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Toward one-band superconductivity in MgB,
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The two-gap model for superconductivity in MgBredicts that interband impurity scattering should be pair
breaking, reducing the critical temperature. This is perhaps the only prediction of the model that has not been
confirmed experimentally. It was previously shown theoretically that common substitutional impurities lead to
negligible interband scattering—if the lattice is assumed not to distort. Here we report theoretical results
showing that certain impurities can indeed produce lattice distortions sufficiently large to create measurable
interband scattering. On this basis, we predict that isoelectronic codoping with Al and Na will provide a
decisive test of the two-gap model.
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It is now widely accepted that MgBis a two-gap super- are formed by the boron orbitals, one might expect impuri-
conductor: its Fermi surface consists of two distinct sheetsies (such as carbgnin the B planes to produce large inter-
characterized by strong and weak electron-phonon couplindjand scattering. This is not borne out experimentally: substi-
respectively(see Ref. 1 for a reviewThis view is supported tutional C impurities have only a weak effect on the
by numerous experiments probing either the larger or smallénterband scatteringThis finding had been anticipated theo-
gap, or both simultaneously. Experimental observation of theetically as a consequence of the special symmetry properties
merging of the two gaps would constitute even stronger eviof the electronic states within the band near thd point.’
dence. Such a merging is expected, for example, from inteffhe crucial point is that although impurities in the B plane
band scattering by impurities. Within the theory of multibanddo have a strong effect on the electronic structure, they do
superconductivity, interband scattering mixes the “weak”not change the local point symmetry and therefore do not
and “strong” Cooper pairs, averaging the order parametetead to significantz— 7 scattering.
and reducingT, .2 At small defect concentrations the sup-  The situation can be quite different for substitutions in the
pression ofT,. should be linear, with the larger gap decreas-Mg plane, which may create out-of-plane distortions of B
ing and the smaller gap increasing. The effect should be praatoms in neighboring planes. Such relaxations do change the
nounced in samples with high defect concentrations, bulocal point symmetry of nearby B atoms, mixing the in-plane
despite the relatively low quality of many samples such arpy, and out-of-planep, orbitals, and for sufficiently large
effect has not been observed. Indeed, some samples witlisturbances can lead to significant = scattering. Here we
high resistivity have nearly the same critical temperatures ademonstrate by first-principles calculations that this is indeed
clean single crystals. On the other hand, samples doped withhe case for certain substitutional impurities but—
carbon show both gaps decreasing but not merging, despitesarrprisingly—not for Mg vacancies. We predict that the in-
considerable reduction i.. Other types of intentional terband scattering effects will be most pronounced for iso-
defects—whether from doping or irradiation—have alsoelectronic co-doping with Na and Al, and that the effect on
failed to produce a merged gap. Even efforts to introducghe superconducting properties should be detectable for im-
defects into MgB for the explicit purpose of inducing inter- purity concentrations above 2%.
band scattering and merging the two gaps have failed to pro- We used density-functional theofFT) to study the lat-
duce any observable effett® tice distortion created by Mg-plane substitutional impurities

This apparent lack of evidence for a central prediction offrom groups |, Il, and Ill, by a Mg vacancy, and by B-plane
the two-gap model is disturbing. In Ref. 7 it was shown thatC substitution. To model the distortion induced by single
interband scattering from substitutional impurities is inher-defects, we used 22X 2 supercells of bulk MgB (and 3
ently weak,if the lattice is assumed not to distofthis par- X 3X3 supercells for convergence check¥otal energies
tially explains the null results of current experimental effortsand forces were calculated using projector-augmented-wave
to induce pair breaking, but it does not address the possibilitpotentials and the generalized-gradient approximatiGall
of pair breaking from impurities specifically chosen to maxi- atomic positions were relaxed within the constraint of fixed
mize the interband scattering due to large lattice distortions(theoretical bulk lattice parameters. The resulting displace-
In this Brief Report we show that this strategy is likely to ments of the nearest-neighbor B atoms are given in Table I.
succeed and, by identifying a simple relationship betweerGiven the strong intraplanar covalent bonding, it is not sur-
impurity atoms and the resulting lattice distortions in MgB  prising that these displacements are dominated by the out-of-
suggest an impurity-doping protocol that will produce mea-plane componendz, which ranges from-0.04 A (for Be)
surable pair breaking—and thereby provide the final “smok-to +0.09 A (for K); for C it is zero by symmetry.
ing gun” evidence for the two-band model. The out-of-plane displacements for seven different impu-

Hampering such investigations is the currently limited in-rities on the Mg site are plotted in Fig. 1. In a previous
sight into which defects are most effective in creating inter-related study, changes in interlayer spacing induced by the
band scattering. Since the states at the Fermi level of MgBcomplete substitution of Al for Mg in a single plane were
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TABLE |. First-principles displacements of nearest-neighbor B .
atoms, in angstrom, induced by various substitutional impurities. E
Positive values indicate displacements away from the impurity. T
Q
w
Impurity Site In planeor Out of plane,éz 2
Be Mg —0.014 ~0.039 £
Al Mg -0.012 —0.033 2
Sc Mg +0.012 —0.008 3
C B +0.044 0 8
Li Mg —0.006 +0.003
Vacancy Mg ~0.005 +0.008 2 3 4 5
Ca Mg +0.015 +0.028 Interlayer spacing, ¢ (A)
Na Mg +0.008 +0.040 FIG. 2. First-principles cohesive energy of completely substi-
K Mg +0.024 +0.092

ascribed to electrostatic effectswe find no such correlation

tuted MgB,, versus interlayer spacing. Curves are fits to Morse
potentials. The vertical dotted line marks the equilibrium interlayer
spacing for MgB.

betweensz and the formal valence of the impurity—for ex- atoms in these rings to arise from two opposing effects. The
ample, Be and Ca give displacements of opposite sign defirst of these represents the change in covalent bonbing
spite having identical valence—and thus infer that electrotweenB planes. In the absence of any defects, the MgB
static effects are not important. On the other hand, Fig. Interlayer spacingcy, is primarily determined by assisted

shows that there is an excellent correlation betwéerand

hopping between B, orbitals through Mg orbitals; for each

the ionic radius of the impurity atom. Hence we concludeB atom there are three such hopping paths through nearest-
that the out-of-plane displacement of B atoms by impurityneighbor Mg atoms. With the defect present, one of these
atoms substituting for Mg is mostly a size effect.
In light of this, one might anticipate a Mg vacancy to hopping path results in an out-of-plane force on the B atom.
produce a large inward displacement. Our DFT results revealle assume the magnitude of this effect to be one-third of
very different behavior: the vacancy creates a negligiblythat found for a fully substituted Mg plane, which we ap-
small displacement$z<0.01 A. This result is consistent proximate using the energy vs layer spaciig(c), for fully
with the experimental fact that pair breaking is not observedsupstitutedDB,. Thus we consider the change in spacing
in low quality samples, which presumably contain many va-hetween the two displaced hexagonal ringéz,2to contrib-
cancies. However, it is very different from the trend shown inyte an energy per B given bYEp(Cyg+262). We have
Fig. 1. Indeed, if one naively considers the vacancy as agalculated the binding-energy curvig(c) within DFT for
impurity of zero size, the predicted displacement is almosz|B,,, NaB,, and “vacancy-substituted” B the results are
twice that found for Be and Al, in sharp distinction to our shown in Fig. 2. All can be accurately represented by a

DFT result.

three paths now passes through the defect site. This new

Morse potential, which is the form we will use in the discus-

A simple model explains the surprisingly small displace-sjon below.

ment created by the Mg vacancy. We consider a MgBs-
tal containing a single substitutional defé@t(either an im-

The second effect is the restoring force experienced by the
displaced B atoms, due to the strong covalent bondlitigin

purity atom or a vacangyin the Mg plane. Such a defect has the B planes. For the small displacements we are considering
12 nearest-neighbor B atoms, consisting of two hexagonat js reasonable to take this effect to be harmoniéin again
rings. We consider the out-of-plane displacement of the Byeighted by 1/3. Thus we take the total-energy change per B

to be

0.10 ’ —
z / E(62)= 5 K(62)*+ s kw’[1—e (omgT 222 c0)W]2 = (1)
% 0.05 - Nacf wherew is the width of the Morse potentiakw? its depth,
é /Oca and cp its equilibrium interlayer spacing. For smatj,q
I MQ(L'S_' __________________ —Cp, itis easy to show that this energy is minimized for
2 /Osc 26z=(Ccp—Cpng)/(1+K/2Kk). In other words, for impurities
a Be/ON whose size is comparable to Mg, the displacement is linear in

005 7 the size mismatch and reduced by the facterkl/2k (which

a8 0B 918 1E is typically in the range 5-20 this is consistent with the

Impurity ionic radius (A)

DFT results shown in Fig. 1. Qualitatively, wheg is close
to Cyg, as itis for AIB, and NaB, the equilibrium displace-

FIG. 1. First-principles theoretical displacements of nearestment Zrepresents a balance betW?en the_ harmonic rgstoring
neighbor B atoms around a substitutional impurity in the Mg plane force 5K|8z| and a nearly harmonigttractive or repulsive
lonic radii are from Ref. 8.

force %k(cMg—cD+25z) from the interlayer bonding.
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For the vacancy there is a very large size mismatghis ~ sume that in-plane phonons, including the well-knoksy
over 40% smaller thawy,y. Thus for any reasonable dis- modes, contribute little tanterband electron-phonon cou-
placement, the hexagons experience only a weak attractiy@ing; this follows from the same symmetry arguments given
force from the tail of the Morse potential. Hence the energyin Ref. 7. Second, we assume by the same reasoning that
is minimized for a very small displacementdz~ interband impurity scattering comes only from the out-of-
—0.007 A, in agreement with the negligible displacementplane relaxation of B atoms. Finally, we approximate &).
given by DFT. Qualitatively, the result of a large size mis-as
match is to largely preempt the mechanism of interlayer
binding, leading to very small displacements strongly sup-
pressed by the penalty for perturbing the planarity of the B Yimp™ 127 Mimp
layer.

The origin of the large mismatch betweegy and C 4.
can best be understood by comparing the band structures
the fully substitutedDB, compounds at their equilibrium
interlayer spacings. For these pure compouiagsvell as the
parent materialinterlayer bonding arises primarily from the
interaction between Bp, orbitals in different layers. This
interaction depends on the assisted hopping thrauyidp, Here we have assumed that the average of the crystal poten-
orbitals located on th® site. However, for the fully “va- tial with respect to the vertical displacement of the B atom is
cancy substituted” compound the occupancy of théands the same in both cases. The numerical factors 12 and 2 are
is so much reduced that their contribution to bonding bethe coordination of Mg and the number of B atoms in the
comes quite small. At the same time, thebands acquire unit cell, respectively.
substantialz dispersion frompp# hopping, which contrib- First-principles calculations give the interband part of the
utes to bonding. Even for high vacancy concentratiovith-  electron-phonon coupling as0.2.X The phonon frequencies
out complete removal of a Mg planét is impossible to  for the out-of-plane modes are about 400 ¢mUsing these
engage ther bands in interlayer bonding by any reasonablevalues, the scattering rate is given Dbyyim,
dimpling of the B planes, because the planes remain too fa 50n;y( 52)? eV, wheredz is in A. Hence for 2% Al dop-
apart. As a result, hardly any distortion occurs at all: indeeding we find yjn,~1.1 meV. For 2% Na doping we estimate
even for 50% vacancies within a single Mg plane, the intera similar scattering ratey;,,~1.3 meV. These scattering
layer spacing changes by less than 0.05 A. rates are small, but should still have a measurable effect on

We have established that the defects leading to the largegiie superconducting gaps and temperature. The effect on the
B displacements are Mg-plane substitutional impurities withgaps is difficult to estimate without full Eliashberg calcula-

a large size mismatcfbut not Mg vacancigs We now esti-  tions. The reduction of . can be easily estimated using Eq.
mate the magnitude of the interband scattering associatgd3) from Ref. 2, which gives 2.0-2.5 Kin addition to any
with displacements from such impurities. We assume that theuppression due to the electron doping of éheand. While

only relevant scattering is that due to the out-of-plane distorthis is a small reduction compared to the changes observed in
tion, 8z, and use the analogy between the formtfiésr the  heavily electron-doped samples, the underlying mechanism

S stendaviduyorr, @

8pd likewise Eq(3) as

A=2

; §(£k)> (|dV/du,|?)/2me?. (5)

impurity-induced scattering rate, is quite different. In particular, pair breaking from interband
scattering is unique in that it reduc@s and trée gap ratio
S 8(e) e SV 2 while simultaneously increasing the smaller gaphis dis-
. (210 1| Vige| (2) tinctive behavior should facilitate the separation of interband
Yimp imp S 0(e0) )

scattering from other sources ©f reduction.

Finally, we suggest that an especially attractive test of
these predictions would be simultaneous codoping by equal
parts Al and Na. This would effectively be an isoelectronic
2,k 8(81) 8(&) My, oo [T @, i substitution, and any effect on the superconducting proper-

Sd(ey) ' ) ties could then be ascribed to impurity-induced interband

scattering. Moreover, Na and Al induce distortions of the

Herenin, is the impurity concentrationgVy . is the matrix ~ same magnitude but of the opposite sign, which should miti-
element of the impurity perturbation potentidefined as the gate the effects of a reduction in scattering due to possible
difference between the full crystal potentials with and with-short-range ordering of the impurities.
out an impurity; € is the electron energy with respect to the  In conclusion, we have performed first-principles calcula-
Fermi level; w, is the phonon frequencyM, is the tions of the lattice distortion in MgBinduced by several
electron-ion matrix elemerk|dV/dQ,|k’), wheredV/dQ,  common substitutionalfor Mg) impurities, and a Mg va-
is the derivative of the crystal potential with respect to thecancy. We find out-of-plane displacements as large as 0.04 A
phonon normal coordinat®=+2mw/#fx; and the summa- for common impurities such as Al and Na. The magnitude
tions are over all electron states and all phonon branthes. and sign of the displacement are mainly determined by the

To proceed we make three approximations, all qualitaionic size of the impurity. On the other hand, for the Mg
tively reasonable if not quantitatively reliable. First, we as-vacancy we find an essentially negligible displacement of

and the electron-phonon coupling constant,
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nearby B atoms. The different behavior of vacancies andemperature. Finally, we propose that the codoped material
impurities is explained by a simple physical model representMg; _,,NaAl,B,, which is isoelectronic with MgB should

ing the competition between interlayer binding and intralayerovide an excellent test of these predictions.

planarity. We estimate the interband scattering rate due to the We are grateful to O. K. Andersen for many stimulating
Na and Al impurities to be of order 1 meV, sufficiently large discussions. This work was supported by the Office of Naval
to give a detectable change in the superconducting transitioResearch.
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