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Magnetic nanodoping: Atomic control of spin states in cobalt doped silver clusters
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The interaction of magnetic dopants with delocalized electron states can result in interesting many-body
physics. Here, the magnetic properties of neutral and charged finite silver metal host clusters with a magnetic
cobalt atom impurity were investigated experimentally by exploiting the complementary methods of Stern-
Gerlach molecular beam deflection and x-ray magnetic circular dichroism spectroscopy and are accompanied
by density functional theory calculations and charge transfer multiplet simulations. The influence of the number
of valence electrons and the consequences of impurity encapsulation were addressed in free size-selected,
singly cobalt-doped silver clusters CoAg®*+ (n = 2-15). Encapsulation of the dopant facilitates the formation
of delocalized electronic shells with complete hybridization of the impurity 3d- and the host Ss-derived orbitals,
which results in impurity valence electron delocalization, effective spin relaxation, and a low-spin ground state.
In the exohedral size regime, spin pairing in the free electron gas formed by the silver Ss electrons is the
dominating driving force determining the local 3d occupation of the impurity and therefore, adjusting the spin

magnetic moment accordingly.

DOI: 10.1103/PhysRevResearch.5.033103

I. INTRODUCTION

The interaction of localized spins with delocalized elec-
trons is of interest from a fundamental point of view but
also for its technological relevance [1-3]. Depending on the
strength of this interaction, the quenching of magnetic mo-
ments, the existence of spin-glasses, or the Kondo effect [4]
can occur. The latter has been generalized in the Anderson
model to the interaction of a localized state with a contin-
uum of delocalized bands as an interplay of on-site Coulomb
interaction and hybridization [5]. This type of interaction is
not limited to bulk systems but also plays a role for indi-
vidual atoms adsorbed on metal surfaces and in quantum dot
systems [6,7].

We aim for atomic-level control of hybridization, as offered
by free, size-selected clusters of coinage metals approximat-
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ing quasifree electrons that interact with a magnetic impurity.
Previous studies that experimentally probed the magnetic
properties of free magnetically doped clusters have been lim-
ited to the small size regime where the transition metal atom is
exohedral, [8,9] or to host materials that are not well described
as simple metals such as silicon [10], niobium [11], or tin
[12]. In contrast to the latter, silver as a host metal approxi-
mates a free electron gas because the energy of its 4d orbitals
is considerably lower than the 3d orbitals in copper, or 5d
orbitals in gold, resulting in valence orbitals of almost pure
Ss character [13]. However, results on the spin multiplicity
of 3d transition metal-doped silver clusters have mostly been
obtained indirectly by photofragmentation mass spectrometry,
reactivity studies, photoelectron spectroscopy, or computa-
tional studies [14-23]. Although these studies focused on
structural properties, it has been suggested that CoAgj, is
diamagnetic with closed electronic shells and adopts an en-
dohedral structure [14,18]. Furthermore, density functional
theory (DFT) studies found a high-spin state (triplet or quar-
tet) as the ground state for neutral CoAg, with n =2-5, 7
and a low-spin as the ground state for n = 6, 8, 9 (doublet
and singlet) [22,24]. Additional insights on the electronic and
magnetic structure of transition metal doped silver clusters
has been obtained from the investigation of small VAgS/ +

clusters using DFT [16]. It was reported that while VAg®/*

n
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clusters with n < 11 have high-spin ground states, clusters
with n > 13 exhibit singlet and doublet states for even and odd
numbers of valence electrons in the clusters, respectively [16].
A gradual decrease of the spin multiplicity in a size regime
of intermediate 5s — 3d hybridization is predicted to set in
at n = 8, presumably triggered by increasing coordination as
the dopant becomes gradually encapsulated with increasing
cluster size. For n > 13 strong hybridization of dopant and
host states sets in and the electronic structure can be well
described by the Clemenger-Nilsson model [25] when consid-
ering all valence electrons of dopant and host atoms. So far,
however, there is no experimental confirmation of the effect
of the size-dependent increase of the s-d hybridization on the
magnetic properties of doped silver clusters.

We employ Stern-Gerlach deflection of neutral molecu-
lar beams (Refs. [12,26] and references therein) of CoAg,
clusters and x-ray magnetic circular dichroism (XMCD) spec-
troscopy of CoAg' clusters in an ion trap [27-30], which
are complementary techniques that provide direct access to
the magnetic and electronic properties of size-selected clus-
ters in their respective charge state. Stern-Gerlach deflection
can deliver information on the spin relaxation behavior and
on the total magnetic moment of neutral clusters [12,31—
34], while x-ray absorption spectroscopy (XAS) probes the
dopant’s local electronic structure, and XMCD provides el-
ement and orbital specific contributions to the magnetic
moment [8,10,27].

Here, we report on the spin magnetic moment for neu-
tral and cationic clusters for sizes n = 2—-15 covering the
whole region of exohedral to endohedral doping. For pure and
cobalt-doped silver clusters that exhibit a doublet state we find
that cobalt doping enhances the spin relaxation. Additionally,
in the endohedral size regime (n = 10-15) [18], the dopant’s
electronic structure in CoAg, is almost size independent due
to the delocalization of the Co 3d and 4s electrons accompa-
nied with low spin configurations, which is very distinct from
silicon [10], niobium [11], or tin [12] doped clusters where
the dopant’s local electronic structure strongly changes with
cluster size. In the particular case of CoAg{ valence electron
delocalization is achieved without involvement of the dopant’s
3d electrons, which remain localized as evidenced by the
integer 3d occupation. We elucidate that the size-dependent
3d-5s hybridization results from an intricate interplay of the
occupation of the cluster’s electronic shells, the geometric
structure of the cluster, and the position of the cobalt dopant
atom (exo- or endohedral) within the cluster. This ultimately
determines the magnetic properties of CoAg, clusters.

II. EXPERIMENTAL METHODS

A. Cluster production

Cobalt doped silver clusters, either neutral or cationic, were
produced by laser vaporization or magnetron sputtering. In the
laser vaporization source, the metal was brought into the gas
phase through laser ablation of an alloy target. The alloy target
was prepared in a UHV radio-frequency induction furnace
from a mixture of isotopically enriched silver, '"’Ag, and
cobalt powder in a mag : Mg, = 100 : 1.5 mass ratio. In the
magnetron sputtering source, a cobalt target (99.9% purity)
covered by a perforated silver target (99.9% purity) as mask,

was sputtered with argon ions. The size of the holes in the
silver sputtering target and the Ag:Co ratio in the alloy target
were optimized to minimize multiple cobalt doping of the sil-
ver clusters. Both cluster sources operate at low temperature.
The laser vaporization source was maintained at 7 = 20 K by
a temperature controlled closed cycle cryogenic refrigerator.
For the magnetron sputtering source, a liquid-nitrogen-filled
cooling jacket guaranteed a stable source temperature. The
cooling in both sources reduces any possible contamination
and allows for better control of the cluster size distribution.

B. Stern-Gerlach deflection

In the molecular beam setup for Stern-Gerlach neutral
cluster deflection [35,36] a helium-carried cluster beam is
skimmed and collimated to a width of about 0.3 mm be-
fore entering an inhomogeneous magnetic field produced by
the Stern-Gerlach magnet (magnetic field B =0.47 T and
magnetic field gradient dB/dz = 124 T/m; magnet length
0.125 m). After deflection (distance between deflector and
ionization of 0.80 m), the clusters are photoionized with an
F, excimer laser (A = 157 nm) and detected in a position-
sensitive time-of-flight mass spectrometer, which allows to
detect simultaneously the mass and deflection of the clusters
in the beam [37]. This method requires that mass resolution
is traded for position sensitivity. In the Stern-Gerlach experi-
ments, clusters are zero-field cooled.

C. Ion trap x-ray spectroscopy

The x-ray spectroscopy experiments were performed with
the ion trap end station at the BESSY II synchrotron radiation
storage ring [10,27,30,38]. The ion beam was transmit-
ted through a radio-frequency hexapole ion guide into a
quadrupole mass filter. After mass selection, the clusters were
accumulated in a cryogenic linear Paul trap and thermal-
ized to 10-20 K by collisions with helium buffer gas at
p ~ 10~* mbar. The tunable, monochromatic x-ray beam was
coupled on-axis into the ion trap for resonant excitation at
the cobalt L3 absorption edge. This produced predominantly
Agy and Ag* photofragments, which were detected by a re-
flectron time-of-flight mass spectrometer. The incident photon
energy was scanned from 774 to 790 eV to record pho-
toion yield spectra that usually are almost proportional to the
x-ray absorption cross section. The photon energy bandwidth
was 500 meV and the scan step width was 200 meV. Pho-
ton energies are calibrated with an error of 0.5 eV. The ion
yield signal was integrated over 12 s per energy step. For
XMCD spectroscopy, which requires the magnetization of
the CoAg/ cluster ion cloud in the trap, a superconducting
solenoid around the liquid-helium cooled ion trap generated
a homogeneous magnetic field of B=5T in the ion trap
volume. Ion yield spectra were then recorded for parallel and
antiparallel alignment of the photon helicity and the magnetic
field. The XMCD spectra are thus obtained for field-cooled
clusters in thermal equilibrium with cold helium buffer gas.
The presented x-ray absorption spectra result from averaging
of at least three single scans per cluster size and photon beam
helicity.
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III. COMPUTATIONAL METHODS

The electronic structures of three selected clusters, CoAg;r ,
CoAg},, and CoAg,, were calculated using density functional
theory, by utilizing the ORCA 5.03 software package [39].
The PBE functional [40] was employed in conjunction with
the Def2-TZVPP basis set [41], together with the Stuttgart
Def2-ECP pseudopotentials for silver [42], which explicitly
treats 19 valence electrons. In contrast, all electrons were
considered for the cobalt dopant atom. Dispersion forces were
taken into account through the D3BJ dispersion-correction
[43,44]. SCF cycles and geometry optimization both em-
ployed “tight” convergence criteria. The spin configurations
implied from the experimental results were used.

The geometry of the neutral CoAg, cluster has been
investigated in Refs. [22,24], which disagree about the lowest-
energy isomer. The structure of Ref. [24] was found to be
the lowest-energy isomer at our level of theory. Since the
geometries of the cationic CoAgg and CoAg}, clusters have
not been studied before, we performed a structural search.
Different initial geometries were constructed by randomly
positioning the atoms in the cluster followed by optimization
at the PBE/Def2-SVP level of theory. Afterwards, the lower-
energy isomers were reoptimized at the PBE/Def2-TZVPP
level. The putative lowest-energy isomers are those presented
in the rest of the paper. A summary of the isomers identified
with this procedure and their corresponding energetic ordering
is presented in the Supplemental Material [46].

All symmetry adapted Hartree-Fock and charge transfer
multiplet calculations were carried out with the CTM4XAS
code [45] using the parameters given in the Supplemental
Material [46]. Starting from the initial assumption of a single
initial configuration of unperturbed (degenerate) cobalt 3d
orbitals, a moderate splitting of these orbitals was introduced
by lowering the symmetry while monitoring the agreement
between measured and simulated x-ray absorption and mag-
netic circular dichroism spectra. In cases of poor agreement,
charge transfer was introduced to account for configuration
interaction. The degree of a non-zero configuration interaction
is reflected in the non-integer occupation of cobalt 3d orbitals.

IV. RESULTS

A. Stern-Gerlach deflection profiles of neutral
cobalt-doped silver clusters

For neutral pure Ag, clusters with n =4 — 15 the Stern-
Gerlach response as a function of cluster size displays an
odd-even alternation because the odd (even) numbered clus-
ters have doublet (singlet) spin ground state, respectively
(see Sec. I within the Supplemental Material [46]). The odd
numbered silver clusters show a symmetrical splitting into
two beamlets, with a deflection that decreases as the clusters
become larger, in addition to a central undeflected fraction.
The deflected fraction is attributed to vibrationally cold silver
clusters (no relaxation through phonons) that have a total spin
of 1/2 (no Orbach relaxation) [31]. The undeflected fraction
is attributed to vibrationally excited clusters that undergo spin
relaxation during the passage through the magnetic field.

The beam profiles of cobalt doped silver clusters CoAg,
with n = 4-15, with and without applied magnetic field, are
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FIG. 1. Beam profiles of CoAg, (n=4-15) clusters at T =
20 K without magnetic field (blue crosses) and with applied mag-
netic field (red circles). The full lines are fits of the data without (blue
line) and with (red line) magnetic field. The measured profiles were
fitted by a single Gaussian. Only for the CoAg, and CoAg, profiles
with applied magnetic field three Gaussians were used for the fit.

shown in Fig. 1. Only the beam profiles of the smallest clusters
with an even number of silver atoms (n = 4, 6, and 8) show
a clear response to the magnetic field. A small response may
be present for n =5, 7, and 10 as well. For CoAg, only a
strong decrease of undeflected intensity is observed, without
additional beamlets appearing. For CoAg, and CoAgg the
response is similar to the one described above for pure odd-
numbered silver clusters: the undeflected intensity decreases
and two additional, symmetrically deflected beamlets appear.
We therefore, from the comparison with silver cluster deflec-
tion and based on earlier studies in literature [31], identify the
spin state for CoAg, and CoAgg to be § = 1/2. An analogous
fitting procedure as the one described for neutral silver clus-
ters (see Sec. I within the Supplemental Material [46]) was
used for the beam profiles of CoAg, and CoAgg, resulting
in good agreement as shown in the figure. The comparison
between even n CoAg, and odd n Ag, clusters shows that the
deflected fraction is smaller in the former, although S = 1/2
in both cases.

B. X-ray spectroscopy of cationic cobalt-doped silver clusters

An overview of the cobalt L; x-ray absorption spectra
of CoAg! clusters with n=2-12 is shown in Fig. 2(a).
The spectra result from 2p;,,-3d excitation into dipole-
allowed, core-excited final states. The technique is therefore
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FIG. 2. X-ray absorption (a) and x-ray magnetic circular dichro-
ism spectra (b) at the cobalt Ly edge of CoAg clusters (n = 2-12).
Additionally shown are Hartree-Fock and charge transfer multiplet
calculations [dotted lines in (a) and (b)] alongside the extracted 3d
occupation (a). The spin states corresponding to the shown Hartree-
Fock and charge transfer calculations occupation are also given (b).

sensitive to unoccupied valence states with considerable
cobalt 3d character, effectively probing the local electronic
structure at the cobalt site. We additionally performed charge
transfer multiplet calculations [45], which are also shown
in Fig. 2(a) (parameters of the calculations can be found in
Table S3 within the Supplemental Material [46]) in order to
simulate the experimental spectra and to extract quantitative
information on the occupation of 3d derived orbitals. The
x-ray absorption spectra in Fig. 2(a) show a clear cluster size
dependence, with three distinct size ranges: small (n = 2-6),
intermediate (n = 7,8), and large n > 10 clusters.

For the small clusters (n = 2-6), the spectral signature
shows an odd-even pattern in the number n of silver atoms
per cluster. The spectra of even-numbered CoAg; 4.6 can be
well described by a Hartree-Fock calculation of an atomic-like
3d8 cobalt configuration. The XAS of odd-numbered CoAggf5
on the other hand can be reasonably well reproduced by a
symmetry adapted but still integer 3d” atomic configuration of
the dopant atom. All other valence electrons are of s character
since the cobalt 4s and silver 5s readily hybridize.

As the cluster size increases to CoAgl and CoAgy, the
odd-even pattern is less prominent and the XAS of these two
clusters have similar shape. This is a result of an increased
hybridization of the dopant and host states as indicated by
the noninteger occupation of 3d derived states, evident from
simulation of experimental XAS of CoAg;f ¢ using a symme-
try adapted charge transfer model. It should be noted that
this is the same size range, which in the literature has been
predicted to mark the transition from two to three dimensional
like structures in neutral, doped silver clusters with varying
transition metal impurity [16,22,24,47].

CoAg{ again follows the odd-even pattern in the cobalt 3d
configuration of the small species. The experimental spectrum

can be simulated by a symmetry adapted model alone not
involving any charge transfer. The resulting electronic con-
figuration of the cobalt dopant is identified as 3d”.

Starting with the x-ray absorption spectrum of CoAg,, the
spectral signature changes dramatically and the spectrum now
consists exclusively of one main line and one strongly blue-
shifted satellite band, which are approximately 3.5 eV apart
and have an intensity ratio of 5:1. For CoAg;, and CoAg},
the spectral shape remains basically unchanged. Nevertheless,
the spectrum of COAgTO stands out because for CoAg]L1 and
CoAg}, the linewidth increases and a red-shifting of the two
absorption bands is observed. The XAS of these endohedrally
doped species can be simulated involving a parameter set in-
dicating rather strong hybridization of the dopant’s and host’s
electronic states. Hence, the extracted occupation of the 3d
derived orbitals is noninteger (3d%®) and the hopping terms
used in the simulation are larger by a factor of four compared
to CoAgy .

The cluster size dependence of the XMCD spectral shape
mirrors the described trends for the x-ray absorption spec-
troscopy for n < 9, as can be seen in Fig. 2(b). The main
observation is that while the XMCD signal is clearly visible
for all clusters CoAg! with n < 9, there is no XMCD signal
for CoAg], and larger clusters. This is consistent with the
splitting of the 3d orbitals due to the presence of a crystal
field, which is only of moderate strength for n < 9 (cf. Ta-
ble S3 within the Supplemental Material [46]) and therefore
too weak to induce a high- to low-spin transition in CoAg;,
n < 9 [48,49]. Hence, for clusters with n < 9 the spin state is
the highest possible compatible with the 3d occupation, i.e.,
S =1 forevennand S = 3/2 for odd n.

V. DISCUSSION

A. Geometry and electronic structure
of cobalt-doped silver cluster

Computational studies of the geometry of small neu-
tral cobalt doped silver clusters CoAg, have been reported
[22,24], but are not fully consistent with each other. So far,
no experimental information is available to resolve the dis-
agreements. While there are differences in the exact atomic
arrangements, there is consensus that CoAg, clusters withn <
5 are planar [22,24]. Since pure silver clusters with n < 6 are
known to be planar as well [50,51], the structural predictions
are compatible with the picture of cobalt mimicking silver
by delocalizing only the valence 4s electrons, while the 3d
electrons remain essentially localized. Additionally, the for-
mation of electronic shells is predicted to play a role in small
neutral planar cobalt doped silver clusters such as CoAgs [52].
In the electronic shell model, quantum confinement leads to
the grouping of electrons into shells and to so-called “magic”
numbers of electrons for closed-shell configurations [53]. As
the cluster size increases, the predictions on the geometry of
the lowest lying isomer deviate from each other. Particularly,
for CoAg, both an impurity encapsulating isomer [24] and
an isomer with an open structure and exohedral dopant [22]
have been predicted as the ground-state geometry. Encapsu-
lation could be expected if the neutral CoAg, system is best
characterized as an 18 electron system with all silver 5s and
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FIG. 3. Comparison of the density-of-states (DOS) of high-spin CoAgy (b) and low-spin cationic CoAgj, (a) and neutral CoAg, (c).
The blue lines correspond to the total DOS (mainly contributed by silver 4d states), while the shaded red areas are projections of the total
DOS onto the atomic orbitals of cobalt. The high-spin state of CoAgg results from 10 delocalized valence electrons occupying electronic
shells and seven localized 3d states (shown at the bottom of the figure). In the low-spin systems CoAgfrO (a) and CoAg, (c), the cobalt
3d states fully participate in the formation of electronic shells (18 delocalized valence electrons). For the isosurfaces a value of 0.01 a.u.

was used.

cobalt 3d and 4s valence electrons delocalized, thus achieving
electronic shell closure. Yet in Ref. [22], the encapsulation of
cobalt by nine silver atoms resulted in elongated silver-silver
bond lengths, reducing the binding energy.

For cationic cobalt doped silver clusters no systematic size
dependent computational studies were performed. Several ex-
perimental studies, and complementary computational work
for selected sizes, suggested that CoAg}, is the smallest clus-
ter with an encapsulated cobalt atom [14,18,19]. In summary,
whereas for the neutral CoAg, clusters there is no agreement
in the literature on the size of the smallest endohedrally doped
cluster (n = 9 vs n = 10), CoAgTO is known to be the smallest
cationic endohedrally cobalt doped silver cluster.

An approach for disentangling the number of valence elec-
trons from the geometry is to investigate both neutral and
cationic species. For this reason we performed DFT calcula-
tions for three selected clusters: CoAg;r , CoAg, and CoAgTO.
The latter two systems have the same number of valence
electrons if all silver 5s and cobalt 3d and 4s electrons are
contributing to the cloud of delocalized electrons. In our cal-
culations, for the neutral CoAg, cluster, the isomer with an
encapsulated cobalt impurity lies 0.45 eV lower in energy
than the exohedral isomer. In contrast, for the cationic CoAgy
cluster, the open structure isomer is found 0.09 eV lower in
energy. The lowest-energy isomers are depicted in Fig. 3.

B. Spin states of cobalt-doped silver clusters

In neutral cobalt doped silver clusters, a clear response to
the magnetic field is only observed for the smallest clusters
with odd number of valence electrons (n = 4, 6, and 8). The

deflection pattern for CoAg, and CoAgg matches the blocked-
spin behavior observed for odd numbered spin doublet silver
clusters (see Sec. I within the Supplemental Material [46]),
that is, those two clusters likely have S = 1/2, matching the
computational predictions [24]. The strong response to the
magnetic field in the beam profile of CoAg, is likely explained
by blocked spin S = 1/2 behavior with the doublet beamlets
being deflected out of the ionization region (6 x 3 mm?), but
due to the low signal-to-noise ratio we cannot strictly discard
weak quartet beamlets and the corresponding S = 3/2 state.
CoAg, is predicted to have doublet and quartet states with the
same energy within the accuracy of the computations [24].
For CoAg; the deflected profile is slightly broader (FWHM =
1.28 mm) than the undeflected profile (1.14 mm). This may be
an indication of a nonzero magnetic moment for this size, also
in line with the computational predictions [22,24] of a triplet
state with S = 1. The absence of a clear magnetic response
for CoAg, is consistent with either a singlet state, with no
magnetic moment, or a triplet state that is subject to spin
relaxation in the magnetic field since this would lead to a weak
response below our experimental sensitivity under the current
conditions. On the other hand, the experimental sensitivity
allows to exclude higher spin states S > 2 (see Supplemental
Material [46] for maximal spin states that are compatible with
the experimental sensitivity). Hence, for CoAg,, we cannot
determine whether S = 0 or S = 1 is present.

For all larger (n > 9) cluster sizes no significant deflection
was measured. This is consistent with the computational pre-
diction that high spin states (S > 1) are much higher in energy
[24]. However, the lowest spin state for all even n CoAg,
clusters is S = 1/2 and would be expected to cause, as for
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pure odd n pure Ag, cluster, two symmetrical beamlets. The
likely explanation for the absence of these beamlets is that
the fraction of vibrationally cold clusters is small in those
larger spin doublet clusters, causing the fraction of clusters
that does not undergo spin relaxation, and thus contribute
to the symmetric beamlets, to be below the detection limit.
Indeed, the larger a cluster becomes, the more vibrational
modes it has and thus the lower the probability that the cluster
is in the vibrational ground state. Atomic-like splitting into
beamlets only takes place when spin relaxation is inhibited.
Otherwise, spin relaxation results in single-sided deflection.
On top of this there is a strong cluster dependence as particu-
larly the presence of soft vibrational modes strongly reduces
the population of the vibrational ground state. Also, in the
doped species, a non-zero orbital magnetic moment of the
localized cobalt 3d orbitals [29] could additionally contribute
to the spin relaxation via spin-orbit coupling. This can explain
the relatively lower fraction of deflected cobalt doped clusters
relative to pure silver clusters consisting of the same number
of atoms.

In contrast to neutral CoAg, clusters, all CoAg/! clusters
with n = 2—9 show a considerable magnetic response since a
finite XMCD asymmetry is observed. Only for clusters with
n = 10-12 the XMCD signal vanishes. As mentioned above,
the XMCD signal at the cobalt L3 edge results from the local
magnetic moment at the cobalt site. It is moreover possible
to obtain information on the global magnetic moment as the
XMCD intensity is scaled by the magnetization of the cluster,
which is a Brillouin function B(icuser, T, B) of the cluster
global magnetic moment as well as of cluster temperature
T and the strength of the applied magnetic field B [27,30].
The observed XMCD signal for the smaller clusters therefore
indicates both a nonzero global and local (cobalt 3d) magnetic
moment. For the larger clusters, the missing XMCD signal
indicates that CoAgj, and CoAg/, have a singlet ground
state and CoAgj, has a low-spin § = 1/2 ground state. Fur-
thermore, the missing cobalt 2p XMCD signal for CoAg]L1
demonstrates that the unpaired spin has essentially no local-
ized cobalt 3d character but is of s character and delocalized
over the cluster, consistent with the single occupation of the
28 cluster electron shell for a 19 electron system. From the
measured relative XMCD amplitude and the lowest possible
ion temperatures in the ion trap, we can discard low-spin
states for CoAg/ clusters with n < 8 and therefore propose
S =1 and S = 3/2 states for even and odd n, respectively.
The high-spin ground state, together with strong multiplet
splitting, indicates that the cobalt 3d orbitals remain localized
at the cobalt site, which is in line with the simulations for
n < 6 [cf. Fig. 2(b)]. For n = 7, 8 the spectral shape of the
x-ray absorption spectrum and the non-integer 3d occupation
indicate that slight hybridization with silver 5s and/or 4d or-
bitals occurs. For n = 9 a high-spin ground state with § = 3/2
is proposed, in line with the simulation, demonstrating that no
or only little delocalization induced by Co(3d) — Ag(5s/4d)
hybridization takes place. In this 17 valence electron system,
seven electrons remain localized at the cobalt impurity in
a 3d’ configuration, while the remaining ten electrons are
mostly of s character (cobalt 4s and silver 5s) and delocalized
over the whole cluster.

TABLE 1. Most plausible spin state for neutral CoAg, and
cationic CoAg;" clusters as proposed from experiments and cobalt
3d occupation of CoAg}. Spin states given in brackets can not be
excluded.

Spin state S Co 3d occupancy
Cluster size n Neutral Cationic Cationic
2 1 8
3 3/2 7
4 1/2(3/2) 1 8
5 1 3/2 7
6 1/2 1 8
7 1(0) 3/2 7.3
8 1/2 1 7.3
9 0 3/2 7
10 1/2 0 8.6
11 0 1/2 8.6
12 1/2 0 8.6
13 0
14 1/2
15 0

The proposed spin states for the neutral CoAg,, and cationic
CoAg; clusters are summarized in Table L.

A detailed analysis of the proposed unique electronic struc-
ture of CoAgg is discussed in the following. In Fig. 3 the
calculated density of states (DOS) for the proposed 10 (delo-
calized) + 7 (localized) electron system CoAg;L is shown and
for comparison also the DOS of CoAg, and of the endohe-
dral isomer of neutral CoAgg, which both are 18 delocalized
electron systems. For both cationic CoAg/, and neutral
CoAg,, the delocalization of all 18 valence electrons leads
to a closed electronic shell configuration with § = 0 and the
grouping of electrons into shells can be inferred from the
DOS, in line with previous predictions based on mass spec-
trometric data [14]. Detailed examination of the DOS and
corresponding orbitals of the isoelectronic CoAg, and CoAg},
clusters allow identifying the expected 152, 1P°, 1D', 252, ..
orbitals, with a large HOMO-LUMO gap between 1D and
28 for these closed 18 electron shell clusters. (We use italic
capital letters to refer to cluster shell model electron orbitals.)
This also implies that the magnetic moment of the endohedral
cobalt atom will be quenched, and hence also the total mag-
netic moment (see below).

In the case of cationic CoAgy, the calculation suggests that
1S, 1P, and 1D electronic shells are formed. The 1P level,
containing six electrons that mainly originate from silver 5s
electrons, is fully occupied but the level degeneracy is lifted
because of the low symmetry of the cluster. Two delocalized
electrons occupy the 1Dy, (sub)shell, which has mixed silver-
cobalt character. In total the electron cloud consists of ten
delocalized electrons, while seven cobalt 3d electrons remain
localized. The localized molecular orbitals are depicted at the
bottom of Fig. 3. This assignment is in agreement with the
local 3d’ configuration inferred above from the comparison
of the measured and simulated x-ray absorption spectra at the
cobalt L3 edge.
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C. Interplay of geometry, impurity—host-state hybridization
and electron count on spin states of cobalt doped silver clusters

In our x-ray absorption spectroscopy study of CoAg; clus-
ters with n = 2—12, we observe a strong change of the spectral
shape and a vanishing XMCD signal for CoAg; clusters with
n > 10 as can be seen in Fig. 2, where the cobalt impurity
is encapsulated by the silver atoms, and the doping becomes
endohedral as is known for cationic species from photofrag-
mentation [14] and reactivity [18,19] studies and predicted
for neutral species by computational [22,24] studies. A clear
correlation of the shape of the x-ray absorption spectrum, shift
of excitation energy, and vanishing local magnetic moment
with the onset of dopant encapsulation has been previously
observed in manganese-doped silicon clusters [10]. However,
in contrast to CoAg, where the dopant electrons contribute
to delocalized states of the free electron gas, the molecular
orbitals in MnSi; are not well described by a free electron
gas due to the covalent bonding in the silicon host. We also
identify a size regime in cationic CoAg, clusters (n =7, 9)
of intermediate 3d—5s hybridization strength similar to what
has been predicted for VAg, clusters [16]. This size range
coincides with the predicted cluster-size dependent transition
from two to three dimensional structures in other (neutral)
transition metal doped silver clusters [16,17,22,23]. Accord-
ing to the predictions, this structural transition is accompanied
by the onset of a partial encapsulation of the dopant atom.
CoAgy stands out by a low 3d—5s hybridization, which goes
along with its exohedral ground-state geometry.

Regarding the electronic structure, the exohedral size
regime is characterized by a weak perturbation of the cobalt
3d orbitals from the atomic limit as x-ray absorption spectra
can be simulated by symmetry adapted atomic Hartree-Fock
calculations. Hence, there is no pronounced hybridization,
such that the cobalt 3d orbitals remain largely nonbonding,
localized at the cobalt site and forming a high-spin ground
state. The alternating spectral shape and excitation energy of
the cobalt L3 resonance (see Fig. S5 within the Supplemental
Material [46]) reflects an alternating nominal 3d occupation
as extracted from comparison to our simulations.

Our results show that the cobalt 3d occupation adapts to
the number of silver valence electrons, as to always give an
even number of delocalized valence electrons in the cluster,
but does not depend considerably on the atomic environment
of the dopant. This ultimately defines the spin magnetic mo-
ment of the exohedral clusters. A similar odd-even pattern
of the L3 onset (that is related to the 3d occupation [54])
and alternating 3d configuration has been observed previously
for exohedrally titanium-doped gold clusters [9]. The atomic
environment of the dopant is predicted to vary strongly as
the number of silver atoms increases. It is worth mention-
ing that for small exohedral clusters CoAgS’Jr n = 2—6 spin
polarization of the silver host is incompatible with the local
3d electron population and the spin ground states as deduced
from the XAS and XMCD measurements. Negligible spin
polarization of the host is also compatible with the inhibited
spin relaxation, which leads to the atomic-like Stern-Gerlach
deflection observed for n = 6 and 8. All this is in contrast to
DFT studies on CoAg, clusters reporting sizable spin polar-
ization at the host [24], which might be due to the known
tendency of DFT to overestimate delocalization of 3d orbitals,

see Ref. [55] and references therein. The electronic structure
in the endohedral regime is characterized by a strong intra-
cluster 3d-5s interaction between the cobalt impurity and the
silver host as evidenced by the emergence of a satellite line
in x-ray absorption spectroscopy [56,57]. Consequently, our
charge transfer multiplet calculations involve large hopping
terms. In line with the strong hybridization, the median of
the excitation energy shifts to higher energy by ~0.5 eV, see
Fig. S5 within the Supplemental Material [46]. In contrast to
endohedrally doped silicon clusters where significant covalent
bonding of the host atoms leads to a strong size dependence
of the dopant electronic structure [10], here we find very little
size dependence of the dopant’s local electronic structure.
This can be understood by the formation of hybridized cluster
orbitals instead of directional bonds as in manganese-doped
silicon clusters, leading to strong delocalization of the cobalt
3d electron density and to a low-spin ground state.

With respect to spin multiplicity, the encapsulation of the
cobalt impurity by the silver host has a similar effect on
the magnetic moment for both neutral and charged clusters.
Hybridization leads to a quenching of the impurity magnetic
moment and therefore to a low-spin ground state as observed
for cobalt impurities in bulk silver [58]. The remaining single
spin in the larger odd-electron clusters with a doublet ground
state is likely delocalized and spin relaxation is effective as
evidenced by the absence of symmetric deflection beamlets.
Interestingly, while in CoAg;_ 1» Clusters the arrangement
of some or all electrons into electronic shells contributes to
stabilization, the effect on the magnetic moment is very dif-
ferent for exohedral CoAgy and endohedral CoAgf, ,,. In
exohedral CoAg;' spin pairing of delocalized valence
electrons involves only ten electrons and the remaining seven
valence electrons do not participate but remain instead local-
ized at the cobalt impurity, leading to a high-spin § = 3/2
state. In the endohedral CoAg}LO_12 on the other hand, all
valence electrons delocalize, participating in the filling of the
electronic shells leading to low-spin states. The high to low
spin transition observed from exohedral to endohedral clusters
is consistent with the strong blue shift observed in the x-ray
absorption (see Fig. S5 within the Supplemental Material
[46]) [59.60].

In Fig. 4 the proposed spin states for cationic and neutral
CoAg, clusters are plotted against the nominal number of va-
lence electrons (Ag Ss, Co 3d and 4s) that is a better descriptor
than the number of silver atoms. For larger clusters with more
than 17 valence electrons, the spin state is the lowest possible,
with an odd-even alternation for neutral and cationic species.
In contrast, for smaller clusters the spin state is intermediate
for neutral species and high for cationic species. The magnetic
impurity acts as a reservoir of electrons for the complete filling
of the low-energy states of the free electron gas [8,9]. In
the cationic species with 13 valence electrons, CoAg;r, only
seven electrons remain localized in 3d orbitals thus achieving
spin pairing in the free electron gas consisting of six delo-
calized electrons (silver 5s hybridized with cobalt 4s). The
local cobalt 3d” configuration leads to a quartet spin state as
observed via x-ray spectroscopy. As mentioned above, CoAg;
with 17 valence electrons is a special case as the spin pairing
achieved by 10 delocalized electrons of cobalt 4s and silver
S5s character without involvement of the seven 3d electrons
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FIG. 4. Spin state S of CoAgg*+ clusters as suggested from Stern-
Gerlach and x-ray spectroscopy studies as a function of the nominal
number of valence electrons. While high spin states are found for
cationic CoAg; clusters with a nominal number of valence electrons
< 17, only intermediate spin states are found for neutral CoAg, with
the same nominal number of valence electrons. For a number of
valence electrons >18 both neutral and cationic clusters adopt the
lowest possible spin state for the given number of electrons.

additionally stabilizes the quartet state from the local 3d’
configuration. The neutral clusters with 13 and 15 valence
electrons, CoAg, and CoAgg, require no delocalization of 3d
electrons from the magnetic impurity to attain four and six
delocalized s valence electrons, respectively. Hence, cobalt
assumes a 3d° configuration, leaving only one unpaired spin
in agreement with the observed deflection of a doublet spin
state. In summary, for exohedral clusters with odd number
of valence electrons, the impurity acts as electron donor to
the delocalized electron gas in cations but as an acceptor of
redundant electrons in neutrals resulting in lower spin states
for the latter.

VI. CONCLUSIONS

We have investigated the size-dependent magnetic prop-
erties and electronic structure of neutral and cationic
cobalt-doped silver clusters, CoAgg’J’, in the few-atom size
range. We found that clusters with more than nine silver atoms

are low-spin systems independent of their charge state, coin-
cident with the increase in stability and decrease in reactivity
of endohedrally doped silver clusters. The encapsulation of
the cobalt impurity by the nonmagnetic host with delocalized
electrons goes along with strong hybridization of silver S5s
and cobalt 45/3d orbitals driven by the tendency to form a
free electron gas, resulting in delocalized electronic states that
lead to quenched local 3d magnetic moments and low-spin
ground states. Moreover, endohedrally doped clusters with a
doublet state show enhanced spin relaxation when compared
to pure silver clusters. In exohedral clusters the spin magnetic
moment of the cluster is determined by spin pairing of valence
electrons of the host that results in high and intermediate spin
states in cationic and neutral clusters, respectively.

A combined experimental study of cationic and neutral
clusters was reported, providing evidence about the evolution
with cluster size of the magnetic moment of noble metal
clusters with a single magnetic dopant. This study shows that
quenching of magnetism in small cobalt-doped silver clusters
that are fully encapsulated is due to strong hybridization of
cobalt 4s/3d orbitals with the silver 5s valence electrons,
leading to an electronic shell closure for CoAgf’0 and cor-
responding to a high density of states at the Fermi level,
which is consistent with the underlying physics predicted for
early transition-metal doped coinage metal clusters. These
observations provide fundamental insight in the interaction of
magnetic atoms with nonmagnetic hosts, in the limit of very
small nano-objects.
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