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Ew sFeSh,, was synthesized by arc melting in homogeneous practically single phase form. From
Rietveld refinement isotypism was derived with the LdFe (skutterudite-type, space groulm?, No. 204.
The refinement also served to determine the Eu contemt=00.832). Euy, gf€,Sh;, orders magnetically
below 84 K and isothermal magnetization measurements reveal a spontaneous magnetization reaching about
4.5ug/f.u. at 6 T. The electronic configuration of the Eu ion in this compound appears to be close 0 the 4
state, thus behaving almost divalently. From the measurements of transport coefficients, the figure of merit
was evaluated a&T~0.08 at room temperature. The most outstanding property of this compound, however, is
the significant magnetoresistance of about 1309% -atl K for a magnetic field of 12 T but still 30% near
room temperature.
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[. INTRODUCTION performed under minimal electric current with repeated melt-
ing whereby the alloyabout 4 g was flipped over and every
SkutteruditesT M5 with T=Co, Ni, Rh, and Ir andV second time was fragmented into several pieces, the outer
=P, As, and Sb filled with electropositive elements haveparts moved to inside positions prior to remelting. With this
attracted much attention because of an unusually large figuieethod and compensating for the losses of evaporation by
of merit Z=S?/(p\) being a basic requirement for thermo- additional Eu, a rather dense product was achieved. The al-
electric applicationsg, p, and\ are the Seebeck coefficient, |oy was then sealed under vacuum in silica capsules, slowly
the electrical resistivity, and the thermal conductivity, heated (50°C/h) to 700°C and kept there for 150 h fol-
respectively.! Furthermore, these filled ternary compounds|gwed by quenching in water. The pellets were found to be in

exhibit a rich variety of ground-state properties, whereby they homogeneous state with only a minor amount of secondary
magnetic behavior is dominated in particular by tHeedec- phases such as free Sh, EyStr Eu,Sbs.

tronic configuration. Hence features like Kondo and heavy
fermion behavior or various types of magnetic order, hop-
ping conductivity, and superconductivity were already B. X-ray powder diffraction
found?~10

Ternary EuFgSh;, was reported to order ferromagneti-
cally at T=82 K and the effective magnetic moment was

X-ray powder-diffraction data were obtained using a
Huber-Guinier powder camera applying monochromatic Cu

found to be 8.4g.° The large magnitude of the effective Ka; radiation with an image plate recording system. Lattice

moment indicates that the Eu ions do not exhibit the trivamngarargeters Iwere callcglateg by Ieast-squaLes fits to the in-
nonmagnetic state Bti. If an effective moment of 2,65 is exed 4 values applying the program packagerRUKTUR

assumed for the Fe polyanions, the Eu moment is derived a@ef' 19 102n the ba$e _Of our single-crystal data C.)f
e~ 6.8ug ,® which has to be compared with the value of YbFe48b12. _For quantitative refinement of the atom POSI-
teri~T7.94ug for ELP tions, x-ray intensities were recorded from a flat specimen
In this study, we present a survey of bulk properties Offrom the _Gumler image plate recordings. Full matrix-full
profile Rietveld refinements employed theuLLPROF

Euw g€ Sh, and isomorphous nonmagnetic oleg=€,Shy, 13
and discuss the thermoelectric performance with respect fgrogram-

the figure of merit of that material.
C. Measurements of bulk properties

Il. EXPERIMENT The electrical resistivity and magnetoresistivity of bar-

shaped samples were measured using a four-probe dc method

in the temperature range from 0.4 K to room temperature and
Starting materials were Eu ingots, pieces of iron, and rodsields up to 12 T.

of antimony(all 99.9 wt%). Due to the high vapor pressures A liquid pressure cell with a 4:1 methanol-ethanol mix-

of Eu and Sb at elevated temperatures, argon arc melting wasre as pressure transmitter served to generate hydrostatic

A. Synthesis

0163-1829/2001/622)/2244147)/$20.00 63 224414-1 ©2001 The American Physical Society



E. BAUERet al. PHYSICAL REVIEW B 63 224414

pressure up to about 15 kbar. The absolute value of the pres-
sure was determined from the superconducting transition
temperature of leatf
Thermal-conductivity measurements were performed in a
flow cryostat on cuboid-shaped samp(lngth: about 1 cm, 2
cross section: about 2 nfinthat where kept cold by anchor- S o5}
ing one end of the sample onto a thick copper panel mounted € 20 ? 12 HS[.% 56 |
on the heat exchanger of the cryostat. The temperature dif- g Ho M ﬂ
ference along the sample, established by electrical heating, -
was determined by means of a differential thermocouple 10 |- .
+ 0.07% Fe/chromgl The measurement was carried out un- 5| Euj g3Fe,Sby,
der high vacuum and three shields mounted around the . . ‘ ‘
sample reduced the heat losses due to radiation at finite tem- OO 50 100 150 200 250 300
peratures. The innermost of these shields was kept at the TIK]
temperature of the sample via an extra heater maintained by
a second temperature controller. FIG. 1. Temperature-dependent inverse magnetic susceptibility
Thermopower measurements were carried out with a difl/x of Eu,gFe,Sh, measured au,H=0.5 T. The inset shows
ferential method. The absolute thermopov@(T) was cal-  isothermal magnetization data of fyd~e;Shy,.
culated using the following equationS,(T)=SpyT)
—Vppx /AT where Spy, is the absolute thermopower of lead described by a modified Curie-Weiss lay(T) = xo+ C/(T
andVpyy is the thermally induced voltage across the sample;~ 6p) with C the Curie constanty,, the paramagnetic Curie
depending on the temperature difference. temperature, and a temperature-independent susceptibility
A superconducting quantum intererence device magnetcsontribution x,. A least-squares fit yields an effective mo-
meter served to determine the magnetization from 2 up tenent of 7.28.g/f.u. and a paramagnetic Curie temperature of
300 K in fields up to 6 T. Specific-heat measurements orl9 K that indicates ferromagnetic interactions. In order to
samples of about 1-2 g were performed at temperaturegerive the effective magnetic moment of Eu, the magnetic
ranging from 1.5 up to 120 K by means of a quasiadiabaticstate of the polyaniofiFg,Sb,] has to be taken into consid-
step heating technique. eration. Measurements of, e.g., isomorphous L.8bg and
51y Mossbauer-effectME) measurements were per- CaFgShy, (Ref. 6 exhibit effective momentg..z= 3.0 and
formed using a 100-mCi SmMViossbauer source at 300 and 3.7ug, respectively, which primarily have to be attributed to
4.2 K. Source and absorber were kept during the measuréhe magnetic behavior of Fe. As a consequence, the effective
ments at the same temperature in a He cryostat. moment assigned to Eu is smaller than the measured one.
Using the above results and assuming that both the rare-earth
and the polyanion contribution to. is simply additive, i.e.,

Ill. RESULTS AND DISCUSSION
A. Structural chemistry Mok o= \/0-83,u5#)2+ (Mg?flyarﬁzy

The obtained x-ray intensity pattern was indexed on th
base of a body-centered cubic lattice prompting isotypis
with LaFeP;,.® Some weak peaks could be identified as
free antimony and were refined simultaneously with the mair}

phase. The refinements of the x-ray intensities in all cases 2-15 of the Fu ion if a linear relationship is assumed for

i R, )
converged satisfactorily for a fully ordered atom grra_nge-"e"xegebr?rﬁ]"‘éﬁgl E/zlu;]d Ei 5 s;ilsxctﬂgsggg tgenggen:g::igllee
ment EyFe,Sby, with respect to atom site distribution with an E#™ state ;rflfqléo 84? a value slightly above the
among Eu, Fe_’ and Sb atonjEImS; Sbin 24 9:Xs5=0;  gpserved 83% occupation of the rare-earth site.

ySb: 0160511), _ZSb:0'33831)1 R|:0044] OCCUpatlon We” belOW 120 Ki)(_l VS T Of El.b Bfe48b_l_2 Strongly
factors were refined and corresponded to a full occupancy %eviates from the Curie-Weiss behavior: the derived
the Fe and Sb sgblattlce but .revealed cons?ergple voids f%Jrrshaped curve is reminiscent of ferrimagnetic systems. Mag-
the Eu and La sites accounting for only 83% filling of the netic ordering occurs &F,..~84 K, in agreement with the
rare-earth sitgx=0.83(2)]. The lattice parameter was found |\ . o< Danebrock et di. ’

to be a=9.1631(5) A in the case of ByFeSh, anda In order to obtain more direct information on the valence
=9.1486(4) A in the case of kade,Sby,. state of Eu in Epgfe,Shy,, we have performed®Eu ME
measurements on this sample at 300 and 4.2 K. The spectra
B. Bulk properties collected at 300 and 4.2 K are displayed in Figs) 2nd(b).
As evident from Fig. 2a), the position of the®Eu reso-
nance line corresponds to a value of the isomer di8ft
Shown in Fig. 1 is the inverse magnetic susceptibility=—11.69(6) mm/s, which clearly indicates that the valence
x~X(T) of Eu gF€,Sh, as a function of temperature plotted state of Eu is nearly divalent. No resonance is observed,
for woH=1 and 3 T. Above about 120 Ky(T) can be verifying the absence of a Ei component in the sample. At

%his yields u54=7.28 and 6.8 when comparing with
eff

aFeSh, and CaFgSh;,, respectively. The former effec-

ive magnetic moment would coincide with a valeney

1. Magnetic properties
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Eg. (1) and the dashed line is the magnetic entrofy,, of

FIG. 2. 15%Eu Mosshauer spectra of EyFe,Shy, collected at  Elosd&Shi.
300 (a) and 4.2 K(b). Solid lines through the data points are least-
squares fits to the spectra. anomaly at 25 K. WhileC,/T(T—0)=1y of Eu gf€,Sh;,

extrapolates to about 100 mJ/mdiK isomorphous
low temperature4.2 K) one observes a magnetic hyperfine L s €Sy, exhibits a much larger value, 185 mJ/méIK

split spectrumhyperfine field,Byy=23.8(2) T] due to the The phonon contribution to the specific heat is analyzed
ordering of the E&" (®S;,) magnetic moments belot,g considering a Debye spectrum together with two Einstein

[compare Fig. @)]. The value of S at 4.2 K remains almost modes, and additionally by a single Einstein contribution ac-
unchanged|S= — 11.52(5) mm/$indicating a stable Bt counting for the behavior of the weakly bound rare-earth ion,

valence state. The slight decreasel$ is caused by the

2
volume decrease due to the thermal expansion between 300 2 (1)2 (ﬁ)
and 4.2 K. 3R (o 2T 2T

Isothermal magnetization measurements opggte,Sh;, Cpn(T)= 12—3fo > do+ .212 ciR—w.

(see inset of Fig. Jlreveal a spontaneous magnetization of “D sinf?(—) o sinhz(j)
3.55up for T=2 K. With increasing fields, the magnetiza- a2l 2T
tion rises, reaching 4.26; at 6 T. If all the Eu moments are @
aligned, the saturation magnetization should reach a Va'”Equation(l) was successfully applied to binary RhSind
near that of Gd systemsj€s=7/2,1=0), i.e, M=gj  IrSh; (Ref. 10 considering three acoustic and nine optical

=7ug. The significantly smaller experimental values would pranches of the phonon dispersion. For the polyanion
then be consistent with ferrimagnetic order or some canteflFe,Sh,,] in the filled skutterudite Lggd€,Sh;, the phonon
type of fer_rom_agnetic coupling. modes are represented by (P one Debye and two Ein-
Magnetization measurements performequgH=0.02 T stein functions (2% fg +9xfe ). In order to account for
evidence traces of an impurity phase that orders around 25, i, the filled skutterudite, simply one further Einstein
K. However, fields of the order of 0.1 T are sufficient t0 ¢,nction has to be added to E(]) to describe the increased
saturate this magnetic impurity contribution. Within the ,,per of phonon modes due to the additional0.83 at-
paramagnetic temperature region, the magnetization scal%%s per f.u. of Lagfe,Shy,. The index of the second term

with the applied magnetic field. of Eq. (1) is theni=1, 2, 3 with c;=3%0.83. Usingc,
=27 andc,=9, a reasonable parametrization @f(T) is
2. Thermal properties possible in a temperature range from 2—100g¢lid line,

The temperature-dependent specific he@g(T) of Fig. 3. The parameters obtained by least-squares fits are

Eup gF€,Shy, is plotted in Fig. 3 asC,/T vs T. For the wp =156, wg, =270, wg,= 125, andwe, =270 K. The cal-
purpose of comparison, we have added the results of isosulation of the low-temperature Debye temperatg’ ac-
tructural LagfF€Sh,, too. Magnetic ordering of cording to ®LDT:3¢[1944><(16+0.83)/,8, where B is the
Eu sF€,Shy, aroundT=84 K is derived from the distinct slope ofC/T vs T? at low temperatures yield® =348 K.
anomaly inCp(T). The impurity phase, as also observed In general the magnetic contribution to the specific heat
from the magnetization measurement, causes a smal,q0f magnetic compounds is obtained from the difference
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FIG. 4. Temperature-dependent electrical resistiviyT) of Although Lg g4€,Shy, is considered to be a nonmagnetic
Ew sFeSh, and Lg gFeShy,. simple metallic compound, the strong curvature () pre-

vents a description in terms of the Bloch-@aisen law.

g 3 B
of the heat capacities of the magnetic and a nonmagnetig/€" the addition of the Mott-Jones tereT”, accounting
homologous isotypic compound. Among rare-earth system or-a narrow feature in the densny of states near th? Fermi
the most widely used nonmagnetic representatives are is¢ €9y does not reveal a satisfying description. This most

structural La compounds. Although many cases are known i Ikely indicates additional magnetic interactions of the con-
which the phonon spectrum of La compounds differs signifi-duction electrons with thgFe,Shy,| polyanion complex.

cantly from that of isomorphous Y or Lu systeffisye are The field response of the electrical resistivity of
constrained by the fact that skutterudites form only with theEtb.ed €4S, is presented in Figs.(& and (b) revealing a
large rare-earth members, excluding Y and Lu homologsPOSitive magnetoresistance for the entire region measured
Despite such shortcomings, we attempted at least to estimat—12 T and 0.5-300 K The most interesting feature, how-
the order of magnitude o ya, of Ety g4 e;Shy, by compari- ever, is the enormous size of the magnetoresistance effect:
son with La g e;Shy, (AC,~Cpag. Additionally, for both for 12 T andT=1 K, Ap/p amounts to l:)L30%, and even at
compounds the linear electronic contribution was subtracted M temperaturép/p is as large as 30%. At low tempera-
too. Plotted in Fig. 3right axig is the magnetic entrop,,,,  Lres: the field dependence &p/p is found to behave pro-

as derived fromfC,/ TAT. Spaq coNtinuously increases portional to (1oH)?* [compare Fig. B)]. It is interesting to
and a kink atT, reflects the ordering temperature. The NOt€ that isostructural CeR8by, is also characterized by

release of entropy at this temperature is about 24 J/m0|K§uch unusual large values of the magnetoresistance for tem-

larger than expected for Eu in a nearly-2state[i.e., j  Peratures up to room temperatdfe.

=712, Speo=R IN(2j+1)=17.28 J/molK. The deduced sig- . A typical ferr(_)magnet woul_d exhlbl_t, in gen_eral, a nega-
nificant surplus of entropy release can be attributed either t&%’e magnetoresistancé Thus, in combination with the non-
the mentioned differences in the phonon spectra or to subtl

ear reciprocal susceptibility of EByfe,Sb,, the ob-
differences in the magnetic contribution of th&e,Shy] served positive magnetoresistance points either to a canted
polyanions.

ferromagnet or a ferrimagnetic ground state. In such a case,
sufficiently high external magnetic fields would cause a
) field-induced ferromagnetic alignment and above a certain
3. Transport properties and pressure effect critical field the magnetoresistance is expected to cross over
In order to evaluate the thermoelectric performance ofo negative values. A corresponding high-field study is in
Eup sF€Shy,, we have measured various transport coeffi-progress. However, a behavidip/px(uoH)?? over a sig-
cients of this compound. Plotted in Fig. 4 is the temperaturenificant field range and the large values, even in the para-
dependent resistivity of Eu, g§€,Sh;, in comparison with  magnetic temperature range, do not entirely exclude the clas-
that of La, g§€,Sh;,. The overall behavior of Bygfe,Sh,  sical magnetoresistané@.
reflects a metallic state with absolug€T) values signifi- As is already obvious from the isothermal field measure-
cantly lower than those of most of the known antimony-ments, the field increase causes the resistivity to increase too,
based skutterudites. The pronounced kink around 84 K is dumore than double its value at low temperatufese Fig.
to the onset of magnetic order. The linear dependency oé(a)]. In order to analyze the temperature dependence of
p(T) above the ordering temperature implies spin disordep(T,H), least-squares fits according to=py,+AT" were
scattering of the conduction electrons in the absence of prgeerformed, leading to a value ofclose to 2 for the whole
nounced crystal-field splitting, corroborating the essentiallyfield range. This is also seen from Fighg where the data
divalent electronic configuration of the Eu ioftse ground are plotted on &2 temperature scale. A2 behavior of the
state then matches Gd wifts;),). electrical resistivity well below the ordering temperature of
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FIG. 6. (a) Temperature-dependent electrical resistiyifl) of TK]
Euw, sFeShy, for various values of external magnetic fieldb) o
p(T,H) of EtygfFe,Shy, vs T2. FIG. 8. Temperature-dependent thermal-conductivity A&t

of Euy g€, Shy,. The lattice; and the electronic contributio,

Euw sF€,Sby, would be in line with ferromagneticlike spin to the thermal conductivity are shown as dashed and dash-dotted
8 2 @es, respectively.

waves, thus not in contradiction to the supposed ground sta
of this compound.
The response of B e,Sh, to pressure yields both a assumingBy=1000 kbar,FTma~6. Such an order of mag-

slight increase in the overall resistivity and an increase in thgjtude can be considered asgtypical for stable magnetic sys-

magnetic phase-transition temperature at a rate of about Otams, very frequently found in rare-earth intermetallic com-
K/kbar (see Fig. 7 and its insetThe positive change of pounds.

dTrmag/dp can be considered as a hint to a localized moment Measurements of the thermal conductivitx of

behavior of the Eu ion. Pressure drives the magnetic iongu0 eF€,Shy, are summarized in Fig. 8. In general, the ob-
closer together, thus Ruderman-Kittel-Kasuya-Yosida interseryed thermal conductivity is small, but the overall value is
actions enhance and so does the phase-transition tempe&stantially larger than values reported for several other
ture. Systems that are dominated by itinerant magnetic Mailled skutterudite$? This fact results from the extreme low
ments, on the contrary, are expected to exhibit the oppositgsistivity of the compound, together with a large residual

pressure _r.espon§8\. __ resistivity ratio value of about 15. Good electrical conductiv-
The Grineisen parameter related to the phase transitiofty causes the electronic contribution to the total thermal con-
Iy, follows from ductivity to be a significant portion of the measured quantity.

The total thermal conductivity. is usually given by\
=N\t A\ Where\, represents the electronic part andthe
lattice contribution. In the case of simple metals, the
) ) Wiedemann-Franz law is expected to be valid, thhg,
where By is the bulk modulus of the sy_ste?ﬁ.Wlth_Tmag =LoT/p. Ly=2.45x10"® WQ K2 is the Lorenz number
=84 K, ITmag/ 9p=0.5 K/kbar and, as a first approximation, (qerived in the scope of the free-electron modeid is the
electrical resistivity of the sample.

r __aInTmag: &InTmag: Bo 9Tmag
Tmag alnV T Tmag P

)

0 Elu Fel sb ' ' _ Applying the Wiedemann-Franz law to systems other than
0.83" F4="12 simple metals in order to separatg and\, results in crude
; pf;gak’bar approximations only; nevertheless this law is widely used in
sor . g;s'kbar i the field of thermoelectric materialcompare Ref. 2Rto
¢ p=11.5Kbar define the lattice thermal conductivity. The latter contribu-

p = 13 kbar - tion \; follows then simply from\;=A—LT/p. Results of

p [nQem]

20 - /./ such an analysis are shown in Fig. 8 as dashed and dash-
7 dotted lines. Although this analysis should not be over-
// | stressed, one can conclude thatis large, and even exceeds
10 1 at elevated temperatures the lattice contribution to the total
_ Plkean measured effect.
3 6 9 12 In Fig. 9, the thermoelectric powé&(T) is displayed for
00 o 100 150 2(‘)0 25')0 200 Euw sFe&Sh, and Lg gF€,Sh,. In the magnetically or-

dered range$(T) is predominantly negative and small, how-

ever, the paramagnetic temperature range is characterized by
FIG. 7. Temperature- and pressure-dependent resisti¢iyp) an almost linear behavior, reaching about/B@/K near 300

of EluggdeSh,. The inset shows the pressure response of thd<. A kink in S(T) in the proximity of 84 K traces also the

magnetic phase transition. phase-transition temperature. For the purpose of comparison,

TIK]
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80 . . ‘ ‘ simple carrier count assuming an almost 8tate of the Eu
ion. This number evidences a high carrier concentration, thus
the Seebeck coefficient is restricted while both the electrical
as well as the thermal conductivity should be large. In fact,
these predictions are verified from the experimental results.
The comparison of EygpFeSh, with isomorphous
Lag gFeShy,, where scattering processes on the rare-earth
magnetic moments are absent, shows that the number of free
carriers is the essential parameter in these compounds. Since
La, in general, exhibits the13 state, the compensation of the
electron deficienfFe,Sh;,] is much more efficient than with
divalent Eu. Thus, the carrier concentration is much more
decreased and consequently, the Seebeck coefficient be-
comes larger. Even quantities lik¢T) and\(T) seem to be
influenced by the change in the hole concentration when pro-
FIG. 9. Temperature-dependent Seebeck coeffic) of  ceeding from Eplgde;Shy, to Lay gd~€,Shy, as derived from
Ew, sF€,Sh;; and Lag gF&Sh,. a significantly larger resistivity, while the thermal conductiv-
ity of La-based skutteruditéshas a room-temperature value
S(T) of the isomorphous Compound d—@iFeZlelZ is added. of rOUghly 15 mW/ch, i.e., about four times smaller than
Besides a smooth minimum with negative valusgT) of  that of ElpgdeSh,. _ ,
the latter grows continuously up to about ZO//K. Well _In order to S|gn|f|cant_ly enhance the figure of metibf
above the magnetic ordering temperature of the Eu comthis Eu-based skutterudit& T~0.08 at room temperature
pound, S(T) of Laggf€,Sh;, is much larger thar§(T) of the number of carriers has to be reduced. This can be done
EwsFe,Shy,. In terms of a simple count of carriers, by a substitution of Fe/Co. In fact, preI|m|na(y measure-
[Fe,Shi,] exhibits four holes. The filling of the binary Ments on Ey(Fe,_Ca)Shy, show that a lowering of the
skutterudite—which, in the mentioned case, is not stable—Carrier number by increasing the Co content doubles the See-
by electropositive elements like La or Eu then compensate8€Ck coefficient at room temperature, and moreover, the sys-
partially the holes and thus reduces the number of carrierd€M Crosses over to eleztitron—type transport beyond a critical
Since Eu exhibits an almosti2state 47 electronic configu- 0 _concentrationx>3). _
ration), less holes are compensated by electrons in comparj- "€ observation of an unexpected large magnetoresis-
son to the case of lade,Shy,. Hence, the lower number of tance over the entire temperature range c_overed_ is the most
carriers in Lg g e,Shy, causes the experimentally observed outstanding property observed. The physical origin of this

larger thermopower values and the positive sign matche@ehavior is yet unknown. However, a sample with a canted
with a holelike transport. magnetic structurépossessing a net magnetizadiaan in-

crease its resistivity values when the field strength rises ow-
ing to a rotation of the moments. Once the field-induced
order becomes perfect, the magnetoresistance should de-

The study of bulk properties performed ongggFe,Sh,  C€ase: Such an explanation, of course, does not hold for the
revealed magnetic ordering below 84 K. The appearance of Baramagnetic temperature range.
spontaneous magnetization excludes then an antiferromag-
netic ground state.

Transport processes observed in gfre,Shy, as well as
in Lag gFe,Shy, are dominated by type conductivity. This This research was supported by the Austrian FWF under
is understood from just a partial compensation of the electrorant Nos. P13778-PHY and P12899-PHY as well as by a
deficient [ F&Sh,,] polyanion by the electropositive ele- grant for an international joint research project NEQIa-
ments, i.e., Eu and La. A recently performed Hall pan. The authors gratefully acknowledge the support of the
measuremefit at room temperature allowed us to estimateAustrian-Polish ~ Scientific-Technical Exchange Program
the carrier concentration of Eyde,Sh;,, which was 2.1 (OEAD, project 13/99 A.G. is grateful to the Romanian
holes per formula unit. This is in excellent agreement with saANSTI, Grant No. 6121.
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