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AnalysisofInteratomicSeparation-PressureRelations
forAlkaliHalidesandPericlase(MgO)*
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  Abstract:Anewmethodforthedeterminationofinteratomicseparation-pressurerelationsisinvestigated
andappliedforalkalihalidesandMgOcrystals.ThemethodisdevelopedbyusingHildebrandapproximation
andanionicmodelbasedonHarrison’streatmentofoverlaprepulsivepotentialwhichtakesintoaccountthe
interactionsuptosecondneighbors.ThevanderWaalsdipole-dipoleanddipole-quadrupoleinteractionscalcu-
latedbymoreaccuratemethodsarealsoincludedinthepresentwork.Itisfoundthatthenewmethodyield
satisfactoryresultsinagreementwiththeavailableexperimentaldata.
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1 Introduction
  Numerousinvestigatorsusinginterionicpotentials[1~4],aswellasphenomenologicalapproa-
ches[5~7]havedevelopedvariousformsofinteratomicseparation-pressurerelationsforstudyinghigh-
temperatureandhigh-pressurebehaviourofsolids.Thepurposeofthepresentpaperistoproposea
simplemethodderivedfromHarrison’sinterionicfunction[8]andtheHildebrandapproximation[9],ap-
plicabletoalkalihalidesandMgOcrystals,forthedeterminationoftheirinteratomicseparation-pres-
suredatainthewiderangeoftemperatureandpressure.Thetheoryandmethodofcalculationaregiv-
eninSection2.TheresultsarediscussedandcomparedwithavailableexperimentaldatainSection3.

2 TheoryandMethodofCalculation
  TheequationofstateforasolidcanbederivedfromtheHildebrandapproximationwhichisex-
pressedasfollows[9]

p=-dφdV +TαBT (1)

whereφisthelatticepotentialenergyandVisthevolume.Tisthetemperature,αisthecoefficientof
volumethermalexpansionandBTistheisothermalbulkmodulus.InEq.(1)thefirsttermonright
handisthepressureduetovolumedependenceofelectronicgroundstateenergy(staticpressure)and
thesecondtermispressureduetovibrationofnuclei(thermalpressure).pistheexternallyapplied
pressure.NowusingtherelationV=xr3,Eq.(1)canberewrittenasfollows

p=- 1
3xr2

dφ
dr +TαBT (2)

wherexisaconstantwhichdependsonthestructureofsolidandxequalto2forNaCl-typeand1.54
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forCsCl-typestructures,andristheinteratomicseparation.
ThethermalpressureinEq.(2),whichisgivenbyTαBT,isbasedontheHildebrandapproxima-

tion.Itshouldbementionedthatthecorrectexpressionforthermalpressurepthcanbetakenfromcal-

(

culusasfollows

∂p/∂ )T V (= ∂pth/∂ )T V =αBT (3)

Uponintegrationweget

pth=∫
T

0
(αBT)dT (4)

ThisbecomesTαBTonlyiftheproductαBTisindependentofT.Thisisapproximatelytrueabovethe
DebyetemperatureΘD

[10].TheDebyetemperatureΘDofsolidsconsideredinthepresentstudy,have
valuesclosetoroomtemperatureexceptthatforMgO(ΘD=945K)[11].TheEq.(2)workswellabove
theDebyetemperatureΘD;butforMgO,theaboveequationmaynotbesatisfiedbelowΘD.

Forthecalculationofφ,weuseHarrison’spotentialformfortheoverlaprepulsiveenergyandal-
soconsidervanderWaals(vdW)dipole-dipoleanddipole-quadrupoleinteractions.Withintheframe-
workofHarrison’smodelthetotallatticepotentialenergyφisexpressedasfollows

[8]

φ=-aMZ2e2/r-C/r6-D/r8+φrep (5)

wherethefirsttermontheright-handsideofEq.(5)istheelectrostaticCoulombenergywithαMas
Madelung’sconstantwhichisequalto1.7476forNaCl-typestructuresand1.7627forCsCl-type
structures,ethechargeoftheelectron,andZthevalency.Thesecondandthirdtermsarevander
Waals(vdW)dipole-dipoleanddipole-quadrupoleenergies.TheconstantsCandDarerelatedtothe
dipole-dipole(cij)anddipole-quadrupole(dij)interactioncoefficientsasfollows[12]

C=S+-c+- +S++c++ +S--c-- (6)

D=T+-d+- +T++d++ +T--d-- (7)

whereSijandTijarelatticesumswhichhadbeengivenbyTosi[9].Thesubscripts+-,++,--re-
presentthecation-anion,cation-cation,anion-anioninteractions,respectively.Thevaluesofcijanddij

areobtainedfromtheKirkwood-Mullerformulategivenbelow[12]

cij =-6mc
2

N XiX (j
Xi

ai
+ Xj

a )
j

-1
(8)

dij =-9mc
2

Ne2 ci (j
Xi

ni
+ Xj

n )
j

-1
(9)

wherecisthevelocityoflight,aandXarethepolarisabilitiesandmolarsusceptibilities,respectively.
NistheAvogadro’snumber.niandnjarethenumberofoutmostelectrons.ThevaluesofCandD
calculatedfromEqs.(6)~(9)wereusedinthepresentwork.

Theoverlaprepulsiveenergycanbewrittenas[8]

φrep=
n0η2
2 [m M췍μ3r·exp(-k췍μr)+

1
2M′μ3

1r′·exp(-kμ1r′)+12M′μ3
2r′·exp(-kμ2r′ ]) (10)

whereηisthePlanck’sconstanthdividedby2π,mthemassofelectron.ForNaCl-typestructures,M

=6andM′=12arethenumbersoffirstandsecondneighborions.Similarly,randr′= 2rarethe

firstandsecondnearestneighbordistances.ForCsCl-typestructuresM=8,M′=6,andr′=(2/3)r.췍μ
isthearithmeticaverageofμ1andμ2forthecationandanion.Thevaluesofμ1andμ2canbecalculated
fromthefollowingrelation

μ2i =-2mΣi/η2 (11)

whereΣiisthevalencestateenergyofions.Inordertocalculatelatticepotentialenergyφfrom
Eq.(5),thereremainonlytwounknownparameters,viz.n0andkwhichareobtainedfromtheequilib-
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riumconditionandthefollowing

(

relations

dφ/d )r r=r0
=0 (12

(

)

d2φ/dr )2 r=r0
=9xr0BT0

(13)

ThepotentialparametersthuscalculatedfromEq.(12)andEq.(13)areassumedtobeindependentof
pressure.Thevaluesofdφ/drarenowcomputedbydecreasingrandfinallythepressurepisobtained
fromEq.(2).Themethodisrepeatedalongdifferentisothermsfromroomtemperatureuptohigher
temperature.TheinputdatarequiredaregiveninTable1.TheresultsobtainedarereportedinTable2
~Table5alongwiththeavailableexperimentaldata.

Table1 Valuesofinputparametersusedinthepresentwork

Crystal
r0
/(nm)

α0
/(10-4K-1)

BT0

/(GPa)
μ1

/(nm-1)
μ2

/(nm-1)
C

/(10-67J·cm6)
D

/(10-83J·cm8)
n0 k

LiF 0.2013[13] 0.999[13] 66.5[13] 39.62[15] 21.12[15] 46 26 3 1.34
NaF 0.2317[13] 0.96[13] 46.5[13] 30.87[15] 21.12[15] 139 98 11.5 1.54
CsCl 0.3571[14] 1.37[14] 18.0[14] 21.16[15] 17.99[15] 333 357 974 2.08
MgO 0.2105[14] 0.312[14] 173.0[14] 38.38[15] 19.23[15] 170 79 7.00 1.2

Table2 ValuesofpressureversusinteratomicseparationforLiFcrystalatdifferenttemperatures
(Theavailableexperimentaldata[16]aregivenwithinparentheses)

298K
r/(nm) p/(GPa)

573K
r/(nm) p/(GPa)

873K
r/(nm) p/(GPa)

1073K
r/(nm) p/(GPa)

0.2013 0(0) 0.2035 0(0) 0.2066 0(0) 0.2093 0(0)

0.2003 0.995(1.0) 0.2024 0.996(1.0) 0.2053 0.998(1.0) 0.2077 1.003(1.0)

0.1994 1.974(2.0) 0.2014 1.984(2.0) 0.2041 1.988(2.0) 0.2063 1.997(2.0)

0.1985 2.952(3.0) 0.2004 2.967(3.0) 0.2030 2.984(3.0) 0.2050 3.007(3.0)

0.1977 3.954(4.0) 0.1995 3.957(4.0) 0.2019 3.962(4.0) 0.2037 3.984(4.0)

0.1969 4.938(5.0) 0.1986 4.941(5.0) 0.2009 4.967(5.0) 0.2026 4.977(5.0)

0.1961 5.909(6.0) 0.1977 5.922(6.0) 0.1999 5.953(6.0) 0.2015 5.983(6.0)

0.1954 6.875(7.0) 0.1969 6.894(7.0) 0.1944 6.915(7.0) 0.2004 6.955(7.0)

0.1946 7.846(8.0) 0.1961 7.877(8.0) 0.1982 7.938(8.0) 0.1994 7.958(8.0)

0.1940 8.816(9.0) 0.1953 8.843(9.0) 0.1973 8.884(9.0) 0.1985 8.929(9.0)

Table3 ValuesofpressureversusinteratomicseparationforNaFcrystalatdifferenttemperature
(Theavailableexperimentaldata[16]aregivenwithinparentheses)

298K
r/(nm) p/(GPa)

473K
r/(nm) p/(GPa)

673K
r/(nm) p/(GPa)

873K
r/(nm) p/(GPa)

1073K
r/(nm) p/(GPa)

0.2317 0(0) 0.2331 0(0) 0.2349 0(0) 0.2369 0(0) 0.2392 0(0)

0.2301 1.014(1.0) 0.2314 1.005(1.0) 0.2331 0.997(1.0) 0.2348 0.998(1.0) 0.2370 1.002(1.0)

0.2286 1.987(2.0) 0.2299 1.991(2.0) 0.2314 1.995(2.0) 0.2330 1.995(2.0) 0.2349 1.998(2.0)

0.2273 2.981(3.0) 0.2285 2.988(3.0) 0.2299 2.991(3.0) 0.2314 2.993(3.0) 0.2331 3.004(3.0)

0.2260 3.974(4.0) 0.2272 3.981(4.0) 0.2285 3.987(4.0) 0.2299 3.990(4.0) 0.2315 3.993(4.0)

0.2249 4.955(5.0) 0.2259 4.961(5.0) 0.2272 4.979(5.0) 0.2285 4.983(5.0) 0.2300 4.989(5.0)

0.2238 5.926(6.0) 0.2248 5.942(6.0) 0.2260 5.952(6.0) 0.2273 5.966(6.0) 0.2286 5.973(6.0)

0.2228 6.908(7.0) 0.2237 6.913(7.0) 0.2249 6.931(7.0) 0.2261 6.958(7.0) 0.2273 6.962(7.0)

0.2218 7.863(8.0) 0.2226 7.892(8.0) 0.2238 7.905(8.0) 0.2250 7.924(8.0) 0.2261 7.937(8.0)

0.2210 8.847(9.0) 0.2217 8.864(9.0) 0.2228 8.894(9.0) 0.2240 8.912(9.0) 0.2249 8.935(9.0)
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Table4 ValuesofpressureversusinteratomicseparationforCsClcrystalatdifferenttemperatures
(Theavailableexperimentaldata[16]aregivenwithinparenthesestures)

298K
r/(nm) p/(GPa)

473K
r/(nm) p/(GPa)

673K
r/(nm) p/(GPa)

873K
r/(nm) p/(GPa)

0.3571 0(0) 0.3603 0(0) 0.3646 0(0) 0.3696 0(0)

0.3514 0.995(1.0) 0.3537 0.997(1.0) 0.3568 0.998(1.0) 0.3600 1.001(1.0)

0.3468 1.984(2.0) 0.3485 1.987(2.0) 0.3509 1.901(2.0) 0.3532 1.921(2.0)

0.3430 2.913(3.0) 0.3443 2.923(3.0) 0.3462 2.927(3.0) 0.3479 2.938(3.0)

0.3397 3.894(4.0) 0.3407 3.902(4.0) 0.3422 3.924(4.0) 0.3435 3.947(4.0)

0.3368 4.877(5.0) 0.3376 4.896(5.0) 0.3388 4.903(5.0) 0.3398 4.927(5.0)

0.3343 5.853(6.0) 0.3348 6.871(6.0) 0.3358 6.892(6.0) 0.3366 6.905(6.0)

0.3319 6.817(7.0) 0.3323 6.834(7.0) 0.3332 6.859(7.0) 0.3337 6.874(7.0)

0.3298 7.802(8.0) 0.3301 7.829(8.0) 0.3307 7.844(8.0) 0.3311 7.856(8.0)

0.3279 8.756(9.0) 0.3280 8.772(9.0) 0.3284 8.795(9.0) 0.3287 8.810(9.0)

Table5 ValuesofpressureversusinteratomicseparationforMgOcrystalatdifferenttemperatures
(Theavailableexperimentaldata[17]aregivenwithinparentheses)

300K
r/(nm) p/(GPa)

500K
r/(nm) p/(GPa)

1000K
r/(nm) p/(GPa)

1500K
r/(nm) p/(GPa)

2000K
r/(nm) p/(GPa)

0.2105 0(0) 0.2110 0(0) 0.2125 0(0) 0.2141 0(0) 0.2160 0(0)

0.2069 1.028(1.03) 0.2074 1.001(1.00) 0.2089 0.917(0.92) 0.2105 0.829(0.83) 0.2123 0.741(0.74)

0.2032 2.361(2.4) 0.2037 2.296(2.3) 0.2051 2.124(2.1) 0.2068 1.921(1.9) 0.2085 1.737(1.7)

0.1994 4.083(4.1) 0.1999 3.982(4.0) 0.2013 3.691(3.7) 0.2029 3.367(3.4) 0.2046 3.046(3.0)

0.1954 6.322(6.4) 0.1959 6.183(6.2) 0.1972 5.742(5.8) 0.1988 5.273(5.3) 0.2005 4.793(4.8)

0.1913 9.247(9.4) 0.1917 9.067(9.1) 0.1930 8.467(8.5) 0.1946 7.798(7.9) 0.1962 7.132(7.2)

0.1869 13.102(13.3) 0.1874 12.815(13.0) 0.1887 12.001(12.2) 0.1901 11.224(11.3) 0.1918 10.307(10.3)

0.1823 18.273(18.7) 0.1828 17.948(18.3) 0.1841 16.848(17.2) 0.1855 15.735(16.0) 0.1871 14.609(14.7)

0.1775 25.058(26.0) 0.1780 24.664(25.5) 0.1792 23.322(24.0) 0.1806 21.837(22.4) 0.1822 20.434(20.7)

3 ResultsandDiscussions
  Wehaveinvestigatedtheinteratomicseparation-pressurerelationshipinthewiderangeoftem-
peraturesandpressuresusingHarrison’sinterionicfunction[8]andHildebrandapproximation[9].We
haveperformedcalculationsforfourcrystals,viz.LiF,NaF,CsClandMgO.Thecorrespondingexperi-
mentaldatahavebeenreportedbyYagi[16]andO.L.Anderson[17].Itisclearfromthecalculatedval-
uesforallthreealkalihalidesareingoodagreementwiththeexperimentalvalues[16].ForMgO,itis
foundthatthecalculatedresultsatT=300KandT=500Kdeviateslightlyfromtheexperimentalda-
ta[17].ThediscrepancymaybeduetotheassumptionαBT=constant,whichholdswellforT≥ΘD.By
increasingtemperature,thedeviationsarefoundtodecrease(Table5)andaverygoodagreementis
obtainedathighertemperatureT≥ΘD.Tosummarize,fromthenewinteratomicseparation-pressure
relationship,wecanpredictadequatelythevariationsofpressurewithinteratomicseparationatdiffer-
enttemperatureforLiF,NaF,CsClandMgOcrystalsinagreementwithexperimentaldata.Thus,the
resultsobtainedinthepresentstudyclearlydemonstratethattheformulationsoriginallyduetoHarri-
son’spotentialmodelandHildebrandapproximationprovideausefulmethodforstudyingtheinter-
atomicseparation-pressurerelationshipinthecaseofalkalihalidesandMgOcrystals.

Finally,itshouldalsobementionedthattheinteratomicseparation-pressurerelationshipproposed
inthepresentstudyisofgeneralnatureandthereforeitsapplicationmaybeextendedtodifferentclas-
sesofsolidsofgeophysicalimportance.Theresultsofthepresentinvestigationalsoleadtotheunder-
standingoftheequationofstatebasedonthemicroscopicdetailsofthetheoryofinterionicpotentials.
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碱卤化合物和 MgO的离子间距-压强关系分析

刘 泉,陈立溁
(安徽师范大学物理系,安徽芜湖 241000)

  摘要:给出了一种新的方法来决定固体的离子间距与压强的关系,并将这种方法应用到

碱卤化合物和 MgO晶体。这种新方法的理论基础是利用 Hildebrand近似、并运用 Harrison
的处理方法来考虑排斥能,即考虑离子间的相互作用直到次临近离子。还利用了更精确的方

法来计算偶极子-偶极子和偶极子-四极子之间的相互作用。利用这种新方法得到的结果和实

验结果吻合得很好。

  关键词:Harrison模型;Hildebrand近似;vanderWaals(vdW)能量
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