Bull. Mater. <., Vol. 26, No. 1, January 2003, pp. 131-135. © Indian Academy of Sciences.

Theoretical study of superconductivity in MgB, and itsalloys
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Abstract.

Using density-functional-based methods, we have studied the fully-relaxed, full-potential elec-

tronic structure of the newly discovered super conductor, MgB,, and BeB,, NaB, and AIB,. Our results, descri-
bed in terms of (i) total density of states (DOS) and (ii) the partial DOS around the Fermi energy, Er, clearly
show the importance of B p-electrons for superconductivity. For BeB, and NaB,, our resultsindicate qualita-
tive similarities but significant quantitative differencesin their electronic structure dueto differencesin the
number of valence electrons and thelattice constantsa and c.

We have also studied Mgy, 4M,B, (M ® Al, Li or Zn) alloys using coherent-potential to describe disor der,
Gaspari—-Gyorffy approach to evaluate electron—phonon coupling, and Allen-Dynes equation to calculate the
superconducting transition temperature, T.. Wefind that in Mg,,M,B, alloys (i) the way T, changes depends
on the location of the added/modified k-resolved states on the Fermi surface and (ii) the variation of T.asa
function of concentration isdictated by the B pDOS.
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1. Introduction

Since the discovery of superconductivity in MgB, (Naga
matsu et al 2001), the expeimentd (Bud'ko et al 2001,
Buzea and Yamashita 2001; Hinks et al 2001; Nagamatsu
et al 2001; Takahashi et al 2001; Yildirim et al 2001) and
theoreticd (An and Pickett 2001, Bedaschenko et al
2001; Bohnen et al 2001, Choi et al 2001, Kong et al
2001; Kortus et al 2001, Liu et al 2001; Medvedeva et al
2001, Satta et al 2001, Singh et al 2001) efforts have
greetly improved our understanding of the nature of
interaction  responsible  for  superconductivity  (SC)  in
MgB,. It has become cler that dmost dl facets of the
phonon-mediated  dectron-electron  interaction have a
dramatic influence over the superconducting behaviour of
MgB,. For example, the dectronphonon matrix e
ments change condderdbly as one moves away from the
cylindricad Fermi shegts dong G to A (Choi et al 2001;
Kong et al 2001), anharmonic effects (Liu et al 2001,
Yildirim et al 2001) have to be included in the dynamicd
matrix (Choi et al 2001), and findly k-dependent fully
anisotropic  Eliashberg equations have to be solved (Choi
et al 2001) for a complete and accurate description of the
superconducting properties of MgB..

In order to understand SC in MgB,, it is essentid to
have an accurate dectronic dructure description of the
norma date MgB,. It has dso become cdear tha the
boron layer and the two-dimendond s band due to pyy
orbitals in that layer hold the key to SC in MgB,. Thus an
understanding of how the s band and the pyy orbitds res-
pond to changes in the chemicd environment, lattice
condants etc could be quite useful in understanding SC
in MgB, and in syntheszing new materids with MgB,-
like SC. Fortunatdly, these changes around B layer can be

mimicked without destroying its two-dimensond cha
racter which is essentid for SC. For example, the effects
of removing one dectron and adding one dectron aound
the B layer can be dudied by consdering NaB, and AlBy,
respectively. Similarly, a study of BeB, (and NaB;) will
provide the effects of changing the latice parameter, c
and to a lesser extent, a. Thus an accurae and rdiable
sysematic study of the eectronic sructure of MgBs,,
BeB,, NaB, and AIB,, coupled with the experimenta
facts of SC in MgB, and no SC in AIB,, can provide sub-
dantive clues about the naure of interaction responshble
for SC.

Ancther avenue for learning more about the interaction
responsible for superconductivity in MgB, is through the
effects of dloying on it. As indicaed above, a drong
dependence of the superconducting properties of MgB,
on different aspects of the interaction has opened up the
posshility of dramaticaly modifying its superconducting
behaviour by changing the interaction in vaious ways
and thereby learning more about the interaction itsdlf.
There have been severd dudies of changes in the SC
properties of MgB, upon subditutions of various ee
ments such as Be, Li, C, Al, Na, Zn, Zr, Fe, Co, Ni, and
others (Buzea and Yamashita 2001; Moritomo et al 2001;
Xiang et al 2001; Zheo et al 2001). The man effects of
dloying are seen to be (i) a decresse in trangtion tem-
perature, T, with increesing concentration of the dloying
dements dthough the rae a which the T, chages
depends on the dement being subdtituted, (i) a dight
increese in the T. in case of Zn (Kazakov et al 2001,
Moritomo et al 2001) subdtitution while for S and Li the
T. remans essentidly the same, (iii) persstence of super-
conductivity up to x~0¥ in Mg_AlB, (Buzea and
Yameshita 2001; Xiang et al 2001), (iv) a change in
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cysd gructure and the formation of a superstructure at
x=0%6 in Mg_AlB, (Xiang 2001), and (v) a change in
the lattice parameters, a and c.

2. Resultsand discussion

In the following, we present the results of fully-rdaxed,
full-potentid  electronic  structure  caculations for MgB,,
BeB,, NaB, and AIB, in P6/mmm crysa <ructure, using
density-functiona-based methods. We andyse our results
in teems of (i) dendty of sates (DOS) and (ii) the partid
DOS aound the Fermi energy, Er, in these systems. We
adso present the results of our caculations for Mg_xMB>
(M©° Al, Li or Zn) dloys We have used coherent—poten-
tid to describe disorder, Gaspari-Gyorffy approach to
evduate dectronphonon coupling, and  Allen-Dynes
equation to cdculae the superconducting trandtion tem-
perature, T, of these dloys.

For our cdculdaions for ordered dloys, we have used
ABINIT code (see URL  http:/Mmww.pcpm.ucl.ac.be/
abinit), based on pseudopotentids and planewaves, to
optimize the latice congants a and ¢ of MgB,, BeB,,
NaB, ad AIB,. In order to study the band-structure
dong symmetry directions and Stee and  symmetry-
decomposed  dendties of dates, we have cdculated, sdif-
consgently, the eectronic sructure of these compounds
usng our own full-potentid progran as wel as
LMTART package (Savrasov 1996) with the optimized
latice congtants. For studying the charge dendty in a
amdl energy window aound Er, we have used the Stutt-

gart TB LMTO package.
For Mg, AlB,, Mg;LixB, anrd Mg,_ZnB, dloys, we
have used  KorringaKohn-Rostoker  coherent-potential

goproximation (Faulkner 1982, Singh and Gonis 1994) in
the aomic-sphere  gpproximation (KKR-ASA  CPA)
method for taking into account the effects of disorder,
Gaspari-Gyorffy  formaism (Gaspari and  Gyorffy  1972)
for cdculating the dectronphonon coupling congtant, |,
and AllenDynes equation (Allen and Dynes 1975) for
cdeulaing T, as a function of Al, Li ard Zn concentra-
tions, respectively. We have andysed our results in terms
of the changes in the spectrd function (Faulkner 1982)
dong G to A evduated & Er, and the total density of
gaes (DOS), in paticular, the changes in the B p contri-
bution to thetotal DOS, as afunction of concentration, X.

21 Computational details

Before describing our results in detail, we provide some
of the computationd detals of our cdculaions. The

dructurd relaxation was caried out by the molecular
dynamics progran  ABINIT  with  Broyden-Hetcher—
Goldfarb-Shenno minimization  technique  (see  abinit)

usng Troullie—Martins  pseudopotentials  (Troullier  and
Martins 1991), 512 Monkhorst—Pack (Monkhorst and

Pack 1976) k-points and Teter parametrization (see
abinit) for the exchange-corrdation. The kinetic energy
cutoff for the plane waves was 110Ry. The charge sdf-
condgent full-potentid  LMTO cdculations were caried
out usng 2k-panes with the genedized gradient
agoproximation for exchange—corrdlaion as given by Per-
dew et al (Pedew and Wang 1992, Perdew et al 1996)
and 484 k-points in the irreducible wedge of the Brillouin
zone. The basis set used conssted of s, p, d and f orbitas
a the Mg ste and s, p and d orbitds a the B dte. The
potentid and the wavefunctions were expanded up to
lmx=6. The input to the tight-bindng LMTO cdcula
tions, caried to chage sdf-consgtency, was sSmilar to
tha of the full-potentid cdculations except for using
sphericdly symmetric  potentid  and the  spacefilling
atomic spheres.

The chage odf-condstent dectronic  sructure  of
Mg1AlLB,, Mg 4LikB, ad Mg, ZnB, dloys as a
function of x has been cdculaed usng the KKR-ASA
CPA method. We have used the CPA raher than a rigid-
banrd modd because CPA has been found to reiably
describe the effects of disorder in metdlic dloys (Faulk-
ner 1982, Singh and Gonis 1994). We paametrized the
exchange-corrdation  potentid  as  suggested by  Perdew—
Wang (Perdew and Wang 1992, Padew et al 1996)
within the generdized gradient agpproximaion. The Bril-
louin zone (BZ) integration was caried out usng 1215 k-
points in the irreducible pat of the BZ. For DOS and
spectrd function cdculdions, we added a gmdl imagi-
nay component of 1mRy and 2mRy, respectively, to
the energy and used 4900 k-points in the irreducible part
of the BZ. The lattice congtants for Mg;_AlB,, Mg1_«LixB>
and Mg,_ZnB, dloys as a function of x were taken from
expeiments (Kazekov et al 2001, Xiang et al 2001; Zheo
et al 2001). The Wigne—Seitz radii for Mg, Al and Zn
were dightly larger than tha of B. The sphere overlap
which is crudd in ASA, was less than 10% and the
maximum | used was | g = 3.

The dectronphonon coupling congtant, |, wes cdcu
laed usng Gespari-Gyorffy (Gaspari and Gyorffy 1972)
formdian with the charge sdf-consgtent potentids of
Mgl_XA|XBz, Mg]__XLiXBz ad Mgl_xanBz obtained with
the KKR-ASA CPA method. Subsequently, the varidion
of T. as a function of Al, Li and Zn concentrations was
cdculaed usng Allen-Dynes equation (Allen and Dynes
1975). The average vaues of phonon frequencies, w,, for
MgB, and AIB, were taken from Kong et al (2001) and
Bohnen et al (2001), respectively. For intermediate con-
centrations, we took w, to be the concentration-weighted
average of MgB, and AIB,. For Mg LB, and Mgy«
Zn,B,, we used the same vaue of wy,, asthat for MgBs,.

2.2 Electronic structure

We show in figure 1 the totd dendty of dtates for BeBy,
NaB;, MgB, and AIB, cdculaed usng the ABINIT pro-
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gran a the optimized lattice condants of these com-
pounds as given in Singh (2001). The gross features of
the DOS of the four compounds are smilar if one takes
into account the differences in the totd number of
vadence dectrons. The bottom of the band is the deepest
for AIB, which has a totd of nine vdence dectrons and
shdlowest for NaB, with only seven vaence dectrons.
However, the isodectronic dructures, BeB, and MgBy,
show subgantid differences in their DOS near the bot-
tom of the band. This is due to the fact that the smaler
cla ratio leads to enhanced repulson which pushes the s
and p eectrons a the Mg Ste downward and, a the same
time, diminishes the DOS for B s and p dectrons in the
middle of the band. In the case of AIB,, we find that the
B p-band is completely inside Er.

An important factor in determining the superconduct-
ing temperature in conventiona superconductors is the
DOS within an inteva of *hwp a Eg In order to ana
lyse our results in detal we have plotted in figure 2 the
symmetry-decomposed DOS a the B Ste within a smdl
enegy inteva aound Er. From the DOS for AIB,, it is
evident that it will not be superconducting, not a least in
the same sense as tha of MgB,, because the bands with x
and y symmetry are completdy filled. According to our
cdculaions as shown in figure 2, NaB, is likdy to show
SC with enhanced Te..

2.3 Superconducting transition temperature

Based on our cdculaions, we find tha in Mg AlLB;,
Mg «LixB, and Mg, _ZnB, dloys (i) the way T, changes
depends on the location of the added/modified k-resolved
dates on the Fermi surface, and (ii) the variaion of T as
a function of concentration is dictated by the B p contri-
bution to the total DOS.

The main results of our cdculaions are shown in figure
3, where we have plotted the variation in T, of Mg;_AlB,,
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Figure 1. The total density of states calculated at the opti-
mized lattice constants using the ABINIT program.

Ma1«LixB, and Mg _«ZnB, dloys as a function of con-
centration, X. The cdculdions were caried out as
described earlier with the same vadue of m=0%9 for dl
the concentrations. The T. for MgB, is equd to ~308K,
which is consgtent with the results of other works (Boh-
nen et al 2001; Kong et al 2001; Kortus et al 2001) with
smilar  gpproximations. The correponding | is equd
to 069. For O<x£08, the T, increases dightly for
Ma1«LixB2 and Mg, «ZnB,, while it decreeses substan-
tidly for MgxAlB,, & is found experimentdly (Buzea
and Yameshita 2001, Xian et al 2001). Note that for
x=04, our cdculaion shows Mg;LixB, to have a T,
higher than that of Mg;ZnB, by about 7K (Kazakov et
al 2001; Moritomo 2001; Zheo et al 2001). In figure 3
(right pand) we have shown the variaion in T, in
Mg.AlLB, dloys a a function of concentration for
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Figure 2. The partial B density of states around Fermi energy
caculated at the optimized lattice constants using the full-
potential LMTO method.
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Figure 3. The caculated variation of T, as a function of con-
centration x in Mg, AlB, (filled circles), Mg, LiB, (filled
triangles) and Mg;_Zn,B; (filled squares) aloys.
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OE£x£1 As a function of Al concentraion, the T
decreases rapidly from 30K a x=0%5 to about 15K at
Xx=04. The T, decreases dowly between x=04 and 0%.
At x=0%, the T, vanishes and remains essentidly zero
thereafter. The cdculaed vaiation in T, a shown in
figure 3, is in very good quditaive agreement with the
experiments (Buzeaand Y amashita 2001).

In order to understand the variaion of T, in Mgy_xAlxB>,
Mg «LixB, and Mg _ZnB, dloys as a function of con-
centration, X, we have andysed our results in terms of the
spectra  functions, the contribution of boron p-dectrons
to the total DOS and the totd DOS. In figures 4(2—c),
we show the gpectra functions dong G to A direction
evduaed a Er in Mg]__XA|XBz, Mgl_xLiXBz and ng__x
ZnB, dloys for x=04 (figure 4(@), x=08 (figure
4b)), and x=06-10 (figure 4(c)). From figures 4(a@-
(b), it is clear that the subdtitution of Al in MgB, leads to
cregtion of more new daes dong G to A direction than
the subdtitution of Zn or Li. Since the holelike cylindri-
cd Fermi shet dong G to A contributes much more to
the dectron—phonon coupling (Choi et al 2001), the
cregtion of new dectron daes dong G to A direction
weskens condderably the overdl coupling congtant, |,
which, in turn, reduces the T, more in Mg,_AlB, than in
dgther Mg_ZnB, or Mgy _4LixB,. Thus, in our opinion,
the way T. changes in MgB, upon dloying depends
dramaticaly on the location of the addedmodified k-
resolved states on the Fermi surface.

Having explaned the differences in  behaviour of
MgB, upon dloying with Al, Li and Zn, we now try to
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Figure 4. The calculated spectral function aong G to A,
evaluated at the Fermi energy, as a function of concentration, X,
in Mg Al,B,, MgyLixB, and Mg, ,Zn,B, aloys. Figures (a)
and (b) correspond to x =04 and 08, respectively and the
symbols open circle, open square, © and open triangle corre-
spond to MgB, Mg ,AlB, Mg.,LiB, and Mg, ,Zn,B,
aloys, respectively. In figure (c) the symbols open circle, open
square and * correspond to  AIB,, MgyAlgeB, and
MgoeAlosB,, respectively. For clarity, in figure (¢) we have
multiplied the spectral function of Mgg.sAlgsB2 by 100.

understand the changes in their properties as a function of
concentration, x. In figures 5(@—b) we have shown the
tota DOS a Er (figure 5(@) and the B p contribution to
the total DOS at Ef (figure 5(b)) in Mgy_AlB,, Mg, «LixB>
and Mg,_«ZnB, dloys as a function of concentration, X.
We find that as a function of concentration, the variation
in T, a shown in figure 3, falows closdy the behaviour
of the totd DOS a Er and in paticular the variation in B
p contribution to the total DOS a Ef. It is dso not sur-
prisng to see that the vanishing of superconductivity in
Mg AlLB, a x~0% coincides with a vey smdl B p
contribution to the total DOS.

3. Conclusions

We have presented the results of our fully-rdaxed, full-
potentid  dectronic  dructure  cadculations  for  BeBy,
NaB;, MgB, and AIB, in P&/mmm crystal structure using
density-functiond-based methods. We have andysed our
results in terms of the density of dates, band-structure,
and the DOS and the dectronic charge densty around Ef
in these systems. For MgB,, we find that the p-band of B
is crucid for SC due to its proximity to Er. For BeB, and
NaB,, our reslts indicate quditative smilarities but sg-
nificant quantitative differences in  the €eectronic  gruc-
ture due to differences in the number of vaence dectrons
and the lattice congtants.

We have dso shown that in Mg AlB,, Mg, «LixB;
and Mg,_ZnB, dloys (i) the way T. changes depends on
the location of the addedmodified k-resolved dates on
the Fermi surface, (i) the varidion of T, as a function of
concentration is dictated by the B p contribution to the
total DOS &t Er.
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Figure 5. The caculated total density of states at the Fermi
energy (left panel) and the B p contribution to the total DOS
(right pand) in Mgy AlB, (filled circles), Mgy 4LiyB, (filled
triangles) and Mg;_Zn,B; (filled squares) aloys.
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