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Spin Excitations of a Kondo-Screened Atom Coupled to a Second Magnetic Atom
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Screening the electron spin of a magnetic atom via spin coupling to conduction electrons results in a
strong resonant peak in the density of states at the Fermi energy, the Kondo resonance. We show that
magnetic coupling of a Kondo atom to another unscreened magnetic atom can split the Kondo resonance
into two peaks. Inelastic spin excitation spectroscopy with scanning tunneling microscopy is used to probe
the Kondo effect of a Co atom, supported on a thin insulating layer on a Cu substrate, that is weakly
coupled to a nearby Fe atom to form an inhomogeneous dimer. The Kondo peak is split by interaction with
the non-Kondo atom, but can be reconstituted with a magnetic field of suitable magnitude and direction.
Quantitative modeling shows that this magnetic field results in a spin-level degeneracy in the dimer, which

enables the Kondo effect to occur.
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Kondo screening is a many-body phenomenon arising
from the interaction between a localized magnetic moment
and the conduction electrons in a metal [1]. The Kondo
effect has been observed for individual spins in various
systems including single magnetic atoms on a metal sur-
face [2—4] and in quantum dots connected to metal leads
[5,6]. In both cases the effect is evident in transport experi-
ments as a sharp resonance in the density of states at the
Fermi energy, which results from a level degeneracy in the
ground-state magnetization of the localized spin. If a mag-
netic field is applied to the spin this degeneracy can be
lifted, leading to a splitting of the peak [5-10].

In quantum dots it was shown that a similar splitting of
the Kondo peak is observed when a Kondo-screened spin is
coupled to a second spin via an exchange interaction [11-
13]. In this situation, which has been the subject of several
theoretical studies [14,15], spin coupling is responsible for
lifting the degeneracy in the ground state. It was shown in
these systems that if the coupling is antiferromagnetic, an
external magnetic field of proper magnitude and direction
can cancel the effects of spin coupling and thus re-form the
single Kondo peak at the Fermi energy [13].

In recent years, it has become possible to probe the low-
energy spin excitation spectra of magnetic nanostructures
at the atomic scale using inelastic spin excitation spectros-
copy with a scanning tunneling microscope (STM) [9].
Parameters in model spin Hamiltonians can be determined
quantitatively from these spectra [16—19], and clear selec-
tion rules derived [17,20,21]. Kondo-screened atomic spins
are particularly interesting systems to explore with this
technique because, unlike spins in artificial quantum
dots, they can have larger spin values and are subject to
magneto-crystalline anisotropy. Elastic and inelastic tun-
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neling spectra of these systems can be used to probe the
interplay between anisotropy and Kondo screening in an
environment that can be characterized with atomic-scale
precision [10].

In this Letter we use an STM to study interactions in a
dimer formed from a Kondo-screened atomic spin and a
magnetic atom that is not Kondo screened. Conductance
spectra show clearly that there is spin coupling between the
two atoms, but we find that the Kondo resonance is local-
ized to the Kondo-screened atom. This resonance is split in
the absence of a magnetic field but can be reformed
through the application of a field of suitable magnitude
and direction. We show that these results can be understood
quantitatively by including an isotropic Heisenberg ex-
change coupling between the two spins. This provides a
deep understanding of the interplay between Kondo
screening, exchange coupling, and magneto-crystalline an-
isotropy in this most basic realization of a two magnetic
impurity system. Furthermore, this system has the potential
to be scaled up to build a variety of interesting lattice
structures.

Individual Co and Fe atoms were placed onto a
Cu,N/Cu(100) surface [22] by thermal evaporation from
pure metal sources. Fe and Co atoms were repositioned,
and dimers consisting of one atom of each type were
assembled using vertical atom manipulation [16]. The
structures were built on clean Cu,N islands and care was
taken that no defect, island edge or other adatom was
present within 4 lattice constants (i.e., 1.44 nm) of any of
the atoms probed.

Tunneling spectra of the atoms at 0.5 K were obtained by
measuring the differential conductance dI/dV, where I is
the current, as a function of the sample voltage V using
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lock-in detection with a 50 u'V AC modulation at 745 Hz.
Inelastic spin excitations can be recognized as distinct
upward steps in the spectra [9] where the value of V at
the step gives the energy of the excitation. The spectrum
for an isolated Fe atom (i.e., far from any other adatom or
island edge) shows steps at three energies (Fig. 1) as
observed previously [17]. Spectra of an isolated Co atom
also show conductance steps, and additionally show a
prominent conductance peak at the Fermi energy (V = 0)
due to a Kondo resonance with a Kondo temperature of
2.6 K [10].

The Co and Fe atoms were positioned on Cu binding
sites separated by 0.72 nm (right inset of Fig. 1). This
structure was chosen to give a coupling strength compa-
rable to accessible Zeeman energies. Figure 1 shows spec-
tra measured with the tip positioned over the Fe and over
the Co atom of the dimer structure. The shapes of the
spectra remain recognizably similar to spectra for the
isolated atoms, but the Kondo peak in the Co curve has
split, even in the absence of a magnetic field. Additionally,
changes in the positions and intensities (step heights) of
some of the spin excitation steps are observed.

In order to characterize the influence of spin coupling in
the dimer on the Kondo screening, we applied a magnetic
field along the x and y axes, which are the two high-
symmetry in-plane directions (Fig. 2). A magnetic field
applied in the x direction reduces the splitting of the Kondo
peaks, and at a field of approximately 2 T the peaks merge
into a single Kondo peak that is similar to the Kondo peak
for an isolated Co atom. The x direction is the easy
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FIG. 1 (color online). Left inset: Topographic STM image
(5 X 5 nm?) of a dimer consisting of an Fe atom and a Co
atom on an island of Cu,N on Cu(100). The adsorption sites
are shown in the right inset. Main panel: Conductance spectra
dl/dV taken on the Fe (lower) and Co (upper) atoms in the
structure. Light gray curves show respective spectra taken on
isolated atoms on Cu,N. Both upper curves are offset by
0.1 nA/mV for clarity. Before taking each spectrum the tip
height was adjusted to create a 10 M{) tunnel junction
(10 mV, 1 nA).

magnetization direction for Fe [17] and also lies in the
easy magnetization plane for Co [10]. At higher magnetic
fields this re-formed Kondo peak splits again into two
peaks. In contrast, the splitting increases continuously
when a magnetic field is applied along the y direction; in
this case there is no field at which a single Kondo peak is
formed.

These results suggest that coupling with the Fe spin
influences the Co atom as an effective magnetic field along
the x direction, which can be cancelled by an external
magnetic field. It was shown in [17] that the application
of a field of this magnitude along the easy axis of Fe
overcomes the effects of the transverse anisotropy and
fully magnetizes the Fe atom along the direction of the
field. This magnetized Fe atom appears to influence the Co
atom in a similar fashion as an external magnetic field of
approximately 2 T. A comparison between spectra taken on
the Co atom in the dimer and on an isolated Co atom for
similar effective fields is presented in Fig. S1 [23].

In order to model the spin excitation energies quantita-
tively and gain insight into the Kondo screening of the Co
atom, we make use of a quantum spin Hamiltonian. A
previous study of spin excitations for single Kondo-
screened magnetic atoms showed that such a spin
Hamiltonian—even though it does not explicitly describe
the many-electron effects of the Kondo interactions—
quantitatively describes the energies of both the inelastic
excitations and of the field-split Kondo peaks [10]. Here we
extend this technique to model the coupled-atom system by
using the following spin Hamiltonian:
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FIG. 2 (color online). Conductance spectra dI/dV measured
with the tip positioned over each of the atoms in a dimer, when a
magnetic field is applied perpendicular to [(a) for Co, (c) for Fe]
and along the dimer [(b) for Co, (d) for Fe]. Spectra are offset
by intervals of 0.1 nA/mV for clarity.
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The first term represents an isotropic Heisenberg coupling

between the spins S on the Fe atom and $'°° on the Co
atom, quantified by the Heisenberg exchange coupling
strength J. According to this definition, positive values of
J signify antiferromagnetic coupling. The second term
gives the Zeeman energies resulting from the external
magnetic field B, where wp denotes the Bohr magneton
and ggr. and gc, the g factors of the Fe and Co spins,
respectively.

The remaining terms in Eq. (1) represent the magneto-
crystalline anisotropies experienced by each of the spins,
quantified by the uniaxial anisotropy parameters Dg, and
D¢, and the transverse anisotropy parameter Ep.. All
parameters in this spin Hamiltonian except J have been
measured previously on the corresponding isolated atoms.
The choice of spin magnitudes, Sg. = 2 and S¢, = 3/2,
the assignment of the axes in the anisotropy terms, and the
absence of transverse anisotropy for Co are based on
previous studies of the isolated atoms on the same surface
[10,17].

Diagonalization of the spin Hamiltonian gives a system
of 20 eigenstates with corresponding eigenenergies [24].
To determine which of the excited states are accessible
through inelastic excitations by the tunneling electrons we
use an excitation intensity model as employed in [17]. Here
we extend this model to include the effect of the tip
position by using only the spin operators for the atom
probed by the tip:

19 = [ IS g ) + K18 )2
+ K IS o). )

Here I(()C_(,’,)l is the transition intensity from the ground state
| ) to the nth eigenstate |/,) when the tip is over the Co
atom. Note that the wave functions |¢;) encode the spin
states of both atoms. A similar transition intensity formula
using the Fe spin operators applies for the tip positioned
over the Fe atom.

In order to determine the parameters of the spin
Hamiltonian we calculated the eigenenergies and the cor-
responding transition intensities of the dimer for various
magnetic fields. Best agreement with the measured step
and peak energies, taken from Fig. 2, is achieved by using
an antiferromagnetic exchange coupling of strength J =
0.13 £ 0.02 meV [25].

Measured step and peak energies for both the Co and the
Fe atom are shown together with the calculated energies in
Fig. 3 for fields along x and Fig. S2 for fields along y [23].
There is excellent agreement between the experimental
data and the eigenenergies of the spin Hamiltonian and
their corresponding intensities: measured data-points ap-
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FIG. 3 (color). Small dots: lowest 12 eigenvalues of Eq. (1)
with  J=0.13meV, gr =211, gco, =216, Dg =
—1.53 meV, Egr, = 0.31 meV and D¢, = 2.70 meV for B =0
to 7 T in increments of 0.1 T along x. Color indicates the values
of 1(()(;0’)1 (blue) and I(OFj)n (red) as indicated by the color key on the
left. The ground state is colored black. Large dots: experimental
data points indicating positions of peaks (open circles) and steps
(filled circles) in Figs. 2(a) (blue, Co) and 2(c) (red, Fe), all
plotted relative to the calculated ground state. The zero of the
energy axis is arbitrary, as only energy differences between
states are observable. Arrows indicate the magnetization along
the x direction of the Co spin (short arrows) and the Fe spin (long
arrows) for the four lowest-energy states. This labeling also
applies at low fields, as if the avoided crossing near 1 T were
a true crossing. At the ground-state level crossing at 2.1 T, only
the Co spin changes direction.

pear only where the energy level has a large calculated
intensity for the spin excitation to that level.

The lowest four eigenstates of the dimer can be under-
stood qualitatively: they consist of two doublets, one dou-
blet where the x component of the Co spin is mostly
antiparallel to the Fe spin, and one where it is mostly
parallel, as depicted schematically by arrows in Fig. 3.
These doublets are offset from each other at zero field by
an amount proportional to the coupling strength J.

The calculation of the eigenenergies of the spin
Hamiltonian explains the reemergence of a single Kondo
peak on the Co atom near B =2 T. According to the
model calculation, at B = 2.1 T the ground and first ex-
cited states become degenerate, and for higher magnetic
fields the order of the states changes; hence a true level
crossing is observed at this field. Therefore, at this level
crossing two essential conditions for the occurrence of a
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Kondo system are fulfilled: first, there is a degeneracy
between two states, and second, these degenerate states
have allowed electronic transitions between them due to
flipping the spin of an electron, as described by the equa-
tion for I(()C_‘f,)1 At magnetic fields near this level crossing,
the Fe spin remains essentially fixed at maximum magne-
tization (mp, = +2) along x in both these states. The
ground state changes from the Co spin being mostly anti-
parallel to the Fe spin for magnetic fields just below the
crossing, to mostly parallel.

It is interesting that while the preferred direction of the
Fe spin in the ground state does not change at the level
crossing, there is a change in what excitations are observ-
able at the Fe atom. Figure 3 shows that for the excitations
at approximately 4 meV and approximately 6 meV above
the ground state (which are excitations to |mg,| = 1 states),
the measured step energy suddenly decreases, which
agrees well with the calculation.

The observed isotropic Heisenberg exchange coupling
J =0.13 meV is very likely mediated by the Cu,N sur-
face. This is apparent since dimers built with the same
spacing of 0.72 nm but placed so two N atoms lie between
them, show an approximately 10 times stronger coupling
than the ones discussed here. This is in general agreement
with the observation from density functional studies that
the magnetic atoms couple strongly through the N atoms
because they are incorporated in a surface molecular net-
work rather than simply sitting on top of the surface [17].
We note that although the data presented here is consistent
with the assumption of an isotropic interaction, we cannot
exclude the possibility of an anisotropic interaction.

The success of the spin Hamiltonian used here in mod-
eling the Kondo peak splitting further strengthens the
previous observation that the Kondo peak splits in energy
in accordance with the underlying non-Kondo physics
[5,6,10]. As discussed above, the effect of the spin cou-
pling between the atoms is cancelled by the proper mag-
netic field, and the electrons in the conduction sea—
responsible for the Kondo screening of the Co atom—are
free to cause zero-energy spin-flip transitions of the Co
spin. At this field, the measured conductance spectrum is
nearly identical to the spectrum of an isolated Co atom at
zero field (see Fig. S1 [23]). This is surprising as one might
expect that the many-body physics of the Kondo system
could behave in a dramatically different way.

The zero-field spectrum of the Co atom in the dimer of
Fig. 1 shows an additional narrow peak at V = 0. There is a
twofold degeneracy in the dimer’s ground state (Fig. 3), so
we speculate that this small conductance peak may be a
Kondo resonance of the combined spin of the dimer.
Exciting extensions of the presented work are to Kondo
dimers and to Kondo lattices, where the proper tuning of
the relative strength of the Kondo interaction and the dimer
exchange coupling is expected to give rise to a quantum
phase transition [26].
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