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Superconductivity from doping boron icosahedra
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We propose an alternative route to achieve the superconducting state in boron-rich solids, the hole doping of
B, icosahedra. For this purpose we consider a prototype metallic phase;©5. BMe show that in this
compound the boron icosahedral units are mainly responsible for the large phonon frequencies logarithmic
average, 65.8 meV, and the moderate electron-phonon couptifgB1. We suggest that this high could be
a general feature of hole-doped boron icosahedral solids. Moreover our calculated moderate %a&e of
cludes the formation of bipolarons localized on the icosahedral length scale as suggested by previous authors.
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[. INTRODUCTION compound the boron icosahedral units are mainly responsible
for the predicted largél.. Thus this highT; is a general
Low-atomic-number elements have been intensively infeature of hole-doped boron icosahedral solids.
vestigated in the attempt of finding electron-phonon-
mediated su_perconquctors With high critical temperatures Il. CRYSTAL STRUCTURE
(To). Boron-rich solids are eminent examples. The high-
energy phonon frequencies of metallic boron layers in the We consider the hole doping of boron carbide®; (or
structure of magnesium diborilare mainly responsible for B4C), a wide-gap band-insulator. Its crystal structure consists
the 39 KT.. Intercalation of these boron layers with lithium of an arrangement of BC distorted icosahedra on the site of
and boron substitution with carbon are currently under sudya rhombohedral lattice and of a linear C-B-C atom cH&ih’
in the quest of even highef,. Elemental boron becomes The periodic unit cell contains 15 atoms and is illustrated in
metallic (maybe in a nonicosahedral structiffeand super- Fig. 1. Hole-doped boron icosahedra can be naturally ob-
conducting at 160 GPa, with @, which increases up to tained replacing in BC; a carbon atom by a boron, giving
11.2 K at 250 GP&A 23 K T, has recently been discovered B13C,. Due to the carbon substitution there is one hole per
in intermetallic, yttrium palladium boron carbid@s. unit cell and, BsC, being nonmagnetic, band theory predicts
High-temperature superconductivity has been found ir2 metallic behavior. At zero temperature and ambient pres-
alkali-metal intercalated fullerenéCgy) and theoretically sure however, BC, is a semiconductd® The insulating
suggested in other intercalated carbon polyhedrong,® C character might be related (@) the presence of structural
C2817 or 036'8 Cso is a band insulator under normal conditions defectég'zoand(ii) Mott polaronic featured! In the first case
but the intercalation with alkali-metal atoms does generate @ metallic state might be achieved simply by producing high-
metallic state and a consequent superconducting stateTwith quality samples. In the second case it might be generated by
up to 40 K® Superconductivity is mainly sustained by the the application of hydrostatic pressure in order to increase
high-frequency intramolecular phonons so that most of théhe hopping between the icosahedral units. The pressure nec-
physical properties of alkali-metal doped fullerenes can bé&ssary to metallize BC, would be lower than that necessary
understood from the solid 4 electronic and phonon struc- to metallize B,C; or a-B. Indeed, the Mott-polaron gap in
tures. In particular it is seen that the small radius of theB1sCz is expected to be much smaller than the several eV
molecule substantially increases the electron-phonon cow@aps of the band insulators; &5 and a-B.
pling with respect to the case of the unrolled graphite 1ayer. ~ The two most probable structures of ;8, are
The study of solids made of light atoms is then interestingB11C(BBC), i.e., By;C icosahedra linked by BBC chains, or
since they can satisfy the two important requirements of havB12(CBC), i.e., boron icosahedra linked by CBC chains.
ing large phonon frequencies and fairly high electron-phonor-rom the theoretical point of view, density functional theory
coupling. (DFT) calculation$? identified the B,(CBC) structure as the
In this work we propose a different route to achieve themost stable one with a 2.09 eV/cell larger binding energy
superconducting state in boron-rich solids, the hole doping oWith respect to B,C(BBC). Experimentally* the 13C NMR
B,, icosahedra. For this purpose we consider a prototypgpectrum of BsC, confirms the DFT calculations. Indeed
metallic phase of BC, (Sec. I) for which we predict al.  changing composition from BC; to B;3C, the NMR peak
comparable to that of MgB We show(Sec. Ill) that in this  associated with the C atom in the icosahedron disappears.
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FIG. 2. DFT band structure of BC,. The energy(eV) is re-
ferred to the Fermi energy level. The convention for high symmetry
points in the Brillouin zone is from Ref. 30.

tronic density of stategsee Fig. 3 of B;3C,, using a mesh of
N=14% inequivalent points. The mesh is generated by tak-

FIG. 1. Atomic structure of BC; and of B;sC,. The black . ; e
atoms are the polar sites, bonded to neighboring icosahedra. THQg the mesh centered at te point and shifting it by a

. o -random vector. The density of states at the Fermi level is
white atoms are the equatorial sites. The gray atoms form the Chali\] 0)=3.6 stat vV it L We d th
In B;1,C3 the atoms in the chain are CBC and the icosahedra ar ( )T : states per e per_unl C(_a ) e ecompos_e ) e
B,,C with the carbon placed in a polar site. In48, the carbon  N(0) in icosahedral and chain density of states, by projecting
atom in the polar site is replaced with a boron atom. theab initio B,3C, wave function on the basis formed by the

respective atomic pseudo-wave-function (Lowdin

o population.?8 At the Fermi level the icosahedral states are
Therefore, in this paper, we use the,8BC) structure and responsible for 88% of the total density of staféé.(0)

we refer to [t as the BC, crystal structure. In other works it =3.2]. In particular, the boron atoms in the polar sites have
has been suggested that the substituted boron is on the ™ P ’ p

chain?® We did not consider this proposed structure since wéﬁe Iarges.tbcolntrib(tjjtion tblicor(]o)v namely,_Nr,maf(O):_Z.S and"
do not expect that the conclusions presented in this work ark'® contribution due to the equatorial sites is smaller,

substantially affected by the location of the additional B Ne0)=0.9. Thus, most of the electrons involved in conduc-
atom. tion processes resides in icosahedral states and only a small

part in chain stateBNqp,i(0)=0.4].
We compute the harmonic phonon frequencigs, using
I1l. CALCULATIONS AND RESULTS density functional perturbation theory in the linear

In B;3C, a metallic phase could be achieved either by 8 | ' T ' I ' I
obtaining clean samples or by applying a small pressure. In — total
DFT, already at room pressure, the ground state is metallic. o, ieosahedton ]
Therefore we use DFT to study the superconducting proper-
ties of the hypothetical metallic state of,f&,. Electronic
structure calculatiort$ and geometrical optimization are per-
formed using DFT in the local density approximation. We
use norm-conserving pseudopotenfialgith an s nonlocal
part. The wave functions are expanded in plane waves using
a 40 Ry cutoff. For the electronic structure we sample the
Brillouin zone (BZ) using a 4x 4 X 4 Monkhorst-Pack grid
(10k points in the irreducible BZ wedgend a first-order
Hermite-Gaussian smearing of 0.03 Ry. From geometrical
optimization we obtain the values @=9.686 a.u. andx
=66.05° for the cell parameters of the rhombohedral unit
cell, very close to the experimental vallega=9.823 a.u. 0 25 W | -

- 2 0 2

and a=65.629. Energy (eV)

The DFT band structure of BC, is shown in Fig. 2 and is
in good agreement with Ref. 22. It displays a metallic behav- FIG. 3. DFT electronic density of states of {8, compared to
ior. The Fermi level is close to the top of the valence bandhe icosahedral atoms and chain atoms projected density of states.
and it is crossed by several bands. We calculated the eledhe energyeV) is referred to the Fermi energy level.
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FIG. 4. Phonon density of stateB(w), of B13C,. The total
density of stategsolid line) compared to the phonon density of
states of the icosahedral modétashed ling and of the chain
modes(dotted ling. Most of the weight between 0 and 140 meV is

0.0

FIG. 5. Eliashberg functiorisolid line) and average electron-
phonon couplingdashed ling of B13C,. The icosahedral phonon
modes ranging between 60 and 105 meV give the largest contribu-

due to icosahedral modes. tion toA.
responsé? We use aN=4° Monkhorst-Paclq-point meshg o*F(w) = iz A& = wqg,). 2)
being the phonon wave vector. The total phonon density of 2Ny,

states,F(w), together with the phonon density of states re- ) o ) o
stricted to the icosahedral and chain phonon modes, arEhe Eliashberg function is depicted in Fig. 5. Most of the
shown in Fig. 4. The large number of peaksFifw) is de- ~ contribution to A comes from the region from 60 to

termined by the large number of phonon modes present 02 meV, mainly related to the icosahedral phonon modes.
the system. The critical superconducting temperature is estimated

The icosahedral phonon modes are responsible for mo&fom the calculated phonon frequenc7|es and electron-phonon
of the weight between 0 and 140 meV. The vibrations of the*OUPling using the McMillan formulé’
atoms in the chain explain the high-energy feature at
193 meV(both B and C vibrationsand part of the feature at T.= @exp<— M) (3)
129 meV (C vibrationg. The structures in the chain re- © 12 A-w(1+0.62)/
stricted F(w) between 25 and 55 meV are mainly due to B .. ]
vibrations, while the remaining weight between 60 andyvhere,u is the screened Coulomb'pseudopotentlal that takes
106 meV is due to C vibrations. into account the Coulomb repulsion between the electrons
The electron-phonon interaction for a phonon made dressed by retardation effects due to the phonpns(at)ld
with momentumg can be written as =65.8 meV is the phonon frequency logarithmic average.
The calculated values @f. for B,5C, as a function ofu™ are
illustrated in Table I. The critical temperature for metallic
Ngw= _ 4 > |gﬁn,k+qm\25(8kn) Sewsqm)s (1) B3C, is comparable to the one obtained for Mgdhd, using
qu(O)Nkk,n,m
TABLE I. Critical temperatures of BC, and MgB,. Predicted
critical temperatures as a function of the screened Coulomb pseudo-
tential(u”). The critical temperature is estimated using the Mc-
llan formula [Eq. (3)]. The results are compared with MgB
(from Ref. 31.

where the sum is carried out over the BZ, ang are the
energy bands measured with respect to the Fermi level %’
point k. The matrix element isgy, .qm=(kn|8V/éug,k !
+qm>/\s‘°2wq,,, whereuy, is the amplitude of the displacement

of the phononv of wave vectorq, V is the Kohn-Sham 1sierial o () (MeV) N T, (K)

potential, andN(0)=3.6 states per eV per unit cell is the

electronic DOS at the Fermi level. The electron-phonon couB;sC; 0.1 65.8 0.81 36.7

pling \ is then calculated as an average over khg-point 0.14 65.8 0.81 27.6

mesh and over all the modes=>g,\q,/N=0.81. 0.2 65.8 0.81 15.8
The modes responsible for superconductivity can be idenMgB2 0.14 62.0 0.87 30.7

tified from the Eliashberg function?F(w):
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the McMillan formula, ranges between 15.8 and 36.7 K.  hedra. Usingab initio calculations we have determined its
Our calculation of the electron-phonon coupling givesnormal state properties, finding a moderate electron-phonon
also new insight on the possible occurrence of a bipolaronicoupling and a large phonon logarithmic average to the pho-
insulating state in BC,, as suggested by other authdtgn ~ non frequencies. We have demonstrated that both properties
icosahedral boron compounds the bipolaron could be loca@re connected to the;B building blocks. Indeed the local
ized on two length scales: the icosahedron length scale or @nsity of state at the Fermi level and the phonon modes
smaller one, of the order of the bond length. If the bipolaronStrongly coupled with electrons are localized on the icosahe-
were localized on the icosahedron length sqae most of dra. As a consequence our findings are not restricted to

the bipolaronic literature seems to suggbsthe bipolaronic Bl3C2dCOIT]pOUHdebLtJ)t can_bﬁ applier(]j BO other metalliclcom-
distortion could be seen as a small perturbation to the metgOUNdS composed by B-ric Icosanedra. .For example, an-
ther possibility to achieve a metallic state is the substitution

lic state. In this case the bipolaron could be described withir? . . . L
a model considering a linear electron-phonon coupling per%f P with S'b'n ??PZ olr of As with Si Idn Blzész' Bhlzzz andd
turbation to the harmonic Hamiltonian in the metallic phase. 12AS; are band insu a_Ltor§ composed ofBcosahedra an
Such a model is the one used in the present paper to stu o-atom B or As, chains® _The substltunon .Of pentavalent
the superconducting properties. Our calculated valug isf toms such as As and P with tetravalent Si introduces a hole

too smalf® to justify a bipolaronic insulating state for, &C,. in the system. B, Sk wafer resistivity measurements

In contrast our calculation cannot exclude the occurrence oi'oW @ low electrical conductivi§? If such conduction were
a bipolaron localized on the bond-length scale. In this S‘Ce[elated to bipolaron formation, then a metallic state could be

nario the bipolaron would involve a substantial deformation""ChiGVGd.by applying pressure. An advantag_e of the two-
of our crystal structurde.g., the breaking or formation of 210M chain system@;,P,.,Sk or B12As; Sk with respect

chemical bonds Such a strong deformation could not be to the three-atqm chain systenB,5C,) is the lack in the )
seen as a weak perturbation to the harmonic Hamiltonian ifP'mers of an internal soft degree of freedom, the chain

the metallic state and could not be described by the approadnding. Probably this feature makes the two-atom chain
used in the present paper. structures more stable under pressure.
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