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We providea comparisorof accuratefull potentialbandcalculationsof the Fermisurfacesareasandmasses
of MgB, and ZrB, with the de Haastvan Alphen dataof Yelland et al. and Tanakaet al., respectively The
discrepanciesn areasin MgB, canbe removedby a shift of s bandsdownwardwith respecto p bandsby
0.24 eV. Comparisorof effective massedeadto orbit averagecelectron-phonorcoupling constantd (5 1.3
~oth orbitd, | ,5 0.5. The requiredband shifts, which we interpretas an exchangeattractionfor s states
beyondlocal densitybandtheory reduceghe numberof holesfrom 0.15to 0.11 holesper cell. This makesthe
occurrencedf superconductivityn MgB, a somewhatlosercall thanpreviouslyrecognizedandincreaseshe
likelihood that additionalholescanleadto anincreasedr .
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I. INTRODUCTION

Thediscoveryof superconductivityn MgB, near40K by
Akimitsu's group' and the subsequenintenseexperimental
investigationof its propertiesand theoreticalexposition of
theunderlyingcauseshasmadeit clearthatMgB, is the ®rst
memberof a new classof superconductordAlthough inter
metallic like the bestsuperconductorbefore 1986, it does
not haved electronsjt doesnot havea high densityof states
at the Fermi level Eg, andit is strongly anisotropicin its
crystal and electronic structure$*® In another important
way, it is distinctfrom the otherintermetallicsuperconduct-
ors: it derivesits high-superconductingritical temperature
T. from extremelystrong coupling from only a small frac-
tion of the phonongo a speci®callyimited partof the Fermi
surfaceF9 246919 Otherdiborides,at leastso far, aredis-
appointingwith regardto their superconductivitybastudyof
TaB, revealsthat the presenceof Ta d electronsin the va-
lencebandregionresultsin a completelydifferentelectronic
structure'! especiallythe statesat the Fermi level, and ac-
countsfor its lack of bulk superconductivity

Although the propertiesof MgB, appearto be described
consistently and reasonablyaccurately by a Fermi liquid
picture basedon the band structurecalculatedin the local
densityapproximationrLDA!, therehavebeenfew opportu-
nities to makedetailedquantitativecomparisorwith experi-
mentaldata.Thereforetherehasbeena broadrangeof alter
native suggestionslmada has suggestedstrong interband
Coulomb exchangeprocesse$® Furukawa has raised the
possible importanceof half-®lled p, bands‘® Hirsch and
Marsiglio** suggestthat hole undressingoy Coulombinter-
actionin nearly ®lled bandsis responsibleReferringto op-
tical dataon oriented®Ims, Marsiglio'® has suggestedhat
coupling via a high-enegy electronic mode is plausible.

Baskarar® hasrevived the Paulingresonating-valence-bond

picture of benzeneas having possible applicationto the
graphendayersof boronin MgB,. Nonadiabaticprocesses
strongly affecting the occurrenceof superconductivityhave
beenput forward, by Alexandrovbasedon penetratiordepth
datd’ andby Cappellutiet al. on the basisof severalexperi-
mentalresultsthatarenot readily understandabla termsof
conventionaHsotropid Eliashbeg theory'®
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PACS numbers!: 71.20.Lp,75.10.Lp,75.302 m, 75.50.Gg

Althoughthe crystalstructureof MgB, is quite simple, it
is strongly layered and electronic characteristicsare pre-
dictedto be strongly anisotropic.So far few single crystals
have been obtained, so single crystal optical conductivity
datais not available.In addition, the strong “anisotropies'
mentionedabove necessitata two-bandmodel *1°*%or a
fully anisotropictreatment® to accountproperlyfor the data,
and suchinterpretationsare only recentlybeing carriedout.
Photoemissiordataon single crystalsallow direct compari-
son, and the agreementbetweenband theory and angle-
resolved photoemissionspectroscopyis good'?2 down to
the scaleof a few tenthsof aneV.

Therecentlyreportedobservatiorof de HaastvanAlphen
~dHVA! oscillationson singlecrystalsby Yellandetal.?®is a
crucial developmentthat providesthe opportunity for de-
tailed evaluationof LDA predictions.Thesemeasurements
detectedthreefrequenciesextremalFermi surfaceareasF)
and information about the orbit-averagedelectron-phonon
effective massm* and scatteringtime ¢. Comparingto re-
portsof Elgazzaret al.,* who usedthe augmentedpherical
wave method within the atomic sphere approximation
-ASW-ASA!, Yelland etal. concludedthat discrepancies
with bandtheoryare40+80% in the FS areasThis discrep-
ancyseemdarge enoughto suggesthe occurrenceof impor-
tant correlationeffectsbeyondLDA. If thisis true, our cur
rent understandingof the propertiesof MgB, might need
revision. Mazin and Kortus have presentedorbital area$®
that are close enoughto the observedvaluesto give con®-
dencein the bandpicture.

In this paperwe provide a comparisorof carefulcalcula-
tions of extremalareasand bandmassedor MgB,. To pro-
vide comparisonand contrastin a relateddiboride, we pro-
vide similar information for the isostructural refractory
diboride ZrB,, which hasrecentlybeenreported’ to super
conductat T;5 5.5 K whereasearlier searche®bservedo
superconductivity® The extensivedHVA dataavailablefor
ZrB, makesthis a particularly useful systemto study We
®nd,with one possibleexceptionthat we discussthat LDA
predictions seemto provide an excellent description for
ZrB,. For MgB, thereis somedisagreemenn FS areaghat
can be accountedfor by a shift of p B p,) bandswith
respecto s B sp,p,) bandsby 240 meV andreadjustment
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of the “Fermi enegies' of each of these bandsby ;

6 120 meV. This resultis roughly consistentwith that of
Mazin and Kortus2®2® Suchshifts will leadto quantitative,
but mostlikely not qualitative,correctionsn the explanation
of MgB, superconductivity

1. CALCULA TIONAL METHODS

The precisionand consistencyof the calculationsusing
different methodsis a concern,in light of the apparentdis-
crepancybetweerthe bandstructureresultsof Elgazzaret al.
andthe dataof Yellandet al. Thereforewe haveappliedtwo
full potential,all-electronmethodsof calculationthat have
producedequivalentresults for severalother systemg®3°
One methodis the full potentiallinearizedaugmentecplane
wave FLAPW! method® as implementedin the wiEN97
code® The other methodis full potentiallocal orbital code
~FPLO* basedon local orbitals optimizedto minimize the
electronicenegy.

Therearetwo computationatletailsthatrequireattention,
especiallyfor MgB,, in orderto obtain the precisepredic-
tions of bandtheory Both are relatedto the existenceof
smallvolume Fermi surfaces@e smallestcontains;, 3% of
the Brillouin zone~-BZ! volume&# for which small shifts of
thebandedgemakeappreciablaifferencesThe ®rstissueis
thatthe nonsphericahatureof the chage density~relatedto
the distinctly different contributionsto the density from s
and p state$ and potential is important. Comparing the
FPLO methodwith basisfunctions optimized as usual <o
minimize the enegy! with the FLAPW resultsrevealedthat
the k, dispersionof the s bandalong G-A was slightly dif-
ferentfor the two methods.The reasonis that the extension
parametelxg" for the FPLO basis functions is optimized
only with respectto the main quantumnumbern and the
angularmomentum at a givensite. Increasinghe exibility
of the FPLO basisresultedin agreementwvith the FLAPW
result. On the other hand, the standardFPLO-basisset re-
sultedin agreementith the wiEN97 codefor ZrB,, suggest-
ing that the chage density for the latter compoundis less
anisotropicthanin MgB,. This implies aswell thatthe dis-
crepancyof the results of Elgazzaretal.?* is due to the
sphericalapproximationof the potentialthey used.

The seconditem is the densek point samplingthat is
necessaryo obtainthe fraction of s bandholesaccurately
andhencethe chage densityand potential,a point notedby
Mazin and Kortus?® Increasingthe numberof inequivalent,
equally spacedpoints in the irreducible BZ from 2000
~which alreadywould be consideredto be a ®nemesh to
; 16600resultsin changesn areaof the smallestorbits-see
Table 1! by 2+3%. Becauseof suchsensitivities,we quote
areasandmasse®only to 21 signi®candigits. Unlike non-
sphericity and k point sampling, the choice of exchange-
correlationpotentialmakesno physicaldifference Using the
LAPW code,we checkedthe eigenvalueof the unoccupied
s statesat G and A. Measuredrelative to the Fermi level,
thesedifferedby no morethat2.5 meV betweerthe LDA of
PerdewandWang* andthe generalizedyradientapproxima-
tion of Perdew Burke, and Ernzerhof®®
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TABLE |. Calculatedde Haastvan Alphen areasF . and
massesm, of ZrB,, comparedto the experimentaldata F,, of
Tanakaand Ishizawa.Areasare quotedin KT.

Orbit Fexp F calc m,
«(0001) 1.81 1.84 20.38
m(0001) 2.46 2.43 2 0.60
n(0001) 2.84 2.92 2041
j(0001) 6.05 6.78 0.51
b(1040) 0.300 0.305 0.103

Ill. RESULTS AND COMPARISON WITH EXPERIMENT
A. ZIB,

As in MgB, ~but for a differentreasoh it is not easyto
preparesinglecrystalsof ZrB, dueto its meltingtemperature
above 3300 K. However single crystal studieshave been
reported.dHVA data have beenprovided and analyzedfor
ZrB, by TanakaandlIshikawa®*" andthe dataaresimilar to
thosereportedfor the isostructuralandisovalentsistercom-
poundsTiB, ~Refs.37,38 andHfB,.>°

The bandstructurehas beenpresentedreviously based
on a variety of computationaimethods!®** eachinvolving
simpli®cationghat we avoid. Our calculatedbandstructure
anddensityof states-DOS, calculatedfor the experimental
lattice constantsa5 3.170 ...andc5 3.532 ..,%" aresimilar
to thosepresenteckarlier so we do not presentthem here.
The Fermi enegy lies in a ~pseudogap,'which is due to
relatively large velocitiesin theregionof E. ratherthanany
semimetallicoverlappingof bands-where there would be
small FS's andlow velocities. The occupiedB p statesare
mostlyin the2 4 to 2 2 €V region(E is takenasthe zero
of enegy!, while s statesare spreadthroughoutthe valence
bandregion.Due to stronghybridizationof the Zr 3d states
with the B 2p statesthe s-p distinctionis not asclearin
ZrB, asit is in MgB, ~seeFig. 1!. The Zr 3d DOS shows
that considerablylessthan 40% of the 3d DOS is occupied
~which would be the casefor four of ten possible3d elec-
trond suggestingZr! B chage transfer

The Fermi surfaces,shown in Fig. 2, consist of a
K-centeredbarbedring R with threefold symmetry and an
A-centereddumbbellD with sixfold symmetry We usethe
orbit designationsof Tanakaand co-workers>®3’ For the
®eldalong-0001, the R surfacegivesa roundedtriangular
orbit (n) encircledby a nearlycircularorbit (j ), while theD
surfacegives a circular orbit («) aroundits waist and a
smoothed-staorbit (/7) at eachend.Thesecrosssectionsare
alsoshownin Fig. 2. In addition,we considerthe b orbit for

®eldalong (10§0), which is the crosssectionof the barbed
ring D in Fig. 2. TheseFermisurfacesarebroadlyconsistent
with thoseusedby Tanakaand co-workersto interprettheir
dHvA data. The Fermi surfacespresentedby Shein and
Ivanovskii Fig. 1 in Ref. 44! are quite different. The origin
of this differenceis unclear since the full potential linear
muf®n-tinorbital methodthey use shouldgive the samere-
sults as our methods. We note that their value
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FIG. 1. Total and projecteddensityof statesfor ZrB,. The pro-
jectionsshowthat thereis no distinctive characternf statesat Er,
ratherthey area combinationof Zr 4d andB p ands.

FIG. 2. CalculatedFermi surfacesteft! andselectedcrosssec-
tions ~right!, for ZrB,. The labelsare providedas usedin the text.
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N(Eg)5 0.163 eV2 ! differs considerablyfrom our results
andmostof the previouscalculationg!®4147

The generalshapeof the density of states,and the low
value of N(Eg), was con®rmedby x-ray photoemission
spectroscopyneasurement®. The mostnoteworthyfeature,
in light of a new report’ of T.5 5.5 K, is the small calcu-
latedvalueof N(Eg)5 0.26/eVcell, correspondingo a bare
linear speci®cheat coef®cientg,5 0.61 mJ/moleK?. @he
value of N(Eg) is somewhatsensitiveto the quality of the
calculation# The reported experimentdf value of g
5 0.47 mJ/moleK?, which should include electron-phonon
enhancemenis smallerthan our barebandstructurevalue.

The low value of N(Eg) itself and the weak coupling'®
seeminconsistentwith T;5 5.5 K; it would require very
large electron-phononmatrix elements which has been
shownnot to be the casein anothertransitionmetaldiboride
TaB,.!! Sinceall informationis consistenwith the observed
superconductivityarising from a minority phasein the
sample andthe calculationsseemto makesuperconductivity
unlikely, we concludethatZrB, itself is not superconducting.
Thesefacts,andresultspresentedelow suggesthatremea-
suremenbf the heatcapacityon additionalsamplesmay be
calledfor. In any case,the occurrence-or notl of supercon-
ductivity in ZrB, is peripheralto the intent of this paper

The calculatedand observedareasare given in Table .
Percentageliscrepancyor evenabsolutedifferencesdo not
give the most physicalindication of the level of ~dislagree-
ment,especiallywhenareagyetsmallseeMgB,, below. To
indicatemore clearly the implication of the discrepancybe-
tweentheoryandobservationjn Fig. 2 the orbit areask(E)
versusenegy areprovided.The observedareasareshownas
horizontallines, which allows oneto readoff the shift in any
given bandneededo bring its areainto agreementvith the
observedarea.The bandmassesproportionalto the deriva-
tive dF/dE, arealsoreadily obtainedfrom suchcurves.

For the orbits «,mn in therangel1.8 kT, F, 3 KT, the
agreements excellent,probablywithin the total numerical
precision.For the j orbit, the agreemenis not good: the
reportedareais 10% smallerthanwe calculate-this amounts
to 1.4%of the BZ basalplaneared. Moreover it is unlikely
that even this relatively modest disagreementcan be
achievedoy a shift of the band,becauseucha shift destroys
agreementor the n orbit andresultsin a changeof topology
of the constantenegy surfaces.To investigatethis discrep-
ancy further, we have calculatedthe 6 orbit aroundthe R
surface,which passeghroughboth the j and n orbits. This
areais in excellentagreementvith experimentseeTablel!.
It maybe possible pbut seemsunlikely, thatthis disagreement
couldbereconciledby somenonrigid shift-s! of bands!. It is
possiblethat this discrepancyis dueto experimentakcondi-
tions:thej orbit is the largest,giving the fewestoscillations
to ®tto an oscillatory form, hencelarger uncertaintyin the
result.An experimentaleinvestigatiorof the dHVA frequen-
ciesis underway® to eithercon®rmor resolvethis discrep-
ancy

B. MgB,

The bandstructurecalculationswheredoneusingthe ex-
perimentallattice constantsa5 3.085 ... and c5 3.522 ...
To facilitate understandingf notation,we identify the orbits
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TABLE Il. Calculatedde Haas-varAlphenparametersf MgB,
comparedo the experimentatlata.Areasarequotedin KT. Column
1: the calculatedFPLO areas,using the LDA potential calculated
using16221 k pointsin the irreducibleBZ; valuesin parentheses
are from FLAPW using the GGA exchange-correlatiorColumn 2
and column 4: datafrom Yelland et al. Column 3: band mass,in
units of electronmass.Column 5: orbit-averagedmassenhance-
mentl 5 um* Uumy 2 1.

Orbit Fearc Fexp m, um*u |
sg 0.78-0.79 054 2025 057 13
sg 1.65-1.67 2 0.57

Po 34.5 1.87

sy 1.83-1.81 153 2031 070 13
sh 3.45-3.44 2 0.64

Pa 30.6 20.93

P 0.45 2025

p. 3.03 2.69 0.32 047 05

by their B character(s or p) and by the point in the BZ
aroundwhich they are centeredThe s Fermi surfacespic-
turedin severalpreviouspublications®® are two concentric
“uted cylindersorientedalong G-A, which give rise to ex-
tremal orbits s3, S5, Sa, Sa for magnetic®eld along
~0001. (S,L denotessmall,large! The p bandsgive rise to

pcandp , for ®eldalong~0001, p, for ®eldalong(lﬁ)0),
andp, for ®eldalong~100d.

The calculatedareasand bandmassesare givenin Table
Il, with comparisonto the three orbits of Yelland etal.?®
assuminghe samecorrespondencef observecrbit andcal-
culatedorbit. For referencean areaof 1 kT correspondgo
2% of the areaAg; of the basalplane of the BZ. For the
threeobservedrhbits, the calculatedareasare0.306 0.04kT
larger than observed,i.e., a discrepancyequalto 0.6% of
Agz. Our calculatedareasare in good agreementusually
closeto signi®cantligits! with thoseof Mazin andKortus?®
There are differencescomparedto the areaspresentecby
Elgazzaret al.>* ~-mostof our areasare; 20% smallet, pre-
sumablydueto the approximationsmadein their augmented
sphericalwave method.

In Fig. 3 the orbit aread=(E) versusenepgy areprovided.
The bandmassesn,5 (\ 2/2p)dF/dE areseento be insen-
sitive to the position of the Fermi enegy exceptfor the two
largest p orbits. Thesevaluesare in good, but not quite
perfect,agreementvith thoseof Mazin andKortus. The ob-
servedareas-Tablell! are shownas horizontallines, which
allows oneto readoff the shift in any givenbandto bring its
areainto agreementith the observedarea.-Due to the dif-
ferencein the s and p densitiesof statesat Eg, chage
balancerequiresa readjustmenbof Ex by ; 20 meV.! The
requiredenegy shiftis 2 115 meV for bothsg andsy, and
1 125 eV for p, bothof which reducethe sizesof the hole
and electronFermi surfacesTheserequiredshifts imply ~1!
thereis arelativeshift of the s bandsrelativeto the p bands
by; 240meV presumablydueto correlationeffectsbeyond
LDA and-2! thek, dispersiornof the s bandsalongthe G-A
line is describedcorrectlyin bandtheory-the sames band
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FIG. 3. The areasF(E) of selectedextremalconstantenegy
surfacesin ZrB, for ®eld along ~0001, versusenegy (Eg5 0).
Slopinglines showour calculatedvalues,experimentahumbersare
denotedby horizontallines,andthe circlesdenotethe enegy where
perfectagreemenbccurs.The threesmallerarein goodagreement
with experimentihe discrepancyfor the large surfaceis discussed
in the text.

shift is requiredat G andat A). The datagive the areasfor
only a singletube-the smallerond, but sincethetwo s are
degenerat@along G-A, both bandsmustshift together
The observedeffective massesnclude an enhancement

due~primarily! to electron-phonortoupling, which is given
in Tablell andis obtainedfrom m*5 m,(11 | ). Forboths
orbits the enhancementhus derivedis | (5 1.3; for the p
orbitit is | ,5 0.5. Theses orbit enhancementare notice-

ably larger than the averagevaluesover each surface}&g

50.9% 0.1}5,\35 0.46 0.1 obtainedfrom solution of the an-
isotropic Eliashbeg equationswith ®rst principles band
theoryinput by Choi et al.'° The difference particularly for

the s bands,might indicatethereis somefeatureof strong
couplingin MgB, yet to be understoodpr possiblythat the
s bandshift necessaryo provideagreementvith orbit areas,
when taken into accountin the calculationsof electron-
phononcoupling, will amelioratethis discrepancyAnyhow,

the disagreemenis small enoughthat the generalpictureb

the quasiparticleband structure and electron-phononcou-
pling determinedwithin conventional-LDA! band theory

thenT, determinedby Eliashbeg theorybseemswell justi-

®ed.

Although the errors reportedfor the experimentallyob-
serveddHVA crosssectionsare rathersmall, further con®+
mation of thosedata, and especiallyfurther searchfor the
missingcrosssectionswould be highly desirable.

IV. DISCUSSION

For ZrB, the only discrepancybetweencalculatedand
observedareasoccursfor the largestorbit thatwasobserved,
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FIG. 4. The areasF(E) of selectedextremalconstantenegy
surfacesas in Fig. 3, but for MgB,. Bands shifts of about
2 115 meVfor thes bandsandl 125 meV for the p bandsbring
the calculatedareasinto perfectagreementvith the data.

the overall agreementbetweenthe calculatedand the ob-
servedfrequenciesis of the sameorder as the achievable
numericalaccuracy Becauseof the stronghybridizationbe-
tweenthe Zr 3d andthe B 2p statesZrB, hasa muchmore
isotropicelectronicstructurethandoesMgB, ~seeFig. 4!. As
a result,any renormalizatiorand shift of bandswith respect
to eachotherseemdo be negligible for this compoundand
the LDA single particle picture descriptionis well justi®ed.

While the observeddHVA areasof MgB, arereadily un-
derstoodin termsof the calculatedFermi surfacesand the
inferred electron-phonorcoupling constantsare reasonable,
completeagreementf the FS areaswith the datarequiresa
shift of the s bandsby 115 meV downward,and a shift of
the p bandsupwardby 125 meV. The necessarghift results
in s band edgesat G and A that are reduced0.38 eV
I 0.25 eV, 0.76 eV! 0.53 eV, respectively The volume
of the s S tube, proportionalto the averageof thetwo areasn
Tablell, thenis about30% smallerthan given by the band
calculation,so the numberof holesdecreasegroportionally
~rom 0.146to 0.104.

We cansuggestat leasttwo possiblecausesf this “be-
yond LDA" correctionto the bandstructure.One possibility
is relatedto the observatiorthatthe chagein the s bandsis
con®nedo the two-dimensionaB sheetof graphenestruc-
ture, nearly®lling thosebondingstates Being of morelocal-
ized characterthan the p bands,the exchangepotentialin
LDA may be lessaccuratethanfor the p electrons;a better
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exchangeotentialwould be largerin magnitude-andattrac-
tive!, lowering the s bandswith respectto the p bands.A
relatedviewpoint of the samephysicsis thatthereis a larger
~spurious$ self-interactionfor the s statesthan for the p
statesin LDA.

Another possible correction could arise from residual
hole-hole Coulombinteractionsin the s-hole gas.Thereis
someanalogywith a relatedsituationin metallic, ferromag-
netic Ni, wherethereare; 0.6 3d holes/Niin the minority
bands.Unlike in MgB,, in Ni thereis presumablya rela-
tively large value of the ratio U/W -intra-atomic Coulomb
interactionU, 3d bandwidthW) making Hubbard-typecor
relationsof somerelevance MgB, hasbroad s bands,so
Hubbard-like correlationsshould not be the problem. The
strong2D characteiof the s bandholesmay enhancenany
body corrections.It will require further work to determine
whetherit is one of these mechanismspr perhapssome
other thatis responsibldor the bandstructurecorrections.

V. SUMMARY

The ratherclose correspondencef the LDA Fermi sur
facesof MgB, supportsthe prevalentpicture of supercon-
ductivity thatis basedonthe LDA startingpoint: very strong
electron-phonorcoupling of s band hole statesto certain
phononsthe E,4 branch. Of the suggestediternativesited
in the Introduction,the comparisorwe have madetendsto
rule out severalof them.Althoughthe s bandFermienegy
requiressomeadjustmento accountfor the observeddHvA
orbital areasjt remainsaround0.5 eV, large enoughto ren-
der nonadiabaticprocesse®f secondaryimportancein su-
perconductingpairing. The half-®lledp bandideasandreso-
natingvalencebond stateideacertainly get no supportfrom
the correspondencef dHVA datato the bandtheoryresults.
Other experimentaldata penetrationdepth, speci®cheat,
isotopeshift, superconductinggap, and T, itselfl are being
shownin many studiesto requirean anisotropictwo band
model, and that most dataseemto be consistentwith such
modelsbasedin detail on bandtheoryresults.Singlecrystal
data, of which the dHVA dat&® are someof the ®rst, will
serveto clarify theseissuesfurther.

Noteaddedin proof. Recently new de HaastvanAlphen
measurementsn new single crystalsessentiallycon®rmed
the results of Refs. 38,39. Details will be publishedelse-
where.
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