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First-principles study of superconductivity in high-pressure boron
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~Received 20 November 2001; published 7 May 2002!

We study superconductivity in boron using first-principles LAPW calculations, the rigid-muffin-tin approxi-
mation, and the McMillan theory. Our results point to an electron-phonon mechanism producing transition
temperatures near 10 K at high pressures, in agreement with recent measurements.
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I. INTRODUCTION

In a recent paper, Eremetset al.1 reported experiments
where boron transforms from a nonmetal at normal press
to a superconductor at very high pressures above 160 G
They presented results that showed an increase of the s
conducting temperatureTc from 6 K at 175 GPa to 11 K a
250 GPa.

Previous theoretical studies on the metallization of bo
based on first-principles total-energy calculations2 predicted
that the 12-atom insulating form of boron (a12B) at atmo-
spheric pressure transformed to a metallic body-centered
tragonal phase at 210 GPa and subsequently to an fcc s
ture at 360 GPa.

In this work we performed total-energy and ban
structure calculations for the rhombohedrala12B and fcc
phases. Our results for the fcc phase were used as an inp
the rigid-muffin-tin ~RMT! theory of Gaspari and Gyorffy3

to determine the value of the Hopfield parameterh and sub-
sequently evaluate the coupling constantl andTc . Our re-
sults for the parameterh give values comparable to thos
reported in the past4 for metallic hydrogen at very high pres
sure. Assuming that the fcc phase is the real high-pres
structure in the experiments of Eremetset al.,1 this indicates
that the simple RMT theory accounts for high-pressure
perconductivity in boron.

II. THEORY AND RESULTS

In this work we have applied the RMT theory3 to calcu-
late the Hopfield parameterh given by the expression

h5
EF

p2N~EF!
(

l
2~ l 11!sin2~d l 112d l !

NlNl 11

Nl
(1)Nl 11

(1)
, ~1!

whered l is the scattering phase shift at the Fermi energyEF

and angular momentuml, Nl
(1) is the single-scatterer densit

of states, which, as defined in Ref. 3, is an integral involv
radial wave functions.N(EF) is the total density of state
~DOS! at EF andNl are the angular momentum componen
of the DOS inside the muffin-tin spheres. Equation~1! is
exact up tol 51, but for higher values ofl it involves non-
spherical corrections. The necessary input to Eq.~1! was
generated from a set of full potential linearized augmen
plane-wave~LAPW! calculations that we performed for fc
B using touching muffin-tin~MT! spheres, and the tetrahe
dron method for the DOS.
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We also performed an LAPW calculation fora12B. This is
a rhombohedral structure, space groupR3̄m-D3d

5 ~No. 166!,
with measured lattice parameters5 a5b5c59.56 a.u. and
anglesa5b5g558.06°. The energy bands ofa12B are
shown in Fig. 1. We obtain a valence bandwidth of 15.9
and an energy gap of 1.47 eV separating valence and
duction bands. The angular momentum character of
states can be seen from Fig. 2, which shows the expe
dominance of thep states through the whole spectrum.

For fcc B we calculated an equilibrium lattice parame
a55.37 a.u. and a bulk modulus of 282 GPa, to be co
pared with the values of 5.34 a.u. and 269 GPa reported
Mailhiot et al.2 At a54.60 a.u., we find that the pressure
307 GPa, near the region where superconductivity
observed.1 There we find a bulk modulus of 976 GPa, wi
shear moduli C112C1251101 GPa andC445134 GPa,
showing that the fcc structure is at least metastable ab
this pressure. We note that fora54.60 a.u. the nearest
neighbor B-B distance is 3.25 a.u., which is close to the B
distance ~3.37 a.u.! in the recently discovered superco
ductor MgB2. This leads us to speculate that superconduc
ity may have the same origin in both materials.

The band structure of fcc B confirms a metallic phase
all lattice parameters, with a rapidly increasing bandwid
going to higher pressures. The occupied bandwidth is 1
Ry at equilibrium and 1.88 Ry ata54.60 a.u. The energy
bands fora54.60 a.u. are shown in Fig. 3. A fairly flat ban
appears nearEF in theXW direction at all lattice parameters
At X the band has strongs character, becomingp-like at W.
This situation is reminiscent of MgB2, where a similar flat

FIG. 1. The electronic band structure ofa12B calculated by the
LAPW method. The solid vertical lines represent high-symme
points, while the dashed vertical lines represent zone bounda
The horizontal line near 0.85 Ry is the Fermi level.
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band just aboveEF has been identified as the origin of s
perconductivity in this compound.6–9 This band appears to
be responsible for a peak in the DOS atEF shown in Fig. 4.
We present the corresponding two-dimensional cross sec
of the Fermi surface in Fig. 5, showing hole pockets neaX
and electron pockets nearW. Also in Fig. 4 we find thes, p,
andd distributions of the DOS. In Fig. 4 we confirm that th
strongest DOS component is that from thep states. The val-
ues of DOS atEF enter Eq.~1! above for the evaluation o
the Hopfield parameterh. The input and results using Eq.~1!
at four lattice parameters are listed in Table I.

We note that in Table I thel components of the DOS ar
given within the MT spheres~as is the case in Fig. 4!, and
therefore they do not add up to the value ofN(EF). The p
componentNp(EF) is, as expected, dominant and is abo
60% of the value of the total inside the MT. Thep-d scat-
tering, resulting from thel 51 term in Eq.~1!, gives by far
the largest contribution to the Hopfield parameterh. For the
high-pressure case (a54.60 a.u.), hpd50.79h tot . The
value of h tot is approximately the same as the value ofh
514.13 eV/Å2 previously reported4 for metallic hydrogen
at a higher pressure of 467 GPa. It is also interesting to n
that the boron value ofh at equilibrium is very close to the
value h57.627 eV/Å2 for Nb,10 a typical transition-meta
superconductor, where thed-f scattering is the dominan
term in Eq.~1!.

FIG. 2. The electronic density of states ofa12B, computed by
smearing the eigenvalues of an LAPW calculation using a Fe
temperature of 5 meV. Thes andp decomposition is shown for both
types of atoms~B I and B II! in the a12B structure.

FIG. 3. The electronic band structure of fcc B at the latt
constant 4.60 a.u.
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To evaluate the critical temperatureTc we have used the
McMillan11 approach defining an electron-phonon coupli
constantl5h/M ^v2&. Hereh is calculated from Eq.~1! as
discussed above. For the average phonon frequency^v& we
followed Eremetset al.1 and chose a range of values fro
1200 K to 1400 K. The resultingl is in the range 0.53 to
0.39, respectively. Continuing we use the McMillan equati

Tc5
^v&
1.45

expF2
1.04~11l!

l2m* ~110.62l!
G . ~2!

We solve Eq.~2! for five values of the Coulomb pseudo
potentialm* 50.09 to 0.13, and in the above range ofv and
l values. The corresponding values ofTc are shown in Fig.
6. Within the uncertainty of the values of the frequencyv

i

FIG. 4. The electronic density of states of fcc B at the latt
constant 4.60 a.u., as determined by the tetrahedron method.

FIG. 5. The Fermi surface in thê001& plane of fcc Boron at the
lattice constant 4.60 a.u. The unshaded areas represent re
where one band is occupied.~Compare with Fig. 3.! In the lightly
shaded regions two bands are filled, while the darkest regions
tain three occupied bands. The curves between these regions r
sent the Fermi surface.
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and near the valuev51250 K, our model predictsTc values
in the range of the experiment that validates the assertio
an electron-phonon mechanism.

Finally, we want to comment on the pressure depende
of Tc . Our calculations show that the parameterh goes from

TABLE I. Radius of the muffin-tin sphereRs , Fermi levelEF ,
total DOS atEF , angular components of the DOSNl , free-scatterer
DOSNl

(1) , scattering phase shiftsd l , l components of the Hopfield
parameterh, and the total value ofh. The three columns are heade
by the lattice parameters and the corresponding pressures.

a ~a.u.! 4.60 5.00 5.37 6.00
P ~GPa! 307 89 0 -50

Rs ~a.u.! 1.626 1.768 1.898 2.121
EF ~Ry! 1.776 1.408 1.139 0.784
N(EF) @states/~Ry spin!# 1.050 1.328 1.475 1.514
Ns(EF) @states/~Ry spin!# 0.114 0.172 0.233 0.276
Np(EF) @states/~Ry spin!# 0.469 0.568 0.637 0.769
Nd(EF) @states/~Ry spin!# 0.164 0.193 0.195 0.155
Ns

(1) @states/~Ry spin!# 0.187 0.231 0.270 0.324
Np

(1) @states/~Ry spin!# 0.818 1.058 1.334 1.991
Nd

(1) @states/~Ry spin!# 0.010 0.105 0.106 0.099
ds -0.109 0.099 0.298 0.658
dp 0.682 0.761 0.835 0.962
dd 0.031 0.029 0.027 0.021
hsp (eV/Å2) 2.945 1.576 0.820 0.150
hpd (eV/Å2) 11.555 9.172 6.960 4.048
hd f (eV/Å2) 0.089 0.063 0.044 0.022
h tot (eV/Å2) 14.588 10.811 7.824 4.220
ci-

lic
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the value 7.82 eV/Å2 at the equilibrium fcc volume to th
value of 14.59 eV/Å2 at a pressure of 307 GPa. It is impo
tant to note thatN(EF) follows the opposite trend, i.e.,
reduces with increasing pressure. Assuming that the varia
of ^v& with pressure is not as strong as the variation ofh, we
propose that the rapid increase ofh is responsible for the
observed increase ofTc with pressure.

In summary, we find that LAPW calculations, the RM
theory, and a McMillan analysis forTc give a good descrip
tion of superconductivity in boron at high pressures.
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FIG. 6. The superconducting transition temperatureTc of fcc
Boron, as determined by the McMillan equation~2!, as a function
of the RMS phonon frequencŷv& at various values ofm* .
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