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Abstract

A seriesof recentx-ray diffractionexperimentscarriedout by scientistsfrom the Max-Planck-

Institut FKF in Stuttgartandthe ESRFin Grenobleon elementalsemiconductorsandalkali metals

underhigh pressurehave providednew insight in pressureinducedstructuraltransformations.New

structureshave beenidentified, andsomeof thesehave surprisingsimilarities, suchas low coor-

dinationnumbers.The new lithium phase,Li-cI16, which hasa cubic structurewith 16 atomsin

the cubic cell, hasnot beenfound for any otherelement. Theoreticalstudies,someof which are

describedhere,usingab initio methodsto calculateelectronicandstructuralpropertiesprovide the-

oreticalsupportfor theanalysisof theseexperiments,andmayalsoserve to predictnew properties,

suchassuperconductivity, of thematerialswhenexposedto veryhighpressures.

Introduction

Thealkali metals,earlierconsideredassimple metals with bandstructuresthatdiffer only slightly from

thoseof free-electronsystems,have attractedconsiderable[1] interestbecauseapplicationof external

pressurechangesthebondingpropertiesfundamentally. For examplelithium, thefirst monovalentmetal

in thePeriodicTable,is sometimesexpectedto bea modelsystemof hydrogen,wheretheatomsform

diatomicmoleculesin insulatingsolid phases.Thebreakingof thebondsin hydrogenby applyingvery

highpressuresis a Holy Grail of physics[1], andit is importantfor theunderstandingof themetallichy-

drogenin theinteriorof theheavy planets.In view of this it wasremarkablethattheoreticalcalculations

by NeatonandAshcroft[2] predictedthat compressedLi might assumea structure( oC8 with iCmca
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Figure1: Contourplot of thecalculatedvalence-electrondensityin lithium in theBC8 structureat 165

GPa (V
�
V0=0.23). The colour coding is dark blue towardsred/magentafor increasingdensity. The

lowest contourvalue is 0.0472Å � 3, the incrementis 0.0135Å � 3. Disregardingthe innermostcore

oscillations,the highestvalencedensityis found in the interstitial square-like greencontour, 1.4� ρav,

whereρav=0.204Å � 3 is theaveragedensity.

symmetry) wherethe atomsform pairs, andthat this phaseis semi-insulating.This is in sharpcon-

trastto theintuitiveexpectationthatapplicationof hydrostaticpressureshouldfavourhighly 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-

sequence,thesemetalsundergo several pressure-inducedstructuraltransformations.Thesehave been

studiedexperimentally(seefor exampleRef. [3, 4, 5, 6, 7, 8, 9]) aswell asby theoreticalmethods(Ref.

[2, 3, 9, 10, 11, 12, 13, 14] andreferencestherein). Amongseveral interestingresultsof this research,

themostrecentprogressincludestheobservation[3] of new high-pressurephasesof lithium, Li-hR1 and

Li-cI16, andtheidentification[6, 15] of thestructureof Cs-VandRb-VI asbeingtheorthorhombicCmca

structurewith 16 atomsin theorthorhombicunit cell (oC16). Thesamestructuretype,with very nearly

thesamerelative atomiccoordinates,is foundin Si andGeunderpressure.[7, 12, 16, 17, 18] This Cm-

ca structurecontainstwo typesof atoms,sayCs1 andCs2, with Cs1 in planararrangementsseparating

Cs2 doublelayers. Theatomsin thesingleplanesform a densepackingof dimers.[12] This hassome

similarity with the Cmcastructurepredictedfor Li underpressureby NeatonandAshcroft.[2] In that

structure(oC8), however, thedoublelayersof type-2atomsareabsent,i.e. thestructureis similar to that

of Gaat ambientpressure.

In Fig. 1 we show, asan exampleof sucha ”pairedstructure”,thedistribution of valenceelectronsin

lithium at 165GPa. Theapparentformationof atompairs, however, shouldnot beoveremphasized.It

is true that thereis a single,shortestinteratomicdistance,but thenext-nearestneighboursin theCmca

structuresarenot muchfurtheraway. Thereforethe ”effective” coordinationnumberis rather � 5 than
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one.Theinterestingresult,though,is thatthereis a tendency of formationof low-coordinatedphasesof

highly compressedalkali metals.Further, astheresultsof thecalculationswill show, thebondingis very

differentfrom usualmolecular(covalent)bonding.Already, thedensityplot, Fig. 1, demonstratesthis.

The pressure-driven electronics � d transition[19] plays a major role in the structuralbehavior of

cesium,[11, 20] in particulartheocurrenceof thetetragonalCsIVphasewhichisonlyeightfoldcoordinated.[5]

Theunusualdecreaseof thecoordinationnumberwith increasingpressurefrom 12 in fcc to 8 in CsIV

hasbeeninterpretedin termsof apeculiardirectionalbondinginducedby thes-d transition.[20, 21] This

leadsto a softeningandadynamicalinstability in Cs-II (fcc).[13, 14] Also, thethermalexpansioncoef-

ficientsof Cshave beenpredictedto benegative at all temperaturesin certainpressureranges.[13, 14]

Thelight alkali metals,Li andNa,aresimilarly stronglyinfluencedby ans � p transition.

Structures and Method of Calculation

Theab initio simulationmethodswhichweapplycannotbeusedto performanideal,moleculardynam-

ical structuraloptimization.Wemustselectacertainsetof structuretypes,i.e. spacegroupsandnumber

of atomsin thecells.Someof thestructures,however, will have parameters,like axial ratiosandatomic

siteparameters,whichmustbeoptimizedat eachvolume(pressure).Wecanthen,amongthestructures

includedin theset,determinewhich oneis stable,staticallyaswell asdynamically, at a givenvolume.

In thatwayonecanneverbesureto find the’true’ groundstatestructure,but theprocedurewill begiven

relevancein describingtrendsandbindingpropertiesto beexpectedif thestructuresto beexaminedare

selectedin a ’sensiblemanner’.

Thesimplestclose-packed structures,bcc, fcc, hcp dhcp, body-centeredcubic,facecenteredcubic,and

hexagonalclosepackedarewell-known. Thehcp stackingsequencein thec-directionis ABA. Similarly,

fcc andbcc canbebuilt by stacking(111)-layersin thesequenceABCA. In thishexagonalrepresentation,

fcc hasc
�
a= � 6, andfor bcc theaxial ratio is c

�
a=1

2 � 3
�
2. Theso-calledω-phasestructureappearsif

theB andC layersi bcc areshiftedsothat they coalesceat z=c
�
2. Thedouble-hexagonalclose-packed

structure(dhcp) hasanidealc/aratiowhichis twicethatof hcp,andthestackingis ABACA. The”samar-

ium typestructure”,9R, is anine-layerhexagonalstructure,stackingABABCBCACA. Calculationsare

mostconvenientlyperformedusingtheprimitive rhombohedralcell which containsonly 3 atoms.Al-

soA7 (spacegroup166 in the InternationalTables)hasa rhombohedralprimitive cell. It containstwo

atoms. For specialparameters,A7 becomesthe simplecubic, sc, structure.The simplerhombohedral

structure,hR1, is obtainedby strainingthe fcc structurealonga bodydiagonal.Thestructurewhich is

calledcI16 belongsto the spacegroup I4̄3d (number220 in the InternationalTables). This wasfound

experimentallyfor Li underpressure[3], andsofar it hasnotbeenobservedfor any otherelementalsolid.

Theatomsarelocatedin the16c Wyckoff positions.Theprimitive cell is bcc. TheoC8 structureis of

Cmcasymmetry, andit resemblesthatof α-gallium,but canalsoveviewedasthatof blackphosphorous

compressedperpendicularlyto its doublelayers.

Someof thehigh-pressurephaseshave structuressimilar to thecationsublatticesof binaries,[3] andthe

structureof CsIV[5] is anexampleof this. CsIV formsin a tetragonalstructurewith I41/amdsymmetry,

SG141,andtheatomsareplacedin
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This is thestructureof theTh sublatticein ThSi2.[22] ThecI16 structuredescribedabove is in fact that

of the the cationsublatticein Eu4As3 andYb4As3, i.e. anti-Th3P4 structures.[23] As mentionedcI16

is a cubic structurewith a bcc Bravais latticeand8 atomsin the rhombohedralprimitive cell. Several

othercubicstructuresmaybegeneratedby distortingsuchabccsupercell.As oneexamplewe consider

the BC8 structure,mainly becauseit hasbeenfound, as also R8, in metastableSi phases.The BC8

structure[24] is alsobody-centered-cubicwith 16 atomsin theunit cell (8 atomsin theprimitive cell).

Thespacegroupit Ia3̄, andtheatomsarein the16c Wyckoff sites,(x0,x0,x0). It mayalsobeviewedas

a rhombohedralstructurewith an8-atomprimitivecell, SGR3̄. Thishas2 atomsin the2c, (u,u,u)and6

in the6 f , (x,y,z), sites.Theseparametersarerelatedto x0 by u=2x0, x=1/2,y=0, andz=1/2-2x0. Thus,in

BC8 thereis oneinternalparameter(x0) whichmustbeoptimized.

TheBC8 structurecanbeconsideredasaspecialsettingof thestructuralparametersof theR8 structure.

Both have theSGR3̄ (number148). The8 atomsin theR8 primitive cell arelocatedarethe2c, (u,u,u),

andthe6f, (x,y,z), Wyckoff sites.In BC8 all 8 sitesareequivalent,but in R8 the2c andthe6f sitesare

inequivalent.TheSi-BC8 and-R8 phasesaredescribedin Ref. [25].

The total energy for a given choiceof atomiccoordinatesis calculatedwithin approximationsto the

densityfunctional theory, the local approximation(LDA) as well as a generalizedgradientapproach

(GGA).Theresultspresentedhereareobtainedwith theGGA,andweusedthePerdew-Burke-Ernzerhof

scheme.[26] The solutionof the effective one-electronequationsis performedby meansof the linear

muffin-tin-orbital (LMTO) method[27] in the full-potential version. [28] The semi-corestates,Li-1s,

Na-2s, andNa-2p, aretreatedaslocal orbitals[29] in thesameenergy window asthevalencestates.The

bandstructurecalculationsarescalarrelativistic, i.e. all relativistic effects,exceptspin-orbitsplittings,

areincluded.

Thestructuraloptimizationrequiredin all casesexceptfor thebcc andfcc structuresis madeat eachof

21 volumes,V , in the range0 
 10 � V0 to 1 
 10 � V0, whereV0 is the (experimental)equilibrium volume

of bcc-Naat ambientpressure.(We useV0=21.2725 Å3 for Li and37.7073Å3 for Na). For some

structures,like hcp, dhcp, andhR1, only a single,internalparameterneedsto bevaried,but othercases

requiremoretime consumingoptimizations.A7 and9R requireoptimizationof two parameters,z and

c
�
a. In theCmcastructureswe needto vary theaxial ratios,c

�
a andb

�
a, aswell as2 (in oC8 ) or 3 (in

oC16 ) internalparameters.Also for R8 thereare5 parametersto beoptimizedsimultaneously. This is

doneby meansof asteepest-descentmethod.

Results

Having calculatedthe optimizedtotal energies,E, vs. volumefor all structures,andapplyinga least-

squaresfit to a power seriesin X ��� V � V0 � 1� 3 (positive aswell asnegative powers),we derive pressure,

P, bulk modulus,B, andenthalpy, H � E � PV . ThecalculatedP � V relationsarethenusedto calculate

H � P � , andtheresultsaresummarizedin Fig.2. Thecalculatedpressuresfor someof thecompressedNa

phasesareshown in Fig. 3.

The dhcp structureis not includedsinceit is closein energy to hcp. Also, the calculationsfor oC16
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have beenomitted,sincefor Na (asfor Li) it is above theotherstructuresin energy. At low pressures

(not visible on thescaleof Fig.2) we find that thebcc structureis favouredin sodium. Thecalculation

predictsthatthis remainsthestablestructureupto Pt1 � 80GPa,whereit transformsto thefcc. It should

be noted,however, that the the maximumdifference,E � f cc ��� E � bcc � is only 5 meV/atom. (We find

thesamedifferencesusingLDA). Thefact thatwe find theenergy differenceto thatsmallalsoimplies

that a substantialerror bar is associatedwith the value of Pt1, and we therealso madeindependent

calculationsusingtheFP-LAPWmethodasimplementedin theWIEN97 code.[30] Very similar results

wereobtained.

The instability of Na-bcc is alsoreflectedin thevolumedependenceof theelasticshearconstants.As

foundby Katsnelsonetal.[10] andalsoin thecalculations[13, 14] for Cs,C � andC44 softenandtendto go

negativeundercompression.Anotherdistortionof thebcc structureof sodiumcouldbepossible,namely

thatto theω-phase.[31] At highpressures,Fig.2clearlyshows thatNa-ω cannotbeastablestructure.

The(perfect)fcc (red-orangein Fig.2) structureremainsstableup to � 170GPa, whereit becomesun-

stableagainsta rhombohedralshear. TheelasticconstantC44 goesnegative, andthefcc-latticebcomes

dynamicallyunstable. This signalsthe transitionto the distortedstructure,hR1 (orange). The cI16

structurestartsto bethe favouredstructureat Pt2 � 170GPa. Thefigureshows how a hypotheticalbcc

becomesunstabletowardsx-distortionsaround130GPa,andatPt2 theenergy gainassociatedwith these

displacementshasbecomesolarge thatcI16 enthalpy valueis thesameasthatof hR1. However, in the

verysamepressureregimeNa-CsIV rapidly lowersits freeenergy with pressuresomuchthatit becomes

thelowestamongthoseexaminedup to Pt3 � 220GPa,wheretheCmca structure,oC8 takesover. The

figureshows thatwith theerrorbarstheonsetof Na-cI16 maybesomewherebetween110and170GPa

if observed at all. The displacements,x, increasewith compression,asin Li,[3], but in Na x seemsto

approachalimiting valueof 0.065atextremecompressions.This is differentfrom Li, whereasaturation

valueof 0.125wasfound.[3]

Apart from therangearound170GPawhereseveralstructuresareclosein energy, thehexagonalstruc-

tures,hcp anddhcp, arenot likely to be”goodcandidates”for Na at high pressure,andit is soalthough

althoughsubstantialenergy canbeobtainedby reducingc
�
a atsmallvolumes.

The threecoexistence pressures Pt1, Pt2, andPt3 arealsomarked in Fig.3 which shows the calculated

P � V relationsfor someselectedstructuresof Naatsmallvolumes.Fromlow pressures(in factfrom 0)

upto120GPawefind thatthepressuresof theclose-packedphasesfollow eachotherclosely. Thechange

of slopein P � V � for hcp-Na structurearound270GPareflectsa rapidchangein c
�
a uponcompression.

For Li it wasdemonstratedthata thedistortion(finite x valuein Fig. 2 of Ref. [3]) of thebcc structure

into cI16 causestheformationof apseudo-gap,andthusto adownshift in anappreciableamountof filled

electronstates.Theone-electronenergy sumis similarly reducedin Na-cI16 asx becomesnon-zero.A

similar effect is found in the CsIV andthe BC8 structures.Again the formationof a pseudogapnear

EF tendsto stabilizethe structure. In all casesthe increasingoccupationof p stateswith pressureis

essentialfor theformationof thenew structures,andthis is mostspectacularin Na-oC8, thephasewhich

is clearlythelowestin energy amongthoseexaminedin thehigh-endof thepressurerangeof Fig. 2. The

pseudogapwhich is presentevenatV
�
V0=0.45becomesrapidlydeeperasthelatticeis compressed,and

at thesmallestvolumeexaminedfor Na,V
�
V0=0.10,its DOSatEF vanishes,Fig. 4. In factaverysmall,

finite gaphasformed.In Li-oC8 it wasalsofound[2, 3] thatDOS(EF) vanishesat a very high pressure,

but theenergy-optimizedstructuredid not exhibit a finite gap.Thes � p transitionresponsiblefor this
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behavior is furtherillustratedin Fig. 5.

A similar strongincreasein theratio betweenp- ands electroncountsat largecompressionswasfound

for Li. At first, sucha behavior might beexplainedfor Li asaneffect of orthogonality;theLi atomhas

a full s core,andthe2s valencestatesarekept away from thecoreregime,evenat small volumesdue

to their orthogonalityto the1s states.Orthogonalitydoesnot imposea similar radial constrainton the

Li-2p states,andconsequentlythe2p canonical band[27] canincreaseits overlapwith theLi-2s band

whenLi is compressed.

A similar argumentcannotbe appliedto Na. In that casethe coreof the atomcontainss- aswell as
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Figure4: Density-of-statesfunctionsfor Na in theoC8 structureatV
�
V0=0.10.

p-states( 2p), andaweaker s � p transitionshouldthenbeexpected.But thebehaviour in sodiumis as

thatof lithium.

Hybridizationis verystrongin thecompressedalkali metals.If weconsiderahypotheticalNa-fcc crystal

at thesmallestvolume,V =0.1V0, consideredhere,its interatomicdistanceis 1.73Å. This is thesameas

thedistancefrom thenucleusof thefreeNaatomto theoutermaximumof theNa-3s wavefunction.[32]

Consequently, a 3s wavefuntionfrom a nearestneighbouratomin thecompressedsolid will, whenex-

pandedin aroundthe local site, yield a very large p component. Only s stateshave non-vanishing

amplitudeson thenucleus,andthereforethecrystalstructureadjustssothatthereareinterstitialregimes

wherethe valencecharge canpile up. This meansthat the coordinationnumberis reducedto a lower

valuethanin fcc, for example.

Thevalenceelectrondistribution calculatedfor Na-oC8, seeFig. 6 is very similar to thatfoundin theLi

calculations.”Pairs”of atomscanbeseen,but, asmentionedearlier, thenext-nearestneighbourdistances

arecloseto theshortestinteratomicdistance,andit is not very meaningfulto characterizethisasa solid

with coordinationnumber1. Thedensityplot, Fig. 6, furthershowsthatthestructurehassomesimilarity

with hP4, that of graphite,andthis is even moreso in oC8-2, the Cmcastructurederived from the Si

sublatticein MoSi2.

We have alreadyat several placescomparedtheNa resultsto experimentalandtheoreticalresultspre-

sentedrecentlyfor lithium.[3, 2] Nevertheless,it is worthwhileto compareto a largersetof datathanthe

onewhich wasincludedin our calculationsin Ref. [3]. Figure7 summarizesenthalpy calculationsfor

14 out16examinedstructures.
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Thosenot includedareoC16 (”CsV”) andR8. The former hasenergieswhich arewell above the ref-

erencein Fig. 7, andLi-R8 wasfound to converge to Li-bcc at low pressuresandto Li-BC8 at high

pressures.Among the new resultswhich are interesting,we mentionthoseof Li-hP4 (graphitetype)

andLi-CsIV. Li-hP4 becomesa competitorto Li-oC8 at very high pressures,andthecalculationsshow

that it hasthe lowestenthalpy above � 300 GPa. The CsIV structurei even moreinterestingsinceits

energy becomesvery closeto that of Li-cI16 in a pressurerangewhich may be accesssedexperimen-

tally. The upperpressureattainedin themeasurementsof HanflandandSyassen[3] is around55 GPa,

andthe presentcalculationssuggestthat therecould be a pressurewindow startinga bit higherwhere

Li-CsIV might befound.Thesmallestenergy differencebetweenLi-CsIV and-cI16 in thecalculationis

1-2meV/atom,i.e. well below ourerrorbars.

ComparingFig. 1 to Fig. 8 we seethatat highpressurethevalenceelectronsin Na distributedsimilarly

to thoseof Li. Theshapesof thecontoursbetweentheatomsin the ”pair” resemblethoseof covalent

bonds.But thenatureof thebondingis far from beinga conventionaldiatomicmolecularbonding.The

blue contoursindicateminimal densities.The valenceelectronsarein the interstitial regimes,andthe

bondingmaybeconsideredasamulticenterbonding.Thebondingin thehigh-pressurephasesof Li and

Na, for examplein theoC8, is thusquitedifferentfrom from thatin theSiVI phase(oC16, alsoCmca),

seefor exampleFig. 6 in Ref. [33]. In view of this, it surprisinghow similar someof thehigh-pressure

phasesof the alkali metalsare in structureto someof thosefound in Si andGe. Apart from having

differentrelative coordinates(x0 is different)theBC8 structureof silicon resemblesthatof Li-BC8, but

the bondingis quite different. Figure9 shows our calculateddensityin Si-BC8. This may crudelybe

describedasan”inverse”of theLi- andNa plots.

Conclusions

Sodiumandlithium bothassumeseveral,rathercomplex structuresunderpressure.Examinationof the

bandstructuresandorbital-projecteddensity-of-states(DOS)functionsshow thatthenumberof p-states

is found to increaseat the expenseof s statesundercompression.The reasonis that the interatomic

distancesbecomesmall comparedto the rangeof thewavefunctions,andthehigh-pressurephasesbe-
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Figure6: Densityof valenceelectronsin Na-oC8 atV
�
V0. Note that the lowestdensitiesareshown in

blue,whereasthered(magenta)correspondto high (highest)densities.

comeratheropen.Therefore,thestructuresfoundtheoreticallyto begoodcandidatesfor sodiumunder

very highpressuresarecharacterizedby having coordinationnumberswhicharelower thanthoseof the

intermediate-pressurephases,bcc andfcc.

Thestructuralenergy differencescalculatedheredo not includethermaleffects,i.e. vibrationalcontri-

butionsto enrgy andentropy[13, 14] areneglected.This addsto theerrorbarsof someof thetiny free

energy differences.Within suchlimitations,thecalculationscannotclearlydistinguishbetweenthe fcc,

bcc andtheR9 structuresat zeropressure.At slightly elevatedpressures,though,bcc is favoured,and

a bcc � fcc transitionis predictednear80 GPa. Theerrorbar is large,probably ) 20 GPa. Na-fcc un-

dergoesa rhombohedraldeformation,andcloseto 180GPaseveralnew structuresbecomeenergetically

possible.Among thesethe cI16 is an interestingcandidate,becausethis structurewasexperimentally

observed[3] for Li underpressure.But alsoin thiscasetheerrorbars,atbest5 meV/atom,ontheenergy

differencecalculationscombinedwith the slow variationof enthalpy with P implies that a theoretical

estimateof thestability rangeof Na-it cI16 is difficult to give. If observedat all, thelower limit on the

onsetpressurewould bearound110GPa,andupperlimit of its pressurerangewould benear170GPa.

Amongthestructuresexaminedherewefind thatNa-CsIV is lowestin enthalpy between170and220G-

Pa. Above P � 220GPa we find that theNa-oC8, Cmca,maybestableup to very high pressures.The

structureof Na-oC8 is similar to theLi-oC8 phase,but thestructuralparameters,y, z, b
�
a, andc

�
a (not

shown here)vary somewhatdifferentlywith volume.

Highly compressedNa containseven more3p- than3s states,and in the oC8 the hybridizationis so

strongthat thehybrizationgapmakestheDOSvanishat theFermi level in themostcompressedcases.

(In that context, seealsothediscussionby NeatonandAshcroft[2] of thePeirlsdistortionin Li). The

metal-insulatortransitionoccursin Na only at extremecompression.At 88 % compresssiontheCmca

phaseis still metallic, but reductionof the volume to 0.10� V0 producesa tiny gapaccordingto the

calculations.Thecorrespondingpressureis � 950GPa,roughly3 timesthepressureat thecenterof the
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Figure8: Contourplot of thecalculatedvalence-electrondensityin sodiumin theBC8 structure.Blue

contourscorrespondto thelowestdesities,redandmagentato thehighest.
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Figure9: Contourplot of thecalculatedvalence-electrondensityin silicon in theBC8 structure.Blue

contourscorrespondto thelowestdesities,redandmagentato thehighest.

Earth.For comparison,bcc-Na wouldneed� 1500GPato becompressedto V
�
V0=0.10.
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