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ABSTRACT: There is a huge demand for magnetoresistance
(MR) sensors with high sensitivity, low energy consumption,
and room temperature operation. It is well-known that spatial
charge inhomogeneity due to impurities or defects introduces
mobility fluctuations in monolayer graphene and gives rise to
MR in the presence of an externally applied magnetic field.
However, to realize a MR sensor based on this effect is
hampered by the difficulty in controlling the spatial
distribution of impurities and the weak magnetoresistance
effect at the monolayer regime. Here, we fabricate a highly
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stable monolayer graphene-on-black phosphorus (G/BP) heterostructure device that exhibits a giant MR of 775% at 9 T
magnetic field and 300 K, exceeding by far the MR effects from devices made from either monolayer graphene or few-layer BP
alone. The positive MR of the G/BP device decreases when the temperature is lowered, indicating a phonon-mediated process in
addition to scattering by charge impurities. Moreover, a nonlocal MR of >10 000% is achieved for the G/BP device at room
temperature due to an enhanced flavor Hall effect induced by the BP channel. Our results show that electron—phonon coupling
between 2D material and a suitable substrate can be exploited to create giant MR effects in Dirac semimetals.
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agnetic sensing, recording, and memory devices have

been revolutionized since the discoveries of giant
magnetoresistance (MR) and tunneling magnetoresistance (in
metallic spin values or metal/oxide structures)."”” The
magnitude of MR is an important figure of merit in all of
these devices, and there are huge demands for MR sensors that
exhibit high sensitivity (large MR response) and low energy
consumption, and which are easy to fabricate. Even though the
current 3D material-based sensors have relatively high
sensitivity, one shortcoming of these materials in terms of
future downsizing is the difficulty in dimension reduction, thus
limiting the areal density of devices. Graphene (G) is a two-
dimensional Dirac semimetal with a very high mobility of
charge carriers.”> The small spin orbit coupling combined with
a high spin diffusion length makes graphene attractive for
applications in magnetoelectronics and magnetic sensing. Large
magnetoresistance values have been observed for graphene-
based structures. For example, MR in the range 60—100% has
been observed in epitaxial monolayer and multilayer graphene
(300 K, 9 T) and layer-by-layer stacked few-layer graphene
(300 K, 14 T).°"® Thus far, turbostratic multilayer graphene is
the choice platform for making MR-based magnetic sensors,

-4 ACS Publications  © 2018 American Chemical Society 3377

since its interlayer interactions significantly increase the MR
effect.”'” In contrast to graphite, the 2D massless Dirac fermion
is preserved in turbostratic multilayer graphene due to the
decoupling of adjacent rotationally misaligned layers. In
particular, the nonsaturating linear magnetoresistance of
multilayer graphene is attractive for magnetic sensing
applications. Different mechanisms have been suggested for
the MR effects in multilayer graphene, ranging from the
presence of high- and low-resistance channels in these
multilayers, as well as interlayer tunnelling through the Landau
levels of different graphene layers when a perpendicular
magnetic field is applied.” Nevertheless, a number of practical
problems need to be resolved before reliable multilayer
graphene-based MR devices can be realized. Although
turbostratic graphene can be directly grown on nickel by
CVD, the films so-obtained are often nonuniform with respect
to thickness, and a precise control of the layer number remains
challenging. Batch-to-batch variation in crystalline quality and
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Figure 1. Schematic drawing and performance of monolayer graphene on multilayer BP flake (G/BP) device. (a) Schematic illustration of a gated
G/BP device. The electrostatic gate voltage is applied to the G/BP sample through a p-doped silicon wafer, and the external magnetic field is applied
perpendicular to the basal plane. (b) Raman spectrum of the G/BP heterostructure showing intrinsic features of BP in the low-wavenumber region
and those of G at high wavenumbers. (c) I-V curves of the gated G/BP device with Hall bar geometry. Linear curves show ohmic contact of the
sample with metal electrodes. Scale bar for inserted optical image is 2 ym. (d, e) Longitudinal resistance and hall resistance (HR) at 300 K under
varying electric field strength and magnetic fields. Inset in part d is the fitting of the effective medium theory conductivity of the G/BP device at zero
magnetic field. Inset plot in part e is the increment of hall resistance (AIHR!) from 0 to 9 T at different carrier densities.

thickness of CVD-grown few-layer graphene may compromise
reproducibility in MR devices.'” In contrast, rapid progress has
been achieved in growing large area, highly crystalline
monolayer graphene, thereby raising the prospect of fabricating
MR devices based on monolayer graphene. It is therefore
timely to explore whether a giant MR effect comparable to that
observed in multilayer graphene can be achieved in monolayer
graphene. This is particularly motivated by the inherent
sensitivity of graphene’s electronic properties to disorder,
interfacial strain, or phonon-mediated effects, through the
tailoring of which giant MR effects may be obtained.

The origin of the observed MR in graphene has been
attributed to stochastic spatial fluctuations in carrier mobility
due to charge inhomogeneity or disorder; such disorder may
come about from both inherent defects and extrinsic electron
scattering sites, although a microscopic picture of this
macroscopic effect is currently lacking. Previous works reported
various methods to enhance the MR of single-layer graphene,
for example, by decorating it with gold nanoparticles (MR ~
480% at 300 K and 10 T), by fluorination, or by nitrogen
doping (negative MR)."'™"> Common to all, the spatial
inhomogeneities introduced by the dopants have the effect of
interrupting the single electronic bands of graphene. However,
due to the highly variable spatial distribution of the dopants or
surface atoms, there is a high degree of uncertainty in achieving
the desired control over carrier mobility.

Large MR has been reported from a graphene—hexagonal
boron nitride (h-BN) heterostructure device.'*'> In this
architecture, 2 MR of ~880% for four-layer graphene (400 K
and 9 T) and ~2000% for six-layer graphene (400 K and 9 T)
near the Dirac point can be achieved. However, devices
requiring precise number of graphene layers are very
challenging to fabricate. It would be more convenient to use
monolayer graphene to fabricate magnetic sensors in view of
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the fact that the production of large area monolayer graphene
on copper foil has entered the first stage of commercialization.

Black phosphorus (BP), a layered allotrope of elemental
phosphorus, has emerged as a promising 2D semiconduc-
tor.'°'® At room temperature (300 K), due to the lower
Debye temperature of BP (500 K for BP, in contrast to 2300 K
for G), the phonon—phonon scattering rate of BP is much
higher than that in SiO,; the latter has only two surface optical
phonon modes (59 and 155 meV),'”*° whereas BP has nine
low-energy optical phonon modes in the range 17—66 meV
owing to its four P atoms per primitive unit cell. Besides, the
phonon spectrum of BP has three acoustic branches: the z-
direction acoustic (ZA) mode, the in-plane transverse acoustic
(TA) mode, and the longitudinal acoustic (LA) mode, which
makes BP a strongly phonon-active material at room temper-
ature. A large linear MR of few-layer BP (~50% at 7 T and 300
K) was recently reported; the positive MR is found to increase
by an order of magnitude when the temperature is decreased to
30 K (510% at 7 T). This large increase has been attributed to a
classic MR effect originating from mobility fluctuation.””

In this work, we discover a phonon-mediated colossal MR
effect on a vertical heterostructure consisting of monolayer
graphene stacked on few-layer BP. Few-layer BP was chosen as
a substrate to invoke a large MR response on monolayer
graphene due to its finite direct band gap, high mobility, and
anisotropic properties. Our analysis shows that the coupling of
carriers in graphene to the polar optical phonons localized near
the G/BP interface leads to mobility fluctuations and a large
increase in MR across wide carrier densities. Most importantly,
this work highlights how interface phonons can be harnessed to
modulate a large MR response in graphene.

To fabricate a G/BP van der Waals heterostructure, a
multilayer BP flake was first exfoliated onto a Si/SiO, substrate,
followed by the transfer of a graphene monolayer on top of the
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Figure 2. Giant magnetoresistance performance of G/BP heterostructure with a working temperature up to 400 K. (a) Magnetoresistance (MR) of
G/BP and G/SiO, devices at various temperatures. The colored solid symbols represent data for G/BP while gray open symbols show MR of
pristine G on SiO, (temperature: 300—400 K). (b) MR of a G/BP device at different carrier densities (300 K). (c) Two-dimensional map of the
magnetic resistance of G/BP device exposed to 9 T field versus electrostatic gating and angle of rotation of the magnetic field with respect to the
device plane (T = 300 K). (d, e) Lattice and electronic band structure of G/BP heterostructure. For the calculation, the graphene zigzag edge was
aligned with the zigzag direction of BP. The zigzag and armchair direction of BP was marked with X and Y, respectively. (f) Dependence of the
longitudinal resistance R, on carrier density at various temperatures. Inset plot shows the comparison of the temperature-dependent variation of R,,,

for both the G/BP and G/SiO, devices. The variation of R,, with temperature is given by the relation AR, =

R..(300 K) — R,.(2 K).

BP in an argon-filled glovebox using standard dry-transfer
procedures; more information on the experimental procedure is
given in previous works.”* Figure la sketches the cross section
of our G/BP (G on few-layer BP) Hall bar device with multiple
Au electrical contacts on top of the graphene film placed on a
silicon wafer with a 300 nm oxide layer (the inset in Figure lc
shows the top-view of the G/BP device, Supporting Figure S1
for AFM image). To form good electrical contacts and
minimize sample degradation, the device was thermally
annealed in ultrahigh vacuum (107'° Torr) to remove
impurities (see the Methods section). The crystalline structures
of graphene and BP were characterized using Raman
spectroscopy. Figure 1b shows the Raman spectrum with
three intrinsic low-frequency peaks at ~356.7, 433.9, and 461.8
cm™), which are attributed, respectively, to the Agl, By and Ag2
phonon modes arising from the orthorhombic crystal structure
of few-layer BP (for crystalline orientation and oxidation, see
Figure S2). In the high-frequency region, the G peak (centered
~1581 cm™!, corresponding to the high-frequency E,, phonon
at " point) and the 2D peak (centered ~2694 cm gl due to
second-order Raman scattering by two optical phonons) of
graphene are observed; the latter fits well to a single Lorentzian,
which is a clear signature of single-layer graphene.'”** The MR
of the heterostructure was measured at various temperatures in
four-point geometry using standard low-frequency lock-in
techniques. All measurements were conducted in vacaum (<1
X 107° mbar) to exclude the effect of adsorbates.

To probe the electrical conduction of graphene on BP, four-
probe I—V measurements were carried out. The I-V profiles
are plotted in Figure lc. A linear I-V behavior is seen at all gate
voltages (V, = 0 V, £ 20 V, £ 40 V, and +60 V), indicating
ohmic contacts at both hole and electron sides of the gate
doping. Figure 1d shows the local longitudinal resistivity (R,,)
of the G/BP device as a function of the carrier density (n) at
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zero magnetic field at 300 K (blue curve). R,, (blue line in
Figure 1d) rises to ~1 kQ at high carrier density and shows a
sharp peak (close-up view in Figure S3) at ny & —12 X 10"
cm™?, which is assigned to the charge-neutral Dirac point
(CNP) of graphene. After suppressing thermal effects and
phonon scatterings by cooling the G/BP device below 2 K, R,
at high carrier density region reduces to ~100 Q (see Figure 2f
and Figure $4d).”»” The conduction contribution from the
underlying BP flake to the overall MR is expected to be
negligible due to its greater than 1 order of magnitude lower
charge mobility with respect to graphene, as well as the
asymmetric hole/electron mobility in few-layer BP.” 316,18,24

To investigate the MR effect in the G/BP system, a magnetic
field of 9 T was applied perpendicular to the G/BP plane. MR
is defined as MR = [R.(B) — R,(0)]/R,.(0)-100%, where
R,.(B) and R,,(0) are the resistivity values at field B and at zero
field, respectively. As shown in Figure 1d,e (red curves), a
significant increase is observed for both the local longitudinal
magnetoresistance and the Hall resistance (HR) across the
entire range of carrier densities. The MR of the G/BP device
increases to ~710% near the Dirac point, after which it
gradually decreases with increasing carrier density (n) but
remains >100% at n &~ + 2 X 10'> cm™ The increment in hall
resistance (AHR) is >3500% in the whole measured range of
carrier densities and even shoots up to >15 000% at n < —205 X

10 e¢m™. It is known that, for a disordered 2D electron
system, a positive MR is induced by inhomogeneity in carrier
density (n,,,,) and fluctuations in mobility (Ag).>'*"> 2627 To
determine n,,; and Ay, the experimental data 6(n — n,) was
fitted by effective medium theory (EMT); the fit is shown in
the inset in Figure 1¢.>%*® The values of y and n,,, extracted
from the fits are used to calculate the Boltzmann-RPA (where
RPA: random-phase approximation) conductivity resulting
from screened Coulomb scattering. We also define a parameter
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Figure 3. Temperature-dependent magnetoresistance performance and stability test of a G/BP sample. (a) Local MR versus magnetic field at various
temperatures from 300 to 2 K. (b) Magnetic field dependence of the hall resistance R,, at selected temperatures. (c) Temperature-dependent carrier
mobility of monolayer graphene supported on a BP flake. (d) Resistance of G/BP samples as a function of temperature for gate voltages from 10 to
60 V. The solid symbols are experimentally observed values. Dashed blue lines are fits to eq 1 by considering acoustic phonon scattering in graphene
and optical phonon scattering by the BP substrate. (e) Stability test of G/BP sample at room temperature; inset shows a plot of the MR against time

for up to 21 days.

called short-range conductivity (o) that is relevant at high
carrier density where the conductivity saturates. o is used to
calculate the Boltzmann-RPA conductivity due to short-range
scattering. The Boltzmann-RPA conductivity og[nmg #, 0] is
related to the zero magnetic field EMT conductivity according
o5(n) — ogyr
ap(n) + Opyr
Aln, ng, 1] is a Gaussian distribution centered at the average
carrier density ny, with a fluctuation of n.,. By fitting the
conductivity vs carrier density curve, the carrier mobility for G/
BP is estimated to be ~(9500 + 700) cm? V™! 57! at 300 K
with fluctuation of carrier density n,,,, = (47.89 + 7.59) x 10"
cm™? and o, = (46.61 + 1.80) ¢*/h (Figure S4c). As a control
experiment, a monolayer graphene device with the same
geometry and dimensions on SiO, substrate was fabricated.
The values of carrier mobility, carrier density fluctuation, and
short-range conductivity for the G/SiO, device are estimated to
be ~12 900 + 400 cm® V™' 7, 35.61 + 2.84 X 10'° cm™, and
124.35 + 4.61 ¢*/h, respectively, at 300 K (Figure S4a); these
values are comparable to those of the reported monolayer G/
SiO, device."” By comparing the values between G/BP and G/
SiO,, we conclude that the G/BP device exhibits a larger
fluctuation of carrier density and a lower carrier mobility.>
To distinguish the individual scattering contribution of
impurities and phonons, we have measured the transport
properties at different temperatures. At low temperatures (~1.5
K), the phonon modes of BP and G are suppressed
significantly, and scattering by impurities dominates. For the
G/BP device, the carrier mobility, fluctuation of carrier density
f.mg and short-range conductivity are determined to be ~
(13100 + 1200) cm? V' 57, (26.00 + 5.94) X 10'® cm™2 and
(7147 + 6.02) ¢*/h (Figure S4d), respectively, at ~1.5 K. At
300 K, n,,,, of the G/BP device increases to (47.89 + 7.59) X
10" cm™, which is higher than that of the control G/SiO,
device (1., = 35.61 = 2.84 X 10" cm™); therefore this reflects
that, at room temperature, the scattering from the BP substrate

rms) = 0, where

. [Se]
to the equation f dn Aln, ny, n
—o0
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creates a much stronger charge inhomogeneity in graphene
compared to SiO, substrate.

The variation in local MR as a function of the magnetic field,
measured at selected temperatures, is shown in Figure 2a.
Between 300 and 400 K, our G/BP device shows a quadratic
positive MR at low fields (threshold field ~0.9 T), which
converts to a linear nonsaturating positive MR at high fields,
characteristic of a classic MR behavior.”® The maximum MR of
G/BP device reaches ~775% + 25% at 9 T (n = n,) at 300 K,
and increases to more than 700% at 400 K, which is 3 times
higher than the highest reported value for exfoliated monolayer
graphene on SiO, (please refer to Figure SS for more statistical
data)."® The MR-to-field strength is measured to be >86% T/,
which qualifies our device as a high-sensitivity magnetic field
sensor. That our measurement method is robust is judged from
the fact that the MR measured for the control G/SiO, device in
the temperature range 300—400 K is ~200%, which is
consistent with previously reported values.*'> Figure 2b
displays the MR at different carrier densities at 300 K. Away
from the Dirac point, the MR gradually decreases with
increasing carrier density but remains >100% at a carrier
density of 9.4 X 10" cm™ In line with classic magneto-
transport behavior, no saturation is observed at high carrier
concentrations. Additional evidence for the classical MR
behavior in our G/BP device comes from the dependence of
MR on the orientation of the magnetic field with respect to the
G/BP plane (Figure 2c); R, reaches a maximum when the
magnetic field is normal to the plane of the film (R = 90° and
270°) and has the minimum value when R = 0° and 180°.

To investigate if the large MR is due to interface states at the
G/BP interface, we have performed a density functional theory
(DFT) calculation to investigate electronic properties of G/BP
heterostructure (see the SI for calculation details). The
interlayer distance between graphene and bilayer BP is
calculated to be 3.52 A (Figure 2d); this van der Waals gap
confirms the weak nature of the interfacial interaction, in good
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Figure 4. Nonlocal magnetoresistance performance of a G/BP device. (a) Sketch of the nonlocal geometry showing a transverse spin current in the
presence of a Lorentz force. (b) Nonlocal response from a G/BP device at 300 K. The slight shifting of the Dirac point as a function of the magnetic
field is attributed to temperature-induced resistance fluctuations arising from both Nernst and Ettingshausen effects.*’ (c) Nonlocal MR from a G/

BP device at various temperatures near the Dirac point.

agreement with previous studies.’’ Figure 2e shows the
electronic band structure of the G/BP heterostructure, and it
is clear that both the projected band structures of graphene and
BP maintain the characteristics of their isolated counterparts;
thus we can conclude that the origin of large MR in the G/BP
heterostructure is not due to interface state.

The temperature dependence of resistivity offers insights into
the mechanism of the phonon-mediated MR observed in the
G/BP device. As shown in Figure 2f, the resistivity changes
from nonmetallic to a metallic behavior when the carrier
density increases from the Dirac point (see Figure S6 for
temperature-dependent resistance of the G/SiO, device).
However, a major difference is that there is a very large
increase in resistivity [AR,, = R,,(300 K) — R_(2 K)] with
decreasing T for the G/BP device. The observed AR,, of the
G/BP device is nearly 1 order of magnitude higher than that
measured for the G/SiO, device. In the case of the G/BP
device, a large AR, showing a strong temperature dependence
persists both near the Dirac point, as well as far away from it,
suggesting that both long-range and short-range phonon
scattering is operational.31

The MR of the G/BP device as a function of B and T (n =
n,) is presented in Figure 3a. The MR decreases with
temperature for the G/BP device, and once the temperature
is below 100 K, a negative MR originating from weak
localization appears. At 2 K, symmetric oscillation patterns
are seen at positive and negative magnetic fields, indicating the
presence of universal conductance fluctuation (UCF) resulting
from multiple scattering of a coherent electron wave while
traversing a disordered conductor.”” The observation of weak
localization (WL) and UCF effects suggests that G/BP is a
highly disordered 2D electronic system.””™** Tt should be
pointed out here that, for MR devices fabricated using
monolayer G on SiO,, the MR effect is mainly attributed to
mobility and its fluctuations, in which case the carrier mobility
increases with decreasing temperature, and a higher MR is
expected at lower temperatures.35 In contrast, MR increases
dramatically with temperature for our G/BP device due to
phonon scattering by the underlying BP, which creates many
low-mobility islands in the graphene lattice. Under an electric
field, an effective drift velocity is generated in a direction
perpendicular to the cycloid motion of the charge carriers
caused by multiple small-angle scattering near low-mobility
islands, which results in a linear MR due to the deflection of
cycloid motion by the low-mobility islands.’® At lower
temperatures, phonon scattering is suppressed, and this reduces
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the population of low-mobility islands, thereby lowering the
linear MR response. Figure 3b shows the dependence of Hall
resistance (R,,) on the applied magnetic field at selected
temperatures. At 300 K, R,, is almost linearly proportional to
the magnetic field; the negative slope indicates that the majority
carriers are electrons (one-band behavior). At ~2 K, because of
the robust localization effect of electrons, R,, shows quantum
behavior and saturates above 3 T.

Similar to other 2D electron gas systems such as Al,Ga;_,As/
GaAs, the carrier mobility of graophene is limited by phonon
scattering at high temperatures.”””” At T < 100 K, the field
effect carrier mobility saturates at ~10 500 + 304 cm* V™' 57!
(Figure 3c), which means that disorder-induced scattering
dominates over phonon scattering in this temperature range
and limits the carrier mobility. At higher temperatures (T > 100
K), phonon scattering dominates, and the carrier mobility
decreases with the increasing T following a nonlinear
dependence in the form y co T (y ~ 0.65 + 0.12). A small
y value implies that scattering by the optical phonon
predominates over that of the acoustic phonon at these
temperatures.24 Next, we have separated the contribution due
to phonon scattering by investigating the change in resistivity
while tuning the carrier density by varying the gate voltage
(Figure 3d). The resistivity p(T, n) curves are linear with
respect to temperature at low T and become highly nonlinear at
higher T. Moreover, the resistivity is strongly dependent on the
carrier density (n) and increases for decreasing n. Summing
over the possible contributions from all phonons, we can write

p(T, n) = p (0, n) + p,(T) + p,(T, n) (1)

where pg, pra, and py represent scattering by impurities (the
residual resistivity at low temperature), LA phonons (p; ,(T) =
[(h/e*)m*Diks/ (2h*pw2v2)]-T), and optical phonon [pg(T, n)
~ (/=T — 1)1, respectively.””*® Longitudinal acoustic (LA)
phonon scattering in graphene is linearly proportional to T and
will give rise to a linear resistivity, which is independent of
carrier density. Therefore, it is clear that the nonlinear behavior
at higher T can be attributed to optical phonon scattering p(T,
n). Using the optical phonon scattering model, the temper-
ature-dependent resistivity at different carrier densities fit well
to eq 1. We now discuss the different possible origins of optical
phonon scattering. In graphene, besides the LA phonon, two
other modes exist: the zone boundary ZA phonon (~70 meV)
and the optical ZO mode (~110 meV). However, both these
modes are out-of-plane vibrations and have been observed to
not couple strongly to electrons.” Apart from these modes, the
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most likely source of optical phonon scattering observed in our
sample is from the BP substrate, which contains a number of
active phonon modes. These phonons are expected to influence
the transport of graphene in two ways. First, the phonons from
BP can break the inversion symmetry of graphene and induce
an additional perturbation potential in graphene. Second, BP
phonons may evoke a long-range potential and lead to a carrier-
density-dependent resistance of graphene by electron—phonon
scattering, in a similar manner to scattering by charged
impurities.”” The exact mechanism for this phonon-mediated
MR is not understood at present and requires further studies.

Finally, the encapsulation of BP by the graphene sheet
improves the stability of the G/BP MR device significantly.
After exposure to air (humidity ~70—80% and T ~ 25—28 °C)
for 21 days, the G/BP device shows a R, vs n curve that is
mostly unchanged with respect to the initial device (Figure 3e)
and maintains a steady MR of ~720 + 35%. A slight p-doping
was present, which may be due to adsorbents or moisture; this
was removed after thermal annealing. The air stability of the G/
BP MR device demonstrates that it can be used to build stable
magnetic sensors.

Nonlocal measurements performed in Hall bar geometry,
where the voltage probes are remotely located from the classical
path of charge flow (as sketched in Figure 4a), are sensitive to
magneto-transport phenomena near the Dirac point. In the
presence of a magnetic field, Zeeman splitting lifts the spin/
valley degeneracy in graphene resulting in a large nonlocal
magnetoresistance near the Dirac point of graphene at room
temperature.*’ The nonlocal magnetoresistance of graphene
may be further enhanced via spin—orbit interaction or spin—
orbit proximity effect when graphene is stacked on a spintronic
material.*” Since BP is reported to be a promising spin channel
material with a spin relaxation length >6 pm at room
temperature,” using BP as the substrate can potentially
increase the nonlocal MR value in G. To minimize
contributions from inductive coupling and thermal effects,
both dc and low-frequency ac measurements were carried out
with a drive current of 100 nA. In this geometry, the ohmic
contribution to the measured nonlocal signal is very small and
decreases exponentially with L according to the relation Ry &~
(4/7)p,. exp(—nL/W) where L is the separation between
current and voltage probes, and W is the channel width. As
shown in Figure 4b, the nonlocal Ry vs carrier density curve
(300 K) exhibits a resistance peak at the Dirac point with a
magnitude that is dependent on the magnetic field. The
observed nonlocal MR is qualitatively similar to that reported
for G on h-BN and SiO, substrates, which have been explained
by the spin/valley Hall effect.”’ Remarkably, the G/BP device
(channel dimension: L X W = S ym X 1 um) exhibits a high
Ry value of ~4.4kQ at 9 T (>11 000 Q at 9 T, ~1.5 K, Figure
S10) near the vicinity of the Dirac point, which is the highest
observed value for a graphene-based nonlocal device to date.
Consequently, the MR measured in nonlocal geometry is
~10000% even at room temperature (Figure 4c), which is 4
times higher than that for the G/h-BN device (~2300—2600%
at 9 T, 300 K) and 100 times larger than that observed for G/
SiO, (~80—120% at 9 T, 300 K).*' The nonlocal MR further
reaches ~70000% at 9 T and <2 K, which provides further
proof that the huge nonlocal response of the G/BP device
arises from a temperature-dependent spin/valley Hall effect
rather than being thermally induced.

In conclusion, we have observed colossal MR from a vertical
heterostructure constructed by stacking monolayer G on BP,
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with a local MR reaching ~775% at 9 T and 300 K. The average
MR values of our 2D G/BP heterostructure are several times
larger than those of the conventional magnetic tunnelling
junction (~220% at room tempe1‘ature)45’46 as well as emerging
organic spin-valves (~40%) ;7 it is also com;)arable to the state-
of-the-art MgO tunnel barrier (~500%)** and pseudo-spin-
valve magnetic tunnel junction (604% at 300 K).* In the
nonlocal geometry, the measured MR is ~10000% near the
Dirac point. Importantly, our results suggest that colossal MR
can be achieved in the heterostructure due to the sensitivity of
monolayer graphene to the strong surface polaronic effects on
BP; the latter influences the high-temperature mobility and hot-
electron properties of graphene stacked on it. The phonon-
mediated MR observed here for our monolayer-on-BP device is
distinct from previous MR devices made from multilayer G,
which rely on interlayer effects between randomly stacked
graphene layers. As opposed to the impurity model where a
larger MR response is obtained at lower temperatures, the
phonon-mediated MR has its largest value at near ambient
temperatures of 300—400 K. This useful operating temperature
range combined with the improved stability of the graphene-
encapsulated G/BP device structure presents enticing prospects
for making a highly sensitive MR device.

Methods. Device Fabrication. The exfoliation of BP was
carried out in a glovebox filled with argon (O, and H,O levels
<0.5 ppm). Typically, a thin BP flake was directly mechanically
exfoliated from a bulk BP crystal (HQ graphene) onto a silicon
substrate using blue “magic” tape. Using optical microscopy
under argon atmosphere to avoid degradation of BP, the
desired BP flake was identified. Monolayer graphene was
exfoliated from Kish graphite and aligned onto the BP flake
with desired rotation angle with the assistance of a transfer
platform. This transfer process was also carried out inside the
Ar-filled glovebox.”>>**"

Device Characterization. The thickness and morphology of
the devices were verified using a Dimension FastScan AFM
(Bruker) instrument in tapping mode. The orientations of the
BP flake with respect to graphene were determined from angle-
resolved polarized Raman (Renishaw) spectra and polarized
optical microscopy (Nikon).

Electrical Transport Measurements. The measurements
were carried out in both a *He cryostat (TeslatronPT) and a
physical property measurement system (PPMS) under helium
atmosphere using standard alternating-current (ac) lock-in
amplifiers (SR830) and direct-current (dc) techniques.
Resistance vs temperature and field measurements were
performed using low currents in the range 50—300 nA to
avoid Joule heating. To avoid mixing of the longitudinal and
transverse components due to sample geometry, we have
performed standard symmetrizing and antisymmetrizing
procedures to obtain pure R, and R, as both positive and
negative field curves have been measured.
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