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StructureandPropertiesofNovelSuperhard
C5N:AFirst-PrinciplesStudy

*
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YUDongli,HEJulong
(StateKeyLaboratoryofMetastableMaterialsScienceandTechnology,

YanshanUniversity,Qinhuangdao066004,China)

  Abstract:Byusingthedevelopedparticleswarmoptimizationalgorithmonthecrystalstructuralpredic-
tion,weproposed6novelcarbonnitridephaseswitha5∶1stoichiometry.Theirstructures,stability,mechani-
calandelectronicpropertieswereinvestigatedbyfirst-principlecalculationswiththedensityfunctionaltheory.

OurcalculationsindicatethatP62m-C5Nisenergeticallyfavorableinthe6structures.Bothelasticconstants
andphonon-dispersioncalculationsshowthatthesestructuresremainmechanicallyanddynamicallystableat

0GPa.ElectroniccalculationsindicatethatI41-C5Nismetallicwhiletheother5aresemiconductive.TheVick-
ershardnessshowsthatallthe6structuresaresuperhardmaterialsexceptforI41-C5N.Formationenthalpy
calculationssuggestthatthese6structurescanbesynthesizedatattainablehighpressures(19-83GPa).

  Keywords:carbonnitride;first-principlecalculations;superhard;highshearmodulus

  CLCnumber:O481.1;O482.1   Documentcode:A

  Superhardmaterials(VickershardnessHv≥40GPa)areoffundamentalinterestandpractical
importanceduetotheiroutstandingmechanicalandthermalproperties,suchasexcellenthardness,

highmeltingpoint,andwearresistance.Diamondandcubic-BN(c-BN)aretwotypesoftypicalsuper-
hardmaterialsthathavebeenwidelyusedinindustrybecauseoftheaforementionedsuperiorproper-
ties.However,inthepastfewdecades,thesearchfornewsuperhardmaterialshascontinued.Inthis
context,carbonnitridehasbecomeaprimarycandidateforlow-compressibilityorsuperhardmaterials
duetoitsrelativelyshortbondlengthandlowbondionicity[1].SincethepioneeringworkofLiuand
Cohen[2-3]thatpredictedhexagonalβ-C3N4withextraordinaryhardness,considerableeffortshavebeen
devotedtheoretically[4-14]andexperimentally[15-24]tosearchingnewstoichiometriccarbonnitridemate-
rialswithnovelproperties.Onthetheoreticalside,severalapproacheshavebeenappliedtopredictand
designnewsuperhardcarbonnitrideswithdifferentstoichiometries,suchasPnnm-CN,P42/m-CN,

α-C3N2,andbct-CN2.Ontheexperimentalside,melamine,cyanamide,andotherrelatedtriazine-based
compoundscanbeusedasprecursorstosynthesizeα-,β-,andmainlyg-C3N4throughdifferentmecha-
nochemicaltechniquesintheformofthinfilmsandnanocrystals.However,thesestructureshavebeen
unverifiedbecauseofthelimitedquantityandheterogeneityofthesamples,therebyresultinginexten-
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sivedebates.OtherstructurephasesofcarbonnitridemayexistbesidesC3N4.Recently,Stavrouet
al.[25]synthesizedPnnm-CNusingsingle-crystalgraphiteandhigh-pressuregas-loadedN2inastand-
ardlaserheated(LH)diamondanvilcell(DAC)configuration.Thisresearchachievementverifiesthe
aforementionedassumption.Therefore,withthetheoreticalcalculationsguidingtheresearch,othercarbon
nitrideswithdifferentstoichiometricmeasurementsshouldbedesignedandcalculatedinthefuture.

1 Method
  Thecrystalstructuresearchisbasedontheglobalminimizationoffreeenergysurfacesmerging
abinitiototalenergycalculationsthroughtheparticleswarmoptimization(PSO)techniqueasimple-
mentedintheCALYPSOcode[26].First-principlecalculationswereperformedusingtheCASTEP[27]

codebasedonthedensityfunctionaltheory[28-29].Theexchangeandcorrelationeffectsweredescribed
bythegeneralizedgradientapproximation-Perdew-Burke-Ernzerh(GGA-PBE)exchange-correlation
functional[30].Ultrasoftpseudopotentialswereexpandedusingaplane-wavebasissetwithacutoff
energyof500eV,andak-pointspacing(2π×0.4nm-1)wasassignedtogenerateMonkhorst-Pack
k-pointgridsforBrillouinzonesampling[31].StructuraloptimizationusingtheBFGSminimization
methodwasperformeduntiltheenergychangeofeachatomwaslessthan5×10-6eV,theforceson
atomswerelessthan0.1eV·nm-1,andallthestresscomponentswerelessthan0.02GPa[32].The
phononmodesoftheequilibriumcrystalstructureobtainedafterstructuralrelaxationwerecalculated
usingthefinitedisplacementtheory[33].Forthecalculatedphonondispersioninreciprocalspace,the
highsymmetrypointcoordinateswereG(0,0,0),A (0,0,0.5),H (-0.33,0.67,0.50),K (-0.33,

0.67,0),M (0,0.5,0),andL(0,0.5,0.5).Thepolycrystallinebulkmodulus,shearmodulus,Young’s
modulus,andPoisson’sratiowereestimatedusingtheVoigt-Reuss-Hillapproximation[34].

2 ResultsandDiscussions

2.1 CrystalStructure
  ThroughtheCALYPSOcode,crystalstructuresearcheswereperformedwithacellsizeofupto
48atoms(40Catomsand8Natoms)withinapressurerangeof0-70GPa.Analysisofthepredicted
structuresgivesusashortlistofcandidatestructureswithspacegroupsP62m (2formulaunitsper
cell),I41(4formulaunitspercell),Pbcn(8formulaunitspercell),P63cm (8formulaunitspercell),
P212121(8formulaunitspercell)andPna21(8formulaunitspercell),respectively,asshowninFig.1.
Inthesenovelstructures,I41-C5NandP63cm-C5Naresp2-sp3hybridizedwhiletheother4areallsp3

hybridizedphases.TheNatomsandthe3bondedCatomsarealmostcoplanarintheP62m-C5N,
I41-C5N,Pbcn-C5NandP63cm-C5Nstructures,whiletheyformatetrahedroninthePna21-C5N.Fur-
thermore,intheP212121-C5Nstructure,these2kindsofNatomsbothexist.Theoptimizedlattice
parameters,atompositions,spacegroups,densitiesandcellvolumesofthe6typesofC5Nareobtained
andlistedinTable1.

2.2 StabilityAnalysis
  Toexplorethethermodynamicstabilityforfurtherexperimentalsynthesis,theformationenthal-
pyofthe6novelC5NstructureswithrespecttotheseparatephasesisquantifiedbyΔHf=EC5N-5EC-
(1/2)EN2

,whereEC5NisthegroundstateenthalpyofthenewC5Nphase,ECistheenergyofCatomobtained
fromgraphite,andEN2isthetotalenergyofthestablemolecularαphaseofnitrogenreportedearlier

[35].
ThecalculatedformationenthalpyoftheseC5NstructuresasfunctionsofpressureisshowninFig.2.

2-301010

        高  压  物  理  学  报             第32卷  第1期 



Table1 StructureparametersofthenewlypredictedC5N

Phase
Crystal

system

Space

group
Atomspositions

Latticeparameters/

nm

Density/

(g·cm-3)
Cellvolume/

nm3

P62m-C5N Hexagonal P62m

C:6i(0.6686,0,0.6851)

C:4h(0.3333,0.6667,0.1846)

N:2e(0,0,0.2520)

a=0.42610

c=0.44904
3.48366 0.0706056

I41-C5N Tetragonal I41

C:8b(1.3922,0.3047,0.2213)

C:8b(0.8888,0.3025,0.5651)

C:4a(0.5000,-0.5000,0.6649)

N:4a(0.5000,-0.5000,0.3717)

a=0.56554

c=0.46199
3.32925 0.147761

Pbcn-C5N Orthorhombic Pbcn

C:8d(0.8394,1.1859,0.6653)

C:8d(0.9443,0.5105,1.3780)

C:8d(0.7272,1.4193,1.3967)

C:8d(1.4165,1.4451,0.5433)

C:4c(0.5000,1.3491,0.7500)

C:4c(0.5000,0.8125,0.7500)

N:8d(1.3159,0.7079,1.4033)

a=0.69219

b=0.75985

c=0.55251

3.38559 0.290603

P63cm-C5N Hexagonal P63cm

C:12d(0.1549,0.4103,0.8667)

C:12d(0.4099,0.1542,0.6931)

C:6c(0.7822,0,0.6486)

C:4b(0.3333,0.6667,0.1247)

C:4b(0.3333,0.6667,0.9413)

C:2a(0,0,0.4143)

N:6c(0.7847,0,0.9101)

N:2a(0,0,0.1519)

a=0.61546

c=0.94332
3.17945 0.309444

P212121-C5N Orthorhombic P212121

C:4a(-0.4660,0.3648,0.0251)

C:4a(-0.0356,0.4140,0.7846)

C:4a(0.4082,0.7553,0.4943)

C:4a(-0.3026,0.2316,0.4965)

C:4a(-0.3414,0.7023,0.9899)

C:4a(0.4321,0.3975,0.5198)

C:4a(-0.4450,0.6928,0.4812)

C:4a(0.1246,0.4389,0.5229)

C:4a(0.3131,0.9248,0.4703)

C:4a(-0.0722,0.9907,0.4778)

N:4a(-0.2536,0.8681,0.9885)

N:4a(-0.2860,0.6001,0.0557)

a=0.80449

b=1.40889

c=0.25659

3.3830 0.290827

Pna21-C5N Orthorhombic Pna21

C:4a(0.6262,0.2909,0.7966)

C:4a(0.6669,0.4999,0.8488)

C:4a(0.4457,0.1191,0.1296)

C:4a(0.3513,0.0085,0.1102)

C:4a(0.4412,0.8115,0.8592)

C:4a(0.1030,0.1609,0.0666)

C:4a(0.9757,0.2005,0.3318)

C:4a(0.2617,0.1527,0.5419)

C:4a(0.7486,0.6235,0.4587)

C:4a(0.3119,0.0399,0.6076)

N:4a(0.3225,0.4796,0.8604)

N:4a(0.7712,0.2000,0.7768)

a=0.40299

b=1.40205

c=0.51640

3.3720 0.291776
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Fig.1 PredictedstructuregraphsofC5N(Thespheresincolorblackand

bluerepresentCandNatoms,respectively.)

Fig.2 Formationenthalpyofthenewlypredicted
C5Nphasesrelativetographiteandnitrogen

asafunctionofpressure

FromFig.2,theformationenthalpiessuggestthat
theseC5Nphaseismetastableat0GPabecauseof
itspositivevalue,whichissimilartothatofdia-
mondandc-BN.Meanwhile,asthepressurerises
from19GPato83GPa,allthese6phasesgradually
becomethermodynamicallystable.Moreover,theuse
ofhightemperatureisaclassicalwaytoimprove
boththediffusionprocessesandthereactivityof
precursorsforthematerialsynthesisofbulkforms
orthinfilms.Thatis,ifweusegraphiteandnitro-
genasprecursorsforcondensedcarbonnitridesat
highpressure,thentheseC5Nphasesmaybesyn-
thesizedatreadilyattainablepressuresandtemper-
atures.Furthermore,ourphononcalculationshave

verifiedthatthese6C5Nisdynamicallystableasevidencedbytheabsenceofanyimaginaryfrequency
inthewholeBrillouinzoneatambientpressure(seeFig.3).

Toevaluatethemechanicalstabilityofacrystalstructure,theelasticconstantsofacrystalshould
satisfythegeneralizedelasticstabilitycriteria.Forahexagonalcrystal,5independentelasticcon-
stants,namely,C11,C33,C44,C12,andC13,shouldobeythefollowinggeneralizedBornmechanicalstabil-
itycriteria[35]:C44>0,C11>|C12|,and(C11+2C12)C33>2C213.Foratetragonalcrystal,thereare6inde-
pendentelasticconstants,namely,C11,C33,C44,C66,C12,andC13,andthecorrespondingmechanicalsta-
bilitycriterionisgivenby:Cij>0(i=j=1-6),C11-C12>0,C11+C33-2C13>0,2(C11+C12)+C33+
4C13>0.Foranorthorhombiccrystal,thereare9independentelasticconstants,namely,C11,C22,C33,

C44,C55,C66,C12,C13andC23,andthecorrespondingmechanicalstabilitycriterionisasfollow:Cij>0
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(i=j=1-6),C11+C22+C33+2(C12+C13+C23)>0,C11+C22-2C12>0,C11+C33-2C13>0,C22+C33-
2C23>0.ThecalculatedelasticconstantvaluesofC5Nphasesbythestrain-stressmethodarelistedin
Table2.Accordingtotheabovecriteria,thecalculationresultsindicatethatthesenovelstructuresare
allmechanicallystableunderambientpressure.

Fig.3 Phonondispersionspectrumat0GPa

Table2 CalculatedindependentelasticconstantsCijofthenewlypredictedC5N

Phase
C11/

GPa

C22/

GPa

C33/

GPa

C44/

GPa

C55/

GPa

C66/

GPa

C12/

GPa

C13/

GPa

C15/

GPa

C23/

GPa

C25/

GPa

P62m-C5N 1194 930 252 113 18

I41-C5N 649 931 244 247 244 75

Pbcn-C5N 762 663 822 382 360 364 190 83 165

P63cm-C5N 873 490 192 170 35

P212121-C5N 902 847 893 299 341 347 120 93 40 902 847

Pna21-C5N 891 659 736 289 372 324 86 153 149 891 659

2.3 Properties
  BasedontheVoigt-Reuss-Hillapproximation,bulkmodulus(B),shearmodulus(G),Young’s
modulus(E)andPoisson’sratio(σ)canbeobtainedfromthecalculatedelasticconstants.Thecalcu-
latedB,G,EandσofthenewlypredictedC5NarelistedinTable3.Bulkmodulusisameasureofthe
resistanceagainstvolumechangeimposedbytheappliedpressure,whileshearmodulusrepresentsthe
resistancetothesheardeformationagainstexternalforces,whichindicatestheresistancetothechange
inthebondangle.Thehardnessisdeducedfromthesizeoftheindentationafterdeformation.Asuper-
hardmaterialtypicallyrequiresahighbulkmodulustosupportthevolumedecreasecreatedbythe
appliedpressureandahighshearmodulussothatthematerialwillnotdeforminadirectiondifferent
fromthatoftheappliedload.FromTable3,itisobviousthatbothBandGofP62m-C5Narethelar-
gestamongthe6newstructures,indicatingitcanwithstandstrongercompressionandhighershear
stressthantheotherstructures.
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Therelativedirectionalityofcovalentbondsofmaterialsalsohasanimportanteffectontheir
hardnessandmechanicalproperties,whichcanbedeterminedbytheG/Bratio[36].Table3showsthat
theG/BratioofP212121-C5N(1.014)ishigherthanthatoftheother5C5Nphases,therebysugges-
tingthestrongerdirectionalbondingfeatureofP212121-C5N.Therelativeorientationofmaterial
bondingalsohasanimportanteffectontheirhardness.Young’smodulus(E)isdefinedastheratio
betweenstressandstrainandisusedtoprovideameasureofstiffnessofthesolid,i.e.,thelargerthe
valueofE,thestifferthematerialis.Poisson’sratio(σ)quantifiesthestabilityofthecrystalagainst
shear.ExceptforI41-C5N,thefairlylargevalueofEandsmallPoisson’sratioindicatethattheother5
C5Nphasesareratherstiffandrelativelystableagainstshear.Thus,theprecedingresultsrevealthat
thesenewC5Nphasesarepotentialcandidatesforsuperhardmaterialsandthiswillbeconfirmedby
ourfollowingcalculationsoftheVickershardness.

Table3 CalculatedbulkmodulusB,shearmodulusG,Young’smodulusEandVickershardnessHvof
thenewlypredictedC5N(AlsoshownareG/BratioandPoisson’sratioσ)

Phase B/GPa G/GPa E/GPa σ G/B Hv/GPa

P62m-C5N 397 394 888 0.127 0.992 62.5

I41-C5N 335 238 577 0.213 0.711 30.0

Pbcn-C5N 347 338 765 0.133 0.973 55.0

P63cm-C5N 286 267 611 0.144 0.934 44.5

P212121-C5N 349 354 794 0.121 1.014 59.6

Pna21-C5N 338 321 731 0.139 0.949 51.6

Theelectronicstructuredeterminesthefundamentalphysicalandchemicalpropertiesofmateri-
als.ThecalculatedelectronicbandstructureofthenewpredictedC5Nphasesat0GPaarepresentedin
Fig.4.From Fig.4,wecanfindthatI41-C5Naremetallic,Pbcn-C5NandPna21-C5Naredirect-

bandgapsemiconductorswhileP62m-C5N,P63cm-C5NandP212121-C5Nareindirect-bandgapsemi-
conductors.Allthese5semiconductorsarenarrowbandgapsemiconductorsandtheirbandgapsare
1.131,0.971,2.312,0.796and1.088eV,respectively.Thenarrowbandgapfeaturesuggeststhatthey

Fig.4 ElectronicbandstructuresofnewlypredictedC5Nat0GPa
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maybeusedasphotocatalyst.Inaddition,thedirectbandgapfeatureindicatesPbcn-C5NandPna21-C5N
arepromisingmaterialsforthesolarcellorphotographyindustry.

InordertofigureoutthetheoreticalVickershardnessofthenewC5Nstructures,weemployed
themacroscopichardnessmodelproposedbyChenetal.[37]andrevisedbyTianetal.[38].Theformula
isHv(GPa)=0.92k1.137G0.708,wherekisthePughmodulusratioandequaltoG/B.Theresultsare
showninTable3.WecanfindthatthesenewcompoundsaresuperhardmaterialsexceptforI41-C5N

andthehardnessofP62m-C5NandP212121-C5Nareevenclosetothatofc-BN.

3 Conclusions
  Insummary,usingthedevelopedPSOtechniqueonthecrystalstructureprediction,wepredicted
6typesofC5Nstructures,andsystematicallyinvestigatedtheirgeometrystructures,stability,elec-
tronicandmechanicalpropertiesbyfirst-principlecalculationsbasedonthedensityfunctionaltheory.
Allthesenewphasesaremetastableatambientpressurebutbecomeenergeticallymorestablethan
graphiteandN2underhighpressures(19-83GPa).Inaddition,theyareprovedtobemechanically
anddynamicallystableatambientpressurebycomputingtheirelasticconstantsandphonondisper-
sions.Furthermore,exceptforI41-C5N,theother5phasesaresuperhardsemiconductorsaswell.The
presentworkhasgreatimplicationsfordesigningandresearchingnovelsuperhardmaterials.
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新型超硬C5N晶体结构及性能的
第一性原理研究

李子鹤,刘 超,马梦东,潘益龙,赵智胜,于栋利,何巨龙
(燕山大学亚稳材料制备技术与科学国家重点实验室,河北 秦皇岛 066004)

  摘要:通过使用在晶体结构预测方面成熟的粒子群优化算法,提出了6种化学计量比为

5∶1的氮化碳新相。采用基于密度泛函理论的第一性原理计算研究它们的结构、稳定性、机
械性能和电子性质。计算结果表明,在提出的6种结构中,P62m-C5N是能量最稳定的。弹性

常数和声子谱计算表明,这些结构在0GPa时是机械稳定和动力学稳定的。电子计算显示,

I41-C5N是金属性的,而其他5种结构是半导体。维氏硬度计算表明,除I41-C5N外,其余氮

化碳都为超硬材料。通过形成焓计算,分析认为这6种结构能在目前实验所能达到的高压下

合成(19~83GPa)。

  关键词:氮化碳;第一性原理计算;超硬;高剪切强度

  中图分类号:O481.1;O482.1   文献标识码:A
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高高压下立方BC3 的力学和热力学性质
*

常少梅
(宝鸡文理学院物理与光电技术学院,陕西 宝鸡 721016)

  摘要:采用基于密度泛函理论的第一性原理赝势方法,系统地研究了立方BC3 在常压和

高压下的晶格常数和力学性质,包括弹性常数、弹性模量和力学各向异性。利用准简谐近似下

的德拜模型研究了高温高压条件下的热力学性质。研究结果表明:常压下立方BC3 具有较大

的弹性模量和力学各向异性;高压下,立方BC3 的晶格常数、弹性常数和弹性模量显著增加。
热力学性质的计算结果表明,立方BC3 具有较高的德拜温度,其摩尔定容热容和摩尔定压热

容在高温高压条件下呈现明显的变化。立方BC3 的德拜温度随着压力的增大而增加,但随着

温度的增大而明显减小。

  关键词:第一性原理;立方BC3;高压;力学性质;热力学性质

  中图分类号:O521.21   文献标识码:A

  超硬材料是指维氏硬度(VickersHardness)超过40GPa的一类功能材料。超硬材料可以作为研

磨、抛光、切割工具以及抗磨损和保护涂层材料,其合成和设计一直都是材料学科中非常令人关注的领

域[1-4]。典型的超硬材料有金刚石和硬度略低于金刚石的立方氮化硼。尽管传统的超硬材料金刚石硬

度可达115GPa[5],然而其热稳定性较低,化学惰性较差,因此其工业应用受到很大的限制。替代材料

立方氮化硼虽具有良好的化学惰性和热稳定性,但是其硬度(62GPa[6])远小于金刚石,而且实验中很难

合成大块的单晶。有鉴于此,设计和合成具有高硬度、良好热稳定性和化学惰性的新型超硬材料是材料

学科中亟待解决的问题。目前,对超硬材料的研究主要集中于两类化合物:一类是由轻元素(B、C、N、

O)构成的键长短、键密度大、离子性小的强共价化合物,例如BC3[7]、BC5[8]、BC2N[9]、B6O[10];另一类是

由具有高价电子密度的过渡金属原子和轻元素形成的化合物,如ReB2[11]、FeB4[12]、PtN2[13]、Os2C[14]。
由硼元素和碳元素组成的硼碳化合物具有许多优点,如超高的硬度、很好的抗氧化能力、优良的电

子性质等,因此研究者试图从硼碳化合物中寻找潜在的超硬材料。实验上,采用金刚石对顶砧高压装

置,结合激光直接加热的方法,Solozhenko等[8]在压力24GPa和温度2200K的条件下,成功合成了维

氏硬度高达71GPa的立方BC5,研究表明立方BC5 是良好的研磨和耐高温材料。Zinin等[7]在压力

39GPa和温度2200K的条件下,合成了立方结构的BC3,电子能量损失谱的实验证明,其内部原子全

部都是sp3 杂化成键。然而,由于B原子和C原子的原子序数较小且相邻,其电子和原子核的散射截面

非常相似,因此很难通过常规的X射线衍射等手段确定这些硼碳化合物的晶体结构及其B、C原子占

位[15]。目前,密度泛函理论的日益成熟和结构预测技术[16-18]的不断发展使通过理论方法确定晶体结构

成为现实,不依赖任何经验参数,仅仅利用材料的化学组分和给定外界条件(如压强),就能够确定材料

在给定外界条件下的晶体结构。Zhang等[19]采用基于密度泛函理论的粒子群优化算法,成功地确定了

Zinin等[7]合成的立方类金刚石结构BC3(d-BC3)的晶体结构,理论模拟该晶体结构的X射线衍射谱及

拉曼光谱与实验结果完全吻合。研究结果表明,d-BC3 的空间群为I-43m,每个单胞中包含16个分子式
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(formulaunits,f.u.),共64个原子,其理论计算的硬度为62GPa,与立方氮化硼的硬度相同,是潜在的

超硬材料。
实验合成d-BC3 需要高温高压条件,尽管已经采用理论模拟的方法成功确定了其晶体结构,然而目

前尚没有d-BC3 在高压下的晶格常数、力学性质和热力学性质的相关研究报道。本工作采用基于密度

泛函理论的第一性原理方法,系统地研究超硬d-BC3 在高温高压条件下的晶格常数、力学性质和热力学

性质。

1 计算方法

  在结构优化和自洽计算过程中,全部使用基于密度泛函理论和平面波展开的 VASP(ViennaAb
initioSimulationPackage)软件包[20]。电子的交换关联势能函数采用广义梯度近似(GeneralGradient
Approximation,GGA)下的PBE(Perdew-Burke-Ernzerh)交换关联泛函[21],电子与核之间的相互作用

采用冻核近似的全电子投影缀加平面波(ProjectorAugmentedWave,PAW)赝势[22]描述,其中B和C
的价电子分别为2s22p1 和2s22p2。为了保证计算的可靠性和有效性,平面波截断能设置为800eV,布
里渊区k点的选取采用 Monkhorst-Pack网格方法,网格采样的间距为0.3nm-1。系统总能收敛测试

表明:上述设置能够有效地保证能量收敛到1meV/f.u.量级。弹性常数的计算基于力收敛的弛豫结

构,采用应力-应变方法。不同压力下的体弹性模量B、剪切模量G、杨氏模量Y 由Voigt-Reuss-Hill近

似[23]确定。d-BC3 在高温高压下的热力学性质采用准简谐近似的Debye模型[24],该模型已经成功应用

到许多材料的热力学性质计算中。

2 结果与讨论

2.1 晶格常数和物态方程

  在零压条件下,d-BC3 是类金刚石的立方结构,空间群为I-43m(No.217),其晶体结构如图1所示。
弛豫d-BC3 结构得到其零压下的晶格常数a0=b0=c0=0.73331nm,与文献[19]的结果(a0=0.73330nm)
几乎完全吻合,B原子和C原子的分数坐标与文献[19]也符合得非常好,证明了所采用的计算方法的精

确性和可靠性。零压条件下d-BC3 的密度ρ0=3.16g/cm3,略小于超硬的金刚石密度(3.53g/cm3)。
对零压下的d-BC3 连续施加压力,加压范围为0~100GPa,间隔为5GPa,对加压条件下的d-BC3 进行

结构弛豫,其依然保持空间群为I-43m 的立方结构。图2(a)给出了d-BC3 归一化的晶格常数a/a0 和

密度ρ/ρ0 随压力的变化关系。
可以看到,随着外加压力的不断增大,d-BC3 的晶格常数逐渐减小,晶格常数和压力之间基本呈现

线性关系。尽管如此,当压力达到100GPa(100万个大气压)时,d-BC3 的晶格常数与零压下比较仅减

小了7%左右,说明d-BC3 具有优异的抗压缩能力,可以作为潜在的超硬材料。采用最小二乘法和二次

多项式拟合,得到归一化的晶格常数a/a0 和压力p(GPa)之间的解析关系,即

图1 立方BC3 的晶体结构

Fig.1 CrystalstructureofcubicBC3
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图2 立方BC3 归一化晶格常数a/a0 和密度ρ/ρ0 随压力的变化关系(a)以及能量-体积物态方程(b)

Fig.2 Pressuredependenceofnormalizedlatticeconstantsa/a0anddensityρ/ρ0(a),

andtheequationofstateforcubicBC3(b)

a
a0

=0.99941-8.71×10-4p+2.29×10-6p2 (1)

同时,由于d-BC3 具有优良的抗压缩性,随着压力的增加,其密度缓慢增大,直到压力增至100GPa时,
其密度仅仅比零压下的密度增大了22%。

为了得到d-BC3 的物态方程,在负压力条件下,对d-BC3 的晶体结构连续地进行结构优化,提取各

个压力点下的总能E 和体积V,整合正压力(0~100GPa)条件下的总能E 和体积V 数据,根据三阶

Birch-Murnaghan方程[25]即可拟合出d-BC3 的物态方程
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式中:E0、V0、B0 分别为零压下的总能、体积和体弹性模量,B′0 为体弹性模量对压力的一阶导数。图2(b)
给出了采用三阶Birch-Murnaghan方程拟合得到的d-BC3 物态方程。拟合得到,零压下d-BC3 每个分

子式的体积为0.02466nm3,体弹性模量B0=341GPa,体弹性模量对压力的一阶导数B′0=3.75。

2.2 力学性质

2.2.1 弹性常数

图3 立方BC3 弹性常数随压力的变化关系

Fig.3 Pressuredependenceofelastic
constantsforcubicBC3

  晶体的弹性常数是表征晶体弹性性质的物理

量,反映晶体对外加应变的响应程度。对材料的晶

体结构从相反方向上施加6组共计12个应变,自洽

计算得到每个应变下的应力大小,然后利用广义胡

克定律即可求得材料的弹性常数矩阵。对于立方晶

系,其独立的3个弹性常数为C11、C12和C44。图3
给出了0~100GPa压力区间内d-BC3 的3个独立

弹性常数随压力的变化关系。显然,随着压力的逐

渐增大,C11、C12和C44呈现明显的增加。相比较而

言,C11的斜率最大,说明C11随着压力的增加变化幅

度最大,因此d-BC3 沿a、b、c3个主晶轴方向对应

变的响应最明显。而C44的斜率最小,说明C44随着

压力的增加变化最慢。根据Born-Huang弹性稳定

性条件,立方晶系弹性稳定性条件为[26]

C11-C12 >0, C11+2C12 >0, C44 >0 (3)
显然,从0GPa到100GPa,d-BC3 一直满足Born-Huang弹性稳定性条件,说明d-BC3 在研究的压力范

围内具有力学稳定性。
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2.2.2 弹性模量

  计算材料弹性模量的模型有2种:一种是Voigt模型,假设晶体的所有晶粒具有相同的应变,它反

映材料刚度的上限;另一种是Reuss模型,假设晶体所有晶粒具有相同的应力,它反映材料刚度的下限。
更为合理的方法是取Voigt模型和Reuss模型的算数平均值来计算材料的体弹性模量和剪切模量,即

Voigt-Reuss-Hill近似[23]。对于立方晶系的晶体,Voigt体弹性模量BV、Voigt剪切模量GV、Reuss体

弹性模量BR 和Reuss剪切模量GR 分别定义为[27]

BV=BR=(C11+2C12)/3 (4)

GV=(C11-C12+3C44)/5 (5)

GR= 5(C11-C12)C44
4C44+3(C11-C12)

(6)

由此可以得到Voigt-Reuss-Hill近似下的体弹性模量和剪切模量为

B=(BV+BR)/2 (7)

G=(GV+GR)/2 (8)
对于各向同性的材料,杨氏模量Y 可以由体弹性模量和剪切模量表示为

Y=9BG/(3B+G) (9)

  表1中列出了利用0~100GPa的弹性常数计算得到的d-BC3 的体弹性模量、剪切模量和杨氏模

量。从表1数据看出,压力为零时,d-BC3 的体弹性模量的计算值为345GPa,与2.1节采用三阶Birch-
Murnaghan方程拟合得到的结果(341GPa)非常吻合。尽管与常见的超硬材料金刚石相比,d-BC3 的体

弹性模量、剪切模量和杨氏模量分别小了20.0%、38.5%和51.9%,但是d-BC3 的体弹性模量和剪切模

量与超硬的立方氮化硼非常接近,说明其具有优异的抵抗外界应力的能力。随着压力的增大,d-BC3 的

体弹性模量、剪切模量和杨氏模量均逐渐增加,说明d-BC3 的刚度逐渐增大,对于一定的应力,它发生的

弹性形变逐渐变小。从原子成键的角度分析可以得到,其主要原因是压力越大,d-BC3 的晶格常数越

小,其中B─C键和C─C键的键长越小,因此成键强度越大,导致d-BC3 抵抗外界应力的能力越强,因
此,弹性模量随着压力的增加而增大。

表1 不同压力下立方BC3 的体弹性模量、剪切模量和杨氏模量

Table1 Bulkmodulus,shearmodulus,andYoung’smodulusforcubicBC3underpressure

Material Pressure/GPa B/GPa G/GPa Y/GPa

d-BC3

0
10
20
30
40
50
60
70
80
90
100

345
381
416
450
483
515
547
578
610
640
671

318
332
343
354
363
371
379
386
393
399
405

730
772
807
841
870
898
923
948
971
992
1012

c-BN[28] 0 376 390

Diamond[29-30] 0 432 517 1109

2.2.3 力学各向异性

  晶体材料的各向异性对于材料的塑性形变、断裂行为和弹性不稳定性具有非常重要的影响。对于

立方晶系的晶体,沿着任意[hkl]方向的杨氏模量可以写为[31]
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Y-1=s11-β1(α2β2+α2γ2+β2γ2) (10)
式中:α、β、γ表示拉伸方向的3个方向余弦;β1=2s11-2s12-s44 ,而s11、s12、s44表示晶体的3个独立弹性

柔顺系数,可以用立方晶体的弹性常数C11、C12和C44表示

s11= C11-C12
C211+C11C12-2C212

, s12= C12
C211+C11C12-2C212

, s44= 1C44
(11)

  图4给出了d-BC3 杨氏模量各向异性的三维图形和二维投影图。从图4中可以看出,与超硬金刚

石的杨氏模量各向异性相比较[32],d-BC3 的杨氏模量各向异性较大,主要由于d-BC3 的B─C键成键强

度小于金刚石的C─C成键,因此各个方向的杨氏模量呈现出较大区别。计算得到β1 的取值小于零,故
由(7)式可得,杨氏模量在主晶轴a、b、c方向取极大值,即Ymax=Y[001]=Y[010]=Y[100]=1/s11=1034GPa,
而在主对角线方向取极小值,即Ymin=Y[111]=3/(s11+2s12+s44)=697GPa。对于d-BC3,杨氏模量沿主

要晶轴方向的大小顺序可以写为:Y[111]<Y[011]<Y[001]。

图4 杨氏模量各向异性的三维图(a)和平面投影图(b)

Fig.4 Three-dimensionalplot(a)andthecorrespondingprojection(b)ofanisotropyofYoung’smodulus

2.3 热力学性质

  文献[7,19]指出,d-BC3 是在高温高压条件下合成的BC3 的亚稳态结构,因此非常有必要研究

d-BC3在高温高压条件下的物理性质。下面主要利用准简谐近似的德拜模型(Quasi-Harmonic
ApproximationDebyeModel)[24]讨论高温高压条件下d-BC3 的热力学性质。根据2.1节计算得到的

物态方程,采用准简谐近似的德拜模型,拟合得到d-BC3 在高温高压条件下的德拜温度和热容。采用文

献[33]中德拜温度的计算公式可以得到,d-BC3 在零压下的德拜温度θD=1790K,而利用物态方程拟合

得到的d-BC3在零压下的德拜温度θD=1747K,两种方法的结果非常接近,说明本研究采用的准简谐近

似的德拜模型是准确可靠的。图5给出了摩尔定容热容和摩尔定压热容随压力和温度的变化关系。从

图5(a)中看到:摩尔定容热容cV 随着温度的增加而增大;在温度一定的条件下,cV 随着压力的增大而

缓慢降低;当温度远大于德拜温度,即T≫1747K时,d-BC3 的摩尔定容热容趋近于杜隆-珀蒂定律的结

果99.72J·mol-1·K-1(图5(a)中虚线标示的位置);当温度远小于德拜温度,即T≪1747K时,d-BC3
的摩尔定容热容随着温度的增加而急剧增大,符合德拜T3 律。由图5(b)可知:在一定的压力下,摩尔

定压热容cp 随着温度的增加而增大,主要原因是原来被冻结的部分高频晶格振动模式在高温下对热容

产生贡献;在温度一定时,摩尔定压热容cp 随着压力的增大而逐渐减小。
德拜温度是能量均分定理适用的最低温度。由图5可得,d-BC3 的德拜温度随着温度的增加逐渐

减小,说明温度的增加激发了更多的高频晶格振动模式,能量均分定理不再适用,因此导致d-BC3 的德

拜温度减小。在一定温度下,d-BC3 的德拜温度随着压力的增大而逐渐增大,主要原因是德拜温度反映

材料内部原子的结合能大小,当压力增大时,原子之间的成键强度变大,使原子之间的结合能越大,因此

提高了材料的德拜温度。
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图5 立方BC3 的摩尔定容热容cV、摩尔定压热容cp 和德拜温度随压力和温度的变化关系

Fig.5 MolarheatcapacitycV,cpandDebyetemperaturevs.pressureandtemperatureforcubicBC3

3 结 论

  采用密度泛函理论框架下的第一性原理方法,主要研究了常压和高压下立方BC3 的力学性质和热

力学性质。通过晶格常数和力学性质的计算,说明常压下立方BC3 拥有较高的弹性常数和弹性模量,
具有良好的不可压缩性能,是潜在的超硬材料。力学各向异性的计算结果表明,立方BC3 的杨氏模量

的各向异性比金刚石更显著。根据准简谐近似的德拜模型,计算得到了立方BC3 的摩尔定容热容、摩
尔定压热容和德拜温度随温度和压力的变化关系。计算结果说明,在高温高压条件下,立方BC3 的摩

尔定容热容和摩尔定压热容随着温度的增加而变大,随着压力的增大而缓慢减小。德拜温度随着温度

的增大逐渐减小,但随着压力的增大,其取值明显增加。
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MechanicalandThermodynamicPropertiesfor
CubicBC3underHighPressure

CHANGShaomei

(CollegeofPhysicsandOptoelectronicTechnology,BaojiUniversityof
ArtsandSciences,Baoji721016,China)

Abstract:ThelatticeconstantandmechanicalpropertiesofcubicBC3underambientandhighpres-
sure,includingtheelasticconstants,theelasticmodulus,andthemechanicalanisotropy,wereinvesti-
gatedusingthefirstprinciplemethodintheframeworkofthedensityfunctionaltheory.Thethermo-
dynamicpropertiesunderhightemperatureandhighpressurewerecalculatedintermsofthequasi-
harmonicDebyemodel.TheresultsobtainedshowthatthecubicBC3possessesalargeelasticmodulus
andahighdegreeofanisotropyunderambientpressure.Underhighpressure,thelatticeconstant,elas-
ticconstants,andelasticmodulusofcubicBC3increasesignificantly.Theresultsobtainedfromthe
thermodynamiccalculationssuggestthatthecubicBC3hasalargeDebyetemperature,andthemolar
heatcapacityatconstantvolumeandpressureexhibitsobviousvariationunderhightemperatureand
highpressure.Meanwhile,TheDebyetemperatureofcubicBC3increaseswiththeincreaseofpres-
sure,butdecreaseswiththeincreaseoftemperature.
Keywords:firstprinciple;cubicBC3;highpressure;mechanicalproperties;thermodynamicproperties
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CrystalStructureandStabilityofLiAlH4

fromFirstPrinciples
*

ZHANGYilong,CUIMan’ai,LIUYanhui

(DepartmentofPhysics,CollegeofScience,YanbianUniversity,Yanji133002,China)

  Abstract:ThestructuralstabilityofLiAlH4,apromisinghydrogenstoragematerial,underhighpressure

wasresearchedusingtheabinitiopseudopotentialplanewavemethod.Itisfoundthatthephasetransition

occursat1.6GPafromtheα-LiAlH4phasetotheβ-LiAlH4(spacegroupI2/b)phase.Thisphasetransitionis
identifiedasfirst-orderinnaturewithvolumecontractionsof18%.Moreover,theanalysisofthephonon

dispersioncurvessuggeststhatphasetransitionisrelatedtothephononsoftening.Mullikenpopulationanalyses

indicatedthattheambientphase(α-LiAlH4)isexpectedtobethemostpromisingcandidateforhydrogenstorage.

  Keywords:crystalstructure;hydrogenstoragematerials;densityfunctionaltheory;pressure-inducedstruc-
turaltransition;electronicstructure

  CLCnumber:O521.23   Documentcode:A

  Lightmetalcomplexhydridesarepromisingmaterialsforsolid-statehydrogenduetotheirgravi-
metrichydrogendensity[1-5].Forexample,lithiumalanate(LiAlH4)andsodiumalanate(NaAlH4)

havetheoreticalhydrogencapacitiesof10.6%and7.5% (massfraction),respectively.Hence,LiAlH4
andNaAlH4couldbeviablecandidatesforpracticalusageason-boardhydrogenstorage.However,a
seriousproblemwiththesematerialsistheirpoorkineticsandlackingreversibilitywithrespectto
hydrogenabsorption/desorption.RecentexperimentalevidencesshowthatLiAlH4andNaAlH4release
7.9%and5.6% (massfraction)ofH,respectively.Thisrepresentsnearly4and5timesmorestored
hydrogenthanLaNi5-basedalloyswhicharecurrentlyusedinnickel-basedhydridebatteries.However,

itisdifficulttoaccuratelyidentifythepositionsofthehydrogenatomsbythehigh-pressureX-rayand
neutrondiffractionstudies.Therefore,explorationofthephasestabilityandstructureshasattracteda
greatdealofattention.

Underambientconditions,LiAlH4crystallizesatamonoclinicstructurewithaspacegroupP21/c
(denotedasα-LiAlH4).ThestructureconsistsofAlH4unitsseparatedbyLi+ions,andthehydrogen
atomsarearrangedaroundthealuminumatomsinanalmostregulartetrahedralconfiguration.Onthe
theoreticalside,theα-LiAlH4structuretransformsintoanewtetragonalβ-LiAlH4structure(space
groupI41/a)at2.6GPawitha17%volumecontraction[6].However,theneutrondiffractionconfirms
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thatthestructureofthehighpressureβ-LiAlD4hasamonoclinicspacegroupI2/b
[7].Itisdetermined

thatthereisareversiblephasetransitionbacktotheα-LiAlD4withaslowreleaseofpressureand
cooling.Consequently,theRamanmeasurementconfirmedthattheambientstructuretransformtothe

β-LiAlH4structure(spacegroupI2/b)at3GPa
[8],aswellasthepreviouslyreportedtransitionpres-

surebetween2.2and3.5GPa[9].
Inthiswork,wereportourresultsonthegeometriesandelectronicstructuresofLiAlH4with

pressureusingtheabinitiocalculations.Thetotal-energycalculationsforthepressure-inducedphase
transitioninLiAlH4 wereperformed.Thestructuraltransitionfromα-toβ-LiAlH4 happenedat
1.6GPa.Thefullphonondispersioncurveswerecalculated,forthefirsttime,toprovidetheevidence
ofphononstabilityforpressured-inducedphasetransition.Wealsodiscussedthedensityofstatesand
bondoverlappopulationsaboutthetwophases.

1 ComputationalMethod
  Thecalculationswereperformedwithinthedensityfunctionaltheory(DFT),usingthePerdew-
Burke-Ernzerhofgeneralizedgradientapproximationfunctional[10-12].Aplane-wavenorm-conserving
pseudopotentialmethod[13]asimplementedintheCASTEPcode[14]wasemployed.Weusedtheplane-
wavekinetic-energycutoffof850eVwhichwasshowntogiveexcellentconvergenceofthetotalener-
giesandstructuralparameters.AccordingtotheMonkhorst-Packmethod,k-pointspacingsmallerthan
0.3nm-1wasindividuallyadjustedinreciprocalspacetothesizeofeachcomputationalcell[15].The
optimizationwasperformed,allforcesonatomswereconvergedtobelessthan0.1eV/nmandallthe
stresscomponentsarelessthan0.02GPa.Thetoleranceintheself-consistentfield(SCF)calculation
wassetto10-6eV/atom.Thephononfrequencieswerecalculatedbythedirectapproach,whichis
basedonthefirst-principlescalculationsofthetotalenergy,theHellman-Feynmanforces,andthedynami-
calmatrixasimplementedinthephononpackages[16-17].Convergencetestgavetheuseof2×1×1and
2×2×1supercellinthephononcalculation.

2 ResultsandDiscussions
  Weoptimizethecrystalstructuresallowingsimultaneouslyvariationsofunitcellandatomicposi-

Fig.1 Volumevs.pressurecurvesofα-LiAlH4and

β-LiAlH4phases(Enthalpydifference(performulaunit)

betweenα-LiAlH4andβ-LiAlH4asafunctionof

pressureisshownintheinsert.)

tionsatselectedpressures.Thecalculatedlattice
parametersofα-LiAlH4(spacegroupP21/c)and

β-LiAlH4 (spacegroupI2/b)arelistedinTable1,

whichalsoincludestheexperimentaldataforcom-
parison[18].Fortheα-LiAlH4phase,thedeviations
betweenourcalculatedresultsandtheexperimen-
talvaluesarelessthan2%,whichissufficiently
accurate.Thisstronglysupportsthechoiceofthe
pseudopotentialsandGGAapproximationforthe
currentstudy.Thetheoreticalgeneratedpressure-
volumecurve(seeFig.1)showsthattheα-LiAlH4
transformstoamonoclinicphaseofβ-LiAlH4with
avolumecontraction(ΔV/V)of18%,whichsug-
geststhatthisisafirst-orderphasetransition.The
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hugevolumecontractionisconsistentwiththeRamanscatting measurementandtheothertheoretical
results[6,8].Inordertogiveaclearpictureofthestructuraltransition,thedifferenceoftheenthalpy(perfor-
mulaunit)betweentheα-LiAlH4andβ-LiAlH4phasesasafunctionofpressureisshownintheinsert
ofFig.1.Itcanbeclearlyseenthattheβ-LiAlH4phasebecomesenergeticallymorefavourablethan
theα-LiAlH4phaseabove1.6GPa,whichisthetransitionpressurefromα-LiAlH4toβ-LiAlH4.

Table1 Optimizedstructuralparameters,atomicpositionparametersfor
theα-LiAlH4andtheβ-LiAlH4structures

Phase Unit-celldimensions Atomcoordinates

α-LiAlH4
(P21/c)

a=0.4851nm(0.4817nm*)

b=0.7814nm(0.7802nm*)

c=0.7732nm(0.7821nm*)

Li:(0.585,0.459,0.829),(0.560,0.466,0.827)*

Al:(0.159,0.204,0.938),(0.139,0.203,0.930)*

H1:(0.193,0.102,0.766),(0.183,0.096,0.763)*

H2:(0.377,0.371,0.986),(0.352,0.371,0.975)*

H3:(0.254,0.082,0.119),(0.243,0.081,0.115)*

H4:(0.822,0.268,0.882),(0.799,0.247,0.872)*

β-LiAlH4
(I2/b)

a=0.4452nm
b=0.4459nm
c=1.0102nm

β=89.978°

Li:(0,0.250,0.125)

Al:(0,0.250,0.625)

H1:(0.259,0.425,0.542)

H2:(0.324,0.508,0.792)

    Note:“*”representsexperimentaldatafromRef.[18].

Toinvestigatethedynamicstability,wecalculatedthephonondispersioncurvesalongsomehigh-
symmetrylinesintheBrillouinzones(BZ)andthecorrespondingphonondensityofstates(DOS)for
theLiAlH4structure.NoimaginaryfrequencyisobservedthroughoutthewholeBZ,indicatingthat
thetwonovelphasesaredynamicallystableinthepressureregionfromthisstudy.Wealsocalculated
thephonondispersioncurvesatthephasetransitionpressurefortheα-LiAlH4structureinFig.2.For
comparison,thestabilityofphonondispersioncurvesfortheα-LiAlH4at0GPaareshowninFig.2(a).
InFig.2(b),itisindicatedthatthephasetransitionshouldnotberelatedtothepressure-inducedpho-

Fig.2 Phonondispersionrelationsand
densityofstateinhigh-symmetrydirectionsfor
theα-LiAlH4structureat0and1.6GPa

nonsoftening.Thetotalandpartialdensities
ofstatesforthetwophasesareshownin
Fig.3.Analysisofthecalculatedelectronic
densityofstaterevealsthatthetwophases
exhibitacommoninsulatingfeaturewitha
finiteenergygap.Thevalenceband(VB)in
α-LiAlH4phaseissplitintotworegions.Sub-
sequently,thetwopeakscombineintoone
broaderpeakintheβ-LiAlH4phaseproducing
thebroadeningofVBunderhighpressure.
Thisisoriginatedfromtheshortenedinter-
atomicdistanceuponsqueezing,fortheVBre-
gionismainlydominatedbyH1s,andAl2s,

2pstates.ItshowsthattheHandAlatoms
becomethedirectionalcovalentbondswithin
theAlH4tetrahedronorAlH4octahedronlayers.Thebottomoftheconductionbandjustabovethe
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Fig.3 Calculatedtotalandpartialelectronicdensities
ofstatesforα-LiAlH4structureat0GPa(a)and

β-LiAlH4structureat1.6GPa(b)respectively

FermienergyiscomposedoftheAl2s,2p,Li1s,

andH1sstates,whichareconsistentwiththeionic
bondingbetweentheLiandtheAlH4 unit.We
foundmoremixingofthesandpstatesforAl
atomintheβ-LiAlH4 phase.Consequently,the
electronictransitionfromtheAl-sto-pstateis
relatedforthehugevolumecollapseduringthe
α-LiAlH4toβ-LiAlH4phasetransition.

Inordertobetterunderstandthebonding
interactionsbetweenH,AlandLiatoms,westud-
iedtheMullikenchargesandthebondoverlappop-
ulation(BOP)PonthebasisofMullikenPopula-
tionsin Table2[19-20].ThescaledBOP (Ps)is
definedin Ps

Al(Li)─H =PAl(Li)─H/LAl(Li)─H with L
representingtheaveragebondlengthofAl─Hor
Li─H,respectively[21].ItisfoundthatthePs

Al─H

valuefortheα-LiAlH4phase(0.506)issmaller
thanthatoftheβ-LiAlH4phase(0.534)asthe
coordinationnumberofAl(4)staysunchangedat
theα-βtransition.Previousstudieshaveshownthat
thesmallertheBOP,thelowerthehydrogendesorptionkineticenergy[22].Fromthispointofview,the
currentstudysuggeststhattheactivationenergyoftheα-LiAlH4islowerthanthatoftheβ-LiAlH4.
Theambientphaseofα-LiAlH4isexpectedtobethemostpromisingcandidateforhydrogenstorage.

Table2 Averagenetcharges,bondlength(L)andscaledbondoverlappopulation(Ps)between

H,Al,andLiatomsintheα-LiAlH4(at0GPa)andtheβ-LiAlH4(at2.0GPa)structures

Phase
Averagenetcharge

H Al Li

L/nm

Al─H Li─H

Ps

Al─H Li─H

α-LiAlH4 -0.48 0.64 1.29 0.1615 0.1886 0.506 0.019 

β-LiAlH4 -0.46 0.55 1.28 0.1628 0.2067 0.534 -0.063 

3 Conclusions
  Weinvestigatedthepressure-inducedphasetransformationsinLiAlH4usingthefirst-principles
basedonthedensityfunctionaltheorywiththeplane-wavebasis.Thestructuraltransitionsfrom
α-LiAlH4toβ-LiAlH4occursat1.6GPa,accompaniedwithabout18%volumecollapse,originating
fromtheelectronictransitionofAl-sto-pstates.Thephasetransitionshouldberelatedtothepres-
sure-inducedphononsoftening.TheBOPanalysisshowsthattheactivationenergyoftheα-LiAlH4is
smallerthanthatoftheβ-LiAlH4.Theα-LiAlH4isexpectedtobethemostpromisingcandidatefor
hydrogenstorage.

  Acknowledgements:ThisworkwassupportedbytheHighPerformanceComputingCenterofYanbianUniversity.

4-301120

        高  压  物  理  学  报             第32卷  第2期 



References:

[1] SCHLAPBACHL,ZÜTTELA.Hydrogen-storagematerialsformobileapplications[J].Nature,2001,414(6861):

353-358.
[2] SCHÜTHF,BOGDANOVIC' B,FELDERHOFFM.Lightmetalhydridesandcomplexhydridesforhydrogen

storage[J].ChemicalCommunications,2005,36(2):2249-2258.
[3] ZHUCY,LIUYH,DUANDF.StructuraltransitionsofNaAlH4underhighpressurebyfirst-principlescalcula-

tions[J].PhysicaB:CondensedMatter,2011,406(8):1612-1614.
[4] DILTSJA,ASHBYEC.Thermaldecompositionofcomplexmetalhydrides[J].InorganicChemistry,1972,

11(6):1230-1236.
[5] DYMOVATN,ALEKSANDROVDP,KONOPLEVVN,etal.Spontaneousandthermal-decompositionofLithi-

umTetrahydroaluminateLiAlH4-thepromotingeffectofmechanochemicalactionontheprocess[J].Russian
JournalofCoordinationChemistry,1994,20(4):279-285.

[6] VAJEESTONP,RAVINDRANP,VIDYAR,etal.Huge-pressure-inducedvolumecollapseinLiAlH4andits
implicationstohydrogenstorage[J].PhysicalReviewB,2003,68:212101.

[7] PITTMP,BLANCHARDD,HAUBACKBC,etal.Pressure-inducedphasetransitionsoftheLiAlD4system[J].
PhysicalReviewB,2005,72:214113.

[8] CHELLAPPARS,CHANDRAD,GRAMSCHSA,etal.Pressure-inducedphasetransformationsinLiAlH4[J].
TheJournalofPhysicalChemistryB,2006,110(23):11088-11097.

[9] TALYZINAV,SUNDQVISTB.ReversiblephasetransitioninLiAlH4underhigh-pressureconditions[J].Physi-
calReviewB,2004,70:180101.

[10] HOHENBERGP,KOHNW.Inhomogeneouselectrongas[J].PhysicalReviewB,1964,136(3):864-871.
[11] KOHNW,SHAML.Self-consistentequationsincludingexchangeandcorrelationeffects[J].PhysicalReviewA,

1965,140(4):1133-1138.
[12] PERDEWJP,WANGY.Accurateandsimpleanalyticrepresentationoftheelectron-gascorrelationenergy[J].

PhysicalReviewB,1992,45(23):13244-13249.
[13] TROULLIERN,MARTINSJL.Efficientpseudopotentialsforplane-wavecalculations[J].PhysicalReviewB,

1991,43(3):1993-2006.
[14] SEGALL M D,LINDANPJD,PROBERT MJ,etal.First-principlessimulation:ideas,illustrationsandthe

CASTEPcode[J].JournalofPhysics:CondensedMatter,2002,14:2717-2744.
[15] MONKHORST HJ,PACKJD.SpecialpointsforBrillouin-zoneintegrations[J].PhysicalReviewB,1976,

13(12):5188-5192.
[16] PARLINSKIK,LIZQ,KAWAZOEY.First-principlesdeterminationofthesoftmodeincubicZrO2[J].Physical

ReviewLetters,1997,78(21):4063-4066.
[17] TOGOA,OBAF,TANAKAI.First-principlescalculationsoftheferroelastictransitionbetweenrutile-typeand

CaCl2-typeSiO2athighpressures[J].PhysicalReviewB,2008,78(13):134106.
[18] HAUBACKBC,BRINKSH W,FJELLVGH.AccuratestructureofLiAlD4studiedbycombinedpowderneutron

andX-raydiffraction[J].JournalofAlloysandCompounds,2002,346(1):184-189.
[19] SEGALLMD,PICKARDCJ,SHAHR,etal.Populationanalysisinplanewaveelectronicstructurecalculations

[J].MolecularPhysics,1996,89(2):571-577.
[20] MULLIKENRS.ElectronicpopulationanalysisonLCAO-MO molecularwavefunctions[J].TheJournalof

ChemicalPhysics,1955,23(10):1833-1840.
[21] HUCH,CHENDM,WANGYM,etal.First-principlesinvestigationsofthepressure-inducedstructuraltransi-

tionsinMg(AlH4)2[J].JournalofPhysics:CondensedMatter,2007,19:176205.
[22] WANGH,LIQ,WANGYC,etal.High-pressurepolymorphsofLi2BeH4predictedbyfirst-principlescalculations

[J].JournalofPhysics:CondensedMatter,2009,21:385405.

5-301120

 第32卷     ZHANGYilong,etal:CrystalStructureandStabilityofLiAlH4fromFirstPrinciples  第2期 



LiAlH4 晶体结构及稳定性的第一性原理研究

张艺龙,崔慢爱,刘艳辉
(延边大学理学院物理系,吉林 延吉 133002)

  摘要:基于密度泛函理论的第一性原理赝势平面波方法,研究高压下三元碱金属氢化物

LiAlH4 的相变行为,分析了LiAlH4 高压相变的物理机制。研究表明,在1.6GPa时LiAlH4
发生了相变,从α-LiAlH4 转变为空间群为I2/b的β-LiAlH4,相变时伴随18%的体积坍塌,即
一级相变。通过分析声子色散曲线得出,相变与声子软化有关。Millikan布局分析表明,常压

相(α-LiAlH4)是很有潜力的储氢材料。

  关键词:晶体结构储氢材料;密度泛函理论;压力诱导结构转变;电子结构

  中图分类号:O521.23   文献标志码:A
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压压力作用下 Mg2X(X=Si,Ge)相热力学
性质的第一性原理研究

*

张乐婷1,赵宇宏1,孙远洋1,邓世杰1,吉如意1,韩培德2

(1.中北大学材料科学与工程学院,山西 太原 030051;

2.太原理工大学材料科学与工程学院,山西 太原 030024)

  摘要:采用基于密度泛函理论的第一性原理方法,研究了压力作用下 Mg2Si和 Mg2Ge的

结构、弹性和热力学性质。计算结果表明:0GPa压力作用下两者的晶格参数与实验值以及其他

理论值吻合较好,且相对晶格常数a/a0 和晶胞体积V/V0 均随压力的增大而减小;在0~25GPa
压力作用下,Mg2Si和 Mg2Ge相体模量B、剪切模量G、杨氏模量E 均随压力的增大而增大,
材料的刚度和塑性均增强,当压力达到15GPa时,材料由脆性转变为延性。最后借助准谐德

拜模型和Gibbs软件,研究了温度与压力对 Mg2Si和 Mg2Ge的德拜温度、体模量、热容和热

膨胀系数的影响。
  关键词:第一性原理;Mg2Si;Mg2Ge;结构性质;弹性性质;热力学性质

  中图分类号:O521.2;TG146.2   文献标识码:A

  Mg2X(X=Si,Ge)合金是一种很有实用前景、较具代表性的金属间化合物,储存丰富,其晶体结构
呈CaF2 型(面心立方)。Mg2X(X=Si,Ge)金属间化合物具有高电导率、低热导率、耐高温、耐腐蚀和高
硬度等优点[1-4],在电子器件、能量器件等领域具有重要的应用前景。

目前对 Mg2X材料的研究很多,对于 Mg2X材料国内外也有很多的报道。Tani等[5]采用第一性原
理计算了Mg2Si的光学性质。Jund等[6]研究了Mg2Si和Mg2Ge不同缺陷下的能量,发现Mg2Ge的形
成能比 Mg2Si大50%左右,并且缺陷在 Mg2Ge相中比在 Mg2Si中更加稳定。Ganeshan等[7]研究了温
度对 Mg2X(X=Si,Ge,Sn,Pb)的弹性常数的影响,发现随着温度的上升,Mg2X的弹性常数下降。
Wang等[8]研究了 Mg2Si和 Mg2Ge的晶格动力学和热力学性质,获得了声子色散曲线和声子密度。张
建新等[9]研究了铸态 Mg-Sn-Si合金中 Mg2X(Si,Sn)复合相的结构与特性。

虽然人们已经对 Mg2X(X=Si,Ge)系列晶体做了大量研究,也得到了令人满意的结果,但在压力作
用下,对其热力学性质缺乏研究。并且 Mg2X(X=Si,Ge)材料常被广泛应用于高温高压的工作环境,所
以研究 Mg2X(X=Si,Ge)化合物在高温高压作用下的性质具有重大意义,同时第一性原理计算方法的
快速发展,为此项工作的展开提供了很大的便捷。

本研究采用第一性原理计算方法,在压力(0~25GPa)下,对 Mg2X(X=Si,Ge)金属间化合物的结
构性质、弹性性质和热力学性质进行研究计算。

1 计算方法与模型

  计算过程采用基于密度泛函理论(DFT)[10]的CASTEP软件包及Gibbs软件来完成。晶体的波函

数由平面波基组展开,截断能Ecut设定为360eV。电子交换关联能采用 GGA(GeneralizedGradient
Approximation)的PBE(PerdewBurkeErnzerhof)[11]形式,势函数选用倒易空间的超软赝势Ultrasoft[12]。
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图1 Mg2X(X=Si,Ge)的晶胞结构

Fig.1 CrystalstructureofMg2X(X=Si,Ge)

布里渊区[13]的积分计算通过 Monkhors-Pack形式

的高对称k 点方法,倒易空间采用0.05nm-1的

k-point空间,k点网格取6×6×6。计算在最小化的

快速Fourier网格上进行,首先采用BFGS[14]算法,
对所研究的晶胞模型进行几何优化,以获得最稳定

的结构。进行自洽迭代SCF计算时,采用Pulay密

度混合法解决电子弛豫,自洽收敛条件为:系统总能

量在1.0×10-5eV/atom内达到收敛,每个原子上

的力低于0.3eV/nm,应力偏差低于0.05GPa,公
差偏移低于0.001nm。

Mg2Si和 Mg2Ge都属于立方晶体结构,空间群

为Fm-3m,每个晶胞含有12个原子,原子空间排布

如图1所示。在本研究中计算所采用的晶体结构为

原胞形式,在0K和0GPa条件下使用CASTEP软

件对晶胞进行晶体结构优化,计算得到的结构参数如表1所示。从表1中可以看出,计算所得晶格常数

与实验值以及其他理论值很吻合。
表1 Mg2Si和 Mg2Ge的晶格常数

Table1 Equilibriumcrystalparameters(a,c)ofMg2SiandMg2Ge

Phase
Thiswork

a/nm c/nm
Calc.

a/nm c/nm
Exp.

a/nm c/nm
Mg2Si 0.6351 0.6351 0.6387[4]0.6387[4]0.6338[15]0.6338[15]

Mg2Ge 0.4553 0.4553 0.6318[15]0.6318[15]0.6393[15]0.6393[15]

2 结果与讨论

2.1 压力对晶体结构的影响

  为了进一步研究压力对 Mg2X(X=Si,Ge)晶体结构的影响,本研究以5GPa为间隔,在0~25GPa
压力下对 Mg2X(X=Si,Ge)进行压力测试,得到相对晶格参数a/a0 和相对体积V/V0 随压力的变化情

况,如图2所示,其中a0 是0GPa下的静态晶格常数,V0 是0GPa下的晶胞体积。

图2 Mg2Si和 Mg2Ge的相对晶格参数(a/a0)和相对体积(V/V0)随外压力的变化

Fig.2 Variationsofrelativelatticeparameters(a/a0)andrelativeunitcellvolume(V/V0)

ofMg2SiandMg2Gewithpressure
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  从图2中可以看出,晶格参数(a=b=c)均随外压力的增大而逐渐减小,导致体积V 和相对体积

V/V0 也相应地减小。为了进一步了解 Mg2Si和 Mg2Ge的结构参数随静水压力的变化情况,对图2的

曲线进行了拟合计算,得到了 Mg2Si和 Mg2Ge相的a/a0、V/V0 与静水压力p 的二元二次状态方程,
(1)式和(2)式代表 Mg2Si相的状态方程,(3)式和(4)式表示 Mg2Ge相的状态方程。

a/a0(Mg2Si)=0.99929-0.00523p+7.10706×10-5p2 (1)

V/V0(Mg2Si)=0.99747-0.01516p+2.28678×10-4p2 (2)

a/a0(Mg2Ge)=0.99925-0.00543p+7.43476×10-5p2 (3)

V/V0(Mg2Ge)=0.99732-0.01570p+2.39237×10-4p2 (4)

图3 Mg2X(X=Si,Ge)体积比V/V0 随压力变化关系

Fig.3 RelativeunitcellvolumeV/V0

ofMg2SiandMg2Gewithpressure

  图3给出了 Mg2X(X=Si,Ge)在0~25GPa
下体积比V/V0 随压力变化情况,从图中可以看出,
随着压力的增加,Mg2Si与 Mg2Ge的体积比均下

降,当压力达到25GPa时,两者的体积分别减少了

24.08%、24.80%,说明在压力作用下,Mg2Ge压缩

性高于 Mg2Si,且随着压力的增加,体积比降低速率

逐渐缓慢,当压力增加到一定值时,压力对体积的影

响会降低。

2.2 弹性性质

  为了研究不同压力对弹性性质的影响,我们计

算了0~25GPa压力下 Mg2Si和 Mg2Ge的弹性常

数,结果列于表2。Mg2Si和 Mg2Ge均属于立方晶

体,独立弹性常数为:C11、C12、C44,应满足力学稳定

性条件[16]

C11-C12>0,C11>0,C44>0,C11+2C12>0 (5)

  从表2中可以看出,在0GPa条件下计算得到的弹性常数(Cij),与文献值吻合较好,通过观察不同

压力下的弹性常数,发现其均满足弹性稳定性判断,说明两者均具有力学稳定性且没有发生相转变。

表2 Mg2Si和 Mg2Ge的弹性常数

Table2 ModuliofMg2SiandMg2Ge

Phase p/GPa C11 C12 C44 B/GPa G/GPa E/GPa G/B υ
0 110.48 22.04 44.72 51.52 44.52 103.69 0.86 0.160

Calc.[18] 115.21 22.14 43.11 53.163 44.48 104.34 0.84 0.173
5 143.03 42.46 52.29 75.99 51.49 126.00 0.68 0.22

Mg2Si 10 158.67 52.89 61.20 88.15 57.87 142.45 0.66 0.23
15 180.72 68.97 61.32 106.22 59.14 149.65 0.56 0.27
20 200.49 85.12 64.56 123.58 61.81 158.93 0.50 0.27
25 218.17 102.33 66.19 140.94 62.88 164.22 0.45 0.31
0 105.80 21.18 41.90 49.39 42.07 98.29 0.85 0.17

Calc.[19] 113.56 20.56 45.70 51.56 46.02 106.40 0.85 0.16
5 140.74 45.52 55.27 77.26 52.21 127.83 0.68 0.22

Mg2Ge 10 154.03 50.75 54.12 85.17 53.13 131.95 0.62 0.24
15 175.03 68.13 59.79 103.76 57.25 145.07 0.55 0.27
20 191.53 83.03 61.82 119.19 58.79 151.48 0.49 0.29
25 209.82 101.41 63.24 137.54 59.62 156.29 0.43 0.31
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  通过弹性常数(Cij),并利用Voigt-Reuss-Hill(VRH)方法可以得到一系列弹性性质,如体积模量

B、剪切模量G、弹性模量E、泊松比υ等,对于 Mg2Si、Mg2Ge合金相来说,其计算公式为

B=C11+2C12
3

(6)

G=3C44+C11-C12
5

(7)

E= 9BG
3B+G

(8)

υ= 3B-2G
2(3B+G)

(9)

  从图4和表2中可以看出,体积模量B、剪切模量G 和杨氏模量E 均随压力的增大而增大,说明压

力的增加可以提升材料的抗体积变形能力、抗剪切应变能力和刚度。根据Pugh判断依据[17],剪切模量

G 和体模量B 比值被用来分析材料的脆性和延性,划分节点的数值为0.57。当G/B<0.57时,材料表

现为延性,当G/B>0.57时,材料表现为脆性材料。在0~10GPa之间,Mg2Si和 Mg2Ge均表现为脆

性,当压力达到15GPa时,Mg2Si和 Mg2Ge均开始表现出延性性质。泊松比υ数值越大,材料的塑性

越好。随着压力的增加,泊松比υ均增大,说明材料的塑性均有所提升。

图4 Mg2Si和 Mg2Ge的体积模量B、剪切模量G和杨氏模量E 随压力的变化情况

Fig.4 VariationofbulkmodulusB,shearmodulusG,Young’smodulusEofMg2SiandMg2Gewithpressure

图5 Mg2Si与 Mg2Ge德拜温度随温度与压强变化关系

Fig.5 DebyetemperatureofMg2SiandMg2Ge

atvariouspressuresandtemperatures

2.3 热力学性质

  Mg2Si和 Mg2Ge的热力学性质由第一性原理

计算软件包CASTEP和Gibbs软件完成,本节研究

了压力与温度对 Mg2Si和 Mg2Ge的德拜温度、体
模量、热容的影响。

图5给出了 Mg2Si和 Mg2Ge德拜温度随温度

和压力的关系。在0K和0GPa条件时,Mg2Si和

Mg2Ge的德拜温度分别是551.72、438.57K,与郭

三栋[20]得到的数值564、449K相对吻合。从图5
可以看出,当温度处于0~100K时,德拜温度变化

不明显,当温度在100~1000K之间,德拜温度随

着温度的升高而降低。对于压力而言,其对德拜温

度的影响与温度相反。在0~25GPa范围内随着

压力的升高,德拜温度逐渐升高,并且压力对德拜温

度的影响效果也随之降低。同时,从图5可以看出,
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图6 Mg2Si和 Mg2Ge体模量随温度和压力的变化

Fig.6 BulkmodulusofMg2SiandMg2Ge

atvariouspressuresandtemperatures

Mg2Si的德拜温度明显高于 Mg2Ge,说明 Mg2Si化

合物间原子作用力较大,膨胀系数较小。
体模量B 通常用来表征在外加应力作用下,材

料抵抗变形的能力。体模量B 数值越大,抵抗变形

能力越强。图6给出了 Mg2Si和 Mg2Ge体模量随

温度和压力的变化情况。从图6可以看出,当温度

在0~100K范围内,体模量B 变化微小,当温度在

100~1000K时,体模量随温度的升高而降低。对

于压力来说,在相同温度下,随着压力的增大,体模

量逐渐增大。
图7给出了 Mg2Si和 Mg2Ge的热容随温度和

压力的变化情况,其中图7(a)与图7(b)分别表示等

容热容cV、等压热容cp。从图中可以看出cV≈cp,
当温度在0~400K时,热容呈指数迅速升高,并且

在温度为0K时,二者均趋于零,这是由于德拜模型

中的非简谐近似所致。当温度达到600K以后,热
容增长变缓,并且随着温度的升高,等压热容cp 继续增长,而等容热容cV 受到Dulong-Petit的限制,数
值逐渐趋于平稳。此外,从图7中我们还发现压力对cV 和cp 的影响要明显小于温度对热容的影响。

Mg2Si和 Mg2Ge的热容均随压力的增大而降低,并且 Mg2Ge热容值要高于 Mg2Si。

图7 Mg2Si和 Mg2Ge热容随温度和压力的变化

Fig.7 HeatcapacityofMg2SiandMg2Geatvariouspressuresandtemperatures

  图8给出了 Mg2Si和 Mg2Ge的热膨胀系数随温度和压力的变化情况,从图中可以看出,Mg2Si和

Mg2Ge的热膨胀系数随温度的升高而增大,随着压力的增大逐渐降低。当温度在0~300K时,热膨胀

系数随温度呈线性增加,当温度超过300K时,热膨胀系数增长变缓,说明温度对 Mg2Si和 Mg2Ge金

属间化合物的热膨胀影响降低。从图8还可以看出,Mg2Si的热膨胀系数明显低于 Mg2Ge,与德拜温

度结果一致,说明 Mg2Si化合物的抗热震性能较好,Mg2Si化合物比 Mg2Ge化合物更能适应冷热交替

温差较大的工作环境。
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图8 Mg2Si和 Mg2Ge热膨胀系数随温度和压力的变化

Fig.8 LinearthermalexpansioncoefficientofMg2SiandMg2Geatvariouspressuresandtemperatures

3 结 论

  采用第一性原理方法计算了 Mg2Si和 Mg2Ge的弹性性质和热力学性质。
(1)Mg2Si和 Mg2Ge相对晶格常数a/a0 和晶胞体积V/V0 随压力的增大而减小,且在外部压力下

Mg2Si和 Mg2Ge相的V/V0 变化趋势很相似,在晶胞体积上具有相似的压缩率。
(2)随着压力的增大,Mg2Si和Mg2Ge相弹性常数Cij、体模量B、剪切模量G、杨氏模量E 均增大,

说明压力的增加可以提升材料的抗体积变形能力、抗剪切应变能力和刚度;在0~10GPa之间,Mg2Si
和 Mg2Ge均表现为脆性,当压力达到15GPa时,Mg2Si和Mg2Ge均开始表现出延性性质,同时随着压

力的增加,材料的塑性均有所提升。
(3)热力学性质表明,在0~1000K下Mg2Si和Mg2Ge相的德拜温度和体模量均随温度的提升而

降低,而热膨胀系数与之相反;对于压力(0~25GPa)而言,在相同温度下,德拜温度和体模量均随压力

的增大而增大,热膨胀系数与之相反。等容热容cV、等压热容cp 均随压力的增大而降低,Mg2Ge热容

值高于 Mg2Si,在高温下,等压热容cp 继续增长,而等容热容cV 受到Dulong-Petit的限制,热容值保持

稳定。
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ThermodynamicPropertiesofMg2X(X=Si,Ge)Phases
underPressurebyFirst-PrinciplesCalculations

ZHANGLeting1,ZHAOYuhong1,SUNYuanyang1,
DENGShijie1,JIRuyi1,HANPeide2

(1.CollegeofMaterialsScienceandEngineering,

NorthUniversityofChina,Taiyuan030051,China;

2.CollegeofMaterialsScienceandEngineering,

TaiyuanUniversityofTechnology,Taiyuan030024,China)

Abstract:Thestructural,elasticandthermodynamicpropertiesofMg2Siand Mg2Gephasesunder
pressurewerecalculatedusingthefirst-principlesbasedonthedensityfunctional.Thecalculated
resultsindicatedthatthelatticeparametersunder0GPaarefairlyconsistentwiththeexperimental
valueandothertheoreticaldata.Theratioofa/a0andV/V0decreasedastheexternalpressureincreases.An
appropriatepressure(0-25GPa)canimprovetheirstiffnessandplasticitybecausethebulkmodulus
B,shearmodulusG,andYoung’smodulusEalmostlinearlyincreasewithpressure.Thebrittlenessof
thematerialturnstoductilityat15GPa.Finally,theeffectoftemperatureandpressureontheDebye
temperature,bulkmodulus,heatcapacityandlinearthermalexpansioncoefficientwasstudiedusing
thequasi-harmonicDebyemodelandGibbssoftware.
Keywords:first-principles;Mg2Si;Mg2Ge;structuralproperty;elasticproperty;thermodynamicproperty
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