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The magnetic moment of a single impurity atom in a finite free electron gas is studied in a combined
x-ray magnetic circular dichroism spectroscopy, charge transfer multiplet calculation, and density
functional theory study of size-selected free chromium-doped gold clusters. The observed size dependence
of the local magnetic moment can be understood as a transition from a local moment to a mixed valence
regime. This shows that the Anderson impurity model essentially describes finite systems even though the
discrete density of states introduces a significant deviation from a bulk metal, and the free electron gas
is only formed by less than 10 electrons. Electronic shell closure in the gold host minimizes the interaction
of localized impurity states with the confined free electron gas and preserves the magnetic moment of 5 μB
fully in CrAuþ2 and almost fully in CrAuþ6 . Even for open-shell species, large local moments are observed
that scale with the energy gap of the gold cluster. This indicates that an energy gap in the free electron gas
stabilizes the local magnetic moment of the impurity atom.
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The interaction of localized impurity states with a free
electron gas [1] leads to such complex phenomena as Friedel
oscillations [2] or the Kondo effect [3]. The properties of
magnetic impurities in nonmagnetic bulk metals [4] have
therefore been subject of intense research over the last 50
years. Considerable advances in the understanding of these
many-body effects have been achieved by photoemission,
x-ray magnetic circular dichroism (XMCD), and scanning
tunneling spectroscopy of adatoms [5–10], clusters on
surfaces [11], or well-defined quantum dots [12,13]. This
allows the study of fundamental parameters such as the on
site Coulomb repulsion or the amount of interaction of
the impurity atom with the host metal. In all these cases,
however, the impurity atom is in contact with a bulk free
electron gas that has a continuous density of states at the
Fermi energy. In contrast, the study of single impurities in
size-selected clusters would allow us to characterize the
interaction of localized electronic states with a finite free
electron gas, i.e., with awell-defined number of electrons and
a highly discrete density of states, for which the bulk concept
of metals does not apply [14,15]. Because this introduces a
new parameter for the control of electronic and magnetic
properties, isolated transition-metal-doped coinage-metal
clusters have been studied intensively by density functional
theory (DFT) calculations [16,17] and experiment: their
electronic and geometrical structure as well as their relative
stability have been probed by photoelectron [18–20],

infrared photodissociation [21,22], and ultraviolet photo-
fragmentation [23,24] spectroscopy, as well as by electron
diffraction [25]. Yet, none of these experimental techniques
directly addresses magnetic properties. Here, we study
chromium-doped gold clusters as model systems that com-
bine considerable local magnetic moments, carried by the 3d
electrons of the impurity atom, with a finite free electron
gas formed by the gold host. We investigate the magnetic
moment of a single chromium impurity by local and element-
specific XMCD spectroscopy of size-selected gas phase
clusters [26–30]. The results of our combined experimental
and theoretical study show that the size dependence of
the local magnetic moment in the finite, isolated system
CrAuþn is correlated with the variation of the energy gap at
the Fermi energy of the host cluster. This can essentially be
understood within the Anderson impurity model [1] despite
the significant modification that is introduced by the energy
gap and by the discrete density of states in a finite system.
Experimentally, x-ray absorption andXMCDspectrawere

recorded in ion yield mode with a combined linear ion
trap and superconducting solenoid setup [27–35] that
has sufficient sensitivity to study singly doped size-selected
free clusters [28,36,37]. The cluster beam is produced in a
magnetron gas aggregation source by cosputtering of chro-
mium and gold targets, mass selected in a quadrupole mass
filter, and transferred into the radio frequency ion trap by
electrostatic and radio frequency ion guides. Inside the ion
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trap, the doped gold clusters are magnetized by an external
5 T magnetic field under continuous helium buffer gas
cooling to an ion temperature of ð12� 4Þ K. Resonant
photoexcitation at the L2;3 absorption edges of chromium
was performed at BESSY II beamline UE52-PGM. After
x-ray absorption, the core-excited cluster ions relax via
cascading Auger decay, which leads to photofragmentation
of the parent ion [32,33,38]. Thephotoionyieldwas recorded
at the chromium L2;3 edges for linear as well as for circular
polarization with parallel and antiparallel alignment of
photon helicity and magnetic field. The resulting x-ray
absorption spectra in Fig. 1 were normalized to the incident
photon flux and scaled to unity at the L3 edge. The XMCD
signal was normalized to photon flux and number of
unoccupied 3d states as inferred from the integrated x-ray
absorption signal to directly reflect the amount of magneti-
zation. These experimental spectra allow us to obtain local
and element specific information on the electronic and
magnetic structure of the chromium impurity in CrAuþn
clusters. This holds true even though the XMCD spin sum
rule [39] cannot be applied to chromium because of

intermixing 2p3=2 → 3d and 2p1=2 → 3d transitions
[40,41] even for seemingly well separated lines.
Nevertheless, quantitative information on the electronic
structure and the local magnetic moment can be obtained
from comparison to charge transfer multiplet calculations
[42,43], shown in Fig. 1. This is possible for CrAuþn ,
n ¼ 2; 5–7, where we were able to model the experimental
spectra. The resulting weights of the electronic configura-
tions that contribute to the ground state are given in Fig. 1. To
further analyze the electronic and magnetic properties of
CrAuþn , established ground state geometries [16] were
reoptimized in a Kohn-Sham DFT framework as imple-
mented in the QUANTUM ESPRESSO 5.0 planewave code [44],
employing the Perdew-Burke-Ernzerhof approximation to
the exchange-correlation functional [45]. For more informa-
tion see Supplemental Material [46] and references therein
[47–49].
As can be seen from the nonvanishing XMCD signals in

Fig. 1, all CrAuþn clusters under study exhibit local and total
magnetic moments that are oriented in the presence of the
externalmagnetic field independent of the detailed geometric

FIG. 1 (color online). Left: Linear x-ray absorption spectra (solid lines) of CrAuþn clusters, n ¼ 2–7, normalized to the L3 maximum
intensity and overlaid with theoretical spectra (dashed lines) of CrAuþn , n ¼ 2; 5–7, from charge transfer multiplet calculations next to
relaxed ground state structures [16] (dark atom: chromium; light atoms: gold). Center: Corresponding XMCD spectra (solid lines) of
CrAuþn , normalized to the number of unoccupied 3d states and theoretical spectra (dashed lines) from charge transfer multiplet
calculations, giving the weight of configurations that contribute to the ground state. Right: Measured orbital magnetization at the
experimental conditions of T ¼ ð12� 4Þ K and μ0H ¼ 5 T.
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and electronic structure. The spin magnetic moments of
CrAuþn , n ¼ 2; 5–7, extracted from the charge transfer
multiplet calculations are shown in Fig. 2(a). These values
are in excellent agreement with local chromium spin mag-
neticmoments obtained fromDFT calculations by projecting
the Kohn-Sham orbitals onto atomic wave functions.
The spin magnetic moment of almost 5 μB in CrAuþn ,

n ¼ 2; 6, originates from a nearly pure 3d5 configuration of
the chromium impurity. This strong atomic localization
of the 3d electrons at the chromium site is also reflected
in screening effects that shift the maximum of the L3

absorption line and XMCD asymmetry in Fig. 1 by
≈ 0.5 eV to lower excitation energy [32,50] for CrAuþn ,
n ¼ 2; 6 as compared to n ¼ 3–5; 7. For CrAuþ2 , a fit of the
calculated XMCD asymmetry to the experimental spectrum
yields an alignment of 0.48� 0.05, which corresponds to
the Brillouin value for a total spin S ¼ 5=2 at B ¼ 5 T and
T ¼ ð14� 3Þ K. This agrees well with the experimental
conditions of T ¼ ð12� 4Þ K. Thus, the magnitude of
the XMCD asymmetry further confirms a spin magnetic
moment of 5 μB in CrAuþ2 .
In case of CrAuþn , n ¼ 2; 6, we expect the magnetization

to be solely due to the spin contribution, since a half filled
3d shell does not carry orbital angular momentum. This can

indeed be shown experimentally because the XMCD
orbital sum rule is very robust and can be applied to the
early transition metal chromium [41]. The orbital magneti-
zation extracted from the XMCD data is shown in the right
panel of Fig 1. As expected, the orbital moments in CrAuþn
are zero within the error bars for n ¼ 2; 6 whereas
significant orbital contributions can be found for
n ¼ 3; 4. These finite orbital momenta imply that the
ground state should be dominated by a 3d4 or 3d6

configuration, which reduces the spin magnetic moment
as compared to the isolated chromium atom. The admixture
of 3d4 or 3d6 configurations, manifest in the strong
configuration mixing in the ground state in Fig. 1, suggests
that the chromium 3d electrons hybridize with gold 5d=6s
states not only in CrAuþn , n ¼ 5; 7 but also for n ¼ 3; 4.
From the electronic ground state of CrAuþn , n ¼ 5; 7, one
would expect considerable orbital momenta as well.
However, these seem to be strongly reduced or quenched
because of symmetry breaking where the orbital angular
momentum ceases to be a good quantum number [27].
Where there is a finite orbital magnetic moment ðn ¼ 3–5Þ,
this is aligned parallel to the spin magnetic moment as can
be seen from the sign of the orbital magnetization and from
the energy dependent integrals of the XMCD signals
presented in the Supplemental Material [46]. The combi-
nation of XMCD spectroscopy, charge transfer multiplet,
and DFT calculations shows that hybridization of the
impurity 3d and the host 5d=6s electronic states in
CrAuþn , n ¼ 3–5; 7, only leads to a reduction but not to
a complete quenching of the local spin moment.
The particular behavior of CrAuþ2 and CrAuþ6 can be

understood from the electronic stability of the gold host.
The gold subunits of both clusters, depicted in Fig. 1,
are structurally close to pure Au2 and Au6 [51]; i.e., they
remain nearly undistorted when adding the chromium
impurity. In CrAuþn , n ¼ 3–5; 7, in contrast, the gold host
is strained and deformed in comparison to its isolated,
relaxed counterpart. This enhanced stability of Au2 and
Au6 stems from shell closure for two and six delocalized 6s
electrons [51], which, in spite of a strong spd hybridization
[52], form a free electron gas confined in a two dimensional
potential well [53]. Therefore, Au2 and Au6 are known to
feature large second differences in binding energy and wide
energy gaps ΔE ≈ 2 eV at the Fermi energy [51]. Since the
presence of an energy gap strongly affects the density of
electronic states and thus, the amount of hybridization, a
relation between ΔE and the impurity magnetic moment
can be anticipated, cf. Figs. 2(a) and 2(e). Because of
the wide energy gap, the chromium cation is expected to
interact more weakly in CrAuþn , n ¼ 2; 6 than with the
open-shell gold clusters. This is indeed true, as can be
inferred from the chromium-gold interaction energy
Eint ¼ EðCrþÞ þ EðAunÞ − EðCrAuþn Þ, shown in Fig. 2(b).
To extract the contribution of the chromium interaction
with the gold cluster from the total energy, EðAunÞ is

FIG. 2 (color online). (a) Calculated local chromium spin
magnetic moments μS of CrAuþn from a DFT population analysis
(black upwards triangles) and from charge transfer multiplet
(CTM) calculations fitted to the experimental data (blue down-
wards triangles); (b) Cr-Au interaction energy Eint; (c) Anderson
regime criterion jEdj=2Γ; (d) criterion for full spin polarization
Ed > 2Γ − ðU0 þ 4JÞ, using J ¼ 0.75� 0.25 eV; (e) energy gap
ΔE of the Aun host in the geometry of CrAuþn .
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calculated in the same geometric configuration of Aun as
in CrAuþn . As expected, the weakest impurity-host inter-
actions of 2.5 eV and 3.3 eV are indeed found for CrAuþ2
and CrAuþ6 , respectively. In CrAuþn , n ¼ 3–5; 7, Eint

increases to 3.3–5 eV and indicates an increasing amount
of covalent or metallic bonding. In contrast to electronic
shell closure, the coordination of the impurity atom only
plays a minor role for the spin, but strongly modifies the
orbital angular momentum. The spin magnetic moment
of two-dimensional clusters with n ¼ 2–5 decreases only
slightly even though the coordination number increases
linearly and is equal to the number of gold atoms while the
average chromium-gold distances remain at ≈ 2.7 Å [46].
A similar effect is observed for larger (n ¼ 6–9) three-
dimensional CrAuþn clusters. However, Fig. 2(b) also
reveals that Eint cannot fully explain the size dependence
of the magnetic moment, because this simple criterion
would predict nearly identical magnetic moments and
localized 3d electrons for CrAuþ6 and CrAuþ3 , which is
not the case as can be seen from Fig. 2.
The interaction between a magnetic impurity and the free

electron host states is a crucial ingredient for the local
magnetic moment in the Anderson impurity model [1].
Within this model, the magnetic moment of the impurity
atom sensitively depends on the interplay of the on site
Coulomb repulsion, i.e., the direct Coulomb interaction of
two electrons in the same localized orbital, on the energetic
position Ed, and on the width 2Γ of the localized state. This
width is determined by the coupling strength to the free
electron states and by their density in the vicinity of the
energy of the impurity state [1]. In the absence of any
interaction with the free electron gas, the impurity states Ed
and Ed þ U0 are separated by the bare Coulomb interaction
U0 that preserves the local magnetic moment if U0 pushes
the state Ed þU0 above the Fermi level. In the presence
of an interaction, virtual states are formed at energies
Ed þ U0 · n− and Ed þ U0 · nþ, where n� are the occupa-
tion numbers of the impurity atom majority and minority
states. The separation of the virtual levels is reduced to an
effective value Ueff ¼ U0ðnþ − n−Þ by hybridization of the
localized impurity states with free electron gas states, which
causes a broadening of the virtual states [1]. Here, ðnþ − n−Þ
is the spin polarization of the localized state. A generaliza-
tion of theAnderson impuritymodel to a fivefold degenerate
impurity state, as for 3d elements, shows that the separation
of majority and minority states is increased by the intra-
atomic d − d exchange J to U0 þ 4J [54].
For a quantitative analysis of the relevant parameters

U0, 2Γ, and Ed, we performed DFT calculations; for
details see SupplementalMaterial [46] and references therein
[55–57]. The Anderson impurity model predicts full spin
polarization of a system if Ed ≥ 2Γ − ðU0 þ 4JÞ, i.e., if the
broadened minority spin state lies completely above the
Fermi energy [58]. This criterion is fulfilled for all clusters
investigated

as can be seen from Fig. 2(d). Hence, the magnetic moments
of CrAuþn clusters have to be proportional to the 3d
occupation of the impurity, which is indeed the case as
inferred from the charge transfer multiplet calculations.
Within the Anderson impurity model, the number of 3d

electrons should deviate from five for chromium if the
width 2Γ of the localized state becomes comparable to its
binding energy Ed, which leads to only partial occupation
of the localized state. The criterion jEdj=2Γ is shown in
Fig. 2(c). For CrAuþn , n ¼ 5; 7–9, we find jEdj=2Γ < 1,
i.e., a mixed valence state. Consequently, we have to mix
the two configurations ½Ar�3d4 and ½Ar�3d5, which is
equivalent to a partial occupation of the 3d state, in order
to model the experimental XMCD spectra within the charge
transfer multiplet framework. Even though jEdj=2Γ ≈ 1,
i.e., only on the brink of a mixed valence state, we conclude
that CrAuþn , n ¼ 3; 4, is indeed in a mixed valence
state from the finite orbital magnetization that reveals a
clear deviation from a pure ½Ar�3d5 configuration. With
jEdj=2Γ ≫ 1, CrAuþ2 is clearly in a localized moment state,
while CrAuþ6 is primarily in a localized moment state,
as indicated by jEdj=2Γ ≥ 1 and substantiated by the fact
that only a small admixture of a 3d4 configuration is needed
to reproduce the experimental spectrum in Fig. 1. Hence,
the magnetic moments observed in CrAuþn clusters can
essentially be explained in terms of the Anderson impurity
model, even though the requirement of a continuous
density of states is not fulfilled.
We would like to emphasize that by varying the size of

CrAuþn clusters different regimes of the Anderson impurity
model can be prepared and probed. These are mainly
determined by the size dependence of the width 2Γ of the
localized state. In particular, the local moment regime,
yielding the largest magnetic moments, can be found for
CrAuþ2 and CrAuþ6 , where 2Γ is strongly reduced because
of the large energy gap in the electronic density of states of
the gold host. On the other hand, the energy gap ΔE of the
open shell host is reduced in CrAuþn , n ¼ 3–5; 7 in com-
parison to n ¼ 2; 6. This results in larger widths 2Γ of the
impurity state, and consequently, in a mixed valence state.
Finally, Fig. 2 shows that the variation of the impurity

magnetic moment is only of the order of 10% for CrAuþn
even though the energy gapΔE and the interaction Eint vary
by a factor of 2. This is because even in bulk gold, i.e.,
in the absence of any energy gap, the chromium impurity
is magnetic [59] and carries a spin magnetic moment of
3.61 μB [60]. The effect of reduced hybridization on this
already large magnetic moment is a sizable increase of the
spin magnetic moment by ≈ 0.8−1.2 μB. An even larger
effect of the energy gap or a discrete density of states on the
local magnetic moment should be observed in systems with
small or even vanishing magnetic moment of the impurity
in the bulk limit. In the latter case, the energy gap might
even serve to restore the local magnetic moment of the
impurity atom.
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In summary, the experimentally observed size depend-
ence of the magnetic moments of size-selected chromium-
doped gold clusters is in line with the Anderson impurity
model. The size-dependent variation of the spin magnetic
moment is linked to the amount of hybridization of the
impurity with the host density of states, which, in turn, is
governed by the energy gap of the gold host cluster.
Electronic shell closure in the gold host leads towide energy
gapsΔE in the free electron states. These energy gaps reduce
the interaction with the impurity, increase the on site
Coulomb repulsion, and lead to themaximum spinmagnetic
moments of almost 5 μB for CrAuþn , n ¼ 2; 6. This effect is a
result of quantum confinement in the free electron gas
and is thus unique to finite systems. It allows us to control
the impurity magnetic moment by tuning the interaction
with the free electron gas via quantum size effects.
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