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Single-Molecule Investigation of Energy Dynamics in a Coupled Plasmon-Exciton System
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We investigate the near-field interaction between an isolated free-base phthalocyanine molecule and a
plasmon localized in the gap between an NaCl-covered Ag(111) surface and the tip apex of a scanning
tunneling microscope. When the tip is located in the close proximity of the molecule, asymmetric dips emerge
in the broad luminescence spectrum of the plasmon generated by the tunneling current. The origin of the dips is
explained by energy transfer between the plasmon and molecular excitons and a quantum mechanical
interference effect, where molecular vibrations provide additional degrees of freedom in the dynamic process.
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The electromagnetic field of localized plasmons around a
metal nanostructure has a characteristic spatial distribution,
polarization, and field gradient [1-7]. In contrast to the
visible light propagating in a free-space with a wavelength
of hundreds of nanometers, the plasmonic field of the same
frequency can be localized down to ~1 nm. Precise under-
standing of plasmon-matter interactions, especially its
spatial dependence, is highly required for further applica-
tions of plasmonics in ultrasensitive sensors, spectroscopic
techniques, and energy-conversion devices. However, the
nanoscale spatial features in the plasmon-matter interaction
are still unclear because of the limited spatial resolution of
conventional optical methods.

Scanning tunneling luminescence (STL) spectroscopy,
where luminescence is induced by the injection of electrons
from the tip of a scanning tunneling microscope (STM),
provides a unique tool to investigate optical properties of
matters with atomic scale precision [8§—19]. A previous STL
experiment study reported that the energy of the localized
plasmon in the tunneling junction of an STM is absorbed by
molecules located close to the STM tip [20]. Although the
molecules were not visualized by STM in the study because
the molecules were deposited on the shank of the STM tip,
it was shown that molecular excitation by a plasmon (not by
tunneling electron injection) is possible in the STM con-
figuration. Theoretical investigations of plasmon-matter
interaction show that energy transfer (absorption and emis-
sion) and interference effects can drastically modify the
optical response of the coupled systems [21-26]. These
pioneering works imply that the plasmon-molecule inter-
action can be investigated with an unprecedented precision if
the near-field excitation of molecules by a localized plasmon
and the capability of the STM to visualize individual
molecular orbitals are successfully combined.

Here, we provide a precise description of the near-field
interaction between a localized plasmon and a single
molecule. The gap plasmon localized in the STM tunneling
junction is used as a spatially controllable plasmonic probe
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driven by the tunneling current, and detailed STL mea-
surements in the proximity of a free-base phthalocyanine
(H,Pc) molecule are performed. It is shown that even a
single molecule modifies the optical property of the system
to form “asymmetric dip” structures in the broad lumines-
cence spectrum of the localized plasmon. Spectral analysis
based on the quantum many-body theory [23,24] clarifies
that the dip structures originate from energy transfer
between the localized plasmon and molecular excitons.
The spatial dependency of the spectroscopic signals in
combination with the orbital visualization with STM
reveals an anisotropic plasmon-exciton coupling through
a radially polarized plasmonic field.

All experiments were performed with a low-temperature
STM (Omicron) operating at 4.6 K under ultrahigh vacuum
(UHV). Preparation of the sample and silver tips and
experimental setup are described elsewhere [18]. H,Pc
was deposited onto the NaCl-covered Ag(111) at 4.7-10 K
cooled in the STM head using an evaporator heated to 675 K.
The STM stage was designed to be equipped with two optical
lenses. The emitted light was collimated with the lens and
directed out of the UHV chamber, where it was refocused
onto a grating spectrometer (Acton, SpectraPro 2300i) with a
photon detector (Princeton, Specl0) cooled with liquid
nitrogen. All the optical spectra (except for Figs. S6 and
S7 in the Supplemental Material [27]) were measured using a
grating with 300 gr/mm. The STL spectra are not corrected
for the optical throughput of the detection system.

Figure 1(a) illustrates the design of the experiment to
investigate the detail of the near-field interaction between
the localized plasmon and molecular excitons. The tunnel-
ing current of the STM generates the plasmon localized in
the gap between the NaCl-covered Ag(111) surface and the
Ag STM tip [29,30]. The plasmon then interacts with the
molecule through the plasmon-exciton coupling, and
the photons emitted from this coupled system are detected.
The strength of the plasmon-exciton coupling is fine-tuned
by changing the lateral distance between the molecule
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FIG. 1. Emergence of “dip” structures in STL spectra. (a) A
schematic illustration of the experiment. u represents the transition
dipole moment of H,Pc, which is oriented in the molecular plane.
(b) An STM topographic image of H,Pcs adsorbed on a three
monolayer-thick NaCl(100) island grown on Ag(111) (sample bias
voltage V = —2.5 V, tunneling current 7 = 2 pA, 25 x 25 nm?).
(c) The measurement tip positions for the spectra shown in (d) and
(e) and the definition of the coordinates around the molecule. An
H,Pc (gray: C, blue: N, white: H) has two hydrogen atoms with a
trans configuration at the molecular center. We follow the conven-
tional definition of the molecular axes x and y, (x axis: parallel to
N-H H-N bond) [32]. € is measured from the x axis of H,Pc.
The column on the right is the list of the distances r measured from
the molecular center. (d), (e) a series of STL spectra measured on
and near an H,Pc/NaCl with different tip positions on the NaCl
film (V =—-2.3 V,I =50 pA, exposure time ¢ =3 min). The
spectra are offset for clarity. A theoretical simulation correspond-
ing to (d) is given in Fig. S2.

and the location of the localized plasmon with angstrom
precision.

Figure 1(b) shows a topographic image of the sample.
Since the electronic decoupling of a molecule from a
metallic substrate is necessary to measure the intrinsic
optical properties of the molecule [11], H,Pc was deposited
on an ultrathin NaCI(100) film [31] grown on Ag(111) (see
Fig. S1 for the results of scanning tunneling spectroscopy).
We define the coordinates around the molecule in Fig. 1(c).

A series of luminescence spectra induced by the tunneling
current were obtained near an H,Pc/NaCl as a function of the
lateral distance of the STM tip from the molecular center

[Figs. 1(d) and 1(e)]. When the tip is placed far from the
molecule (r > 4 nm, # 1, 2), the luminescence spectrum is
dominated by a broadband emission, which is attributed to
the radiative decay of the localized plasmon [9]. Remarkably,
dip structures emerge at 1.81 and 1.92 eV in the broad
spectrum when the tip is positioned close to the molecule
(r = 1.4-3 nm, # 3—11), and the spectral features becomes
prominent as the tip is closer to the molecule. When the STM
tip reaches the edge of the molecule where the direct
excitation of the molecule by carrier injection turns into a
possible pathway, intensive molecular electroluminescence
is observed [Fig. 1(e)] [17,18]. The luminescence peaks at
1.81 and 1.92 eV are attributed to transitions from the first
and second singlet excited states of H,Pc, so-called the Q,
and the Q, states [32-35], respectively. The small peaks at
1.60-1.75 eV are the vibronic satellites of the transition from
the Q, state (peak assignment is given in Fig. S3).

When the STM tip is located close to but outside of the
molecule (#3-11), the molecule is not directly excited by
charge injection. Hence, the emergence of the dips is
attributed to the electromagnetic interaction between the
molecular excitons and the localized plasmon that is gen-
erated by the inelastic tunneling current [9]. Figure 2(a)
shows two representative STL spectra measured with tip
positions far from and close to the molecule. We define the
STL spectrum measured with the tip located far from the
molecule as /; and that measured close to the molecule as
I(r,0). As shown in Fig. 2(b), the ratio spectrum [/ I, clearly
reveals the change in the spectral shape resulting from the
plasmon-exciton coupling. The larger dip at 1.81 eV has an
asymmetric feature, and the smaller dip at 1.92 eV has amore
complex shape.

The origin of the dip structures is investigated based
on the theory of STL using the nonequilibrium Green’s
function method [23,24] (see Supplemental Material [27]).
Figure 2(c) shows calculated STL spectra with the plasmon-
exciton coupling Ag of 0 and 10 meV, and Fig. 2(d) displays
the I /1, spectrum. STL spectra with and without the exciton-
plasmon coupling term corresponds to the situations where
the STM tip is located close to and far from the molecule,
respectively. When g = 10 meV, the energy of localized
plasmons is absorbed by the electronic transitions of the
molecule through the plasmon-exciton coupling, which leads
to the dip structures at 1.81 and 1.92 eV. The asymmetric
spectral profile is explained by a quantum mechanical
interference effect (Fano-like effect) [21,23,24,36] The
energy of localized plasmons is absorbed by the molecule,
and then the energy of the excited molecule is reemitted into
localized plasmons. These processes interfere with each
other, and the constructive and destructive interference of
these processes leads to the enhancement and suppression of
the energy transfer, resulting in asymmetric spectral shapes
[23,24]. These dynamic processes in the coupled plasmon-
exciton system are schematically summarized in Fig. 2(e).
The energy of the localized plasmon is absorbed by the
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FIG. 2. Spectral analysis of the dip structures: comparison with
theoretical calculations. (a) STL spectra measured on the NaCl
film with r =22 nm (upper) and 4 nm (lower) (6 = 45°,
V =-25V, I=250 pA,r=>5 min). (b) An I(r,0)/I, spec-
trum (r = 2.2 nm, 6 = 45°), generated by dividing the upper
curve (/) with the lower curve (/;) in (a). (c) Calculated
luminescence spectra using the theory of STL [23,24] with
plasmon-exciton coupling 2g = 0 (lower) and 10 meV (upper).
Two molecular excited states with 1.81 and 1.92 eV are assumed.
(d) An I/1 spectrum using the two simulated spectra in (c). (e) A
schematic diagram illustrating the dynamic processes arising
from the plasmon-exciton coupling. G and E stand for the ground
and excited states of the molecule, respectively.

molecule (upward arrow), and then the energy is reemitted
into plasmons (downward solid arrow) or the energy is
nonradiatively dissipated (downward dashed arrow).

Figure 3(a) shows the 6 dependence of the absorption
signal [0 is defined in Fig. 1(c)]. When the STM tip is on
the x axis (0 = 0°), the spectrum shows only one large dip
at 1.81 eV (the Q, state). Additionally, several small dips
are found around 1.90 eV, which will be discussed later.
When 6 = 90°, the Q, dips disappear, and the spectrum
displays only the Q, dips around 1.92 eV with a rather
complicated dip structure. The congested spectral feature
has been explained by state mixing between the Q, state
and vibrationally excited Q, state [33-35]. If the tip is
placed between the x and y axes (6 = 45°), both the Q. and
Q, dips appear.

The clear separation of the Q, and Q, signals depending
on 6 reveals how the molecular excitons are coupled with
the localized plasmon. The STM observation confirms that
H,Pc adsorbs with the molecular plane parallel to the
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FIG. 3. Angle dependency in the plasmon-exciton coupling.

I(r,0)/I, spectra measured at 8 = 0°, 45°, 90° and r = 1.6 nm
(V=-22V,I =500 pA,t =5 sec, averaged 50 spectra). The
corresponding STM images were obtained with V = 0.6 V and
I =5 pA. (b) Calculated molecular orbitals (HOMO, LUMO,
and LUMO + 1) of H,Pc in the gas phase. The calculations were
performed with Gaussian09. The color (red or blue) represents the
sign of the phase of the wave function. While HOMO is an odd
function both in x and y, LUMO (LUMO + 1) is odd in x (y) but
even in y (x). All the three MOs are odd in z.

surface, and the transition dipole moments (TDMs) fi of
H,Pc associated with the O, and Q, states are parallel to
the molecular plane and polarized in x and y directions,
respectively [32,33]. Therefore the plasmon-exciton cou-
pling should be mediated by the horizontal component of
the electric field E7|| (@) of the localized plasmon [37,38].
While E] (w) consists of radial and angular components,
E_h () = Er(w) + E,(w), the angular component Ey() is
zero with an axially symmetric STM tip, or negligibly
small in the reality of a slightly asymmetric tip, and Iz:h (w)
should be predominantly polarized in the radial direction
E] (0) ~ fr(a)) Therefore, when 8 = 0° (90°), the radially
polarized electric field of the localized plasmon aligns
parallel with the direction of the TDM of the Q, (Q,) state,
and the Q, and Q, can be selectively excited depending on
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the tip position. Based on these considerations, it can be
concluded that the localized plasmon as an excitation
source provides us a unique way to determine the direction
of a TDM. From the other viewpoint, the single molecule
can be regarded as a local probe of the strength and
polarization of the plasmonic field, enabling a visualization
of its spatial distribution.

Real-space characterization of local excited states as
demonstrated here is not feasible with usual STM techniques
because of the short lifetime of the excited states. This
capability is particularly valuable, because, energy levels
of amolecule at the excited state are not directly deduced from
those at the ground state, and this is also a nontrivial issue even
for sophisticated first principles calculations [32]. Based on
the energy levels of the ground state of H,Pc, the electronic
transition between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
seems to contribute to the first singlet excited state and the
HOMO — LUMO + 1 transition to the second singlet excited
state. However, previous studies of H,Pc have determined
that the HOMO—LUMO (HOMO — LUMO + 1) transition
is the major component of the second (first) singlet excited
state, inversely [32]. This remarkable assignment is consistent
with our results. As shown in Fig. 3(a), the second singlet
excited state (Q,) is exclusively detected when the direction
of E] (w) is aligned with the y axis of HyPc (0 = 90°), in
which only the electric dipole transition between the HOMO
and LUMO is allowed by the selection rule. In addition, the
HOMO-LUMO transition in the x direction is prohibited by
the selection rule. This is because both MOs have the same
(odd) parity in x [Fig. 3(b)], and the Q, state is never detected
when E] (w) is aligned with the x axis (6 = 0°).

Finally, we analyze fine structures in the /1, spectrum.
Figure 4(a) shows an /I, spectrum of the Q, state with a
better signal-to-noise ratio. In addition to the large asym-
metric dip at 1.81 eV, small dips and peaks are observed on
the higher- and lower-energy sides, respectively. By sub-
tracting the large asymmetric component from the interfering
0-0 transition, the fine structures are clearly revealed [lower
curve in Fig. 4(a)]. Reminiscent of the mirror symmetry
between absorption and emission spectra [35], the dips and
peaks are located at symmetric positions with respect to the
band origin of the Q, state (1.81 eV). The peaks below
1.81 eV match with the vibronic satellites in the STL
electroluminescence [Fig. 1(e) and Fig. S3] and photo-
luminescence spectra [35], showing that they originate from
luminescence of the Q, state. The dips above 1.81 eV agrees
well with the polarization-sensitive fluorescence excitation
spectrum of H,Pc in the solid Ar matrix [33], indicating that
they originate from the energy absorption by the Q, state.
More detailed assignment of the peaks and dips are discussed
in the Supplemental Material (Fig. S4) [27].

The state transitions observed in the /[, spectrum are
summarized in the energy diagram [Fig. 4(b)]: interfering
energy absorption and emission at 1.81 eV, transitions from
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FIG. 4. Fine structures in I/I, spectrum. (a) The same
measurement as the top curve in Fig. 3(a) was performed with
a different tip condition (r = 1.8 nm, V = —2.2 V, I = 500 pA,
t =5 sec, averaged 100 spectra). The experimental data were
fitted with a single Breit-Wigner-Fano function and was sub-
tracted by the fitted curve to give the lower curve. (b) An energy
diagram summarizing the observed transitions. G, ground state;
E, excited state.

the ground state to the vibrationally excited Q, state (above
1.81 eV), and transitions from the vibrational ground state
of the Q, state to the vibrationally excited states of the
electronic ground state (below 1.81 eV). Note that the
molecular luminescence observed here was not induced
by photon irradiation nor by electric current flowing
through the molecule (the reason for neglecting the current
flow is discussed in the Supplemental Material [27]). This
is a novel molecular luminescence phenomenon induced
purely by the localized plasmon, which can be called
plasmoluminescence.

In conclusion, we have revealed the detailed coupling
mechanism of the localized plasmon with a single-molecular
exciton, which is mediated by the horizontal component
of the radially polarized plasmonic field. We also have
described the energy dynamics in the coupled plasmon-
exciton-vibron system [23,24]. The reason why the dip
formation was not observed in previous works [13,17,19]
might be that the signal intensity measured outside the
molecule is much weaker than that measured inside the
molecule [Figs. 1(d) and 1(e) and Fig. S6]. Our results also
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demonstrate that the use of the localized plasmon as a point
excitation source enables us to determine the electronic
and vibronic excitation energies of a single molecule and
their polarization directions with a molecular scale spatial
resolution. As shown in Fig. S7, the energy of the localized
plasmon is tunable from the near-infrared to the visible
range; thus, our methodology is expected to be widely
applicable to various molecules, clusters, and local defects,
even including nonluminescent objects. More importantly,
our findings pave the way for establishing an absorption and
emission spectroscopy with the ultimate sensitivity and
spatial resolution, which will certainly expand our percep-
tion into fundamental energetic processes taking place at the
single-molecule level.
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