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We report that the occurrence of a Kondo effect in magnetic molecules crucially depends on the point
symmetry and oxidation state of the adsorbed species. Two different transition metal acetylacetonate (acac)
compounds [M (acac)s, with M = Cr(III) or Co(IlI)] adsorbed on a Cu(111) single crystal were investigated
to demonstrate the interplay. After deposition, Cr(acac); molecules formed threefold symmetric Cr(acac); and
twofold symmetric Cr(acac), by releasing a ligand, while Co(acac); molecules only formed twofold symmetric
Co(acac),. Threefold symmetric Cr(acac); molecules with a total electron spin § = % exhibited no Kondo effect,
while a clear Kondo resonance was observed in twofold Cr(acac), molecules. Co(acac), molecules surprisingly
showed no Kondo resonance, even in the case of twofold symmetry, which is explained by a low-spin state of
S = 0. To analyze the results, a simple model is proposed based on the total electron spin and the symmetry of
magnetic molecule. The present approach provides a feasible design strategy for single molecule magnets on

metallic surfaces.

DOI: 10.1103/PhysRevB.103.085423

I. INTRODUCTION

Single molecule magnets (SMMs) have attracted much
attention due to their potential application as building blocks
for bits in quantum computers [1-7]. Among the different
approaches toward SMMs, 3d transition metal-based systems
have the advantage that the 3d orbitals are not strongly local-
ized and even contribute to the coordinative bonds between
the ligands and the central metal ion, making them readily
accessible to scanning tunneling microscopy (STM) [8-11].
Further, due to the relatively strong coupling of the spins to
the environment, the magnetic properties of 3d magnetic ions
can be tuned with the help of external environment [10,12—
15]. That is, both detection and manipulation of 3d transition
metal SMMs are easily possible. For example, by modifying
the point symmetry of the attached ligands, the ligand field can
be varied, including the magnetic anisotropy or the zero-field
splitting (ZFS) of the SMMs [16-18]. In general, the ZFS
of the magnetic states can be expressed by the ligand field
Hamiltonian, which consists of the sum of Stevens operators
[19]. Depending on the symmetry, some terms are allowed,
and others are forbidden, which gives an excellent opportu-
nity to modify the magnetic behavior of SMMs adsorbed on
conductive surface or even to develop design rules for systems
[3,18,20].

In this paper, we present an experimental STM study
of two different transition metal acetylacetonate compounds
M (acac); (with M = Cr or Co) on Cu(111) at low temper-
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ature. We find that Cr(acac); molecules form two different
species with twofold symmetry [Cr(acac),] or threefold sym-
metry [Cr(acac);] when deposited on Cu(111). Especially, the
twofold symmetric Cr(acac), molecule with a total electron
spin S = % of the Cr’* exhibits a pronounced Kondo reso-
nance at the Fermi level and one inelastic excitation, while for
the threefold symmetric Cr(acac)s, no spectral features were
observed. For Co-acetylacetonate compounds, only twofold
symmetric molecules [Co(acac),] were observed, showing
featureless scanning tunneling spectroscopy (STS) as well.
We demonstrate that, by combining the consideration of the
total electron spin of magnetic ions and the point symmetry
of local environment of the magnetic molecules, the observed
results can be well understood by a model based on ZFS,
which will be discussed later. This is essential for starting to

design a SMM system.

II. EXPERIMENTAL DETAILS

The trivalent Cr and Co acetylacetonates are chelate com-
plexes composed of three organic acac ligands such that
the central metal ion is surrounded by six oxygen atoms in
octahedral symmetry [21]. Figures 1(a) and 1(b) show the
molecule structure and the spin configurations of the two
compounds. The 3d orbitals split into e, and f,, orbitals in
octahedral symmetry. In Cr(IIT)(acac)s, the three remaining
3d electrons each occupy one of the #,, orbitals and form a
total spin § = % [22]. In contrast, Co(IIT)(acac); was reported
to be diamagnetic with § = 0 [22], i.e., the six remaining
electrons doubly occupy the 1, orbitals, and the Co ion is
in a low spin state. The molecules were deposited on a clean
Cu(111) single crystal substrate in ultrahigh vacuum (UHV) at
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FIG. 1. (a) Molecule structure of the trivalent acetylacetonates:
the molecule is a chelate complex, where the central transition metal
ion (Cr or Co) is surrounded by six oxygen atoms in octahedral
symmetry. (b) Simplified electronic configurations of the molecules.
In the gas phase, Cr(acac); is paramagnetic with a spin § = %, while
the Co(acac)s; is diamagnetic with § = 0. (c) Large-scale scanning
tunneling microscopy (STM) image of Cr-acetylacetonates ad-
sorbed on Cu(111) surface (V = 1.0V, I = 100pA, T = 800 mK).
Both triangular-shaped Cr(acac); and dumbbell-shaped Cr(acac),
molecules can be observed, which were marked by yellow and
blue dashed lines, respectively. (d) and (e) are zoom-in images of
Cr(acac); and Cr(acac), molecules, respectively. The height scales
show clear height difference (about 80 pm) between the two different
species.

room temperature using a homemade Knudsen cell. The UHV
system is further equipped with a low temperature STM using
a Joule-Thomson cooling stage with 3He and an operation
temperature of about 700 mK [23]. The samples were trans-
ferred to STM immediately after growth.

It has been reported that Cr(acac)s; can be sublimed without
molecule decomposition [24]. In this paper, however, we ob-
served two different species of Cr-acetylacetonate molecules.
More precisely, we obtained threefold symmetric molecules
consisting of three lobes in triangular shape [see Fig. 1(d) and
Fig. 2(b)] and twofold symmetric dumbbell-shaped molecules
[see Fig. 1(e) and Fig. 2(a)] at the same time [see Fig. 1(c)]
after deposition of Cr(acac); at 62°C and an evaporating
pressure around 1078 mbar. If every lobe corresponds to
one individual acac ligand, then the triangles and dumbbells
represent Cr(acac); and Cr(acac),, respectively. We always
observed a fraction of partially decomposed molecules.

For Co-acetylacetonate molecules, we only observed
twofold symmetric molecules [Co(acac),] after deposition,
even at a lower deposition temperature of only 44 °C [see
Fig. 3(a)]. Indeed, we can confirm a strong tendency for partial
disintegration of Co(acac); in agreement with the literature
which shows that Co(acac); may decompose at temperatures
around 220 °C, leading to the generation of divalent Co(acac),
[25,26]. Note that the dumbbell-shaped M (acac), (M = Cr or

Co) molecules could not be attributed to the different adsorp-
tion site of M(acac); on the Cu(111) surface. A clear height
difference between the triangular-shaped and the dumbbell-
shaped molecules is estimated to be about 80 pm and can be
extracted from Figs. 1(d) and 1(e).

III. RESULTS

To study the magnetic behavior of the 3d magnetic ions,
we measured dI/dV spectra on different species of Cr-
acetylacetonates at the center of the molecules. Interestingly,
the two different objects show very different behavior. As
shown in Fig. 2(a), the dumbbell-shaped Cr(acac), molecules
show a clear peak at the Fermi level in combination with
two faint shoulders marked in blue arrows. Such sharp fea-
tures on a scale of a few millielectronvolts cannot be caused
by molecular orbitals but indicates a Kondo resonance. The
faint shoulders can be interpreted as inelastic excitations, as
will be discussed in more detail below. The triangular-shaped
Cr(acac); molecules, however, show an almost featureless
spectrum, as displayed in Fig. 2(b). Note that, due to the
surface state of Cu(111) and scattering of the two-dimensional
electron gas by the adsorbed molecules [27], the density
of states is not entirely flat, as evidenced by the spec-
trum recorded directly on Cu(111) [dI/dV spectra in red in
Fig. 2(a) and 2(b)].

To investigate the nature of the sharp peak in the Cr(acac),
molecules, we recorded position-dependent spectra.
Figure 2(c) shows the topography of the molecule with
higher lateral resolution. For every pixel, the feedback loop
was opened, and dI/dV spectra were recorded. Figure 2(d)
displays the corresponding laterally resolved dI/dV signal
at zero bias. Clearly, the resonance is in the molecule center,
where the Cr ion is expected. This indicates that the resonance
results from the unpaired spins of the magnetic ion rather than
the ligands [9]. To better understand the resonance feature and
the symmetric shoulders, we fitted the experimental spectrum
with the following model function like that proposed in
Ref. [28]:

dl
W(e) =c+me+ Axf(e,q,TF)

+ As[O(eex + €, T)+ O(eex — €, T)]. (D)

The model contains a constant ¢, a linear background me, a
Fano-Frota function f(e, g, I'r) [29,30], and two thermally
broadened step functions O(€x = €, T) with

o) = LT l)eXpix) and x=——. (2

[exp (x) — 1] kgT

describing indirect tunneling through the Kondo cloud and
interference with direct tunneling to the substrate, as well
as inelastic excitations. Figure 2(e) shows the fitting results;
the experimental data were plotted in black and the result of
the fit in red. The fitting function reproduces very well all
details of the experimental spectrum. The fit gives an esti-
mated half-width at half-maximum (HWHM) of the Kondo
peak of I'r = (1.69 = 0.02) meV and an excitation energy
of €x = (0.76 = 0.03) meV. This can be more easily rec-
ognized from the inset of Fig. 2(e), which shows the fitting
resonance in blue and the inelastic steps in orange, sepa-
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FIG. 2. (a) and (b) dI/dV spectra on dumbbell-shaped Cr(acac), and triangular-shaped Cr(acac); molecules, respectively. The spectra
on Cu(111) surface are also presented for comparison. No background is subtracted. A clear resonance including two shoulders occur on
Cr(acac), molecules, while the spectra of triangular-shaped Cr(acac); molecules are featureless. The blue arrows in (a) mark the position of
the two shoulders. The inserted topography images show the tip locations during taking these spectra and are marked in different colored dots.
The colors correspond to the curves in each figure. The spectra in (a) were measured at a lock-in modulation of 0.1 mV (Vjpos = 0.1 mV) and
frequency of 5.51 kHz (f0a = 5.51 kHz) with set point V = 40mV, I = 13 nA. The spectra in (b) were measured at Vi,o g = 1 mV and fi0q =
2.12kHz with set point V = 100mV, I = 300 pA. (c) Scanning tunneling microscopy (STM) topography of a single Cr(acac), molecule and
(d) corresponding differential conductance map obtained at zero bias, respectively. For every pixel, the feedback loop was opened and d1/dV
spectra were recorded. The mapping shows that the position of the Kondo resonance is at the center of the molecule (images size: 2.9 x 2.4 nm).
(e) The fit of the Kondo resonance on the Cr(acac), molecule. The black curve presents the experimental data, and the red curve denotes the
fit with a Fano-Frota function and two thermally broadened step function. The fitting results are shown as follows: I'r = (1.69 £ 0.02) meV,
qg=060.6Lt47, € =(0.76 £0.03)meV, and Ty = (13.0 = 0.2) K. The inset shows the fitting resonance with linear offset (blue curve)
and the inelastic steps (orange curve), separately. (f) Temperature dependence of the Kondo resonance. The half widths at half maximum
(HWHMSs) were extracted from a Frota fit. The black dashed line indicates the fit using the Fermi-liquid model. (g) Temperature dependence
of the maximum intensity of the zero-bias Kondo resonance. The black dashed line indicates the fit according to numerical renormalization
group (NRG) theory. (h) Magnetic field dependence measurement, V = 40mV, I = 1nA, Vjyoa = 0.1mV, fioa = 5.51kHz. Some of the
spectra are vertically offset for clarity.

rately. To obtain the Kondo temperature, we measured the (19.80 £ 1.20) K and o = (24.64 £ 0.47). The Kondo tem-

temperature dependence of the Kondo resonance by tunneling
spectroscopy. Figure 2(f) shows the HWHM as a function
of temperature in the range from the base temperature of
our instrument to 7 K. The resonance width was fitted using
the Fermi liquid model [31]: 2T'r = \/(akBT)2+2(2kBTk)2,
where o is a free fit parameter, and kg is the Boltzmann
constant. The fit results in a Kondo temperature of 7; =

perature is much lower than that of a single Co adatom on an
Cu(111) surface [32]. We attribute the relatively low Kondo
temperature to the ligands which weaken the coupling be-
tween the central magnetic ion and the metal substrate. The
value of o deviates strongly from that expected (¢ = 2m)
based on strong coupling theory. This behavior has been
reported by others in similar magnetic molecules on sur-
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faces [33]. Figure 2(g) shows the temperature dependence
of the peak height of the Kondo resonance together with
a fit according to numerical renormalization group (NRG)
theory: G(T) = G(O)[1+(F)"(2!/*—1)]". The fitting param-

eters shown in Ref. [34] for a spin of S = %, ie., a=

0.483 and b = 0.67, are adopted. Thus, the only fitting pa-
rameter here is the scale of the conductance. As it shows,
G(T) fits the theoretical prediction well. Additionally, the
broadening of the inelastic step functions of the fit shown
in Fig. 2(e) can be expressed as 2A = 3.4kpTy;, ie., A =
(1.90 £ 0.03) meV, which is very similar to that of the Kondo
peak I'r = (1.69 £ 0.02) meV. This indicates that it is not
a thermal broadening but rather a lifetime broadening. This is
also expected, as both are caused by the coupling of the local
spin to the conduction electrons [35]. Figure 2(h) shows the
effect of a magnetic field on the shape of the Kondo resonance.
As the HWHM with ~1.69 meV is much larger than the
expected Zeeman splitting of both the Kondo resonance and
the inelastic excitations of dE = gugB at 2 T (2 Tesla is the
maximal field of our magnet, g is the Landé factor and pugp
is the Bohr magneton), which is of the order of 0.2 meV, we
cannot observe the splitting of the Kondo peak or the inelastic
excitations for this high lifetime broadening. However, the
sharpness of the Kondo peak is indeed reduced upon applying
a magnetic field.

Returning to the triangular-shaped Cr(acac); molecules, no
such features as a Kondo resonance or an inelastic excita-
tion was observed even when investigating several molecules
exemplarily shown in Fig. 2(b). To gain signal-to-noise in
the d1/dV signal, a I mV lock-in modulation (Vi,og = 1 mV)
was used for these spectra trading signal-to-noise for energy
resolution. Note that, even at low lock-in modulations (Vo4 <
0.25mV), no Kondo feature or molecular excitation could
be observed, and even the second derivative of the tunneling
current was featureless (not shown).

To better understand the relation between the point sym-
metry and the presence of a Kondo resonance, a second
3d metal acetylacetonate [Co(acac)s;] was studied. As men-
tioned above, only one type of object could be observed
when deposited on Cu(111). These objects consist of two
lobes and exhibit twofold symmetry like the dumbbell-
shaped molecules observed on the chromium samples.
Figure 3(a) shows the topography of these molecules. Three-
fold symmetric triangles, like those observed on Cr(acac)s
samples, could not be found for Co-acetylacetonates. We in-
fer that, again, these dumbbell-shaped objects represent the
divalent Co(acac),. This is compatible with previous reports,
where the Co(acac); decomposed upon sublimation [25,26].
To investigate the magnetic behavior of the Co ions, we
recorded dI/dV spectra on different Co(acac), at the center
of the molecules, as displayed in Fig. 3(b). No spectroscopic
features, such as a Kondo resonance nor an inelastic excitation
could be observed.

IV. DISCUSSION

After presenting the experimental findings, we turn to
analyzing the results based on the point symmetry of the indi-
vidual molecules, the oxidation states of the central ions, and
the magnetic properties. To model the effect of geometry, i.e.,
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FIG. 3. (a) Topography of the dumbbell-shaped Co(acac),
molecules (V = 0.1V, I = 1nA). Left: Large-scale image. Right:
Zoom-in high-resolution image. (b) d1/dV spectra on the dumbbell-
shaped Co(acac), and Cu(111) surface for comparison. The spectra
of molecules do not show a Kondo resonance nor an inelastic excita-
tion. The inset shows the tip locations during the measurements. The
marked colored dots correspond to the colored curves. The spectra
were measured at Viog = 0.5mV and fi0q = 5.51 kHz with set point
V =50mV, I = I nA.

number of ligands, on the magnetic properties, we represent
the spin state of the magnetic ion in the molecules by the
effective spin Hamiltonian describing the ZFS. In general, the
crystal-field Hamiltonian can be written as

o0 n n
H=Y (ZB;"o;y + ZB;ﬂé;ﬂ), )
m=1

n=0 \m=0

where O™ and O™ are Stevens operators, and B” and B™ are
corresponding coefficients related to the quantum mechanical
ZFS [3,19]. Here, 38 is a constant and can be omitted. The
operators O™ and O™ are n th degree polynomials composed
of J;, J., and J_ operators (z component, raising and lower-
ing operator), and m indicates the order of ladder operators.
Owing to time reversal symmetry, the states with opposite
magnetic momentum should be degenerate when no external
magnetic field is applied. Thus, only terms with even n are
allowed. All terms of n > 2J vanish, where J is the quantum
number of total angular momentum, because the operators
only act on 2J +1 states. Similarly, all terms of n > 2¢ vanish,
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where ¢ is the orbital quantum number of the open shell of the
magnetic ion, i.e., for £ = 2 of the 3d states, n is limited to
4. More importantly, all terms vanish that are incompatible
with the point symmetry of system. Thus, only terms with
m =0, 2, and 4 for twofold symmetry and m = 0 and 3 for
threefold symmetry are allowed in 3d metal system. For this
paper, the orbital angular momentum L is quenched for the 3d
metal such that their magnetic properties arise merely from
the total electron spin S, i.e., J = S. Finally, in case a vertical
mirror plane is present, all conjugate Stevens operators O™
vanish. This is the case for the twofold symmetric molecules
where the acetylacetonate groups are in one plane.

As a last ingredient, the spin S must be determined. While
S is known for the bulk phase of the starting M (III)(acac);
(M = Cr or Co) complexes, taking away one of the acac lig-
ands potentially changes the oxidation state of the ion M(III)
to M(II). Additionally, upon adsorption of the molecules on
the Cu(111) surface, charge transfer may arise [9,13]. Un-
fortunately, STM does not have the capability to directly
determine the oxidation state. We, however, will use the re-
sults from tunneling spectroscopy to indirectly evidence the
oxidation state and thus the spin S.

First, we discuss the case of Cr(acac),. We expect that,
upon removal of one acac ligand, the oxidation state of Cr(III)
changes to Cr(Il), but adsorption onto the surface leads to
chemisorption and a transfer of one electron from Cr to the Cu
substrate [Cr(II) to Cr(III)]. This would lead to the electron
configuration of [Ar]3d? and a total spin § = % Then the
Hamiltonian for this twofold symmetric Cr(IlI)(acac), with
one mirror plane can be written as follows:

H = B0 +B;0;. )

Since the O% operator mixes the states with AS, = 2,
the four eigenstates can be expressed as linear combinations
of §; = —%, %, and S, = —%, %, respectively. As plotted in
Fig. 4(a), the system consists of two subsets of states, marked
in magenta and blue. Regardless of the precise values of
the crystal field parameters BY and B3(+0), we obtain a
ground state Kramers doublet with two states of opposite
color. As discussed above, the composition of these two states
contains neighboring values of S,. Thus, single electron scat-
tering by substrate electrons can flip the spin of the molecule
between the two degenerate ground states without energy
cost, and a Kondo resonance should arise [18]. On top of
this, inelastic excitations by the tunneling current may excite
the molecule from the ground state doublet to the excited
state doublet, which would manifest in the dI/dV spectra as
symmetric steps. The experimental results of twofold sym-
metric Cr(acac), molecules show both expected features [see
Fig. 2(e)]. A sketch of the two possibilities of this twofold
symmetry case is shown in Fig. 4(a).

Taking a similar line of thought for Co(acac), molecules
yields an integer total spin, i.e., Co3+([Ar]3d6) This would
allow, depending on the size of the crystal field splitting,
Co’* with § = 0, 1, and 2. Thus, we expect the following
Hamiltonian:

H = BYOY + B30} + BJOS + B3O+ B;0;.  (5)

For all three values of S, no Kondo effect is predicted as 0%
(and eventually also O}) would mix the otherwise degenerate

states with S; = 1 and %2 leading to nonmagnetic sym-
metric and antisymmetric combinations of the S; components
[18]. As a result, only singlet states are left. To be more
precise, for S = 0, only one nonmagnetic state would arise;
for § = 1, three nonmagnetic states result; and for § = 2, five
exist. This situation is sketched in Fig. 4(b). This analysis fully
agrees with the absence of a Kondo peak in the d1/dV spectra
[see Fig. 3(b)]. As no inelastic excitations were observed [see
Fig. 3(b)], our measurements indicate a singlet state, which
means the system is in the § = 0 diamagnetic state like the
bulk counterpart [22]. Nevertheless, it is also possible that
the excitations which would arise for S = 1 or 2, which are
of too low energy for our experimental energy resolution. To
conclude this section, the molecules with nonmagnetic singlet
ground state are not suited for the application as SMM or
quantum bits.

Lastly, for threefold symmetric Cr(acac); with S = % the
crystalline molecules have already been studied using electron
paramagnetic resonance [21]. The crystal field parameters of
the model Hamiltonian

H =gupB-S+D[S: —(1/3)SS+ D] +E (S; - S).
(6)
were determined to be |D| = (0.592+ 0.002)cm~' and
|E| = (0.052 £0.002)cm™! . Assuming a positive value of
D [36], the ground state doublet would consist mainly of the
states with S, = :I:%. Hence, in STS, one would expect a
Kondo resonance with one inelastic excitation at 2D ~ 150
peV. While in the bulk phase, a D3 point-group symmetry
is present, and the adsorbed molecules on Cu(111) show a
threefold symmetry due to planarization of the molecule upon
adsorption. Thus, O%, i.e., the E term in the model above,
would vanish in our case, but O} and O3 would be allowed
for § = 2 or larger. In the case of no charge transfer, Cr would
be in the (III) oxidation state and S = %, while for the case of
a transfer of one electron, Cr would be in the (IV) oxidation
state with § = 1. In both cases, the Hamiltonian simplifies to

H = BY0). (M

Our experimental results showed no Kondo feature or
inelastic excitation [see Fig. 2(b)] in this symmetry. Since
Kondo resonances are typically easily seen in STS experi-
ments, we may conclude an absence of a Kondo resonance.
Inelastic excitations can cause small signals and might be
overlooked in experiments. For all cases theoretically ex-
pected, one inelastic excitation is predicted, as will be
discussed below. Thus, we believe that the amplitude or en-
ergy of the inelastic scattering is too small to be observed on
the background on the bare Cu(111) spectrum [see Fig. 2(b)].
Therefore, we focus on the Kondo resonance and discuss the
different oxidation states.

(1) Charge transfer does not occur. Two different cases can
arise for the resulting S = % system. As shown in Fig. 4(c),
Bg > 0 will result in a Kondo effect, while Bg < 0 will give
an unscreened ground state doublet | & %). Thus, in this case,
due to the absence of a Kondo peak in the experiments, we
conclude that the crystal field parameter BY is expected to be
negative.

(2) Charge transfer occurs. Depending on the ligand field
parameters, there are two possibilities for the resulting spin
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FIG. 4. Overview of the results for Cr- and Co-acetylacetonates adsorbed on Cu(111) surface. For every symmetry and spin state, the
effective spin Hamiltonian, the corresponding spin spectrum, and the expected spectroscopic features are denoted. (a) and (b) Different possible
cases of twofold symmetric Cr(acac), and Co(acac), molecules, respectively. (c) With and without charge transfer process, the possible cases
of threefold symmetric Cr(acac); molecules.
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S = 1 system: By > 0 yields a singlet ground state |0), while
Bg < 0 results in an unscreened ground state doublet | & 1).
In both cases, no Kondo resonance can be expected, which is
consistent with our experimental results. One inelastic excita-
tion is expected but was not observed in the experiment. This
can be due to a low excitation energy below the energy resolu-
tion of our instrument or due to a small excitation probability
leading to too low signal intensity.

V. SUMMARY

Figure 4 summarizes the theoretical expectation for the
different systems (symmetry of the crystal field and charge
transfer). We conclude that—except for in part missing in-
elastic excitations—the observations can be broken down
and understood in the rather simple framework analyzing the

symmetry and electron spin of the molecule. Our results indi-
cate that the twofold symmetric dumbbell configurations are
either a Kondo system [Cr(acac);] or display a nonmagnetic
singlet [Co(acac),] and are thus not suited for application
as SMM. Whether threefold symmetric systems are suitable
candidates for SMMs crucially depends on the sign of the
crystal field parameter BY. These experimental measurements
indicate that symmetry plays an essential role in determining
the magnetic properties of molecules when adsorbed onto
conductive substrates.
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