View metadata, citation and similar papers at core.ac.uk

PRL 115, 237202 (2015)

brought to you by .{ CORE

provided by Infoscience - Ecole polytechnique fédérale de Lausanne

4 DECEMBER 2015

Origin of Perpendicular Magnetic Anisotropy and Large Orbital Moment
in Fe Atoms on MgO

S. Baumann,'? F. Donati,” S. Stepanow,4 S. Rusponi,3 W. Paul,' S. Gangopadhyay,l’5 I. G. Rau,'
G.E. Pacchioni,3 L. Gragnaniello,3 M. Pivetta,3 J. Dreiser,3’6 C. Piamonteze,6 C.P. Lutz,1

R. M. Macfarlane,1 B.A. Jones,1 P. Gambardella,4 Al Heinrich,1 and H. Brune®
YIBM Almaden Research Center, 650 Harry Road, San Jose, California 95120, USA
2Depotrtmem‘ of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
3Institute of Condensed Matter Physics, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 3,
CH-1015 Lausanne, Switzerland
4Departmenl of Materials, ETH Ziirich, Honggerbergring 64, CH-8093 Ziirich, Switzerland
5Department of Physics, University of California, Davis, California 95616, USA

O Swiss Light Source (SLS), Paul Scherrer Institute (PSI), CH-5232 Villigen PSI, Switzerland

(Received 22 June 2015; revised manuscript received 26 September 2015; published 1 December 2015)

We report on the magnetic properties of individual Fe atoms deposited on MgO(100) thin films probed
by x-ray magnetic circular dichroism and scanning tunneling spectroscopy. We show that the Fe atoms have
strong perpendicular magnetic anisotropy with a zero-field splitting of 14.0 + 0.3 meV/atom. This is a
factor of 10 larger than the interface anisotropy of epitaxial Fe layers on MgO and the largest value reported
for Fe atoms adsorbed on surfaces. The interplay between the ligand field at the O adsorption sites and
spin-orbit coupling is analyzed by density functional theory and multiplet calculations, providing a
comprehensive model of the magnetic properties of Fe atoms in a low-symmetry bonding environment.
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The Fe/MgO(100) interface is a fundamental building
block of spintronic devices. Several key properties for
the realization of magnetic tunnel junctions, such as
perpendicular magnetic anisotropy (PMA) [1-4], giant
tunnel magnetoresistance [5—8], and electric field control
of the magnetization [9-11] are realized at once in this
system. The origin of the interfacial PMA in Fe/MgO
layers has been widely discussed [2,10—13]. According to
recent first principles calculations, PMA results from a
combination of both interface and “bulk” effects, in which
the hybridization between Fe-3d and O-2p orbitals [2], the
Fe thickness [12], and the bcc-like layer stacking of the
magnetic layer [13] play a substantial role. Experimental
studies of the Fe/MgO interface, however, usually start from
Fe films with a thickness larger than 2 to 3 monolayers (ML)
and uneven morphology [1,14-16], which makes it difficult
to isolate purely interfacial effects and, in particular, the
influence of the orbital hybridization between Fe and MgO
on the magnetic moment and anisotropy.

This limitation can be overcome by studying isolated
Fe atoms deposited on MgO thin films, for which, as will be
shown in this Letter, the magnetic properties are uniquely
determined by the Fe-MgO interaction. Previous works
have only focused on Fe atoms diluted in bulk MgO since
they have long been considered as a model system for
studying the interplay of crystal field, spin-orbit coupling
(SOC), and magnetic moment on the low energy excitation
spectra of transition-metal impurities in insulators [17-19].
However, they have never been investigated at the surface,
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where the local symmetry is drastically altered with respect
to the octahedral environment found inside MgO crystals
and can potentially enhance the anisotropy energy, as
similarly observed in previous studies of adatoms on
nonmagnetic surfaces [20-28].

Here, we report a study of the magnetic properties of
isolated Fe atoms on MgO thin films on Ag(100) performed
by x-ray magnetic circular dichroism (XMCD), inelastic
electron tunneling spectroscopy (IETS), multiplet calcu-
lations, and density functional theory (DFT). We show that
Fe atoms preferentially bind to O surface sites and develop
strong PMA as a result of the interplay between the low-
symmetry ligand field and SOC at these sites. Our IETS
measurements reveal a PMA with a zero-field splitting of
14 meV and a corresponding total anisotropy barrier of
18 meV/atom, one order of magnitude larger with respect
to the interfacial anisotropy reported in Fe/MgO blanket
layers [1,2,13,15]. Our analysis reveals that the first-order
orbital moment of Fe is quenched by the weak fourfold
ligand field due to the Mg atoms and relates the PMA to the
unusually large second-order orbital moment induced by
SOC at the Fe sites. These results shed light on the
interfacial nature of PMA in Fe/MgO and demonstrate
the potential of MgO substrates to provide a low-symmetry
bonding geometry for magnetic atoms, similar to that
encountered in axial molecular magnets [29,30].

Figure 1(a) shows a STM image of two individual
Fe atoms deposited at ~# 8 K on 1 ML MgO(100) grown
on Ag(100) [31-34]. At the Fe coverages of 0.01-0.03 ML

© 2015 American Physical Society
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FIG. 1 (color online). (a) STM image of two Fe atoms on a ML
MgO(100) grown on Ag(100) (4 nm x 4 nm, tunnel current
I, =5 pA, tunnel voltage V, =100 mV). (b) Side view of
DFT-calculated binding geometry and charge density [color
scale, le/(au)?; Fe, green; O, red; Mg, blue). (Middle sketch)
Top view ball model of the binding geometry. (c) Oblique view of
DFT-calculated valence electron spin density contours (positive
spin polarization, red; negative, blue).

[one ML is defined as one Fe atom per MgO(100) unit cell]
used in the present study, we observe isolated Fe atoms
rather than clusters. We find only one Fe species with an
apparent height of 180 pm. Using DFT with the generalized
gradient approximation and on-site Coulomb interactions
(U = 3.2 ¢eV) [52] for the Fe d states, we find the on-top
oxygen adsorption site to be the lowest in energy [32,34].
Figure 1(b) reveals that the O beneath Fe is displaced by
40 pm upwards from the MgO plane, indicating a strong
Fe—O bond. A significant fraction of charge is transferred to
the O atom, resulting in an overall positive charge of +-0.44 ¢
on the Fe [34].

For an Fe atom on 1 ML MgO/Ag(100), DFT calcu-
lations predict a spin moment of 3.7 up. The majority spin
density, shown in red in Fig. 1(c), is mostly axially
symmetric. The induced polarization of the underneath O
atom slightly increasing the overall spin moment to 3.8 pp.
The fourfold symmetry of the binding site shows up strongly
in the minority spin density (blue) with a characteristic four-
lobed shape. This is in contrast to Co, the closest 3d element,
which exhibits nearly perfect axial spin density on the
MgO surface [28]. The calculated spin of the Fe atom is
unchanged on 2 ML MgO/Ag(100), suggesting that its
value does not depend on the MgO thickness. This facilitates
the interpretation of synchrotron measurements on samples
having several coexisting MgO thicknesses [34].

To access the magnetic properties of Fe atoms, we
performed XMCD measurements at the EPFL/PSI
X-Treme beam line of the Swiss Light Source [53].
X-ray absorption spectra (XAS) and the resulting XMCD
signal are shown in Figs. 2(a) and 2(b) (see Ref. [34] for the
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FIG. 2 (color online). (a) Measured and simulated XAS over the
Fe L5 and L, edges for 0.03 ML Fe on a MgO film on Ag(100)
with an average thickness of 3 ML (T =2.5K, B=6.8T,
incident angle 0, total electron yield mode). (b) XMCD spectra
for both geometries. (c) Out-of-plane magnetization curve mea-
sured by first saturating the sample at 6.8 T (red) and —6.8 T
(green) and then moving to the respective field value (7 = 2.5 K).
The values of the magnetization are obtained from the maximum of
the XMCD signal at 704 eV. The solid line represents (2S_(B)) +
(L.(B)) determined by the multiplet fit with a saturation moment
of 5.2 ug. (d) Sketch of the measurement geometry. The magnetic
field is aligned to the incident beam.

experimental details). The Fe L; and L, edges exhibit sharp
multiplet structures characteristic of an ensemble of single
adatoms on identical adsorption sites [54]. The XMCD
signal is larger at normal than at grazing incidence, revealing
a PMA in Fe atoms on MgO.

More insight into the magnetic levels and the evolution
of their energies is gained from multiplet theory [55]. The
calculated spectra shown in Fig. 2 are in good agreement
with the experiment for both incident beam directions. In
addition, the experimental out-of-plane magnetization
curve in Fig. 2(c) is well reproduced by the line showing
the out-of-plane projected field-dependent total magnetic
moment (2S.(B)) + (L_(B)) derived from multiplet cal-
culations. In these calculations we included charge transfer
to the O ligand, leading to configuration mixing, the axial
ligand field due to the nearest-neighbor O atom (Ds and
Dr1), the cubic distortion due to the four next-nearest-
neighbor Mg atoms (Dg), SOC ({), and the external
magnetic field (B). Best agreement is obtained with a
90% d° + 10% d’1 configuration of the Fe atom, where [
refers to a ligand hole in the neighboring O atom.

The configuration mixing and the axial terms Ds
and Dt result in a tenfold degenerate ground state
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FIG. 3 (color online). Energy level diagram resulting from the
multiplet simulation of the XAS and XMCD spectra (for the full
diagram, see Ref. [34]). The S, and L, values in the labels are the
respective expectation values; the () signs have been omitted for
brevity. The cubic crystal field quenches the orbital moment and
creates two spin quintuplets with B; and B, symmetry, which are
both further separated by the SOC and the Zeeman energy. Labels
|0)—|4) and |5)—|9) denote the states deriving from the B; and B,
quintuplets, respectively.

((L,)==%2)® ((S,) =+£1.96,£0.98, and0) [34]. Figure 3
illustrates its evolution under the action of Dg, ¢, and B.
The cubic term Dgq strongly perturbs the lowest multiplet
and creates two spin quintuplets with fully quenched orbital
moments, ((L.)=0)® ((S,) ==%1.96,40.98, and0). The
SOC splits the lowest quintuplet with B; symmetry (blue)
into essentially three energy levels, and restores more than
half of the free-atom orbital moment by coupling the two
lowest orbital levels in a second-order perturbation [56].
The combined effect of the ligand field and SOC lowers the
energy of the states with the largest |S.| components and,
therefore, engenders a PMA in Fe atoms.

The out-of-plane magnetic field lifts the remaining
degeneracy of the five states labeled |0)—|4). At 6.8 T,
the new ground state |0) exhibits large orbital (L,) up =
1.25 up and spin magnetic moments 2(S.) up = 3.92 up,
in good agreement with results obtained from DFT calcu-
lations [34]. In contrast, the excited spin quintuplet (red)
has B, symmetry, lies & 100 meV higher in energy, and
has its orbital and spin magnetic moments antialigned. This
results in smaller total magnetic moments and hence a
smaller Zeeman splitting.

Our IETS measurements on individual Fe atoms deter-
mine the energy splitting of the lowest magnetic states with
high precision, and they thereby complement XMCD.
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FIG. 4 (color online). (a) STM differential conductance
(d1/dV) spectrum on Fe/1 ML MgO(100)/Ag(100); dI/dV
on bare MgO is shown for comparison (7 =0.6 K, B=0T,
modulation with V4 = 150 4V rms at f = 806 Hz, set point
before opening the feedback loop I, =1 nA, V, =30 mV).
(b) Positive conductance step at out-of-plane fields of O T (green)
and 4 T (blue). (Inset) Field splitting of step energies. (c) Sketch
of the magnetic states and the allowed IETS excitations. (d) IETS
feature corresponding to the superposition of V35, Vs, V47, and
V46, measured with a spin-polarized tip (T =12 K, B=2T,
Viod = 1.5mV, [, =1nA, V,=100mV). (Inset) Spin-
polarized spectrum in the same energy window as (a). Jagged
edges at the conductance steps originate from the superposition of
inelastic spin excitations and spin pumping, and they reveal that
the tip is magnetic.

Figure 4(a) displays clear conductance steps with 15%
amplitude located at £14.0 0.3 mV at zero field (the
error bar refers to variations between atoms at different
locations of the MgO film). The magnetic nature of the
underlying inelastic excitations is demonstrated by the
splitting of the excitation energy in an out-of-plane mag-
netic field shown in Fig. 4(b). For in-plane fields the
splitting is absent [34], confirming the strong PMA.

Connection between the transitions excited in IETS and
the states derived from the multiplet calculations is estab-
lished by the level diagram shown in Fig. 4(c). The blue
arrows indicate the first two excitations possible for tunnel
electrons, |0) — |2) and |1) — |3), with the corresponding
tunneling voltages labeled V, and V3. Within the lowest
multiplet, only these excitations fulfill the spin selection
rule AS, = 0, £1 [21]. They correspond to the conductance
steps in Figs. 4(a) and 4(b). At zero field, the value V, =
Vi3 = 14.0 mV corresponds to the zero-field splitting of
the ground and first excited doublets. This is in excellent
agreement with the level separation of 13 meV found in the
multiplet calculations.
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These excitations split symmetrically in an external
out-of-plane field; see Fig. 4(b). The amplitude of V3 is
significantly smaller than that of V(, because the corre-
sponding transition starts from the excited state |1). The
fact that V5 is visible implies that the tunnel current drives
the occupation of the |1) state, and that its lifetime is longer
than the mean time between tunneling electrons of the order
of 1 ns [57].

As seen in the inset of Fig. 4(b), the splitting is linear and
its slope indicates an effective g* value of 2.57 &£ 0.06 in the
z direction. This is significantly above the free-electron
value of g, = 2 and thus confirms the presence of a large
orbital magnetic moment for Fe on MgO [58,59]. The latter
evidence is independently supported by the large orbital-to-
effective-spin ratio 0.71 £ 0.08 derived from sum rules
[34,60-62]. This value is obtained by the experimental
XMCD only and even slightly exceeds the calculated ratio
of 0.59 from the multiplet analysis. Although first-order
unquenched orbital moments were observed in Fe-based
linear molecules [29,30], a value larger than 1 up/atom, as
observed in the present experiment, is exceptional for
second-order SOC [18,63].

The splitting of the lowest fivefold multiplet, being due
to the second-order SOC, can be described using a conven-
tional spin Hamiltonian with a quadratic anisotropy term
DS?, where D = —4.7 meV is the uniaxial anisotropy
parameter. This approach is widely used to interpret the
magnetic IETS excitations of adatoms [21,26,64] and
molecules [65] at the surface. However, the use of STM
measurements solely does not guarantee an unambiguous
determination of S and, therefore, of the total anisotropy
barrier. In our analysis, we circumvent this issue by
combining IETS and XMCD. The first measures the
zero-field splitting directly and very precisely, while the
second identifies the ground and excited states with their
spin and orbital magnetic moments, as well as their angular
anisotropies. Using the value of § =2 obtained from
XMCD and the zero-field splitting of 14 meV measured
with IETS, we estimate a total anisotropy barrier of
|DS?| = 18.8 meV, in excellent agreement with the value
of 18.3 meV obtained by the energy separation between the
|0),[1) states and the |4) singlet from the multiplet analysis.
The total anisotropy barrier of Fe atoms on MgO is,
therefore, strongly enhanced with respect to Fe films on
MgO [1,2,13-16] due to the reduced in-plane coordination
of the Fe atoms [23]. Remarkably, it is more than twice the
largest value reported for individual Fe atoms adsorbed on
other surfaces [21,66-68] and embedded in bulk MgO
[17-19], and the barrier approaches that reported for Fe
atoms in linear molecules [30].

The magnetic properties of Fe are quite different from
those of Co, which shows an unquenched first-order orbital
moment and record-high PMA on the MgO surface [28].
This is a consequence of the orbital symmetry of the
corresponding magnetic states. In a fourfold symmetric

ligand field, the fourth-order cubic term Dg combines
orbital states separated by AL, = £4. This allows the
mixing of the Fe states with L, = £2, with the consequent
formation of states with a quenched first-order orbital
moment. In contrast, Co has L, = £3 and is protected
from such mixing; thus, it exhibits a ground state orbital
moment largely unchanged with respect to the free atom,
together with a maximum first-order SOC splitting of
58 meV [28].

Spin-polarized STM tips reveal an additional conduct-
ance step at & 105 mV; see Fig. 4(d). Since this step is
absent for nonpolarized tips, we assign it to an electron
driven occupation change of the magnetic states at the
respective threshold energies (spin pumping). In agreement
with this assignment, the step height depends on the set-
point current, as the tunneling electrons must arrive
frequently enough to probe the excited states before they
decay [57]. According to the spin selection rule, we can
assign the & 105 mV step to the four transitions Vs, Vs,
V4, and V4, that are very close in energy [69]. The
multiplet calculations estimate V35 ~ 134 meV, in reason-
able agreement with the one directly probed by STM. This
confirms the validity of the multiplet model on a scale of
more than 100 meV, the largest ever probed by IETS.
Transitions between states belonging to different spin
multiplets have been observed in spin chains [57,70] and
molecular magnets [71]. Unique to Fe on MgO, the
excitation from lower to upper spin multiplets involves a
transition from aligned (lower multiplet) to antialigned
(upper multiplet) orbital and spin moments.

In conclusion, the present study reveals how the large
PMA and orbital moment of Fe atoms on MgO arise from
the interplay between SOC and low-symmetry ligand field
of the O adsorption site. Our analysis, going beyond the
spin-Hamiltonian approach, allows us to follow the effect
of each interaction on the quantum levels of a magnetic
system, and proves to be an effective approach to under-
stand and engineer the properties of atomic-scale tunnel
magnetoresistance junctions.
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SAMPLE PREPARATION

The sample preparation was done the same way in independent vacuum systems for
the STM and XMCD experiments. First, the sample was cleaned by repeated sputter and
annealing cycles of the Ag(100) single crystal, until an atomically clean surface was achieved,
as verified by Auger spectroscopy and spot checked by STM imaging. Second, the Mg was
evaporated from a crucible in an Oy atmosphere of po, = 107% mbar. We used growth rates
of approximately 1 monolayer (ML) per minute at a sample temperature of typically 320 °C.
Typical morphologies of the MgO films obtained using this procedure are shown in [33]. The
samples covered with the thin MgO films on Ag were then transferred without breaking the
vacuum into a low-temperature system. The Fe atoms were evaporated from a high purity
rod onto the sample kept at about 5 - 10 K. Measurements were performed at 0.6 K in the
STM and 2.5 K in the XMCD and in magnetic fields up to 6.8 T.

STM METHODS

All STM measurements were performed at the IBM Almaden Research Center in a low-
temperature ultra-high vacuum system [35]. Upon imaging, the Fe atoms’ appearance is
almost independent of the local MgO thickness for 1 — 3 ML in the STM measurements,
where the thickness of the different MgO islands was determined according to [33] by imaging
the area at high bias voltage and thereby removing the atoms from the surface. The spin-
excitation experiments used a DC voltage between the sample and the STM tip (positioned
over the Fe atom) while measuring conductance with a lock-in technique with 70 to 150
1V, 806 Hz AC excitation. When the applied bias matches a magnetic excitation in the
atom a second conductance channel opens up which is visible as a step-wise increase in the
measured differential conductance symmetric around zero-bias at the excitation voltage [35].
For the measurements with spin-polarized tips, magnetic atoms were transferred to the tip

apex and a magnetic field was applied to orient the magnetization of the tip [57].

Fits to IETS data

We fitted the observed step in dI/dV with the expected thermally broadened inelastic

electron tunneling functional form [36] to extract the excitation threshold and the step-

2



width. Small differences between the absolute conductance are due to small experimental
variations in the height of the tip above the atom. To make the different magnetic field data
directly comparable, the conductance step is scaled to match their heights. The step height,
position, step width and vertical offset are fitting parameters. For the smallest AC excitation
amplitudes, the fitted width at 0 T is 0.73 mV. This width corresponds to 5.5 kg7 in the
case of a thermally broadened transition, resulting in 7" = 1.54 K. The extracted equivalent
temperature is larger than the 0.6-0.7 K measurement temperature. We have excluded the
applied AC voltage as a possible broadening source: reducing the modulation amplitude
does not affect the transition width. The nature of this broadening is not yet understood.
Lifetime broadening is not expected since the lifetimes of more than 1 ns inferred from the
observation of the ~ 105 mV transition imply lifetime broadening of less than 1 4V. The 2 T
data was also fitted with a single IETS step which resulted in an even wider step of 1.23 mV.
This 2 T step should potentially be fitted with a double step, however, the splitting between
the two steps is not sufficiently large to resolve them.

The positions of the two separate steps at 4 and 6 T are fitted with the sum of two
inelastic electron tunneling functional forms of the same width. Figure S1 shows how such
a fit to the 6 T spectrum looks like for 3 different widths. The heights and positions of
the steps were allowed to vary independently. Interestingly, the width of the two separate
steps at 6 T is 0.65 mV, which is smaller than the 0 T step width. We ensure that the
extracted step positions are robust against changes in the fitting parameters by fitting the
double TETS step for several different fixed step widths ranging from 0.3 to 0.65 mV. The
resulting step positions are shown in Fig. S1. The position of the lower-energy step varies
by 0.30 mV and the position of the higher-energy step by 0.01 mV in the given range. For
the extracted step used in the main text the fit width employed is 0.3 mV which results in
a difference between the two step positions of 1.9 + 0.3 mV at 6 T.

Magnetic field dependence with in-plane field

For most of the STM experiments the magnetic field was applied out-of-plane. To verify
the out-of-plane uniaxial anisotropy observed in XAS/XMCD measurement, we here com-
pare a set of measurements with in-plane as well as with out-of-plane magnetic field (Fig. S2).

When the magnetic field is applied in-plane no shift of the IETS step is observable, while
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to the 6 T data, as a function of fixed IETS width.

(@)

O

—
N—

58 — 37
56 [ 36
> 54l | > a5 ¥
< 52} W < 34t :
= \ : =33

50 e - -
§ 48 W,; MM" § 32 \
5 i, e 5 i "~ MT\,A' L

46 MW"’"*“ 31 WY M‘*‘M’

4 L

20 10 0 10 20 20 10 0 10 20

Sample Voltage [mV] Sample Voltage [mV]

Figure S2. Energy shift of the inelastic excitations of Fe on MgO in an in-plane (a) and out-of-plane
(b) magnetic field (green: 0 T, cyan: 2 T, blue: 4 T and black 6 T). The steps only change in
the out-of-plane field indicating an uniaxial anisotropy in that out-of-plane direction. The vertical
shift among the curves around the zero bias can occur due to slight variations in the tip height

when opening the feedback loop. [(a) I = 0.1 nA, V =100 mV; (b) I =1 nA, V =30 mV]

for the out-of-plane direction the TETS step moves due to the applied field (only the higher-
energy step is readily visible with these measurement conditions). The absence of energy
shift under the effect of an in-plane magnetic fields is indicative of an out-of-plane easy axis.
This also confirms that the two lowest states behave, to very good approximation, as a pure

non-Kramers’ doublet, for which a zero-response to transverse field is expected [37].



DETAILS OF DFT CALCULATIONS

To model the periodic 2D slab geometry, we used spin-polarized density functional theory
(DFT) with plane wave basis, as implemented in Quantum ESPRESSO [38] and Wien2k [39].
We used the generalized gradient approximation (GGA) and included on-site Coulomb in-
teraction (U = 3.2 eV) for the d-states of Fe. The value of U is obtained using a linear
response approach implemented in Quantum ESPRESSO [52]. We optimized the geometry
of a slab of six atomic layers of Ag, in which the lower three are kept fixed at bulk Ag
values. On top of the Ag layers we added a layer of MgO where the O atoms are on-top
of the Ag atoms as referred by previous DFT calculations [28, 40]. For the calculation, we
implemented 8 effective atomic layers of vacuum above the slab. We added Fe on two of the
three possible adatom sites on the MgO surface, namely on top of O and on a bridge site
between two O and two Mg atoms and optimized the whole Fe/MgO/Ag system. The ad-
sorption on the top of Mg site was not considered as it was proven to be strongly unfavored
for Fe atoms at the surface of bulk MgO(100)[41], as well as for Co and Ni adatoms on 1
ML MgO/Ag(100) [28, 42].

The O top site is the most energetically favored site with an energy difference of
0.4 eV /adatom over the bridge site, indicating that Fe prefers to adsorb on the O top
site. The obtained optimized geometry shows that the Fe atom stays 186 pm above the O
atom and O-Mg distance is 217 pm. The calculation also shows that the oxygen directly
underneath the Fe is displaced by 40 pm upwards. We additionally performed spin-orbit
coupling calculations using Wien2k, where we added an orbital polarization on Fe 3d in-
stead of the on-site Coulomb interaction U. This approach with orbital polarization was
applied successfully for bulk calculations of different transition metal atoms [43-45]. In our
calculations this is the first time this approach is used on single atoms on a surface. With
this method we find an orbital moment of ~ 0.7 ug on Fe and a spin moment of 0.1 ug on
the oxygen atom sitting below Fe, at a single monolayer of MgO. We note that the orbital
moment is known to be underestimated in this new DFT technique and future research is

needed to understand this discrepancy [45].



Table S-I. Léwdin charge (in units of e) and spin magnetic moments (in pp) for Fe and O atoms
at the MgO/Ag(100) surface. The remaining unbalanced charge (40.1¢) is distributed between

four Mg atom coordinated with O.

Fe O
Lowdin charge Spin Lowdin charge Spin
moment moment
Atomic|Above O| Diff. Atomic|Below Fe| Diff.

4s| 2 0.73 | +1.27| 0.13 2s| 2 1.64 ]0.36| 0.02

dp| 0 0.37 | -0.37| 0.16 2p| 4 4.88 |-0.88| 0.09
3d| 6 6.46 | -0.46| 3.43

Total +0.44| 3.72 ||Total -0.54| 0.11

Lowdin charge analysis

We used the Lowdin population analysis to determine the charges on the different atoms
in the system. The analysis shows an overall positive charge of (+0.44¢) on the Fe atom.
Note that Co on the same binding site is nearly charge neutral [28]. The observed total
charge on the Fe is a result of the net charge obtained from 3d, 4s and 4p orbitals. The
Fe 4s (+1.27e) orbital is exchanging electrons with the O 2p, (—0.88¢) orbital which is
the origin of a strong ¢ bond. Additionally, both the Fe 3d and 4p orbitals are accepting
electrons from the O 2s, which gives rise to a weak 7 acceptance between Fe and O (see
table S-I). The Fe atom influences mainly the charges on the nearest neighbor atoms, while

the next nearest neighbors remain almost unaffected in comparison to calculations of bare

MgO/Ag(100).

XAS AND XMCD METHODS

The x-ray experiments were performed at the X-Treme beamline of the Swiss Light Source
(SLS) [53] using circularly polarized light at a temperature of 2.5 K and in magnetic fields up
to 6.8 T. The MgO coverage, calibrated by in-situ STM images, was chosen to be between 2
and 4 MLs in order to ensure the complete coverage of Ag by MgO. Fe was deposited directly



in the XMCD cryostat from high-purity rods (99.995%) using an e-beam evaporator on the
sample kept at about 4 K and in a pressure below 5 x 10~ mbar. The Fe coverage was
calibrated using the absorption intensity at the Fe L3 edge measured on reference samples
for which the Fe coverage was determined by STM. The spectra were recorded in the total
electron yield (TEY) mode with the magnetic field applied colinear with the photon beam
at normal (6 = 0°) and grazing incidence (6 = 60°). The XMCD signal is the difference of
XAS recorded for parallel (I7) and antiparallel (I7) alignment of the photon helicity with
the applied magnetic field. Due to the small coverage, the Fe absorption intensity is small
and superimposed on a large background signal originating mostly from the excitation of the
Ag M-edges. This background was measured prior to the deposition of Fe and subsequently
subtracted from the XAS in order to facilitate the analysis.

XAS measurements of metal atoms on thin insulating layers present technical challenges
related to the low concentration of the atoms to be probed as well as to the x-ray induced
desorption of the adatoms [28, 46]. Similarly to Co atoms, we found that the XAS intensity
of Fe quickly decreased as a function of time due to exposure to the x-ray beam, by about
20% in 120 s, which is the time required to measure a single absorption scan. When moving
the x-ray beam over the sample to a new region, which had not been exposed before, the
XAS and XMCD intensities recovered to the original value. For this reason, every x-ray
absorption spectrum was measured on a different region of the sample using a defocused x-
ray beam spot size of 1.2 mmx 0.3 mm. The XAS shown in the manuscript are the average
of two It and two I~ spectra recorded over four different regions. In order to obtain a more
precise estimation of the magnetic moments from the sum rules [47, 60, 61], a dedicated
sample was measured with the specific aim to accumulate spectra in saturation conditions
(0 =0°,B=6.8T), allowing a better background subtraction and signal-to-noise ratio.

The sum rules yield a large orbital magnetic moment of (L,) ug = 1.74 +0.11 up and an
effective spin magnetic moment of (2S5, + 77.,) ug = 2.46 £ 0.11 pp (assuming 3.9 d holes, as
found in the multiplet calculations; T, is the out-of-plane projection of the atomic magnetic
dipole moment), both values in fair agreement with the corresponding (L) ug = 1.25 up and
(2S,+7T,) ug = 2.11 up from multiplet calculations. In the absence of an angular-dependent
measurement, of the effective spin moment, we could not determine an experimental value
of (S.) [48], thus preventing a direct comparison with the DFT results.

Magnetization curves versus applied field (Fig. 2C, main text) were measured at normal
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incidence by saturating the magnetic moment at 6.8 T and recording a pair of spectra
I and I~, with each spectrum taken on a different sample position. The values of the
magnetization are obtained from the maximum of the XMCD signal measured at 704 eV.
Because of the need to measure spectra at different points and the larger footprint of the
x-ray beam at # = 60°, it was not possible to measure the magnetization versus field at

grazing incidence.

MULTIPLET CALCULATIONS

The XAS simulations are based on an atomic multiplet model that takes into account
the electron-electron interaction among d- and p-electrons using rescaled Slater-Condon
integrals, and the atomic spin-orbit interaction [49]. The atomic environment is simulated
by the crystal field potential generated by the surrounding bonding atoms. The finite overlap
of the metal wavefunctions with the ligand atoms (covalency) as well as charge fluctuations
in the initial and final states are described by extending the atomic multiplet model to
configurational interaction. In such a scheme, in addition to the correlated state of the
central atom one considers an additional (delocalized) state or band outside the atom that
is generally localized on the ligands [50]. The coupling of this state to the central atom
is enabled via a hopping term that effectively annihilates an electron or hole at the ligand
orbital and recreates it at the atom site.

The intensity I of the x-ray absorption spectra is calculated using the dipole approxi-
mation within Fermi’s Golden rule. At finite temperature, the population of excited states
of the initial state configuration is also taken into account by considering transitions from
Boltzmann weighted initial states. In order to compare the calculated spectra with the ex-
perimental ones, the transition amplitudes at the Ly 3 edges are broadened by a Lorentzian
function with FWHM of 0.15 eV. The spectrum is further broadened by a Gaussian function
with 0.15 eV FWHM to account for the experimental energy resolution.

The ligand field and hopping parameters as well as the charge transfer energy are deter-
mined by systematically varying their values in increasingly narrow energy intervals, starting
from an educated guess of their range. The Slater-Condon integrals are rescaled by 75 %
because of the overestimation of the Hartree-Fock value and a further reduction due to

chemical bonding. The value of the one-electron spin-orbit coupling constant of Fe is taken
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Figure S3. Level splitting under the effect of crystal field parameters Ds (with a fixed ratio Ds/Dt)
and 10Dgq, the spin orbit coupling ¢ and Zeeman energy. The dashed box indicates the parameter

space magnified in Fig. 3 of the main text.

to be 52 meV and 45 meV for the d® and d” configurations, respectively. The charge transfer
energy between the initial state configurations A; = E(d")— E(d°) was set to 0.5 eV, whereas
for the final state it was set to Ay = —0.5 eV. Charge transfer between O and Fe is allowed
via hopping to the out-of-plane a; (d.2) orbital, with the hopping parameter ¢t = 0.85 eV.
Best agreement with the XAS spectra shown in Fig. 2 of the main text was obtained using
the uniaxial crystal field parameters Ds = —0.44 eV and Dt = —0.015 €V, and the cubic
term 10Dg = —0.13 eV [51].

The overall splitting of the multiplets under the effect of the crystal field parameters, the
spin orbit coupling ¢ and the Zeeman splitting is shown in Fig. S3. Details on the splitting

of the lowest ten levels are reported in Fig. 3 of the main text.





