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  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).
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  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.
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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

4-301010

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



(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

6-301010

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



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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