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Jahn-Teller Splitting in Single Adsorbed Molecules Revealed by Isospin-Flip Excitations
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Scanning tunneling spectroscopy measurements of Mn phthalocyanine (MnPc) molecules adsorbed on

(v/3 x v/3) surface alloys show single inelastic steps at exclusively positive or negative bias strongly
depending on the tip position. This is in contrast to conventional molecular excitation thresholds, which
are independent of the current direction and therefore always occur at both positive and negative bias. This
polarity selectivity is found to coincide with the spatial distribution of occupied and empty orbitals.
Because of the interaction with the substrate, charge transfer into the doubly degenerate d,, orbitals of MnPc
takes place. The resulting Jahn-Teller effect lifts the degeneracy and leads to an isospin- or pseudospin-flip
excitation, the inelastic analogue of an orbital Kondo resonance.

DOI: 10.1103/PhysRevLett.121.226402

In the past decades, the spin Kondo effect was the subject
of numerous studies [ 1-3]. Its hallmark is a resonance at the
Fermi level E (see green curve in Fig. 1) which emerges as
itinerant electrons of the host material screen uncompen-
sated magnetic moments in a spin-degenerate localized
orbital. The energy gain of the resulting many-body Kondo
state is typically expressed in terms of a Kondo temperature
Tk. As schematically represented in blue in Fig. 1, the
application of a magnetic field lifts spin degeneracy and
leads to a splitting of the Kondo resonance into fully spin-
polarized peaks [4]. If the Zeeman energy approaches (red
curve) or even exceeds (black curve) k3T g, where kg is the
Boltzmann constant, the resonance is strongly reduced and
eventually disappears. In the latter case, the only detectable
feature in a spectroscopic response will be related to
inelastic spin-flip excitations of the localized orbital [4].

The spin is not the only degree of freedom which can
lead to a Kondo effect. For example, the presence of
degenerate states with different orbital quantum number
can also give rise to the so-called orbital Kondo effect
[5-8]. Similar to the spin Kondo effect, the orbital Kondo
effect manifests itself in a sharp resonance at Ep, which
splits as orbital degeneracy is lifted, for example, due to the
Jahn-Teller effect, which is common in phthalocyanine
molecules [9,10]. Eventually the orbital Kondo effect is
quenched if the Jahn-Teller energy leads to a level splitting
much larger than kgT k. In analogy to the abovementioned
spin-flip excitation, we may expect that hopping between
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the orbitals can be excited by inelastic electron scattering
processes, for example, in a scanning tunneling spectroscopy
(STS) experiment. Since such a scattering process would
only change the orbital degree of freedom but leave the spin
unchanged, it has been coined “isospin flip”” (or pseudospin
flip) [11]. In contrast to spin-flip excitations, however, very
little is known about these so-called isospin-flip excitations.

In this study, we report on the observation of an unusual
spatial variation of the inelastic (IE STS) signal observed
on single MnPc molecules adsorbed on (\/§ X \/§ ) surface
alloys of heavy post-transition metals with noble metal
fcc(111) surfaces. These surfaces have unit cell sizes
comparable with the dimensions of Pc molecules, thereby
breaking the symmetry of the molecules. On these distorted
molecules we measure tunneling spectra which are char-
acterized by abrupt rises of the conductance at either
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FIG. 1. Schematic representation of the magnetic field depend-
ence of the spin Kondo effect. The spectra are displaced for
visualization purpose. The lowest spectra correspond to the
largest magnetic field.
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positive or negative bias polarity depending on the tip
position. However, the appearance of inelastic steps at both
polarities is customarily used as a sign of IE STS [12-21].
This spatial dependence of the IE STS points at an orbital
origin of the inelastic process. Indeed, MnPc shows a
doubly degenerate electronic structure described by the half
filling of its d,, orbitals. Our theoretical analysis shows that
the threshold bias matches the energy difference of the
orbitals, which in the absence of degeneracy lifting would
lead to an orbital Kondo effect due to the charge fluctuation
between orbitals caused by substrate electrons [5—8]. The
large charging energy of the MnPc d,, orbitals leads to the
exclusive filling of one or the other orbital. The dynamical
orbital filling behaves like a spin-1/2 system and can be
defined as an isospin [22]. The resulting isospin-flip exci-
tation energy corresponds to the lifting of orbital degeneracy
caused by the Jahn-Teller energy of the adsorbed MnPc.

Experiments were performed in two low-temperature
STMs 1 and 2 operating at 7y ~#5 K and T, = 1.2 K.
Dilute amounts of MnPc were dosed at ambient temper-
ature onto BiCu,, BiAg,, or SbAg,, prepared by depositing
Bi or Sb on either Cu(111) or Ag(111) [23,24]. STS data
were acquired by adding a small modulation to the bias
voltage U (frequency vy = 811.7 Hz and v, = 893 Hz),
such that differential conductance dI/dU spectra as well as
dI/dU maps can be detected by lock-in techniques.

Figure 2(a) shows a topographic image of a MnPc
molecule on the atomically resolved (\/§ X \/§)—
reconstructed BiCu,/Cu(111) surface alloy [25,26]. The
molecule center as defined by the molecular arms is
positioned on top of a Bi atom (see white dashed lines)
with the arms pointing along high-symmetry directions of
the substrate. To analyze the electronic features of MnPc,
Fig. 2(b) displays the topography together with dI/dU
maps taken at Fig. 2(c) U =-045V, Fig. 2(d) U =
—13 mV, Fig. 2(e) U= +13 mV, and Fig. 2(f) U =
+0.30 V. All data are arranged such that the molecule
orientation and the crystallographic axes of the substrate in
Figs. 2(b)-2(f) point in the same directions. All dI/dU maps
presented in Figs. 2(c)-2(f) feature six lobes, irrespective of
the specific bias voltage. However, the spatial distribution of
these lobes with respect to the underlying BiCu, surface
alloy is quite different. The occupied LDOS exhibits maxima
along (101) directions but is minimal along (121) directions
[cf. Figs. 2(c) and 2(d)], and vice versa for the unoccupied
energy range [cf. Figs. 2(e) and 2(f)].

This appearance of the MnPc molecule was further
investigated by tunneling spectra taken at the positions
marked by red and blue crosses in Figs. 2(c) and 2(e),
where we find local minima and maxima of the LDOS in
the occupied [Figs. 2(c) and 2(d)] and empty states
[Figs. 2(e) and 2(f)]. Indeed, the overview spectra plotted
in Fig. 2(g) reveal striking differences. Whereas a maxi-
mum at U~ —0.43 V together with a small resonance
slightly below the Fermi energy is observed at the position
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FIG. 2. (a) Topographic image of MnPc on the atomically
resolved BiCu, alloy (scan parameters are U = -0.2V,
I =1.0 nA). (b) Topography of the MnPc molecule together
with dI/dU maps taken at (¢) U = =045V, (d) U = —-13 mV,
() U=+13mV, and (f) U= +0.30V. (g) Spectroscopy
curves taken at the position marked by crosses in the correspond-
ing color in (c) and (e) together with a spectrum of the substrate
(gray) (parameters are U =-05V, I =02nA, Uyy =
10 mV, T =5 K). (h) Spectroscopy curves of the two ligand
states (red and blue) and the central metal ion (green)
(U=30mV, [I=100pA, Upag=1mV, T=12K).
(i) Topography together with dI/dU maps taken at (j) U =
—9.9 mV and (k) U = 9.9 mV, which was extracted from a full
spectroscopy measurement (U = 30 mV, I = 100 pA, U, =
1 mV, T =1.2 K). () Spectroscopy curves extracted from the
full spectroscopy in a line between the red and black point shown in
(i)—(k) (distance increment between consecutive curves is 50 pm).

of the blue cross, the red curve exhibits a pronounced
maximum in the unoccupied states at U=~ 0.2 V and a
resonance slightly above Er. We would like to note that
both spectra show a van Hove singularity at U = 0.23 V,
which originates from the band edge of the Rashba-split
BiCu,/Cu(111) surface state [25,26] [cf. gray spectrum in
Fig. 2(g)]. This substrate-related electronic feature is
particularly well visible in dI/dU spectra taken at the
blue cross where no molecule-related states are detected.
In contrast, in the red spectrum the superposition of the
unoccupied molecular state with the energetically close-by
Rashba surface state leads to a broadened peak.

The two features close to Ep are presented at higher
energy resolution in Fig. 2(h). In addition, we plot a dI/dU
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spectrum taken at the central metal ion of the MnPc (green
curve), which shows a resonance at the Fermi energy, an
indicator for a Kondo screening of the d orbital [27,28].
Interestingly, the dI/dU spectra measured at the different
positions on the ligand of the molecule (red and blue curves)
both show a steplike behavior separated by roughly |AU| ~
9 meV from the Fermi energy. In contrast to IE STS [15],
however, where the two steps are positioned symmetrically
around Ep, the ligand spectra in Fig. 2(h) exhibit a peak in
either the occupied or unoccupied energy range.

To further analyze this anomaly, we took a grid of
40 x 20 spectroscopy curves. The topography and dI/dU
maps measured at U = £9.9 mV of the bottom half of a
molecule are presented in Figs. 2(i)-2(k), respectively.
A sequence of spectroscopy curves along the line between
the blue and red point are plotted in Fig. 2(1). The spectrum
taken at the blue point exhibits a steplike feature below E.
As the STM tip is moved towards the red point, this feature
continuously decreases. Simultaneously, the intensity of the
steplike feature above E increases until it completely
dominates the red spectrum.

The data presented so far reveal that MnPc on BiCu,
shows two orbital states, an occupied and an unoccupied
one, which can be observed at different locations of its
ligand. We find that each of these orbital states appears to
be related to a steplike feature close to Er. To test if these
features are influenced or even caused by the strong spin-
orbit coupling present in the BiCu,/Cu(111) surface alloy,
we also investigated the electronic structure of MnPc on
isostructural surfaces with a much higher and much lower
Rashba energy, i.e., BiAg, and SbAg,, respectively.

The data measured on BiAg,, which show a very similar
behavior as the results on BiCu, presented in Fig. 2, can be
found in the Supplemental Material [29]. Figure 3(a) shows
a topographic image of MnPc on SbAg, which—in
contrast to the other two surface alloys—is not subject
to large spin-orbital coupling or Rashba effects [41].
Similar to BiCu,, the center of the MnPc molecule is
above an antimony atom, but the arms of the molecule
are rotated by 45° with respect to the substrate’s high-
symmetry directions. In spite of this slightly different
adsorption geometry, the combination of topographic data
[Fig. 3(b)], dI/dU maps taken at bias voltages of U =
—20 mV and U = +20 mV [Figs. 3(c) and 3(d)], and
tunneling spectra [Fig. 3(e)] presents a picture which is
strikingly similar to the observations made for MnPc on
BiCu, and BiAg,. In any case, we observe steplike features
in dI/dU spectra measured on the MnPc ligand. These
features appear symmetrically around and close to the
Fermi energy (typically at U~ +10 mV) and exhibit a
characteristic spatial dependence where the intensity of the
occupied and the unoccupied feature alternate. The sim-
ilarity of results obtained on SbAg, on one side and on
BiCu, and BiAg, on the other side permits us to disregard
spin-orbit effects as a potential origin of the spatially
dependent stepped features.
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FIG. 3. (a) Topographic image of MnPc on the atomically
resolved SbAg, alloy (scan parameters are U =0.1V, [ =
0.1 nA). (b) Topography of the MnPc molecule together with
dIl/dU maps taken at (c) U =—-20 mV and (d) U =20 mV.
(e) Spectroscopy curves taken at the position marked by crosses
in the corresponding color in (¢) and (d) [U = 40.1 V (blue and
green curve), and U =-0.1 V (red curve), [ =0.2nA,
Upod =1 mV, T =5 K].

The experimental data can be rationalized by studying
the molecular orbitals close to Ej. Figure 4(a) shows the
adsorption geometry of MnPc on SbAg, optimized with
density functional theory (DFT). The frontier orbitals of
free MnPc are doubly degenerate and correspond to the ¢,
representation of the Dy, point group, Figs. 4(b) and 4(d).
Figure 4(c) shows a level scheme of a d-electron manifold
in a tetrahedral ligand field for a neutral MnPc molecule.
The e, orbitals correspond to the d, orbitals of the
molecule. When the molecule captures an extra electron,
degeneracy is lifted [Fig. 4(f)] and the resulting Jahn-Teller
distortion leads to change in molecular orbital symmetry,
Figs. 4(e) and 4(g). Simulated STM images, Figs. 4(h) and
4(i), correctly reproduce the experimental observation (see
the Supplementary Material [29] for technical details).

The mean-field character of DFT leads to equal pop-
ulation of the two frontier orbitals [10]. However, a more
realistic dynamical description would rather show the
sequential population or depopulation of one orbital after
the other, validating the DFT result as an average of
dynamical configurations [3]. The experimental images
in Figs. 2(c) and 2(f) can now be understood as corre-
sponding to each of the two frontier orbitals if their
degeneracy is lifted, where one is fully occupied and the
other one is half filled. The full occupancy of the latter
orbital is inhibited by the Coulomb interaction energy eU .
Thus, the energy difference observed between the occupied
and unoccupied molecular orbital in the STS signal eUg,,
[cf. black arrow in Fig. 2(g)] corresponds to the sum of eU ¢
and the energy difference between the two orbitals A.

Generally, degeneracy is primordial to Kondo effects,
may it be a pure spin-related Kondo effect or the orbital
Kondo effect, where two orbitals sequentially alter their
population. The orbital Kondo effect is intrinsically related
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FIG. 4. (a) Adsorption geometry of MnPc on SbAg, as
obtained with DFT. The molecule is represented by a stick
model (red, Mn; dark blue, N; light blue, C; white, H), the
substrate by gray (Ag) and yellow spheres (Sb). (b),(d) Spatial
map of the d,; orbitals and (c) simplified level scheme showing
the filling of Mn-related d orbitals for the neutral molecule. (e),
(g) d, orbitals of Jahn-Teller-distorted negatively charged MnPc.
(f) Level spitting scheme of the charged molecule. (h), (i) Simu-
lated STM image originating in the orbitals in (e) and (g),
respectively. Red circles highlight the main orbital features as
seen by STM.

to the SU(4) Kondo effect reported for carbon nanotubes,
molecular systems, and quantum dots [7,42-44]. For
the spin Kondo effect, the application of an external
magnetic field leads to a Zeeman energy-induced lifting
of spin degeneracy. Whereas the resulting energy gap at
sufficiently low fields can still be overcome by spin-flip
processes, large fields comparable to the Kondo formation
energy eventually lead to the complete suppression of the
Kondo effect [43,45—49]. In analogy, the lifting of orbital
degeneracy associated with the reduction from SU(4) to
SU(2) symmetry [46,47,50,51] leads to the disappearance
of the orbital Kondo effect and inelastic steps associated
with the occupation transfer between the two orbitals, the
spatial distribution of which is schematically represented in
Fig. 5(a). Specifically, in the case for MnPc on (v/3 x v/3)-
reconstructed surfaces, the Jahn-Teller effect accounts
for the lifting of degeneracy of the C,, orbitals with

(@) eU=+A

Lig. 1
MnPc %

| Lg.2

(b) T T Lg 1 T
— Lig.
0.15f —Lg.2 I
S — Center |
2 o010} ]
8
A 0.05f 5
= Y TS ]
=\
0.00F ) N n i
-100 -50 0 50 100
E (meV)
FIG. 5. (a) Scheme of the isospin-flip measurement process.

In case of a negative (positive) bias polarity as presented in the
left (right) panel for eU < —A (eU > A), an electron from the
substrate (tip) can fill the empty state of the Lig. 2 orbital
accompanied by a electron transfer from the Lig. 1 orbital to the
tip (substrate). (b) Projected density of states on the occupied
(blue curve) and the empty orbital (red curve), both correspond-
ing to the d,; and d,, manifold, and the d > one (green curve). The
red orbital shows an S = 1/2 Kondo feature with a low Kondo
temperature.

contributions from d . and d, ion states. Its strength depends
on the coupling of the molecule with the substrate. The
experimental thresholds of MnPc on BiCu,, BiAg,, and
SbAg, are between 9 and 15 meV. These values are in good
agreement with Jahn-Teller energies of MnPc in the gas
phase ranging from 17 to 22 meV [10]. A down-shift of these
values is expected due to the adsorption-induced softening
of the molecular modes at the origin of the Jahn-Teller effect.

Using the experimental inelastic threshold, we simulate
the dynamical electronic structure via an Anderson
Hamiltonian using two orbitals with identical one-electron
coupling to the metal substrate. We solve the electronic
structure using the multiorbital noncrossing approximation
[30,31,52], which takes into account the charge fluctuation
between the different charge states of the molecule ren-
dered possible by hybridization with the substrate, and
obtain the spectral function or density of states projected
(PDOS) onto each orbital. Figure 5(b) shows the PDOS on
each of the C,, orbitals. The low-energy orbital shows a
step at negative bias, whereas the high-energy one displays
the step at positive energy. This is in agreement with our
dI/dU measurements and the symmetry of the ground and
excited states [31]. Since the ground state of the molecule
corresponds to populating the low-energy orbital, the
PDOS reflects that a hole injected in the ground state
leads to the excitation. Conversely, the excited state
corresponds to injecting one electron into the high-energy
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orbital; thus the polarity of the conductance step is
associated with the PDOS of each orbital, in excellent
agreement with the experimental findings. When the tip is
located at the center of the molecule, the density of states is
maximized for the d_» orbital of the Mn atom. This orbital
is partially filled when the molecule is in contact with the
substrate and closer to the Fermi energy than the d,; and d,
orbitals. The consequence is that the corresponding Kondo
temperature is noticeably larger and a Kondo peak is visible
at the experimental temperature.

In summary, the Jahn-Teller-split frontier orbitals of
a single MnPc molecule adsorbed on different metallic
substrates have been revealed by measuring the local
tunneling differential conductances. A pronounced inelas-
tic threshold appears at negative bias for the low-energy
orbital and at positive bias for the high-energy one. This is
the hallmark of an isospin-flip excitation as revealed by
many-body calculations of the dynamical occupation of the
two orbitals. Correlation effects impede the simultaneous
population of both orbitals but result in fluctuations. In the
absence of Jahn-Teller splitting, these fluctuations would
lead to the well-known orbital Kondo effect.
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