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  Abstract:AninvestigationonthestructuralstabilitiesandopticalpropertiesofBaX (X=S,SeandTe)

underhighpressurewasconductedusingfirst-principlescalculationsbasedondensityfunctionaltheory.The
resultsshowthatthesequenceofthepressure-inducedphasetransitionofthesecompoundsisfromtheNaCl-
type(B1)totheCsCl-type(B2)structure.Thestructuraltransitionpressureandthemetallizationpressureare
8.57and45.4GPaforBaS,7.44and36.5GPaforBaSe,5.67and16.7GPaforBaTe,respectively.Thecalcu-
lationoftheopticalpropertiesshowedthatalmostallpeaksoftheimaginarypartofdielectricconstant(ε2)in
theB1andB2structuresshifttowardshigh-energyregionwithincreasingpressure(blueshift),andthestatic
dielectricconstantincreasesasthepressureincreases.
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1 Introduction
  Thealkaline-earthchalcogenides(AX:A=Mg,Ca,Sr,Ba;X=O,S,Se,Te)formaveryimportant
closedshellionicsystemcrystallizingintheNaCl-type(B1)structureatnormalconditionsexcept
MgTe.Thesecompoundsaretechnologicallyvaluablematerialswithmanyapplicationsfromcatalysis
tomicroelectronics[1].Moreover,theyhavealsobeenappliedintheareaofluminescentdevices[2].
  Thepressure-inducedstructuraltransitionofthealkaline-earthchalcogenideshasbeenstudied
extensively[3-12].ThesecompoundsundergoatransitionfromtheB1(Fm3m )totheB2(Pm3m )

structureunderhighpressure.Forexample,bariumchalcogenidesarefoundtoexhibitthestructural
transitionat6.5,6.0and4.8GPa,respectively[3-5].Apartfromthis,thesecompoundsdemonstratean
interestingphenomenonofmetallizationundercompression[6-7].
  Metallizationisoftendescribedintermsofthesingle-particlebandstatesastheoverlapofthe
filledvalencebandandtheunoccupiedconductionband[8].Thebandgapsintheseclosed-shellmateri-
alsareexpectedtodecreaseasthepressureincreases,untilfinallytheemptyd-typeconductionband
dropsinenergybelowthetopofthefilledp-typevalencebands.Bachalcogenidesareparticularly
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promisingcompoundsformetallizationsincetheyhavesmallerbandgapsandbulkmodulithanthose
ofotheralkaline-earthchalcogenides.
  Grzybowskietal.reportedthatthemetallizationofBaTeoccursat20GPabyresistivitymeasure-
ment[5].Ruoffetal.predictedthatBaSeundergoesmetallizationatabout40GPaonthebasisofopti-
cal-absorptionandresistivitymeasurement[6].High-pressureoptical-absorptiondataindicatedthatthe
metallizationpressureofBaSisabout80GPa[7].
  Inthispaper,wepresentacomparativeandcomplementarystudyoftheelectronicandoptical
propertiestothepreviousexperimentalandtheoreticalworks.

2 ComputationalDetails
  Ourfirst-principlescalculationswereperformedbasedontheplanewavebasisset,theultrasoft
pseudopotentialfortheelectron-ioninteraction,andtheexchange-correlationpotentialofPerdewet
al.inthegeneralizedgradientapproximation(GGA)forelectron-electroninteraction[13].Thetypical
configurationis5s25p66s2forBa,3s23p4forS,4s24p4forSe,and5s25p4forTe.IntegrationsintheBril-
louinzone(BZ)wereperformedusingspecialkpointsgeneratedwith14×14×14fortheB1andB2
structures.One-electronvalencestateswereexpandedonabasisofplanewaveswithacutoffenergyof
700eV.Suchparametershadbeentestedtobesufficientforconvergence.Duringthestructureoptimi-
zations,thetotalenergyisminimizedbyvaryinglatticeconstantsandinternalatomicpositionsunder
therestrictionofthegivensymmetry,andallforcesonatomswereconvergedtobeless0.1eV/nm.
Allthestresscomponentswerelessthan0.02GPa,thetoleranceintheself-consistentfield(SCF)cal-
culationwas5.0μeV/atombyusingthefinitebasissetcorrections

[14].

3 ResultsandDiscussions

3.1 StructuralProperties
  Thetotalenergyasafunctionofvolumeiscalculatedtodeterminetheequilibriumvolumeand
bulkmodulusbyparabolicfittingtoathird-orderBirch-Murnaghanequationofstate[15].Calculated
equilibriumlatticeconstant(a0)andbulkmodulus(K)ofBaS,BaSe,andBaTeintheB1andB2
structuresareillustratedinTable1.Itcanbeclearlyseenthatthecalculatedstructuralparametersare
inexcellentagreementwithexperimentalresults.Theslightoverestimationofthetheoreticallattice
constantsistypicalofGGA.

Table1 Calculatedequilibriumlatticeconstantandbulkmoduliiof
theB1andB2structuresofthethreecompoundsatzeropressure

Material Structure
Latticeconstanta/(nm)

Expt. Theor.

BulkmoduliiK/(GPa)

Expt. Theor.(Ref.) Theor.

BaS
B1
B2

0.6347[19] 0.6404
0.3835

55.1±1.4[19]

21.4±0.3[19]
52.5[18]

60.8[18]
47.9
51.7

BaSe
B1
B2

0.6593[4]

0.3795[4]
0.6619
0.3918

43.4±2.6[6]

41.9±1.4[6]
45.4[18]

52.9[18]
41.0
52.6

BaTe
B1
B2

0.7005[5] 0.7017
0.4212

29.4[6]

27.5[6]
33.8[18]

39.4[18]
34.4
41.3

  Ourcomputationalapproachisbasedonconstant-pressurestaticquantummechanicalcalculations
atT=0K,sotherelativestabilityofdifferentphasescanbededucedfromthepressuredependenceof
theenthalpyinsteadoftheGibbsfreeenergy[16-19].AsshowninFig.1,thecalculationsuggeststhat
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Fig.1 CalculatedenthalpiesfortheB2phaseof
BaX(X=S,SeandTe)relativetothatof
theB1phaseasafunctionofpressure

thereexistsaphasetransitionfromtheB1toB2
phasethatagreeswiththeexperimentalresults.
ThepressurecorrespondingtoΔH=H-HB1ap-
proachingzeroisthephasetransitionpressure.At
apressurehigherthanthetheoreticaltransition
pressure,theB1phasebecomesthermodynamically
unstablewhiletheB2phasebecomesmechanically
andthermodynamicallystable.Ourresultsaretab-
ulatedinTable2,togetherwiththeavailableex-
perimentaldataandtheprevioustheoreticalresults
forcomparison.Forthevolumecollapse,ourre-
sultsareinexcellentagreementwiththeexperi-
mentalandtheoreticalresults.Forthetransition
pressures,however,areoverallhigherthanthe
experimentalresults.Thisisprobablyduetothefactthattheexperimentswerecarriedoutatroom
temperature,whereasthecalculationsassumeT=0K.

Table2 TransitionpressuresandvolumecollapsesfortheB1toB2transitionpressures
andmetallizationtransitionpressuresofBaS,BaSeandBaTe

Material Pressure
ΔV/V/(%)

Expt. Theor.(Ref.) Theor.

pt/(GPa)

Expt. Theor.(Ref.) Theor.

BaS
B1toB2
Metallization

13.7[3] 13.8[14]

0[14]
13.3
0

6.5[3]

80.0[8]
6.03[14]

49.1[14]
8.57
45.4

BaSe
B1toB2
Metallization

13.9[4] 13.4[14]

0[14]
12.4
0

6.0[4]

52.0[8]
5.20[14]

31.0[14]
7.44
36.5

BaTe
B1toB2
Metallization

13.2[5] 10.7[14]

0[14]
12.0
0

4.8[5]

20.0[5]
3.95[14]

14.1[14]
5.67
16.7

  Amongthethreecompounds,themetallizationpressureofBaTeislowestasaresultofitssmal-
lerbulkmodulusandbandgap.Fromtheanalysisoftheobtainedtransitionandthemetallizationpres-
sures,wecanconcludethatthetransitionpressureandthemetallizationpressuredecreasewiththe
atomicnumberofthecationoranionforisostructuralcompounds.

3.2 BandStructure
  Theself-consistentbandstructuresofallthreecompoundshavebeenobtainedatambientand
highpressures,asshowninFig.2,whereonlyBaSisillustratedsincetheoverallbandprofileisfound
tobesimilarforallthreecompounds.Ourresultsareinagreementwithearlierworks[20].Inthecase
ofB1structure,thegapisalwaysindirectbetweenthetopofthechalcogenvalencepbandoccurringat
theΓpointandthebottomoftheBa5dbandsoccurringatΧ.Theshapeofthisconductionbandis
similartothatofthefccnobleortransitionmetalswhichisduetothefacttheBaatomsconstitutea
fccsublattice.Itcanalsobeseenthatthestructuraltransitioninducesalargereductionintheband
gap.Justafterthestructuraltransition,thebandgapsarestillindirect,exceptthatnowthevalencep
bandofthechalcogenatomoccursatMandthebottomofBa5dconductionbandsatΓ.
  Thegapsarestillpositiveafterthestructuraltransition,indicatingthatthemetallizationoccurs
onlyafterstructuraltransition.ForBaSandBaSe,theindirectgaptransformstoadirectoneatΓbe-
foremetallization.ForBaTe,however,theindirectgapremainsuntilbandoverlapoccurs.Ourresultis

511 第2期       HAOAi-Min,etal:StructuralStabilitiesandOpticalPropertiesofBaX(X=S,SeandTe)underHighPressure



verywellinagreementwiththeothertheoreticalwork[18].Atmetallizationthebandgapclosesdueto
theoverlapoftheBa5dconductionbandsandthechalcogenvalencepbandswhichariseduetothe
broadeningofthebandswithincreasingpressure.

Fig.2 ThebandstructuresofBaS

Fig.3 Thebandgapasafunctionofpressureinthe
B1andB2structuresofthethreecompounds

  Thepressuredependenceofthebandgapsin
theB1andB2structuresisshowninFig.3.The
bandgapsofthethreecompoundsdecreasemono-
tonicallywithpressure.Thecalculatedlinearand
quadraticpressurecoefficientsfortheimportant
bandgapsarelistedinTable3.Thelinearpressure
coefficientsincrease withthechalcogen atomic
number.Theunderlyingphysicalreasonsforsucha
trendarelikelyproducedbythecoupledroleofthe
largerpressureshiftforthe moredelocalizedp
statesoftheheavierchalcogenidesandthesmaller
bulkmoduliassociatedwithincreasingionicradii.

Table3 ThelinearandquadraticcoefficientsoftheimportantbandgapinB2phase
(E(p)=E0+bp+cp2,b=∂E/∂pin10-2eV·GPa-1,c=∂2E/2∂2pin10-4eV·GPa-2 )

Material
M-M

b c

M-Γ

b c

Γ-Γ

b c

BaS 0.41 -0.11 -3.20 1.88 -4.43 1.85

BaSe -0.33 0.37 -3.95 2.67 -5.10 2.72

BaTe -2.45 2.95 -6.62 8.87 -7.14 8.38
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  ThecalculatedvalueofbandgapEgintheB1structureandtheenergyreductionΔEattransition
pressurearelistinTable4,alongwiththeexperimentalvalueandtheothertheoreticalworks.The
metallizationpressuresforthethreecompoundsaregiveninTable2.AscanbeseenfromTable2,the
metallizationpressuresinourcalculationarelowerthantheexperimentalresults.Thepossiblereason
forthepressuredeviationisascribedtothefollowingfactors.
  (1)Theindicationofmetallizationinexperimentsisthelevelingoffoftheresistivity;whilethe
metallizationischaracterizedbytheoverlapoftheenergybandinthecalculation.Thedifferentmeans
leadinevitabletothedifferencebetweentheexperimentalandtheoreticalresults.
  (2)Thecalculatedbandgapsatambientconditionsunderestimatethemeasuredonesbyabout
40%~50%.ThisdiscrepancyisduetotheerrorsintroducedbytheGGAtotheexchange-correlation
potentialandtheneglectoftherelativisticeffect(spin-orbitinteractionterms)inourcalculations.

Table4 ThevalueofEgandΔEv(B1)oftheB1structureatambientpressure,

togetherwithΔEandΔEv(B2)attheB1-B2transitionpressure (eV)     

Material Eg
[20] Eg

[18] Eg ΔE ΔEv(B1) ΔEv(B2)

BaS 3.9 2.3 2.17 0.64 1.9 3.3

BaSe 3.6 2.01 2.01 0.72 2.0 3.5

BaTe 3.4 1.58 1.67 0.82 2.2 3.9

  Theuppervalence-bandwidthΔEvisinpartameasurementofthestrengthofthecrystalfieldat
theanionicsites,determinedbythecation-aniondistance,alsodependsonanion-anionoverlap,i.e.,

second-nearest-neighborinteractions[21].OurcalculatedresultsarelistedinTable4.Twoconclusions
canbederived:(1)thestrengthofthecrystalfieldattheanionicsiteincreaseswiththeincreasing
atomicnumberofanioninanisoelectronicseries;(2)thestrengthofthecrystalfieldinthehighpres-
surephaseislargerthanthatintheambientpressurephaseforeachofthethreecompounds.

3.3 OpticalProperties
  TheopticalpropertiesoftheB1andB2structuresofthethreecompoundsarealsocalculated.
Denserkpoints(24×24×24)aresampledintheBZ,andthenorm-conservingpseudopotentialisused
foraccuracy[22].Dielectricfunctionε(ω),whichdescribesthefeaturesoflinearresponseofthesystem
toanelectromagneticradiation,governsthepropagationbehaviorofradiationinamedium.ε(ω)is
connectedwiththeinteractionofphotonswithelectrons.Itsimaginarypartε2(ω)canbegivenbycal-
culatingthemomentummatrixelementsbetweentheoccupiedandunoccupiedwavefunctionswithin
theselectionrules,anditsrealpartε1(ω)canbederivedfromε2(ω)bytheKramer-Kronigrelations.
Alltheotheropticalparameters,suchasrefractiveindexn(ω),absorptioncoefficientα(ω),reflectivity
R(ω)andelectronenergy-lossspectrumL(ω)canbededucedfromε1(ω)andε2(ω)[23].Here,wedis-
cussthecaseofincidentradiationwiththelinearpolarizationalongthe[100]direction.Thecalculated
ε2(ω)ofBaSintheB1andB2structuresisshowninFig.4.Fromthegraph,wefoundthatalmostall
peaksofε2intheB1andB2structuresshifttowardshigh-energyregionwithincreasingpressure(blue
shift).Anabnormalshift(redshift)ofthesecondpeakintheB2structureisobservedunderhigh
pressure.
  Thestaticdielectricconstantε(0),oneoftheimportantopticalparameters,isalsocalculated
underhighpressures.Thepressuredependenceofε(0)isillustratedinFig.5.Ascanbeseenfrom
Fig.5,thestaticdielectricconstantsincreasewithpressure.Thisisbecause,astheappliedpressurein-
creases,theatomicdistancebecomesshorter,whichresultsinaincreaseofphotonsreflectedby
media.Inaddition,asuddenincrementofthestaticdielectricconstantsisobservedastheB1phase
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transformsintotheB2phase.Thisisbecausethedensityofelectronicstatesuddenlyincreasesduring
thephasetransition.

Fig.4 Thecalculatedε2(ω)ofBaS
intheB1andB2structures
underhighpressures

Fig.5 Thestaticdielectricconstantsε(0)

asafunctionofpressureoftheB1and
B2structuresforthethreecompounds

4 Conclusions
  ThestructuralstabilitiesandopticalpropertiesofBaX(X=S,SeandTe)underhighpressure
havebeeninvestigatedusingfirst-principlescalculationsbasedondensityfunctionaltheory.There-
sultsdemonstratethatthesequenceofthepressure-inducedphasetransitionsofthethreecompounds
isfromtheB1toB2structure,moreoverthestructuraltransitionpressuresandmetallizationpressures
are8.57and45.4GPaforBaS,7.44and36.5GPaforBaSe,and5.67and16.7GPaforBaTe.Thecal-
culationoftheopticalpropertiesshowedthat,asthepressureincreases,thestaticdielectricconstant
augments,andalmostallpeaksoftheimaginarypartofdielectricconstant(ε2)intheB1andB2struc-
turesshifttowardshigh-energyregion(blueshift),exceptthesecondpeakintheB2structure.
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高压下钡的硫化物的结构相变
和光学性质研究

郝爱民1,杨晓翠2,赵玉伟1,刘 鑫1,宋爱君1,张卫国1,辛 伟1

(1.河北科技师范学院理化学院,河北秦皇岛 066004;

2.白城师范学院物理系,吉林白城 137000)

  摘要:利用基于密度泛函的第一性原理,计算了高压下钡的硫化物(BaS、BaSe和BaTe)的
结构相变和光学性质。计算结果表明,这些化合物的压致结构相变是从NaCl型结构转变为

CsCl型结构;对于结构转变压力和金属化转变压力,BaS为8.57GPa和45.4GPa,BaSe为

7.44GPa和36.5GPa,BaTe则分别为5.67GPa和16.7GPa。光学性质计算结果显示:随着

压力的增加,静态介电常数ε0 不断增加,介电常数虚部ε2 的峰值向高能方向移动(蓝移)。

  关键词:第一性原理;结构转变;光学性质;高压;介电常数
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