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We have studied crystal structure, magnetism, and electric transport properties of a europium fulleride
EusCsg and its Sr-substituted compounds,¢ESr,Cqo. They have a bcec structure, which is an isostructure of
otherMgCqo (M represents an alkali atom or an alkaline-earth atdvtagnetic measurements revealed that
magnetic moment is ascribed to the divalent europium atom 84tf7/2 spin, and a ferromagnetic transition
was observed al-=10-14 K. In E4Cqy, we also confirm the ferromagnetic transition by heat-capacity
measurement. The striking feature ingEWSK, Cg, is very large negative magnetoresistance at low temperature;
the resistivity ratiop(H=9 T)/p(H=0 T) reaches almost 1§ at 1 K in EyCgo. Such large magnetoresis-
tance is the manifestation of a stromgf interaction between conduction carriers og, @nd 4f electrons of
Eu.

DOI: 10.1103/PhysRevB.65.134431 PACS nuniber61.48:+c, 75.50-y, 72.80.Rj, 61.10-i

[. INTRODUCTION the Sr concentration. In the resistivity measurement we
found a huge negative magnetoresistance below ardgnd
Since the discovery of fullerenesgcompounds have the reduction ratio of resistivity(H)/p(0) is almost 10° at
given us various opportunities for the research in condensed- K in EusCgq. This ratio is comparable to those in perov-
matter physics and materials science. Much attention waskite manganese oxides, which is known as colossal magne-
attracted to the superconductivity #&;Cg, (A is an alkali  toresistancé CMR). However Ey4Cgq should be categorized
atom.! As for the magnetism, TDAE-§ (TDAE is tetrak- as a new class of giant magnetoresistive compounds in the
isdimethylaminoethyleneshows a ferromagnetic transitién, sense thatl) the magnitude of magnetoresistance increases
while antiferromagneti¢or spin density waveground state very steeply with decreasing temperature rather than the vi-
was observed in polymeria;Cqo,° Na,Rby €% -Ceo,* and  cinity of T, (2) the compound consists of a molecule with
three-dimensional (N A;Cso.° In these compounds a novel structure. These features can open the further possibil-
magnetic moment is considered to be carried by an electroity to find a new magnetic and magnetoresistive material.
on Gsg molecule. Because various atoms and molecules can
be intercalated into £g crystal, we also expect the magnetic
Cso cOmpounds in which magnetic moment is carried by in-
tercalants. From this viewpoint, rare earth metal is a good Polycrystalline samples of Eu,Sr,Cq, were synthesized
candidate. The research of rare-earth fullerides was reportdsy solid-state reaction. A stoichiometric amount of mixture
for Yb (Ref. 6 and Sm(Ref. 7) in relation to the supercon- of Eu, Sr, and g, powders, which was pressed into a pellet
ductivity, but little effort has been made to study the mag-and sealed in a quartz tube in vacuum, was heat treated at
netic properties. The only case of magnetic study in rare600 °C for about 10 days. In the course of the heat treatment
earth fullerides is for europium. Europium has a magnetiadhe sample was ground for ensuring the complete reaction.
moment of Tug (S=7/2, L=0, andJ=7/2) in the divalent Because the sample is very unstable in air, we treated it in a
state, while it is nonmagnetiSE3, L=3, andJ=0) inthe  glove box with inert atmosphere.
trivalent state. A photoemission study off@verlayered on Powder x-ray diffractior’XRD) experiments were carried
Eu metal revealed the charge transfer from Eu §gdbd the  out by using synchrotron radiation x rays at BL-1B in Photon
formation of fulleride® Ksari-Habileset al®*° investigated Factory, KEK, Tsukuba. The samples was put into a glass
the crystal structure and magnetic properties of £lxoand  capillary of 0.3 mm diameter and an imaging plate was used
EusCeo; they observed some magnetic anomalies ip. for the detectiort! Magnetic measurements were performed
In this paper, we report the ferromagnetic transition ofusing a superconducting quantum interference device mag-
EusCgo, Which was observed dt-~12 K in magnetic and netometer. In the heat-capacity measurement by relaxation
heat-capacity measurements. We also investigated the subgtiethod, the sample was pressed into a pellet and sealed by
tution effect from Eu to nonmagnetic Sr, and the ferromag-grease to keep from exposure to air. Ey -edge XANES
netic transition temperature was found to change little with(x-ray absorption near-edge structumeas measured in the

Il. EXPERIMENTAL PROCEDURES
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FIG. 1. (a) X-ray diffraction spectra of
Eus_,Sr,Ceo- The wavelength of x ray is
0.8057 A forx=0, 3, 5, and 0.8011 A fox=6.
(b) Schematic view of the crystal structure of
Eus_,Sr,Ceo. The black ball represents a metal
atom. (c) Lattice constant vs nominal concentra-
tion of Eu(x). The lattice constant changes lin-
early with x, following the Vegard's law.
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fluorescence method at BLO1B1 of SPring-8, Harima. Thdows the Curie-Weiss law, as shown in Figga)2(c). The
resistivity measurements were carried out by the four-probeffective Bohr magneton estimated from Curie constant and
method. Four gold wires were attached to a pressed pellet dfie Weiss temperature are summarized in Tabl The
polycrystalline sample with sliver paste. The sample was putormer agrees with the Eti state §=7/2, L=0, andJ

into a capsule and sealed in He atmosphere. =0). The field dependence of magnetizatio2 & gives the
saturation moment close toug, which is consistent with
IIl. RESULTS the magnetic moment of Bti. Moreover the Eti" state has

X-ray diffraction spectra of Egi,Sr,Cgq are shown in TABLE I. Structural parameter obtained from the Rietveld re-

Fig. 1(a). The spectrum of $Cqq is also presented as a ref- finement of Ey_,Sr,Ceq.
erence. The wavelength of x ray is 0.8057 A for 0, 3, 5,

and 0.8011 A fox=6. They all can be understood by a bcc Site Occupancy X y z BA?)
structure that is an isostructure of othdiCq, in alkali,*? EusCeo. 8o=10.940-0.001 A, R,,,=3.81%

. _ 3 .
aI}<aI|ne eart'H, and rare eartfiSm) (Ref. 19 fuIIendEs. The c1 245 1 0.06725) 0 03200 0.8
Rietveld refinements based on the space grbu@ were  ~,  4q 1 0.1325 01056 02797 05
performed with use of theIETAN program:*>*®In the refine- o ,o 1 0.06583) 02144 02381 0.5
ments, only two atomic coordinateg for C1 and C3 are Y 1% 1 0 05 0276@) 2.294)

refined in Go molecule, which corresponds to the refinement
of the length of 6:6 bondthe bond between two hexagons

= = 0,
and 5:6 bondthe bond between hexagon and pentagém EusStCeo. 80=10.958+0.002 A, Ry;p=6.20%

the compounds of=3 and 5, the sum of the metal concen- c1 24 1 0.06866) 0 0.3186 1.13)

tration is fixed to unity. The results of refinement are pre-c2 4&h 1 0.1328 0.1038 0.2790 1.1
sented in Table | and obtained structure is shown in Figl.1 3 4eh 1 0.06414) 0.2148 0.2366 1.1

This crystal structure of BCg is consistent with the previ- g2+ 12 0512 0 0.5 0.279%) 2.997)
ous works'®*" but we observed little trace of the secondaryge+ 12e  0.49 0 05 02792 299
phase in the present sample. In the Sr-substituted com-

pounds, the values of Eu concentration are in good agree- _ " _ 0

ment with the nominal ones. EuiStCro, 39=10.97220.002 A, Ryp=6-37%

As seen in Fig. (c), the obtained lattice constants changeC1 24 1 0.066@5) 0 0.3207 2.13)
linearly with the nominal Eu concentration, which meansC2  4& 1 0.1321 0.1069 0.2798 2.1
they follow the Vegard’s law, and confirms the formation of C3 4 1 0.06613) 0.2138 0.2390 2.1
solid solution atx=3 and 5. This result is attributed to the EL#* 12¢ 0.182) 0 0.5 0.28083) 2.736)
fact that ionic radius of B and Sf* is quite similar, while  sP* 12  0.82 0 05 0.2803) 2.73
the substitution of Ba for Eu results in the phase separation.

Figures 2 show the result of magnetic measurements of St5Ceo, ap=10.986+0.002 A

Eus_,Sr,Ceo. Above 30 K, magnetic susceptibilityy) fol-
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also been confirmed by El,;, -edge XANES experiments, clarified yet, but we consider that it does not have a magnetic
as seen in Fig. 3. The spectra of EuS and@uwere also  origin because of no anomaly in the temperature dependence
presented as a reference of divalent and trivalent of Eu, andf magnetization. The transition temperatures fog&Cg
absorption edges of Bu,Sr,Cqo are very close to that of and EySrCy are estimated from the Arrott pfStat 12.8 K
EuS. The divalent state of Eu was also observed in the casend 10.4 K, respectively. These values are very close to the
in which Eu atom exists inside thesgcage, namely, metal- Weiss temperature mentioned above. Iny&y4, the transi-
lofullerene Eu@ G,.*°

Temperature dependence of magnetization at a weak field T T ' T T
of 3 mT [Figs. 2g)—(i)] shows a steep increase of magneti- o~
zation below 10-14 K, indicating a ferromagnetic transition. N
To confirm the presence of the ferromagnetic phase transi- D e T
tion, we measured heat capacity forgByy. In Fig. 2g) we EugCeo
show the temperature dependence of heat capacity including S~
that of grease. An obvious peak can be seen near the transi- ___/" Y
tion temperature, which is an evidence of the ferromagnetic S e ———
phase transition. Thé&. is determined to be 11.6 K from the EusSrsCeo
peak position. We ascertained that there was no anomaly in S -
specific heat in this temperature region for grease, which was 3 _____/"' S
used to keep the sample from exposure to air. We can also 3 Y
see a smaller peak near 16 K, whose origin has not been 'g D e ——

) ) § RN Eu1SrsCeo

TABLE |Il. Summary of the magnetic properties of —-_—/.- Y
Eus_,SrCeo- Heff, ®, Mg, andT denote effective Bohr magne- 1 - v\\__.——‘
ton [g;vJ(I+1)ug], Weiss temperature, saturation moment, and . Eus+
ferromagnetic transition temperature, respectively. ~ EuS

pert/EU (ue) O () Mg/EuU () To (K) L ——" | ¥ 3
EP* 7.94 7 Euz+ e
EuCeo 1.77 10.6 6.97 11.8 -.." Eus0s
(13.7% T . .

EuSt3Ceo 8.13 12.6 7.13 12.8 6.95 6.96 6.97 698 6.99 7.00 7.01
Eu,SrCep 8.26 8.0 7.68 10.4 Energy (keV)
% rom the peak position of heat capacity measurement. FIG. 3. XANES spectra of Eu,SrCg,. The arrows indicate
bFrom the Arrott plot. the absorption edge in divalent and trivalent reference.
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tion temperature estimated from the Arrott plot has a |i'[t|6magnetic moments; namely, the stromef interaction exists
larger value(13.7 K) than that from the heat-capacity mea- jn Ey,Cs,. When we consider formal valence state of

surement, but it is not so important in the following discus-(Eu2+)6C127 , t1y band of G, is completely filled and the

. 60
sion. . compound should become an insulator. In this case, the in-
From these evidences we conclude that; ESrCqg

h ¢ tic transition Ft—10-14 K. and th teraction between conduction carrier and localized moment
shows a terromagnetic transition £=10- s an € s considered to be week, assuming that the conduction car-
magnetic moment is ascribed to #u In the previous work

of EusCqo, Ksari-Habileset al® observed a mixed valence rier mainly passes onggmolecules. If Eu orbitals hybridize

state of Eu (E&" and Ed") and three successive magnetic with Ceo orbitals and _form a part of conduction band, much
enhancement of the interaction must occur. In the band cal-

anomalies, which is different from the present work; a pos- . .
P P lation for SECgy and BaCgg (Ref. 21, which have the

sible reason is that their sample might contain a secondargJ
phase other than EGg. ame bcc crystal structure and the same valence state as

Figure 4a) show the temperature dependence of electriE%Cso, the hybridization of thel orbital of metal atom and
resistivity of ECqo measured at some magnetic fields. Athetig orbital of Gy, exists and makes the compounds me-
most striking feature in resistivity is the huge negative magJallic. This fact is confirmed experimentaffyThe hybridiza-
netoresistance below aroufig . The negative magnetoresis- tion is more significant in $Cqo than BaCg, due to the
tance becomes much more significant at lower temperaturémaller lattice constant of §g,. The band structure of
In the case of E4Cqsy, magnetoresistivityp(H=9 T) is  EuCgo has not been studied yet, but such hybridization of
three orders of magnitude smaller thafH=0 T) at 1 K, as the 5 and/or & orbitals of Eu and the4 orbital of Csg is
seen in Fig. 4). This large negative magnetoresistance isplausible in E4Cgy because E4Cq has a further smaller
comparable to those of the CMR materials such as perovskit@attice constant than §Cs.
manganese oxides, where CMR effect is seen only near the The 7r-f interaction is likely to affect the magnetic inter-
ferromagnetic transition temperature. We also observed action of 4 electrons and the origin of ferromagnetism in
relatively large magnetoresistance in the Sr-substituted cont=usCgo may be ascribed to the indirect exchange interaction.
pounds, as shown in Fig.(d. There is no difference be- Inthe bcc structure, an Eu atom has four nearest neighbor Eu
tween magnetoresistances in the transveksel() and lon-  atoms (the distance between two Eu atoms is 3.89 A).
gitudinal (H||I) configurations ( represents electric currgnt  Therefore, in the case of E8r5Cq, five of six Eu atoms are
suggesting the magnetoresistance ig&yis not ascribed to  replaced by nonmagnetic Sr atoms, Eu atoms can no longer
the orbital motion of free carriers. have the three-dimensional Eu network, so that the direct
interaction fails completely. Nevertheledg; does not show
a drastic change. This is quite a contrast with the case of
magnetic semiconductor EuO, where the direct exchange in-

Such giant magnetoresistance is a manifestation of th&eraction between Eu atoms is importarand the substitu-
strong interaction between conduction carriers and localizetlon of Ca for Eu significantly reduces the ferromagnetic

IV. DISCUSSION
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transition temperatur&. This fact indicates that the ferro- sidered the magnetic exchange enef§y and gave the

magnetism in EgCgqo comes from the indirect exchange in- magnetoconductivity as

teraction via Gy molecules, and ther-f interaction has an .

important role in the present system. o(H,T)=0oo[coslEw/2kgT) — P sinh(Ey/2kgT)], (1)
Now we discuss the origin of the giant magnetoresistance,here P is the spin polarization of carrier and,,

The features of magnetoresistance insE4 are: (1) nega- =(1/2)J[1—m?]. J is the exchange coupling constant be-

tive magnetoresistance occurs below aroligd (2) satura-  tween a conduction carrier and a ferromagnetic metal grain

tion field of magnetizaion is close to that of magnetoresisand m is the magnetization normalized by the saturation

tance ratid p(H)/p(0)], as seen in the top curve of Figd2  value. Equation(1) gives a negative magnetoresistance of

and the bottom curve of Fig.(d); (3) magnetoresistance is orders of magnitude only wheR is very close to unity. If

much enhanced at lower temperatures. The magnetoresie=1, we obtain

tance ratig p(H)/p(0)] does not seem to saturate with de-

creasing temperature, while the magnetization almost satu- p(H)/p(0)=exp(—Im?/4kgT). 2

rates 42 K and 5.5 T. Featurél) indicates that the present

MR is closely related to the ferromagnetic transition. In a

qsual Iferromagnegc metal, spin flgctuatlon scatter.s%g%gdu joned above. The assumption Bf=1 might be unrealistic
tion electrons and causes negative magnetoresis €. in usual ferromagnetic metals. However, if the exchange in-

This effect may be an origin of the magnetoresistance neag4ction hetween Eu atoms is accomplishedwibands of
Tc, but this is not the case for the giant magnetoresistance B, , as discussed earlier, we can expect a large spin polariza-
EusCqp at lower temperature, because such effect is remarkion of 7 electrons.
able in the V|C|n|ty Och inconsistent with featuréS). Fea- We can a'so Consider the effect Of magnetic po'aron_ In
ture (2) suggests that magnetoresistance is related to thgiagnetic semiconductors such as Eu chalcogenides, a carrier
magnetization. Furthermore, when we g€&)/p(0) inlog  polarizes surrounding magnetic moments via exchange inter-
scale, the difference gf(H)/p(0) betweea 2 K and 1 K is  action and forms a magnetic polarbhAt zero field, mag-
of almost one ordefFig. 4(b), while that of magnetization netic polarons have to move by flipping some magnetic mo-
must be small This means that there is another factor, inments that are more or less randomly oriented, and their
addition to the magnetization, to determine the magnetoreconduction is suppressed. Application of magnetic field
sistance. It is probably temperature, that is, an activation praaligns spin directions and carriers become mobile. As a re-
cess needs to be considered in the origin of the magnetorsult, negative magnetoresistance occurs. The negative mag-
sistance. netoresistance abovE: can be attributed to this picture.
One possible interpretation of magnetoresistance irEven in the ferromagnetic phase, magnetic moments have to
EusCqp is the spin-dependent tunneling at the grain boun-be flipped at a magnetic domain boundary for the motion of
dary?’ In the case of ferromagnetic granular metal, the concarrier. Because remnant magnetic moment is little, as seen
ductivity is dependent on the tunneling probability of carriersin Figs. 2d), many magnetic domains exist in our sample of
through insulating barrier between grains, and the probabilityeusCgy. The crucial point of above two interpretatiofspin
crucially depends on the spin polarization of carriers. In thisdependent tunneling and magnetic polarare that carriers
case, each grain is assumed to be conductive and surroundeulist overcome large exchange interaction with localized
by less conductive surface. Because we measured the resgpins when they go into the region of different orientation of
tivity in a pellet of polycrystalline sample and Ty is very  magnetic moments.
unstable in air, the surface may react to be insulative barrier,
even if the sample is treated in high_-purity_inert aFmosphere. V. SUMMARY
However, we should note that the insulating region is con-
sidered to be limited only to the thin surface because uniden- We have measured crystal structure, magnetic properties,
tified peaks in XRD spectrum are very weak and it is con-and magnetoresistance in polycrystalline;Eg and its Sr-
sidered that they do not affect the magnetic and heat-capacigubstituted compounds, EuSr,Cey. They all have a bcc
measurements. As shown in the inset of Fip)4the tem-  structure and the compounds »£3 and 5 form a solid
perature dependence of resistivity is representeh (@3 solution concerning the occupation of metal atom. A ferro-
sexp(To/T)Y*(a~2), rather than the activation type that is magnetic transition is observed B¢~12 K in Ey;Cgo and
expected in a usual semiconductor. The valu& ofs about  all Eu atoms are in divalent state with a magnetic moment of
180 K at O T. This fact suggests that the resistivity in our7ug (S=7/2). The fact that the substitution of nonmagnetic
sample might be governed by the tunneling at theSr for Eu has little effect o ¢ indicates that the ferromag-
boundarie$® Our preliminary Hall-effect measurement gives netic interaction is caused through the conduction carriers. In
Ry=+5x10 2 cm®/C at 250 K, corresponding to the hole the resistivity measurement, we have found thatQy
density of 1x 10?° cm 2 (0.1 hole per §y); this means that showed a huge negative magnetoresistancegdht)/p(0)
intrinsic EisCgo can have relatively high conductivity and is reduced by almost I¢ atH=9 T andT=1 K. The precise
possibly metallic by hybridization of theggand metal or- mechanism of magnetoresistance has not been clarified yet,
bitals mentioned above. Note that Hall voltage is less sensiut it manifests a strong interaction betwegrconduction
tive to the grain boundary effect. Helman and Ab&leon-  electrons of G, and 4 electrons on Eu.

Magnetoresistance in ER) increases with decreasing tem-
erature, which agree qualitatively with featu(® men-
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