RESEARCH ARTICLE

'.) Check for updates

ADVANCED
MATERIALS

www.advmat.de

Graphene on Chromia: A System for Beyond-Room-

Temperature Spintronics
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Christian Binek, Peter A. Dowben, and Jonathan P. Bird*

Evidence of robust spin-dependent transport in monolayer graphene, depos-
ited on the (0001) surface of the antiferromagnetic (AFM)/magneto-electric
oxide chromia (Cr,03), is provided. Measurements performed in the non-local
spin-Hall geometry reveal a robust signal that is present at zero external mag-
netic field and which is significantly larger than any possible ohmic contribu-
tion. The spin-related signal persists well beyond the Néel temperature

(=307 K) that defines the transition between the AFM and paramagnetic states,
remaining visible at the highest studied temperature of close to 450 K. This
robust character is consistent with prior theoretical studies of the graphene/

potential of this 2D material for spin-
tronic applications. The weak spin relaxa-
tion in graphene can be ascribed to its
vanishingly small native spin-orbit cou-
pling™®-1 (SOC), a property that makes
the manipulation of spins in the same
material challenging To resolve this
conundrum, various strategies have been
explored to introduce magnetic character
into graphene, most notably by exploiting
proximity effects at its interface with an

Cr,0; system, predicting that the lifting of sub-lattice symmetry in the gra-
phene shall induce an effective spin—orbit term of =40 meV. Overall, the results
indicate that graphene-on-chromia heterostructures are a highly promising
framework for the implementation of spintronic devices, capable of operation

well beyond room temperature.

1. Introduction

Spintronic devices!™™ have attracted ongoing interest as a
means to confront the challenges of continued complemen-
tary metal-oxide-semiconductor (CMOS) scaling. Graphene
has been widely discussed for such applications, having long
spin-relaxation lengths that make it well suited for use in
spin-transistor geometries.>~% Recent studies of commercial-
grade graphene, grown by chemical vapor deposition (CVD),
have demonstrated spin-diffusion lengths in excess of 10 pm
at room temperature,l°? a result that points to the huge
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appropriate magnetic substrate.l"? The
development of functional room-tempera-
ture devices based upon such heterostruc-
tures remains an ongoing challenge.

Another approach to enhancing SOC
in graphene relies on breaking the sub-
lattice symmetry of its pristine crystal.?>2¢l
By opening a gap between the conduction
and valence bands, this distortion effec-
tively adds a SOC term to the Hamiltonian of graphene. In one
such approach, hydrogenation has been used to induce sp?to-sp?
bond conversion, causing a buckling of the graphene structure
that yields clear signatures of spin transport at room tempera-
ture.”’] Symmetry breaking has also been achieved by supporting
graphene on a variety of non-magnetic substrates, such as SiC,128l
AL 03,21 MgO,3% and BN.BU While these approaches have their
advantages, none of them offer the non-volatility desired to
imbue spintronic devices with a potential edge over CMOS.12

Herein, we describe an approach to achieving robust spin-
dependent transport in graphene, well beyond room tempera-
ture, that we realize by supporting this two-dimensional mate-
rial on a substrate comprised of an antiferromagnetic (AFM)
oxide (chromia, Cr,0s). One of a small number of materials
to exhibit magneto-electric (ME) nature (i.e., coupling of mag-
netic and electrostatic polarizations) at room temperature (and
beyond),33 chromia is antiferromagnetic (AFM) in bulk but
exhibits a net alignment of magnetic moments at its (0001) sur-
face.’33>-% This boundary magnetism allows chromia to func-
tion as a highly spin-polarized substrate, which is ideally suited
for combination with a graphene overlayer.?>38 The excellent
dielectric character®#% of chromia, along with its ME nature,
allows an applied voltage to be used to reverse the direction of
its boundary magnetization, at significantly lower energy cost
(=aJ) than that associated with the current-driven switching of
ferromagnets.?
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We fabricated graphene transistors on (0001) Cr,O; sub-
strates, demonstrating non-local Hall signals?’l that provide a
clear indication of induced spin transport. When the chromia
is prepared in a single ME domain,’*% at temperatures below
its Néel temperature (Ty = 307 K), the non-local signal exhibits
clear indications of the ME character of the chromia. The
spin signal is also found to persist well beyond Ty, where
any boundary magnetism should be lost, remaining visible
at the highest studied temperature of =450 K. These observa-
tions are consistent with the results of prior theoretical work,
which predict that chromia breaks the crystal symmetry of gra-
phene (from Cg, to Cs3,) and generates an effective SOC term
of =40 meV.>>2041] Ag such, our observations point to the suit-
ability of chromia/graphene heterostructures for use in spin-
tronic devices, capable of operation at room temperature and
beyond.l?6#] This should be contrasted with prior studies of
proximity effects in graphene/AFM heterolayers;***] while
some of these works?**] have established the presence of very
large exchange coupling between the layers, this situation is
only realized for temperatures below Ty. In our case, however,
as the origin of the inferred SOC is fundamentally structural
in nature, the spin transport is able to persist well beyond the
critical temperature of the antiferromagnet.

2. Results and Discussion

The essential principle of our experiments is indicated in the
schematic of Figure la. Here, we indicate the spin currents
that arise in a graphene layer, in the presence of external SOC
generated at the (0001) Cr,O; surface. The manner in which we
realize this system in practice is indicated in Figure 1b, which
shows an electron microscopy image of one of the devices
that we have fabricated. To confirm the presence of the non-
zero boundary magnetism in our Cr,0; films (whose struc-
tural properties are characterized in Section S1, Supporting
Information) below Ty, we also fabricated 3.7 nm-thick Pt Hall
bars on their (0001) surface. Nonmagnetic heavy metals have
recently been used to detect the boundary magnetization of
chromia.l8l In the case of Pt, the resulting signal is widely
believed to originate from spin-Hall magneto-resistance, asso-
ciated with an imaginary component in the mixing conduct-
ance.3% In Figure 1c, we plot the temperature-dependent
resistance of one of our Pt Hall bars. These (local Hall) meas-
urements were performed by following a procedure in which
the Pt/Cr,O; system was first warmed to 330 K, thereby
causing the chromia to transition from an antiferromagnet to
a paramagnet. Next, the sample was prepared in a particular
ME state by cooling back down below Ty, in the presence of a
perpendicular magnetic field of +3 T (but with no applied gate
voltage). After removing this field at 280 K, the data of Figure 1c
were then obtained by measuring the zero-field (anomalous)
Hall signal while warming up through Ty. Referring to the data
shown in this figure, it is clear that two distinct Hall signals are
obtained below =310 K, consistent with the known®l Néel tem-
perature of the films (Ty = 307 K), and that these signals col-
lapse upon one another when the system is warmed above this
critical temperature. This result is consistent with the presence
of two oppositely directed AFM states below Ty, associated with
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which are two distinct configurations of the boundary magneti-
zation.’”>l These results therefore confirm that the magnetic
properties associated with bulk chromia crystals are preserved
in our thin films. (In Section S2 (Supporting Information), we
present a further characterization of the boundary magnetism.)

In Figure 1d, we plot the small-signal resistance (R, as a
function of back-gate voltage (V) for the eight different devices
we studied. (These measurements were performed in a two-
probe geometry, in which current was passed, and the resulting
voltage drop was measured, between probes C; and C, of
Figure 1b.) The minimum in the current that denotes the Dirac
point is shifted to positive gate voltage (0 V < V, <5 V) in each
of the devices, implying a p-type doping of the graphene due to
its contact with the chromia. Table 1 indicates some key proper-
ties from the devices, including (in the bottom row) the (valence
band) Fermi-level shift (AEg at V,, =0 V) due to this doping. [AEg
was calculated from the usual expression for the Fermi level in
graphene, Ep = +hvg(zn)Y/2, where n is the areal carrier density
and the positive (negative) sign applies to the case of net elec-
tron (hole) density. The concentration was calculated from the
expression n(Vy) = |(V, — Vp)C'o/e |, where Vp is the value of
the gate voltage at the Dirac point and C’y, is the areal capaci-
tance of the back-gate. Given the dielectric constant of chromia
(& = 13),* this parameter takes values of C'y, = 1.15 x 107
and 4.60 x 10® F cm™, respectively, for the 100 nm- and
250 nm-thick chromia films.] According to Table 1, AEr was in
the range of =50-200 meV, being systematically smaller for the
three devices formed on the thicker chromia (we speculate that
this might be due to different surface roughness in the thick
and thin films, impacting the contact with the graphene). Hole
doping of graphene-on-chromia has been predicted on the basis
of density functional theory, which shows that the formation of
the heterostructure is accompanied by the transfer of 0.0008
electrons per carbon atom to chromia.?’! For monolayer gra-
phene, this doping level corresponds to AEg = 200 meV, in rea-
sonable agreement with the numbers quoted in Table 1.

It is apparent from the results of Figure 1d, and from the
associated data in Table 1, that considerable variations in
mobility were obtained between different devices. While
chromia grown on V,0; is known to exhibit excellent dielec-
tric character, its (0001) surface nonetheless exhibits small
crystalline grains on the scale of =50-100 nm.?l Although the
magnetic properties of this surface are largely insensitive to
the presence of these grains, 33! they can be expected to impact
charge transport in a graphene overlayer. We therefore suspect
that the mobility variations exhibited by our devices arise from
microscopic variations in the structure of the chromia surface,
and the impact that these have on adhesion of the graphene
and the transport of its charges.

In Figure 2a, we show representative measurements of the
non-local resistance (Ry,) of one of our devices as a function of
V, and at various (out of-plane) magnetic fields. In these meas-
urements, a fixed voltage (Vy) was used to pass a current (Iy)
between probes C; and C, in Figure 1b; the resulting non-local
voltage (V) that developed between probes C; and C, was then
used to calculate Ry (=V,/I,). The measurements were made
at a fixed temperature of 290 K, after cooling down below Ty in
the simultaneous presence of static magnetic (6.9 T) and elec-
tric (250 kV cm™) fields (both applied normal to the Cr,05 film).

© 2022 Wiley-VCH GmbH
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Figure 1. a) Schematic illustrating the main features of our experiment, in which a graphene Hall bar with multiple contacts is formed on (0001) Cr,03. When
a current (blue line with arrow) is driven from the lower to the upper contact on the left, SOC generated by the Cr,0O3 causes spin separation in graphene,
allowing a non-local spin-Hall signal to be detected at the probes to the right. The inset in the upper-right corner represents the magnetic moments (red and
blue) in Cr,O; below Ty. The material is AFM in bulk but its (0001) surfaces show non-zero magnetism. b) Shown left is a colorized electron microscopy image
of an actual device (Device 4, Cr,O; thickness: 100 nm). The graphene Hall bar is at the center of the area enclosed by the white dotted line. The non-local
measurements are made using probes C;—C,. The schematic on the right represents (not to scale) the layer structure along the line AB in the left image. The
contact scheme for gating the device is also indicated. c) Variation of Hall resistance with temperature for a Pt Hall bar fabricated on 100 nm-thick (0001) Cr,Os.
Measurements were made under the conditions described in the main text. The dotted line denotes Ty of crystalline, bulk Cr,03. d) Room-temperature transfer
curves of the different devices studied here. The small-signal local resistance (Rj,c.) was measured using probes C; and G, in (b).

Referring to this figure, R, exhibits a peak at each magnetic  in the inset of Figure 2a, which plots the variation of I; for the
field that occurs as the Fermi level moves from the valence to  same range of gate voltage and the same sequence of magnetic
the conduction band. This is confirmed by the behavior shown  fields. The minimum in I4, associated with the band crossing
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Table 1. Some key parameters for the different devices studied here. L is the separation between the non-local Hall probes and the current probes,
e.g., the distance between C; and C; in Figure 1b. W is the etched width of the graphene Hall bar. The mobility was determined from the room-
temperature transfer curves of the devices, with the figures quoted here being obtained by averaging the minimum values of mobility observed on the
electron and hole sides of the Dirac point (see Section S3, Supporting Information). The Fermi-level shift (AE) is calculated by assuming a chromia

dielectric constant ¢, = 13.140]

Device 1 Device 2 Device 3 Device 4 Device 5 Device 6 Device 7 Device 8
Cr,0j thickness [nm] 100 100 100 100 100 250 250 250
L [um] 2 4 3 4 2 7.4 7.4 7.4
W [um] 0.5 2 1 2 0.5 27 2.7 2.7
Mobility [cm? V' s7] 526 2166 3434 543 2868 526 1490 5157
AEg [meV] 169 159 132 220 77 52 44 53

in graphene, clearly correlates well to the position of the max-
imum in Ry, at each of the magnetic fields. This is precisely
the behavior expected for the spin-Hall signal, whose magni-
tude is inversely proportional to the charge conductivity of
graphene,®? and points to the presence of extrinsic SOC that
arises from the contact with chromia./*!

To allow comparison with the magnitude of Ry, in Figure 2a
we also plot the corresponding variation of the ohmic resist-
ance (Ropmic)- This latter quantity is essentially the resist-
ance that should be measured at the non-local probes due to

leakage of classical current lines from the local measurement
setupl20.2453-55)

(cosh(”—L)+ 1)

ROhmic = (pxx )ln + = pxxeinL/W (1)
T (cosh(—)— 1)

w

Here, p,, is the longitudinal sheet resistivity, L is the separation
of the longitudinal probes, and W is the width of the graphene
conductor.”®! The first group of terms (enclosed in square
brackets) on the right-hand side of this equation is exact, while

the second (exponential) term is an approximation that holds
when the conductor is much longer than it is wide (L > W). In
our analysis, we calculate Ropm;c using the former, exact form.
Comparing R, and Ropmic in Figure 2a, we see that the former
is much larger than the latter, at all magnetic fields and gate
voltages. (Actually, it is likely that we overestimate Ropy;c, as
our two-probe measurement of p,, includes contact resistance).
This is to be contrasted with the behavior observed for gra-
phene-on-SiO,, in which similar spin transport is not expected.
In Figure 2b, we compare the ohmic and non-local signatures
generated in this system. Both R, and Ropy; are very much
smaller than for graphene-on-chromia, reflecting the weakness
of any non-local effect. In addition, their values are similar over
the entire range of the measurement, in marked contrast to the
results of Figure 2a and consistent with the absence of any sig-
nificant spin transport in graphene-on-SiO,.

In the inset to Figure 2b, we plot the non-local signal
obtained in measurements of graphene-on-chromia at 270 K
and at three different driving voltages (Vg). Even as this bias
is increased from 10 to 100 mV, and the dissipated electrical
power is increased by a factor of a hundred, we observe no sig-
nificant influence on R,;. On the basis of this observation, we

(b)

100

Figure 2. a) The main panel plots the variation of R, (lines with crosses) and Ropmic (lines with open circles) at various out-of-plane magnetic fields
(indicated). The inset shows the corresponding variation of Iy, measured in the local configuration. Measurements were performed on Device 4 at 290 K,
after the field-cooling procedure described in the main text. b) The main panel plots the variation of R,; and Ropmic at zero magnetic field and 295 K,
for a graphene-on-SiO, device. R, and R,nmic are very similar over the entire range of gate voltage. The inset plots the measured variation of R, in
Device 4 for various source voltages, V.
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Figure 3. a) I4(V,,T), with the white dotted line following the variation of the current minimum that represents the Dirac point. b) Corresponding
variation of Ry (V,,T), where the white dotted line now denotes the position of the maximum in the non-local resistance. c) Induced hole density at
the gate voltage corresponding to the minimum in I4(V,,T) (blue data) and the maximum in Ry (V,T) (red data). (a)—(c) were obtained for Device 4
while warming from 100 K in a magnetic field of 6.9 T, and after first field-cooling from 350 K. d) The main panel plots the variation of R (lines with
crosses) and Ropmic (lines with open circles), measured for Device 4 at various temperatures (indicated) above Ty. The inset shows the corresponding

variation of Iy, measured in the local configuration.

are able to exclude Joule heating as a possible origin of the non-
local signal in Figure 2a.’¥ We also performed in situ energy-
dispersive X-ray spectroscopy of our transferred graphene, con-
firming the absence of any remnant copper on the CVD-grown
graphene (see Section S3, Supporting Information). This allows
us to exclude copper clusters as the origin of the observed spin-
Hall signal.l>®]

The influence of temperature on the non-local spin signal
is summarized in the various panels of Figure 3. Figure 3a—c
concerns measurements obtained while warming a device from
100 to 300 K (i.e., for T < TY), in the presence of an applied
magnetic field of 6.9 T. The data were obtained after first field-
cooling the device through Ty (as described for Figure 1c), to
realize a well-defined ME domain.*® Figure 3a plots the vari-
ation of I4(V,,T), with the white dotted line following the vari-
ation of the current minimum that defines the Dirac point.
In Figure 3b, we plot the corresponding variation of Ry (V,,T)

Adv. Mater. 2022, 34, 2105023
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over the same parameter space, with the white dotted line now
indicating the peak value of R. As expected for the spin-Hall
effect, we see that this maximum closely tracks the minimum
in the local current, a point that is confirmed quantitatively
in Figure 3c; this plots the induced hole doping as calculated
from the minimum in I, and the peak in R, confirming the
connection of these quantities to one another. As for the non-
monotonic evolution of the induced hole concentration with
temperature, evidenced by both data sets, we return to address
this shortly below.

Figure 3d addresses the evolution of the non-local signal above
Ty, a point that is crucial to assessing the contributions of struc-
turally induced SOC and proximity-induced magnetic exchange
to R,. In these experiments, the temperature is increased
from just below Ty (300 K) to well above it (440 K), allowing
the following observations to be made. First, no dramatic
change in the non-local signal occurs when the temperature is

© 2022 Wiley-VCH GmbH
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raised through Ty (compare the data at 300, 310, and 320 K), of that exhibited by chromia’s magnetoelectric coefficient;
and the non-local resistance instead decays only slowly as the  this quantifies the coupling between its magnetic and electric
temperature is increased to 440 K. Second, the maximum in R;;  polarizations and also exhibits a maximum in the range of
follows the minimum of Ij over the entire temperature range ~ 250-275 K.5®¥ The variation of this parameter with temperature
(compare the main panel with inset), confirming the connec-  should result in a similar variation of the electric polarization
tion of the non-local signal to the physics of Dirac carriers.  at the chromia surface; this in turn should generate a temper-
Finally, R, remains considerably larger than Rgpn; over the  ature-dependent gating of the graphene, consistent with the
entire temperature range (compare the data in the main panel),  behavior shown in Figure 3c.
pointing to the true, non-local, nature of R,;. The results of Figures 2 and 3 imply that the spin relaxation

There are a number of aspects of our findings that merit  length () should be in the range of a few micrometers at room
further discussion. The growth of the non-local resistance with ~ temperature, a reasonable conclusion for wet-transferred CVD
increasing magnetic field, shown in Figure 2a, is reminiscent  graphene handled by standard processing. This idea is further
of previous work that has connected this behavior to the lifting  confirmed by experiments in which key spin-transport param-
of spin and valley degeneracy in graphene.’’l In an important  eters were inferred by measuring the non-local resistance (Ry;)
contrast with that work, in which the non-local resistance was  as a function of the measurement-probe separation (L). The
found to be vanishingly small in the absence of any external  devices used in these studies were fabricated by the procedure
magnetic field, our work demonstrates that R, can be signifi-  described in the Experimental Section. In Figure 4a, we show
cant even at zero field. In this sense, our measurements sug-  the structure of the devices in an optical microscopy image
gest that the spin degeneracy in the graphene-on-chromia  (top), while the precise microstructure of the etched graphene
system is broken even at zero external field. is illustrated in an electron microscopy image (bottom). Theo-

The influence of the chromia substrate is further apparentin  retically,?>°% R, is expected to scale according to
the measurements of Figure 3¢, which shows a non-monotonic
evolution of the position of both the Dirac-point minimum in Iy Ry _ y_z (Y)e(,ms)

Z’S

and the maximum in Ry;. This variation is highly reminiscent p_xx )
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Figure 4. a) Top: 100x optical microscopy image of a device fabricated to study the length-dependent scaling of R,. (Note that, due to the difficulty
of observing the graphene on chromia, the image here actually shows the developed PMMA pattern on top of the carbon layer, taken after plasma
etching. The PMMA is removed prior to measurement.) The probes are spaced equidistantly along the upper and lower edges of the Hall bar, with a
separation between adjacent probes of 2 um. Current is passed between the leftmost pair of (upper and lower) probes and the non-local voltage drop
is measured as in Figure Tb of the main paper. In this way, we are able to measure R, for a probe separation L = 2, 4, and 6 um. Bottom: Scanning
electron microscopy image, taken after the PMMA was removed and all measurements were completed, providing an expanded view of the etched
graphene Hall bar (indicated by the use of green false color). b) The red and black symbols show the scaling of R,,/p,, with probe separation for two
similar devices, fabricated with the geometry shown in (a). Each data point represents an average of R,,/p,, obtained while varying back-gate voltage
over a range of several volts. The blue data points represent the corresponding contribution of the ohmic resistance, Ropmic/Px (determined from Equa-
tion (1)). The error bars indicated for the non-local resistance represent the measured variation of R, /p,, with gate voltage at each probe separation,
while the solid lines are fits to the form of Equation (2). The thickness of the chromia film in these devices was 100 nm.
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where yis the spin-Hall coefficient (or angle) and is typically
in the range of =0.2-0.6 when SOC is strong.?*¢l In the main
panel of Figure 4b, the red and black data points correspond
to the measured variation of R, for three different probe sepa-
rations in two different devices (with similar etched widths, as
indicated in the figure). Blue data points in the same figure
represent the corresponding variation of the ohmic resistance
(calculated from the measured resistivity, p,,, and the form
of Equation (1)). It is clear from this figure that Ropp; decays
much more quickly than R, consistent with the truly non-local
character of the spin-Hall signal. By fitting the variation of R
with probe separation to the form of Equation (2), we infer a
spin-Hall coefficient y= 0.5 £ 0.1 (0.6 £ 0.2), and a spin relaxa-
tion length of A; = 2.0 £ 0.5 pm (0.7 £ 0.2 um) for the black
(red) data of Figure 4b. The large value of yis around twice that
reported previously for the giant spin-Hall effect due to residual
copper adatoms in CVD grown graphenel®® and is consistent
with strong SOC in our system. It is also clear from a compar-
ison of the data of Figure 4b that the exact magnitude of the
non-local signal differs between the two devices. We attribute
this to the exponential sensitivity (see Equation (2)) of R, to
differences in the spin-relaxation length; modest changes in
the latter parameter, due to microscopic variations in the crys-
tallinity of the CVD graphene, can translate in turn into large
changes in Ry

Finally, there is the issue of the persistence of the non-local
spin-Hall signal to temperatures (close to 450 K) well-beyond
Ty. This finding is consistent with results from density-
functional theory, which have predicted an induced SOC of
~40 meV in graphene on chromia.?>?# Crucially, our obser-
vations confirm that the driving force for this energy scale is
the symmetry breaking of the graphene crystal, generated
when it is in contact with the chromia. This is not to say that
the role of the boundary magnetism, present at the (0001) sur-
face of Cr,O; when T < Ty, is unimportant; in this tempera-
ture range, it should be possible to exploit the boundary mag-
netism to reverse the dominant spin species (up or down) in
the graphene layer. In this regard, one might consider using
B-doped chromia, rather than the intrinsic material that we
have used here. Prior work has shown that the Néel temper-
ature of chromia may be raised by B doping, reaching 400 K
for a doping content of 3%.°4 Such material should therefore
enable the possibility of realizing both robust boundary-mag-
netism, and strong structurally induced SOC, both well beyond
room temperature.

3. Conclusions

We have demonstrated a robust non-local signal, consistent
with the spin-Hall effect, in graphene on (0001) Cr,O; sub-
strates. While the spin-Hall signal grows with the application
of an external magnetic field (normal to the graphene/Cr,0;
interface), it nonetheless remains measurable at zero magnetic
field. It moreover persists well beyond the Néel temperature
of the chromia, to temperatures of at least 450 K. Collectively,
our observations point to a strong, externally induced, SOC
in graphene, which arises primarily from the influence of the
symmetry breaking generated by the Cr,0;. Our findings are
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consistent with the results of calculations based on density
functional theory, which predict that this symmetry breaking
should generate an effective SOC of =40 meV in the graphene.
They moreover suggest that the graphene-on-chromia system
should represent an ideal platform for the development of
functional spintronic devices, capable of operation at and well-
beyond room temperature.

4. Experimental Section

Synthesis of Chromia Films: The single-crystal chromia films used
in this work were formed on a layer of (0001) V,0;, which served as
a conductive electrode that could be used to back-gate the deposited
graphene (see Figure 1b, right panel). The V,0; layer was grown on
(0001) -Al,0O3 substrates by pulsed laser deposition (PLD), an approach
that has previously been shown to support the subsequent growth of
high-integrity chromia films.3% After the growth of V,0;, the samples
were transferred to a PLD system and held at 700 °C. Chromia was then
ablated from a (99.99% pure) ceramic target to deposit a thickness of
either 100 or 250 nm. X-ray diffraction confirmed the good (0001) texture
achieved in the films, with atomic force microscopy demonstrating
their relatively smooth nature (rms roughness =0.2 nm, see Section S1,
Supporting Information, for these characterizations).

Fabrication of Graphene-on-(0007)-Chromia Devices: Graphene-on-
chromia devices (refer to Figures 1b and 4a) were fabricated by the wet
transfer of CVD-grown monolayer graphene (formed on Cu substrates)
onto (0001) Cr,O;. To prevent cracking and improve adhesion® of the
graphene, the transferred samples were annealed for 2 h at 200 °C,
under a high vacuum environment (107 Torr). Electrical leakage between
the large contact pads of the devices and the conductivel® V,0; back-
electrode was minimized by depositing a 50 nm layer of Al,O3 over most
of the graphene/Cr,0O; substrate by atomic layer deposition. By leaving
a small window without the Al,O; covering, electron-beam lithography
and O,-plasma etching were used to define a graphene Hall bar with the
multiprobe geometries shown in Figures 1b and 4a. Electrical contact to
the Hall bar was then made by means of an additional electron-beam
lithography step, in which 5 nm of Cr and 150 nm of Au were deposited
as the contact metals.

Magnetic Characterization of (0001) Chromia: The ME properties of
the chromia films were characterized in detail by different methods.[*®l
These have included measurements of the exchange biasing of Co/
Pd multilayers, in which the net boundary magnetism at the (0001)
surface of chromia causes a distinct horizontal shift of the former’s
magnetization curves (see Section S2, Supporting Information, for an
example). Detailed temperature-dependent measurements of this effect
show!®®l that the exchange biasing is lost close to 307 K, consistent with
the results of Figure 1c and with the known Néel temperature of chromia.
In separate experiments,[8l performed on Pt Hall bars patterned on
(0001) Cr,0s, it was also shown that a bipolar anomalous Hall signal
could be generated by applying voltages of opposite polarity across the
chromia. The electrical analogue of the magnetic programming shown
in Figure 1c, these measurements collectively establish the well-behaved
ME nature of our chromia films.

Electrical Characterization of Graphene-on-(0001)-Chromia Devices:
Electrical characteristics of the fabricated devices were measured
either by dc (Keithley 2400 source-measure units) or by application of
low-frequency (13 Hz) lock-in-detection techniques (Signal Recovery
5210 dual-phase analog lock-in amplifiers). In Section S4 (Supporting
Information), results ruling out the possibility of spurious contact
effects were presented, by demonstrating that the non-local signal was
overwhelmingly symmetric under reversal of the role of the current and
voltage contacts. In Section S5 (Supporting Information), a discussion
of measurements performed in the presence of an in-plane magnetic
field, which is often used as a means to infer spin-dependent transport
parameters, was presented.?’]
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