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Coexistence of covalent and metallic bonding in the boron intercalation superconductor MgB
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Chemical bonding and electronic structure of MgB boron-based newly discovered superconductor, is
studied using self-consistent band-structure techniques. Analysis of the transformation of the band structure for
the hypothetical series of graphite—primitive graphite—primitive graphitelike boron—intercalated boron, shows
that the band structure of MgBs graphitelike, withm bands falling deeper than in ordinary graphite. These
bands possess a typically delocalized and metallic, as opposed to covalent, character. The dnhzlade
retain their two-dimensiondPD) covalent character, but exhibit a metallic hole-type conductivity. The coex-
istence of 2D covalent in-plane and three-dimensidB&l) metallic-type interlayer conducting bands is a
peculiar feature of MgR We analyze the 2D and 3D features of the band structure of Vil related
compounds, and their contributions to conductivity.
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The recent discovery of superconductivi§C) in MgB,  exchange-correlation potential was used in both cédes
(Ref. 1) has stimulated significant interest in this systet. addition of gradient corrections did not change the resutts
One of the first questions is whether MgBepresents a new appears that a general analysis of energy bands may be safely
class of superconductors, or whether it is related to otheione in ASA, while a reliable treatment of charge densities
known classes in terms of its bonding and electronic properand anisotropy of transport properties of these compounds
ties. The crystal structure of MgBnay be regarded as that requires more accurate FLMTO calculations.
of completely intercalated graphiteith carbon replaced by | order to examine the relation between the band struc-
boron(its neighbor in the Periodic Tablen addition, MgB, e of MgB, and that of graphite we studied the following
is formally isoelectronic to graphite. Therefore, understandyynothetical sequence of intermediate materials: carbon in
ing the bonding and electronic properties of Mg8nd its e “primitive graphite” (PG) lattice with no displacement
relat|qn to graphlt_e llnterca_llatlon_compoun@lC’s), some etween layers as in MgBand in GIC's, using graphite lat-
of_whlch also exhibit SC, is desirable and is the subject Ofice parameters; boron in the PG lattice witkas in MgB,
this paper. andc/a as in graphite; boron in the PG lattice witandc/a

The search for high-temperature superconductivity in car-_ . PR ) .
bon phases started in 1965 wh&p=0.55 K in KG; was as in Mg§; LiB, in the same s_tructure, MQB'tSfelf'.The
reported, and SC was subsequently explained in terms of t gsults of some of these calculations are shown in Fig. 1. The

interaction ofm-derived bands with the longitudinal phonon P&nd structure of PG carbon shown in Figa)lis very simi-
modes of the graphite layBrSimilar conclusions for the !&r to that of graphite(see, e.g., Ref. 10 and references

electronic structure at the Fermi level were derived for antherein with the appropriate zone folding for a smaller unit
other GIC, LiG. The highesfT, achieved for a GIC was 5 cell. (This is quite natural because of the weak interlayer
K_BA para||e| deve|opment was that of SC in Bechgard Sa“:SEnteraCtion) Boron in the same lattice but scaled to match the
the organic charge-transfer systems. Within this family ofMgB, in-plane lattice parametefnot shown has nearly
organic materials exhibiting carbam-band conductivity]T, identical bands with the energies scaled by the inverse square
has been raised to 12.5 Kit should be noted that the ma- of the lattice parameter, in agreement with common tight-
jority of these compounds are unstable at normal conditionbinding consideration’. Figure Xb) shows the natural en-
and high-pressure experiments are most common. This panancement of the out-of-plane dispersion of thebands
of GIC studies was reviewed in Ref. 5. when the interlayer distance is reduced. Figures dnd 1d)
Later research shifted to the area of carbides and nitridedemonstrate that “intercalation” of boron by Li or Mg pro-
of transition metals where metallicity and conductivity areduces a significant distortion of the band structure, so that the
mostly due to transition-metal atoms. Only in 1991 was itrole of the intercalant is not simply one of donating electrons
shown that alkali-doped dg exhibits SC with maximunT,  to boron’s bandgwhich would return the band structure to
of 33 K& It was the first representative of a three-that of PG carbon shown in Fig.(@]. The main change
dimensional3D) carbon-based metal with a modifiecbom-  upon intercalation is the downward shift of threbands com-
pared to graphitecoupling of lattice vibrations to the con- pared too bands. For Li this shift of~1.5 eV is almost
duction electrons due to the curvature of the molecule butiniform throughout the Brillouin zone. Replacement of Li by
still with 7r-band derived states at the Fermi level. Mg shifts thes bands further, but this shift is strongly asym-
We have calculated the electronic structure of M@®d  metric increasing from-0.6 eV at thel” pointto~2.6 eV
some related compounds using the Stuttgart linear muffin-timt theA point. In addition, the out-of-plane dispersion of the
orbital tight-binding in atomic sphere approximatiohSA) o bands is also significantly enhanced. In LiBe filling of
code and full-potential LMTOFLMTO) method? A local  the bondingp,, bands is nearly the same as in PG boron,
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-10 4 FIG. 1. Band structures df) primitive (AA
stacking graphite (PG, a=2.456 A, c/a
=1.363; (h) PG boron, a=3.085 A, cl/a
=1.142(as in MgB)); (c) LiB, in MgB, struc-
ture, same andc/a; (d) MgB,, samea andc/a.
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while in MgB, the Fermi level shifts closer to the top of CD difference between the isoelectronic compounds MgB
these bands. and PG carbon (§. In MgB, the electrons see approxi-
The Fermi surfacérS) for MgB, obtained in the FLMTO  mately the same external potential as i5 €xcept that one
method is practically identical to Fig. 3 of Ref. 2. The in- proton is pulled from each C nucleus and put at the Mg site.
Completely filled bondingr bands with predominantly boron It is evident that the Changezg Mng weakens the two-
Pxy character form two hole-type cylinders around i\ centero bonds(the charge between the atoms is depleted
line, while thesr bands form two planar honeycomb tubular 5ng redistributes it into a delocalized, metallic density.
networks:_or_le electron-type network centerekat0 and Thus, the structure of MgBis held together by strongly
another similar, but more compact, hole-type network cenc,aient bonding in boron sheets and by delocalized,

tereddamzi ”/F::éTbhe lowering of theg b"?‘?]d ri]n MSEZ com- metallictype bonding between these sheets. A peculiar fea-
pared to the oron Is connected with the charge transie, o ot g compound is that electrons participating in both

from magnesium to _the mt_ersuual region. The increase of these bond types provide comparative contributions to the
charge density in the interstitials also enhances the overlap of . .
. ) . ensity of statesDOS) at the Fermi levelsee below. This
the boronp, orbitals and hence thie, dispersion. S .
distinguishes MgB from closely related GIC’s where cova-

The nature of bonding in MgBmay be understood from . .
the charge densityCD) plots shown in Fig. 2. As seen in lent bonds in the carbon sheets are always completely filled,

Fig. 2(a), bonding in the boron layer is typically covalent. yvhile the nearly cylindrical parts of the FS commonly found
The CD of the boron atom is strongly aspherical, and thd" those compounds are formed by carbon-deriwetiands
directional bonds with high CD are clearly seésee also that grg also responsible for conductivity in pristine
Ref. 12. It is worth noting that the CD distribution in the graphite:

boron layer is very similar to that in the carbon layer of Because of the coexistence of two different types of
graphite(see, e.g., Ref. 20This directional in-plane bond- chemical bonds, it is desirable to find the contributions to the
ing is also obvious from Fig.(®) showing the CD in a cross total DOS and transport properties from separate pieces of
section containing both Mg and B atoms. However, Figp)2 the FS originating from two-dimensionéD) covalent and
also shows that a large amount of valence charge does ndD metallic-type bonding. Such decomposition is shown in
participate in any covalent bonding, but rather is distributedFig. 3 for the total DOS and for the in-plan&x) and out-
more or less homogeneously over the whole crystal. Furthepf-plane €2  components of the tensor o,z

Fig. 2(c) shows the difference of the CD of MgBnd that of = v ,v g0 (k) —Eg]dk, with v, being a component of the
hypothetical NaB in exactly the same lattice. Not only does electronic velocity. One can see that the &bDetallic-type

it show that one extra valence electron is not absorbed biponding and cylindrical(covalent bondingparts of the FS
boron atoms but is rather delocalized in the interstitials; itcontribute, respectively, about 55% and 45%\i®). N(&)
also shows that some charge moves outward from boron ater the hole-type zones rapidly decreases with increasing
oms and covalent in-plane B-B bonds. Figutd)Zhows the and already a¢~0.8 eV aboveE the total DOS is almost
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FIG. 3. Rigid band results for MgB (a) total DOS in
eV~ Ycell; (b) ay, and(c) o,,in Ry a3 (for a definition ofo,z see
text), with contributions from different parts of the FS. Thick solid
lines: total; thin dashed lines: 3D electronic part; dotted lines: 3D
hole part; thick dashed lines: internal cylinder; thin solid lines: ex-
ternal cylinder. Energy is in eV relative . .

Fermi velocitiesv,=(v?)Y2 for each Fermi-surface sheet
are as follows: internal cylinder, 8.8510° cm/s; external
cylinder, 6.0%10" cm/s; 3D electronic sheet, 1.12
x 10 cm/s; 3D hole sheet, 8.7410" cm/s.

FIG. 2. Pseudocharge density contours obtained in FLMTO. The The main challenge is to suggest another possible SC with
unit cell is everywhere that of MgB The darkness of lines in- 4 higherT.. We studied several similar systems that, as we
creases with densitya) MgB, in the (0002 plane passing through  ,qjieve may be interesting for experimental studies. Several
B nucle; (b) MgB, in the (1000 plane passing through Mg nuclei isoelectronic compounds demonstrate very different behav-

at each corner of the figure. B nuclei occupy positidh8,1/2 and . . .
(2/3,1/2 in the plane of the figure. The integrated charge of the unit " Hypothetical BeB and ZnB, in the MgB, structure are

cell is 8. (c) The (1000 plane, difference in smoothed density, VErY Similar to MgB in terms of the electronic properties.
MgB, minus NaB. The integrated charge of the unit cell is@  Our ASA calculations of these compounds with lattice pa-
The (1000 plane, difference in smoothed density, Mgiinus PG~ rameters of MgB produced very similar band structures
carbon. The integrated charge of the unit cell is O@@nand(b) the  with nearly identical FS. Presumably a smaller radius of the
regions with high charge densities close to the nuclei are not plotBe ion and a larger one of the Zn ion will generate some
ted. In(c) and(d), dotted lines show negative values. difference but we expect that these compouf(ifisxisting)
would have properties similar to MgB Another isoelec-
completely determined by the 3D electron-type band. Theronic system is lithium borocarbide, LiBE which, accord-
latter contribution is almost constant and probably is not reing to our ASA results, is a perfect insulator, so that any
lated to the change of SC properties under pressure or witgypstitution of C by B will lead to metallic behaviofin
doping. The corresponding contribution te exceeds all  general, the obtained band structure of this system is very
other contributiongmore than 50% forr,, andoy,) and is  gimilar to that of BN*%) Experimentally very small conduc-
virtually isotropic. Holes in the in-plane B-B covalent ba”dstivity was observed in LiBC3
(two cylinders at the F&as expected have clearly anisotropic The addition of one electron to MgBcorresponds to
behavior contributing about 30% tg, and virt_uaIIy hothing AlB,. This compound also has metallic conductivity but its
t0 07;. T.he .3D hole—type part qf the FS s also notably FS does not have any cylindrical parts as in MgBxperi-
anisotropic with predominantlgaxis conductivity. The total mentally noT, has been observEwhich makes electron
o has a rather small anisofropy Bf with o, /o7~ 1221/22 doping an unlikely mechanism to increa®g. Under such
The average projections of the Fermi velocitigs=(v?,) circumstances it would be most logical to try hole doping by
arev,=5.36x10" cm/s,v,=4.85<10" cm/s. The average replacing Mg by Na or Li. Unfortunately such compounds
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are unstable. We are familiar only with one experimentalandSC states of MgB and for engineering new SC
report that Nag (Ref. 16 is a weak SC under pressure and compounds.
is very unstable. However, it may be possible to form an

alloy (Mg,Na)B, with modest amounts of Na. Itis evident 1o 4uthors acknowledge useful discussions with S.
from Fig. 3 that the hole-type parts of the FS change dragq'ko, p. Canfield, K. Ho, I. Mazin, and G. Miller. This
matically with electron filling. More relevant discussions canyqork was carried out at the Ames Laboratory, which is op-
be found in Ref. 17. _ _ erated for the U.S. Department of Energy by lowa State Uni-

In summary, MgB represents the first relatively versity under Contract No. W-7405-82. This work was sup-
high-T. superconducting compound of boron and has venported by the Director for Energy Research, Office of Basic
peculiar bonding characteristics compared to GIC. WeEnergy Sciences of the U.S. Department of Energy. M.V.S.
showed that the electronic structure of Mglias both  was supported by the Office of Basic Energy Sciences of the
similarity to and notable differences with the GIC's. TheseU.S. DOE, Division of Materials Science under Contract No.
features provide a basis both for further studies of normabDE-AC04-94AL85000.
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