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Electronic structure of the Ba,Cg, superconductor
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We study the electronic structure of the superconducting body-centered-orthorhombic fulle@ig Bang
the local-density approximation in the density-functional theory. It is found that Ba states are strongly hybrid-
ized with G, states through pentagons, explaining the observed lattice-constant diffe@nrdes,c. Due to
this hybridization and to a rather low symmetry of the lattice causing the splitting of statetsttierived
conduction band partially occupied by two electrons is found to be relatively wide. Fermi surfaces also show
noncubic nature and contain dual quasiplanar sheets parallel salthglane in the momentum space, giving
rise to a quasinesting vector parallel to thexis.

[. INTRODUCTION ported experimentally} using the local-density approxima-
tion (LDA) within the framework of the density-functional

Face-centered-cubidcc) alkali fullerides,A;Cgo With A theory?® We find that Ba states are strongly hybridized with
=K, Rb, or the combinations of Na, K, Rb, and Cs, haveCgo States via pentagons, which stabilizes the low-symmetry
been intensively studied due to their high superconductindco lattice. The hybridization-caused low symmetry is found
transition temperaturesT() observed~" In A;Cqp, alkali 10 play-a key role in thg peculiar behaviors of the electronic
atoms donate their valence electrons to the otherwise emp8fates in superconducting Bas,.
conduction band derived from the lowest-unoccupteg
state of the g, cluster, giving rise to a half-filled conduction [l. COMPUTATIONAL METHOD
band®~° The variation of theifT, is believed to be mostly
governed by the value of the Fermi-level density of statesCe
[N(Eg)], which is one of the most important parameters in

the BCS-ty_pe theory of superconduchﬁt’y.” i Bylander separable approximatidrare also adopted. The

In addition to A;Cqy, several alkaline-earth fullerides real-space-partition meth#dis used in order to avoid the
have been also synthesized and some of them are reporteddgakdown of the separable approximation for Ba. A plane-
be metallic and even superconducting. In the case of Ba angaye pasis set with a cutoff energy of 50 Ry is used. In the
Sr fullerides, a recent work has clarified that,Bg and  Ba atom, it is known that there is a considerable spatial over-
Si,Cqo with the body-centered-orthorhombibco) cell are  |ap between valence states and the highest-energy ore
the superconducting phatThey are the first noncubicg  states (P state$.>® Therefore, we treat Baybstates as not
superconductors among alkali and alkaline-earth fullerides atore states but valence states in order to include this effect.
ambient pressure reported so far. Also they are the figgt C The structure of BgCq to be studied is schematically shown
superconductors free from any geometrical disordeCsy  in Fig. 1. There are three different lattice constapés
superconductors other than MRbG;, and NaCsGy are  =11.6101 A, b=11.2349 A, c=10.8830 A (Ref. 14]
known to possess so-called merohedral disorderggfo@-  and two different Ba sites because of its orthorhombic geom-
entations, while NgRbGCsy and NgCsG, possess the glass
orientational disorder of & at lower temperaturés®as in
the case of the pristine solidyg "8 Also the bcc KBayCeg
superconductor is known to have a random occupancy of K
and Ba ions®? Therefore, the electronic structure of
disorder-free Bglgy and SiCqq is of high interest because
they can deserve a detailed comparison between theory and
experiment in the future. Since there are eight valence elec-
trons per unit cell, the;, band may be fully filled and the
nextt,;y band may be partially occupied by only two elec-
trons, being well below the half-filling of thig, band. They
are also interesting opposites of ,Cgy that are reported to
have very similar geometfy but should have two holes in
the t1, band. In sharp contrast to superconducting, &g
and SjCgp, A4Cgo including CgCqy are reported to be
nonmetallic??-2’

In the present paper, we study the electronic structure of FIG. 1. Structure of BgCq, studied in the present work. Shaded
Ba,Cgg, Of which the full geometry has been already re-and white spheres denote Baand B42) atoms, respectively.

In the electronic-structure calculations, we adopt the
perley-Alder exchange-correlation poterfian the LDA.
The norm-conserving pseudopotentidiwith the Kleinman-

0163-1829/2000/620)/142045)/$15.00 PRB 61 14 204 ©2000 The American Physical Society



PRB 61 ELECTRONIC STRUCTURE OF THE B&s, SUPERCONDUCTOR 14 205

(a) Ba4C6O
2.0 ; N
] N S
1.0 3 1/
S 3
%) ] LT .
= 01 =-db>"5
5 4
2 1.0 3 J N
i E
2.0 ]
-3.0‘; LD = L D, -
X v TaoyuXgea T R WTO02 46810 X v T'auXgeaT R W T

States/eV/ spin

FIG. 2. (8) The band structurésquare pangland the density of statgsectangular panglof Ba,Cq, and (b) the band structure of the
hypothetical pristine €. Sincea, b, andc axes are different from one another in the orthorhombic structure, there are three distinct lines
from T point to X point, i.e.,%, A+U, andA+G lines alongk,, k,, andk, axes in the momentum space, respectivelyanenergy is
measured from the Fermi level denoted by the horizontal broken line. The density of states is broadened by using the Gaussian-distribution
function with the width of 0.001 eV. Iitb), energy scale is the same as thatah U and G lines are on a small rectangular facet of the
Brillouin zone and are very short in this fulleridef. Fig. 4(d)].

etry, which does not have threefold symmetry axes. As for . RESULTS AND DISCUSSION

ggometries and lattice constants, we use experim(_antal values The band structure and densitv of stalPOS) of Ba,C

with the same Bd) and (2) ”Ot?t'°”§4 In addition 10 ,pyained are shown in Fig(@ andythe bgﬁj stzucturae4o?(%he
Ba,Cqo, We also study a hypothetical pristingddn order to  pypothetical pristine bco & in Fig. 2b). The widths of
perform a comparative study between,Bg and the pris- ¢, _derived band in the pristinegdgand BaCg, which are

tine bco G,. Lattice constants and coordinates of the hypo-represented by the difference between the highest eigenvalue
thetical pristine bco ¢, are assumed to be identical to those among thred, ; states at th& point and the lowest at the

of Ba,Cqp- point, are 0.40 eV and 0.88 eV, respectively. This widening
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FIG. 3. Spatial distributions of the, states in BgCs, (upper panelsand in the bco pristine £ (lower panels Each contour line
indicates twicghalf) the density of the neighboring thinnghicken contour lines. The minimum density denoted by the thinnest line in this
figure is 6.25<10™* a.u” 2. “Bal” and “Ba2” represent positions of Bd) and B42) atoms, respectively.
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FIG. 4. Fermi surfaces ofa) the lowest(b) the middle, andc) the highest state of thig, band, in BaCg, (Uupper panelsand K;BasCqy
(lower panels In each figure, the region shown is wider than the first Brillouin zone that is showd) iwith the names of selected
symmetry points and lines. All the surfaces have electrons insidd) lof Ba,Cgo, Q represents the quasinesting vector.

of the t;4 band upon the inclusion of Ba indicates the pres-directly at theX point, is found to be almost negligible, 0.013

ence of the hybridization betweeryfl,4 and Ba states in eV. Therefore, the conduction band is not an energetically

Ba,Cq, as has been observed in other bee Ba fullertfed’.  isolated narrow band unlike fof;Cgy.

For the sake of simplicity, we call the hybridized band gf Figure 3 shows spatial distributions tf; stateSptlg,

and Ba states hereafter the;; band.” Owing to its lower

symmetry, the degeneracy appearing in cubic fullerides at )

symmetry points is considerably lifted in bco B&,. Even ptlg(r):; f dkj dE[W | “S(E— en).

in the pristine bco &, the difference between the top and

bottom states of the, band at thd” point is as large as 0.16 in Ba;Cgo and the hypothetical pristine bcosC Here, the

eV. In Ba,Cqgp, the presence of four Ba atoms is found to energy integration is done in the energy range covering

give a more prominent band dispersion and to lift the degenwhole three branches of thg, band, and the same sampling

eracy even more. Consequently, the uppermost branch of th@ints as used in the self-consistent electronic-structure cal-

t,4 band is almost empty and does not cross the Fermi levatulation are taken for th& integration. These figures indi-

except along the\ line. The difference between the top and cate that both Bd) and Bd2) “pull” t,q states, which are

bottom states of the 4 band at thd™ point in Ba,Cgg is now originally distributed mostly above pentagons in the pristine

0.46 eV, being much larger than that of the pristine bgg.C bco Gy, and thatt,y states are hybridized with Ba states

It is also caused by the lifting of the degeneracy due to théhrough pentagons. As can be clearly seen from the figure on

low symmetry that the;; ; bandwidth of BaCq is as wide as

that of bec B@C60.34‘36 TABLE |. ObservedT, and_N(EF) anql the calculategl(EF) of _
The Fermi level lies in the,, band that is occupied by BaiCeoand KsBasCeo. The unit ofN(E) is states/eV spin. Experi-

two electrons, as expected stoichiometrically. The Dognental data for BgCe, and KsBasCeo are from Ref. 14 and Ref. 20,

value at Fermi leveN(Eg) is 5.3 states/eV spin, which is in espectively.

good accord with the experimental value of 6.0 states/eV

spin* This calculatedN(Eg) of Ba,Cg, is larger than that of Te (K)  N(Er) (expt)  N(Eg) (theory

BasCso (4.3 states/eV spir® being consistent with the su- Ba,Cg, 6.7 6.0 53

perconductivity observed not in B@go but in BaCso. IN-  K,Ba,Cy, 5.6 57 5.7

terestingly, the gap betweer, and nexthy bands, which is
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the (00) plane, the hybridization, which should give rise to indicates that superconducting carriers should be grcids-

an attractive interaction, along theaxis betweert;; and  ters, around Ba sites, in the interfullerene area on(€0d)
Ba(2) states, is definitely stronger than that along éhexis  plane, and in the area between two(Baatoms. Therefore,
with Ba(1) states, being consistent with the observed latticethe carriers may be coupled not only withgntrafullerene
constant differenc@>b. On the other hand, the shortest phonons but also with the optical phonons involving Ba-ion
value can be explained by the existence of unoccupied integisplacements. The isotope effect of Ba as well as that of C
stitial sites along the axis and a strong hybridization be- atoms may be present. Interestingzbg,F in Ba,Cg, seems to

tweent;q and Bdl) states on th¢l00) plane. spread more uniformly than that in B2,.>® This may give
Figure 4 shows the Fermi surfaces of,Bg, originating ;" \weaker Coulomb repulsion between carriers in®g,

from three branches of thigy band. In order to perform a yaing again consistent with the superconductivity reported
comparative study between noncubic 4B and cubic . in Ba,Cyo but in Ba,Cp.

K3BayCgg superconductors, the Fermi surfaces aBE;Cgg

are also shown in Fig. 4. Theoretical methods used in the

electronic-structure calculation forsRa;Cgq are common to IV. SUMMARY

those for BaCgy and have been explained in Ref. 37. In i i

these two fulleridesT, andN(E;) are rather close to each We have studied the.electronlc structure of the supercon-

other (Table . In Ba,Cy,, there are closed hole orbits ducting bco BaCeo by using the local-density approximation

aroundX points on the Fermi surfaces originating from the within the framework of the densny—_fu_nctlongl theory. It has

lowest ty, state. The Fermi surface from the next state,Peen found that Ba states are hybridized wify G, states

which has the largest contribution M(E) (649, clearly ~ through pentagons. Thg, bandwidth of BaCeo, occupied

shows noncubic nature of the bco lattice and consists of dudjartially by two electrons, has been found to be as wide as

quasiplanar sheets normal to theaxis, which are connected that of BaCeo due to the hybridization and the low symme-

to each other by a cylinder along theline. These quasipla- try that lifts the degeneracies of the electronic states even at

nar sheets give rise to open orbits normal to khaxis and ~SYmmetry points. The hybridization betweer, and Ba

at the same time a nesting nature of the Fermi surfaces withtates naturally explains a relationship among lattice con-

the nesting vectof=+ Qk, with Q=0.2(2w/c) is shown stantsa>b>c. Fermi surfaces are found to contain dual
+Qk, . ; ) .

in Fig. 4b). Thus, the attractive electron-electron interactionduasiplanar sheets parallel to tab plane with a quasinest-

mediated by phonons of the wave vec@rshould become

ing vector parallel to the axis. Because carriers to be re-
strong. Fermi surfaces originating from the highiststate sponsible for superconductivity have been found to be not
are very small; therefore they should contribute little to elec->

only on G clusters but also around Ba sites, the hybridiza-
tronic transport properties. In #8a,Cq, Fermi surfaces tion between @)gnd Ba states should play an important role
from the lowest, 4 state are similar to those of Bag and ' superconductivity.
there are closed hole orbits aroukldpoints. Interestingly,
the next state possesses a little larger hole surfaces also
aroundH points, reflecting the similar dispersion characters
of the lower two branches of thigy band in KsBagCeo. >’ We would like to thank Professor Y. Iwasa and co-
Since KBagCqo has a half-filledt,;y band with one more workers for providing their work prior to publication. This

electron than Bi&Cq, the highestt,, state has fairly wide work was supported by a Grant-in-Aid for Scientific Re-
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