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ABSTRACT: Single lanthanide atoms and molecules are
promising candidates for atomic data storage and quantum
logic due to the long lifetime of their magnetic quantum states.
Accessing and controlling these states through electrical
transport requires precise knowledge of their electronic
configuration at the level of individual atomic orbitals, especially
of the outer shells involved in transport. However, no
experimental techniques have so far shown the required
sensitivity to probe single atoms with orbital selectivity. Here
we resolve the magnetism of individual orbitals in Gd and Ho
single atoms on MgO/Ag(100) by combining X-ray magnetic
circular dichroism with multiplet calculations and density
functional theory. In contrast to the usual assumption of bulk-
like occupation of the different electronic shells, we establish a charge transfer mechanism leading to an unconventional singly
ionized configuration. Our work identifies the role of the valence electrons in determining the quantum level structure and
spin-dependent transport properties of lanthanide-based nanomagnets.
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n lanthanide elements, the spatial localization of electrons either localized on the molecular ligand®”'® or on the outer
Iin the 4f orbitals enables strong electron correlations and orbitals of the atoms.'”'* Therefore, probing the electronic

gives rise to large free-atom like spin and orbital magnetic configuration and spin-polarization of the valence orbitals not
moments. When surrounded by a suitable ligand environment, only allows one to design molecular magnets with multiorbital
lanthanide atoms can exhibit long magnetic lifetime and spin configuration and accessible magnetic states'>'® but also
thereby offer an exquisite platform for information storage at to rationalize the quantum level structure of surface-adsorbed
the atomic scale.'™® In diluted samples, where magnetic atoms with open valence shells."> However, a direct measure-
interactions are negligible, one can characterize their magnetic ment of the magnetic properties of the valence electrons for
properties using spatially averaging techniques, such as surface-adsorbed isolated atoms or molecules was still missing.
superconducting quantum interference devices"”*" and Here we report measurements of valence electrons in

synchrotron-based X-ray spectroscopies.” " The latter not
only allow probing lanthanide atoms and lanthanide-based
molecules localized on supporting surfaces, but also addressing

lanthanide atoms, clusters, and films adsorbed on MgO/
Ag(100) with an exquisite orbital sensitivity using X-ray
S absorption spectroscopy (XAS) and magnetic circular
the impact of the surrounding ligand.”™ ™’ While individual dichroism (XMCD). Conventional XAS/XMCD measure-

access and mampulatlop of magnetic states of molecul'es was ments of lanthanides generally make use of the 3d — 4f
demonstrated using spin transport through electro-migrated

molecular junctions,”” the quantum states of individual
surface-adsorbed lanthanide atoms can be sensed using spin- Received: June 12, 2021
polarized scanning tunneling microscopy.'”'”* In these Accepted:  September 15, 2021
measurement schemes, the contribution of 4f electrons to Published: September 21, 2021
spin transport is severely limited due to their strong

localization. Nevertheless, access to their magnetic states is

enabled through their magnetically coupled valence electrons,
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Figure 1. Orbital-selective X-ray absorption on single atoms. (a) Schematics of the XAS/XMCD measurements performed in total electron
yield mode. (b) Representation of orbital sensitive measurements at M;, M, 5, and M, ; edges, which address the occupancy and magnetism

of the 6p, 5d, and 4f orbitals, respectively.
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Figure 2. X-ray absorption spectra of Gd on MgO/Ag(100). (a, b) XAS and XMCD of Gd atoms (0.03 ML) at the M, ; edges probing the 4f
orbitals. (¢, d) XAS and XMCD of Gd atoms (0.03 ML) and clusters (0.14 ML) at the M, ; and M, edges probing the 5d and 6p orbitals,
respectively. Raw (light solid lines) and smoothened data (solid lines) are shown together with multiplet calculations for a 4f "6s*5d°6p°
configuration. Arbitrary units refer to the same intensity scale. All data were acquired in grazing incidence and represented on the same

intensity scale (see the Methods).

transitions to measure the large magnetic moment of the 4f
electrons. In this work, using an extended X-ray energy range,
we were able to additionally access the higher energy 3p — 5d
and 3s — 6p transitions to reveal the presence or absence of
unpaired electrons in the 5d and 6p valence orbitals,
respectively. To our knowledge, these measurements have
not been reported so far for surface-adsorbed single atoms and
nanostructures. To interpret our data, we developed a
theoretical method combining atomic multiplet calculations
with density functional theory (DFT). We first chose Gd as a
test due to its stable half-filled 4f” configuration, weak magnetic
anisotropy, and largest exchange splitting of the 5d states.'” We
then apply our method to probe the valence electrons of Ho
single atoms and determine their magnetic level scheme. Ho
atoms on MgO(100) thin films have attracted particular
attention due to the stability of their magnetic states up to 45

16163

3,11,18-20 .
K> For both elements, we reveal an unconventional

singly ionized configuration, with bulk-like occupation of the 4f
shell (41" for Gd, 4f'° for Ho), doubly occupied 6s orbitals, and
no unpaired electrons in the Sd states. By mapping the spin-
resolved occupation of the valence orbitals, we unravel the full-
electron configuration that defines the magnetic stability of
their ground state and spin-dependent transport properties.

RESULTS/DISCUSSION

The XAS and XMCD measurements were acquired using left
(LP) and right (RP) circularly polarized light, as sketched in
Figure 1a, in an external magnetic field B of up to 6 T oriented
along the photon beam, while keeping the samples at low
temperature (T = 6.5 K).”' A schematic of the X-ray
absorption transitions discussed in this work is presented in
Figure 1b. Optical selection rules for electric dipole transitions
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Figure 3. Analysis of the M, ; edges of Gd. (a) Schematics of X-ray absorption at the M; edge. The preferential spin-polarization generated by
RP and LP photons probes the spin-split 5d states of Gd as obtained from DFT. The short lifetime of the excitation gives rise to broad peaks
in the XAS. The difference of XAS signals from the two polarizations results in a derivative-like XMCD. (b, c) Polarization-resolved XAS of
Gd atoms on MgO/Ag(100) at the M, and M, edges. (d, e) Corresponding XMCD signals are compared to simulations for both 5d° and 5d'
configurations, the amplitude of which was determined by matching the experimental XAS intensity. (f, g) Integrated XMCD/XAS signals for
atoms (0.03 ML), clusters (0.14 ML), and film (1.2 ML) at the M; and M, edges. All data were acquired in grazing incidence and represented

on the same intensity scale (see the Methods).

impose a change of the electron angular momentum by Al =1
upon photon absorption. Hence, the choice of the core level
determines the final state that can be probed using these
transitions. Due to their larger absorption cross section, soft X-
ray photons below 2000 eV are generally employed to probe
the very low densities of single adatoms that are needed to
ensure the absence of magnetic interactions.””>* In the
lanthanide series, this energy range allows reaching core levels
with principal quantum number n = 3. Therefore, only 3s —
6p (M), 3p = 5d (M, 3), and 3d — 4f (M, ) are the allowed
electric dipole transitions that can be accessed using soft X-
rays, with the double subscript index labeling the spin—orbit
split core states (see Figure 1b). Due to the lower cross-
section, the transitions involving Al = —1 such as 3p — 6s and
3d — 6p are much less intense and generally not
considered.”*° While M, 5 edges of rare earths are routinely
measured in many soft X-ray beamlines, the larger energy
needed to access the core levels at the M; and M,; edges
requires a specific design of the X-ray optics.”' Here we
measure the whole series of M transitions and thereby access
the magnetic polarization of the individual electron shells
contributing to the overall magnetization of the adatoms,

16164

especially of the outer shells contributing to electronic
transport.

Figure 2 shows an overview of these measurements for Gd
atoms and Gd clusters adsorbed on MgO/Ag(100) (see the
Methods for sample preparation and Figure S1 for background
subtraction). In this figure, we report the sum (RP + LP) of
the absorption signals from the two circular polarizations as
XAS and their difference (RP — LP) as XMCD. Both M and
M, peaks (Figure 2a,b) consist of a fine multiplet structure
with several narrow peaks whose intensity is determined by the
interactions between the open 4f and 3d shells at the excited
state.”> As shown in Figure 2b, Gd atoms exhibit a large
XMCD signal on both edges, but with opposite sign. The areas
under the two XMCD peaks almost compensate, which is a
signature of the negligible orbital magnetic moment in this
element, as expected for the case of half-filled 4f shells.””*" In
order to ascertain the orbital configuration of Gd on MgO, we
simulated the X-ray spectra using multiplet calculations
including electron—electron interactions, spin—orbit coupling,
the crystal field resulting from the adsorption configuration,
and the external magnetic field. Besides the line width of the
transitions that were chosen to match the experiment, all input
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parameters for this model were determined ab initio, with only
two rescaling parameters required to match the spectral shapes
and relative intensities over the whole M transition series (see
Methods and the Supporting Information). Both XAS and
XMCD at the M, edges are well reproduced by multiplet
simulations using the 4f" configuration (see dark red lines).
Angular and field dependent measurements of Gd 4f electrons
show negligible magnetic anisotropy, which is expected for
such a half-filled shell configuration with vanishing orbital
moment (see Figures S2 and S3 for angle-dependent
measurement of atoms and clusters).

As visible in Figure 2a,c, the intensity of the XAS signal
decreases from the My to the M, edges, and for clusters further
to the M, edge (for single atoms, the M, signal is too weak to
be recorded). This stems from the decreasing number of core
electrons from 3d, via 3p to 3s, as well as the decreasing
number of nodes in the radial matrix elements involved in 3s
— 6p, 3p = 5d, and 3d — 4f transitions.”””® In contrast to the
M, s edge, the XAS line shapes of M,,; consist of a single
broad peak. The absence of fine structure originates from the
shorter lifetime of the final state that broadens the multiplet
transitions into a single peak.”” At the M, we observe a strong
XMCD signal with the shape of a single peak derivative (Figure
2d). A slight dip is visible at the M, edge, but with reduced
intensity with respect to M;. Note that apart from the signal-
to-noise ratio, the XAS and XMCD line shapes do not vary
significantly from atoms to clusters and are well reproduced by
our calculations using the 5d° configuration. The M; XMCD
signal of Gd clusters does not show any clear feature above our
noise level, suggesting a negligible magnetic moment localized
at the 6p states. Comparison with simulated spectra from
multiplet calculations assuming a 6p° configuration confirms
this picture (Figure 2d and Figure S4).

Within the single-electron approximation, the circular
polarization of the absorbed photons determines the spin-
polarization of the excited photoelectrons.”® According to the
convention of magnetic field and photon axis shown in Figure
la, LP photons at the M; edge excite a larger amount of spin-
up electrons, while RP photons preferentially promote spin-
down electrons.®” As sketched in Figure 3a, the dichroism at
this edge is hence expected to map the difference between the
spin-up and spin-down 5d density of states. Due to the spin
splitting of the S5d bands resulting from the intra-atomic
interactions and orbital hybridization, the photon absorption
produces two broad peaks centered at different energies for RP
and LP. For the Gd atom data shown in Figure 2, the spectral
features of the individual polarizations match well this
description (see Figure 3b). Accordingly, the difference of
the polarized XAS signal is expected to generate a peak
derivative signal,”” which we clearly observe at the M; edge of
Gd/MgO, as illustrated in Figure 3d. Due to the reversed spin-
polarization of the photoelectrons at the M, edge, the XMCD
signal (Figure 3c,e) is partially reversed with respect to the M.
These characteristic signals, so far only observed for the L,
edges™ are visible in our measurements of the M, ; edges of
Gd adatoms, clusters and films on MgO (see Figure SS), as
well as in reference samples of gadolinium(III) sulfate
octahydrate (see Figure S7).

Even if the single-electron picture is sufficient for a
qualitative interpretation of the XMCD line shapes, a more
detailed description including multielectron configurations is
required to ascertain the absence or presence of unpaired
electrons in the Sd shell. For weakly hybridized systems, such

as individual atoms on insulating surfaces, this approach is
valid due to the close to atomic-like orbital wave functions, as
will be discussed further in the text. In Figure 3d,e, we compare
the results of the expected XMCD spectra for atomic 5d° and
Sd' initial state configurations with the experiment. In order to
compare the amplitudes, the sum of the two polarizations is
matched to the total experimental XAS. As shown in Figure 3d,
the calculated XMCD at the M; edge shows an almost
symmetric peak derivative shape for both 5d° and 5d'
configurations. However, only the calculated spectrum of the
5d° configuration accurately matches the amplitude of the
experimental XMCD signal. The inclusion of an unpaired
electron impacts the simulated XMCD spectrum at the M,
edge even more prominently. As depicted in Figure 3e, the
XMCD line shape would change from being an asymmetric
peak derivative expected for an initial state configuration of Sd°
to a positive peak-like structure for Sd'. Such a peak at the M,
edge would appear due to the large orbital angular momentum
and charge asymmetry expected for an unpaired electron in the
localized atomic orbital. Given the absence of such a signal in
our measurements, we infer the absence of unpaired electrons
in the 5d shell of Gd adatoms.

Our results suggest that the electronic structure of Gd atoms
adsorbed on MgO/Ag(100) is altered with respect to the free-
atom (4f75d'6s*6p") and to the bulk case,’’ both showing a net
spin-polarization of the 5d shells. The lack of 5d polarization in
surface-supported Gd atoms points toward a transfer of charge
to the substrate. To validate this conjecture, we compare the
XMCD of Gd atoms with that of clusters and a thin film, for
which we expect to partially recover the 5d polarization of the
bulk. For clusters and films, the metal bond formation distorts
the atomic-like orbitals and quenches the orbital angular
momentum;>~*> hence one cannot interpret the spectral
features using multiplet calculations. Therefore, in order to
capture the subtle variations occurring in the XMCD spectra,
we perform an analysis of the integrals of XMCD edges, which
are related by the sum rules to the spin and orbital magnetic
moments of the target orbitals projected along the photon-
beam axis.””** As shown in Figure 3f the area of the XMCD at
the M; edge is positive for the atoms and decreases to a
negative value when increasing the Gd coverage. Conversely,
the area of the XMCD at the M, edge remains negative for all
Gd coverages (Figure 3g). According to the sum rules, the
absence of unpaired electrons in the ground state should
naturally lead to vanishing integrals of the XMCD peaks, owing
to the absence of net spin and angular momentum. Otherwise,
parallel alignment of the spins to the outer magnetic field
normally results in a negative value of the M; integral.””*®
Hence, the trend to negative integral values at the M; edge
indicates an increase of the spin magnetic moment and
occupancy of the 5d states with increasing Gd coverage. On
the other hand, the positive integral at the M; edge of Gd
single atoms does not have a straightforward interpretation in
terms of sum rules. Our multiplet calculations predict a
positive value of the M; XMCD integral for individual Gd
atoms on MgO(100), although not fully matching the
experimental value. By selectively suppressing the interactions
between the open shells in our calculations, we identify the
origin of this effect in an indirect 4f—3p—S5d coupling, which
partially mixes the polarization of the 4f and 5d electrons in the
final state and influences the amplitude and shape of the
XMCD signal. The same effect partially explains the negative
value of the integral at the M, edge.
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Figure 4. Density functional theory of Gd atoms on MgO/Ag(100). (a) Local spin-resolved DOS of the adatom on the oxygen-top site of 3
ML MgO and (b) of 3 ML MgO/Ag(100). (c) Schematics of the electronic configuration of Gd on MgO without and (d) with the Ag(100)
substrate. (e) Cross-section along the MgO [110] direction showing the Gd/MgO/Ag(100) slab. Overplotted is the isosurface of charge
density difference obtained from subtracting the electron density of the individual Gd and MgO/Ag(100) to the whole Gd/MgO/Ag(100)
slab. Red/blue regions indicate positive/negative electron charge (e) variations at the isosurface of 6 X 107* ¢ a,~> (a, being the Bohr
radius). The electron charge transfer from the Gd adatom to silver can be seen as red regions around the top silver layer atoms.

Additional contribution to the XMCD integral can be
ascribed to a so-called breathing effect, namely an exchange-
driven contraction of the valence d shells, which introduces a
spin dependence in the matrix element of the X-ray
transitions.”” This effect is particularly pronounced at the
L,; edges (2p — 5d transitions) of Gd bulk metal®*** and
compounds,*"**~** producing a particularly strong asymmetry
in the XMCD peak derivative shape. As a consequence, the
XMCD integral over these edges shows a relatively large net
component even for negligible occupation of the 5d orbitals,
largely deviating from the values expected for atomic-like
dipolar transitions.”” This effect is particularly relevant at the
L,; edges due to the weak intensity of the atomic-like dipolar
transitions, which are less intense than at the M, ; edges due to
the weaker 4f—2p—5d coupling (see Figure S8). Therefore, at
the L,; edges the asymmetric signal of the breathing effect
dominates over the weak derivative-like XMCD from atomic-
like dipolar transitions. On the other hand, our results suggest
that the two effects have comparable influence on the XMCD
integral at the M, ; edges. For both L,; and M, edges, the
peak asymmetry introduced by the breathing effect impacts the
calculations of the integrated XMCD, hence preventing a
simple sum rule analysis.”’ Nevertheless, the possibility to
quantify trends in the XMCD integrals extends the
applicability of our approach to a wide variety of systems,
from atoms with localized electrons to metal films with
dispersive bands.

In order to identify the origin of the charge transfer
mechanism discussed in the previous section and to under-
stand the individual roles of the MgO film and supporting
Ag(100) substrate, we performed density functional theory
(DFT) calculations of the Gd atoms adsorbed on the oxygen-
top site of both bare MgO(100) and MgO/Ag(lOO),3’39' % in
both cases using a MgO thickness of 3 monolayers (ML). We
found that Gd adsorbs approximately 2.71 A above the top
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layer of MgO and the underlying oxygen is displaced toward
the Gd resulting in a Gd—O bond length of 2.15 A, as
illustrated in Figure 4e. This lattice distortion is very similar to
what was found for Ho/MgO in former DFT calculations.””’
To gain insight into the resulting electronic structure, we
calculated the projected density of states (PDOS) for both
Gd/MgO (Figure 4a) and Gd/MgO/Ag(100) (Figure 4b).

For both cases, the related Lowdin charge analysis (Table 1)

Table 1. DFT Calculated Effective Charges for Gd Free-
Atom, Gd Adsorbed on Bare MgO, and Gd on MgO/
Ag(100) Calculated with the Lowdin Scheme®

Gd/MgO/ charge
orbital  free atom Gd/MgO Ag(100) difference
6s 20 (0.0)  1.06 (0.01) 1.10 (0.02) 0.04
6p 0.0 (0.0) 024 (0.05) 023 (0.00) —0.01
sd 10 (10) 154 (1.04) 0.71 (0.08) —0.83
af 70 (70) 716 (6.99) 7.16 (6.93) 0.00
total 100 (80)  10.00 (8.09) 920 (7.03) —0.80

“The charge difference due to the presence of the Ag substrate is
given in the last column. All values are provided in electron charges.
For the 6s and 6p orbitals, the charges have been obtained by
subtracting 2 and 6 electrons from the total charge obtained for the Ss
+ 6s and Sp + 6p, respectively, as obtained from the Lowdin analysis.
Values in brackets represent the spin-polarization of each orbital.

finds seven electrons in the 4f shell, in agreement with the
experiment. The PDOS plots reveal full polarization of these
states, with the majority 4f electrons giving rise to a large
localized magnetic moment. In addition, both calculations
reveal equally occupied 6s majority and minority orbitals lying
below the Fermi level, with resulting negligible net polarization
(Figure 4ab). The 6p orbitals are essentially empty and
positioned at about 2 eV above the Fermi level.
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Figure S. XAS and XMCD of Ho atoms on MgO/Ag(100). (a) XAS and (b) XMCD spectra for Ho atoms (0.03 ML) at the M, ; edges. Raw
(light solid lines) and smoothened data (solid lines) are shown together with multiplet calculations for 5d° and 5d" configurations, the
amplitude of which was determined by matching the experimental XAS intensity. (c) Orbital occupation of Ho atoms inferred from the
analysis of the M, ; edges. The lowest energy multiplet is characterized by S = 2, L = 6, and J = 8 quantum numbers. (d) Splitting of the
magnetic states from the lowest multiplet due to the crystal field, revealing a ground state with J, ~ +8. To maximize the magnetic signal in
the presence of the Ho out-of-plane anisotropy,” all data were acquired in normal incidence (see the Methods).

On the other hand, the total Gd charge, as well as the
occupation of the Sd orbitals, are strongly affected by the
Ag(100) substrate. For Gd on MgO(100), we find the total
charge state to be identical to the free neutral atom. Differently
from the free atom, we find an electronic redistribution
occurring mostly between the 6s and 5d 2 which results from
the on-site hybridization upon adsorption at the MgO surface.
However, the total polarization of the outer shells is not
altered, leaving essentially one unpaired electron in the 5d shell
as sketched in panel Figure 4c. Conversely, when the silver
substrate is included, we find an effective charge transfer of
0.80 electrons to the substrate, which essentially coincides with
the variations occurring in the Gd 5d orbital (—0.83 electrons).
The main variation in the electron states occurs in the planar
5d,>_,> orbital, which is the lowest in energy in the MgO crystal
field (see Figures S9 and S10). Due to this charge
rearrangement, the Sd states become essentially nonpolarized
(Figure 4b,d), in agreement with our measurements. In both
scenarios, the strong atomic-like character of this state justifies
the interpretation of the XMCD spectra of Gd atoms on
MgO/Ag(100) using multiplet calculations. The charge is
mostly transferred from the lanthanide to the states localized at
the MgO/Ag(100) interface (Figure 4e). Such an effect has
been quite commonly observed to occur in ultrathin oxide
layers on metal surfaces’' as well as on metal-supported
graphene layers.'” Due to this charge transfer, the atom is left
in a formal “Gd"*” charge state. Note that, differently from the
5d © configuration inferred from the multiplet analysis, DFT
finds a residual charge of 0.7 electrons in the 5d orbitals even
in the presence of Ag(100). This value is mostly a result of the
hybridization between Gd and MgO states. The difference
between the two analyses originates from the absence of
covalence in the multiplet approach that prevents an accurate
modeling of the ligand charges. However, since this fraction of
5d electrons has only negligible spin-polarization, it does not
provide a significant contribution to the XMCD signal. In

addition, no strongly polarized state is localized at the Fermi
level, with the lowest majority 5d states available at around
+200 meV. The absence of polarized valence electrons is
expected to result in a small magnetic signal in transport
measurements.

We now apply the understanding gathered from the orbital-
sensitive M-edge measurements of Gd atoms and clusters on
MgO to explore the orbital occupation and magnetism of Ho
single atom magnets. Similar to Gd atoms, the signal at the Ho
M, edge was too weak to be detected for samples with well-
separated single atoms. All input parameters for the multiplet
calculations of Ho have been taken either from our ab-initio
calculations or from a previous report in the literature, **
leaving no free parameters to the model except for the line
width of the transitions (see the Methods and the Supporting
Information). The normalized XAS and XMCD at the M,
edges (see Figure S11) indicate 4f' occupancy for Ho atoms,
in agreement with earlier work.” The measurements of the M, 5
edge show similar behavior to what we have observed for Gd,
i.e., derivative-like XMCD at the M; edge and the absence of a
peak structure at the M, edge (Figure Sa,b). The magnitude of
the XMCD at both edges is, however, quite reduced with
respect to Gd. This effect is due to the smaller number of
unpaired electrons at the 4f orbitals that induce a smaller
exchange splitting of the 5d bands.'” The reduced intensity of
the XMCD at these edges is well matched by our multiplet
calculations. For the case of Ho atoms, the intensity and shape
of the XMCD at the M; edge is well matched by both 5d' and
5d° calculations, preventing a clear distinction between the
presence or absence of an unpaired electron in the Sd states.
On the other hand, the negligible XMCD at the M, edge is at
odd with the peak shape and amplitude predicted for 5d'
configuration, while it agrees well with the intensity expected
in case of no unpaired electrons in the 5d orbitals.

Recent calculations of Ho on MgO(lOO)43 found very
similar electronic structures to that of Gd on MgO shown in
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this paper. In the absence of the Ag(100) substrate, DFT finds
Ho in a 6526p0 configuration, with an additional unpaired
electron in an atomic-like 5d,_, orbital. In contrast, our
measurements indicate that this orbital is depleted and validate
the idea of a charge transfer to the Ag(100) substrate, as
observed for Gd. The resulting electronic configuration of Ho
atoms on MgO/Ag(100) is summarized in Figure Sc. In this
electronic configuration, multiplet calculations predict a
ground state multiplet with maximum spin § = 2, orbital L =
6, and total angular momentum J = 8, as also expected by
Hund’s rules. The crystal field provided by the MgO splits the
17 states of this multiplet, as shown in Figure 5d. In the
absence of singly occupied 5d electrons, the main contribution
to the splitting comes from the proximity of the oxygen ion
underneath the Ho, which generates a large uniaxial anisotropy
and favors a ground state doublet with maximum projection J,
~ +8 along the out-of-plane direction. For such a ground state,
we find a total magnetic moment of 9.9 B, which agrees with
previous STM results.'”"" Hence, our findings eliminate one of
the two quantum level configurations proposed so far,'" which
required the presence of an unpaired electron in the valence
orbitals to explain the total magnetic moment of Ho atoms.

The perturbation of the neighboring Mg and O ions further
splits originally conjugated doublets into pairs of singlet states
with J, & +0 at the top of the barrier. As discussed in previous
works, these states can offer effective pathways to reverse the
magnetization of the atom using high-energy electrons.'”"’
Nevertheless, our calculations show that the ground state
doublet preserves a very strong axial character; i.e., its value of
J. is very close to the maximum theoretical value. Although
such a ground state is not considered magnetically stable in the
4-fold symmetric ligand field of the oxygen-top adsorption site,
the strong uniaxial component of the crystal field dominates
over the transverse perturbative terms. In this configuration, a
weak but detectable quantum tunneling can limit the stability
of the system at very low fields, as also found in a previous
work.”’

As discussed for Gd, the absence of polarized 5d electrons is
expected to result in a very small magnetic contribution to the
conductance in transport measurements. Previous spin-
polarized STM results on Ho atoms on MgO/Ag(100)
found a rather low magnetic contrast of about 4% of the
total conductance.'”""**** This value is an order of magnitude
smaller than for Fe on the same substrate*’ and for Dy atoms
on graphene/Ir(111), for which an unpaired electron in the 6s
orbitals provides a large magnetic contribution to the tunneling
conductance.'”

CONCLUSIONS

In summary, our XMCD measurements, combined with
density functional theory and crystal-field based multiplet
analysis, corroborate a bulk-like 4f” configuration for both Gd
and Ho (n =7 for Gd, n = 10 for Ho). For neutral species, this
implies a singly occupied Sd orbital. However, we find no
evidence of unpaired electrons in the valence shell of these late
lanthanides. The absence of polarization of the 5d states is
ascribed to an effective charge transfer of almost one electron
from the rare earth adatoms to the Ag(100) substrate. This
singly ionized state is quite unconventional in rare earth
elements, which are mostly found in neutral, divalent, or
trivalent states.** The key to obtain this unconventional
configuration is the presence of an ionic support that offers a
single uniaxial bond to the adatom, with limited possibility of

orbital hybridization and charge transfer. In this situation,
charge transfer can only occur due to the proximity of the
underlying metal substrate. Consequently, the rare earth
electron tunnels through the MgO film and reaches the
empty states of Ag(100). The resulting low polarization of the
outer shells explains previous STM results showing low
magnetic contrast on lanthanide atoms on MgO/
Ag(100).10112044

The orbital selectivity demonstrated in this work allows us to
address charge transfer effects and to map full-electronic
configurations, which crucially impact the structure of
quantum levels of nanostructures on surfaces, such as few-
atom clusters””** and single molecule magnets.'>"**°
Thereby our study outlines a strategy to design lanthanide-
based atomic-scale systems with highly localized states utilizing
exchange-coupled valence orbitals as a read-out channel in
electrical transport measurements.

METHODS

Sample Preparation. Single crystals of Ag(100) were prepared
by repeated cycles of sputtering and subsequent annealing at 773 K.
Films of MgO with thicknesses between 3 and 6 monolayers (MLs)
were grown by thermal evaporation of Mg in O, partial pressure of 1
X 107¢ mbar, with the substrate kept at 623 K and a Mg flux yielding a
growth rate of about 0.2 ML/min. One monolayer is defined as one
MgO(100) unit cell per Ag(100) substrate atom. The calibration of
the MgO thickness was obtained by measuring the Mg XAS K edge
and comparing to previous works.””*" The MgO/Ag(100) samples
were transferred to the measurement position without breaking the
vacuum. Gadolinium and holmium atoms were deposited from
thoroughly degassed rods or lumps (purity 99%) from W crucibles,
directly onto the substrate held at less than 10 K, in order to prevent
surface diffusion, and in a base pressure of 1 X 10™'* mbar.>** Also for
the adsorbed elements, we define 1 ML as one lanthanide atom per
Ag(100) substrate atom and calibrated the amount by comparison
with former experiments.>'® In the absence of a detailed study of the
growth mode of rare earth atoms and clusters on MgO/Ag(100), the
amount of atoms in the ensemble is estimated by comparison with
previous studies of Er on Cu(111)*” and of Dy on graphene/
Ir(111).>*>® Due to the very different lattice constant of these
substrates, it is more appropriate to compare the amount of
lanthanide atoms in terms of absolute surface density instead of
surface atomic coverage. Former studies show that the large majority
of Ho atoms (up to 93%) adsorb on top of oxygen on 2 or more MgO
layers on Ag(lOO).s"w’40 Similar behavior was also observed for other
lanthanide atoms.** For adsorption on top of oxygen, 0.03 ML of Gd
and Ho atoms corresponds to 0.354 atoms/nm* On Cu(111) and
graphene/Ir(111), the same surface density corresponds to a coverage
of 0.02 ML, for which the statistical abundance of atoms is 93% and
74%, respectively. Therefore, for samples with 0.03 ML of Gd or Ho,
the XAS/XMCD signals are representative of individual uncorrelated
atoms adsorbed on top of oxygen atoms. In addition, at this coverage
we expect the magnetic interactions between atoms to be extremely
low. Former XMCD studies on Co/Pt(111) at S K reveal no
detectable magnetic coupling from 0.003 to 0.03 ML. These
interactions are found to be even weaker for lanthanide atoms on
insulators, for which dipolar coupling represents the only relevant
interaction and show a characteristic energy scale that is much smaller
than the thermal energy of our experiment.'’ Hence, we can safely
exclude magnetic interactions to play a role in determining the
properties of ensembles of atoms at the lowest coverage used in our
experiment.

XAS and XMCD Measurements. The XAS and XMCD spectra
shown in the main text were acquired at the BOREAS beamline of the
ALBA synchrotron,” with additional measurements done at the
EPFL/PSI X-Treme beamline at the Swiss Light Source,54 and at the
6A MeXiM beamline at Pohang Light Source-II. The XAS/XMCD
acquisitions were performed with circularly polarized light in the total

https://doi.org/10.1021/acsnano.1c05026
ACS Nano 2021, 15, 16162—-16171


www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c05026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

electron yield (TEY) mode at sample temperatures of T = 6.5 K
(BOREAS), T = 2.5 K (X-Treme), or T = 15 K (MeXiM), and in
external magnetic fields up to B = 6.8 T parallel to the X-ray beam. In
TEY mode, the photoionized atoms at the surface are neutralized by
an external electrical current, whose intensity is proportional to the
photon absorption. The TEY is obtained as the ratio between the
intensity of the sample current and the intensity of the X-ray beam
(photoionizing current from a gold mesh placed upstream on the
beamline). We observe no transient effects during the signal
acquisition, indicating negligible charging occurring at the sample
surface. Two different incidence geometries have been used to explore
the angular dependence of the magnetic moments (see Figures S2 and
S3), namely normal incidence, with both the beam and the field
perpendicular to the surface, and grazing incidence, with the sample
rotated by 60° with respect to the beam and field direction.

XAS and XMCD Data Analysis. In order to isolate the
contribution of the lanthanide atoms and clusters from the
background signal, spectra of bare MgO/Ag(100) over the lanthanide
edges were recorded prior to Gd or Ho deposition and subtracted
from the final spectra (see Figure S1). The spectra at different edges
of the atoms have been normalized to the value of the integrated XAS
at the M, edges. In order to compare the M,; edges of atoms,
clusters, and films, the values have been normalized to the summed
XAS over these two edges.

DFT Calculations. DFT calculations were performed using plane-
wave basis and pseudopotentials as implemented in Quantum
Espresso with pseudopotentials from the SSSP library.”*° All
pseudopotentials use the generalized gradient approximation for the
exchange—correlation potential. The sample was modeled as 4 ML of
silver fixed at the lattice constant of bulk silver (uAg =4.16 A) capped
by 3 ML of MgO and the adatom which is laterally separated from its
period images by more than 12 A. The cell is padded by 15 A of
vacuum to decouple the slab from its periodic image in the z-
direction. Integration of the Brillouin zone used a 5§ X § X 1
Monkhorst—Pack grid®” and a cutoff of 50 and 500 Ry was used for
the plane wave expansion and the charge density, respectively. We
performed a relaxation of the system until the residual forces were less
than 107> Ry/aj (a, is the Bohr radius). To corroborate our finding of
charge transfer from the adatom to the underlying Ag substrate, we
performed additional calculations after removing the silver. This can
be interpreted as the limiting case of very thick MgO films. The
structure was not further relaxed, and all other parameters are
identical to the calculations that include the silver layer.

Atomic Multiplet Simulations. Simulated X-ray spectra were
computed using the Quanty multielectron code.”® Open shell
multiplet calculations of the Gd and Ho atoms were performed by
modeling the intra- and inter-orbital interactions using Slater integrals,
whose values were obtained from full-electron Cowan’s atomic
structure code.”® For both Gd and Ho, all Slater integrals were
calculated assuming doubly occupied 6s orbitals, 4f" configuration
with n = 7 for Gd and n = 10 for Ho. The values were rescaled to
account for the screening provided by surface electrons. Rescaled
values are provided in Table S2. Simulations of both empty and singly
occupied 5d and 6p orbitals were performed as indicated in the text.
In addition to electron—electron interactions, the Hamiltonian for the
multiplet calculations also includes spin—orbit coupling, Zeeman
energy due to the external magnetic field and crystal field acting on
the different shells. Spin—orbit values were computed using Cowan’s
atomic structure code. The final state Hamiltonian includes the
presence of the core hole and additional valence electron according to
the simulated transitions. The crystal field acting on the open shells of
lanthanide was modeled according to the nature of the open valence
shell. For delocalized 5d and 6p electrons, the splitting of the orbitals
was obtained from DFT by means of Wannier functions method (see
Supporting Information). This method is, however, not accurate
enough to be applied to the highly localized and correlated 4f
electrons. In this case, we modeled the crystal field acting on the 4f
orbitals using a point charge electrostatic model®*®" including only
the nearest neighbors of the adsorbed lanthanide. The position and
charge values of the neighboring ions around the Gd and Ho atoms
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obtained from DFT are provided in Table S3. The value of the crystal
field parameters used for the calculations are summarized in Tables
S4, SS, and S6. The XAS and XMCD spectra were calculated using
the Green’s function method.*®
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Background subtraction in X-ray absorption spectra

In order to compare the shape of the X-ray absorption (XAS) and magnetic circular dichroism
(XMCD) spectra measured on different samples, we performed the following analysis. First, all
spectra were subtracted from a respective background profile, which was acquired prior to the
deposition of the rare earth atoms on the MgO substrate, without changing any other experimental
parameters. The background subtracted absorption signals are shown in Figure Sla and Sl1c for
M3 and M; absorption edges respectively, from 0.14 ML Gd on MgO/Ag(100). Note that the XAS
of background and atoms were normalized such that they match at the two ends of the spectral
range for the corresponding X-ray polarization. Second, the baseline of thus obtained absorption
spectra exhibited a step-like feature as evident in Figure S1b and S1d. Very similar behavior has
been previously observed for L3 edges of Gd.! This step originates from non-resonant excitations,
namely when the core electrons are excited with sufficient energies allowing access to the
continuum of unoccupied states. Note that this effect is less evident for the M4 s edges as the signal
from the corresponding resonant absorption edge dominates the overall spectral shape.

For all edges, we subtracted this step profile by fitting the total absorption, defined by the sum of
the signals from two circular polarizations, with the following function:
f(x)=a+b*x+c*x2+d*[1—;_] (S1)

1+exp (%)

Here a, b, ¢, d and e are fitting parameters, while w is the step-width, which was chosen to be 7
eV for both Gd and Ho for M1 >3 absorption edges. This allowed us to obtain an almost featureless
background for all energies except for the position of the respective absorption peak. The
remaining post-edge oscillatory absorption profile comes from extended X-ray absorption fine
structure. An example of subtracting such a step profile is shown in Figure S1b and S1d for M3
and M edges data acquired from 0.14 ML Gd on MgO/Ag(100). Finally, to compare the spectral
shape of XMCD from different atom and cluster samples we normalized all spectra to the
integrated XAS at the M4 s edge measured on the same sample.
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Figure S1. Background subtraction at the M3 edges. (a) Left (LP) and right polarization (RP)
XAS signal of the M3 edge of Gd clusters on MgO/Ag(100) after subtraction of the bare
MgO/Ag(100) background signal. (b) The total XAS signal obtained by summing LP and RP from
(a) is shown together, with a step fitting function. The resulting step subtracted XAS is also shown.
(c-d) Same procedure of (a) and (b) is reported for the M> edge. All measurements are performed
in grazing incidence (Gd coverage ®ca =0.14 ML, B=5T, T =6.5 K).

Angle-dependent measurements of Gd on MgO/Ag(100)

We performed further characterization of the magnetism of Gd atoms and clusters on
MgO/Ag(100) by angle-dependent XAS and XMCD measurements. As shown in Figure S2a and
S2b, the Gd spectra at the Mas 5 edges at the maximum available field are essentially identical along
the two indicated directions, namely normal incidence (photon beam and magnetic field normal to
the sample surface) and grazing incidence (both photon beam and field at 60 degrees from surface
normal). Magnetization loops along the two directions show slight differences, with a weak out-
of-plane easy axis, see Figure S2c. The weak anisotropy is a general property of half-filled 4f
shell, with the total charge close to spherical symmetry.? The anisotropy stems from the strong
crystal field that induces mixing with higher multiplets, resulting in a non-vanishing value of the
4f orbital angular momentum of (L,) = 0.14 + 0.05 g, parallel to the spin moment, as obtained
from sum rules. The sign and magnitude of the orbital moment is correctly captured by our
multiplet calculations (L, )muitipier = 0.04 p,.



Gd atoms on MgO/Ag(100) - M, ;edge

a x10?
20+ .
— Normal Incidence
—— Grazing Incidence
— 15
£
c
=
g 10~ c
L _
I 1.0
<C
> 5
O —_
b [ [ [ [ [ I [

Magnetization (arb. units)

o)
'c NI (down sweep)
3 NI (up sweep)
el Gl (down sweep)
e
Kk Gl (up sweep)
o)
g T T I
= 2 4 6
— Normal Incidence
-6 — Grazing Incidence
I I I I I
1170 1190 1210 1230

Photon energy (eV)

Figure S2. Anisotropy of Gd atoms on MgO/Ag(100). (a) XAS and (b) XMCD measurements at
the M4 edge of Gd for two incident angles, normal incidence (NI) and grazing incidence (GI) at
B =6T. (c) Magnetization loops of the Gd atoms measured at the Ms edge (®cq = 0.03 ML, field
sweep speed dB/dt =33 mT/s, T = 6.5 K).

Gadolinium clusters also show negligible angular anisotropy in the XAS and XMCD spectra at B
=5 T, see Figure S3a and S3b. Due to the larger absorption signal available for this sample with
larger Gd coverage, we compared the amplitude of the field dependent XMCD signal obtained at
the Ms and M3 edges (Figure S3c). The two signals show the same field dependence, indicating
strong magnetic coupling between the 4f and 5d states. We note that even in the absence of 5d
electrons in the ground state, the XMCD signal is sensitive to the magnetic coupling at the excited
state,® which in our case is represented by an additional photoelectron promoted from the 3p to the
5d orbitals.
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Figure S3. Anisotropy of Gd clusters on MgO/Ag(100). (a) XAS and (b) XMCD measurements
at the My s edge of Gd for two incident angles, normal incidence (NI) and grazing incidence (GI)
at B=5T. (c) Magnetization loops of the Gd clusters measured at the Ms and M3 edges in GI
(®Gqa=0.14 ML, dB/dt =33 mT/s, T = 6.5 K).



Additional details on M1 edge of Gd clusters on MgO/Ag(100)

Due to the absence of spin-orbit coupling at the 3s core level, measurements at the M; edge of
lanthanides cannot directly probe the spin moment, hence only orbital moment contributes to the
XMCD at this edge. Our calculations show that a 6p ! configuration should result in a rather large
angular momentum of (L,)g,1 = 0.7 up for the atoms and gives a characteristic XMCD signal at
the M edge, as shown in Figure S4. Even if the multiplet spectra of atoms and experiment of Gd
clusters are not directly comparable, our data do not show any relevant feature beyond the noise
level suggesting a vanishing orbital moment on the Gd clusters at the 6p orbital. Since atoms
showing large values of orbital moment are normally likely to have finite orbital moment even in
atomic-scale clusters,* a spin polarization at the 6p states should result in a non-vanishing orbital
moment and a finite XMCD area at the M edge. Therefore, even if the M edge is not directly
probing the spin magnetic moment, the absence of visible line shapes suggests a vanishing orbital
moment, which according to our model indirectly implies the absence of unpaired electrons.

Gd clusters on MgO/Ag(100)
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Figure S4. M, edge of Gd clusters on MgO/Ag(100). (a) XAS and (b) XMCD measurements at
the M; edge of Gd clusters at B=5T. (®ga =0.14 ML, T = 6.5 K). Corresponding XAS XMCD
signals are compared to simulations for both 6p° (dark green solid line) and 6p ! (orange solid line)
configurations.

XAS and XMCD of Gd film on MgO/Ag(100)

A gadolinium film of 1.2 ML has been prepared by depositing on a sample with a MgO film grown
on Ag(100). The Gd deposition has been performed by keeping the sample at RT in a base pressure
of 1x10” mbar. The corresponding XAS and XMCD spectra at the Mz 3 edges are shown in Figure
S5. To compare the XMCD of the Gd film with that of the atoms and clusters, we show the related
XMCD spectra and integrated XMCD signal normalized by the corresponding total XAS in Fig.
S6. Although minor differences are visible on the spectra, we observe clear trends in the integrated
signals, which are more sensitive to minute deviation of the spectral shapes and weights.* At the
M3 edge, the integrated XMCD goes from positive to negative going from atoms, to clusters and
to the film. The trend is less neat at the M> edge, for which the integrated value of atoms and
clusters are very similar. Nevertheless, the film shows a rather different value of the integrated
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signal beyond our noise level. The value of the integrated XMCD is reported in Figure 3f and 3g
of the main text.
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Figure S5. Spectra at the M3 edges of Gd film on MgO/Ag(100). (a) XAS and (b) XMCD
measurements at the M3 edge of Gd. c-d Same for the M edge. (Bga=1.2 ML, T=2.5K,B=6.8
T).
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Figure S6. XMCD at the M» 3 edges of Gd atoms, clusters, and film on MgO/Ag(100). (a) XMCD
spectra at the M3z edge normalized to the total XAS for Gd atoms, clusters and film on
MgO/Ag(100). (b) XMCD spectra at the M> edge of Gd. The evolution of the integrated XMCD
with the photon energy is shown with dashed lines of the corresponding color.

Reference measurements on Gd(III) sulfate octahydrate

Due to its well-known chemical valence and paramagnetic behavior down to low temperatures,
Gd(IIT) sulfate octahydrate is a suitable reference sample to test M3 transitions in a system with
depleted valence 5d, 6s and 6p orbitals.> Previous electron spin resonance measurements of Gd(I1I)
sulfate octahydrate found no indications of unpaired spins in the outer shells of Gd.® In this
material, the strong chemical ligand leaves the Gd in a chemical trivalent state, with the total
contribution to the magnetic moment coming only from the half-filled 4f electrons. For this system,
a clear signal from a 5d ° configuration is expected at the M2 3 edges.



Gd(lll) sulfate octahydrate
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Figure S7. Reference XAS and XMCD spectra of Gd(III) sulfate octahydrate. (a) XAS and (b)
XMCD measurements at the M3 edge of Gd. (c-d) Same for the M> edge (T =15 K, B=6.0T). In
panels (b) and (d), the simulated XMCD signal from multiplet calculations is shown with darker
lines.

The XAS and XMCD spectra of this material were acquired at the 6A MeXiM beamline at Pohang
Light Source-II. The sample was prepared by dissolving the Gd salts in pure water, drop casting
the solution on the bare copper sample plate, and inserted in the measurement chamber. For that
experimental setup, comparative measurements on DyScoN@Csz fullerenes powder’ indicate a
base temperature of 15 K at the sample plate. Spectra at the M2 3 edges acquired at 6.0 T (Figure
S7) show line shape features that are very similar to those of Gd atoms and clusters on
MgO/Ag(100), see Figure 2 and 3 of the main text. The M3 edge shows a pronounced peak
derivative shape, while a shallow dip is observed at the M». In order to simulate the spectra with
multiplet calculations, we performed DFT calculations of the system to obtain the CF splitting of
the 5d orbitals of the Gd atoms, see Table S1. We then simulate the expected powder spectrum by
summing over 6 discrete possible orientations of the Gd principal axis. As also done in Fig. 3 of
the main text, the sum of the two polarizations is matched to the total experimental XAS. The
comparison between experiment and simulated XMCD is shown in Fig. S7. The electrically and
thermally insulating character of the sample is responsible for the larger noise and background
fluctuations on that sample, however, the agreement with the calculations is convincingly
supporting the reliability of the multiplet calculations in this analysis XMCD spectra at the M2 3
edges.



Multiplet calculations of the L23 edges
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Figure S8. Calculated M3 and L3 spectra of Gd atoms on MgO/Ag(100). (a) Calculated XAS
and XMCD measurements at the M» 3 edge of Gd and (b) at the Lo 3 edges. The energy scale is
reported as difference with respect to the center of mass of the spectral weight (Eo).

Spectra at the L, 3 edges of Gd atoms on MgO have been simulated using multiplet calculations.
We assumed identical crystal field and rescaling factors of the slater integrals as found for the M2 3
edges. To include the shorter lifetime of the excited states, the line broadening at the L3 (20 eV)
is taken to be double than that of the M2 3 (10 eV). The comparison between these edges is shown
in Figure S8. Despite the identical 5d ° electronic configuration, the calculated XMCD signal at
the L3 is about 30 times smaller than at the M3 3. As mentioned in the main text, this stems from
the 2p-4f coupling that is about 6 times weaker than for the 3p-4f. This reduced interaction affects
the intensity of the L3 XMCD via the indirect 4f-2p-5d coupling. In this situation, the weak
derivative signal from atomic-like dipolar transitions is possibly overwhelmed by the asymmetric
signal of the breathing effect, not considered in our calculations, which determines the shape and
intensity of the XMCD at the L, 3 edges.
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Details of DFT calculations
- Orbital-resolved charge analysis of the Gd atoms

Additional insight into the orbital hybridization can be obtained by analyzing the projected density
of states (PDOS) for the Gd, O and Mg orbitals shown in Figure S9. Due to the very weak
hybridization occurring on the 4f electrons, these states are not presented in those plots. For both
Gd/MgO and Gd/MgO/Ag(100) we observe a set of well separated states in the region around the
Fermi level. We observe a spin split pair of states indicated with a violet dashed box in Figure
S9b and S9d to have dominant 6s character. Due to the large radial function of the 6s orbitals, this
state is strongly hybridized with p states of the neighboring Mg atoms, see Figure S9a and S9c.
Additional on-site hybridization provides a slight d,2 and p, character to the states, with a related
occupation of about 0.21 and 0.09 electrons, respectively, both with very small net spin
polarization. Hence, we expect these states to give negligible contribution to the Mi23 XMCD
edges. The multi-orbital character of this state deforms the original 6s spherical symmetry, as
shown in the charge density plot of Figure S10a and S10c.

The state indicated with a black dashed box is also particularly relevant, as its occupation strongly
depends on the presence/absence of the underneath Ag substrate. In both systems, this state has a
strong atomic-like 5dy2_,2 character. We find only little hybridization with the Mg p orbitals of
the neighboring atoms towards which the 5d orbital lobes are oriented, see also Figure S10b and
S10d. Due to its almost full spin polarization, this state is expected to give a large contribution to
the XMCD signal of the M3 edges. In addition, the localized nature of this state supports the use

of multiplet analysis to interpret the XAS and XMCD spectra and infer the depletion.
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Figure S9. Orbital analysis of the Gd adatoms. (a) PDOS of O and Mg orbitals for Gd on
MgO(100). (b) PDOS of 6s, 6p, and 5d orbitals of Gd on MgO(100). (c-d) PDOS for the Gd on
MgO/Ag(100) system. All plots are broadened for visual purposes with a Gaussian of
approximately 0.1 eV.
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Gd on MgO(100)

Figure S10. Integrated densities of Gd states close to Fermi energy. (a) Side and top view of states
with 6s — like character for the Gd on MgO(100) (purple dashed box of Figure S9b). (b) Side and
top view of states with 5dxz_y2 character for the Gd on MgO(100) (black dashed box of Figure

S9b). (c) and (d) 6s-like and 5dxz_y2 -like states for the Gd on MgO/Ag(100) system obtaind by
plotting the states in purple and black dashed boxes, respectively, indicated in Figure S9d. In the

plots, red, violet and grey spheres represent O, Mg, and Ag atoms, respectively, whereas the yellow
contours are electron states isosurfaces of the indicated PDOS with a value of 0.001.

- Evaluation of crystal field parameters from DFT calculations

We tested two complementary approaches to extract the crystal field (CF) splitting: (i) by
diagonalization of the full DFT Hamiltonian and (ii) by construction of maximally localized
Wannier functions (MLWFs) of a non-spin-polarized DFT calculation.® It has been observed that
the former will yield a larger CF splitting due to covalent contribution to the total energy, whereas
the latter is reduced by about 70%.% !° For the Wannierization procedure we included projections
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for Gd:p and d and O:p orbitals. Disentanglement was used to extract isolated bands within a
window of 3 eV of the Gd:5d bands. All calculations were performed with the Wannier90 code.!!
We found that both approaches yield CFs that result in comparable simulated spectra as the results
of the multiplet calculations are not very sensitive to the CF splitting of the empty 5d ° orbitals.
This, conversely, also means that systematic underestimation of CF splitting for empty states as
can be expected from approximate DFT due to the self-interaction error are not expected to play a
role here. The crystal field parameters are given in Table S1. Additional calculations of Mg-
substitutional Gd in bulk MgO indicate that the eg-tog splitting amounts to 6.4 (4.5) eV for DFT
(MLWFs). Hence, the CF splitting for the adatom is drastically reduced compared to bulk case.

Table S1. CF splitting parameters for the 5d orbitals of Gd on MgO/Ag(100). Given are the
dominant orbital character and the energy obtained directly from DFT or by MLWFs. For the
former, the energies are obtained from the peaks of the non spin-polarized PDOS.

Orbital Energy (eV) (DFT) Energy (eV) (MLWFs)
d,> 0.268 0.182

dyx 0.318 0.220

dzy 0.318 0.220

dy2_y2 -0.602 -0.418

dyy -0.282 -0.197

Total split: 0.92 0.64
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Additional data for Ho atoms on MgO/Ag(100)
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Figure S11. X-ray spectra at the M4 5 edges of Ho atoms on MgO/Ag(100). (a) XAS and (b)
XMCD signals of Ho atoms at the two indicated incidence geometries (Ono =0.03 ML B=6T, T
=6.5K).

Measurements of the My s edges of 0.03 ML of Ho deposited on MgO/Ag(100) are shown in
Figure S11. The characteristic shape of the spectrum is rather different than that of Ho on bare
Ag(100)'? and allows us to identify its 4f '© occupation.!*'* Differently from Gd, Ho shows a
pronounced anisotropy in both XAS and XMCD which is characteristic of the interaction with the
strong ligand field provided by the MgO surface, in particular at the oxygen-top binding site.'* The
line shape and anisotropy at these edges compares very well with previous data.!* > Minor
discrepancies can be attributed to the slightly larger Ho coverage used in this experiment, which
may have triggered some amount of cluster nucleation on the surface.
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Parameters for multiplet calculations

As discussed in the Method section of the main text, the Slater integrals to model the electron-
electron interaction have been computed with the Cowan’s atomic structure code'® and rescaled to
fit the experimental spectra. For Gd, all parameters have been rescaled to 0.7 to fit the Mas
spectrum, while an unscaled value of the 3p-4f integral is required to match the amplitude of the
XMCD signal at the M3 edge. As discussed in the text, this parameter indirectly couples the 4f to
the 5d through a 4f-3p-5d exchange. Due to this coupling, a finite positive value of the XMCD
integral at the M3 edge is predicted even in absence of 5d electrons. For Ho, all parameters have
been rescaled according to previous values.'> Table S2 summarizes the values used for Gd and

Ho. These values are in line with previous results obtained for lanthanide atoms on surfaces.'>'%
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Table S2. Rescaling parameters for the Slater integrals for multiplet calculations. The coefficients
rescale the computed values from the Cowan’s atomic structure code.'®

Element | 4f-4f | 5d-5d | 6p-6p | 4-5d | 4f-6p | 3d-4f | 3p-4f | 3p-5d | 3s-4f | 3s-6p

Gd 0.70 0.70 0.70 0.70 0.70 0.70 1.00 0.70 0.70 0.70

Ho 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85 0.85

The crystal field parameters for the 4f electrons have been computed from a point charge
electrostatic model'® using the position and values of the neighboring atoms obtained from DFT
(see Table S3). The crystal field parameters in the Wybourne notation
A" are shown in Table S4 and Table S5 for Gd and Ho, respectively. However, the expectation
values (r™) of the radial functions from the Cowan’s code used to compute those values are known
to underestimate the actual splitting observed in experiments.!® Therefore, the crystal field
parameters value has been rescaled to match the level splitting computed from a benchmark
multiplet code (multiX).!"” The rescaling values k% as well as the final values used in the
calculations A%, = kA", are summarized in Table S4 and S5.

The crystal field parameters for the Gd 5d and 6p electrons have been computed from the energy
of the 5d and 6p orbitals, respectively, calculated with DFT. The related values are summarized in
Table S6. Identical values have been used to simulate the M3 edges of Ho.

For the Gd(III) sulfate octahydrate, we simulate the crystal field acting on the 4f states using point
charge model. Charges positions have been inferred from a previous crystallographic work.?’ We
here adopt a symmetrized charge configuration, with the 8 coordinated oxygen to form a
undistorted square antiprism. The charge positions are shown Table S7. The splitting of the 5d
states is obtained from DFT, see Table S1. To match the symmetry of the point charge
configuration, we symmetrize the energy position of the 5d orbitals accordingly. The related CF
parameters are shown in Table S8 and Table S9. The random orientation of the Gd axis in the
polycrystalline sample is considered using powder spectrum averaging. Spectra at 6 azimuth
angles from 15 to 90 degrees have been summed with proper angular weight. We found best
agreement between experiment and simulated XMCD amplitudes assuming a sample temperature
of 25 K. This temperature is higher than the expected base temperature of the sample stage of the
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6A MeXiM beamline at Pohang Light Source-II, possibly due to the strong thermal insulating
character of the sample that may heat up under the X-ray beam.

In this work, we neglect the effects of covalency due to the ligand field of Mg and O states, which
is justified in view of the weak hybridization with the surface and the strong atomic character of
the relevant 5d orbital contributing to the magnetism, both for Gd (Figure S10) and for Ho.?!
Adding ligand field terms to our model could possibly improve the accuracy of our results.
However, for the investigated cases, the distinct shape of the lanthanide atoms’ XMCD indicates
a spin polarization that is much closer to that of the 5d ° than to the 5d ! scenario, suggesting a
minor role of the covalency in determining the relevant magnetic properties of the system.

Table S3. Charges and positions of the neighboring ions included in the multiplet calculations.
The values have been computed from DFT for Gd atom on MgO.

Ion Charge d, d,

O (underneath) -2¢ -215 pm 0 pm
Mg (2" nearest neighbours) +2e -270 pm 208 pm
O (3" nearest neighbours) -2¢ -270 pm 294 pm

Table S4. Crystal field parameters for the 4f electrons of Gd atoms on MgO/Ag(100). Values from
the point charge model A%, rescaling coefficients k7, and final parameters A, are reported.

A3 A3 A A3 A3
486.3 meV 102.4 meV 5.7 meV 32.7 meV 2.1 meV
K3 K3 K: xS K
Gd 4f
V2 2V2 2V2 4 4
A3 Ag A} A3 A5
687.8 meV 289.7 meV 16.1 meV 130.7 meV 8.3 meV
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Table S5. Crystal field parameters for the 4f electrons of Ho atoms on MgO/Ag(100). Values from
the point charge model A%, rescaling coefficients %, and final parameters A%, are reported.

2 At At e 8
410.0 meV 72.2 meV 4.0 meV 18.8 meV 1.2 meV
K K6 K K3 K
Ho 4f
V2 2V2 2V2 4 4
A3 A} A} A$ A
579.8 meV 204.3 meV 11.3 meV 75.2 meV 4.8 meV

Table S6. Crystal field parameters for the 5d and 6p electrons of Gd atoms on MgO/Ag(100).

Values have been computed from the Wannierization procedure. Identical values have been used
for Ho.

A3 A} Aj A3
Gd 5d Gd 6p
1470 meV -546 meV -401 meV 283 meV

Table S7. Charges and positions of the neighboring ions included in the multiplet calculations for
Gd(I1I) sulfate octahydrate. The values have been extracted from previous crystallographic data®
and symmetrized to a square antiprismatic configuration.

Ton Charge d, d,
O (underneath) -2e -197 pm 140 pm
O (above) -2e 197 pm 140 pm
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Table S8. Crystal field parameters for the 4f electrons of Gd(III) sulfate octahydrate. Values from
the point charge model A%, rescaling coefficients k7, and final parameters A, are reported.

A3 A3 A3
2042 meV 322.2 meV 84.9 meV
v % 1§
Gd 4f
V2 242 4
Aj A3 A§
-2888 meV 455.7 meV 120.0 meV

Table S9. Crystal field parameters for the 5d electrons of Gd(III) sulfate octahydrate. Values have
been computed from the Wannierization of procedure.

A Ag
Gd 5d

-865 meV 2005 meV
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