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The emission of plasmonic light from a single C60 molecule on Cu(111) is probed in a scanning

tunneling microscope from the weak-coupling, tunneling range to strong coupling of the molecule to the

electrodes at contact. At positive sample voltage the photon yield decreases owing to shot-noise

suppression in an increasingly transparent quantum contact. At reversed bias an unexpected nonlinear

increase occurs. First-principles transport calculations reveal that ultrafast charge fluctuations on the

molecule give rise to additional noise at optical frequencies beyond the shot noise of the current that is

injected to the tip.
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The interaction of light and molecular junctions between
metallic surfaces is an important and challenging topic
bridging nanoelectronics and plasmonics [1]. To probe
the conductance of a single molecule it has to be contacted
by two metallic leads. A side effect of the atomic-scale
proximity of the leads is that electromagnetic coupling
occurs between them. When noble metals are used, strong
localized plasmon modes form, which in turn may interact
with the molecule as well as with electrons traversing the
junction. The scanning tunneling microscope (STM) has
been used to investigate the emission of light from such
junctions in the limit of weak coupling of the tip to the
molecule. Molecules have been shown to modify the emis-
sion through fluorescence [2–6], via their effects on the
plasmon modes [7–10], and via the density of final states
for inelastic electron tunneling [2,11]. The strong coupling
limit, where a quantum contact is formed, has recently
been probed for contacts to single atoms [12,13]. The light
emission has been found to reflect a suppression of the shot
noise at optical frequencies, which drives the plasmons of
the nanoscale junction [13]. Reduced noise is typical of
uncorrelated transport and was previously observed at low
frequencies [14–18]. Coulomb repulsion and charging ef-
fects, however, were suggested to significantly enhance
current fluctuations [19–22].

Here we report the first investigation of light emission
from a single molecule junction in the limit of strong
coupling. This work was motivated by the possibility of
using the optically detected shot-noise characteristics to
disentangle the relative contributions of different transport
channels to the conductance. To this end the tip of a low-
temperature STM was controllably approached towards an
oriented C60 molecule and the intensity of emitted light
was monitored. A monotonic decrease of the light intensity
was expected to occur as the relevant transport channels
become more transparent at close tip-molecule distances.
While such an effect is indeed observed when electrons

move from the tip to the molecule, a strikingly different
variation occurs at reversed bias. The light intensity ini-
tially increases drastically as the molecule is being
contacted.
We analyzed the results with the help of first-principles

calculations and found that charge fluctuations on the
molecule occur, which enhance the current noise and
thus the light emission. The fluctuations reflect the fact
that electrons may spend time on the molecule while
traversing the contact [23]. This is different from the case
of a pure metal junction where the transport involves broad
electronic resonances that correspond to short electron
traversal times through the contact and strong delocaliza-
tion of the electronic states.
The experiments were performed with an ultrahigh vac-

uum STM at low temperature (5.8 K). Light emitted from
the junction was collected with a lens and guided to a
grating spectrometer and a liquid nitrogen cooled CCD
camera via an optical fiber. Spectra are not corrected for
the detection efficiency, which was reported in Ref. [24].
Cu(111) surfaces and chemically etched W tips were
cleaned in vacuo by Arþ bombardment and annealing. To
increase the plasmon enhancement at the tip-sample junc-
tion, the tips were coated with Cu by indenting them into
the sample. As the last step of preparation the tips were
repeatedly brought closer to the sample at voltages V ¼
1:3; . . . ; 2:0 V, which was found to increase the stability of
the tips during contact experiments.
After a deposition of C60 from a heated Ta crucible, the

Cu(111) sample was annealed to � 500 K. This leads to
the formation of a well ordered C60 monolayer on a recon-
structed Cu(111) surface [Fig. 1(a)] [25]. Most molecules
are adsorbed with a C hexagon and give rise to a three-lobe
pattern. dI=dV spectra of the molecules [Fig. 1(b)] show
the characteristic features of C60 on reconstructed Cu(111),
a lowest unoccupied molecular orbital (LUMO) straddling
the Fermi energy, a highest occupied molecular orbital
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(HOMO) at V � �1:85 V, and a LUMOþ 1 at 1.4 V,
which is down-shifted compared to the unreconstructed
surface [25]. Contacts to these molecules are stable up to
V � �1:7 V and I � 50 �A.

The transition from tunneling to contact was probed
by bringing the STM tip closer to the sample in 63 steps
of � 1:7 pm each at a rate of 2–10 steps per second.
Constant-current images were recorded before and after
contact experiments and the current was monitored to
detect changes of tip or sample. All data presented here
were recorded without any detected changes.

Figures 1(c) and 1(d) show the tip displacement versus
the conductance G ¼ I=V at positive sample voltage V ¼
1:6 V along with a series of light emission spectra, which
were recorded simultaneously. The data cover the range
G=G0 ¼ 0:01–0:22. The highest conductances are close to
those reported from contacts to C60 on Cu(111) at low bias
[26]. At the high positive bias used here (1:3–1:6 V),
further tip approach typically led to decomposition of the

molecules [27]. The overall shape of the spectra reflects the
tip-induced plasmon resonance of the junction [28]. The
electronic states of the molecule, in particular the LUMO
around the Fermi level, are involved in the process as they
provide the final states for inelastic transitions [11], but
they do not cause distinct features in the spectra. The
emission at low conductances G & 0:05G0 occurs at pho-
ton energies h� < eV as expected for one-electron pro-
cesses. At elevated conductances, emission at h� > eV is
also observed. It has been attributed to electrons which
have been promoted to the energy levels above the Fermi
energy via electron-electron scattering [12,29,30].
Figure 2 displays the conductance and a sequence

of spectra acquired at V ¼ �1:7 V. The conductance
[Fig. 2(a)] exhibits a jump from tunneling to contact;
however, no irreversible changes of the tip or sample occur.
Spectra of the emission in the tunneling range [Fig. 2(b)]
show low intensity. At the point of contact with the mole-
cule, the intensity drastically increases. It reaches maxi-
mum in the contact range at a conductance of �0:2G0 and
then decreases despite the continued increase of the cur-
rent. In the contact range one- and two-electron compo-
nents are clearly resolved in the spectra. Below we focus
on single electron processes (h� < eV).
The photon yield, which we define as the intensity in the

range h� < eV per current and normalized to 1 at low
conductances, is shown in Fig. 3. At V > 0, Fig. 3(a), the
yield decreases monotonically. The variation is signifi-
cantly different at negative bias. In the tunneling range at
conductances G> 0:015G0 the photon yield slightly
increases. At the point of contact formation (arrow in
Fig. 2), it abruptly rises by a factor of � 2:5. Deeper in
the contact range the yield decreases again with a change
of slope at 0:25G0.
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FIG. 2 (color online). (a) Tip displacement versus conductance
from tunneling to contact at V ¼ �1:7 V. (b) Series of lumi-
nescence spectra recorded simultaneously with (a). Contour lines
correspond to multiples of 5� 105 s�1 eV�1. An abrupt transi-
tion to contact occurs at the tip displacement indicated by
the arrow.
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FIG. 1 (color online). (a) Constant-current STM image of a
C60 monolayer on Cu(111). The white circle indicates a mole-
cule adsorbed with a carbon hexagon. (b) Model of the molecule
viewed from the STM tip (inset) and differential conductance
(dI=dV) spectrum acquired with current feedback disabled over
the molecule marked in (a). (c) Conductance in units of the
conductance quantum G0 ¼ 2e2=h recorded during stepwise tip
displacement from the tunneling range towards contact at V ¼
1:6 V. (d) Series of luminescence spectra recorded simulta-
neously with (c). Intensities are represented by false colors.
Contour lines correspond to multiples of 1:8� 106 s�1 eV�1.

PRL 109, 186601 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

2 NOVEMBER 2012

186601-2



Below we show that the marked dependencies of
the light emission on the conductance and on the bias
polarity can be traced back to the nonequilibrium elec-
tronic structure of the molecular contact. We performed
first-principles density functional theory (DFT) and non-
equilibrium Green function (NEGF) calculations of the
electronic structure and the conductance using the
SIESTA/TRANSIESTA code [31,32]. Detailed information

can be found in the Supplemental Material [33]. Five
electrode separations covering the range from tunneling
to contact were considered. The inset of Fig. 4(a) shows the
relaxed geometry of the junction at the smallest electrode
spacing. Following Refs. [34–36] we consider the plasmon
excitation and resulting photon emission as a ’’measuring
device’’ for the excess quantum noise generated by the
current in the junction. Importantly, rather than using
averaged currents in the electrodes far away from the
junction [35], we consider the local currents between C60

and the electrodes. Previously only the current between tip
and sample was used in the description of the tunneling
regime [37]. Here, however, we define the C60 molecule as
the device (d) and consider the local current injected into d

from the sample Îs and from the tip Ît. According to charge

conservation, their sum Îd ¼ Îs þ Ît characterizes the fluc-
tuations of the C60 charge Qd,

_̂Qd ¼ � _̂Qs � _̂Qt � Îs þ Ît: (1)

In the limit of zero temperature (kBT � h�), the excess
shot noise with frequency � is characterized by the current-
current correlation function, S��ðh�Þ, �;� ¼ s; t; d. This

can be written using the electrode scattering states c t; c s

[34,35],

S��ðh�Þ ¼ h
X

l"s>�s
"t<�t

hc tjÎ�jc sihc sjÎ�jc ti�ð"t � "s � h�Þ;

(2)

for positive sample bias eV ¼ �t ��s > 0. s and t should
be exchanged for V < 0.

The ’’diagonal’’ correlations S�� are proportional to the
emission rate of photons with energy h� driven by the

fluctuations of Î� [34]. The noise S�� and the currents

can be obtained directly from the DFT-NEGF calculations
(see the Supplemental Material [33]). Importantly, we can
gain insight into which of the current fluctuations are most
strongly coupled to the photon emission by comparing
calculated and measured yields. Figure 4 shows the calcu-
lated normalized yield Y�, which is defined as emission
rate per dc current (S��=I), and normalized to 1 at low
conductances, for the five electrode separations at V ¼
	1:5 V and h� ¼ 1:2 eV. In the case V > 0, all calculated
S��, � ¼ s; t; d, are similar in magnitude, and result in a
slowly decreasing yield [Fig. 4(a)] with increasing con-
ductance. This is in accordance with the experimental data
of Fig. 3(a). For V < 0 [Fig. 4(b)], the calculated results are
markedly different. The rates due to fluctuations of the

molecular charge Îd and the sample-molecule current Îs
are approximately 4 times larger than that due to Ît, the
fluctuation of the molecule-tip current. Moreover, they
cause a strong increase of the emission as a contact is
formed. This behavior closely resembles the experimental
data of Fig. 3(b). We note that the atomic structure was
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FIG. 3 (color online). Yield of photons with 1:22< h� <
1:57 eV and 1:21< h� < 1:62 eV versus conductance at
(a) positive and (b) negative sample voltage V, respectively.
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FIG. 4 (color online). Calculated zero-temperature noise
yields Y� ¼ S��=I, � ¼ s; t; d, normalized to 1 at low conduc-
tance as a function of average conductance from tunneling to
contact. (a) Positive, (b) Negative sample bias. The approximate
curve was obtained using Eqs. (3) and (4), and all others using
Eq. (2). Lines serve to guide the eye. Inset of (a): Calculations
were carried out for five tip-C60 distances. Here the relaxed
geometry of the contact region at the smallest distance is
displayed.
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relaxed at zero bias and does not capture the abrupt jump-
to-contact observed for V < 0.

In order to understand the trend of the yield with tip
approach we derive approximate simplified expressions for
Sss and Stt assuming wideband electrodes and uncoupled
eigenchannels at different energies (cf. the Supplemental
Material [33]). Denoting the channel transmissions at sam-
ple bias V by Tn, we get the approximations

S>ss /
X
n

Z jeVj=2

�jeVj=2þh�
Tnð"Þ½1� Tnð"� h�Þ
d"; (3)

S<ss /
X
n

Z jeVj=2

�jeVj=2þh�
Tnð"� h�Þ½1� Tnð"Þ
d" (4)

for V > 0 and V < 0, respectively. As to Ît, S
>
tt ¼ S<ss and

S<tt ¼ S>ss. Because of the charge fluctuations in the C60

molecule, the finite frequency noise components Sss and
Stt are different. In the zero-frequency limit Sss and Stt
yield the standard expression for shot noise [38].

In the weak-coupling, tunneling limit (Tn � 1) a change
of the electrode spacing leads to a mere scaling of the
entire transmission function, which results in a nearly
constant yield (normalized to 1). As the separation is
reduced towards contact, different parts of the transmission
spectrum increase at different rates, which reflects the
details of the electronic spectrum in the nonequilibrium
situation. This behavior may be approximately described
with a simplified expression of the yield, for a single
channel in the low conductance regime,

Y>
s /

Z jeVj=2

�jeVj=2þh�

~Tð"Þd"; (5)

Y<
s /

Z jeVj=2

�jeVj=2þh�

~Tð"� h�Þd": (6)

Here ~T ¼ T= �T is the total transmission T normalized by its
average ( �T) in the bias window�0:75–0:75 V. The energy
dependence of ~T is shown in Fig. 5 for both polarities. At
positive bias, ~T in the tunneling and contact regimes are
rather similar in the energy range 0:45–0:75 eV that is
relevant for photon emission. However, for negative bias
at contact the transmission ~T is drastically increased in the
emitting energy range (� 0:75 to �0:45 eV). This is due
to the appearance of HOMO states. At zero and positive
bias the HOMO states are filled and do not transmit cur-
rent. At negative bias and close proximity of the tip and the
sample (G � 0:01G0), they participate in the current. This
results in an enhancement of the fluctuations of charge on
the molecule (Sdd) and, as a consequence, of the local
sample-molecule current (Sss). A similar enhancement is
not seen in the molecule-tip current fluctuations (Stt). We
thus conclude that the experimentally observed enhance-
ment of photon emission at contact is due to the fluctua-
tions of charge on the molecule (holes in the HOMO
states).

In summary, we observed that a C60 molecule has a
drastic effect on the emission of light from a quantum
contact. Despite the complexity of the molecular junction
the main features of the light emission, its dependence on
the conductance and the polarity can be understood in
terms of the excess shot-noise properties of the nonequi-
librium molecular junction itself. Moreover, we found that
the charge fluctuations in the molecule play a major role,
and may increase the emission significantly in the contact
regime, in contrast to the case of a metal atom contact. The
experimental technique and the theoretical approach can
provide new insights into the challenging fields of non-
equilibrium molecular electronics, quantum noise, and
plasmonics.
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[4] E. Cavar, M.-C. Blüm, M. Pivetta, F. Patthey, M. Chergui,
and W.-D. Schneider, Phys. Rev. Lett. 95, 196102
(2005).

[5] T. Uemura, M. Furumoto, T. Nakano, M. Akai-Kasaya,
A. Saito, M. Aono, and Y. Kuwahara, Chem. Phys. Lett.
448, 232 (2007).

[6] C.W. Marquardt, S. Grunder, A. Błaszczyk, S. Dehm,
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