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We report measurements of the nonequilibrium electron energy distribution in carbon nanotubes. Using
tunneling spectroscopy via a superconducting probe, we study the shape of the local electron distribution
functions, and hence energy relaxation rates, in nanotubes that have bias voltages applied between their
ends. At low temperatures, electrons interact weakly in nanotubes of a few microns channel length,
independent of end-to-end-conductance values. Surprisingly, the energy relaxation rate can increase
substantially when the temperature is raised to only 1.5 K.
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Electronic transport in carbon nanotubes is relevant to a
wide variety of applications, from nanoscale circuit ele-
ments [1] to quantum computers [2]. Nanotubes can be
considered model one-dimensional systems [3] whose
transport is strongly affected by electron-electron (e-e)
interactions [4—8]. The influence of e-e interactions has
often been observed via tunneling experiments, which can
measure Luttinger liquid exponents [5,6], for example.
However, these equilibrium experiments only probe inter-
actions via the density of states (DOS) convolved with a
Fermi distribution. In contrast, measurements of the non-
equilibrium electron energy distribution function, f(E),
may directly determine e-e scattering and energy relaxa-
tion processes that are not apparent in the DOS [9-11]. In
this Letter, we describe the first measurements of the
nonequilibrium f(E) in carbon nanotubes. Extracting the
nonequilibrium f(E) requires a means of biasing the elec-
trons out of equilibrium while tunneling from a weakly
coupled probe having a sharp feature in the DOS, such as a
superconductor. Such a tunneling spectroscopy technique
was first demonstrated on mesoscopic metal wires [12],
where the nonequilibrium f(E) and hence the scattering
rate between quasiparticles were quantitatively determined
[12]. Here, we perform similar experiments on carbon
nanotubes, which, unlike the mesoscopic wires, are ex-
pected to be purely one-dimensional systems.

Our devices consist of metallic single-walled carbon
nanotubes (diameters 1-3 nm, lengths 1.1-2.0 pxm) having
high conductance Cr/Au contacts at each end, a Pb super-
conducting tunneling probe in the middle, and a heavily
doped Si substrate as a backgate [Fig. 1(a)]. The tunnel
probes are separated from the nanotubes by a thin layer of
AlQO,, and the tunneling resistances through the probes,
Ruunnel ~ 1-5 M), are typically 10-100 times larger than
the nanotubes’ end-to-end resistances, Rgg-io-end- Mea-
surements were made through heavily filtered leads in a
top-loading dilution refrigerator. Tunneling differential
conductance measurements were performed by applying
a sum of dc bias voltage V and ac excitation voltage V,_ to
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the superconducting probe, and a voltage V, to the back
gate, while measuring the current / at one of the nanotube
end contacts (via a current preamplifier, which also acts as
a virtual ground) [see Fig. 1(a)]. For the nonequilibrium
measurements, a nonzero DC voltage U was applied across
the nanotube end contacts. Note that because Ryne >
R d-t0-end>» Measurements of the tunneling differential con-
ductance should not significantly perturb the electron dis-
tribution in the nanotube in comparison to U [13]. For this
manuscript, four devices, on separate chips, were measured
in detail; all behaved similarly in nonequilibrium
measurements.

The measurement regime is determined by the nanotube
end-to-end conductance: Figures 2(a) and 2(b) show this
for two different samples (A and B) as a function of gate
voltage V,, at temperature 7 =~ 1.5 K. Although kzT is
smaller than the level spacing (hvp/L ~1 meV) and
charging energy (¢?/2C ~ 2 meV), the tube conductances
do not pinch off to zero. In addition, although we see some
oscillations as a function of V, and U, the conductance
values reach ~e?/h and any peaks are broadened. These
observations imply that the coupling between the nanotube
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FIG. 1. (a) SEM image of a nanotube device and the measure-
ment setup (see text). (b) Schematic diagram of an electron
tunneling from a nanotube to a superconductor. The density of
states (DOS) of the nanotube shows a modulation with single-
particle energy spacing, as expected for an open quantum dot,
while the superconducting DOS exhibits a BCS-like gap of 2A.
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FIG. 2 (color online). End-to-end differential conductance at
U =1 mV across samples (a) A and (b) B, respectively, as a
function of gate voltage. (c) Tunneling differential conductance,
dl/dV of sample A from the superconductor into the nanotube,
as a function of V at V, = 8.285 V. The blue arrow indicates the
Pb superconducting gap size. Additional peaks at V ~ —4.9,
—2.8, 3.4 mV are resonant tunneling peaks through the open
quantum dot defined by the nanotube leads. (a) and (c) were
taken at 7 = 1.3 K and (b) was at 1.5 K.

and the end contacts is strong, so that the measurements are
taken in an open quantum dot regime. Thus, for the purpose
of this experiment, we treat the nanotubes as having a
continuous DOS that can be slightly modulated with V,
and U [see Fig. 1(b)].

When the nanotube is in equilibrium (U = 0), the tun-
neling current /(V) through the superconductor/insulator/
nanotube junction, in the open dot regime with bias V
across the junction, is given by

vy~ f " dEnyE+ eV)nn(E)fulE) — fL(E+eV)),
eRT —o00
(H

where Ry is the tunnel resistance of the junction, E is the
energy relative to the Fermi energy of the nanotube, n; is
the normalized BCS superconductor DOS, n,, is the nor-
malized nanotube DOS, and f, and f, are the Fermi
distributions of the electrons in the nanotube and Pb probe,
respectively. We extract the nanotube DOS n,(E) from
the equilibrium tunneling data by deconvolving Eq. (1).
Although n,(F) should have power law dependence as a
function of E if the nanotube is an ideal Luttinger liquid,
this behavior is not usually seen in our samples (see
Ref. [14] and the supplementary material [15]); it may be
masked by the level discreteness, as the Thouless energy
hvg/L ~ 0.26 mV is comparable to the measurement tem-
peratures [16].

Figure 2(c) shows the differential tunneling conductance
versus tunnel bias, dI/dV vs V, of sample A at V, =

8.285 V and T = 1.3 K. The expected [17] Pb supercon-
ducting gap 2A ~ 2.6 meV is evident as a zero conduc-
tance region centered around V = 0 between peaks at
V = *A/e. The peaks are BCS superconductor peaks
convolved with the DOS of the nanotube and Fermi dis-
tributions of the Pb and the nanotube. The quality of the
gap shows that our tunnel junction is relatively clean and
noninvasive, and can indeed be used for energy-resolved
spectroscopy. Above and below the gap region several
more broadened peaks are also evident; these can be under-
stood as tunneling peaks through multiple charge states in
the open quantum dot [see Fig. 1(b)].

We next apply a nonzero voltage U across the end
contacts to drive the electrons in the nanotube out of
equilibrium [12]: this introduces phase space for e-¢ scat-
tering and allows us to measure the energy relaxation
rates which may be due to this scattering. Because a
complete theory for tunneling into a nonequilibrium one-
dimensional system has not yet been formulated, we follow
the precedent set in metals [12] and model our data using
Eq. (1) with f, (E) to be determined by experiment. In
metal wires, fy(E) depends on the extent of electron
energy relaxation in the wire, i.e., on the product of the
inelastic scattering rate and the dwell time of an electron in
the wire. This dependence can be understood by first con-
sidering two extreme cases: no inelastic scattering between
electrons and strong inelastic scattering between electrons.
In the first case, the noninteracting distribution function
preserves the distributions of the two leads [18]: fy(E) =
rfi(E) + (1 — r)fg(E), where f,(E)=(1+ exp[(E +
eU)/kgT]) ™! and fg(E) = (1 + exp(E/kgT))™' are the
Fermi distributions in the left and right end contacts
(with the right end grounded), respectively, and r is the
weight of f; (E) (determined by the tunneling rates into the
two ends of the tube, the diffusivity of the nanotube, and
the position of the superconducting probe [12,19]). When
eU > kT, fo(E) is a two-step function. In the case of
strong inelastic scattering between electrons a local elec-
tronic thermal equilibrium is created, with an effective
temperature Ty ~ eU/kg when eU > kT [12,20]. This
“hot”” Fermi distribution is marked by a single broadened
step. In general, the steady-state distribution function
fuu(E) is between these two extreme cases and the shape
of the distribution function reveals the extent of inelastic
e-e scattering.

At T = 1.3 K, we see evidence of both strong and weak
inelastic e-e scattering. Figure 3(a) shows dI/dV(V) of
sample A for various values of bias U across the end
contacts; Figs. 3(b) and 3(c) show the same data taken at
different gate voltages. The arrows in Fig. 3(a) indicate the
superconducting peaks splitting at finite U. The decreasing
height of the peaks at V = *A/e (compared with U = 0)
and the newly developed peaks at V = *A/e + U are due
to the fact that the states in the nanotube in the energy
range of (—eU, 0) are now partially occupied. From the
differential form of Eq. (1) for finite U, we see that the
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clear separation between the peaks implies that the electron
distribution now has two steps, at £ ~ 0 and —eU, and thus
that energy relaxation processes are weak. Figure 3(b),
taken at a slightly different gate voltage, shows supercon-
ducting peaks that shift slightly, rather than separate, with
U. In this case, instead of having a two-step-like electron
distribution, f, ;/(E) has only one broad step in the energy
range of (—eU, 0), implying that energy relaxation pro-
cesses are strong. Figure 3(c) shows behavior somewhere
between 3(a) and 3(b). Although the back gate voltage
tunes the nanotube conductance, we do not observe a clear
correspondence between nanotube conductance and en-
ergy relaxation processes at finite U: data taken at 7 ~
1.5 K with end-to-end conductance varied by up to a factor
of 15 (near both peaks and valleys, for two samples at nine
different gate voltages) shows little correlation between
conductance values and the behavior of the superconduct-
ing peaks.

We do not see evidence of strong inelastic e-e scattering
at temperatures well below 1.5 K. Figures 3(e) and 3(f)
show typical dI/dV(V) vs U of sample B [21] at T =
53 mK: the superconducting peaks clearly split, implying
two sharp steps in the electron energy distributions and
hence weak scattering at finite U. This behavior can be
compared to that at 7 = 1.5 K [Fig. 3(d)] where the lack of
superconducting peak splitting implies a broad electron
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FIG. 3 (color). Tunneling differential conductance dI/dV vs V
at multiple values of bias U across the tube ends. (a) Sample A at
T =13K,V,=8660V. The peaks marked by black arrows
are the superconducting peaks at V = *=A/e; the blue peaks
marked by blue arrows are the superconducting peaks at V =
*A/e+ U (in this case U = 1.5 mV), (b) sample A at T =
13K, V,=8285V, (c) Sample A at T=13K, V,=
8.070 V, (d) sample B at T=15K, V,=—-4824V,
(e) sample B at T'= 53 mK, V, = —4.915 V. The red peaks
marked by red arrows are the superconducting peaks at V =
+A/e and V= *A/e+ U (in this case U = 0.5 mV),
(f) sample B at 7 = 53 mK, V, = —4.460 V. (a),(b), and (c)
have the same legend, and (e) and (f) have the same legend.

energy distribution and strong inelastic e-e scattering.
Note that the superconducting peaks at 53 mK are much
sharper than those at 1.3 K due to reduced thermal broad-
ening of the distribution functions. The sharp splittings at
low temperatures are independent of V, and tube end-
conductance values: for example, Figs. 3(e) and 3(f)
have similar peak splittings although the first is taken at
a conductance peak and the second at a conductance valley
(see insets in Fig. 4). In general, we do not observe the
effects of inelastic e-e scattering at these low temperatures,
even in data taken at eight different gate voltage values
where the tube conductance varies by a factor of 20.

In Fig. 4 we show the electron energy distribution func-
tions extracted from the tunneling data in Fig. 3; the de-
convolution was done using the differential form of Eq. (1)
(see Ref. [22] and the supplementary material [15]). The
shapes of the distributions are as expected from the behav-
iors of the peaks in Fig. 3 and the discussion above. The
existence of double-step distribution functions for some of
the curves [e.g., Fig. 4(a)] indicates that it is possible for
the electrons to maintain their energy distribution across
the lengths of the samples. However, surprisingly, the
distribution functions are sometimes smeared and one-
step-like near 7' ~ 1.3 K [cf. Fig. 4(b)], even though U >
kgT/e. At lower temperatures, the distribution functions
are always two-step like [Figs. 4(e) and 4(f)] and describe
a system with weak energy relaxation. We note that the
calculated distribution functions are very robust to small
changes of A and n, ;(E) in the deconvolution process,
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FIG. 4 (color). Electron energy distributions calculated from
the dI/dV(V) data in Fig. 3. Two-step functions (a), (e),
(f) imply limited e-e scattering, while broadened single-step
functions (b), (d) imply strong e-e scattering. The dotted lines
are noninteracting distribution functions f,(E) with U =
1.0mV, T=13K, r=0.51in (a), U=1.0mV, T = 1.3 K,
r=041in (¢c), and U = 0.5 mV, T = 125 mK, r = 0.5 in (f).
Insets in (e) and (f): Zero-bias differential conductance across
the nanotube as a function of V, [blue arrows indicate where
dIl/dV(V) were taken].
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implying that the shape of f(E) is rather independent of the
precise details of the fitting procedure. In addition,
although some aspects of f(E) are affected by the fitting
procedure (e.g. a positive slope for U = 0.5 mV near
f(E) = 0.5 in Fig. 4(e)]—and even though the nonequilib-
rium form of Eq. (1) may not be exact for interacting
systems—the overall shape of f(E), double-step or
rounded, is consistent with the qualitative behavior of the
superconducting peaks in the raw dI/dV (V) data.

Our data imply that inelastic scattering processes can be
relatively weak in nanotubes. This may be because the
typical electron dwell time in our tubes is short compared
with that in a disordered metallic wire; 7 = L/(vpt) =
50 ps for a 2-micron long tube with nanotube Fermi ve-
locity vy = 8 X 10° m/s and transmission ¢ = 0.05 (cor-
responding to Repg-to-end = 130 k€2). However, even dwell
times up to 400 ps (Repd-to-end ~ 1 ML2) do not lead to
smearing of f(E). The crossover from one-dimension to
zero-dimensions may also limit inelastic scattering: in our
samples the ballistic Thouless energy, hvg/L ~
0.26 meV, is not much smaller than the typical bias voltage
U = 1.0 mV. Our results may be consistent with theoreti-
cal predictions of no energy relaxation in out-of-
equilibrium Luttinger liquid systems [11,23,24] unless
the system is disordered [11]. Future experiments will
examine the roles of tube length and disorder, and it is
hoped that our results will also motivate further theoretical
work. Overall, tunneling spectroscopy with a supercon-
ducting probe is a powerful new tool for characterizing
e-e scattering in carbon nanotubes.
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