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Abstract: The Co-based complex [Co(H2B(pz)(pypz))2]
(py=pyridine, pz=pyrazole) deposited on Ag(111) was
investigated with scanning tunneling microscopy at �5 K.
Due to a bis(tridentate) coordination sphere the molecules
aggregate mainly into tetramers. Individual complexes in
these tetramers undergo reversible transitions between two
states with characteristic image contrasts when current is
passed through them or one of their neighbors. Two
molecules exhibit this bistability while the other two molecules
are stable. The transition rates vary linearly with the tunneling
current and exhibit an intriguing dependence on the bias
voltage and its polarity. We interpret the states as being due to
S= 1/2 and 3/2 spin states of the Co2+ complex. The image
contrast and the orders-of-magnitude variations of the switch-
ing yields can be tentatively understood from the calculated
orbital structures of the two spin states, thus providing first
insights into the mechanism of electron-induced excited spin-
state trapping (ELIESST).

Introduction

Spin-crossover complexes may change their spin between a
low-spin (LS) and a high-spin (HS) state depending on
parameters such as temperature, light and current.[1–5]

Employing different transition-metal ions (Fe, Co, Mn, Cr
and Ni) and oxidation states[6–10] different spin states are
accessible. Nonetheless, most investigations have so far dealt
with Fe-based complexes. The LS to HS transition in Co

complexes involves the transfer of a single electron from a
t2g to an eg orbital, whereas two electrons are involved for
FeII compounds. The corresponding change in the coordina-
tion bond lengths and molecular volume as well as the
change in entropy upon spin crossover (SCO) are conse-
quently smaller than for Fe complexes.[9] As a result, the
thermal spin transition of Co SCO compounds is often more
gradual because a smaller volume change leads to less
cooperativity and it is more sensitive to the environment as
small perturbations may easily overcome the entropy-driven
SCO.

Investigations of SCO molecules in direct contact with
metal surfaces, so far solely involving Fe-based compounds,
have shown that the SCO properties usually deviate from
those of the bulk material.[3,5,11–17] One may therefore
speculate that Co complexes on metal surfaces may show
similar SCO behavior as Fe molecules.

Although several examples of functional Fe-based SCO
complexes in direct contact with surfaces have been
reported,[12,17–33] the weakness of the coordination bonds has
often been an issue.[14,29,34–36] Coordination bonding in Co
complexes is expected to be even weaker owing to the larger
population of the antibonding eg orbitals. To increase the
chance of success, we designed and synthesized a Co
complex (Figure 1a) inspired by one of the most robust Fe2+

SCO compounds,[37] which is functional on Ag(111).[33] Here
we show that the Co2+ compound, where spin states S= 1/2
and S= 3/2 are expected, aggregates into tetramers on
Ag(111). The complexes are reversibly switched by the
injection or extraction of electrons. Memristive character-
istics are found although the molecules are directly adsorbed
on a metal substrate without the intervening decoupling
layer previously used for other compounds.[18,19,26,34] The
data can be consistently understood in terms of SCO.

So far, little has been known about the mechanism
leading to electron-induced excited spin-state trapping
(ELIESST). The present case of [Co(H2B(pz)(pypz))2]
provides an opportunity to improve on this state of affairs.
A distinct dependence of the switching yield on the current
direction and spin state is observed and sets margins that a
model of ELIESST has to respect. Below we outline a
model that fulfills this requirement.

Results and Discussion

[Co(H2B(pz)(pypz))2] is a complex with linear tridentate
ligands (Figures 1a–c).[33,37] The integrity of the molecules
upon sublimation has been verified with complementary
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X-ray photoelectron spectroscopy and infrared spectroscopy
measurements (Supporting Information). Figure 1d displays
an overview of Ag(111) with sub-monolayer coverage. The
complexes aggregate into rectangular tetramers although a
degree of disorder is present. A detailed image of a tetramer
(Figure 1e) reveals separations between topographic max-
ima of �1 and �1.15 nm, which are virtually identical to
those observed of [Fe(H2B(pz)(pypz))2] tetramers.[33] Even
the apparent heights, which are fairly bias-independent in
the range jV j <1 V, are similar to the Fe case. The
proposed structure of the tetramers is consequently the
same as previously determined for the Fe compound (Fig-
ure 1f). The tetramers involve both enantiomers of [Co-

(H2B(pz)(pypz))2] (Figures 1b and c) and are stabilized by
π–π interactions.

Stable imaging of the tetramers is possible as long as
jV j91 V. Beyond this range, the current jumps between
two levels when the tip is placed above either of two of the
molecules of each cluster. The current-voltage characteristic
(Figure 2a) displays two distinct evolutions marked L and H
that may repeatedly be measured. Transitions between the
levels occur at jV j01 V and appear as vertical line
segments in the graph. When the voltage is reduced below
the range where switching occurs, the state of the molecule
is frozen and can be imaged. Figures 2b and c display a
typical pair of images. In the pristine cluster (Figure 2b), all
molecules are in the L state.

Decreasing the negative voltage (and the current, owing
to open-feedback conditions) to � 1 V on the molecule
indicated by L causes a change to H. The apparent height
slightly increases and the topograph displays clear intra-
molecular structure.

Transitions can also be induced in the molecule on the
other end of the diagonal when the tip is moved above that
molecule. The other two molecules, however, remain stable,
even at more harsh conditions. This striking effect was
previously observed from [Fe(H2B(pz)(pypz))2] tetramers
and attributed to their geometrical structure.[33] The termi-
nal-pyrazole moieties, which display the largest geometrical
change during the Fe spin transition from S=0 to S=2, are
sterically blocked for two molecules while the other two pz
are free to move. Similar to the case of [Fe(H2B(pz)(pypz))2]
tetramers, injecting current into the stable molecules induces
switching of their closest neighbors.[33]

Figures 3 a and d present time series of the current for
negative and positive sample voltages. The data were
recorded after placing the tip above a switchable molecule.
Clear two-level fluctuations are observed. At both polarities,
the magnitude of the current predominantly is low and short

Figure 1. a) Structure of [Co(H2B(pz)(pypz))2]. b) and c) Suggested
geometries of the two enantiomers of adsorbed complexes viewed
from the vacuum side. The atoms of the lower ligand are semi-
transparent. Blue: Co, gray: N, brown: C, rose: H, green: B.
d) Constant-current topograph (sample voltage � 0.5 V, current 10 pA,
72×48 nm2). The main structural motifs are tetramers although some
smaller structures and touching tetramers are observed, too. Examples
of the three observed cluster orientations are indicated by circles. The
false colors cover a height range of 300 pm. e) Detailed topograph of a
rectangular tetramer (3.15 nm wide). Each complex gives rise to a
featureless protrusion. f) Model of the tetramer shown in (e). Two
identical enantiomers are arranged on each of the diagonals of the
rectangle. g) View from the right side of the model in (f). The substrate
(not shown) would be on the right. Only two complexes are included
for clarity.

Figure 2. a) Current–voltage data recorded from a molecule in a
tetramer. 16 sweeps of the sample voltage between � 1.2 to 1.1 V and
back are shown. Abrupt transitions between two states denoted L and
H are observed at jV j >1 V, and lead to hysteresis. b) Image of a
tetramer in its pristine state. c) Image recorded after current injection
(V= � 1 V, I= � 18 pA, duration 1 s) to the molecule marked with an L
in (b). In its new state H, the molecule displays intramolecular
contrast. Images recorded at � 0.5 V and 10 pA.
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excursions to high values occur over sub-second intervals.
From these and similar data, we determined transition rates
as functions of the sample voltage. The rates are propor-
tional to the current (Supporting Information, Figure S1)
suggesting that the transitions are caused by one-electron
processes and motivating the definition of a switching yield
as the probability of an electron to induce a transition.

Figures 3b and c display yield data. At both bias polar-
ities, we observe non-zero yields when jV j exceeds 0.9 V.
The corresponding electron energies are much larger than
vibrational energies of the metal-organic compounds. In
particular, the N� Co� N stretch modes relevant for the spin
crossover transition are calculated to lie below 150 meV. It
does therefore not appear likely that the transitions are
caused by vibrational excitation alone.

We suggest that the observed current-induced transitions
are spin transitions between the S= 1/2 and S= 3/2 states of
the Co ion. Several indications render this interpretation
most likely. First, we prepared the closed-shell complex
[Zn(H2B(pz)(pypz))2] on the same Ag(111) substrate and
found tetramers which are almost indistinguishable from the
Co compound.[33] Despite this similarity, however, the Zn
complex does not exhibit the transitions observed in the Co
case. This directly indicates the relevance of the partly filled
d-shell of Co. Second, the similarities with the SCO
compound [Fe(H2B(pz)(pypz))2] are striking. Tetramers of
both compounds exhibit transitions only in two molecules
that are located opposite to each other on a diagonal. This
effect can be understood from the structure of the tetramers
in combination with the geometrical change that accom-
panies the spin transition.[33] The angle between the terminal
pyrazole subunit and the pypz plane of the H2B(pz)(pypz)
ligand it belongs to is significantly larger in the high spin
state of both Fe and Co. The required free space is not
available for two of the constituents of the tetramers, which
prevents them from switching.

Finally, the difference of the topographic images of the
two states is remarkable. While the pristine L state is imaged
as a fairly featureless protrusion, images of the H state

exhibit a nodal line that approximately points to the center
of the tetramer. As discussed below, this feature is
consistent with differences between the electronic structures
of the LS and HS states. Unfortunately, a detailed and
reliable image calculation of the clusters is not within reach.
We therefore considered the orbitals obtained from our gas-
phase DFT calculations. In contrast to the case of Fe-based
compounds,[18,33] where the spin transition is accompanied by
a substantial change of the gap between the highest occupied
and the lowest unoccupied molecular orbitals (HOMO,
LUMO), the orbital energies of [Co(H2B(pz)(pypz))2]
change less and do not directly lead to an image interpreta-
tion. However, an inspection of the spin-state dependence of
the frontier orbitals suggests the following scenario.

Several of the orbitals exhibit significant density above
the upper half of the molecule, in particular above the
central pyrazole moiety, and thus presumably contribute to
the tunneling current. However, upon the spin transition,
one particular orbital, the LUMO, shows a drastic change
that matches the image change. For illustration, we use a
molecule from the lower left corner of a tetramer in its low-
and high-spin states (Figure 4a and b). Our calculations
predict essentially identical lowest unoccupied orbitals for α
and β spins in the low-spin state (Figures 4c and e). The HS,
α channel (Figure 4d) is also very similar, except for some
geometrical distortion. However, the lowest unoccupied
orbital of β spin in the HS state—the LUMO—looks
strikingly different and exhibits a high density at the
terminal pyrazole moiety, where the other unoccupied
orbitals have little weight (Figure 4f). This orbital has a
nodal plane along the pyrazole that approximately matches
the orientation of the nodal line in the experimental image.
A side view of the orbital (not shown) reveals that this part
of the LUMO is located particularly high above the
substrate. Moreover, it is much closer to the Fermi level
than any other unoccupied orbital and it extends throughout
the molecule. Both factors make it a likely candidate for
high conductance. Finally, the composite image comprising a
scaled model of the tetramer and its STM image (Figure 4g)

Figure 3. a) Time series of the tunneling current through a switchable molecule in a tetramer at negative sample bias V= � 1 V with open feedback
loop. From its initial level denoted L the current approximately doubles to level H. Changes occur abruptly with a rate of �1/s. b) Switching yield,
i.e. the number of switching events per tunneling electron, at negative voltages for transitions from H to L (blue) and vice versa (red). Dashed lines
indicate Gaussian fits to the data. The yields were determined from measurements with durations between 20 and 180 s and 42 to 177 switching
events (procedure outlined in the Supporting Information to ref. [33]). The error margins indicate one standard deviation assuming Poisson
statistics. c) Yields at positive sample voltage. d) Time series at V=1 V. The molecule is predominantly in its L state with short intermissions of H.
The time series have been acquired for different tip-sample distances to obtain rates that can be conveniently measured.
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reveals that the lateral position of this key orbital and the
image contrast are fairly consistent.

Unfortunately, the spectroscopic data do not exhibit the
fingerprints of spin excitations or a Kondo effect, which
could help to more directly identify the spin states involved.
Acquisition of spectroscopy data to identify orbitals was
unsuccessful as well because of the high switching rates and
diffusion occurring at larger voltages, even with small
currents in the pA range. We therefore rely on the image
contrast and consequently favor S= 1/2 as being the pristine
states of the complex on Ag(111). While [Co(H2B(pz)-
(pypz))2] has a S= 3/2 ground state in bulk material,[37]

several studies have shown that the interaction with a metal
substrate and possibly with neighbors can—even in the case
of Fe compounds—lead to, e.g., the coexistence of both
states.[12,14,19,22,24,38,39] Moreover, cobalt complexes with sim-
ilar structural and electronic properties have been found to
exhibit or lack thermal SCO in the bulk, indicating the
importance of intermolecular interactions.[40–42]

The SCO properties are not expected to significantly
vary with temperature. First, no thermal spin transition is
observed in a 3 ML-thick film of the Co complex on Ag(111)
as revealed by x-ray photoemission data acquired at 100 and
300 K (Supporting Information). Second, thermal energy is
negligible relative to that of the tunneling electrons inducing
switching (on the order of an electronvolt). Higher temper-
atures would most probably increase the mobility of the
molecules on the surfaces and significantly complicate STM
measurements.

Next, we discuss the yield data of Figure 3. Intriguingly,
the yield of the L to H transition at positive sample bias is
three orders of magnitude lower than the other measured
yields, which in turn are fairly similar to each other. Below,
we discuss a tentative model to describe ELIESST by

considering electron/hole injection into the d-orbitals of the
CoII complex and a ligand-type orbital, L*. This model
predicts a negligible yield of the L to H transition at positive
sample voltage, in agreement with the experimental results.

The symmetry of the ligand field around the Co atom is
not perfectly octahedral but rather exhibits a tetragonal
distortion, which lifts the degeneracy of the t2g and eg
orbitals. In the HS state, both dz2 and dx2 � y2 orbitals along
with the three t2g orbitals at lower energy are occupied with
α-spin electrons whereas two of the t2g orbitals are occupied
with β-spin electrons (Supporting Information, Figure S3).
In the LS state, the three t2g orbitals dxy, dxz and dyz are
doubly occupied and one additional α-spin electron occupies
dx2 � y2 while the other eg-orbital, dz2 , is empty (Figure S4). In
fact, the situation is slightly more involved in the title
complex because the molecular z-axis re-orientates in the
LS state. However, as shown in the Supporting Information,
this leaves the essence of the proposed model of electron-
induced spin-state switching unaffected. For simplicity, we
therefore neglect this change of coordinate system. The
calculations indicate that the lowest unoccupied orbitals of
the complex have ligand character. We refer to them as L*.

For a positive sample voltage V>0, an electron is first
transferred from the tip into L*, and the additional negative
charge on the molecule is removed by transfer of an electron
from one of the highest-energy occupied orbitals (i.e., a d-
orbital) to the substrate. The individual molecules in the
tetramer are oriented with their axes connecting the two
central pyrazole moieties perpendicular to the surface, in
the direction of the tip. Denoting these axes as z, electron
transfer from the molecule to the substrate will predom-
inantly be mediated by dz2 and, to a lesser extent, by dxz and
dyz orbitals whereas no or little electron transfer will proceed
via orbitals in the corresponding xy-plane; i.e., dx2 � y2 and dxy.

Figure 4. a),b) Optimized models of the LS and HS states of a gas-phase [Co(H2B(pz)(pypz))2] molecule. Calculated spin α and spin β lowest
unoccupied molecular orbitals for c), e) the LS, S= 1/2 state, and d), f) HS, S= 3/2 state. An arrow indicates the high density of states at the terminal
pz subunit in the β channel. g) Superposition of a model cluster on the STM image of a tetramer. Only the molecule in the lower righthand corner
is in the S= 3/2 state.
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At negative sample voltage, an electron is first transferred
from an occupied d-orbital to the tip, following the same
rules, and the hole on the molecule is filled by transfer of an
electron from the substrate to the L* orbital of the cationic
complex (Supporting Information, Figure S2).

If the incoming and the outgoing electrons in the
described electron-in/electron-out processes carry different
spins, spin-state switching ensues. Taking the highspin (S=
3/2) state of CoII at V>0 as an example (Figure 5, top), a β-
spin electron is first transferred to L*. This generates an
anionic (CoI) S=1 state which subsequently releases an
electron to the substrate. Among the occupied d-orbitals of
CoI, the best coupling is provided by dz2 (see above) whence
the electron is removed from it with the highest probability.
If it carries a β spin, an excited S= 1/2 state of CoII results
which rapidly relaxes to the LS ground state, completing the
spin state switching process.

As detailed in the Supporting Information, Figure S2,
similar scenarios can be conceived to account for HS!LS
and LS!HS switching at negative sample voltages. How-
ever, an analogous mechanism is much less probable for
LS!HS transitions at V>0 (Figure 5, lower panel). In order
to induce switching to S= 3/2, the spin has first to increase to
S=1. This occurs through transfer of an α electron from the
tip to L* which is at lower energy than dz2 . However,
electronic relaxation of the resulting CoI state leads to a
configuration in which the additional electron occupies dz2 .
As this orbital efficiently couples to the substrate the
electron is rapidly removed from the molecule, restoring the
original spin state. In the unlikely event that an electron is
removed from the dxz and dyz orbitals despite the dz2 state

being occupied, S= 3/2 may be obtained. In summary, this
scenario is consistent with the experimental observation of a
low LS!HS switching rate at V>0.

Conclusion

The present results illustrate that molecules assembled into
nanoscale structures can exhibit unusual spin crossover
phenomena. In the present case, electron induced spin state
trapping (ELIESST) is observed from a tridentate Co
compound that is robust enough to enable detailed measure-
ments of switching yields and image contrasts. We propose a
first tentative model of ELIESST that takes into account the
orbital structure of the compound and qualitatively explains
yield data. The results further indicate that molecular
interactions drastically affect the switching capability of
individual molecules. However, no decoupling layer is
required to preserve the memristive functionality of the
molecules directly on a metal substrate.
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