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Abstract

A seriesof recentx-ray diffraction experimentscarriedout by scientistsfrom the Max-Planck-
Institut FKF in Stuttgartandthe ESRFin Grenobleon elementakemiconductorandalkali metals
underhigh pressurénave provided new insightin pressurénducedstructuraltransformationsNew
structureshave beenidentified, and someof thesehave surprisingsimilarities, suchas low coor
dination numbers. The new lithium phase,Li-cl16, which hasa cubic structurewith 16 atomsin
the cubic cell, hasnot beenfound for ary other element. Theoreticalstudies,someof which are
describechere,usingab initio methodgo calculateelectronicandstructuralpropertiegrovide the-
oreticalsupportfor the analysisof theseexperimentsandmay alsosene to predictnew properties,
suchassuperconductity, of the materialsvhenexposedo very high pressures.

I ntroduction

Thealkali metals,earlierconsideredassimple metals with bandstructurethatdiffer only slightly from
thoseof free-electrorsystemshave attractedconsiderabldl] interestbecausepplicationof external
pressurehangeshe bondingpropertiesundamentally For examplelithium, thefirst monovalentmetal
in the PeriodicTable,is sometimesexpectedio be a modelsystemof hydrogenwherethe atomsform
diatomicmoleculedn insulatingsolid phasesThe breakingof the bondsin hydrogenby applyingvery
high pressuress aHoly Grail of physics[], andit is importantfor theunderstandingf the metallichy-
drogenin theinterior of the heary planets.In view of thisit wasremarkabldhattheoreticalcalculations
by Neatonand Ashcroft[Z predictedthat compressed.i might assumea structure( oC8 with iCmca
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Figurel: Contourplot of the calculatedvalence-electrodensityin lithium in the BC8 structureat 165
GPa (V /Vp=0.23). The colour codingis dark blue towardsred/magentdor increasingdensity The
lowest contourvalue is 0.0472A -3, the incrementis 0.0135A~3. Disregardingthe innermostcore
oscillations,the highestvalencedensityis foundin the interstitial square-lile greencontour 1.4x pay,
wherepa,=0.204A 3 is the averagedensity

symmetry) wherethe atomsform pairs, andthatthis phaseis semi-insulating. This is in sharpcon-
trastto theintuitive expectatiorthatapplicationof hydrostatiqressureshouldfavour highly coordinated
metallicphases.

The compressibiltyof the alkali metalsis very large, and the large volume reductionwith applica-
tion of pressureaffects significantly the otherwisefree-electronlike electronicstructure. As a con-
sequencethesemetalsundego several pressure-inducesdtructuraltransformations.Thesehave been
studiedexperimentally(seefor exampleRef. [3, 4,5, 6, 7, 8, 9]) aswell asby theoreticamethodqRef.
[2,3,9, 10, 11, 12,13, 14] andreferencesherein). Among several interestingresultsof this research,
themostrecentprogressncludesthe obsenration[3] of new high-pressur@hase®f lithium, Li-hR1 and
Li-cl16, andtheidentification[§ 15] of thestructureof Cs-V andRb-VI asbeingtheorthorhombicCmca
structurewith 16 atomsin the orthorhombicunit cell (0C16). The samestructuretype,with very nearly
the samerelative atomiccoordinatesis foundin Si andGe underpressure.[712, 16, 17, 18] This Cm-
ca structurecontainstwo typesof atoms,sayCs; andCs,, with Cs, in planararrangementseparating
Cs doublelayers. The atomsin the single planesform a densepackingof dimers.[12] This hassome
similarity with the Cmcastructurepredictedfor Li underpressuréby Neatonand Ashcroft.[d In that
structure(oC8), hawever, thedoublelayersof type-2atomsareabsentj.e. thestructureis similarto that
of Gaatambientpressure.

In Fig. 1 we shav, asan exampleof sucha "paired structure”,the distribution of valenceelectronsin
lithium at 165 GPa. The apparenformationof atompairs, however, shouldnot be overemphasizedit
is true thatthereis a single, shortestinteratomicdistance put the next-nearesneighbourdn the Cmca
structuresarenot muchfurtheraway. Thereforethe "effective” coordinationnumberis rathera5 than
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one.Theinterestingresult,though,is thatthereis a tendeng of formationof low-coordinatedphase®f
highly compressedlkali metals.Further astheresultsof the calculationswill shav, thebondingis very
differentfrom usualmolecular(covalent)bonding.Already, the densityplot, Fig. 1, demonstratethis.

The pressure-dvien electronics — d transition[19] plays a major role in the structuralbehaior of
cesium,[1120Q] in particulartheocurrencef thetetragonalCslV phasevhichis only eightfoldcoordinated.[b
The unusualdecreas®f the coordinationnumberwith increasingoressurdrom 12 in fcc to 8 in CslV
hasbeeninterpretedn termsof a peculiardirectionalbondinginducedby thes-d transition.[20 21] This
leadsto a softeninganda dynamicalinstability in Cs-II (fcc).[13, 14] Also, the thermalexpansioncoef-
ficientsof Cs have beenpredictedto be negative at all temperaturesn certainpressurganges.[1314]
Thelight alkali metals Li andNa, aresimilarly stronglyinfluencedby ans— p transition.

Structures and M ethod of Calculation

Theab initio simulationmethodswvhich we apply cannotbe usedto performanideal, moleculardynam-
ical structuraloptimization.We mustselecta certainsetof structuretypes,i.e. spacegroupsandnumber
of atomsin the cells. Someof the structureshowever, will have parameterdjk e axial ratiosandatomic

site parametersyhich mustbe optimizedat eachvolume(pressure)We canthen,amongthe structures
includedin the set,determinewhich oneis stable,staticallyaswell asdynamically at a givenvolume.

In thatway onecannever besureto find the’true’ groundstatestructure put theprocedurewill begiven

relevancein describingtrendsandbinding propertiedo be expectedf the structuredo be examinedare

selectedn a’sensiblemanner’.

The simplestclose-packd structurespcc, fcc, hep dhep, body-centeredubic, facecenteredtubic,and
hexagonalclosepacledarewell-knovn. Thehcp stackingsequencén thec-directionis ABA. Similarly,
fcc andbcec canbebuilt by stacking(111)-layersn thesequenc@&BCA. In thishexagonakepresentation,
fcc hasc/a= /6, andfor bee the axial ratio is ¢/a=31/3/2. The so-calledw-phasestructureappearsf
theB andC layersi bce areshiftedsothatthey coalesceat z=c/2. The double-hg&agonalclose-packd
structurg(dhcp) hasanidealc/aratiowhichis twice thatof hcp,andthestackingis ABACA. The’samar
ium type structure”,9R, is a nine-layerhexagonalstructure stackingABABCBCACA. Calculationsare
mostconveniently performedusing the primitive rhombohedratell which containsonly 3 atoms. Al-
S0 A7 (spacegroup166in the InternationalTables)hasa rhombohedraprimitive cell. It containstwo
atoms. For specialparametersA7 becomeshe simple cubic, sc, structure. The simplerhombohedral
structure hR1, is obtainedby strainingthe fcc structurealonga body diagonal. The structurewhich is
calledcl16 belongsto the spacgroupl 43d (number220in the InternationalTables). This wasfound
experimentallyfor Li underpressure[B andsofarit hasnotbeenobseredfor ary otherelementabolid.
The atomsarelocatedin the 16¢c Wyckoff positions. The primitive cell is bcc. The oC8 structureis of
Cmcasymmetryandit resembleshatof a-gallium, but canalsove viewedasthatof blackphosphorous
compresseg@erpendicularlyto its doublelayers.

Someof the high-pressur@hasedave structuressimilar to the cationsublatticef binaries,[3 andthe
structureof CslV[5] is anexampleof this. CslV formsin atetragonaktructurewith 14;/amdsymmetry
SG141,andtheatomsareplacedin

78



r1:(0,0,0);r2:(0,%,%1). @
Thisis the structureof the Th sublatticein ThSk.[22] The cl16 structuredescribedabove is in factthat
of the the cationsublatticein EuwAs; and YbsAsgz, i.e. anti-ThgP4 structures.[2BAs mentionedcl 16
is a cubic structurewith a bce Bravais lattice and 8 atomsin the rhombohedraprimitive cell. Several
othercubicstructuresmaybegeneratedby distortingsucha bccsupercell As oneexamplewe consider
the BC8 structure,mainly becausedt hasbeenfound, asalsoR8, in metastableSi phases.The BC8
structure[24 is alsobody-centered-cubiwith 16 atomsin the unit cell (8 atomsin the primitive cell).
The spacegroupit |a3, andthe atomsarein the 16c Wyckoff sites,(Xg,X0,%0). It mayalsobeviewedas
arhombohedrastructurewith an8-atomprimitive cell, SG R3. This has2 atomsin the 2c, (u,u,u)and6
in the6f, (X,y,2), sites.Theseparametersrerelatedto Xy by u=2xg, x=1/2,y=0, andz=1/2-2. Thus,in
BC8 thereis oneinternalparamete(xy) which mustbe optimized.

The BC8 structurecanbe consideredsa specialsettingof the structuralparametersf the R8 structure.
Both have the SG R§(number148). The 8 atomsin the R8 primitive cell arelocatedarethe 2c, (u,u,u),
andthe 6f, (x,y,z), Wyckoff sites.In BC8 all 8 sitesareequvalent,but in R8 the 2c andthe 6f sitesare
inequvalent. The Si-BC8 and-R8 phasesredescribedn Ref. [25].

The total enegy for a given choice of atomic coordinatess calculatedwithin approximationgo the
densityfunctional theory the local approximation(LDA) aswell asa generalizedyradientapproach
(GGA). Theresultspresentedhereareobtainedwith the GGA, andwe usedthe Perdev-Burke-Ernzerhof
scheme.[2p The solution of the effective one-electrorequationss performedby meansof the linear
muffin-tin-orbital (LMT O) method[27] in the full-potential version. [28] The semi-corestatesLi-1s,

Na-2, andNa-2p, aretreatedaslocal orbital§29] in the sameenegy window asthevalencestatesThe
bandstructurealculationsare scalarrelatiistic, i.e. all relatvistic effects, exceptspin-orbitsplittings,
areincluded.

The structuraloptimizationrequiredin all casesexceptfor the bcc andfcc structuress madeat eachof
21 volumes,V, in the range0.10xV to 1.10xVy, whereVy is the (experimental)equilibrium volume
of bce-Naat ambientpressure. (We useVy=21.2725 A3 for Li and37.7073A3 for Na). For some
structureslike hep, dhep, andhR1, only a single,internalparameteneedso be varied,but othercases
requiremoretime consumingoptimizations.A7 and9R requireoptimizationof two parametersz and
c/a. In the Cmcastructuresve needto vary the axial ratios,c/a andb/a, aswell as2 (in oC8) or 3 (in
0C16 ) internalparametersAlso for R8 thereare5 parameterso be optimizedsimultaneously This is
doneby meanf a steepest-descentethod.

Results

Having calculatedthe optimizedtotal enegies, E, vs. volumefor all structuresandapplyinga least-
squaredit to apower seriesin X = (V /Vo)l/3 (positive aswell asnegative powers),we derive pressure,
P, bulk modulus B, andenthally, H = E+ PV. Thecalculated® —V relationsarethenusedto calculate
H (P), andtheresultsaresummarizedn Fig.2. Thecalculatedpressure$or someof thecompressetla

phasesreshavnin Fig. 3.

The dhcp structureis not includedsinceit is closein enegy to hcp. Also, the calculationsfor 0C16
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have beenomitted, sincefor Na (asfor Li) it is above the otherstructuresn enegy. At low pressures
(not visible on the scaleof Fig.2) we find thatthe bcc structureis favouredin sodium. The calculation
predictsthatthis remainghestablestructureupto P,1 = 80 GPa, whereit transformdo thefcc. It should
be noted,however, thatthe the maximumdifference E( fcc) — E(bcc) is only 5 meV/atom. (We find
the samedifferenceausingLDA). Thefactthatwe find the enegy differenceto thatsmallalsoimplies
that a substantialerror bar is associatedvith the value of R;, and we there also madeindependent
calculationausingthe FP-LAPW methodasimplementedn the WIEN97 code.[3Q Very similar results
wereobtained.

The instability of Na-bcc is alsoreflectedin the volume dependencef the elasticshearconstants.As
foundby Katsnelsoretal.[10] andalsoin thecalculations[1314] for Cs,C’ andCy4 softenandtendto go
negative undercompressionAnotherdistortionof the bce structureof sodiumcouldbe possible pamely
thatto the w-phase.[3L At high pressuredsrig.2 clearlyshavs thatNa-w cannotbe a stablestructure.

The (perfect)fcc (red-orangen Fig.2) structureremainsstableup to ~170 GPa, whereit becomeaun-
stableagainstarhombohedrashear The elasticconstantC44 goesneggative, andthe fcc-latticebcomes
dynamically unstable. This signalsthe transitionto the distortedstructure,hR1 (orange). The cl16
structurestartsto be the favouredstructureat B, =170 GPa. The figure shavs how a hypotheticalbcc
becomesinstablgowardsx-distortionsaround130GPa, andat B, the enegy gainassociateavith these
displacementbasbecomesolarge thatcl16 enthally valueis the sameasthatof hR1. However, in the
very samepressureegime Na-CslV rapidly lowersits free enegy with pressuresomuchthatit becomes
thelowestamongthoseexaminedup to P3 =~ 220 GPa, wherethe Cmca structure 0C8 takesover. The
figure shavs thatwith the errorbarsthe onsetof Na-cl 16 maybe someavherebetweernl10and170GPa
if obseredatall. The displacementsy, increasewith compressionasin Li,[3], but in Na x seemdo
approactalimiting valueof 0.065at extremecompressionsThisis differentfrom Li, wherea saturation
valueof 0.125wasfound.[3

Apartfrom therangearoundl170 GPawheresereral structuresareclosein enegy, the hexagonalstruc-
tures,hcp anddhcp, arenotlikely to be "good candidatesfor Na at high pressureandit is soalthough
althoughsubstantiaknegy canbe obtainedby reducingc/a atsmallvolumes.

The threecoexistence pressures P,1, P2, andPR3 arealsomarkedin Fig.3 which shavs the calculated
P —V relationsfor someselectedstructuref Na at smallvolumes.Fromlow pressuresgin factfrom 0)

upto 120GPawefind thatthepressuresf theclose-pac&dphasesollow eachotherclosely Thechange
of slopein P(V) for hcp-Na structurearound270 GPareflectsa rapid changdan ¢/a uponcompression.

For Li it wasdemonstratethata the distortion(finite x valuein Fig. 2 of Ref. [3]) of the bcc structure
into cl 16 causesheformationof a pseudo-gapandthusto adownshiftin anappreciablemountof filled
electronstates.The one-electrorenegy sumis similarly reducedn Na-cl16 asx becomesion-zero.A
similar effect is found in the CslV andthe BC8 structures.Again the formation of a pseudogamear
Er tendsto stabilizethe structure. In all casesthe increasingoccupationof p stateswith pressures
essentiafor theformationof the new structuresandthisis mostspectaculain Na-oC8, the phasewhich
is clearlythelowestin enegy amongthoseexaminedin the high-endof thepressureangeof Fig. 2. The
pseudogamvhichis presenevenatV /Vp=0.45becomesapidly deepemsthelatticeis compressedind
atthesmallestvolumeexaminedfor Na,V /Vp=0.10,its DOSat E¢ vanishesFig. 4. In factavery small,
finite gaphasformed. In Li-oC8 it wasalsofound[2 3] thatDOS(Eg) vanishesata very high pressure,
but the enegy-optimizedstructuredid not exhibit afinite gap. Thes — p transitionresponsibldor this
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behaior is furtherillustratedin Fig. 5.

A similar strongincreasen the ratio betweenp- ands electroncountsat large compressiongvasfound
for Li. At first, sucha behaior might be explainedfor Li asan effect of orthogonality;the Li atomhas
afull s core,andthe 2s valencestatesare kept away from the coreregime, even at small volumesdue
to their orthogonalityto the 1s states.Orthogonalitydoesnot imposea similar radial constrainton the
Li-2 p statesandconsequentlyhe 2p canonical band[27 canincreasets overlapwith the Li-2s band
whenLi is compressed.

A similar agumentcannotbe appliedto Na. In that casethe core of the atom containss- aswell as
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Figure4: Density-of-stateunctionsfor Nain the oC8 structureatV /\Vp=0.10.

p-stateq 2p), andawealer s — p transitionshouldthenbe expected.But the behaiour in sodiumis as
thatof lithium.

Hybridizationis very strongin thecompressedlkali metals.If we considerahypotheticaNa-fcc crystal
atthesmallestvolume,V=0.1Vp, consideredere,its interatomicdistancds 1.73A. Thisis thesameas
thedistancegrom the nucleusof the free Na atomto the outermaximumof the Na-3s wavefunction.[32
Consequentlya 3s wavefuntionfrom a nearesnheighbouratomin the compressedolid will, whenex-
pandedin aroundthe local site, yield a very large p component. Only s stateshave non-\anishing
amplitudeson thenucleusandthereforethe crystalstructureadjustssothatthereareinterstitialregimes
wherethe valencechage canpile up. This meansthat the coordinationnumberis reducedto a lower
valuethanin fcc, for example.

Thevalenceelectrondistribution calculatedor Na-0C8, seeFig. 6 is very similarto thatfoundin thelLli
calculations’Pairs” of atomscanbeseenput, asmentionecearlier thenext-nearesheighboudistances
arecloseto theshortesinteratomicdistanceandit is not very meaningfulto characterizehis asa solid
with coordinatiomumberl. Thedensityplot, Fig. 6, furthershavsthatthestructurehassomesimilarity
with hP4, that of graphite,andthis is even moresoin 0oC8-2, the Cmcastructurederived from the Si
sublatticein MoSi.

We have alreadyat several placescomparedhe Na resultsto experimentalandtheoreticalresultspre-
sentedecentlyfor lithium.[3, 2] Neverthelessit is worthwhileto compareo alargersetof datathanthe
onewhich wasincludedin our calculationsn Ref. [3]. Figure7 summarizegnthaly calculationsfor
14 out 16 examinedstructures.
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Figure5: Ratiosbetweerthe numberof p- ands- valenceelectrondn two Na-phasess volume.

Thosenot includedareoC16 ("CsV”) andR8. The formerhasenegieswhich arewell abore the ref-
erencein Fig. 7, andLi-R8 wasfound to corveme to Li-bcc at low pressuregndto Li-BC8 at high
pressures Among the new resultswhich areinteresting,we mentionthoseof Li-hP4 (graphitetype)
andLi-CslV. Li-hP4 becomesa competitorto Li- 0C8 at very high pressuresandthe calculationsshav
thatit hasthe lowestenthally abore ~ 300 GPa. The CslV structurei even moreinterestingsinceits
enegy becomesrery closeto that of Li-cl16 in a pressuraangewhich may be accesssedxperimen-
tally. Theupperpressurattainedin the measurementsf Hanflandand Syassen[Bis around55 GPa,
andthe presentcalculationssuggesthattherecould be a pressurevindow startinga bit higherwhere
Li- CslV mightbefound. The smallesteneqgy differencebetweerlLi- CslV and-cl16 in the calculationis
1-2meV/atom,.e. well belov our errorbars.

ComparingFig. 1 to Fig. 8 we seethatat high pressurghe valenceelectronsn Na distributedsimilarly
to thoseof Li. The shapesf the contoursbetweenthe atomsin the "pair” resemblehoseof covalent
bonds.But the natureof the bondingis far from beinga conventionaldiatomicmolecularbonding. The
blue contoursindicateminimal densities.The valenceelectronsarein the interstitial regimes,andthe
bondingmaybe consideredsa multicenterbonding. Thebondingin thehigh-pressur@hase®f Li and
Na, for examplein the oC8, is thusquite differentfrom from thatin the SiVIl phasgoC16, alsoCmca),
seefor exampleFig. 6 in Ref. [33]. In view of this, it surprisinghow similar someof the high-pressure
phaseof the alkali metalsarein structureto someof thosefoundin Si and Ge. Apart from having
differentrelative coordinategxg is different)the BC8 structureof silicon resembleshatof Li- BC8, but
the bondingis quite different. Figure9 shavs our calculateddensityin Si-BC8. This may crudelybe
describecasan”inverse”of theLi- andNaplots.

Conclusions

Sodiumandlithium both assumeseveral, rathercomple structuresunderpressure Examinationof the
bandstructuresandorbital-projectediensity-of-stateDOS) functionsshav thatthe numberof p-states
is found to increaseat the expenseof s statesundercompression.The reasonis that the interatomic
distancedecomesmall comparedo the rangeof the wavefunctions,andthe high-pressurgphasede-
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Figure6: Densityof valenceelectronan Na-oC8 atV /Vy. Note thatthe lowestdensitiesareshavn in
blue,whereaghered(magentaforrespondo high (highest)densities.

comeratheropen. Therefore the structuredoundtheoreticallyto be good candidategor sodiumunder
very high pressurearecharacterizetbhy having coordinatiomnumberswhich arelower thanthoseof the
intermediate-pressuphasesbcc andfcc.

The structuralenegy differencescalculatecheredo not includethermaleffects,i.e. vibrationalcontri-

butionsto enigy andentrogy[13, 14] arengglected. This addsto the error barsof someof thetiny free
enegy differences Within suchlimitations, the calculationscannotclearly distinguishbetweerthe fcc,

bce andthe R9 structuresat zeropressure At slightly elevatedpressuresthough,bcce is favoured,and
a bcc—fcc transitionis predictednear80 GPa. The errorbaris large, probably+ 20 GPa. Na-fcc un-

degoesarhombohedratieformationandcloseto 180 GPa several new structuresdbecomeenepetically
possible. Among thesethe cl16 is aninterestingcandidate becausehis structurewas experimentally
obsenred[3] for Li underpressureBut alsoin this casethe errorbars,atbest5 meV/atomontheenegy

differencecalculationscombinedwith the slow variationof enthally with P implies that a theoretical
estimateof the stability rangeof Na-it cl16 is difficult to give. If obseredatall, the lower limit on the
onsetpressuravould be around110 GPa, andupperlimit of its pressurgangewould benearl170 GPa.

Amongthestructuresexaminedherewe find thatNa-CslV is lowestin enthally betweerll70and220G-

Pa. Above P =~ 220 GPa we find thatthe Na-oC8, Cmca,may be stableup to very high pressuresThe
structureof Na-0C8 is similar to the Li-oC8 phase put the structuralparametersy, z, b/a, andc/a (not
shavn here)vary somevhatdifferentlywith volume.

Highly compressedNa containseven more 3p- than 3s states,andin the oC8 the hybridizationis so
strongthatthe hybrizationgapmakesthe DOS vanishat the Fermilevel in the mostcompressedases.
(In that context, seealsothe discussiorby Neatonand Ashcroft[g of the Peirlsdistortionin Li). The
metal-insulatotransitionoccursin Na only at extremecompression At 88 % compresssiothe Cmca
phaseis still metallic, but reductionof the volumeto 0.10xVy producesa tiny gap accordingto the
calculations.The correspondingressuras ~ 950 GPa, roughly 3 timesthe pressurat the centerof the
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Figure8: Contourplot of the calculatedvalence-electrodlensityin sodiumin the BC8 structure.Blue
contourscorrespondo thelowestdesitiesredandmagentdo the highest.
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Figure9: Contourplot of the calculatedvalence-electromlensityin silicon in the BC8 structure.Blue
contourscorrespondo the lowestdesitiesredandmagentdo the highest.

Earth. For comparisonpcc-Nawould need~ 1500GPato be compressetb V /Vp=0.10.

References

[1] R.M. Martin, Nature400, 117(1999).

[2] J.B.NeatonandN.W. Ashcroft, Nature400, 141(1999).

[3] M. Hanfland K. Syassen.E. ChristensenandD.L. Novikov, Nature408, 174 (2000).
[4] H.T.Hall, L. Merrill, andJ. D. Barnett,Sciencel46, 1297(1964).

[5] K. Takemura,S.Minomura,andO. ShimomuraPhys.Rev. Lett. 49, 1772(1982).

[6] U.Schwarz,K. TakemuraM. HanflandandK. SyassenPhys.Rev. Lett. 81, 2711(1998).
[7] M. HanflandU. Schwarz,K. SyassenandK. Takemura,Phys.Rev. Lett. 82, 1197(1999).
[8] K. Takemura,0O. ShimomuraandH. Fujihisa,Phys.Rev. Lett. 66, 2014(1991).

[9] K. Takemura,N.E. ChristensenD.L. Novikov, K. SyassenlJ. Schwarz,andM. Hanfland,Phys.
Rev. B 61, 14399(2000).

[10] M.I. KatsnelsonG.V. Sinko, N.A. Smirnoy, A.V. Trefilov, andK. Yu. Khromov, Phys.Rev. B 61
14420(2000).

[11] D. GlotzelandA. K. McMahan,Phys.Rev. B20, 3210(1979).

[12] N. E. ChristensenD. L. Novikov, andM. MethfesselSolid StateCommun.110, 615(1999).

86



[13] N.E.ChristensenD.J.Boers.J.L.vanVelsenandD.L. Novikov, Phys.Rev. B 61, R3764(2000).

[14] N.E. ChristensenP.J. Boers.J.L. van Velsen,and D.L. Novikov, J. Phys.: CondensMatter 12,
3293(2000).

[15] U. Schwarz,K. SyassenA. GrzechnikandM. Hanfland,Solid StateCommun.112, 319(1999).
[16] R.Ahuja,O. ErikssonandB. JohanssorRhys.Rev. B 60, 14475(1999).

[17] K. Takemura,U. Schwarz, K. SyassenN.E. ChristensenD.L. Novikov, andl. Loa, Phys.Rev. B
62, R10603(2000).

[18] K. Takemura,U. Schwarz,K. SyassenM. Hanfland,N.E. ChristensenD.L. Novikov, andl. Loa,
in Proceedingsf the conferenceon High Pressure in Semiconductor Physics 9 (HPSP9) Sapporo,
JapanSeptembeR000,to appeain phys.stat.solidi.

[19] R. SternheimerPhys.Rev. 78, 235(1950).

[20] A. K. McMahan,Phys.Rev. B29, 5982(1984).

[21] N. E. ChristensenZ. Pawlowska,andO. K. Andersenunpublished(1986).

[22] H.G.von Schneringpointedthis outin a privatecommunication.

[23] A.F. Wells, Sructural Inorganic Chemistry, Oxford University PressOxford, UK, 1982.
[24] J.S.KasperandS.M. RichardsActa Crystallogr 17, 752(1964).

[25] R.O.Piltz,J.R.Maclean,S.J.Clark,G.J.Ackland,P.D. Hatton,andJ. Crain,Phys.Rev. B 52, 4072
(1995).

[26] J.P. Perdev, K. Burke,andM. ErnzerhofPhys.Rev. Lett., 77, 3865(1996).
[27] O.K.AndersenPhys.Rev. B 12, 3060(1975).
[28] M. MethfesselPhys.Rev. B 38, 1537(1988).

[29] D.J. Singh,Planewaves, Pseudopotentials and the LAPW Method, Kluwer AcademicPublishers,
Boston1994.

[30] P. Blaha,K. Schwarz,P. Dufek andR. Augustyn,WIEN97, TechnicalUniversity of Viennal997.
(ImprovedandupdatedJnix versionof the original copyrightedWIEN-code whichwaspublished
by P. Blaha,K. Schwarz,P. SorantinandS.B. Trickey, Comput.Phys.Commun, 59, 399(1990).

[31] N.E.ChristensemmndD.L. Novikov, (to be published).

[32] See,for example,F. HermanandS. Skillman, Atomic Sructure Calculations, Prentice-Hall,Inc.,
Englevood Cliffs, New Jersg (USA), 1963.

[33] N.E.ChristensemndD.L. Novikov, Int. Journ.QuantumChem.77, 880(2000).

87



