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Theoretical exploration of a group of “§like” B ;,-based materialsA,B;,, with A=(Li and Cg and
x=1-4, is made by performing local-density approximation Gaussian basis calculations of the total energy,
heats of formation, lattice constant, electronic structure, density of states, and bulk modulus of the putative
compounds, usingb initio pseudopotentials. Lithium-doped materials are mostly demonstrated to give suffi-
cient heats of formation, whereas it is shown that all Ca-doped materials are unstable, incly@agbi
Results are presented only for the stable and metastabB,;J and compared with other current theoretical
calculations on KCg. The possibility of superconductivity is also discussed. The band-structure calculations
reveal essentially metallic behavior of JB,. Important differences are found in the energy band structures,
particularly in bands near the Fermi level, that would be reflected in superconductivity of these systems.
Favorable superconducting properties are expected B L, in the context of sufficiently highN(Eg) and
obtained bulk modulus that is indicative of strong electron-phonon coudi8@jL63-18206)04440-2

I. INTRODUCTION 1(b)]. The intramolecular cohesion mechanism is a three-
center covalent bonding type, where the highest amplitude of

All pristine boron (B) crystals have molecularly based the total charge density distribution appears near the center
structures. Some of them have a drastic similarity to the fc®f a triangular face of the icosahedron. Each B atom has an
solid Cgy. The achievement of moderately high transition @dditional radialp,. bond pointing outward from B in the
temperatures in thaXCGO Superconductors suggests that adirection of eVery fivefold axis. TheS:En. orbitals are bonded
superconducting phase may appear by metal doping intkpgether between the nearest-neighbor, Bnd form two
such semiconducting B solids. Especially f8, a high types of covalent crystalg-rh andg-rh B.
value is also expected, originated from the interaction of 1€ B-rh B also has a rhombohedral unit cell, but rather
conduction electrons with high-frequency phonons caused by
B-B covalent bondings. The recent discovery of supercon-
ductivity at 23 K in a Y-Pd-B-C quaternary allbglso illus-
trates the importance of exploring boron compounds as a
candidate for a superconductor. In this paper, a theoretical
prediction is made on stability of new boron intercalation
compounds together with their electronic structures and an
investigation on superconductivity is also presented based on
them.

The a-rhombohedral borond-rh B) has a structure of
slightly compressed fcc rhombohedral primitive cell along
the body-diagonall11) direction(the ¢ axis in the hexago-
nal descriptiomand an icosahedral cluster occupies each ver-
tex[cf. Fig. 2(a)]. This crystal is comparable to the fcc phase
of solid Cgg, as to both the translational and rotational sym-
metry. lwaseet al. have recently reported a two-dimensional
(2D) Cgo polymer? which is suggested to have a rhombohe-
dral structuré Its covalent-bonding-type cohesion and
rhombohedral ordering of molecules indicate much closer
resemblance betweenrh B and Gg-based solids. Only the
2D intermolecular bonding profile is different from 3D fcc-

like network of icosahedral clusters ia-rh B. its icosahedral component, Bcluster. The solid lines ia) desig-

Icosahedral cluster i-rh B is an almost regular |cos_a- nate a rhombohedral primitive unit cell. The boron icosahedron is
hedron B, where twelve B atoms arrange at all the verticeSyistorted. reducing its symmetry froi, to Dsy. The remaining

of the icosahedroiicf. Fig. 1(b)]. This icosahedron is dis- b, symmetry divides twelve B atoms into four groups, ie., two
torted in its crystal forms? reducing its symmetry fron, polar trianglegt andt* in (b)] and two equatorial triangld® and

to D3q. The remainingD 34 symmetry divides twelve B at- e* in (b)]. This threefold axis corresponds to ttEl1) direction.
oms into four groups, i.e., two polar trianglgsandt* in  Note that intraB,, bondings in(b) are drawn for convenience and
Fig. 1(b)] and two equatorial trianglege and e* in Fig.  are different from the actual multicenter bondings.

FIG. 1. Schematic views df) nearly fcca-rh B crystal andb)
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TABLE |. Estimated site radius by means of a simple rigid sphere model calculation. We also give the
ionic radius of alkali and alkaline-earth-metal ions"|.iNa™, and C&" ions are small enough to occupy all

of the sites.

Site RadiugA) Element lonic radiugA) Element lonic radiugA)
O 1.245 Li* 0.60

Ty 1.167 Na" 0.952

int 1.032 K* 1.332 ca’* 0.992

B, center 0.826 Rb 1.482 sr2* 1.132

8Reference 19.

elongated along th€l11) direction. In this crystalline phase, already known boron-rich solids, boron carbide
the corners and the medium points of the edges are all occyB ;,C3),**** boron phosphidéB ;,P,),**"**and boron ars-
pied by B,, icosahedra. In addition to these clusters, a singleanide (B ;,As,),** ° are regarded as-rh B derivatives,

B atom locates at the center of the unit cell that Correspond\ﬁ,here C, P, or As atoms are respecti\/e|y inserted into these
to the octahedral site in fcc crystal and two aggregates Ofyterstices ofa-rh B. They show a striking feature in ob-
three icosahedra are arranged symmetrically to it, along thggped band-gap energi®s!” which widely change from
major body-diagondi. The g-rh B is a high-temperature infrared to ultraviolet region. However, no experimental
phase_ above the-rh pha_se and can easily be pr_epare_d Nstudies on metal-doped-rh B have been reported so far. It
experiments compared witrh B because the melting point | 5 1aised two fundamental questions in investigating metal

in B solids is as high as 2365 Kwhereasa-rh B is stable - . . . o
. . i dopeda-rh B theoretically. The first one is at which position
8

below 1370 K. A metal dop!ng tog-rh B is also of Interest, the metals should be doped and the second one is how the

but the crystalline complexity and already occupied octahe- -th B unit cell is deformed in size and/or shape by dopinas

dral sites are expected to give rise to a different situation, d 1o th i thp ; ﬁ/ P fg ’

compared to the dopedde We have thus chosen therh B 0 respond to Inese questions, we assume the foflowing four
realistic sites. Then the stability is analyzed with allowing

as a parent material in spite of the experimental difficulty. =< T .
An ab initio prediction of a new material requires consider- 12ttice relaxations:(@ an octahedral @) site that corre-

able CPU time, but it allows greater opportunity to clarify SPOnds to the body center in the unit cell@fh B, (b) two

the physical quantities of materials, especially of these kindéetrahedral Ty) sites per unit cell(c) both ends of an inter-

of compounds that are hard to be synthesized by experftitial chain along the longest body diagonal that equal P
ments. Working with another fcc system composed of icosapositions in B;,P, [called interstitial {nt) siteg, and(d) the
hedra also leads to a better understanding of structural inflisenter of the hollow cluster B, which we have not dealt
ence over the physical propertiesACygg. with in the previous papers.

In our previous papers,*? we have pointed out the pos-  Geometrical conditions af-rh B are like those of pristine
sible existence ofe-rh B derivatives LB, (x=1-3. We  fcc Cqp, but the intermolecular cohesion mechanism is quite
simply calculated their electronic structures with use ofdifferent. In contrast to the intermolecular van der Waals
density-functional formalism within local-density approxi- cohesion in fullerite, intermolecular coupling inrh B is of
mation (LDA), without considering any geometrical optimi- 3 covalent bonding type due to transfer interactions between
zations ofa-rh B. However, most of electronic properties nejghboring B, icosahedra. It is therefore hard to dope rela-

near the Fe_rmi level are particularly sens_itive to the struc’[ivmy heavy alkali or alkaline-earth metals of large ionic
tural relaxation and need to be more precisely evaluated e$ius into a-rh B. In order to aid a construction of our

pecially f_or a discussion on §upercondgct|V|ty. For examplemodels, we have calculated the site radius based on a simple
the density of states at Fermi level has increased by 15-19 ¢

in optimized structur mpared with unrelaxed structur @gid-sphere model, using available experimental
optimized structure, compare unrefaxed structure; formation®*148on a-rh B and B,P,. The structural data
We will explain it later in Sec. IV C.

One of the aims of this paper is to give accurate electroni of a-rh B and B,,P, are given in Ref. 10. The atomic radius
pap 9 %f the B atom required in our calculation has been estimated

structure studies on these materials at their optimized Stru(ffom the experimental B-B covalent bond length, which is

ture and also to present an analysis of SUpercondUCt'V'tYapproximately 0.88 A on the average. The calculated results

b?‘sed 0{; them. A prel_|m|nary_report ha_s been given only fo%\re summarized in Table |, together with the ionic radius of
Li 3B 1,.7 The other aim of this paper is to study more ex-

. . ; Ikali- and alkaline-earth-metal ions given Paultign
tensiveA,B 1, systems A=Li or Ca; x=1-4). In this paper, alkali- and alkaline-earth-metal ions given by Pauling

; : > ) our analysis, the IIA elements Bé and Mg?* are not in-
we investigate Li@QLiB,, Li@B;,, CaBi,, and : N L L .
. - . X o vestigated in spite of the small values in ionic radius because
Li,_.CaB,. We first clarify their stability and then g P

t their electronic struct q ibility of their chemical property is quite different from others.
present their electronic structure and possIoNiity of Supercon- ¢, spheres of the four sites range over 0:82@45 A
ductivity, only for the stable materials, at their optimized

geometry in radius, according as the order ©f>T,>int> B, cen-

' ter. We have also found out that even the most spadidus
site can only accommodate relatively small ions, such as
Li*, Na*, Ca?", and SF*. Thus the smallest alkali metal

The a-rh B is of interest as a parent material of new Li and the smallest alkaline-earth metal Ca have been chosen
compounds since it has a number of interstices inside. Thas dopants.

Il. MODELS
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Depending on the positions and concentration, the realis-
tic model systems LiB,(O), Li»B15(Ty), Li»B5(int), and
Li@B ;, are constructed for Li-doping case. On each of the
systems, a numerical work has proceeded in a way that we
will describe in Sec. Ill. The structural formula LiB(O)
represents the case that Li atoms are doped into éVesiye.
In Li,B(Ty) or Li,B,xint), Li atoms(two per unit cell
are doped intdT4 or interstitial sites, respectively. The for-
mula Li@B,, represents the case that Li atoms occupy the
centers of all the B, clusters. Based on the total-energy :
analysis, we have also investigated other systems in the same 0.0_1‘0 0 oo 160 200
way, which corresponds to Li doping into more than one ) 'Energy (evj :
kind of the above-mentioned four sites at a time, including
Li;B4,, the same way of doping as the superconducting
composition AzCg,. The Ca-doping cases, including de
Li;_,CaB,, are also studied in order to search for a new
superconductor in the wide range of new materials.
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FIG. 2. Calculated density of states @frh B. The unoccupied
nsity of states is also given in the inset.

our results reproduce well those reported for bece Li and fcc
Ca. This may guarantee the validity that we have adopted the
19N Gaussian orbitals for Li and Ca atoms. In addition, we
To make a theoretical prediction of a novel material, onehave also calculated the energy band structure and the lattice
must determine its stable structure. To make sure whethaonstant of e-rh B and compared them with the well-
these compounds really exist or not, the first-principles totatonverged plane-wavéPW) basis calculation of Lee, By-
energy calculations are performed by means ofahenitio  lander, and Kleinmaf, which is considered as the most ac-
pseudopotentid! Gaussian basis calculation within the curate one in the LDA calculation fax-rh B. The lattice
local-density-functional theor$#?? The details of the calcu- constant and the energy gap in our calculation are 100.1%
lation are found in our previous pap€r.The exchange- and 80.5% of experimental values, while those in the PW
correlation potential is included via the Perdew-Zungercalculation are 99.2% and 75.3%. Our values are very close
parametrizatioft of the Ceperley-Alder functiondf: High  to those of the PW calculation and thus our calculations, with
numerical precision is achieved by employing a large numthe use of the 19 Gaussian basis set for B atoms, are con-
ber ofk points(up to 10 pointsin 1/12 of the Brillouin zone. sidered as fairly good.
In this calculation, the Bloch functions are expressed by We have further calculated the density of statea-oh B.
the linear combination of atomic orbitalt CAO) form. In  The result is shown in Fig. 2. Very recently Terauchi has
this LCAO calculation we express the numerically calculatedmeasured the electron-energy-loss spectra-of B in the
pseudoatomic wave functions in terms of the sum of Gaussenergy region of 0—60 eV and with the use of the Kramers-
ian orbitals. In doing so we determine both the coefficients oKronig analysis of the loss function has obtained the real and
a linear combination and the exponents of the Gaussian oimaginary parts of the dielectric functidf Since the imagi-
bitals by the least-squares fit method. When we adopt 19ary part of the dielectric function is related to the joint
Gaussian orbital$3 Gaussians fos-type orbitals, 2 forp  density of states between the occupied deep core states and
types, and 2 fod types, excluding the spin degeneragiies  the unoccupied conduction band states and the deep core
a single B, Li, or Ca atom, we have found that errors in thestate is less dispersive, the density of states of the unoccu-
least-squares fitting are only within 1% in every kind of pied conduction-band states is semiempirically obtained
atom. from the electron-energy-loss spectra. In this context we can
In order to examine the validity of the 19 Gaussian basiscompare the calculated density of statesxafh B with the
sets, we have also tried to fit with 14, 18, and 22 Gaussiasemiempirical one. The agreement with regard to the peak
orbitals. When the number of Gaussian orbitals per atonpositions between calculated and semiempirical density of
exceeds 19, we can reduce the errors in the least-squarstates is fairly good, guaranteeing the validity of theN19
fitting below 1%. However, there is ambiguity in choosing aGaussian orbitals for B atoms.
set of Gaussian orbitals. This gives rise to an overcomplete When metal atoms are doped irderh B, the structure of
problem. In this context we have concluded that the case of-rh B is deformed. In our previous pap@rwe have exam-
19 Gaussian orbitals corresponds to the best fitting. Gaussianed this deformation effect in the cases of,Bi;(T4) and
exponents thus determined are as folloyeg:for a B atom,  Li,B,,(int) by calculating the total energies with the
0.161, 0.455, and 1.77 astype Gaussians, 0.265 and 1.46 B ;,P, structure and the-rh B structure. Of course we have
asp types, and 0.140 and 0.240 dsypes;(b) for a Li atom,  to find an optimized structure for all the model systems, but
0.043, 0.145, and 0.374 astypes, 0.072 and 0.828 gs this calculation is time-consuming. Thus, in the present pa-
types, and 0.073 and 0.177 éi$ypes; andc) for a Ca atom, per we introduce a pair of structural parameters, the length of
0.043, 0.363, and 5.21 agypes, 0.042 and 0.274 agypes, the lattice vectora and the mean radius of the icosahedral
and 0.242 and 1.98 abtypes. B, clusterr. We try to minimize the energy by varying
By using these 19 Gaussian basis setbl (s the number these parameters. Since this optimization procedure is too
of the atoms in a unit céll we have calculated the energy conventional, we must check the validity of this procedure
band structures of bcc Li and fcc Ca metals and we find thaby calculating the atomic force acting on each ion in a re-

. METHOD OF COMPUTATION
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TABLE II. Calculated lattice constard, mean radius of B, r, and bond lengths im-rh B (A). The
results are compared with experiments and other current calculations.

B-B bond length

intraicosahedron intericosahedra
t-t t-e t-e* * e-e
Reference a r (t*-t*) (t*-e*) (t*-e) e-e* t-t* (e*-e*)
this work 5.063 1.70 1.74 1.79 1.80 1.78 1.67 2.02
other cal@ 5.034 1.741 1.794 1.784 1.773 1.670 2.003
other cald  5.034 1.740 1.783 1.794 1.772 1.669 2.003
expt. 5.057 1.75¢ 1.78% 1.807 1.806' 1.67¢ 2.01¢'

8Reference 25.
bReference 27.
‘Reference 18.
dReference 14.

spective compound with the-rh B structure and with opti- B, solids. TheAE is defined by the exothermic reactions
mized structure. We have found that the forces sharply falB ;,(a-rh crysta)+xA(atomy—A,B,,+AE. Although the
below 10°! a.u. after optimizing the structures. For ex- atomic forces still exist inA,B;, even after the minimiza-
ample, in the optimized LiByO), the forces acting on B tion, the remaining forces are fortunately the same order in
ions are 0.3X10°°-0.88<10 ' a.u. and that on Li is all the A,B,,type compounds and hence are not considered
0.25x1072 a.u. Thus our procedure of structure optimiza-tq have such large effects on the heats of formatid.

tion by two parameters may be used in various molecularlyAccording to the analysis, Li-doped compounds have been
based crystals, if one would allow the range of remaininggemonstrated to give sufficient heats of formatiarE,
forces in an optimized structure to be 18-10"2 a.u. It \yhereas all the Ca-doped compounds have negatiand
should be emphasized that the optimized structures by tWgaye been found to be unstable includingCaB,,, against

parameters are not the most stable structure. our simple rigid-sphere model estimate.
We have also clarified that Li atoms have a preference for
IV. RESULTS the O site rather than thd site in Li,B 45, while in the

doped G, alkali atoms prefeiT, sites toO sites®® This
result is consistent with our estimate by means of a simple
First of all, calculated structural parametersagfh B are  rigid-sphere method. Lithium atoms, however, do not occupy
summarized in Table Il, together with the experimelitdl  the interstitial site and B, center against our model calcula-
and other available theoretiaf’ information. Due to the tion. Theab initio total-energy studies also demonstrate that
remaining atomic forces on the order of T3-10"! a.u., Li,B(int) is unstable, though we have calculated both
insufficient precision(=0.01 A for a-rh B and=0.1 A for  from the a-rh B and B;,P, structures. An intermediate
Li,B 4, has been achieved in the present calculation. structure, less deviated from the-rh B structure than
Also the total energy of isolated ato (A=Li or Ca) B 1,P, in proportional to the ratio of Li to P in the ionic
has been calculated for comparison, within the same frameadius, has also been adopted as the initial data, but it re-
work of LDA, employing the samab initio pseudopotentials mains unstable. We have thus concluded that alkali-metal
that we have used in the bulk calculations. The calculationatoms do not occupy interstitial sites, as in the dopegd.C
proceeded using numerical bases. In Table Il the calculate@ur LDA band-structure calculation reveals the main reason
energy gain\E are given for a wide range of metal-doped why the Li,B,(int) has been unstable. According to the

A. Stability and energetics

TABLE Ill. Calculated heats of formatioAE of A,B,. Li,Bx(int), Li@B,,, and all of the Ca-doped
A,B, are unstable, as a minus sign®E shows. LbB 1,(T,4) is metastable. The others are stable enough
and should be synthesized like, &g .

AE AE

System Site eV/cell eV/atom  System Site eV/cell eV/atom
LiB 15(O) O 2.38 0.183 CaB, o -7.23 -0.556
Li,B1o(Ty) Tyq 2.29 0.164 CaB 1, O+Ty -51.13  -3.409
Li B (int) int -2.70 -0.193 LpCaB;, O(Ca+Ty(Li) -3.20 -0.213
Li@B ;> B, center -2.86 -0.220

KCego Ty 8.5 0.139
LisB,, O+Ty 4.63 0.309 KCso Ty 17.7%  0.285
Li@LisB,, O+T4+By,center 2.92 0.182 KCso O+Ty 22.6*  0.359

8Reference 28.
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calculations, all stable and metastablgRi, are “donor-

type” metals, as seen in Sec. IV A, but the calculated energy 20 e band indices
band structure of unstable 4B ,,(int) instead shows an Eiﬁs/
“acceptor-type” metallic behavior1° Since somep,, orbit- 3 %gﬁ 24,25
als point towards interstitial sites, the Ls2vave function in 10 E ;%fi 22
Li,B,(int) overlaps substantially with thege, orbitals = I gap °
and as a result, two Li-B hybrid bands appear in the higher @ §>(§"/3/: 18
valence band region af-rh B. Because they push up higher §§\<§
valence bandskEg crosses the highest and second-highest O?é/—\:,\_§
valence bands and holelike carriers appear in this case, indi- E\E\\“
cating which Li gets an extra electron and behaves as an ] I ——
anion in Li,B ;x(int). This unusual behavior yields anoma- 20 =
lously high total energy, that leads to the instability of gg‘é%g%%E

From a comparison between the calculated heats of for- 10 5—— -&w§%19
_ma_tlonAI_E, we can consider the L_@(O) as a_stable sto- (b) ;>< %17. 5
ichiometric phase as long as the Li concentration remains in :/\ﬁ:§ R
a lower level. When the Li concentration is increased, the . §<§ -
stoichiometric LB ;, appears. The I5B ;, is the most stable 0 ?&%—’*/\\:_
compound among LB 1,, because of the largeatE of ap- E\“*”\}\ -
proximately 0.309 eV/atom. As seen in Table Ill, it is a 11 T F
comparable value to that of the already obtained stable ma- 20 ] —— %
terial K;Cgo (Ref. 28 and this comparison authorizes the 3 -CE% -
existence of LiB;,. When Li concentration is further in- ) ] [ ;@&23
creased, Li@LiB 4, is obtained. It corresponds to the maxi- - 10EF—:— == %éﬂﬁiﬁ
mum concentration, for interstitial sites are too closeQto 3 N C
sites and the occupation of interstitial sites by additional Li g © ;izg/kg‘_”‘ ®
atoms do not occur because other Li atoms have already cC 0_1:7%§Z>< /:_
occupied theD sites. L Tg—’_ g;

B. Band structure 20 _—/*’;\/"

The calculated energy band structures of the stable and é%\/ﬁg
metastable LjB, (x=1-4) are presented in Fig. 3. The 1 g%ﬁ
LDA band calculation indicates that the general features of 10Eif=*\—\ﬂ‘>—==——&—/: === fg
energy bands in LB, are mostly attributed to the band = > 1
profile of @-rh B. The energy band structure afrh B is (d) E\< = | - *
shown in Fig. 8a). The undopedr-rh B is an indirect semi- . | =< %
conductor with the gap energy of approximately 2'€\The 0 S S -
calculated energy band structuressth B within LDA com- E\E& T
pares quite well with experiment$,though the calculated " T 1T —+—F
band gap shows a smaller energy value of 1.53 eV. We have 205
also compared it with other LDA calculaticiis® and have 3 —
found reasonable agreement with them. The top of the va- £ % <
lence band is located @ and the bottom of the conduction 10 F— o= == =% 20, 21
Iband is at 'ghel“ pomt. Hoyvever, the h|ghest _occup|ed va- ©) T~ o] PP
ence band is less dispersive along th& direction and one s >:
may regarda-rh B as an almost direct gap semiconductor. 0 jdﬁzéﬁqzi
Although this highest valence band exhibits flat dispersion § S—— —r
along thel'-Z direction, it shows a dispersive feature along g>j:\/:
the I'-L direction, suggesting a strong anisotropy near the m E
I" point. No localized electronic states appear as the ground FrAZMUSX o T o L
states ofa-rh B, though many experiments suggest the ex-
istence of intrinsic acceptor levels +rh B3t Reduced Wave Vectors

Figure 3b) shows the calculated energy band structure of
LiB 15(0O). Overall energy band features of JRO) are
almost identical to those af-rh B, but a Li-character band FIG. 3. Calculated energy band structure of semiconducting
appears in a higher-energy region above 20 eV beyond thg.rh B and metallic compounds B, (x=1-4): (@) a-rh B, (b)
displayed range in Fig.(B). Lithium 2s electrons are trans- the stable LiB,(O), (c) the metastable LB ,(T4), (d) the most
ferred from this band to the lowest conduction band and, as &able Li;B ;,, and(e) the stable Li@LiB ;». The band indices are
consequence, the Fermi leu&} crosses this lowest conduc- numbered from the lowest band.
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tion band and LiB,(O) shows a donor-type metallic behav- L points. These bands originally had B Zharacter in un-

ior. This band is nearly half filled and all of the donated dopeda-rh B, but in LizB,,, B 2p character is mixed with
chargegone electron per B,) are itinerant. Our charge den- Li 2s character in almost a one-to-one ratio. In this way, the
sity calculations also reveal that this band has®2p hy-  donor type metallic state is obtained as the ground state of
bridized character. This B22p conduction band extends in Li3B12and one can say that there are some similarities in the
the narrow region between 10.2 and 11 eV, while in the€lectronic structure as well as in the crystalline structure be-
pristine a-rh B, the corresponding band lies in the rangetween the most stable B, and the superconducting
between 9.5 and 11 eV. The same kind of narrowing of*sCeo- i .
bandwidths occurs in several bands. It arises from the A Striking feature appears in the case of LiQBi,,
smaller orbital overlaps, due to both the intra- and intermoYVNere its energy band structure is shown in Fige)3The
lecular relaxations. In addition to the narrow bandwidth of®"19inally B 2s character band, whose energy rangerirh

: : B lies between 13 and 15 elthe 24th band inx-rh B), is
the lowest conduction bar@f order approximately 0.8 ey X - i .
most of its energy dispersion is almost flat in the neighbor-now considerably hybridized with Li 2character and ap-

. . ears in the region from 10.5to 12 eV in Li@B ;. In this
hood of Er and a very strong peak appears in the density oPca . 12
states aEr, as seen in Sec. IV C. This will be very advan- region, there already exist two almost degeneratepiL.2

@ o th f ductivi 2s character bands, and these three bands interact with one
geous to the occurrence of superconductivity. another. As a result, the 20th band has dominantd_¢Rar-

The calculated energy band structure of the metastablgCter along theU-X direction with a little admixture of
Li ;B 1(Tq) is shown in Fig. &). Charge transfer similar to - g 5g character, whereas it has B2.i 2s character for other
the previous case is brought about by doping. From thg ,qints in the Brillouin zone. As for the 22nd band, quite
analysis of the charge-density distribution at th@oint, we  the contrary occurs. Besides these changes, the 19th valence
notice that the 22nd conduction band has somed.cBar-  hand that is fully occupied by the transferred Is lectrons
acter, whose position is approximately 2 eV ab&e This s |owered and the Fermi energy decreases in spite of the
band originally had B & character. The corresponding band increase of Li concentration. THe; crosses the 20th and
in a-rh B is the 24th in Fig. &), but has moved down 21st conduction bands. Since the 20th band hassLét#ar-
through the hybridization with Li & character in LiB1,  acter along theJ-X direction, the electrons in this region

(Tq). A charge-density peak of this band appears just on theemain around Li ions and do not transfer to other B charac-
Li atom, but these electrons are transferred into two lowekgr pands.

bands: the 19th B 22p hybridized band and the 20th B

2p band with a little admixture of Li & character. As the C. DOS
result of charge transfeEg crosses the lowest 19th and the ]
second lowest 20th conduction bands angBLi,(T,) also The knowledge of the density of statd80S) N(E) near

shows metallic behavior. The lowest 822p hybridized the Fermi level is very important in understanding a mecha-
conduction band is almost filled, but it yields a few holelike NiSm of superconductivity. In order to investigate the possi-
carriers aroundr point. The second lowest B2conduction ~ Pility of superconductivity in LiB, metallic materials,
band is occupied a little, but a low concentration of electrondN(E) has been calculated and is delineated in Fig. 4 for
is found around th& and L points. The calculated energy Pristine and doped-rh B. The Fermi-level DON(Eg) is
band structure has demonstrated that the metastapl,pi &S0 given in Table IV, together with a calculated value of
(T4) metallic system has two types of charged carriers in théuperconducting KCgo within the LDA %% The tetrahe-
same order. A band gap of about 1.7 eV exists igBli, dron method® is usled in actual calculation of
(Tq) below the two partially occupied conduction bands. TheN(Eg) =2, Z¢6(Eg— £,(K)).
gap has changed its character from directvinh B to indi- Since in LiB;5(O) the lowest B 3-2p conduction band
rect, where the “top” of valence bands in 4B ,,(Ty) is at  that crosse& is almost flat, this single narrow band yields
the Z point and the “bottom” of conduction bands locates at a pronounced spike structure M(E) at Ex, which is ex-
the U point. In the case of LiB,(O), the almost direct gap pected to play an important role in superconductivity. Al-
of approximately 1.5 eV is open and not changed so much aflough a number of LDA calculations oN(Eg) of the
compared tax-rh B. K 3Cgo have been reported so far, the calculaigé ) is not

The calculated energy band structures of the most stabkéefinite yet, ranging from 0.19 to 0.39 states/eV af8rft.
Li 3B 1, is shown in Fig. &), where Li atoms are doped both The value ofN(Eg) per atom in LiB;y(O) is comparable to
into O and T4 sites. Results similar to previous cases havehe moderatdN(Eg) of K3Cg, as seen in Table IV.
been obtained. Associated with considerable hybridization In Li,B5(Tg), its energy band structure is similar to that
with a Li 2s character band, the 22nd band has moved farof LiB 15(O) and only minute differences iN(E) are found.
ther down into the energy region between 11.7 and 13.5 e\llowever, because of the large amount of charge transfer,
whose position is about 1 eV abo#. From the 22nd B Ef lies at a little higher level away from the Bs2p hy-
2s-Li 2 s strongly hybridized band, Li2electrons are trans- bridized conduction band ard(Er) decreases compared to
ferred into the lower 19th, 20th, and 21st bands. Due td.iB 15(O).
higher Li concentration, much more electrons than in previ- In Li 3B 45, the amount of charge transfer increases much
ous cases are transferred and the 19th band is completefiyore than in the two previous cases dfd, whose energy
filled. The Eg crosses the almost degenerate 20th and 21giosition is 11.4 eV, crosses two higher almost-degenerate B
conduction bands in 5B ,. Sufficient electrons are doped 2p-Li 2s hybridized conduction bands and as a consequence
into these bands and they occulpystates around the2 and  N(Eg) becomes again very high. The most stablgB,
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DOS (states/eV cell)

4 Lattice Parameter (A)
2 FIG. 5. CalculatedN(Eg) of Li 3B, as a function of the lattice
| constanta. No simple linear relation exists in B,,, but the ob-
6 @ Li@LiaB12 tainedN(Eg) (solid circles shows a monotonic increase at least in
this region.
4

a-rth B. TheN(Eg) is also enhanced by the narrowing of the
energy bandwidths associated with Li doping.
. [ . In A,Cgo, there exists an approximate linear relationship
=10 0 1 20 betweenN(Eg) and the lattice constant and the variation in
Energy (eV) T. has been attributed to changes in the lattice constant. In
Li,B,, however, no such simple linear relation exists, re-
FIG. 4. Calculated density of states of the stable and metastabl‘%ectlng the |ntermolecular—covalent-bondln.g-pre cohesion,
metallic compounds LB 1, (x=1-4). ut the calculatecN(EF) shows a monotonic increase as a
function of the lattice constant. Figure 5 illustrates the cal-
matches, or even surpasses, the superconductij@in  culatedN(Eg) of Li 3B, as a function of the lattice constant
the obtained value dil(Eg) per atom. a. TheN(Eg) has been enhanced by 16.7% in the optimized
In Li@Li 3B 1,, Ef instead takes a lower value of about Structure, compared to the unrelaxed structure. It also indi-
10.8 eV, contrary to the increase of Li concentration. Thecates that LiB,, would show a high value of c with the
decrease of the Fermi energy is related to the lowering of€lp of low pressure, affected by the rapid increase in
bands, as mentioned in Sec. IV B. The DOS structure ofN(EF).
Li@Li 3B 1, is also changed drastically. TH&: crosses the
almost degenerate 20th and 21st bands, but the obtained D. Bulk modulus

N(Ef) is not so high compared to LiB(O) or Li3B ;. The bulk modulus of the stable and metastable materials
Lithium doping yields changes iN(Eg) according to the 55 5150 been calculated for some information about isotro-
band occupation of transferred electrons, as mennoneﬂiC phonon mode. The calculated bulk modulus is given in

above. With the exception of the metastablg,BiATa).  Taple V fora-rh B and its stable and metastable derivatives
LixB1, (x=1-4 mostly shows a high density of states at | ; B 1, (x=1-4). The bulk modulus of-rh B shows excel-

Er . Higher values oN(Eg) are mainly due to the nature of ¢ agreement with an x-ray single-crystal study wfh
the lowest and second-lowest conduction bands of the paregi3s4
As seen in Table V, the bulk modulus initially increases
by the doping, but then it decreases monotonically with in-
creasing Li concentration. The initial increase in the bulk
modulus is attributed to additional contributions from the
N(E;) ion-ion electrostatic interaction associated with doping. One
F might consider that the formation of metallic bondings, to

of ...\ ...

TABLE IV. Obtained DOS atE. of stable and metastable
Li,B1,. A LDA calculation of N(Eg) for superconducting KCgo
is referred to for comparison.

System statesfeV cell states/eV atom which the interactions of conduction electrons with"Lions

LiB 15(0) 3.39 0.26 mainly contribute, may also be responsible for it, but it is

Li,B1x(Tyq) 1.59 0.11 less important because the present total-energy calculation

Li 3B, 3.78 0.25 shows that the Ewald sum contribution due to electrostatic

Li@Li 3B, 255 0.16 interactions is dominant rather than the band energy contri-
bution. The reason for the behavior of monotonic decreasing

K 3Ceo 17.98 0.28 is that dopant Li" ions weaken the intermolecular covalent

bondings via the relaxations of inter;Bclusters. As a result,
®Reference 32. The calculated values MfEr) are ambiguous, the bulk moduli of Li@LizB, and LizB,, are comparable
ranging from 12.0 to 25.0 states/eV céflefs. 28 and 3g Here we  to that of undopedy-rh B, which is indicative of the same
have referred to a moderate value. order of phonon frequencies.
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TABLE V. Optimized lattice constana and calculated bulk Ca,B;,, with x=1-4, is unstable. Among the stable

modulus B around the optimized geometry of-rh B and  Li,B,, the Li3B;, compound, with the same stoichiometry

Li,B1,. Other available LDA calculation oB for fcc Ceo and g5 the superconducting;Cg,, is the most stable. Our cal-

K3Cqo are referred to for comparison. culations may suggest that the doping @frh B with Li
atoms can be achieved experimentally in a usual gas trans-
System a® B (GP3 port technique. The stoichiometry will be controlled by the
a-rth B 5.063 233 temperatures, pressures, duration of the reactions, and the
LiB 1,(O) 5.077 417 number of moles of Li relative_to those of-rh B. _
Li,B1x(Tq) 5.200 365 Our band—struqture calgulatlons have revealed esgentlally
LisBy, 5.222 395 donor-type metallic bghawor of LB 12- Froman analy§|s of
Li@Li 3By, 5.404 242 the energy band profile, we have pointed out that Li-doping

produces changes that can be related to the dopant concen-
tration, particularly in the bands near the Fermi level. These
changes are advantageous to LJj@D) and Li3B ;, and these

two compounds show a high density of state€at com-

2The present LDA calculation overestimates the lattice constant Parable to kCg in the value of per atom. As regards
only by 1.1% and the obtained valuesa@fand hence of the bulk Li3B12and Li@Li3B 15, we have also clarified that Li dop-

modulusB compare quite well with experimentRefs. 13 and 34 ing does not cause any drastic changes in the bulk modulus.
bLattice constant in rhombohedral description, derived from Ref.The observed Jahn-Teller effect and high Debye temperature

Ceo 9.64 48
K 3Ceo 9.44° 2%

28. in a-rh B are also expected in these compounds, which is

‘Reference 28. indicative of an anomalously strong electron-phonon cou-
pling strength.

X-ray diffraction studies ona-rh B and Bj,based For many desired properties as a superconductor,

crystals®>!*have revealed that aBcluster is distorted from Li3B1> has both the high density of states&t and the

a regular icosahedron by the Jahn-Teller efféfIn addi-  strong electron-phonon coupling. Thus a moderately high
tion, a higher Debye temperaturednrh B of approximately ~ value of T; is expected, mediated by the interaction of con-
1430 K is also derivetf from specific heat capacity mea- duction electrons with high-frequency phonons caused by
surements ng-rh B and 812C3_37These studies Suggest that B-B covalent bondings. In this context, the most stable
there exists an anomalously strong electron-phonon interad- 3B 12 is @ promising candidate for a new superconductor
tion between valence electrons and some vibrational moddased on semiconducting materials.

in @-rh B. Because the phonon frequencies are almost unaf-
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