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Abstract

Individual magnetic transition metal dopants in a solid host usually exhibit relatively

small spin excitation energies of a few meV. Using scanning tunneling microscopy and inelastic
electron tunneling spectroscopy (IETS) techniques, we have observed a high spin excitation
energy around 36 meV for an individual Co substitutional dopant in ultrathin NaCl films. In
contrast, the Cr dopant in the NaCl film shows much lower spin excitation energy around

2.5 meV. Electronic multiplet calculations combined with first-principles calculations confirm
the spin excitation induced IETS, and quantitatively reveal the out-of-plane magnetic
anisotropies for both Co and Cr. They also allow reproducing the experimentally observed
redshift in the spin excitations of Co dimers and ascribe it to a charge and geometry
redistribution.
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Exploring the spin excitations of supported individual mag-
netic atoms is of great interest for fundamental understand-
ing of magnetism towards the ultimate size limit [1], as well
as for potential applications in data recording and informa-
tion processing [2]. Significant progress has been achieved for
single-atom magnets. This includes achieving the largest spin
excitation energy of 58 meV among the 3d transition metal
(TM) atoms for Co adatoms [1] or the long magnetic relaxa-
tion time and high magnetic stability for Ho adatoms below
a temperature of 35 K and under fields up to 8 T [3-5], as
well as the ability of reading, writing and manipulating the
magnetic states of adatoms [2, 6-8]. However, these adatoms
become mobile on surfaces above 50 K [4] and, hence, lose
their single-atom-magnet properties. For practical applications
at higher temperatures, designing thermally stable single-atom
systems is required. Nowadays, it is well established that mag-
netic dopants in a solid host can have large binding energy and,
thus, can be stable above room temperature [9, 10].

Concerning the observation of spin excitations in magnetic
impurities on surfaces, a weak coupling between the mag-
netic atom and the underlying surface is required, as other-
wise the hybridization between the magnetic atom and the sur-
face states translates into broadening of the excitation peaks,
even at low temperatures, and short spin relaxation time. This
is the main reason why spin excitations have been invest-
igated mainly in semiconducting [11], superconducting [12,
13] or insulating substrates [14] such as Cu,N/Cu(100) [15]
and MgO/Ag(100) [1, 5] surfaces for 3d TM and 4f rare-
earth atoms, both for adsorbed impurities and substitutional
dopants. The case of substitutional dopants is more promising
due their higher thermal stability. Another important require-
ment is a sizable magnetic anisotropy energy (MAE) that is
higher than a few milli-electron volts, so that spin-flip excita-
tions induced by the tunneling electrons appear as well-defined
(sharp within the experimental energy resolution) peaks (or
dips) in the measured derivative d*//dV? of the conductance
dI/dV. Record MAE values have been observed for systems
with large orbital moment and high spin—orbit coupling (SOC)
[1]. These MAE values coincide with the so-called zero field
splittings in the spin excitation spectrum. However, it is not
clear whether a large MAE can also appear in systems with
relatively reduced symmetry. For example, in a bulk fcc Co
crystal the MAE is extremely low (almost negligible), being a
fourth order effect in the SOC strength, but it becomes some-
what higher in bulk fct or hep Co crystals [16], where it is of
second order in the SOC strength with values of the order of
0.1 meV. Another extreme case of large magnetic anisotropy
appears in low dimensional systems [17], where the MAE
values can be as large as several meV. What remains to be

proven is whether another reduced symmetry case, like a crys-
tal surface, permits sustaining large MAE values for 3d mag-
netic atom impurities.

In this work, we explore the case of a system like this,
namely, bilayer NaCl/Au(111), that shows the same reduced
crystal symmetry (square pyramidal) for Cr and Co substitu-
tional dopants at Na sites [9, 10]. We show that the large MAE
value observed for Co substitutional impurities is due to both
a large orbital magnetic anisotropy, absent for Cr, and the dif-
ferent occupation of the d-shell ruled by strong electron cor-
relation effects. We use scanning tunneling microscopy (STM)
and inelastic electron tunneling spectroscopy (IETS) to meas-
ure the zero-field excitation (ZFE) energy of individual Co and
Cr dopants embedded within an ionic thin NaCl film that is
supported on the Au(111) surface. We demonstrate that single
Co dopants show a very high spin excitation energy around
36 meV, the second largest spin-flip energy for a TM atom
reported so far. In contrast, the embedded Cr atoms show
a rather low spin excitation energy around 2.5 meV. Mul-
tiplet calculations accounting for the strong electron correl-
ation indicate that there is a high spin excitation energy for Co
while it is much lower for Cr, in good quantitative agreement
with the measured ZFE.

Figure 1(a) presents an STM topography of three Co atomic
dopants, where each of them replaces one Na ion (referred
to as Con, hereafter) in the top surface of the NaCl film on
Au(111) [9, 10]. One can observe an individual Coy, dopant
on the left, and on the right two Coy, dopants forming a dimer
with a Co—Co distance of 0.4 nm. Figure 1(c) shows a typical
d?1/dV? spectrum of the individual Coy,. A spectrum of the
surrounding NaCl surface (dashed black line in figure 1(c))
is added as a reference. The background-corrected d*I/dV?
by subtracting the d?//dV? on NaCl from the d*//dV? on Co
is illustrated in figure 1(d). While the d*I/dV? spectra show
some variation across the NaCl surface (see figure S1 in sup-
plementary information (SI) for more spectra), the d*I/dV?
spectra of the dopants always show a clear dip at negative
voltage and a clear peak at positive voltage (figures 1(b)—
(d)). We also extract the numerical derivatives of measured
I-V curves, i.e. the corresponding dI/dV point spectra taken
on top of individual Coy, and on top the surrounding NaCl,
as shown in figure 1(e). Figure 1(f) shows the background-
corrected dI/dV on Coy,, which exhibits a step-like increment
in the conductance (d//dV). Such spectroscopic feature of the
Con, dopants is a typical signature of IETS, which can ori-
ginate from a vibrational resonance or a spin excitation. The
conductance change at the step in figure 1(e) is around 3 nS,
which is a 38% increment with respect to the conductance
(around 8 nS) of the step bottom. This large relative increment
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Figure 1. (a) The 5.0 x 2.3 N m?> STM topography of an individual Con, dopant and a Coy, dopant dimer. (b) Color visualization of

(d*1dv*(v) spectra taken along the white dashed line indicated in (a).

The dark blue marks indicate the locations of the single dopant and

the dimer. (c) d*1/dV? spectra taken on a single Con, dopant (dashed red curve) and on the surrounding NaCl surface (dashed black curve)
in the immediate neighborhood of the Co dopant. (d) Background-corrected (d21dv*) (V) spectra of the single Con, dopant (black circles)
and the Con, dimer (red triangular). The solid lines are Gaussian fits. (¢) Numerical dI/dV spectra on a single Cona, dopant (red curve) and
on the surrounding NaCl surface (black curve) in the immediate neighborhood of the Co dopant. (f) Background-corrected (d//dV) spectra
of the single Con, dopant. Setting point: / = 1 nA, V = 50 mV; lock-in modulation: 3 mV.

in conductance suggests that the IETS signal originates from
the zero-field spin-flip excitation [18], while vibrational excit-
ations typically result in a slight relative conductance incre-
ment with only a few percent [19, 20]. The Coy, dopants have
zero-field spin-flip energy of around 36.2 meV, which is some-
what lower than that of Co adatoms on MgO [1] but still rather
high. This is in line with the large excitation energies found for
TM absorbed on top of highly electronegative elements such
as O on MgO, with ZFEs of 58 meV for Co [1] and 15 meV
for Fe [21], or N on a Cu,N, with ZFE of 19 meV for Fe [22],
but much larger than the values found for adatoms on lower
symmetry films: 5-10 meV for Co on CuyN/Cu(001) [15] or
4 meV for Fe on Cu,N/Cu(001) [23]. The ZFE found in the
current work is remarkably large for single magnetic dopants,
e.g. compared to values lower than 1 meV for the Fe dopants in
InSb(110) [11], figures 1(b) and (d) also present the zero-field

spin-flip excitation of a Coy, dopant pair (Co—Co separation
of 0.4 nm) with ZFE around 28.7 meV, showing a significant
red shift of 20% with respect to the Con, monomer.

Next, we compare the IETS behavior of Coy, dopants to
that of Cry, dopants. Figure 2(a) shows the STM topography
image including a Co dopant and a Cr dopant. The two spe-
cies can be distinguished by both the topographic appearance
and the d//dV resonances for the unoccupied local density of
states as reported in previous work [9, 10]. Figure 2(b) presents
a color visualization of d*I/dV? spectra of the Cry, and of
Con, shown in figure 2(a). Both spectra are measured with the
same STM tip. As seen in figure 2(b), while the Coy, dopant
exhibits a large IETS excitation energy around 36 meV, the
Cry, dopant only shows a rather small IETS excitation around
2.5 meV (see also red curve in figure 2(c)). Note that such
a small excitation energy could be influenced by the effect of
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Figure 2. (a) STM topography of a Crn, dopant and a Con, dopant.
(b) Color visualization of (d*I/dV?)(V) spectra taken along the black
dashed arrow indicated in (a). The black arrows indicate the
symmetric spin-flip excitations (£2.5 meV) for Crn,, while the

red arrows indicate the spin excitations (£36 meV) for Cong,.

(c) d’1/av? spectra taken on a single Crn, dopant (red curve) and on
a Crn, dimer (blue curve) using the same tip. Setting point:

I =2nA, V =80 mV; lock-in modulation: 2 mV.

temperature and/or bias modulation amplitude [24], which can
be modeled as a convolution of the theoretical spectrum at van-
ishing temperature and modulation with a Gaussian of width:

W= \/(5.4kB T)> + (1.72¢U moa )°. The observed resonance
positions will not be shifted if the peak-dip distance (2E)) is
larger than the width W, while the peak will increasingly shift
from the excitation energy and never appear below 0.42 W if
2E; becomes smaller than W [24]. In our case at 4.2 K and
with modulation of 2 meV, the broadening W is about 4 meV,
indicating that for excitation energies below 2 meV a shifted
peak is expected. According to our simulation below, the excit-
ation is around 2.5 meV, which may result in limited shift or
some broadening in the measurements. We also notice that for
the S = 2 Cr ions, the formation of a Kondo singlet will be
strongly suppressed by the crystal anisotropy, which prevents
the degeneracy of the lowest energy spin states [25, 26] and
is supported by the absence of any zero-bias feature in our
measurements. The significant difference between the IETS
for Co and Cr is another observation that infers a magnetic
and excludes a vibrational origin, since the vibrational modes
for the Co and Cr systems are quite similar (see figure S2 in
SI) and one thus would expect to observe similar vibrational
excitations in IETS. The large difference (an order of mag-
nitude) of spin excitation energy between Co and Cr cannot
be explained by the difference in the SOCs (Aco/Acr = 3)
[27] alone. Another final observation is that for a Cr dimer,
with interatomic separation around 0.4 nm, the spin excitation
energy almost equals that of single Cr, as shown in figure 2(c),
the difference being significantly smaller than the 4 mV
broadening W.

Multiplet calculations are performed to calculate the spin
excitations of the magnetic dopants, fully describing the cor-
relations between the electrons on the 3d-shell of the TM ion.
In doing so, we only account for the e—e interaction between
these electrons. The Coulomb matrix elements of this interac-
tion can be calculated analytically by assuming a hydrogen-
like wavefunction with an effective charge and radius [28].
This interaction can be easily parameterized in terms of a
single parameter: the Hubbard U repulsion [29]. The effect
of the surrounding ions is simulated by a point-charge model,
i.e. each first and second neighbor atom is considered as a
point charge without internal structure [28], with its mag-
nitude and position extracted from a density functional the-
ory (DFT) calculation, giving rise to the so-called crystal field
(CF). Configuration mixing due to hopping to other TM orbit-
als or orbitals centered on different atoms (the ‘ligand field’) is
neglected. Although this point-charge model has strong quant-
itative limitations, it correctly reproduces the symmetries of
the TM environment and it is particularly useful when com-
bined with effective empirical values of the parameters at play
[27]. Finally, the spin—orbit and Zeeman interaction with an
external magnetic field are also included analytically [28].

For a free Co atom, the electronic configuration is 3d74s2.
According to Hund’s rules, the ground state has spin and
orbital angular momentum quantum numbers § = 3/2 and
L = 3, respectively, corresponding to a *F electronic multiplet
with multiplicity (2S5 4 1) (2L + 1) = 28 (neglecting the SOC).
This is also the spin ground state of the energetically favorable
Co substitutional ion in NaCl, as supported by our DFT calcu-
lations, which do not reveal a significant change in the occu-
pation of the d-shell. When the Co atom is incorporated in the
NaCl substrate, the electronic interaction with its environment
breaks the rotational symmetry, partially lifting the (2L + 1)
orbital degeneracy. This is presented in figure 3(a). Contrary
to the almost perfect axial symmetry found for TM atoms atop
O on MgO [1, 21] or atop N on a Cu,N surface [22], here the
TM atom replaces a Na atom in the top-most atomic layer of
the NaCl surface. Thus, it has five Cl ions as first neighbors
and four Na ions as second neighbors. In the absence of lattice
distortion, the resulting C4, symmetry favors a degenerate d,,,
dy, orbital ground state, with the CI underneath pushing the
d.? orbital higher in energy. This high orbital degeneracy is
broken by a Jahn—Teller deformation. The atomic positions in
the DFT calculations indicate a significant corrugation of the
NaCl surface around the TM together with a mild, although
sizable, rearrangement of electronic charge close to the mag-
netic dopant (see tables S1 and S2 in supplementary informa-
tion). The total splitting of the “F multiplet induced by the CF
is 0.44 eV. When switching on the SOC, the orbital motion
of electrons changes with the orientation of the spin. Hence,
the SOC partially splits the four-fold spin degeneracy, giving
rise to Kramers’ doublets. The effect of CF and SOC on the
ground state energy level of Cr dopants is shown in figure
S3(a) of the supplementary information. In brief, we find a
spin ground state quintuplet (S = 2 and L = 2) with a low
MAE = 2.5 meV. The main difference between the Cr and Co
cases is the d-shell occupation. Due to d* occupation for Cr,
the energy levels split in a completely different way from the
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Figure 3. (a) Energy differences with respect to the ground state
level versus the CF and spin—orbit strengths for Co dopants. (b) Low
energy levels versus in-plane and out-of-plane fields for Co dopants.
The labels indicate the expectation values of S; and L; at 5 T.

(c) Simulated IETS of an individual Co dopant under various
out-of-plane magnetic fields. (d) Simulated IETS of an individual Cr
dopant under various out-of-plane magnetic fields. The dashed lines
in (c) and (d) represent simulated IETS at O T of the Co and Cr
dimers, respectively.

case of Co. The CF splits the 7D state into five spin quintup-
lets, with the first excited quintuplet at approximately 250 meV
above the ground state (see figure S3(a)). Then, the SOC fully
breaks the spin degeneracy (figure S3(a)). The slightly broken
symmetry of the surface induces a small quantum spin tunnel-
ing observed as a small splitting of the otherwise degenerate
spin doublets.

The CF and the spin—orbit interaction link the orientation of
the atom’s orbital momentum with the spin. These interactions
produce an energetically favorable direction for the magnet-
ization M, i.e. a non-zero MAE. The magnetic field depend-
ence of the energy spectrum is depicted in figure 3(b). When
the magnetic field is applied along the out-of-plane z-axis, the
ground state has ISl ~ 1.0, larger than the first excited state
IS;] =~ 0.3, indicating an out-of-plane easy axis. As observed,
the presence of an unquenched orbital angular momentum
gives place to an important mixing between the spin and orbital
degrees of freedom. In addition, when B is along the x-axis, the
magnetic-field induced splitting is smaller, as it corresponds
to a hard axis. In the case of Cr, the CF gives rise to a finite
quantum tunneling of magnetization (QTM), which leads to
null expectation values of the angular momentum at zero field
(see figure S4 in supplementary information). A high enough
magnetic field can overcome the QTM and recover a finite

expectation value of the spin. The ground state at finite fields
also corresponds to the maximum spin projection along the
out-of-plane direction, indicating an out-of-plane easy axis.
The MAE can be quantified by the energy difference between
the ground state and the first excited state. Hence, the Co
dopants have a calculated MAE of 25 meV atom™!, as shown
in figure 3(b). In contrast, the MAE for Cr dopants is only
2.5 meV. More details on the magnetic field dependence of
Cr dopants are shown in figure S3(b).

In order to compare the experimentally measured dI/dV
curves with theory, we combined the electronic multiplet cal-
culations with a cotunneling theory where the TM d-orbitals
are weakly hybridized with an STM tip and with the surface
[30, 31], see calculation details in the supplementary inform-
ation. Figures 3(c) and (d) show simulated IETS for Co and
Cr, respectively, under various magnetic fields. In both cases,
one observes a single inelastic spin transition with |AS,| = 1
[23], corresponding to a ZFE of the order of 25 meV atom™!
for Co, while the ZFE for Cr dopants is an order of magnitude
lower. This indicates a low MAE for Cr, in very good agree-
ment with the IETS data shown in figures 1 and 2. Notice that
at finite out-of-plane magnetic field, the emergence of an addi-
tional low-energy spin excitation is expected for Co due to the
mixing of the spin states introduced by the transversal crystal
anisotropy.

Next, we discuss the multiplet calculations considering the
charge distribution obtained for the Co dimers at a distance
of 0.4 nm, extracted again from the DFT calculations. This
is included in figure 3(c) as a dashed line. It reproduces very
well the experimentally observed red shift of about 2.5 meV,
with respect to the case of the Co monomer. Here, the charge
of the neighboring atoms was considered as a free parameter.
The simulations suggest that the red shift can be consistently
associated to the charge redistribution induced by the second
dopant. Conversely, simulations of anisotropic spin-models
with isotropic ferromagnetic or antiferromagnetic exchange
coupling (small compared with the local anisotropy) always
displays a blue shift of the excitations, indicating that, in case
of being present, this effect is of minor importance. This can be
easily understood by taking into account that, due to the very
large axial anisotropy, the interspin exchange takes the simple
form of an Ising-type interaction. Since the excited doublet
gains an approximated energy of |J1/4 and the ground state
lowers its energy by 91J1/4 (neglecting the coupling between
spin and orbital degrees of freedom), the excitation energy
approximately increases by ~10lJ1/4, independently of the
sign of the coupling. Similar calculations do not show appre-
ciable energy shifts for the Cr dimer, in good agreement with
the experimental observations shown in figure 2.

In summary, we have combined STM/IETS experiments
and multiplet calculations to explore and explain the mag-
netic anisotropy of two TM atoms, i.e. Co and Cr, that
are substitutional dopants in bilayer NaCl films. We demon-
strate that the Co dopants can maintain part of their large
orbital moments with a large magnetic anisotropy in a reduced
symmetry environment, translating into a high spin excita-
tion energy around 36 meV under a dominant square pyr-
amidal CF, while Cr atoms in the same environment show
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a much lower spin excitation energy around 2.5 meV. Mul-
tiplet calculations, that include electron correlation effects,
indicate that this difference is mainly due to the different
occupation of the d-shell of these TM atoms that results in
much stronger quenching of orbital angular momentum for
Cr atoms. Hence, this study demonstrates that high magnetic
anisotropy can be preserved in atomic dopant systems with
high structural stability against elevated temperatures, which
is crucial for room-temperature applications of single atom
magnets.
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