Mixed 41 population of Tm adatoms on insulating Cu,N islands’
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The electronic properties of Tm and Lu atoms adsorbed on nanoscale Cu,N insulating islands and on a clean
Cu(100) surface have been investigated by scanning tunnelling microscopy and spectroscopy, and density functional
calculations modelling the electronic structure of the rare earth atoms were performed. Whereas Lu adatoms display
the same spectra on both surfaces, tunnelling spectra of Tm on Cu,N indicate a state at ~ 0.8 V or at ~ 1.9 V bias,
depending on the 47 population of the adatom, 4f'2 or 43, which is not present on Tm atoms adsorbed on
Cu(100). Although inelastic 4 f-spin-flip excitations were not d etected, variation of tunnelling through the strongly
correlated d-electrons indicates that the insulating layer opens a pathway to access to the electronic state of those

4f electrons in the single adatom.

1 Introduction

The study of structures comprising a few or a single atom is of
importance from a fundamental physics point of view, however
the experimental realization and characterization of such struc-
tures can be challenging. Clean metal surfaces are the most usual
substrate for STM experiments, and are particularly suited for
atomic manipulation and the construction of artificial structures,
as the low diffusion barriers of adsorbed atoms and molecules
and flat surface potential of the metal allows for reproducible lat-
eral atomic manipulation; however, the counterpart is that metals
might not be the ideal substrate for the investigation of the elec-
tronic properties of said atoms and structures, as their orbitals
will strongly couple with the surface state of metals. Although
a fully insulating substrate is not a valid sample for tunnelling
experiments, an intermediate situation consisting in a thin in-
sulating film grown on a conductive sample has proven to be a
viable and fruitful avenue for local probe experiments.!

The role of the insulating layer is to electronically decouple
adsorbed atoms and molecules from the metallic substrate.? This
opens several interesting routes for research, as, to name a few,
in the new situation molecular bonds that were previously hy-
bridised will retain their discrete energy levels and allow its or-
bitals to be imaged by STM,?3 lifetimes of quantum states can
improve significantly due to the closing of decay paths involv-
ing scattering with substrate electrons,* or the charge state of a
single atom can be controlled, charging and discharging a single
electron.® The increased anisotropy introduced by a thin insu-
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lating layer can be used to enhance single-atom spin flip spec-

troscopy, too, as has been done to great effect for 3d atoms. %7

In recent years the study of rare-earth elements has come to the
foreground, after it was shown that Holmium adatoms on Magne-
sium Oxide behave as bistable single atom magnets at low tem-
peratures.® Using spin-polarized STM, the stability of the spin
state of a single Ho adatom? and the means to control it 1% have

been investigated; the adsorption sites were also precisely identi-

fied. 1! However, on Cu,N, experimental results are limited to Ce
adatoms, 1213 while theoretical studies investigated Gd adatoms
and dimers on CuN/Cu substrates. 14 The electronic structure of
rare earths differs from that of transition metals in the 4 f electron
shell, incomplete in the case of rare earths (RE), except for Lu,
while for transition metals it is either empty, as in lighter 3d and
4d elements, or complete for the case heavier 54 metals. Access-
ing these states is an area of open research in single atoms 19:1>-18
and molecules with RE centres, 1922 as they have great interest
for technological applications as single-atom?® or single-molecule
magnets.?3 Apart from STM, other approaches have been used,
particularly XMCD, 82428 to explore the electronic and magnetic
properties of single rare earth adatoms on different metallic sur-
faces.

In this work two different rare-earth species, Tm and Lu, are
studied as single atoms on a metallic Cu(100) surface and on
insulating Cu,N islands grown on it, by performing differen-
tial conductance spectroscopy over different energy ranges. The
dl/dV curves for Tm/Cu,N present additional resonances com-
pared with Tm/Cu(100), while for Lu adatoms the spectra are
featureless for both kind of substrates. The origin of the elec-
tronic features is further explored by first principles calculations,
determining that the LDOS of the RE adatoms at those energies
have 5d orbital character and are influenced by the incomplete
4f orbitals.
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Fig. 1 (a) Detail of a STM image of Cu,N islands on Cu(100) and dl/dV spectroscopy on the two areas, (b) the remaining clean Cu(100) surface and

(c) a CuyN island.

2 Experimental section

2.1 Adatoms deposition

The insulating layer used in this research consists in a single
atomic layer of Cu,N, 29-31 prepared by implanting N atoms on
a clean Cu(100) surface. Preparing Cu,N requires first preparing
a high quality clean Cu(001) surface, which follows the typical
process for noble metals. The surface is cleaned by removing the
most external atomic layers by Ar" sputtering at 1 kV, with Py,
~ 1 x 10~% mbar, followed by annealing in UHV conditions at T
~ 900 K. By repeated sputter-annealing cycles, a clean Cu(001)
surface can be produced. Nitrogen atoms are implanted on the
Cu surface by sputtering in a N, atmosphere. To favour the self-
assembly of regular islands, the sputtering process is followed by
a gentler annealing than for the clean surface, at T ~ 600 K.

Before dosing rare earth atoms on the sample a prior charac-
terization of both Cu(100) and Cu,N surfaces is performed. Fig.
1.a shows an STM image of a typical Cu,N sample, and the dI/dV
spectra taken over £3 V on (b) Cu(100), and (c) Cu,N. The Cu,N
patches are represented by a darker color in the topography im-
age, as they appear as a 100 pm depression; the increase of dI/dV
at 2 V corresponds to the onset of the conduction band. 3032

Rare earth atoms were evaporated by e-beam heating a molyb-
denum crucible filled with 99.99% purity bulk Tm (Lu) onto a
cold sample. In the case of Lu the experiment was performed
in a SPECS JT system, where the evaporation is performed with
the sample at the STM stage, keeping the sample at T = 5 K. In
the case of Tm the experiment was performed in a Unisoku 1300
STM, where the sample is loaded vertically into the STM stage in-
side of the cryostat. The sample and transfer rod were pre-cooled
for three hours at the STM stage down to a temperature of 4 K,
the sample is then disengaged from the STM and exposed for a
few seconds to a flux of Tm atoms and reinserted.

A topography of the resulting samples can be seen in Fig. 2.a
for Tm and Fig. 3.a for Lu. Profiles taken on Tm adatoms at 150
mV show a height of 260 pm for adatoms on Cu, and 240 pm
for adatoms on Cu,N (Fig. 2.b,c); profiles on Lu adatoms show
a height of 220 pm over Cu(100) and 240 pm over Cu,N (Fig.
3.b).
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Fig. 2 (a) Topography of a Cu,N sample with Tm adatoms, taken at
Vgias = 150 mV, |, = 1 nA. Profiles along the lines over the indicated Tm
adatoms: (b) on Cu(100), blue line; and (c) on Cu,N, grey line.

2.2 Spectroscopy on Tm/Cu and Tm/Cu,N.

Identification of the adatoms is done by performing dI/dV spec-
troscopy on different objects over a wide energy range (+3.5 V),
both for objects on the Cu(100) surface and for objects on the
Cu,N patches. Representative spectra of each case are shown in
Fig. 4. Two different behaviours are observed, depending on the
substrate: Objects on Cu(100) all present a similar spectra (Fig.
4.a), indicating that they are all the same species, consistent with
the objects being single Tm atoms; objects on Cu,N also present
similar spectra (Fig. 4.b), although different from those observed
on Cu. On Cu(100), the spectra of Tm adatoms somewhat re-
semble the spectra of bare Cu (Fig. 1.b); on the other hand,
the features are sharper for Tm adatoms on Cu,N, presenting a
larger peak at 2.1 V and an additional smaller feature at 0.8 V
not observed for adatoms on Cu(100).

To ensure that this behaviour is not atom dependent, and that
objects on Cu(100) and on Cu,N are not, in fact, two different
species, Tm adatoms on Cu(100) are vertically manipulated onto
Cu,N patches. Vertical manipulation requires moving the atom
onto the tip, and then dropping it back to the surface in a con-
trolled fashion. While lateral atom manipulation is the usual ap-
proach in metals, it does not work well on insulating layers.>7 A
single Tm adatom on the Cu(100) surface can be reliably picked
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Fig. 3 (a) STM image of Lu adatoms on a Cu,N sample (Vs = 100 mV,
I, = 1 nA). At the right: (b) profiles along the blue line in (a) for a Lu
adatom on Cu(100) (dash-dotted line) and along the gray line in (a) for
a Lu adatom on Cu,N (continuous line); (c) representative spectra taken
on Lu adatoms on both Cu(100) (dash-dotted line) and Cu,N (continuous
line) from 0.5 to 3.5 V. In this case both species present a very similar
behaviour, a single large broad feature centred around 2.6 V, and no
other features at lower bias. The thin line is the calculated d-PDOS.

15 pPr——1 2 15—
——Tmon Cu — —— Tm/Cu,N/Cu(100)
O d-PDOS (no open core) %
510} 5 | 2 210
o o f
s g s
: . fis
° @) ’
a
0 g .M e » - 0 L L L L AL L I-
-3 -2-10 321012 3
Bias (V) Bias (V)

Fig. 4 Typical spectra taken on Tm adatoms on (a) Cu(100) and (b)
Cu,N. Thin line in (a) is the calculated d-PDOS

Fig. 5 Atom manipulation of Tm adatoms (Vgiss = 10 mV, I, = 1 nA).
Atoms were picked up onto the STM tip from the Cu(100) surface,
marked in blue, and dropped onto Cu,N islands at the positions marked
in grey. The image shows the the sample prior to starting and after sev-
eral successful manipulations.

up onto the tip by regulating over it at VBias = 10 mV, It = 1
nA, disengaging the feedback loop, lowering the tip 300 pm to-
wards the atom and applying a 1 V pulse; conversely, after pick-
ing up the Tm atom it can be dropped onto a Cu2N patch by
regulating over it at VBias = 10 mV, It = 1 nA, lowering the tip
200 pm towards the surface and applying a -1 V pulse. Fig. 5
shows the topography of a 15 x 15 nm area before and after ver-
tically manipulating several Tm atoms on Cu (indicated by blue
circles) onto Cu2N patches (atoms at new positions are indicated
by white circles).

Prior to manipulation, all the atoms presented the same
spectra as shown on Fig. 4.a, corresponding to a Tm adatom
on Cu(100); however, as shown in Fig. 6, after manipulation
onto Cu2N two different spectra can be observed, in one case
the same as the spectra corresponding to Tm on Cu2N seen in
Fig. 4.b, with a large peak at 2.1 V and a smaller feature at 0.8
V, while other adatoms present a similar spectra shifted to
higher energies: The large peak occurs at 2.6 V, while the
smaller feature is shifted above 1.5 V.
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Fig. 6 Spectra taken on Tm adatoms on Cu(100): (a) prior to manip-
ulation, showing the same behaviour for Tm/Cu(100) as seen in Fig. 4
(a), and (b) after vertical manipulation onto Cu,N, showing the same
behaviour as seen for Tm/Cu,N in Fig. 4 (b). On the other hand, the
set of Tm adatoms presented in (c), which also conform to Tm/Cu(100),
present shifted spectra when manipulated onto Cu,N (d). In both (b)
and (d) the calculated ¢ and p-PDOS are overlayed with the differential
conductivity spectra (see text for details).

2.3 Spectroscopy on Lu/Cu and Lu/Cu,N.

To further investigate whether the observed feature at 0.8 is spe-
cific to Tm, the experiment is repeated using lutetium. Lu atoms
present a similar electronic configuration as Tm, but with the sig-
nificant difference of having a full 4f shell. Because of this, 4f
electrons will not be able to contribute to the unoccupied LDOS,
either while lying on Cu(100) or on Cu,N.

Fig. 3.c shows representative spectra taken on Lu adatoms on
both Cu(100) and Cu,N from 0.5 V to 3.5 V. In this case both
species present a very similar behaviour, a single large broad fea-
ture centred around 2.6 V, and no other features at lower bias.

The spectroscopic behaviour near Er of Tm and Lu adatoms on
Cu;N and Cu(100) is presented in Fig. 7. Even though the elec-
tronic configuration of Tm could allow for spin excitations of the
4f orbital produced by the tunnelling current, spectra taken on
single Tm adatoms on the Cu(100) surface present no observable
signature of inelastic electron tunnelling (IET) (Fig. 7.c), or any
other distinct feature, nor do the spectra taken on Tm adatoms
on CuyN (Fig. 7.d). While the spectra are not flat in the explored
range, both are hardly distinguishable within the noise-level from



spectra taken on the Cu(100) surface (Fig. 7.b), indicating that
the shape of the spectra is tip-related, rather than due to the Tm
adatoms. A similar behaviour is observed for Lu adatoms (Fig.
7.e), a tip-related peak and no IET signature, which in this case
would be expected due to the 4 orbital being complete for Lu.
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Fig. 7 (a) STM image showing a 6 x 6 nm? area with Tm adatoms
lying on both the Cu(100) and Cu;N surfaces; differential conductance
spectra taken over £20 mV dl/dV, at a base temperature of 0.5 K, using
a modulation voltage of 200 uV, on (b) the Cu(100) surface, (c) a Tm
adatom on Cu(100), and (d) on a Tm adatom on Cu;N. (e) Differential
conductance spectra taken over a +50 mV range of Lu adatoms on the
Cu(100) surface (dash-dotted line) and the Cu,N surface (continuous
line), as well as on the bare Cu (100) surface (dashed line).

3 Density functional calculations

In order to discern the nature and orbital character of the fore-
most features observed in the STM differential conductivity spec-
tra at the RE adatoms on Cu,N/Cu(100) and on Cu(100), we per-
formed ab-initio density functional calculations using the pseudo-
potentials method with two different 4f electronic populations
for the RE adatoms and over all accessible sites of the (100) stud-
ied surfaces. It seems reasonable to consider changes in the 4f
occupancy of the RE adatoms since it depends not only on an
intrinsic atomic quantity, as is the energy needed to change the
valence of the ground state, but also on the different binding en-
ergies for different states.33-3% The latter is associated with the
hybridization of the valence electrons, which also depends on
the kind of substrate and on the adsorption site, as it has been
recently shown for several RE adatoms deposited on different
metallic substrates. 26

The  electronic  properties of RE/Cu(100) and
RE/Cu,N/Cu(100) are studied by means of ab-initio calcu-
lations based on DFT as implemented in VASP.3¢ We use the
generalized gradient approximation (GGA) and local spin density
approximation (LSDA) for correlation and exchange.3” The ro-

tationally invariant LSDA+U theory, introduced by Liechtenstein
et al.,38 has been used for describing the strongly correlated d
and f electrons when GGA fails. The 4f shell occupation for the
RE adatoms was introduced in the calculation by selecting the
open-core electronic configuration, where 12 f-electrons are in
the core and they do not show up in the valence region, and a
normal electronic configuration where they are free to behave as
valence electrons.

After testing the convergence for different supercell-sizes in
RE/Cu,N/Cu(100) and RE/Cu(100), we used 224 Cu-atoms
in a (4x4x7)-superstructure oriented along [100] with 32 Cu
atoms/layer, a vacuum layer 35 A thick, one RE adatom and,
for RE/Cu,N/Cu(100), 32 N atoms in the two surface monolay-
ers, having 16 N atoms/surface. A fully 3D ionic relaxation was
done for the RE adatoms including the three nearest layers and
keeping the central Cu-layer fixed. The ion relaxation was cal-
culated at [-point by using, first, a conjugate-gradient method 3°
and the quasi-Newton method later. ** Hellmann-Feynman forces
are around 1.5 mRy/a.u. per atom. This optimization gives
average interlayer distances, along [100], of d(Cu,N-Cu(1))=
2.08 A, d(Cu(1)-Cu(2))= 1.83 A and d(Cu(2)-Cu(3))= 1.80 A
for RE/Cu,N/Cu(100). Similar distances between Cu layers
are obtained for the RE/Cu(100) case. The rare-earth adatoms
are positioned on top of Cu sites in RE/Cu,N/Cu(100) and
RE/Cu(100) cases, having an average distance between the RE
adatom and the nearby surface of ~ 2.3 A. Tiny displacements
toward N-sites were obtained in both systems. The adsorption
site agrees with that deduced in ref. 12 from atomically resolved
STM images of Ce adatoms on Cu,N, which also protrude from
the surface ~ 2.2 A. The RE binding introduces local distortions
on the nearest Cu,N or Cu surface, alike those observed for 3d
adatoms (see for example ref. 41 and references therein).

For the study of the electronic properties, we used different
k-mesh grids under the Monkhorst-Pack scheme“2 to check the
convergence of calculations and validate the structural model
used. However, a (4x4x1) k-mesh was finally selected because
it allowed us to get a better compromise between accuracy and
computational efforts. The self-consistent electronic relaxations
have an energy precision better than 0.05 meV for an energy cut-
off rounding 350 €eV. Dipolar corrections are only included for
RE/Cu,N/Cu(100) cases.*>44

For the non-open core configuration, Coulomb repulsion for
the f electrons Uy, is obtained by the knowledge of the inelas-
tic spin-flip excitations near the Fermi level. The absence of this
transition in the dI/dV curves, (see Fig.7.c and d), precludes the
use of experimental values to adjust the set Uy, in the calcula-
tion, instead we used the value of Uy, obtained from ref. 45 to
calculate the f-PDOS for RE adatoms. On the other side, for the
open-core scheme calculations of the PDOS, the LSDA+U correc-
tion Uy, parameter used was appropriate to fit the differential
conductivity experimental data.

In Fig.8, with blue continuous lines, we display the calculated
spin-averaged PDOS: (a) s-PDOS, (b) p-PDOS, (e) d-PDOS and
(f) f-PDOS for Tm/Cu,N/Cu(100) by using Uss= 5 €V, where
Tm has almost 13 f-electrons after self-consistent electronic re-
laxation. The f-PDOS have only relevant contributions below



the Fermi energy and the d-PDOS shows important contributions
above Fermi energy between 1.8 and 3 eV. On the other hand,
the red dotted line plots in (c), (d) and (e) of Fig.8 represent
the calculated s, p and d-PDOS, respectively, for the same Tm
adatom on Cu;N/Cu(100) by using Uy = 5 €V. In this calcula-
tion, because we use an open-core scheme, Tm adatom has 12
f-electrons within the Tm-core. The d-PDOS energy distribution
is well-centered around 0.8 eV and the p-PDOS shows important
contribution above Fermi energy at around 2.3 eV.

Similar calculations were performed for Tm/Cu(100) cases us-
ing the same Uys and Uy, values and the two different 4f con-
figurations (non open-core and open-core). In these cases, we
obtained significant values for the d-PDOS only in the range
from +2 to +3 €V, in agreement with the differential conduc-
tivity spectra shown in Fig. 4.a, but without peaks of the d-PDOS
around 0.8 or below 2 eV.

The d-PDOS of Lu adatom are shown in Fig. 3.c for
Lu/Cu;N/Cu(100) by using Uss= 5 eV (ref. 45). The same en-
ergy distribution of the d-PDOS appears as well for Lu adatom in
Lu/Cu(100) using the same Uy, value. Both spectra have close
features at around 2.5 €V, near the experimentally observed in-
creases of dI/dV, with Lu adatoms having almost its free atom
configuration of 14 f-electrons after the convergence of elec-
tronic relaxation. However, the d-PDOS calculated for Lu adatom
using an open-core configuration cannot be associated with any
of the features observed at positive bias in the differential con-
ductivity spectra presented in the previous section, even using
different Uy, values.

4 Discussion and conclusions

The local differential conductivity spectra measured on the RE
adatoms studied share a common characteristic in all the cases,
which is a large peak in the range of 2 to 3 eV (see Figs. 4, 6
for Tm and 3.c for Lu). However, as shown in section 2.2, Tm
adatoms present additional smaller peaks when they are located
on Cu,N islands: at ~ 0.8 €V, irrespective of whether they were
on the Cu,N island directly after deposition (Fig. 4.b) or after
being transported to it from the surface of Cu (100) by STM ma-
nipulation (Fig. 6.b). Additional peaks between ~ 1.5 and ~
1.9 eV, appeared only for other manipulated adatoms (Fig. 6.d).

Comparison with DFT calculations shows that the small peak
at ~ 0.8 eV can be related to the d-states for a Tm adatom in
an open-core configuration (12 f-electrons in the core) (see Fig.
8.e, dotted line). However, this d-PDOS does not show a relevant
increase in the 2-3 eV range. The large single peak observed in
the differential conductivity near above 2 eV for these adatoms
could not be due to an intrinsic increase of their d-states, but to
a resonance of the p-PDOS of the adatom (see Fig. 8.d) with the
surface d-state of Cu,N existing at 2.2 eV.3%:32 This surface state,
in turn, may arise from an electronic state at the Cu,N/Cu inter-
face, derived from the Cu(100) surface state localized between
1.4 and 2 eV, %047 with a shift due to the dielectric layer.3? In
Fig. 6.b, both, the d and p-PDOS of a Tm adatom having 12 f-
electrons are overlapped with the differential conductivity spec-
tra measured on several of such kind of Tm adatoms on Cu,N.
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Fig. 8 Calculated spin-averaged partial densities of states for Tm in
Tm/Cu,N/Cu(100): with continuous lines (blue), (a) s-PDOS, (b) p-
PDOS, (e) d-PDOS and (f) f-PDOS, where the Tm adatom has 13 f-
electrons; with dotted lines (red), (c) s-PDOS, (d) p-PDOS and (e) d-
PDOS, for a Tm adatom with 12 f-electrons.

The other kind of spectra, measured on some of the manipu-
lated Tm adatoms (Fig. 6.d) and characterized by a small peak
slightly below 2 eV, as well as the large split peak between 2 and
3 €V, can be related with the d-PDOS on a Tm adatom with 13
valence f-electrons (main panel of Fig. 8.e, continuous line). In
Fig. 6.d we have overlayed that d-PDOS and the p-PDOS for a
13 f-electrons Tm adatom (Fig. 8.b) with the differential con-
ductivity spectra. We find that the d-PDOS fully accounts for the
observed features in the differential conductivity.

The shift in energy of the small peaks in the differential con-
ductivity spectra, from 0.8 V to 1.5 V or higher, could be caused
by different sources, the two most obvious being a contamina-
tion during manipulation or differences in the local environment.
Hydrogen contamination, which can be an issue in longer exper-
iments as H adsorbed on the chamber walls desorbs over time,
would be expected to produce a difference in the constant cur-
rent topography of the adatom, as well as a large change in the
differential conductance spectroscopy, *8:4° which does not seem
to be the case. Instead, the most likely origin of the shift is due
to the adatom being in a different position on the Cu,N lattice
and thus in the presence of a different crystal field. Adsorption
on different binding sites has been shown to have a very strong
effect on the electronic properties of 3d metals.3! Otherwise, for
the RE the 4f electrons are highly shielded and thus a feature of
4f origin would be less affected by changes in the local crystal
field than for 3d metals, but it is also known that for RE ions in
oxides, fluorides and other compounds with covalent/ionic bond,
due to the interaction with the crystal field, the average position



of the 5d levels, i.e., the centroid, is lowered relative to the po-
sition for the free ion. This, combined with the crystal field and
spin-orbit splitting results in a decrease of the f — d transition
energy.>® In our case, we can fit the different conductivity spec-
tra observed for Tm adatoms by a different population of the
4f orbitals, therefore, although shielded by the 5s and 5p elec-
trons, the 4f electrons appear to be influenced by the adatom
environment. In particular, our calculations suggest that the as-
deposited Tm adatoms have always 12 4f electrons and, when
manipulated at 1 K, may gain one additional electron for the 4f
shell. The main difference between the as-deposited adatoms and
those manipulated is that, during evaporation, hot Tm adatoms
are able to diffuse slightly over the Cu,N surface and reach the
binding site of minimum energy; on the other hand, atomic ma-
nipulation is performed at 1 K and diffusion is strongly inhibited,
and adatoms are more likely to stay in a local minimum of the
surface energy potential. Therefore, for the adatoms located at
deeper energy minima, it can be energetically favourable to pro-
mote a 4f electron to a higher energy shell, but for those sited
on local minima, the energy balance leads to a 4f shell with 13
electrons.

The observation that the small peaks at 0.8 V only appear on
Cu,N and not on the Cu(100) surface could indicate that in the
latter case the Tm adatom hybridizes with the metallic surface
in a more uniform way, i.e., the binding energy is similar for the
different adsorption sites and the population of the 4f orbitals
stays fixed. Specifically, the number of 4f electrons calculated for
the Tm adatoms on Cu(100) is = 13, the same as the obtained by
Singha et al. on Cu(111).26

As to the Lu adatoms, the strikingly similar behaviour observed
for adatoms in a metallic environment and for adatoms on the in-
sulating layer is surprising, as the substrate had a very noticeable
effect for Tm adatoms. This reinforces the idea pointed out above
of the effect on the 4 f orbital for Tm when it is adsorbed on an in-
sulating layer, as this orbital being complete in Lu but incomplete
in Tm is the main electronic difference between the two RE.

Inelastic spin-flip excitation on RE atoms and clusters is of
great interest, as due to their strongly localized 4 f states are can-
didates for long lived atomic magnetic states, which if accessible
to IET spectroscopy could be probed unperturbed by tunnelling
at energies lower than the excitation threshold, and switched
by going over it. There have been multiple studies in the mat-
ter, where in some cases positive results have been reported 1>-17
while in others the absence of any excitation has been explicitly
noted, 1918 as is the case for Tm and Lu on Cu,N here reported.

Our study of the electronic properties of Tm and Lu adatoms
on a metallic and on an insulating surface indicates that the tun-
nelling electrons access states with d-character and there is no
direct access to 4f electrons, or at least none capable of produc-
ing a measurable contribution to the LDOS. Moreover, inelastic
4 f-spin-flip excitations have not been detected in any case, con-
sistent with negligible direct tunnelling into 4f orbitals. Recent
advances in combining STM with electron paramagnetic reso-
nance”! which allow for a very precise excitation energy deter-
mination have enabled the use of the Zeeman splitting of a single
Fe atom on MgO to detect the states of a Ho atom, 10 demonstrat-

ing that magnetic switching by spin-polarized current pulses is
possible despite an absence of IET steps in dI/dV. In relation to
this, our experiments and calculations indicate that the deposi-
tion of Tm adatoms on an insulating layer allows indirect control
of the 4f electrons. It is possible, depending on the adsorption
site, to have different 4/ populations, 12 or 13 electrons, situa-
tion not observed before for RE adatoms deposited on conducting
surfaces.
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