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Magnetic properties of single rare-earth atoms on graphene/Ir(111)
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We employed x-ray absorption spectroscopy and x-ray magnetic circular dichroism to study the magnetic
properties of single rare-earth (RE) atoms (Nd, Tb, Dy, Ho, and Er) adsorbed on the graphene/Ir(111) surface.
The interaction of RE atoms with graphene results for Tb in a trivalent state with 4 f"~! occupancy, and in a
divalent state with 4 f" occupancy for all other studied RE atoms (n corresponds to the 4 f occupancy of free
atoms). Among the studied RE on graphene/Ir(111), Dy is the only one that shows magnetic hysteresis and
remanence at 2.5 K. By comparing measured spectra and magnetization curves with multiplet calculations, we
determine the energy diagram of the magnetic states and show for each element the magnetization reversal process

that determines the timescale of its magnetic bistability.
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I. INTRODUCTION

The demand for storing and processing information at
ever-smaller scales has driven research toward isolated surface
adsorbed atoms as bit units. Besides their potential in future
storage technology, such atoms represent valuable model
systems for investigating fundamental magnetic phenomena
and conditions required for stable magnetic quantum states
[1-11]. Rare-earth (RE) atoms possess an intrinsic large spin-
orbit interaction and their magnetic states are well decoupled
from the environment. These properties have been exploited to
design single ion molecular magnets with magnetic bistability
on a long timescale [12—16]. Magnetic remanence and long
magnetic lifetimes have also been achieved in single RE
adatoms. The two first, and so far only, systems of single atom
magnets are Ho atoms on MgO/Ag(100) [17,18] and Dy atoms
on graphene/Ir(111) [19].

As demonstrated in Ref. [19], a single layer of graphene
not only allows us to self-assemble RE atoms in ordered
arrays, but also decouples them from electrons and phonons
of the underlying Ir(111) substrate and thereby stabilizes their
magnetic moment at 2.5 K. The origin of these remarkable
magnetic properties is twofold: First, the high C, crystal field
(CF) symmetry provided by the adsorption on graphene hollow
site results in a ground-state doublet that is protected from
direct quantum tunneling of the magnetization (QTM); second,
graphene high stiffness hinders the exchange of energy and
momentum with phonons, while the energy gap around the
Fermi energy (Er) and the weak interaction with Ir(111) limit
the transmission of electrons from the substrate through the
graphene layer.
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A deeper understanding of the interaction that results in
the remarkable magnetic stability of Dy atoms would enable
tailoring the magnetic properties of RE atoms on graphene
and other two-dimensional materials. So far, only very few
theoretical predictions for the magnetic behavior of RE
atoms adsorbed on a supporting surface have been reported
[20-23]. Therefore, one way to derive a better understanding
is to explore experimentally the behavior of several RE
elements possessing different electronic configurations.
Such surface-supported RE atoms represent model systems
for classical and quantum magnetic storage, providing a
benchmark for future theoretical developments. Here we
use x-ray absorption spectroscopy (XAS), magnetic circular
(XMCD), and linear dichroism (XMLD), and multiplet
calculations to explore the magnetic stability and quantum
level structure of Nd, Tb, Ho, Er, and compare them with
similar measurements of Dy on graphene/Ir(111). We show
that the CF generated by the graphene-RE interaction is
element specific, as well as the corresponding splitting of
the magnetic eigenstates. The latter allows us to identify the
relaxation mechanisms of the magnetic states and to discuss
the characteristic magnetic lifetime of the different RE atoms.

This paper is organized as follows. Section II gives the
theoretical background. Section III describes details of sample
preparation, experimental measurements, and multiplet calcu-
lations. In Sec. IV A, we present the magnetic properties of Dy
atoms on graphene/Ir(111), which exhibit divalent configura-
tion on this surface. We show a coverage dependent variation of
their XAS, the influence of x-ray photon flux on the hysteresis
curves, as well as the effects of contamination on the XAS. In
Sec. IV B, we present the magnetic properties of other divalent
RE atoms (Nd, Ho and Er) on graphene/Ir(111), while Sec.
IV C s dedicated to Tb atoms that are trivalent on this surface.
We discuss the results in Sec. V, and conclude in Sec. VI.
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II. THEORETICAL BACKGROUND

The magnetic properties of RE atoms originate from their
highly localized 4 f orbitals. The magnetic states of these
atoms in the gas phase are well described with the total
angular momentum J and its projection J,. Upon adsorption
on a surface, J remains a good quantum number due to the
strong spin-orbit coupling and the weak interaction of the
4 f orbitals with the environment. The adsorption site of an
atom on a surface determines the symmetry and the strength
of the CF, which lifts the degeneracy of the J, states and
mixes them. Density functional theory (DFT) calculations
suggest the sixfold coordinated hollow site as adsorption
site for RE atoms on freestanding graphene [24]. For Dy
atoms on graphene/Ir(111), we determined this adsorption site
experimentally [19]. A sixfold hollow site generates a Cg, CF
to the adsorbed atoms. As described in Refs. [25,26], in Cg,
symmetry, the CF Hamiltonian can be expressed in terms of a
reduced set of Stevens operators O :

Hcr = BFO + B3 Og + BSOS + BEO¢, (1

where B}, are the parameters allowed by the symmetry of the
CF environment. The first three parameters, Bg, B(‘)1 , and Bg,
are the uniaxial parameters. They split different J, states and
determine the total zero field splitting (TZFS), i.e., the energy
difference between the lowest and the highest lying J, state.
In this case, this value is equal to the height of the energy
barrier required for thermally assisted magnetization reversal,
U.ey, and, by analogy with classical systems, it is commonly
related to the magnetic anisotropy energy. The last parameter,
Bg, is the transverse CF parameter. It mixes J, states that
differ by AJ. = %6, hence the resulting eigenstates of Hcp
are linear combinations of several J, states. This parameter
can induce tunnel splitting between the levels of a doublet,
thus introducing QTM into the system, and can open new
relaxation channels via scattering with electrons and phonons
of the substrate, both effects reducing the value of U,,.

The necessary condition for magnetic stability is a ground
state doublet that is not mixed in the CF symmetry, namely a
doublet for which QTM does not occur. Increased stability of
such a doublet, and hence of the atom’s magnetization, can be
achieved by suppressing scattering with electrons and phonons
from the substrate that can give rise to additional relaxation
pathways via excited states (thermally activated QTM). These
two mechanisms are summarized in the following for both
Kramers (half-integer J) and non-Kramers (integer J) atoms
in Cg, symmetry:

(a) Quantum tunneling of magnetization. QTM is the
direct consequence of the coupling between different J, states
which are matching in energy [27]. The coupling between two
J states can be expressed in the following way:

(J.=n|0f|J. =m) #0, |n—m|=6,12.  (2)

In the case of integer J systems, all doublets except J, =
£3,+6 are protected against QTM. At B = 0T, these states
form tunnel-split doublets with quenched J,. If one of these
doublets is the ground state, QTM occurs and there is no stable
magnetization. In the case of half-integer J systems, QTM is
forbidden because 2J, is an odd number and thus, according
to Eq. (2), the two levels of the doublet cannot be mixed.

In a deeper analysis, both Kramers and non-Kramers dou-
blets can be classified into perfectly axial and nonaxial doublets
[28]. This latter case includes the doublets allowing QTM
identified by Eq. (2) and Kramers doublets that tunnel split in
presence of additional perturbations leading to magnetization
reversal, as described below.

(b) First-order transverse perturbations. Spin reversal
can also be triggered by scattering with electrons and phonons
of the substrate (process described by J. and J. operators)
or by a transversal magnetic field (J1 operators) produced
for example by an electromagnet or due to the dipolar field
generated by the surrounding atoms. These operators induce
transitions between levels differing by AJ, = 0,1 and can
induce QTM in nonaxial Kramers doublets. Consequently,
Eq. (2) can be extended to

AJ, =0=x 6k, £1 £ 6k, 3)

where k is an integer varying between 0 and 2//¢. In the case
of integer J systems, as already stated by Eq. (2), transitions
between the two levels of a doublet are forbidden except for
J, = £3, £6. In the case of half-integer J systems, transitions
between the two levels of a doublet are forbidden only for
J. =23, %, £/,

Equation (3) applies to both ground and excited doublets.
At finite temperature, the energy adsorbed by the atom from
substrate electrons and phonons populates excited J, states.
Application of Eq. (3) to excited doublets describes thermally
activated QTM. We note that, in the case of scattering with
phonons, second order transitions with AJ, = £2 are also
possible; however, they were not considered here due to their
weak effect.

Distortions to the sixfold symmetry of the graphene CF are
possible owing to the nonequivalence of the two carbon sublat-
tices. The strength of these perturbations has been estimated to
be of the order of 107 meV for Dy on graphene/Ir(111) [19],
hence they are too small to produce relevant effectsat B = 0 T.
However, they can provide additional relaxation paths in finite
fields where different J, levels cross.

III. EXPERIMENTAL DETAILS

A. Sample preparation

The Ir(111) single crystal was prepared in situ by repeated
sputtering and annealing (1400 K) cycles. A single layer of
graphene was grown by chemical vapor deposition through
exposure of the sample to 100 Langmuir of ethylene at 1400 K
[6,29]. RE atoms were deposited from high purity rods (99.9%)
using an e-beam evaporator. Prior to experiments, these rods
were degassed until a pressure of p < 4 x 10~!! mbar during
evaporation was reached. RE atoms were deposited on the
substrate kept at 4 K.

The coverage of RE atoms is given in monolayers (ML),
with one ML being one RE atom per graphene unit cell. For
coverage calibration we used STM images of samples partially
covered by close-packed RE islands [30]. The density of RE
atoms in these islands is given by their respective covalent radii
[31]. Thus, from the RE coverage per surface area we infer
the equivalent number of RE atoms per graphene unit cell.
For these samples characterized with STM, we recorded XAS
over the M, s absorption edges establishing a link between
integrated XAS intensity and coverage. We then used XAS as
a measure of coverage.
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B. X-ray absorption measurements

The x-ray absorption measurements were performed at the
EPFL/PSI X-Treme beamline at the Swiss Light Source [32].
The experiments were carried out for circularly (o, 0~) and
linearly (", o¥) polarized x-rays in the total electron yield
(TEY) mode at 2.5 K. The XAS corresponds to (¢t + 0 7),
while XMCD and XMLD are defined as (6™ —o~) and
(o" — oY), respectively. The measurements were carried out
over the M, s absorption edges of the RE atoms and for
two incidence angles with respect to the surface normal,
namely normal incidence at 6 = 0° and grazing incidence at
0 = 60°. In both cases, the magnetic field was collinear with
the incident x rays. To take into account the different surface
areas illuminated by x rays in the two geometries, the acquired
spectra were normalized with respect to the absorption
pre-edge of the corresponding RE element. In addition, the
spectra of the clean graphene/Ir(111) surface were acquired
prior to the deposition of RE atoms, and were subsequently
subtracted from the RE spectra to eliminate any contribution
from the substrate. The magnetization curves were acquired
by recording the maximum of the XMCD intensity as a
function of the external magnetic field for each RE element.
The flux of x rays was measured with a photodiode placed
after the last optical element of the beamline and is given in

units of ¢y = 3 x 1073 photonsnm 257!

C. Multiplet calculations

Multiplet calculations of the RE XAS, XMCD, and
XMLD spectra, as well as of the magnetization curves, were
performed with the multiX software [33]. The CF generated
by the interaction of the RE atom with the neighboring atoms
of the graphene/Ir(111) surface was modeled with point
charges. This description is justified for the highly localized
4 f orbitals of RE atoms due to their mainly electrostatic
interaction with the substrate atoms [34—36]. The sign and the
value of charges represents the deviation from the free-atom
spherical charge distribution surrounding the 4 f orbitals. The
geometry and strength of these charges were inspired by DFT
calculations of single RE atoms on freestanding graphene [24]
and adequately tuned for each RE atom. We find that each RE
atom on graphene/Ir(111) has its unique CF. This indicates
that the filling of the 4 f orbitals influences the redistribution
of the charges at the surface, possibly due to the reduced
coordination of the adatoms [24]. This behavior is different
from that of RE single-ion molecular magnets, where the CF
is set by the surrounding molecule and replacing one RE ion
with another does not cause the redistribution of CF charges,
but rather rescales them [37]. The resulting CF parameters are
given in the Appendix.

D. STM measurements

Scanning tunneling microscopy (STM) measurements
were performed with a home-built STM, operating at 5 K
[38]. The images were recorded in constant current mode with
W tips. The bias voltage indicated for the STM images refers
to the sample.

IV. RESULTS
A. Dy on graphene/Ir(111)

As described in our former work [19], Dy atoms on
graphene/Ir(111) show magnetic bistability up to B = 5.6 T
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FIG. 1. Measured and simulated (a) XAS, (b) XMCD, and (c)
XMLD spectra of 0.004 ML Dy on graphene/Ir(111) (B = 6.8 T,
T =2.5K). In (a) and (b), A marks the peak at 1289.3 eV, and
B marks the one at 1291.8 eV. (d) Magnetization curves obtained
by acquiring the XMCD signal at 1289.3 eV as a function of the
external field B (T = 2.5K,¢ = 5¢pand B = 33mT s~ ). (¢) Energy
diagram of the Dy lowest multiplet (J = 8) resulting from multiplet
calculations. Each color identifies J, states that belong to one of
the six classes of eigenstates defined by the Cg, symmetry. Dashed
lines connect doublets with quenched J,. Grey arrows indicate the
relaxation mechanism at B = 0T via thermal excitation to J, = £6
doublet. (f) Planar representation of the point charge CF scheme
employed in multiplet calculations; red marks positive, and blue
negative charge. The size of each circle reflects the amount of charge.
Table Il reports spatial coordinates and value of each charge, Table VII
the parameters describing the CF splitting in the Stevens operator
representation.

at 2.5K, i.e., they are single-atom magnets. Here we recall
their main features and magnetic level structure for the sake
of comparison with the ones of other investigated RE ele-
ments. Figures 1(a)-1(c) show experimental XAS, XMCD,
and XMLD spectra for normal (6 = 0°) and grazing (6 = 60°)
x-ray incidence angle for Dy atoms on graphene/Ir(111). The
larger XMCD signal at the M5 edge in normal incidence is
characteristic of out-of-plane magnetic easy axis. Magnetiza-
tion curves shown in Fig. 1(d) reveal a wide hysteresis loop
(upto B =5.6T for 6 = 0°) and magnetic remanence at zero
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field. These features are the fingerprint of long magnetization
lifetimes at both zero and at finite fields, i.e., the magnetic
ground state is well protected against reversal processes as
described in Sec. II. In addition, the wide hysteresis opening
in the magnetization curve acquired at § = 60° implies that
the magnetic states are stable even under the effect of a strong
transverse magnetic field.

We also report the results of the multiplet analysis that has
been used to infer the energy level splitting of Dy atoms on
graphene/Ir(111) [19]. Simulated absorption spectra are shown
in Fig. 1, together with the employed CF scheme and resulting
energy diagram. Multiplet calculations reveal divalent Dy
monomers on the surface, with the same 4 f occupancy as in the
gas phase: 4 £ 0 with the total angular momentum J = 8. Fur-
ther, they reveal J, = %7 states as the ground-state doublet. In
the Cg, CF symmetry, these states are protected against QTM,
and scattering with electrons and phonons of the substrate
cannot induce direct transitions between them. At B = 0T, the
transition between the levels of the ground-state doublet, and
hence the relaxation of the magnetization, can occur only via
thermally activated QTM to the first tunnel-split doublet with
J. = =£6, as indicated by grey arrows in Fig. 1(e). This doublet
reduces Uy, from 21.4 meV to 5.6 meV. Nevertheless, this
barrier suffices to ensure magnetic bistability at 2.5 K and B =
0T, as demonstrated by the remanence in the magnetization
curves [Fig. 1(d)] and long magnetic lifetime of 971 £ 71 s
[19]. In addition, at finite fields, U, essentially coincides
with the full value of TZFS. This further protects the ground
state against thermally activated QTM and allows for magnetic
hysteresis up to 5.6 T. Level crossings of lowest lying quantum
states prevent magnetic bistability at higher fields [19].

1. Coverage dependence of Dy XAS spectra

The XAS and XMCD spectra of Dy monomers on
graphene/Ir(111) are characterized by the pronounced peak
at 1289.3 eV (peak A). However, in the experimental spectra
there is an additional peak at 1291.8 eV (peak B) which is
not reproduced in simulations [Figs. 1(a) and 1(b)]. This peak
indicates the presence of Dy 4 f° occupancy [39] and can be
associated with the formation of Dy dimers. To verify this
assignment, and to further investigate the influence of dimers
and bigger clusters on the magnetic properties of the ensemble,
we performed combined coverage dependent XAS and STM
measurements. Figure 2(a) shows the Dy M5 edge as a function
of coverage between 0.004 ML and 0.032 ML. The peak B is
already faintly present for coverages as low as 0.004 ML, and
its intensity increases with increasing Dy coverage. At 0.032
ML, this peak reaches the intensity of the Dy monomer’s peak
A. The increasing intensity of peak B and of its tail also resultin
the shift of peak A toward higher energies. From this coverage
dependence we attribute the peak B to the formation of Dy
dimers and bigger clusters, and the corresponding change in
the valency to the increased coordination of the Dy atoms [39].

To corroborate this assignment, we performed STM mea-
surements of the mean cluster size as a function of cover-
age. Figures 2(b)-2(e) show STM images for Dy coverages
comparable to the ones employed in the XAS measurements.
Dysprosium monomers appear as protrusions with large ap-
parent height and perfectly circular shape, while dimers have
smaller apparent height with oblate shape [19]. Figure 2(f)
shows the coverage dependence of the mean Dy cluster size
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FIG. 2. (a) Coverage dependence of Dy XAS at the Ms edge
acquired atd = 0°and B = 0.05 T. All spectra were normalized to the
intensity at the peak at or near 1289.3 eV, and were subsequently offset
for clarity. Dashed lines mark the peak energy associated with divalent
Dy atoms at 1289.3 eV (grey) and trivalent Dy clusters at 1291.8 eV
(black). STM images for coverages close to the ones employed in XAS
measurements: (b) 0.005 ML, (¢) 0.010 ML, (d) 0.014 ML, and (e)
0.019 ML. The scale bar applies to all images [(b)—(d): Vi = —0.5V,
I, =20pA, (e): Vi =—0.2V, I, = 100pA; Ty, = 10K, T = 5K].
(f) Coverage dependence of Dy average cluster size deducted from
STM measurements. Grey line serves as guide to the eye.

(s), which increases from 1.02 for 0.002 ML (STM image
not shown), to 1.32 for 0.019 ML. This size dependence,
and hence the dimer abundance is inconsistent with statistical
growth [40]. However, it can be explained by the large direct
impingement area of the already adsorbed Dy atoms, similar
to what has been observed for Er on Cu(111) [31].

2. Time evolution of Dy XAS spectra

In addition to the change in shape of Dy XAS with in-
creasing coverage, we observe a similar change with exposure
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FIG. 3. Exposure time dependence of the XAS for 0.01 ML Dy on
graphene/Ir(111) at the M5 edge. All spectra were acquired at 8 = 0°
and B = 6.8 T. Dashed lines mark the peak positions associated with
divalent Dy atoms at 1289.3 eV (grey) and trivalent Dy objects at
1291.8 eV (black). Spectra are vertically offset for clarity.

time to the residual gas of the UHV cryostat. Figure 3 shows
four spectra at the Dy M5 edge acquired during the course
of five and a half hours of measurements. Initially, right after
the deposition of the Dy atoms, the spectrum is characterized
by a pronounced peak A, and a very small peak B. As the
exposure time increases, the intensity of peak B increases and,
in turn, causes a shift of the peak A toward higher energies. The
divalent RE atoms on surfaces are known to be highly reactive
and sensitive to contamination [41]. Hence, we associate this
change in the spectra to the contamination of Dy monomers
with molecules from the residual gas in the cryostat, most likely
atomic hydrogen after the dissociative adsorption of Hj [5].

3. Flux dependence of Dy magnetization curves

The magnetic relaxation time has been reported to depend
on x-ray photon flux [17,42,43]. This effect is due to the
generation of secondary electrons that destabilize the mag-
netic quantum states. When the magnetic lifetime becomes
comparable to the acquisition time of the each point in
the magnetization curve, narrowing of the hysteresis loop is
observed [17]. Figure 4 shows two magnetization curves of
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FIG. 4. Magnetization curves of Dy on graphene/Ir(111) acquired
with two combinations of x-ray flux and acquisition speeds (T =
2.5K, 6 = 0°; blue, ¢ = 5¢ and B =33mT s7!; red, ¢ = 9¢y, and
B=12mTs™).

Dy on graphene/Ir(111) acquired with two sets of x-ray fluxes
and acquisition speeds. The curve measured at ¢ = 5S¢y and
B =33mTs ™! shows prominent remanence, while the one
acquired with nearly twice the flux and one-third of the speed
is essentially closed at B = O T. Overall, the entire hysteresis
has become narrower. This confirms that, at the employed flux
and field sweep speed, the magnetic lifetime of Dy atoms on
graphene/Ir(111) are comparable to the one between successive
points in the magnetization curve. Evidently, for very fast or
very slow magnetic relaxation with respect to the acquisition
time, the magnetization curves are much less sensitive to the
measurement parameters. In those cases, the flux and field
sweep can be optimized for best signal-to-noise ratio.

B. Divalent RE atoms on graphene/Ir(111)

In the following, we present the results obtained for other
RE atoms adsorbed on the graphene/Ir(111) surface that show
the divalent 4 f configuration of the free atom. We studied
both early and late lanthanide elements, as well as integer and
half-integer J systems.

Nd on graphene/Ir(111). In their divalent configuration,
Nd atoms have four electrons in their 4 f orbitals and represent
the counterpart to Dy atoms, which have four holes. Therefore,
Nd and Dy have the same values of spin and orbital moments
while, due to the opposite sign of the spin-orbit coupling
in early and late lanthanides, the corresponding J values
are different. To investigate the magnetic properties of Nd
atoms on graphene/Ir(111), we acquired their XAS, XMCD,
and XMLD spectra at the M, s edges, see Figs. 5(a)-5(c).
We observe pronounced spectral features at both adsorption
edges. In XMCD spectra, these features have opposite sign,
with the M5 edge being overall positive and the M, edge
negative [Fig. 5(b)]. Higher intensity of the XMCD signal in
normal with respect to grazing incidence of x rays indicates
out-of-plane easy magnetization axis of this system. Since the
XMCD intensity is largest at the M4 edge, we acquired mag-
netization curves of Nd atoms at its peak energy of 996.7 eV
for both normal and grazing incidence. The results are shown
in Fig. 5(d). Both curves show paramagnetic behavior at 2.5 K.
The magnetization curve recorded in normal incidence is much
steeper around B = 0T and saturates for B > |4| T, whereas
the magnetization curve acquired at in grazing incidence
reaches a lower saturation value at the highest available field.
This is an additional evidence of an out-of-plane easy axis.

Further insight into the electronic structure and magnetic
ground state of Nd atoms on graphene/Ir(111) is provided
by multiplet calculations. We mainly focus on reproducing
three key features that determine the energy diagram of this
system. These are the spectral features of the XAS, XMCD, and
XMLD spectra, the overall shape of the magnetization curves
[Fig. 5(d)], and the ratio of intensities of the XMCD peaks in
normal and grazing incidence at B = 6.8 T [Fig. 5(b)]. This
ratio sets the relative amplitude of the corresponding magneti-
zation curves at the same field and it amounts to approximately
1/,. This means that the XMCD intensity rescales as the cosine
of the x-ray incidence angle 6, suggesting maximal J, as
magnetic ground state and large splitting of the magnetic levels.
We obtained the best fit to the experiment using the point
charge CF scheme shown in Fig. 5(f). All the spectral features
observed in the experiments are well reproduced, except for the
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that belong to one of the six classes of eigenstates defined
by the Cg, symmetry. Dashed lines connect J, = 3 doublet
with quenched (J;). Grey arrows indicate relaxation mecha-
nism at B =0T via thermal excitation to J, = %3 doublet.
(f) Planar representation of the point charge CF scheme employed in
multiplet calculations; blue marks negative charge. Table III reports
spatial coordinates and value of each charge, Table VII the parameters
describing the CF splitting in the Stevens operator representation.

peak at 977.3 eV. Similarly to what was observed for Dy, this
disagreement can be attributed to clusters and/or contaminated
atoms; nevertheless, they provide a minor contribution to the
properties of the ensemble. Multiplet calculations reveal 4 f*
occupation with J =4, as for Nd atoms in the gas phase.
Similar occupation of nearly four electrons in their 4 f orbitals
has been calculated by DFT for Nd atoms on freestanding
graphene [20]. The energy diagram resulting from multiplet
calculations is shown in Fig. 5(e).

The adsorption of Nd in the hollow site of graphene results
in a strong uniaxial anisotropy with the maximal J, = +4

magnetic ground state, as anticipated from the ratio of XMCD
intensities at B = 6.8 T. The TZFS is approximately 16 meV;
however, the lowest lying excited states with J, = 3 providea
shortcut for the thermally activated magnetization relaxation.
These levels are strongly mixed and tunnel-split in the Cg,
CF symmetry of graphene. The resulting pair of singlet states
with quenched magnetic moment are separated by A_33 =
5.9meV, with the lower of the two being at the energy of
3.2 meV. The large separation A_3 3 provides a substantially
larger QTM rate with respect to the Dy case [44]. Hence, this
tunnel-split doublet strongly reduces U, and is responsible
for the lack of magnetic hysteresis in Nd atoms Fig. 5(d).
The thermally activated shortcut for magnetization reversal is
indicated with grey arrows in Fig. 5(e).

Ho on graphene/Ir(111). In the divalent state, Ho atom has
an additional electron in the 4 f orbitals with respect to divalent
Dy, resulting in a half integer value of J. To investigate the
magnetic properties of these atoms on graphene/Ir(111), we
acquired XAS, XMCD, and XMLD spectra over the Ho My s
edges, see Figs. 6(a)-6(c). Differently from Dy and Nd, Ho
atoms exhibit a slightly larger XMCD signal in grazing inci-
dence [Fig. 6(b)], hence indicating a weak in-plane anisotropy.
Given the larger intensity of the absorption and dichroism at
the M5 edge, we acquired the magnetization curves at the
M5 peak energy of 1346.6 eV [Fig. 6(d)]. The magnetization
curve recorded in normal incidence is steeper around B = 0T
and saturates already at about B = 2T. However, the curve
obtained in grazing incidence crosses it at B =3T, and it
does not saturate even at the highest available magnetic field
of B = 6.8 T. This peculiar behavior suggests a ground state
with intermediate value of J, that can produce large projected
magnetic moments along both directions of incidence.

Further insight is again provided by comparing the data with
multiplet calculations. We focused on reproducing the spectral
features of Ho shown in Figs. 6(a)—-6(c), with particular empha-
sis on (i) the peculiar crossover between the normal and grazing
incidence magnetization curves [Fig. 6(d)] and (ii) the distinct
behavior of the XMLD spectra [Fig. 6(c)] whose intensity
increases with increasing magnetic field. Reproducing these
features requires the use of a complex point charge CF scheme,
as shown in Fig. 6(f). Our simulations reveal 11 electrons in the
Ho 4 f orbitals, a lowest multiplet with J = '%/,, and a TZFS
of 23 meV. The resulting energy diagram is shown in Fig. 6(e).
The ground-state doublet of this system has (J,) = +4.3,i.e.,
very close to the pure J, = £°/, ground state. Note that the
distinctive behavior of XMLD spectra is unique to it and it
could not be reproduced by any other ground-state doublet in
our calculations. This ground state should, in principle, resultin
a stable magnetization of this system; nevertheless, the absence
of hysteresis in magnetization curves [Fig. 6(d)] indicates a
magnetic lifetime of order of seconds or less at 2.5 K.

Given the large TZFS of 23 meV, thermally activated pro-
cesses overcoming the full barrier must be excluded. Therefore,
relaxation has to occur via thermally activated QTM involving
nearest excited states. At B = 0T, the lowest lying excited
states are J, = j:5/2 at 1.6 meV, which cannot be reached
by first-order transitions. Hence, the lowest lying levels that
participate in scattering processes with AJ, = £1 are (J;) =
+5.4, close to the pure J, = %!!/, doublet and located at
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FIG. 6. Experimentally acquired and simulated (a) XAS, (b)
XMCD, and (c) XMLD spectra of 0.003 ML Ho on graphene/Ir(111)
(B =6.8T, T =2.5K). (d) Magnetization curves obtained by ac-
quiring the XMCD signal at 1346.6 eV (T =2.5K, ¢ = 9¢, and
B = 12mTs™"), together with simulated ones. (¢) Energy diagram
of the Ho lowest multiplet (J = '/,), resulting from multiplet
calculations. Each color identifies J, states that belong to one of
the six classes of eigenstates defined by the Cs, symmetry. Grey
arrows indicate the relaxation mechanism at B =0T via thermal
excitationto (J;) = +£5.4. (f) Planar representation of the point charge
CF scheme employed in multiplet calculations; red marks positive and
blue negative charge. The size of each circle reflects the amount of
charge. Table IV reports spatial coordinates and value of each charge,
Table VII the parameters describing the CF splitting in the Stevens
operator representation.

4.2 meV [see solid-line arrows in Fig. 6(e)]. This doublet is
a nonaxial one, thus, according to Eq. (3), QTM can occur
between its levels [indicated by dashed lines in Fig. 6(e)].

Er on graphene/Ir(111). Er atoms on graphene/Ir(111) in
their divalent configuration have one 4 f electron more than
Ho. The corresponding XAS, XMCD and XMLD spectra are
shown in Fig. 7. The considerably larger XMCD intensity in
grazing with respect to normal incidence [Fig. 7(b)] indicates
strong in-plane anisotropy, and implies a low J, ground state.
For these atoms, the high sensitivity to contamination strongly
limited the time frame for a meaningful experiment, thus
hindering the acquisition of the magnetization curves. The lack
of magnetization curves limits the precision of the energy level
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FIG. 7. Experimentally acquired and simulated (a) XAS, (b)
XMCD, and (¢) XMLD spectra of 0.004 ML Er on graphene/Ir(111)
(B =6.8T,T = 2.5K). (d) Planar representation of the point charge
CF scheme employed in multiplet calculations; red marks positive and
blue negative charge. The size of each circle reflects the amount of
charge. Table V reports spatial coordinates and value of each charge,
Table VII the parameters describing the CF splitting in the Stevens
operator representation. (e) Energy diagram of the Er lowest multiplet
(J = 6). Each color identifies J, states that belong to one of the six
classes of eigenstates defined by the Cg, symmetry. Dashed lines
connect doublets with quenched (J;). Grey and black arrows indicate
two relaxation mechanisms at B = 0 T.

splitting inferred from the multiplet calculations. Nevertheless,
we performed calculations focusing on reproducing (i) the
spectral shape of XAS, XMCD, and XMLD, (ii) the in-plane
anisotropy of this system with the adequate ratio of XMCD
peaks in normal and grazing incidence at 6.8 T [Fig. 7(b)], and
(iii) the higher intensity of XMLD at 0.1 T, than at 6.8 T.

The spectra resulting from multiplet calculations performed
using the point charge CF scheme shown in Figs. 7(d) are
shown in Figs. 7(a)-7(c). They reproduce well all the spectral
features observed in experiments apart from the peak at 1405.6
eV [see Figs. 7(a) and 7(b)] whose intensity is much higher in
the experimental spectra. Similarly to the other RE elements,
we attribute this peak to clusters and/or contaminated Er atoms
in the ensemble. Since our simulations do not take these
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objects into account, their features are not reproduced. Our
calculations reveal 4 f'? occupation and a lowest multiplet
with J = 6, as for Er atoms in gas phase. The resulting energy
diagram is shown in Fig. 7(e). The TZFS of this system is
15 meV and its ground state is the J, = 2 doublet. In addition,
there are several levels with J, < 3 within less than 1 meV,
with the tunnel-split J, = £3 levels lying at 0.6 meV above
the ground-state doublet.

The very small energy separation between the lowest lying
levels facilitates magnetization reversal through scattering with
electrons and phonons of the substrate. Thus, no magnetic
bistability is expected for this system. At B = 0T, there are two
main magnetization reversal paths. In the first, the relaxation
occurs via thermal excitation to the tunnel-split J, = =3 states
at 0.6 meV. In the second, the relaxation path consists of
thermal excitation to J, = 0 via the J, = %1 states. The two
magnetization reversal mechanisms are indicated in Fig. 7(e)
with grey and black arrows, respectively.

C. Trivalent RE atoms on graphene/Ir(111)

Tb on graphene/Ir(111). Experimentally acquired XAS,
XMCD, and XMLD spectra for Tb on graphene/Ir(111) are
shown in Figs. 8(a)-8(c). Unlike for the other lanthanide atoms,
the XAS spectral features of Tb atoms indicate a trivalent
configuration of these atoms on the graphene/Ir(111) surface.
This 4f® configuration is characterized by a double-peak
structure in the Tb Ms edge [45,46]. The higher intensity of
the XMCD signal acquired in grazing with respect to normal
incidence indicates an in-plane anisotropy. Similarly to the
other late lanthanide elements, we acquired magnetization
curves at the peak energy of the Ms edge that corresponds to
the maximum XMCD intensity. The resulting curves for both
normal and grazing incidence of x rays are shown in Fig. 8(d).
Both curves show paramagnetic behavior at 2.5 K.

Following the same procedure adopted for the other el-
ements, we performed multiplet calculations to access the
magnetic level structure of Tb atoms on graphene/Ir(111).
For this case, we focused on reproducing (i) the in-plane
anisotropy with the appropriate ratio of XMCD intensities
for the two incidences of x rays at 6.8 T [Fig. 8(b)] and (ii)
the peculiar shape of the XAS for 6 = 0°. We obtained the
best agreement with the experimental spectra using the point
charge CF scheme shown in Fig. 8(f). The resulting spectra
overall reproduce the main features of the experimental ones.
However, the intensities of the XAS for & = 60°, as well as the
intensities of XMCD spectra for both incidences of x rays are
not well reproduced. Better matching of these intensities leads
to poor matching of the shape and the ratio of the magnetization
curves. In agreement with our expectations based on the
spectral shape of the XAS, our multiplet calculations reveal
trivalent configuration with eight electrons in Tb’s 4 f orbitals.
The lowest multiplet of magnetic states has J = 6 and its
energy diagram is shown in Fig. 8(e).

The resulting TZFS of 7 meV is the smallest among all
the lanthanide atoms in this study. The ground state of this
system consists of a tunnel-split doublet with J, = £3. These
states are strongly mixed and tunnel-split in the Cg, CF of
graphene resulting in a doublet of quenched J, for which
QTM occurs. This ground state is responsible for the lack
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FIG. 8. Experimentally acquired and simulated (a) XAS, (b)
XMCD, and (c) XMLD spectra of 0.003 ML Tb on graphene/Ir(111)
(B =068T, T =2.5K). (d) Magnetization curves obtained by ac-
quiring the XMCD signal at 1236.9 eV (T =2.5K, ¢ = 9¢, and
B = 12mTs™"), together with simulated ones. (¢) Energy diagram of
the Tb lowest multiplet (J = 6) resulting from multiplet calculations.
The splitting at J, = 0 is emphasized for better clarity. Each color
identifies J, states that belong to one of the six classes of eigenstates
defined by the Cq, symmetry. Dashed lines connect doublets with
quenched (J;). (f) Planar representation of the point charge CF
scheme employed in multiplet calculations; red marks positive and
blue negative charge. The size of each circle reflects the amount of
charge. Table VI reports spatial coordinates and value of each charge,
Table VII the parameters describing the CF splitting in the Stevens
operator representation.

of magnetic remanence in Tb atoms at B = 0 T, whereas for
B # 0T the small energy separation between other magnetic
levels enables efficient magnetization reversal by scattering
with electrons and phonons of the substrate, hence hindering
magnetic hysteresis [see Fig. 8(d)].

V. DISCUSSION
A. 4 f occupation of RE atoms on graphene/Ir(111)

The electronic configuration and 4 f occupancy of lan-
thanide atoms on a supporting substrate is ruled by two

024412-8



MAGNETIC PROPERTIES OF SINGLE RARE-EARTH ...

PHYSICAL REVIEW B 98, 024412 (2018)

TABLE I. Occupation of 4 f orbitals n, total angular momentum
J, effective ground state (J;) value, U, barrier and lifetime 7 at
B =0T for RE atoms on graphene/Ir(111).

Element n J (h) (J;) (h) Uy (MmeV) T (s)
Dy 10 8 +7 5.6 971*
Nd 4 4 +4 3.2 0.01
Ho 11 15/, +4.3 4.2 1.3
Er® 12 6 +2 <1 <5 x 1077
Tb 8 6 +3 0 0

“Measured value [19].
®Upey value is less accurate for Er, as we could not record magnetiza-
tion curves for that system.

competing quantities, namely the energy needed to change
from a divalent (4 f) to a trivalent (4 f"~') atomic config-
uration and the difference in their surface binding energies.
The former is given as a sum of the f —d promotion
energy E s and the intershell coupling energy AE,, called
atomic correction energy [47,48]. The surface binding energy
strongly depends on the atom’s environment as it is ruled
by the hybridization between its outer spd orbitals with the
valence electrons of the substrate. The degree of hybridization,
and hence the binding energy, increases with the increasing
substrate density of states (DOS) at Er [39].

When atoms are placed on substrates with low DOS at E,
such as graphene, the atomic correction energy is the leading
term. Among the lanthanide atoms studied, this energy is the
smallest for Tb, amounting to only 0.49 eV, while for all other
lanthanide atoms it is about three times larger [47]. The valency
of lanthanide atoms on graphene follows this trend in atomic
correction energy. The only lanthanide found in trivalent
configuration is Tb, whereas all the other ones are in their
divalent configuration. In addition, it has been demonstrated
that the divalent state of Tb is highly unfavorable even for
freestanding dimers, i.e., a single metallic bond is sufficient to
trigger its trivalent configuration [48]. Hence, a Tb atom on
graphene takes on the most common trivalent configuration
that is also observed for TbPc, molecular magnets [43,49].

The valency of divalent lanthanide atoms is highly sensitive
to their coordination. An increase in coordination, either via
cluster nucleation or attachment of contaminants, induces a
trivalent configuration in these atoms, as it has been demon-
strated in Sections IVA1 and IVA2. In the case of cluster
nucleation, valence bands are formed, hence enabling the
transfer of an electron from the 4 f to the spd bands [48].
Trivalent lanthanide atoms, on the other hand, keep their
valency unchanged even upon an increase in coordination, as
it has been demonstrated for these atoms on metal substrates
[31,39] and Tb atoms on graphene/Ir(111).

B. Magnetic stability of RE atoms on graphene/Ir(111)

The quantum level structure of lanthanide atoms contributes
to determine their magnetic lifetime. We find large TZFS with
a ground state that is protected against QTM for Nd, Dy, and
Ho. However, only Dy shows hysteresis in its magnetization
curves, with significant magnetic stability on the timescale
of our experiments at 2.5 K. In first approximation, missing
a precise quantification of the timescale associated with the

different spin-reversal mechanisms, these observations can
be rationalized considering the different heights of ULy,
which are given by the first excited states enabling thermally
activated QTM. The values of U,y inferred from our multiplet
calculations are summarized in Table I. Out of the systems
considered, Dy indeed shows the highest value of U, =
5.6meV. For Dy and Nd, QTM proceeds through the first
tunnel-split doublet. However, in the case of Nd, a smaller
U,y barrier and a substantially larger separation between the
J, = £3levels withrespectto Dy J = 46 onesresultin lack of
magnetic stability at 2.5 K. In the case of Ho, QTM is activated
at the lowest states that are mixed with J, = £!/,. For Er
atoms, magnetization reversal between J, = +2 ground states
is easily achieved by thermal transitions to the lowest excited
states situated at less than 1 meV. This energy separation sets an
upper bound of U,y for this system. Finally, in the case of Tb,
the lack of magnetic stability is due to its tunnel-split ground
state doublet. This ground state supports QTM and hinders any
magnetic stability.

The zero-field magnetic lifetime of RE on graphene/Ir(111)
can be quantitatively evaluated on the basis of U, using an
Arrhenius law describing the magnetization reversal:

UICV
T = 19exp Wl ) “4)

where t is the magnetic lifetime of a system at temperature T
and employed x-ray flux ¢, 7y is the characteristic time between
two consecutive reversal attempts and kg is the Boltzmann
constant. 7y can be estimated for Dy on graphene/Ir(111) using
the measured magnetic lifetime of 971 s at 2.5 K and U,y of
5.6 meV. Since the measured t depends on the photon flux, the
value of 7 eff = 4.5 % 10~ s obtained from the experimental
data represents the lower bound for the intrinsic 7y. Extrapo-
lating t at zero photon flux from flux dependent measurements
[19] gives a value of about 2500 s, suggesting that the intrinsic
value of 7y does not exceed 37y .. This value is comparable
to the ones obtained for the Fe, molecular magnets adsorbed
on a metal surface [50] and on graphene [51]. Assuming that
79 is primarily dependent on the properties of the substrate
and specifically of its phonons, we can use the same value to
estimate the magnetic lifetime of the other RE atoms. Taking
their Uy.y values, we calculated the lifetime of each RE system.
The obtained values are given in Table I. As expected from
considerations about their U,.y, the only system besides Dy that
could show considerable magnetic lifetime at 2.5 K is Ho with
1.3 s. Nevertheless, this lifetime is shorter than the time needed
for the acquisition of a single point in our magnetization curves,
which explains the lack of hysteresis in our measurements.

Single RE atoms on metal surfaces possess similar barriers
for magnetization reversal as those on graphene/Ir(111). In
particular, Er atoms on Pt(111) have U, similar to the one of
Dy atoms on graphene/Ir(111), 5.3 meV [10]. However, they
do not show hysteresis in their magnetization curves at 2.5 K,
indicating a lifetime of order of seconds or less. This implies
that the characteristic time 7y for RE atoms on graphene is at
least three orders of magnitude longer than the one on metal
surfaces, possibly due to a stronger decoupling of the localized
spins to both electrons and phonons of the surface.
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VI. CONCLUSIONS

We combined XAS and multiplet calculations to study
the interaction between RE atoms and graphene/Ir(111) and
the resulting magnetic properties. Our study has shown the
conditions that need to be fulfilled to achieve stable magneti-
zation. Similar to what has been demonstrated for molecular
magnets, RE atoms on graphene/Ir(111) require a strong
uniaxial anisotropy and a ground state protected from QTM. In
addition, the system should have a suitable level scheme with
a large U,y barrier in order to suppress thermally activated
QTM. Finally, for the values of U, of the investigated systems,
the decoupling provided by graphene is crucial in reducing
the scattering with electrons and phonons of the supporting
metal substrate. Matching all these conditions is the key for
identifying novel single atom magnets.
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APPENDIX: CRYSTAL FIELD PARAMETERS

In this Appendix, Tables II-VI provide the spatial coordi-
nates and value of each charge used for the CF description
of the different RE elements in the multiX code. Table VII
provides the parameters describing the CF splitting in the
Stevens operator representation.

TABLE II. Point charge CF scheme employed in multiplet calcu-
lations for Dy on graphene/Ir(111) [19].

x (A) y (A) z (&) q(e)
0 0 -2 0.13
1.4 0 -2 —0.22
—14 0 -2 —0.22
0.7 1.212436 -2 —0.22
0.7 —1.212436 -2 —0.22
—-0.7 1.212436 -2 —-0.22
—-0.7 —1.212436 -2 —-0.22
2.8 0 -2.5 0.09
-2.8 0 -2.5 0.09
1.4 2.424871 -2.5 0.09
1.4 —2.424871 -2.5 0.09
—14 2.424871 -2.5 0.09
—14 —2.424871 -2.5 0.09
2.8 2.424871 -2.5 —0.01
2.8 —2.424871 -2.5 —0.01
3.5 1.212436 -2.5 —0.01
3.5 —1.212436 -2.5 —0.01
0.7 3.637307 -2.5 —0.01
0.7 —3.637307 -2.5 —0.01
—-0.7 3.637307 -2.5 —0.01
-0.7 —3.637307 -2.5 —0.01
—-2.8 2.424871 -2.5 —0.01
—2.8 —2.424871 -2.5 —0.01
-3.5 1.212436 -2.5 —0.01
—-3.5 —1.212436 —2.5 —0.01

TABLE III. Point charge CF scheme employed in multiplet
calculations for Nd on graphene/Ir(111).

x (A) y (A) z(A) q(e)
1.4 0 —-0.5 —0.025
—14 0 —-0.5 —0.025
0.7 1.212436 —-0.5 —0.025
0.7 —1.212436 —-0.5 —0.025
-0.7 1.212436 —-0.5 —0.025
—-0.7 —1.212436 —-0.5 —0.025

TABLE 1V. Point charge CF scheme employed in multiplet
calculations for Ho on graphene/Ir(111).

x (A) y (A) z(A) q(e)
0 0 -2 —0.05
1.4 0 -2.5 —0.12
—1.4 0 -2.5 —0.12
0.7 1.212436 -2.5 —-0.12
0.7 —1.212436 —-2.5 —0.12
-0.7 1.212436 -2.5 —-0.12
—-0.7 —1.212436 -2.5 —-0.12
0 1.4 —1.07 0.25
0 —14 —1.07 0.25
1.212436 0.7 —1.07 0.25
—1.212436 0.7 —1.07 0.25
1.212436 -0.7 —1.07 0.25
—1.212436 —-0.7 —1.07 0.25

TABLE V. Point charge CF scheme employed in multiplet calcu-
lations for Er on graphene/Ir(111).

x (A) y (&) z (A) q(e)
0 0 —-1.3 —0.0235
1.4 0 -2.0 0.01
—14 0 —2.0 0.01
0.7 1.212436 -2.0 0.01
0.7 —1.212436 -2.0 0.01
—-0.7 1.212436 —2.0 0.01
—-0.7 —1.212436 -2.0 0.01
0 1.4 —1.5 —0.002
0 —14 —1.5 —0.002
1.212436 0.7 —-1.5 —0.002
—1.212436 0.7 —1.5 —0.002
1.212436 —-0.7 —1.5 —0.002
—1.212436 —0.7 —-1.5 —0.002

TABLE VI. Point charge CF scheme employed in multiplet
calculations for Tb on graphene/Ir(111).

x (A) y (A) z (&) q(e)
0 0 —1.5 —-0.017
1.4 0 —1.5 0.034
—14 0 —1.5 0.034
0.7 1.212436 —1.5 0.034
0.7 —1.212436 —1.5 0.034
—-0.7 1.212436 —1.5 0.034
—-0.7 —1.212436 —1.5 0.034
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TABLE VII. Parameters describing the CF splitting in the Stevens operator representation
for each investigated RE atom.

Element B? (1eV) B§ (neV) B (neV) BS (neV)
Dy —121 100 15 03
Nd —359 —-90 60 1170
Ho 50 630 —-2.5 25
Er 152 260 —2.7 0.2
Tb 55 250 0.5 <0.1
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