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he electronic capacitance of a one-dimensional system such

as a carbon nanotube is a thermodynamic quantity that

contains fundamental information about the ground state?.
It is composed of an electrostatic component describing the
interactions between electrons and their correlations, and a
kinetic term given by the electronic density of states. Here, we
use a field-e ect transistor geometry to obtain the first direct
capacitance measurement of individual carbon nanotubes, as a
function of the carrier density. Our measurements detect the
electrostatic part of the capacitance as well as the quantum
corrections arising from the electronic density of states. We
identify the van-Hove singularities that correspond to the one-
dimensional electron and hole sub-bands and show that the
measured capacitance exhibits clear electron-hole symmetry.
Finally, our measurements suggest the existence of a negative
capacitance, which has recently been predicted to exist in one
dimension as a result of interactions between electrons*.

The capacitance of a classical conductor is determined solely
by its geometry. When charged, the electrons distribute in space
in a manner that minimizes their electrostatic energy. Quantum
mechanics introduces extra energies that add new contributions
to the capacitance. As the energies simply add and capacitance
is inversely proportional to energy, these contributions add in
series with the classical geometric capacitance (C;) to yield the
total capacitance, C,! = C;* 4 C, + C.!. The first contribution
is caused by the kinetic energy of the electrons. Adding electrons to
a conductor requires finite kinetic energy and therefore adds a term
(Cuos) that reduces the total capacitance. The second contribution
results from the correlated motion of electrons, which generally
leads to reduction of their total electrostatic energy™*®. This adds a
negative capacitance term (C,.) that increases the total capacitance.
The density dependence of these terms captures the fundamental
properties of the quantum ground state and their measurements in
two-dimensional systems’! established the role of interactions in
the ground state.

In one dimension, the capacitance plays a special role as it also
determines the properties of the excitations. Described within the
Luttinger model*?, the fundamental excitations are collective waves
of spin or charge. Electronic interactions lift the degeneracy of
these modes by enhancing the velocity of the charge excitations
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by a factor g1, the inverse Luttinger parameter. This electrostatic
e ect is captured by the compressibility of the electronic gas®®, or
equivalently by its capacitance®. Thus, the central parameter of
the Luttinger liquid theory is directly related to the capacitance
by the simple relation g = /Cy/Cqs. S0 far, g has been inferred
mostly from transport measurements*>? that probe the electronic
excitations. Capacitance allows an independent thermodynamic
determination of this parameter and its density dependence.

In this work we present the first direct capacitance
measurements of carbon nanotubes (NT). A NT strongly coupled
to a metallic gate forms a capacitor with a rigid geometry whose
geometric and quantum capacitances are comparable, allowing
us to extract both quantitatively. The measured geometrical
capacitances are consistent with the classical expression for the
capacitance between a gate and a wire. The observed quantum
corrections demonstrate a symmetric one-dimensional sub-band
structure of electrons and holes and yield g in the NT. Deviations of
the measured capacitance from a theory that includes interactions
only at Hartree mean-field level points to the importance of
electron correlations.

We use top-gated semiconducting single-wall NT devices
(Fig. 1a,b) in which the capacitor is formed between the top gate
and the NT segment beneath it. The two side NT segments act as its
leads. Figure 2 shows the measured transport of a top-gated device
(T =77 K in all measurements reported in this paper). The source—
drain conductivity, G=dl/dV, is plotted as a function of top-gate
voltage, Vy,, Which controls the density in the central NT segment,
and back-gate voltage, V5, Which tunes the density in the NT leads.
The four corners in this plot are marked nnn, npn, pnp and ppp to
reflect the carrier polarity in the NT leads and the central segment.
Good conductivity is observed whenever the leads have the same
polarity as the central segment (ppp and nnn corners). Therefore,
to measure the capacitance in the n and p sides we tune the leads to
be n or p type respectively to ensure that the contact resistance does
not limit the charging of the NT (R« 100G )1

Now we turn to the capacitance measurements and
demonstrate how the NT capacitance is accurately di erentiated
from the background stray capacitance, C,. To this end, we exploit
the tunability of the NT leads to carry out two independent
capacitance measurements, one with and one without the NT
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