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Abstract

Depositing magnetic insulators on graphene has been a promising route to
introduce magnetism via exchange proximity interaction in graphene for future
spintronics applications. Molecule-based magnets may offer unique opportunities
because of their synthesis versatility. Here, we investigated the magnetic proximity
effect of epitaxial iron phthalocyanine (FePc) molecules on high-quality monolayer and
bilayer graphene devices on hexagonal boron nitride substrate by probing the local and
non-local transport. Although the FePc molecules introduce large hole doping effects
combined with mobility degradation, the magnetic proximity gives rise to a canted
antiferromagnetic state under a magnetic field in the monolayer graphene. On bilayer
graphene and FePc heterostructure devices, the non-local transport reveals a
pronounced Zeeman spin-Hall effect. Further analysis of the scattering mechanism in
the bilayer shows a dominated long-range scattering. Our findings in graphene/organic
magnetic insulator heterostructure provide a new insight for the use of molecule-based

magnets in two-dimensional spintronic devices.
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Graphene possesses unusual electronic properties of high carrier mobility, long
spin relaxation distance, and lifetime, providing an attractive prototype gate tunable
platform for the manipulation of spin towards the next-generation spin-based logic
devices.® The generation of spin-polarized current is usually initialized by spin
injection from ferromagnetic electrodes, where the contact interfaces could limit the
spin injection efficiency.® The unique band structure of graphene allows alternative
approaches to creating spin transport without magnetic contacts by introducing
magnetism in graphene.* The strong hybridization of graphene and magnetic materials
can generate proximity-induced spin polarization and exchange splitting to the
electronic structure of graphene. Direct adsorption of magnetic atoms or molecular
magnets is expected to introduce proximity-induced magnetism effects in graphene.>8
However, the magnetic dopants can also act as impurities scattering centers, resulting
in mobility degradation and doping effects, thus impacting electrical transport
performance.®*2 Bringing graphene in contact with ferromagnetic insulators has been
considered a promising step to introduce a magnetic exchange field for spin-polarized
edge conduction. Magnetic proximity effects induced strong Zeeman splitting have
been observed in several graphene/magnetic insulator heterostructure systems,
including EusS films, CrBrs thin layers, and BiFeO3 nanoplates.* 13-1°

Despite the recent progress, there has been little investigation of graphene
heterostructure  devices with molecular-based magnets. Transition metal
phthalocyanines have been known as organic magnetic semiconductors where their
magnetic properties can be sensitive to the crystal phase of the m — conjugated
polymers, depending on the metal ion and orbital overlap.'® They are cost-effective and
easily procurable organic materials. The magnetic molecules exhibit localized
electronic spin states with long coherence time and are thus suitable for hybridization
with nonmagnetic films to induce spin transport in versatile two-dimensional organic
spin interface architectures.!’” 182 Driven by the m — m interaction, the polymers can
form stable crystalline phase on graphene, offering a integrated graphene/organic

ferromagnet interface for the investigation of magnetic proximity effect.



Previous work demonstrated that large-scale ordered flat islands of iron (II)
phthalocyanine (FePc) molecules could be formed on graphene when sub-monolayer
amounts of molecules were deposited.® The epitaxial film stabilized by intermolecular
non-covalent interactions with the graphene surface can form periodic square patterns
of FePc molecules with a lattice constant of 1.4 nm. The absence of inhomogeneous
cluster formation also mitigates additional disorder scattering in the transport properties
of graphene. The bulk of FePc molecules exhibits ferromagnetic order with Tc around
10 K.?2 For FePc thin films, its properties are related to the deposition substrate. The
magnetization measurements and X-ray magnetic circular dichroism results reveal that
the FePc thin films on gold surface exhibit ferromagnetic order in the molecule plane
below 4.5 K.1°

In the present study, we investigate the magnetic proximity effect of epitaxially
grown FePc film on monolayer and bilayer graphene by comparing the local and non-
local transport measurements. To minimize charge impurity scattering and improve
carrier mobility, we transfer graphene on hexagonal boron nitride (h-BN) for high-
quality electrical properties.?® 2! Our measurements show that the magnetic proximity
effect from FePc deposition creates different ground state on monolayer and bilayer
graphene devices. On monolayer graphene, the non-local measurements showed a
suppressed peak near the charge neutrality point under a magnetic field, while the local
transverse resistance remains high, indicating the formation of a canted
antiferromagnetic (CAFM) state from the magnetic proximity effect. On bilayer
graphene, we observe a reducing local resistance and an increasing non-local resistance
at the Dirac point as the magnetic field increases, consistent with the formation of a
Zeeman spin Hall effect. By analyzing the ratio of transport scattering time (z) to
quantum scattering time (zq) in bilayer graphene/FePc heterostructure, we believe that

the transport properties are dominated by long-range charge impurity scattering.

RESULTS AND DISCUSSION

Figure 1la shows the molecular structure of FePc, where one Fe atom is connected



with four pyrrolic N atoms in square-planar coordination. These planar molecules
formed linear chains by columnar stacking in the thin films. The monolayer of FePc
molecules deposited on the graphene surface formed a well-ordered flat array. Figure
1c shows the scanning tunneling microscopy (STM) topography image of a FePc
monolayer on HOPG. The planes of FePc molecules are parallel to the substrate, similar
to the structure of FePc on a gold substrate.'® After verifying the array-order of our FePc
film, more than one layer of FePc molecules are deposited onto the surface of the G/BN
devices to ensure the coverage and the magnetic interface. The deposition of FePc was
performed at an ultra-high vacuum environment with in-situ vacuum annealing of the
G/BN devices so that the atomic contact at the interface can be guaranteed.

Figure 1d presents the gate voltage (Vgy) dependent resistance for a typical
monolayer graphene device before and after FePc deposition. After the FePc deposition,
the monolayer graphene device experiences a rightwards shift of charge neutrality point
and a broadened Dirac peak, implying a hole doping effect and impurity scattering by

the organic molecule. The FePc film introduces an initial hole doping on the level of

8.7x10 cm™. The mobility, obtained by fitting the relation between conductivity (o)

and the carrier density (n) (Figure S3), decreases by one order from 139, 000 cm?V-1s-

1to 14, 000 cm?V-1s, Charge inhomogeneity on calculated from the width of the Dirac

peak increases from 7.0x10° cm to 4.8x 10! cm™. Similar hole doping and mobility

degradation were observed in bilayer devices, as shown in Figure S2. In addition, the
conductivity curves o(n) for both the monolayer and bilayer devices (Figure S3) exhibit
behavior change from sublinear to linear after FePc deposition, consistent with a
dominant charge impurity scattering caused by the inhomogeneous charge doping from
the adjacent FePc molecules.!® 222> Density functional theory (DFT) calculations on
the band structure of the FePc/monolayer graphene (FePc/MG) heterostructure (Figure
S4) shows an additional state contributed from the Fe 3d orbital near the Dirac cone at
the I" point, which may contribute to the electron-hole asymmetry behavior of the
monolayer graphene device after the FePc deposition.

When the magnetic order is formed in the FePc film at T < T, the strong exchange
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field is expected to result in a Zeeman splitting effect in graphene, as shown in Figure
2a. The spin degeneracy at the charge neutrality point can be lifted, leading to sub-
bands with opposite spin due to the Zeeman splitting. When the Fermi level lies
between the sub-band Dirac points, both spin-up holes and spin-down electrons exist.
Under external magnetic field, as illustrated in Figure 2b, an enhanced non-local signal
can be observed near the Dirac point due to the Zeeman splitting.'® 14 26-28

Figure 2c presents the gate dependent non-local resistance of the FePc/MG device
under magnetic field at T = 1.6 K. A dip in the non-local resistance appears near the
Dirac point when the magnetic field approaches 8 T. As increasing magnetic field, this
dip becomes more prominent with an almost vanishing non-local resistance. On the
other hand, the local transport measurement shows that the local resistance at the Dirac
peak increases with an external magnetic field and tends to saturate at B > 7 T (Figure
2e). The non-local resistance dip and saturated local resistance at the Dirac peak are in
sharp contrast to the formation of gapless spin-polarized edge channels due to the
Zeeman spin Hall effect, where an increase of non-local resistance and a decrease of
local resistance with magnetic field are expected. Such local and non-local behaviors
near Dirac point can be explained by a canted antiferromagnetic (CAFM) ground state
when there is a competition between the valley anisotropy and Zeeman splitting energy.
As shown in the schematic diagram of the CAFM state (Figure 2d), the opening of an
edge state gap can effectively decrease the non-local signal and enhance longitudinal
resistance at the Dirac point (Rxx,p). There is a saturation behavior of Rixp at B > 7 T,
possibly due to the disorder scattering from the neighboring FePc molecules.

We then investigate the proximity effect of FePc film on bilayer graphene. Figure
3a and 3b show the non-local and local curves of a bilayer graphene/FePc (FePc/BG)
heterostructure device. As summarized in Figure 3c, when the magnetic field increases,
the non-local peak value RnLp keeps increasing from 0 to 10 T, while the local
resistance peak increases first (0 <B <2 T), then quickly decreases (2 T<B < 10T).
The associated local and non-local transport behaviors are consistent with a ground

state (v = 0) phase of an FM state because of the magnetic proximity effect from FePc



film. Figure 3d shows the schematics of the FM phases for bilayer graphene based on
the quantum Hall ferromagnetism theory.?®-3! Due to the extra orbital degeneracy of the
zero-energy Landau level in bilayer graphene, the number of branches is doubled
compared to monolayer graphene. We focus mainly on the evolution of spin-polarized
edge channels. The edge gap closes at the FM phase, and there exist gapless counter-
propagating edge channels with opposite spins, leading to a decrease of Rxxp and an
increase of RnL,p. We note that local peak value Rxxp increases first from Q0 Tto 2 T
before the FM phase emerges. The onset of FM phase at 2 T may be related to the hole
doping effect of FePc film, which could induce orbital splitting because of the
displacement field, leading to a competition between the Zeeman splitting and orbital
splitting at lower magnetic field.3?> The analysis of ohmic contribution (Figure S6)
shows negligible ohmic leakage compare with the non-local signal. The temperature-
dependent Rni,p at 4 T (Figure S7) shows a transition around 15 K, which is very close
to the Tc ~ 10 K of bulk FePc (our final deposition thickness is about half a micron),
confirming the magnetic proximity effect from the FePc film.

To further elucidate the influence of the FePc film on the electron transport
properties of bilayer graphene, we conduct Shubnikov-de Haas (SdH) oscillation
analysis to reveal the scattering mechanism. The magnetoresistance transport results of
the original bilayer graphene are displayed in Figure 4a. A prominent SdH oscillation
could be observed at various gate voltages, where the oscillation frequency can be
obtained by fast Fourier transform (FFT). Figure 4b displays the magnetoresistance
results of the FePc/BG device. The carrier-density-dependent frequency curves (Figure
S10) were almost identical before and after FePc deposition, indicating the negligible
influence of FePc on the Fermi surface size.

The effective mass can be extracted (Figure S9) from the SdH oscillations by fitting
the formula:*

A(T) _ Tsinh(2rn?kgTom*/heB,)
A(Ty)  Tosinh(2m2kgzTm*/heB,)

where A(T) and A(T,) are the FFT amplitudes of the SdH oscillations at



temperatures T and T,, respectively, and B, isthe magnetic field corresponding to the
peaks of the oscillations. The quantum scattering time (zq) and transport scattering time
(zt=m*w/e), before and after the FePc deposition, can be determined, as shown in Figure
4c-d. Calculation details of zq can be found in the supplementary material. The zq of the
original graphene ranged from 80 to 130 fs, larger than the reported value in the bilayer
graphene on a SiO2 substrate.®® The zq slightly decreased to 40 -100 fs after FePc
deposition. The transport scattering time =t also decreased from ~500 fs to less than 200
fs after the deposition.

The ratio of w/zq can be a powerful indicator of the complex scattering sources in
2D electron systems.®® While n/zq ~1 indicates wide-angle scattering (related to the
short-ranged scattering source), a larger z/zq could result from small-angle scattering
(related to the long-range charged impurity scattering). Figure 4e displays i/zq ratio of
the bilayer graphene device before and after FePc deposition. Before FePc deposition,
the i/zq values (z/zq > 4 on the hole side and 1 < /7 < 3 on the electron side) were in
agreement with the reported values for graphene on the SiO2 substrate, suggesting long-
range Coulomb disorder scattering originated from the graphene/substrates interface.
After FePc deposition, however, w/zq values showed a significant decrease, ranging
from 0.9 and 1.7. Such a decrease is related to the increased short-range scattering from

the magnetic impurities induced by FePc molecules.

CONCLUSIONS

In conclusion, we have systematically investigated local and non-local transport
properties of monolayer and bilayer graphene devices with epitaxial FePc films. The
magnetic proximity effect from FePc film results in a Zeeman splitting field. A canted
antiferromagnetic ground state was observed on monolayer graphene, and a
pronounced Zeeman Hall effect was realized on bilayer graphene. Our results reveal
the magnetic proximity effect at the interface of graphene/organic magnetic insulator
heterostructures and provide a new insight for using molecule-based magnets in two-

dimensional spintronic devices.



EXPERIMENTAL METHODS

The graphene/h-BN (G/BN) samples were prepared using the dry transfer
method.3*3 Graphene pieces were obtained by mechanical exfoliation on polymer
methyl methacrylate (PMMA) substrate. h-BN flakes with thicknesses of 20-40 nm
were exfoliated on oxidized Si wafers. Mono and bilayer graphene pieces were
identified by initial optical microscopy and subsequent Raman spectroscopy. The
selected graphene pieces were dry-transferred onto the target h-BN flakes using a
transfer station. The G/BN heterostructures were then annealed in an argon and
hydrogen atmosphere at 350 °C for three hours to remove the polymer residue.® We
then selected the graphene areas free from bubbles and wrinkles by atomic force
microscopy, where standard electron beam lithography (EBL) and metal evaporation
were performed for standard Hall-bar devices. Secondary EBL and reactive ion etching
were employed to etch the rest part. The final devices were reannealed in a mixed argon
and hydrogen atmosphere to remove the resist residual.

The FePc molecules purchased from Sigma-Aldrich with the dye content 90% were
purified in the ultra-high vacuum (UHV) chamber for several cycles through heating.
Those molecules were then loaded into an organic molecular beam epitaxy (OMBE)
system and out-gassed for several hours before deposition. The G/BN devices were
transferred into the OMBE chamber and annealed at 220 °C for 10 hours to remove any
organic and moisture residue. The deposition of FePc film occurred at an evaporation
temperature of 380 °C, while the devices were maintained at 135 °C to optimize the
crystallite size. STM characterization was carried out in a CreaTec UHV STM system
working at 78 K. The growth rate was 1.1 A/s, and the estimated thickness of the final
film was approximately 462 nm.

The transport measurements were performed in a He* cryostat system (Oxford
Equipment). The four-probe local and non-local measurements were performed using

a standard lock-in technique with an AC excitation current of 100 nA. A Keithley source



meter (K2400) was applied to the bottom of the SiO2 (285 nm)/ p-Si substrate as the

gate voltage.
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Figure 1. FePc molecule structure and characterization. (a) Structure of FePc molecule.

(b) DFT calculated structure of FePc molecules on graphene surface. (c) A Scanning

tunneling microscopy (STM) image (Tunneling parameters: 200 mV, 0.52 nA) of the

FePc molecules adsorbed in a squared closed-packed geometry on the graphite surface.

The scale bar is 3.7 nm. (d) Resistance versus applied back gate voltage for monolayer

graphene before and after FePc molecules deposition measured at 1.6 K.
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Figure 2. Electrical transport of monolayer graphene with FePc molecules at 1.6 K. (a)
The schematic of the Zeeman splitting of the Dirac cone in monolayer graphene. (b)
The electrodes configuration schematic of non-local measurements. (¢) Non-local
curves of monolayer G/BN device with FePc molecular film measured at 6 T, 8 T and
10 T. (d) Simplified schematic of the canted antiferromagnetic phase with a gap opening
on the helical edge states, where the spectrum contains four branches related to the spin
and valley degeneracies. The arrows with different colors (red and purple) denote the
lifting of spin degeneracy. (e). The longitudinal resistance Rxxp at the Dirac point versus

applied magnetic field.
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Figure 3. Zeeman spin Hall effect in bilayer G/BN with FePc film. (a) The non-local

Rne and (b) longitudinal resistance Rxx versus carrier density at different fields. All

measurements were performed at 1.6 K. (¢) The amplitude of RnL and Rxx at Dirac point

versus magnetic field. (d) Simplified schematics of the ferromagnetism (FM) state in

bilayer graphene. The spectrum contains eight branches related to the spin, valley, and

orbital degeneracies. The lifting of spin degeneracy is denoted as purple and red colors.

The edge is in a gapless state with counter-propagating spin-polarized edge channels.
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Figure 4. SdH oscillation and scattering mechanism analysis of the bilayer G/BN

device before and after FePc deposition. (a-b) The magnetoresistance of the bilayer

device without (a) and with (b) FePc film measured at various carrier densities, at T =

1.6 K. (c) Quantum scattering time (zq) of the bilayer device at various carrier densities

without and with FePc film. (d) Transport scattering time (z() of the bilayer device

without and with FePc film. (e) The ratio of =/zq versus carrier density without and with

FePc film.
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