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Vertical heterostructures combining different layered materials offer novel opportunities for applications1–3 and fundamental studies of collective behavior driven by inter-layer Coulomb coupling4–7 .
Here we report heterostructures comprising a single-layer (or bilayer) graphene carrying a fluid of
massless (massive) chiral carriers8 , and a quantum well created in GaAs 31.5 nm below the surface,
supporting a high-mobility two-dimensional electron gas. These are a new class of double-layer
devices composed of spatially-separated electron and hole fluids. We find that the Coulomb drag
resistivity significantly increases for temperatures below 5-10 K, following a logarithmic law. This
anomalous behavior is a signature of the onset of strong inter-layer correlations, compatible with the
formation of a condensate of permanent excitons. The ability to induce strongly-correlated electronhole states paves the way for the realization of coherent circuits with minimal dissipation9–11 and
nanodevices including analog-to-digital converters12 and topologically protected quantum bits13 .

Our vertical heterostructures are prepared as follows.
Single-layer (SLG) and bilayer graphene (BLG) flakes
are produced by micromechanical exfoliation of graphite
on Si/SiO2 14 . The number of layers is identified by a
combination of optical microscopy15 and Raman spectroscopy16,17 . The latter is also used to monitor the
sample quality by measuring the D to G ratio18 and the
doping level19 . Selected flakes are then placed onto a
GaAs-based substrate at the center of a pre-patterned
Hall bar by using a polymer-based wet transfer process2
(see Appendix A for further details). The GaAs-based
substrates consist of modulation-doped GaAs/AlGaAs
heterostructures hosting a two-dimensional electron gas
(2DEG) in the GaAs quantum well placed 31.5 nm below
the surface. The heterostructures are grown by molecular beam epitaxy20 , and consist of a n-doped GaAs cap
layer, a AlGaAs barrier, a GaAs well and a thick AlGaAs barrier with a delta doping layer (see Appendix A
for further details). Two different samples are fabricated:
sample A having a 15 nm-thick quantum well and sample
B with a 22 nm-thick quantum well. Hall bars (300 µm
wide and 1500 µm long) are fabricated by UV lithography. Ni/AuGe/Ni/Au layers are then evaporated and annealed at 400◦ C to form Ohmic contacts to the 2DEG, to
be used for transport and Coulomb drag measurements
(see Fig. 1). The Hall bar mesas are defined by conventional wet etching in acid solution. To ensure that
the current in the 2DEG flows only in the region below
the graphene flakes, channels with a width comparable
to the transferred graphene flakes (typically ∼ 30 µm),
are defined in the Hall bar by means of electron beam
lithography and wet etching, Figs. 1e)-f). A SLG flake is
transferred onto sample A and a BLG flake onto sample
B. The integrity of the SLG and BLG flakes is monitored
throughout the process by Raman spectroscopy. Fig. 6 in
Appendix A compares the Raman spectra of as prepared
SLG on Si/SiO2 and after transfer on the GaAs substrate.
Analysis of G peak position, Pos(G), its full width at half

maximum, FWHM(G), Pos(2D) and the area and intensity ratios of 2D and G peaks, allow us to monitor the
amount and type of doping17,19,21 . This indicates a small
p doping for the as-prepared sample, decreasing to below
100 meV for the transferred sample17,19,21 . The absence
of a significant D peak both before and after transfer
indicates that the samples have negligible amount of defects17,18 and that the transfer procedure does not add
defects. Similarly, no increase in defects is seen for the
BLG samples.
To ensure that the two-dimensional (2d) hole gas in
SLG/BLG and the 2DEG in GaAs are electrically isolated, we monitor the inter-layer II -VI characteristics in
the 0.25 K-50 K temperature range (see Appendix C),
with II and VI the inter-layer (“leakage”) current and
inter-layer voltage, respectively, and the layers being the
SLG (or BLG) and the GaAs quantum well. In SLGbased devices, a negligible inter-layer current < 0.2 nA is
measured for VI up to −0.3 V for all temperatures, leading to inter-layer resistances ∼ 1 GΩ. In the case of BLG,
for T ∼ 45 K, II increases to 100 nA at VI = −0.3 V, with
the inter-layer resistance increasing to several MΩ. In all
cases, therefore, the inter-layer resistance is much larger
than the largest intra-layer resistance for SLG, BLG and
GaAs quantum well, which is ∼ 10 kΩ.
To search for signatures of correlations between the
2DEG in the GaAs quantum well and the chiral hole
fluid8 in SLG or BLG, we measure the temperature
dependence of the Coulomb drag resistance RD . In a
Coulomb drag experiment22–24 a current source is connected to one of the two layers (the active or drive layer).
The other layer (the passive layer) is connected to an external voltmeter, so that the layer can be assumed to be
an open circuit (no current can flow in it). The drive
current Idrive drags carriers in the passive layer, which
accumulate at the ends of the layer, building up an electric field. The voltage drop Vdrag related to this field is
then measured. The quantity RD is defined as the ratio
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FIG. 1: Hybrid SLG/2DEG devices and Coulomb
drag transport setup. a,b) Configurations for Coulomb
drag measurements. In a), a voltage drop Vdrag appears in
graphene, in response to a drive current Idrive flowing in the
2DEG. In b) the opposite occurs. The drag voltage is measured with a low-noise voltage amplifier coupled to a voltmeter as a function of the applied bias. The drive current
is also monitored. c) Conical massless Dirac fermion band
structure of low-energy carriers in SLG8 . The SLG in this
work is hole doped. d) Parabolic band structure of ordinary
Schrödinger electrons in the 2DEG. e) Optical micrograph of
the device prior to the deposition of Ohmic contacts. The
SLG flake becomes visible in green light after the sample is
coated with a polymer (PMMA)15 . f) Optical microscopy image of the contacted SLG on the etched 2DEG GaAs channel.
The red dashed line denotes the SLG boundaries.

Vdrag /Idrive and is determined by the rate at which momentum is transferred between quasiparticles in the two
layers24 .
Since RD originates from electron-electron interactions, it contains information on many-body effects stemming from correlations25,26 . Experimentally, Coulomb
drag has been indeed used as a sensitive probe of transitions to the superconducting state27 , metal-insulator
transitions28 , transition to the Wigner crystal phase in
quantum wires29 , and exciton condensation in quantum
Hall bilayers30 . In the context of spatially-separated systems of electrons and holes, in the absence of a magnetic field, the theoretical studies in Ref. 31 indicated
that RD is comparable to the isolated layer resistivity
in the exciton condensed phase of an electron-hole (e-h)
double layer. For T larger than, but close to, the meanfield critical temperature Tc , the occurrence of e-h pairing fluctuations increases RD with respect to its value in
the Fermi-liquid phase32–35 . An increase in RD with a
suitable functional dependence on T indicates the transition to an exciton condensate32–35 . This is similar to
the enhancement of conductivity in superconductors due
to Cooper-pair fluctuations (“paraconductivity”) above,
but close to, the critical temperature36 .
Prior to Coulomb drag experiments, we perform
magneto-transport measurements at 4 K, as for Figs. 2a)b). In our setup, the 2DEG is induced in the quantum well by shining light from an infrared diode. In

FIG. 2: Magneto-transport characterization of the
2DEG and SLG and high-temperature Coulomb drag.
a,b) Hall (blue solid line) and longitudinal (red solid line) resistance of 2DEG and SLG, respectively. Hall measurements
are performed in the two layers with the same configuration
of electrical connections: Hall resistance is positive for holes
and negative for electrons. c) Drag voltage in the 2DEG as a
function of the drive current flowing in SLG at T = 42.5 K:
data and a linear fit are shown. Error bars are calculated as
standard deviations from the average of 10 current sweeps.
d) Drag resistance as a function of temperature. Black (red)
points refer to RD derived by measuring the voltage drop in
SLG (2DEG), respectively. The three lines are Boltzmanntransport calculations in the Fermi-liquid regime (see Ref. 40
and Appendix E). Different curves refer to different values of
the inter-layer distance d: d = 31.5 nm (solid line), 46.5 nm
(long-dashed line), and 39 nm (short-dashed line).

the SLG/2DEG device we find a 2DEG with density
n = 1.2 × 1011 cm−2 from low-field (below 1 Tesla) classical Hall effect and a mobility µe = 13000 cm2 /(Vs) at
4K. At T = 45 K, the density decreases to 4.0×1010 cm−2
and µe = 8700 cm2 /(Vs). Fig. 2a) shows the quantum
Hall effect in the 2DEG. The quantum Hall plateaus at
h/(2e2 ) and h/(4e2 ) (blue trace), correspond to the first
two spin degenerate Landau levels37 . In correspondence
of the plateaus, minima are found37 in the longitudinal
resistance Rxx (red trace).
The 2d hole fluids in SLG and BLG have their highest mobility when the 2DEG is not induced. This is
shown in Fig. 2b) for the SLG-based device (see also
Appendix B). Figs. 2a)-b) indicate that the sign of the
Hall resistance Rxy in SLG is opposite to the 2DEG,
thereby demonstrating that SLG is p-doped. At 4 K
the hole density is p = 9.9 × 1011 cm−2 and µh =
4100 cm2 /(Vs). At 45 K the corresponding values are
p = 6.7 × 1011 cm−2 and µh = 2400 cm2 /(Vs). Lowtemperature magneto-transport in SLG, Fig. 2b), reveals
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quantum Hall plateaus at h/(2e2 ) and h/(6e2 ), corresponding to massless Dirac fermions with spin and valley degeneracy8 . On the contrary, when the 2DEG is
optically induced, the hole density in SLG at 4 K is
p = 6.7 × 1011 cm−2 and µh = 2100 cm2 /(Vs), thereby
weakening the manifestations of the quantum Hall effect
(see Appendix B). The degradation of the SLG transport
properties in the presence of the 2DEG could be linked
to the creation of ionized Si donors within the n-doped
GaAs cap layer, acting as positively-charged scatterers38 .
We now focus on the Coulomb drag experiments.
These are performed in the configuration sketched in
Figs. 1a)-b) and in a 3 He cryostat with a 240 mK-50 K
temperature range. Ten Vdrag - Idrive curves in a dc configuration are acquired for each T and then averaged.
We first address the SLG/2DEG case. Fig. 2c) reports
a representative set of averaged drag voltage data taken
in the 2DEG at T = 42.5 K. In this configuration, the
SLG gating effect and consequent carrier depletion in the
2DEG are avoided by applying a positive current, from
0 to +2 µA in the SLG channel. Fig. 2c) shows that at
this representative value of T the drag voltage is linear
with the drive current, thereby allowing the extraction of
RD from the slope of a linear fit.
Fig. 2d) plots RD for 30 K ≤ T ≤ 50 K, with the
2DEG used as the drive (black points) or passive (red
points) layer. It also reports calculations of the T dependence of RD in a hybrid Dirac/Schrödinger SLG/2DEG
double layer within a Boltzmann-transport theory, which
is justified in the Fermi-liquid regime39,40 . This is done
by generalizing the theory of Ref. 40 to include effects
due to the finite width of the GaAs quantum well (see
Appendix E). This shows that the experimental results
in this temperature range are consistent with the canonical Fermi-liquid prediction22–26,39,40 , i.e. RD ∝ T 2 —see
also Fig. 3a)—as constrained by the available phase-space
of the initial and final states involved in the scattering
process. The magnitude of the measured effect, however, is smaller than predicted by theory. Discrepancies
of similar magnitude have been previously reported for
Coulomb drag measurements between two SLG encapsulated in hexagonal Boron Nitride6 . Fig. 2d) demonstrates
that the Onsager reciprocity relations41,42 , which in our
case require that the resistance measured by interchanging drive and passive layers should be unchanged, are satisfied in the 30 K ≤ T ≤ 40 K range. A slight violation
of reciprocity, whose origin is at present not understood,
seems to occur for T > 40 K.
We now discuss the behavior of RD in the low-T
regime. We follow Ref. 6 and use the lowest quality layer,
in our case SLG, as the drive layer and measure the drag
voltage in the 2DEG. In the reversed configuration, the
drag voltage measured in SLG displays fluctuations6,7 as
a function of the drive current, which hamper the extraction of RD , see Appendix D. RD measured in the 2DEG
reveals an anomalous behavior below 10 K. Fig. 3 indicates that RD deviates from the ordinary T 2 dependence,
as shown by a large upturn for T lower than an “up-

FIG. 3: Temperature dependence of the Coulomb drag
resistance in the SLG/2DEG vertical heterostructure.
a) RD obtained by measuring the voltage drop in the 2DEG
(passive layer) in response to a drive current flowing in the
SLG (drive layer). The dashed blue line is a best-fit of the
standard Fermi-liquid type24 : RD (T ) = aT 2 with a = (5.8 ±
0.3) × 10−4 Ω/K2 . b) Zoom of RD in the low-T limit. The
red solid line is a fit based on the functional form reported in
Eq. (1). This fit describes very well the RD upturn at low T
as the system approaches Tc ∼ 10 mK-100 mK.

turn” temperature Tu ∼ 5 K. The enhancement of RD
at low T is a very strong effect: the drag signal increases
by more than one order of magnitude by decreasing T
below Tu , where RD is vanishingly small, in agreement
with Fermi-liquid predictions (see Appendix E), down to
T = 240 mK.
Fig. 3b) is a zoom of the drag enhancement data in
the low-T range together with a fit (solid line) of the
type34,35 :


Tc
,
(1)
RD (T ) = R0 + A log
T − Tc
where R0 and A are two fitting parameters and Tc is the
mean-field critical temperature of a low-T phase transition. Even though this fitting procedure cannot predict
Tc , it is in excellent agreement43 with the data for Tc in
the range 10 mK-100 mK.
The logarithmic enhancement of RD described by
Eq. (1) was theoretically predicted in Refs. 34,35 on the
basis of a Boltzmann transport theory for e-h double layers, where the scattering amplitude is evaluated in a ladder approximation36 . Similar results were obtained on
the basis of a Kubo-formula approach32 . Within these
theoretical frameworks, the enhancement is attributed to
e-h pairing fluctuations32–35,44 extending above Tc for a
phase transition into an exciton condensed phase. This
is ascribed to the quasi-2d nature of our SLG/2DEG heterostructure and shares similarities with other 2d systems
where fluctuations play an important role like cuprate superconductors (see, for example, Ref. 45) and cold Fermi
gases46 .
To further investigate this effect we explore a second
device comprising of a hole-doped exfoliated BLG deposited on the surface of a GaAs quantum heterostructure. The hole density in BLG is p = 1.4 × 1012 cm−2
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FIG. 4: Temperature dependence of RD in the
BLG/2DEG vertical heterostructure. a) Configuration
for the Coulomb drag measurements. A voltage drop Vdrag appears in the 2DEG in response to a current Idrive that flows in
BLG. b) Low-energy parabolic band structure of massive chiral holes in BLG8 . c) Parabolic band structure of Schrödinger
electrons in the 2DEG. d) RD in the low-T limit. The red solid
line is a fit based on the functional form reported in Eq. (1)
with Tc ∼ 190 mK. The inset shows an optical microscopy
image of the contacted BLG on the etched 2DEG GaAs channel. The red dashed line denotes the BLG boundaries.

from the low-field (below 1 Tesla) classical Hall effect and the mobility is 670 cm2 /(Vs) at 4 K. The
2DEG has an electron density n = 2 × 1011 cm−2 and
a mobility 86000 cm2 /(Vs) at 4 K. Contrary to the
SLG/2DEG case, in the BLG/2DEG device both electron and hole fluids have parabolic energy-momentum
dispersions, Figs. 4b)-c), recently predicted47 to be particularly favorable for the occurrence of e-h pairing. Since
e-h pairing stems from e-e interactions, a lower kinetic
energy in BLG (vanishing like k 28 rather than like k
for small values of momentum ~k) compared to SLG enhances the relative importance of Coulomb interactions48
in BLG/2DEG heterostructures. To probe this, we measure the evolution of RD as a function of T using BLG as
the drive layer. Fig. 4 again shows a significant departure
from the Fermi-liquid T 2 dependence. Consistent with
the expected larger impact of interactions47,48 , we get
Tu ∼ 10 K, i.e. twice the SLG/2DEG case, while the best
fit of RD data based on Eq. (1) yields Tc = 190 mK (to be
compared with Tc = 10 mK-100 mK in the SLG/2DEG).
A possible approach to further increase Tu and Tc is
to tune the electron n and hole p densities in the two
layers in such a way to match the corresponding Fermi
(e)
(h)
wave numbers, kF and kF , respectively. In our devices the mismatch in the Fermi wave numbers is ∆kF ≡
(h)
(e)
(h)
(e)
(kF − kF )/(kF + kF ) ∼ 25% in the SLG/2DEG and
∆kF ∼ 30% in the BLG/2DEG case. Such a mismatch
is expected49 to weaken the robustness of the exciton
condensate phase in which condensed e-h pairs have zero
total momentum ~K. Preliminary calculations50 , which
include screening in the condensed phase51–53 , indicate
that the K = 0 exciton condensate state persists even
in the presence of these values of ∆kF , with Tc scales
comparable to those reported here. On the other hand,
a mismatch in the Fermi wave numbers of the two fluids

may favor other superfluid states, such as those discussed
in Refs. 49,54–57. These states are however rather fragile
in dimensionality d > 1, although some evidence was reported, e.g., in the layered heavy-fermion superconductor
CeCoIn5 58 .
The topic of exciton condensation is at the front-end of
current condensed-matter research and it involves experimental studies of a wide class of solid-state systems59 .
Those include exciton-polaritons in semiconductor microcavities60 , which however display ultrashort (picosecond)
lifetimes and optically-created indirect excitons in asymmetric semiconductor double quantum wells, where condensation competes with diffusion of the photo-created
electrons and holes61 . Condensation of permanent interlayer excitons was instead demonstrated in electronelectron double layers but at the price of applying high
(several Tesla) magnetic fields to enter the quantum Hall
regime (see Ref. 30 and references therein). Finally, upturns of the Coulomb drag resistivity were reported in e-h
doped GaAs/AlGaAs coupled quantum wells62–64 . However, the combination of 2d electron and hole gases in
the same GaAs material required a large nanofabrication
effort and the reported magnitude of the drag anomalies
was smaller than that found in our hybrid heterostructures. Thus our observations establish a new class of
vertical heterostructure devices with a potentially large
flexibility in the design of band dispersions, doping, and
e-h coupling where excitonic phenomena are easily accessible.
Systems of inter-layer excitons might be used to create coherent interconnections between electronic signal
processing and optical communication in integrated circuits9–11 or interfaced with superconducting contacts for
a variety of applications, including analog-to-digital converters12 and topologically protected quantum bits13 .
The latter devices require, however, the exploitation of
InAs-based 2DEGs that, unlike GaAs, make very good
contact (i.e. no Schottky barriers) to superconductors65 .
Inter-layer excitons in graphene/InAs hybrids may also
pave the way for the exploration of the interplay between
spin-orbit coupling and pairing fluctuations.
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Appendix A: Sample details and fabrication

The samples are modulation-doped GaAs/AlGaAs
heterostructures hosting a 2DEG with single-layer (SLG)
and bilayer graphene (BLG) flakes transferred onto them.
Two different heterostructures (A and B) are investigated, differing only in the width of the quantum well,
which lies 31.5 nm from the surface in both cases. The
layer sequence, Fig. 5a), starting from the surface comprises a 15 nm-thick n-doped GaAs cap layer, followed
by a 1.5 nm undoped GaAs and a 15 nm-thick undoped
barrier layer of Al0.325 Ga0.675 As. The GaAs quantum
well has a thickness of 15 nm in sample A and 22 nm
in sample B; it is followed by a thick Al0.325 Ga0.675 As
barrier, which hosts a Si δ-doping located 48.5 nm from
the well. The two samples differ in carrier density and
mobility, as reported in the main text. The Hall bar devices (300 µm wide and 1.500 µm long) are fabricated by
UV lithography. Ni/AuGe/Ni/Au metals are evaporated
and annealed at 400◦ C to form Ohmic contacts to the
2DEG. The mesa is then defined by wet etching in acid
solution.
SLG and BLG flakes are produced by micromechanical exfoliation14 of graphite on ∼ 300 nm SiO2 on Si
substrates. The number of layers is identified by a
combination of optical microscopy15 and Raman spectroscopy16,17 . The latter is also used to monitor the sample quality by measuring the D to G ratio18 and the doping level19 . Selected flakes are then placed onto a GaAsbased substrate at the center of a pre-patterned Hall bar
by using a polymer-based wet transfer process2 . PMMA
(molecular weight 950K) is first spin coated onto the substrate with micromechanically cleaved flakes, then the
sample is immersed in de-ionized water, resulting in the
detachment of the polymer film because of water intercalation at the PMMA-SiO2 interface2 . Graphene flakes
attach to the polymer and are removed from the Si/SiO2

FIG. 6: Room-temperature Raman spectra of bilayer (BLG)
(top panel) and single-layer (SLG) (bottom panel) graphene
before and after transfer on the GaAs heterostructure.

substrate. The polymer+graphene film is then placed
onto the target substrate and, after complete drying of
the water, PMMA is removed by acetone. Success of the
transfer is confirmed by optical inspection (bright and
dark field microscopy), atomic force microscopy (AFM)
and Raman spectroscopy. Raman spectra are collected
with a Renishaw InVia spectrometer using laser excitation wavelengths at 514.5 nm. Excitation power is kept
below 1 mW to avoid local heating and the scattered
light is collected with a 100X objective. Fig. 6 plots the
spectra of SLG and BLG flakes before and after transfer. The strong luminescence background due to the
GaAs/AlGaAs substrate has been subtracted out in order to highlight the Raman signal of the SLG/BLG flakes
after transfer. This, combined with the lack of interference enhancement on the GaAs/AlGaAs substrate, explains why the spectra of the transferred flakes are noisy.
As discussed in the main text for the SLG flake, also
for the BLG flake we do not see any increase of D peak,
thus showing that the transfer procedure does not induce
extra defects.
Since the flakes are much smaller than the Hall bar
widths, in each device we define a narrow channel (∼
30 µm) in the Hall bar by electron beam lithography
(EBL) and wet etching, see Figs. 5b)-c). To avoid exposure of the flakes to the electron beam, we took an
optical image to align the EBL. This procedure is possible because SLG and BLG on this substrate become
optically visible once coated by PMMA, see Fig. 1. Finally, Ohmic contacts (Cr/Au) are fabricated by EBL,
metal evaporation and lift-off.
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Appendix B: Electrical characterization

As described in the main text, the anomalous quantum Hall effect (QHE) in SLG is seen at 4 K when the
2DEG is not induced in the GaAs channel (see also black
curve in Fig. 7). A markedly
different result is seen
12
when the 2DEG is induced by LED illumination. This
is shown in Fig. 7, where we compare the Hall resistance
at T = 4 K as a function of the perpendicular magnetic
field up to 12 T for the two cases. Because of the massless Dirac fermion nature of the charge carriers in SLG
and the spin-valley degeneracy, plateaus are expected66
in the Hall resistance at h/(νe2 ), with ν = 2, 6, 10, . . . .
When the 2DEG is not induced, QHE plateaus are visible at ν = 2, 6 while, as expected, the ν = 4 plateau
is missing. In the other case, the plateau at ν = 6 is
not visible and the resistance approaches the value for
ν = 2 at the highest magnetic field. The two configurations have different mobility, 4100 cm2 /(Vs), without the
2DEG, 2100 cm2 /(Vs) with the 2DEG. As explained in
the main text, we can explain this difference considering
that charged impurities (ionized Si donors) are left in the
heterostructure when the 2DEG is induced, resulting in
turn in an enhanced scattering of SLG carriers, which
reduces mobility38 .

Appendix C: Inter-layer (“leakage”) current

Measurements of the leakage current between the two
layers are performed by applying a voltage source to the
2DEG and detecting the current with an ammeter connected to SLG/BLG67 . The applied voltage is negative
to avoid depletion of the 2DEG. We report in Fig. 8 the
measured leakage currents for the SLG and BLG devices

as a function of the inter-layer voltage. We recall that
in the drag experiment configuration, the maximum negative value for this voltage is ∼ −0.3 V. In the case
of SLG, the current is smaller than 1 nA even at 45 K.
In the case of BLG we find a larger current at 45 K, but
still much smaller than the drive current measured in the
drag experiment (in the worst case of −0.3 V we have a
leakage current of ≈ 100 nA while the drive current is
2 µA). At the lowest temperature, the leakage current
in BLG is smaller than the drive current by many orders
of magnitude, so we do not expect it to affect the drag
measurement6 .

Appendix D: Drag measured by using graphene as a
passive layer

The temperature dependence of Vdrag in SLG as a
function of the drive current Idrive in the 2DEG is reported in Fig. 9a). Upon reducing temperature, the
drag voltage measured in SLG displays a series of oscillations, which we believe to be linked to mesoscopic
fluctuations already discussed in Coulomb drag setups
based on two spatially-separated SLG sheets5–7 and also
for all GaAs/AlGaAs double layers68 . These fluctuations
disappear for T & 16 K. Above this temperature the
Vdrag - Idrive relation becomes linear. When the voltage
drop is measured in the 2DEG no fluctuations arise at all
the explored temperatures: see Fig. 9b). This allows us
to extract the evolution of the drag resistance down to
250 mK (see main text). A similar fluctuating behaviour
of the drag voltage at low temperature is found in sample B in the configuration in which BLG is used as the
passive layer.
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is the dielectric function in the random phase approximation48 . In Eq. (E3), χt (q, ω) and χb (q, ω) are the
density-density linear response functions of the electronic
fluids in the top and bottom layer, respectively. Microscopic expressions for the density-density response function χt (q, ω) of the electron fluid in a doped graphene
sheet can be found in Refs. 69–71. The density-density
response function χb (q, ω) of a 2DEG is extensively discussed in Ref. 48.
In Eqs. (E2)-(E3), Vtt (q) is the Coulomb interaction
between two charges in the top layer,

FIG. 9: Temperature dependence of the Vdrag -Idrive characteristics. a) The induced drag voltage measured in SLG is plotted as a function of the drive current injected in the 2DEG.
b) The induced drag voltage measured in the 2DEG is plotted
as a function of the drive current injected in SLG. Different
traces refer to different values of the temperature, which decreases from top to bottom.

Vtt (q) =

Appendix E: Theoretical background

where vF,t (vF,b ) is the Fermi velocity in the top (bottom) layer, εF,t (εF,b ) is the Fermi energy in the top
(bottom) layer, kF,t (kF,b ) is the Fermi wave number in
the top (bottom)
layer, qmax = min(2kF,t , 2kF,b ), and
p
F(x, y) =
(1 − x2 )/(1 − y 2 ). The low-temperature
limit is defined by the inequality kB T  min(εF,t , εF,b ).
In Eq. (E1) the screened interaction Utb is given by:
Utb (q, ω) =

Vtb (q)
,
ε(q, ω)

(E2)

Vtb (q) = Vbt (q) =

Electronic address: m.polini@sns.it
Electronic address: Vittorio.Pellegrini@iit.it

8πe2
2 g(q) .
qD(q)

(E6)

The dimensionless parameter 1 represents the relative
dielectric constant of the material above SLG (in our
case air, 1 = 1), while 2 is the relative dielectric constant of GaAs, which is ∼ 13. In writing Eqs. (E4)-(E6)
we neglect the difference between the dielectric constant
of GaAs and AlGaAs. Note that in Eqs. (E4)-(E6) we
introduced a form factor g(q) < 1, which stems from the
finite width of the quantum well hosting the 2DEG. This
can be found72 by solving the Poisson equation for the
SLG/2DEG vertical heterostructure under the assumption that the confining potential for the 2DEG along the
growth direction is given by a square quantum well of
width w. This assumption has been checked with the
help of a self-consistent Poisson-Schrödinger solver. We
find

g(q) =

ε(q, ω) = [1 − Vtt (q)χt (q, ω)][1 − Vbb (q)χb (q, ω)]
2
− Vtb
(q)χt (q, ω)χb (q, ω)
(E3)

†

4πe2 g(q)
[(2 + 1 )eqd + (2 − 1 )e−qd ] , (E5)
qD(q)

with D(q) = 22 (1 + 2 )eqd . Finally, the inter-layer interaction is given by

where

∗

(E4)

while Vbb (q) is the Coulomb interaction in the bottom
layer,

Vbb (q) =

We summarize the most elementary theory of drag
resistance in the Fermi-liquid regime24 , which is based
on Boltzmann-transport theory supplemented by secondorder perturbation theory in the screened inter-layer interaction24 .
In the SLG/2DEG vertical heterostructure, the drag
resistivity ρD is given, in the low-temperature limit, by40 :
Z
1
(kB T )2 qmax
1
q dq|Utb (q, 0)|2
ρD (T ) = −
24e2 vF,t vF,b εF,t εF,b 0


q
q
,
× F
,
(E1)
2kF,t 2kF,b

4πe2 g(q)
,
q(1 + 2 )

1

1 − exp (−wq)
.
wq + w3 q 3 /(4π 2 )

(E7)
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