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Correlated charge inhomogeneity breaks the electron-hole symmetry in two-dimensional (2D) bi-
layer heterostructures which is responsible for non-zero drag appearing at the charge neutrality point.
Here we report Coulomb drag in novel drag systems consisting of a two-dimensional graphene and a
one dimensional (1D) InAs nanowire (NW) heterostructure exhibiting distinct results from 2D-2D
heterostructures. For monolayer graphene (MLG)-NW heterostructures, we observe an unconven-
tional drag resistance peak near the Dirac point due to the correlated inter-layer charge puddles.
The drag signal decreases monotonically with temperature (~ ng) and with the carrier density
of NW (~ ny*), but increases rapidly with magnetic field (~ B?). These anomalous responses,
together with the mismatched thermal conductivities of graphene and NWs, establish the energy
drag as the responsible mechanism of Coulomb drag in MLG-NW devices. In contrast, for bilayer
graphene (BLG)-NW devices the drag resistance reverses sign across the Dirac point and the mag-
nitude of the drag signal decreases with the carrier density of the NW (~ n§1‘5), consistent with the
momentum drag but remains almost constant with magnetic field and temperature. This deviation
from the expected T arises due to the shift of the drag maximum on graphene carrier density. We
also show that the Onsager reciprocity relation is observed for the BLG-NW devices but not for
the MLG-NW devices. These Coulomb drag measurements in dimensionally mismatched (2D-1D)
systems, hitherto not reported, will pave the future realization of correlated condensate states in

novel systems.

Correlated electronic states continue to be the focus
of the condensed matter community, thanks to their rich
complexity in physics and fascinating technological po-
tential in the near future. Over the years the search for
realizing highly correlated states have led to the discov-
ery of novel many-body states like excitonic condensate
states [1-4], fractional quantum Hall states [5, 6], Lut-
tinger liquid phase[7-10] etc. Coulomb drag has proven
to be the quintessential tool for probing the electron-
electron interaction in correlated systems and studied in
diverse set of systems like 2D electron gas (2DEG) based
(AlGaAs/GaAs) heterostructures [1, 2, 4, 11-14] to quan-
tum wires [7-10] . In Coulomb drag, current (Ip) passing
in one of the layers produces an open circuit voltage (Vp)
in the other layer without any particle exchange. Very
recently, graphene based heterostructures [15-19] have
revealed intriguing feature of the drag signal at the Dirac
point [15, 17, 18]; namely that it can have both positive
[15] and negative [18] amplitudes. A puzzling feature is
its temperature dependence which shows monotonic be-
havior with a maximum at the lowest temperature in
BLG [18] whereas non-monotonic variation with a maxi-
mum at an intermediate temperature (~ 100K) for MLG
[15]. The drag signal at the Dirac point can not be ex-
plained by the conventional momentum drag mechanism
involving the momentum transfers from the drive to the
drag layer, and hence two new mechanisms; namely En-
ergy drag [20-22] and inhomogeneous momentum drag
[23] have been proposed.

A new drag system consisting of 2D graphene and a

confined 1D nanowire or nanotube, not only has a po-
tential for probing the graphene locally, but also the di-
mensionally mismatched Coulomb drag system can po-
tentially become the foreground for studying the effect
of dimension on scattering mechanisms in Coulomb drag
[25, 26]. This kind of drag system is expected to show
novel quantum phases in the strong coupling regime [27]
in addition to being a tool for studying the graphene
hydrodynamics near the Dirac point [28]. With this mo-
tivation we have carried out the Coulomb drag experi-
ments in MLG-InAs NW and BLG-InAs NW devices as
a function of density (n), temperature (T') and magnetic
field (B). The MLG-NW devices show a drag resistance
(Rp = Vp/Ip) maximum around the Dirac point and its
dependence on n, T and B establish the Energy drag as
the dominant mechanism. In comparison, absence of the
drag signal at the Dirac point for the BLG-NW devices
and flipping sign across the Dirac point with negligible
dependence on T and B suggest the dominance of mo-
mentum drag mechanism.

The device and measurement configuration are
schematically presented in Fig. 1la. All the devices
comprise of heterostructures of hexagonal boron nitride
(hBN) encapsulated graphene stack and InAs NW with
diameter between 50 to 70 nm. The heterostructures
were assembled by the standard hot pick up technique
[29, 30], where the ~ 10 nm thick top hBN of the
graphene stack separates the graphene channel and the
NW (SI-1 of Supplemental Material [24]). The inhomo-
geneity (dn) of graphene is ~ 2.5 x 1019/em?, which cor-
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FIG. 1. (a) Device schematic :

The heterostructure consists of a InAs nanowire on top of a hBN encapsulated graphene

stack assembled on Si/Si02 substrate. (b) 2D colormap of Rp at T=1.5K plotted against the I'p and n¢ for the D1 device
(MLG-NW). (c) Response of the Rp at different temperatures. (d) Rp versus ng plot for different magnetic fields at T'=1.5K.
(e) Peak values of the Rp (blue circles) plotted with temperature. Rp decreases with temperature and fits (red solid line) well
with Rp o< T2, (f) The pink open circles are the peak value of Rp plotted with magnetic field at T=1.5K. The black solid
line shows data upto 200mT fits well with B2 (g) Rp at the Dirac point as a function of ny at T=1.5K. The solid line is an
overlay of n;ﬁ with the data. The errorbars in nx have been estimated from different sweeps of measurements of device shown

in Fig S-3B (a) of the Supplemental Material [24].

responds to a Fermi energy broadening of Ag ~ 15meV
and ~ 0.5meV for MLG and BLG, respectively. The
NWs could only be electron doped due to Fermi energy
pinning near the conduction band. The 1D nature of
the NW used is ascertained by measuring the electrical
conductance as a function of the Vg for shorter chan-
nel length showing participation of 3-5 sub-bands (see
SI-1E of Supplemental Material [24]). The charge in-
homogeneity in the NW was investigated by measuring
the temperature-dependent conductance as shown in Fig.
S-1F of Supplemental Material [24], which suggests the
localization length of ~ 100-200 nm. All the measure-
ments were done in a He4 cryostat in the temperature
range of 1.5K to 200K.

The drag measurements were performed by the DC
technique, where Ip was passed through the graphene
and Vp was measured on the NW as shown in Fig. la or
vice versa. The carrier density of the graphene (n¢g) and
NWs (ny) were tuned by the SiO2 back gate (Vpg) and
by a voltage (Vggr) between the graphene and the NW
(SI-2 of Supplemental Material [24]). In our DC measure-
ments, the drag signal contains a predominant flipping
component (sign reversal of the drag voltage with Ip)
together with a small non-flipping component. Here, we
present the extracted flipping part (in the linear regime)
as mentioned in section SI-2B of Supplemental Material

[24], which is consistent with the drag signal measured by
the low-frequency AC (at 7Hz) technique (SI-2 of Sup-
plemental Material [24]). The tunneling resistance of the
~ 10nm thick hBN between the graphene and NWs was
more than 5 —10G2 in all the devices. We have used two
MLG-NW (D1, D2) and two BLG-NW (D3, D4) devices
for the drag measurements.

Figure 1b shows the 2D colormap for the MLG-NW
device (D1) at T=1.5K and ny ~ 4 x 105 cm™!, where
Rp is plotted with Ip varying from -10uA to +10uA and
ne varying from 0 to 2 x 10 /em? for both electron and
hole doping. The drag signal peaks near the Dirac point
and subsequently decays at higher ng. Figure lc shows
Rp at different temperatures. The peak magnitude de-
creases rapidly with temperature as shown by open cir-
cles in Fig. le. Figure 1d shows the dependence of Rp
on magnetic field upto 400 mT at T=1.5K. Notably, we
observe a giant increase (by one order of magnitude) of
the drag peak with increasing magnetic field as shown by
open circles in Fig. 1f. The dependence of the drag peak
on ny measured by varying Vag (SI-3C of Supplemental
Material [24]) is shown in Fig. 1g.

Figure 2a shows the 2D colormap for the BLG-NW de-
vice (D3), where Rp is plotted as a function of Ip and
ng at T=1.5K for ny ~ 1.3 x 10° cm~!. In contrast to
MLG-NW devices, the drag signal flips sign from positive
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FIG. 2. (a) 2D colormap of Rp with Ip and ng at T=1.5K, Vgr = 1V for a BLG-NW device. The horizontal dashed line is
the Dirac point of the graphene. (b) Rp versus ng plot at T=1.5K for different ny tuned by the Vggr from 0.9 to 5V. (¢) The
red circles are the plot for dip value of Rp at different ny. The variation of the drag signal with ng at Vgr = 0.9V is indicated
by the blue open circles. The solid lines are the fitting to ~ n;,m and nam. (d) The variation of Rp with magnetic field at
T=1.5K. (e) The position of the dip (ng) of Rp as a function of temperature (raw data in Fig. S-4B of Supplemental Material
[24]). (f) The dip value of Rp plotted as a function of temperature. The dashed lines in d, e and f are the guiding lines.

to negative as n¢ shifts from holes to electrons across the
Dirac point with distinct peak and dip at finite densities
of holes and electrons. At the Dirac point the Rp is neg-
ligible unlike the MLG-NW device. Figure 2b shows Rp
as a function of ng for different NW densities (ny ~ 1
to 10 x 10° cm™!) tuned by Vgr. The blue circles in Fig.
2c¢ quantify how the magnitude of Rp decreases with ng
(for electron side in Fig. 2b) for ny = 1.1 x 10% cm™!,
whereas the red circles show the magnitude of the dip
of Rp at n}, (marked in Fig. 2b) as a function of ny.
Figure 2d shows that Rp at ng for the BLG-NW device
remains almost constant with magnetic field (raw data
in SI-4A of Supplemental Material [24]), in contrast with
the MLG-NW device. Figure 2e and 2f demonstrate the
temperature dependence of the drag signal for the BLG-
NW device. It can be seen from Supplemental Material
[24] Fig. S-4B (raw data) that the peak (hole side) or
dip (electron side) position of Rp shifts towards higher
carrier density in graphene with increasing temperature
for a fixed carrier density of the NW (ny ~ 1 x 105
cm™!). Figure 2e shows the position (nf;) and the cor-
responding value of Rp in Fig. 2f as a function of tem-
perature. Unlike the MLG-NW device, the drag signal in
the BLG-NW device clearly displays much less variation
with temperature.

The observations of monotonic decrease of drag signal
of the MLG-NW device as well as weak dependence of the
drag signal of the BLG-NW device on increasing temper-
ature are anomalous as compared to the conventional mo-
mentum drag which predicts T2 [31-34] increase as seen
in double-layer MLG heterostructures [15]. Anomaly

in temperature-dependence, specifically, drag signal in-
creasing with lowering temperature has been observed in
2DEG (GaAs-AlGaAs) [11] or 2DEG-graphene [19] het-
erostructures. The anomalous upturn of the drag signal
with lowering temperature at low temperature regime in-
dicated the presence of interlayer excitonic condensation
in 2DEG-graphene system [19] or the Luttinger liquid
state in quantum wire systems [7]. The possibility of ex-
citonic condensation in our MLG-NW devices is ruled out
as the drag peak appears at the Dirac point of graphene
with the NW having a finite density.

To explain our results, we first recall the three main
mechanisms of the Coulomb drag: (i) homogeneous mo-
mentum drag (HMD) - momentum transfers via Coulomb
mediated scattering, (ii) inhomogeneous momentum drag
(IMD) - momentum transfer in presence of correlated
inter-layer charge puddles and (iii) energy drag (ED) -
vertical energy transfer in presence of correlated inter-
layer charge puddles. Since the HMD signal should be
zero at the Dirac point and increases as T2 in a Fermi
liquid [31-34], it can be ruled out as the possible mecha-
nism for our MLG-NW devices. Now, both IMD and En-
ergy drag mechanisms predict a maximum of Rp at the
Dirac point due to the presence of correlated inter-layer
charge puddles, although the underlying physics is dif-
ferent. The effective momentum theory (EMT) of IMD
[23] suggests an increase of the drag signal with tem-
perature in low temperature regime and should decrease
when kgT > 0.5A¢. Further, the EMT does not explain
the effect of magnetic field on the drag signal. Thus the
anomalous decrease with temperature and enhancement



of Rp with magnetic field in our MLG-NW devices is not
consistent with the predictions of the IMD.

Coming now to the Energy drag mechanism, a positive
correlation of charge inhomogeneities in MLG and NW
gives rise to a positive drag peak around the Dirac point
due to the combined effect of Coulomb mediated verti-
cal energy transfer and thermoelectric Peltier effect [20].
The Energy drag is expected to increase [22] with mag-
netic field as B2 and display a non-monotonic behavior
with temeprature [20]. Fig. 1f for the MLG-NW device
clearly shows B? dependence of Rp at lower magnetic
field which is consistent with the Energy drag mechanism
[20]. To explain the temperature dependence, a quanti-
tative theory of ED in 2D-1D system is required. In the
absence of such theory, we appeal to Song et.al for 2D-2D
system which shows [20] Rp o ﬁ%%’ where %
is the partial derivatives of the Peltier coefficient ) with
respect to the chemical potentials of drive (ug) and drag
layers (un). The quantity & is the sum of the thermal
conductivities (kg + kn) of the two layers. For double-
layer graphene heterostructures, the Energy drag mech-
anism [20] generates a non-monotonic temperature be-
havior where the drag signal increases as T2 upto a tem-
perature equivalent to ~ A and subsequently decreases
as T~%. For the MLG-NW devices, the typical value of
Ay is ~ 15meV (equivalent to 150K). Hence, according
to the Energy drag mechanism, the drag signal should
have increased monotonically upto ~ 150K. While dis-
cussing the Energy drag mechanism, we need to keep in
mind that the studies so far assume two identical layers of
graphene having similar properties such as mobility, ther-
mal conductivity, electrical conductivity etc. In contrast,
we measure the Coulomb drag between two very dissim-
ilar systems: a high mobility 2D graphene sheet and a
low-mobility semiconducting 1D NW, with very different
electrical transports. More importantly, the NWs have
electrical conductivity ~ 1e2/h and thus poor electronic
thermal conductivity (k. ) as compared to graphene, mak-
ing phonon contributions to the thermal transport (k)
dominant [35]. Hence, k = kg + KN = Ke + Kpp. Since
ke & T and kpp (electron-phonon contribution) o T5
([36, 37]) , k = (aT + bT®), where a and b are the rela-
tive contributions from the electronic and the phononic
parts. The contribution of the interlayer dielectric hBN
to kpn is expected to be much smaller than that of the
NW and hence is not expected to affect the temperature
dependence. Using 5% x z—g at the Dirac point and
68#% x % at uy # 0 (SI-5 of Supplemental Material
[24] for details), the temperature dependence of Rp is

3

m. Noticeably, the Rp still has the
non-monotonic dependence on temperature, depending
on the relative magnitudes of the parameters a and b.
The calculated Rp for different values of a/b is shown in
Fig. 3a, where one can see that the crossover happens at
temperatures near ~ 1K (below our temperature range)
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FIG. 3. (a) Theoretically calculated Rp as a function of tem-
perature for several values of a/b ranging from 0.01 to 10. The
inset shows the experimental Rp (open circles) as a function
of temperature for D2 device with 772 fitting (solid red line).
(b) Similarities between g—g (red solid line) and Rp (blue
dashed line).

and decreases as T2 consistent with our experimental
data (the solid lines in Fig. 1le for D1, and in the in-
set of Fig. 3a for D2). Furthermore, Fig. 3b shows the
similarities between the dependence of Rp and 0Q/0uc
on ng (SI-5 of Supplemental Material [24]), which fur-
ther strengthens the Energy drag to be the dominant
mechanism in MLG-NW devices. Moreover, the effect
of carrier density of the NW on the drag peak showing
ny" dependence (Fig. 1g) is compatible with the En-

ergy drag mechanism as the ;ﬂ—QN x Z—; = g—f (SI-5 of
N N

Supplemental Material [24]) .

We will now discuss the possible drag mechanism for
the BLG-NW devices. Drag being almost zero near the
Dirac point (Fig. 2a and 2b) rules out Energy drag and

IMD, in favour of HMD as a possible mechanism, where
(kT)?

n1,5n1.5
Fig. 2c G(sojlvid lines). However, we do not observe the
predicted T2 increase of the drag signal (Fig. 2f). This
can be due to that the drag signal not only slowly varies
with increasing temperature but also the shift of the Rp
maximum and minimum position (n{;) towards higher n¢g
(Fig. 2e and 2f). This happens due to the temperature-
induced Fermi energy broadening, over and above the
intrinsic disorder limited Ag (~ 0.5 meV in BLG).

In order to see the effect of dimensionality mismatch
on Omnsager reciprocity relation, we have measured the
drag signal in both NW and graphene as shown in Fig
4. As can be seen the Onsager relation is valid in the
BLG-NW device (Fig. 4b), whereas it is violated for the
MLG-NW device (Fig. 4a). The violation of Onsager
relation has been reported in bilayer 2DEG and 2DEG-
graphene devices [2, 14, 19], but the exact reason is not
clearly understood. We suggest that the role of different
drag mechanisms in Onsager relation can be at play in
the dimensionality mismatched devices.

is consistent with our result as shown in

RDO(

In conclusion, we have performed drag measurements
on dimensionally mismatched MLG/BLG-InAs NW het-
erostructures hitherto not reported. We observe very dif-
ferent drag signals for the MLG-NW and the BLG-NW
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FIG. 4. (a) Onsager in MLG-NW device at T=1.5K. The
red line corresponds to the Rp measured on NW whereas
the blue line corresponds to the Rp measured on MLG. (b)
Similar data for the BLG-NW device.

devices. The MLG-NW devices show a maximum of Rp
at the Dirac point and the peak value decreases with
increasing temperature as well as with the carrier den-
sity of the NW. Further, the drag increases by one order
of magnitude with magnetic field. These results show
that the Energy drag mechanism is dominant for the
Coulomb drag in the MLG-NW heterostructures, where
the phononic thermal conductivity of the NWs plays a
significant role in reduced drag signal with increasing
temperature. In contrast, for the BLG-NW devices, the
drag reverses sign across the Dirac point as expected from
the momentum drag mechanism, with slow variation with
temperature and magnetic field. Our results are promis-
ing for realizing the correlated states in dimensionally
mismatched novel devices, with different mechanisms at
play.
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