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We have measured Coulomb drag between an individual single-walled carbon nanotube (SWNT) as a
one-dimensional (1D) conductor and the two-dimensional (2D) conductor monolayer graphene, separated
by a few-atom-thick boron nitride layer. The graphene carrier density is tuned across the charge neutrality
point (CNP) by a gate, while the SWNT remains degenerate. At high temperatures, the drag resistance
changes sign across the CNP, as expected for momentum transfer from drive to drag layer, and exhibits
layer exchange Onsager reciprocity. We find that layer reciprocity is broken near the graphene CNP at low
temperatures due to nonlinear drag response associated with temperature dependent drag and thermo-
electric effects. The drag resistance shows power-law dependences on temperature and carrier density
characteristic of 1D Fermi liquid-2D Dirac fluid drag. The 2D drag signal at high temperatures decays with
distance from the 1D source slower than expected for a diffusive current distribution, suggesting additional
interaction effects in the graphene in the hydrodynamic transport regime.
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Coulomb interactions generate a plethora of novel
emergent phenomena in condensed-matter systems, par-
ticularly when electronic confinement to fewer than three
spatial dimensions increases the relative strength of poten-
tial to kinetic energy [1]. One experimental tool for
studying interaction-driven effects in low-dimensional
systems is Coulomb drag [2-5]. When a current is driven
in a conductor that is near but electrically isolated from
another, Coulomb interactions between the charge carriers
in the two conductors generate a voltage drop in the passive
conductor. The drag resistance is thus a direct probe of
interlayer charge carrier interaction. Most of the past
theoretical and experimental efforts have focused on drag
between two-dimensional (2D) conductors, such as elec-
trons confined in semiconductor heterointerfaces [3,4] and
graphene [5-7], revealing several new emergent phenom-
ena including exciton condensation under strong magnetic
fields [5]. Drag experiments have also been performed
between one-dimensional (1D) conductors [8—10], showing
signatures of Wigner crystal and Luttinger liquid behavior.

Coulomb drag experiments between mixed-dimensional
systems, e.g., 1D-2D conductors, have also been conceived
[11,12] to investigate the effects of dimensionality on
electron-electron interactions. Such a system was recently
probed experimentally [13] using an InAs nanowire as 1D
conductor and graphene as 2D conducting layer. This
recent 1D-2D drag experiment shows an anomalous tem-
perature and density dependent drag response that might be
related to energy drag [14—16] due to the large mismatch
in thermal conductivities between InAs and graphene.
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However, the breakdown of layer (Onsager) reciprocity
and subsequent thermopower measurements in these devi-
ces [17] suggest local heating-induced thermoelectric
effects may also play a substantial role in the reported
drag results.

In this Letter, we report Coulomb drag in a new 1D-2D
conducting system, a metallic single-walled carbon nano-
tube (SWNT) and monolayer graphene separated by an
atomically thin (2—4 nm) insulating barrier of hexagonal
boron nitride (hBN). Since SWNTs and graphene have
similar linear dispersion relations with comparable Fermi
energies and work functions [18,19], the interaction-driven
momentum and energy transfer between carriers in separate
layers are enhanced, amplifying the drag signal. Because of
the small (~2 nm) diameter of the SWNT, driving current
in the nanotube provides an extremely localized 1D drag
source in the graphene channel. We measure density,
temperature, and distance dependence of the drag effect
to probe the carrier interactions between these 1D and 2D
conductors. This work is an early step toward experimen-
tally addressing the specific impact of increased confine-
ment on interaction effects, and may also be a new test
system for hydrodynamics in graphene.

A scanning electron microscope image of an example
SWNT-graphene drag device is shown in Fig. 1(a). Details
of the fabrication are given in the Supplemental Material
[20]. In brief, monolayer graphene is encapsulated in hBN
and then transferred on top of a metallic SWNT. The hBN
flake separating the SWNT and graphene is 2—4 nm thick,
so that the two conductors are sufficiently close together for
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FIG. 1. (a) False color scanning electron microscope image of a
typical SWNT-graphene drag device. Graphene (green) is encap-
sulated in hBN (dark blue) and transferred on top of a metallic
SWNT (dashed line in center of blue charged region). Electrical
contacts (gold) are made to the graphene and SWNT. Inset: cross-
section schematic of the device. (b) Vg versus gy, for
reciprocal layer configurations: nanotube-drive, graphene-drag
(orange, filled symbols) and graphene-drive, nanotube-drag
(blue, open symbols). Data were taken at 7 = 300 K and
V, =21V, with averaging gate voltage window AV = +1V
to enhance the signal-to-noise ratio. Dashed curves are lines of
best fit. Additional details can be found in the Supplemental
Material [20]. (c) SWNT conductance as a function of gate
voltage. The dip is a local conductance minimum, not the charge
neutrality point (see Supplemental Material [20] for discussion).
(d) Graphene resistance as a function of gate voltage. (€) Vg, in
graphene versus SWNT [y, and V. () Ryp, versus V. Dashed
line marks zero drag signal.

interlayer Coulomb interactions, but they remain electri-
cally isolated, without a significant tunneling current. The
graphene and SWNT have individual electrical contacts,
allowing them to be characterized separately. We can use
graphene or nanotube as either drive or drag layer. While
we focus on one SWNT in the following discussion, several
SWNT-graphene devices were measured, and similar
results were obtained (see Supplemental Material [20]).
Measurements of the drag resistance were performed by
applying dc current / 4, through the drive layer (SWNT or
graphene) while the voltage V., Wwas measured in the drag
layer (graphene or SWNT). Example data for both con-
figurations are presented in Fig. 1(b). When using the
SWNT as drive layer, Vg, in graphene is measured with
the voltage probes nearest the SWNT, at a distance x =
800 nm away (closed circles). At temperature 7 = 300 K,
there is a linear relationship between /g4, and Vg,
whether the SWNT or the Gr is the drive layer. Using
the graphene as the drive layer and measuring Vg, across
the SWINT (open circles) results in a noisier signal than the

reciprocal drag scheme, due to the higher resistance of the
SWNTs (see Supplemental Material [20] for discussion).
Even so, both biasing configurations yield the same
current-voltage relationship. This Onsager reciprocity
when drive and drag layers are exchanged demonstrates
that the system is in the linear response regime, allowing
the extraction of the drag resistance from the slope:
Rdrag = AVdrag/AIdn've-

In our devices, the SWNTs are beneath the graphene
[Fig. 1(a) inset], enabling the carrier densities in both
SWNT and graphene to be tuned by a voltage V, applied to
a back gate. Figures 1(c) and 1(d) show the conductance
Gyt of SWNT and resistance R, of graphene, respectively,
as a function of V, measured at T = 300 K. The gradual
decrease of Gy as V, increases indicates the SWNT is hole
doped. In the graphene, Rg, exhibits a peak corresponding
to the charge neutrality point (CNP) around gate voltage
Vo =13 V. We also measure the drag response as a
function of V, as shown in Fig. 1(e). We extract R,y
in the linear response regime in as a function of V,, as
described above. For V, <V, Vg, and Iy, have
opposite sign, while for V, > V, they have the same sign.
As shown in Fig. 1(f), Ry, thus changes sign at V, =V,
where the dominant carrier type in graphene switches from
electrons to holes. This behavior is qualitatively similar
to previous measurements of momentum-transfer Coulomb
drag in double-layer graphene systems [6,7]. The higher
magnitude of e-h compared to h-h drag can be attributed
to the higher density of holes in the SWNT at more
negative gate voltages. Because of heavy SWNT doping,
the kps of the SWNT and graphene do not overlap within
our experimental gate window (further discussion in
Supplemental Material [20]), preventing us from inves-
tigating the double neutrality point, where the chiral nature
of the 1D-2D Dirac system can be explored [43].

As T decreases, the relationship between drive
current and drag voltage becomes increasingly nonlinear
[Fig. 2(a)]. To quantitatively address this change, we fit
Viarg With a 3rd-order polynomial in lyjye: Virag =
LisiveRarag + 715y + 1live: Where y and # are fitting
coefficients. The nonlinear effect sensitively varies with
V,; Figs. 2(b)-2(c) show the V, dependence of y and 7 at
several fixed temperatures. We find that y > 0 and < 0
for all gate voltage ranges we probe, and both quantities
have larger magnitude nearer the CNP of graphene
(Vy~Vy) and at lower temperatures. This increasingly
nonlinear effect also breaks Onsager layer reciprocity at
low temperatures. As shown in Figs. 2(d) and 2(e), the drag
resistance from SWNT-drive and graphene-drive configu-
rations show progressively worse correspondence at lower
temperatures, as the nonlinear part of the relation between
Lyrive and Vg, becomes appreciable.

Higher-order dependence of Vg, on Iy, is best
explained by development of a temperature gradient in
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FIG. 2. (a) Vg versus Iy at V, = 22V for varying temper-
atures. Dashed lines are 3rd order polynomial fits. (b) 2nd order
coefficient versus V. (c) 3rd order coefficient versus V. Regions
of noisy data in (b) and (c) are due to SWNT local conductance
dip limiting Zysye. (d) Ryrag from linear fit versus V, (subtracting
the graphene CNP voltage) for reciprocal configurations at
T = 180 K [same colors and symbols as Fig. 1(b)]. (¢) Same
measurement at 7 = 117 K.

the SWNT due to the Peltier effect or Joule heating,
which can be efficiently transferred to the nearby graphene
[14-16]. Such a temperature gradient in the graphene
generates a thermoelectric voltage and causes a temper-
ature-dependent change in Rg,,. Both can give rise to
nonlinear terms in Vg, (see Supplemental Material [20]
for further analysis).

To avoid the nonlinear drag phenomena discussed above,
we focus on linear drag resistance measured at small
drive current at relatively high temperature (7 > 100 K).
Figure 3(a) shows Ry, as a function of gate voltage V,
referenced to the CNP of graphene V), at different fixed
temperatures in this regime. In general, Rg4,, changes
sign at the graphene CNP, and that |Rgy,,| grows linearly,
peaks, then rapidly decreases as the graphene carrier
density, ng, « V, — V), increases. Figure 3(b) shows that
Rirag ~ (V,— V)7, where 1 < < 2 at different temper-
atures. This behavior resembles 2D-2D graphene drag,
where 1 < f# < 2 has also been observed [6,7].

To determine the carrier densities (and thus Fermi
energies) of each conductor as a function of V;, we employ
a finite element analysis of the graphene channel and
SWNT together with the hBN separation layers and silicon
back gate [Fig. 1(a), inset]. Since the SWNT locally screens
the graphene channel from the back gate, the local carrier
density in graphene is reduced in the graphene channel
directly above the SWNT and maximized away from the
SWNT. To estimate the carrier density (and thus chemical
potential) of the SWNT, we also need to consider device
geometry and quantum capacitance (detailed discussion in
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FIG. 3. (a) Drag resistance as a function of V, at various
temperatures: 265 (top), 235, 200, 160, and 130 K (bottom).
Disorder-dominated range is indicated by gray shading. (b) Esti-
mated range of Fermi energies for SWNT (purple) and graphene
(blue) in a range of V, near the graphene CNP. Dot-dashed line is
approximate center of SWNT E. range. See Supplemental
Material [20] for details of calculation. (c) Log-log plot of
Rypg versus V, —V, at selected temperatures, with Ry, o
(V, = Vp)™! (dot-dashed), and Ry, o (V, — V)~! (dotted) for
comparison. (d) Graphene conductance versus charge carrier
density for temperatures in (a). The residual carrier density én is
estimated by the intersection of the line at minimum conductivity
(black) and a linear fit to log(G) away from charge neutrality
(dark red dashed line shows example fit for 7 = 118 K).

Ref. [20]). Figure 3(b) summarizes the estimated upper and
lower bounds of the Fermi energies of graphene ES' and
SWNT ERT. While the SWNT remains a heavily p-doped
degenerate 1D conductor in the experimental gate voltage
range, our analysis suggests that E" is comparable to or
even smaller than k3T in the temperature range 7 > 100 K,
where kp is the Boltzmann constant, for all V,, where the
drag signal is measurable.

Near the CNP of the graphene channel, disorder becomes
more relevant, creating charge puddles [44]. The ng,-
dependent conductance of the graphene channel is accord-
ingly expected to saturate at low temperatures for
|ng:| < én, where én is the residual density due to charge
puddles, which can be estimated from the temperature-
dependent conductance G of the graphene [45]. Figure 3(d)
shows G(ng,) measured in the graphene channel of our
device for T <150 K. From the saturation of G(ng,)
near the CNP, we estimate én~ 1.1 x 10'° cm™2. For
|ng:| < én, the electron and hole contributions of
Coulomb drag cancel, resulting in linearly vanishing
Rgrag With ng, as observed in the experiment [shaded
region in Fig. 3(a)]. We also estimate the puddle energy
scale kT, = hvp\/7én, where # and vy = 10° m/s are
the reduced Plank constant and Fermi velocity of graphene,
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FIG. 4. (a) Drag resistance as a function of temperature for
g p

various graphene charge carrier densities (stated value is the
upper bound). For 7' < 140 K (the shaded region in the graph),
nonlinear effects increasingly dominate the signal. (b) Drag
resistance versus temperature and graphene carrier density.
(c) Average (dRgyy,/dT) for T > T, versus temperature at a
range of graphene carrier densities.

respectively. From 6n experimentally obtained above, we
find the disorder temperature scale 7, = 140 K, which
separates the low temperature regime where disorder effects
are dominant and the high temperature regime where
thermal broadening is appreciable.

We find the drag near the graphene CNP depends
sensitively on temperature. Figure 4(a) shows 7-dependent

Ryrg at fixed density (reported as n&®, the upper bound

of the estimated graphene carrier density). For n&lk =

+1.3 x 10" cm™2, close to the peak value of |R e (&%),
Ry, increases linearly in T — T in the high temperature
regime (T > T,). In the low temperature regime (T < T ),
however, the linear response Ry, is difficult to determine,
due to the nonlinear drag effects and broken Onsager
reciprocity discussed above. At larger density (e.g.,
n@k = +8.4 x 10'° cm~2, far from the CNP), we observe
a similar trend, although |Ry,,| is reduced. A broader range
of the density and temperature-dependent R, (n2*, T) is
shown in Fig. 4(b), where the magnitude of the drag
resistance appears to increase approximately linearly at
all densities. For T > T, the density dependence of
(dRrag/dT) behaves similarly to Rygg (n22) [Fig. 4(c)].
The temperature-dependent drag behavior discussed
above is distinctly different from 2D-2D drag in graphene,
where a crossover between Ry, (7) ~ constant and

Rirag(T) ~T72 is expected [46] in the parameter range
of our experimental regime, ES" < kzT ~ EXT. For 1D-2D
drag between SWNT and graphene, Badalyan and Jauho
calculated the Coulomb drag effect in the Fermi liquid
regime of both conductors (kzT < ENT, ES) [47], pre-
dicting Ry,e(T) ~ T%, where a = 3.7 at low temperatures.
A more general theory of 1D-2D drag [12] predicts a
transition to 1 < @ < 2 at higher temperatures (T > T).
While a more extensive model extending to the non-
degenerate Dirac fluid limit in the presence of disorder
is required for further quantitative comparison, our experi-
ments show qualitatively similar behavior in the high
temperature limit.

Finally, we studied the relationship between the drag signal
strength and the distance of the graphene voltage probes from
the SWNT. Previous experiments have demonstrated signa-
tures of hydrodynamic electron flow from current injection
into arectangular graphene channel [48-50], with discernable
effects even at room temperature [49,50]. Viscosity of the
electron fluid causes the injected current to draw neighboring
regions along with it, resulting in a negative potential near the
injection contacts and creating current whirlpools in certain
confined geometries [48,49,51,52]. Our SWNT-graphene
Coulomb drag device geometry provides a unique exper-
imental probe of hydrodynamic flow of graphene charge
carriers, as the current flowing in the SWINT generates a direct
dragging force on the graphene carriers without injecting
current in graphene. This approach should have the benefit of
eliminating diffusive spray from the contacts that could mask
hydrodynamic transport signatures.

Figure 5(a) shows Ry, measured at pairs of voltage
probes in the graphene channel laterally displaced by
distance x away from the SWNT. Ry,, decreases as x
increases, becoming almost unmeasurable for x > 2 ym.
In Ohmic transport, such a diminishing drag signal can be
understood with a diffusive model, where the escaping
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FIG. 5. (a) Ryrag versus V at T = 300 K for pairs of voltage

probes at increasing distance x from the SWNT: 800 nm (circles),
1.2 ym (squares), 1.4 ym (triangles), and 2 ym (stars). Inset:
Rypag at V, = 24V for increasing distances. Dashed curve is an
exponential fit (see main text). (b) Effective channel width W
versus V, extracted from fit for Ry, at T = 300 K. Dashed line
marks actual device width (W =1 ym).
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current density in the graphene just above the SWNT is
expected to decay as Jo.(x) ~ e ™/W, where W is the
channel width [53]. In the diffusive transport regime, we
therefore expect driving current in the SWNT to cause a
drag voltage in the probes at distance x away following
Rirae (X) ~ e ™/W_The inset of Fig. 5(a) shows that the
measured Ry, (x) follows such an exponential decay. We
obtain the effective channel width W 4 by fitting this
functional dependence. Figure 5(b) shows W ; as a
function of V. Interestingly, we find W is larger than
the physical channel width W = 1 ym in our device when
the graphene is in the Dirac fluid regime, enhanced by
about a factor of 2 at the CNP. Based on previous
observations that the electron fluid of graphene is highly
viscous in this temperature range near the CNP [48,54], the
increase in W may hint at a hydrodynamic contribution to
the transport behavior.

In summary, we present an experimental study of mixed-
dimensional Coulomb drag between a SWNT and gra-
phene. Our drag measurements in a SWNT-graphene
heterostructure are qualitatively consistent with momentum
transfer between the drive and drag layers, although we also
observe an onset of nonlinearity due to local energy transfer
combined with temperature dependent drag effects at
lower temperatures. Within the linear response regime,
the dependences on temperature, carrier density, and
distance have subtleties that suggest an interplay of differ-
ent mechanisms at work in this novel hybrid system.
Further measurements with higher spatial resolution, such
as current imaging [50,55], would be necessary to gain a
deeper understanding of the current flow patterns, and
samples with less disorder should amplify hydrodynamic
transport signatures in the graphene [51].
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