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LowtemperatureRaman叩eCtraandenergytran8･

ferrate80fammoniumnitratepolymorphicpha8eB

ShttiiYe',KenichiTbnokura',andMit8uOKo8hi'

Theenergytr8n8ferratesOfammoniumnitrate仏N)havebeenStudied.Linewidths0f

RamanBpeCtraOfANweremeasureda8afunctionoftemperaturerangingfrom3.6to180.0K

Theanaly8i80ftheexperimentalline8hape8bydeconvoluLionprocedureallow8tOextractinga

con8tantinhomogeneou8contributiontothelinebroademing,duetoprobablycrystaldefect8,

overallthetemperaturerange.Ontheba8i80ftemperaturedependenceortheRAmanline

widthofpureLorentziancontributions,itwasconfirmedthatthedominantmeChaniBmforthe

relaXationproce88e80fmoatmodesWerethree･phononanddepha8ingproce88e8.Acontribution

ofthree･phonondownpopulationrelaxationtothelinewidthcouldbe8eparatedfromthe

contributionofdepha8ingproce88eSbyextrapolatingtheRamanlinewidthtoT=0.0K.The

energytran8ferr8te8Wereevaluatedinterms0fden8ityorvibrationa18tateB,Whichwere

calculatedusingGeneralUtilityLatticeProgram(GULP)code8atthepre的urerangingfrom

o.oto20.0GPa.The8umOfenergytransferratesWereCalculatedintheregionai702cm●Lof

thepha8eB〟),(ⅠⅠⅠ)and(ⅠⅠ).ThereSultSindicatedthattheenergytransferrate80fthepha8e8

(V).(ⅠIl)and(ⅠⅠ)hasamaximumvalueat7.0,ll.0,Andll.0GPa,reBpeCtively.Themaximum

energytran8rerrates0fthepha8e8(V),(ⅠⅠⅠ)and(ⅠⅠ)are2.9,3.6andll.itimes0fthevalueat

anambientpre88ure,re叩eCtively.

1Introduction

Thereh88beenextensiveintere8tintheStudy

ofammoniumnitrate仏N)notonlybecAuSeitcan

bewidelyu8edA8bla8tingagentandfertilizer,but

a180becAuBeitha8apracticalapplicationinthe

fieldorSolidoxidizer8forrocketpropulsionand

explo8ivelI2).TheinterestinANa8asolidoxidizer

i8determinedbythefactthatitiSaCheapandSafe

energeticmaterial.Moreover,unlikeammonium

perchlorate,whichiBwidelyusedin801idrocket

propell8nt8.ANproduceBle88enVironmentally

hazardousCOmbu8tionproducts3).Inaddition,aS

anioniccrystal,bothitsCationsandanionSare

polyatomic,thusitwiIIbeanidealprototypeto

Studytheenergytran8ferproce88e8inshock-
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induceddetonationofenergeticBalt8eXPlo8ive8.

Atnormalpre88ure8.ANi8knowntoexi8tin

nveph88e8inthetemperaturerangefromzeroto

themeltingpoint(442.5K).Theroom･temperature

phase(IV)i80rthorhombicwithaCentrO8ymmetriC

apacegroupPB,m(D2hl･')andtwoformulaunitper

unitcellll.Attemperature8below255K,the

crystaltran8form8tOanotherphase(V)andx･ray

diffraction8tudie8 5)6㌧howthatthecrystal

8truCtureundergoe98di8tOrtionintoanon･

centro8ymmetrictetragOn81Structure.The

reportedapacegroupOfphase(Ⅴ)iSP42(C.a)with

z=8… ,Zi8themolecularnumberperunitcell･

Onheatingaboveroomtempemture,thepha8e

tranSition8OccurtOanOrthorhombicpha8e(ⅠⅠⅠ)

Structureat305.3A 7),atetragOnalpha8e(ⅠⅠ)

Structureat357K丹Iandtoacubicpha8e(Ⅰ)

Structureabove398K91,Fortheanhydrou8

cry8ta18,theStabilityrangeOfpha8e(IV)i8255･

323K3),andwiththeexistenceOftran8itionmetal

oxide8Sucha8NiO… …orcuoIZl,phase(IV)can
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changeintophase(lI)directly.ItiSthusClearthat

thephasediagramorANisextremelycomplexand

8COmpleteunderstandingofitiSdimCulHobe

achievedIll.sotheenergytransferrate8underhigh

pre88ureCOnditioninitsdifferentphaSeSwillbe

usefultounderstandtheshock･inducedcombustion

anddetonationofAN.

SignirlCantPrOCeS8hasbeenmadeinpastyears

intheunderBt8ndingofthemech8ni8m8Which

regulatethedi88ipatiorLOreXCeSSvibrationalenergy

inmolecular801idst3トlSJ.Andmulti･phononup

pumplngmechanism lGJhasbeenproposedto

explaintheshock-induceddetonationofexplosives.

However,experitnentalinformationontheenergy

tran8ferbetweenphononandvibronofexplosives

haさbeenverylimited.

Experimentalinformationonthedynamics0fa

vibrAtionalexcitedstatecanbeobtainedmeasuring

directlyil暑relaxationtimebyusingtime･resolved

techniquesOrbylineshapeAnaly8ISa8derived

fromfrequencydomainexperirnents13).lSl･These

twotypes0fexperimentalapproacheshavebeen

widelydemon8trated13)'15)･InthepresentStudy,we

measuredthelinewidthsofRamanSpectraOfAN

ASafunctionoftemperaturerangingfromT=3.6

to180.0K.OntheI)&8isoftemperaturedependence

oftheR8manlinewidth,itwasconrlrmedthat

thedominantmechanism fortherelaxation

proceSSeBWASthree･phononanddephaSing

proces8e8･Theenergytr8nBferratesduetothe

three･phononproceSSeSWereevaluatedinterms

ofderLBityofvibration818tate8,Whichwere

calculatedusingGeneralUtilityLatticeProgram

(GULP)Codesinphases(ⅠⅤ),(11Ⅰ),and(II)rallging

from0.0to20.0GPA.

2Experirnent

Al1SpectraWererecordedusingadouble

m｡nochrom8tOr(CT･1000D.JASCO)withaCWAr◆
188er(Coherentlnnova70･5,514.5nm).Thelaser

powerwasO･25-0･45W･Theschematicorthe

experimentalapparatushadbeendescribedin

detELilOlSeWhere川 .MonochromatOrSlitwidths

wereSeLat50pm,whichresultedinASpectral

resolutionof0.15cm'ldecidedbymeasuringthe

fullwidthathalfmaximumorthemode8elected

514.5nmlineoftheargon･iortlaser.Becausethe

mea8ured叩eCtraintervali80.05cm●landthe

experimentalresolutioniswellbelowtheobserved

linewidth8,80thatnodeconvolutionofthe

measuredlineBlmpe8Withinstrumentalfunction

wasneCe898ry.SAmpleswerecooleddownto3.3K

usingacryogenicrefrigerator(PS24SS,NAg88e

&Co.Ltd.)foropticalmea8urement8.TheBample8

(Aldrich,99.99+%)wereu8edwiththree･timere-

crystallizationinaSaturatedaqueous80lution.

Foranactualcrystal,therei8anotherSourceOr

linebroadeningiBduetothepresenceOfthe

inhomogeneitie8.Thehomogeneou8lineShape

functionisI,orent21ianwhereastheinhomogeneouS

line8hapefunctioni8Gau8Sian.Intheca白eOra

homogeneou8linebroadeningandpureLorentzian

与h8pethefullwidth†i8relatedtothelifetimeTby

theexpre88ion†=1/(Ac1),Whereci8the叩eedof

light,AspointedoutbyCAlifanOetal.L9l.2:',the

deconvolutionoftheexperimentalline8h8pe8allows

toextractingaconstantinhomogeneou8

contributiontothelinebroadeningusingaVoigt

line･Bhapefunction.

]'山(LV)-JIhw r〟-LVo)I仙 (a,oldn･O-JI'･(a･-a･.)lO(a･.)da･o
(1)

whereInt■暮(o),Ihon'(o),linhon(0.),IL(a)andI-I(o)Are

theobserved,homogeneitie8,inhomogeneitieB,

LorentzianandGatISSianlineShape,respectively.

Thelinewidth80rLorentzianandGAus8ian

componentsWereObtainedfromtherlttingB.An

typicalexampleisshowninFig.1.

3CalculationnothodThecalculationsofdensity



T8ble･lTheintermolecularpotentialprAmeter80fANA)

Pb88e(Ⅴ) Phase(IⅠⅠ) Phase(Ⅰ

Ⅰ)bond A a A

a A BN-N 1904534.6 1508.9 1904534.6 1508.9 1

904534.6 1508.90-0 1970959.87 2739.5 1970959.87 273

9.5 1970959.87 2739.5H-H 2195.37 12′1.87 21

95.37 124.87 2195.37 124.87N-0 3735452.02 3484.43 54

73987.07 2685.5 4074958.68 2299.56N-H 10044一.03 4

54.45 100441.03 2673.61 10044一.03 454.450.-H★

1662.97 67̀1.54 75853.5 )0984.91 1662.97 674.54A)AandBdenotetheLennard･J

one8potentialparameter8aSdescribedinref.3,unitisinkJAt=forAandkJA6fo

rB.Thecorresponding･hydrogenpotentialparametersareindicatedbyana8teri8k,uniti8inkJAIOforAandkJA6f

orB.welocatemOlecule8basedoncovalentradiia

ndretainallCoulombinLeractionwithinthe

molecule,andthenexcludetheintramolecularCou

lombpotential.Thecut-offdistanceRcuL

=40.0Awa8usedtoprovid

eaccurate8ummAtionoftheintermolecularpot

ential.Thepotentialfunctionsusedtodescribe

theintermolecuhrinteractionsincrystallineAN

wereconstructedasA島umOfpaiⅣiSeadditiveL

enn8rd･Jon88(U),hydrogenbonding(HB)andCou

lombic(C)potentialsoftheform.TheintramOle

cularinteractiorLpotentialincludeBtheStretchi

ng,bendingandtorBionalmotion(onlyforthecas

eOrNOt)ofthei8018tedions.Theparameter8

0ftheintermolecularandintmmolecuhrpotentiAI8

hdbeenpublishedbyThomp80netal.37tocalc

ulatethelatticeenergyorph88e(V).lnthep

resentcalculation8,Weusedthepotentialparamet

erswithoutanychangeforphase(V)andrefitt

edthepairoratomsN-0.N-HandO･･･Hinter

molecu]arpotentia18forphase(IH)andpha8e(川.
Theintermolecularpotentialparametersafterrl

ttingwereglVeninTable1.Intramolecularpo

tentialparamet,er島Werethe88meWithreference

3.4ResLJltsanddiscussion4.1Rarnan一ine

widthsTherehavebeenmany8tudies2S)'27)

forlowtemperatureRamanandinfraredspectra

ofAN.Wemeasuredthelinewidth8forseveral

phononAndvibronmodesA8Afunctionoftem

peratureranglngfromT=3.6to180.0氏

.There8ultBindicatedthatsomeofthem show 8qu8re dependenceontemperaturewhiletheo

thershvealineardependenceintheclassicalregi

me(ho)<KDT).B88edonarelaxationtheory13)淵 ,the

●limewidthiSWritten88the白umOrt:Ontribut

ion8fromphonondownanduprelaxationproce8

888andpuredeph88ingproce8Be8A

tlowtemperatures.Y=YJd+Y3〟
+Ydq,A+Y4d (2)y3d=B3d(a,+〝J+1) (3

);:I:==Bi3.V.'打 ."lj,I(n.i.1,(nA..,-〝injntI(5,

(4)yd,pA=Bdq,̂〝i(〟,
+1) (6)17i=1/【exp(Tlali/KBT)-1】

(7)wheretheB 3J , B加,BldandJ3J.ph

aretheusualthird･order,fourth･orderAndde

phasinganharmOnictermsorthecrystalHamiltoJl

ian.reBpeCLively.andniiStheoccupationnum

berofphonon.oiiBAfrequencyori･thphonon

mode.Sincetheoccupationnumberi8proportion

altoTwhenho<KBT,thevalue80fY}dAndy,udepend

linearlyomtemperature･Where88thevalues0fyJqd

.and†JddependonT2.BecauseOrthi8diLrerence

intempemturedependence,itiBPOBBibletosepara

tethecontributionofthree･phononrelaxation

tothelinewidthfromthecontribtJtionofdeph

88ingproce88byextrapolatingtheRamanlinewi

dthtoT=0･OK･Thoseobservednon･lineardependen

ce8inthetemperaturerangeOfh(ゆ<Kt

lTindicatetheoccurrenceorfourth･orderpro

ceBSeS.As hAObeendi8CuSBedinprevious8tudie8納2),

theidentificationoftheactualrelaxationpat

hway8iSaCOmplicatedtask8irLCeitmayInvolvet

hecontributionofSeveralproce88e8Andterms0rt

heanh



Tab一e.2AnharmOniccoefficientsandphononfrequenciesat0.0Kforphononandvibronrelaxationpro･

ces8e8inAN(Ⅴ)cry8talAl.

Ⅴ Bad ul t BJ叩h o B3u l ol L B4d OI

也:48.774.386.7 0.150.1750.25 24.5 0.03224.5 0.ll43.5 ー 0.6 …まけ49.0 1.50.7 24.524.5 1h 9 [ 0'11i ;;‥; i o.6397.8 0.24 49

.0 24.5 24.5111.0 0.60 49.0 【 - -

139.7 2.4 111.0 - -

710.3 - 0.05 231.0

231.01294.0 2.1

231.0 1 - -1406.4 2.1 95.0 -14lJ

I.71446.0 2.01.05 7.5 . 0.1661 ' 2LI.5 ri 】8)unitisincm･1,inBュdprocess,02=V-OJ;inB3uproc ess,02=∨

+01;inB4dprocess,03=-Vl0I-02tCーー′

′. Pictureoftherelaxationmechanism8Canbeobt

ainedintermorthe8implesLprocessconsidering

theanharmoniccouplingcoerficient8A8rlttingp

arameters1帥22)･Inthedepopulationmechani8m8.up-conversionprocessespredict†3uaJldYJq,h=0At

oX;consequentlyonlydown･conversionproces8eSc

ontributetothelinebroadeningfortemperaturecloseto0K.As pointedoutbyCalifanoandSchettio

1日,three･phonondepopulationprocesse8are

moreprobablethanhigherorderdecayproce8Se

8･Thereforeweusedthree･phonondownproce88e8tofitthere8iduallinewidthAtlowtemperature

formostmodes.Theincreaseinthetempera

turecau8eSthethermalbathtobeprogressivel

ypopulated,determiningtheactivityortheup･conversionproceSSeS,Whichmustalsobeincluded

inthefitofthelinewidth.Quarticconversionprocessesareinsertedonlyforthesemodeshavin

gnon-lineartemperaturedependence80rtheline

width.TheSimplestfourth･orderproce88isthedep

haSingproceBB,WhichiSexpectedtobethemosteff

icientforaVibronrelaxation33).Basedonthemeasuredenerwlevelsofthephononsandvibron8

･thelinewidthofsomephononsandvibronShasbeeninterpretedusingeq8･(2)I(7)･Forexample･

thevibronmodeatI406.0cm'Idownconversest

Ovibr｡nat1311cm●landcreatesaphononat95

cm･1.As LemperatureincreAseS,itup-conversestoa

vibronat1431cm一Iandabsorbsaphononof24･5cm'l.TheresultsofrelaxationprocessesareglVen inTable2.FortheloweSt･frequencyvibron

at710,0cm◆-,becausethemaximumfrequencyofph

ononi8About246cm'l,itcanonlyrelaxitselfb

yfour-phononproce88e8anddeph88ingproceB8e8･There8ultBinTable2indicatedthatthedominant

mechani8mSfortherelaxationproceB8eSOfmost

modesWerethree･phononand

deph88ingproceB8eB.4.2Energytransforrates

AsdiSCuBSedin8eCLion4.1,0nthebasisorthe

temperaturedependenceofthelinewidth,th

ree･phononanddepha8ingproce88e8WOuldbet

hedominantrelaxationmechanismforthemo阜t

Ofphononsandvibron80fAN･Sincethedeph8ingcan∝Curbyapuretransverserelaxationinwhich

noenergyexchange(dissipation)occurs

butonlydynami cfluctuationsdestroythephas

erelationship31㌧thenwecanconsiderthemaincontributionstoenergytransferratesaredue

tothree･phononproce88eS.Although three･p

hononproce88eSincludeenergy･downtransferAn

denergy･uptransferproce88e8,Sincetheenergy

mustbetr8nSferredtothebondStretchingmodesrelevanttobondbreakingユSl,hencewewiuFIXthe

energyofaglVenPhononorvibronStateOllandS

umOVerallphonon80rvibronB(帆.0'2)suchthattot+0)

Jl=(0,.Iti8Said,weonlyconsidertheenergytransferfromlow-freqllenC

yrrLOde8(O.,02)tohigh-rrequencymodes(

ひ.a.FriedandRugglerO35'havederived8SimpleK



formulaforthephononup･conver8ionratesintoa

givenvibronmode.Accordingtotheirformula.for

agivenbandoc,theenergytransferratespera

volumeofcry8tali8given88follow8,

〟(仰 ,-益 JdoW･O,a-(or-",p(0,p(dV,-〟,
(8)

where,poi8thedensityof8ample,Bi8Cubic

anhrmoniccouplingcoeLZicient,p(O)i8thephonon

orvibrondensityor8tate8,definedby

p(a)-∑ 匝 些ヒ生型
･ 8nJ (9)

Inordertocomparetheenergytran8ferrates

fromdifferentJnOlecule80rdiqerentpha8e8forthe

88memolecule,itiBneCe888rytOdetermineA

normali2;ationfactor.The8imple8tAlternativei8

totaketheintegralofp(o)overallfrequenciestO

beequalto3N/V上.whereNi8thenumberofAtOm8

perunitcellandVci8thevolumeofunitcell.

Atambientpre8Stlre,accordingtothe

a88umptionofFriedandRuggiero35),we8180

aBBumeth ttheanharmoniccouplingper

molecularvolumei8the8amefordiLrerentph88e8,
thisiSequilvalenttotakingB=VcBJZ,whereZi8

thenumberofmolecule8perunitcell.Theneq.(8)
canbewritten88.I

K･"r･T,-讃 蒜 Jdmn～(岬 ･N,-a,p(O,p(Nr-m･
(10)

where,Ido'p(o)≡1overallfrequencies.

1ntheregionofK8T>>h,0,氏(o)日lexp(ho/(KbT))･

1)'1的 TI(ho),theneq.(10)changesintoeq.(11).

･0,.,,-欝 Ido地 al(al,-al)
(ll)

Athighpre88ure8,B increa8e8Withthe

compre88ionduetothedecrea8einintermolecular

Separation3r')･wederivedtheeq･(12)fortheenergy

trAn8ferrate88thighpre88ure8accordingto
reference16.

･･V･mE･,,-鰐 桝 dw欝

(12)

whereVoiさthevolumeofunitcellatP=oGPa,

andVi8thevolumeofunitcellatthepre的ureP.

U8ingeq8･(ll)and(12),theenergytran8ferrates

areCalculatedinterm80fthephononandvibron

den8ityof8tateS(DOS).There8ult8aregivenin

Fig.2.Wecalculatedthe8utnOfenergytransfer

ratesintheregiono≦702cm'Landfoundthatit

account8formorethan70%ofthewholeenergy

transferrate8overallfrequencieS.Iti8notedthat

theregiono≦702cm◆lcorre8pOndStO"doorway"

regionde丘nedbyDlottetal.16畑).The"doorway"

regionplay8animportantrolein8hock･induced

detonation.

Inthe8hock･inducedexperiments,aSuddenhigh

pre88urei8generated.Compre88ingthematerials

increa8e9thenumberofphononSperunitvolume,

butinducesthefrequency8hiLt8tOhigherenergy

level.Ingeneral,the8hiLt80fphononmodesare

muchgreaterthanthatOfvibrationalmodes.Then

themode8lyingintheregiona ≦702cm''are

l ANN)･.山一..礼-

-.l AN

(Ⅰ耳)

･ー-

』 一 W 'Ⅵ0500 t(ゆO I500 20(氾 2500
3000 3500FTCqtJC

nCy(cm'1)Fig･2Thecalculatedenergytran与ferr
ate80fANatambientprc的ureandroomtemperature.
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decreased.Inaddition,dueLothefrequenciesmove

tohigherenergylevel,thenumberofphononsor

vibronsperunitFrequencyintervaldecreases.

Thentheexcitationpo88ibilitywillhaveA

maximumvulueatBOmepre88ure.Theexcitation

possibilityi8d8fitleda81dup(o))p(ok-U)/[0)(恥 ･u)).

whereldop(u)=loverallfrequencies.To

understandtheenergytransferrate8underthe

highpressureCOndiLion,wecalculatethephonon

andvibronDOSandenergytransferratesaSa

functionofpre88ure.TheBumOfenergytr8nSrer

ratesinthereg10nu≦702cm'.AreShow占inFig.3.

Itisveryinterestingforthattheenergytransfer

r8te80rAN(Ⅴ).AN(Hl),andAN(H)havea

maximum valueat7.0.ll.0andll.0GPa

respectively.Themaximumenergytransferrate8

orAN(Ⅴ),AN(Ill)andAN(Il)are2.9,3.6andll.1

timesofthevalueatAmbientpreSSureCOnditions.

TheresultsindicatethatthephaseAN(ⅠⅠ)ismore

ea8ytOexplodeunderhigh pre88ureBthanother

twoph88e8.However,noexperimentaldataata

high pressurewasavailableforcompari80n.

Conclusions

Thelinewidth80fRamAn8peCtraOfANwere

measuredoverthetemperaturemnge0-180K.

Ontheb88i80rline･8hapeanaly81S,itwas

confirmedthat,thedominantmeChanismforthe

relaxationproceB8e80rmO8tmodesWerethree･

phononanddephaSingproce88eS.Theenergy

transferrates0rthephases(Ⅴ),(ⅠⅠⅠ)And(lI)h888

maximum valueat7.0,ll.0,andll.0GPa,

respectively.Themaximumenergytransferrates

orthephases(V).(ttI)and(ⅠⅠ)are2.9,3.6and11.i

timesofthevalueatanambientpre8Sure,

respectively.ILi8indicatedthatthephaseAN(ⅠⅠ)

i8moreeasytOexplodeunderhigh pressuresthan

othertwophases.
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