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P H Y S I C A L  S C I E N C E S

Charge-transfer dipole low-frequency vibronic 
excitation at single-molecular scale
Cancan Lou1†, Yurou Guan2,3†, Xingxia Cui1†, Yafei Li1, Xieyu Zhou2,3, Qing Yuan1,  
Guangqiang Mei1, Chengxiang Jiao1, Kai Huang1, Xuefeng Hou1, Limin Cao1, Wei Ji2,3*,  
Dino Novko4, Hrvoje Petek5*, Min Feng1,5,6*

Scanning tunneling microscopy (STM) vibronic spectroscopy, which has provided submolecular insights into electron-
vibration (vibronic) coupling, faces challenges when probing the pivotal low-frequency vibronic excitations. Because 
of eigenstate broadening on solid substrates, resolving low-frequency vibronic states demands strong decoupling. 
This work designs a type II band alignment in STM junction to achieve effective charge-transfer state decoupling. This 
strategy enables the successful identification of the lowest-frequency Hg(ω1) (Raman-active Hg mode) vibronic excita-
tion within single C60 molecules, which, despite being notably pronounced in electron transport of C60 single-molecule 
transistors, has remained hidden at submolecular level. Our results show that the observed Hg(ω1) excitation is 
“anchored” to all molecules, irrespective of local geometry, challenging common understanding of structural defini-
tion of vibronic excitation governed by Franck-Condon principle. Density functional theory calculations reveal exis-
tence of molecule-substrate interfacial charge-transfer dipole, which, although overlooked previously, drives the 
dominant Hg(ω1) excitation. This charge-transfer dipole is not specific but must be general at interfaces, influencing 
vibronic coupling in charge transport.

INTRODUCTION
Understanding electron-vibration, i.e., vibronic, coupling at the single-
molecule level is of crucial importance for understanding of various 
physical phenomena in solids and their interfaces. This includes ex-
ploring intricate energy dissipation pathways (1–6) and correlated quan-
tum states (7–12). Single-molecular transport measurements (13–16), 
accomplished by delicately creating a broken junction to assemble one 
molecule between the electrodes, have successfully revealed vibration-
coupled currents within individual molecules. As the vibronic coupling 
strongly correlates with integral over the initial and final vibronic states 
(17–19), the analysis of the defining processes can face challenges be-
cause of the unresolved molecular adsorption configurations between 
the junctions.

To circumvent the orientational inhomogeneity, scanning tunneling 
microscopy (STM) vibronic spectroscopy is capable of detecting tunnel-
ing currents modulated by vibronic excitations with submolecular reso-
lution (5, 20–29). This contributes substantially to understanding of how 
molecular structural parameters affect vibronic excitations, such as the 
role of vibration itself (5, 30), molecular electronic state’s symmetries 
(21–24), and other factors (25–28, 31). However, STM vibronic spectros-
copy faces limitations when probing vibronic states associated with low-
frequency vibrations, although they have been recognized critically relevant 
to charge transport in single molecules under nonequilibrium conditions 
(13, 14, 27, 32, 33). The situation is exemplified by C60, which is one of 

the most extensively studied prototype molecules. C60 has eight Raman-
active Hg modes (34), denoted as Hg(ω1) to Hg(ω8), with progressively 
increasing vibrational frequency. Despite evidence of multiple Hg modes 
of C60 being active in STM vibronic spectroscopy (25, 35), the lowest-
energy Hg mode, Hg(ω1) with ~33-meV frequency, has remained unde-
tected. This stands in a sharp contrast to C60 single-molecule transistor 
measurements (13), where Hg(ω1) mode is detected as having an active 
role in electron transport.

The absence of the Hg(ω1) signal in STM vibronic spectroscopy 
could be attributed to its energy broadening (Γ) on solid surfaces, 
defeating the eigenstate resolved vibronic spectroscopy on electronic 
substrates (24, 25, 36). To resolve individual vibronic states, Γ must 
be smaller than the associated vibrational quanta (ℏω). Given that Γ 
is inversely proportional to the transient lifetime (τ) of vibronic states 
(indicated by Γτ = ℏ, where ℏ is the reduced Planck constant) (36, 
37), previous STM studies introduced atomically thin insulating lay-
ers between the molecule and the metallic substrate to extend τ and 
thereby reduce Γ (21–27, 31, 35, 38). The thickness of these isolating 
atomic spacers, however, must be constrained to enable successful 
tunneling, hindering continuous reduction of Γ by adding more lay-
ers of atomic spacers. This limitation makes it challenging to resolve 
the low-energy ℏω modes. In the case of C60, the Hg(ω2) mode of 
approximately 56 meV has been successfully detected in C60 ad-
sorbed on thin oxide layers (25, 35). The Hg(ω1) mode, however, has 
eluded detection by such means.

Can Γ be further reduced in STM junctions to enable the detection 
of Hg(ω1) vibronic state? In this study, we propose an effective strategy 
to decouple vibronic excitation from the substrate. By using a bulk semi-
conductor as the substrate, the molecular electronic states within the 
bulk bandgap are decoupled from the substrates, without introducing 
exogenous factors such as interface modification by introduction of 
insulating layers. Specifically, we achieve type II band alignment by 
supporting C60 molecules on the van der Waals (vdW) semiconductor 
SnSe(001) substrate (39–41), taking advantage of the lowest unoccupied 
molecular orbitals (LUMOs) of C60 extending below the conduction 
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band minimum (CBM) of SnSe, as is shown in Fig. 1. The p-doping of 
SnSe single crystal lowers its Fermi energy (EF) below the valence band 
maximum (VBM), making it conductive to prevent charging of the 
STM junction.

STM measurements reveal that thermally evaporated C60 on 
SnSe(001) surfaces condenses into two types of islands, wherein C60 
molecules exhibit three distinct STM contrasts. Combining with 
density functional theory (DFT) calculations, we determine the ad-
sorption configurations of C60 molecules. The scanning tunneling 
spectroscopy differential current-voltage (dI/dV) spectra exhibit fea-
tures induced by vibronic excitation in the LUMO resonances with-
in the substrate’s gap, with an energy-dependent Γ of 11 to 29 meV. The 
experimental data show that Γ decreases as vibronic states detune 
from the CBM, suggesting judicious design of the type II alignment 
to affect decoupling. Our finding promotes the application of type II 
band alignment to enhance decoupling in diverse electronic and en-
ergy harvesting systems.

Our experimental approach allows exposure of the previously 
concealed Hg(ω1) vibronic excitation. Measurements of second dif-
ferential d2I/dV2 spectra on different molecules resolve Hg(ω1) vi-
bronic peak progressions. In addition, we find that the Hg(ω1) vibronic 
excitation is independent of the various molecular adsorption con-
figurations and environmental conditions. This observation is con-
trary to common STM vibronic spectroscopy, which found that there 
is a sensitive relationship between the vibronic excitation and the 
local molecular configuration (5, 20–27). Our DFT calculations un-
veil that a charge-transfer induced transient dipole plays a role in Hg(ω1) 
vibrational excitation. This vibronic arrangement originates from inter-
facial charge redistribution upon electron tunneling, creating a tran-
sient interfacial dipole at C60-SnSe interfaces. In C60 molecules, the 
charge density deformation accompanying specific Hg(ω1) vibration 
exclusively causes a molecular charge fluctuation dipole to become 
nearly aligned with the interfacial dipole, enhancing its excitation over 
other Hg modes. These microscopic dipoles and their effects on vi-
bronic excitations have been neglected in previous vibronic excitation 
studies (20–27).

RESULTS
Adsorption of C60 on SnSe(001)
C60 molecules evaporated onto SnSe form a compact film (Fig. 2A), 
featuring two alternating regions, for convenience, labeled region A 

and region B. These regions consistently alternate, with their extend-
ed boundaries (indicated by white dashed lines in Fig. 2A) aligned 
with the zigzag (ZZ) direction of the SnSe substrate. A closer look at 
region A, as presented in Fig. 2B, reveals that C60 molecules aggre-
gate into a distinct superlattice, as delineated by the black dashed 
parallelogram in Fig.  2B. This supercell comprises five C60 mole-
cules, displaying three distinct STM contrasts. The first category has 
an asymmetric two-lobed morphology (labeled as MI), the second 
appears as a round protrusion (MII), and the third takes shape of a 
symmetric two-lobed protrusion [MIII(1)]. In region B, a superlattice 
does not form, but C60 molecules appear with the same three STM 
contrasts distributed randomly (Fig. 2C). All correspond to MI to 
MIII in region A, but MIII molecules in region B are oriented in a dif-
ferent direction, denoted as MIII(2).

Our DFT calculations reveal structural details of each configura-
tion with input for the analysis from literature (42–46) (see text S1, 
table S1, and fig. S1 for more details). Configuration MI is the most 
stable adsorption structure (Fig. 2D), with a C60 h:h (“h:h” denotes 
C═C bond of two side-by-side hexagons) bond adsorbed on a Sn-Sn 
vdW bridge site (Sn-vb-Sn). The h:h bond on the C60 top is parallel 
to the armchair (AC) direction of SnSe(001) (Fig. 2D). Configura-
tion MII is the second most stable, with a h:p (“h:p” denotes the C═C 
bond joining one pentagon and one hexagon) bond residing on top 
of the Se atom (Se-t) site and aligning with the AC direction (Fig. 2E). 
Configurations MIII(1) and MIII(2) correspond to h:h bonds adsorbed 
on Sn-Se vdW bridge sites (Sn-vb-Se), with a 45° inclination relative 
to the AC direction for MIII(1) (Fig.  2F) and a 90° inclination for 
MIII(2) (Fig. 2G), respectively.

In-gap LUMO resonances at C60-SnSe(001) interfaces
Despite the presence of various adsorption configurations, the scan-
ning tunneling spectroscopy dI/dV spectra demonstrate that all C60 
on SnSe(001) surfaces exhibit semiconducting behavior character-
ized by well-resolved highest occupied molecular orbital (HOMO) 
and LUMO resonances (see fig. S2). Notably, the HOMO peaks con-
sistently appear 1.7 to 1.8 eV below the VBM of SnSe, while the 
LUMO resonances partially overlap with the substrate’s conduction 
band edge (fig.  S2). This observation aligns with a type II band 
structure at the C60-SnSe(001) interface, as depicted in Fig. 1. This 
type II band alignment is further illustrated in Fig. 3 (A to C), where 
dI/dV spectra are presented for three categories of C60 in regions A 
and B, as well as for a C60 located at an edge of a molecular island 
(ME), representing typical molecules with diverse adsorption struc-
tures and varying local environments. Our detailed dI/dV measure-
ments, as shown in fig. S3, exhibit that the dI/dV resonances do not shift 
under varying tip-C60 distances. This confirms the band alignment in 
the STM junction without being affected by molecule charging (29). 
This verification underscores the compatibility of the p-doped SnSe 
single-crystal substrate with effective electron tunneling in STM 
measurements.

In Fig. 3 (A to C), the LUMO resonances for all molecules exhibit 
a prominent three-peak feature with diminishing peak intensity. With 
the energy difference between the peaks being approximately 230 meV 
(refer to fig. S4 and text S2 for more details), as described in text S2, 
this feature could be attributed to the known Jahn-Teller dynamical 
resonances of C60 (47–52).

Expanding the dI/dV LUMO resonances below the CBM of SnSe 
reveals additional features that depend on the adsorption character. As 
shown in Fig. 3 (D to F), the onset energies of LUMO of C60 relative to 

Fig. 1. Schematic description of the strategy to decouple molecular electronic 
states from substrates in an STM junction. The demonstration is accomplished 
by C60 adsorbing with its LUMO partially below the CBM of SnSe(001) surface. The 
EF crosses VBM of SnSe.
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Fig. 2. Adsorption structures of C60 on SnSe(001) surface. (A) STM topographic image (Vb = 2.0 V, It = 5 pA) of a typical C60 monolayer island. Regions A and B within 
C60 island are marked. The top-right inset shows the resolved Sn atoms (Vb = −1.0 V, It = 20 pA) on SnSe substrate near the island, confirming the alignment of the bound-
aries between regions A and B. The measured lattice constants of the rectangular unit cell of SnSe is LZZ = 4.1 ± 0.2 Å and LAC = 4.4 ± 0.2 Å in the ZZ and AC directions, 
respectively. (B) A close-up STM image (Vb = 1.3 V, It = 10 pA) of C60 in region A showing the parallelogram unit cell of the superlattice. The supercell is composed of three 
categories of C60 molecules with distinct STM contrasts marked by MI, MII, and MIII(1). (C) A close-up STM image (Vb = 1.3 V, It = 10 pA) of region B where C60 with the same 
three categories of typical STM contrasts are denoted as MI, MII, and MIII(2). (D to G) DFT calculated adsorption configurations for MI, MII, MIII(1), and MIII(2). The C═C bond for 
adsorption is highlighted by yellow color. The theoretical STM contrasts (bottom-left) and the experimental images (bottom-right) of these C60 molecules are displayed in 
the insets in (D) to (G), respectively.

Fig. 3. dI/dV spectra of C60 molecules and in gap LUMO resonances. (A to C) dI/dV (Vb = 1.3 V, It = 150 pA) spectra from MI, MII, and MIII(1) in region A; MI, MII, and MIII(2) 
in region B; and from ME at the island edge. The measurement locations are marked by the colored markers in (A) to (C). dI/dV spectrum of bare SnSe substrate is also 
provided to show the energy sites of VBM and CBM. Arb. unit, arbitrary unit. (D to F) Expanded LUMO resonance of MI molecule in regions A, B, and ME. The detuning of 
the C60 LUMO onset from the CBM of SnSe substrate is marked with the pink, green, and blue shadings. The insets show the numerical derivatives of the dI/dV spectra 
within the energy ranges defined by the colored shadings. The black dotted curves illustrate the Gaussian fittings of the peaks, and the yellow curves are their sums. The 
numbers give the extracted FWHM of the fitted peaks. All other markers in (D) to (F) are the same as those in (A) to (C).
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CBM vary for different regions, namely, ~0.84 eV in region A, ~0.94 
eV in region B, and ~0.98 eV at island edges (see text S3 for more de-
tails). This defines the energy difference between the onset of LUMO 
and the CBM of substrate for different molecules that is highlighted by 
the colored panels in Fig. 3. For C60 in region A, exemplified by MI 
(MII and MIII molecules show similar results) in Fig. 3D, pronounced 
saw-like peak shoulders emerge near the LUMO onset. These saw-like 
features diminish in intensity (Fig. 3E) for C60 in region B, where the 
LUMO onset is closer to CBM compared to that for C60 in region 
A. For ME, located close to CBM (Fig. 3F), these features are barely 
observable. Regarding the HOMO, which consistently lies deeper than 
the VBM of SnSe (fig. S2), these resonances cannot be resolved.

The saw-like feature in the dI/dV spectra has been identified as 
conductance modulation by vibronic excitation (24–26). The fact that 
this feature exclusively appears in the energy window where molecu-
lar states overlap with the substrate’s bandgap suggests that the ob-
served molecular vibronic states are considerably decoupled from 
those of the substrate. This decoupling persists as long as the molecu-
lar states are energetically constrained from overlapping with propa-
gating states of the substrate conduction band. That is, the below gap 
molecular LUMO features are surface states with wave functions that 
evanescently penetrate substrates, whereas molecular states above the 
bandgap are resonances with wave functions that hybridize with the 
propagating states of the substrate. This transition is well known for 
surface image potential states (53–55) and resonances. The molecular 
wave function penetration into the substrate opens new decay chan-
nels that are sensitive to its extent. This is observed by numerically 
differentiating the dI/dV and analyzing the resulting derivative peaks 
(shown in the insets in Fig. 3, D to F), which correspond to vibronic 
peaks that represent the abrupt conductance changes due to vibronic 

excitation. By performing Gaussian fitting on these derivative peaks 
to estimate the full width at half maximum (FWHM) as Γ, we observe 
an increase in FWHM values (insets in Fig. 3, D to F) as the energy 
difference between the C60 LUMO onset and the CBM of SnSe de-
creases. Specifically, the FWHM of the first vibronic peak is ~13 mV 
for MI in region A (Fig. 3D), ~22 mV for MI in region B (Fig. 3E), and 
~27 for ME (Fig. 3F). Moreover, Γ increases within the series of vi-
bronic peaks as the vibronic excitation approaches the CBM of the 
substrate. This is demonstrated by the FWHM of the first three pro-
nounced peaks, which increases from ~13 to ~18 mV for MI in region 
A (Fig. 3D), from ~22 to ~25 mV for MI in region B (Fig. 3E), and 
from ~27 to ~31 mV for ME (Fig. 3F). This trend is further corrobo-
rated in subsequent discussions where the second harmonic of the ac 
tunneling current, d2I/dV2, recorded simultaneously with the dI/dV 
spectra, captures the vibronic excitation signals with higher contrast.

Hg(ω1) vibrational excitation in C60
Recording d2I/dV2 reveals clear resolution of the Hg(ω1) vibronic ex-
citations (see fig. S5 for the simultaneously recorded dI/dV and d2I/
dV2 spectra). Our measurements indicate that the d2I/dV2 spectra 
are repeatable under varying measurement parameters (fig. S6). In 
Fig. 4 (B to D), we present typical d2I/dV2 for MI, MII, and MIII(1) 
molecules in region A. All spectra consist of a series of periodically 
spaced peaks. Similar phenomena are observed for MI, MII, and MIII(2) 
C60 in region B (Fig. 4, F to H). We note that detailed measurements 
within single molecules reveal location-dependent shapes of the spec-
tra, which, however, do not influence the following discussions and 
will be comprehensively described elsewhere. Following established 
protocols for analyzing vibronic states, each d2I/dV2 spectrum is fitted 
to a series of Gaussian peaks (21, 56) but includes state-dependent 

Fig. 4. Hg(ω1) excitation in d2I/dV2 spectra of C60 molecules. (A) STM image of MI, MII, and MIII(1) in region A. The colored dots mark the measurement sites of d2I/dV2 
spectra. (B to D) d2I/dV2 (Vb = 1.3 V, It = 500 pA) spectra for MI, MII, and MIII(1) in region A, respectively. The pink shading marks the energy window between the LUMO 
onset and CBM of substrate. The black color highlights the original spectra. The yellow and green dashed curves are the fitted two progressions, respectively. Their sum-
mation is represented by the blue, red, and purple curves in (B) to (D), respectively. The insets in (B) to (D) show the energy spacing between adjacent peaks with “N” 
marking the series of the energy spacing in the spectra. (E) STM image of MI, MII, and MIII(1I) in region B. The colored rhombus marks the measurement sites of d2I/dV2 
spectra. (F to H) d2I/dV2 (Vb = 1.3 V, It = 500 pA) spectra for MI, MII, and MIII(1) in region B, respectively. The green shading marks the energy window between the LUMO 
onset and CBM of substrate. All other presentations and markers in (B) to (D) are the same as those in (F) to (H).
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FWHM, which gradually increases as discussed earlier. In Fig. 4, the 
summation of the fitting results, represented by the blue, red, and pur-
ple curves for C60 with different adsorption configurations, reproduces 
well the experimental data (represented by the black curves). In fig. S7, 
we present the relation between the fitted FWHM of the d2I/dV2 
peaks with their energy differences relative to the CBM of the sub-
strate. The data demonstrate that as the vibronic states drop below 
the CBM, their FWHM decreases. This shows that detuning below 
the CBM decreases inelastic coupling to the substrate that decreases 
Γ. Therefore, our strategy reveals the possibility of controlling the 
coupling by design of the type II alignment of molecule-semiconductor 
interface, a methodology that is broadly applicable.

The Gaussian fitting of d2I/dV2 spectra show that they can be 
decomposed into at least two progressions of equally spaced peaks 
(details provided in text S4 and fig. S7) (19, 57). The two progres-
sions are represented by the yellow and green dashed curves in Fig. 4 
(B to D) and in Fig. 4 (F to H). Plotting the energy spacings between 
adjacent peaks in every sequence (insets in Fig. 4, B to D and F to H) 
obtains a consistent value of 30 ± 3 mV for the all the fitted data. 
The same spacing was obtained in d2I/dV2 spectrum for ME (inset in 
Fig. 3F).

The equidistant peaks in the d2I/dV2 spectra are recognized as 
the excitation of an integer number of vibrational quanta of a tran-
siently charged molecular state by tunneling electrons, known as a 
vibronic progression. Tunneling electrons excite a vibronic progres-
sion, with the energy spacing between the peaks corresponding to 
energy of the vibrational quanta (21, 24–26). For C60 grown on a 
thin aluminum oxide film on NiAl(110) layers, vibronic progres-
sions with an energy spacing of 56 ± 2, 94 ± 3, 138 ± 2, 150 ± 2, and 
65 ± 4 meV have been attributed, respectively, to vibronic excitation 
of Hg(ω2), Hg(ω4), Hg(ω5), Hg(ω6), and Ag(ω1) vibronic states of the 
transiently charged C−

60
 anion (25, 35). In our measurements, the 

observed series of peaks with a spacing of 30 ± 3 meV align with 
the energy quantum of Hg(ω1) vibration of a free C60 (34, 58). Given 
that C60 is adsorbed on SnSe surfaces with four types of adsorption 
configurations in the experiments, we calculate the energy quantum 
of the Hg(ω1) mode for C60 adsorbed on SnSe(001) surface (see 
table S2). Upon adsorption on SnSe, the fivefold-degenerate Hg(ω1) 
modes (34) retain their degeneracy, with the energy quantum 
consistently close to approximately 32 meV for all the studied 
adsorption configurations (table S2). Therefore, we attribute the 
observed progressions to the excitation of multiple quanta of the 
Hg(ω1) mode of C60.

To the best of our knowledge, these results represent the first in-
stance of clearly resolving the C60 Hg(ω1) vibronic excitation with 
single-molecular resolution. Our approach of taking advantage of the 
bulk gap of a semiconductor to decouple the vibronic states from the 
substrate is similar to the strategy of suspending individual single-
walled carbon nanotube above a trench for measuring vibration-
modulated current (59–61). In our study, the appropriate type II band 
alignment decouples adsorbate-substrate interaction accomplishing 
the same goal.

The charge-transfer dipole Hg(ω1) vibronic excitation
Figure 4 reveals another aspect: The spectra are consistently domi-
nated by the Hg(ω1) progressions for all measured molecules, re-
gardless of their adsorption configuration and local environment. 
This is in contrast to what is commonly observed for vibronic excita-
tions (21–26, 35).

Vibronic excitations are a consequence of nuclear motion to new 
geometry in response to a sudden electronic excitation (21–26, 62–
66). Intuitively, one might expect a molecule to deform depending 
on the specific molecular adsorption geometry and the unique local 
environment (21–25). This notion is asserted in the Franck-Condon 
(FC) principle of electronic excitation, where the excitation proba-
bility of a vibrational mode and its harmonics is determined by the 
vibronic overlap integral of the initial and final states (17–19). The 
FC principle finds extensive experimental support in the gas phase, 
where specific vibronic progressions communicate the nuclear struc-
ture rearrangement in electronic excitations (5, 30, 67). The same 
can happen for molecules adsorbed on surfaces, where the excited 
vibronic modes communicate changes in the structure of molecular 
electronic states that are simultaneously affected by the adsorption 
geometry (21–24), the neighboring molecules (25, 35), the underly-
ing substrate (24, 27), the symmetry of the electronic states of last tip 
atom (23, 68), and vibrationally mediated perturbations of the mo-
lecular electronic wave functions (22, 23). In the case of C60, for in-
stance, Hg(ω2), Hg(ω5), and Hg(ω6) modes were detected for molecules 
with orientations of the h, h:h, and h:p parallel to substrate surfaces 
(25). Our discovery of the dominant Hg(ω1) vibronic signal prompts 
further inquiry into its origin.

Contrary to conventional expectations, our findings align with 
previous observations of inelastic carrier scattering in single C60 
transistors (13), where Hg(ω1) vibronic signals persist irrespective of 
possible variations in C60 adsorption structures across different de-
vices. This exceptional result motivates effort exploring its excitation 
mechanism. Given that C60 assumes a transient anionic state during 
electron tunneling, we used DFT to compute the electronic struc-
tures of neutral C60 and negatively charged C−

60
 adsorbed on the SnSe 

substrate (fig. S8). Upon adsorption onto the SnSe surface, the origi-
nally threefold-degenerate LUMO states of free C60 lose their degen-
eracy, resulting in energetically separated LUMO states denoted as 
LUMO-a, LUMO-b, and LUMO-c states. For neutral C60, represent-
ing the MI, MII, MIII(1), and MIII(2) adsorption configurations, all 
three LUMO orbitals energetically sit within the bandgap of the SnSe 
substrate, without undergoing any electronic hybridization with 
SnSe substrate (fig. S8, B, E, H, and K). In the case of C−

60
 , upon an 

electron injecting into the C60 molecule, the LUMO orbitals of C60 
and the unoccupied bands of SnSe both shift downward to the EF 
(fig. S8, C, F, I, and L). Although there is a partial energy overlap of 
the LUMO-b and LUMO-c orbitals with the CBM of SnSe near the Y 
points, LUMO-a, the lowest in energy among all three LUMO orbit-
als, remains below the CBM of SnSe. This finding is consistent with 
the experimental observations of the low-energy tail of the LUMO 
resonances aligned below the CBM of SnSe.

We then explore the electron redistribution at the C60-SnSe inter-
face upon injecting of an external electron by computing the differ-
ential charge densities (DCDs) between of a C−

60
 anion and a neutral 

C60 molecules adsorbed on SnSe (ρDCD = ρanion − ρneutral). Here, ρ 
stands for the electron density. Figure 5A illustrates the DCD for the 
MI configuration, where an electron is introduced to the neutral C60 
molecule in its equilibrium geometry. This model represents the ini-
tial state of the system after adding an extra electron. In Fig. 5A, the 
black curve depicts the calculated charge variation perpendicular to 
the SnSe surface; it reveals a distinct dipole forming at C60-SnSe in-
terfaces, indicated by the thick gray arrow pointing from C60 to the 
surface. Analysis of the DCD for alternative C60 adsorption configu-
rations, such as MII, MIII(1), and MIII(2) (fig. S9), reveals analogous 
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interfacial dipoles. The independence of the formed dipole from 
specific structures confirms that the surface-normal dipole is robust 
at the C60-SnSe interface in the initial after adding an electron. The 
geometry would then dynamically respond to the excess electron, 
forming a dipole field modulation at the C−

60
-SnSe interface. We fur-

ther verified whether the interfacial dipole persists at the final-state 
extreme, the opposite extreme compared to the initial state depicted 
in Fig. 5A, where the atomic structures were fully relaxed to respond 
the excess electron. According to the corresponding DCDs (fig. S10), 
a notable interfacial dipole persists, establishing the general exis-
tence of a perpendicular dipole at the C60-SnSe interfaces upon dop-
ing with an excess electron.

We expanded our investigation to examine excess electron–triggered 
vibronic coupling in C60-SnSe. Direct calculation of the vibronic 
coupling strength for such a large interface poses a huge challenge to 
the state-of-the-art DFT. As an alternative, we used the deformation 
potential (Vdef) method, a practical approach for estimating vibronic 
coupling strength (see Materials and Methods for details) (69). The 
following discussion focuses on the Hg(ω1) and Hg(ω2) modes of 
C60. The Hg(ω2) mode represents higher-energy Raman-active Hg 
modes [from Hg(ω2) to Hg(ω8)] characterized by shear atomic mo-
tions, which is absent in Hg(ω1).

Considering the fivefold degeneracy of either Hg(ω1) or Hg(ω2) 
mode (34) [denoted as Hg(ω1)_I to Hg(ω1)_V and Hg(ω2)_I to 
Hg(ω2)_V in our subsequent discussion], the C60 adsorption con-
figurations, and the transient charge state in tunneling process, we 
plotted 80 Vdef curves in fig. S12. Figure 5B presents the deformation 
energy (Edef; integration of Vdef; see Materials and Methods for de-
tails) of each mode in each adsorption configuration, providing a 
more comparable measure of Vdef. The data show that the Edef value 
for the Hg(ω1)_I mode is consistently the highest compared to other 
modes in every adsorption configuration. Specifically, the Edef of 
Hg(ω1)_I (~15 eV) is about an order of magnitude larger than those 
of other modes (close ~1) in the MI (blue dots) and MII configura-
tions (red triangles). The predominant Edef value of Hg(ω1)_I among 
all considered cases indicates strong vibronic coupling of this mode 
for C60 on the SnSe surface. These quantitative results are consistent 
with the experimental observation of dominant Hg(ω1) vibronic ex-
citations for all measured molecules, regardless of adsorption con-
figuration and local environment.

To explore the origin of the notable Vdef of Hg(ω1)_I, we exam-
ined vibrational displacements, a portion for deriving Vdef, in each 
Hg(ω1) and Hg(ω2) mode. We depicted the vibrational displacements 
for the Hg(ω1)_I mode in the MI configuration in Fig.  5C, which 
exhibits a “breathing” motion of C atoms with vibrational vectors 
nearly perpendicular or parallel to the surface. Similar breathing dis-
placements were presented for the Hg(ω1)_II to Hg(ω1)_V modes in 
fig. S11; however, their displacement vectors are appreciably off the 
normal axis of the SnSe surface. For the Hg(ω2) modes, as shown in 
fig. S11, the vibrational displacements are more complex because of 
the presence of shear motions. Therefore, Hg(ω1)_I stands out by ex-
hibiting an atomic displacement field normal to the surface.

The electron density variation, another determinant of Vdef, is 
reflected by a DCD plot between the equilibrium and deformed 
atomic structures. In the latter, maximum vibrational displace-
ments were added to the equilibrium structure. Figure 5D depicts 
the DCD for Hg(ω1)_I at the C−

60
-SnSe interface in the MI configura-

tion, indicating that electron density variations mostly follow the 
vibrational displacement field of Hg(ω1)_I as shown in Fig. 5C. The 
vibration introduces charge accumulations on the top and bottom 
of the C−

60
 and charge reduction in the middle region, forming a pair 

of electrical dipoles. This pair of dipoles exhibit the largest inte-
grated charge variation perpendicular to the surface among the 
10 Hg(ω1) and Hg(ω2) modes (refer to fig. S13), well aligned with 
the C60-SnSe interfacial dipole identified in Fig. 5A. We infer that 
the coupling of these two dipoles substantially contributes to the 
largest Vdef values for Hg(ω1)_I. The pronounced dipoles induced 
by vibration in the Hg(ω1)_I mode are also observable in MII, 
MIII(1), and MIII(2) configurations (fig. S14). By comparing the 
Hg(ω1)_I-induced DCD (fig. S14) and the interfacial charge redistri-
bution (fig. S9) for the four adsorption configurations, we conclude 

Fig. 5. The C60-SnSe interfacial dipole and the Hg(ω1)_I vibration-induced di-
pole. (A) Side view of the DCD between C−

60
 and C60 on SnSe surface with MI configu-

ration. ρDCD = ρanion − ρneutral (ρ stands for the electron density). The isosurface value 
is 0.0004 e/bohr3. Red and green contours indicate charge accumulation and reduc-
tion, respectively. The black curve represents the integral charge variation in the di-
rection perpendicular to SnSe surface. The gray arrow with �⃑p marks the polarity of the 
interfacial dipole. (B) Deformation energies (Edef) for the fivefold-degenerate Hg(ω1) 
and Hg(ω2) modes of C60 adsorbed on SnSe in configurations MI, MII, MIII(1), and MIII(2). 
Each Edef energy presented in the panel is the square root of the multiplication of the 
Edef values for the calculated neutral C60 and negatively charged C−

60
 . (C) Side view of 

the vibrational vector of the Hg(ω1)_I mode for C60 adsorbed on SnSe surface with MI 
configuration. (D) Side views of the DCD representing Hg(ω1)_I vibration-induced 
dipole for a C−

60
 . ρDCD = ρtotal_equilibrium − ρtotal_Hg(ω1_I) (ρ stands for the total electron 

density). The yellow edged gray arrow with �⃑p marks the polarity of the vibration-
induced dipole.



Lou et al., Sci. Adv. 10, eado3470 (2024)     23 October 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 9

that the dipole-dipole interaction enhances Vdef for these adsorp-
tion configurations.

Through additional DFT calculations, we further establish a con-
nection between the Hg(ω1)_I-induced electronic density polarity 
and the orbital-resolved electron probability density. Specifically, we 
confirm that, for C60 with each adsorption configuration, Hg(ω1)_I 
uniquely generates the charge polarity by coupling with the lowest-
energy LUMO-a orbital, as opposed to the higher-energy LUMO-b 
and LUMO-c orbitals (details in fig. S15). These universal properties 
are consistent with the observed prevalence of Hg(ω1) vibronic exci-
tations with LUMO-a states in C60 across all observed adsorption 
configurations. Considering the possibility of similar interfacial di-
pole and vibrational dipole at C60-electrode interfaces in single C60 
transistors, our discovery provides insight into the consistent ap-
pearance of Hg(ω1) vibronic signals in multiple devices where C60 
adsorption configurations may vary (13, 14).

DISCUSSION
In this study, we demonstrate the efficacy of using general type II band 
alignment in STM-molecule-substrate junctions for decoupling vibron-
ic states of a molecule. This junction facilitates the emergence of the 
long-hidden C60 Hg(ω1) vibronic excitation, with resolution of molecu-
lar adsorption structure. Our experimental results reveal that the decou-
pling of C−

60
 LUMO strengthens as its energy is lowered into the gap of 

the substrate. This opens the potential to resolve low-frequency vibronic 
excitations with submolecular resolution for other prototype molecules, 
nanostructures, or ultrathin films on surfaces by judicious selection of 
semiconducting substrates for the properties of adsorbates. The pro-
posed molecule-substrate pairs include, but are not limited to, molecules 
exhibiting electron tunneling–coupled vibronic excitations, such as CuPc 
(24) or NPc (21), where several predicted low-energy Raman-active vi-
bronic states still wait experimental verification (70, 71), on p-doped semi-
conductors such as SnSe(001) (39, 40); or molecules characterizing 
hole tunneling–coupled vibronic excitations, such as phthalocyanine 
(H2Pc) or 2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2-b]-thiophene (22, 
30), where different vibronic excitation phenomena have been found 
compared to their electron counterparts, on n-doped semiconductors 
such as SnSe2(001) (72).

The single-molecular resolution imaging of the Hg(ω1) vibronic 
excitation unveils a crucial factor influencing vibronic coupling 
for molecular overlayers: the transient formation of an interfacial 
dipole upon electron tunneling into molecules. Fundamentally, 
the interfacial dipole arises from the universal screening effect 
(73): In response to charge injection into a molecular overlayer, 
molecules and substrates collectively respond to minimize free en-
ergy (dielectric screening), forming transient dipoles at molecule-
substrate interfaces. Our discovery of the preferred and dominant 
Hg(ω1) vibronic excitation for C60 on SnSe exemplifies this phe-
nomenon, where the specific Hg(ω1) mode, characterized by vibra-
tional polarity aligned with the interfacial dipole, is enhanced. The 
substrate-involved charge-transfer dipole vibronic excitation has 
been previously overlooked in STM vibronic studies and discus-
sions related to the fundamental FC principle governing vibronic 
excitation. Given the ubiquity of molecule-semiconductor inter-
faces, our strategy offers guidance for exploring similar effects in 
other systems, encompassing organic (opto) electronics, photo-
voltaic cells, two-dimensional vdW heterojunction-based devices, 
and beyond.

MATERIALS AND METHODS
Sample preparation
The high-quality SnSe single crystals used in the experiments are 
home-grown using the temperature gradient growth method from 
high-purity (99.9999%) Sn and Se granules. First, Sn and Se granules 
with the stoichiometry of SnSe and a total weight of 30 g are loaded 
into a quartz ampoule with an inner diameter of 11 mm. Then, the 
ampoule is evacuated to <5 × 10−5 torr and sealed. The primary 
ampoule is inserted into another quartz tube, which is evacuated 
and sealed to protect the sample and ampoule. The double-sealed 
quartz tube is loaded into a tubular furnace at a 15° angle from the 
horizontal plane. The sample in the furnace is slowly heated to 980°C 
over 30 hours, then is kept at this temperature for another 48 hours, 
and then lastly cools from 980° to 500°C at a precisely controlled rate 
of 1°C/hour. After cooling the furnace to room temperature (RT), 
the synthesized SnSe single crystals are taken out from the quartz 
ampoule to be used for the experiments.

Before the C60 growth and STM experiments, the SnSe crystals 
are cleaved in situ in a preparation chamber under ultrahigh vacu-
um (UHV) at RT. C60 molecules (99.99% purity; Sigma-Aldrich) 
are sublimated from a resistively heated evaporator onto a freshly 
prepared SnSe(001) surface. The SnSe substrates are kept at RT 
during the evaporation. The prepared sample is immediately trans-
ferred under UHV into the STM chamber and cooled to 5.0 K for 
STM measurements.

STM measurements
The microscopy and spectroscopy experiments are carried out in a 
UHV low-temperature STM system (CreaTec). STM topographic im-
ages are acquired in constant-current mode. The dI/dV and d2I/dV2 
spectra are measured using the standard lock-in technique with a bias 
modulation of 8.0 mV (the stated value represents the amplitude of 
the modulation voltage, corresponding to root mean square value of 
~5.7 mV) at 321.333 Hz. The d2I/dV2 spectra are analyzed by fitting 
them with a series of Gaussian peaks to determine the energy posi-
tions of the vibronic states. Multiple optimizations are conducted to 
achieve the best fitting outcomes. The STM tips are chemically etched 
tungsten, which are further calibrated spectroscopically against the 
Shockley surface states of cleaned Cu(111) or Au(111) surfaces before 
performing measurements on C60 islands/SnSe.

DFT calculations
First-principles DFT calculations are performed using the projector 
augmented wave method (74, 75) with the Perdew-Burke-Ernzerhof 
(76) exchange correlation functional as implemented in the Vienna 
Ab Initio Simulation Package (77, 78). The DFT-D3 correction (79) 
with zero-damping variant method is chosen for the vdW correc-
tion. A kinetic energy cutoff of 600 eV for the plane-wave basis set is 
used. The Brillouin zone is sampled using a uniform Γ-centered 1 × 
1 × 1 Monkhorst-pack k-mesh for structural relaxations and gamma-
point vibration calculations. A 4 × 4 bilayer Pnma SnSe, with fixed 
bottom-layer atoms, is chosen as a substrate to describe the single-
molecule adsorption sample (C60-SnSe). A vacuum layer of ~18 Å is 
used to eliminate interactions between periodic structures. In struc-
tural relaxation, all atoms except the bottom layers SnSe are fully 
relaxed until the net force on every atom is less than 0.01 eV/Å. The 
gamma-point vibration frequencies of C60-SnSe are calculated by fi-
nite differences method. The method of directly modifying the va-
lence electron number of system is adopted to simulate charge doping.
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The electronic charge density deformation potentials (Vdef) is calcu-
lated following the strategy described in the reference (69). By using the 
generalized gradient approximation in the form of the Perdew-Burke-
Ernzerhof functional, we solved the Vdef using equation  3 in (69): 
Vdef(r)=

∑
i
Qi ⋅∇iVl

�
ρ(r, {R})

��
��{R}={R

0} =
∑

i

�Vl[ρ]
�ρ

Qi ⋅∇iρ(r, {R})
�
��{R}={R0}

 , 

where {R} represents the set of ionic coordinates at the equilibrium po-
sition {R0}, r is defined as the vertical distance of a grid point away from 
the top Sn plane of the second-topmost SnSe substrate layer, Qi repre-
sents the displacement field associated with the normal modes of the ith 
ion, and Vl[ρ(r, {R})] included the Hartree and exchange correlation 
potential acting on the electrons. The either Hg(ω1) or Hg(ω2) mode is 
fivefold degenerate (fig. S11) (34). Combined with the fact that there are 
four typical adsorption structures [MI, MII, MIII(1), and MIII(2)] observed 
for C60 on the SnSe surface, this results in 40 Vdef curves in total. The 
number is doubled when further considering that the vibronic excita-
tion process involves both ground and excited states, resulting in the 
80 Vdef curves (fig. S12) plotted along the surface normal direction as 
C60 is adsorbed on SnSe surface. To present these 80 curves in a high-
readable manner, we integrated Vdef and then average it for both the 
neutral and charged systems to obtain the deformation energy Edef and 
plotted them in Fig. 5B.

Supplementary Materials
This PDF file includes:
Supplementary Texts S1 to S4
Tables S1 and S2
Figs. S1 to S15
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