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Substrate Polarization Alters the Jahn-Teller Effect in a Single Molecule
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Charge-state transitions of a single Cu-phthalocyanine molecule adsorbed on an insulating layer of NaCl
on Cu(111) are probed by means of alternate charging scanning tunneling microscopy. Real-space imaging
of the electronic transitions reveals the Jahn-Teller distortion occurring upon formation of the first and
second anionic charge states. The experimental findings are rationalized by a theoretical many-body model
that highlights the crucial role played by the substrate. The latter enhances and stabilizes the intrinsic Jahn-
Teller distortion of the negatively charged molecule hosting a degenerate pair of single-particle frontier
orbitals. Consequently, two excess electrons are found to occupy, in the ground state, the same localized
orbital, despite a larger Coulomb repulsion than the one for the competing delocalized electronic
configuration. Control over the charging sequence by varying the applied bias voltage is also predicted.
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Scanning tunneling microscopy (STM) is an excellent
tool for investigating single molecules on surfaces, as it
combines atomic-scale imaging with spectroscopy. The
hindrance of hybridization with the underlying metal
achieved by ultrathin polar insulating films of 2-3 mono-
layers (ML) has been used to access near pristine electronic
structures of molecules [1], many-body correlations [2,3],
charge-state lifetimes [4], coherent spin control [5], and
bistability between z-diradical open- and closed-shell states
[6]. Furthermore it enabled the demonstration of fluores-
cence [7,8], vibronic spectroscopy [9], electrofluorochrom-
ism [10], and switching of the excitonic state [11] in single
molecules as well as energy transfer in molecular dimers
[12,13]. With few exceptions, investigating multiple charge
states requires inhibiting electron exchange with the under-
lying substrate and, hence, working on thicker insulating
films (> 20 ML), for which conventional STM is not
applicable. Steering electron transfer with the tip and
probing this transfer with atomic force microscopy
(AFM) provides access to multiple charge states [14-16]
and has enabled the study of single-electron transfer
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between molecules [17,18], reorganization energy upon
charging [19], and excited molecular states and their
lifetimes [20,21].

Alternate charging scanning tunneling microscopy
(AC-STM) makes use of this development. In AC-STM
single electrons are periodically tunneled back and forth
between tip and molecule and detected via AFM. The
signal represents the tunneling probability and can be used
to spatially map different charge-state transitions [22-24].
The use of polar insulators in scanning probe microscopy
leads to a strong stabilization of excess charges in adsorbed
atoms and molecules [15,16,24-28]. It also facilitates
orbital localization through self-trapping of polarons
[29,30], thus revealing that the insulator’s influence reaches
beyond mere charge stabilization.

Here, we show how substrate polarization alters the
Jahn-Teller (JT) effect in a charged Cu-phthalocyanine
(CuPc) molecule. While the JT effect is well studied for
singly charged CuPc, AC-STM reveals that charging with a
second electron does not restore the original degeneracy
of orbitals but instead leads to a double occupancy of one of
the formerly degenerate orbitals. Our theoretical analysis
reveals that the polarizable NaCl substrate does not only
strongly enhance the JT splitting, but leads to a qualita-
tively different behavior for the dianionic species by tipping
the energy balance. Moreover, we predict the transition rate
to be dominated by the delocalized configuration at higher
bias due to state multiplicity.

Experiments—We employ AC-STM [Fig. 1(a)] (cf.
Supplemental Material (SM) [31] for details; see also
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FIG. 1. (a) Sketch of the experimental setup. On thick NaCl
films (> 20 ML), tunneling from the CuPc molecule to the Cu
substrate is inhibited, enabling charge-state manipulation and the
visualization of electronic transitions via AC-STM. (b) Isosurfa-
ces of the two degenerate lowest unoccupied molecular orbitals
(LUMOs) present in CuPc. (c)—-(f) AC-STM images (oscillation
amplitude A = 1 A) corresponding to: (c) 0 — 1~ transition
(Ve = 1.0V, V. =0.75 V peak-to-peak (V,,), Az =3.7 A)
(d) 1~ - 0 transition (V4. = 1.0 V, V,. = 1.0 V,,, Az = 4.4 A)

(e) 17 =27 transition (V4. =23V, V,. = 0.9 V,, Az =438 A)

(f) 2~ — 1~ transition (V4. =2.3V, V,e = 1.0 V,, Az = 4.0 A)

Az are given with respect to an AFM set point of Af = —1.5 Hz
at V4. = 0 V. Scale bar: 5 A. (a), (c), and (d) Reprinted figures
with permission from Ref. [23]. Copyright 2019 by the American
Physical Society.

Ref. [32] therein) to image the spatial distribution of
charge-state transitions for the neutral, anionic, and dia-
nionic CuPc species. To the substrate a dc voltage V. is
applied, corresponding to the degeneracy point of the
desired charge-state transition. Superimposed voltage
pulses V. drive the charge-state transitions [22-24]. The
map of the 0 — 1~ transition [Fig. 1(c)] exhibits a fourfold
rotational symmetry, similar to the anionic resonance
observed by STM on ultrathin NaCl layers (2 ML) [27].
Additional back and forth toggling of the molecule’s
azimuthal orientation yields, on average, the superposition
of two images rotated about 32° with respect to each other
[23,33]. As reported previously [23], for the reverse
transition (1~ — 0) [Fig. 1(d)] the symmetry reduces from
four to twofold due to the JT distortion, which favors in the

anion the occupation of one single LUMO [27]. Expanding
on previous studies we investigate here also the dia-
nionic CuPc.

In the dianionic ground state the second excess electron
could either occupy the other (empty) LUMO or further
populate the already occupied one. The JT distortion lowers
the energy of the already occupied orbital and thus pushes
the system toward having two electrons in the already
occupied LUMO. However, as can already be estimated
from the LUMO densities in Fig. 1(b) the Coulomb
repulsion will be higher for two electrons in one LUMO
with respect to electrons being distributed between the
LUMOs. Comparing the AC-STM images of the 17 — 2~
and 27 — 1~ transitions, displayed respectively in
Figs. 1(e) and 1(f), with the one for the 1~ — 0 transition
in Fig. 1(d), reveals that the second excess electron
occupies the same orbital as the first one (see nodal-plane
orientation). Statistical validation and additional datasets
are provided in SM [31]. The intrinsic molecular Jahn-
Teller, though, is insufficient to explain this result, as
explained by the following theoretical analysis.

Model—We model the molecule in the AC-STM with the
Hamiltonian

A

H= I:]mol + Htip + I:Itun + I:Ias + ﬁlvib + ﬁle»ph’ (1)

where the minimal electronic description of the molecule
(mol), metallic tip (tip) and tunneling coupling (tun) is
complemented by a small environmental asymmetry (as),
the set of molecular and substrate vibrational modes (vib),
and by their coupling to the electronic degrees of freedom
(e-ph). We write the molecular Hamiltonian in the Fock
space of the four frontier orbitals, which are the singly
occupied molecular orbital (S), the highest occupied
molecular orbital (H) and the two degenerate LUMOs
(Ly, and L,). The latter two are shown in Fig. 1(b). For
more details on the modeling of the molecule, tip, and
tunneling part of the Hamiltonian, we refer to SM [31]
and our previous publications [34-38]. Additionally,
we incorporate an environmental asymmetry via 1':1as =
0 (71, — 1y.), With 6, = 4kpT = 2 meV into our model.

The vibronic Hamiltonian is a collection of harmonic
oscillators H,y, = Do hwg(&zdg + ¥2) containing molecu-
lar and salt modes. Based on symmetry considerations, the
vibrational modes of the system fall into three categories:
(i) those not interacting with charges in the molecule,
(ii) those affecting both LUMOs in the same way, and
(iii) those interacting differently with each of the LUMOs.
The C4, symmetry of the combined salt and molecular
system facilitates this classification (cf. SM [31] for more
details on the treatment of the modes). We ignore the modes
in the first category. The ones constituting the second
category stabilize charge states in the molecule. They
transform as the A; irreducible representation. We call
them symmetric (S) since they do not reduce the symmetry
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of the system. They are only sensitive to the global charge
on the LUMOs, thus

He ph — Z ga(ﬁxz + ﬁyz)(&i + aa)' (2)
ae{A}

The modes in the third category affect the charge distri-
bution within a specific charge state. We refer to them as
antisymmetric (AS) modes, since they lower the symmetry
of the molecule. They belong to the B; or B, irreducible
representations. Because of energetic considerations
(cf. SM [31]) we completely neglect the B, modes. The
antisymmetric (B) modes couple to the imbalance between
the populations of the L,, and L, orbitals, i.e.,

AS
Heph -

Z gﬂ(ﬁxz - ﬁyz)(&; + fl/}) (3)

pe{B}

We calculated the molecular mode energies as well as the
corresponding electron-phonon couplings g,/s from first
principles using Inelastica [39,40], thus obtaining 14 sym-
metric (A;) and 14 antisymmetric (B;) modes (see SM for
details [31]). The coupled salt modes can be combined to
obtain just a single symmetric (A;) and a single antisym-
metric (B;) mode. We take the corresponding electron-
phonon couplings as free parameters in our theory and set
them to gy = 68 meV and gi' = 40 meV, assuming for

the energy that of the transversal optical phonon mode
hwro = 20 meV [41]. A microscopic derivation of this
minimal model yielding coupling constants of comparable
strength is given in SM [31]. We show a comparison
between one symmetric molecular mode and the symmetric
salt mode in Figs. 2(a) and 2(c). The antisymmetric case
is displayed in Figs. 2(b) and 2(d). The influence of the
symmetric modes on the many-body spectrum is obtained
by a canonical Lang-Firsov transformation, leading to a
renormalization of the single-particle energies &; = €; —
>S4 93/ ho, as well as of the direct Coulomb interaction
terms V= V,i—2>,9%/hw, and i,j€{L,, L}
Thus, the energy renormalization induced by the sym-
metric salt mode explains the stabilization of charged
molecules and atoms adsorbed on polar dielectrics due to
the Franck-Condon blockade [42,43]. For antisymmetric
modes, the exchange and pair hopping between LUMOs
shows an intricate interplay with the electron-phonon
coupling. In this case, the Lang-Firsov transformation
does not eliminate the coupling between the electronic
and the mechanical degrees of freedom, which persists
in the transformed exchange and pair-hopping terms.
We identify, instead, a single JT active mode and resort
for our analysis into a semiclassical adiabatic approxi-
mation. To this end, we introduce the canonical displace-
ment operators

s hio
:’0!: 02000

FIG. 2. (a),(b) Examples of an A; and a B; molecular vibra-
tional mode, respectively (Cu in brown, C in gray, N in blue, H in
white). (c),(d) In-plane displacement of the salt atoms (Cl~ in
green, Na® in purple) corresponding to the A; (B;) mode,
respectively.

=Y \Jhwg A + ap). (4)
PEB

where the first row of the transformation matrix reads

Ay = (l/g),/gﬁ/hwﬁ and yields the JT active mode

Oas = 0,. The JT distortion is thus described by the
operator

03 .
= =88 + g(nxz

Hyr(Qas) 4

- nyz)QAS’ (5)

with Qg being the classical displacement of the JT active

Zﬂ(g/z}/ ha)ﬁ).
On this basis, we simulate the experimentally investi-

gated many-body eigenstates and energies by diagonal-
izing the effective Hamiltonian

mode, with the effective coupling g =

N

Heff = I:Imol + I:Ias + I:IJT(QAS) (6)

along the coordinate Qg of the JT-active antisymmetric

mode, with A, containing the Lang-Firsov renormal-
ization due to the symmetric modes.

Electronic structure—Some of the eigenenergies of H;
are the APESs plotted in Fig. 3. The lowest parabola in
Fig. 3(d) is the APES of the neutral state. This neutral
ground state defines the reference configuration (Q,s = 0).
The anionic states with an excess electron in one of the
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FIG. 3. Many-body states, energies, and transitions. (a) Many-body states relevant for the transitions between neutral and anionic
states. (b) 0 — 1~ at V,, = 1.375 V, shows fourfold symmetry. All scale bars are 5 A and we use a Gaussian broadening of 4 A.
(¢) 17 >0 at V, =0.5V, fourfold symmetry is broken. (d) Adiabatic potential energy surfaces (APESs) as a function of the
antisymmetric deformation coordinate (Q »s). The arrows represent the transitions to the corresponding ground states at the energy given
by APESs. (e) The 0 — 1~ transition involves a strong excitation of the symmetric modes (Qg coordinate) due to the large Huang-Rhys
factor. The latter strongly suppresses the direct transition between ground states (black arrow). The allowed transition from the ground
state to the vibronically excited state (blue arrow) is followed by the relaxation dynamics towards the vibrational ground state (wavy
downward arrow). (f) Many-body states relevant for the transitions 17 <> 27. At a higher bias also the L, orbital is populated,
as indicated by the red arrow. (g) 1= — 27 at V;, = 2.75 V. At the onset bias the second added electron occupies the same L, orbital.

The crosses indicate the positions reported in Fig. 4(a). (h) 2= - 17 at V;,, = 1.8 V.

LUMO levels are orbitally degenerate for Qg = 0. Their
energy is lowered upon deforming along Qag. Thus, the
anionic ground state has one extra electron occupying
the L, (L) orbital for Qx5 <0 (Qxs > 0). The small
environmental asymmetry J,, ensures a global minimum
with the excess electron in L,,. The singlet-triplet splitting
is not resolved on this energy scale. So far, the spectrum
reflects the well-known JT effect. The richer structure of the
dianionic APESs express two qualitatively different dis-
tributions of the excess electrons. For one excess electron
in each of the L, and L,, orbitals, the coupling to the JT
mode vanishes. Thus, the lowest energy of these states
(with different spin multiplicities) is found at Qg = 0 in
the upper part of Fig. 3(d). On the other hand, states with
both excess electrons in the same former LUMO strongly
couple to the JT mode. Their ground state is found at
Qs # 0, analogously to the anionic configuration, though
with an even larger JT deformation and reorganization
energy. Pair hopping between the real-valued orbitals
induces the avoided crossing at Qag = 0, characteristic
of the pseudo JT effect [44].

Many-body transition rates—A qualitative understand-
ing of the measured charge transitions is obtained by
combining the electronic structure (detailed derivation
in SM [31]) with few other constraints imposed by the
experimental setup. Specifically, in AC-STM a single
electron is tunneled back and forth per cantilever oscillation
cycle of 34 ps duration. Hence, the system thermalizes
between consecutive tunneling events. Moreover, the spec-
tral broadening induced by the symmetric modes is much

larger than the environmental asymmetry, which in turn
exceeds the temperature. Those premises imply a fourfold
symmetric neutral to anionic transition; it resembles the
(incoherent) superposition of the L, and L, orbitals (with
additional toggling), as it involves the spectrally unresolved
states associated to both local minima with Qg > 0 and
QOas < 0 [Figs. 1(c) and 3(b)]. In contrast, environmental
asymmetry ensures, for the thermalized anion, the pre-
dominant occupation of the state with Q,g < 0; conse-
quently the anionic to neutral transition acquires the
twofold rotational symmetry of the L,, orbital [Figs. 1(d)
and 3(c)]. Mere energetic arguments would predict also for
the transition between the anion and the dianion the
participation of the states corresponding to both the
deformed local minima in the dianionic APES. Single
electron tunneling, though, forbids the contribution of the
state with Qag > 0 and double occupation of the L.,
orbital, and ultimately yields a many-body transition
resembling again L, [Figs. 1(e) and 3(g)]. The same
appearance is expected for the transition from the dianionic
to the anionic ground state [Fig. 3(h)], although quantum
fluctuations in the configuration of the dianion do not
completely exclude small contributions from the L, orbital
[cf. Fig. 1(f) and the SM [31] for dependence of the
dianionic ground state on the deformation coordinate].
Electron tunneling implies displacements of both symmet-
ric and antisymmetric modes. Their interplay is visualized
in Fig. 3(e). The large electron-phonon coupling to the
symmetric modes strongly suppresses the transitions
between ground states along the effective symmetric
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2.5 3 3.5

FIG. 4. Bias dependence of the anionic to dianionic transition
rate calculated in two different positions. The rates are given as a
fraction of the maximum calculated value R,,,. The ratio
between the rates varies with the bias due to the opening of a
further transition at higher bias [Fig. 2(f)]. The insets depict maps
of the transition rate. The crosses mark the r; and r, positions
used in the main figure. Star: calculated at V;,, = 2.9 V. Triangle:
map of the transition rate calculated at V;, = 3.5 V. At this bias
the transition involving the L -orbital is dominant [Fig. 2(g)].
Scale bar is 5 A.

coordinate Qg [black arrow in Fig. 3(e)]. On the contrary,
with respect to the antisymmetric modes, transitions
between ground states are possible. This phenomenon,
visualized for the neutral to anionic transition holds for all
other considered transitions between states with different
charges. The theoretical transition maps in Figs. 3 and 4
are calculated with Fermi’s golden rule as described in
the End Matter. The tunneling rates are depicted in Fig. 3
as a function of the tip position and show a strong
similarity to the experimental results, with also a remark-
able agreement between all the experimental and theo-
retical transition voltages.

We notice, in this respect, that the 17 to 2~ transition
denoted with a green arrow in Fig. 3 is calculated, in
accordance to the experiment, at the onset of the anion
to dianion transition (V, = 2.75 V). At higher biases we
expect to open also transitions to the excited dianionic
states, as sketched by the red arrows in Figs. 3(d) and 3(f).
The bias dependence of the transition rate is shown in
Fig. 4. We evaluate it in the tip positions visualized by the
black and teal crosses in the insets. They select tunneling
events involving a single orbital, respectively L,, for r;
and L,, for r,. The form of the dianionic ground state
determines the lower bias onset for the rate in position r;.
At a higher bias voltages both rates saturate, with the one
at r, being twice as large as the one at r: the unoccupied
orbital offers two spin channels as compared to the single
one for an orbital already occupied by one electron. The
predicted change of the full rate map is shown in the insets
of Fig. 4. The comparison to Figs. 3(g) and 1 shows the

emergence of the orthogonal LUMO (L, in our model)
with an overall stronger signal [45]. Control over the
landscape of the dianionic APES should also be obtained
by changing the underlying salt. It is experimentally known
that Rbl, NaCl, and LiF have increasing influence onto the
spectral broadening of molecular electronic states [46,47]
and thus on the reorganization energy of the symmetric
modes. We hypothesize a similar trend also for the
antisymmetric modes, with a possible reversal of the orbital
occupation sequence of CuPc on Rbl with respect to the
one on NaCl and LiF.

Conclusions—We have shown how the electron-phonon
coupling between a charged molecule and the underlying
substrate phonons determines the specific charge configu-
ration within a molecule going beyond mere charge
stabilization. We extend to this respect existing observa-
tions of charge localization in oligophenylene [24] and
pentacene [28] to systems with JT distortion. Generally,
we predict that the salt substrate has a larger effect on
molecules with orbital degeneracy. This approach could
pave the way to control charge configurations in molecules
depending on the used substrate, with potential relevance
in the study of intermolecular electron transfer, surface
chemical reactivity, and charge sensing. We also envision
the interplay between JT distortion of neighboring mole-
cules for the realization of cellular automata based on
molecular arrays in which the information is locally stored
in the charge configuration of a single molecule.
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End Matter

Methods—The transition rate from an initial thermalized state toward a vibrationally excited state with neighboring

charge reads

RN =3 03 1T Tiosolrap) Po, ({na))f *(Ey = By = ecVy) (N + 1. fd},IN. g)(N. gldjo[N + 1.f).  (Ala)
{”a}vf i.j,0 GG{AI}
R TT Tioiotin)Ps, ([11)f (B, = By = ecVy) (N + L glaLIN. £)(N.f| [N + 1.g). (ALb)
{ng}.f ij.ocae{A}
|
where the single-particle rate matrix is given by  shifted by the fraction ¢ =0.6 of sample bias V,

Fia_jg(rtip) = (27[/h) Zk t]t,igtk,jaé(Ef - Eg - €k)' The
symmetric modes’ Franck-Condon factors yield the
Poisson distributions P, ({n,}), which depend on the
Huang-Rhys factors 4, = (g,/hw,) and {n,} is the set
of the final state’s vibrational excitations with respect to
all modes a€{A,}. Because of the large electron-
phonon coupling Ay, & 5, the salt contribution converges
to a Gaussian and it is the main source of spectral
broadening [48]. The Fermi function f* (and related
f~=1-f") with the tip temperature 7 =6 K and
chemical potential y = —4.65 eV 1is calculated at the
difference between the molecular many-body energies

dropping between the molecule and the tip. The energy
of the final state E, = EY + > 4 hwyn, includes the
electronic potential energy E% (the local minima of
the APES in Fig. 3) and the excitation energies of the
symmetric modes, while E, is the ground state energy
of the initial state. Finally, Eqs. (Ala) and (Alb) include
the transition matrix elements between different charge
states. To this end, we denote the initial state with |N, g)
(IN+1,g)) and the final state with |N + 1, f) ([N, f)).
The sum over f extends to all possible states accessible
from the designated initial state via a single electron
tunneling event.
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