RAPID COMMUNICATIONS

Effects of C, Cu, and Be substitutions in superconducting MgB

PHYSICAL REVIEW B, VOLUME 64, 140506R)

M. J. Mehl, D. A. Papaconstantopoulos, and D. J. Singh
Center for Computational Materials Science, Naval Research Laboratory, Washington, DC 20375
(Received 27 April 2001; published 18 September 2001

Density functional calculations are used to investigate the effects of partial substitutional alloying of the B
site in MgB, with C and Be alone and combined with substitution of Mg by Cu. The effect of such substitu-
tions on the electronic structure, electron-phonon coupling, and superconductivity are discussed. We find that
Be substitution for B is unfavorable for superconductivity as it leads to a softer lattice and weaker electron-
phonon couplings. Replacement of Mg by Cu increases the lattice stiffness and electron count. We estimate that
with full replacement of Mg by Cu and fractional substitution of B byT¢ values of 50 K may be attainable.
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The discovery of superconductivity with critical tempera- Here we explore some possible substitutions and give a
ture T,=39 K in MgB, has led to considerable interest in suggestion for experimental work aimed at finding related
this material, both for applications and from a fundamentahigh T, phases. Along these lines, Medved&tal. investi-
point of view! Although it is not the highesE, conventional gated a number of possible substitutions of Mg by monova-
(in the sense ofs wave with likely substantial electron- lent, divalent and trivalent iorf®. They focused on the band
phonon coupling superconductdt,its substantialT, com-  structure, particularly the density of stat@30S) and pres-
bined with its chemistry and other properties may make itence or absence of the band atEg. They concluded that
particularly usefuP~> Various measurements, including B trivalent substitutions like Y, Al, etc. are not favorable as
isotope effect, phonon densities of staté§, tunneling;  they fill the hole dopedin MgB,) o bands, while certain
transport1®!and specific hed!® have been done. Taken monovalent substitutions for Mg may be favorable. This is
together, they yield a clear picture of MgRs a conven- consistent with the experimental observation that Al substi-
tional electron-phonons-wave superconductor, consistent tution destroys superconductivty. They also mentioned
with most theoretical work. Rippling&t discussed the elec- possible vacancies or substitutions in the B sheets, but con-
tronic structure and bonding using density functional calcu<luded that these are all unfavorable. We briefly examine Be
lations with the linearized augmented planewdiz&PW) substitution in the sheets. Though Be lowers the electron
method. The band structure was consistent with an earlgount, superconductivity is suppressed due to a strong de-
calculation®® Several authors have extended this work precrease in the lattice stiffness and a drop in the electron-
senting the electronic structure in detail and discussing thehonon coupling. We then report calculations investigating
origin of superconductivity®=?! The band structure is domi- the effect of a combined partial substitution of C for B and
nated by chemical bonding in the hexagonal B sheets iiCu for Mg. The rationale for this is that very strong C-B
MgB,. Although the nominal electron count is the same as irbonds are expected in this structure, so C substitution may
graphite(Mg has nominal 2 charge, the top of the B de- lead to a stiffening of the sheets relative to MgBhile the
rived o bonding band structure contains holes. The negativeeplacement of Mg by Cu may be expected to first of all
charge of the B layers and the corresponding positive charggompensate for the extra charge provided by the substitution
of the Mg layers plays a role in raising the in-plameorbit-  in the plane, and second, maintain the hole doping ofsthe
als relative toE¢ as compared to graphité Konget al.and  bonding band, present in MgBbut absent in graphite, due to
Bohnenet al. reported electron-phonon calculations over thecrystal field effects from Cal—B p hybridization. We find
whole zone obtaining couplings consistent with the measurethat this is so and that for modest C incorporation and Cu
T. as well as the boron isotope effect, the specific heat enreplacement of Mg superconductivity should be enhanced.
hancement, the reported gap values, and transport-tita. Based on rigid muffin tin approximatiotRMTA) calcula-
They show strong coupling between the hole “doped” bond-tions, we estimate tha, may be near 50 K.
ing bands and high frequency optical phonons associated Our results were obtained in the local density
with motions of the B atoms affecting the covalent bonds. approximatioR® (LDA) with the LAPW method, including

The picture that emerges is one where the highs due local orbitals?®*?® and well converged basis sets and zone
to strong electron-phonon coupling associated with the holsamplings. Band structures, lattice stiffnesses, and electron-
doped metallicr bonding bands in the B sheets. The light B phonon couplings were determined at the calculated lattice
mass is responsible for the high average frequency of thparameters from energy minimization. LDA calculations of-
strongly coupled phonons, setting the temperature scale. THen slightly underestimate lattice constants. For Mg get
crucial aspects for the superconductivity seem t9¢lhdoand a=>5.736, andc=6.522a,, as compared to the experimen-
structure, particularly the presence of hole dopebands at tal valuesa=5.82G, andc=6.653,. This is a 5% volume
the Fermi level,Er, (2) strong electron-phonon coupling compression. As shown in Fig. 1, this has a very small effect
associated with the strong covalent bonding nature of thesen the band structure near the Fermi endegywith a small
bands, and(3) high phonon frequencies associated agaireffect onN(Eg). To proceed to alloys and superconductivity,
with the strong covalent bonds and the light B mass. we make three more significant approximations. First of all,
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TABLE I. Properties of MgBgB,_, and CuB_,C, as obtained
in the VCA. Sis the relative stiffness of the sheets characterized by
#°Elda? (S(MgB,)=1), and the other symbols have their usual
meanings. Lattice parameters areainy N(Eg) in eV ™1, andT, in
K. The unscaledy (in eV/A?) is for the alloyed B site only. Blank
entries fora, ¢, and S indicate that these were from interpolation
rather than direct computation for those concentratiafisand T
are values calculated using the alternate scaling bf a factor of
2 as discussed in the text. Note the insensitivityTpfto this scal-

ing.
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FIG. 1. LDA band structure of MgBwith the experimental
structure(solid) and calculated LDA lattice parametefdashed

The zero is aEg .

we employ the virtual crystal approximatigivCA) to ac-

count for partial substitutions on the B sheets. A partial jus—CuBHC06

tification for this is provided by the strong covalency and
corresponding large bandwidths, which may limit the amoun
of scattering due to potential disorder in the alltlyis is the

a c S NEp) 7 N T5P N T,

MgB, 574 652 1.00 0.68 3.60 0.93 39 0.78 38
MgBeysB,s 5.99 6.54 0.78 0.84 2.36 0.78 26 0.66 22
MgBeB 6.43 6.03 056 090 145 0.67 16 0.56 12
MgBe, Bys 6.90 553 0.48 098 1.04 056 9 047 6
MgBe, 732 534 047 095 093 052 7 043 4
CuB, 558 6.28 1.11 1.09 4.38 1.02 48 0.86 48
CuB; 7:Co 5 0.83 5.16 1.08 54 0.90 55
CuB,Cos 5.37 6.56 1.37 0.65 5.45 1.03 53 0.86 53

0.50 3.74 0.68 24 0.57 20
CUB; »:Co.75 025 0.80 0.14 0 0.12 0
uBC 511 7.28 163 040 102 0.16 0 014 O

same effect that allows alloys, like &a _,As, to have high
enough mobilities to be useful in semiconductor technology

i.e., 9°E/da’. The RMTA is not generally as well justified in

We tested the VCA by comparing with ordered cells at thesp metals as in transition metals and can considerably under-
compositions MgBeB and CuBC and found some quantitagstimate the deformation potentials when strepgovalent
tive differences, but the key features of the band shapegonding is present as it is here. Further, the RMTA neglects

velocities, and the position of the bonding band relative to

some differences between different bands, which may be sig-

Er were little changed. The second approximation we madgjificant here. In any case, Kortes al. did use it for MgB, to
was to characterize the lattice stiffness by the calculated tensaracterize electron-phonon couplif§©ur RMTA value

sile stiffness of the B sheets, i.¢°E/da?. The variation of

of n for MgB, is significantly lower than that of Kortus

this number and the composition dependent mass of thg; o] We do not understand the reason for this difference, but

sheets was used to scale the average frequencies as cal
lated by Konget all’
of 850 K for MgB,. Considering that the dominant phonons
determiningT, are the B modes, we think that this is a rea-

fbte that their calculations were done with overlapping ASA

We use an average phonon frequencyspheres. We obtain much better agreement with a subsequent

calculation by Antropovet al?* Comparing with the direct
calculations of Konget al. for MgB, we find, not unexpect-

sonable approximation. Finally, we use the RMTA to charac-ed|y, that the values of we obtain with our nonoverlapping

terize the electron phonon couplifd?’
We used DOS calculations from first principles eigenval-
ues at over 200@ points in the irreducible zone fo¥(Eg)

B spheres are too small, roughly by a factor of 3. Here we

and the angular momentum components, and the self-
consistent LAPW potentials at different concentrations to
calculate the corresponding phase shifts and free scattere
DOS. Sphere radii of 1&, were used for B, Be, and C in the
RMTA calculations. The above quantities were used in the
Gaspari-Gyorffy formula to compute the Hopfield param-
eters, 5, for each site. Negligible coupling is found on the
Mg site, as expected, but not Cu, e.g., 0.78 e¥bh Cu for
CuB,. However, in Table | we give the values af for B
only, since that is the dominant contribution controlling su-
perconductivity and we do not include any Cu contribution
in the calculation ol or T, (Cu will have little involvement

in the high frequency phonons associated with the B sheets
For the electron-phonon coupling we used the usual expres-
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sion\=7/(Mw?). In thg denominator we Used. the'average FIG. 2. LDA virtual crystal band structure of MgB®,_, for
frequency of Konget al.”* for MgB, and scaled it using the x=1. The lattice parameters are the calculated relaxed values. The
tensile stiffness of the B sheets for various concentrationshorizontal reference at 0 denotés .
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(a) FIG. 4. LDA ordered band structure for CuBC. Note the split-
5 tings relative to the virtual crystal band structure in the bottom

panel of Fig. 3.
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used the McMillan equation to roughly estimatg, setting
the Coulomb pseudopotential* =0.1. We emphasize here
that we are not aiming at an accurate determination of the
value of T but exploring the trends upon substituting Mg by
Cu and B by Be or C. If instead, we restrict the scalingyof
to a factor of 2 and adjust the average phonon frequency to
getT.=39 K for MgB, we would needw)=635 K, which
is unreasonably low. Even so, the trendd gfor the various
compounds would be little changésee Table)l

Our band structure for MgB(Fig. 1) is practically iden-
tical to prior result$® showings bonding states & . Re-
sults for the structural and electronic properties relevant to
(b) superconductivity are given in Table I, while band structures
5 are shown in Figs. 2 and 3 for MgE®,_, and CuB_,C,,
respectively. In the table the values pfare the bare values
as given by the RMTA; scaled values are givenXoandT,
(\* and T} scaling 7 by 2 instead of 8 An ordered band
structure for CuBC is shown in Fig. 4. This shows some
differences from the corresponding VCA calculation, most
notably, nearEg, a splitting at the H point involvingp,
bands. However, the general structure of bands Beasind
the position of ther band is quite similar.

Substitution of Be into the sheets lowers the electron
\ count, though not in a rigid band way. The hole concentra-
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A5p tion in the o bonding band does increase, but the bonds are

strongly weakened. This is seen in the bandwidths and lattice
stiffness. The resulfTable )) is a rapid increase in, soften-

ing of the lattice, and a decrease in the electron-phonon cou-
© pling. Thus Be substitution is detrimental to superconductiv-
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FIG. 3. LDA virtual crystal band structures of CuB,C, for x
=0 (top), x=0.5 (middle), andx=1 (bottom). The lattice param-
eters are the calculated relaxed values. Note the vertical scale of t
lower panel. The horizontal reference at 0 dendges

y.

The Cu substituted material is more interesting. In an
ignic model, replacement of Mg by monovalent Cu should
ower the sheet electron count by one per formula unit. How-
ever, the result differs from in-sheet Be substitution. The Cu
is nominally monovalent as in the ionic model. The five nar-
use the RMTA to elucidate trends, while acknowledging itsrow Cu d bands are in the valence region betweed and
limitations. We adopt the heuristic of scaling the calculated—3 eV relative to Er. However, there is noticable Cu
values ofn by 3 in calculatingn andT,. Using the average d-B p hybridization, and the bands up - have partial
phonon frequencies quoted by Korg al, this heuristic  Cu character. This is reflected in the nonzero valyessso-
closely reproduces their values ®fand T, for MgB,. We  ciated with the Cu site. Comparing the top panel of Figs. 1
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and 3 and the structural information in Table | one sees thathere the van Hove from the band atA crossesEg) the

the in-sheet bonding is strengthened by Cu substitution, evegacond dominates arfd falls. Interestinglyh changes more
th?“_gh the hole CO“?]t Irt]) thg band is mcg::;aseiﬂwote the 510wy thans over the highT, range. This reflects the role of
relative positions of the band maxima on e line). Hy-  504ing in the electron-phonon coupling. All things being

Eﬁgfa;?naﬁvgégn Cl;lnoilt? ldfm?usigpet?“ﬁ " ?r?grde ;:gu;tll;:)e equal, stronger bonding increasgsut also the lattice stiff-
ges, 9 y ' ness, which is the denominator »f Meanwhile, the prefac-

weak effects on ther bands neair, e.g., the reversed tor of the MacMillan-Dynes formula is increased.

dispersion on th&'-A line due tod—pr interactions. The net | lculati t that ¢ MaB
effects of Cu substitution—stiffened lattice, increadHdE) N summary, our caicuiations suggest tha Trge; 9b2
can be increased, perhaps to 50 K by substitution of Cu for

and higher hole concentration—are favorable for supercon: o .
ductivity. Related to this, there is a recent unconfirmed report/d @nd low C substitutions, around 25%, in the B sheets. To
of an enhancement af, with partial replacement of Mg by U knovyledge, CuBin this structure does' not exist. How-
Cu? Partial substitution of C for B in CuBhas two €Vver, while we cannot show that Cu(B3xists, C aIonl_ng
effects—a stiffening of the lattice reflecting the strong bond-Strengthens the sheets and so the alloy may be stablized.
ing of C and B(favorable forT; and a reduction in the hole

doping of theo band and ilN(Eg) (unfavorable foiT.). For This work was supported by ONR and the ASC super-
low C concentrations, the first effect dominates, leading to amomputer center. We are grateful for discussions with V. P.
increase in the estimatdd., but beyond 25% C substitution Antropov, I. I. Mazin, W. E. Pickett, and K. Schwarz.
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