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We have investigated the electron transport in single-C60-molecule transistors under the illumination of
intense monochromatic terahertz (THz) radiation. By employing an antenna structure with a sub-nm-wide
gap, we concentrate THz radiation beyond the diffraction limit and focus it onto a single molecule. Photon-
assisted tunneling (PAT) in the single molecule transistors is observed in both the weak-coupling and
Kondo regimes. The THz power dependence of the PAT conductance indicates that when the incident THz
intensity is a few tens of mW, the THz field induced at the molecule exceeds 100 kV=cm, which is
enhanced by a factor of ∼105 from the field in the free space.
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Tunneling in the presence of time-varying fields has been
attracting considerable interest, and interesting phenomena
have been observed such as a single-electron pump [1], a
single-electron turnstile [1], and photon-assisted tunneling
(PAT) [2–6]. Transport in single-electron transistors (SETs)
under ac fields shows various behaviors that depend on the
relationship between the ac frequency and the tunneling
time of electrons. In particular, in the high-ac-frequency
regime where the condition hf ≫ Γ is satisfied (h, f, and Γ
are the Planck constant, the frequency of the ac field, and
the tunneling rate, respectively), tunneling electrons in the
SET are subjected to a time-varying potential and the ac
fields must be treated quantum mechanically. In this
regime, electron-photon interactions become observable
and intriguing quantum mechanical phenomena such as
PAT are expected.
Recently, electron transport through single molecules

has been attracting considerable attention owing to its
potential to realize a variety of molecular functions for
electronics [7–11]. So far, most of the works on single-
molecule transport have been performed on their static
properties and very little has been done on dynamical
transport. Typical energy scales in single-molecule trans-
port (e.g., tunneling times, vibron energies, orbital energy
spacings, charging energies, etc.) lie mostly in the terahertz
(THz) frequency range. To study the interactions between
strong THz fields and single molecules, however, we must
greatly exceed the diffraction limit and focus long-wave-
length THz radiation onto a single molecule. Recent studies
have shown that the plasmonic effects of metal electrodes
with a nanometer-scale gap can efficiently focus electro-
magnetic fields into the gap region [12–16]. The use of
such nanogap structures may allow us to investigate how
electron-photon interactions affect the charge transport
through single molecules.

Here, we report on the electron transport in single
C60-molecule transistors under the illumination of mono-
chromatic THz radiation at 2.5 THz with an intensity of a
few tens of mW. Using the electrical break junction (EBJ)
method, we have fabricated a sample structure that can
focus THz radiation onto a single molecule trapped
between nanogap electrodes. When the samples are
illuminated with THz radiation, they exhibit satellite
conductance lines that arise from PAT. From the power
dependence of the PAT conductance, we have found that
the THz electric field induced across the nanogap electro-
des exceeds 100 kV=cm, which is enhanced from its value
in the free space by a factor of ∼105. Furthermore, we have
investigated the interaction between intense THz fields and
single-molecule transistors (SMTs) in the strong tunnel
coupling regime and observed the photon-induced Kondo
satellites.
We fabricated SMTs by the EBJ method [17,18].

Figure 1(a) shows a schematic illustration of the sample
structure used in this work. An 8-nm-thick NiCr layer,
which served as a semitransparent backgate electrode, was
deposited on a semi-insulating GaAs substrate, and a
30-nm-thick Al2O3 gate-insulation film was grown by
atomic layer deposition. We formed thin gold nanojunc-
tions for the source and drain electrodes on the surface of
the wafer by the shadow evaporation technique. To achieve
a good coupling efficiency between the THz radiation and
the tunneling electrons, we employed a bowtie-shaped
antenna for the source and drain electrodes, as shown in
Fig. 1(b). Since the fabrication yield of SMTs is low
(typically a few %), we fabricated 11 nanojunctions on a
chip by inserting slits into the bowtie-shaped drain elec-
trode. The chip was then glued with polymethylmethacry-
late (PMMA) on a hemispherical silicon lens to tightly
focus the THz radiation on the bowtie antenna. A dilute
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toluene solution of C60 molecules was deposited onto the
surface of the gold nanojunctions and dried with nitrogen
gas. The sample chip was then mounted into a 4He cryostat.
We applied the feedback-controlled EBJ process to the
metal nanojunctions to create atomic-scale gaps. Details of
the feedback control of the EBJ process have been
described elsewhere [19–21]. The THz radiation used in
this work was generated by pumping methanol gas with a
CO2 laser. The frequency of the radiation was 2.5 THz
(wavelength λ ¼ 119 μm; photon energy hf ¼ 10.3 meV).
The radiation was incident from the backside of the
samples through the silicon lens with the polarization
parallel to the axis of the bowtie antenna [see Fig. 1(c)].
Figure 1(d) shows a color-coded differential conductance
(∂ISD=∂VSD) map of a SMT sample as a function of VSD
and VG. As seen in the figure, the excitation of an internal
molecular vibration mode at ∼35 meV [7], which is
intrinsic to the C60 molecule, can be observed in the
Coulomb stability diagram, confirming that a single C60

molecule is trapped between the nanogap in the electrodes
and serves as a Coulomb island. The tunneling conductance
of the sample was approximately 4 × 10−5e2=h, where e is
the elementary charge, and this sample operated in the
weak coupling regime.
Figures 2(a)–2(c) show Coulomb stability diagrams of

the sample in Fig. 1(d) measured under three different
incident THz radiations with intensities of PTHz ¼ 0, 16,

and 55 mW, respectively. PTHz was measured at the exit of
the laser. The jagged feature that appears in the range of
−3.6 V < VG < −3.2 V in Fig. 2(a) is due to charge
trapping or detrapping at nearby defects and is not
important. As seen in Fig. 2(b), additional ∂ISD=∂VSD
lines parallel to the ground-state lines (i.e., the boundaries
of the Coulomb diamonds) appear in both the single-
electron transport and Coulomb blockaded regions, which
suggests that additional electron tunneling pathways are
created by the THz radiation. From the stability diagram
shown in Fig. 2(b), the energy separations between the
ground-state line and the satellite lines are determined to be
�10 meV, which agrees with the photon energy of the THz
radiation (hf ¼ 10.3 meV). The emergence of the satellite
lines indicates that photon sidebands are formed in the
system by the THz irradiation and that the tunneling
through the photon sidebands, i.e., PAT, becomes possible,
as schematically shown in Figs. 2(d) and 2(e). The
observation of PAT in the SMTs is remarkable, since it
means that the focusing of long-wavelength THz radiation
on a single molecule has been achieved by using the metal
nanogap electrodes, where the THz radiation is beyond
the diffraction limit by a factor of ∼105. When PTHz is
increased to 55 mW, not only do the satellite peaks at
�10 meV grow in magnitude but also a new satellite peak
appears at 20 meV above the ground-state line, indicating
that two-photon absorption takes place when PTHz is
increased. In contrast, the tunnel conductance for the
ground state line is reduced with increasing PTHz.
The conductance for N-photon PAT, GN , is known to be

proportional to JN2ðαÞ, where JN is the Nth-order Bessel
function and α ¼ eVTHz=hf [2]. VTHz is the THz voltage
induced across the nanogap. The ratio of the conductance
of the Nth satellite GN to the ground-state conductance G0

is then given by GN=G0 ¼ JN2ðαÞ=J02ðαÞ. Figure 3 plots
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FIG. 1 (color online). (a) Schematic illustration of the sample
structure. (b) Scanning electron microscopy (SEM) image of the
fabricated sample with a bowtie antenna structure. The scale bar
corresponds to 10 μm. The inset shows an SEM image of a metal
nanocontact. The scale bar corresponds to 200 nm. (c) Schematic
illustration of the fabricated sample mounted on a hemispherical
silicon lens. (d) Coulomb stability diagram of a single
C60-molecule transistor. The yellow dashed lines indicate the
excited states that correspond to the excitation of the internal
vibrational mode (Hgð1Þ mode) of the C60 molecule.
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FIG. 2 (color online). (a)–(c) Coulomb stability diagrams
measured under the illumination of 2.5 THz radiation for PTHz ¼
0 (a), 16 (b), and 55 mW (c). The black dotted lines represent the
boundaries between the transport and Coulomb blockaded
regions. The red dotted lines show the differential conductance
peaks generated by the THz radiation. (d), (e) Energy band
diagrams when the photon-assisted tunneling process occurs at
the bias points indicated by the black dots in (b). The dotted lines
denote photon sidebands created by the THz radiation.
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the conductance ratios G1=G0 and G2=G0 as a function of
PTHz. The black curve is drawn by fitting J12ðαÞ=J02ðαÞ to
the N ¼ 1 data. As seen in Fig. 3, the experimental data for
G1=G0 are well fitted by J12ðαÞ=J02ðαÞ, which supports
that the satellite channels are indeed created by the PAT
effect. The red curve for N ¼ 2 is drawn by using the same
α determined by fitting for the N ¼ 1 data. The reasonable
agreement for N ¼ 2 confirms the consistency of the
obtained α. Note that α is on the order of unity when
PTHz ≥ 36 mW. Since the nanogap distance d is compa-
rable to the size of a C60 molecule (diameter ∼0.7 nm),
α≡ eVTHz=hf ∼ 1 indicates the remarkable fact that the
THz field in the gap, ETHz, exceeds 100 kV=cm
(ETHz ¼ VTHz=d ∼ hf=ed > 100 kV=cm). Since ETHz in
the free space is of the order of V=cm under the exper-
imental conditions in this work, this means that the THz
field at the molecule is enhanced by a factor of ∼105 from
its free-space value by the plasmonic effect of the metal
nanogap electrodes. This large field enhancement is of the
order of λ=d (λ is the THz wavelength and d the nm-scale
gap width).
When the tunnel coupling between a quantum dot and its

surrounding leads is strong and the quantum dot contains
an unpaired electron, the unpaired electron antiferromag-
netically couples with the electrons in the leads, resulting in
the formation of the Kondo resonance at the Fermi level EF
of the leads. In this situation, a spin-flip elastic cotunneling
process through the Kondo resonance starts participating in
the charge transport. Although the dc Kondo effect in a
quantum dot has been extensively studied, it will be very
interesting to investigate how the Kondo many-body state is
affected by external ac fields. So far, only a few exper-
imental works on the dynamics of the Kondo effect have

been reported [22–26], although it has been discussed
theoretically [27–29]. Recent transport experiments on
SMTs have demonstrated clear signatures of the Kondo
effect [8,30]. In particular, extremely high Kondo temper-
atures TK ranging from 30 to 150 K have been observed in
C60-based SMTs [30–32] and kBTK lies in the THz
frequency range (kB is the Boltzmann constant).
Therefore, the ac frequency must be in the THz range to
modulate the Kondo states with such a high TK .
Figure 4(a) shows the Coulomb stability diagram of a

C60 SMT that has a tunnel conductance of 2 × 10−3e2=h
and operates in the strong coupling regime measured at 5 K.
In this sample, the C60 molecule had a weak gate coupling
and we were not able to access a charge degeneracy point;
the stability diagram shown in Fig. 4(a) corresponds to a
part of the Coulomb blockaded region. As seen in the
figure, a high differential conductance line appears along
VSD ¼ 0. We measured the ∂ISD=∂VSD spectra at VG ¼
0 V and found a resonant conductance peak at VSD ¼
0 mV [see Fig. 4(b)]. Figure 4(c) plots the height of the
zero-bias conductance peak as a function of T. The peak
height is well fitted by the following semiempirical form
for the differential conductance of the spin-1=2 Kondo
resonance:

∂ISD=∂VSDðTÞ ¼ GC½1þ ð21=s − 1ÞðT=TKÞ2�−s; ð1Þ

where GC is a constant [33]. We used the value of
∂ISD=∂VSD measured at T ¼ 5 K for GCð¼ 2.48 ×
10−3e2=hÞ and set s to 0.22. From this fitting, we con-
firmed that the conductance peak at VSD ¼ 0 is indeed the
Kondo resonance and determined TK to be ∼65 K, which is
consistent with TK observed in the previous work on C60

SMTs [30–34]. This value agrees with TK estimated from
the full width at half maximum of the resonant conductance
peak in Fig. 4(b)[13,30].
Figure 4(d) shows the ∂ISD=∂VSD spectra of the sample

measured under 2.5 THz radiation for three different PTHz
values (¼0, 30, and 56 mW). As shown in the figure, the
zero-bias conductance peak decreases in magnitude with
increasing PTHz and new satellite shoulders appear at
VSD ∼�10 mV, which correspond to the THz photon
energy (hfTHz ¼ 10.3 meV). Furthermore, the satellite
shoulders grow with increasing PTHz. Note that no broad-
ening of the Kondo peak is discernible under the THz
irradiation, indicating that the suppression of the zero-
photon Kondo peak is not due to heating by the THz
illumination. The Kondo satellite peak on the positive-bias
side is less apparent than that on the negative-bias side. This
is probably due to asymmetry in the tunnel couplings of
the C60 molecule to the source and drain electrodes in
the present sample [35]. Figure 4(e) shows an example
of peak-fitting analysis for the ∂ISD=∂VSD spectrum
measured at PTHz ¼ 56 mW [36]. The Kondo satellite
peaks can be seen for both polarities. As done in the weak
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coupling regime, we plot G1=G0 as a function of PTHz in
Fig. 4(f), where G0 and G1 are the conductances of the
main peak and satellite peak on the negative-bias side,
respectively. We used G1 only for the negative bias,
because the fitting for G1 on the positive-bias side is more
ambiguous and may induce large errors. In the figure,

J12ðαÞ=J02ðαÞ is also plotted as a function of α. G1=G0 is
well fitted by the J12ðαÞ=J02ðαÞ dependence, indicating
that the satellite conductance peak arises from the PAT
process.
To modulate the Kondo state by photons, two conditions

must be satisfied simultaneously: (i) hf > kBTK and (ii)
eVTHz ∼ hf [22]. It is predicted that when an electromag-
netic wave at frequency f is incident on a SET in the Kondo
regime and these two conditions are satisfied, photon-
induced satellite peaks are formed in the Kondo resonance
at EF � nhf, where n is an integer, resulting in the
differential conductance peaks at VSD ¼ �nhf=e. Since
TK for the present sample is 65 K and the THz frequency f
is 2.5 THz, the first condition hf > kBTK is satisfied.
Furthermore, VTHz is estimated to be 2–6 mV from the
fitting shown in Fig. 4(f) and is of the same order as hf=e.
This means that the second condition is also satisfied. As
seen in Fig. 4(d), the satellite peak height increases with
increasing PTHz, while the zero-photon Kondo peak at
VSD ¼ 0 is suppressed.
In summary, we have investigated quantum charge

transport through single C60 molecules under the illumi-
nation of intense monochromatic THz irradiation. We have
achieved the highly efficient focusing of THz waves onto a
single-molecule space far beyond the diffraction limit with
the aid of metal nanogap electrodes and observed the PAT
in SMTs in both the weak coupling and Kondo regimes.
The THz power dependence of the PAT conductance
indicates that when the incident THz intensity is a few
tens of mW, the THz field induced at the molecule exceeds
100 kV=cm, which is enhanced by a factor of 105 from the
field in the free space. This huge enhancement of the THz
field is induced by the plasmonic effect of the nanogap
electrode with a bowtie antenna geometry and is on the
order of λ=d.
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FIG. 4 (color online). (a) Coulomb stability diagram of a
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(c) Temperature dependence of the Kondo resonant peak height.
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fitting curves. (f) PTHz dependence of G1=G0. J12ðαÞ=J02ðαÞ
is plotted as a function of α by a black curve.
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