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Temperature dependence of Eu 4f and Eu 5d magnetizations in the filled skutterudite EuFe,Sb,,
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The element-specific and shell-specific magnetism of Eu in the filled skutterudite ferrimagnet Eug 9sFe4Sb,
has been investigated using Eu M, 5- and Eu L, ;-edge x-ray magnetic circular dichroism (XMCD) spectros-
copy as a function of temperature. Eu L;-edge x-ray absorption spectroscopy shows that Eu is mostly in the
divalent state. Eu Ms-edge x-ray absorption spectroscopy, measured by electron yield, shows nearly equal
fractions of Eu?* and Eu®* states because it probes a significant portion of the surface volume which is
dominated by the Eu** impurity state. Sum-rule analysis of the Eu M 4 5-edge XMCD spectrum measured at 4.9
K yielded the 4f spin moment of (7.15 + 0.3) ug per Eu** ion. By comparing the Eu L, 5-edge XMCD spectrum
in the ferrimagnetic state of EuggsFe,Sb, to that of a divalent Eu reference compound, the clathrate
EugGa;Geso, we show that the 5d spin polarization of Eu in the skutterudite is strongly enhanced by the
exchange coupling with the 3d band electrons of Fe, which were shown to have an ordered moment of
—0.21up/Fe in our earlier Fe L, 3 XMCD measurements. The temperature dependence of the magnetic order
parameter, determined from the Eu L;-edge XMCD intensity, yields a mean-field-like exponent (~0.52) in the

skutterudite and a three-dimensional Heisenberg-type (~0.36) exponent in the clathrate.
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I. INTRODUCTION

Filled skutterudites RM,X,, (R=rare earth; M=Fe, Ru,
and Os; and X=Sb and P) have attracted considerable inter-
est because they exhibit a variety of correlated electron phe-
nomena associated with an electronic ground state such as
superconductivity, ferromagnetic ordering, antiferromagnetic
ordering, and heavy-fermion behavior at low temperatures.'
The filled skutterudites also have potential, such as thermo-
electric materials, due to their large thermopower and lower
electrical resistivity.? These materials crystallize in the cubic
structure (space group Im3) with 2 f.u./unit cell. The rare-
earth atoms fill the voids in the skutterudite structure of
M ,X1,. The rattling motion of rare-earth atoms in the over-
sized atomic cages is believed to reduce the thermal conduc-
tivity while not significantly altering the electrical conductiv-
ity. La Knight-shift measurements in filled skutterudites
using '*La nuclear magnetic resonance (NMR) show strong
correlation between the d bands of transition metal and the
rattling motion of rare-earth atoms through electron-phonon
coupling.* "*'Sb nuclear inelastic-scattering measurements in
EuFe,Sb;, show that the vibrational density of states of Sb is
lowered upon the filling of the cages by the rare-earth
atoms.’ The cubic crystal electric field at the rare-earth site
plays an important role in determining the electronic ground
state and the low-temperature magnetic and transport prop-
erties of these compounds. Despite several experimental and
theoretical efforts on filled skutterudites, the mechanism of
magnetic ordering in these compounds is not well under-
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stood, and the nature of magnetic interaction between the
rare-earth and transition-metal ions is not clear. Therefore,
detailed studies of the element-specific contributions to the
total magnetization in magnetically ordered skutterudites are
critically important to understand the role played by rare-
earth ions, transition-metal ions, and conduction electrons in
magnetic and thermal properties.

The valence-band structures of the narrow band-gap semi-
conductor CoSb; and related filled skutterudites AFe,Sby,
(A=alkali metal, alkaline metal, or rare earth) consist of a
manifold of Sb p-Fe 3d-derived states, with the d character
concentrated just below the band edge, resulting in 24 va-
lence electrons (n,) per FeSb; unit, which include Sb s
states.5® While CoSb; (n,=24) is nonmagnetic,” one may
expect the d-derived density of states from the M atoms to
increase as n, is further reduced, leading to a Stoner insta-
bility toward magnetism. Ferromagnetic order would be an-
ticipated because of the strongly hybridized electronic struc-
ture, which is, in fact, observed. While the
nonsuperconducting metal LaFe,Sb;, (n,=23.75) shows no
magnetic ordering,'® CaFe,Sb,,, SrFe,Sb,,, and BaFe,Sb,,,
with n,=23.5, show nearly ferromagnetic metallic
behavior,!! and the n,=23.25 compounds NaFe,Sb,, and
KFe,Sb,, are half-metallic ferromagnets.'> The n,=23.5
compounds, i.e., skutterudites that are filled with a divalent
ion, are interesting because of their borderline ferromagnetic
behavior.

The electronic properties of Eu-filled skutterudites are of
particular interest because the variation in the Eu valency
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FIG. 1. (Color online) Crystal structures of the skutterudite and
the clathrate. (a) Unit cell of the skutterudite EuggsFe Sbi,. Eu
(large spheres) is at the corners and at the body center, Fe (smallest
spheres) is located in the center of each octahedron (shown as semi-
transparent substructures), and Sb (medium sized spheres) is at the
vertices of the octahedra. (b) The coordination polyhedra around Eu
(not shown in figure) in the clathrate EugGa;sGesz). A Ga or Ge
atom (X) is at each vertex of a polyhedron.

dramatically changes their magnetic properties. The Eu ion
can be in a nonmagnetic trivalent state, a magnetic divalent
state with a large free-ion-like moment (7uz), or in a mixed-
valence state with an average moment between 0 and 7up. A
mixed-valence state for Eu is another way to modify the
band filling or n, and hence alter the magnetic properties of
the skutterudite. Similarly, the Eu site occupancy is also very
important because it can modify the magnetic properties,
such as the total magnetic moment, the transition tempera-
ture, Eu 4f-Eu 4f interatomic interaction, and Eu 4f-Fe 3d
interatomic interaction.

Figure 1(a) shows the crystal structure of the Eu-filled
skutterudite EuggsFesSby,. It is nearly metallic and orders
ferrimagnetically with a Curie temperature of 85 K.!3!4 dc
magnetization measurements on our polycrystalline speci-
mens, presented in Fig. 2, show that the net magnetic mo-
ment of the compound is about 5.1ug/f.u. at 5 K, similar to
that found in single crystals.!*!> Eu L;-edge x-ray absorption
spectroscopy'®!7 measurements by Bauer et al'* in
EuT,Sb;, (T=Fe,Ru,Os) indicated nearly divalent Eu con-
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FIG. 2. (Color online) Temperature dependence of reduced mag-
netization, M(T)/M(0), in (a) EuggsFe,Sby, and (b) EugGa;¢Ges,
measured in a field of 1 T. The solid lines are best fits by the power
law given in the figure (see text for the details of the fitting regions).

figuration without any change in the Eu?** population with
temperature. STEy Mossbauer spectroscopy measurements
and Eu L;-edge x-ray absorption measurements by Grytsiv et
al.'® also indicated that BEu is nearly divalent in
Eu, g3Fe,Sby,. S"Fe Mossbauer spectroscopy measurements
by Reissner et al.'® showed that Fe has two different envi-
ronments in EuggFe,Sby,. The value of the magnetic mo-
ment in EujgsFe,Sby, is only 73% of the value of a fully
saturated Eu®* ion (seven electrons in the 4f shell, L=0, S
=7/2, and total magnetic moment wu=7ug). Using
Eu M, s-edge and Fe L, ; x-ray magnetic circular dichroism
(XMCD) spectroscopy, Eu L;-edge x-ray absorption spec-
troscopy, and local spin-density calculations, we have re-
cently demonstrated that the lower value of the magnetic
moment per f.u. in Euy9sFesSby, originates from a combina-
tion of a small fraction of Eu ions having a nominal 3+
valence and the ferrimagnetic alignment of a 7up moment
per Eu”* site and a —0.21uz moment per Fe site.?
Polarization-dependent x-ray absorption is a powerful tool
for element-specific magnetization measurements in transi-
tion metal and rare earth containing ferromagnets.?!~%3
XMCD measurements can give an insight into the tempera-
ture and magnetic field dependence of element- and shell-
specific magnetic moments. In this paper, we report the
temperature dependence of the 4f and 5d electron magneti-
zations of Eu from Eu M, s-edge XMCD and Eu L, ;-edge
XMCD spectroscopies. The M, s-edge XMCD is associated
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with the excitation of electrons from the 3d shell to 4f states
of Eu; therefore it directly probes the magnetization of Eu in
the 4f shell. The L, ;-edge x-ray absorption spectra (XAS)
corresponds to the 2p to 5d transition in Eu, and hence
XMCD at the L, 5 absorption edges of Eu probes its 5d mag-
netization. An XMCD effect is expected at the L, 5 edges of
Eu if there is an ordered 54 moment due to the on-site 4f-5d
exchange,26 intrasite 5d-3d exchange between Eu and Fe, or
both. For Eu, the 4/-5d exchange integral is calculated to be
8 mRy; therefore a strong interaction between 4f local mo-
ments and 5d band electrons is thus expected.?’” Because Fe
is magnetically ordered in EugsFe,Sby,, as in AFe,Sb;, (A
=Na or K), it would be desirable to know if the 54 band of
Eu is magnetically polarized through an interaction with
Fe 3d band electrons, similar to the case of RFe,
compounds.?®

By comparing the L,;-edge XMCD measurement in
EugosFe,Sby, with a suitable reference Eu compound, in
which only the rare-earth ion is the magnetic ion and whose
4f magnetic moment is known from other measurements
such as magnetization or neutron diffraction, the L, ;-edge
XAS and XMCD can give a good comparison of the 5d
magnetic moments in the two compounds. Such a compari-
son can also help us understand the possible interaction be-
tween Eu5d electrons and Fe 3d band electrons in
Eug¢sFe,Sby,. For this purpose, we have measured the
Eu L, ;-edge XMCD in EugGa,;¢Gesy, which works as a ref-
erence compound with a pure Eu?* valence state and without
a magnetic transition-metal ion. EugGa;4Ges, orders in the
clathrate structure, which is described by the stacking com-
binations of EuX,, and EuX,, (X=Ga or Ge) polyhedra and
is shown in Fig. 1(b). EugGa,4Ges, orders ferromagnetically
below 34£2 K, and the saturation magnetic moment of Eu
is known to be ~7u. 2873

II. EXPERIMENTAL SECTION

Polycrystalline samples of Eu,Fe,Sb;, (y is less than or
equal to 1) and EugGa,cGe;, were prepared from the purest
available elements as described in detail previously in Refs.
19 and 20. Briefly, Eu Fe,Sb,, was prepared directly from
the elements in a carbon-coated, evacuated, and sealed silica
tube. The tube was heated to 1030 °C for 40h, quenched into
water bath, and then heated at 700 °C for 1 week to form the
correct skutterudite phase. The clathrate compound
EugGa,¢Gesq could be prepared by several methods; the sim-
plest of which was the direct arc melting of the constituent
elements on a water-cooled copper hearth in an Ar atmo-
sphere. Powder x-ray diffraction patterns measured at room
temperature confirmed the formation of the desired com-
pounds with no other phases present. The Eu site filling frac-
tion y was estimated to be close to 0.95 from the intensity
analysis of the x-ray diffraction patterns. The samples were
further characterized by dc magnetization, which confirmed
the ferromagnetic transition (see Fig. 2) in both samples. The
magnetization, M(T), was scaled by its lowest-temperature
value, which is approximated as M(0), and the reduced mag-
netization M(T)/M(0) is displayed in Fig. 2 for both the
skutterudite and the clathrate. The reduced magnetization
could be fitted by the power law
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M(T)/M(0) = (1 -T/Tc)?, (1)

where T is the transition temperature and b is an exponent.
For the clathrate, we find a very good fit using the above
equation for the entire temperature range. For the skutteru-
dite, the best fit by the power law could be obtained for the
T=50 K region. The magnetization at low temperatures is
likely to have more complex temperature dependence be-
cause there are two magnetic sublattices, one of Eu and the
other of Fe, in this compound. The value of the 7~ obtained
from the fits agrees with the literature values for the respec-
tive compounds.'>143%-32 The exponent b values are given in
Fig. 2.

The powder samples were ground, filtered through a
20 pm mesh, and coated onto tapes for Eu L-edge measure-
ments. A multilayered tape, optimized for the L; absorption
edge jump of Eu, was used in the XMCD measurements
performed in the transmission geometry. XMCD at the
Eu L,; edges was measured at the hard x-ray beamline
4-ID-D at the Advanced Photon Source (APS) at Argonne
National Laboratory. The helicity of the photons was modu-
lated between left-circular polarization and right-circular po-
larization using a diamond (111) phase retarder operated near
a Bragg angle in transmission geometry within the energy
region of 6.9-7.7 keV. The XMCD spectra were measured in
the lock-in detection mode®? in the temperature range of 4.8—
155 K in a 0.5 T horizontal field superconducting magnet.
XMCD is defined as Au(E)=(u*— ") and the x-ray absorp-

tion coefficient is defined as M(E)zﬁ‘m—;“—l, where ut and w”
are the x-ray absorption measured with positive and negative
photon helicities, respectively. At each temperature, the
XMCD spectrum was measured for parallel and antiparallel
directions of the magnetic field relative to the photon wave
vector and the resulting spectra were averaged. The value of
the magnetic field used in the L,j;-edge XMCD measure-
ments varied in the range of 0.29-0.5 T. The XAS and
XMCD at EuM,s and Fe L,; edges in the skutterudite
Euj¢sFe,Sby, were measured at the soft x-ray beamline
4-ID-C at the APS. The measurements were performed by
detecting the total electron yield on a hot pressed and highly
polished pellet of polycrystalline sample at 2.3 K in an ap-
plied field of 2 T.

II1. RESULTS AND DISCUSSION
A. XAS in Eu0.95Fe4Sb12 and EUSG316GC30

Figure 3 shows the XAS measured at Eu L, 5 edges in
Eug gsFe,Sby, and in the reference compound EugGa;sGesy.
These spectra are normalized such that their L;-edge jump is
unity. The Eu L, 5 XAS in EugGa,4Ge;, has a single peak,
and the edge energy determined from the derivative maxi-
mum comes out to be 6971 = 0.5 eV, suggesting a pure Eu>*
valence state. In contrast, a strong peak and a satellite are
observed in the Eu L, ; XAS spectra of EuggsFe,Sby,. The
main peak is located exactly at the same energy as in
EugGa,¢Ges, confirming a dominant contribution from Eu**
valence state. There is a satellite peak in the absorption spec-
tra about 8 eV above the main position of the peak. Based on
the position of this satellite with respect to the position of the

014426-3



KRISHNAMURTHY et al.

4.5 e /f : : -
40— Euy g5Fe,Sby, . fE"u Lxasda |
R EugGa,¢Gey, 201 e 1
o ol wner fi I |
F 48 K 12 % Eu®t Lorentzian2 1

30F
L 48K

XAS Intensity (arb. units)
P

X-ray Absorption Spectra (arb. units)

2.5 — 0.5]
20F 00 E
r ] 6920 69‘40 69‘60 69‘80 70‘00 7(;20 70405
1.5 :_ Energy (eV) 7
F i
10F e L2 3
o5f 4 RS ]
0.0 & ) = . 7
7/
6950 7000 7600 7650
(a) Energy (eV)
20}
“ [ calculation
¥ [ using FEFF
S 15F 3+
5 L Eu
o)
s /
wi1.0f
= [
2 [
=X 0.5} o
0oL ‘J N .
6920 6960 7000 7040
(b) Energy (eV)

FIG. 3. (Color online) (a) Normalized x-ray absorption spectra
at Eu L; and L, edges in Eu 9sFe,Sb, and EugGa,¢Ge;q at 4.8 K in
an applied field of 0.5 T. Inset shows the XAS with a fit to two-
component arctangent step function with Lorentzian. (b) Experi-
mental (filled circles) and FEFF calculation (solid line) of
Eu Ls-edge x-ray absorption spectrum in Eug ¢sFe Sb,.

main peak, we identify the satellite with the Eu** valence
state, which is in agreement with the L, 5 absorption spectra
reported for other mixed-valence Eu compounds, such as
EuNi,Si,_,Ge,.>* To further establish the origin of this satel-
lite peak, we have calculated the near-edge XAS at the Lj
edge of Eu in EuFe,Sb,, using FEFF8, an automated program
for full multiple-scattering calculation with self-consistent
potentials for the cluster of atoms.® The result, which is
shown together with the experimental XAS in Fig. 3(b),
shows that the satellite peak is not associated with the near-
edge structure of Eu?* ions in support of our interpretation.
We have used arctangent as an ad hoc step function for rep-
resenting the transition to the continuum states. The relative
intensities of Eu** and Eu®* ionic contributions are deter-
mined by fitting the XAS to a two-component model consist-
ing of an arctangent step function and a Lorentzian peak for
each valence state. Such a fit is often used for the analysis of
mixed valence in rare-earth intermetallic compounds.?® The
fit was constrained such that the threshold energy for both
the XAS (Lorentzian) peak and the step function for a given
valence state is the same, i.e., same as in the model used by
Godart et al.*® for the analysis of Sm valence in Sm,_,Gd,S.
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FIG. 4. (Color online) Eu M4 s-edge (a) XAS and (b) XMCD in
Eug 9sFe,Sby, measured in a field of 2 T at 4.8 K. Inset shows the
hysteresis of Ms-edge XMCD peak intensity at E=1128.2 eV mea-
sured at 4.8 K

This procedure yielded a valence state population of 88% for
Eu* and 12% for Eu**. Inset of Fig. 3(a) shows Eu L;-edge
XAS, which is the fit that is shown by the solid line and the
two components that are shown by different types of broken
lines.

B. Eu M4’5-edge XMCD in EuO’gsFe“Sb]z

Figure 4 shows the XAS and XMCD at Eu M, 5 edges in
Eug ¢sFe,Sbj, measured at 4.9 K in an applied field of 2 T.
The XAS at the M5 and M, edges show at least four peaks
that can be associated with the multiplet splittings of Eu?*
and Eu** ions. The positions of these multiplet peaks are
found to be nearly the same as the theoretical positions of
Eu?* and Eu®* ions reported in the literature.?”3® Then, the
Eu M -edge XAS spectrum was fitted to linear combination
of the theoretical XAS from Eu?* and Eu**.2° From the best
fit, we find that the Eu?* valence state has a 48% = 2% con-
tribution and the Eu* valence state has a 52% *+ 2% contri-
bution. We would like to note that the Eu** contribution es-
timated from the soft x-ray absorption measurement at the
M, edge is much larger than the 12% found in the hard x-ray
absorption spectroscopy measurement at the L; edge. We at-
tribute the discrepancy to the higher fraction of the Eu*
states, most likely from an impurity in the sample surface,
which are preferentially probed in the soft x-ray absorption
measurements (50 A in total electron yield mode). The
XMCD displayed in Fig. 4(b) has a negative sign for the M
edge and positive sign for the M, edge. Because the XMCD
measured at the Eu M, 5 edges is associated with a 3d initial
state and a 4f final state, it directly gives a measure of the
magnetic polarization in the 4f shell of Eu ions. The sum-
rule analysis enables the estimation of spin and orbital mag-
netic moments of Eu from the measured intensities of XAS
and XMCD spectra. For the M,s edges of Eu, the sum
rules?! for the expectation values of the orbital angular mo-
mentum (L) and the spin angular momentum (S,) can be
written as
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_ (g + Aps)Nuy
(Ly) = ra(M) (2)

and

(2A s — 3Au4)Nyy
2 (M)

(82 + (712)(T7) = - > (3)

where Ays= [y Au(E)dE is the integrated XMCD intensity
at the EuMs edge, A=/ M4A,u(E)dE is the integrated
XMCD intensity at the Eu M, edge, N4, is the number of
holes in the 4f shell of Eu, uy(M) is the sum of the inte-
grated XAS intensity at EuMs and Eu M, edges,
I MS+M4,u(E)dE, and (T,) is the magnetic-dipole operator of
Eu. o, =—(L,) and p,,=—((L,)+2(S,)) are the orbital mag-
netic moment and the total magnetic moments of Eu, respec-
tively. We assumed that (7T,)=0, as Eu site has a cubic sym-
metry in this compound. With the XAS and XMCD spectra,
shown in Fig. 4, the Eu?** valence population of 48% + 2%
with the assumption of N,=7 yielded p=(0.13+0.1)up
and g, =(7.07 % 0.3) g per Eu?* ion. The total moment per
Eu?* ion is therefore (7.2 + 0.3) up. The Eu 4f magnetic mo-
ment and the Fe 3d total magnetic moment, ~0.21up per Fe,
are almost antiferromagnetically coupled in EuggsFe,Sb,.%°
Figure 5(a) shows the Eu Ms-edge XMCD at various tem-
peratures both below and above the ferrimagnetic transition
temperature of ~85 K. Figure 5(b) shows the temperature
dependence of the integrated XMCD intensity of the indi-
vidual peaks from Eu?* and Eu* valence sites, extracted by
fitting the data [shown in Fig. 5(a)] to three Lorentzian
peaks. Note that the XMCD signal from Eu?* state is
strongly temperature dependent and clearly indicates the fer-
rimagnetic transition in the vicinity of 85 K. The XMCD
signal from Eu®* impurities shows a weak temperature de-
pendence and does not indicate any magnetic transition.

C. Comparison of Eu L, 3-edge XMCD in Eu osFe,Sb,
and EllsGalﬁGeg,()

XMCD spectra at the Eu L, 5 edges in Euy ysFe,Sby, and
EugGa;¢Gesy measured on multilayered tape of samples at
4.8 K in an applied field of 0.5 T are presented in Figs. 6 and
7, respectively. Hysteresis measurements confirmed that the
magnetization of Eu or the XMCD signal heights are satu-
rated in a field of 0.5 T. The XMCD peak or minimum po-
sitions occur at the same edge energies in the two com-
pounds and confirm that the magnetism originates from the
Eu®* ions in the two compounds. A comparison of the
XMCD signal heights at the L; and L, edges in the two
compounds indicate that the dichroism in the skutterudite is
about a factor of 2 larger than the dichroism in the clathrate.
The degree of polarization in the 5d shell or the 5d magnetic
moment of Eu determines the intensity of the Eu L, ;-edge
XMCD signal in these compounds. Because the XMCD in-
tensity is proportional to the magnetization or magnetic mo-
ment, the larger L-edge XMCD in the skutterudite implies
that its Eu 5d moment is larger than the Eu 54 moment in the
clathrate. Therefore, the Eu 5d moment in Eu, 9sFe,Sb;, has
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FIG. 5. (Color online) (a) Eu Ms-edge XMCD in EuggsFe,Sby,
measured in a field of 2 T in the temperature range of 5-130 K. (b)
Temperature dependence of the integrated intensity from the 1128
eV (Eu?*), 1130 eV (Eu?*), and 1125.6 eV (Eu**) peaks in the
Eu Ms-edge XMCD spectra in Eug gsFesSby,.
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FIG. 6. (Color online) (a) XAS and (b) XMCD at the Eu L, 3
edges in Eug gsFe,Sb, measured at 4.8 K in an applied field of 0.5
T.
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FIG. 7. (Color online) (a) XAS and (b) XMCD at the Eu L, ;
edges in EugGa,;;Ge;y measured at 4.8 K in a field of 0.5 T.

significant contributions from both 4f-5d intra-atomic ex-
change interaction and 3d-5d interatomic exchange interac-
tion with the 3d states of Fe.

D. Temperature dependence of Eu magnetization

Figure 8 shows the temperature dependence of the modu-
lus of the Eu Ls-edge intensity, I(7), measured at an energy
of 6972.5 eV, where the XMCD amplitude is maximum in
Eug ¢sFe,Sby, and EugGa,4Ges,. Because I(T) is directly pro-
portional to the magnetization of Eu, M, its temperature de-
pendence gives a direct measure of the order parameter at the
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FIG. 8. (Color online) Temperature dependence of the

Eu Ls;-edge XMCD intensity, measured in a field of 0.5 T, shows the
magnetic phase transitions in (a) EugosFe,Sb;, and (b)
EugGa;¢Ges. The numbers in the brackets indicate the error in the
last significant digits.
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onset of long-range ferrimagnetic ordering (Euy osFe,Sb,) or
ferromagnetic ordering (EugGa, 4Ges;) of Eu moments. The
intensity I(T), plotted in Fig. 8(a), is nearly zero for T
>100 K. It starts to increase as the sample is cooled below
100 K toward the ferrimagnetic ordering temperature of
Eug9sFe Sby,. A similar behavior of the Eu L;-edge XMCD
intensity is also observed below 37 K in EugGa,4Ge;, indi-
cating a ferromagnetic ordering of the Eu moments. The tem-
perature dependence of XMCD intensity I(7) in the ferro-
magnetic state of the two compounds could be fit by the
power law,

I(T)=10)(1 - TITL)?, (4)

where 1(0) is the intensity at T=0 K, T is the Curie tem-
perature, and 8 is the magnetization exponent. The best fits
are displayed as the solid lines over the data in Figs. 8(a) and
8(b). The fit presented in Fig. 8(a) yielded 1(0)=9.0*2, T
=88+ 1.5 K, and B=0.52*0.05 for EuggsFe,Sby,. The fit-
ted value of T, agrees with the values reported in the
literature.'>!* The value of 3 is in agreement with the mean-
field theoretical prediction of the magnetization critical
exponent 0.5.3 The fit to the I(7) in EugGa,sGes, in Fig.
8(b) yielded 1(0)=4.6+0.09, T-=334%=03 K, and B
=0.356+0.03. The value of T returned by the fit is within
the range of values, 32-36 K, reported in the literature.’%-32
The T and exponent 8 values found here for both the com-
pounds also agree with the 7~ and exponent b values found
from the dc magnetization for the respective compounds
in Sec. II. The value of the exponent 8 for EugGa,sGes
agrees with the theoretical values of the magnetization criti-
cal exponents of three-dimensional (3D) models, B
=0.367+0.002 of the 3D Heisenberg model*® and S
=0.3485=0.0002 of the 3D XY model.*! The error bar on
the theoretical exponent value accounts for the results from
different theoretical approaches reported in the literature.*>*!
The applied field plays the role of aligning magnetic domains
in the ferromagnetic or ferrimagnetic state, and it does not
induce any additional moment. Therefore the measured
XMCD signal gives a good measure of the order parameter
in the magnetically ordered state. Above T, the large ap-
plied field can induce magnetization in the critical paramag-
netic region and hence result in an XMCD signal, and the
magnetic transition appears broadened. The bulk magnetiza-
tion, shown in Fig. 2, also shows broadening of the transition
in a field of 7 T. Therefore, the applied field induces addi-
tional error in the exponent values. The error bars reported
above already include this contribution.

The ferrimagnetic ordering of Eu, as proven by the obser-
vation of the phase transition at 7-=88* 1.5 K in the tem-
perature dependence of Eu L;-edge XMCD, suggests that Eu
plays a dominant role in the onset of metallic ferrimag-
netism. The evidence of bandlike 5d states of Eu and the
metallic behavior in the resistivity are consistent with the
ferrimagnetic ordering mediated by the coupling of Eu 4f
moment with the nearly ferromagnetic conduction-electron
band of the [Fe,Sb;,]>? host lattice through Eu 54 states.?”
A similar coupling between Gd and Fe has been recently
reported to account for the ferromagnetic ordering in
GdFe,Zn,,.*> While Eu plays a key role in the magnetic
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ordering in Eugq¢sFe,Sby,, Yb has no detectable magnetic
moment in the Zintl phase compound Yb;;MnSb;;, in
which only Mn orders ferromagnetically below 53 K.*3 Yet
these two compounds have interesting thermoelectric
properties.*** It would be interesting to compare and con-
trast the magnetic and thermoelectric properties of such com-
pounds to know the role played by intra-atomic and inter-
atomic exchange interactions in electrical conductivity and
thermal transport properties. We suggest first-principles elec-
tronic structure calculations of magnetic properties, includ-
ing the XMCD spectra at Eu M edges and Eu L edges in
these compounds, for more insights into the relation between
the magnetism and thermopower and electrical conductivity
in this class of materials.

IV. SUMMARY

The valence of Eu and temperature dependence of the
element-specific and shell-specific magnetic behavior of Eu
in the filled skutterudite ferrimagnet Eug osFe,Sb,, have been
investigated using x-ray absorption and x-ray magnetic cir-
cular dichroism spectroscopies at the Eu M, s edges and at
the Eu L, ; edges. Bulk sensitive Eu L; XAS indicates that
Eu ions are in the divalent state in the pure skutterudite
phase. The total magnetic moment of Eu is shown to be
(7.2+0.3)up per Eu** ion which is mostly antiparallel to

PHYSICAL REVIEW B 79, 014426 (2009)

magnetic moment on the Fe sites. Strong temperature depen-
dence of the XMCD from Eu?* ions has been observed in the
measurements at the Eu M,s edges. The EuL,; XAS/
XMCD are compared with the divalent Eu ferromagnetic
(T¢=34*=2 K) clathrate reference compound EugGa;sGes.
The Eu Ly-edge XMCD signal in the skutterudite is found to
be nearly twice that of the clathrate, indicating a substantial
enhancement of the Eu 5d polarization arising from the
5d-3d interatomic exchange interaction. The temperature de-
pendence of the Eu L;-edge XMCD gives a measure of the
order parameter in the magnetically ordered state below T
and confirms that there exists a strong on-site exchange cou-
pling between localized 4f moment and the 5d conduction
electrons of Eu in both Eug osFe,Sb;, and EugGa;Gesy.
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