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MOLECULAR MAGNETISM

Magnetic remanence in single atoms

F. Donati,’ S. Rusponi,' S. Stepanow,> C. Wiickerlin,' A. Singha,' L. Persichetti,”
R. Baltic,! K. Diller,! F. Patthey,! E. Fernandes,' J. Dreiser,* Z. Sljivanéanin,*>
K. Kummer,® C. Nistor,? P. Gambardella,?* H. Brune'*

A permanent magnet retains a substantial fraction of its saturation magnetization in the
absence of an external magnetic field. Realizing magnetic remanence in a single atom
allows for storing and processing information in the smallest unit of matter. We show that
individual holmium (Ho) atoms adsorbed on ultrathin MgO(100) layers on Ag(100) exhibit
magnetic remanence up to a temperature of 30 kelvin and a relaxation time of 1500
seconds at 10 kelvin. This extraordinary stability is achieved by the realization of a
symmetry-protected magnetic ground state and by decoupling the Ho spin from the

underlying metal by a tunnel barrier.

he search for the ultimate size limit of mag-
netic information storage, and the aim of
exploring magnetic quantum properties for
information processing, have driven funda-
mental research toward atomic-scale structures
that contain fewer and fewer atoms. Benchmarks
for such systems are long magnetic relaxation
times, i.e., magnetic quantum states that are sta-
ble on the time scales required for storage or
quantum computation. Single-molecule magnets
(1-6) are promising candidates as they are chem-
ically robust in ambient conditions and exhibit
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magnetic bistability at cryogenic temperatures,
with a record relaxation time of 100 s at 13.9 K
for N,?" radical-bridged dilanthanide complexes
in the bulk phase (6). Further reducing the num-
ber of constituent atoms in such systems, however,
implies removing the organic ligands, thereby
bringing the magnetic core in direct contact with
a surface. Presently, the smallest magnets are anti-
ferromagnetic Fe;, double chains (7) and ferro-
magnetic Fe; clusters (8) supported on nonmagnetic
surfaces. Both exhibit lifetimes of hours below
0.5 K, while supported nanostructures of smaller
size retain their magnetic orientation only on a
time scale of seconds (9, 10).

Ultimately, the smallest size of a magnet can
be reached with a single surface-adsorbed atom.
The magnetism of single atoms has become the
subject of intense research (17-17) since the
discovery of a giant magnetic anisotropy for
Co atoms adsorbed onto a Pt(111) surface (I8).
However, despite the high magnetic anisotropy
originating from the extremely low coordina-
tion, all adatom-surface combinations inves-

tigated so far are paramagnetic down to 0.3 K,
with the longest achieved magnetic lifetime
being 230 pus at 0.6 K (16, 17). Thus, in addition
to anisotropy, the magnetic states of a quan-
tum magnet need to be protected from quan-
tum tunneling of the magnetization as well as
from scattering with electrons and phonons of the
substrate. The first condition requires a degen-
erate ground state doublet with a projected total
angular momentum J,, that is protected from mixing
with other states by the symmetry of the adsorp-
tion sites’ ligand field (19, 20). The second re-
quires decoupling the magnetic atom from the
phonon and conduction electron baths.

Here, we investigated ensembles of rare-earth
atoms, whose spin and orbital moments origi-
nate from the strongly localized 4f orbitals and
interact weakly with the surrounding environ-
ment. Additional decoupling is ensured by choosing
an insulating substrate with low phonon density
of states, such as MgO. We found that Ho atoms
deposited on MgO(100) thin films grown on a
Ag(100) surface formed single-atom magnets with
arelaxation time that depended on the MgO thick-
ness. Not only did the Ho atoms show magnetic
bistability, they also had exceptionally large co-
ercive field and showed magnetic hysteresis up
to 30 K, a temperature substantially higher than
the blocking temperature of single-molecule
magnets on comparable time scales. These excep-
tional properties originate from a combination of
factors—namely, the specific mixing of odd J.
states of Ho in the C,, symmetric ligand field of
MgO(100), which protects the magnetization from
reversal by tunneling and first-order electron scat-
tering at zero and finite fields, and the weak
coupling to the electronic and vibrational degrees
of freedom of the substrate, provided by the stiff
and insulating MgO buffer layer.

We created a quasi-monodisperse ensemble of
individual Ho atoms adsorbed on ultrathin
MgO(100) films grown on Ag(100) by depositing
minute amounts of Ho at a sample temperature
below 10 K, which ensured that the thermal mo-
bility of the adatoms was blocked. Low-temperature
scanning tunneling microscopy (STM) images
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displayed the Ho atoms as localized protrusions
with identical apparent heights and widths (Fig. 1A).
Ab initio calculations using density functional
theory (DFT) in the GGA+U approximation (21)
identify the O-top as the most favorable adsorp-
tion site (Fig. 1B and table S3). Atomic-resolution
images of samples with coadsorbed Co or Fe atoms
confirmed this assignment (fig. S2). The adatoms
were immobile up to 50 K and, therefore, at all
temperatures where we characterized their mag-
netic properties.

X-ray absorption and magnetic circular dichroism
spectra (XAS and XMCD) taken at the Ho M, 5
edges (3d—4f transitions) with the x-ray beam
and magnetic field parallel to the surface normal
revealed a pronounced dichroism (Fig. 1D). This
magnetic signal indicates the presence of a large
localized magnetic moment that aligns along the
field direction. Recording the maximum of the
XMCD peak as a function of the external field
allowed us to measure the magnetization loop of
the Ho adatoms. At 6.5 K, we observed a clear
hysteresis opening along the out-of-plane direc-
tion and a remanent magnetization of 25% of
saturation (Fig. 1E). After saturation, the Ho atoms
retained their magnetization even in the absence
of an external field. In addition, the loop showed a
coercive field of 1 T and remains open up to the
maximum available field of 8.5 T, indicating a long
relaxation time even at extremely high magnetic
fields.

This exceptional magnetic stability is related
to the symmetry of the Ho quantum states. We
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identify them by comparing experimental spectra
and magnetization curves with multiplet calcu-
lations (fig. S6). At zero field, the ground state
is a perfectly degenerate doublet. The two states,
labeled as |0) and |1), exhibited out-of-plane pro-
jections of the total moment (J, = +4.66) (Fig.1C).
This value matches well with the result of the
sum rules directly applied to the experimental
XAS and XMCD spectra (22). In the C,, symmetry
of the O adsorption site, this ground state doublet
is a superposition of the the quantum states J, =
+7; +3; ¥1; and 75, with the first two contributing
the most (table S2). Thus, it is protected from
first-order spin excitations (Am = 0, +1) at any
external magnetic field (20), which prevents mag-
netization reversal by electron scattering. In ad-
dition, the very low density of vibrational modes
in the MgO layer (fig. S9) strongly suppresses
first-order scattering with phonons (Am = =1,
+2). The absence of Ho-MgO vibrational modes
in the region of hyperfine level crossing can fur-
ther slow down relaxation at low fields, as ob-
served for ThPc, molecules grafted on suspended
nanotubes (23). Thus, the combination of magnetic
ground state, symmetry of the adsorption site,
and decoupling from the metal substrate guaran-
tees protection against all first-order scattering and
ultimately allows for long magnetic lifetimes.
The first excited state |2) is a (J; = 0) singlet
lying 4.5 meV above the ground state. This en-
ergy separation is sufficient to prevent electronic
level crossings up to more than 10 T (Fig. 1C),
hence the absence of quantum tunneling steps in
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the hysteresis loop (3). Further excited states lie
at a higher energy and played no role at the
temperatures and magnetic fields used here.

To access the magnetic lifetime, we first ini-
tialized the ensemble of Ho atoms in the |0) state
by applying an external field B = +6.8 T until
saturation was reached. We then swept the mag-
netic field to near zero (B = 0.01 T) and recorded
the time needed for the magnetization of the
ensemble to vanish—namely, to reach equal oc-
cupation of the |0) and |1) states (Fig. 2A). At a
temperature of 10 K, we found an exponential
decrease in the XMCD signal with a character-
istic lifetime of © = 1586 + 131 s (Fig. 2C). Notably,
we observed comparable magnetic lifetimes down
to 2.5 K (fig. S44A), implying that below 10 K, the
magnetic relaxation is essentially driven by non-
thermal processes.

Measurements at different photon fluxes re-
vealed that the lifetime of Ho atoms is mostly
limited by the secondary electron cascade gen-
erated by the absorbed photons. The scattering
with these hot electrons reduces the magnetic
lifetime, as recently reported for endofullerene
single-molecule magnets (24). The measured lifetimes
hence represent a lower bound to the intrinsic
magnetic lifetimes. Extrapolation to the zero-flux
limit suggests intrinsic lifetimes of the order of
1 hour at 2.5 K (fig. S4B). Increasing the temper-
ature to 20 K activates thermal relaxation processes
and results in a slightly decreased magnetic
lifetime of 675 + 77 s (Fig. 2C). The lifetime of the
Ho atoms on MgO is much longer than for Ho

Fig. 1. Ho atoms on MgO films. (A) Constant-
current STM image of Ho atoms on 2 monolayer
(ML) MgO/Ag(100) (tunnel voltage V; = 100 mV,
tunnel current Iy = 20 pA, T = 4.7 K, Ho coverage
Oho = 0.005 = 0.001 ML). (B) Adsorption geom-
etry of Ho atoms on top of O on 2-ML MgO/Ag(100)
as simulated with DFT, together with a schematic
of the XAS experiment. (C) Splitting of the lowest
quantum levels of Ho atoms from multiplet calcula-
tions. Zero-field values of (J;) are reported. (D) XAS
and XMCD at the M, 5 edges for an ensemble of
individual Ho adatoms. The arrow points to the
maximum of the XMCD signal that is recorded as a
function of magnetic field to obtain the magnetiza-
tion curves shown in (E) (field sweep rate dB/dt) =
8 mT/s, photon flux ¢ =1 x 102 nm = s, T=65K,
Opo = 0.01 ML, MgO coverage Oygo = 70 ML).
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ions in HoPc, (25) and Ho-doped bulk crystals
(26), possibly because of the larger level splitting
and the smaller number of vibration modes al-
lowed for atoms adsorbed on surfaces.

‘We further characterized the magnetic lifetime
at a large magnetic field. We prepared the en-
semble in the |1) state at B = -6.8 T and measured
the time needed to fully reverse to the |0) state at
B=+6.8Tand T =10 K (Fig. 2B). We observed an
exponential increase in the magnetization up to
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saturation with .., = 1223 + 69 s (Fig. 2D). Thus,
the Ho atoms on MgO retained their long lifetimes
even at a very high field where single-molecule
magnets typically exhibit faster relaxations because
of level crossing, quantum tunneling of the mag-
netization, or scattering with phonons (I-5).

To probe the temperature dependence of the
remanence and of the coercive field of Ho atoms,
we recorded hysteresis loops in the most favor-
able experimental conditions, i.e., using the fastest
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Fig. 2. Magnetization lifetime. (A and B) Scheme of the measurements. After saturation at |Byax| = 6.8T,
the field was swept to the indicated values. Measurements of XMCD started at the end of the sweep. (C and
D) Time evolution of the maximum XMCD intensity (dots) normalized to the saturation value at B = +68 T
(©ho = 0.015 ML, Oygo = 60 ML, ¢ = 014 x 1072 nm™ s, dB/dt = 33 mT/s). Exponential fits (solid lines)
give the magnetic lifetime t and reversal time 1., of the Ho atoms.
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Fig. 3. Magnetic hysteresis at increasing temperatures. (A) Scheme for the hysteresis measurements
at a fast sweep rate of the magnetic field. We first kept the magnetic field at +B.« for sufficient time to
reach +Mgat (1), then measured M while sweeping the field to — Bpax (2). This fast sweep leaves the

system out of equilibrium at Bpax. Thus, we allow the system to relax at constant B =

—Bmax until

equilibrium is reached (3) before starting the new branch of the loop (3-4-1). (B) Hysteresis loop
recorded at T =10 K following the scheme described in (A). (C) Evolution of the hysteresis loop with the
temperature (dark, downsweep; light, upsweep). The relaxation part is not shown (0, = 0.01 ML, ©yg0 =
43 ML, ¢ = 055 x 1072 nm™2 s, dB/dt = 33 mT/s).
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field sweep rate dB/dt and lowest photon flux
achievable (Fig. 3A). Under these conditions, the
hysteresis opening at 10 K (Fig. 3B) was even
wider than the one in Fig. 1E, showing a coercive
field of 3.7 + 0.3 T and a remanent magnetization
of 50% of saturation. In addition, the hysteresis
remained open up to 30 K, and only at 40 K was
the magnetization loop essentially closed (Fig.
30). These results further show that the magnetic
quantum states of Ho atoms were notably protected
against scattering with Ag conduction electrons
and MgO phonons.

Although the Ho ground state was protected
against magnetization reversal via first-order electron-
spin excitations, it is possible, in principle, to re-
verse the magnetization via direct scattering with
phonons or by two-electron or -phonon transitions
through the first excited state. The reversal processes
that are triggered by the scattering with conduc-
tion electrons and with the soft phonon modes of
the underlying metal are expected to critically
depend on the thickness of the MgO layer. Accord-
ingly, we observed that the hysteresis loops of Ho
atoms became narrower when the thickness of

A
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Fig. 4. Effect of the MgO layer thickness. (A)
Magnetization loops acquired on Ho atoms on
MgO films of various thicknesses as indicated
close to each loop (T =25K, dB/dt =12 mT/s, ¢ =
2.15 x 1072 nm™ s}, @, = 0.005 to 0.010 ML).
The curves were rescaled to the corresponding
saturation value at B = +6.8 T. The reduced loop
opening compared to that in Figs. 1 and 3 is a
consequence of the higher photon flux and the
lower sweep rate used here. (B) Loop area as a
function of MgO thickness, reaching a constant
value at 3.6 ML.
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the MgO film was reduced below 3.6 monolayers
(ML) and were almost closed for a thickness of
2.4 ML (Fig. 4). We observed essentially no var-
iation in the XAS and XMCD spectra of Ho atoms
with the number of MgO layers (fig. S5), hence the
Ho ground state was unaffected by the MgO
thickness. Thus, protection against first-order
reversal is a necessary but not a sufficient con-
dition to prevent magnetization reversal. To ob-
tain long magnetic lifetimes in single atoms, an
efficient decoupling from the electron and pho-
non bath is also required to ultimately suppress
higher-order scattering processes that cannot be
eliminated by symmetry. This result also suggests
that long spin lifetimes are unlikely for single
atoms in direct contact with a metal substrate.

The need of a decoupling layer to obtain long
lifetimes is in stark contrast with the interpreta-
tion of STM experiments on Ho atoms on Pt(111),
which reported telegraph noise in the differen-
tial conductance with characteristic times of up
to 700 s at 7' = 0.7 K and zero field (79). This
signal was interpreted as magnetic bistability
and ascribed to a J, = 8 ground state, as cal-
culated by DFT, which would be protected by the
C3, symmetry of the adsorption site. However,
XMCD measurements revealed that Ho atoms
on Pt(111) have a ground state J, = 6 that is
incompatible with long spin lifetimes in a Cs,-
symmetric crystal field (27). In addition, the mag-
netization curves at 2.5 K are fully reversible.
According to these XMCD results, Ho/Pt(111) is a
perfect paramagnet, as are all the other single
atoms on surfaces previously reported. Moreover,
subsequent STM experiments on the same sys-
tem could reproduce neither telegraph noise nor
spin excitations (10). Together with further STM
observations on other 4f elements (28), this ques-
tions the interpretation of the results reported in
(19) as magnetic bistability of Ho/Pt(111).

The relative simplicity of the Ho/MgO system,
based on common physical deposition methods,
as well as the planar geometry of the system
opens the possibility of probing and manipulat-
ing the Ho spin and its environment in a con-
trolled way. Using MgO as a decoupling layer
could improve the magnetic stability not only of
individual atoms but also of surface-supported
molecular magnets, paving the road to scalable
and robust nanoscale spintronic devices.
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HYDROGEN BONDING

Nuclear quantum effects of hydrogen
bonds probed by tip-enhanced
inelastic electron tunneling

Jing Guo,'* Jing-Tao Lii,”* Yexin Feng,"?* Ji Chen,' Jinbo Peng,’ Zeren Lin,"
Xiangzhi Meng,* Zhichang Wang,' Xin-Zheng Li,*°t En-Ge Wang,*+ Ying Jiang"*+

We report the quantitative assessment of nuclear quantum effects on the strength of a
single hydrogen bond formed at a water-salt interface, using tip-enhanced inelastic
electron tunneling spectroscopy based on a scanning tunneling microscope. The
inelastic scattering cross section was resonantly enhanced by “gating” the frontier
orbitals of water via a chlorine-terminated tip, so the hydrogen-bonding strength can be
determined with high accuracy from the red shift in the oxygen-hydrogen stretching
frequency of water. Isotopic substitution experiments combined with quantum
simulations reveal that the anharmonic quantum fluctuations of hydrogen nuclei
weaken the weak hydrogen bonds and strengthen the relatively strong ones. However,
this trend can be completely reversed when a hydrogen bond is strongly coupled to the

polar atomic sites of the surface.

n terms of tunneling and zero-point motion,
nuclear quantum effects (NQEs) play impor-
tant roles in the structure, dynamics, and
macroscopic properties of hydrogen-bonded
(H-bonded) materials (7-5). Despite enormous
theoretical efforts toward pursuing proper treat-
ment of the nuclear motion at a quantum me-
chanical level (5-9), accurate and quantitative
description of NQEs on the H-bonding inter-
action has proven to be experimentally chal-
lenging. Conventional methods for probing the
NQEs are based on spectroscopic or diffraction
techniques (4, 10-14). However, those techniques
have poor spatial resolution and only measure
the average properties of many H bonds, which
are susceptible to structural inhomogeneity and

local environments. The spatial variation and in-
terbond coupling of H bonds lead to spectral
broadening that may easily smear out the subtle
details of NQEs.
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Editor's Summary

Stable magnets from single atoms

An important goal in molecular magnetism is to create a permanent magnet from a single atom.
Metal atoms adsorbed on surfaces can develop strong magnetization in an applied field
(paramagnetism). Donati et al. show that single holmium atoms adsorbed on a magnesium oxide film
grown on a silver substrate show residual magnetism for temperatures up to 30 K and bistabilty that
lasts for 1500 sat 10 K (see the Perspective by Khajetoorians and Heinrich). The atom avoids spin
relaxation by a combination of quantum-state symmetry and by the oxide film preventing the spin from
interacting with the underlying metal via tunneling.
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1 Sample Preparation

Low-temperature scanning tunneling microscopy (STM) and x-ray absorption spectroscopy
(XAS) experiments were performed in three different experimental setups. In each of these
ultra-high vacuum chambers, we prepared the Ag(100) single crystal in ultra high vacuum with
repeated Ar™ sputtering (ion energy of 1.2 keV) and annealing (800 K) cycles. MgO was grown
by evaporation of Mg from a crucible in a O, pressure of 1 x 10~% mbar with growth rates of
0.1 — 0.2 monolayers (MLs) per minute at a sample temperature of 625 K. One MgO ML is
defined as one Mg atom per substrate Ag atom. The MgO grows in a quasi layer-by-layer fash-
ion (29). For XAS experiments, we prepared samples with more than 2.4 MgO layers to assure
the required complete filling of the Ag surface. We calibrated the MgO coverage combining
room temperature STM measurements with XAS spectra of the Mg K-edge for samples with
close to half a monolayer of MgO. For thicker MgO films, we then estimated the number of
MgO layers from the intensity of the Mg K-edge after MgO deposition. The low-temperature
STM experiments were performed on samples with less than 1 ML MgO in order to preserve
Ag areas for tip apex cleaning. To obtain large 2-ML-thick MgO islands on samples with less
than 1 ML MgO coverage, we grew MgO keeping the sample at about 875 K, and the growth
was followed by fast cooling to room temperature, as described in (30).

Samples of MgO/Ag(100) were transferred into the corresponding STM or XAS low tem-
perature cryostat without breaking the vacuum. We deposited Ho atoms on the cold sample
kept at temperatures ranging from 4 to 10 K in a pressure below 3 x 10~ mbar. Similarly to
what was done for the MgO calibration, the Ho coverage in XAS experiments was estimated
comparing XAS and room-temperature STM measurements on reference samples covered by
less than half a monolayer of Ho. Again, we define 1 Ho ML as one Ho atom per Ag substrate

atom.



Since the XMCD studies had to be carried out on samples that showed no bare Ag(100), and
since MgO does not grow layer-by-layer, the samples prepared for the XMCD experiments had
a minimum MgO coverage of 2.4 ML. On 2 ML MgO, the Ho atoms have a narrow apparent
height distribution (see Fig. S1) and are all located at identical adsorption sites (see Section
2). Conversely, Ho atoms on 1 ML MgO were found to adsorb on two different sites. Since
the presence of two coexisting species can complicate the interpretation of ensemble measure-
ments, we limit the XMCD investigation to samples with no or negligible amount of exposed

first MgO layer, i.e. with a MgO thickness larger than 2.4 ML.

Fig. S1: Ho atoms on 2 ML MgO/Ag(100). STM image of 2 ML MgO/Ag(100) after the
deposition of Ho atoms (sample bias V; = —100 mV, tunnel current /; = 20 pA, T' = 4.7 K,
Ho coverage © = 5.5 & 0.5 x 10~3 ML). Size of the image: 39 x 32 nm?. A small region of
exposed 1 ML MgO is visible in the bottom right corner. At the used sample bias, the Ho atoms
on the 2 ML MgO have an apparent height of 259 + 6 pm. The elongated protrusions are two
Ho monomers with an interatomic distance of at least 0.7 nm.

2 Measurements of the adsorption site of Ho atoms on MgO

According to our density functional theory (DFT) calculations (see Section 5), Ho atoms pref-

erentially adsorb on top of an oxygen site. However, a direct experimental determination of the



adsorption site of Ho was not possible because the STM contrast of MgO depends on the tip
apex, namely, from experiment to experiment once the Mg and once the O atoms were imaged
as protrusions. In addition, the high conductance set-point required for atomically resolved im-
ages on MgO could not be used to image the Ho atoms because the tip displaced them. As an
alternative method, we identified the adsorption site of Ho using co-deposited Co or Fe atoms
as markers of the oxygen sites, on top of which they were predicted to adsorb (16, 31-35). We
performed this measurement using the following procedure: first, on a sample spot without any
adsorbed atoms, we acquired an atomically resolved image of the MgO surface, which allowed
us to extract the spacing and the orientation of the MgO lattice (inset of Fig. S2). We obtained
292 £ 3 pm, which is in very good agreement with the values of the Ag(100) lattice spacing
of 289 pm. This value also indicates that one of the two atoms (Mg or O) was measured as
a protrusion, whereas the other appeared instead as a depression in the hollow position of the
imaged lattice.

Second, using a lower conductance set-point, we acquired an STM image of a different
surface spot in the presence of Co and Ho atoms without resolving the MgO lattice. To eliminate
possible issues connected to piezoelectric creep which occurs after moving from spot to spot,
the tip was left scanning on the same spot for at least one hour before recording the final STM
image. At V; = —20 mV and I; = 20 pA (Fig. S2), Co atoms appear as protrusions with
an apparent height of 139 & 5 pm, in good agreement with the value reported in (/6). Ho
atoms appear with an apparent height of 218 + 3 pm and, due to this increased apparent height
and the tip convolution, they also appear wider. Both adatoms are thus easily distinguished
by their different appearance. By extrapolating the MgO lattice extracted from the atomically
resolved image onto the image with the adsorbates, we found that Co and Ho atoms adsorb
on the same site (Fig. S2). Similar measurements performed using Fe atoms as markers gave

identical results. Since first principle calculations found an O on-top adsorption for both Co, and
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Fig. S2: Adsorption site of Ho and Co atoms on 2 ML MgO/Ag(100). STM image of 2
ML MgO/Ag(100) after the deposition of Co and Ho atoms (V; = —20 mV, I; = 20 pA,
T = 4.7 K). Size of the image: 8.4 x 8.4 nm?. Inset: atomically resolved STM image of the
bare 2 ML MgO/Ag(100) surface (V; = —20 mV, [; = 5.4 nA, T' = 4.7 K). The white grid
extrapolates the MgO lattice onto the STM image with the adsorbates. Since the two images
are acquired on different surface spots, the offset is a free parameter and has been chosen such
that the grid matches the summit of the Co atom indicated by the white arrow.

Fe atoms, we infer that Ho, Co and Fe atoms all adsorb on top of O sites for MgO thicknesses

of 2 ML.

3 Extended description of XAS and XMCD methods and re-
sults

X-ray absorption spectroscopy and magnetic circular dichroism (XCMD) measurements were
performed in two different synchrotron facilities over five different measurement periods. Mea-
surements shown in Fig. 1 were acquired at the ID32 beamline of the European Synchrotron

Radiation Facility (ESRF), which is equipped with a cryostat with a base temperature of 3.5 K



and allowing magnetic fields of up to 9 T, with a maximum sweep rate of 50 mT/s. In this facil-
ity, we employed a defocussed beam with a spot size of 0.6 x 1.4 mm?, allowing measurements
with good signal-to-noise ratio with photon fluxes down to ¢ = 1 x 1072 nm~2s~!. All the
other measurements shown in the present paper were acquired at the EPFL-PSI X-treme beam-
line at the Swiss Light Source (SLS), where the sample can be measured at a base temperature
of 2.5 K in magnetic fields up to 7 T, with a maximum sweep rate of 33 mT/s (36). The maxi-
mum beam spot of 0.3 x 2 mm? allowed a good signal-to-noise ratio with photon fluxes down
to ¢ = 0.55 x 1072 nm~2s~!. In both cases, the samples were measured in total electron yield
(TEY) mode, which allowed the high sensitivity required by the extremely low concentrations
of magnetic elements at the surface (37).

The XAS and XMCD spectra in saturation conditions (maximum field available and normal
incidence) shown in Figs. 1D and S6 were obtained averaging over several (4 and 8, respec-
tively) acquisitions of the /™ and I~ absorption signals. The time required for a single spectrum
ranges from 2 to 3 minutes. Prior to deposition of Ho, we recorded the background spectra on
an MgO/Ag(100) substrate which was subtracted from the Ho XAS to eliminate any contribu-
tion from the substrate. Magnetization curves (Figs. 1, 3, 4 and S6) were obtained acquiring the
I and the I~ signal at the maximum of the M5 edge at the energy of 1347.3 eV and dividing
it by the corresponding pre-edge value acquired at 1340.3 eV. At the ESRF-ID32 beamline,
the acquisition is performed in a step-by-step field ramp. The time required for ramping the
field and acquiring the signal was about 30 s per point. The magnetization curve shown in
Fig. 1E was measured by setting a field step of 0.2 T, corresponding to an average sweep rate of
8.3 mT/s. At the EPFL-SLS X-treme beamline, the magnetization curves were instead acquired
by measuring the edge and pre-edge signals while ramping the field in an “on-the-fly” mode.
This procedure allows faster field sweep rates of up to 33 mT/s. However, at the maximum

available speed the noise level requires to average over multiple acquisitions to have a sufficient



signal-to-noise ratio, as done for the loops in Fig. 3. Therefore, for loops obtained in a single

acquisition (Figs. 4A and S6D), we employed slower field sweep rates.

3.1 Magnetic lifetime measurements

The time-evolution of the XMCD signal at the magnetic field B = 0.01 T (Fig. 2C) was
recorded with the following procedure: a) we ramped the magnetic field up B = +6.8 T;
b) we waited several minutes for the magnetization to relax to saturation; c) we ramped down to
B = 0.01 T with the maximum allowed speed of 33 mT/s; d) once the target field was reached,
the maximum of the /™ and I~ polarization at the M5 edge, together with the corresponding pre-
edge value, were alternatingly recorded as a function of time. The XMCD signal was obtained
by dividing the edge (1347.3 eV) to the pre-edge (1340.3 eV) signals for each photon helicity.
Our measurements showed a strong dependence of the magnetization lifetime on the photon flux
(see below), as already reported for endofullerene single molecule magnets (24). Therefore, in
order to best preserve the system close to saturation during the field sweep, the photon shutter
was kept close while ramping down the field, and opened just before starting the XAS acquisi-
tion. In addition, we minimized the x-ray induced demagnetization by diluting the photon flux
over a longer time period as described in (24). This was obtained by alternating acquisition
periods (t,), when the sample was exposed to the photon flux ¢,, and waiting periods with the
beam shutter closed (t,,). This led to an effective photon flux ¢ = @4t/ (ts +t,). The curves in
Fig. 2 of the main text were obtained with t, = 7's, t,, = 21 s, and ¢, = 0.55 x 1072 nm~2s~ !,
thus ¢ = ¢,/4 = 0.14 x 1072 nm2s~ 1.

Lifetime measurements to B = +6.8 T (Fig. 2D) were performed with a similar procedure.
In this case, the Ho magnetization was first saturated at B = —6.8 T and the acquisition started
after ramping the field at B = +6.8 T. The result of this procedure is shown in Fig. S3. Fig-

ure S3A displays the evolution of the Ho AXAS* (™) = [T(9)(t) — [T(00) at B = +6.8 T,
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Fig. S3: Details of lifetime measurements. A Time-evolution of the /™ and I~ signals. B
Time-evolution of the XMCD. (T" = 10 K, B = 6.8 T, MgO thickness Oy;;0 = 6.0 ML, Ho
coverage O, = 0.015 ML, t, = 7, t, = 21s, ¢, = 0.55 x 1072 nm 2571, and ¢ = ¢, /4 =
0.14 x 1072 nm~2s™1). Solid lines are fit to experiments (dots).

normalized to the asymptotic value of the XMCDy,; = I~ (c0) — I (00). The XMCD signal in
Fig. S3B was obtained from the difference of the two helicity signals, and then normalized to
XMCDy,;. The starting value of the normalized XMCD represents the magnetization of the sys-
tem at the instant when the photon shutter was opened. Note that both the /™ and the I~ signals
show an exponential behavior with time, with opposite sign of the time-derivative. Independent
fits of the two signals give identical values of 7 within the error bars.

Measurements of the magnetic lifetime at 2.5 K (Fig. S4A) reveal an x-ray induced demag-
netization, i.e., the measurement influences the lifetime of magnetic quantum states of the Ho
atoms, as also reported for endofullerene single molecule magnets (24). In that previous inves-
tigation, the rate of demagnetization was found to increase linearly with the photon flux and
with the electron yield signal. Thus, the demagnetization process was attributed to the cascade
of high-energy secondary electrons generated upon the absorption of the x-ray photons in the
substrate. These electrons are in the conduction band of the substrate and lose their energy via
scattering with defects, impurities, as well as with the adsorbed Ho atoms. Because of the large

amount of energy they bear (up to a few eV), they can excite the magnetic atoms inducing tran-
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Fig. S4: Flux-dependent magnetic lifetime at 2.5 K. (A) Time evolution of the /- AXAS
intensity for different photon flux at B = 0.01 T, after saturation at +6.8 T. Since the decay
rates of both circular polarizations are identical within the error bar, we limited the acquisition
in many cases to the /~ signal. Full curves are exponential fits from which we extract the
magnetization lifetimes. All curves are rescaled to match the initial and the asymptotic value
of the red curve (I' = 2.5 K, Oy, = 0.01 ML, Oyg0 = 5.0 ML, 9 = 1 x 1072 nm s,
B = 33 mT/s). (B) Magnetization lifetime as a function of the photon flux at 0.01 T (red) and
6.8 T (blue). Linear regressions yield the intrinsic lifetimes 7.

sitions to higher multiplets, from where the atoms decay to the lowest doublet, hence reducing
their magnetic lifetime.

In order to estimate the intrinsic lifetimes of Ho atoms on MgO, we varied the incident pho-
ton flux ¢. For a systematic investigation of 7 as a function of the photon flux and magnetic field,
the acquisition was limited to the 7/~ signal to reduce the acquisition time and, thus, possible
effects due to sample degradation. The characteristic times for demagnetization (measured at
B = 0.01 T after saturation at B = +6.8 T) and magnetization reversal (measured at B = 6.8 T
after saturation at B = —6.8 T) are inversely proportional to ¢ (Fig. S4). Assuming photon-
induced decay (7,,n) and intrinsic relaxation (7y) to be two independent decay channels leads to
=1t + TI;}. Our observations are perfectly reproduced by setting TI:}} = 0¢, where o is

the photon-induced demagnetization cross-section expressed in barn (1 b = 1072 cm?).

For demagnetization at close to zero field, we find 7y of the order of one hour and 0 =

10



2.4 Gb/atom. This is about 2 orders of magnitude larger than the cross-section for the photon ab-
sorption at the Ho M5 edge (38), indicating that the photon-induced relaxation process is much
more efficient than the direct x-ray absorption of the Ho atoms. This suggests that the atoms are
demagnetized via secondary electrons created after the x-ray absorption in the substrate (24).
Remarkably, at the largest accessible field, the intrinsic lifetime remains of the same order
within the error bars (Fig. S4B). Such a weak dependence with the external field indicates that
the first-order scattering with both Ag conduction electrons (39) and MgO phonons (3) is largely
ineffective. Conversely, the photon cross-section for magnetization reversal o,., = 5 Gb/atom
at B = 6.8 T is more than twice the value at close to zero field. This indicates that the scattering
between the Ho atoms and the secondary hot electrons is more effective with a large magnetic
field. Former experiments (39) and theoretical models (40) revealed that the scattering between
magnetic atoms and electrons depends linearly on the Zeeman splitting of the lowest doublet.
Therefore, a decreasing magnetic lifetime is expected with increasing Zeeman splitting of the
quantum states. We speculate that a similar mechanism may enhance the scattering between the
photon-induced hot electrons and Ho atoms at large magnetic fields, thus reducing the reversal

time of Ho.

3.2 Influence of the MgO thickness on the magnetic properties of Ho
atoms

Measurements of the XAS and XMCD of Ho atoms as a function of the MgO thickness show
that the proximity to the silver substrate plays a negligible role in determining the magnetic
ground state (Fig. S5). The spectral features of the M5 edge remain essentially unchanged.
The corresponding value of (J,) extracted from the sum rules (47, 42) vary by less than 10%
over the many measured samples, the remaining variations are mainly due to the inaccuracy

of the background subtraction procedure. We conclude that the ground state of Ho atoms is

11



basically independent on the number of MgO layers, which justifies the comparison between
STM measurements and DFT calculations, both performed for 2 ML MgO films, with XAS and

XMCD data acquired on thicker MgO layers (2.4 — 7 ML).
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Fig. S5: Influence of the MgO thickness. (A) Normal incidence XAS (I + I~) of Ho atoms
over the M5 edge for samples with different thickness of the MgO film. (B) Corresponding
XMCD spectra (T = 25K, B =6.8T, ¢ = 2.15 x 1072 nm~2s7!). For all samples, the Ho
coverage Oy, ranges between 0.005 and 0.01 ML. In order to compare data of slightly different
Ho coverages, spectra are normalized to the maximum of the XMCD.

4 Details of multiplet calculations

The XAS simulations are based on an atomic multiplet model that takes into account the
electron-electron interaction among f- and d-electrons using rescaled Slater-Condon integrals,
and the atomic spin-orbit interaction (43—46). The finite overlap of the rare-earth ion wave-
functions with the surrounding atoms is neglected due to the well-screened character of the
4 f-states. The x-ray absorption spectrum for a polarization vector e, is calculated based on

Fermi’s golden rule considering only allowed electric-dipole transitions,

Wi oc [(Wele, - W) |2 0(Ef — By — hw). (S1)
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For the evaluation of the transition matrix elements the electric dipole operator for different
polarizations and incidence angles is expressed by a linear combination of the spherical har-
monics Y, Y}, and Y; ! which correspond to the electric field parallel to z and the circular
polarizations, respectively. The ¢ function assures energy conservation but will be replaced by
a Lorentzian function to account for the finite lifetime of the core hole. The spectrum is further
broadened by a Gaussian function to account for the experimental energy resolution. Due to
the strong overlap of the core hole with the valence electron wavefunctions, the calculations
must take into account the interaction between the hole and the valence levels. Hence, multiplet
effects dominate the spectral shape. At finite temperature, the population of excited states of
the initial state configuration is also taken into account by considering transitions from Boltz-
mann weighted initial states. The Hamiltonian of the initial and final states, i.e., 3d04f N and
3d° 4fN*1 for the M —edge, respectively, are diagonalized separately. The spectrum is then
calculated from the sum of all possible transitions for an electron excited from the occupied 3d
level into an unoccupied 4 f level. In the crystal field limit, the ground state is given by a single
electronic configuration fv (where N is the number of valence f-electrons), split in energy by

electron repulsion and a crystal field potential with a certain symmetry. The atomic Hamiltonian

is given by

H = Hgom + Het > (S2)
where

p? —Ze? e?
Hatom:Z2Z —1—274—2—4—2((7"1)[15“ (S?’)
N “m N T pairs 145 N

and

H; = —ez V(r;) . (S4)

N

This approach includes both electronic Coulomb interactions and spin-orbit coupling for each

subshell. The first two terms of the atomic Hamiltonian H ., give the average energy of

13



the configuration and contains the kinetic energy and the interaction of the electron with the
nucleus. The third term is the electron-electron interactions term that results in the splitting of
the electronic states into the well-known multiplets. The spherical part of the electron-electron
repulsion can be separated and is added to the average energy. The remaining non-spherical part
is treated explicitly. The last term in H ., represents the spin-orbit interaction that is calculated
for each shell and ( is assumed to be constant within a shell. Thus, the non-spherical part of the
electron-electron interaction and the spin-orbit interaction determine the relative energies of the
different states within the atomic configuration. The electronic environment of the ion is taken
into account by the crystal field Hamiltonian H.;,

o 7

V(r,0,0) = > > m"YamZum(6, )., (S5)

n=0m=0
where
Znim (0, ¢;)

n+1 )
Ty

(56)

koodrw

T = ; on 1%
and £ is the number of coordinating atoms with charge ¢; at positions (7, 0;, ¢;). The Z,,,(0, ¢)
are the tesseral harmonics and the parameters +,,, can be calculated from the positions and
charges of the surrounding atoms. In general the potential function reflects the point symmetry
of the lattice site. The less symmetric the site, the more terms occur in the expansion. It
must be noted that the terms occurring depend on the axes chosen, and are in their simplest
form when the axes are the symmetry axes of the point group. There are two general rules:
firstly, if the lattice site posses inversion symmetry and/or mirror planes, then all odd-n terms
vanish; secondly, if the z axis is an m-fold axis of symmetry, the potential will contain terms
of Z,.,,. For some high symmetry cases there exist relations between the coefficients of the
tesseral harmonics of the same n. Nevertheless, not all the nonzero terms in the expansion of the
potential will affect the energy levels of the ion, as their matrix elements may yet be zero. More

specifically, for f-shell electrons only n < 6 terms yield non-zero matrix elements. Hence,

14



instead of calculating the non-zero +,,,, parameters, the prefactors A,,,, = (r" )7y, are treated
as fit parameters in the calculations to match the experimental lineshape. In model Hamiltonians
acting mostly only on the ground state multiplet, the crystal field potential is usually expressed

in terms of the Stevens operators OA%,
V=Y. BrOn. (S7)

Note, that there exist a direct relationship between the A,,,,, and B], parameters that depends on
the number of electrons in the considered shell. Thus the rules for non-vanishing -, values
apply also to the B]) parameters. The crystal field term is only applied to the outer shell, since
the core hole in the excited state is well screened by the other electrons. In addition, the crystal
field applied to the initial and final state is chosen to be the same, although the presence of the
core hole and the Coulomb repulsion of the excited electron affects the radial extension of the
wavefunction and hence the crystal field term. We neglect this effect in the XAS calculations.
The spectral shape is mostly determined by the final state crystal field term and the nature of
the ground state.
To calculate XAS spectra of magnetic ions and hence XMCD spectra, the Zeeman energy
term,
N
Hy =Y ’L;B (28" + 1) (S8)
i=1
is added to the initial and final state Hamiltonian acting only on the valence shell. Here, s’ and
1° are the one-electron spin and orbital kinetic momentum operators that add up to give the total
atomic spin (S) and orbital moments (L), respectively.
The many electron wavefunction of a single configuration is represented by a linear combi-
nation of determinantal product states with basis wavefunctions of the form R,,(r) Y,¥(0, ¢) x(o),
which separates into the radial part R, (), the spherical harmonics Y* for the angular depen-

dence, and the spin function x (). The matrix elements of the radial part for the different terms
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of the Hamiltonian are expressed by the Slater-Condon-Shortley parameters (F; and ;). These
values have been reduced to 73 percent of their Hartree-Fock calculated values to account for
the overestimation of electron-electron repulsion in the free ion and for the delocalization and
screening effects in the adatom system. The spin-orbit coupling constant ( is obtained together
with the F; and G; values using the atomic theory code developed by Cowan (43). The non-
spherical part of the total Hamiltonian for the initial and final state is numerically diagonalized
considering all contributions (electron-electron interaction, ligand field, spin-orbit coupling and
magnetic field) simultaneously. This yields wavefunctions and energies from which we calcu-
late also the expectation values of the spin and orbital moments. Our code is free of symmetry
restrictions, i.e., external fields can be applied in any possible direction.

The expectation values of the magnetic moments for the eigenstates can be directly calcu-

lated. The total moment of a shell is given by the operator

M=Ym;, (S9)
N

where the m; are the single electron spin or angular momentum operators. The same applies for
the spin dipole operator. The expectation value of moment (M) of state 7 along the direction

ey is given by

(Mp) = (Ui| M) W; = (eg - e5) (M) + (eg - €,) (M,) + (eg - €.) (M) . (S10)

x y
To calculate the expectation value of the moment M at finite temperature, the states are weighted

by the Boltzmann distribution according to

(My(T)) = ;Z<M5’> e with Z =3 ¢ T Sti1)

4.1 Ground state of Ho atoms on MgO

To gain insight in the magnetic moments and quantum states of Ho atoms, we simulated x-ray

absorption spectra and equilibrium magnetization curves using multiplet calculations and com-
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Fig. S6: Comparison between experiment and multiplet calculations. (A) Geometries of
the XAS experiment for normal (top) an grazing (bottom) incidence. In both cases, the mag-
netic field is parallel to the photon beam. (B) Experimental and (C) calculated spectra for
the two incident angles depicted in (A). Experimental conditions: 7" = 2.5 K, B = 6.8 T,
¢ = 2.15 x 1072 nm 257!, Oy, = 0.01 ML, Oyz0 = 3.1 ML. (D) Experimental hysteresis
loops (dots, B =12 mT/s) and calculated equilibrium magnetization curves (solid lines) for the
two incident angles. (E) Scheme of the quantum levels of the lowest J = 8 multiplet obtained
from calculations (parameters of the calculation shown in Table S1). The color code identifies
the states which are connected by symmetry operations within the C'y,, group (20).

pared them with experimental data obtained at two different incidence angles 6 (Fig. S6A to D).
To obtain a meaningful comparison between equilibrium magnetization curves simulated by the
multiplet analysis and experimental hysteresis loops, we employed a full data set acquired on a

thin MgO layer (3.1 ML). On this sample, the hysteresis loop at grazing incidence is essentially
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Table S1: Crystal field parameters used in multiplet calculations. Both A,,,,, and B;}, coefficients
are reported for completeness (see details in the previous section).

Ao Ay Ap Asgo Apa
—30 meV +270 meV +50 meV —410 meV +680 meV
B By By By B}
+21.026 peV | —951.1neV | —1.042 peV | +33.718 neV | —443.876 neV

closed, hence it allows comparison with simulated equilibrium curves and, consequently, a pre-
cise assessment of the zero-field splitting. Since Ho atoms adsorb on the four-fold symmetric
O site, only the crystal field operators allowed by the C}y, symmetry are included in the crystal

field Hamiltonian:
He =e(B202 + ByOs + B{ O} + BSOS + BSOS). (S12)

The corresponding crystal field parameters, which were used as fitting parameters to repro-
duce the experiments, are summarized in Table S1.

Our multiplet calculations reveal a 4 f1° occupation for the Ho atoms. This electronic config-
uration differs from that of the free atom (4 f!) and implies that, upon adsorption, one electron
has been delocalized to the outer 6s6p5d orbitals, as also observed in previous XMCD investi-
gations (27). Due to spin-orbit coupling, the lowest multiplet exhibits a total moment J = 8.
The calculated splitting of these quantum levels is shown in Fig. S6E. Note that the XMCD
spectral lineshape and magnetization curves depend on the character of the ground state and of
the thermally populated excited states. Thus the accuracy of the level spacing in Fig. S6E is
limited only to the lowest states. The Zeeman splitting of the lowest four levels, labelled from
|0) to |3), is shown in Fig. 1C. At zero field, the ground state is a perfectly degenerate doublet
with out-of-plane projections of the orbital (L,) = 3.43, spin (S,) = 1.23, and total moment

(J,) = 4.66. These values are in very good agreement with those obtained by directly apply-
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ing the sum rules (41, 42) to the experimental XAS and XMCD in saturation conditions, i.e., at
T =25K,0 =0°and B = 6.8 T, for which we found (L,) = 3.55+0.15, (S,) = 1.05£0.05,
and (J,) = 4.60 £ 0.16.

The composition of the lowest Ho states in terms of the .J, states is given in Table S2. As
the result of the four-fold ligand field of the O adsorption site, Ho levels are superpositions of
pure J, states separated by AJ, = 4. The |0) and |1) states are composed of odd .J, states.
As a consequence of their specific composition, direct transitions between |0) and |1) are only
possible for scattering processes with Am = £2. Thus, the ground state doublet is protected
from direct electron-induced transitions (Am = 0, £1). This remains valid at any external
out-of-plane magnetic field since the J, contributing to states |0) and |1) do not change (20). In
addition, the phonon density of states vanishes for small energy splitting between the magnetic
states, thus, in absence of an external magnetic field, direct scattering with phonons (Am =
+1 £ 2) (3) is absent. The system is further protected from direct phonon-induced transitions
at finite fields by the limited density of low energy phonon modes in MgO, as discussed in
Sec. 5.2. The absence of direct transitions allows for long magnetic relaxation times.

Multiplet calculations predict the first excited state, labelled as |2), to be a (.J,) = 0 singlet
lying 4.5 meV above the ground state (see Fig. 1C). This energy separation is sufficiently large

to prevent level crossing of the lowest states up to more than 10 T, which explains the absence of

steps in the hysteresis loop (3). In contrast to the |0), |1) doublet, the |2) state is a superposition
of even J, states. In this case, first-order electron- and phonon-induced excitations |0) < |2)
and |1) <> |2) are allowed, hence reversal of the magnetization is possible via excitation and
subsequent de-excitation through the |2) state. However, this process requires a finite energy
(4.5 meV in the absence of external field), therefore, it needs to be thermally activated or,

alternatively, it can be triggered by the hot secondary electrons. We speculate that this reversal

mechanism might be responsible of the reduced magnetic lifetime observed at 20 K (Fig. 2C)
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Table S2: Composition of the lowest three magnetic states obtained from the multiplet calcula-
tions for zero magnetic field. The Ho states can almost entirely be described as a superposition
of J, states belonging to the lowest J = 8 multiplet. A remaining fraction (less than 2%), not
included in the table, originates from mixing with higher multiplets J = 7, 6, etc.

(L o) [ ) [ 2 |

-7 11 57.1 % - -

and at higher photon flux (Fig. S4). Other quantum levels lie from 45 to 230 meV higher
in energy, therefore their effect on the magnetic properties of Ho atoms is not relevant at the

temperatures and field employed in the present experiments.

S Details of density functional theory calculations

The DFT calculations were performed using the Wien2k computer code (27) based on linearised
augmented plane wave (LAPW) method (47). The atomic muffin-tin radii were set to 2.10 a.u.,
1.74 a.u., 1.74 a.u., and 2.50 a.u., for Ho, O, Mg and Ag, respectively. For the LAPW basis

functions in interstitial region we chose a planewave cut-off K,,,, = 7/R,.;, where R, is the
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smallest atomic radius in the unit cell. The electronic exchange and correlations effects were
described by the Perdew-Burke-Ernzerhof functional (PBE) (48) combined with the generalized
gradient approximation (GGA) method including on-site Coulomb interactions U (49), in order
to improve the description of the strong electron correlations in Ho 4 f states. For the U param-
eter, we took the value of 5 eV (/9). The Ag(100) surface was modeled with a three layer slab
containing nine Ag atoms per fcc(100) layer. Atoms from the bottom Ag(100) layer are fixed
in their bulk positions. Other Ag, Ho as well as O and Mg atoms from MgO layers deposited
on top of Ag(100) were fully relaxed using the Newton algorithm. The k-point sampling of the
Brillouin zones was done with 16 special Monkhorst-Pack points (50). The spin-orbit effects
were described within a second variational method (57, 52). The adopted approach is one of the
simplest and most reliable methods to calculate the electronic structure of systems with partially
filled d or f bands. Alternative approaches based on hybrid functionals are less suitable because

of the presence of the metal support.

Fig. S7: Calculated Ho adsorption sites on 2 ML MgO/Ag(100). Ball-and-stick representa-
tion for the Ho adsorption on top of O (A), on the O-bridge site (B), and on top of Mg (C).
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Fig. S8: Density of states of a surface-adsorbed Ho atom. (A) and (B) Spin-resolved
4 f-projected density of states of a Ho atom adsorbed on top of an O site on 2 ML
MgO(100)/Ag(100) (see Fig. STA).

Table S3: Total energies, spin and orbital magnetic moments, as well as Ho charge transfers for
adsorption geometries presented in Fig. S7.

Adsorption Total Spin mag. Orb. mag. Ho charge
site energy (eV) | mom. (ug) mom. (ug) transfer (e)
O on-top 0.00 2.61 1.98 +0.12
O bridge 0.19 2.74 1.89 +0.71
Mg on-top 0.21 2.77 2.53 +1.21

5.1 Adsorption site and magnetic moments

In our DFT study we examined several adsorption sites of a Ho atom on 2 ML MgO(100) on a
Ag(100) surface. Three stable sites found from our calculations are presented in Fig. S7. The
corresponding energies, magnetic moments and charge transfer of the Ho atom are listed in
Table S3. Total energies are given relative to the energy of the most favorable adsorption site
(O on-top) depicted in Fig. S7A.

Our DFT calculations identify the O site as the most favorable one (Fig. S7A), whereas

Ho adsorption on the bridge and the Mg sites are about 0.2 eV higher in energy. For the most
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favorable O on-top adsorption, we find a weak charge transfer from the Ho to the surface O
atom (0.12 e). The specific 4 f density of states of the Ho atoms on MgO (Figs. S8A and B) is
quite different from that calculated for Ho on Pt(111) (/9). In particular, the spin-up states are
split over an energy range of about 4 eV, which is about two times higher than in the Pt(111)
case. Since no hybridization is observed between the 4 f states and the localized electrons of
O and Mg, we ascribe the large splitting of Ho orbitals to a combined effect of the strong
interaction between localized Ho 4 f electrons and the electrostatic interaction induced by the
close proximity with the underneath O atom. As a consequence of this large splitting, majority
and minority 4 f states partially overlap and the spin value is reduced to (S,) = 1.1. This value
is in excellent agreement with those from sum rules and multiplet calculations and supports the
identification of a ground state with reduced moment with respect to the free-atom (|.J,| = 8).
The calculated orbital moment is, however, lower than the experimental value, in line with the

general tendency of DFT to underestimate orbital moments in single atoms on MgO (53).

5.2 Calculations of the vibrational modes

The vibrational properties of a pristine 2 ML thin film of MgO on Ag(100) were calculated
using the density functional perturbation theory approach (54) as implemented in Quantum
Espresso (55). Cutoff energies of 40 and 400 Rydberg were employed for the plane wave ex-
pansion of electronic wave functions and for the electron density, respectively. The phonon
densities of states (DOS) were calculated using a very dense 256 X 256 Monkhorst Pack mesh
of g-vectors within surface Brillouin zone. Due to prohibitive computational cost of the ab
initio study of the complete phonon spectra of the Ho/MgO/Ag(100) system, the Ho vibra-
tional modes on MgO/Ag(100) were obtained applying the small displacement method where
all atoms except the Ho and the underneath O are frozen at their equilibrium positions. Taking

into account that the phonon modes of the Ag substrate are decoupled from those of the topmost
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MgO layer (see below), the effect of Ag on the Ho vibrational modes was neglected.

The total and layer-projected phonon DOS of the bare 2 ML MgO/Ag(100) is shown in
Fig. S9. Notably, our calculations indicate that a) in the low energy range the MgO phonon
density is very low, thus MgO is a very efficient filter for the Ag phonons, and b) the MgO
phonon density is extremely reduced in the energy range of interest defined by the zero-field
splitting. These conclusions are in line with recent calculations on Fe/MgO/Fe tunneling junc-

tions (56).

— 7T T T T T T T T T 1
— total DOS 1

subsurface MgO | |
— surface MgO
— Ag

Phonon DOS (arb. units)

1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60 70
Energy (meV)

Fig. S9: Density of phonon modes of a 2ML MgO/Ag(100) slab. Phonon density of states
projected onto the surface (blue) and subsurface (brown) MgO layer, as well as onto the Ag
(black).

Calculations of the Ho on top of O on MgO/Ag(100), with only the Ho-O atoms unlocked
from the equilibrium positions, reveal vibrational modes at the energies of 1.6, 4.3, and 8.5 meV.
The first two modes involve the displacement of the Ho center in the zy plane, while the third
is a stretching mode along the z-direction perpendicular to the surface. The first two in-plane
modes can be effective in the exchange of angular momentum with the Ho atoms and potentially
induce Am = +1 4 2 spin-excitations. Higher energy modes involve the motion of the O atom
and lie above the range of energies accessible with the Zeeman splitting of the lowest doublet.

The presence of these discrete modes suggests two relevant points:
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a) Although discretized, the vibrational modes of the Ho/MgO fall in the energy region of
the Zeeman splitting of the lowest doublet. As this doublet is not protected against Am = +2
transitions, the hysteresis is expected to show steps at the specific fields at which the magneti-
zation can relax by emission of a phonon. This is, however, in contrast with the experimental
findings. A possible explanation is the extremely low density of phonons in the energy range
of interest. Because of the high stiffness of the MgO, the number of available phonon modes
at low energy is rather small, which intrinsically limits the possible coupling with the Ho-O vi-
brations. In addition, we can naively suppose that the in-plane Ho modes would preferentially
couple with the optical modes of the MgO, which, in turn, are much higher in enery (more
than 30 meV), hence providing another argument towards a weak coupling with the low-energy
acoustic branch. As a consequence, Ho modes should be limitedly broadened and weakly ef-
fective in exchanging energy and momentum with the phonon bath.

b) The absence of modes at near-zero energy prevents the dissipation of the angular mo-
menta of the Ho spin into the lattice. This is expected to seriously limit the effectiveness of the
reversal of the magnetization even at low magnetic fields (less than about 0.2 T) where hyper-
fine level crossings are typically observed (25, 26). This might explain why the Ho/MgO seems
so weakly perturbed by the crossing of the hyperfine levels around zero-field, in contrast to the

HoPc, molecules (25).
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