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Electronic structure of K ;Ba;Cgy and RbyBa;Cg, superconductors
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We have studied the electronic structure of the superconducting fullerigiea;®s, and RiBa;Cg using
the local-density approximation in the density functional theory. Their conduction-band profiles are found to be
quantitatively very similar to each other although the lattice constantB&Cy is definitely smaller than that
of Rb;Ba;Cqy. The density of states at Fermi level ofBa;Cg is slightly larger than that of RBagCgq. In
addition, G states are found to be hybridized not only with Ba states but also wifkidKstates. These results
are in sharp contrast t8;Cq, superconductorsA=K and RB. The hybridization is expected to play an
important role in their superconducting properties since carriers are found to be not ondytmut @lso around
K (Rb) sites as well as Ba sitefS0163-182809)07747-4

[. INTRODUCTION result in the lowefT,. In the case of similar alkaline-earth-
doped bcc fullerides, $€q, and BaCgyp,'®!’ it has been

. . . shown that G, states are hybridized strongly with the
ium- fulleri ny experimental and theoret- . . L . .
potassium-doped fulleridemany experimental and theoret alkaline-earth metadl states. This hybridization gives rise to

ical studies of superconducting alkali-doped fullerides have%h verlan between valen nd conduction bands and
been carried oit-22 The superconducting phase has been '© OVerap DEween valence and conduction bands a

; ; 9
identified to be the face-centered cubficc) A;Cqo.2 In these makes these fullerides semimetaftic.” Moreover, SiCeo

fcc A;Cgg, interestingly, the larger the lattice constant is, theand. BaCqo are different from each other in the details of
higher the superconducting transition temperatufg) (is.> their bqnd _structure arounid and consequentijl(E) 9f
That is, K or heavier alkali atoms doped at interstitial sites or16Ceo 1S higher t_han that of ByCeo, although the_Iattlce
the close-packed fcc 4 lattice are large enough to expand constant of YCeo is smaller than that of Byso. Their me-
the lattice constant and doping larger alkali atoms gives ris%?"'c behavpr andN(EOF) values have peen recently con-
to the increase of, e.g., 29 K in RRCqsq" versus 19 K in irmed ex_perlmentallﬁ. Therefore, also iMsBaCq, the
K4Ceo.® Accordingly, CsRbCy, has the highesT, (33 K) hybrldlzatlon bgtween & state; and Ba _states may play an
among fccA;Cgo superconductord This monotonical rela- 'mPO“"%”‘ role in their ?|eCtI’OI’]IC propertles. e

tion between the lattice constant afidcan be, at least quali- In this paper, to clarify the details of the hybridization and
tatively, explained by the standard BCS-type theory based o

Ever since the discovery of superconductivity in the

fheir electronic properties, we study the electronic structure
their electronic structur&:'! The increase of their lattice Of KsBasCeo and RRBasCq in the framework of the density
constant makes the interaction betweegsCweaker, the functional theory. The hybridization is found to be present
half-filled t;, band (originating from thet,, state, the so- not only between Ba andggstates but also between K and
called LUMO, the lowest unoccupied molecular orbital, of Ceo States. The band structure ofBagCy is very similar to
the Gy, cluste) less dispersive, the density of states at thethat of RBBasCq, although the lattice constant of
Fermi level[N(Eg)] larger, and consequently thdig higher  K3BagCso (a=11.246 A) is smaller than that of
according to the BCS-type theory. Pressure dependence 8t;Ba;Cq (a=11.32 A). From the comparative study of
T. in Rb;Cq is also consistent with the alkali-element de- several hypothetical bce solidgg; i.e., the pristine g, bcc
pendence off; in A;Cq. Its T, decreases as its lattice con- K3Cqo, and BaCg, it is found that G states are hybridized
stant is shortened by applying presstfreTherefore, in  with alkali and Ba states and that thg-derived bandorigi-
A3Cgo superconductors, a rather universal relationship benating from thet, state, the second LUMO of thesgclus-
tween the lattice constant afd holds regardless of the way ter) is half filled in Az;Ba;Cgy. Owing to this hybridization,
of varying the lattice constant. N(Eg) of K3BagCqp Obtained is slightly larger than that of
On the other hand, body-centered culiicc A;BasCqy  RbsBasCqp, Which is qualitatively consistent with the higher
superconductorsA=K, Rb, or their mixturg¢ synthesized T, in K3Ba;Cqy. This hybridization should have an impor-
recently are found to show a complex relationship betweeitant effect on their electronic transport properties since car-
the lattice constant andi, which is different from that of riers are distributed around alkali and Ba sites as well as on
A3Ceqo. B2 T, of K3BagCq is 5.6 K which is higher than Cg, due to the hybridization. In addition, we have also stud-
that of RigBa;Cy (2.0 K), although the latter has the larger ied KgCgqq and its hypothetical pristine phase comparatively
lattice constant than the former. However, the decrease of thend confirmed the existence of hybridization between K and
lattice constant by applying pressure igB&;Cqpis found to  Cgq States in KCqp as well.
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A S for Rb;BagCqp Of which atomic coordinates have not been
'/.\S\Q, ’/.‘\3\.\ reported experimentally, we have optiYmized the geometry by
. 'ﬂ . “ using the conjugate-gradient procedirender the reported
...'7"4‘. ."/ lattice constant of 11.32 A. Optimized atomic coordinates of
\_’/ /\\.\g’/ Rb and Ba atoms in RBayCg, are (0.0, 0.5, 0.281y and
~) 4“‘/ A"'ﬂ (0.0,0.5;-0.2816), respectively. These coordinates are very
")‘(.‘!\ close to those of K and Ba atoms inyBa;Cqgp, > (0.0, 0.5,
4 / 0.2799 and its symmetry-related coordinates, respectively.
’/.i\‘.,’/.%gs In alkali-metal atoms, it is known that there is consider-
‘...'!.‘ / able spatial overlap between valence states and the highest-
\.’/" g energy corep states’® In order to clarify the effect of this

— overlap, we have performed the electronic-structure calcula-

tion on KgBagCgg With treating K 3 and Ba P states as

FIG. 1. Structure of KBayCeo studied in the present work. yalence states. It has been confirmed that their treatment as
Shaded and white spheres denote K and Ba atoms, respectively. ejther valence or core states leads to the same conclusion
although there are small quantitative differences in the band

II. COMPUTATIONAL METHOD structure.
In the electronic-structure calculations, we use the local-
dens!ty apprQX|mat|or(LDAz\2) within the framework of the IIl. RESULTS AND DISCUSSION
density functional theor$*?? We adopt the Ceperley-Alder
exchange-correlation potential in the LBAThe normcon- Valence-electron densities of;Ra;Cqo and the pristine

serving pseudopotentidfs with the Kleinman-Bylander Cg, obtained are shown in Figs.(&@ and 2b). Also the
separable approximaiéhare also adopted. The real-spacepositive-value region of their difference is shown together
partition metho@ is used in order to avoid the breakdown of [Fig. 2(c)] in order to visualize the spatial distribution of the
the separable approximaion for K, Rb, and Ba. A plane-waveadditional electrons introduced via doping. The lattice con-
basis set with a cutoff energy of 50 Ry is used. stant of this pristine bcc §g assumed is identical to that of
In A;Ba;Cqp to be studiedA and Ba atoms are experi- K3BagCqp. Interestingly, Figure @) indicates that there re-
mentally reported to be randomly located at interstitial sitesmain considerable electron densities around not only Ba but
of the bcc lattice of G, in which all Gy, clusters are orien- also K sites and that the charge transfer from neither K nor
tationally ordered with the highest-symmetry orientation asBa atom to Gg is complete. This implies thatggstates may
in the case of KCg, and BaCqy. In order to perform the be hybridized with K states as well as with Ba states. We
electronic-structure calculation, we assume the fixed locatiohave also calculated the valence-electron density of
of A and Ba atoms shown in Fig. 1, which realizes theRb;Ba;Cqy which is found to be very similar to that of
highest-possible symmetnCg point group under the con- K3;BasCqo. Therefore, also in RiBa;Cqg, Cqo States may be
dition that the unit cell contains oneggcluster. Although  hybridized with Rb and Ba states.
even higher point-group symmetfy, can be assigned to the In Fig. 3, the band structure ofgBa;Cqy and RBasCq
actual A;Ba;Cgo materials owing to the averaging from the and density of statesDOS of K3;BaCgo oObtained are
random occupancy, the effect of lowering the symmetryshown. The band structure of;Ba;Cgq is, as will be dis-
from T, to C5 to their band structure is confirmed to be very cussed later, more dispersive than that of the pristine Rgc C
small as will be shown in the next section. InyBa;Cqp, having the same lattice constant as that gB&Cqq. It is
atomic coordinates determined experimentdlare used. As  also the case in RBaCqy. This band broadening clearly

(a) K3BagCgg (b) Cgo

e
IO

o

FIG. 2. (a) Valence electron density on tH&00 plane of KBasCgqg, (b) that of the pristine g, and (c) the difference between
K3Ba;Cqp and the pristine bcc &g valence-electron densitigs (a)-(b)” ]. In (c), positive-value regions are shown. The center of thg C
cluster is located at each corner. Each contour line indicates tha the density of the neighboring thinnéhicker contour lines. Ina)
and (b), the highest-density contour lines correspond to 0.2 in atomic units. These lines, shown by the thickest lines, appear around the C
atoms and the C-C bonds. (n), the highest density contour lines correspond to 0.00625.
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(a) K3BasCgp (b) RbzBagCep
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FIG. 3. (a) The band structure
(square pangland the density of
states (rectangular panglof (a)
K3Ba;Cq and (b) the band struc-
ture of RRBaCqy. Energy is
measured from the Fermi level de-
noted by the horizontal line. The
band where the Fermi level lies is
the t14-derived band. The density
of states is broadened by using the
Gaussian-distribution function
with the width of 0.001 eV.
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indicates the presence of the hybridization betwegys@tes that in KsCq (Ref. 29 and BaCgo.'®!° Therefore,
and alkali and Ba states mentioned above. We call the hyK;,,Ba;_,Cqo (—3<x=<3) is expected to have also the
bridized band of gt,4, alkali, and Ba states hereaftet;;  similar t;g-band dispersion, and consequently, the similar
band” for the sake of simplicity. DOS profiles around thig 4-band energy region. Because the
In the system that has tfig-point-group symmetry, three number of valence electrons of;K,Ba;_,Cqq for x>0 is
branches of thé;; band should be degenerate at thpoint.  smaller than KBagCq, its Fermi level will eventually hit
Because the system we study has @wepoint-group sym- the DOS peak, which is estimated to take place at alout
metry, the degeneracy of theg, band at thd” point are now =0.5. Hence, K{BaCso may have higherT, than
slightly lifted. However, three eigenvalues of thg band at  K3Ba;Cy, if strength of electron-phonon coupling is com-
the I’ point are still within a very small energy rang@.02  parable among K. ,Ba;_,Cgq fullerides.
eV). Therefore, the effect of lowering the symmetry frdm Next, in order to study the hybridization behavior more
to C; to their band structure is confirmed to be very small.quantitatively, we have calculateg,-band widths alN point
Unlike BasCgp,'®* the t;4 band is separated completely for several hypothetical bee fullerides with the fixed lattice
from the higher conduction band. The Fermi level lies in theconstant ofa=11.246 or 11.32 A. Systems studied are
ti1y band, which is half filled. Surprisingly, not only the Ba;Csy, where K (or Rb atoms are removed from
shapes but alsg 4-band widths of KBagCso and RRBa;Cqy  K3BagCqp (Rb3BagCqg), and KsCsp with above a values.
are quantitatively very similar to each other although theThe atomic coordinates of §Csy assumed are identical to
lattice constant of KBasCs is smaller than that of those of KBayCqofor a=11.246 A, and to those optimized
Rb;Ba;Cgp. The ty4-band, widths which are found to be in Rb;BagCqq for a=11.32 A. In addition, the pristine bcc
equivalent to their widths at the N point, are 0.668 and 0.66Z, with a=11.32 A is also studied. Results are shown in
eV for K;BasCqy and RBBasCqy, respectively. We have the left and center column of Fig. 4.
found that the DOS profiles obtained for;Ba;Cqq and
Rb;Ba;Cqq are very similar to each other as expected from 08
their similar band structure. Although the highest peak in the
tig-band DOS of KBaCqy is smaller than that of
Rb;Ba;Cqo, the Fermi level lies well above these peaks in

both K3BasCqg and RRBagCqy and N(Eg) of K3BagCyy is o6 O K3BazCego O RbsBasCeo

slightly larger than that of R§Ba;Cgq. Their N(Eg) values :

are 11.4 and 11.2states/eV G sping for K3BaCqo and < - boc BagCeo M bec BasCeo
Rb;Ba;Cyy, respectively. ThisN(Eg) value for KsBagCqy & KeCe0 B KegCso

agrees very well with the experimental value of 11.4 %

(states/eV G, sping obtained from the measured Pauli para- '8 0.4 1 0O KeCso
magnetic susceptibility ) via N(Eg)=xs/u3.'®> On the 2 ® bee Coo

other hand, the experimental valueN(Eg) for Rb;BasCqy S B bee Cgo

(8.4 states/eV g sping is smaller than the calculated value.
The reason for this discrepancy for f&a;Cg, is not clear 0.2 1 B bee Ceg
yet. If other factors which can affedt. besidesN(Eg) are
assumed to be identical in these two fullerides, a rather smal
difference in the calculated values N{Eg) for K;BasCqg
and RRBa;Cgy alone might not be enough to explain the
difference in the experimentdl. values of these two ful-
lerides. Regarding this point, we will discuss the isotope-
effect-like mechanism later in this section. FIG. 4. t;4-band widths of several fullerides. Fullerides denoted

The qualitative dispersion feature of three branches of they filled boxes are hypothetical materials, while those by open
t14 band in KsBasCgg is found to be essentially the same asboxes are real materials.

a=11.246A a=11.32A a=11.39A
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(a) KeCgo (b) pristine bee Cgg lattice constant. Results are shown in the right column of
Fig. 4. The magnitude of thg -band width at theN point
for KgCqo We have obtained is very similar to that of the

10 sl previous calculatioR’ The band broadening due to the hy-
% bridization between K and g states are more clearly shown
< in Fig. 5 in which their band structure is given. It is evident
g,’ 0 ? that K-doping makes both 4 andt,, bands more dispersive.
| There may be three possible reasons for the difference in

the hybridization behaviors of bcc and fcc fullerides. First,

A

/

-1.0 they are different in their carbon-atom density. Because the
% Z fcc lattice is one of close-packed latticég, andt, 4 states in
- — the pristine fcc Gy should be densely distributed and the
-2.0 conduction channel via,, andt,, states may be already

r N H T N H developed well even in the pristine phase. Then, it may be
FIG. 5. Band structure of) KCg and (b) the pristine bec g, unlikely for o_Ioped alkali atoms at interstitial sites to open
at the same lattice constamt-11.39 A. Energy is measured from new conduction channels. On the other hand, because in the
t,, states at thd" point, i.e., the valence-band top in;&sg. bcce structure the carbon-atom density is smaller, there may
still remain additional conduction channels to be opened by
A considerable difference of 0.08 eV tp,-band widths doping. Secondly, neighboringsgclusters face to each other
of K;BagCqg and bcec BaCqy at a=11.246 A indicates the in a different way in bce and fcc fullerides. In fcc fullerides,
presence of the hybridization between K ang §lates in the neighboring G, clusters face to each other via pentagons. On
K3BagCg superconductor. Also, the difference of 0.21 eV inthe other hand, in bcc fullerides, neighboring,@lusters
tig-band widths of becc B#ls and bcc Go at a  face to each other via hexagons. As will be shown later, the
=11.246 A indicates the. presence of _the hybridization betlg state as well as thg, state has its amplitude more on
tween Ba and ¢, states. Similarly, the difference of 0.07 eV pentagons than on hexagons. Therefore, in the bcc pristine
in tygband widths of REBaCe and BaCe at a g, bothty, andt,, bands should be narrow, while in the
=11.32 A has been obtained, indicating the presence of thg. pristine G, botht,, andt,, bands should be much
hybridization between Rb andsgstates. For the bccdC ; o u 19 ot
, - R | ! ~8N60+ wider. Actually, t,, and ti4-band widths of bcc pristine
the tl@J'br"imd hW'dth ata= 11'§46 IS Sl'?htly W'derh by ¢y (a=11.246 A) are 0.23 and 0.34 eV, respectively,
OiOZ_e\lllt ZinGt /ft.am_l 11.?;2'd .t'HOIV\{[thef:, tortf'ﬁﬁg’zt Et while those of fcc 4=13.879 A) are both about 0.5 €V.
ata=Ll. IS aimost identical to that at=1 1. " Thirdly, Cgq clusters surrounding doped interstitial-site at-
Of course, the distance between the(Ba) atom and its )

. . oms show different faces towards doped atoms. In fcc ful-
nearest C atom ah=11.246 A is longer than that at lerides clusters show hexagons toward tetrahedral inter-
—11.32 A. This indicates that, if the hybridization exists, . » Go ClU whexag W !

gtmal sites and show hexagon-hexagon edge bonds toward

the lattice-constant shortening does not always result in th hedral i itial si ivelv. On th her hand
simple broadening of the band structure. Therefore, the hyQCta edral interstitial sites, respectively. On the other hand,

bridization may be one of reasons for the complicated in bce fullerides, each doped atom is surrounded by two

behavior inA;Ba;Cep. pentagons and two hexagons. Therefdig,andt,4 states

The hybridization between ¢ states and alkali states in €an be easily hybridized with alkali states in bcc fullerides
bee fullerides has not been expected to take place s& far.Via pentagons. S
Thus, in addition t)A;BasCqo, We have calculated the mag- ~ Figure 6 shows the distribution of, statesp;, , on the
nitude of t;4-band widths for the actual ¢Cqo (@ (100 plane in the bcc pristine & and KsBagCgo with a
=11.39 A) (Ref. 30 and the pristine g with the same =11.246 A. The distributiorptlg is given by

(a) Pristine Cgg

FIG. 6. Distribution of t;4
states on th€100) plane of(a) the
bcc pristine G, and(b) K3Ba;Cqyg
at a=11.246 A. Each contour
line indicates twicghalf) the den-
sity of the neighboring thinner
(thicken contour lines.
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K3BasCqg. Therefore, one of the reasons wh, of
K3BasCqp is higher than that of RiBayCgy may be the mass
difference between K and Rb causing thgdifference due
to the effect similar to the isotope effect.

If this isotope-effect-like mechanism would be the case,
NasBa;Cq, Which has been not synthesized yet, might have
higher T, than that of KBa;Cqy, because the Na atom is
much lighter than the K atom. From the total-energy calcu-
lation, we have estimated the lattice constant ofB&gCq,
which is found to be 11.09 A. At this lattice constaN{,E)
of Na;Ba;Cg Obtained is 10.8states/eV, which is slightly
smaller than that of KBa;Cqy and less preferable for the
superconductivity. Thus, whether Mge;Cqo has higherT .
than KsBasCgg OF Not is an open question.

FIG. 7. Distribution of the states near the Fermi level on the IV. SUMMARY
(100 plane of KsBa;Cgq. Each contour line indicates twidéalf) We have studied the electronic structure of

the density of the neighboring thinnéhicker contour lines. Al- _ : . .
though the highest-density contours appear around C atoms, coht3BaCeo (A=K or Rb) by using the local density approxi

. . _mation (LDA) within the framework of the density func-
siderable amounts are abserved also around K and Ba sites. . -
Ple, tional theory. It has been found thag{tates are hybridized

with not only Ba states but alsh states and the,-derived
Pt (=2, J ko dE|W  |?8(E— €qy). band is half filled. The band-structure profiles 0fB&;Cgq
¢ n and RRBasCqq are very similar to each other and the density
Here, the energy integration is done in the energy range i States at the Fermi level of J8a;Ce, is slightly higher
cluding onlyt,, states and the same sampling points as usefian that of RBBasCeo, although the lattice constant of
in the self-consistent calculation are taken for khintegra- ~ KsBaCeo is smaller than that of RiBa;Ce. Carriers to be
tion. Figure 6 clearly indicates that, states are spatially responsible for the superconductivity is found to be not only
distributed more on pentagons than on hexagons in the b@ Geo clusters and around Ba atoms but also arourtRE)
pristine G and that they are hybridized with alkali and Ba aoms. Therefore, the hybridization betweeg énd K (Rb)
states in KBayCgo. states as well as be_tweergo@nd Ba states _shoulq play an
In Fig. 7, the distribution of the states near the Fermilmportant role in their electronic properties including the su-
level, pg._, perconductivity. This novel hybridization betweeg,@nd K
F states is found to take place ins®gq as well.
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