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Electronic structure and super conductivity of MgB.
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Abstract. Resultsof abinitio electronic structure calculations on the compound, MgB,, using the FPLAPW
method employing GGA for the exchange—correlation energy are presented. Total energy minimization
enables us to estimate the equilibrium volume, c¢/aratio and the bulk modulus, all of which are in excellent
agreement with experiment. We obtain the mass enhancement parameter by using our calculated, D(Er) and
the experimental specific heat data. The T isfound to be 37 K. We use a parametrized description of the cal-
culated band structure to obtain the T =0 K values of the L ondon penetration depth and the superconducting
coherence length. The penetration depth calculated by usistoo small and the coherence length too large as
compared to the experimentally determined values of these quantities. Thisindicates the limitations of athe-
ory that reliesonly on electronic structure calculationsin describing the super conducting statein this mate-
rial and impliesthat impurity effects as well as mass renor malization effects need to be included.
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1. Introduction

The discovery of superconductivity (Nagamatsu et al
2001), with remakably high trangtion temperature, in
the binary compound, MgB,, with T.~39K has initiated
extensve dudies of this compound. At ambient condi-
tions, MgB, cryddlizes in the layered hexagond AlIB;
type dructure, where B aoms form a primitive honey-
comb ldtice congding of grgphitelike sheets separated
by hexagond layers of Mg atoms Boron isotope effect
(Budko et al 2001) has been observed in MgB, giving
credence to the beief that the paring mechaniam leading
to superconductivity is of phononic origin. On substitut-
ing Al for Mg it is found (Slusky et al 2001) that T,
decreases. Another intriguing festure of this compound is
that spectroscopies which probe the superconducting gap
have reported conflicting results. Thus some messure-
ments have seen (Kargpetrov et al 2001; Tekahashi et al
2001) a gsngle gegp, wheress others have meesured (Chen
et al 2001, Szabo et al 2001) two different gaps. The
inplane penetration depth in this compound is measured
(Niedermayer et al 2001) to be ~1000A wheress the
coherence length is found (de Lima et al 2001) to be
70A.

A naurd question that arises is whether studies of the
dectronic band dructure of this materid combined with
BCS theory or its strong coupling variant can account for
the superconducting <ate properties of this compound.
Motivated by this we have carried out ab initio eectronic
gructure caculations usng the full potentid linear aug-
mented plane wave method (FPLAPW) employing the
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generdized gradient agpproximation (GGA) (Perdew et al
1996) for the exchange-corrdation energy. We then pro-
ceed to minimize the totd energy and determine the cla
raio from which the equilibrium volume is cdculaed.
We ds0 cdculate the bulk modulus of this materid. All
of these quantities are found to be in excdlent agreement
with experiments.

We next tun our atention to the superconducting
properties. Motivated by the isotope effect seen by
Bud'ko et al (2001), we worked within the BCS mode
and its grong coupling generdization. We used the
McMillan (1968) formula for strong coupling Supercon-
ductivity to edimate the vadue of T.. We adopted the
parametrized description proposed by Kong et al (2001)
of the boron s and p bands which occur near the Fermi
suface to cdculate the T=0K penetration depth and
superconducting  coherence  length.  This  cdculation  was
performed separately for the one and two gep Stuations.
Our esimate of T. yidded a vdue of 37K, very close to
the experimenta vaue of 39K. However, the penetration
depth calculated by us was too smdl by a factor of ten,
wheress the coherence length was too large by a factor of
four. Both these results indicate the inadequacy of dec-
tronic band dructure in providing a detaled description
of the superconducting properties of MgB,. It is very
likely that a correct description of the superconducting
date requires the incluson of impurity effects in addition
to mass renormadization of the dectrons at the Fermi sur-
face.

In 8 bdow we dexribe the cdculations of the dec
tronic band gructure, equilibrium volume and c/a rétio,
bulk modulus and T.. In 83 we present the cdculaions of
the zero temperaure peneration depth and coherence
lengh. Fndly in 8 we condude by summaizing the
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man results of our work and discussing  shortcomings
that indicate directions for future work.

2. Electronic structure calculations

We have peformed the ab initio eectronic dructure ca-
culaion usng FPLAPW & implemented in the WIEN97
code (Blaha et al 1990). In our methods we do not use
the shape agpproximation for the potentid as both spheri-
cd and non-sphericad components of the potentid have
been taken into account in obtaning the radid solutions
of the Schrodinger equation indgde the muffintin
gpheres. The exchange-corrdation terms in the Kohn—
Sham equaion have been treated within the GGA. In our
cdculations the muffintin sphere radii for B and Mg are
1d5au. and 2au., respectivdly. For the interditia
region we have used 370 plane waves. The Brillouin zone
sampling is done by teking 5000 k-points with 144 k-
points being chosen in the irreducible wedge.

We cdculae and minimize the totd energy with
respect to the c/a ratio as wdl as the volume. Here a and
c ae the lattice paameters of MgB, which cryddlizes in
the hexagond (AIBy) dructure. We obtan the equili-
brium volume to be 194%8 au. as compared to the
experimenta vdue (Nagamasu et al 2001) of 19604 au.
The c/a ratio obtained by us is 1451 as compared to the
experimenta vaue (Nagamatsu et al 2001) of 1442, We
have interpolated the caculated totd energy as a function
of volume thus getting a smooth function whose deriva
tives we take to obtain pressure and the bulk modulus, B,
which is found to be 148 GPa which compares wdl with
the measured (Garg et al 2001, Vogt et al 2001) vaue of
152GPa found from high pressure X-ray diffraction
gudies. The bulk modulus vaue determined by us is used
to determine the sound veocity, cs, which in turn encbles
us to edimae the Debye temperature, . We find
o =733K, wheess the experimentd vaues mentioned
for o ae 750K (Bud'ko et al 2001) and 1050K (Bou-
quet et al 2001). We thus find that the structura proper-
ties of MgB, ae wdl dexribed by dectronic band
structure.

The dectronic band dructure cdculaed by us shows
that the bands near the Fermi energy ae predominantly
due to boron orbitds. There are four bands which cross
the Fermi levd thus giving rise to a multi-sheeted Fermi
surface for this compound. The bands are plotted in fig-
ure 1. Two of the bands arise from the pbonding and
antibonding combinations of the B—p, orbitads whereas
the other two bands have ther origin from the s-bonding
combinations of the B-sp® hybrid orbitals. It is seen from
figure 1 tha the sbands are degenerate and nearly fla
dong G-A direction. Thee flaa bands largely contribute
to the density of dtates near the Fermi leve, thus making
a high trandtion temperature posshle. Our results are in
agreement  with those obtained earlier by Kortus et al
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Figure 1. Band structure of MgB, aong some high symmetry
directions.

(2001) and An and Pickett (2001), who adso employed
the FPLAPW mehod. Smilar results have ds been
obtained in sudies by Singh (2001) using pseudopoten-
tidsand planewaves.

We now describe our edimation of the superconduct-
ing trandtion temperature, T.. The caculaed dendty of
dates a the Fermi levd, D(Efp), enables us to cdculate
the bare dectronic specific heat coefficient, g using the
relation

G = (DP°D(Er)KS,

which is found to be 1¥ mimoeK?. The edimaes made
of Qg from specific hest messurements vary from
26mImoleK?® (Bouquet et al 2001) to 3mimoek?
(Bud'ko et al 2001). Thus, the mass enhancement factor
@+1) (Scdgpno 1968) where | is the dimensionless
dectronphonon  coupling constant is determined using
therelaion

(1+1)=aw/qa.

This yields the vdues, | =063 and | =0%7, correspond-
ing to the two vadues of g We etimae T. usng the
McMillan formula

Te= (Cp/145)exp{—104(L + 1)/
(I —m(L + 0621 ))}, Q)

here o is the Debye temperaure which is determined
from latice specific heat measurements. As mentioned
ealier, it has been edimated to be 1050K (Bouquet et al
2001) and 750K (Bud'ko et al 2001). r is the Coulomb
pseudopotential whose value is chosen to be 04 as is
conventional for s and p band superconductors. Thus the
choice | =0%3 and p=750K yidds T,=94K. On the
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other hand choosng the most favourable parameters
(1 =0%7 and ¢ =1050K), we obtan T. to be 37K. In
fact assuming the vdue of rh, which is a poorly known
quantity, to be 0093 leads to a T, of 39K in this cae
We note tha we have not used our cdculaed p to
determine T, as our cdculation assumes an  isotropic
dagic medium which poorly describes the hexagond
MgB, <olid. The reaed compound, AIB,, has in com-
parison one extra dectron per formula unit due to the
replacement of divdent Mg by trivdent Al. Within a
rigid band picture, this is expected to move the Fermi
enegy away from the fla band feature leading to a
depletion in the dendty of dates a the Fermi energy.
This provides a quditaive explangtion of the reduction
in T seen experimentdly.

3. Penetration depth and coherencelength

In order to derive the expresson for the penetration depth
we employ the semi-clasicd mehod. We introduce a
megnetic fidd through a transverse vector potentid, A.
The band energies are then modified by the prescription

&) ® &(k—2pA/hc). @

Here n is the band index which runs from 1 to 4, over the
four bands that lie in the vicinity of the Fermi energy, h
the Plank’s congant, e the eectronic chage and c the
velocity of light.

To a firs order in A the BCS quasipaticle energies are
Doppler shifted (Tinkham 1996) and are given by

En(k) = B (k) - (2peA/ho)- Nien(k), ®

where  E%(k)=(e(k)?+ D?)"? is the quasipatide
enagy in the absence of a magndic fidd and D, the
energy gap which opens on the nth shest of the Fermi
surface.

The superconducting ggp and BCS coherence factors
ae unchanged from their zero fidd vdues to the same
order in A. The current operator is then obtained by dif-
ferentiating the dectronic kinetic energy with respect to
A andisfoundto be

Ja = (2PRNWY) Q Y&, (K)/fKaCes + Cus — (222

nk.,s

(UNWy)  Q 126, (K)/Ka TKeCrs + Cis. @

nk,s,m

Here W, is the unit cdl volume and N the number of k-
points in the first Brillouin zone, the summation over s
runs over up and down spins and a and mare indices cor-
responding to the Cartesan components of the related
vector.

We now evduae the expectaion vadue of the current
operator, J, in the BCS date to linear order in A. We find
that

Ja:'r;bAbv (59

where a summation over repeated indices is implied, and
aand bonce again refer to Cartesian components.

rsy = (8PN G (g3 () + h° (k)  (5b)
nk

02° (k) = (FPe(k)MkaTkn)[ f (E° ())& (k) E° (k) + 0%

1- e(Kk)/ E2 k)], (50)
and

h3® (k) = [Tek)/Tkal[Te Kk )/ Tkl Ep (k). (5d)
Here rj3, is the superfluid siffress tensor; g2° (k) and
h2P (k)  represnt the diamagnetic response of the
dectronic condensate and the paramegnetic current  of
themdly excited quedpatides and f is the Fermi
function. The London penetration depth, 1,, dong the
direction, a (rj, is found to be a diagond tensor to a
very good approximation) isgivenby | ;> =4pr 3, /c

To proceed further we use a parametrized form for the
band energies proposed by Kong et al (2001). Our ca-
culated band structure is in agreement with theirs thus
judtifying our use of ther results The two pbands (anti-
bonding and bonding) are parametrized as

e(k) =@+ 2t, cos(ck,) % t,(1 + doog(ak,/2)
(cos(ak,/2) + cos(ak.CB/2))"2, (63)

The sbands which ae quas 2-dimensond in character
have Fermi surface sheets that are warped cylinders. The
holes redding in these bands can therefore be described
by the dispersion relation

an(k) = @ — 2t; cos(cky) - kj/m,. (6b)

Here the index n refers to the light (I) and heavy (h) hole
bands, respectively, k, the momentum component in the
aplane and m, is a condant. All energies ae with
repect to the Fermi energy. The parameters occurring in
these band descriptions are (Kong et al 2001) as follows:
e=004eV, t,=0ReV, t,=16eV, t, =00%4eV,
@=0863¢eV, m=007eV ' A? ad m=0Gev/ A2
The latice condants are teken as a=3405A ad
c=3674A. The in plane sband wave vector, kp, is cut
off & wave vector, kgz=2(2PY4a(3"®, whose vaue
has been chosen 0 as to pressrve the Brillouin zone
volume,
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Our cdculdions ae peformed & T=0K where the
paramegnetic  contribution to  r, vanishes due to the
presence of a gep in the quaspaticle excitation spec-
trum. To evduate the superfluid diffness we introduce
the functions

XJ, (W)= UN § (T8, K)/TkaTko)dw- (k). ()
k

The superfluid iffness r3, isgiven by

r5 = @Fich™Wo) & (Jw XJ WIf(vE + D7)V2)

wi(w + D%)Y2+08(1 - wi(wi + D2)Y9)]. (9

The k-sums in (7) are performed by taking a discrete grid
of 30° 30" 20 points in the Brillouin zone for the p
bands. In the case of the s-bands, the k integrations can
be done andyticdly and a numericd sum is needed only
for the k, points. The w integration in (8) is performed
numericaly using the Simpson rule method.

We do the cdculation separately for one (Takahashi et
al 2001) and two (Chen et al 2001) gap Stuations. In the
former cee we assume a uniform gegp D(T=0)=5mev
to have opened up over dl four shets of the Fermi sur-
face wheress in the latter case following Golubov et al
(2001) we take the lager g D(T=0)=62nmeV
to have opened over the ssheats and the smdler
gp Ds(T=0)=2¢meV to have opened up over the p
shests.

We find that the zero temperature vaue of the pene
tration depth is insendtive to the one or two gaps sce
narios. We obtan the in plane peneraion depth,
lao~8785A, wheress the c-axis penetration depth is
given by 1.~31080A. These vaues are smdl by a factor
of 10 as compared to the messured (Niedermayer et al
2001) vdues. To evduae the coherence length we meke
ue of the BCS rdation (de Gennes 1968) for an isotropic
superconductor  x=hoe/20D, where o is the Fermi
velocity and D the energy gap. We assume this relaion to
hold locdly a each k-point on the four Fermi sheets. We,
therefore, cdculae the Fermi  suface average  of
N/, on exch of the four Femi sheds. The
coherence length is then obtaned as a weighted sum of
the lengths cdculaed on exch shegt with weights
Dn(0)/Dyot(0). Here Dn(0) is the density of states at the
Fermi energy due to the nth band and Dy(0) is the tota
densty of dates a the Fermi energy. We find tha the
T=0K coherence length is different in the one-ggp and
two-ggp stuations. In the case of uniform ggp we find
%~255A whereas in the presence of two gaps
%~377A. Thexe vdues of the coherence length ae
lager by a factor of 4 to 5 from the coherence length
extracted from upper critica fidld measurements.

The dissgreement between our cdculated vaues of |
and X and their measured vaues indicates the inadequacy
of dectronic band dructure in describing the supercon-
ducting state properties of MgB,. Thus it seems that mass
renormdization effects due to the drong eectron—
phonon coupling believed to be present in this materid
need to be incuded. Also of importance are impurity
effects which tend to increese the vdue of | and decresse
the vaue of X Thus our results are highly suggestive that
MgB; is hot a clean superconductor.

4. Conclusions

In this work, we have cdculated the dectronic band
gructure of MgB, usng the FPLAPW method. Minimi-
zation of the totad energy yields a c/a raio, equilibrium
volume and bulk modulus in excelent agreement with
experiments. The band dructure indicates that there are
four bands ner the Fermi energy giving rise to a multi-
shegted Fermi surface. Two of these bands originate from
the p bonding and anttibonding orbitds derived from the
boron p, aomic orbitds The remaning two bands ae
derived from s bonding orbitds originaing from the
boron sp?> hybrid orbitads involving the boron p, and Py
orbitds. The sbands ae fla and nearly degenerate dong
G-A direction. The largest contribution to the density of
dates near the Fermi energy comes from these flat bands
and is therefore indrumentd in achieving a high super-
conducting trandition temperature. We edimate T. from
the McMiillan formulato be 37 K.

In order to venify the correctness of the eectronic band
dructure derived picture in describing the superconduct-
ing dae we have cdculaed the zero temperaure
London peneration depth, |, and ooherence length, X
We deive an expresson for the London peneration
depth usng a semi-classicd description of the super-
conducting quaesi-particdles.  The coherence length is
obtained by peforming a Fermi suface average of the
BCS expresson of the coherence length of an isotropic
superconductor. We find that | cadculaed by us is
sndler and X larger than their experimentaly determined
vaues. This indicates that eectronic sructure on its own
is inadequate in  describing  the  superconducting
propeties of this compound and the agreement with
experiment in the cdculaion of T, may be fortuitous.
Our cdculaions of | and Xx provide a tet of the
gpplicability of DFT based band theory to describe the
superconducting state properties of MgB,. Our results
show that impurity effects, which increese | and decresse
X are probably very important and need to be included.
Mass renormdization aising from the drong eectron—
phonon coupling could aso play an important role.

Findly we sate some of the shortcomings of our work.
The measurement of two different gaps implies that a
theory of multi-band superconductivity needs to be
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worked out and our use of the one band McMillan for-
mula to etimate T, may not be judified. There are adso
indications from firg principle phononic  cdculaions
(Liu et al 2001; Yildirim et al 2001) that there is a Sze-
ale nonlinear dectron—phonon coupling to a grongly
anhamonic optic mode of B in plane vibrations. This
would invdidate many results of conventiona supercon-
ductivity theory based on the Migda—Eliashbarg theory
(Scdepino  1968) which trests linear dectron—phonon
coupling to harmonic acoustic modes.
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