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The observation of sharp atomiclike multiplet features is unexpected for individual 3d atoms adsorbed on
transition-metal surfaces. However, we show by means of x-ray absorption spectroscopy and x-ray magnetic
circular dichroism that individual Fe atoms on Cu(111) exhibit such features. They are reminiscent of a low
degree of hybridization, similar to 3d atoms adsorbed on alkali-metal surfaces. We determine the spin, orbital,
and total magnetic moments, as well as magnetic anisotropy energy for the individual Fe atoms and for small Fe
clusters that we form by increasing the coverage. The multiplet features are smoothened and the orbital moment
rapidly decreases with increasing cluster size. For Fe monomers, comparison with density functional theory and
multiplet calculations reveals a d’ electronic configuration, owing to the transfer of one electron from the 4s to

the 3d states.
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I. INTRODUCTION

Magnetic transition-metal atoms and clusters adsorbed on
nonmagnetic surfaces are model systems to study the effect
of reduced coordination of the atoms, which is expected to
result in an enhancement of the magnetic orbital moment
and anisotropy [1-4]. In particular, Fe adatoms and clusters
adsorbed on Cu(111) have been the subject of many studies
aiming at the determination of their magnetic properties, both
from the theoretical and from the experimental points of view.
For example, spin-polarized scanning tunneling microscopy
(SP-STM) has been used to assemble Fe atoms on Cu(111)
into chains able to perform logical operations [5], or into
clusters with different geometries to investigate their magnetic
properties on an atom-by-atom basis [6]. In both cases, the
Fe atoms had interatomic distances of a few Cu(111) lattice
sites. Moreover, five-atom Fe clusters adsorbed on Cu(111)
were reported to exhibit magnetic remanence at T = 0.3 K
with a relaxation time longer than two hours, and were
thus demonstrated to be the smallest stable magnet ever
constructed [7].

Single atoms adsorbed on metal surfaces normally experi-
ence strong hybridization, leading to electron delocalization
and loss of the atomic character of the electronic states. In
the case of Fe atoms on Cu(111), SP-STM measurements
suggest a localized character of the electrons enabling spin
excitations, combined with a strong hybridization responsible
for the very short observed spin-state lifetime [8]. At the same
time, a model treating five-atom Fe clusters as a quantum
system with ideal half-integer spin reproduces correctly the
experimental results [7]. Fe atoms on alkali-metal surfaces
exhibit multiplet structures in photoemission spectra, with
the degree of atomiclike behavior depending on the chosen
substrate [9]. On the other hand, on the surfaces of 5d and 4d
elements, such as Pt(111) [10,11], Rh(111), and Pd(111) [12],
Fe atoms are known to be strongly hybridized. Cu(111) has an
s-like density of states at the Fermi energy, bringing it close to
alkali-metal surfaces, but at the same time is a 3d metal, thus
it is not trivial to say whether a strong or a weak degree of
hybridization is expected. To clarify this question, we studied
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Fe atoms on Cu(111) with x-ray absorption spectroscopy
(XAS) and x-ray magnetic circular dichroism (XMCD).

XAS and XMCD, thanks to their element specificity and
their high sensitivity, are powerful tools for the study of
magnetic materials. With these techniques it is possible to
probe systems with an adatom concentration as low as 0.002
monolayers (ML) [13]. Despite the finite spatial extent of the
x-ray beam, making XAS and XMCD spatially averaging
techniques, the properties of single atoms can be probed
if the system is composed of noninteracting monomers.
Thanks to the sum rules [14,15] XMCD allows to separately
determine the spin and orbital contributions to the magnetic
moment. From angular-dependent XMCD measurements as
a function of an applied magnetic field it is also possible to
determine the magnetic anisotropy energy (MAE), which is
a key parameter for obtaining stable magnetization since its
magnitude determines the probability of thermally induced
magnetization reversal.

In this work, we use XAS and XMCD to study the magnetic
properties of both atoms and small clusters of Fe on Cu(111).
For Fe monomers, we report on the unexpected observation of
multiplet features and on their disappearance upon increasing
coverage. By comparing the experimental data with density
functional theory (DFT) and multiplet calculations, we find
a d’ electronic configuration, owing to the transfer of one
electron from the 4s to the 3d states. The MAE of single
atoms and the evolution of orbital (1, ) and spin (u ) magnetic
moments as a function of coverage are addressed.

II. EXPERIMENT

Experiments were performed at the EPFL/PSI X-Treme
beamline [16] at the Swiss Light Source. The end station
includes a chamber for the sample preparation equipped
with a scanning tunneling microscope (STM), from which
samples can be transferred into the cryostat for XAS and
XMCD measurements without breaking the vacuum. The
Cu(111) crystal was prepared by Ar' sputtering (0.8 nA/cm?,
1200 eV, 20 min) and annealing (800 K, 20 min) cycles in the
preparation chamber, and Fe was deposited from an e-beam
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evaporator on the substrate held at Ty, ~ 3.5 K directly
in the cryostat. We investigated Fe coverages ranging from
®p. = 0.007 to 0.145 ML [one monolayer (ML) is defined as
one Fe atom per Cu(111) unit cell] in order to have access to
both isolated impurities and small clusters. The Fe coverage
was calibrated by correlating XAS and STM data, and the
deposition rate was set to 0.007 ML /min.

Measurements were taken at the L, 3 absorption edges of
Fe, resulting from the excitation of 2p core electrons into
empty 3d states. We used circularly polarized x rays, with
w+ and p_ referring to parallel, respectively, antiparallel
alignment of the helicity with respect to the beam direction.
The XAS spectra were recorded in the total electron yield mode
and normalized to the intensity of the x-ray beam measured
on a metallic grid placed upstream of the sample. XMCD
spectra were obtained as the difference between the XAS
signal of the two polarizations, and they were normalized
to the Fe coverage. Both the out-of-plane and in-plane XAS
and XMCD signals were investigated by rotating the sample
from 6 = 0° to 60° between sample normal and x-ray beam.
Element specific magnetization curves were recorded as the
ratio between the amplitude of the L3 XMCD intensity at
the peak and the intensity at the pre-edge, at both normal
and grazing incidence. All measurements were performed at
T = 2.5 K and in magnetic fields up to B = £6.8 T parallel
to the x-ray beam.

III. RESULTS AND DISCUSSION

A. Fe monomers on Cu(111)

To investigate the magnetic properties of Fe monomers on
Cu(111), we prepared a sample with @g.= 0.007 ML. Figure 1
shows XAS and XMCD spectra measured for normal and
grazing incidence. Multiplet structures, not observed in bulk
spectra [17], can be clearly seen for both angles of incidence. In
the XAS, a splitting of the L, peak is observed, both for x4 and
n—, and the L, peak in the XMCD spectra, found at 716.0 eV,
originates from the lower-energy component of the XAS peak.
Also on the L3 peak the w_ component is split, as shown
in the inset, and also in this case the corresponding XMCD
peak, measured at 703.2 eV, comes from the lower-energy
component of the XAS feature. Moreover, multiple shoulders
are present on the sides of the L3 peak both in the XAS and in
the XMCD spectra (see labeled energies), and in the latter a
small positive feature at the onset of the L3 peak is observed.

These features are reminiscent of the spectra measured
for Fe atoms on alkali metals [9,13] or thin oxide films
[18], suggesting an electronic configuration close to 3d’.
Our spectra are more atomiclike than the ones reported for
Fe/Cu(100) [10,19], as expected from the reduced number of
nearest neighbors on Cu(111) with respect to Cu(100), and
coherent with the higher orbital magnetic moment predicted
by DFT for Fe/Cu(111) (up = 0.65up) with respect to
Fe/Cu(100) (i = 0.47ug) [20].

To determine the electronic configuration of the Fe atoms,
we performed multiplet calculations! using the CTM4XAS55

!Configuration interaction is allowed respecting the Cy, , symmetry,
therefore, we used the hopping integrals t(a;) = 0.3 eV, t(e;) =
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FIG. 1. (Color online) Background subtracted XAS and XMCD
spectra for Fe monomers on Cu(111), measured at the Fe L3
absorption edges at T = 2.5 K and with B = 6.8 T collinear with the
x-ray beam. Spectra are taken with parallel (u) and antiparallel (1)
alignment of light helicity with respect to B. (a) Normal incidence;
(b) grazing incidence. XMCD spectra have been normalized to the
Fe coverage determined by the integral of the p, + p_ spectrum
over the L, 3 edges. The L; peak of the ;1 component of XAS is
magnified in the inset. O, = 0.007 ML.

1.0 eV, and t(e;) = 1.0 eV. The charge transfer energy A and the
core-hole interaction U,_, — U;_4 were set to —10.0 and 1.0 eV,
respectively. Default values for the Slater-Condon integrals have been
used, corresponding to a reduction to 80% of the Hartree-Fock values.
Transition amplitudes for L, and L; were calculated in a dipolar
approximation and broadened with Lorentzian functions of FWHM =
0.45 and 0.15 eV, respectively, to reproduce the experimental spectra.
Further Gaussian broadening of 0.35 eV was introduced to include
the finite experimental energy resolution.
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code [21]. To a first approximation, a Cn,y Symmetry was
assumed for the crystal field experienced by the atom. This
symmetry is generated by the sea of s-like conduction elec-
trons of the Cu substrate, creating a vertically homogeneous
electrostatic repulsion, while the d states, being well below
Ep, do not contribute. This uniaxial crystal field lifts the
degeneracy of the d orbitals producing an a; singlet (d,2) and
two doublets ey (dx;,dy,) and e3 (dy2_y2,dxy). Best fits obtained
by optimizing the multiplet calculation parameters to describe
the XAS and XMCD spectra measured at normal incidence are
shown in Fig. 2. The deviation of the calculated curves from the
experimental ones on the high-energy shoulders of the L, and
L5 peaks can be attributed to the fact that multiplet calculations
can not correctly take into account the whole hybridization
with the surface [19]. We find that the ground state is well
described by a mixed electronic configuration consisting of
3% 3d® and 97% 3d’, corresponding to a number of holes
hs = 3.03. We note that even a weak configuration interaction
can make an important difference in the resulting spectra, as
it may cause splitting of degenerate levels and/or additional
state mixing [4]. The calculated splitting of the 3d orbitals is
shown in the inset of Fig. 2: the e, doublet is lowest in energy,
followed by the e; doublet (135 meV) and finally by the a;
singlet (180 meV).

Using the number of holes found in the multiplet calcula-
tions, orbital and spin magnetic moments can be obtained from
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FIG. 2. (Color online) Simulated normal incidence XAS and
XMCD spectra (dashed lines) compared with experimental ones for
individual Fe atoms on Cu(111) (®g = 0.007 ML in experiment).
Inset: energy splitting of the singlet and doublet states resulting
from the 3d orbitals as given by the multiplet calculations. XAS
and XMCD spectra were best reproduced using a mixed 3% 3d°
and 97% 3d’ configuration with crystal field terms 10Dg = 0.0 eV,
Ds = —0.045 eV, and Dt = 0.00 eV.
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the measured spectra using the sum rules [14,15]
4h fL3+L2('u+ - M*)dE
—z M )
3 fL3+L2(u’+ + /L—)dE
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@)

We obtain up =0.66+£0.04ug and pugr =22+
0.1 ug at normal incidence, and u; = 0.42 £0.04 ug and
s+ = 1.80 £0.04 upg at grazing incidence. At normal
incidence, the ratio puy/us+7p is 0.30, more than twice the
value of 0.12 obtained for Fe/Pd(111), and twice the one of
Fe/Rh(111) (0.15) [12], confirming the reduced hybridization
of the present system. The sum rule gives the spin moment
together with the spin dipole moment. Experimentally, it
is not possible to determine the two contributions individ-
ually, however, multiplet calculations give w77 = —0.2up
for normal incidence. For grazing incidence, the value of
the dipole moment cannot be determined, as saturation is
not reached [22]. We note that the L, and L; edges are
not completely separated, which leads to an underestimation
of the spin moment of ~10% [17,23]. Thus, taking into
account these values, we can estimate for normal incidence
ns =2.6£02up.

The higher intensity of the L3 XMCD peak measured
at normal incidence with respect to the one measured at
grazing incidence implies an out-of-plane easy axis. This is
confirmed by the fact that the magnetization curve, shown in
Fig. 3, is steeper for 6 = 0° than for 6 = 60° around 0 T.
Since the system has a behavior in-between a classical and a
quantum one, we used two different approaches to simulate
the magnetization curves in order to obtain the average MAE
per atom K and the total magnetic moment w. In a semi-
classical model, the magnetization curve can be fit using the

semiclassical ——

quantum
mechanical

-6 0 6
BIT]

FIG. 3. (Color online) Magnetization curves for normal (blue)
and grazing (orange) incidence. The dots represent the amplitude
of the L; XMDC peak at 703.2 eV divided by the pre-edge intensity
at 701.2 eV. The curve measured at grazing incidence is multiplied
by the ratio (1 + ps77)grazing/ (e + 5477 Inorma- Solid (dashed)
lines represent the fit obtained with the semiclassical (quantum
mechanical) model (®g, = 0.011 ML).
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formula [1]

2w

de [ do sinf cos fe=EC0-0-9)/ksT
M = Mgy 0 ¢

ST dg [T d6 sinGe—EC0.6)/ksT

3

where
E(6y,0,¢) = —uBcos6
— K (sin 6y sin @ cos ¢ + cos 6, cos 0)* @

with 6, the easy magnetization direction and B taken as z axis.

We find a MAE per atom of K = 1.8 £ 0.4 meV and a total
magnetic moment per atom of u = 4.5 £ 0.5up, where pu =
Ur + s + Mind (Cu) includes the magnetic moment induced
on the Cu sites per Fe atom. The calculated curves are shown
in Fig. 3 and agree very well with experiment.

In a quantum mechanical approach, we can describe the spin
states of an Fe atom using the following spin Hamiltonian:

I:Ispin :g/'LBSB+DSZZv (5)

where g is the electron Landé factor, B the external magnetic
field, D the uniaxial anisotropy parameter, and S the effective
spin operator. The z axis is by convention chosen such as
to maximize | D|. Following the electronic configuration sug-
gested by the multiplet calculations, we modeled our system
with an effective spin S = %, implying half-integer ground-
and first-excited-state doublets. The expectation values of the
magnetization along the beam axis as a function of B are
obtained by

Z?jrl (@il Sq, |¢i>efi/kBT

25+ .
Yo es/kt

(Mg,) = 8(Se,) = & (6)

where Sy, = sin6pSx + sin6pSy + cos 6y S, is the spin operator
for an arbitrary incidence angle 6y, while ¢; and ¢; are the
eigenstates and the eigenvalues obtained after diagonalizing
the spin Hamiltonian. The parameters g and D were adjusted
to fit the experimental data. The obtained curves for both
incidence angles are shown as dashed lines in Fig. 3. They
almost coincide with the classical curves and agree very well
with experiment. We find g =2.45+0.3 and D = —-0.85 &+
0.2 meV, so, having assumed a spin S = %, we obtain a total
magnetic moment u = gupS = 3.7 = 0.5 upg and a magnetic
anisotropy K = —2D = 1.7 & 0.4 meV. The values for K in
the two models agree within the error bars, while the total
moment in the quantum mechanical description is lower than
in the semiclassical one, as it was already reported for other
systems [24]. The total moment found with the sum rules is
u = 3.3 £ 0.2 p, which is compatible with the value obtained
with the quantum mechanical model and hints towards a small
moment induced on copper atoms. The values for the magnetic
moments and for the MAE obtained with the sum rules and
with the semiclassical and quantum mechanical models are
summarized in Table I. The total moment we find with the
sum rules and with the fitting of the magnetization curves is
close to u = 3.5up reported for Fe monomers on Cu(111) by
Khajetoorians et al. [8]. In the same work, they also find an
anisotropy energy K comprised between 0.8 and 1.5 meV. The
higher value obtained in our measurements can be understood
in the context of a recent publication showing that a lower
MAE is expected in dynamical spin excitation measurements
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TABLEI. Spin, orbital, and total magnetic moments and the MAE
as obtained from the sum rules and from the fit of the magnetization
curves with the quantum mechanical (QM) and the semiclassical (SC)
models. The corrections to g described in the text are included.

s (p) mr (Up) n(ug) K (meV)
Sum rules 26+02 0.66+0.04 33402
QM model 3.7+0.5 1.7+£04
SC model 454+0.5 1.84+04

compared to static ones [25]. The experimental values for
K are not surprising since also on other substrates, such as
Ag(111) [26], Pt(111) [10,11], Pd(111), and Rh(111) [12], Fe
atoms show an out-of-plane anisotropy and a small value for
the MAE, of the order of at most 2 meV, and thereby much
smaller than the one measured for Co on Pt(111) [1].
Multiplet calculations offer a good description of atomic
systems with localized electrons. Since our system involves
delocalized electrons, we can not blindly rely on them.
In order to address the electronic and magnetic properties
with a complementary theoretical method, we performed
nonrelativistic DFT calculations of a single Fe atom located
on a five-layer thick slab of Cu(111) within a (4 x 4) supercell
(see inset in Fig. 4). We used the generalized gradient
approximation with a mean-field Hubbard correction (GGA
+U) [27], as implemented in QUANTUM ESPRESSO [28]. Using
the linear-response approach, we estimated the value of the
Hubbard U to be 2.9 eV [29]. We verified that different values
of U, namely U = 2.2 and 4 eV, give very similar results. To
find the adsorption position of the Fe adatom, we fully relaxed
the structure starting from the four high-symmetry positions
(hcp and fcc hollows, top, and bridge). The lowest-energy
configuration corresponds to the Fe atom located in the fcc
adsorption site at a distance of 1.96 A above the topmost
atomic plane of Cu. The hcp site configuration has a slightly
higher energy (by 10 meV) while the bridge and top sites are
0.28 and 0.78 eV higher in energy than the fcc adsorption
site, respectively. Preferential adsorption on the fcc site is
not surprising, as it has been already reported for this system

2 T T T

» majority spin d,2

i dyz ’ dxz —_—
1t dyy, doy2 ---- 1

LDOS
o

minority spin

2 1 1 1 1
6 -4 2 0 2 4 6
E- Eg[eV]

FIG. 4. (Color online) Spin-resolved local density of states pro-
jected on the Fe atomic orbitals. The inset shows the geometry of the
slab used in DFT calculations.
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TABLE II. Lowdin populations and spin polarization of the Fe
orbitals from the nonrelativistic DFT calculations.

Total 4s orbitals 3d orbitals
Total charge 7.89 1.04 6.85
Spin up 5.57 0.60 4.97
Spin down 2.33 0.44 1.88
Polarization 3.24 0.16 3.09

[8,30]. A similarly small difference of 6 meV in favor of
fcc with respect to hep sites has been reported also for Cu
adatoms on Cu(111) [31]. The atomic spin and the electronic
configuration of the Fe adatom were obtained by projecting
the wave functions of the entire system onto the Fe atomic
orbitals. The Lowdin population and the spin polarization of
the 4s and 3d atomic orbitals of Fe are reported in Table II,
while the corresponding spin-resolved local density of states
plots are shown in Fig. 4.

Our results show that the Fe adatom is close to a 4s'3d’
configuration, corresponding to h; = 3.15. This value is in
good agreement with the one deduced from the multiplet
calculations. Fe acts as a donor of ~0.1 e~ transferred to
Cu. The spin polarization of the 3d states (3.09 up) shows that
the Fe atom isina § = % spin configuration, as assumed in
the quantum mechanical model.

To estimate the orbital moment and the MAE, we performed
a relativistic calculation on a smaller three-layer-thick 4 x 4
slab of Cu(111) with a single Fe atom located in its lowest-
energy relaxed position. Spin-orbit effects were accounted for
using fully relativistic pseudopotentials acting on valence elec-
tron wave functions represented in the two-component spinor
form [32]. The orbital moment was estimated by computing
the expectation value of the orbital moment operator for the
projection of the Khon-Sham wave functions on 3d orbitals of
Fe. For the out-of-plane spin polarization, we find an orbital
moment p; = 0.175 pup and a spin moment g = 3.16 ug,
in good agreement with our nonrelativistic result (3.24 up).
The low MAE obtained in our calculations was beyond the
level of convergence we could achieve with respect to k-point
sampling on a (3 x 3) mesh.

The reduced value for the calculated orbital moment
compared with the experimental one is a well-known limitation
of DFT calculations considering structural relaxation. On the
contrary, calculations based on idealized bulklike distances
minimize adatom-support hybridization thus giving larger
orbital moment at the expense of an unrealistic geometry and
electronic structure, as extensively discussed in Ref. [12]. For
example, Lazarovits et al. [20] find p; = 0.65ug and K =
4.3 meV, considering for the Fe atom a bulklike distance
from the surface of 2.11 /0%, about 10% larger than our value
of 1.96 A. To compare the spin magnetic moment obtained
in DFT calculations with the one found with the sum rules
we have to take into account only the polarization of the 3d
orbitals, which are the ones probed by XAS and XMCD [33].
The DFT value, 3.09 wp both in the nonrelativistic model and
in the relativistic one, is slightly higher than the experimental
finding of 2.6 & 0.2 5. Overestimation of the spin moment
in DFT calculations compared to sum rules values has been
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reported also for other systems [17]. The DFT value for
the total spin is in good agreement with published DFT
results, reported by Lazarovits et al., ug = 3.27ug [20], by
Mavropoulos et al., 3.24up [34], by Stepanyuk et al., 3.17ug
[35], and by dos Santos Dias et al., 3.23up [25].

B. Small Fe clusters on Cu(111)

The evolution of the spectral features and of the magnetic
moments upon formation of small Fe clusters was investigated
by increasing the Fe coverage up to ® = 0.145 ML at Ty, ~
3.5 K. The XAS and XMCD spectra are shown in Fig. 5 with
coverage increasing from top to bottom. The spectra evolve
towards those of the bulk metal, with a gradual smoothening
of the shoulders decorating the XAS and XMCD peaks, along
with the disappearance of the small peak at the onset of the
XMCD L3 main peak. The disappearance of the low-energy
component of the u_ XAS L3 peak results in a shift toward
higher energies of the corresponding XMCD peak, up to a
final value of 703.6 eV. Much in the same way, the evolution
of the XAS L, double peak into a single feature results in an

XAS [arb. units]
[suun -qse] gonx

720 730

720 730 700 710
Photon Energy [eV]

FIG. 5. (Color online) Background subtracted XAS (left) and
XMCD (right) spectra at the Fe L, 5 absorption edges for the indicated
Fe coverages. Spectra were measured at 7 = 2.5 K, B =6.8 T, and
0 = 0°. All XAS are normalized to one and vertically offset for clarity.
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FIG. 6. (Color online) Orbital (triangles) and spin (squares) mag-
netic moments measured at normal incidence as a function of
coverage (bottom) and mean cluster size (top). We assumed the single-
atom value i, = 3.03 given by multiplet calculations independently
of cluster size.

upward shift of the corresponding XMCD resonance, that is
located at 716.9 eV for the sample with the highest coverage.
The smoothening of the multiplet structure with increasing
coverage resembles the observations for Co atoms and clusters
on K films [13] and on Pt(111) [1]. It is a consequence of
the broadening of the adatom density of states due to d-state
hybridization with the surrounding atoms in the cluster.

To correlate the observed spectral changes with the cluster
sizes determining the signal at the respective coverages, we
performed kinetic Monte Carlo (KMC) simulations [36]. The
diffusion of Fe on Cu(l111) was studied in the past. The
diffusion barriers reported from DFT calculations are E,, = 25
[37], 22 [38], and 28 meV [39], and the barriers and attempt
frequencies measured from temperature-dependent adatom
diffusion rates are E, =22+ 7 meV, vy =1 x 10'%*2 Hz
[39], and E, =23.84+ 1.5 meV, vy =4 x 103! Hz [40].
In our simulations, we take E,, = 25 meV and a universal
preexponential factor of vy = 10'> Hz. From this we find,
in agreement with experiment, that the terrace diffusion of
isolated Fe atoms is frozen at our Ty, = 3.5 K and that
the diffusion rate is 30 Hz at 12 K, in agreement with the
observation that Fe atoms organize at this temperature inside
the voids of metal-organic honeycomb networks [41]. The
formation of dimers has been reported to occur for Fe/Cu(111)
by deposition of atoms close to other adatoms (r < 0.6 nm)
and not by the lateral approach of adatoms that are further away
[42]. In our simulations, we enable easy attachment of one Fe
atom to a neighboring Fe atom or Fe cluster if it is two atomic
distances apart [36]. The barrier for this process is chosen such
that it always happens (Ey¢ = 0.1 meV). The time intervening
between the deposition and the end of measurements does not
alter the size distributions since regular terrace diffusion does
not take place, and all easy attachment processes have taken
place immediately during deposition.
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TABLE III. Coverage-dependent out-of-plane spin and orbital
magnetic moments as obtained from the sum rules, L; 3 branching
ratios [1(L3)/1(L,)], and mean cluster size (s) calculated by KMC.
The spin and orbital magnetic moments for 1 ML Fe on Cu(111) and
for bulk Fe are also shown for comparison. We assumed #, = 3.03,
independent of cluster size, while s, = 3.4 has been taken for the
ML and bulk cases.

Coverage (ML) Ms7p (UB) wmr (u) L3/L, (s)

0.007 22+0.1 0.66 +0.04 4.2 1.07
0.011 1.95 +0.05 0.67 £ 0.05 4.4 1.12
0.033 2.07 £ 0.04 0.55+0.03 4.3 1.37
0.066 2.154+0.04 0.45 +0.03 3.9 1.82
0.145 2.124+0.05 0.32+0.02 33 3.25
1 [43] 0.7+0.2 0.045 £0.015

Bulk [17] 1.97 0.068 2.2

Figure 6 shows the orbital and spin magnetic moments
as function of coverage and the respective mean cluster size
found in KMC. The corresponding values are given in Table III
together with the branching ratios. Figure 7 shows for four Fe
coverages the contributions of the different cluster sizes to the
XAS intensity, i.e., the relative abundance of each size was
multiplied by the number of atoms it contains.

In the spectra of Fig. 5, some multiplet-related features
are observed for coverages up to 0.066 ML. By comparison
with Fig. 7, we deduce that the multiplet structure disappears
when the contribution of monomers to the overall XAS signal
becomes negligible. We conclude that only monomers have a
remainder of the atomiclike spectrum, while already dimers
have a spectrum close to the bulk one. While the spin moment
is size independent, the orbital moment rapidly decreases with
increasing mean size, similar to the case of Co/Pt(111) [1]. The
ratio of L3 to L, x-ray absorption intensities (branching ratio)
starts to decrease once the monomers are not the dominant
species any more. The overall values are quite high considering
that the statistical ratio of L3:L, is 2:1, and crystal field and
spin-orbit interaction normally cause a reduction. However,
large branching ratios were observed for small Fe clusters
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FIG. 7. (Color online) Cluster size distributions determined from
KMC multiplied by the respective size in order to yield the
contribution of each cluster size to the overall XAS intensity for
the four displayed coverages.
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in the gas phase and attributed to size-dependent core-hole
screening [44,45].

We finally comment on the total magnetic moment of
15up assumed in Ref. [7] for an Fes cluster on Cu(111). As
shown in Fig. 6, the orbital moment rapidly decreases with
increasing cluster size, and for a cluster of five atoms we
estimate w; & 0.2 ug per atom. With ug =~ 2.4up per atom
(the value of w;r rapidly decreases with cluster formation
owing to the hybridization with the neighboring atoms, so we
can assume it is small for a five-atom cluster) and an induced
polarization on the copper atoms that can be neglected, as
also this quantity decreases upon cluster formation, we find a
total magnetic moment of 13 up, i.e., assuming g = 2 as in
Ref. [7], a total angular moment of % This slightly smaller
value, however, does not affect the main conclusion of Ref. [7]
that the half-integer value of the spin ground state forbids
quantum tunneling, thus allowing for a long spin lifetime.

IV. CONCLUSIONS

We reported on the unexpected observation of XAS and
XMCD multiplet features for Fe atoms on Cu(111), and on

PHYSICAL REVIEW B 91, 235426 (2015)

their gradual disappearing with increasing coverage and mean
cluster size. We measured the spin, orbital, and total magnetic
moments as well as the magnetic anisotropy energy for single
Fe atoms adsorbed on Cu(111) and compared the obtained
values with the ones predicted by DFT. The ground state of
the Fe atoms on Cu(111) was found to be close to a 4s' 3d’
configuration and the hybridization with the Cu substrate was
shown to be low. We also demonstrated how the formation of
small clusters influences the evolution of the orbital magnetic
moment and of the branching ratio, while the spin magnetic
moment is, at the small sizes considered and within our
resolution, insensitive to cluster size.
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