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Spin Excitations in a 4f — 3d Heterodimer on MgO
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We report on the magnetic properties of HoCo dimers as a model system for the smallest intermetallic
compound of a lanthanide and a transition metal atom. The dimers are adsorbed on ultrathin MgO(100)
films grown on Ag(100). New for 4f elements, we detect inelastic excitations with scanning tunneling
spectroscopy and prove their magnetic origin by applying an external magnetic field. In combination with
density functional theory and spin Hamiltonian analysis, we determine the magnetic level distribution, as
well as sign and magnitude of the exchange interaction between the two atoms. In contrast to typical
4f — 3d bulk compounds, we find ferromagnetic coupling in the dimer.
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Many alloys combining transition metal (TM) elements
of the first row with rare earth (RE) elements are widely
used as permanent magnets due to their large magnetic
anisotropy and remanent magnetization. The coupling
between the spins of these elements can give rise to
complex magnetic structures that exhibit rich phase dia-
grams [1]. This is due to the indirect exchange interaction
between the 4 f orbitals of the RE and the 34 orbitals of the
TM mediated by the spd conduction electrons [2]. In
addition, the magnetic order of RE-TM alloys is strongly
affected by structural relaxations and surface effects [3].
Both become particularly important when the size of the
magnet reaches atomic dimensions [4—8].

Understanding the magnetic level distribution and, there-
fore, the origin of magnetic anisotropy is important for the
rational design of prototypical nanomagnets. The splitting
of the low energy levels can be investigated using scanning
tunneling microscopy (STM) and spin-excitation spectros-
copy (SES) [9]. However, the detection of spin-excitations
in 4f atoms and 4f single molecule magnets is very
challenging due to the vanishing contribution of the 4f
electrons to the tunnel current as a result of their strong
localization [10,11], and reading the magnetic state of
adsorbed RE atoms and islands is possibly enabled by
the exchange interaction with the 5d shell [10,12].
Accordingly, spin-excitations have not been reported in
4f containing nanostructures, including single molecule
magnets, apart from claims that, however, were not sub-
stantiated by demonstrating their Zeeman shifts [13—15].
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Also, for some of the claimed systems [14], the inelastic
features and associated magnetic properties could not be
reproduced [11,16]. In contrast to the strongly localized 4 f
electrons, the 3d orbitals of TM atoms are more directly
probed by tunneling electrons, and therefore, they often
exhibit large SES cross sections [17]. In order to access the
magnetism of 4f elements via SES, we combine one RE
atom with one TM atom and study the magnetism of this
heterodimer, which is also a model system for probing the
4f — 3d exchange coupling at the atomic scale.

We report on the magnetic properties of HoCo hetero-
dimers on MgO(100) thin films grown on Ag(100) [18].
The properties of Ho and Co on MgO are particularly
intriguing: Ho on MgO is the first discovered single atom
magnet which exhibits a magnetic moment that is close to
its highest possible value [33-35], whereas Co on the same
surface exhibits the largest magnetic anisotropy energy
[17]. The MgO(100) thin films grown on metal surfaces are
ideal substrates as MgO decouples the magnetic states of
adsorbates from the scattering of substrate electrons and
soft phonons [33,36]. For HoCo dimers, we observe two
pairs of spin-excitations at +8 and +20 meV, for which we
develop an effective spin Hamiltonian (SH) [18] using
minimal input from our density functional theory (DFT)
calculations [18]. The SH model reproduces the magnetic
field dependent conductance steps. In agreement with DFT,
this model finds collinear ferromagnetic coupling between
Ho and Co. The DFT inferred adsorption site is also in
agreement with experiment. Using SH, we determine the
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magnetic level spectrum of HoCo and the relative con-
tribution of the two elements to the experimentally detected
spin excitations.

The Ho and Co atoms were codeposited onto the cold
substrates, in the measurement position of our 0.4 K, 8 T
home-built STM [37]. This yields predominantly individual
Ho and Co atoms, but also the occasional formation of
homodimers and heterodimers. In order to unequivocally
distinguish the different species, we prepared samples
separately with only Ho or only Co. Each species has
characteristic inelastic conductance (dI/dV) steps and/or
apparent heights. The homodimers, Ho, and Co,, show
intense dI/dV steps located at +85 and +13 meV,
respectively (Figs. S1 and S2 [18]). Figure 1(a) shows
an STM image of the remaining four species. Isolated Ho
atoms adsorb on top of O (Ho'P) or bridge sites (Ho"") of
the MgO(100) lattice [38]. They are discerned by their
distinct apparent heights [Fig. 1(b)]; neither one has
observable inelastic conductance steps [Fig. 1(e)].
Isolated Co atoms adsorb on top of O only [38] and are
clearly identified by their dI/dV steps at +58 meV,
reminiscent of their high magnetic anisotropy [17]. The
apparent height of the HoCo dimer is distinct from Ho®,
HoP, and Co atoms [Fig. 1(b)], and it possesses an
“egglike” footprint with its axis aligned along the MgO
(100) lattice directions [Fig. 1(c)]. This shape, as well as the
location of the dimer, are in agreement with the adsorption
geometry inferred from DFT, where Ho and Co adsorb on
two adjacent O sites with vertical distances of 2.26 and
1.89 A [Fig. 1(d)].

The spectroscopic fingerprints of the heterodimer are
conductance steps at £20 meV [Fig. 1(e)]. Their magnetic
origin becomes evident from their linear shift in an out-of-
plane external magnetic field [Fig. 2(a)]. This spin exci-
tation is markedly different than the behavior of individual
Ho and Co atoms on the same substrate, unlike the case of
Fe-Ho pairs adsorbed on Pt(111), where the spin excitation
of the Fe atom remains unchanged upon approaching the
Ho atom to 4.24 A distance [11]. Figure 2(b) displays the
magnetic field and MgO thickness-dependent excitation
energies for several HoCo dimers. From a linear fit to the
step energy E(H) = guoHAmug [Fig. 2(b)], we extract the
effective Landé g factor of 3.1 4+ 0.3 assuming Am = +1
(Tables I and II of Supplemental Material [18]), where Am
is the change in the out-of-plane component of the total
magnetic moment. The large mean value of g indicates the
presence of a sizable orbital moment, consistent with a
previous report for Fe atoms on MgO [39].

As can be seen from Fig. 2(b), the step energy depends
strongly on MgO thickness (i.e., it moves to lower energy
by 1.7 meV on thicker MgO layers) and, also, weakly on the
local environment of a given dimer (variance of 0.2 meV
for the dimer shown with gray triangles). According to
DFT, the adsorption of the HoCo dimers leads to sizeable
distortions of the underlying MgO lattice. These distortions
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FIG. 1. Identification of HoCo dimers and detection of their
spin excitations. (a) STM image and (b) apparent height profiles
of HoCo dimer and individual Ho®P, Ho", and Co atoms.
(c) STM image showing the characteristic elliptical shape of a
HoCo dimer in comparison with the more symmetric shape of
individual Ho and Co atoms [(a)—(c) V, = 100 mV, I, = 50 pA,
and ygH = 6 T, T = 4.3 K]. Inset: atomic resolution image of
2 ML MgO with O imaged bright (V, = 10 mV, I, = 8 nA). The
white grid shows the O sublattice [38]. (d) DFT calculated
adsorption geometry of HoCo. (e) dI/dV of HoCo dimer
(Vi =40 mV, I, =250 pA), Ho"P, Ho", and Co atoms
(Vi=100 mV, I, =500 pA). All spectra: Vioqpp =1 mV,
uoH = 1T, T = 4.3 K. For clarity, Ho'®® and Ho" spectra are
vertically offset by 0.2 each.

as well as the crystal fields for 1 and 2 ML MgO/Ag(100)
are different. This leads to the lower excitation energies
observed for HoCo dimers adsorbed on thicker MgO films.
Similar thickness dependent behavior was also observed for
Fe atoms on MgO [40].

We expect two types of magnetic excitations in dimers,
one where the total magnetic moment S changes and one

where its projection §z does [41]. The fact that only one
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FIG. 2. (a) Magnetic field dependence of the dI/dV step of

a HoCo dimer (dots: raw data; lines: sigmoid fits). Each data
point represents the average from 10 spectra recorded on the
same HoCo dimer (V;=30mV, I; =750 pA, V 04 pip = 500 pV,
T = 0.4 K). (b) Zeeman plot obtained from measurements on
four HoCo dimers adsorbed on 1 MLMgO/Ag(100) (filled
triangles) and three HoCo dimers on 2 ML MgO/Ag(100) (filled
circles) (T =4 K). Different colors represent the individual
heterodimers. The 0.4 K measurements shown in (a) are included
as open black triangles. Error bars represent the standard
deviation from > 5 measurements on the same heterodimer.
The dashed line shows a fit with the spin Hamiltonian described
in the text (D = —0.47 meV, J = —1.43 meV, g, = 3.2).

transition is observed suggests that the intensity of the
second is below our detection limit. Therefore, we used
spin-polarized (SP) STM tips that can enhance the cross
section of spin-excitation processes allowing us to probe
very weak SES transitions [39,42]. We spin polarized the
current by transferring Co atoms to the tip until a signature
of spin polarization in the SES of Co is observed (Fig. S3
[18]) [39]. Figure 3(a) shows that the steps at 20 meV are
now intense dips, indicative of spin pumping [43], and
indeed, an additional pair of symmetric steps at £8.1 meV
become apparent [Fig. 3(b)]. Being only 13% of the
420 meV step conductance, this transition would have a
conductance variation of merely 1% without SP, and thus, it
is obscured by noise in Fig. 1(e). Note that the zero-bias dip
in the dI/dV spectra measured on the surface and the
concomitant peak in the corresponding measurement on the
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FIG. 3. (a) dI/dV spectra measured with a spin-polarized tip at

the center of a HoCo dimer (dots: measurements, lines: sigmoid
fits). Inset shows the corresponding dI/dV map measured at
V. =20 mV overlaid with the contour of 15% of the maximum
apparent height of the heterodimer. In addition to the jagged
inelastic features at +20 meV, a pair of inner steps are detected at
about £8.1meV (V,=40mV, I, =1nA, and V o4 pip =500 V).
(b) Zoom on the inner step shown in (a). Each data point
represents the average from five acquisitions. (V=15 mV,
Iy = 300 pA, and Vo4 pip =200 V). pgH =8 T and T=0.4K
for both figures.

dimer may stem from different quantum interference paths
of the tunneling electrons in the presence of the SP tip. A
similar zero-bias peak has also been observed for Fe atoms
on MgO with an SP tip [39].

The observed inelastic features are mapped onto an
effective spin Hamiltonian (SH) of the following form:
A=DS?+J(Spo-Sco) +#5[010SHo + IcoScol o H, where
D is the uniaxial out-of-plane (z-axis) anisotropy, J is the
Heisenberg exchange coupling between effective Ho and
Co spin, and the last term is the Zeeman energy due to the
external field acting on both effective spins.

The effective spin values define the level multiplicity
of the lowest multiplet. For RE elements the spin-orbit
coupling largely dominates over the crystal field and,
therefore, the effective spin can be well described using
the total magnetic moment (orbital + spin) [44]. Accord-
ingly, for Ho, we consider the 4 f occupancy obtained from
DFT calculations of 11.02, and deduce the total magnetic
moment as the highest possible projection in the 4f!!
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configuration. This yields gy, = 1.2 and Sy, = 15/2. In
contrast, for TMs the hierarchy of interactions is reversed.
Consequently, the total moment is no longer a good
quantum number [17,39]. In particular, for low symmetry
environments, the level multiplicity can be defined by the
spin moment only [45,46]. Therefore, for Co, we take
the spin magnetic moment S, = 1 calculated from DFT,
and include the possibility of a nonvanishing orbital
component through gc,. This leaves D, J, and gc, as
the only free parameters. Note that the Ho-4f and Co-3d
occupancy in the dimer differ from the respective single
atom counterparts [17,33].

Both inelastic steps, as well as the large effective g
factor for the spin excitation at 20 meV, are reproduced
with D = —0.46 £ 0.02 meV (out-of-plane easy axis),
J =-142+0.05 meV (ferromagnetic coupling), and
Jco = 3.2 £ 0.1. Figure 2(b) illustrates the excellent agree-
ment between the measured (full line) and calculated
(dashed line) Zeeman shift of the step energy. A positive
J would yield g < 2, which contradicts our experimental
observation of g = 3.1 4+ 0.3. The ferromagnetic coupling
between the two atoms in the heterodimer is also found in
DFT, in contrast to the ferrimagnetic exchange reported for
most bulk RE-TM alloys [47]. Note that applying an out-
of-plane magnetic field leads to a significantly higher ¢
factor compared to a free electron value of 2. This suggests
an out-of-plane easy axis of the heterodimer, in contrast to
the in-plane orientation calculated from DFT.

Figure 4 sketches the ground state and the first two
excited states which are accessible in the presence of the
AS ==+£1,0 selection rules [45]. The two observed
transitions are |S,S.) = [17/2,+17/2) — |15/2,+15/2),
for which we calculate 21.1 meV at 8 T, and
[17/2,£17/2) — |17/2,4+15/2), for which our SH yields
8.2 meV at 8 T.

In order to quantify the contribution of each atom to S,
we compute the expectation value of S,y, and S, ¢,
(Supplemental Material [18]) and show them on the
right-hand side of Fig. 4. The prominent inelastic transition
observed at £20 meV is dominated by an almost 90%
reduction of S, ¢,, whereas the out-of-plane projection of

|s.s) E HoCo (S,..)(S,..)
15/2,-15/2) | ————— 60/ £ 74 +04
A S=-1
117/2,-15/2) : ¢ 66209
A S=
17/2,-17/2) S=0 O :75:10

FIG. 4. Schematic of the magnetic sublevels involved in the
SES process. The AS = —1 transition (thick arrow) causes the
high energy dI/dV steps and implies a large change in S, ¢, and,
therefore, has a large signal. The low energy steps are due to a
AS = 0 transition where S, ¢, changes only slightly (thin arrow).

the Ho moment is reduced only by a few percent. If we
assumed that the tunnel electrons interacted mostly with
the TM element, this would explain the larger step height
for this transition implying a strong change of S, ,. For the
inner steps at +8.1 meV the opposite is true; i.e., the
change of the out-of-plane projected overall magnetic
moment of the dimer is mostly due to the Ho atom, again
in agreement with the observation of these steps having low
intensity. Finally, we attribute the large gc, = 3.2 value to
an unquenched orbital moment contribution of m; = 1.2ug
[18]. This value compares well with previous reports for
single surface-supported Co atoms [48,49]. However, it is
strongly reduced compared to the maximum orbital
moment of Co atoms on MgO [17], due to the lowered
symmetry caused by the neighboring Ho atom in the
heterodimer.

In conclusion, we detected spin excitations of individual
exchange-coupled RE-TM heterodimers. The spectro-
scopic cross section mostly results from the out-of-plane
projected spin variations in the 3d element. The possibility
of detecting inelastic transitions of magnetic origin in RE
based nanostructures allows unprecedented access to their
magnetic level diagram, as well as their internal magnetic
coupling.
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