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Compounds from the solid solution e, ,CoSh;, were synthesized and found to crystallize in the
partially filled skutterudite-type structure Laf,. The maximal Eu content gradually decreases from prac-
tically full occupancyy=0.83 in E gF€,Sh;, to y=0.44 for Ey 4,.C0,Sh;». As a function of Fe/Co substi-
tution in EyFe_,CaSh;, the magnetic transition temperature decreases from 84 K fggFEeSb;, to 8 K
for Euy 44C0,Shy,. At lower Eu content, Ey,Co,Shy,, long-range magnetic order disappears. Concomitantly,
the Eu valence changes from almost divalent Eu ig &te,Shy, to v~2.6 for Ey, ,C0,Sh;,. The transition
metal exchange Fe/Co reduces the number of free carriers and causes a crossover of the electronic trans-
port from a hole conductivity regime into electron dominated behavior. Thermoelectric properties change

accordingly.
DOI: 10.1103/PhysRevB.66.094411 PACS nuni®er75.30.Cr, 72.15-v, 78.70.Dm
I. INTRODUCTION which fluctuates between the magnetic-#and the nonmag-

netic 4f* ground state. In addition to Ce and Yb com-

Ternary skutterudites RT,X;, (R=rare earth, T pounds, Eu containing materials are also known to exhibit
=transition metalX=P, As, Sb form a class of attractive valence instabilities. Our recent studiéon Ey, g4 €,Sh,,
novel compounds, becauge they exhibit numerous inter- however, evidenced stable divalent’Elas the ground state
esting physical properties ar(d) their high thermoelectric in this compound. Associated with this ground state is a total
figure of merit possibly allows technical applications. For aangular momentunj= %, and thus long-range magnetic or-
recent review see Ref. 1. Magnetism in these compounds @er occurs belowT ,,=84 K. The type of magnetic order
determined by the electropositive filler element and, at leastould not be determined unambiguously, but spontaneous
partly, by the transition metals. In particular, if rare earthmagnetization may indicate some ferromagnetic alignment
elements are invoked, long-range magnetic order, Kondof the Eu moments, or possibly, ferrimagnetism.
scattering, heavy fermion behavior, and mixed and interme- It is the aim of the present paper to study structural and
diate valence or pronounced crystal field splitting may bephysical properties of Ejffe, ,CoShy, in order to follow
observed. the evolution of the EC and magnetic behavior of Eu and to

Previously, we reported on the formation, range of exis{robe the possibility to adjust a favorable electron/atom ratio
tence, and crystal chemistry of solid solutions via substitution of transition metals as well as via rare-earth
Yb,Fe;_Ca,Shy, and YhFe,_xNi,Shi,.>* These materials ~defects formed as a function ofi3metal replacement. The
revealed a number of outstanding low-temperature featurgormation of ternary compounds Euf@h, and
such as intermediate valence, strongly correlated electron&u, <Co,Sh;, was reported earliér’ The transition metal
or hopping conductivity. Moreover, high Seebeck coeffi-substitution Fe/Co in Ejire, ,Co,Shy, is considered as the
cients in combination with a low thermal conductivity were most promising way to optimize the thermoelectric perfor-
found. Intermediate valence in both series of compoundsance of such compounds and to drive the system frota
stem from the unstable electronic configurati&@C) of Yb,  n-type electronic transport. This particular crossover was al-
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ready demonstrated in some detail for isomorphousGe as internal standarég.=0.5657906 nm). For quantita-
CegFe;CoShy,, where due to the Fe/Co substitution, andtjve refinement of the atom positions, x-ray intensities were
concomitantly a decrease of the Ce content, transpoollected in transmission from a flat specimen in a Guinier
changes from hole to electron dominated behafofhe  image plate camera. Rietveld refinements employed the
valence of Ce in this case, however, remains nearly | prorprogrant? on the basis of our single crystal data of
constant YbFe,Shy,. 22

Il. EXPERIMENTAL

A. Synthesis D. EuL, x-ray absorption and *>'Eu Mdssbauer spectroscopies

Starting materials were ingots of §89.9 wt9%, pieces L m_eqsurem_e_nts were performed a_t the French synchro-
or powders of iron and cobal®9.9 wt% and rods of anti- tron radiation faC|I|ty(ITURE) in Orsay using the x-ray beam
mony(99.9 wt%. Due to the high vapor pressures of Eu andof the DCI storage ringworking at 1.85 GeV and~320
Sb at elevated temperatures, arc melting was performed uf?A) on the EXAFS D21 station. A double Si 311 crystal was
der current as low as possible with repeated melting wherebys€d as a monochromator. The rejection of third order har-
the samplegabout 3 g eachwere flipped over and every Monics was achieved Wl_th the_ help of two parallel mirrors
second time were fragmented into several pieces, the out&djusted to cutoff energies higher thanl0 keV. Experi-
parts moved to inside positions prior to remelting. With thisments were carried out in the energy range 6900 eV to 7080
method and compensating the losses of evaporation by addfV, Which contains thé, edge of Eu. Samples finely pow-
tional Eu and Sb a dense product was achieved. The samplé§red in a glove box were spread on an adhesive Kapton tape
were then sealed under vacuum in silica capsules, slowlnd four such tapes were stacked in a row in order to ensure
heated(50 °C/h to a range of 600 to 750 °C and held for up & 909d signal. X-ray absorption spectra were measured at
to 150 h followed by quenching in water. As rare-earth-iron-t0 fixed temperatures 300 and 10 K.
based skutterudite phases do not form directly from the melt, ‘>Eu Mossbauer effec{ME) measurements were per-
single-phase products can only be obtained after long-terrfPrmed using a 100 mCi SmRviossbauer source at 300 and
annea"ng of the Samp'es_ The pe”ets were found to be h(ﬂz K. During the measurements, source and absorber were
mogeneous with only minor amounts of secondary phasekept at the same temperature in a He cryostat.

(<2 vol%). Sample composition of EufeCqgSh;, used
for Mossbauer and x-ray absorption spectroscopy, as checked ) _
by wet chemical analysis, was in agreement with the compo- E. Magnetic and transport properties
sition determined from x-ray Rietveld refinement and elec- A superconducting quantum interference devis®UID)
tron microprobe analysis. magnetometer served for the determination of the magneti-
zation from 2 up to 300 K in fields up to 6 T. The electrical
B. Electron microprobe analysis resistivity of bar shaped samples was measured using a four
probe dc method in the temperature range from 0.4 K to
foom temperature and fields up to 12 T. A liquid pressure cell
with paraffin oil as pressure transmitter served to generate
drostatic pressure up to about 1.6 GPa. The absolute value
the pressure was determined from the superconducting
&ransition temperature of ledi. Thermal conductivity mea-
surements were performed in a flow cryostat on cuboid-
: _ ) shaped sampld¢ength: about 1 cm, cross section: about 2—3
time of 100 sec. X-ray energy spectra (Ey; FeK,, mn?), which were kept cold by anchoring one end of the

CoK,, and Sbt,) were processed using trEAF-4/FLS sample onto a thick copper panel mounted on the heat ex-
software package supplied by Link Systems, Ltd., England; P Pper p

A peak from a pure cobalt standard was used in a calibratioﬁhangfer of thtfl cLyodstst. Tlhe temlpﬁ rature differednce along dtge
; ; : ample, established by electrical heating, was determined by
procedure to monitor beam current, gain and resolution O§means of a differential thermocouple (A©.07% Fe

the spectrometer. Pure elements and a Eulgster alloy Chrome). The measurement was performed under high
served as standards to carry out the deconvolution of over- : ; P 9
ﬁacuum and three shields mounted around the sample re-

Light optical microscopyLOM) on selected compounds,
which were polished and etched by standard methods, sca
ning electron microscopy, and electron micropr¢g®MA)
analyses based on energy dispersive x-ray spectrosco
[Si(Li) detectof were used to examine equilibrium compo-
sitions. For quantitative EPMA the samples were analyze
employing an accelerating voltage of 20 kV for a counting

lapping peaks and background subtraction. Finally, the x-ra L o
intpepnsi%iss were correcte% for atomic number absgrption an uce_d the heat losses due to rad_lat|on at finite temperatures.
' ' he innermost of these shields is kept on the temperature

H 11

fluorescence effects using thie! progran. of the sample via an extra heater maintained by a second
temperature controller. Thermopower measurements were
carried out with a differential method. The absolute

X-ray powder diffraction data were obtained using a Hu-thermopowelS,(T) was calculated using the following equa-
ber Guinier powder camera and monochromatik@y ra-  tion: S,(T)=SpyT) — Vppx /AT where Spy, is the absolute
diation with an image plate recording system. Precise latticéhermopower of lead and/p,y is the thermally induced
parameters were calculated by least squares fits to the inoltage across the sample, depending on the temperature
dexed #) values obtained from x-ray film recordings using differenceAT.

C. X-ray powder diffraction
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TABLE I. Sample preparation, crystallographic and electron microprobe data j&eEyCo Sh;, com-

pounds.
Composition )
Lattice
Accepted Heat X-ray analysis Data from EMPA  Parameters
composition treatment Eu-Fe-Co-Sbinat.% a[nm]
Ew gdFe,Shi, 600 °C(4 days Ewp gd€;Shyo Ep od-€:Shi,
5.3-23.5-0-71.2 0.916%7)
Elo 79-€4Shi, 600 °C(2 days Eup 79-€4Shy, - 0.916288)
Etg 78763, 5C0p.5Shy 650 °C (5 days Bt 78635C00sSh, B gd 6350000 465h12
4.96-20.6-2.8-71.7 0.91587)
Elp78€31:CogSh, 600 °C(2 days Eup 74~8;C0Sh, Elp sd~€3.1C 00 sSh1
5.1-17.8-5.3-71.7 0.914729
Ely.7#6.4C01 1Shr, 600 °C (4 days Eu 7#6CoSh, Elp.s#6.4C01 1Shi»
+650 °C (3 days 5.15-16.8-6.4-71.6 0.9148)
Etg 6976.4C01 6Shy 600 °C(8 days Ety 6976,.5C01 5Shy; Ey 58~ 4C0y 6Shi,
+650 °C (5 days 3.5-13.8-9.1-73.5 0.91259)
Eu, /F/&,Co,Sh;» 600 °C (6 days Eu, /F6C0,Sh;» Heterogeneous
+sintering
650 °C (4 days 0.9115@2)
Ew FeCaSh,” 600 °C (6 days Ey4FeCaShy, Ewy4.d-eCaSh;,
+650 °C(3 days 2.7-17.3-6.1-73.8 0.90857)
Elp4FeeCo3Sh,  600°C(14 days  ElgsFesCo3sShiy  Elpad e eCossShp
+650 °C (14 days 2.63-3.6-19.7-73.9 0.90819
Etp.44C0,Shy, 650 °C (7 days Euy 44C04Sbi, Elo 60C0sShy,
+750°C(7 days 3.5-23.4-73.1 0.90932)
Euy ,C0,Shy» sintering Eu, ,C0,Sh;» Eu »1:C0,Shy»
650 °C (30 days 1.21-24.0-74.8
+750 °C(7 days 0.906085)
Co,Shy,(CoSh) sintering CoSh
700°C (4 days 0.903682)

Uy 496 04C03 07Shy, from wet chemical analysis.

lll. RESULTS AND DISCUSSION in the parent lattice: starting from almost complete occupa-
tion of the Eu site in EyFe,Shy, a gradual decrease of the Eu
content is observed with increasing Co content of the
All x-ray powder diffraction patterns were indexed on the sample. The Eu content runs from 07$<0.83 in
basis of a body-centered cubic latticme Table)lsuggesting Eu Fe;Shy, to 0<y<0.44 for EyCo,Shy,. The observed
isotypism with LaFgP;,.'* The refinements of the x-ray in- trend is in line with that for the homologous series
tensities(Rietveld refinements; see Tablg ih all cases con- CeyFQl—xcobelZ-B Due to the usually strong correlation
verged satisfactorily for a fully ordered atom arrangementyith isotropic temperature factoBs,, the occupancies were
with respect to the atom site distribution among e, Co,  kept fixed in the final runs to refine thB, values. The
and Sbh atoms. Due to their close chemical alloying behaviofesults of the refinements are summarized in Table Il also
iron and cobalt atoms were assumed in a random occupatiqAcluding interatomic distances, which reveal the general
of the transition metal sites inc8of space group Im-a'ﬁ. bonding situation in intermetallic skutterudite phases as, e.g.,
Occupation factors were refined and corresponded to a fulliscussed in Ref. 15. In a first analysis thermal parameters
occupancy of the Fe/Co and the Sb sublattice, however, rdor the Eu atoms turn out to be rather small, however, after
vealed considerable defects in the Eu site in strong deperemploying a new correction for asymmetric peak shape con-
dence on the amount of the Fe/Co concentration. Preferrecerged towards physically acceptable values. Thermal dis-
orientation was taken into account for all refinements, buplacement parameters as derived from x-ray powder diffrac-
was found to be negligibly small. The final Eu content of thetion generally hamper from strong correlation with
compounds was evaluated from the combined data obtaineztcupancies and furthermore tend to subsume influences
from Rietveld refinements and electron microprobe measurgfom peak shape, absorption, etc., and therefore should not
ments EPMA. The latter technique also served to monitor thée overinterpreted. The variation of the lattice parameters as
proper Fe/Co content in the compounds. Only minor shiftsa function of the Fe/Co exchange and the dependency from
with respect to the nominal starting composition of thethe Eu content is shown in Fig. 1, where solid lines, as a
samples were detectedee Table )l These investigations guide to the eye, denote the unit cell dimensions for maxi-
confirmed a systematic trend for the maximal Eu occupancynum and minimum Eu contents in the compounds.

A. Structural chemistry
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TABLE Il. Structural data(Rietveld refinemenisfor Eu Fe,_,CoShy, (LaFeFe,Py, type, space group

Im-3; No. 204.

Parameter/compound Bb6; sC0p 5Shy, Ep.68€.4C01 6Shi, Ely 4F€.6C03 4501,
a[nm] 0.915377) 0.912579) 0.908194)
Reflections measured 84 (8<20=<100) 84 (8<20=<100) 81 (820 =<100)
(O® range

Number of variables 28 25 20
Re=3|Fo—F./2F, 0.040 0.050 0.070
R=3lo— /21, 0.046 0.050 0.072
Rup=[2Wi|yoi— 0.060 0.036 0.048

Yeil 12w |yoil?] v

Rp:2|y0i *yc||/2|y0|| 0.031 0.027 0.034
R.=[(N—P+C)/Sw;y3)]*? 0.020 0.019 0.018
x2=(Ryp/Ry)? 8.67 3.52 7.19
Atom parameters
Eu in 2a (0,0,0, occ. 0.7516) 0.63233) 0.4184)
BisoX 107 [nn?] 0.972) 1.013) 0.842)
M in 8c (1/4,1/4,1/4 7Fet1Co 5Fet+3Co 1Fe+7Co
BisoX 107 [nn?] 0.441) 0.531) 0.51(1)
Sbin 24 (0y,z) V: 0.159778) 0.159185) 0.158696)
z 0.33730Q7) 0.3368%4) 0.335936)
BisoX 107 [nn?] 0.691) 0.631) 0.572)
Interatomic distancefnm]; standard deviations generaly0.0005 nm
Eu-12 Sb 0.3416 0.3400 0.3374
Eu-8 M 0.3964 0.3952 0.3933
M-6 Sb 0.2561 0.2553 0.2540
M-2 Eu 0.3964 0.3952 0.3933
Sb-2 M 0.2561 0.2553 0.2540
Sb-1 Sb 0.2979 0.2978 0.2980
Sb-1 Sb 0.2925 0.2905 0.2882
Sb-1 Eu 0.3416 0.3400 0.3374
B. Eu-valence and magnetism Fig. 2(b). Three key featuregj) to (iii), are deduced from

To determine the valence state and thus the magnetic b€ Present, spectra for EyFe, ,CaShy,. (i) The Eu
havior of the Eu ion in EyFe,_,Co,Shi,, Ly absorption valence changes from=2.25 (Eysd€Shy) to »=2.59
edge measurements were performed at room temperature affgto.2C0sSb;;) as a response to the Fe/Co substitution. The
atT=10 K, respectively. Results are shown in Figa)2The  almost linear relationship, valency vs Eu content, indicates
absorption spectra obtained are characterized by a doublBat the valency depends primarily on the changing Eu con-
peak structure, evidencing noninteger valence of the Eu iontent. This is particularly seen in EQ0,Shy, (y=0.2,0.44)
throughout the series. Spectral weight is centered aroun@here the higher Eu content favors a lower Eu valency.
E,=6973 eV andE,= 6982 eV, with no substantial depen- Since the maximum Eu content is controlled by the extent of
dence on the particular compound. While the former peak ishe Fe/Co substitutiofsee Fig. ], a corresponding valence
associated with the2 state of Eu, the latter corresponds to dependencyyg, Vs X, is obvious. Although for the homolo-
Ew’*. These states can be identified with a total angulagous series Gf&e,_,CoShy, the Ce conteny decreases sig-
momentumj=Z and j=0, respectively. The magnetic be- nificantly with xc,, the cerium valency remains unaffected
havior therefore varies between a stable magnetic statéy the Fe/Co substitutiotf. This behavior contrasts the Eu
yielding an effective magnetic momept;=7.93ug and a  valence dependency in e, ,Co,Sby,. Significant devia-
nonmagnetic ground state withes=0, respectively. Ei" tions from the 2- state are usually accounted for in terms of
resembles the magnetic properties offGdwhich are char-  intermediate valence, however, the Fe/Co substitution on a
acterized by the absence of an orbital contribution to the totahicroscopic scale may be resolved in Fe-riciBIb, units
angular momenturjy thusj =s=%. In such a particular case, with almost divalent Eas in Ei g§€,Sby,; the structure is
crystal-field effects are absent in physical properties pnd practically filled and the compound is magngtimd in Co-
=% acts in the whole temperature range. Results of a starich T,Shy, units, where the effect of Eu vacancy may drive
dard analysi¥ of the present,, data are summarized in the compound more towards the nonmagnetic state. The
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FIG. 1. Dependency of lattice parameters throughout the series )
EuFe, ,CoShy,; the solid lines are a guide to the eye denoting  FIG. 3. **'Eu Mdssbauer spectra of EpfeSh, and

the unit cell dimensions for maximum and minimum Eu content in Etp.4F~€C@Sh;, collected at 4.2 K. Solid lines are least squares fits
the compounds. to the data. Dashed and dashed-dotted lines refer to contributions of

Eu*t and EG*, respectively.

double random substitution Fe/Co and Eu/vacancy on theI is | ith hat of the full .
macroscopic scale may thus result in a simple average mix g€ctrons is lowered with respect to that of the fully undis-

the two Eu valence state§i) No temperature-dependent tUrbed ground state due to the partial promotion of fa 4
changes of spectral weight occur for both electronic configu!€ctron into the conduction band. This effect was frequently
rations in the whole series. Consequently, the nonmagnetigonsidered to explai, data, providing a slight, but non-
state, associated with the trivalent behavior, is located welf€dligible correction ot valences, which generally appear
above the ground state. Thermal energy proportional to roorfP P& overestimated with respect to corresponding data ob-
temperature does not significantly change the population dfined from Ma;sbalier spectroscopy. Applied to our case,
this excited level. In the case of intermediate valence, howte strength of the “shake-up” effect seems to depend on
ever, a pronounced temperature dependence is exﬁécte(lfe/Co.sgbsutun.on concpmnant with Eu./vacancy distribu-
and is observed in many noninteger valent Eu compotfds. tion. Itis interesting to point out here that in Ce(Fe, £,
(iii) In each case, the energy separativB between both (Ref. 10 Ce is trivalent and the broadening of thg edge
absorption maxima is larger than 8 eV, independent of tem@CCUrs fromey-tyq splitting of the conduction bandinal
perature and almost independent of the concentration. Iitate of theL,, edge transitiop whereas in YbF£5h;, inter-
contrast, typical intermediate valence systems based on Efiediate valence has been reportédn EuFe, ,CoShi,
exhibit AE below this valué® 2?2 These experimental facts Mixed valence with dominant effects of two local environ-
obviously indicate that EjfFe,,Ca,Shy, is characterized by ments of the Eu ions is seen, differing in the Fe/Co concen-
some sort of mixed valence behavior. tration (see also beloyv

There is always a certain probability for the occurrence of Mossbauer — measurements ~ were  performed  on
the so-called “shake-up” effe@ after the creation of thez ~ Et.sdF&Shi, and Ey 4FeCaShy, at room temperature and

core hole in the fully relaxed final state, the number 6f 4 4.2 K. Results are compared in Fig. 3 for=4.2 K. As pre-
viously reported, Eu, s3€,Shy, revealed just a single reso-

2.0 : : : R 30 nance line in the paramagnetic state corresponding to an iso-
(@) e T=300K L P mer shift (IS)=—11.7 mm/s, indicating an almost divalent
; BuyFes,CoxSby | o nature of the Eu ion. This Bt line splits magnetically at
§15f h | 2:7 4.2 K due to the ordering of the Ell moments at low tem-
5 AN | > peratures Tmag= 84 K). The value of the effective magnetic
g o 26 8 hyperfine field is By=—23.8T. In the case of
3 T . 1%° § Euw 4 FeCaqSh, one encounters distinct differences: as
E . Y083 xe0 o \u 1% 3 shown in Fig 3 a second line appears at+® mm/s (EGH),
3 5 D J=oTex=0s ] e | 23 inferring a mixed valence state with a ratio of BUEST
¢ y=042,x=3 O] 22 =1, in fine agreement with the above mentiorlggd data
Al N2 (v=2.55). This result excludes any dynamic valence fluc-
0.0 950 69'80 e 012 014 016 0:8 1.02.0 tuations within this series. As e_xpected, t_heZElaomponent
eneray [eV] y of the spectrum of Egu€,Sh;, is magnetically split due to

the ordering of the Eii moments and results in Beg=

FIG. 2. (a) Energy dependence of tis, absorption edge spec- —11(2) T. This value is about two times smaller than that of
tra for various concentrations of Fee,_,Co,Sh, measured af Eu, sF€,Shy, and can be explained as follows: a reduction of
=300 K. (b) Valencev of Eu as derived front, spectra. the Eu concentration by about a factor of 2 causes a corre-
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FIG. 4. (a) Isothermal magnetizatiod vs field woH for various
concentrations of EfFe, ,Co,Sh;, measured aT =2 K. (b) Mag-
netization of EyFe,_,CoShy, at 5 T and 2 K(open circley and
calculated contribution of E(filled circles.

FIG. 5. (a) Temperature-dependent inverse magnetic susceptibil-
ity 1/x of Eu Fe,_,Caq,Shy, for various concentrations The inset
shows the low temperature behavior for selected samfie<Ef-
fective magnetic momeni 4 and paramagnetic Curie temperature
of EwFe,_,CaShy,; symbols labeled with crosses refer xo

sponding decrease in the number of the magnetic neighbofi—p y=0.44

ing ions and thereby a reduction of their contributiorBig
(transferred hyperfine field* In this respect, it is interesting
to note the giant valud 4= —67 T, previously reported for Shown in Fig. %a) is the inverse magnetic susceptibility
EuFgP;, (Ref. 25 and attributed to a substantiaff 6d  1/x(T) of EuFe, ,CoSh, as a function of temperature.
band mixing. In addition, such type of band coupling leads toThe significant deviation of }/from linearity below 100 K
a reduction of the E&f moment (6.2g) and to an increase (x=0) and thes-shaped temperature dependence is reminis-
in the IS(—6.0 mm/3.2° As mentioned above, this is not the cent of ferrimagnetic order with a phase transition tempera-
case in our samples. Band structure calculatidni$ poten-  ture decreasing front .= 84 K for x=0, y=0.83 t0 T 54
tial linearized plane wave meth®l show a significantly =0 for x=4, y=0, and 0.2. Moreover, as the Co content
larger d-p and s-f mixing for RFeP;, than for RFeSh,, increases upon substitution, the characteristic signature of
suggesting that the electronic stafé®(3d), Sb(50), and the phase transition in }/becomes weaker since the Eu
Eu(5d)] are more localized than in the case of Enifg. content lowers simultaneously. However, if the Eu content is
This observation is also consistent with the trend in the volincreased frony=0.2 toy=0.44 in the case at=4, long-
ume of the unit cell which for Eygd€,Shy, is about 37% range magnetic order appears again belgy,=8 K [com-
larger than that of EUR®;,. pare inset, Fig. @)]. Both latter observations indicate that
Isothermal magnetization measurements in fields ranginghe ordered ground state is primarily stabilized by Eu. In the
from 0.01 to 5 T[Fig. 4(@] exhibit spontaneous magnetiza- case ofy=0.44, the Ruderman-Kittel-Kasuya-Yosida inter-
tion for each of the investigated compounds except forction might account for the observed long-range magnetic
Euw, ,Co,Sh;,. The latter, however, saturates already at exterorder, whereas foy=0.2, the high content of vacancies at
nal fields of about 2 T. These experimental findings excludéhe Eu site prevents long-range magnetic order.
antiferromagnetic order throughout the series. Figuii® 4 In order to derive the effective magnetic momeny, the
summarizes the magnetization measured at 2 K and 5 T as@urie constantC, the paramagnetic Curie temperatuig,
function of the Eu content per formula ur(bpen circles and a temperature-independent susceptibility contribyggon
Employing the particular Eu content and the respective Edrom the experimental susceptibility data, least squares fits
valence of the compound we arrive at the magnetization asaccording to a modified Curie-Weiss lay(T) = xo+ C/(T
sociated with the Eu ion at 5 [filled circles in Fig. 4b)]. — 6,) were applied toy(T) above about 120 K. Results of
The difference between the measured magnetization and thikis procedure are shown in Figi®. The effective moments
Eu contribution is attributed to thg(Fe,Co)Sh;,]| sublat-  obtained, range from 7.3 to 43 and the paramagnetic Cu-
tice. As seen from Fig. %), these values vary between 0.2 rie temperature from 27 te-6 K for x=0 to x=4, respec-
and 0.6ug per (Fe,Co atom. A spontaneous magnetization tively. The latter indicates a crossover from a ferromagnetic
per Fe atom of this order of magnitude was recently encountype of interaction between moments to an antiferromagnetic
tered in a neutron diffraction study of ferromagnetic type, driven by the Fe/Co substitution. The slightly different
Ndy 7 F€,Sbhi, (ure=0.26ug).?’ The additional moment de- paramagnetic data of Ggde,Shy,, as reported in Refs. 4,
rived for the[ (Fe,Co),Sh;,] sublattice seems to be a result 5, are attributed to different sample preparation procedures.
of the molecular field associated with ferromagnetically or-The measured total effective magnetic moment of a particu-
dered Eu ions. As mentioned above, this particular feature iar compound consists of two components coming from the
found in ferromagnetic Ngh,JFe,Shy,, but appears to be ab- Eu sublattice as well as frofifFe, Co)Sh,,|. Measurements
sent in magnetically nonordered compounds such aef e.g., isomorphous lg@gFe,Sh, and CagfeSh,,°
CegFe, ,CoShy, (Ref. 28 as well as YbFgShy,. B where the electropositive element is nonmagnetic, reveal ef-
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fective magnetic momentgq4=3.0ug and ue;=3.7ug, re- 12 ' ' ‘
. . o . . o y=0.83,x=0 Eu Fe, .Co,Sb
spectively, which primarily are associated with the ®ag- & y=0.75,%=0.5 y T4XTEXTT2
netism of Fe. Measurements carried out og/g¥e,Sh;, and top ¢ ng-égv ij?-g
Nd, 7 Fe,Sh;, (Ref. 27 revealed total effective moments of c §;0242: ‘3
4.1%up and 4.44.5, respectively. Assuming theoretical rare os|l * 44, )
o il

earth moment values in combination with the 80% occu-
pancy of the voids, yields again significant values of the
effective magnetic moments pFe,Shy,| of we=2.7ug and
me=3-1ug, respectively. A recent study performed on
Co,_,FgSh; (Ref. 29 demonstrated the development of a
paramagnetic moment on an increasing Fe content, ap

0.6

P /P(300 K)

proaching 1.73g/Fe atom. This value is consistent with 02 1
trivalent iron in a low-spird® electronic configuration with a
net spin s=3 and consequent =2[s(s+1)]M? 0.0 - - : ‘ :

P 2 d Y te=2{S(st1)] 0 50 100 150 200 250 300

~1.73ug . In contrast, CoShcontains no unpaired spins of

free electrons and therefore behaves diamagnetically. A com- TIK]

parison of the ternary with the binary skutterudites evidences g, 6. Temperature-dependent electrical resistivity of

that the electropositive filler elements, independent of theiEuyFeZl,xCoXSblz for various concentrations plotted in a normal-
magnetic state, enhance magnetism of the (Fe, &) sub-  ized representation. The inset shows the low-temperature behavior
lattice, obviously inferred by non-negligible changes of thefor selected samples.

electronic structurd’

To analyze the paramagnetic behavior within the seriepyt the shape of the concentration dependency roughly fol-
EuFe;,Cao,Shy, we first deal with the end membexs=0  |ows the experimental curve. Such an analysis indicates that
and x=4. Assuming for Epgfe,;Sh, that u.f(meas.) upon Fe/Co substitution the effective magnetic moment of
=7.30us= (Y[ we(EU)]*+{ ner (Fe, ColShi,1}?)* and as- [ (Fe, Co),Shy,] does not vanish, even in the case of iron-free
Signing wer(EU)= wer(ELP ) (3~ v) 2 as the effective mo- [Co,Shy,]. The latter appears to be in disagreement to dia-
ment of Eu, we arrive afier([Fe;Shi,])=3.76up, a value  magnetic CoSh?® Band structure calculations, however,
reasonably close to that derived for isomorphousevidence that the electronic structure of binary skutterudites
Lag g3-€,Sby, or Cay g€,Shy,.° The case of low Eu content can deviate significantly from that of filled skutterudies
y=0.2 corresponds to a Eu valency of2.59 as obtained and consequently, differences in the magnetic state can oc-
from L, data. The effective moment compatible witlthus  cur. Although our model may be too simple, a strong impact
amounts to 5.08g. To match the experimental total effec- of the Eu atoms can be made responsible for the discrepancy
tive moment of 4.3 causes a magnetic contribution of between the calculated and the experimental paramagnetic
3.69up for the CqShy, sublattice, which is slightly lower moments and furthermore driving a paramagnetic contribu-
than the value obtained above for the homologougSBg  tion in [Co,Shy,].
sublattice. An analogous procedure forgg0,Sh, yields
an effective moment of 5.845 . The observation that a para-

magnetic moment is derived f¢CCo,Shy,| in Eu,Co,Sh;,, C. Transport properties

in contrast to binary diamagnetic CoSbimplies again a The temperature-dependent electrical resistiyiy) is
substantial change of the electronic band structure in filleglotted in Fig. 6 in a normalized representation for a number
skutterudites. of specimens of EfFe, ,Co,Shy,. The absolute resistivity

The variation of the effective moment as a function of theat room temperature can reach values aboveXicm, partly
Fe/Co exchange throughout the series should follow a simplgue to the mechanical quality of the samieicrocracks,
combination of the two major contributions(i) the pores, et9.and partly due to crystallographic disorder of
[ (Fe,Co),Shy,| unit (taken as constant, 3.46) and(ii) the  (Fe/Ca on the & sites of the unit cell. Overall resistivity
paramagnetism of Eu, according to its concentration per forvalues of ordered ternary [ee,Sb, as well as of
mula unit and its correspondent valence, both varying as &u,Co,Sb;,, however, can be well below this limi€! As
function of the Fe/Co exchange. The concentration deperalready inferred from the magnetic measurements, the tran-
dence of the effective moment, calculated on the basis dition temperaturd ,,,, decreases with a growing content of
these two contributions follows roughly the measured curveCo. This follows also clearly from thg(T) data, where a
In order to account for the effective magnetic moment withkink in the vicinity of T,y moves to lower temperatures.
respect to both, the Fe/Co substitution and the simultaneoudowever, forx values roughly larger than 2, a local mini-
Eu incorporation, the following model is proposed: startingmum, slightly aboveT ,,,4, develops. Minima irp(T) above
with diamagnetid Co,Sh;,] and low spin[FegSh;,], the Eu  magnetic ordering are frequently found in both ferromag-
electrons are transferred in such a way that the proportionaietic and antiferromagnetic materidfswhile the former
number per Fe/Co atom creates unpaired Co spins but diminmay be associated with strong spin fluctuations, the latter
ishes the magnetic effect of the unpaired Fe spins. The maesults from a change in the Fermi surface brought about by
ments calculated in this manner are generally somewhat lovthe new superlattice boundaries due to antiferromagnetic or-
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FIG. 7. Concentration-dependent ordering temperatures for

EuFe, ,CoSh,.
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FIG. 9. Temperature-dependent thermopowe$ of

dering. However, since antiferromagnetic ordering can be exEyFe_,CoSh;, for various concentrations

cluded in this series, the substitution of Fe by Co seems to
responsible for the appearance of such spin fluctuation e
fects. It is well known that rare earth intermetallic com-
pounds containing Co often exhibit distinctive spin fluctua-
tion effects. Concentration dependent ordering temperature
using susceptibility and resistivity data are outlined in Fig. 7.
Interesting features were also deduced from pressure
pendent resistivity measurements performed for compou
richest in Fe x=0x=0.5) and for Ey,4/C0,Sh;» up to
about 1.6 GPdsee Fig. 8 The overall behavior 0p(T) of
Euw, ,4€,Sbh;, and Ey ;56 Coy sSh» shows a decrease of
the absolute resistivity values as well as an increase of th%1
transition temperatur& ;. The decrease in resistivity also t
causes a decrease of the spin-disorder contribution to th
total measured effect which can be derived via Matthiessen’§
rule according top(T) = po+ ppn(T) + pspa» Where the sub-
scripts 0, ph, and spd refer to interactions of the conductior
electrons with static imperfections, phonons, and magneti
moments, respectively. In the paramagnetic temperature
range, the latter is temperature independent since crystal fiel§
splitting is absent in this series of compounds. Experimen:
tally, pspq follows from an extrapolation of the high-

I Eug.75Fe4Sbyo

| o 0.0001 GPa
0.44 GPa

v
D
600 -
a
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160
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FIG. 8. Temperature-dependent electrical resistiyityf (a)
Euw 74€,Shy, and (b) Eu, 44C0,Sh;, for various values of applied

pressure.

150

. . ‘ 100
40 60 80 100
TIK]

b]f_eemperature part op(T) towards zero. The spin-disorder

contributionp,q depends on the total angular momentum of
Eu, on the exchange coupling constdnthe Landefactorg,

and on the effective carrier mass* .>? The observed de-
Crease opgpq Upon pressure may indicate both a decrease of
dé'l_due to the mutual approach of the magnetic ions and/or a
no%ecrease of the effective carrier mas$. However, when
comparing this result with the specimen richest in Co, i.e.,
Euwy 44C0,Shy,, a remarkably different response to pressure is
derived, namely an overall increase of the resistivity and thus
n increase Opgpq. This mirrorlike behavior with respect to

e Fe rich compound most likely is a consequence of the
ange of the carrier type, from holelike for the former to
ectronlike for the latter.

The phase transition temperature for 0 (y=0.75) and

=4 (y=0.44) increases withdT,,/dp=5.85 and 0.95
&(/GPa, respectively, giving rise to a Greisen constanf
Bo/Tmag A Tmag/dp of 6.7 and 9.6, forx=0 and x=4,
spectively, if the bulk moduluB, is assumed to b@&,
=100 GPa. The latter is some average value deduced for

intermetallic compounds with EX. The increase OfT nag
upon pressure and the magnitude of the observed valués of
are usually intrinsic properties of well localized magnetic
systems.

The temperature-dependent thermopo®EF) is plotted
in Fig. 9 for EyFe,,CaSh;,. In the magnetically ordered
range of the parent compound fgd~&,Sbh;,, S(T) is small
and negative. The paramagnetic temperature range, however,
is characterized by a positive, almost linear behavior, reach-
ing about 50uV/K around 300 K. Akink inS(T) near 84 K
also traces the phase transition temperature. Due to the
Fe/Co substitution, magnetic ordering vanishes; hence the
temperature range characterized by posi#(€) values ex-
tends. Moreover, a significant increase of the absolute See-
beck coefficient is observed reaching for Eee,Co,Sh;,»
more than 100uV/K at room temperature. However, on a
further increase of the Co content, which is accompanied by
a decrease of the content of electropositive &) starts to
reduce and eventually passes over to negative values. There,

p [uQem]
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50

a value as large as—110 wuV/K is obtained for 100 — T @ ‘ v o)
Eu Fe, Co Sb Eu Fe, Co_Sb
y CaxOxP12 Y Ax X712

Euy 46 ¢C0o; ,Shy,. Measurements at higher temperatures
for some of the compounds reveal values from 200-800 8o | &
uVIK for Eug 76,C0,Shy, and Ey 4Fe, ¢C0s 4Shy,, respec-
tively. The overall behavior o¥(T) of Eu Fe, ,Co,Shy, can

be referred to a change from a holelikarge Fe contentto
electron-dominated transpattarge Co content In particu-

lar, and with respect to the stable binary semiconducting 40
CoSh;, [ FeSb;,] contains four holes. Charge is then carried ’
primarily by these holes and the Seebeck coefficient be- 5| ¥
comes positive. According to the general formula of ther- i
mopower, i.e.,

o y=0.83, x=0 ki N _ 40
= y=0.75,x=0.5
8

A [mW/cmK]

0 E;O 1CI)0 1\;10 2(30 2;0 0 50 100 150 200 25(?
S_wzkgT 1 [dN(E) L TIK] TIKI
4 3lel N(Ep)| 9E /. @

FIG. 10. (a) Temperature-dependent thermal conductivitpf
EuFe_,Co,Sh, for various concentrations. (b) Electronic part
\e (dashed ling and lattice part\, (dashed-dotted lineof total

the energy derivativelN(E)/dE for this scenario has to be @
thermal conductivityh for y=0.83, 0.63, 0.20.

negative, thus the density of states decreases BeafThe
holes created bly(Fe,Co),Sh;,] are, at least partly, compen-
sated by the electrons provided by the electropositive Euelectronic parto(T) and the lattice park,,(T) can be de-
Since the parent material exhibits a Eu fillingyo#0.83, a  rived from the Wiedemann Franz law. In the case of simple
hole number slightly below 2 is evaluated as a rough apmetals, the Wiedemann Franz law is expected to be valid,
proximation. Due to the Fe/Co substitution the hole numbegy ;g Nei=LoT/p; Lo=2.45<10"8 WQ K2 is the Lorenz

is reduced and further compensated by the electropositivg,mper and is the electrical resistivity. Results of such an
element. The degree of filling of the voids in the skutteruditeanalysis are shown in Fig. () as dashed\,) and dashed-
structure by Eu, however, simultaneously lowers. Beyond Yotted lines K. Although the Wiedemanen Franz o can

critical Co concentrationx~3.5), the carrier count yields a erve iust as a first aporoximation. the deduced results unam-
surplus of electrons, hence transport becomes electronlike. E’l J pp '

fact, S(T) of this specimen is negative in the whole tempera- iguously point out thak(T) is non-negligible. Moreo_ver,
ture range. In the simple one-band model, the absolute vaIJée'(T) even exceeds () at elevated temperatures in the

of the Seebeck coefficient depends on the carrieFaS€ Of Edgd€Shi,. The importance of the electronic con-
concentratio?* As the carrier concentration decreases withtribution to the total thermal conductivity in this particular
the Fe/Co substitutiorS(T) grows, as evidenced by the ex- €ase, most likely, originates from the significant number of
perimental data. This prediction holds for both the hole andncompensated holes.
the electron dominated transport. As an implication, the See- The effect of the Fe/Co substitution with respect to the
beck coefficient of EyCo,Shy, depends on the Eu concen- thermal conductivity is initially a striking reduction af(T).
tration; i.e., fory=0.2, S(T) is almost twice as large as the For the compound withk=1.6, A at room temperature is
compound withy=0.44. The latter observation can serve toalready reduced to values as small as 18 mW/cmK. The
some extend as a justification of the simple carrier coungpplication of the Wiedemann Franz law yields an electronic
performed above. However, Hall measurements carried owtontribution of only 3 mW/cmK, thus reaching eventually
on pseudobinary Ga,FeSh; demonstrated that the real 15% of the total measured effect. The observed thermal con-
carrier change due to the Co/Fe substitution is less than thauctivity increase for thgg=0.2 andx=4 sample is associ-
derived abové® Nevertheless, even the simple argumentsated with the absence of crystal disorder and moreover, mag-
outlined seem to account for the evolution of the Seebecketic scattering processes are weakest within the series.
coefficient and the change from hole- to electron-type trans- As already indicated in the previous section on ther-
port throughout the whole series of e, ,Co,Sh;,. mopower, the carrier concentration is substantially reduced
A study of the temperature-dependent thermal conductivwith the Fe/Co substitution. Within a simple single-band
ity N(T) of EwFe, CoSh, is summarized in Fig. 1@). model, Ag(T) behaves proportional to the carrier
Due to the strong interaction of the phonons with the weaklyconcentratiorf? Hence, the observed diminishing mf(T)
bound electropositive element, the lattice thermal conductivupon the Fe/Co substitution appears to be again a conse-
ity of such skutterudite systems is strongly reduced and thguence of the substitution dependent decreasing number of
theoretical minimum thermal conductivity, as found for free carriers.
glasslike materials, is almost reached. However, the well de- The figure of merit ZT of EyFe, ,CoSb, with Z
veloped metallic conductivity of parent EsFe,Shy, is re-  =S%(p\) was evaluated for those concentrations where
sponsible for a significant electronic contributiag(T) to  thermal conductivity measurements were carried out. ZT
the total measured quanti®(T). The observed absolute val- smoothly increases with increasing temperature, ranging near
ues are therefore larger than typically observed in this claswoom temperature from ZF0.03 (E 7463 ,C0yoShyy) to
of materials®® Quantitatively, a separation of(T) into the  ZT~0.17 for Ey ,C0,Shy,.
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IV. SUMMARY of the 4f® and the 47 states of Eu in EgFe,_,CoShy,. The
Samples of the skutterudite-type solid solution F&/Co substitution is accompanied by a significant change of

EuFe, ,CoSh, were synthesized and found to be stablethe carrier concentrat_ion and drives _el_ectronic transport from
with Eu content significantly decreasing on increasing Fe/Cdiole to electron dominated conductivity as reflected from a
substitution from truly ternary Eusde,Shy, to a mere solid ~ Crossover of the Seebeck coefficient from posm_ve to nega-
solution of Eu in binary CgShy,. A variety of physical Ve signs. As a consequence of the d_ecrease m_thg_carner
quantities was determined froln,-XAS, SEu-Mossbauer densny the absolute Seebggk values increase S|gn|f|cantly,
spectroscopy, magnetic studies, as well as measurements ‘4file the thermal conductivity lowers; thus the figure of
transport coefficientgelectrical resistivity, thermal conduc- Merit enhances.
tivity, and thermopoweéras a function of composition, tem-

perature, pressure and magnetic fields, &gte,Sh;, orders

magnetically belowT .= 84 K; however, due to the Fe/Co

substitution and concomitantly the reduction of the Eu con- This research was sponsored by the Austrian FWF under
tent, long-range magnetic order becomes suppressed. Ti@rants No. P13778 and No. P12899 as well as by a grant for
overall magnetic behavior in this series is not only deter-an international joint research project NEDQ@apan. The
mined from the moment bearing rare earth ion, rather, thauthors(C.G. and P.R.are furthermore grateful for support

[ (Fe,Co),Sh;,] sublattice substantially contributes to quan-by the Austrian-French Scientific-Technical exchange pro-
tities such as the magnetic susceptibility and magnetizatiorgram Amadee 02587ZD. In the early stage of this research
Furthermore, owing to this substitution the valence state oinvestigations were covered by the Austrian-Italian
Eu changes from magneticf 4 towards nonmagnetic f4. scientific-technical exchange prograi.S., N2§ and some
Mossbauer data in conjunction with the double-peak strucspecific investigations were performed under the Austrian-
ture of theL, spectra give evidence of the static admixturePolish scientific-technical exchange progréinK., P13/03.
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