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ABSTRACT: The extreme versatility of van der Waals materials P k)
originates from their ability to exhibit new electronic properties when C'/Au!
assembled in close proximity to dissimilar crystals. For example, -:MLG
although graphene is inherently nonmagnetic, recent work has reported si0,
a magnetic proximity effect in graphene interfaced with magnetic
substrates, potentially enabling a pathway toward achieving a high-
temperature quantum anomalous Hall effect. Here, we investigate
heterostructures of graphene and chromium trihalide magnetic
insulators (Crl;, CrBr;, and CrCly). Surprisingly, we are unable to
detect a magnetic exchange field in the graphene but instead discover
proximity effects featuring unprecedented gate tunability. The graphene
becomes highly hole-doped due to charge transfer from the
neighboring magnetic insulator and further exhibits a variety of atypical gate-dependent transport features. The charge transfer
can additionally be altered upon switching the magnetic states of the nearest Crl; layers. Our results provide a roadmap for
exploiting proximity effects arising in graphene coupled to magnetic insulators.
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A. ssembling heterostructures of van der Waals (vdW) flake of exfoliated graphene into a Hall bar geometry using a

crystals enables the creation of new properties that do not polymer-free anodic oxidation technique with an atomic force
exist in the constituent materials alone. For example, microscope tip>® and then assemble the entire vdW
combinin§ proximity-induced magnetism' ™" and spin—orbit heterostructure in an argon-filled glovebox. (See the
coupling'*™'° in graphene has been a longstanding goal, as a Supporting Information and Figures S1 and S2 for full details.)
high-temperature quantum anomalous Hall effect is predicted We fabricate devices in which the graphene rests atop CrXs
to arise in such a system.17_21 Chromium trihalides are a and vice versa, and we see the same behavior in both cases. For
protgztzr%ical family of two-dimensional magnetic insula- clarity, we henceforth refer to the bias on the gate facing the
tors, and are promising for realizing a variety of proximity graphene (CrX;) as Ve (Vmag)' We focus our attention

effects when interfaced with graphene owing to their intrinsic
ferromagnetic ordering, spin—orbit coupling, and large

electron affinities. Hoyvever, so 'far pristine interfaces between CrBr; and CrCly (Supporting Information and Figures S9—
graphene and chromium trihalides have not been reported

k - 3 S12). Crl; has the lowest electron affinity of the three
owing to challenges arising from the extreme environmental hromi 1 . .
5 - 25-27 chromium trihalides, and as a result, the modulation doping of
sensitivity of the latter crystals.

the graphene is the smallest.
Here, we report low-temperature transport measurements of Figure 1b,c shows the resistivity of a graphene-on-trilayer
graphene on thin substrates of Crl;, CrBr;, and CrCly & ’ grap 4

(collectively referred to as CrX;). Figure la shows a schematic Crl; device (device A) measured as Ver (V"‘ag) is swept back
of the general device structure we fabricate. Interfaces of
graphene and thin CrX; are encapsulated with boron nitride Received: July 25, 2022
(BN) and surrounded by top and bottom gates. The CrX, Revised:  September 16, 2022
crystals we use range from three to tens of layers in thickness;

however, a majority of our results do not appear to depend

meaningfully on this parameter. In order to avoid degradation

of the CrX; crystals during device fabrication, we first shape a

primarily on graphene/Crl; heterostructures, from which we
can additionally understand the salient properties of graphene/
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Figure 1. Transport in graphene on Crl; at zero magnetic field. (a) Schematic of the device structure. Monolayer graphene is interfaced with Crl,
and encapsulated by BN. The voltage on the gate facing the graphene is V,, and the voltage on the gate facing the Crl is V,,,. (b) Four-terminal

resistivity of a device with trilayer Crl; (device A) as V,, is swept back and forth, with V,,

1 = 0. (c) Resistivity as V,,,,, is swept back and forth, with

Vi = 0. (d) Map of the device resistivity acquired by sweeping both gates. The trajectory of the Dirac point is denoted by the blue dashed curve, as
determined by Hall effect measurements at B = 4 T (Figure S3). The white circle denotes the point at which the trajectory of the Dirac point
reverses. (e) Map of the transport hysteresis, Ap,,, acquired by taking the difference between the resistivity upon slowly sweeping V,, forward and
backward. The white dashed curve is a guide to the eye, corresponding approximately to resistive peaks and plateaus seen in d.

and forth with the other gate grounded at a temperature of T =
2 K. We see a number of features that are uncharacteristic of
pristine graphene encapsulated only with BN. First, the
transport differs notably depending on which of the two
gates is swept. Second, the transport is hysteretic, with the
hysteresis most pronounced at positive values of either gate
voltage. Although there are kinks or peaks in the resistivity
suggestive of a Dirac point, measurements of the correspond-
ing Hall resistance reveal that the graphene is hole-doped over
most of the accessible gate voltage range (Figure S3),
indicating that these resistive peaks arise from a different
mechanism.

Figure 1d shows a map of the device resistivity acquired by
sweeping both of the gates. The blue dashed curve traces the
position of the Dirac point as determined by Hall effect
measurements (Figure S3). The Dirac point evolves with the
two gate voltages as anticipated from simple electrostatics in
the bottom rightmost portion of the map. However, its
trajectory abruptly reverses as the bias on V,, is further
reduced toward zero (white circle in Figure 1d). The bent
trajectory of the Dirac point indicates a nonlinear and
nonmonotonic relationship between the gate voltage and
graphene charge carrier density, in stark contrast with the
behavior of conventional monolayer graphene devices in which
the gate capacitance is fixed. We see other transport features
atypical of graphene, including an anomalous resistive peak
that moves roughly diagonally across the map, as well as an
abrupt resistive step separating the top left and right halves of
the map. There is also a sharp resistivity increase in the top
rightmost corner of the map that indicates the reappearance of
the Dirac point. Furthermore, these features are directly
associated with the hysteretic graphene transport. Figure le
shows a measurement of Ap,, acquired by taking the difference
between p,, measured as Vj, is slowly swept back and forth
(Figure S4 for the reverse measurements). As a guide to the
eye, the white dashed curve denotes the positions of the
anomalous resistive peak and step we observe in Figure 1d and
separates the map into regions I, II, and III. The hysteresis is
most prominent in region II of the map, approximately
bounded by the anomalous resistive peak and step.

Transport measurements in a magnetic field, B, help to
reveal the origin of these unusual features. Figure 2a,b shows
Landau fan diagrams of the longitudinal, p,, (top), and Hall,
Py (bottom), resistivities acquired by sweeping V,, from
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Figure 2. Landau fan diagrams of graphene on Crl;. (a, b) (Top)
Longitudinal, p,,, and (bottom) Hall, Py resistivities of device A
acquired by sweeping V,, from negative to positive values with (a)
Ving = 15 V and (b) Ving = —10 'V, respectively. (c) Landau fan
diagram acquired by sweeping V,,,, from negative to positive with V,
=0. (d) p,, (top) and Py (bottom3 cuts from panel ¢ acquired at B =
6T.

negative to positive bias with fixed values of V,,, = 15 V and
—10 V, respectively. The latter is consistent with typical hole-
doped graphene: the Dirac point appears at large positive V,,
and is associated with a sign change in p,, upon doping, and
there is a series of integer quantum Hall (IQH) states that
disperse linearly away from the Dirac point. These correspond
to filling factors of v = =2, —6, —10, ..., consistent with the
usual sequence of states arising from spin- and valley-
degenerate monolayer graphene Landau levels. In contrast, at
Viae = 15 V we see a number of anomalous features in the
Landau fan, including the Dirac point drifting with magnetic
field, an abrupt resistivity jump at B = 1.6 T, extremely wide v
= + 2 IQH plateaus, and IQH states at higher filling factors
with slightly widened plateaus that move nonlinearly.

Landau fans acquired by sweeping V,,, at fixed V,, exhibit
even more striking peculiarities. Figure 2c shows a
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Figure 3. Mapping the charge transfer and band alignment in graphene on Crl,. Maps of (a) p,, and (b) p,, acquired by sweeping both gates at B =
9 T. The white dotted lines are the same guides to the eye as in Figure le and separate the map into regions I-III. The v = 0 state, corresponding
to the Dirac point, is determined by the sign change in p,, (blue dashed curve). (Inset of b) Map of the transport hysteresis, Ap,,, acquired at B =9
T. The regions enclosed within the vertical black and gray boxes in panel a and the inset of panel b are contaminated by artifacts owing to insulating
behavior at the contacts. (c) Inferred alignment of the graphene Dirac cone (blue) and the lowest electron-holding states in Crl; (red) under
different gating conditions, corresponding to the approximate corresponding positions from the maps in panels a and b. Because Crl; is multiple
layers thick, gate voltages establish an electric field across the sheet which tilts the bands. The band offset at the interface between the graphene and
adjacent Crl; layer is a fixed quantity determined by the graphene work function and Crl; electron affinity. The dark-blue dashed line denotes the
Fermi energy, Ey, in the graphene. Filled states in graphene are indicated in pink, and electrons in Crl; are denoted schematically by the green dots.
The axes on the top right are color coded; the vertical denotes energy for both, whereas the horizontal denotes momentum for the graphene and c-

axis position for the few-layer Crls.

representative example in which the IQH states disperse as
expected for V. < 0 but abruptly reverse direction for Vy,,o 2
0. The latter regime corresponds to an apparent negative
compressibility of the system in which applying a more positive
gate voltage results in filling additional hole-type Landau levels
rather than their anticipated depletion. Figure 2d shows a
representative example of this phenomenon at B = 6 T in
which the graphene exhibits two disconnected regimes of
doping corresponding to the v = —10 IQH state.

The IQH states in typical graphene devices fan out linearly
from the Dirac point as the magnetic field is raised. Their
trajectories are described by the Stfeda formula,”” v = (h/e)(0
n/0B), where h is Planck’s constant, e is the charge of the
electron, and #n is the charge carrier density. Departure from
this behavior provides further evidence of the nonlinear
relationship between the gate voltage and the charge carrier
density in the graphene originating from the charge transfer
with the Crl;, consistent with the bent trajectory of the Dirac
point observed in Figure 1d. The wide IQH plateaus and their
nonlinear trajectories in the fan diagram indicate that the
charges induced by the gate do not accumulate in the graphene
but rather fill the Crl; since electrons become localized in the
insulating Crl; and do not contribute to transport. Related
effects have been previously observed in graphene on SiC**~**
and CrOCL*® The coexistence of normal and atypical quantum
Hall effects within our device suggests that the modulation
doping can be controlled by gating and under suitable
conditions is even suppressed entirely.

We characterize the full dependence of the charge transfer
on the gating and magnetic field by measuring p,, and p,, over
the entire accessible range of both gate voltages at a fixed B =9
T (Figure 3a,b). For the purposes of analyzing the behavior,
we divide the map into three regions as marked by the white
dotted lines (reproduced from Figure le). region I exhibits
typical graphene magnetotransport in which a sequence of
hole-doped IQH states is dispersed diagonally. The negative
slope of these features is consistent with the ratio of the
geometrical capacitances of the top and bottom gates. This
remains true for the v = 0 insulating state in the bottom right
corner of the map, across which the sign of the Hall effect flips.

In contrast, region II corresponds almost entirely to the v = —2
IQH state. At the foot of region II, we observe an abrupt
reversal in the trajectory of the v = 0 state similar to that of the
Dirac point at B=0 (Figure 1d). In region III, the IQH states
become nearly insensitive to V,,,,, and develop a positive slope.
The inset of Figure 3b shows hysteresis measurements, Ap,.,
acquired at B = 9 T, analogous to the zero-field map shown in
Figure le. The hysteresis is primarily confined to region III;
however, we note that this measurement scheme is largely
insensitive to the hysteresis in region II owing to the extended
v = —2 plateau. In combination with the zero-field measure-
ments (Figure le), we deduce that the device exhibits
hysteresis in both regions II and IIL. The hysteresis is therefore
directly associated with regions of atypical graphene transport
and does not occur in region I where the transport is
conventional.

The above measurements can all be qualitatively understood
by taking into account the gate- and field-dependent charge
density in the Crl;. Figure 3c shows a series of cartoon
diagrams that depict the electron states and their occupancies
in the graphene (blue) and Crl; (red) for different
combinations of the top and bottom gate voltages. Filled
states in graphene below the chemical potential (blue dashed
line) are colored pink. The red line represents the lowest-
energy electron states in the Crl; and corresponds either to the
bottom of the conduction band or to a band of in-gap defect
states; the latter is more likely because the charge mobility is
very low. Electrons in the Crl; are indicated by the green dots.
We assume that the alignment between the graphene Dirac
point and the lowest-energy electron band in the neighboring
Crl; layer is fixed by the combination of the graphene work
function and Crlj electron affinity. Biasing V,,,,, establishes an
electric field across the few-layer Crl;, shifting the energy of
the Crl; states either up or down relative to the graphene.

Within region I, the chemical potential lies beneath the
lowest-energy electron states throughout the Crl;, and as a
result, they are all unoccupied. The Crl; then simply behaves
as a dielectric, and changing the bias on either gate capacitively
dopes the graphene as usual. In regions II and I1I, the bias V.,
is such that some electron states in the Crl; are below the
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Figure 4. Magnetic field-dependent modulation doping of graphene on Crl;. (a) Low-field Landau fan diagram acquired by sweeping V,, from

negative to positive with V,,

¢ = 15 V. An abrupt shift in the modulation doping is denoted by the black dashed line, corresponding to the critical

field at which the trilayer Crl; flips between interlayer AFM and FM (illustrated by the cartoon insets). (b) Ab initio calculation of the band
structure of bilayer Crl; in the interlayer FM (blue) and AFM (red) states. The lowest conduction band is highlighted for clarity. The cartoon
illustrates the additional modulation doping of graphene anticipated in the FM state compared with the AFM state owing to the lower conduction

band energy. (c) p,, acquired by sweeping B back and forth at different values of

V., with V,

g mag

=15 V.

chemical potential, causing electrons to tunnel into them from
the graphene. These electrons become almost entirely localized
and contribute negligibly to the conductivity but are mobile
enough in the out-of-plane direction to screen the underlying
gate. This results in a greatly altered sensitivity of the graphene
doping to changes in V... The hysteresis observed in these
regions results from an inability of the electrons to reach a true
equilibrium due to long time scales in the Crl;. As further
evidence for this, we observe irreversible changes in the
modulation-doping of the graphene in measurements per-
formed days apart (Figure S14), and in a graphene/CrCl,
device doped to a similar regime, the resistance exhibits
telegraph noise on a time scale of tens of minutes when both
gate voltages are held fixed (Figure S15).

The distinction between regions II and III can be explained
by the density of states in the graphene, which is small or
vanishing in the former and much larger in the latter. These
regions are separated by a resistivity plateau at zero field and
by a crossover at 9 T from the highly extended v = =2 IQH
plateau to a sequence of less extended IQH states with higher
filling factors. In region II, changes in V,,,,, are almost entirely
screened. In this region, changing V,, only weakly dopes the
graphene because the low density of states means that adding
electrons to the graphene causes its electrochemical potential
to rise rapidly, leading to more electrons tunneling into the
Crl;. In region III, changing V,, dopes the graphene more
strongly because its density of states is larger. Meanwhile,
changing Vi, does dope the graphene somewhat, but,
strikingly, it does so in the wrong sense. In this case, the
IQH states have positive slope indicative of an effectively
negative differential capacitance. In other words, a more
positive V;,,, results in larger hole doping of the graphene,
whereas naively it would be expected to instead reduce the
hole doping. This effect is also responsible for the peculiar
reversal of the trajectories of the IQH plateaus seen near V;,,,
0 in the Landau fans shown in Figure 2c¢,d. Negative
differential capacitance can result from negative compressibility
in a strongly correlated conductor, such as has been reported

for graphene on MoS,.*® It can also result from a large
rearrangement of charge in the dielectric induced by a small
change in the applied electric field, such as occurs when a
terroelectric polarization flips. Rearrangement of the interact-
ing electrons within the Crl; therefore seems to be the most
likely explanation for this phenomenon and is consistent with
the associated hysteresis, though it appears to be too complex
to be usefully modeled at this point.

So far, we have not considered the role of the magnetic
ordering of the Crl;, which exhibits out-of-plane intralayer
ferromagnetism (FM) and antiferromagnet (AFM) interlayer
ordering at low temperature. Figure 4a shows a low-field
Landau fan diagram acquired for both positive and negative
values of B. As noted earlier, upon increasing the field there is
an abrupt jump close to |Bl = 1.6 T at which all resistance
features shift toward more positive V,, indicating a sudden
transfer of electrons out of the graphene. To interpret this, we
consider a simple model in which the Crl; is a bilayer in order
to investigate the origin of this effect, justified by the
expectation that the graphene couples most strongly to the
nearest few layers of the Crl;. Ab initio calculations show that
the energy of the Crl; conduction band depends on its
interlayer magnetic ordering, shifting to lower energy as the
material undergoes a transition from interlayer AFM to FM
(Figure 4b). This transition likely also reduces the energy
levels of defect states and results in additional electrons
tunneling into the Crl;. (See the band schematics in Figure
4b.) This abrupt jump is absent in region I, where the states in
the Crl; remain too high to be occupied (e.g., see Figure 2b).
This effect demonstrates that the graphene resistivity is highly
sensitive to the interlayer magnetic ordering of the Crl;. We
find that the critical field becomes asymmetric with the
sweeping direction of the magnetic field for thicker Crl;
substrates (Figure S18), indicating that the graphene is only
sensitive to the magnetic ordering of the nearest few Crl,
layers.

The anomalous Hall effect (AHE) is anticipated in graphene
endowed with both a magnetic exchange field and Rasbha spin
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orbit coupling,'’~*' owing to the formation of an inverted gap

at the Dirac point and associated Berry curvature at the band
edges. We search for the AHE by measuring p,, as the
magnetic field is swept back and forth at different values of V,,
(Figure 4c). We see hysteretic loops surrounding Bl ~ 1.6 T
owing to the AFM/FM transition in the Crl; but do not
observe hysteresis at B = 0. For measurements acquired near
the Dirac point, we observe nonlinear pxy(B) surrounding B =
0 reminiscent of a weak AHE. However, we also notice that the
Dirac point drifts with magnetic field in the Landau fans shown
in Figures 2a and 4a. Although we do not understand the
origin of this effect and further find that it is highly sample-
dependent (e.g, see Figure SSf), its presence here implies that
the charge transfer between the graphene and Crl; changes
continuously with the magnetic field. As a result, the charge
carrier density in graphene also changes with B at fixed gate
voltage, potentially driving a nonlinearity in the observed Hall
effect that is completely unrelated to the usual AHE
mechanism.

Careful analysis of the Landau fans can provide further
insights into the strength of the magnetic proximity coupling in
graphene. As detailed earlier, we observe a 4-fold degeneracy in
nearly all of the IQH states in our sample (with only weak
signatures of symmetry breaking at high B), indicating
preserved spin and valley degeneracy. The absence of
symmetry-broken IQH states is expected given the modest
graphene mobility of ~5000 cm?/(V s) (Figure S19),
presumably resulting from scattering due to defects in the
Crl; substrate. However, the absence of detectable Landau-
level splitting also sets an upper bound on the magnitude of
the magnetic exchange coupling, which is expected to act as a
Zeeman term that lifts the spin degeneracy at zero field. The
magnetic exchange coupling must therefore be less than the
smallest resolvable Landau-level gap in our measurements. We
estimate this to be ~25 meV from the fact that the v = —2 state
fully develops at B ~ 0.5 T (Figure 4c), following the
expectation that the corresponding cyclotron gap is
AE_, = v;/2heB, where vz = 10° m/s is the presumed
Fermi velocity of graphene and 7 is Planck’s reduced constant.
This is in tension with theoretical predictions of magnetic
exchange couplings ranging from tens of meV to as large as
~120 meV in graphene on Crl;.>’~* Furthermore, unambig-
uous evidence for a proximity exchange field has been observed
in optical spectroscopy measurements of monolayer WSe, on a
Crl, substrate.””*' The apparent unexpectedly small exchange
coupling for graphene on Crl; may be intrinsic, but it may also
be degraded by disorder in the Crl; for reasons that are not
clear at present. Progress toward a high-temperature quantum
anomalous Hall effect in proximitized graphene will likely
require a reduction of the defect concentration in the Crly
crystal or the discovery of more favorable magnetic insulator
substrates.
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