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Longitudinal and transverse frictional drag in graphene/LaAlO3/SrTiO3 heterostructures
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Heterostructures composed of different layered materials provide novel opportunities to investigate the
electronic correlations between them. Here we investigate frictional drag between graphene and LaAlO3/SrTiO3

(LAO/STO) heterostructures. The LAO/STO layer underneath the graphene is rendered conductive using
conductive atomic force microscope (c-AFM) lithography, creating a two-layer system in which the LAO serves
as an ultrathin (<2 nm) insulating barrier. By sourcing current in both the STO layer and graphene layer,
Coulomb drag is studied in a wide range, from an STO superconducting region to a graphene quantum Hall
region. Pronounced fluctuations in the frictional drag resistance are observed when the STO is superconducting.
A large enhancement of drag resistance is observed when the STO becomes superconducting. Pronounced
stripelike oscillations in the frictional drag appear in the quantum Hall region, both along the main channel and
the transverse (Hall) configuration. The behavior is consistent with numerical simulations that model energy and
momentum transfer from the STO layer to the graphene layer. These help to create a platform for graphene-based
metamaterials using the programmable LAO/STO interface.

DOI: 10.1103/PhysRevB.106.045303

I. INTRODUCTION

The full nature and consequences of electronic correla-
tions in low-dimensional electron systems remains largely
open, even after many decades of intense investigation [1–9].
Electronic correlations are generally more prevalent in low-
dimensional systems, and are known to give rise to phases
that are not predicted by electronic band structure consider-
ations alone. In strongly correlated electronic systems such
as cuprate high-temperature superconductors [10–13], it is
challenging to “peer inside” these systems or significantly
tune their electronic properties other than through growth.
However, relatively new two-dimensional electron systems
(2DES) such as graphene and complex-oxide heterostructures
offer new opportunities to investigate the effects of strong
correlations between disparate material systems.

One particularly powerful approach to revealing correlated
properties involves a method commonly known as “Coulomb
drag,” or more generally, “frictional drag,” when the mecha-
nism of interaction is non-Coulombic or unknown. When two
electrical conductors are situated in close proximity, current
driven through one conductor (“drive”) may transfer both en-
ergy and momentum to a second conductor (“drag”), resulting
in a measurable voltage (or current) [14,15]. The resulting
frictional drag provides a uniquely sensitive way to measure
the electronic correlations since the drag response depends
on interactions without direct exchange of charge carriers.
Coulomb drag has been extensively studied in GaAs quantum
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wells [16–22]. Other examples of correlated electron states
include excitonic condensates [23–25], fractional quantum
Hall phases [26,27], and Luttinger liquids [28–31].

Coulomb drag has also been studied between normal con-
ductors and superconductors [32–38], where cross-talk is
detected in superconductor-insulator-normal-metal trilayers
[33]. The realization of small separation (only a few nanome-
ters) between the bilayer of two-dimensional electron gases
(2DEGs) in bilayer-graphene systems lead to many novel
phenomena, including interlayer energy transfer drag [39],
giant magnetodrag effect [40], and magnetic-field induced
superfluid state [41,42]. Recently, unconventional supercon-
ductivity has been observed in a two-dimensional superlattice
made from “magic angle” twisted bilayer graphene [43,44].
In this system, coupling between the two graphene layers,
combined with a superlattice potential from the Moiré inter-
ference, leads to new emergent phases.

The LaAlO3/SrTiO3 (LAO/STO) interface offers an ideal
platform [45] for combining the rich physics of graphene with
that of a tunable 2D superconductor. The LAO/STO system
exhibits a rich variety of electronically tunable properties
such as superconductivity [46,47], magnetism [48], and spin-
orbit coupling [49]. The LAO/STO interface also exhibits
a hysteretic metal-insulator transition [5,50], which can be
controlled locally using conductive atomic force microscopy
(c-AFM) lithography and used to create a range of mesoscopic
devices [51,52]. The LAO/STO interface properties are dom-
inated by the electrons from STO, while the LAO provides a
wide-band-gap insulating layer.

The G/LAO/STO (G stands for graphene) hybrid system
allows the study of Coulomb drag between superconduct-
ing STO and nonsuperconducting graphene, separated by a
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thin (<2 nm) LAO layer. Frictional drag has been investi-
gated in LAO/STO heterostructures [5], where it is possible
to create quasi-one-dimensional conducting channels in the
STO layer through the technique of conductive atomic force
microscope (c-AFM) lithography [51]. In this technique,
LAO/STO structures with LAO thickness near the metal-
insulator transition [50] are positively charged with protons
coming from adsorbed water [53], and the STO layer just
beneath becomes conductive at room temperature and super-
conducting [47] at lower temperatures (T < TC ≈ 300 mK).
Tang et al. have shown that strong frictional drag effects exist
between LAO/STO nanowires, and that the interactions are
non-Coulombic in nature [15] and significantly enhanced in
the superconducting state [54].

Heterostructures formed between graphene and LAO/STO
heterostructures provide novel opportunities to investigate in-
teractions within and between these two rich systems [55,56].
To create the frictional drag geometry, rectangular areas of
LAO/STO are rendered conductive underneath the graphene
using c-AFM lithography. In this case, the LAO layer serves as
an ultrathin insulating barrier. Frictional drag measurements
are performed between the two conducting layers; when the
LAO/STO is the drive layer, frictional drag for both the lon-
gitudinal and transverse (Hall) configuration are measured.
Experiments where graphene is the drive layer and LAO/STO
is the drag layer are performed under conditions where the
LAO/STO system is in the superconducting and nonsuper-
conducting states.

II. DEVICE FABRICATION AND CHARACTERIZATION

G/LAO/STO devices consist of a graphene layer and
two-dimensional electron layer (2DEL) in the STO, near the
LAO/STO interface. The graphene and STO layers are sep-
arated by 8 unit cells (2.8 nm) of insulating LAO, grown
on STO by pulsed laser deposition (PLD). The graphene is
grown by chemical vapor deposition (CVD) on oxygen-free
electronic-grade copper flattened with a diamond turning ma-
chine [57]. Graphene is transferred onto the LAO surface with
the wet-transfer technique by using perfluoropolymer Hyflon
AD60 as a transferring layer. Graphene is patterned into Hall
bars by standard photolithography. The photoresist (AZ4210)
is spin coated onto the graphene film (4000 rpm for 30 s,
heating at 95◦C for 2 min). Reactive ion etching (RIE) with O2

plasma is used to etch the exposed area of the graphene sheet
except for the graphene bar. Particles and contaminants on
graphene from wet transfer and photolithography are brushed
away using a contact-mode AFM scan sequence. Experiments
with G/LAO/STO have been underway since 2013, with the
first paper published in 2015 [58]. The mobility of graphene
exfoliated on LAO surfaces is nowhere near the record-high
values obtained for hBN-encapsulated graphene. However,
they do appear to be higher, on average, than devices fab-
ricated directly on SiO2. A 2DEL is formed during c-AFM
writing. Graphene is scanned with a doped silicon AFM tip in
contact mode with a contact force of 15–20 nN and scanning
speed between 2 and 20 μm/s. A bias voltage Vtip = 20 V is
used to create a conductive LAO/STO interface underneath
the graphene [59]. To prevent any leakage current from con-
ductive AFM tip to graphene, a 1 G� resistor is connected to
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FIG. 1. (a) AFM image of the G/LAO/STO device 1. Graphene
is patterned into a Hall bar structure on top of the LAO surface. The
green shaded areas represent regions where the STO is locally pat-
terned by c-AFM lithography into a conductive state. A 2 × 5 μm2

conducting region is patterned under the graphene channel, and con-
nected by 1-μm-wide channels to Ti/Au electrodes that are etched
through the interface. (b) Side-view schematic of the c-AFM lithog-
raphy process.

the tip. The impact of c-AFM lithography itself on graphene
quality was not quantitatively characterized here but has been
considered early on in our previous study [56]. No discernible
difference in the Raman spectra (e.g., appearance of D peak)
between as-deposited and c-AFM written graphene was ob-
served.

The device geometry is illustrated in Fig. 1(a). Figure 1(b)
illustrate the c-AFM lithography technique used to create
conductive areas in the STO. The conducting pattern sketched
underneath the graphene is rectangular in shape with a width
of 2 μm and length of 5 μm. This conducting region extends
outside the graphene and connects to one of the edge elec-
trodes [Fig. 1(a)]. The carrier density n of graphene and STO
can be varied by the gate voltage VGS between them. In order
to estimate the change of carrier density in graphene, we em-
ploy a capacitive model in which the capacitance between the
graphene and LAO layer is estimated to be C = 4.5 μF/cm2.
With this model, the change of carrier density in graphene
can be calculated as �n = CVGS/e. The graphene can sub-
sequently gate the STO layer via a field effect [59].

The impact of backgate Vbg on the doping level of graphene
is shown in Fig. 2. Due to the shielding effect of LAO/STO,
the carriers in graphene cannot be tuned effectively in the
electron side. In the p-type doped region, the Landau levels
are visible. The density of the graphene layer can be tuned

FIG. 2. Graphene resistance as a function of magnetic field and
carrier density. (a) Schematic diagram for measuring the graphene
resistance. (b) Landau levels are visible. Graphene is n-type doped.
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FIG. 3. Leakage test across graphene and STO.

with the interlayer gate voltage (VGS) utilizing LAO as the
dielectric layer.

Figure 3 is the typical leakage test for devices 1 and 2.
VGS is applied between graphene and STO, the leakage current
is measured between graphene and STO. In order to ensure
the drag resistances are not influenced by electron tunneling
between the two nanowires, all measurements are performed
well below the measured interwire breakdown voltage of each
device.

Coulomb drag measurements are performed by sourcing
current in one layer and measuring a voltage in the other
layer. In an idealized experiment, a constant (DC) current I1

is passed through the active layer. The passive layer is kept
isolated at the same time. The voltage V2 induced in the pas-
sive layer is proportional to I1. The coefficient drag resistance
RD = −V2/I2 is a direct measure of interlayer interactions
[14]. During this process, the violation of Onsager relation
might happen, e.g., RSG �= RGS. The drag layer sets the scale
for RSG or RGS [60]. We first describe experiments in which we
source current IG in the graphene (G) and measure a voltage
VS in the STO (S). The source current IG consists of a DC com-
ponent I0

G and an AC component Iω
G at angular frequency ω:

IG = I0
G + Iω

G cos(ωt ). Sourcing current in this way generally
yields a combined DC and AC voltage in the STO: VS = V 0

S +
V ω

S cos(ωt ). The (differential) drag resistance in STO may
then be calculated as RSG ≡ V ω

SG/Iω
S , where V ω

S and Iω
S are sep-

arately measured using lock-in amplification. Here we explore
the dependence of RSG on a variety of parameters including
I0
G, VGS, and plane-perpendicular magnetic field B. Except

where noted otherwise, all measurements are performed at
T < 100 mK. We similarly perform experiments in which
current is sourced in the STO layer IS = I0

S + Iω
S cos(ωt ),

yielding voltages in the graphene VS = V 0
S + V ω

S cos(ωt ), and
define RGS ≡ V ω

GS/Iω
G , which corresponds to the (differential)

drag resistance in graphene due to currents sourced in the
STO layer. Meanwhile, RG ≡ V ω

G /Iω
G corresponds to two-

terminal resistance in graphene and RS ≡ V ω
S /Iω

S corresponds
to two-terminal resistance in STO. Both graphene and STO
are connected to metallic electrodes and share a common
ground. In order to ensure that the drag resistances are not
influenced by electron tunneling between layers, leakage tests
are performed before all measurements.

III. DRAG IN STO

The drag resistance RGS in Fig. 4(e) exhibits the main
feature: A stripelike modulation as the carrier density �n is
changing. The stripelike feature is also manifested in graphene
resistance as a function of B and �n [Fig. 4(c)] and can
be attributed to universal conductance fluctuations (UCFs)
[61]. At low temperatures, the quantum transport of electrons
becomes coherent and leads to quantum interference. The
UCFs take place when a coherent electron wave scatters while
traversing a disordered conductor. As the same electrons are
responsible for Coulomb drag, it is natural to expect that the
drag resistivity also exhibits mesoscopic fluctuations [14,62].
The drag fluctuations change sign randomly but reproducibly
between positive and negative values. Though the drag con-
ductance is alternating between positive and negative, the sign
of carriers is not changing. The strong sign-changing drag can
be explained by interaction-induced spatial correlations due
to the electron-hole symmetry breaking. We explain the sign
change by the sensitivity of mesoscopic drag in the ballistic
regime, to local properties of the system. Contrary to UCFs,
fluctuations of the drag are larger than the average, so that
drag resistivity randomly changes its sign [62], which has also
been observed by [39,62]. The large drag resistance in STO
is correlated with the superconducting state in the STO, de-
caying when the upper critical magnetic field is reached. The
asymmetry of graphene resistance RG [Fig. 4(c)] in magnetic
field is ascribed to a known magnetocaloric effect when the
magnetic field changes direction in the dilution refrigerator
[63]. The drag resistance RSG in Fig. 4(b) exhibits a large drag
resistance near zero magnetic field, probably related to the
superconductivity of STO, which is presented by the dark line
at 0 T in Fig. 4(f). Typically μ0HC ∼ 0.3 T [64]; however, in
this instance the critical field is strongly suppressed, around
50 Oe. The assignment of this feature to superconductivity
is based on extensive knowledge of STO-based devices. The
superconducting state is fragile, and Tc is generally low (below
300 mK). The superconducting phase does not seem to affect
the frictional drag in graphene, unlike the case for frictional
drag between two LAO/STO nanowires [54]. Drag resistance
RSG is also studied in graphene while current is running in
STO. Drive current IS = Iω

S cos ωt with ω/2π = 9.468 Hz
and Iω

G = 18 nA is applied in STO. However, the drag in
graphene is not enhanced when the STO is superconducting.

The drag resistance RSG in STO is studied as a function
of DC current in graphene. As shown in Fig. 5, a drive
current IG = I0

G + Iω
G cos ωt (Iω

G = 28 nA) is passed through
the graphene while I0

G is varied from −650 to 650 nA. The
corresponding VG is −20 to 20 mV for Fig. 5(d) and −15
to 15 mV for Fig. 5(f). I0

G is calculated as an integration of
Iω
G under VG as I0

G = ∫
dIω

G . The current in our sample (28
nA) is within a commonly used range compared with other
graphene transport experiments [65] with similar size and
resistance. The heating effect can be ignored since the driving
current is relatively small compare with those current-induced
heating graphene devices. According to [66], heating up a
comparable graphene size with 100 mK will need 103 to 104

higher current density.
For both devices shown here and other devices, the drag re-

sistance as a function of driving current are asymmetric away
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FIG. 4. Drag resistance measured in device 1. (a) Schematic diagram for measuring the drag signal in STO. A drive current is passed
through the graphene. A bias voltage VGS is maintained between graphene and STO. Graphene carrier density will change as RGS varies.
(b) The drag resistance in STO measured at T = 50 mK versus magnetic field. The drag resistance is enhanced in a low magnetic field.
(c) Two-terminal resistance of graphene. (d) Schematic diagram for measuring drag resistance in graphene. Drive current IS = Iω

S cos ωt with
Iω
S ≈ 18 nA. (e) Drag resistance in graphene with drive current running through STO. (f) Two-terminal resistance of STO.
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FIG. 5. (a) Schematic diagram for measuring drag resistance in STO (side view). (b) Schematic diagram for measuring drag resistance in
STO (top view). (c) Drag resistance RGS in STO (device 1) as a function of drive current and magnetic field. (d) RGS vs drive current at B = 0 T
and B = 0.08 T. Drag resistance is greatly enhanced at zero magnetic field. (e) Drag resistance RGS in STO (device 3) as a function of drive
current and magnetic field. (f) RGS vs drive current at B = 0 T and B = 0.1 T.

045303-4



LONGITUDINAL AND TRANSVERSE FRICTIONAL DRAG … PHYSICAL REVIEW B 106, 045303 (2022)

FIG. 6. Drag resistance in device 2 graphene in a larger magnetic field range. (a) STO resistance RS. (b) Drag resistance RGS is measured
in graphene from B = −0.1 to 0.1 T, which is quite consistent with device 1. (c) Drag resistance RGS is measured in graphene from B = −9 to
9 T. (d) Conductance of graphene is calculated by a tight-binding quantum transport calculation (Kwant) based on the designed geometry of
the measured device.

from the superconducting region, as shown in the bottom
subpanel of Figs, 5(d) and 5(f). In the center of the super-
conducting region, the drag is a superimpose of symmetric
and asymmetric signal, as with respect to driving current,
shown in the top subpanel of Figs. 5(d) and 5(f). As the
magnetic field increases, the drag signal becomes asymmetric.
This phenomenon is similar to the result of the frictional drag
between superconducting LAO/STO nanowires [15], which
exhibits a strong and highly symmetric component in the
superconducting region, and distinct from the antisymmetric
drag resistance between LAO/STO nanowires in the normal
state.

The drag resistance shows nonlinearity with driving cur-
rent in Figs. 5(d) and 5(f). Nonequilibrium frictional drag in
graphene/LAO/STO shares some characteristics with cou-
pled LAO/STO nanowires. Frictional drag in that system
is characterized by long-range non-Coulombic interactions
whose origins appear to be related to naturally forming ferroe-
lastic domain patterns. It is unclear if the physical mechanisms
are similar with the graphene/STO structures reported here,
although the two systems do share similar dependencies of
the frictional drag on the magnitude of the current bias. A
similar temperature dependence with Fig. 9 is also found
for this system, at least over the temperature range that was
investigated.

IV. DRAG IN GRAPHENE

Drag resistance in graphene is investigated in a lager mag-
netic field range for device 2 in Fig. 6. Drive current IS =
Iω
S cos ω with ω/2π = 9.468 Hz and Iω

S = 5 nA is passed
through STO. At small magnetic fields [Fig. 6(b)], the drag

resistance in device 2 also shows giant fluctuations, quite
consistent with device 1 [Fig. 4(e)]. We observe magnetodrag
resistance oscillations that are tuned by carrier density and
magnetic field. The drag signal is strong at both low and high
magnetic fields. In the intermediate magnetic field regime,

FIG. 7. (a) Drag resistance is measured in graphene at T =
50 mK from B = −1.5 to 1.5 T when LAO/STO is in superconduct-
ing state shown in (c). (b) Drag resistance is measured in graphene
at 50 mK from −1.5 to 1.5 T when LAO/STO is no longer in
a superconducting state shown in (d). (c) AC current measured in
graphene when I0

S = 140 nA is applied to one of the STO leads.
(d) AC current measured in graphene when a small I0

G = 350 nA is
applied.
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FIG. 8. Graphene drag resistance RGS in longitudinal direction and transverse direction from device 3 at T = 2 K. (a) Configuration for
longitudinal drag and transverse drag measurements. (b) Graphene drag resistance measured in the longitudinal direction. (c) Graphene drag
resistance measured in the transverse direction.

the drag signal decreases to zero. In the high magnetic field
region (3 to 5 T), the magnitude of the drag fluctuations as
a function of �n is roughly the same as that as a function
of B. The drag resistance is dominated by the properties of
the drag layer. The purpose of the drive layer is to impart
energy and momentum; after that, the physics is dominated
by the electronic properties of the drag layer. To better un-
derstand drag in graphene, We calculate the conductance of
graphene using the Kwant package [67] [shown in Fig. 6(d)].
The numerical simulation results show higher conductance
of graphene at low and high magnetic fields, consistent with
the measurement of drag resistance shown in Fig. 6(c). The
conductance drop between 0.5 to 1.5 T in Fig. 6(d) is due
to localization of the wave function at B = 1 T [Fig. 10(c)].
Given the fact that drag resistance is usually proportional to
drive current, we conclude that the magnetodrag resistance in
STO is essentially following the tendency of conductance in
graphene.

The STO resistance RS is shown in Fig. 6(a). The dark blue
region at zero magnetic field indicates the superconductivity
of STO. Unlike the drag resistance in STO, the drag resistance
in graphene is not enhanced when the STO is superconduct-
ing. To our knowledge, the drag signal in graphene at small
magnetic fields is not correlated with the superconductivity in
STO. The drag features in graphene remain almost the same
when we increase the DC component of the drive current to
destroy the superconductivity in STO.

In Fig. 7, drag resistance in graphene is shown when drive
current is in superconducting and nonsuperconducting region.
Drive current IS = I0

S + Iω
S cos ωt with ω/2π = 9.468 Hz and

Iω
S = 16 nA is running through STO. Here we can change the

DC component of sourcing current in STO. In Fig. 7(c) the
drive current I0

S is 140 nA. The superconductivity still exists,
but weaker. In Fig. 7(d) the I0

S increases to 350 nA, completely
destroying the conductivity in STO. The drag resistances in
Figs. 7(a) and 7(b) are almost the same, which demonstrates
the drag feature is not determined by the superconductivity
in STO. The drag resistance versus B shows reproducible
mesoscopic fluctuations.

V. LONGITUDINAL AND TRANSVERSE DRAG

We investigate the longitudinal and transverse drag resis-
tance in graphene using a LAO/STO pattern as shown in

Fig. 8. Drive current IS = Iω
S cos ωt with ω/2π = 9.468 Hz

and Iω
S = 16 nA is applied to the STO. The longitudinal drag

resistance exhibits oscillations from −2 to 2 T. In the high
magnetic field region, the longitudinal drag resistance is al-
most zero. However, the transverse drag resistance shows
oscillations in the high magnetic field region. In a small mag-
netic field, electrons in the drive layer have a larger cyclotron
radius such that momentum along the current direction will
be transferred to the drag layer. On the other hand, in a high
magnetic field, electrons in the drag layer have a smaller
cyclotron radius and thus can move perpendicular to current
direction. Momentum perpendicular to current direction is
then transferred to electrons in the drag layer. In such a way,
drag resistance is more prominent in the Hall direction under
high field.

VI. CONCLUSION

In this paper we have shown the essential features of
Coulomb drag in several G/LAO/STO devices. Both RGS

and RSG can be tuned as a function of carrier density and
magnetic field. Numerical simulation shows the localization
of edge states in graphene in a magnetic field, which corre-
sponds to the dismiss of drag signal in STO in the intermediate
magnetic field range. Drag resistance in STO, RSG, is greatly
enhanced when the STO is superconducting. Moreover, the
magnetodrag resistance in graphene has different behavior in
the longitudinal and Hall directions. The longitudinal drag
resistance shows more features from −2 to 2 T, while the
Hall drag resistance has more prominent features in a high
magnetic field. Hybrid G/LAO/STO offers a novel platform
for creating programmable graphene-based devices, in which
the LAO/STO layer introduces a spatially modulated gate-
tunable potential, and also couples weakly to the graphene
layer via frictional drag.

Note added. During the writing of this manuscript we be-
came aware of related research by Tao et al. [68].
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FIG. 9. Drag resistance in STO as a function of temperature.
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APPENDIX A: TEMPERATURE DEPENDENCE
OF DRAG RESISTANCE

The temperature dependence of drag resistance in STO is
shown in Fig. 9. The drag resistance diverges below 20 K.
From 20 to 50 K, the drag resistance increase with tempera-
ture. Beyond 50 K, the drag resistance starts dropping down to
zero. This temperature dependence is inconsistent with either
Coulombic interaction or other non-Coulombic interactions,
such as virtual phonon exchange [18,69,70].

APPENDIX B: KWANT SIMULATION

The numerical calculations of graphene conductivity were
performed using the Kwant code [67]. All dimensionalities
and geometries are described by a tight-binding model. Trans-
port properties are obtained from the scattering matrix include
conductance, scattering matrix, wave functions, and many
other quantities. The graphene device has the dimensions
L × H . L is 100a and H is 20a, where a ≈ 0.142 nm is
the length of the carbon-carbon bond. Two graphene leads are
attached to graphene to obtain the conductance of graphene.
A potential well is added to graphene in the center. The height
of the well is 0.3 eV.

Numerical simulation of graphene conductance calculated
by Kwant is shown in Fig. 10. Kwant is a Python package
for numerical calculations based on tight-binding models. The
scattering matrix and the wave function inside the scattering
region are solved by the recursive Green’s function algorithm
(RGF). Real physical quantities such as energy and magnetic
field can be passed to the system by an initial dictionary. The

FIG. 10. Kwant simulation of graphene. (a) Graphene device with two leads attached. (b), (c), and (d) Wave function density plot under
B = 0, 1, and 2 T. (e) Graphene lattice. Yellow and blue dots denote the two sublattices of graphene. Black lines between two atoms are the
hopping terms.
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FIG. 11. Magnetocaloric effect in STO. (a) The temperature map
during the measurement of Fig. 4(c). (b) The temperature map during
the measurement of Fig. 7(d).

function kwant.Smatrix calculates the scattering matrix of the
system at a given energy and magnetic field. The function
kwant.ldos returns the local density of states in the scattering
region. Our device is depicted in Fig. 10(a). The honeycomb
lattice has two basis atoms [Fig. 10(e)]. A potential well is
added to graphene in the center as shown in Fig. 10(a). The
height of the well is 0.3 eV.

Wave function density is shown in Figs. 10(b) to 10(d),
with the magnetic field varied from 0 to 2 T. At zero magnetic
field, wave function is distributed in the whole device while it
vanishes at 1 T. As the magnetic field increases to 2 T, the
wave function is more localized at the edge of the device.
These density plots in graphene also give us a insight about
how edge states evolve under a magnetic field can affect the
drag signal in STO. Typically, drag signal is proportional
to driving current. This can explain why the drag signal is
stronger in high and low magnetic fields than intermediate
magnetic field.

APPENDIX C: MAGNETOCALORIC EFFECT

The asymmetry in magnetic field can be ascribed to a
known magnetocaloric effect in the dilution refrigerator when
the magnetic field changes direction. It also appears in other
figures, such as Figs. 5(d) and 5(f), the drag resistance is not
strictly symmetric for current. To better illustrate the magne-
tocaloric effect, here we include the temperature monitor in
Figs. 11(a) and 11(b) for Figs. 4(c) and 7(d). In Fig. 11(a) the
temperature drifting is due to the magnetocaloric effect.
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