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Detailed electronic structure studies on superconducting MgBand related compounds
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In order to understand the unexpected superconducting behavior of MgBave made electronic structure
calculations for MgB and closely related systems. Our calculated Debye temperature from the elastic prop-
erties indicate that the average phonon frequency is very large in, MgBpared with other superconducting
intermetallics and its exceptionally high& can be explained through a BCS mechanism only if phonon
softening occurs or the phonon modes are highly anisotropic. We identified a doubly degenerate quasi-two-
dimensional key-energy band in the vicinity Bf along thel’—A direction of BZ (having equal amount of B
px and p, character which plays an important role in deciding the superconducting behavior. Based on this
result, we have searched for a similar electronic feature in isoelectronic compounds such,asCBBR
SrB,, LiBC, and MgB,C, and found that hole doped LiBC and MgB, are potential superconducting mate-
rials. We have found thd in the closely related compound MgBs lying in a pseudogap with a negligibly
small density of states &, which is not favorable for superconductivity. There are contradictory experi-
mental results regarding the anisotropy in the elastic properties of,MayRyjing from isotropic to moderately
anisotropic to highly anisotropic. In order to settle this issue we have calculated the single-crystal elastic
constants for MgB by the accurate full-potential method and derived the directional-dependent linear com-
pressibility, Young’s modulus, shear modulus, and relevant elastic properties from these results. We have
observed large anisotropy in the elastic properties consistent with recent high-pressure findings. Our calculated
polarized optical dielectric tensor shows highly anisotropic behavior even though it possesses isotropic trans-
port property. MgB possesses a mixed bonding character and this has been verified from density of states,
charge density, and crystal orbital Hamiltonian population analyses.
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[. INTRODUCTION density of states, a layered structural character, and the pres-
ence of rather light atomdike oxygen in cupratedacilitate
The recent discovery of superconductivity with higier  high phonon frequencies. Further, although the electronic
(Ref. 1) in MgB, has initiated much activity in experimental structure of this material has three-dimensional character, the
as well as theoretical studies. Mbe has long been the B-B o bands derived from B, ,p, electrongbelieved to be
record holder of the highest, among the intermetallic su- important for the superconductivijtyeflect two-dimensional
perconductors. The recently found YfBJC touches the character. Like the cuprates, MgRppears to exhibit hole
sameT, as NiGe. The work of Bednorz and Mar? from  conductivity, as evidenced from theoretical considerafiohs
1986 on the basis of copper oxides started the discovery of and experimental Hall coefficient measuremféAnother in-
rapidly increasing number of highs superconductors, teresting aspect of the MgBstructure is that it has nega-
among which the current record is held by tively charged honeycomb-shaped B planes which are remi-
HgBa&CaCu;Og_ 5 with T,~164 K under pressureDur-  nicent of highly negatively charged Cu—O planes in the high-
ing the past decade, remarkable progress in basic researth cuprates.
and technological applications has been made on thehigh- It is often believed that the electrons play an important
cuprate superconductors. However, the complex crystable for the superconducting behavior of intermetallic com-
structures in combination with the multicomponent nature ofpounds. So the experimental search for new superconductors
the materials involved hinder the full understanding of thehas to a large extent been focused on transition-metal com-
microscopic origin of highF, superconductivity. Hence, it pounds. The background for this is that transition-metal com-
may be beneficial to study the properties of a simple compounds usually possess larger density of stdb&3S) at the
pound like MgB, in detail, which does not only have higher Fermi level than main-groups) compounds. BCS super-
T., but also takes a simple crystal structure wétp elec- conductors usually possess larger DOS at the Fermi level
trons(involved in the superconducting procgsisat are easy (Eg) and the highefT, in conventional superconductors is
to handle theoretically. related to largeN(Eg) values as well as strong coupling of
The observation of superconductivity with high&g in selected phonon modes to the electronic system. Further, the
MgB, raises the question of whether superconductivity withrelatively higherT, in superconducting intermetallics are be-
even higherT. can be found in intermetallics which do not lieved to be coupled to a van Hove-like peakkt in the
comprise the characteristic Cy@lanes in hight. super- DOS curve, as predicted by various band-structure calcula-
conductors. Several properties of MgBppear closely re- tions and indicated experimentally for Ni-site substituted
lated to highT. superconducting cuprates: a low electronrare-earth nickel borocarbidédn MgB, there is no such
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peak-like feature at the vicinity oEg in the DOS profile. bands do not play a crucial role in establishing higfigr
MgB, is ansp metal and hence its value df(Eg) is small  superconductivity and th@m band might interfere with
compared with that of superconducting transition-metal comsuperconductivity.

pounds. On the other hand, theoretical studgmw that the From high-pressure total-energy studies Loa and
quasi-two-dimensional B bands are strongly coupled with Syasseff concluded that MgB has isotropic compressibil-
E,y Phonon modes, which would be consistent with the BCSty: From a high-resolution x-ray powder diffraction high-
mechanism. The experimentally observed isotope éffént  Pressure 353tudy along with density functional cal'culatlo.ns,
MgB, also indicates phonon-mediated superconductivityVo9t €t al™ concluded that MgB possesses nearly isotropic

The absence of a Hebel—Slichter peak in the nuclear madpechanical behavior. From isothermal compressibility mea-
11-14 surements Prassidésoncluded that MgBis a stiff tightly

netic resonance(NMR) relaxation, a temperature- . X o .
dependent peak around 17 meV in the energy-resolved neffdcked incompressible solid with only moderate bonding an-
Isotropy between inter- and intralayer directions. However,

tron scattering? a first-order metal-to-metal transition on Al 35 ; .

or C substitutiont®~*®apparently anomalous temperature de-Jorgenseret al.® found unusually large anisotropy in ther-

pendencies of the Hall coefficiéftand London penetration mal expansion and compressm_nllty. S0, 1t is mtergstmg o
20 . ) calculate the single-crystal elastic constants of MyBiden-

depth;” and the need for smalt* value to explain the ex- tify the exact nature of the anisotropy.

perimentally observed highéf, by the BCS theor¥ indi- Several attempts have been made to enhdndey sub-
cate that the mechanism differs significantly from that of thegitution of such elements as A Be3 zn3 and Li%® for
BCS theory. . _ Mg and C(Ref. 17 for B, but no practical progress has
The discovery of intermetallic superconductors like hitherto been obtained. Moreover, the role of Mg and B site
borocarbide¥**and boronitride¥' with relatively higherT;  substitution on the electronic structure of MgBas been
[up to 23 K for YPGB,C (Ref. 23], has encouraged the studied theoreticall§® So, it is interesting to search for com-
search for superconductivity in materials possessing light atpounds with an electronic structure similar to that of MgB
oms such as B, C, N, H, etc. Superconductivity within Knowledge of electronic structure, DOS, Debye temperature,
the range 2-4 K has been observed for ternary transitiorand related properties are important for assessing the mecha-
metal diborides (YRgB,, LuB,C,, YB,C,)®% and in  nism and nature of superconductivity. In a search for super-
magnetic rare-eartfRE) rhodium boride§ RERh,B, (Ref.  conducting diborides, BeBis a promising candidate since
27)]. Very recently, the layer-structure compoungliZrNCI  the lighter Be may help to provide larger phonon frequencies
and B-HfNCI (T.=25.5 K) have been found to be super- and hence increask;. If the electron per atom ratio is im-
conducting upon Li intercalatioff. Another group of materi- portant for the superconductivity in this class, one should
als(maximumT.=9.97 K reporte® for Y,C,l,) is RE car-  also consider Capand SrB as interesting candidates. If it is
bide halide superconductors with C—C pairs located inthe combination of Mg and B which brings the superconduc-
octahedrally coordinated voids of close-packed RE atomdivity in MgB ,, one has to consider MgRalso. If the number
The recent discovery of superconductivftgt ~14 Kinthe of electrons in the B layers is a key for superconductivity in
AlB ,-type phase Cagindicates that the AlBtype structure MgB,, attention should be paid to related layer-structured
may be favorable for superconductivity. materials such as LiBC and MgB,. For these reasons we
There are several mechanisms proposed for the higher have made detailed electronic structure studies for the above-
in MgB, and the like. One is based on band-structurementioned compounds.
findings*?! which suggests that the superconducting state The rest of the paper is organized as follows. The struc-
results from strong electron—phonon interaction and hightural aspects and the computational details about the calcu-
phonon frequency associated with the light boron atom. Thidations of the electronic structure, optical spectra, and elastic
is supported by the relatively large boron isotope effect orconstants are given in Sec. Il. In Sec. Il we have analyzed
T, .19 Experimentally observéd decrease irl, with pres-  the bonding behavior of MgBusing the orbital and site
sure at a rate of-1.11 K/GPa is consistent with the BCS projected DOS, crystal orbital overlap Hamiltonian popula-
framework. The low mass of boron is suggested to be contion (COHP), charge density analysis, etc. The electronic
ducive to the occurrence of high-phonon frequencies antband structure of MgBis calculated and compared with that
consequently for highef.. Another mechanism called the of closely related systems and also analyzed for possible
“universal,”® conjectures that the superconductivity in connections between electronic structure and superconduc-
MgB, (similar to that in cuprate superconductois driven tivity. The elastic and optical anisotropies of this material are
by the pairing of the heavily dressed holes in bands that arealculated and compared with available experimental results.
almost full to gain enough kinetic energy to overcome thelmportant findings are summarized in Sec. IV.
Coulomb repulsion. A positive pressure effectTynhas also
been predictetdwhen the pressure reduces the interatomic
B—B distance. An and Pickétmaintain that the Br bands Il. STRUCTURAL ASPECTS AND COMPUTATIONAL
are playing an important role in the superconductivity of DETAILS
MgB,, and that the B in-plan&,4 phonon mode is strongly
coupled to this band. Contradictory to the above-mentioned
viewpoint, Baskaralt concluded from the resonance- MgB; [Fig. 1(a)] has the AlB-type structur® with space
valence-bond(RVB) theory that the two-dimensionalr  group P6/mmm and lattice parametersa=3.084 andc

A. Crystal structure details
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[ P °
FIG. 1. Crystal structures of
B LX) 'y MgB,, MgB,C,, LiBC, and
MgB,. Legends to the different
e °® kinds of atoms are given in the il-

lustration.

MgB LiBC

2

=3.522 A. Itis a simple hexagonal lattice of close-packed2p, and 3 valence functions for the B site. The set of basis
Mg layers alternating with graphite-like B layers, viz. B at- functions was supplemented with local orbitals for additional
oms arranged at the corners of a hexagon with three neareslexibility in representing the semicore states and for relaxing
neighbor B atoms in each plane. The Mg atoms are located #ie linearization errors generally. The effects of exchange
the center of the B hexagon, midway between adjacent Bind correlation are treated within the generalized-gradient-
layers. corrected local-density approximation using the parametriza-

MgB,C, crystallizes in an orthorhombic structufespace  tion scheme of Perdew, Burke, and ErnzertioTo ensure
groupCmcawith a=10.92,b=9.46, andc=7.45 A. The convergence for the Brillouin zon@Z) integration, 320k
structure of MgBC, [Fig. 1(b)] contains graphite-like but points in the irreducible wedge of the first BZ of the hexago-
slightly puckered boron—carbon layers whose charge igmal lattice for MgB were used. Self-consistency was
counterbalanced by “Mg” cations. The mutual coordina- achieved by demanding the convergence of the total energy
tion of boron and carbon consists of five atoms of the otheto be smaller than I Ry/cell. This corresponds to a con-
kind, three of which are located in the same and two invergence of the charge below 1D electrons/atom. For
adjacent layers. Each of Mg is coordinated to six B and six (BeB,, CaB,, and SrB we have made the structural optimi-
atoms arranged at the corners of a slightly distorted hexagaation with a similar procedure.
nal prism. The B—C distances within the layers range from
1.562 to 1.595 A.

LiBC [Fig. 1(c)] crystallize? in a hexagonal primitive
lattice with space groufP6;/mmc The lattice parameters ~ To calculate the electronic ground state properties of
area=2.752 andc=7.058 A. The B and C atoms form a MgB,, MgB,C,, and LiBC we used the TB-LMTO method
planar so-called heterographite layer. The interlayer regionef Anderserf® The von Barth—Hedin parametrization is used
are filled by Li. The B—C distance of 1.589 A in LiBC is for the exchange correlation potential within the local-
comparable with that in MggC,. density approximation. In the present calculation, we used

In MgB,, the B atoms form interconnected pentagonaldtomic sphere approximation. The calculations are semirela-
pyramids with the Mg atoms located in channels runningfivistic, i.e., without spin-orbit coupling, all other relativistic
parallel to thec axis. The Mg atoms form zig-zag chains. €ffects are included, also taking into account combined cor-
MgB, is orthorhombic, space groupnma with a=5.46,  rection terms. BZk-point integrations are made using the
b=7.47, ancc=4.42 A**The average B—B distance in the tetrahedron method on a grid of 405 (MgB365 (MgB,C,)
pentagonal pyramid is 1.787 A. and 549(LiBC) k points in the irreducible part of BZ. In

Whenever possible we have used the experimental latticerder to have more insight into the chemical bonding, we
paramenters for our Ca|cu|ati0n, whereas for B’eBaBZ, have also evaluated the CryStaI orbital Hamiltonian popula—

and SrB we have used the optimized structural parameter§on (COHP*"“*®in addition to the regular band-structure
obtained from total-energy minimization. calculations. COHP is DOS weighted by the corresponding

Hamiltonial matrix elements, a positive sign of which indi-
cates bonding character and negative antibonding character.

C. Computational details for the TB-LMTO calculations

B. Computational details for the full-potential linearized-
augmented plane wave calculations

These investigations are based ah initio electronic D. Computational details of FPLMTO calculations

structure calculations derived from density-functional theory. The full-potential LMTJ?® calculations presented in this
For the screened plasma frequency and the orbital projectgshper are all electron, and no shape approximation to the
DOS calculations we have applied the full-potential charge density or potential has been used. The base geometry
linearized-augmented plane wa(PLAPW) method*in a  in this computational method consists of muffin-tin and in-
scalar-relativistic version without spin-orbiO) coupling.  terstitial parts. The basis set is comprised of augmented lin-
In the calculation we have used atomic sphere radii 1.8 andar muffin-tin orbitals? Inside the muffin-tin spheres the
1.5 a.u. for Mg and B, respectively. The charge density andasis functions, charge density, and potential are expanded in
the potentials are expanded into lattice harmonics ug'to symmetry adapted spherical harmonic functions together
=6 inside the spheres and into a Fourier series in the intemwith a radial function. Fourier series are used in the intersti-
stitial region. The initial basis set included,33p, and 3 tial regions. In the present calculations the spherical-
valence and & 2p semicore functions at the Mg sites2  harmonic expansion of the charge density, potential, and ba-
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sis functions was carried out up #6=6. The tails of the the optical dielectric tensor influences the lower-energy part
basis functions outside their parent spheres are linear combf the spectra. This has been calculated using the screened
nations of Hankel or Neumann functions depending on thélasma frequency obtained from Fermi surface integration
sign of the kinetic energy of the basis function in the inter-according to the description in Ref. 52.

stitial regions. For the core-charge density, the Dirac equa-

tion is solved self-consistently, i.e., no frozen core approxi- F. Calculation of elastic properties

mation is used. The calculations are based on the For the single-crystal elastic constant calculations we
generalized-gradient-corrected-density-functional theory aﬁ d d t?] Y h d Sararortho.
proposed by Perdew, Burke, and Ernzerfto80O terms are ave a opte_ € Same approach we use @rortho
included directly in the Hamiltonian matrix elements for the rhombic TiSh. The he>'<agonal p'hase .Of MglBas tW.O 'a“'c‘?
part inside the muffin-tin spheres. Moreover, the present cafparametersa and ¢ with Bravais latfice vectors in matrix
culations make use of a so-called multibasis, to ensure g)rm

well-converged wave function. This means that we use dif-
ferent Hankel or Neuman functions each attaching to its own E _1 0
radial function. This is important to obtain a reliable descrip- 2 2
tion of the higher lying unoccupied states, especially for the 0 1 0
optical property studies. For our elastic properties study we R=
have used 19X points and for the optical property studies 0 0 c
624 k points in the irreducible part of BZ. a
E. Calculation of optical properties The FPLMTJ?® method allows total-energy calculations to

be done for arbitrary crystal structures. We can therefore ap-
are obtained self consistently, the interband contribution td’ly small.stralns to the equilibrium lattice, then detgrmlne
the resulting change in the total energy, and from this infor-

the imaginary part of the dielectric functiors(w) can be . . .
calculated by summing the transitions from occupied to un.mation deduce the elastic constants. The elastic constants are

occupied stategwith fixed k vecto) over BZ, weighted with identified as proportional to the second-order coefficient in a

the appropriate matrix element for the probability of the tran-F_’Olwﬁ'om""II fit ;f5t4h\i/to(tjal energy :.is a functltc))_n Of. the d:cStr? -
sition. To be specific, the componentse&y{ w) are given by tion paramete ‘ € ej[e.rmme inear com Inations 0 the
elastic constants by straining the lattice vect@raccording

Ve to the relationR’ =RD. HereR’ is a matrix containing the
€l (w)= WJ a3 (kn|pi|kn")(kn’|p;|kn) components of the distorted lattice vectors dhdhe sym-
w nn’

Once the energies,,, and functiongkn) for the n bands

metric distortion matrix, which contains the strain compo-
nents. We shall consider only small lattice distortions in or-
X (1= fyn) 6(€knr — €xn—Tiw), (1) der to remain within the elastic limit of the crystal. In the
) ) following we shall briefly list the relevant formulae used to
where (@, ,py,p,)=p is the momentum operator arfg, iS  ptain the elastic constants for hexagonal crystals. The inter-
the Fermi distribution. The evaluation of matrix elements iNpal energy of a crystal under straif, can be Taylor ex-

Eq. (1) is done over the muffin-tin and interstitial regions panged in powers of the strain tensor with respect to the
separately. Further details about the evaluation of matrix eliyitia| internal energy of the unstrained crystal in the follow-
ements are given elsewheYefor the hexagonal structure of ing way:

MgB, the dielectric function is a tensor. By an appropriate

choice of the principal axes we can diagonalize it and restrict

our consideration to the diagonal matrix elements. We have E(V,8)=E(V,,0)+V, E 7i& 5i+1/22 Cij 6i§; 6 §;
calculated the two componeri&a andE| c of the dielectric ! g

constants corresponding to the electric field parallel to the +0(5°). )
crystallographic axes and c, respectively. These calcula-

tions yield the unbroadened functions. To reproduce the exthe volume of the unstrained system is dendtgd E(V,,0)
perimental conditions correctly, it is necessary to broaden thieing the corresponding total energy. In Eg), r; is an
calculated spectra. The exact form of the broadening funcelement in the stress tensor.

tion is unknown, although comparison with measurements Since we have five independent elastic constants, we need
suggests that the broadening usually increases with increafive different strains to determine them. The five distortions
ing excitation energy. Also the instrumental resolutionused in the present investigation are described in the follow-
smears out many fine features. To simulate these effects theg. The first distortion

lifetime broadening was simulated by convoluting the ab-

sorptive part of the dielectric function with a Lorentzian, 1+8 0 0
whose full width at half maximum(FWHM) is equal to

0.01(:w)?. The experimental resolution was simulated by D,= 0 1+o 0
broadening the final spectra with a Gaussian, where FWHM 0 0 1+6

is equal to 0.02 eV. For metals, the intraband contribution to
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gives compression or expansion to the system. This pre- 1 0 0
serves the symmetry but changes the volume. The strain en- 0 1 0
ergy associated with this distortion is Ds=
0 0 1+6
E(V, 5) = E(Vo,o) +V0[( Tl+ ’7'2+ 7'3) 5+ %(chl_’_ 2C12
+4C 5+ Cag) 8] involves stretching of the axis while keeping other axes

137 ye b unchanged. Hence, the hexagonal symmetry is preserved, but

The second distortion volume is changed. The energy change associated with this
strain can be written as
(1+0)713 0 0 c
33
D,= 0 (1+6)" 3 0 E(V,0)=E(Vy,0)+Vy| 736+ 7) 5%,
0 0 (1+6)%R

The elastic constantsz can be directly obtained from the
. _ o above-mentioned relation. By solving the linear equations
gives the volume- and symmetry-conserving variation ofgiven previously we have obtained all five elastic constants.

c/a. The energy associated with this distortion is From pressure-dependent lattice parameter measurements it
is easy to obtain the bulk modulus along the crystallographic
E(V,0)=E(V,00+ Vo[ (71 + 7o+ 73)0 axes. Also to quantify the mechanical anisotropy of MdB

is important to calculate the bulk modulus along the axes.
For hexagonal crystals the bulk modulus alan@B,) andc
(B) are defined as

1 2
+5(C11t Cip—4Ci3t+2C33) 67

The strain matrix

4P A
1+6 0 =802 27«
(1_52)1/3 and
0 1= 0 dP B
D3: (1_62)1/3 Bc:C%:;a,
0 0 o whereA =2(cq;+Cqp) +4Cq3a+ C33? and
(1_ 52)1/3
. C11+C1o—2C13
distorts the basal plane by elongation alangnd compres- Ca3™C13
sion alongb in such a way that the volume is conserved. TheThe calculated bulk modulus along the crystallographic axes
energy associated with this distortion is obtained from these relations are compared with the experi-

) mental results in Sec. lll.
E(V,0)=E(V(,0)+ Vo[ (71— 72) 6+ (C13—C1p) 6°].

. . ) IIl. RESULTS AND DISCUSSION
The elastic constartss can be determined by the distor-

tion of the lattice using the volume-conserving triclinic A. Electronic structure
distortion An interesting feature of the calculated electronic band
structure of MgB is that doubly degenerate, nearly flat
1 b bands are present just abdgge in theI'—A direction(Fig. 2)
(1_—52)1,3 0 (1_—52)1,3 and cuteg _along theK-TI" .direction.lThese bands give rise to
nearly cylindrical, hole-like Fermi surfaces around the
1 point? indicating that the transport properties are dominated
D,= 0 (1_—52)1,3 0 ) by the hole carriers in the plane where B atoms exist. These
bands are incompletely filled bondimgbands with predomi-
5 1 nantly boronp,,p, character. Thep, bands(mainly in the

unoccupied state and with finite contribution along kel
direction of VB in Fig. 2 are derived from the intralayer
bonding orbitals which also have interlayer couplings be-

J 0 P
(1_52)1/3 (1_52)1/3

The energy change associated with this distortion is tween adjacent atomic orbitals in tealirection. Our earlier
study® on superconducting lgX (X=AIl,Ga, In, Tl) com-
E(V,8)=E(V,,0)+ Vo[ 756+ (2Csg) 52]. pounds show that the presence of a flat band in the vicinity
of E¢ gives largeT.. The flat-band feature is also present
The fifth strain in the recently discovered superconducting compound
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N FIG. 2. Band structure of
2z 0 7 “F ] MgB, and hypothetical Bin the

2 AlB ,-type framework. For the B

d 4 . substructure we have used the lat-

tice parameters of MgB

MgB, B

YNi,B,C. As a working hypothesis, we suggest that this flat-MgB,. Even though BeBis isoelectronic with MgB, a re-
band feature plays an important role for the superconductiveent experimental study did not reveal any sign of super-
ity in MgB,. The calculatet! electron—phonon interaction conductivity down to 5 K. This negative finding makes it
strength also shows a large value in theA direction where interesting to investigate the electronic structure of BeB
the flat-band feature is seen. Moreover, zone boundary phaletail. The lattice constants for Be®btained® by averag-
non calculations show that this band feature is very sensitive
to the E,4 mode (B-bond stretching The top of this flat-

T
75— Mg-B(x | |
band feature is around 0.54 eV abd¥e. Assuming rigid- 078 _— r%BB( ) I /
band filling the addition 0f~0.32 electron to MgB will o2 [ —- Mg-Mgx2) : A
. o I -

bring Ef to the top of this energy band. Thus, if electrons are &
responsible for the superconductivity one can expect en-8
hancement off, on electron doping. The electron doptfig -0.25
in Mg, _,Al,B, leads to a smooth drop i, up tox=0.1

and beyondk=0.25 the superconductivity is completely de- -0.75
stroyed. This indicates that holes are responsible for the su
perconductivity in MgB, an observation consistent with
Hall effect measurementfs.

The role of Mg on the band structure of MgRBan be
elucidated by completely removing the Mg atoms from the
lattice and repeating the calculations for a hypothetical struc-
ture with only B atomgnote: using the lattice parameters for
MgB,). The calculated electronic structure for the B network .~ .05

0.15

alone is given in Fig. 2 along with that of MgBThe striking %

difference between the two cases is in the position of the flal £

band in thel'—A direction. This flat-band feature for the B % — MgB :
network alone is strongly two dimensionaliz. very little 2 sl —- Mg(anggz) I
dispersion along™—A). This is~1.8 eV aboveEg owing to a [ e B (in MgB,) |

the smaller number of electrons in the B network compared -~ B (nB)

with MgB,. This suggests that the B—8 bonds are prima- !

rily responsible for the superconductivity in MgBInterest-

ingly the bands are not deformed appreciably when we re- 0.5

move Mg from MgB indicating that the electrons from Mg ! \ s
atoms mainly give a shift iiEg almost like rigid-band filling. o A

This viewpoint is confirmed also from the density of states
(Fig. 3), which shows that the topology of the DOS profile

with and without Mg atoms in MgBare almost the same. FIG. 3. Lower panel: Total and site-projected DOS for MgB
But a shift in DOS is observed when Mg is removed fromang hypothetical B obtained from the FPLMTO method. Middle
MgBs,. panel: Angular momentum- and orbital-projected DOS for MgB

BeB, could be expected to have a higllgrowing to the  obtained from the FPLAPW method. Upper panel: Crystal overlap
lighter Be atoms which may provide larger phonon frequen-Hamiltonian population(COHP between Mg—Mg, Mg-B, and
cies while maintaining a similar electronic structure to that ofB—B obtained from the TBLMTO method.

Energy (eV)
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TABLE I. Calculated lattice parametera @ndc are in A),c/a 3

ratio, bulk modulus B, in Mba), its pressure derivativeB(), and
density of states at the Fermi leél(E) in states Ry! f.u.”?]
for AIB,-type compounds.

[
1
]
[
[
!
Compound a c da By By N(Ep) 1] i
]
BeB, 2.886 3.088 1.027 1.93 3.47 6.309
MgB, 3.080 3.532 1.147 1.50 350 9.98 ¥
1.20+0.08 LiBC i
1.5 o .1 i
1.3¢ T !
147 @ |
1.40+0.06 g 1 :
CaB, 3.397 4.019 1.183 1.34 342 10837 g
SIB, 3.456 4.193 1.213 1.05 228 4732 & \
TiB, 3.070 3.262 1.060 2.13 210 4.27

MgB.C,

& rom synchrotron XRD by Prassides al. (Ref. 34.
PHigh-pressure XRD measurement by Vagtal. (Ref. 33.
Calculated from FPLAPW method by Vogt al. (Ref. 33.
dCalculated from pseudopotential method by Bohnenal.
(Ref. 84.

®Calculated from FPLAPW method by Lao and SyaséRef. 32.

f
-15 -10

ing experimental data for the actual unit cell have been in- Energy (eV)
ferred to bea=2.94 andc=2.87 A. There are no experi- FIG. 4. Calculated total DOS for BeB CaB,, and SrB ob-

mental lattice parameters available for BeBuith the tained from the FPLAPW method and that for MgR.iBC, and
AIBZ—type st(ucture and hence we have made structural OFMgBZCZ obtained from the TBLMTO method. For BeB CaB,,
timization using the FPLAPW method. Table | shows taat SrB we have assumed the AjRype structure and optimized

would be _reduced by about 6.5 %, _anoby _about 12.5%  the structural parameters.
when Mg is replaced by Be. The anisotropic changes of the
lattice parameters can be understood from the anisotropiealculated DOSusing the optimized structural paramejers
bonding situation in MgB. It looks as if the strong B{—p)  for CaB, which shows(Fig. 4) sharp features like those
o bonds within the planes prevent more appreciable changdgund in transition metal phases resulting from enhancement
in a whereas the weaker bonds along with the relatively in volume compared with MgB Also, the calculated DOS at
weak ionic bonding between Be and B bring about a largeEr is larger than that of MgBindicating a possibility for
change inc. Consistent with the earlier calculattnour ~ superconductivity. The larger volume compared with BeB
value of DOS at for BeB, is smaller than that of MgRB and MgB, along with the weak B—B interaction make the
Owing to the smaller volume our calculated bulk modulusbulk modulus for this material become smaller. The elec-
for BeB, becomes larger than that of MgBTable . tronic structure of CaB(Fig. 5 shows that the key energy
The total DOS curve for BeB(Fig. 4) shows almost free- band is broader than that in MgBAlso this doubly degen-
electron-like metallic feature, with amN(Eg) value of erate band is well belog at thel” point and well abové
6.309 state Ry f.u.”%, which in turn is consistent with the at theA point. Hence, the calculations suggest that the prob-
paramagnetic behavior observed experimentally. The DOS8Dbility for superconductivity in CaBwith AlB ,-type struc-
curves of BeB and MgB, are indeed very similar as ex- ture is low.
pected due to their isoelectronic and postulated isostructural The total DOS for SrB (Fig. 4) predicts a pseudogap
nature. As mentioned previously, the DOS features couldeature atEg (separating bonding from antibonding states
lead one to a highef, for BeB, than for MgB,. A closer  with a negligible DOS atEg). The electronic structure of
inspection of the band structu¢gig. 5 indicates that the key SrB, (Fig. 5 shows nearly semimetallic feature. Earlier
energy band, which we believe to be responsible for superstudies®*® indicate that materials wittEx located at a
conductivity, is broader in BeBthan in MgB, and it is also  pseudogap in DOS will have relatively high stabilitthe
located well aboveEr . Hence the calculations suggest thatsituation with all bonding orbitals filled and all antibonding
even if one could stabilize BeBin the AlB,-type structure orbitals empty implies extra contribution to stabilitfience
one should not expect superconductivity. This conclusion ighe calculations predict that SyBvith AlB ,-type structure
consistent with the experimental observation in the sense thatay be stabilized experimentally if the above-mentioned cri-
a recent studf’ shows paramagnetic behavior down to 5 K. terion works. However, materials witkg located in the
Kortus et al# suggested that Ca doping should lead to anpseudogap are not expected to become supercondtrcting
overall increase in DOS, and also provide an additional conand hence the present finding suggests that Sti®uld be
tribution to the electron—phonon coupling. We have thereforanonsuperconducting. Compared to Bedhd MgB,, the top
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of VB in CaB, and SrB have large nonbonding B states to that in MgB, and superconducting transition-metal boro-
(Fig. 4). This will give a negative contribution to the one- carbides(e.g., YN,B,C, LuNi,B,C). Consequently we sug-
electron eigenvalue sum for stability. This may be the reasogest superconductivity with relatively high. for hole doped
why CaB, and SrB are not stabilized in the AlBtype  MgB,C,. A more detailed analysis of the band structure
structure. shows that the narrow band in tie-Y direction nearEg is
The number of valence electrons per B,C is same fostemming from the @, electrons. Except for the structural
LiBC and MgB,. So, if electron per atom ratio is the decisive datd! no other information on the physical properties of
factor for the superconducting behavior of MgBne can MgB,C, is available experimentally.
expect superconductivity for LIBC. Hence, we have also per- If it is the boron layers that are responsible for the super-
formed electronic band-structure studies for LiBC. The cal-conductivity, one could expect superconductivity in MgB
culated DOS(Fig. 4) predicts insulating behavior with a However, the calculated total DOS for MgBhows(Fig. 4)
band gap of 1.81 eV. LiBC is an indirect band-gap insulatoronly features which point toward insulating behavior and
where the band gap is between the top of VB in fheK hence superconductivity is not expected for this material.
direction and the bottom of CB at thé point (Fig. 6). The
establishment of insulating behavior is consistent with the
experimental observatihof a very small conductivity for B. EFG and NMR frequency
LiBC. The flat-band feature present in thke-M andI'-A From the FPLAPW calculations we have estimated the
directions of BZ just belowEg around—0.23 eV (Fig. 6) electric field gradient V,,) at the Mg and B sites as
suggests that LiBC may be tuned to become superconducting 0.249< 10?* and 2.04% 10?* V/m?, respectively. Using
upon hole doping. the calculated/,, along with the nuclear quadrupole moment
The calculated total DOSFig. 4) for MgB,C, also shows for B (0.037 b (Ref. 60 we can calculate the NMR quad-
insulating behaviofwhich has the same number of valencerupole coupling frequencyif;) by means of the relation
electrons per nonmetal atom as MgBvith band gap of 1.04
eV. This is further confirmed by the band structyFég. 6), 3eQV
which shows indirect band-gap insulating features between po=— <22
the topmost valence band in the-I" direction and the 4 2nhi(21-1)
bottom-most conduction band at thepoint. The interesting
aspect of Fig. 6 is that there is a flat band present in theising | =3/2 as the nuclear spin quantum number t4B8.
vicinity of Eg (around thel’=Z and T-Y directiong similar  This gaver,=915 kHz in good agreement with 828 kHz

12 -

FIG. 6. The band structure of LIBC and
MgB,C, as obtained with the TBLMTO method
using experimental lattice parameters.

Energy (eV)
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obtained by Gerashenlas al!* and 835-5 kHz obtained by
Jung et al** from first-order quadrupole perturbed NMR
spectra. 03-

0251
C. Chemical bonding in MgB, 02

Similar to the C—-C distances in the graphite structure, the 0.15
distance between the boron planes in MgB about twice o1l
the intraplanar B—B distance and hence the B—B bonding is
strongly anisotropic. A more quantitative assessment of the %%
bonding situation in MgB can be obtained from the partial 0
DOS (Fig. 3), which demonstrates that the 8states are
hybridized with the Bp state in VB. This shows strongly
bondedsp? hybrids in theab plane. The Mgs electrons

contribute very little to VB and are mainly reflected in the Mg M
unoccupied state. Hence Mg donates electrons to the boro gy @ g
layers. The B 2 electrons are well localized and their con-

tribution at Er is minor. From the orbital projected DOS
(Fig. 3 it is clear that Bp, and p, characters are mainly
dominating atEg. This suggests that the—p o bonding
between the boron atoms has a significant influence on su
perconductivity. It is worth recalling that the recently fodhd
superconductor NgHfNCI (T.~25 K) has Np, and p,
characters aEg .51 B p, states are present in a wide energy
range and dominate at the bottom of the conduction band. ﬁ
The simplest way to investigate the bonding situation be- Mg
tween two interacting atoms in a solid is to inspect the com- -
plete COHP between them, taking all valence orbitals into_ /G- 7- Valence-charge density in th&l0 plane for MgB.
account. The upper panel of Fig. 3 shows COHP for the B_Egiorner atoms are Mg and the others are B. Both plots have 35
. . L - ~".~contours between 0 and 0.25 electronsfa.u.
and Mg—-B bonds. An interesting aspect of this illustration is
that VB is filled up with bonding orbitalgnegative value of
COHP and the antibonding orbitals are som& eV above
Er. Bonding-state electrons from both B—-B and Mg-B
bonds are found & . The Bs-s bonding states are found
mainly at the bottom of VB aroune- 8.5 eV. The Bp—p o

Mgm

tural optimization for these diborides along with MgBy
total energy minimization. The optimized structural param-
eters along with the bulk modulus, its pressure derivative,
andN(Eg) are given in Table I. The calculated equilibrium

bonding states dominate at the top of the VB region aroun ﬁéug(eéﬁ:n'\gﬁ% '\S/;Pu%? gntg &i'g;?gg"ggéﬁgze&;ﬁg i\ls\llth
—2 eV. Note that the COHP values for the Mg—B bonds are P ' P

LT only 0.42% smaller than the experimental value. These re-
much smaller than for the B-B bonds indicating that theg, i injicate that density-functional theory works well for

B—B bond is much stronger than the Mg—B bonds consmterﬁqis material. The calculated(Eg) value for MgB; is larger

with the derived elastic propertiéSec. 11l D). N ) ;
; : than that for the other diborides considered in the present
The charge-density plot for Mgfin the (110) plane(Fig. study and this may be one of the reasons for the supercon-

7) shows a low electron accumulation between Mg and B a3 ctivity |
. uctivity in MgBs.
well as a very low electron population at the Mg diteuch Bv fitting th | | h .
lower than for a neutral Mg atomThese findings are a clear y fitting the total-energy versus volume curve to the uni-
versal equation of state we have obtained the bulk modulus

indication of ionic bonding between Mg and B. The large : L
electron accumulation between the B atoms and theiFBO) anq Its pressure glerlvatlyBé) as 1.50 Mb.ar and 3.47,
spectively. The derive®, is found to be in excellent

strongly aspherical character indicates strong covalent intef<

action between the B atoms as also found by our examing2dreement with the value 1.51 Mbar obtained from high-

tion of partial DOS and COHP. The more or less homoge_resolution x-ray powder diffraction measureméhend also
: in good agreement with other results listed in Table I. Fur-

neous charge distribution between the Mg atoms suggest B.—15 Mb btained in thi o q
appreciable degree of metallic bonding between them, i.elNefmoreBo=1.5 Mbar obtained in this way is in goo
apart from strong ionic and covalent bonding in MgBe agreement with the value 1.509 Mbar estimated from the

band structure shows features similar to thep metals. calcglated single-crystal elastic constants by means of the
Hence, MgB is a typical example of a mixed bonded solid. relation
2(Cqy+C1p) T 4C 3t Ca3
D. Elastic properties B 9

Structural parameters for BgBCaB,, and SrB are not  The electron per atom ratio of TjHs same as that of MgB
available experimentally and we have therefore made strucand hence this material should also be considered. I3 TiB
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TABLE II. The single-crystal elastic constants;(in Mbar) and bulk modulus values alorggandc (B,
andB, in Mbar).

Compound Ci1 C1o Ci3 Ca3 Caa B, B.
MgB, 4.380 0.430 0.329 2.640 0.802 5.406 3.006
4.1+0.2 2.92+0.12
6.2 3.33
TiB, (exph© 6.6 0.48 0.93 4.32 2.6 8.512 5.5627

8 rom synchrotron XRD by Prassides al. (Ref. 34.
bFrom hydrostatic high-pressure synchrotron XRD by Gonchatoal. (Ref. 63.
‘Derived from the single-crystal elastic constants of Spetaal. (Ref. 62.

Er is located in a pseudogap and hembgEg) is small re-  radiation show isothermal interlayer compressibility,
sulting in nonobservation of superconductivity. The calcu-d In c/dP at zero pressure is 1.4 times the in-plane compress-
lated bulk modulus for TiBis larger than that for diborides ibility, d In a/dP. However, the high-pressure neutron diffrac-
considered in the present study. This is an effect of the fillingjon studieg® show thatd In ¢/dP=1.64d In a/dP, which is
of the bonding states in the bands and this aspect has be@fuch closer to our calculated relationshigIn c/dP
discussed in Ref. 59. ~ =1.79dIna/dP (Table Il). The most recent high-pressure
From various distortions we have calculated all five neasyremefit with hydrostatic pressures up to 15 GPa
single-crystal elastic constants for MgBrable II). Unfortu-  ¢pows a larger anisotropy In c/dP=1.875d In a/dP. The
nately there are no experimental elastic constants availab|grger compressibility along than alonga can be under-
sincg a suitable single crystal of MgBias so fa_lr not b'een stood as follows. There is strong [, ,p,—py.p, Covalent
ggt?alﬂrendén:%g dh;\;ef;?e;gor%erzaictig tch%mlgagfgg C\':'tshtafh%ybridization alonga in MgB, and hence the bulk modulus
P e P Y Y alonga (b) is large. There is significant ionic contribution to
structure of MgB the high-pressure total-energy studies Ofthe bonding between Mg and B alomg Usually an ionic

Loa and Syasséf suggested isotropic compressibility and .
concluded that the intra- and interlayer bonding are of simi-bond is weaker than a covalent bond and hence the bulk

lar strength. Another high-pressure studip to 8 GPa by modL!Ius is smaller a!opg than alonga. .The Iarge anisot-
Vogt et al®® concluded that there are small anisotropies in"oPY in the compre35|bll_|ty is alsp con3|sten_t with the fact
the mechanical properties. The isothermal compressibilitjh@t the thermal expansion aloegs about twice that along
measurements of MgBby synchrotron x-ray diffraction & Morepver, sub§t|tut|o]|’? ofA_I fqr M.g decreasgs at a.rate
revealed a stiff tightly packed incompressible nature with @PProximately twice that oé indicating the anisotropic na-
only moderate anisotropy between intra- and interlayefure of the bonding. _ _ _
bonds. The neutron diffraction measurements by Jorgensen !t IS Possible to visualize the anisotropy in the elastic
et al® at high pressures concluded with highly anisotropicprOpert'es from the_curvaturg of the_tota_l energy with respect
mechanical properties for MgBAs the experimental results (© [€ngth changes in an arbitrary direction. From the elastic
are mutually inconsistent, theoretical studies of the com&ompliance constantss() it is possible to derive the direc-
pressibility may be helpful in resolving the ambiguities. ~ tonal bulk modulusk, using the relatior

From the calculated single-crystal elastic constants we
have derived the bulk moduli along the crystallographic di-
rections using the relations given in Sec. Il and the results are
listed in Table 1. The compressibility stutfiby synchrotron

1
K= (S11+ 8121 S13) — (S11+S12— S13— S33)| % , )
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FIG. 8. Calculated directional-dependéal bulk, (b) Young's, (c) shear moduli, andd) the characteristic temperatuég for MgB, as
obtained from the calculated single-crystal elastic constants.
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TABLE lIl. Average shear modulusd,, in Mbar), longitudinal and transverse elastic wave velocity, (
v, in m/g), and Debye temperatur@4 in K) obtained from single-crystal elastic constant.

Compound G v Vm 0p (calo 0p (expd
MgB, 1.146 10612 7276 1016 7580
748
80C0F
92(¢f
TiB, (expt © 2.407 7061 5105 743

8From specific heat measurements by Buddtal. (Ref. 10.

®From specific heat measurements byltivet al. (Ref. 79.

°From specific heat measurements by Kremieal. (Ref. 85.

9From specific heat measurements by Watgl. (Ref. 86.

®Derived from the single-crystal elastic constants of Spetaal. (Ref. 62.

where |5 is the direction cosine. The thus obtainedandéy obtained from our single-crystal elastic constants are
directional-dependent bulk modulus is shown in Fig8A listed in Table IIl. The calculated value @f, is comparable
useful surface construction is one that shows the directionakith the experimental values obtained from specific heat
dependence of Young’'s modulug), which for hexagonal measurementéTable Ill). The higher value of, indicates
symmetry can be defined as the presence of higher phonon frequencies in this material.
The existence of phonon modes at very high ener(@&s
1 22 4 5 5 meV in MgB,) is experimentally identified by neutron-
£ = (1713)"s1+I38aa+ 15(1-13)(2815F Sas). (4 jpelastic-scattering measuremeHé®
The thus derived directional-dependent Young's modulus
[Fig. 8b)] also shows large anisotropf, alonga being
about 65% larger than alorg The anisotropic nature of the Optical properties studies are of fundamental importance,
bonding behavior reflected in the elastic properties is consissince these involve not only the occupied and unoccupied
tent with the charge density analysis. The marked anisotropiparts of the electronic structure, but also carry information
compressibility of MgB will lead to different pressure ef- on the character of the bands. In order to elucidate the an-
fects on different phonon modes and is also more likely tasotropy in the optical properties of MgBthe calculated
lead to pressure-induced changes in the electronic structurmaginary parts of dielectric tensor fdt|a and E|c ob-
atEg . This information is valuable in testing the predictions
of competing modefs'! for the mechanism of superconduc- 20
tivity.
The anisotropy in the plastic properties of materials can
be studied from the directional-dependent shear stress an
the amount of she&P.So, it is interesting to study the direc-

E. Optical properties

tional dependence of the shear in MgBVe have calculated 10 F
the directional-dependent shear modul@$ from the elastic -
constants using the relation 5t
1 _ 44 2 §
G~ SaaT| S ST 5 (1=13) +2(s11+S33— 2813~ Sys) '

X(1-13)13. (5) s |

The directional-dependent shear modu[lég. 8c)] also
shows large anisotropy artélalong thea axis is around 42%
higher than that along. It should be noted that large shear
value is present in between the basal plane and perpendicul: %
to it. From the calculated directional-dependent bulk modu-

lus and the shear modulus one can calculate the directione
dependence of sound velocity and hence the characteristi
temperature of the material. The calculated characteristic
temperature given in Fig.(8) shows an anisotropic nature  FIG. 9. The calculated optical-dielectric tensor for MgBb-
due to the anisotropy in the bonding behavior. The calculateehined from(a) with and(b) without intraband contribution obtained
average shear modulussg,), elastic-wave velocitiesy),  from the FPLMTO calculation.

Energy (eV)
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tained from FLMTO method are shown in Fig. 9. The im- ally large indicating that some novel mechanism is respon-
portant feature conveyed by the interband transition showsible for the higherT, in MgB,. Using the concept that

in Fig. 9 is that there is negligible contribution &g(w) in  temperature-dependent electronic screening arising from nar-
E|lc below 3.8 eV. The interesting aspect for Mg that row bands in the vicinity of Ef causes temperature-
even though the interband contribution to the optical spectradependent phonon-mode frequenciegy. 2), one is led to

is highly anisotropic the calculated intraband contributionexpect that softening of phonon modes does occur to explain
show nearly isotropic behavior. This originates from thethe experimentally observed high&g. Therefore, experi-
close values of the calculated plasma frequencies; 7.13 andental temperature-dependent phonon spectra for MgB
6.72 eV for in-plane and perpendicular-to-plane, respecrequired to establish whether the softening of particular pho-
tively. These values are in excellent agreement veitf), non modes is responsible for its high.

=7.02 eV andw,,=6.68 eV obtained by full-potential The superconducting transition temperature for the
LMTO calculation” The intraband contribution to the opti- strongly coupled superconductors according to the McMillan
cal dielectric tensor have been calculated similar to Ref. 52formula’® is

The calculatede,(w) spectra which include both inter- and

intraband contributions are shown in the upper panel of Fig. 0o ;{ 1.041+\)

9. From these,(w) spectra one can derive all linear optical Te=7258X N (11062 (6)
properties. Unfortunately, there are no experimental spectra K :

available for MgB.

In Eq. (6) large T, can be obtained when we have large
values for6p (which MgB, hag and the electron—phonon
F. Superconductivity aspects coupling constani. The empirical value of the Coulomb

Let us first look for similarities between MgBand other ~ coupling constanp.™ for sp metals is 0.1. The McMillan—

superconducting materials. There are correlations thdfOPfield expression fok which enters in the exponent in the

exisf” %8 between average electronegativity)(and super- €xpression fofl¢ is
conducting transition temperature in that thevalue is be- 5
tween 1.3 and 1.9 for conventional superconductors and 2.43 - N(Eg)(1)
to 2.68 for highT . cuprates. The value for MgB; is 1.733, M(w?)
which places this material in the category of the conventional
superconductors. However, using the proposed correfdtionHere, N(Eg) is smaller for MgB than for conventional
between superconducting transition temperature and theigherT. materials, (I1?) is the averaged square of the
value of the electronic specific heat coefficien) (for vari-  electron—phonon matrix elemenfw?) is the averaged
ous superconductors we find thatfor MgB, falls in the  square of the phonon frequency, avds the mass of the ion
region of the highF. cuprategviz. MgB, has a low value of involved. If the superconductivity occurs by phonon media-
N(Eg) as well as highefl.]. In the conventional supercon- tion, higherT. in MgB, can be explained as follows. Se-
ductors (3-W-type) with A;B composition, the mutually or- lected phonon modes may be strongly coupled to the elec-
thogonally permuted linear--A—A-A--- chains are be- tronic system and influence the magnitudeTgfto a greater
lieved to be responsible for the superconductivity. In MgB extent than average phonon modes because the average pho-
the boron atoms in the zig-zag chaiifég. 1) are believed to  non mode{w?)Y?=0.6%;, is larger in MgB (which will
play an important role for the superconducting behavior. Foreduce the\ value. Consistent with the above-mentioned
higher T, superconducting intermetallics ButfBrhas sug-  viewpoint the lattice-dynamical calculatidrfe:’*"® reveal
gested a rule of togetherness which prescribes tfota  that the in-plane boron phonons near the zone center are
given crystal structure, electron-per-atom ratio and periodhighly anharmonic with significant nonlinear contribution to
the electron—phonon coupling is enhanced when théhe electron—phonon coupling. If such a situation occurs, the
transition-metal atoms are brought closer together. It is intersoftening of certain phonons in combination with the light
esting to note that the B atoms are brought close together byass of the constituents may lower the phonon contribution
the strong covalent bonding in MgBEarlier studie§ show (M(wgh)) and in turn enhance the electron—phonon coupling
that 8-ZrNCl is a semiconductor with a band gap-eB8 eV  constant and hencg;. This may explain why MgB pos-
that upon Li intercalatiofelectron donationbecomes super- sesses higheF, despite the lower value dfi(Eg).
conducting withT,=13 K28 This similarity is present for Now we will compare MgB with relevant superconduct-
MgB, also, in that the electron donation from Mg tg Bads  ing materials. Among the other transition metal diborides,
to superconductivity. Ledbett&rpoints out that the super- superconductivity withT,=9.5 K has been observed in
conducting transition temperature in high-cuprates in- TaB, recently’® Our electronic-structure studisshow that
creases with increasing Debye temperatuig) ( The higher  Eg is located at a peak in the DOS profile in TaB his
T, in MgB, may be associated with the largl in this  feature along with the largsl(Eg) value of 2.92 state@Ry
material and this criterion would place MgBogether with  f.u.) will explain the largeT, in this material. As there are
high-T. cuprates. substantial B states aEr in MgB, similar to superconduct-

In conventional superconductor$, increases with de- ing RENLB,C, it may be worthwhile to compare these
creasingdp , i.e., with lattice softening? The calculatedd, cases. An experimental soft x-ray emission spectroscopy
for MgB, from the elastic constants {4016 K) exception-  study’ on superconducting YNB,C and nonsuperconduct-
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ing LaNi,B,C along with band-structure calculatidrindi-  the top of the bonding quasi-two-dimensionaloBbonds.
cate that the superconductivity appears only when broad B Therefore, when the compressibility is larger within thle
bands are located &. The main difference between the plane than along, one can expect a large variation in the
electrons involved in the transport properties of RENC superconductivity with pressufbecause the flat bands with
and MgB, is that the former has a remarkable DOS peak aPx,Py characters broaden faster by compressi@ur calcu-
Er dominated by Ni @ states with almost equal proportions lated elastic property for MgBshows large anisotropy with
of all five Ni 3d states and also involves some rare-earth €asy compression along. Hence, the key energy band
and B, Cs—p admixture whereas MgBdoes not show any (WhICh is sensitive to the B-bond stretch)nvg'ill broaden
peak feature & . From the accurate analysis of meastifed slowly with pressure and’; will slowly decrease with in-
specific heat over a wide temperature rangéor MgB, is ~ Creasing pressure, consistent with experimental results.
estimated as 5.5 mJ/moPK From our calculatedN(Eg)

value we have derived the electronic contribution to the V. SUMMARY
specific-heat coefficient without electron—phonon mass en- -
hancement yielding a value of 1.73 mJ/mdl.Kerom this The present study shows a common origin between the

value along with the experimentalk,, we have estimated superconductivity in rare earth transition metal borocarbides
the value of the electron—phonon coupling constant using thand MgB in that there is a flat band present in the vicinity of
relation Ye.p= yim(1+\) which gavex=2.17. The largex the Fermi level and also that the B atoms are primarily in-
value indicates that MgBis a strongly coupled supercon- Volved in electron—phonon coupling in these materials. Ow-
ductor and the strong coupling as well as the low mass of BNg to the lack of single crystals the anisotropy in physical
can explain the higheF, in MgB,. properties of MgB are not studied experimentally. We pre-

Using the calculated plasma frequencies in ateplane  dicted large anisotropies in the optical and mechanical prop-
(Qp =713 eV) and perpendicular to it €X, erties. From detailed electronic-structure studies we have ar-
x'Fy z

: ived at the following conclusions.
=6.72 eV) along wittN(E£) =0.71 stateggV f.u) the cal- "¢ : . .
culated Fe)rmi vegljocities(p(c;)using the relation (1) The bonding behavior of MgBhas been explained by
analyses of site-, angular momentum-, and orbital-projected

> density of states as well as charge-density and crystal-
— A / Q overlap Hamiltonian population. These analyses establish a
o 47e®N(Eg) mixed-bonding behavior with ionic bonding between Mg and
B, covalent bonding between B atoms, and metallic bonding
are 5.15¢10" and 4.85<10" cm/s along theab plane and between Mg and Mg like that isp metals.
perpendicular to it, respectively. The average Fermi velocity (2) We identified a large anisotropy in the mechanical
obtained from our calculation is 8.%5L0" cm/s and this is  properties of MgB from our calculated elastic constants,
found to be in good agreement with 90’ cm/s obtained consistent with the anisotropy in the bonding behavior and
by Shulga etal® Using the superconducting gap high-pressure neutron-diffraction measurements. Conse-
=3.5%gT./2=6 meV we have calculated the coherencequently, pressure can influence the bands in different direc-
length (¢) and the field penetration depti § tions of BZ in an unusually different manner and hence the
physical properties.

(3) Two degenerate flat bands have been identified near
Er in the I'-A direction of BZ. These degenerate(®,p,
bands are considered as the key to the realization of the high
The experimental upper critical fieldd.,(T), thermody- superconducting temperature in MgB
namic critical field,H,(T), and critical current].., indicate (4) The role of Mg in MgB is to donate electrons to the
that MgB, is a type-Il superconductét. B atoms and hence to shift- such that it lies very close to

Now we will try to understand the effect of pressure onthe flat band, the feature which we believe to be important
the superconductivity in Mg Addition of Mg to the boron  for superconductivity.
sublattice gives 15% shortening of tlseaxis compared to (5) We found similarity in the electronic structures of
that in graphité! This chemical pressure brings the B semi- MgB,, LiBC, and MgB,C,. Therefore superconductivity is
metal to a superconducting state. As the transport propertiesxpected in hole doped MgB, and LiBC. On the other
for MgB, come from the holes, it is suggested that the suhand, the electronic structures of BgBCaB,, SrB,, and
perconductivity may be understood within the formalism de-MgB, suggest a low probability for superconductivity.
veloped for highT, cuprates. This predicts a positive pres- (6) Because of the nearly flat bands in the vicinityEf
sure coefficient foi ; as a result of the decreasing intraplane (which will introduce temperature-dependent electronic
B-B distance with increasing pressure. HowevE&, is  screening of the phonon-mode frequengiese expect
experimentally* found to decrease with pressure at a rate oftemperature-dependent phonon-mode softening or large an-
—1.11 K/GPa. The RVB theor¥}, on the other hand, pre- isotropy in the phonon modes.
dicts a decrease iff; with increasing chemical pressure, (7) The calculated boron NMR frequency is found to be in
consistent with the experimental finding<283 Linear re-  very good agreement with the experimental studies.
sponse calculatioASshow that the B-bond stretching modes  (8) As our calculated Debye temperature for MgB
have unusually strong coupling to electrons clos&efoat  much larger than for other superconducting intermetallics,

fLVF C
£=— =301 A, A= =282 A.
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