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CharacteristicsoftheFranz－Keldysheffectweretheoreticallyanalyzedbytaking

into account electronicintraband relaxation・Theoreticalanalysis of opticalab－

SOrPtion was perfbrmed basing on thedenslty matrix fomalism with the help of

astochastic modeltoinclude theintrabandrelaxation．Theabsorption tails ot＞

SerVedinexperimentswerewellexplainedbythistheoreticalanalysis，tOgetherwith

theFranz－Keldysheffectitself．

KEⅥ〟ORDS：dens■ty matr■X，eIectronicIntraband reJaxation，Franz－Keldysh e仔eCt．

SemlCOnductoroptlCalmodulator，electrooptlCaLefFect



1．Introduction

Theopticalabsorptioncoe侃cient ortherefractiveindexcan becontrolledwith

anappliedelectricfieldlnVari0usmaterialS．Suchanelectroopticale鮎ctinabulk

Semiconductorcrystaliscal1edtheFhnz－Keldysheffectandisutilizedasanoperar

t10nmeChanisminopticalmodulatorsorswitches，Whicharefundamentaldevicesin

Optoelectr011ics・1－9）However，theresultsoftheoreticalanalysesoftheFtanz－Keldysh

effecthavenotexactlycoincidedwiththeexperimentaldata，10－22）andseveralmodi－

ficationsarerequiredinordertoexplainexperlmentaldata・8）Themostnoteworthy

differencesbetweenthetheoreticalresultsandexperimentaldataconcerntheabsorp－

tlOntal123）whichisalwaysobservedinanabsorptionspectrumatphotonenergleS

Smallerthantheband－gaPenergyeVentherelSnOeXternalappliedfield．TheelecL

trontranSitionthroughtheimpurity－bandformedbyimpurityatomswasglVenaS

aneXPlanationfortheabsorptiontai1．

SimilarcharacterlSticsoftheabsorptiontailinthegalnandthespontaneousemiS－

SionspeCtrumforphotonenergleSlowerthantheband－gaPenergyWerealsoobserved

inthestudyofsemiconductorlasers・Kane24）theoreticallyexplainedthatdistribut－

ingauctuationsofthepotentlal，WhichisformedbytheionizedlmPurityatoms，Creat

atai1－1ikedensityofstatesinaGaussianshape・FhrthermoreTHalperinandLax25）

andLasherandStern26）improvedthisabsorption－tailmodelinaquantummechani－

Calmanner・Iiowever，thesetheoreticalanalysestreatedmaterialshlgh1ydopedwith

impurityatomS，anddidnotexplainedwhythetailofthegalnOrtheabsorption

SPeCtrumlSStillobservedinundopedsemiconductorcrystals・

Yamadaandco－WOrkersexplalnedthatthetailphenomenaarecausedbytherelax－

ationeffectoftheelectronwaveduetoscatterlngamOngelectrons・28，29）Yamanishi30）

andYamanishlandLee31）alsolnVeStigated，inmoredeta11，meChanismsofelectronlC

SCatterlngandpolntedoutthatlineshapetyplCalofbroadeningofthespectrum

show characteristics mtermediate between those of Lorentzian and Gaussian func＿

tions・SincetheabsorptiontailwasalSoobservedinthequantumwellsemiconductor
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1asers，Which are being rapidlydevelopedin recent years with precise fabrication

technologleS，theelectroniclntrabandrelaxatione鮎cthasbeenwidelyacceptedas

theorlglnOfthetailonthebasisofseveraldetailedtheories・31－34）

Themostpopularlyusedtheoreticalmethodtointroducetheelectronicintraband

relaxationeffectisthedensitymatrixformalisminsemiconductorlasers・28）Inthis

WOrk，Wetheoreticallyanalyzetheopticalabsorptionbasingonthedensitymatrix

fbrmalism，butfurtherimprovethetreatmenttodetermlneamOreaCCurateprOfi1e

Ofthetail．In thenextsection，derivationofthedynamicequationofthedensity

matrixelementisreexaminedusingastochasticmodelwhichincludesthee鮎ctof

non－Markovianintraband relaxation．ThenabasICequatlOnOnOpticalabsorption

undertheinfluenceofelectroniclntrabandrelaxationisderived．In§3，afoITmOfthe

OptlCalabsorptioncoefficientunderapplicationofexternalDCelectricfieldisderived

byconsiderlngtheFtanz－Keldysheffecttogetherwiththerelaxationeffect・In§4，

numerical1ycalculatedexamplesoftheabsorptioncoe庁iclentlnGaAsareglVen・We

t，akeinto account theelectronlC tranSltion from t，he valenceband to the conduction

bandbut，forsimplicity，donottakeintoaccountothertransitionmechanicssuchas

thatthroughtheexcitonstateorthatbyfreecarrierabsorption・

2．MethodofDensityMatrix

2．1上）αmp亘れタ0md甲OJeu豆8m土色071ひ肋e～ectmmC7℃Jα∬α王”mq隣cZ

Itisconvenienttousethemethodofthedensitymatrixfordescribingthedynamical

behaviorofadipoleirlaSemiconductor・35）Thetimeresponseofthedipoletoa

continuousopticalfieldis determined with aconventionaldensity matrixp（l）or

Withamatrixelementp。C（i）givenineqs・（20）and（24）・Therelaxationeffectofthe

dipoleortheelectronwaveiscausedbymutualinteractionamongthedipolesorthe

electrons・Thenwestartherebyintroducingasubsetw（i）ofthedensitymatrixto

represent，inmoredetalls，mlCrOSCOpiccharacteristlCSOfthedlPOlesortheelectrons．

Welndicate the prlnClpal Hamiltonian correspondlng tO the band structurein a

SemiconductorcrystalasHo，theeigenenergylevelofwhichislル㌔attheeigenstate
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of回・Wealsoassumethatatime－dependentperturbationH5号）（t）isappliedtothe

Subsystemofelectronsfroml＝ち・ThedynamlCalbehaNiorofthesubsetw（l）ofthe

densitymatnxisglVenbythefollowlngequation：

一志－＝去［胸＋瑚），坤丹

Equation（1）1StranSformedintoaninteractionplCtureaS

一一五二孟［榊，項目フ

Where′represents“intheinteractionpicture”intherelatlOnSOf

w／（i）＝eXpl2］W（l）exp［瑠

H”）＝eXp［笥Hr（i）expl瑠・

（1）

（2）

（3）

（4）

Ⅵ屯soIveanaPprOXimatesolutionofeq・（2）usingtheinteractiontechniqueupto

thesecond－Orderperturbation．WhentimelnCreaSeSaSt→t＋△l，thevariatlOnOf

w／（t）isobtainedby

。（ま＋△壬）一〟（壬）

＝訂什△㍉榊1）っ項）擁

一嘉J什△丁2［舶2），［舶1）湖紺d埴2

（5）

Settingeigenstatesintheconductionandvalencebandstobelc）andlv），reSpeCtively，

andwritingtheo仔－diagonalelementofw′（t）aswLc（t），thedynamicalbehaviorof

adipoleinasemiconductorisdeterrnlnedbytheoff－diagonalelementwLc（l）・By

multiplyingeq（5）by回homtheleftsideandbylc〉homtherightside，WeObtaln
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thematrixelementofw′（i）as

戒。（£＋△り一戒。（り

＝封抽仙）舶）血1

－妄上付△丁2紬朋2軋（坤血，　　（6）

Wherefl（ul）isthetermofthefirst－Orderperturbation，

ム（叫）＝回ガ抽1）lu〉－〈cl坑（叫）lc〉，　　　　　　（7）

andJも（ul，u2）isthesecond－Orderperturbation，

ム（叫，Ⅶ2）

＝（回巧（朋2）堵（叫泄〉＋〈cl月抽2）巧（叫）】C〉）

－くく可巧（勉）回〈cL喧（叫）lc〉

十回月抽1）iv〉〈cl巧（朋2）】C汁 （8）

ItisknOwnthatcontributionsofthethlrdandfourthtermSineq．（8）areeventual1y

negligibleinasemiconductorcrystal．30】36）

Wetakeherethestatisticalaverageofeq・（6）overthesystem，aSindicatedby

SincethestatisticalaverageoftheperturbationH：（t）is〈nlHtIn〉＝0，thetermwith

the丘rst－Orderperturbationineq．（6）mustbecomezero，

Thevariablesulandu2inthesecond－Orderperturbationineq・（6）varyintherange

Oft≦ul≦u2≦t＋△tforashorttimeinterval△l・Iiowever，thestatisticalaverage

mustbeperformedoverlt≦l≦u2，becausethelnteraCtionstartsfromi＝ち　Then，

方て両＝f2万軒房伸一蛸f・　　（9）

Thetimeintervalu2¶いslongenoughtodefinetheautocorrelationofHl（i）．we

assumeherethatthefluctuatedHamiltonianischaracterizedbythesecondrorder
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CorrelatlOnlnaSemiconductorcrystal36L38）aB

嘉万両＝Aexp（一望詩　　　（10）

Where Ais theamplitude ofthefluctuationand7もis thecorrelation time ofthe

fluctuat，ion．Therefore，WeCanwrite

′、l／巨・‥‥一・・・り二

日●　巨、・、・′

＝△甘㌦exp（一三巨

Thenthestatisticalaverageofeq．（6）becomes

砿（ま＋△f）一転而

＝－△甘㌦exp（－…）d成田，

Whichisrewrittenintheformofadynamicequationas

l叫，√い一面－＝－7裾）亮市

価折了㌦exp（－…）dT

＝主〈1－eXp（－至宝）〉

and

l＝A称
丁も

（11）

（12）

（13）

（14）

（15）

Parameter7七mayCOrreSpOndtotheintrabandrelaxationtime7完nlntheprevious

densitymatrixtheory．28，29）substitutlngeq．（14）intoeq．（13），WeObtainthesolutlOn



forthedensitymatriXelementas

亮市二元恥Xp仁君（誓＋e守一1）〉・　（16）

2．2　Re甲07裾e qf娩e deγ指物mαfr血bcomめは0鮎呼孟夏Cα上月e～d

Sincetherateofrelaxationforelectronicscatteringvarieswithtlmet，aSdiscusSed

inthepreviousSeCtion，itisdi侃culttoglVeadynamicequatlOnOfthedensitymatrix

torepresenttheresponsetoacontinuousopticalGeld，Weexamlnethetimeresponse

ofthedensitymatrixi石田foranlmPulseb（t－ti）field，inthefirststep，Then

theresponseto the continuousOpticalfieldlS eXaminedin terms ofpvc（t），Which

COrreSpOndstoamatrixelementlntheconventlOnaldensitymatrixformalism．

Whenanimpulseoftheelectncfieldb（iLii）isappliedattheinitialtimef二も，

vanationofwv。（i，li）intheSchr6dingerpictureisgivenas

一・・一訂一一二浅紅偏）札却一局

＋〈鮎－7（用一三〉両市，

（17）

Where巧言and呵；こ；are diagonalelements ofthe density matrix，R。Cis a matriX

elementofthedipolemomentoperator，andLJcv＝（l鶴－Ⅵん）／hlndicatesanangular

frequencycorrespondlngtOthedi鮎rencebetweenenergylevelsl鶴andⅥん1nthe

COnductionandvalencebands，reSPeCtively・Thefirsttermlneq（17）expressesa・n

interaction betweentheelectromagneticfieldandthedlpOle．Tbrmsinthebraces

meantheresonancee鮎ctwithwa，theelectronicrelaxatione庁ectcharactenzedby

T，andspontaneousemissionwithl／73・Sinceweass11medthatthematrixelement

wvc（l，tt）ineq．（17）startsfromthetimet二㌔，thesolution完有覇ineq．（17）lS

Obtainedby

Wu招，f！）

7



＝一志匿一柘）吼c

xexp〈抽（ま一軒か血榊1一誓）・

（18）

ThecontinuousOPticalfieldisexpressedbysettingthecomplexamplltude且Jand

theangularfrequencyLLlOftheelectricfieldas

且（壬）＝軋eJUt＋罵e「JUt （19）

Writingtheresponseofthedensitymatrixtothecontinuousopticalfieldaspvc（i），

pvc（l）isgivenbythesuperpositionofwvc（t，tS）whlChstartsh・OmVariousinitialtimes

tl．Therefore，

β誹）＝た完百両吼e減＋罵e‾彿擁

巴一芸（β∝一一笹川）兄湖山）甜Ut，

where◎（LL，）givesaspectral1ineshape，

叫）＝上∞expt外心一山）丁－r（棚T7

andthecoefncientIl（T）isdefinedas

r（T）＝fT血，トT）れ＋三・

Whentheelectronicrelaxationeffectisexpressedbyeq．（14），r（T）becomes

r（丁）二言（…＋e‾竜一1）＋三・

TheelectricpolarizationPisglVenaS

P＝瑞7’r（PR）＝瑞∑（恥札。＋恥。月。γ）

＼＼：）：・・・′・・
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（◎（山）軋eJ山上－◎（げ丘ニe‾Jd）， （24）

Where＾㌔isthedensityofelectronsincludingboththeconductionandthevalence

bands・ThesusceptibilltyX（LJ）isdefinedbytherelatlOnOf

P＝軸（X（山）且′eJUt＋X♯（山）罵e‾Jd），

舟）＝鳶写写（恥一顧Rc榊伸

andis written aS

（25）

（26）

ThentheabsorptioncoefficientavcduetotheinterbandtransitioniswrlttenaS

αひ。＝遜色血（X（山））

了＼＼二＼‥…・・い・、・1、

（27）

Wheren，1StherefractiveindexandS（hw－Wcv）isthespeCtral1ineshapefunction

glVeninthlSSeCtlOnaS

g（禿山－1佑”）

≡去月ei瑚）

＝去月e“∞exp的リー小一而可　　（28）

Aspecificfeatureofthispaperistheintroductionofthisspectral1ineshapefunction．

ThespectralllneShapefunctionexplainswelltheabsorptiontailextendingintothe

bandgap・

3．manZ－KeldyshEfrbct

3・1月e～αfzomたわわe加〃ee71d如OJemomer乙亡αれdegecかpmWαVeかmC吉名0侃

TheFhnz－Keldshe鮎ctlStakenintoaccount to modifythevalueofthedipole

momentIRc。l21neq．（27）．AnalysISOftheFranzrKeldysheffectinthisworkisbased
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OnaJlalreadyestablishedmethod・18）AmodeloftheanalysisisillustratedinF1g・1・

AnelectronlntheconductionorthevalencebandisdefinedlnareCtangularbox匡垂］

WhoselengthsareL”Ly，andLz・WhenaDCelectncfieldFisappliedalongthe

Z－dlreCtion，thevalueofthedipolemoment R。VischangedthroughthechangeOf

electronstatesIc）andlv〉・Awavefunctionofasingleelectroninthej－thbandせ，（r）

lSgivenwithenvelopefunctionsXj（37），羊（y），andろ（Z），Whichvarymoderately，and

aperiodicfunctionu，k（r）whosevariationisrepeatedbyshlftlngwiththecrystal

軌）二辞去刷（y）ろ（項触回・　（29）

ThesubscrlptJ StandsfortheconductionbandwhenJ＝Candthevalenceband

When］＝V・MatrixelementRcvofthedipolemomentiswnttenas

IR。Vl2＝l鮎（r）ler帆（r川2可悔l2帽2鶴l21左l2，　　　（30）

Whereんis

′　′、‥、‥・

IyandIzaresimilarlydefined・月01S

l瑚2＝l〈朋。（瑚e中り（r）〉l2

（31）

（32）

TheopticalabsorptlOnlSgivenasthesumoflRcvl20fthedipolemomentforall

energylevels，aS

∑∑l凡詳

＝∑∑∑∑∑∑閻2困21もl2困2
1トr n・T n・1‘l1－r rl、ゝlI‥

（33）

WherenJldenotesthen－thstateofanelectronalongthei－direction（i＝X，y，Z）inthe

j－thband．
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3・21γαVe舟乃Cf豆07もα侃dmmあerげe～ecfm几βねfe5pαmJ～eH0呼p砧edβeJd

TheenvelopefunctionZj（Z）forthez－directlOnparalleltotheappliedfieldFIS

glVen by the k）1lowlng Schr6dinger equation under the effectlVe＞maSS aPprOXlmar

卜芸芸土e弓ろ（Z）＝明Zろ（Z）　（34）

Here，mJistheeffectivemassofanelectronintheJ－thbandandⅥ勺glStheeigenenr

ergyforthez－direction・The＋and－Signsineq．（34）refertoanelectronlnthe

COnductlOnbandandaholeinthevalenceband，reSPeCtively．Inthecaseofabulk

CryStal，WeSetthepositionoftheboundary，Z＝士Lz／2，tObe土∞withtheconver－

gentconditionof

ろ（土吾）→ろ（土∞）＝0・

Bytransformingthevariablezineq・（34）to吉，definedas

も≡（等竺）十警土Zト

eq．（34）isrewrlttenaS

（義一車（脚

（35）

（36）

（37）

Usingoneoftheboundaryconditionsineq・（35），Zc（∞）＝00rZ。ト∞）＝0，the

solutlOntOeq．（37）becomes12）

ろ（Z）＝αJA礪轟

WhereA凰（E）istheAiryfunctiondefinedby

瑚）二鳥00cos（誓＋中

11
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andaJlSanOrmal1ZationconstantglVenby

＼′十二TU

ThentheenvelopeintegrationIzbecomes，forL→∞，

′・言一一・∴・∴．・

中農〉去（帰可

（40）

（41）

ByapplyingtheotherboundaryconditionofZc（－∞）→00rZv（∞）→Otoeq・（38），

we obtain

S雄（欝）圭（警＋紳証0・

Therefbretheeigenenergy怖気Canbedeterminedby

mJZ＝孟（欝）量倍＋告）亘＋去

（mJZ＝1，2，3，・‥）・

（42）

（43）

Thedensityofstatesperunitenergyforthez－directionunderthelimitofLz→∞

isgiven，withthehelpofeq・（43），aS

髭＝…（等守（語＋告鳥
巴去（誓）呈・

ThesummationovernczandnvzisreplacedbytheintegralIIdlルtzdl仇Z・

∑∑
7lcZ　71℃ヱ

＝J完長篇纂d昭Z耽

∴′′・十㌧It・・・1
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∑∑け謹二軍×
‖一・こIll■

仁仁l・ll．予いいIl

r．て仁　い：！，．）ll、

Then，WeObtain

（46）

wherelりisdefinedasⅥウ＝（（heF）2／2Mvcll／3withreducedmassofMvcdefined

asl／Mvc＝1／mc＋1／mv，andl鳩IStheenergyvaluewhichisthesumofthosein

theconductionandvalencebands，T鶴＝l鶴Z＋t仇Z．

3．3（わfzcαJα850叩吉富0几COqがC富eT乙壬祝mder触れ的rmeJecかてCJieJd

SlnCe We are treatlng anlntrinsIC Semiconductor here，We Can Set Pcc Ri O and

Pvv記0，WhichareelectrondlStributionprobabilitleSintheconductionandvalence

bands，reSPeCtively．TheopticalabsorptioncoefBcient（lvcineq．（27）canberewritten，

usingeq．（33）as

αVC＝据芸孟妄言≡≡≡吉

岡0121も121場2困2g（放J－1γ）． （47）

Thesummationofstates for thezrdirectionineq．（47）isgiven byeq．（46）．Other

summationsofstateswithinthex－yPlanearegivenbyeq・（A・8）intheAppendlX・

TheopticalabsorptlOnCOelficientα糀（F，W）underelectric鮎IdFis

α胱（ダ，山）

二三躇爪先。eF
TJJHブ

／．仁′・い：：′巨・…＝叫

＝芸躇 AJ1．．1tF
TJ′コ‖’デ

13



／′・・告1㌦・lt．、IIJ

＋杵等伸（…）叫
（48）

WhereW＝Ⅵ左＋鞘＋ⅥもandA亀′（E）（＝dAi（e）／dE）lSaderivativeoftheAiry

function・Equation（48）isalmost thesameasthatfortheFhnz－Keldshe鮎ctin

previ0usanalysesintheliterature，eXCept fbrthelntrOductlOnOfthespectralline

ShapefunctionS（hLL）－W）

OptlCalabsorptioniscausedbyelectrontransitlOnSfromtheheavy－holeandthe

light－holebandstotheconductionband・Therefore，theabsorptioncoe抗clentα（F，LJ）

1SglVenaSthesumofthetwomechanismslnWhichtheheavyandthelightholeare

denotedwithsubscripts・ノ＝handv＝l，reSpeCtively，

α（F，山）＝α加（耳虻）＋α上。（ダル）．　　　　　　　（49）

Bydenotingtheabsorptioncoe臨cientundernoelectricfieldasα（0，LL）），Changeln

theabsorptioncoefhcientupontheapplicationofelectricfieldiswrittenas

△可ダ，止り＝α（F，山）－α（0ルト （50）

4．　NumericalCalculationand Discussion

4．1郎ecrdわれeβゐ呼e舟mCわれ

ThespectrallineshapefunctlOnS（hLJ－T4L）wasdefinedlneq．（28）of§2．2asa

realpartofFburiertransformationfortimevariationofadipole．SincetheanalytlCal

SOlutionofeq・（28）ishardlyobtalned，WemuSteValuatetheequationusingsuitable

approxlmationsandnumericalcalculations Theintegrationinthebracketineq・（28）

iswrittenasIo（al，a2）anddefinedas

紬α2）＝re一両2（e‾竜骨1）df・　（51）

14



1。（a．，a2）canbeexpandedwithacontinulngfraction37）

ん（α1，α2）＝
α1＋

α2（1／乃）2

小去＋中蒜選定

Theneq・（28）canberewrittenas

g（弘一仲γ）＝三月中〔㌔些＋三男）

InthecaseofTも／7b≫1，theshapefunctionbecomesGaussian，

ぶ（弘一勒γ）＝㍉去停一陣伺2，

WhileincaseofTも／7b≪1，thefunctionisLorentzian，

β（hノー仇も）
町七

（敵い一休も）2＋（た／㌔）2

（52）

（53）

（54）

（55）

NumericalCalculationsinfollowlngPartOfthispaperareperformedusingeqs．（51）

and（52）・Figure2showstheshapesofS（hLL）－74L）forfourvaluesof7b：Ofs，10fs，

40fsandlOOfs，withaGxedvalueof7L＝0・1ps・Thecurvefor7b＝Ofscorresponds匡画

totheLorentzlanandthecurvefor7b＝100fsisGausSian－like．

4・2　〃≠mer7CαgCαJc祝Jαfzoγあげop王もCαJαあ50叩土色0氾COq伊C官eTもt

4．2．1肋e～ecfm陀豆亡弟e～d

Whenthereisnoappliedfield，WeObtainthefollowingrelationfromeq・（27）・

瑞写写

＝g。V（取り）dl鶴V

∴工　－、Il　日日、

Then，theopticalabsorptioncoefBclentαvc（0，LLJ）becomes

α∽（0，山）
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（56）



＼、勺、 ト亀l29m（1鶴V）β（払トⅧ‰）dl鶴V．

（57）

ThetotaloptlCalabsorptioncoemcientα（0，LLl）isgivenasasumofv＝handv＝l，

asdlSCuSSedineq・（49）・

MaterialparametersoftheGaAscrystalusedfbrnumericalCalculationaren，＝3・6，

m。＝0・0677和，m九二0・45m0，mg＝0・082mo，t％＝1・42ev，and凧l2＝5・79×

10‾57（叫，／W）2C2m2・CalculatedexamplesoftheopticalabsorptlOnCOefEcientare

Shownin Fig．3，Where the solidlines are casesinwhich the electronlCintraband

relaxationlStakenintoaccount，Whilethedottedllneisforthecasewlthouttaking

accountoftherelaxatlOn・Experlmentaldatah〕mref・23areplottedwiththeblack匡垂司

Circles，Theabsorptiontailobservedinexperimentisexplainedwellbytheelectronic

relaxatione鮎ctwiththeparametersof7b＝0．1ps，7b＝40fsandTs＝1ns，inthis

example．

4．2．2（わftCαJαあ50rpfも07もCOq伊CもeTlf耽れder叩pJ亀edpCeJecfmCβeJd

ThecalculatedopticalabsorptioncoefhcientinanintrinsicGaAscrystalunderapT

pliedDCelectriCfieldisshowninFig．4withexperimentaldataobtainedbyCasey

etal・23）andStillmanetal・1）ThesolidandthedottedlinesinFlg・4arecalculated匡垂司

datawithandwithout takingaccountoftheelectricintrabandrelaxation，reSpeC－

tively．Theabsorptioninthebandgapbecomesstrongerwithstrongerappliedfield．

Theexperimentaldataareexplallledwellbyourtheoreticalcalculation wherethe

electroniclntrabandrelaxatlOneHectistakenlntOaCCOunt・Calculateddataofthe固

change△α（Fp）intheabsorptioncoelficlentareShowninFlgS・5and6，Wherethe匝頭

SOlidlinesanddottedlinesarefbrwithandwithouttakingaccountoftheintraband

relaxationefFect，reSpeCtively・Theenergydistributionof△α（F，LJ）issmoothedby

takingintoaccounttherelaxationeffKt aSShowninFig・5・
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4．3　C粘α7Ⅶe亘れγ巾C如e哀れde∬血eb呼pJ豆edeJecfmCJieは

RealandimaglnarypartSOfthedielectricconstant aregenerallycombinedwith

theKrames－Kr6nlgrelation．Denotingthechangeinthereh’aCtiveindexinducedby

applyingelectricfieldas△n（F，LL，）っ△n（F，LL，）isderivedfrom△α（F，LJ）as

△m（瑚＝三上∞筈等裾　　　（58）

wherecisthespeedoflight・Changeintherefractiveindex△nisnumericallycalcu一国

lated，aSShowninFigs・7and8，fromdatainFigs・5and6・TheblackcirclesinFig・7匝画

indicaIteeXperimentaldataobtainedbyPondetal・20）ourtheoreticalcalculations

COincldewellwiththeexperimentaldata．

5．　Comclusions

TheopticalabsoIT）tioncoefBcientandtherefractiveindexduetotheFhnzrKeldysh

e鮎ct were theoretically analyzed by taklnginto account theelectronicintraband

relaxationphenomena．

・Atreatmentbasingonthedensitymatrixformalismwithastochasticmodelwas

PerformedtotakelntOaCCOunttheelectronicrelaxationphenomenainamore

exact form．

●The absorption tailobservedinexperlmentis explained tobe aresult ofthe

electronicint，raband relaxation．

．TheexperimentaldataontheRtanzTKeldsheffectwereexplainedwellus1ngOur

improvedtheory．
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Appendix：Number ofElectron Statesina x－y Plane Perpendicular to the

AppliedField

TheenvelopefunctionsXj（X）andy；（y）perpendiculartotheappliedelectricEeldare

respectivelywdttenas

榊＝荏S串（ご＋告）］

瑚＝信S串（y＋紬

Withtheboundaryconditions

可土告）＝㌔（土告）＝0， （A・3）

Where転andk，yarethewavevectorofanelectronforx－andy－dlreCtions，reSpeCtively・

Applylngtheboundarycondltionsofeq．（A・3）givethefollowingconditlOnSforthestateof

an elect，rOn：

毎も＝mJ。汀　（mJ。＝1，2，3了＝‥）　　　　　　　（A・4）

転も＝隼ね町　（隼ね＝1，2，3，‥・），　　　　　　　（A・5）

Wheren33EandnJydenotethen－thstateofanelectronalongx－andy－directions，reSPeC－

tively SubsutitutlngeqS・（A・1）and（A・2）intoeq，（31），Wegetthefollowlngequationsforthe

COnditionsofエ∬＝⊥甘→∞・

困2
1sln2（（たα一転。）上。）

上蓋　（た。。一礼。）2

巴芸∂（転〇一良化）
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（A・6）



l場2
1sin2（（た昭一もy）上y）

工芸　（転一転）2

巴芸鴫一転） （A・7）

Thesumofallstatesofeq・（33），∑na∑ney∑犯V2∑nvyLI2l2Ilyl2，isgiven，usingeqs・（A・6）and

（A・7）as

∑∑∑∑因21場2
Il∴rIl・・シ　ーIl・Jll、i・

＝（告）（普）〃〃

∂（たα一礼。）∂（た。y一転）鴫適転鴫誹転

＝霊灯■■梱■＝昔／勒

輔＝亀＋鴫

where

and

are used．

（A・8）

（A・9）

叩．＝芸（た＋亀）＋芸鶴＋亀）　（A・10）

1　　1　　1

－＝－＋－

弧。　m。　mV
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（A・11）



Figurecaptions

Fig・1・AnalytlCalmodelofRlanZ－Keldysheffect・（a）AnelectronlSCOnfinedinasemicon－

ductorwitharectangularboxwlthlengthsofLjOLy，andLzandaDCelectricfieldF

applledalongthez－direction，（b）EnvelopefunctlOnSOfelectronwave，Z。（Z）andZc（Z），ln

thevalenceandtheconductlOnbandsforthez－directionparalleltotheapplledfield

Fig・2・SpectrallineshapefunctionS（hLLJ－E）forseveralcorrelationtimevalues・Thevalues

OftheparametersareTS＝1ns，7b＝0．1ps．

Flg．3．OptlCalabsorptioncoefhcientundernoelectronicfieldforundopedGaAs，Thesolld

linesareexamplescalculatedforseveralcorrelationtimevalues，takingintoaccountthe

electronicintrabandrelaxation，andthedottedlinelSthecaseofnottaklngintoaccount

therelaxatiom BlackcirclesareexperimentaldatareportedbyCaseyetal．inref．23．

Fig・4・OpticalabsorptioncoefhcientunderappliedDCelectricfieldforundopedGaAs．The

SOlid and dottedlineS areCalculatedwith andwithout taklnginto account theelectric

intraband relaxation，reSPeCtively．Thevalues oftheparameters forthesolldllneSare

7b＝0，1ps，7b＝40fs，andT，＝1ns．Theexperimentaldataarefromrefsland　23．

Flg・5・Spectrumofchangeintheabsorptioncoefncientinducedbyapplyingelectricneld・

ThesolidanddottedlinesarecalculatedwlthandwithouttaklnglntOaCCOunttheelectrlC

intrabandrelaxation，reSPeCtively．

Fig．6．AppliedelectricfielddependenceofchangeintheabsorptioncoefBclentatfixedphoton

energleS・ThesolidanddottedlinesarecalculatedwithandwlthouttakinglntOaCCOunt

theelectricintrabandrelaxation，reSpeCtively．

Fig・7・Changelntherefractiveindexinducedbyappliedelectricfield．Thesolidanddotted

linesarecalculatedfromdatainFig・5us1ngeq・（58）・Theblackcirclesshowexperimental

dataunderanappliedelectrlCfieldofF＝7土1×104V／cmmeasuredbyPondand

Handler，20）

Flg・8，AppliedelectriCfielddependenceofthechangeinrefractiveindexatvariousphoton

energleS
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