Vibronic Motion with Joint
Angstrom—Femtosecond Resolution
Observed through Fano Progressions
Recorded within One Molecule
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ABSTRACT Electroluminescence (EL) in scanning tunneling microscopy (STM), which
enables spectroscopy with submolecular spatial resolution, is shown to be due to
radiative ionization with vibronic shape resonances that carry Fano line profiles. Since
Fano progressions retain phase information, the spectra can be transformed to the time
domain to reconstruct the vibronic motion. In effect, measurements within a molecule
are accessible with joint space—time resolution at the A—fs limit. We demonstrate this
through EL-STM on the Jahn—Teller-active Zn-etioporphyrin radical anion and visualize
the orbiting motion of scattered electrons upon sudden reduction and oxidation. We
discuss the elements that enable spectroscopy with submolecular spatial resolution

through EL-STM and the closely related STM-Raman process.
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Fano line shape

olecular spectroscopy with sub-
molecular spatial resolution has
been realized in two closely related

methods using a scanning tunneling micro-
scope (STM). Ho et al. demonstrated that
electroluminescence (EL) induced by tunnel-
ing electrons yields vibronic spectra that
depend on placement of the STM tip within
a molecule, on single molecules of Zn-
etioporphyrin (ZnEtio) and Mg-porphyrin
(MgP)."? More recently, Raman spectroscopy
(RS) driven by the STM junction plasmon
(STM-RS) was demonstrated with submol-
ecular spatial resolution on meso-tetrakis-
(3,5-ditertiarybutylphenyl) porphyrin (H,TBPP).2
This variant of tip-enhanced Raman (TERS)
builds upon prior linear® and nonlinear’ EL-STM
measurements on porphyrin multilayers by
the same group. Rather than TERS driven by
plasmon fields,®’ the spatial resolution of
which is determined by field decay lengths
of >10 nm, the realized A-scale resolution in
STM-RS indicates plasmon-driven injection
of tunneling electrons, as in charge transfer
plasmon Raman (CTPR) recently identified
at the fusing junction of a nanodumbbell &
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The demonstrated spatial resolution in
these mixed photo-electrospectroscopic
methods circumvents diffraction considera-
tions that limit nonlinear optical micro-
scopy. While aspects of EL-STM have been
addressed through theory,®'® mechanistic
details are not understood in sufficient clarity
to generalize principles. Here, we reinvesti-
gate EL-STM on ZnEtio to clarify the operating
mechanism based on our recent STM investi-
gation of the same system."’

ZnEtio adsorbs in its reduced form on
metal surfaces and readily charges on in-
sulating films, and the topographic images
of ZnEtio~ can be quantitatively under-
stood as that of a Jahn—Teller (JT)-active
radical anion in which the unpaired 7-elec-
tron is delocalized over the macrocycle."" It
is easily verified that the vibronic EL spectra
arise upon injecting a tunneling electron in
the anion, and the luminescence can be
directly assigned to radiative ionization of
the ZnEtio™ dianion. In addition to providing
a consistent interpretation of optical and
tunneling spectra, this assignment explains
the key consideration for radiative transitions
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to compete with fast (>10"* s~") tunneling rates be-
cause it offers a large transition dipole along the tip z-
axis which can be enhanced by the junction plasmon.
Field enhancement is an essential ingredient in radia-
tive inelastic scattering of tunneling electrons, which is
widely seen in STM on clean metal surfaces,'? surfaces
decorated with metal clusters or atoms,' clusters on
oxide films," on molecular multilayers, and on single
molecules that are decoupled from the metal substrate
by an insulating thin film.">'® Invariably, the transitions
must couple to radiative modes of the junction
plasmon.'”~'? While the z-projection of transition di-
poles is enhanced, components parallel to the sub-
strate are quenched.”® Remarkably, the accounts of
spectroscopy with submolecular spatial resolution are
on planar porphyrins, the optical spectra of which arise
from in-plane 7—x* transitions.?’ Rather than charge
preserving electronic excitation by electron—hole injec-
tion, as previously offered and modeled,**'° transitions
perpendicular to the molecular plane are required to
rationalize plasmon-enhanced luminescence of por-
phyrins. This is provided in reductive or oxidative scat-
tering channels that do not conserve molecular charge.
The same consideration would suggest that STM-RS
arises from plasmon-coupled electron transfer between
tip and molecule. This mechanism provides the requisite
z-dipole along with the requirement of wave function
overlap for photoinduced charge transfer between tip
and molecule, which is essential to explain the spatial
resolution seen in STM-RS. These general considerations
are put on a firmer footing with the detailed analysis of
EL-STM that we provide.

Given an understanding of operating mechanisms, it
is valuable to recognize the novelty of information in
submolecular spectroscopy. We will show that vibronic
structure in radiative ionization arises from shape
resonances over the ionization continuum. In direct
analogy with Fano's original analysis of autoionizing
spectra, the interference between discrete resonances
and continuum leads to dispersive line shapes.?>** We
recognize that Fano progressions retain phase infor-
mation, and as such, the spectra can be transformed to
the time domain. We present a general formulation of
the Fano profile in conjugate time-frequency repre-
sentation and extend the idealization of the original
from a white continuum to a more realistic back-
ground. We implement the spectral analysis to under-
score that, under considerations that are not too
restrictive, EL-STM gives access to inner workings of a
molecule with joint A—fs resolution. This is illustrated
by visualizing the motion of the JT-active electron
upon sudden reduction—oxidation of the radical an-
ion, that is, formation of the ZnEtio™ and its rapid
radiative ionization back to ZnEtio™. A rather simple
motion is captured by the shape resonances, despite
the nontrivial underlying multidimensional JT Hamiltonian
in E®(b,®b,) symmetry.>*
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Figure 1. Simultaneously recorded topographic and EL
images of ZnEtio . (a) Experimental setup illustrating a
ZnEtio~ adsorbed on the oxide film grown on NiAl(110)
surface.'” (b) Photon collection setup used for recording EL
images. (c) Topography. (d) EL image simultaneously taken
with the topography (c) using an avalanche photodiode
(APD) with 1 s integration time. (e) Magnified image of the
dashed box in (d) showing negative contrast. (f) Close-up of a
saddle molecule at the center of image (c). (g) Topography of
luminescing saddle molecule. (h) Same molecule (g) no longer
showing EL after going through a conformational change.

In what follows, we present the essential experi-
mental measurements for mechanistic interpretations
of EL-STM on ZnEtio™. The spatially resolved spectra
are assigned based on symmetry considerations, and
vibronic progressions are analyzed as shape reso-
nances. We then present the formulation of the Fano
line profile, which we use for quantitative analysis of
the spectra. This allows transformation of the spatially
resolved spectra from space—frequency to space—
time, to reconstruct motion inside a single molecule.

RESULTS AND DISCUSSION

In Figure 1¢,d, we show simultaneously recorded
STM and EL images of single molecules on the oxide.
On the oxide, ZnEtio shows a hysteretic scanning
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tunneling spectrum (STS) characteristic of charging
and discharging. The molecule charges at V,, ~ 0.7 eV
and remains negatively charged until the bias is low-
ered below V, ~ —0.5 V."" The images in Figure 1,
which are recorded at V}, = 2.2 V, belong to ZnEtio™.
Significant variation in both images can be seen—only
a subset of the molecules luminesce on the nominally
weakly interacting substrate. Close-ups of emitting and
non-emitting molecules are shown in Figure 1ef. The
EL image of the dark molecule shows negative contrast
(Figure 1e) due to effective blocking of the EL back-
ground of the oxide. Evidently, the dark molecule
provides an efficient nonradiative inelastic electron
scattering channel. The topography of the luminescing
molecules is invariably the “saddle”-shaped (Figure 1f,g).
The apparent shape, a quadrupolar dimple with uneven
lobes, can be reproduced as the density of a JT electron
delocalized on a disk, coupled to deformations of the
disk."" We will refer to the orthogonal pair of lobes as big
lobe (BL) and small lobe (SL) for obvious reasons. Some
luminescing molecules switch off after extended periods
of measurement, with concomitant change in their appar-
ent shape. The topographic images in Figure 1g,h are from
such a molecule. The sensitivity in apparent shape of a
molecule to small variations in local structure of the
substrate is a hallmark of JT instability, as demonstrated
by reproducing observed distortions with the inclusion of
small crystal fields in the JT potential.'’ However, the
atomistic nature of the local structural variations is not
clear at present. In contrast, DFT calculations of neutral
molecules on the oxide indicate that the density of states
of ZnEtio molecules is insensitive to adsorption sites due to
the weak van der Waals binding.®

The characteristic STS (di/dV vs V},) of luminescing
molecules is shown in Figure 2. It shows a pair of bands
that straddle the Fermi energy: a sharp resonance at
0.4V and its broader counterpart at —0.5 eV. This motif
fits the model of bipolar conductivity through a filled
orbital in a double barrier junction.26 However, a
more consistent interpretation of all observations is
obtained by assigning the sharp and broad peaks to
the singly unoccupied (SUMO) and singly occupied
(SOMO) spin orbitals of the anion."" The injection of an
electron into the SUMO prepares the transient dianion
[A™ + e ], which is unstable below ~2 eV, namely, the
energy difference between optimized structures of
ZnEtio™ and ZnEtio™. Since the injection of an electron
on an already negative ion is subject to Coulomb
blockade,?” the splitting between spin-orbitals can be
equated to the Coulomb charging energy e%/R ~ 1 eV
to extract a separation R = 14 A between the electrons,
which is consistent with them being on opposite sides
of the disk. The width of the sharp resonance yields a
lifetime 7 = A/2AE = 35 fs for the transient state. A
scattering state in which a weakly interacting electron
scatters on the strongly bound electron of the anion
[A™ + e ] can be recognized as a shape resonance,
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Figure 2. dI/dV spectra of a luminescing molecule and the
associated potential energy surfaces. (a) d//dV spectra from
a SL, BL of ZnEtio~, and the oxide film."" (b) Two-dimen-
sional representation of JT potential surfaces along the B, 4
coordinate (blue) associated with the di/dV curve and
optical transitions. The dashed lines indicate the conical
intersection. The JT potential in the excited state quenches
and a new potential (red) along totally symmetric modes arises
upon electron injection to SL. The saddle topography is illu-
strated below the ground state potential surface, indicating that
the saddle shape arises from the JT potential wells formed
along b distortion. (c) JT potential surfaces along b4 coordi-
nate showing the curve crossing leading to a nonradiative
channel. The inset shows the vibrational coordinate space in 3D.

familiar in atom and molecule scattering®®?® and seen

in electron energy loss spectra of adsorbates.>® Con-
sistent with the picture of a discrete scattering state
embedded in a conduction continuum, the line shape
of the sharp resonance is dispersive and can be fit to
the modified Fano profile of single channel 1D
conductivity.3' >* For scattering on a JT-active anion,
vibronic channels open up, which explains the vibronic
tunneling spectra previously seen on the SUMO.>*
The broad band of the STS at 2 V, which is common
to spectra recorded on the molecule and on the oxide
(off the molecule), is dominated by the opening of the
conduction band of the aluminum oxide.3® EL with a
sharp energy threshold is observed upon accessing
the 2 eV band, as illustrated in the bias-dependent
spectra recorded on the BL and SL, which are shown in
Figure 3a,b. On the BLs, a single dark Fano line is seen
(at 1.68 eV) over the continuum. On the SL, a vibronic
progression with origin at 1.74 eV is seen over the same
continuum. While the blue edge of the continuum
shifts with bias, the line positions do not, indicating
that the line spectra are due to vibrationally relaxed
emission. The excitation threshold of 2 V places the
terminal state of the vibronic progression on the sharp
STS resonance at 0.4V, as indicated in Figure 2. Given
the identification of the terminal state as the transient
dianion, [A™ 4 e7], the vibrationally relaxed emitting
states can be recognized as the bound electronic states
of the dianion, A= (Figure 2a). The spatial maps of the
spectral features in Figure 3c are shown in Figure 3d—f.
In all maps, the center of the molecule is silent, clarify-
ing that the transitions are limited to the s-electrons.
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Figure 3. EL spectral mapping inside a single molecule. Bias
dependence of spectra on BL (a) and SL (b). Two character-
istic single point spectra recorded within the molecule in
the inset (c), and spectral maps generated by integration of
the emission intensity over the indicated bands: integration
of the background-subtracted shaded areas between 727
and 741 nm (d) and 763—784 nm band (e), total intensity
over the 727—784 nm band (f). The unit of integrated
intensity is 1000 CCD counts. The maps are generated from
spectra recorded on each pixel of a 25 x 25 grid, with 1 min
integration time per spectrum, at 0.1 nA, 2.2 V. The total
acquisition time to complete the mapping is 11 h.

The signed map of Figure 3d shows the two emitting
states that lead to the progression and the single line to
be spatially orthogonal. The map in Figure 3d is for the
integrated intensity over a narrow spectral band that
encompasses the BL line and its neighboring SL line.
It is signed because of the shift in vibronic origin
of ~60 meV. A third, nonradiative upper state is evident
by the nodal plane in the map of emission integrated
over the 745—780 nm band (Figure 3f). Given the four-
fold symmetry of the molecule, the absence of the mirror
image of a nodal plane at +-45° is remarkable. The broken
symmetry of this map must arise from crystal field
splitting. It arises naturally as an asymmetric curve cross-
ing where the cone of the JT potential is tilted (Figure 2c).

Spectral Assignments. Symmetry considerations are
sufficient to fully assign the spectra. The ZnEtio™
radical anion is a classic example of the JT effect in
E®(b:®b,) symmetry. The odd electron occupies the
doubly degenerate E4 orbital of the neutral form, which
in D4, symmetry stabilizes by coupling to rectangular
(b1g) and rhombic (b,g) vibrational distortions that
transform as x’—y? and xy, respectively. Inspection of
the topographic image of Figure 1 is sufficient to
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conclude that the vibronic ground state of the radical
anion has °By4(x*—y?) overall symmetry. Its uneven
lobes are a consequence of the crystal field of the
oxide, which splits the potential minima along the
vertical and horizontal rectangular distortions and tilts
the cone of the adiabatic potential. The injection of a
second electron in the degenerate Eg orbital gives rise
10 Eg ® Eg="Aqg + *Ayg + 'Big + 'Byg electronic states
of the dianion. Since totally symmetric A states are
JT-inactive, their potential minima remain at the origin,
and the relative displacement of potentials leads to
Franck—Condon activity. As such, the progression ob-
served on the SLs can be assigned to the "*A;—"B,4
transition (Figure 2b). The single line seen on the BLs
implies a transition between vertically aligned poten-
tials and, therefore, identifies the 'B;4—"B1 transition.
The nodal plane in the integrated emission (Figure 3f)
occurs along the b,4 rhombic distortion and identifies
the nonradiative channel as the crossing between the
tilted cone and the B4 electronic state. Thus, the
spatial maps allow a complete accounting of the
bound two-electron states that are prepared, and an
important propensity rule emerges: injection of an
electron on the BLs leads to JT-active states of double
occupancy, e,’e,, while injection in the SLs leads to JT-
inactive states of single occupancy, eg1eg1. The system
behaves as if the odd electron of the anion is in the BL,
as in the discharge map of the anion (Figure 2a)."

In summary, spatial maps of the resolved vibronic
emission can be fully understood as transitions from
the bound states of the ZnEtio™ that terminate on the
JT-active ZnEtio™ with the release of an electron. The
same conclusion would be reached based on the
observed energetics. With ZnEtio™ prepared at V,,=2¢€V,
the radiation at Aw = 1.6 eV probes the same vibronic
shape resonances as the STS at 0.4 eV. Consistent with
this assignment, both STS and vibronic lines exhibit
Fano profiles. The interference between two radiative
channels that generates the Fano line shape implies a
continuum of direct radiative ionization on the repulsive

Coulombic potential of the dianion:*”*®

AT A" +ho+e” (M

and a progression of autoionizing shape resonances,
bound inside the Coulomb repulsion shell,*” in which
the ionizing electron transiently orbits the anion before
departing:

AT —[A (v+e l+ho — A +e” (2)

The direct analogy of this scheme with the original Fano
problem should not be lost. Fano's analysis was for
autoionizing two-electron resonances in helium.2* Here,
the upper state of the dianion is bound, while the
lower energy terminal state consists of scattering states.
This unusual inversion in energy between bound and
scattering states occurs for two electrons confined to a
ring.3® As such, the autoionization resonances appear in
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emission. The spectra can be perfectly fitted in this
context, as shown in Figure 4a,b. Below, we will expand
on the fitting procedure and the information content that
can be extracted. Here, we point out that fitting is essential
to extract accurate line positions for dispersive lines, and
we note the striking simplicity of the vibronic spectra—a
single resonance on the BLs and a single progression with
a pronounced negative anharmonicity on the SLs.

Orbiting Resonances. The orbiting resonances in eq 2
couple to the internal vibronic excitations (/v) of the JT-
active anion, consisting of the orbital angular momentum
of the electron, /, and the vibrational excitation, v, of the
skeletal deformation. As such, the level structure must
simultaneously reflect both motions. The formally EQ-
(b1®b,) problem, to which the system belongs, does not
have a trivial solution.* This is further complicated by the
fact that in ZnEtio™ there are nine normal modes each
of b, and b, symmetry*! The multimode JT dynamics is
usually reduced to a single effective deformation; how-
ever, even in idealized cases, an irregular density of states
arises.* Even when one vibration of each symmetry is
involved, where frequencies and couplings are different,
chaotic trajectories emerge in the vibronic dynamics.*®
Two limiting cases allow simple solutions: in the case of
accidental degeneracy, w(b;) ~ w(b,), the problem re-
duces to FQe, with known general algebraic solutions,****
and in the limit where coupling to one of the modes can
be ignored, the problem reduces to 1D with trivial vibra-
tional level structure.*® The initial constant level spacing
seen in Figure 2b would suggest that a harmonic fre-
quency of @ = 320 cm ™' and a displacement of 0.3 A
between the A7(A;g) and A" (B;,,) potentials can be
extracted from the Franck—Condon factors. However,
the 1D case cannot account for the negative anharmo-
nicity seen in Figure 4c; moreover, there is no basis for
singling out a dominant mode among the JT-active
vibrations, and in the absence of pseudorotation, orbiting
electron resonances cannot be sustained. Quasiperiodic
orbits arise when JT stabilization energies along the two
coordinates are similar, E}; ~ E3, where Eir = ¢/2K; is the
ratio between vibronic coupling and force constant. Our
analysis of the ground state of the molecule shows that
w(b))/w(by) ~1.04.1 Accordingly, we assign the progres-
sion to the same effective deformation and recognize
that the observed level structure perfectly fits the orbiting
states of an electron confined to a disk. Thus, assuming a
potential V =0 for r < R and V = « for r > R, the wave
functions are the cylindrical Bessel functions with first
root limited to the radius of the disk R."" The states and
energy levels are given as

¥, r,9) = NJ,ke’”; £, = Ra,? /2m*R?; and

3

> (3)

1
/= x5 =+
2

where k/R is the first root of the /th Bessel function (o, =
3.14,4.49,5.76,..for / = —1/2,3/2,5/2,..). The half-integer
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Figure 4. Fano fit to EL spectra. (a) Experimental spectrum
on aBL (blue dots) and fit to Fano line shape (red curve) with
background (green curve) due to the bound-free scattering
continuum. Line positions are indicated by the gray bars. (b)
Fit to the Fano progression on the SL (red) uses the back-
ground extracted from the BL (green). (c) Energy levels of
progression (blue circles) extracted from the Fano fit in (b).
Rather than a vibrational progression, which would show a
constant level spacing (red line), the observed energy levels
fit that of an orbiting electron confined to the disk (eq 3),
shown with the continuous blue curve. The state numbering
is obtained by matching the same curve to the pseudorota-
tion states of the deformation.
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angular momenta satisfy the Berry phase requirement,
the radial functions avoid the origin, and the motion is on
a Mobius strip.*” The fit to the data is shown in Figure 4c.
As would be expected for rotational motion, the energy
levels E, are in quadratic form (eq 3); however, the
decreasing separation between the Bessel roots for
small / yields a nearly constant initial level spacing
(E; o</, as / — 0).For large /, the level spacing becomes
linear in / (E, =< /?). This level structure is the result of
confinement on the disk. Assuming R = 7 A, as obtained
from the Coulomb charging energy of the transient two-
electron state, an effective electron mass of m* =28 m, is
obtained from eq 3. The effective mass indicates that the
electron is dragged by the vibrational pseudorotation,
with energies £, = h%/(/ + 1)/2uq3 given by the re-
duced mass u of the vibrational mode and displacement
qo of the potential minimum.*® Using g, = 0.3 A, obtained
from the FC factors, an excellent fit to the data can be
obtained for a reduced mass of u = 4.4 amu and assuming
that the first observed state of the progression is the
/ = 3/2 state. The extracted reduced mass is consistent
with vibrations dominated by C—C stretches, in which
case u = 6 amu would be expected. Thus, the observed
progression can be rationalized in the JT picture of an
orbital dragged by the pseudorotation of the skeletal
deformation.

Radiation Rates. Beside the consistent interpretation
of EL and STS spectra, radiative ionization accounts for
transition rates and dipoles that enable EL-STM. Emis-
sion from s-electronic states involves the ejection
of an initial p,-electron into an outgoing wave
with k,-momentum. The associated transition dipole,
Uz o< [Pk,)k;|3/3,|p,)dk, where P(k,) is the density of
the momentum states sustained on the repulsive
Coulomb potential (see below), is along the required
direction to couple to the radiating modes of the
junction plasmon. Moderate enhancements are suffi-
cient for the emission to be observable. Since radiative
ionization involves detachment of a full electron, the
oscillator strength is near unity, f ~ 1, with sponta-
neous radiation rate of y, = 87°e*f/mcA® ~ 10° s~ .
Assuming tunneling rates on the order of yr ~ 10'% s,
in the absence of enhancement, the quantum yield of
emission cannot exceed ¢ = v,/(y, + y7) ~ 107°. The
acceleration of spontaneous emission by the local field
of the plasmon, T, = y|E./Eo|>*° for an electrochemi-
cally etched silver tip of 30 nm cone radius would
predict a typical enhancement of |E,/E,[> ~ 10% A
quantum yield of emission as high as 1072 would
be expected for electrons that scatter on the molecule.
Correcting for direct tunneling into the oxide, the
estimated net yields of 107°—10"> agree with the
experiment. A molecular wt—x* transition is simply
incompatible with the observation of EL on porphyrins.
Rather than enhancement, since |E,,/Eo| < 1, emission
perpendicular to the z-axis is quenched. Moreover,
since radiation rates in the visible (Q-bands) are
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v, < 107 s, such emission from the molecular transi-
tions would be 6—7 orders of magnitude less probable
than radiative ionization. Finally, we note that, in the
state assignments above, all identified one- and two-
electron vibronic states are in the E;®E, space; therefore,
all have even (g) symmetry with strictly forbidden dipole
transitions among them. In radiative ionization (eq 2), the
departing electron carries the transition dipole.

The same considerations apply to STM-RS. Raman is a
luminescence process: absorption followed by sponta-
neous emission, with emission limited to the electronic
coherence window. The principle distinction between
STM-RS and EL-STM is the excitation mechanism. Instead
of injecting an electron through the junction bias, in STM-
RS, an electron must be photoinjected. Photoinjection of
electrons in porphyrins has been demonstrated pre-
viously to be a rather inefficient process.** Once again,
both excitation and emission processes must be en-
hanced by the junction plasmon; therefore, the transition
dipole in both cases must lie along the tip z-axis. The
rather natural assignment would be for a tip s-electron to
be photoinjected into the porphyrin p, orbital, (u) =
(s|u|p2), in what may be regarded as an intermolecular
charge transfer transition. Since the Raman scattering
intensity is given by the polarizability o = [(g|u|e)e|u|g)| =
€%(s|z|p)[>. The spatial dependence of STM-RS is closely
related to the exponential distance dependence of STM
given by the overlap between tip and molecule wave
functions, [(s|p.)|*.>® Note, the vibrations seen in resonant
Raman (RR) would include all JT-active modes. Thus,
considering RR in its more natural time domain repre-
sentation, the intensities of various vibrational modes can
be obtained as their overlap /, o< |(3,|R)|* with the Raman
|R) packet which develops in time:”’

R) = /0 " e ey oyt @

in which H, = T, + V, is the excited state Hamiltonian. For
the short time evolution of relevance, the excited state
charge transfer potential (anion along the molecular
coordinates) may be expanded at the ground state
configuration:

Vv
Velg) = Vo + Z(@) qi (5)
i i/o

The instantaneous forces along the various coordinates
dictate the inertial motion of the Raman packet and the
multidimensional evolution limits RR to fundamental
transitions, v = 1 — v = 0.52 The observable modes will
be those that are shifted by the photoreduction, and this
includes the JT-active modes.

Fano Line Profiles in Time and Frequency Domains. Fano
line profiles arise quite generally as the interference
between continuum and discrete states, and extensive
applications and interpretations exist in the literature.
Rather than individual line profiles, our interest is in the
unique information content in Fano progressions. Here
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we show that given a physically motivated treatment of
the continuum, the dispersive lines preserve full phase
information and, therefore, retain complete knowledge
of the underlying time domain dynamics. To see this,
note that the Fano line shape function can be unsquared:

2
(g+e) _ <Q+8> <Q+‘9) = *w) L) (6)

1+ &2 1 —ie) \1+ie

in which g is the Fano coupling parameter and ¢ =
(w — we)/(y/2) is the reduced frequency variable scaled
by the width of the resonance, .>? The inverse Fourier
transform of ./ (w)

71)—1 (f“’fg) = (q- i)e*(iwg +5t +id(0) @)
makes it clear that it derives from the interference of a
damped oscillator and a delta function in time, with
complex amplitudes that determine the relative phase
between them. It is instructive to consider the amplitude
in polar form:

(@—i) = csclg)e ™ 8)

to note that the phase and amplitude of the transient
state are related through the coupling parameter:

¢ = arctan (%) scop = VG +1 9)

In polar form, the spectral domain Fano profile reduces to

—i¢
fjfg - Csj(d’_)eis +i (10)

The physical origin of the interference can be stated in
time and frequency domain: The delta function in time
(eq 7) provides for heterodyned detection of the evolu-
tion in the evanescent state at the discrete resonance w =
o. In the spectral domain, the dispersive line arises from
the cross term between the resonance and the flat
background of unit intensity (eq 10). Thus, the conti-
nuum, which is quite generally colored, is idealized in
Fano's treatment. Given a physically motivated spectral
density for the continuum, c(w), it can be substituted for
the unit function in eq 10, with the rigor of the original
treatment kept intact. This ensures a complete definition
of the time domain evolution once the observed spec-
trum is reproduced. Equivalently, replacing 4(t) in eq 7
with a physically motivated time correlation function for
the scattering states c(t) would allow a parametric fit of
the spectrum. Thus, for the continuum-corrected Fano
profile, we define the Fourier pair:

Lolw) = % +ivieclw) = CSC((j))e"be*(“”" +t
1 - —
2
+ivVc(t) = Lo(t) 1

For an isolated line, this allows for background correction.
If only a local fit is desired, then background functions
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with analytic transforms can be used. For example, since
commonly c(t) is a decaying function observed at early
time, to ensure time reversibility, the inertial form may be
adopted, c(t) = exp(—at® — bt), which in turn leads to the
Voigt function for c(w).

For progressions, the important quantity that is
sought is the relative phases of the resonances
to describe evolution of their superposition in time.
As such, a global function of the background is required.
With some generality, the functional form of the back-
ground is that of a bound-free transition:

c(t) = (p0)|o) = (p0)e ™)  (12)

in which ¢(0) is the spatially localized initial bound state,
and the evolution is on an unbound surface characterized
by the potential V(r) specific to a physical model. As in any
time-dependent problem, it is more convenient to con-
sider its spectral density. For bound-free transitions,
analytic expressions can be obtained for c(w) through
the classical reflection approximation:*®

cw) = /ei“’rc(t)dt~|V’(r(w))| oXrw) (13)

in which V(r) is the unbound potential. For radiative
ionization, the scattering is onto a repulsive Coulomb
shell on the terminal surface, V(1) = Ey + e*/&(r — ry), and it
is convenient to represent the localized initial state by a
Gaussian ¢(0) = exp(—r*/d?), to obtain

e? e? ? )
clw) = mexp o —ag —ro| /d (14)

in which w. = Ey/h is the electronic origin and ¢ is the
dielectric constant of the medium. The identical spectrum
would be obtained for a Coulomb potential at the origin
and an initial state density shifted onto a shell at r =r. In
the present, the scattering is into the oxide, on an
effectively one-dimensional potential along z.

With the substitution of eq 14 on the LHS of eq 11,
experimental spectra can be fitted, with effective
screened charge o = %/, initial state confinement, d,
and Coulomb shell radius, ro, as fitting parameters. We
first fit the BL spectrum with its single resonance. Since
in the progression the interference is between indivi-
dual discrete resonances and a single background, the
spectrum, l(w), is given as

N
lw) = Y7 @) = Y
J

j=1

csclge ™ clo) ’

1 —iSj N (15)

where j identifies the individual members of the
progression. The procedure yields a nearly perfect fit
of the spectra, as in Figure 4. The identical background
function c(w) fits the spectra on the BL and SL. The
most meaningful parameter extracted from the fit to
the background is the steepness of the Coulomb
potential defined by the local dielectric constant ¢ in
eq 14. Perhaps fortuitous, € = 8.5 is obtained, which is in
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TABLE 1. Extracted Parameters from the Fano Line Shape
Fit of the Progression in Electroluminescence Spectrum

1 2 3 4 5 6 7
¢ (rad) 2904 2686  3.022 3.084 3.061 3.026 2894
g(eV) 1427 1530 1578 1612 1658 1670 1739
v (eV) 0.03% 0013 0014 0023 0035 0022 0023

Figure 5. Time sequence of the electron density extracted
from the Fano progression.

excellent agreement with the dielectric constant e =9
of ALLO;.>* The extracted set of parameters, {w; ¢; ¥},
which along with c(t) define the time evolution of the
system (eq 11) are collected in Table 1. Using the spatial
wave functions (eq 3), the space—time-dependent elec-
tronic wave functions of the discrete states is defined:

Y, 9,0 = yy(r, 9)csc(@le e et/ (16)

The motion of the orbiting electron packet is obtained as

the time-dependent density:
pt) = Y i, 9, 0y (r, 9, 1) (17)

I,m

METHODS

The measurements are carried out in a low-temperature
UHV STM, with base temperature and pressure of 5 Kand 2 x
10™"" Torr, respectively. ZnEtio is sublimed on a 5 A thick
aluminum oxide layer grown on atomically flat NiAl(110), accord-
ing to established procedures.>® The instrument is equipped with a
parabolic reflector that can be aligned in situ through a stack of
three piezo stages (Attocube) for precise alignment of its focal
point with the STM junction (Figure 1b). The system allows imaging
of EL through a 0.3 m monochromator on the liquid nitrogen
cooled charge-coupled device (CCD) plane. The parabolic reflector
is aligned such that this EL reflector image is symmetric in the
xy-plane and collimated along the z-axis. The APD and CCD are

LEE ET AL.

Snapshots of this evolving density are shown in Figure 5.
The EL spectroscopic measurements allow direct visuali-
zation of the electronic motion initiated by the sudden
reduction of the ZnEtio ™ radical anion. The decay time of
the wave function is 23 fs, which is in good agreement
with the lifetime (35 fs) of the terminal state assigned
from the dI/dV curve.

CONCLUSIONS

Spectroscopy within a single molecule offers a unique
perspective into the inner workings of a molecule.
Understanding the operating mechanism of the mixed
electron—photon probe that allows submolecular spatial
resolution is essential to extract the information content in
such measurements. The assignment of molecular elec-
troluminescence at the STM junction to radiative ioniza-
tion explains the radiative rates required for the process to
be observable, and a direct extension of this interpretation
provides a rationale for STM-Raman with submolecular
spatial resolution. The framework allows a unified inter-
pretation of topography, d//dV and EL spectra, and their
spatial maps in the JT-active ZnEtio™ radical anion. Elec-
tronic state assignments reduce to inspection of the
symmetries in spatial maps, which can be recognized as
the Franck—Condon maps of the electronic transitions.
We have illustrated this by the complete electronic state
assignment, including the identification of nonradiative
curve crossings between electronic states in real space.
Radiative ionization naturally explains the dispersive line
shapes observed in EL, as the coupling between conti-
nuum and discrete shape resonances. Remarkably, the
dispersive progressions can be used to recreate the time-
dependent motion of the orbiting electron. The decay
time of the reconstructed time-dependent electron den-
sity validates that the sharp resonance is the terminal state
for the radiative transition. We show with complete gen-
erality that Fano progressions can be uniquely trans-
formed to the time domain. To this end, we provided a
general formulation of the Fano line shape that incorpo-
rates physically motivated backgrounds that can be used
to fit spectra and to extract their underlying time
domain dynamics. In effect, EL-STM is shown to allow
spectroscopy with joint fs—A resolution.

used to carry out total photon count imaging and spatially resolved
spectral mapping, respectively.
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