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Insight into Kondo screening in the intermediate-valence compound SmQOs;Sb,,
uncovered by soft x-ray magnetic circular dichroism
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Through a high-precision soft x-ray magnetic circular dichroism (XMCD) study of the intermediate-valence
compound SmOs4Sb,, we show our successful approach of revealing unprecedented details of Kondo screening
below a characteristic temperature of 7, ~ 20 K in the paramagnetic phase. The multiplet XMCD structure at the
Sm M5 edge sensitive to the 4 configuration enabled us to observe a clear difference between the temperature
evolution above and below 7 with one- and two-component behavior, respectively. Our findings are in strong
contrast to the conventional Kondo crossover that coincides with the valence transition, but are qualitatively
accounted for by theoretical XMCD predictions combined with the two-fluid phenomenology recently proposed.
This work contributes to the large context of Kondo physics that is closely related to quantum criticality in heavy

fermion systems.
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I. INTRODUCTION

Materials containing partially filled f orbitals, frequently
called Kondo lattices (KLs), have been studied extensively
for several decades. At low temperatures, KLs display a large
variety of physical phenomena, including magnetic order,
intermediate valence (IV), heavy fermion (HF), non-Fermi-
liquid behavior, and unconventional superconductivity [1],
which are associated with quantum criticality [2]. A compre-
hensive understanding of quantum phase transitions has been
a central topic in strongly correlated electron systems [3]. The
ground states of KLs are usually governed by a delicate bal-
ance between the intersite Ruderman-Kittel-Kasuya-Yosida
(RKKY) and on-site Kondo interactions as conceptually de-
scribed by the well-known Doniach diagram [1,2,4]. The
RKKY interaction tends to dictate the long-range antifer-
romagnetism. The Kondo interaction favors a nonmagnetic
singlet ground state involving the local moment and conduc-
tion electrons to form itinerant states with enhanced effective
mass and susceptibility [1,2].

One of the key features of KLs is the temperature evo-
lution of the f states from local-moment paramagnetic
behavior at high temperatures to various types of ground
states, in which the local moment and itinerant degrees of
freedom are entangled [5—10]. Since a complete theoretical
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description of KLs remains elusive, the Anderson impurity
model (AIM) has been most widely applied to describe the
thermodynamic and spectroscopic properties of KLs [11-13].
Recent studies, by contrast, have shown that a large number
of experimental quantities are well captured by a phenomeno-
logical two-fluid description [14,15]. This model offers a
constructive way of understanding complicated states of KLs
in place of the mean-field Doniach model. However, micro-
scopic experimental evidence is highly required to understand
the underlying physics of the two-fluid phenomenology [16].

SmOs4Sby, in the filled skutterudite family exhibits a
heavy Fermi liquid state, with a Sommerfeld coefficient of
y ~ 0.82 J/(mol K?), along with ferromagnetic order below
the Curie temperature of 7¢c ~ 2.6 K with a small ordered mo-
ment of only 0.02 up/Sm under ambient pressure [17-19].
This HF state is unusually robust against applied magnetic
fields up to 14 T [17,20], as in some Sm-based caged com-
pounds [21]. In addition, this material, with all the Sm
sites being crystallographically equivalent, is characterized by
strong IV between Sm** (4 £°) and Sm’t (4 £3) even at room
temperature [20-23]. The Sm valence gradually shifts toward
Sm>* down to a characteristic temperature of Ty = 20-25 K,
while a nuclear quadrupole resonance (NQR) study suggests
the distinct onset of Kondo screening below Tj [24,25]. Such
behavior contrasts with the conventional picture of the Kondo
effect [1,2,26]. In addition, this picture has recently been
questioned in the temperature scale of the valence in Yb KLs
[27,28]. The microscopic details of the physical properties
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of SmOs,4Sb, have been an important subject of continued
studies [21,29].

X-ray magnetic circular dichroism (XMCD) in x-ray ab-
sorption spectroscopy (XAS) at the rare earth M, s edges
(excitation of 3d core levels) reflects the dipole allowed tran-
sitions from the 3d'%4f" initial state to the 3d°4f™*! final
states. Such final states show pronounced multiplet effects de-
termined by n, thereby offering an excellent element-specific
tool for the characterization of the rare earth 4 f states [30-32].
Recent advances have allowed the application of XMCD spec-
troscopy to study the Kondo effect in dilute Fe impurities in
Cu films [33] and CePts/Pt(111) [34]. The Kondo effect is
found to be reflected in the XMCD shape in Ref. [33], but
not in Ref. [34]. Recently Nanba et al. [35] have theoretically
predicted a clear difference in the Sm Ms XMCD line shape
between a magnetic and nonmagnetic IV ground states of
SmOs4Sb;,. We have perceived these ground states as a kind
of the dichotomic two fluids, which provides a guide to the
present study.

We report here the results of a high-precision XMCD study
at the Sm M5 edge of SmOs4Sb>. We show that the XMCD
is extremely sensitive to the temperature evolution of the Sm
4 f magnetic state across Tp, which exceeds what has been ex-
pected for soft x-ray core-level spectroscopies with the natural
linewidth on the order of several hundred meV. We discuss
these results in reference to the spectral predictions and the
two-fluid model. We have observed additional XMCD fea-
tures that develop below T, which have its origin in the Kondo
singlet. Our results constitute a detailed investigation of the
temperature-dependent Kondo entanglement in SmOs4Sby,,
and provide microscopic information at the heart of the two-
fluid model.

II. EXPERIMENT

The XAS and XMCD measurements were performed on
BL23SU at the SPring-8 synchrotron radiation (SR) facility
using a superconducting magnet in combination with the 1 Hz
photon helicity switching mode [36]. Here the XMCD is de-
fined as the difference between the XAS spectra for parallel
(u+) and antiparallel (n_) alignment of the photon helicity
and the magnetic field (H), as in the case of our previous study
on CeFe, [37]. All the XMCD spectra were obtained in total
electron yield mode with a beam spot diameter of ~0.2 mm
under H = +7 T along the incident beam direction, which is
parallel to the cubic [001] direction of a high-quality single
crystal [17]. A single crystal of paramagnetic SmS (001) was
also measured at 10 K as a standard sample with a Sm>*
valence state [38,39]. The XMCD spectra were measured
immediately after cleaving the samples in ultrahigh vacuum.
The energy resolution was set to better than 0.15 eV. In order
to minimize experimental artifacts arising from system errors,
each XMCD spectrum was measured for opposite orientations
of the applied magnetic field and the resulting two spectra
were averaged.

III. RESULTS AND DISCUSSION

A. Experimental observations

Figures 1(a) and 1(b) present the polarization aver-
aged XAS [(u— + p)/2], and XMCD (pu— — p4) spectra,

respectively, obtained at the Sm Ms absorption edge of
SmOs,Sby, at T = 5.5 (%0.5) and 50 (£0.2) K across Ty in
the paramagnetic phase. The XAS spectra of SmQOs4Sb); are
quite similar to that at 20 K in Ref. [22]. For comparison,
the XAS and XMCD spectra of SmS, together with those of
Smyg 98, Gd 018Al>, labeled as (Sm,Gd)Al,, at 45 K [40] are
shown in Figs. 1(d) and 1(e) as a Sm>" and Sm*" reference
spectra, respectively. The small XAS shoulder labeled as A,
and the small peak at 1072.6 eV in Fig. 1(a) are ascribed to
Sm?* components.

A closer examination of Fig. 1(a) shows a small difference
in the intensity ratio of peak B to A (Ig/I4), indicating that
the Sm valence in SmOs4Sb;, slightly shifts toward Sm**+
with decreasing temperature. Since the considerable overlap
between the Sm>* and Sm>" features complicates the quan-
titative determination of the Sm valence, we plot Ig/Is as a
function of temperature (left axis) in Fig. 1(f), and compare it
with previous experimental results of the Sm valence (right
axis) determined by bulk sensitive SR-based techniques of
XAS at the Sm L, edge [20] and Sm 3d hard x-ray photoe-
mission spectroscopy (HAXPES) [22]. Our XAS results are
basically consistent with those bulk behavior.

More importantly, the XMCD shape in Fig. 1(b) exhibits
distinct changes, which are most pronounced at negative peak
E, and also at positive peaks C and F. Note that the spectra
are scaled for ease of a visual comparison. Figure 1(c) incor-
porates the XMCD spectra at intermediate temperatures of 10
and 25 K. As can be typically seen from the peak E intensity,
the XMCD shape shows little change between 50 and 25 K
above Tj, followed by an unusual significant progressive de-
velopment below Ty without any appreciable change in the Sm
valence [Fig. 1(f)].

A fundamental understanding of the complicated XMCD
signals is offered by the reference XMCD spectra as indicated
in Fig. 1(e). Note here that Sm>* and Sm>* free ions have
nonmagnetic and magnetic Hund’s rules ground states with to-
tal angular momenta of J = O (singlet) and 5/2, respectively.

The temperature-independent XMCD shape observed
above Tj is typical of materials consisting of local magnetic
moments, and is largely dominated by Sm*" in character.
This XMCD shape remains below 7y with constant relative
intensities for the multiplet D, G, and H features. The ad-
ditionally enhanced XMCD intensities for three peaks C, E,
and F below Tj are commonly ascribed to the contribution
from Sm?>*, although the Sm>* component of G’ is missing.
In other words, some of the Sm>* XMCD components are
selectively enhanced below Tj in SmOs4Sb;,. It also turns out
that a weighted sum of the reference Sm>* and Sm** XMCD
spectra cannot accommodate the experimental G/H intensity
ratio of larger than 1 that is independent of temperature. A
similar finding holds for the XMCD at the Sm M, edge as
shown in Fig. 2, where the Sm M4 s XAS and XMCD spectra
of SmOs,Sby, at 5.5 K are displayed, and the XMCD spec-
trum is compared with the XMCD spectra of the Sm>* and
Sm>* reference samples.

Figure 1(g) compares the temperature dependence of the
bulk susceptibility x (right axis, solid and dashed red curves)
[18] with the XMCD intensity of peaks E and G each scaled
to x at 50 K. Bulk magnetization isotherms in SmOs4Sby;
are linear in the external field up to 7 T above ~5 K [18,41].
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FIG. 1. Sm Ms (a) XAS and (b) XMCD spectra at temperatures of 5.5 and 50 K, and (c) XMCD spectra in the temperature range of
5.5-50 K of SmOs4Sb;, under a magnetic field of 7 T. Sm M5 (d) XAS and (e) XMCD spectra for a Sm?* and Sm>" reference compounds of
SmS and (Sm,Gd)Al, [40], respectively. (f) Temperature dependence of the XAS intensity ratio of peaks B to A in (a) (full circles, left axis)
compared with the Sm valence (right axis) previously determined in Refs. [20,22]. (g) Temperature dependence of the XMCD amplitude of
features E and G in (c) (full markers, left axis) compared with the magnetic susceptibility x of SmOs4Sby, [18] (right axis). Also shown are

free ion x curves for Sm>* and Sm** [42] by dotted curves.
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FIG. 2. Sm M4 s XAS and XMCD spectra of SmOs,Sb;, mea-
sured at 5.5 K under 7 T. Also shown are Sm** and Sm®* [40]
XMCD reference spectra for comparison.

It is clear that the two features show a different dependence
on temperature: the peak E intensity fails to track y with
a positive deviation below Ty, while the peak G intensity
roughly proportional to x shows a clear negative deviation
at the lowest temperature measured. In Fig. 1(g), free ion
x curves calculated for Sm?t and Sm>* [42] are included
for comparison. Although peak E originates from Sm?>7, its
magnetic behavior is different than that of Sm>* characterized
by a temperature-independent Van Vleck paramagnetism at
low temperatures [38]. These results again illustrate that the
unusual temperature evolution across T; cannot be described
by a simple picture of the incoherent or temporal fluctuation
between Sm”>* and Sm>*. This equally indicates that our find-
ings are irrelevant to impurity and surface effects generally
dominated by Sm>* contributions [22,43]. Such a simple fluc-
tuation picture has frequently been invoked for IV compounds
[21,44], although it cannot describe heavy fermions emerging
from the formation of the Kondo singlet.

Within the experimental uncertainty, the temperature de-
pendencies of the XMCD intensity of peaks C and E are
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FIG. 3. Temperature dependence of the XMCD amplitude of
features C and E in Fig. 1(c) (full markers, left axis) compared with
the magnetic susceptibility x of SmOssSby, [18] (right axis). Also
shown is a linear combination of y curves for Sm*" and Sm?** free
ions in Fig. 1(g) with weights of 0.8 and 0.2, respectively.

equivalent as shown in Fig. 3. Additionally, we incorporate the
combination of x with a Sm**/Sm?* free-ion ratio of 0.8/0.2
in Fig. 3. This ratio is adopted from a previous theoretical
study [35] as described below. The deviation between the two
x curves at low temperatures is only partially accounted for
by a cubic CEF splitting of 19 K deduced from isothermal
magnetization measurements [41]. This strongly suggests the
importance of the hybridization (or off-diagonal matrix el-
ement) effect between the Sm>* and Sm2* configurations,
consistent with the XMCD observations.

B. Comparison between experimental
and theoretical XMCD spectra

Now we compare the experimental XMCD spectra in
Fig. 4(a) [replotted from Fig. 1(c)] with theoretical calcula-
tions reported by Nanba et al. as shown in Fig. 4(b) [35].
The theoretical spectra were calculated for a nonmagnetic
singlet (F %) and magnetic (F N1V ground states (GSs) under
H=10TatT =0K.

The F® (F°) GS is given by a quantum mechanical mixture
of 4£% (4f°) and 4f°C (4f°L) configurations, where C (L)
denotes an electron (a hole) transferred into the empty con-
duction (filled valence) band. In these variational approaches
of the AIM, the 4f orbitals on a Sm ion hybridizes with
other band states with the same f symmetry [13]. A FS-
type GS with J = 0 [45] is considered to accurately describe
local Kondo singlet states, while a F>-type GS with J # 0
is considered to be suitable for describing the other limit of
the local-moment RKKY regime [22,46,47]. Such F 6 and
F>-like GSs are sometimes referred to as an accompany-
and transfer-type valence fluctuation states, respectively [48].
The GS of the IV compound SmBg¢ has been proposed to be
FO-like [47,48].

The theoretical spectra in Fig. 4(b) have been derived from
conventional AIM calculations including the CEF interaction
for analyzing experimental results of Sm 3d HAXPES, and
XAS spectra at the Sm M5 and L3 edges, which consistently
result in a Sm valence of 2.8 at low temperature. Nanba et al.
concluded in favor of the F® GS for the description of the
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FIG. 4. Comparison of (a) the experimental Sm M5 XMCD spec-
tra replotted from Fig. 1(c) with (d) the theoretical XMCD spectra
for a magnetic (F>) and nonmagnetic (F°) ground states predicted
for SmOs,Sb, [35]. Also shown are atomic multiplet calculations
for (c) the J = 0 and 1 states of Sm**, and (d) the J = 5/2 and 7/2
states of Sm>*.

field-insensitive HF state in SmOs4Sb;, [35]. The calculated
XMCD curves result from practically identical XAS spectra
(not shown), both of which are in good agreement with our
XAS data. The difference in XMCD line shape between the
F® and F3 curves implies that XMCD is a sensitive probe of
the magnetic character of the I'V state in SmOs4Sby;.

Comparison of Fig. 1(e) with Fig. 4(b) shows that the
XMCD curves for the F3 and F® GSs resemble those for
the Sm** and Sm?* reference spectra, respectively, with an
important difference between the F® and Sm>* curves above
1080 eV. Although the origin of the difference is not included
in Ref. [35], it can be understood in analogy to the case of IV
Ce compounds using atomic spectral calculations as described
below.

The Kondo temperature of SmOs,Sb, estimated from the
Sm valence [Fig. 1(f)] is Tx ~ 55 K [20], which is considered
to mark the gradual crossover between the Sm 4 f electrons
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in a magnetic state of the F> type at high temperatures and
a nonmagnetic Kondo singlet state of the F% type at low
temperatures within the conventional Kondo picture. In this
picture, the Kondo singlet is almost fully formed at 7y, below
which the Sm valence remains essentially unchanged (see
Figs. 13 and 20 in Ref. [26]). Therefore, the XMCD shape
of SmOs,Sby; is expected to be largely dominated by the F 6
shape below Ty, and a gradual transformation from the F° to
F?> shapes with increasing temperature above Tp. Note that
Fig. 4(b) implies that a Sm valence shift toward Sm>* hardly
affects the Sm>*-like XMCD shape for the F>-type state.
Obviously the conventional Kondo picture in combination
with the XMCD calculations is inconsistent with our data. We
can, however, alternatively consider the HF (local-moment)
component in the two-fluid model to be the F¢ (F?) type GS
in the AIM (see the Appendix).

It is clear from the comparison of Figs. 4(a) and 4(b) that
the experimental XMCD data are adequately described by
neither of the AIM calculations, but appear to be intermediate
between the F> and F° curves. The XMCD data above T; fall
close to the F curve, and an admixture of the F® contribution
into the F> curve appears appropriate for describing them in
terms of the negative signal of feature E and the G/H intensity
ratio of larger than 1. In addition, the gradual spectral weight
transfer into the C, E, and F features observed below Tj is
approximately accounted for by a gradual increase of the
F© amplitude, which strongly suggests the formation of the
Kondo singlet.

We should note here that the two XMCD spectra in
Fig. 4(b) are arbitrarily scaled for comparison in shape (see
Fig. 6 in Ref. [35]), since these calculations employing the
large-degeneracy expansion method are valid for 7 =0 K
[49]. The F3 XMCD originates from an atomiclike J # 0
local moment that is fully magnetized in the weak-field limit
at T = 0 K due to the Zeeman effect, as typically described
using the Brillouin function for the magnetic response [37].
Then, the paramagnetic susceptibility x(7) from the F> GS
is considered to show basically Curie-Weiss (1/7) behavior
with a possible modification caused by the CEF [50]. This
is a strongly decreasing function of temperature analogous
to that for Sm®* [Fig. 1(g)]. This temperature dependence is
generally consistent with the peak G behavior in Fig. 1(g).

On the other hand, the F® GS yields only a small amount
of XMCD originating from a Van Vleck type paramagnetism
[49]. This magnetic moment induced by the applied field is
inversely proportional to the energy separation between the
singlet GS and the magnetic excited states similar to the Sm>*
or Eu" cases [38,51]. The F® GS has low-lying magnetic
excited states of the J = 1 and 5/2 levels for Sm?>* and Sm>*,
respectively, and the lowest excitation is on the order of kg Tk,
where kg is the Boltzmann constant, as determined by the
details of the hybridization effect in the presence of the finite
intra-atomic ff Coulomb repulsion [13,49,50]. The F 6 GS
is also analogous to the case of the nonmagnetic singlet GS
of Ce given by a quantum mechanical mixture of 4% and
4f'L configurations [11,49,52,53]. Previous studies for Ce
compounds suggest that x (T) for the FO-type GS increases
quadratically with temperature [50,54-56]. This is clearly in-
consistent with the peak E behavior in Fig. 1(g), indicating
that the conventional Kondo picture as well as the simple IV
picture fails to describe our experimental findings.

intensity (arb. units)

1070 1080 1090 1100 1110
photon energy (eV)

FIG. 5. Polarization averaged isotropic XAS and XMCD spectra
calculated for the Sm M, 5 edges of (a) the / =0 and 1 states of
Sm?*, and (b) the J = 5/2 and 7/2 states of Sm>*.

It is important to recall that the observed two-constituent
XMCD behavior below Ty in SmOs4Sby, is characterized by
a progressive weight transfer from the F>-like signal to the ad-
ditional F®-like signal [Figs. 4(a) and 4(b)]. Also, the XMCD
intensity of feature G (E) representative of the F> (F°)-like
signal shows a temperature dependence with a negative (pos-
itive) deviation from y (T') of the bulk below Ty [Fig. 1(g)].
Hence, our XMCD findings are approvingly accommodated
by Egs. (A.1) and (A.2) in the existing two-fluid model with a
hybridization effectiveness of fy < 1 for a temperature scale
of T* ~ Ty # Tx, since the F> (F°)-like signal is closely con-
nected to xpm (xur)- This is consistent with a previous study
of the NQR rate 1/T; of 1238b on SmOs4Sby, that suggests

Sm?+

Sm3*

mg
y

J=7/2—

- —
J=5/2—417 J:0—+—T—

Mg

FIG. 6. Schematic illustration of the directions of the orbital (m;)
and spin (mgs) magnetic moments for the J = 5/2 and 7/2 states of
Sm*", and the J = 0 and 1 states of Sm>" aligned by the external
magnetic field H.
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local-moment behavior from ~50 K down to T, followed
by a progressive Kondo singlet formation below 7 down to
Tc =~ 2.6 K [24]. In other words, our findings reveal a real-
ization of a microscopic coexistence of the dichotomic two
constituents in SmOs4Sby;, both of which are capable of being
approximately derived as the variational F>- and F°-GS wave
functions for the AIM. Besides, similar XMCD investigations
on IV Sm compounds with fy > 1, or without magnetic order,
allow pure FO-type singlet GSs to be revealed, which would
be very useful for theoretical spectroscopic models.

For a better understanding of the measured XMCD spec-
tra, we performed atomic multiplet calculations [32,42] on
Sm?* (Sm*") for the J =0 and 1 (J = 5/2 and 7/2) states
under H = 10 T, similarly to the case of Ce3t [53], as
shown in Fig. 5. The atomic multiplet calculations were ob-
tained using the XTLS 9.0 program [57] for the 3d — 4f
electric-dipole allowed transitions with the intra-atomic pa-
rameters given in Ref. [42], and a Lorentzian broadening of
2I' =1 eV. The spectra for / =0 and 5/2 (Hund’s rules
GSs) are consistent with previous calculations [40,43], and
also with the experimental Sm>* and Sm*" references in
Figs. 1(d) and 1(e).

In Figs. 4(c) and 4(d) we show the Sm M5 XMCD calcu-
lations scaled arbitrarily for visual convenience. Figure 4(c)
suggests that the F® spectral shape in Fig. 4(b) is modi-
fied from the J = 0 shape by the contribution from either
the J = 1 level of Sm>* or the J = 5/2 level of Sm*, or
both, by considering quantum-mechanical interference effects
of configuration mixing in the initial and final states in the
XA process [52,53]. This is qualitatively consistent with the
absence of the G’ feature [Fig. 1(e)] below Ty observed in
Fig. 4(a). Also, the J = 7/2 XMCD in Fig. 4(d) can account
for the observed G/H intensity ratio. Besides, the J = 7/2
contribution shown in Fig. 5(b) is useful in understanding the
Sm M, edge XMCD shape of SmOs4Sby; in Fig. 2. As men-
tioned above, these hybridization effects are analogs to the
case of IV Ce materials, in which the XMCD shape derived
from the J = 5/2 GS of Ce** is modified by the contributions
to the singlet GS from higher lying J = 7/2 states of Ce’*.
Such mixing is possible for the case in which the hybridiza-
tion strength V is comparable to or larger than the energy
separation between the J = 5/2 and 7/2 levels determined
by the 4f spin-orbit interaction (see Fig. 1 in Ref. [52], and
Figs. 2 and 3 in Ref. [53]). Our multiplet calculation yields
an energy separation of 41 (141) meV between the J =0
(5/2) and 1 (7/2) levels for Sm?>* (Sm>*). The apparent
negative XMCD peaks above 1080 eV in the F® curve and
the G/H ratio in the F> curve in Fig. 4(b), both of which
contrast with our XMCD findings, highly suggest that a V
value of 40 (60) meV used in the F° (F?) calculation [35] is
overestimated (underestimated). More importantly, our exper-
imental results provide detailed insights into the temperature-
dependent hybridization effect in SmOs4Sb, through the
visualization of the final-state multiplets in the XMCD
spectra.

C. Sum-rule analysis

Our atomic multiplet calculations in Fig. 5 further provide
important information on the quantities in the XMCD sum

TABLE I. Valence and J dependent values of mg, my, ms/my,
Mo, (T3)/(S;), and C obtained from our atomic multiplet calcula-
tions for H = 10 T. mg, m;, and m,, are given in units of pg/Sm.

J mg my, ms/mp Mg (T2)/(S:) c
Sm** 0 0.212 —-0.106 -2 0.106 —0.237 1.50
Sm*t 1 1.07 0.467 228 1.53 0.464 0.957
Sm?** 5/2 —3.48 424 —0.821 0.760 —0.221 3.37
Sm3* 7/2 —1.17 4,09 —-0.287 291 —0.552 —-2.89
rules [58-60] given by
q(14 — ny)
(L) = =—"L2, e
r

S 5p/q —3 )\

(S _ Sp/q <1+3Q> ’ @

(L) 4c (S2)

where p (q) is the integral of the XMCD signal over the
Ms edge (M4 5 edges), r is the integral of the polarization-
averaged XAS intensity over the My s edges, and ny is the
Sm 4f occupation number. C is the correction factor due
to the large jj mixing between 3ds,, and 3d3/, core levels
[60], and (T;) is the magnetic dipole term. Here we use the

conventional description of the orbital (m; = —(L;)) and spin
(mg = —2(S,)) moments.
Table 1 summaries the calculated values for myg,

my, mg/myr, the total atomic moment (Mo = my + mg),
(T.)/(S.), and C for the J = 0 and 1 states of Sm>", and the
J =5/2 and 7/2 states of Sm**. The results for the J = 5/2
state in Sm>* agree well with a previous study [60]. This table
indicates that the application of the second sum rule for IV Sm
systems is typically complicated by the valence and J-term
dependencies in (T})/(S,) and C.

The experimental spectra at 5.5 K (Fig. 2) provide g/r =
—0.010 and p/g = 0.59 with an expected systematic error of
approximately £10%. Then the sum rule analysis with ny =
5.2 yields my = 0.092 wg/Sm, and mg/m;, ~ O since the term
5p/q — 3 is close to zero. This, in turn, results in myy =~ my,
which is close to a magnetic moment of 0.102 ug/Sm de-
termined from bulk magnetometry under the same conditions
[41]. Such an unusually small mg/my, ratio in the strongly
hybridized Sm 4f state can be accounted for by the config-
uration dependent magnetic alignments given in Table I, and
shown schematically in Fig. 6. It should be noted here that the
Van Vleck paramagnetism of the Sm** J = 0 GS is charac-
terized by myg = ms/2 = —my, [61]. Since the direction of
Myotar 18 aligned parallel to the field H, the mg moments of
Sm?* and Sm** point in opposite directions. This is likely to
cause mg/my, to approach zero. Figure 6 provides a basis for
the hybridization effect on the magnetic properties of IV Sm
compounds. Further XMCD studies at low temperatures and
theoretical investigations prove to be insightful for clarifying
the origin of the field-insensitive ferromagnetic HF state in
SmOS4Sb12.

IV. CONCLUSION
To conclude, motivated by the theoretical predictions by

Nanba et al., we have used an element- and orbital-specific
probe of XMCD at the Sm M5 absorption edge on SmOs4Sby,,
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and successfully observed a distinct temperature evolution of
the Kondo effect on the 4f moments across 7y ~ 20 K. This
is consistent with reported NQR measurements, although it
does not conform to the conventional Kondo picture. The Sm
4f states in this material go beyond a simple incoherent IV
picture for even above Tj. The XMCD component emerging
additionally below 7j under a constant IV Sm valence has
its origin in the Kondo singlet with a magnetic state largely
dominated by the Sm?>* character, while the local-moment
component with a constant XMCD shape observed over the
measured range below 50 K comes from an IV Sm state
with a magnetic moment analogous to that of Sm**. A com-
bination of reported XMCD predictions and the two-fluid
model is found to be useful in describing our results. This
work demonstrates the applicability of the XMCD in the
soft x-ray region, and reveals microscopic details of com-
plicated configuration-mixing effects in SmOs4Sb;, and the
two-fluid phenomenology. Our observations provide an im-
portant benchmark for future studies that lead to elucidate the
complication of KL materials.
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APPENDIX: PHENOMENOLOGICAL
TWO-FLUID MODEL

The phenomenological two-fluid model [15] postulates
that a HF fluid originating from the formation of the Kondo
singlet emerges, and coexists with partially screened local
moments below a temperature 7* with fractions of 1 — f(T)

J(T)

0.0 0.2 0.4 0.6 0.8 1.0
TIT*

FIG. 7. Heavy fermion fraction f(7) as a function of tempera-
ture for different values of fy. Inset: Schematic fy-7 phase diagram
in the two-fluid model [15].

and f(T), respectively. The magnetic susceptibility is then
given by

x(T) =[1 = f(T)lxem + f(T)xur, (AD)

where xpm and xyp are the local-moment and HF compo-
nents, respectively. We regard [1 — f(T)]xum and f(T)xur
as being proportional to the paramagnetic XMCD amplitude
of the F° and F° states, respectively. 7* is considered to be
determined not by the Kondo interaction, but by the RKKY
interaction. It has been found in the paramagnetic phase of a
broad range of KLs that f(7') for T < T* is given empirically
by

F(T) = fol = T/T*)?,

where the coefficient fj is the material-dependent positive pa-
rameter called the hybridization effectiveness. Figure 7 shows
f(T) curves for different values of fy. For fy < 1, the local-
moment fraction persists down to 0 K, leading to stabilize
magnetic order at low temperatures in the presence of the
RKKY interaction as shown the inset of Fig. 7. For fy > 1, the
local moments entirely transform into the HF fluid below T,
referred to as the delocalization temperature. The crossover at
T = 0 K for fy = 1 corresponds to the quantum critical point

(QCP).
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