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We demonstrate by analysing a model dilute Kondo alloy that x-ray magnetic circular dichroism

(XMCD) is able to evidence the Kondo regime.

The temperature evolution of the d spin and

orbital magnetic moments of Fe impurities in highly diluted Cu:Fe alloys is measured. XMCD is
also a unique technique which enables the direct and separate measurement of the spin and orbital

moments of a Kondo impurity.

The Kondo effect [1] is a paradigm of the many body
interactions that originates from the hybridization of
strongly correlated electron orbitals with a continuum of
free-electron like metal states. It is well understood for
a single spin S = 1/2 from the Anderson impurity model
(AIM) [2] or from the related s—d Kondo model [3, 4]. Via
spin flip-excitations at 0 K, the impurity and the contin-
uum host states form a coherent many-body singlet state,
where the impurity spin state is completely screened by
the host continuum states [3, 5]. With increasing temper-
ature, the system exhibits a crossover [6] at the so-called
Kondo temperature Tk, from a low temperature local
Fermi liquid state [3, 5] to a high temperature magnetic
regime characterized by a free spin behavior corrected
by logarithmic temperature terms. It was noted early
that a correct description of experiments should take into
account orbital degrees of freedom, crystal field effects,
Hund’s rule coupling, localized Coulomb and exchange
interactions [7], but all these points remain very challeng-
ing. For example, recent theoretical studies of the Au:Fe
system [8, 9] propose different low energy effective mod-
els (n-channel model [10], orbital dependent Kondo effect
[11]) to interpret magnetotransport and decoherence ex-
periments. Studies combining density functional theory
(DFT) and quantum Monte—Carlo [9, 12], or non-crossing
approximation reveal the importance of multi-orbital ef-
fects and the difficulty to determine a reliable value of
the Kondo temperature [13]. For the Cu:Fe dilute alloy,
an archetype of dilute Kondo system [3, 14, 15], the n-
channel model with n =4 and S = 2 fits the Mossbauer
magnetization and specific heat data [16]. This implies
that the Fe impurity is in a Fe?* spin and orbital singlet
state. These assumptions, and in particular the lifting
of the orbital degeneracy on a energy scale larger than
the Kondo temperature are however not fundamentally
justified.

From an experimental viewpoint, classical magnetom-

etry techniques typically measure the macroscopic sus-
ceptibility and do not provide information at the level
of the impurity itself. On another hand, scanning tun-
neling microscopy has provided useful information about
the spatial and structural dependence of the Kondo effect
[17-19], but details on the magnetic configuration itself
remains unaccessible. X-ray magnetic circular dichroism
(XMCD) has the sensitivity to measure low concentra-
tions, typical of such systems. It has also the unique
capability to separate in a direct way spin and orbital
moments with chemical selectivity. XMCD may there-
fore become an interesting tool to investigate orbital ef-
fects in Kondo systems, as for example the possibility of
different screenings for spin and orbital moments.

Here, we investigate the crossover from the free param-
agnetic limit to the Kondo screened state using XMCD
in the Cu:Fe dilute system. We provide the first sepa-
rate measurement of the spin and orbital magnetic mo-
ments in an extended temperature range. We show that
the spin magnetic moment is strongly reduced below the
Kondo temperature, whereas the orbital moment remains
constant in the explored temperature range. The Cu:Fe
system is well suited for such studies, since its Kondo
temperature (=~ 20K) provides an experimentally siz-
able temperature range below Tk as well as above in the
paramagnetic phase, where the magnetic signal rapidly
decreases with temperature.

The fabrication of dilute alloys for Kondo effect mea-
surements is critical and two main difficulties have to be
overcome. The first one is the formation of magnetically
coupled Fe pairs: too large concentrations lead to non
negligible pair formation. Since the Kondo temperature
of pairs (T%""") is much lower than T for isolated impu-
rities, at temperatures between T and Tk, the param-
agnetic pair signal will dominate [20, 21]. Therefore, the
impurity concentration should be kept as low as possible.
The second one is related to sample oxidation. Copper is



indeed not a good barrier against oxygen penetration and
Fe oxidizes near the sample surface. Contrary to conven-
tional techniques, in x-ray absorption spectroscopy, the
oxide signal can be identified and subtracted, so that
mora accurate results can be obtained. Two series of
polycrystalline dilute Cu:Fe alloys were prepared. A first
series of bulk alloys was obtained by a melting prepa-
ration technique [20]. A second series was prepared in
form of thin films by magnetron sputtering in ultra-high
vacuum conditions (base pressure in the low 10~% mbar
range). This method was used successfully in earlier
Kondo effect experiments [22]. Films of 200 to 350 nm
were deposited on transparent SiC membranes (200 ym
thick). They were grown at room temperature by co-
deposition from a pure Cu target and a mixed Cu:Fe one
containing 1% at. Fe. The evaporation rates (=~ 1nm/s)
were adjusted to obtain the desired composition. After
fabrication, the samples were kept at ~ 100K to avoid
atomic diffusion which may lead to clustering of Fe impu-
rities (i.e, yielding a paramagnetic pair magnetization)
[20]. The electrical resistivity of the samples was de-
termined by a conventional 4-point resistance technique.
X-ray absorption Spectroscopy (XAS) experiments were
performed at the SIM beamline at the Swiss Light Source
on the French cryo-magnet end-station. The absorption
spectra were recorded at the Lo 3 edges of Fe in a +6.5T
magnetic field in the 2K to 150K temperature range.
The field was parallel to the incident photon beam, nor-
mal to the sample surface. XMCD spectra were obtained
by switching both the x-ray helicity and the direction of
the magnetic field. Doing so removes any possible spuri-
ous asymmetries and yields reliable dichroic signals. The
bulk samples obtained by melting were analyzed by to-
tal electron yield (TEY) and the thin film samples by
TEY and transmission. Because of the very small Fe con-
centration and weak magnetic signal, XMCD was only
measured with the largest available field. At each tem-
perature, about 80 energy scans, representing 6 hours
of acquisition time, were averaged to obtain the XMCD
signal.

Two samples were measured: a 2500 ppm sample ob-
tained by melting, and a thin film sample with 500 ppm.
The first one yields larger Fe signal, but with important
pair interaction, whereas the second one provides negli-
gible pair interaction. The Fe concentrations were esti-
mated by measuring the edge jump intensity at the Fe L3
edge. They agree within &~ 10% with the nominal concen-
trations. The measured Kondo minima of the resistivity
are respectively 21 K (500 ppm) and 40K (2500 ppm), in
excellent agreement with earlier measurements [23]. In
the following we will focus on the 500 ppm thin film sam-
ple. The results for the 2500 ppm are discussed in the
Supplemental Material.

A significant contribution of oxidized Fe is visible in
the absorption spectra in both TEY and transmission
modes. The TEY spectra are characteristic of the sur-

face and they are of pure oxide character. Note that the
oxide spectra are not comparable to those of conventional
bulk Fe oxide. They rather reveal a mixture of various en-
vironments of Fe in a small crystal field as expected for
cuboctahedral or tetrahedral symmetries [24, 25]. The
transmission spectra are characteristic of the whole sam-
ple, including a surface contribution (Figs.la and b).
They contain contributions from both unoxidized and ox-
idized Fe atoms (Fig.1c). The oxide contribution to the
transmitted XMCD signal can be removed by subtract-
ing the TEY signal measured on the same sample, after
proper normalization. Such procedure to separate differ-
ent contributions has already been applied successfully
to other systems [26, 27].
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FIG. 1. (Color online) XAS and XMCD signals for a 500 ppm
Cu:Fe sample on SiC membrane. a) XAS in TEY mode; b)
XMCD in TEY mode; ¢) XAS in transmission; d) XMCD
in transmission before (red) and after (black) subtraction of
the oxide contribution. The vertical dashed line identifies the
position of the oxide feature. The spectra are recorded in a
+6.5T field and at 10 K.

Applying the sum rules [28, 29] (see Supplemental Ma-
terial for a discussion on their validity) on the oxide-
corrected Fe XMCD signal allows extracting the spin and
orbital magnetic moments as a function of temperature.
More precisely, the projections of the moments per atom
along the photon beam direction (parallel to the mag-
netic field) are actually determined. The XMCD signal
intrinsically contains a contribution from 2p — 4s transi-
tions, which can however be neglected since their absorp-
tion cross section is very small compared to the 2p — 3d
transitions (=~ 100 times smaller) [25]. Since the sam-
ples are polycrystalline and likely cubic, the magnetic
dipolar term (7) to the spin sum rule can also be safely
neglected, as usual for intermetallic compounds [30].

Let us first examine the m;/mg ratio (Fig.2). It has
the advantage to be independent of the number of d
holes, which is generally obtained from DFT calcula-
tions [31]. Omne notices two regimes: a constant ratio



in the low temperature range, which coincides with the
low-temperature Kondo regime observed in the resistiv-
ity (Fig.2 inset), and an increase above ~ 40 K. There is
currently no available theory able to calculate the tem-
perature dependence of the m;/mg ratio for a Kondo sys-
tem. Only Ligand Field Multiplet (LFM) calculations
allow estimating this ratio, but they do not take into
account Kondo correlations and are not well appropri-
ate for describing materials with strong band character
like metallic systems. Nevertheless, they give an idea of
what is expected for a non-Kondo system. For a free
ion in spherical symmetry, the m;/mg ratio is constant,
provided temperature does not mix states with different
total orbital momenta. However, when a crystal field is
present m;/ms becomes temperature dependent. Some
sets of LFM parameters fairly reproduce the observed
behavior (see Supplemental Material). Therefore, in the
absence of a reliable calculation including Kondo correla-
tion, one cannot draw conclusions from the m;/m; ratio.
In particular, one cannot conclude on different Kondo
screenings for spin and orbital moments. We will there-
fore have to analyze separately a m; and m.
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FIG. 2. (color online) Orbital to spin moment ratio m;/ms as
a function of temperature for the 500 ppm sample in a 6.5T
field, as determined from the sum rules. The dotted line is a
guide to the eye. The full (blue) curve is a LFM calculation
for an Fe ion in a 3d” configuration in a dodecahedral sym-
metry with 10Dg = 0.25eV and a reduction of the atomic
Slater integral parameters of k = 0.8 (see Supplemental Ma-~
terial). Inset: low temperature resistivity as a function of T'
for the same sample on a semi-logarithmic scale. Note the
characteristic In(T) Kondo behavior of the resistivity at low
temperature.

To do so, the XMCD signal must be normalized to
the white line integral, which is proportional to the num-
ber of d-holes [31]. The white line integral reveals to be
temperature independent, indicating no charge evolution
with temperature. We can therefore take a calculated
number of d holes from DFT calculations to estimate ab-

solute values of mg and m;. These calculations show that
the number of d holes for an Fe impurity embedded in a
Cu matrix and for bulk Fe are identical within ~ 0.5%
(see Supplemental Material). Here, we take Ny = 3.37.
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FIG. 3. (Color online) The lower and upper panels display
respectively d-spin (disks) and orbital (squares) moments as
determined from sum rules as a function of temperature for
the 500 ppm sample in a 6.5 T field. The blue lines are re-
spectively the spin (bottom panel)and orbital (top panel) mo-
ments given by a LFM calculation for an Fe ion in the same
configuration as in Fig. 2. The paramagnetic Langevin func-
tion for a single atom magnetic moment of ms; = 2.7 up in a
6.5 T field is plotted as a full green line (ms = 2.7 up is the
value obtained by DFT calculations for Fe in Cu). Mdéssbauer
data from Steiner et al. are represented as a dashed red line.
These data were interpolated to 6.5 T for enabling comparison
with the present experiment.

Figure3 shows the variation with temperature of the
spin and orbital d-magnetic moments per atom in a 6.5T
field as deduced from XMCD sum rules. First, one no-
tices that the measured spin moment at low temperature
is much smaller (= 10 times) than the value one would
expect for a paramagnetic Fe atom. This very weak value
is spectacularly different from what is observed e.g. for
isolated atoms on surfaces, which show magnetic mo-
ments of several Bohr magnetons at these temperatures
[32, 33], but it is indeed expected from Kondo screening.
For comparison, a Langevin function [34] (green line) as-
suming a spin moment of 2.7 up per atom (as obtained
by DFT for Fe in Cu) is plotted, together with the spin
moment obtained by LEM calculations (blue line) for an
Fe ion in a crystal-field. None of the models reproduce
the experimental behavior of mg (see Supplemental Ma-
terial). Second, the spin moment exhibits a crossover
from a nearly temperature independent regime, identi-
fied as the Kondo regime, to a free-atom behavior for
T > Tx. Note that the 2500 ppm sample yields both
similar temperature evolution and spin moment per iso-
lated Fe atom. The analysis is however more complicated



since it requires removal of a paramagnetic Fe pair signal
(see Supplemental Material).

The only earlier measurements of the local Fe impu-
rity magnetization on this system were performed by
Mossbauer spectroscopy [35]. These data are shown as
a dashed red line in Fig.3. Although the XMCD deter-
mined spin moments are smaller then those measured by
Mossbauer spectroscopy, the two behaviors obtained by
completely different local experimental techniques agree
qualitatively.

The orbital moment is almost constant with temper-
ature and is extremely weak. It is in good agreement
with the value obtained with DFT, but not with LFM
calculations who give much larger values, except if the
Slater integrals are strongly reduced (see Supplemental
Material). The intrinsically small orbital moment unfor-
tunatelly does not allow to get significant information of
the effect of Kondo correlations.

In summary, we show that XMCD is able to iden-
tify the signature of the Kondo effect in the tempera-
ture dependence of an impurity magnetic moment. The
crossover from the Kondo regime to the free atom-like
paramagnetic regime of an Fe impurity in dilute Cu:Fe
alloys is measured. XMCD has the unique advantage of
a direct measurement of both spin and orbital magnetic
moments. It opens up the possibility to get better insight
in multi-orbital and spin-orbit effects. XMCD should also
become an interesting complement to scanning tunneling
spectroscopy for in situ studies on Kondo systems like
atoms and molecules on surfaces.
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