density and Fermi level of graphene. It should be noted that the
gate-tunable AHE behavior is also found in graphene proximity
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coupled to an array of Fe;04 magnetic nanoparticles (MNPs) (17).
Compared to the MNPs/graphene system, the amount of tunability
in our study is relatively small, but the trends are quite similar.

The DFT calculations reveal the origin of ferromagnetism

of graphene in the Ni nano-islands/graphene system

To further explore the origin of ferromagnetism, first-principles
calculations are carried out on the Ni nano-islands/graphene hybrid.
A Ni cluster with eight atoms on graphene is adopted to simulate
the Ni nano-islands on the graphene sheet (fig. S10). After the
structure is fully relaxed, the electronic structure of the 8-Ni cluster
on graphene is derived. According to the experimental results, the
system has paramagnetic states at high temperature and ferro-
magnetism at low temperature. Thus, the nonmagnetic local density
approximation (LDA) is implemented to study the high-temperature
paramagnetic state (Fig. 5A). The spin-polarized local spin density
approximation + Hubbard (LSDA + U) is used to calculate the
low-temperature ferromagnetic state (Fig. 5B). It is found that
the Dirac point of graphene at the K point is still degenerate, indi-
cating a nonmagnetic metallic state at high temperature as shown in
Fig. 5A. However, the spin-polarized calculations in Fig. 5B show
that the bands of graphene are split at a low temperature due to C 2p
and Ni 3d hybridization (fig. S11). Spin down shifts closer to the
Fermi level and spin up moves to higher energy, indicating that
graphene is spin-polarized, leading to the creation of ferromagnetism.
Besides, the Dirac point at the K point of monolayer graphene has a
gap. The spin down component has a gap of ~0.17 eV and the spin
up one has a gap of ~0.25 eV. The system undergoes the metal-
insulator transition from the high-temperature nonferromagnetism
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metallic state to the low-temperature ferromagnetic state. The tran-
sition from the metal state to the insulator state is also suggested by
the fact that the total resistance of Ni nano-islands/graphene system
decreases as the temperature decreases in the high-temperature re-
gime (300 to 50 K), while it increases as the temperature decreases
in the low-temperature regime (<50 K), as depicted in Fig. 1F. The
spin magnetic moments of C and Ni in different positions are pre-
sented in tables S1 and S2, respectively. The opposite sign of the spin
magnetic moments of C and Ni indicates antiferromagnetic cou-
pling between graphene and Ni nano-islands in agreement with the
XMCD measurements, and the antiferromagnetic coupling is be-
lieved to be ascribed for the charge transfer from Ni atoms of Ni
nano-islands to C atoms of graphene (fig. S12). The same calcula-
tions are performed on systems consisting of 7, 9, and 10 Ni atoms
on graphene (figs. S13 and S14), which are similar to the system
consisting of 8 Ni atoms on graphene, to verify the generality. The
results reveal that in the Ni nano-islands/graphene system, graphene
is spin-polarized and antiferromagnetic coupling occurs between
graphene and Ninano-islands mediated by spin-polarized graphene.

In summary, a 2D ferromagnetic system consisting of super-
paramagnetic Ni nano-islands and single-crystal graphene is fabricated.
XMCD measurements and DFT calculations clarify that graphene
is spin-polarized due to the influence of the Ni nano-islands. Global
ferromagnetism is established as a result of antiferromagnetic exchange
coupling between ferromagnetic graphene and superparamagnetic
Ni nano-islands mediated by graphene. The results reveal an ideal
platform to obtain high-quality 2D ferromagnetism that can be im-
plemented in 2D spintronic devices.

MATERIALS AND METHODS

Graphene synthesis and transfer

The single-crystalline graphene film was synthesized on Ge (110)
and transferred to a 300-nm SiO,/Si substrate by the PMMA.-
assisted wet transfer method. A thin layer of PMMA (MicroChem
950 PMMA C, 3% in chlorobenzene) was spin-coated on the
graphene/Ge substrate to protect the graphene film. Afterward,
the PMMA/graphene/Ge substrate was floated on a mixture of
H,0,:HF:H,0 (1:1:10) to etch the Ge substrate. The remaining
PMMA/graphene was transferred to deionized water for cleaning
and then transferred to the 300-nm SiO,/Si substrate. After drying
the PMMA/graphene film, acetone was used to dissolve the PMMA.
Last, the graphene/SiO,/Si was annealed under a mixture flowing
argon and hydrogen (5:1) for 3 hours at 100°C to remove the re-
sidual PMMA.

Device fabrication and measurements

The Hall bar device was fabricated as schematically illustrated in fig.
S2. The Hall electrodes were patterned by standard photolithography
and Au/Ti (100/10 nm) was deposited by electron beam evapora-
tion and lift-off. The graphene channels were patterned by another
photolithographic step with the aid of an inductively coupled plas-
ma. Last, the 8-nm-thick Ni was deposited on graphene by electron
beam evaporation using a stencil mask. The R-T curves and Ryy-poH
curves were measured on the PPMS (Quantum Design), and
magnetization was assessed on the MPMS-3 (Quantum Design).
The XMCD measurements were performed using the BLOSU1A
beamline at the Shanghai Synchrotron Radiation Facility by the
TEY method.
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First-principles calculations

The calculations were performed with the Vienna ab initio simulation
package (37) using the spin-polarized LDA for electron-electron
interactions and projector augmented wave method for electron-ion
interactions (38). A Coulomb repulsion U of 2.5 eV was considered.
A kinetic energy cutoff of 400 eV was adopted to expand the elec-
tronic wave functions and the Brillouin zone integration was done
on a 6 by 6 by 1 k-point mesh. The structure included a single-
graphene layer with a 4 by 4 unit cell to minimize the interactions
between the clusters and n-Ni cluster adsorbed on graphene. The
supercell dimension perpendicular to the graphene sheet was set to
be 18 A to avoid the interactions between the n-Ni/graphene struc-
ture and periodic images in the z direction. Van der Waals inter-
actions were included by the dispersion-corrected DFT-D3 method
of Grimme et al. (38). All the geometric structures were fully relaxed
by the conjugate gradient algorithm until the force on each atom
was smaller than 0.01 eV A™".

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/30/eabg7054/DC1
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