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Structure and properties of a fulleride SmgCg
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A fulleride SmCqy has been synthesized using the high-temperature solid-state reaction. The Rietveld
refinement on high-resolution synchrotron x-ray powder-diffraction data shows thfisSm isostructural
with body-centered-cubiésCgs, (A=K, Ba). The Raman spectrum of @ is similar to that of BgCg,
and the frequencies of twly modes in SrgCq are nearly the same as that ofg83,, suggesting that Sm is
divalent and hybridization betweerg{molecules and the Sm atom could exist in&g. Resistivity mea-
surement shows a wedklinear behavior above 180 K; the transport at low temperature is mainly dominated
by granular-metal theoryS0163-182609)02533-3

Alkali intercalation into the G, host lattice is a successful the positions of the twé\y modes in SgCq are the same as

technique for synthesizing fuIIeridésRecent.Iy, extens.ive that of BaCqgp, suggesting that Sm is divalent and hybrid-
research has concentrated on the intercalation of a wide Vgation between g and Sm atoms could exist in $@ko.
riety of atoms or molecules in thesgsolids. Intercalation of - The highly Sm-doped Sglty, was confirmed to be metallic
alkali metals in the g, solids yields various structural com- by resistivity measurement.
pounds ACgy (x=1, 3, 4, 6 with different physical Samples of SRCy, Were synthesized by reacting sto-
properties™® Among these, the superconducting compoundschiometric amounts of powers of Sm ang,CA quartz tube
A3Cqo have attracted considerable interést this system, yith mixed powder inside was sealed under high vacuum of
the fcc lattice parameter and band filling are tunable byspout 2¢x10°© torr. The samples of Sgfe, were calcined at
changing the intercalantsl, goes up with increasing lattice 55g° for 216 h with two intermediate grindings. X-ray-
parametef,while it rapidly decreases when the nominal va- diffraction (XRD) measurements were carried out with syn-
lence(n) shifts from the half-filingn=3 of thet,, band? chrotron radiation at beam line BL 1B of the photon Factory
The study was then extended to the alkali-earth series aff the National Laboratory for High Energy Physig$EK-
AE,Cqo.2 ¥ The electrons are introduced by intercalation of PF, Tsukuba The synchrotron beam was monochromatized
alkali-earth metals into the next lowest unoccupied molecuto 0.8500 A. Rietveld refinements for the XRD patterns were
lar orbital with t;; symmetry. The superconducting com- carried out usingrULLPROF-98 X-ray diffraction showed that
pounds with various structures and critical temperatures werell samples were single phase, which is also confirmed by the
prepared (C&Cqso, Ba,Cso, S1Cso).>*2 Such tolerance for single peak feature of the pentagonal pirkd(2) mode in
the Ggp molecular valence i,y superconductors makes a the Raman spectra.
striking contrast with the strict constraint for the valence Raman-scattering experiments were carried out using the
state in the case df;, superconductors. 632.8 nm line of a He-Ne laser in the Brewster angle back-
The rare-earth metals were also intercalated into the C scattering geometry. The scattering light was detected with a
solids but only one phasR, ;:Cs; (R=Yb, Sm) has been Dilor xy multichannel spectrometer using a spectral resolu-
discovered so fat*® In this system, the basic structure of tion of 3 cm . In order to obtain good Raman spectra, the
R, 7:Cqp is face-centered cubic, but the cation vacancy ordersamples were ground and pressed into pellets with pressure
ing in tetrahedral sites leads to a superstructure accompanied about 20 kg/crh, which were sealed in Pyrex tubes under
with slight lattice deformation from cubic to orthorhombic. a high vacuum of 10° torr.
TheR cations occupying the octahedral sites experience off- Resistivity measurements were carried out using the four-
center displacements since one out of every eight tetrahedrptobe method. Electrical contacts of less thafl 2esistance
sites in the subcell is vacant. Such vacancy-ordered structusgere established by silver paste. Preparation of samples and
of R, 7:Cgo Can be understood within a simple electrostaticelectrical contacts was carried out in a controlled argon glove
energy modet® In this paper, we report synthesis and struc-box where the oxygen and water vapor levels were main-
ture of a Sm-intercalated compound §2g,, which is isos- tained below a few parts per million.
tructural with bccAgCqso (A=K, Ba) ®¥°It suggests thatthe ~ Figure 1 shows the XRD pattern of the §8g, sample.
cation vacancy ordering could not exist in the highly dopedThe pattern is similar to that for the well-known bcc struc-
Ceo With rare-earth metals. Raman scattering indicates thaure found inAzCgo (A=K, Rb, Cs, and Bp®'° All the
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' ' ' ' ' ' ' ' ' tion between octahedral and tetrahedral sites is removed in
i the bcc structure, all interstitial sites becoming equivalent
with distorted tetrahedral symmetry. For thg ;:Cqo, the
- — vacancies create three inequivalent types gfaions. Each
anion rotates about an internal axis to maximize the number
of pentagon oriented towards the surronding cations. In the
highly Sm-doped SgCqq, all interstitial sites are filled by
six samarium atoms. All £ balls are equivalent and orien-
7 tationally uniform, and all the tetrahedral holes are sur-
rounded by two pentagons and two hexagons.
Figure 2 shows room-temperature Raman spectrum for
i the polycrystalline sample of §8g. In the spectrum, only
one peak of pentagonal pingk,(2) mode is observed, pro-
. viding evidence that the sample is a single phase. This agrees
| Lo bt et PErrrreer e et FEREE e e e e i e CER e e . . . . .
. | . | . | | | . fairly well with the x-ray-diffraction patterns. It is worthy to
3 s 15 a2z o®m B 45 s s e note that the Raman spectrum of §2g, is amazingly simi-
20 eg) lar to that of BgCgp,*® suggesting that the electronic states
FIG. 1. X-ray-diffraction pattern of the sample §83, collected of S%CGO_ is similar to that of BgCe. The positions 4’),
with synchrotron radiation. The synchrotron beam was monochro@nd halfwidths ¢) of the Raman modes observed are listed
matized to 0.8500 A. The crosses are experimental points and tHg Table I. For comparison, the lines for purgs@nd BaCeo
solid line is a Rietveld fit to the model S/ in the space group are included in Table I. The frequencies of the two
Ims - The allowed reflection positions are denoted by ticks. Ag4-derived modes are 505.5 and 1371 Cmrespectively.
Which are different from 498.3 and 1432.8 chobserved
observed peaks are indexed with a bcc lattic@sf10.890  for the corresponding\; modes in Sm7:Ceo.° It also pro-
A. The diffraction pattern of SgCs, samples fits well to a vides direct evidence for an existence of new phase in the
single body-centered-cubic structure. We have carried out 8m-doped G, system. It is seen in Table I that the frequen-
Rietveld refinement of the structure usiRgLLPROF-98 The  cies of the twoA, modes are nearly the same as those in
solid line in Fig. 1 shows fitted data to a model of the bccBasCgy. It suggests that £ in SmzCsq is hexavalent, being
structure (space groupl.;). Refinement of 220 peaks in a fair agreement with a simple expectation assuming that
yielded an intensityR factor of R,,,;=9.9% andR,=9.4%, Sm cation is divalent. This is consistent with the results of
and the following coordinates: (C) at 0.0660, 0.0, 0.3201; near-edge and extended x-ray absorption fine structure in
C(2) at 0.1320, 0.1070, 0.2796;(® at 0.0660, 0.2140, Yb,-Cso,?° and Raman-scattering results of SaCqo,° in
0.2392; and Sm at 0.0, 0.5, 0.2749. Mean-square thermalhich Sm cation is comfirmed to be divalent.
amplitudes of the isotropic Debye-Waller factors were re- Two theoretical calculations based on the local-density
fined to 0.016 and 0.103%or C and Sm, respectively, and approximation have shown a strong hybridization between
all samarium sites were found to be occupied. The refinethe alkaline-earth-atom states and thg Gr states’'?? Re-
lattice constant,a=10.890 A, however, is significantly cent photoemission studies have also indicated the presence
smaller than measured values fors@, and CgCqp,® Of a hybrid band with incomplete charge transfer from
BasCeo,'° and RRCyo,'” and suggests a 9.43 A nearest- alkaline-earth metals to &, as a consequence of the com-
neighbor separation for the molecules. The atomic coordipetition between covalent Bagg bonding and ionic
nates of €1), C(2), C(3), and Sm are nearly the same as thatcontribution?® The same frequency of th&,(2) mode as
of AgCso (A=K, Rb, Cs, and Bp®1%1’ that in BgCgo, Which is known as a sensitive probe for the
For the low Sm-doped §, Sm, 7:Cqq is isostructural with  degree of charge transfer on thg,@olecule, indicates that
Yb, 7:Ce0, > and different from the fcé\;Cqso (A=K, Rb).*  the hybridization between the Sm atom ang), @olecules
In this structure, the fcc-based subcell of f@y, molecules  could exist in SrgCqq. In fact, the size of the divalent sa-
has Sm cations occupying all four octehedi@) interstitial ~ marium, 1.18 A, placed at0.22, 0.5, 0 requires a lattice
sites but only seven of the eight tetrahed(@l sites. The constant of about 11.5 A assuming spherically symmetric
unoccupied site alternates between adjadesites in each molecules. The relatively small lattice constant measured
direction, leading to a unit-cell doubling with eight ordered also may indicate strong orbital overlap between the neigh-
vacancies. The O-site Sm cations are displaced from the ceboring molecules. This hybridization may play an essential
ters of their interstices towards the nearest-neighbor vacancyple for a larger Raman downshift of the pentagonal pinch
effectively reducing the nearest-neighbor coordination gf C Ay(2) mode than that expected by the simple relation be-
anions around the O-site cation from six to three. Thus, ifween Raman shift and charge transfer widely observed in
the unit cell there are three types ofG@nolecules. In con-  K,Cgo.24?°
trast to theR, ;:Cqp, the highly Sm-doped Sgg, is isos- In Table I, the positions and halfwidths were obtained by
tructural with AgCso (A=K, Rb, Cs, and Bp®'%7It sug- fitting the experimental data with the Lorentzian line shape.
gests that further intercalation of Sm intgg3olids leads to It is easily seen that the lowest frequenkly modes are
disappearance of cation-vacancy ordering and formation of aplitted into several components. Similar behavior has been
cation-disordered phase. The number of interstitial sites inebserved in single-crystal4Cq at low temperatur® and in
creases from three perggin a faced-centered-cubidcc) Ba,Cs (x=4 and 6. The Hy(2) mode is apparently split
structure to six in the bcc structure. Additionally, the distinc-into five components in Sg&s,. The inset of Fig. 2 shows
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FIG. 2. Room temperature Raman spectrum
of SmgCqp. The results of a line-shape analysis
for the Hy(2) mode are shown(inse). The
dashed lines are computer fits for the individual
components, which add up to the full line on the
top of the experimental results.
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TABLE I. Positions and linewidthséin parenthesgdor the Ra-

man modes in g and BgCqgp.

Raman Shift (cm™ )

Ceo BagCeo SmCeso
I'y mode o () w () o ()
(cm™Y (cm™1) (cm™Y
Ag(l) 493 506.5 5.0) 505.5( 3.3
Ag(2) 1469 1372.5 12.) 1371.0( 7.0
Hg(l) 270 274.5 5.2 263.4( 7.9
281.8( 2.6 280.0( 13.9
291.8( 3.7
Hy(2) 431 385.6( 4.4) 367.2( 7.1
405.8( 2.2 391.6(5.1)
415.6( 2.4) 400.8( 4.1)
428(16.8 415.9( 28.2
438.8( 2.9 426.8( 6.4
Hg(3) 709 585.2( 4.8 587.5( 28.0
602.1( 5.2 603.2( 10.9
622.3( 3.7 638.0( 32.0
651.8( 12.0
Hy(4) 773 732.5 8.5 740.0( 9.0
Hg(5) 1099 1082 6.0 1084.0( 12.0
1110.2( 10.8
Hy(6) 1248 1224( 26) 1210.5( 6.5
1227.2( 10.3
Ho(7) 1426
Hg(8) 1573 1437 25.0 1440.5( 20.2

1600

the results of a line-shape analysis for tHg(2) mode. It
suggests that the fivefold degeneracy is completely lifted.
This splitting of theHy(2) mode in SrgCq is unexpected
since the group-theoretical consideration predicts a splitting
into two in the space group,g (Tg). The splitting might
suggest a symmetry lowering which is not detected in the
x-ray diffraction. This type of disagreement between micro-
scopic spectroscopy and structural analysis was observed in
Rb;Cqo (Ref. 27 and BgCq,.'® From Table I, we can find
that the positions for most of modes are the same, and simi-
lar splitting is observed in Sg&s and BgCgy. This
strongly indicates that Sg€, and BgCgo have similar crys-

tal structure and electronic states.

Figure 3 show the temperature dependence of resistivity
for the sample SgCqy. NO superconducting transition is ob-
served at temperatures down to 4.2 K. A minimum resistivity
appears at about 180 K. The temperature coefficient of resis-
tivity is positive over 180 K, while it is negative below 180
K. The data in Fig. 3 are fitted by the following formula:

p=ae T 1cT+d, )

wherea, b, ¢, andd are the fitting parameters. It is found that
data can be well fitted over the whole temperature range of
4.2—-300 K by the formula. The first item in the formula is
written according to the granular metal theory, in which the
In p is proportional to thel ~ 2. The linearT item is used to

fit the metallic behavior at the high temperature. The inset of
Fig. 3 plots the same data aspivs T~ Y2, and almost shows

a linear relation below 180 K. It suggests that the transport is
dominated by the granular-metal theory. Stepraakl. have
reported that the thin-flm samples of Ry, can be de-
scribed within the framework of granular metal theéfyhe
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sample SmgCqo shows a weak localization behavior at low  In summary, we synthesized a fulleride §gy, which
temperature and the ratjg4.2 K)/p(290 K) isonly1.7.In Wwas characterized by x-ray diffraction, Raman scattering,
addition, the transport at low temperature can be explaine@nd resistivity measurement. $@y, adopts body-centered-
by the granular metal theory. These results indicate that thgubic structure, being similar to that #Cqo (A=K, RD,
sample SrECq, is metallic. This is in apparent contradiction B&- Raman spectrum of §j84 is strikingly similar to that

to the insulating electronic structure if the charge completé®f Ba&Ceo- The same Raman shift of t#g,(2) pinch mode
transfer from the rare-earth divalent Sm atom tg @ol- " SMsCeo and BaCeo SUggests that Sm is divalent and there
ecules could result in the full occupation of thg band. The exists a hybr|d|zat|on. between the rare—egrth Sm atom and
metallic behavior of SRCq, Suggests that there could exist a the G, molecules, which could be responsible for the metal-

hybridization between rare-earth Shorbitals and G p = g\c behs\_/riol.r of Srgcﬁollc.)bst?rxed_ by.resistivity g]gasuretmelrétd
orbitals, being similar to the case of 82,. In the case of weak T-inear metaflic behavior 1S observed down to

BagCeo, the theoretical calculation based on the IocaI-K’ the resistivity data at low temperature can be explained by

density approximation shows that the hybridization betweerﬁhe granular-metal theory.
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