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Kondo screening of the spin and orbital magnetic moments of Fe impurities in Cu
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We use x-ray magnetic circular dichroism to evidence the effect of correlations on the local impurity magnetic
moment in an archetypal Kondo system, namely, a dilute Cu:Fe alloy. Applying the sum rules on the Fe L, 3
absorption edges, the evolution of the spin and orbital moments across the Kondo temperature are determined
separately. The spin moment presents a crossover from a nearly temperature-independent regime below the Kondo
temperature to a paramagneticlike regime above. Conversely, the weak orbital moment shows a temperature-
independent behavior in the whole temperature range, suggesting different Kondo screening temperature scales

for the spin and orbital moments.
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The Kondo effect [1] is a consequence of many-body
interactions that originates from the hybridization of lo-
calized strongly correlated electrons with a continuum of
free-electron-like metal states. According to the Anderson
impurity model [2] and the related s-d Kondo model [3.4],
the spin of an § = % impurity is effectively screened by
the continuum states of the metal host upon the formation
of a coherent many-body singlet state, which occurs below
the Kondo temperature Tk [3,5]. At Tk, the system exhibits
a crossover [6] from a low-temperature local Fermi liquid
state [3,5] to a high-temperature regime characterized by a
free-spin behavior corrected by logarithmic temperature terms.
It was noted early that a realistic description of the Kondo
effect should take into account the orbital degrees of freedom
in addition to the localized exchange interaction and spin
multiplicity of the impurities [7,8].

Despite recent theoretical progress using ab initio methods,
keeping track of all the relevant parameters for transition
metal impurities in nonmagnetic hosts, such as crystal field
or spin-orbit coupling, remains extremely difficult [9-13]. For
example, theoretical studies of Fe impurities in Au [9,10]
propose different low-energy scenarios, namely, the n-channel
model [14] and the orbital-dependent Kondo effect [15], to
interpret magnetotransport and decoherence experiments. On
another hand, studies combining density functional theory
(DFT) and quantum Monte Carlo [10,13], as well as the non-
crossing approximation [12], reveal the importance of multi-
orbital effects and the difficulty to determine a reliable Tk . For
the Cu:Fe dilute alloy, an archetypal Kondo system [3,16—18],
the n-channel model with n = 4 and S = 2, has been shown
to fit the magnetization data deduced from Mossbauer spec-
troscopy and specific heat [19]. These results suggest, without
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further theoretical justification, that the ground state of the Fe
impurities is both a spin and an orbital singlet.

An intrinsic difficulty for experiments is to probe the spin
and orbital magnetic moments in a separate way. Classical
magnetometry techniques measure the macroscopic suscepti-
bility and do not provide information at the level of the impurity
itself. Local techniques such as Mossbauer spectroscopy and
nuclear magnetic resonance (NMR) probe the microscopic
susceptibility, but rely on the assumptions that spin and orbital
components are proportional to the hyperfine field, and that
the orbital component is constant with temperature [17,18,20].
Scanning tunneling microscopy has recently provided useful
information about the spatial and structural dependence of
the Kondo resonance [21-23], including Fe on Cu [24], but
the details of the magnetic configuration remain unaccessible.
X-ray magnetic circular dichroism (XMCD), on the other
hand, has the unique capability to separately probe m, and m;
in a direct and quantitative way [25,26], besides being sensitive
to dilute amounts of transition metal impurities [27-30]. So far,
it has, however, not been used to investigate the temperature
dependence of the local magnetic moment in a Kondo system.

Here, we investigate the crossover from the paramagnetic
limit to the Kondo-screened state of Fe impurities in Cu using
XMCD. We provide a separate measurement of the spin and
orbital magnetic moments as a function of temperature in
a dilute Kondo system. Two main consequences of Kondo
correlations are evidenced: (i) a strong reduction of the
impurity spin saturation moment compared to a paramagnetic
impurity, and (ii) a temperature-independent behavior for m;
below the Kondo temperature. Furthermore, m; is constant
over the considered temperature range, suggesting that m, and
m; are screened differently.

We chose the dilute Cu:Fe alloy system, because of its
historical relevance [3,16—-19,24,31] but mostly because its
Kondo temperature (Tx =~ 20-30 K) provides a relatively
broad temperature range below and above Tk to probe the
Fe magnetic moment. We performed XMCD measurements
between 2 and 150 K, limited by the decrease of the
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magnetic signal with temperature in the paramagnetic phase.
The fabrication of dilute alloys requires addressing two
difficulties. The first is the formation of magnetically coupled
Fe pairs, which occurs when the Fe concentration exceeds
about 1000 ppm. Since the Kondo temperature of Fe pairs
(TR™) is much lower than Tk for isolated impurities, the
paramagnetic pair signal would dominate the impurity moment
at temperatures between T[';alr and Tk [32,33]. The second
is related to sample oxidation which must be specifically
taken into account for the interpretation of the intrinsically
surface-sensitive XMCD measurements. Because Cu is not a
good barrier against oxygen penetration, Fe oxidation takes
place near the sample surface. As shown below, however,
the x-ray absorption signal of Fe oxide can be identified and
subtracted from the absorption spectra of Fe. Two types of
polycrystalline dilute Cu:Fe alloys were prepared: bulk alloys,
obtained by a melting preparation technique [32], and thin
films obtained by magnetron sputtering in ultrahigh vacuum
conditions (base pressure in the low 10~ mbar range). The
latter method was used successfully in earlier work on the
Kondo effect [34]. Films of 200-350 nm were deposited
on transparent SiC membranes (200 pum thick). They were
grown at room temperature by codeposition from a pure
Cu target and a mixed Cu:Fe one containing 1 at. % Fe.
The evaporation rates (&1 nm/s) were adjusted to obtain
the desired composition. After fabrication, the samples were
kept at =100 K to avoid atomic diffusion which may lead to
clustering of the Fe impurities (i.e., yielding a paramagnetic
pair magnetization) [32]. In order to verify the presence of
a Kondo effect, the electrical resistivity of the samples was
measured as a function of temperature using conventional
four-point resistance measurements.

The XMCD experiments were performed at the SIM
beamline of the Swiss Light Source on the French cryomagnet
end station. The x-ray absorption spectra (XAS) were recorded
atthe L, 3 edges of Fein a 6.5 T magnetic field in the 2-150 K
temperature range. The field was parallel to the incident photon
beam, and normal to the sample surface. XMCD spectra were
obtained by switching both the x-ray helicity and the direction
of the magnetic field in order to remove any possible spurious
asymmetries and yield reliable dichroic signals. The spectra
were recorded using the “on-the-fly mode” [35], the light
helicity being switched after a full absorption spectrum. The
magnetic field was inverted after acquisition of a set of several
spectra.

We checked that the smallest concentration that can be mea-
sured within a 1-week beam time was in the order of 500 ppm.
At each temperature, about 80 energy scans, representing
6 h of acquisition time, were averaged to obtain the XMCD
signal. The bulk samples were analyzed by total electron yield
(TEY) and the thin film samples by TEY and transmission.
Because of the very small magnetic signal per impurity and
low Fe concentration, XMCD was only measured with the
largest available field. In order to provide a comparison of the
experimental results with the magnetic moment of Fe expected
in the absence of Kondo correlation effects, we performed an
extensive series of DFT and Ligand field multiplet calculations
(LFMs). While DFT provides an accurate description of the
bare Fe spin moment at 0 K, LFM allows comparing the spin
and orbital moments of Fe ions in a 3d configuration as a
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function of temperature and magnetic field, for different crystal
field symmetries and Slater correlation parameters.

Two samples were investigated: a 2500 ppm bulk sample,
and a 500 ppm thin film sample. The first yields a larger Fe
signal, but with an important pair interaction, whereas the
second provides a negligible pair interaction. The Fe concen-
trations were estimated by measuring the edge jump intensity
at the Fe L3 edge and agree within ~10% with the nominal
concentrations. The measured Kondo minima of the resistivity
are respectively 21 K (500 ppm) and 40 K (2500 ppm), in
excellent agreement with earlier measurements [31]. In the
following we will focus on the 500 ppm thin film sample. The
results for the 2500 ppm are discussed in the Supplemental
Material [36].

The x-ray absorption spectra of the Fe L, 3 edges show a
strong oxide contribution. One must therefore first isolate the
Fe impurity contribution by subtracting the oxide part in the
spectra (see the Supplemental Material [36], Fig. S1). Figure 1
shows oxide-corrected XAS and XMCD spectra at 100 and
2 K. No obvious spectral changes are observed in the XAS
when going from the paramagnetic to the Kondo regime. Since
the system is metallic, possible modifications due to the Kondo
correlations are too faint to be observable. The main qualitative
observation is areduced XMCD intensity at 100 K as compared
to the XMCD at 2 K, indicating a smaller spin moment at high
temperature.

The projection of the spin (m;) and orbital (m;) magnetic
moments along the photon beam (parallel to the magnetic field)
was determined by applying the XMCD sum rules [25,26,36].
Since the samples are polycrystalline and present a local
cubic environment, the magnetic dipolar term (7,) to the
spin sum rule can be safely neglected, as it is usual for bulk
metal compounds [37]. Figure 2 shows the m;/m; ratio as a
function of temperature, obtained after subtracting the oxide
contribution from the Fe XMCD spectra. This ratio depends
only on the relative intensity of the L3 and L, components of
the dichroic signal, and can thus be obtained self-consistently

XAS

XMCD (%)

700 710 720 730 740
Energy (eV)

FIG. 1. Oxide-subtracted XAS (top) and XMCD (bottom) trans-
mission spectra of a 500 ppm Cu:Fe sample deposited on a SiC
membrane for 100 and 2 K, with an applied magnetic field of £6.5 T.
The spectra have been offset for clarity.
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FIG. 2. Orbital to spin moment ratio m;/m, as a function of
temperature for the 500 ppm sample in a 6.5 T field, as determined
by sum rules. The thin (black) line is a guide to the eye. The
thick (blue) solid line is a LFM calculation for an Fe ion in a 3d’
configuration in cuboctahedral symmetry with 10Dg = 0.25 eV and
areduction of the atomic Slater integral parameters of k = 0.8. Inset:
Low-temperature resistivity as a function of 7" for the 500 ppm sample
on a semilogarithmic scale. Note the characteristic In(7") Kondo
behavior of the resistivity at low temperature.

from each XMCD spectrum without the need for a normal-
ization to the total absorption intensity. We note that the way
the oxide/background is subtracted affects the values of m
and m;. The data points result from an average of different
sets obtained by slightly changing the subtraction parameters.
Roughly half of the error arises from the variability introduced
by the subtraction procedure. In Fig. 2 one might distinguish a
first regime independent of temperature below about 30-50 K,
and a temperature-dependent regime at higher temperatures.
The error bars are, however, quite large and a x? test gives
indeed a rejection confidence of only 75% for a constant
m;/mgs(T) ratio hypothesis. The LFM calculations, which
neglect Kondo correlations, present a weaker temperature
dependence compared to the data (see Fig. 2 and Ref. [36]), but
it is not possible to unambiguously conclude on the presence
of a Kondo effect on the basis of m;/m; alone. Hence, it is
mandatory to analyze m and m; separately in order to get
further information. Note that in the presence of crystal field,
the ratio m;/m; is not necessarily constant, as it would be for a
paramagnetic impurity in spherical symmetry (Fig. 2 and see
also Ref. [36]).

In order to extract absolute values of m; and m; as a
function of temperature, the XMCD signal is normalized to the
integral of the isotropic cross section, which is proportional
to the number of holes in the 3d states, N,. As the latter
was found to be temperature independent, we take N, =
3.37 £ 0.15 as calculated by DFT for an Fe impurity embedded
in a Cu matrix. Our DFT calculations further predict m; =
2.72 £ 0.16up at 0 K for the Fe impurities, a result which
is robust against different implementations of the local spin
density approximation [36]. Figure 3 shows the temperature
dependence of m; and m; in a 6.5 T field determined using the
XMCD sum rules.
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FIG. 3. (a) Spin and (b) orbital magnetic moment per Fe ion as
determined from the XMCD sum rules for the 500 ppm sample in
a 6.5 T field. The blue lines represent the moments derived from a
LFM calculation for the same configuration as in Fig. 2. The Langevin
function for a single atom magnetic moment of m; = 2.7ugina6.5T
field is plotted in green. The black lines through the data are guides to
the eye. The red dashed line represents n-channel model calculations
(S =2 and n = 4). This curve was obtained from an interpolation
of the data of Ref. [19] to our experimental field of 6.5 T to enable
comparison. Since these calculations scale with the Mossbauer data
of Steiner et al., the red curve thus also holds for Mossbauer data
interpolated to 6.5 T.

First, we find that at low temperature m; is much smaller
(=10 times) than the value expected for a paramagnetic Fe
atom. This very weak m; is spectacularly different from what
is observed for isolated atoms on surfaces [27,29,30], including
Fe on Cu(111) [38], which show magnetic moments of several
Bohr magnetons at these temperatures. Such areduction, on the
other hand, is expected for Kondo screening. For comparison,
a Langevin function [39] (green line) assuming a spin moment
of 2.7 5 per atom (as obtained by DFT for Fe in Cu) is plotted
together with the spin moment obtained by LFM calculations
(blue line) for a paramagnetic Fe ion in a cuboctahedral
crystal field (Kondo correlations are not included in LFM
calculations). Although several crystal field models were
tested, none reproduces the experimental behavior of m; [36].
In addition, we observe that m, exhibits a crossover from
a nearly-temperature-independent regime, identified as the
Kondo regime, to a paramagnetic behavior for T > Tx. A x>
on m,(T) yields a rejection confidence of 99% for a constant
ms hypothesis. Although our values for m; are smaller, this
behavior is qualitatively similar to the evolution of the Fe
magnetization as determined by Mossbauer spectroscopy [17].
The red dashed curve in Fig. 3 represents n-channel model
calculations [19], describing the evolution of the impurity
magnetization as a function of temperature in a given magnetic
field (see the caption for details) and which also reproduce the
Mossbauer data of Steiner et al. on dilute Cu:Fe alloys [17].

The 2500 ppm sample yields both a similar temperature
evolution and spin moment per isolated Fe atom. The analysis
is, however, more complicated in this case, since it requires
removal of a paramagnetic Fe pair contribution [36].
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The temperature dependence of the orbital moment is in
strong contrast with that of the spin moment. Our data reveal a
finite m; value of (0.04 £ 0.01)p per atom, which is almost
constant with temperature (a x? test indicates that only the
constant hypothesis must be retained) and much smaller than
the value of (0.66 £ 0.04)u g reported for Fe impurities on a
Cu(111) surface at low temperature [38]. Although a nearly
quenched m; relative to the free-atom value is expected based
on the cubic crystal field symmetry and the strong Fe-Cu
hybridization [28], such a weak temperature dependence is
unexpected. An explanation for this behavior requires taking
into account both the on-site correlation within the impurity,
as in a ionic model, as well as its many-body interactions with
the host.

The above results are now compared to those of an ionic
model of Fe impurities in Cu [40]. Consistently with DFT
and the best fit of my(T) in the paramagnetic regime, we
assign a spin S = % to the Fe impurities, corresponding to
a monovalent Fe*(3d”) electron configuration, the one also
suggested for the ground state of Fe impurities in simple metal
hosts [27], for Fe atoms on a Cu(111) surface [38], and by
early Mossbauer and NMR experiments [17,40]. According
to the Hund’s rules, the lowest-energy atomic term is then the
4F state with total orbital moment L = 3. The cubic crystal
field at the Fe sites splits this state into a lower orbital singlet
(4A2g) and two upper orbital triplets (4T2g,4T1 ¢)- When the
spin-orbit interaction is included as a perturbation, the mixing
of the higher-energy orbitally degenerate states with the * Ay,
ground state results in a finite orbital moment, of the order
of (84/10D¢q)up [41]. Taking the spin-orbit constant of the
4F Fe term A & 15 meV and 10Dg = 0.25 eV for the cubic
crystal field splitting, as suggested by our LFM calculations
and the NMR data [40], one obtains m; =~ 0.5u g, which we
may consider as an upper limit of m; in the absence of s-d
hybridization and Kondo screening effects. Such a perturbative
contribution to the orbital moment, however, besides being
too large, is also temperature dependent, in contrast with
the behavior reported in Fig. 3. LFM calculations, which
provide an exact treatment of spin-orbit-induced mixing of
the ground state with higher-energy levels, also yield too
large values of m; at low temperature, unless the on-site
electron correlation is reduced to an unusually low level (see
Fig. S3 in Ref. [36]). On the other hand, there exists also a
smaller, temperature-independent contribution to the orbital
moment, which arises from the second-order Zeeman effect.
This contribution, which has been discussed but is yet to be
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quantified in the interpretation of early Mossbauer and NMR
studies [17,18], is of the order of 2ugB/10Dgq, where B is
the applied magnetic field [40]. In our case, this term may
account for about one tenth of the experimental m;, and is thus
too small to provide a satisfactory explanation for the weak
temperature dependence of the Fe orbital moment.

This analysis, together with the results of our LFM
calculations, indicates that the finite and nearly-temperature-
independent m; cannot be associated with single-ion proper-
ties, as determined by the interplay of crystal field, spin-orbit
coupling, and Zeeman interactions only. A correct description
must consider, for both m; and m;, the Kondo effect resulting
from the d-d correlation effects and the hybridization between
the d orbitals of the impurity and conduction electrons [7,8,42].
Following this hypothesis, our results suggest that Kondo
screening of the Fe orbital moment starts to occur at a much
higher temperature than for the spin moment, beyond the range
probed in the present study.

In conclusion, the XMCD measurements of dilute Cu:Fe
alloys reported in this Rapid Communication provide a
separate determination of the spin and orbital moments of
a Kondo system above and below Tk . The crossover from the
free-atom-like paramagnetic regime to the Kondo-screened
regime is clearly identified for the spin magnetic moment,
which shows Curie-Weiss behavior for 7 > Tk and saturates
at mg ~ 0.35up for T < Ty in a magnetic field of 6.5 T,
a value much smaller than the “bare” Fe spin magnetic
moment of 2.7up calculated by DFT. In contrast with the
spin moment, we find the orbital magnetic moment to be
nearly temperature independent, remaining close to m; =
0.04 & 0.01 5 between 2 and 150 K. In order to understand
theoretically such a behavior, and to investigate a possible
spin and orbital decoupling, it would be necessary to solve
the multiorbital Kondo problem by taking into account not
only the Hund’s rule coupling and the crystal field effect
but also the spin-orbit coupling, which is a very challenging
problem.
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