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The magnetic moment induced on Rh atoms, forming 1.6 nm average diameter clusters, embedded in

an Al2O3 matrix, has been determined using x-ray magnetic circular dichroism measurements. The

magnetic moment varies linearly with the applied magnetic field. At 2.3 K and under 17 T, the spin

magnetic moment amounts to 0:067ð2Þ �B=Rh atom. The orbital moment does not exceed 2% of the spin

moment. The susceptibility is highly temperature dependent. This is in agreement with a prediction due to

Moriya and Kawabata, that in itinerant electron systems, close to the onset of magnetism, the renormal-

ization of the magnetic susceptibility by electron correlations, leads to a Curie-like behavior.

DOI: 10.1103/PhysRevLett.109.197204 PACS numbers: 75.20.�g, 75.10.Lp, 75.30.Cr

Despite the fact that the d electronic shell is incomplete,
none of the metallic elements from the 4d and the 5d series
present ordered magnetic phases. The d band width is
significantly larger than in the 3d series and the density
of states at the Fermi level, NðEFÞ is consequently weaker.
The conditions for the existence of stable magnetism (the
Stoner criterion in a simple picture) are not satisfied. Some
of the 4d and 5d metals, however, are close to the con-
ditions for the onset of magnetism. The 4d metals Ru, Pd,
or Rh, exhibit enhanced Pauli paramagnetism [1,2] with
room temperature susceptibility reaching 8:0� 10�4 for
Pd and 1:6� 10�4 for Rh and giant moments are found
to develop on the 4d impurity atoms of dilute alloys with
Fe or Co [3,4].

A number of theoretical studies predicted [5–11] that
when 4d noble metals are prepared in the form of very
small clusters (typically containing less than 50 atoms),
stable ferromagnetism should be stabilized, due to band
narrowing in low dimensions. By measuring the in-flight
deflection of such very small clusters, Cox et al. [12] found
that Rh clusters were ferromagnetic, whereas Pd and
Ru clusters were not. The Rh intrinsic magnetic moment
(‘‘internalmoment’’ inRef [12]), derived from these experi-
ments, decreased with increasing the cluster size,
from 0:8 �B=atom in 10-atom clusters to 0:1 �B=atom in
35-atom clusters. A magnetic moment of the same order of
magnitudewas found under an appliedmagnetic field of 5T,
for quasifree clusters, deposited or embedded in Ar [13].

From the above experiment, it was inferred that the
stable moment on Rh disappears at cluster size above
typically 100 atoms [12,13]. At larger cluster sizes, corre-
sponding to 100–300 atoms, the type of magnetism en-
countered remains to be analyzed [14,15]. Indeed, the
properties of correlated electron systems close to the onset
of magnetism, is one of the fundamentally less-understood

aspects of magnetism [16]. However, the realization of
such studies has been hindered by experimental difficulties
inherent to the experimental characterization of weakly
magnetic systems. In the present study, we exploit the
unique possibilities offered by x-ray magnetic circular
dichroism (XMCD), specifically high sensitivity and ele-
ment selectivity, to unambiguously detect the Rh magnetic
signals in clusters.
The clusters were prepared by ion implantation within

an Al2O3 matrix. The insulating nature of the matrix
ensures that the electronic states within the Rh metallic
clusters (equivalent to the Bloch states in an infinite peri-
odic system) are confined to the cluster itself and do not
extend into the matrix. Band narrowing, associated with
electron confinement, tends to favor the onset of magnetic
behaviors. A 90 nm-thick alumina film was deposited by
atomic layer deposition (ALD) on a 25 �m thick kapton
foil. A beam of negative Rh� ions was used for implanta-
tion, produced from a NEC SNICS source [17]. The SNICS
was operated at a high potential and the extracted negative
ions were accelerated to 26 keV. The total incident dose
reached 3:2� 1016 Rh=cm2. The major contamination of
the beam reaching the irradiation chamber was due to
RhO� ions and it was estimated to be in the ppm range
or lower. The expected Rh implanted depth profile was
evaluated using the simulation code SRIM-2011 [18] (see
Supplemental Material [19]). A more realistic profile of
implanted Rh atoms was obtained after considering that the
sample surface is progressively sputtered as implantation
develops. The number of implanted atoms then amounts
to 1:5� 1016 and they are essentially distributed in the
first 5 nm from the surface (see Supplemental Material
[19]). From previous experiments dealing with the implan-
tation of noble metals, such as Ag or Au withinAl2O3 [20],
it was expected as well that at the total implantation dose of
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3:2� 1016 Rh�=cm2, the Rh atoms will coalesce into
clusters.

TEM studies (Fig. 1) were carried out on a freshly
implanted sample, prepared in the same manner as the
one studied by XMCD but deposited onto the carbon
membrane of a copper-based TEM grid. The high angle
annular dark field (HAADF) images were taken in STEM
mode using a probe Cs-corrected FEI Titan 80–300 micro-
scope operated at 200 kV. The bright field (BF) images
were taken with a Philips CM300 microscope. As it can be
seen from both HAADF and BF images, the observed Rh
clusters exhibit an approximately spherical shape and are
distributed densely and uniformly within the Al2O3 matrix
(Fig. 1). The BF image in Fig. 1(b) taken at a higher
magnification reveals that the clusters are essentially sepa-
rated (see online additional information), with an average
intercluster distance around 0.7 nm. The observed cluster
separation corresponds to expectation since the clusters
density here is only �20% of the Rh full density and the
characteristic feature of ion implantation is that it favors
the formation of spherical and separated clusters (see
Supplemental Material [19]). Assuming that the size dis-
tribution is Gaussian, the mean cluster diameter is 1.6 nm
with a full width at half maximum of 0.7 nm (inset to
Fig. 1). The cluster diameter corresponding to the highest
occupancy probability is 1.8 nm. In addition, rare cluster
agglomerates were found, representing less than 1% of the
sample volume and having a diameter of about 5 nm. Note
that the distribution of cluster size revealed by TEM has
nearly no influence on the qualitative analysis presented
below. Based on the previous studies of in-flight Rh clus-
ters, the possible contribution of very small ferromagnetic
clusters is expected to be negligible and the distribution in
size over the nonferromagnetic clusters (see below) may
affect the results quantitatively but not qualitatively.

Elemental analysis (see Supplemental Material [19]) was
also performed using energy-dispersive x-ray spectroscopy
analysis on a Philips CM300 microscope. No other element
than rhodium, aluminum, and oxygen (from Al2O3 matrix),
or carbon and copper (from the TEM grid) was found.

No lattice fringe was observed which was attributed to
the excessive thickness of the TEM lamella (70–80 nm
thick). Lattice fringes were found in a sample which was
implanted onto a 40 nm thick Al2O3 matrix at a lower
implantation dose of 2� 1016 Rh�=cm2, establishing the
crystalline nature of the clusters in this case. These Rh
clusters have a smaller size (1.3 nm) than in the higher dose
sample object of the present study. According to experi-
mental observations [21] and ab initio calculations [22],
the critical volume above which the fcc bulk crystal struc-
ture is recovered is about 50 atoms. From this, it can be
concluded that the Rh clusters examined by XMCD are
crystalline.
The x-ray-absorption near-edge structure (XANES) and

XMCD spectra of the clusters, at the Rh L2;3 absorption

edges, were measured at the ESRF beam line ID12. The
first harmonic of the helical undulator HELIOS II was used
to provide circularly polarized x rays in the energy range
between 3.0 and 3.2 keV. At these energies, the Bragg angle
of the Sih111i double crystal monochromator is close to the
Brewster angle of 45�. This leads to a strong reduction of
the circular polarization rate of the x-ray beam, down to
12% and 5% at the L2 and L3 edges of Rh, respectively.
The XANES spectra were recorded in the total fluores-
cence yield detection mode, using Si photodiodes. The
XMCD spectra were obtained as the direct difference of
the XANES spectra recorded with the helicity either anti-
parallel or parallel to the magnetic field applied to the
sample. To eliminate possible experimental artifacts, the
XMCD spectra were measured for two opposite directions
of the applied magnetic field. The spectra were corrected
for the incomplete circular polarization rate. The XMCD
was measured at two different temperatures, 2.3 and 10 K.
The magnetic field (B) up to 17 T, was produced by a
superconducting solenoid (Cryogenics, Ltd). For the sake
of data comparison, XMCD measurements were also per-
formed at room temperature and B ¼ 2 T, at the Rh L2;3

edges on a 100 nm-thick ferromagnetic FeRh film.
The XANES spectrum of the Rh clusters and that of the

FeRh thick film (Fig. 2), similar to those previously pub-
lished [23,24], reveal characteristic differences. A strong
reduction of the white line intensity is found in FeRh. It is
ascribed to charge transfer from the Fe atoms to the Rh
ones, as found in Rh-Pt alloys [25]. In contrast, the white
line intensity obtained with the Rh clusters is similar to the
one characterizing Rh metal (not shown) and no energy
shift exists between both XANES spectra. These results
indicate that the hybridization between the electronic states
of the Rh clusters and the electronic states of the Al2O3

matrix is weak.
In contrast to the XANES spectra, the XMCD spectra

of the Rh clusters (at 2.3 K and under 17 T) and of the
FeRh film are quite similar in spectral shape (but not in
intensities). To derive the spin and orbital moments carried
by the Rh 4d electrons, the so-called magneto-optical

FIG. 1. (a) Dark field STEM image and (b) bright field image
of the Rh clusters implanted in an Al2O3 matrix. Inset: experi-
mental cluster size distribution (N ¼ number of clusters, D ¼
cluster diameter) and associated Gaussian fit.
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sum rules were applied to the experimental XMCD
spectra [26,27]:

hSzi ¼ 3
2ðA3 � 2A2Þðn4d=�totÞ � 7

2hTzi (1)

and

hLzi ¼ 2ðA3 þ A2Þðn4d=�totÞ: (2)

In these relations, A2 and A3 are the integrated XMCD
signals at the L2 and L3 edges, respectively, n4d is the
number of holes in the Rh 4d bands, �tot is the total
absorption cross-section corresponding to 2p-4d transi-
tions, and Tz is the spin magnetic dipole operator.

In the analysis, the contribution of the spin magnetic
dipole hTziwas neglected [24,28]. Even though this term is
significant, it has the same field and temperature depen-
dence as the total moment. Therefore its omission does not
affect the main conclusions of the analysis. Following the
standard procedure [28], the normalized x-ray absorption
cross section per 4d hole, r ¼ n4d=�tot ¼ 0:144, was de-
termined by subtracting the Ag-foil L2;3 spectra from the

experimental Rh L2;3 spectra measured on the FeRh film

and taking the theoretical value for the number of Rh 4d
holes ( ¼ 2:34) from [29].

Using this value, the Rh 4d spin and orbital magnetic
moments were derived. For FeRh, the spin and orbital
moments are parallel to each other and are equal to
1:068� 0:008 �B and 0:070 �B � 0:003 �B, respec-
tively. This gives an orbital to spin ratio of the order of
0.06. Using exactly the same procedure for the Rh clusters,
the average magnetic moment per Rh atom at 2.3 K and
under 17 Tesla is equal to 0:067 �B � 0:002 �B.
Surprisingly the orbital contribution is very small, not
exceeding 2% of the spin moment. The larger absolute

errors in the moment values in FeRh compared to the Rh
clusters, are due to the contribution of the magnetic
EXAFS to the L2;3 XMCD signals.

To unravel the origin of the Rh magnetic moment in the
clusters, temperature, and field dependent measurements
of the XMCD signal at the Rh L2-edge (8 and 2 T at 2.3 K
and 17 T at 10 K) were performed. The signals shown in
Fig. 3 have all the same spectral shape. Since the orbital
moment was found negligibly small, at 2.3 K, the observed
field and temperature dependence were assumed to reflect
changes in the Rh 4d spin moment. The data are summa-
rized in Table I.
The Rh spin moment derived at 2.3 K, varies linearly

with the applied magnetic field (Fig. 4). From 2.3 to 10 K,
the Rh moment measured under 17 T decreases by a factor
of 3.5. The moment of 0:067 �B measured at 2.3 K
under 17 T is 20 times larger than the magnetic moment
of 2:7� 10�4 �B expected from the known Pauli para-
magnetic susceptibility of bulk rhodium [2]. Further, the
Rh bulk susceptibility increases by about 7% from 0 to
300 K. In contrast, the strong decrease from 2.3 to 10 K, in
the value of the Rh magnetic moments measured under
17 T mimics the behavior of an assembly of (super)para-
magnetic uncoupled moments.
The finite temperature moment, �T , of an assembly of

classical moments is expressed as

�T ¼ �0LðxÞ: (3)

FIG. 2 (color online). Rh L2;3 XANES and XMCD spectra
measured on the Rh clusters (in red) and on a Fe50Rh50 film
(dotted, in blue). The XMCD spectra are corrected for incom-
plete circular polarization rate. For the sake of comparison the
XMCD signals recorded on a Fe50Rh50 film are divided by a
factor of 15. The difference in spectral shape and amplitude is
clearly visible at the Rh L3 edge.

FIG. 3 (color online). XANES (in black) and XMCD signals at
the L2 edge measured on the Rh clusters under the different
experimental conditions.

TABLE I. Rh spin moment, MXMCD
s , derived from XMCD

data, and Rh spin moment Mcalc
s calculated in a local moment

picture, assuming a Rh localized moment of 0:2 �B.

TðKÞ, BðTÞ 2.3 K, 2 T 2.3 K, 8 T 2.3 K, 17 T 10 K, 17 T

MXMCD
s (�B) 0.002 (2) 0.029 (2) 0.067 (2) 0.019 (2)

Mcalc
s (�B) 0.008 0.032 0.065 0.015
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The 0 K moment of a given entity (atom or cluster), �0, is
equal to n�Rh, where n is the number of atoms in a given
entity and �Rh is the Rh magnetic moment, L is the
Langevin function, and x ¼ �0B=kBT. Based on previous
studies [12,13], the possible occurrence of superparamag-
netic clusters was considered first. From TEM observa-
tions, the number of atoms in a 1.8 nm–diameter cluster
was derived to be n � 220. Since the Rh moment under
17 T at 2.3 K is of 0:067 �B=Rh, the moment of a given
cluster �0 should be 15 �B or more. Then, the calculated
magnetization at 2.3 K (as well as at 10 K), is nearly
saturated above 5 T in complete disagreement with the
experimental results (see Fig. 4). This discrepancy suggests
that the Rh moments in a cluster are paramagnetic rather
than ordered ferromagnetically. A satisfactory fit to the
experimental data is obtained for �Rh ¼ 0:2 �B (Table I
and Fig. 4).

However, the occurrence of uncoupled local moments is
very unlikely for such a system of 4d itinerant electrons.
Moriya [30] has shown that the models developed to de-
scribe the properties of very weak ferromagnets [31,32]
should apply close to the onset of ferromagnetism. The
susceptibility in these systems is strongly enhanced by
exchange interactions. As temperature is increased, the
enhancement factor is reduced due to the stiffening of
spin fluctuations. The resulting temperature dependent para-
magnetic susceptibility has been calculated in a primitive
model, assuming an electron gaslike band structure. At
sufficiently high temperature, the susceptibility displays a
Curie-like behavior [30]. The main parameter in the calcu-
lation is the Stoner parameter � ¼ UnðEFÞ where nðEFÞ is

the electron density at the Fermi level EF, and U represents
the exchange interactions between two electrons with oppo-
site spins. The Stoner criterion for the onset of magnetism is
given by �> 1. For � ¼ 0:992, the low temperature sus-
ceptibility is enhanced by a factor 50 with respect to the free
electron Pauli susceptibility (see Fig. 2 in Ref. [30]). In the
present study, the enhancement factor with respect to the
experimental Rh susceptibility amounts to 20. Considering
the simplicity of the model and the fact that the parameter �
is not well known, the qualitative agreement obtained can be
considered satisfactory. The temperature dependent recip-
rocal susceptibility should deviate from linearity at low
temperature, typically below T=T0 ¼ 0:01, where T0 is
the Curie temperature in the Stoner model, neglecting cor-
relations (see [30]). Assuming T0 ¼ 1000 K, deviation
should occur below 10 K. The ratio between the moments
measured at 2.3 and 10 K under 17 T, equal to 3.5 (1.0),
differs from the temperature ratio which amounts to 4.3.
Although not statistically significant, this difference may
be related to the expected saturation of the susceptibility
at low T.
These results can be examined in the context of the

existing band structure calculations, for Rh clusters con-
taining up to 200 atoms, performed in the tight binding
approach (Guirado-Lopez et al [33] and Barreteau et al.
[6]). Above 100 atoms, the Rh magnetic moment is zero or
very small. Because of the small number of atoms in a
given cluster, the local density of states vary from one atom
to another and the Stoner criterion may be locally fulfilled.
Qualitatively, one may expect that such intrinsically het-
erogeneous magnetic state could favor the development of
spin fluctuations. Unfortunately, even a semiquantitative
description of these is not yet accessible to electronic
structure calculations.
The weakness of the orbital moment is another charac-

teristic feature emerging from the present study. Onewould
expect the orbital moment to be larger in Rh, a 4d element,
than in the 3d elements, Fe or Co. Most generally, the main
contribution to the orbital moment is due to spin-orbit
mixing between states close to the Fermi level EF. In the
present system, due to spin fluctuations, the splitting of the
4d band differs from one atom to another and, with this,
the symmetry of the states close to EF. Averaging over the
contributions of each atom is expected to lead to a strong
reduction of the total orbital moment. Additionally, the
magnetism of the Rh clusters is expected to be essentially
brought by Rh surface atoms (for which the electronic
structure differs most from Rh bulk electronic structure).
In the case of CoRh clusters, Muñoz-Navia et al. [34]
found that the orbital moment carried by the Rh atoms at
the cluster surface is negligibly small. Note that, due to the
quenching of the orbital moment, no energy gap is ex-
pected in the excitation spectrum. This may favor the
development of the here found spin fluctuations, in par-
ticular, at low temperature.

FIG. 4. Rhodium spin moment derived from XMCD measure-
ments at 2.3 K (bold circles) and 10 K (open circle). Continuous
line: calculated magnetization variation as a function of applied
field at 2.3 K assuming clusters bearing a moment of 15 �B.
Dashed line: calculated magnetization variation as a function of
applied field B at 2.3 K (dashed line) and 10 K (dotted line)
assuming Rh atoms bearing a local paramagnetic moment
of 0:2 �B.
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In conclusion, XMCD studies of Rh clusters obtained by
ion implantation into an Al2O3 matrix reveal exchange-
enhanced Pauli paramagnetism. The induced spin moment
(0:067 �B at 2.3 K under 17 T) is approximately 20 times
larger than in bulk Rh under the same experimental con-
ditions. The spin moment is much larger than the orbital
moment. This study constitutes an experimental confirma-
tion of the fact that the renormalization of the magnetic
susceptibility, due to electron correlations, leads to tem-
perature dependent Curie-like behavior. Experimental
difficulties had prevented earlier confirmation of this theo-
retical prediction.
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