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ほじめに  

近年，超箆パルスレーザー，超高速分光法の進歩は著しく，物質の種々の励起状腰のぼ和過程の  

研究もピコ秒領域からフェムト秒領域が可能になりつつある． 一方，イオン結晶，半導体にお  

ける基本的な最低電子風超状態である励起子は永く，光物性物理の中心的研究対象であり，この  

超高速分光法を用いて，励起千系の動的挙動の解明は待望されている． 実際直接許容壁の物質  

中の励起子の発光寿命は，ナノ秒程度であり，それより速い時間スケールで起る励起子の生成，  

繹和等のダイナミックスを直接，探る為にほ．ピコ秒分光法ほ唯一，必須の方法である． 本研  

究では．このピコ秒分光法を主な実験研究手法として，励起子のぼ和の原理的な問題から出発し  

て，現代の固体物理学において，その後酎の早急な解明が要請されている諸特性－－一次元性，  

ランダム性，局在性，界面一－－を，それらが励起子清和に及ぼす影響を調べるという風面を通  

して研究する事を企画した． 我々は，この様な問題意識にもとずき，励超子弟のエネルギー繹  
和および位相ぼ和を，典型的モデル物質としてCuCl，CdSe，Ga．As－AIAs超相子  

の三種類の物質をぷび，実数．理論両面から多角的に研究した． CuClの取越子ポラリトン  

の位相ぼ和についてほ，励起子ポラリトンの位相緩和とは何かという概念的問題から検討し，実  

験的には，ピコ秒時間分解非糖過四光波混合法をあみだし，これにより研究した． 強度依存性  
まで含めた実験により，励起子ポラリトンの位相積和の要因としてほ，フォノン散乱よりほポラ  

リトン相互の衝突によるものが重要である事を推論した． 続いてⅠⅠ－Ⅴ工旗竿導体の典型例  

としてCdSeの風趣子系のエネルギー緩和の研究を，ピコ秒時間分腐発光の方法により行い，  

三種の励起子一指子相互作用（変型ポテンシャル型，ビュゾ整およぴプレーリッヒ聖）が，励超  

子系のエネルギーぼ和へどう寄与するかを明かにした． 二次元性と不均一性をあわせ持ってい  

る半導体超格子中の励起子の緩和ほ，CuClやCdSeの様な典要約な三次元結晶半導体中の  

励起子弟の績和とは，異なる様相を示す事が期待できる． この為，GaAs－AIAs．AI  

GaAs－Å1As超格子申の励起子の績和をピコ秒時間分解発光の方法およぴ，共鳴レイリー  

型光混合の方法により研究した． エネルギー緩和としてほ，励起子の状怒密度スペクトルに依  

存する異常に遅いエネルギー緩和を見出した．これは，量子井戸層何の厚さの不均一性により局  

在した原題子が，フォノンを放出しながら，状態密度スペクトルの裾の状態間を遷移するという  

モデルにより説明でき，その際ああせて，二次元凰起子と音響型フォノンとの相互作用の一般理  

論を確立した． このモデルに従い量子井戸内の励起子の位相ぼ和を，激越子の局在性の指標と  

してとらえ，状態密度スベクトル中の移動度端近傍での位相揺和の様相，局在性の様相をしらぺ  

た． 更に，量子井戸申での励起子波動関数の二次元的収縮を初めて実験的に明かにし仁次に，  

垂直電場下でのGaAs－AIGaAs超桔子中の励庄子発光のピコ秒時間応答を調べる事によ  

り，半導体超相子中の光生成担体のトンネル過程のダイナミックスを初めて明かにした． 又，  

量子井戸申の励起子が示す大きな光学的非線形分梅率の原囲について考察し，普通考えられてい  

る様な励起子の二次元性によるものより．むしろ量子井戸申の励起子のもつ局在性による巨大摂  

動干効果のほうが寄与が大きい事を示した．  
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研究発表  

＜報文＞   

エ工Sで ○‡－ 甘口B工一エCATエ0ⅣS  

Y．皿asumo七0．Y．ロnu皿a and S．Sh土onoya：  
”picosecond DYnamics of Excitonic Polaritons and Excitonic Molecul－  
es†－  
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、  phys・Rev・1etters51923（1983）  

P  
Y．MasunOtO，S．ShionoYa and fI．Kawaguchi：  

・＝  一一picosecond Time－Resolved Study of Excitonsin GaAs－AIAs M・ulti－  
Quantun－WellStructures‖  

pbys．Rev．B 29 2324（1984）．   

㍍Y．舶SumOtO and S・Sh土onoya：  
空き  ”picosecond EnergY Relaxation Processes of Excitonsin CdSe’’   

pbys・Rev・B301076（1984）・  
／       Y．Unuma，Y．Abe，Y．机aslユmOtO and S．ShionoYa：  

tlDYnami⊂alBehavior of Hiqh DensitY Electron－fIole SYStemin CdSe”  
Pbys．status sol土d土（b）125 735（1984）・  

Y．MasumOtO．H．Xunitom0．S．ShionoYa，H．Munekata and H・Kukimoto：  

一一Polariヱation 朗．emorY Of Luminescence from photo－Generated Carriers  

ln 

s：；…圭；誉三H。慧12。9（1984，．  
Y．飢asumo七0：  

IIpicosecond Dephasing ana EnergY Relaxa七ion of Excitons in  
Sem土conductorsIl  
in ‖ultrafast Phenomena ＝VTf ed．D．H．Auston and K．B．Eisenthal  

（Springer．1984）p．156；Proc． 4th ＝nt・Conf・On Ultrafast  

Phenomena（MontereY，1984）・   

★Y．朗aSumO七0．S．Sh土onoya and技．0kamo七0：  

．，sIow Energy Relaxation of Excitonsin GaAs－AIAs Mul七i－Quantum－Well  

S七ructures‖  

Pro⊂．17th ＝nt．Conf．on the physi⊂S Qf Semiconductors（San－  

Franc土sco．1984）p．349．  

Y．Masumoto：  

一一？icosecond Studies on Phase and Energy Relaxation of Excitonsin  
Sem土conduc七OrS－I  

J．Lumines．31／32 385（1984）；Proc．＝nt．Conf・On Luminescence－  

1984（mad土50n．1984）．  

Y．masumo七0：  

‖EnergY－and Time－Resolvea Studies on Exciton山皿inescencein CdSeIT  
Proc．エⅩth ＝nt．Conf．0n Raman SpectroscopY（Tokyo．1984）．p・666・  

で．でakagabara．Y．肌asumoto and S．Sh土onoya：  
”opticalDephasing Relaxation of Excitonic p01ari七OnS and Excitonic  
凪01年cules●－  

Proc．＝Ⅹth＝nt．Conf．0n Raman SpectroscopY（Tokyo，1984）′ 376・  

★Y．朗asumoto：  

一■picosecond SpectroscopY Of the Two－DimensionalExciton SYStemin  
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GaAs－AIAs Superla七t土ces‖  

Solid State PhYSics（KotaiButsuri）20 52（1985）（inJapanese）・  
Y．班asumo七0，S．Sh土onoya and E・Okamoto：  

‖ultrafast Relaxation of Excitons in GaAs－AIAs hulti－Quantum－Well  
Structures Studied bY Resonant RaYleigh－TYPe OpticalMixinq‖  
Opt．CoIm皿．53 385（1985）．  

★Y．班asu皿0七0．凪．matsuura．S．でar11Cba andH．Okamo七0：  

＿∫  TTDirect Experimental Observation of Two－Dimensional Shrinkage of  
the ヱⅩCiton Wavefunctionin QuantumWells－t  

pbys・Rev・B 32 4275（⊥985）・  
Y．飢aslmO七○，S．でarucha and H．Okamoto：  

一一Picosecond SpectroscopY Of Two－Dimensional Excitonsin GaAs－AIAs   

an…。A憲鑓‡ご雪‡三ニヲu；：崇諾：1き。≡…てu≡㌘孟；≡こ1a七e。Sem土。。n。。。－  
tor S七ごnCt11reS（Ⅹyoto∫1985）．  

Y．masumot0．m．朗a七Suuごa．S．℡arucha and斑．0kamo七0：  

‖Two－dimensional Shrinkage of the Exciton WavefunCtionin Quantum  
Wells Probed by Op七土calAbsorp七土on’－  

To be published in proc．on Electronic Properties of でWO－  

DimensionalSYStemS’’（ⅩYOtO，1985）．  

Y．masu皿OtO，S．でaruch且 and H．Okamoto：  

TTAbsorption Saturation of Excitonsin GaAs－AIAs Mul七i－Quantum－Well  
StructuごeSl†  

J．Phys．Soc・Jpn・55 57（1986）・  

Y．masumoto．S．Tarucha and H．0kamoto：  
一一Tunneling DYnamics of Photo－Generated Carriers in Semiconductor  
Superlattices”  

pbys．Rev．丑 33．臍血（1986）車憲Fpre瞥封ア・  

℡．Taka冒ahara  ∫ア‘／  

■一Proposed Method for凪easuring the Dephasing Relaxation Constant o  
Exc土七On土c moleculesI－  

phys．Rev．B 29 4160（1984）・  

T．Takagahara  
”picosecond Relaxationin Solids and Nonlinear SpectroscopYll  
in，一Semiconductor Probed bY Ultrafast Laser SpectroscopYllv01・＝＝  

ed．R．R．Alねno（Academ土c PごeSS，1984）p．331．  

★T．でaka冒ahara：  

一TTheoretical Study of Population DYnamics of Two－Dimensional  
Excitonsin GaAs－AIAs QuantunWellStructures‖  
Proc．17th ＝nt．Conf．on the PhYSics of Semiconductors （San－  

Franc土SCO′1984）．p．355．  

★で．でaka甘ahara：  

川Localiヱation and EnerqY Transfer of Quasi－Two－DimensionalExcitons  
in GaAs－AIAs QuantumWellHeterostructures”  
Phys．Rev・B 316552（1985ト  

★で．でakag■abara：  

1．TheorY Of Dephasing Reiaxation of Excitonic p0laritons”  

phys．Rev．B 318171（1985）・  

★で．でakag■ahara：  

r．Locali2：ation and Homogeneous Dephasing Relaxation of Quasi－Two－  
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DimensionalExcitonsin Quantum－WeilHeterostructures川  
phys．Rev．B 32 7013（1985）・  

T．でaka9ahara：  

f．Locali2：ation and モ王OmOgeneOuS Dephasing Relaxation of Quasi－Twod  

DimensionalExcitonsin Quantum Wellf王eterostructures”  
To be publishedin proc．on Elec七ronic Properties of でWO－Dimen－  

SionalSYStemST．（KYOtO，1985）・  

T．Takagahara and E．Hanamura：  

，■Giant Oscillator Strength Effect on Exciton Optical Nonlineari－  

t土esII  

Subm土t七edfor p血1土cat土on．  

★ Papers reproducedin this b00klet・  
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VoLUM王51，NuMBERlO  PHYSICAL R王：VIEW L玉TTERS  5SEPT訃IBER1983  

OpticalDephasingofExcitonicPolaritonsinCllCIStudiedby  

Time－ResoIYed，NondegenerateFotlr－WaveMixing  

YasuakiMasumotoandShigeoShionoya  
r加加5古拙血舟γ加ヱ揖ぶねね♪ゐγ5ねざ，rゐgこ加ねg閏年γげro尾野，加〃¢曙f，肋αね戎∝，mゑプロヱ吼血j鱒乃  

and  

ToshihideTakag血ara  
刀申α祀me扉〆AAクエ由d劫ッ∫fcざ，アαmg秒げ劫g加ggγ血g，アゐe乙如かg叩勒げγβ烏プロ，  

∬0刀gO．助花鳥ッ0血，rd烏タロヱヱ3，Jα♪d花  

（Reeeivd9Juェe1983）  

Opticaldephas知gofexcitonicpolaritonsinCuClis directlymeasured血rthefirsttime  
inthepicose¢Ondtinedornahbymean＄Oftine－re801ved，nOndegeneratefo一ユr一ⅣaPemixp  
ing．DephasingofthewIPOlaritonpulseisprobedbyaninterrogatio払W2POlaritonpulse  
WhoBegrOupVelocityisfa8terthanthatofthe wlpOlaritonpulse．托isfoundthatthede－  

pbaβingdaヱnphgcon幻a血ヒr／20fe冗eito血epolar比on8i80forderofO．01meVa工dhe工・eaか  
e8a8払IapprOaebes也eexeiton工■e50naneeeneWむombelow．  

PACSnumbers：71．36．＋C，42．65．⊥k，78．20．一e   

polaritonpulse伍1，Wl）cannotbecanghtupwith  

bythesecorld，delayedp山se（k2，Wl）．Therefore，  
itisnecessarytomodi王ythistechniqpe．Ifthe  

delayedinterrogationpulse伍2，W2）iss11itably  

Chosensothatitsgroupvelocityisfasterthan  

thatofthefirstpulse（ゐl，Wl），this晩2，W2）pulse  

CatChesupwiththe（た1，Wl）pulse，andthethird－  
Orde工・nOnlinearpolariヱationwhichnowemitsa  

（2k2－kl，2w2－Wl）pulseisgenera土edinpropor－  

tiontothenondephasedpartofthe（おl，Wl）pulse．  

Therefore，WeCandbtaininLormationaboutthe  
opticaldephasi喝Ofthe匝1，Wl）polaritonpulseby  
measuringthe2w2－WlOutPut乱Safunctionofthe  
relativetimedelaybetweenthetwopulses・To  
confirmtheabovementionedideas，Wehavetried  
anexperimentforexcitonicpolaritonsinCuCl・  
As mentionedbelow，itisdemonstratedforthe  
firsttimethattheopticaldephasi喝Ofexcitonic  
POlaritonscanbedirectlymeasuredintheplCO－  
BeCOndtimedomainbyuse ofthistime－reSOIved，  
nondegenerateLour－WaVemⅨ1ng・   

Tunablepicosecondlightpulsesulandw2Were  
generatedinthefollowingway・Twotemperature－  
COntrOlledLi恥03parametricoscillatorswere  
PumPedl⊃ythesecond－harmonicradiationofa  
repetitivelymode－10CkedNd十3－dopedyttriumalu－  
minumgarnetlaser，3and（dlandu2p山sesrⅣere  
dbtainedbytakingthesecondharmo血C＄Ofpa．ra－  
metricsignals．Thetemporalwidthsofthewl  

and払、コp山SeSrⅣereabout20ps・Thepeakpowers  

Ofthewlandw2Pulses「Ⅳerekeptat130kWand  
85kW，reSpeCtively■ FlakesofCuCIsinglecrys－  

talshaving†1111facesweregrowrlfromtheva－  
POrphase・Theyweredirectlyimmersedinsu－  
perfluidhelium．Twobeams．躍1，Wl）and（k2，叫），  

RecentstudiesinthepICOSeCOndtimedomain  

haverevealeddyna皿icalaspects ofexcitonicpo－  

hritons．By studyingthetransientinducedab－  

50rptionfromtheexcitonicpolar址On出血etothe  
excitonicnoleculestate，energyrelaxationproc－  

essesofexcitonicpolaritonshavebeenclarified．1  

Insolids，itis consideredthatthephaserelaxa－  

tionisgeneral1ymuchfasterthantheenergyre－  
1axation．However，thereha＄beennodirect ex－  

perimentalinformationinthetimedomainabout  

thephaserelaxationofexcitonicpolaritons．In  

addition，theconceptoftheopticaldephasingof  
excitonicpolaritonshasnotbeenmadeclearyet・   

Dephasingoflocalizedexcitationcanbedirect－  

1ymea．suredintheultrashorttimedomainlコy  
mean50ftime－reSOIved，degeneraLefour－WaVe  

mixingwhichisa．generalizedmodificationofthe  
photonecho・2tJnderirradia土ionbytwolightpulsq  
es，軋wl）and信之，Wl），Whichareresonantwith  
SCPlematerial既Citation，theoutputofthe（2忘2  

－kl，Ul）pulseismeasuredasafunCtionofthe  

timeseparationbetweenthetwopulses・This  
measurementisbasedontheprinciplethatthe  

third－OrdernonlinearpolariEationwhichgener  
atesthe（2k2－kl，Wl）pulsedependsonthenonde－  
Phasedpartofexcitationgeneratedbythefirst  

碍l，ul）pulseatthetimewhenthesecond，de－  
1叩ed（石2，Wl）pulsereachestheexcitation・Inthe  

Studyofthephaserelaxationofexcitonicpolari－  

tons，Ontheotherha・ndJitisimportanttOnOte  

thatexcitorlicpolaritonsarecompositeparticles  
Ofexcitonsandphotons．Incidentphotons（たl，Ul）  
and仔2，Wl）arecorlVertedtopolaritons（た1，hll）  

and（た2，Ul）insidethecrystal・Astheypropagate  

atthesamegroupvelocityvt（wl），theexcitonic  

923   ㊨1983TheAmericanPhysienlSociety  
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VoLUME51，NuMBER10  PHYSICAL REVI王W LETTERS  5SEPTEMBER198う  

Citonicpolaritonpulsethroughthesampleof  

14・15FLmthickness・4 Thetransittimeofthew2  
pu15etbroⅥgb比e5ampユeisl・4－1．5p5，While  

thatofthewlpulsevariesfrom3・88pstosever－  
alhundredpicoseconds．TlleCOrrelationtraces  
lto6showa＄ymmetrytailedtowardt2－tl＞0．  

ThisasymmetrygrowsaSWegOfromlto3，and  
thendecreases王rom3to8．Then，thecorrela－  

tiontraces8tolOaresharpa．ndalmostsymme－  

tric．Theasymmetrictailtowardt2－tl＞Osug－  

geststhatthephaseofthewlpOlaritonpulses11r－  
Vivesforawhileandthenitis prdbedbythew2  
POlaritonpulsewhenthelattercatchesupwith  
thewIPOlaritonpulse．Thereasonwhytheasym一  

皿etrygrowsingoingfromlto3isthatthetran－  
SittimeofthewIPOlaritonpulseincreases・Be－  
CauSethedephasingdamplngOfthewIPOla・riton  
Pulseincreases，theasymmetrydecreasesingo－  

ingfrom3to8．   

Dispersionofexcitonicpolaritonsincludingthe  
dampingtermriswrittenas5  

WerefocusedonaCuCIcrystalwitha spotsiヱe  
Qf140LLmindiameter．Oneofthem，thewl  

beam，WaSVariablydeユayedbyuseofanoptical  

delay．Whenthetemporalcoincidenceaswellas  
thespatialoverlapwereoptimnrn，aSigna10f  
2w2－WIWaSClearlyobservedinthedirectionof ■－d■1  

2k2－kl．The2w2－WISignalcanalwaysbekept  
inthetransparentreglOnOfthecrystal，incon－  

trasttothe2wl－W2SignallSince2u2－Wl＝W2  
一毎1－W2）＜W2．Thusthemeasurementofthe2くJ2  

－WISigTlaユisquitefeasible・Theanglebetween  
thewlandw2beamswas15O・The2w2－WISignal  
washighlydirectional（solidangle望1．1×10－4  
＄r），SOthatitwasspatial1yseparatedfromthe  

backgroundscatteringbyuseofadiaphragm．It  
WaSdetectedbyaphotomultiplierandaboxcar  

integratorthroughamonochromator・Thespec－  
tralwidth［fu11widthathalfm拡imm（FWⅡM）］  
dulandu2WaSl・8meVwhiletbatof2くJ2－UI  
wasabout4．6meV．The centralspectralpart of  

the2（J2－WISignalwithaspectralwidth（FWⅡM）  
Of O．5meVwas selected．   

hFig．1，theoutputintensityof2w2－WIPulses  

is shownas afunctionoftherelativetimedelay  

t2－tl・Thepositivedirectionoft2－tlmeanSthat  
theslowerwlpulseisaheadofthefasterw2  
Pulse・Herew2WaSkeptalmostconstantat  
～3．178eV．Risveryhelpfultonotethegroup  

VelocityandthetranSittimeoftheexcitonicpo－  

1aritonswlandw21nOrdertointerpretthere－  

SultsofFig．1．In Fig．2，theexperimenta11ycon－  
firmeddispersionrelationandthegroupvelocity  
OfexcitonicpolaritonsinClユClareillustratedto－  
getherwiththe calculatedtransittimeoftheex－  

≡二  ＝∈匝，U）  

∈一  
叫2＋（軋・ノ朗）た2一山2  

Thisdamplngtermrhasalwa．ysbeenintroduced  
Phenomenologically．Ⅱowever，WeCanglVea  

physicalmeaningtor．Equation（1）isderived  
fromthecoupledequations describedbelow：  
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ー50  FIG．2．IJeft：Dispersionrelationofexcitonicpo－  

1aritonsinCuCl．Right：Correspondinggroupvelocity  

Ofexcitonic polaritonp山ses normalizedbyc aight  
Velocityinvacuum）andthecalculatedtmnsittiTne Of  
thepulsesthrou冒haCuCIcry8talof14・15pmtbickne8S・  

FIG．1．rntensityofthe2叫一叫beamemittedfroma  
CuCIcrystalasafunctionofthe relativetimedelaybe－  
tweenthe（J2rLnd uIPulses，t2－tl・   
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whereβisdefinedby如Bw土2／E鴫＝W．2qw＊2．The  
firstequation，thatis，theequaiionofmotionof  

macroscopICpOlarizationPduetoexcitonicpo－  
1a∫正OnS，is他esameaぶafamiユi乱requ慮ionof  

匹1a∫iヱ址ionina・Semiclassicalla・SertlleOrγ8ex－  

CeptSorthespatialけdispersiveterm．Inthe  
lasertheorytheequationofmotionofmacroscop－  

Stant・7 Therefore，itisreasonabletoidentify  

r／2asthedephasi喝dampingconstantofexcト  
toniepolaritons．  
InCuCltbetbird－Ord紺nOnユinearpola頭ヱ如ion  

タNL（3）isgener如edtbro喝hafour－pOlaritonparか  
metricprocess aroundthe excitonresonance or  

atwo－photonresonanceofexcitonicmolecules．8  

Asares山t，PNL（3）（2u2一山l）isproportionalto  
theprod11CtOfmacroseopicpolari2；如ions dueto  

既C址Oniepolaritons，【タ伝，抽2，疋2）］2p＊反，恒1，Ul），  
Wberetbemaeroscopicpolarizationintbe打y5七山  
is given bg 

icpola．ri2：ationisderivedfromthedensitym：ト  

triⅩformalismforthetwo－1evelsystem．hthe  

densitymatrixformalism，r／2isdefinedasthe  
depbasingdamping（transveェ・Sereユ乱芯血on）eon－  

タ伝，再，U）＝（わ）［亡依，Uト‘。〕†♪（揖）exp卜者紬k】g（f一之ル∫毎）巨曾毎）e印【f袖垣匝（f＋Zル∫毎））‡．（3）  

Here，2isthecoordinateperpendiculartothesa皿plesurface，k（w）isthecomplexwavevectordeter－  

minedbyEq・（1），V，（w）isthegroupvelocityofpolaritons（J，Eistheenvelopeoftheelectricfieldof  

theincidentpulse，andPE andqEaretheenvelopesoftheelect工●icfieldassociatedwithpolaritons  

propagatedforwardandbackwardinthecrystaユ，reSPeCtively■ Theelectricfieldoutsidethecrystal  

且レ，f）gener如edbyj）NL（3）（2u2一因l）ispropoれiom止to9   

上dゐe痢（払2一頃沌－d）ル♪〕伽，トg2＋小伝－d）ル舟山2）∫餌2）］2㌢（ヱ，f・由一d）／り♪極1），Ul），（4）  

Wheredisthethicknessofthecrystalandv♪lS  
tbepbasevelocity癒2日2一山l．Theeorrelation  

traceis calculatedbythetimeintegraloftheab－  
SOlutesquareofE（r，t）．Anumerica・lcalctilatioTI  

WaS donebasedonthedispersioTlrelationofex－  
CitonicpolaritonsinCuCIshowninFig．2．The  

resdtsarepIottedbytheclosedcirclesinFig．  
1．Eere，adjlユStableparametersarelimitedto  

khl）andk毎2）whichareimplicitlydetermined  
byr（w）．Asaresult，k（wl）andr（wl）canbeal－  

mostunlquelydetermined，becausew2isfixedas  
isshowninFig．1．Obtainedv血esQfrareplot－  

tedasafunctionof方由1inFig．3．Therightvcr－  

ticala3dsindicaiesthedephasingtime方／（r／2）of  
themaeroseopicpolariヱ如ionタduetotbeくJlpO－  

hriton．AsisseenirlFig．3，r／2isoftheorder  
OfO．01meVarldincreasesas払1apPrOaChesthe  

resonanceenergyoftheexciton，放L）t．Intheen－  

erg了reがOn血0Ve3．200eV，r（u）co山dnotbe  

definitelydetermined，becausethecorrelation  
tracewasiTISenSitivetothevalueof r（w）．   
Theorderofr／2cannotbeexplainedbytheLA  

phononinteraction，becausethescatteringrate  
OfexcitonicpolaritonsduetoLAphononsisby  
farslowerthantheobserved7E／（r／2）．1・10 The  
mostprobablemechanismofdephasi喝1SPOlari－  
ton－POlaritoncollision・Risknownthatfo11r－PO－  

1aritonparametricscatteri喝OCC11rSefficiently  

inCuClandeventhesuperbroadeneddistribution  
ofexcitonicpolaritorlSWaSObserved・11Amodel  
Calculationoftherateofpolariton－pOlaritonscatq  
teringwasperformcdwithneglectofthewaveq  
Vectordependenceofthecollisionmatrixele－  

ment．T‡leab501utevalue of rwasfittedtotlle  

experimentalvalueat3．188eV．Thecalculated  

resultis shownbya．da．shedlinein Fig．3．The  

increasingtrendofexperimentalrwithpolariton  
energyisinterpretedbythecalc山ation．This  

modelsuggeststhatcorrelationtraces shouldde－  
Pendorltheintensity oftheincidentlight．hfact，  

experimentaldatawerefoundtodependonthein－  
tensity oftheincidentlight．ThedetailsⅦillbe  

describedinafortbcomingpaper．  

meV  

3．18     ユ．19     120  

PHOTON ENE種Y   

FIG．3．DephaBingdampingcon8tant raSafunCtiotl  
Oftbeener那′Ofe汀eitoniepola点ton8．Tbetbreed出且  
SymboIscorrespondtosample50fdiぽerentthickne88eS．  
Verylongerrorbar8above3．200eVmeanthat rcan－  
notbedefinitelydeterm血ed．Thedashedlineisthe  
Caユculatedenergydependenceofthedephasingdamping  
COnStantba8edon乱mOdelofpolariton－POlaritonscat－  
te】Ting．  
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喝COnStantr／2isoftbeorぬofO・01meV弧d  
increasesas the energyapproachesthereso－  
nance eneエーgyofthetranSVerSeeXCitonfrombe－  

10W．Thisenergydependencesuggeststhatthe  
Opticaldephasingofexcitonicpolaritonsisat－  
tributabletotheprocess Qfpolariton－POlarito  
SCa仕ering．  

RisinstruCtivetocomparethepopulationde－  
CayWiththephasedecayofexcitonicpolaritorLS  
andtoclariLythedi王ference．Thepopulatiorlde－  

CユyWaSmeaSuredbythetime－reSOIvedinduced  
absorption（IA）fromtheexcitonicpolaritonstate  
totheexcitonicmoleculestate．Lll・12Itwasfound  
thatthewl（＝3．199eV）polaritonBSurViveinthe  

CryStalof51．9ドmtbicknessaslo喝aS200ps  
aftertheinjectionofthewIPulse．11However，  
tbes鴫nalof2（J2一山llSeX且CtlyヱerOat50psin  
thesamesample，Sincethecorrelationtrace  
Shows almostthesametemporalprofileasis  
Seenin60f Fig．1．Inthe工Acase，a11thepo－  

1ariton＄Which are scatteredinvari仇1S directions  

butalmostelastica11y cancontributetothe＄ignal．  
ThedecaytimeconstantoftheIAェーeflectstheen－  
ergyrelaxationofthe ensembleofinjectedpo－  
1a．ritons．血tbe caseofねⅦトⅦaVemixing，Ontbe  

Otherhand，eVentheelasticallyscatteredpolari－  
tonsdonot contributetothesignal，becausethe  
Signalarisesfromthecdherentmixingofpolari－  
tonlⅣaVeSandtbedetectionis＄patiallywellcoト  
1imatcd．Thus themomentu工nrelaxationd11etO  

thepolariton－POlaritonscatteringwhichismuch  
fasterthantheenergyrel乱Ⅹ乱tioncontributes  
dominantbrtothedephasingdamplngOfexcitonic  
polaritons．  

InsummaryIWehavedemorlStratedthattheop－  
ticaldephasingofexcitonicpolaritonsinCuClis  
directlymea8urableinthepicosecondtimedo－  
mainbytime－reSOIved，nOndegeneratefour－WaVe  
mixingat2．OK．Thedbserveddephasingdamp－  
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Theoryofdcphasingrelaxationofexcitonicpolaritons  

T．Tak且gab8ra  
頻′加g〝Jげ廟蝕d坤押也丁鮎【血加血ヴq／乃伽丁叫叩，JJj坤乃  

（R∝亡iYdユ血nu且丹1985）   

Ad亡血】dtbモ0け蓮如Y亡】opd払rt如d叩h鮎i喝r亡1ax丑tionort厄餌Citonjc匹1血tonⅥ血iぐhw鮎  

mcasuredrcccntlybyMzLSumOtO，Shionoy＆，＆ndTak8gahara【Phys．R亡Y．Lett．51，923（1983）］in  

S＆mplesofCuCIcrystAlbymeansofnonde％CTlerat亡fbur－WaVemlXlng．Th亡COnCCPtOfdephasing  

（transvcr3C）r亡1批ationofthe亡XCitonicpohritonisclaTificdfbrthcfirsttime＆ndtheconccptuAl  

difftrenccbc（W∝rlthedephzL可ngrelax＆tioncfthelocalizcd亡又Cit且tionandofthecxcitonicpohriton  

k亡mph鮎iヱd・Ame止血Qfa丑山y由orth亡恍匹dmmはl血hOrtb亡n¢n血g堀亡mtefbuトW且V亡mix・  

lnglSpr岱モmtdindet撼．nモV8dol鳩m∝hnismsord印h鮎ingrモ1乱Xationoftheexcit血k匹l且d・  

torHLrCdiscussedand亡X＆mincdqtJAJltitAtiYCly．Iti‡fbundthtthemutuAl00llisionamong亡XCit（）nic  
POl且ritoTuisthemo9tprObablemcchanismthatgiYCSthecorrectorderofm8g扇tudeofthcdephas－  

1ngr亡hx＆tionratcandleadstorcason＆blccncrgydcpcndcnccoftherehxAtionratein喝rment  

雨thtllモ既叩mm血Ir6u比s．  

Ⅰ．mODひCnON  

R∝Cntlythedephasing血tionconstantofthcexci－  
tonic pol8dtonin CuO w貼m飽Surd by M致SumOtO，  

SbioれOy軋．andT血g濾anlbym飽nSOfnond喝mmte  
fbur－bT＆Y亡mlエ1ng．・ThcrelaLntionconstantwasfbuhdto  
beonthcorderofO・01meVandtoincreiLSCaSthepolari二  

tonm訂gy且pprOaCbdtbe亡Xdtonr岱OmanCeたomklow．  

B亡払托de也ik訂epY亡n，itisimpo托弧ttOnOtetllat血訂亡  
is孔∞nC叩t血血蝕rm∝ktw偲Itbed叩basingrelaxa・  

tionof也モlocalkd恍C血don皿doftbepropa騨tingde－  

m亡ntaZyCCKCitation．hthefbrmcrcascthccxcitationis  

l∝血izcd on an atom oramoIcculeunderconsid亡ration．  

nedephsingrdzLXAtionofth亡Jocaliヱdexcitationisre＞  
htdtoth亡dccayofthecoher亡nCeOfth亡rdcvaLntOPtical  
OrnOnOPtica）trwsitionor，inotherwords，thedec8yOf  

th亡0洋d8gOn81componentofthedensitymatrixa∬∝i・  
＆tCdwiththctrzLnSition．ThisdcphiLSingrelaxationcon・  

St払t Can bc dircctly mciLSuredin thc timedomain by  

meansoftime・rCSOIved，degencratcfbur－WaY亡mixing，1－5  

Whkbkag亡n亡血izdY椚ionof血pboton∝bo・るund亡r  

imdiationbytwolightpulscswithvavcvcctorandfre－  

qucncy denotcd by（kl，叫）and（kユ，a）1），r亡Sp∝tively，  

Whicharercsonantwithsomematcrialcxcitation，thein－  

tcnsityoftheoutputpulscwith（ユkユーkl，叫）ismeasured  
“a血nction or止e tim亡父p∬ation bがW∝n tbe two  

puLs6・Thisrncasuremcntisbasedonthepnnciplethat  
thethird－Ordcrnonlin也rpOlari2ationwhichgencratesthe  

SignalpulscisproportionAltothcnondephaLSedpartofthe  
CXdtation du亡tO thc nrst pulse at the time when pthe  

紙Ondddaycd－pulsereachcstheexcitation．Thus，the・de－  

Cay Orthe coh亡r亡nCC Of thclocAlized excitation canbc  

PrObcdbym亡mS Oftime－rCSOIved，degeTlera（efbur－WaVe  

mlXlng・   

Onthcotherhnd，theproperelem亡ntaryeXCitationin  

SOlids propagatcs throughoutthc crystaZwith adefinite  
WaVeVeCtOr．Furthermore，itshouldbcnotedthattheex・  
dtonic匹血血oni5且COmp心Ite paHic】e ofe那iton and  

photon・nuS，therearisesaconceptualquestion：Whatis  

31   

thed亡phasingrelaxationoftheexcitonicpol8riton？n亡  
intcrpretユtionisnotsostraightfbzwzu・dasinthecBLSeOf  

也el∝diヱ由仁ⅩC血tion・neden血ten亡SSOfthew8YeVeか  

torisoneorthe姐1i亡ntぬ餌r60ftbe監Cito血k‡氾1adton  
whichmakeよremark且blecontrastwiththecBLSCOfthelo・  
Caliヱedcxcitation．n亡WaVCVCCtOrOftheexcitonicpolar－  

itonis pnmari1y dctermincd by theincidentlight pulsc．  
nis wavcv∝tOris disturbedbyanyscatt亡rln＄PrOCCSS，  
Sudl且Simpun【y 鑓at【dng，pbonollS00tt亡nng，山d  

polariton－POlariton collision．A chang亡Of waYe V∝tOr  
wi11leadtothedccayofthcpol血（ionwaYCwithade＞  
finitewavevector．Inaddition，thcelectron－hoIcrel且tive  
motionoftheexcitonisalsooneofthedegrctsofffec－  
domoftIl亡既CitonicpoIadton．n亡dectron－血0王er亡Iativ亡  

motionoftheexcitonmaybechangcdinthescattcring  

pr∝穏SCS．Thischangcoftheintcmaldegreeoffreedom  
leadstoth亡加ctuationandrelaxationofthepolarization  
WaVC．Sincetheoscillatorstrengthofthcexciton・dep餌ds  

On tIle eXCitonintem且1state．n旧，thecon∝pt Orde・  
phasingortransvcrserelaxationofthe亡ⅩCitonicpo18dton  

jsquitediffbrentfromthatofthelocaJiヱedexcitation．Ås  

aconsequenceofthcdennitenessofthewav亡VCCtOr，the  
wave packet of excitonic polaritons propagates in the 

CryStalwithadenrlitcgroupvclocltyandthereariscsan  

intercstingsituatiorLfbmtheecxpcri聖CntalpolntOf’Yicw・  

meinciden【photon5（たl，叫）and（たユ，叫）乳化00肌亡出血  

totheexcitonicpolaritons（kl，LVl）and（k2，叫）insidethc  

CryStal．Theincident－photonswiththcsam亡en亡rgyPrOp－  
agateinthecrystalwiththesamcgroupvel∝ity．nus，  

indegeneratcfbur－WaVemlXlng，thes∝Onddelayedpolar・  

itonp山se（たユ，叫）cannotcatellupWith止亡薫柑tpOladton  

pulsc（kl，叫）・In ordcrto make the spatialoverlap be・  

tweenthetwopulsesaslargeaspo∬ible，itisessentialto  

mak亡uSeOfnond喝eneratefour－WaVemlXlnglnWhichthe  
energy of the delayed probe pulse（kユ，Wユ）is suitably  

Chos亡nSOthatitsgroupveiocltyislargerthanthatofthe  

nrstpulsc（kl，叫）．Thenthethird－Ordernonlincarpolari－  
ZAlionwi11begeneratcdinproportiontothenondephased  
partofthe（kl，叫）pulseandthesignalbeamwithwave  

8171  ⑥1985TheAm亡dcanPhysicalS∝i亡ty   

ー12－  



8172  T．TAKAGAHARA  31  

・VeCtOrandfrequency（2k2－kl，2a2一叫）wi11beemitted・  
OnecanObtaininfbrmationaboutthedephasingrelaxa・  
tionofthe（kl，叫）polaritonpulsebymeasmingtheinten・  
Sityoftheoutputpulse（2k2－kl，2LD2一叫）asafunction  
Oftherelativetimedelaybetweenthetwopulses．Toreal－  
i2：etheaboveideaaneXperimentwascarriedoutfbrthe  
excitonicpolaritoninCuCl・lItwasdemonstratedfbrthe  
nrst timethatthedephasing relaxation oftheexcitonic  
polariton could be meeLSured directlyin theplCOSeCOnd  
time domain by time・reSOIved，nOndegeneratefbur－WaVe  
mlXlng．Theexperimentaldetai1sareglVeninRe仁1．   

Thispaperisorgani2：edasfb1lows・hSec・ⅠItheprop－  
agationdynamicsoftheexcitonicpolaritonarefbrmulat－  
ed．Thethird－Ordernonlinearpolarizationinthecrystal  
iscalculatedperturbational1yandthesignalintensity of  
thenondegenerate，fbur－WaVemlXlngisderivedinasuit－  
ablefbrmfbranalysisoftheexperimentaldata．InSec・  
ⅠⅠIexperimentaldataofthecorrelationtraceofnondegen－  
eratefbur－WaVemlXlngareanaly2：edtodeteminethede－  
Phasingrelaxationconstantoftheexcitonicpolaritonasa  
functionofenergy．hSec．IV，thevariousmechanismsof  
thedephasing（momentum）relaxationoftheexcitonicpo－  
1ariton are discussedand the relaxation rate dueto each  
mechanismisestimated quantitatively．Itisfbundthat  
mutualco11ision among excitonicpolaritonsisthemost  
probablemechanismtocausethedephasingrelaxationof  
theexcitonicpolariton．hSec．V，thebasicequationsof   

motion fbrtheexcitonicpolariton arederived quantum  
mechanical1yandalsothedampingconstantOfthepolari・  
Zationfield，Whichisidentifiedwiththedephasingrelaxa－  
tionconstantoftheexcitonicpolariton，is．derivedbythe  
StandardstatisticalmechanicalmethodusingtheprqJeC－  
tion operator・Final1yin Sec．VI，a ftw proposals are  
presented to overcomethe difnculty of nondegenerate，  
fbur－WaVemlXlng，thatthedephasingrelaxationconstant  
in the resonance reglOnCannOt be detemined precisely．  
Inadditionafewinterestingproblemsarepointedoutfbr  
futurestudy．  

ⅠⅠ．NONDEGENERATEFOU久一WAVEMIXING  

VIAEXCITONICPOLARITONS  

Let us now present thetheoreticalscheme used to  
analyze the experimentaldata．Of maininterestis the  
PrOpagatiorLOfexcitorLicpolaritonsandtheirnonlinearin－  
teractioninthecrystal．Sincetheexcitonicpolaritonisa  
COmPOSiteelementary excitation ofexcitonand photon，  
Onehas to treat thepolarizationofthematerialsystem  
andtheelectromagneticneld on an equalfboting．The  
basic equations・Ofmotion are glVen by the constitutive  
equationsfbrthematerialpolarizationduetotheexciton  
andtheMaxwe11equationsfbrtheelectromagneticfield．  
Theyarewrittenexplicitlyas  

か…工抑イか佃ト音∇ヱト陣頑r伽）・  

軸両軸）ニー4勒）・  

怠榊・γ脚燕驚せ（r，∫）＋÷工珊瑚r，f′）ト  

亡（た，の）g（た，の）＝F中g（た，揖）＋4汀P（た，揖），   （2・5）  

WherethespatialaLndtemporalFouriertranSfomsofthe  
electricandpolari2：ation茄eldsareconsidered．Inasitua－  
tionwithnoexcitation，itiscalculatedas9  

with   

叫扉／∈∞＝のト山き，  （2．4）  

Where P，Z，and Edenote，reSpeCtively，thepolari2ntion  
茄eld，thepopulationinversionofthematerialsystem，and  
theelectric鮎1d；anda，，（a，I），M，E閣，Io，andγf（arethe  

transverse（longitlldinal）excitonfrequency，theexcitonef・  
fktive mass，the background dielectric constant，the  
thermalequilibriumvalueofZ，andthelongitudinal（pop－  
ulation）relaxationrate，reSPeCtively．Thedampingfunc－  
tionr（E）isrelatedtothedephasingrelaxationoftheexci－  
tonic polaritonandits time dependenceleads to the  
frequency－dependentdamPingconstant r（LD）・Equations  
（2．1）and（2．2），fbrthepolarizationf玩1dandthepopula－  
tioninversionduetotheexciton，aretakenfromthewc11－  
knownequationsofmotioninlasertheory7・8withmodin・  
Cationtoincludespatialdispersion．hSec・V，theseequa・  
tions are derivedmicroscopical1y and their use fbrthe  
caseofexcitonicpolaritonscanbejustified・Asamatter  
ofcourse，thissetofequationsleadstothefhmiliarex・  
pressionfbrthedielectricfunctionE（k，LD）de茄nedby  

叫βのチ  
（ユ．6）  亡（た，む）＝∈や＋   

山トの2＋血，－たヱ／〟＋ぬr（む）   

Theftequency－dependent or－independent damping con－  
stant r（a））is usual1yintrod11Ced phenomenologically．  
HoweYer，鮎iscl払ーたomtbeaboveargu皿ent，itba5tbe  
meamngofadampingofthepolarization鮎1d・Inthis  
senser（a））canbeca11edthedephasingrelaxationconstant  
oftheexcitonicpolariton・Ourmaininterestinthispaper  
ishowtodetcminer（a））fromtheexperimentaldataof  
nondegeneratehur・WaVemixing・Thisispossiblebecause  

theothernaterialconstantsE∞，β，a）E，andMaredeter－  
minedfairlypreciselybyhyper－RamanscatteringlOllland  
time－OfLflight12・1ユm姐SurementS・   

Thespatialdistributionoftheelectricneldisshown  
SChematical1yin Fig・1when a monochromatic elec－  

－13→   
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andistakcntobeinthelowerhalfofthecomplexplane．  
me coemcients′（a，）aJld b（u）comspond to the  

fbrward・and backward・prOPagatlng POlariton wave＄，  
respectively，andtheirexpressionsareobtainedfromthe  
Maxwellboundaryconditionsas  

Zモカ   ヱd  

→輌j帥割   一世や）→  

仙押勒←  

→榊J叫咄）  

←削．担瑚嗜）  

2（ゾ言＋1）  
′（〟）＝   

（ノ盲十l）ユー（ノ喜一1）ヱe一心（伽Id   FIG．1．Schematicrepresentationoftheelectric茄elddistri－  
butioninsideandoutsideaslablikecrystal．  （2．8）  

ご二＝喜ご－・こ・一千∴  

witb   

ノ言＝C鬼（山）血．   

tromagnetic鮎1dwithunitamplitudeentersthecrystal．  
Theincidentlaserbeamisassumedtopropagatenormal  
tothe crystalsurface．This assumptioncanbejust漬ed  
b∝auSe Of the smallangle orincidence and t壬Ielarge  
dielectricconstantOfCuCl．TheslablikecrystaloccupleS  
theregionfromz＝Otoz雲d．Thecomplexwavevector  
k（a））isdeteminedbythedielectricfunctionthroughthe  
relation  

（ヱ．9）  

nentheelectricfieidinthecrystalis訂Venby   

げ（揖）e一触）ヱ＋ム（揖）e仙1‡1e加＋亡．C．   （2．10）  

n銭ereSultsa∫eObtained弘一tbec鮎eOfamono（：hromat－  

icwave．WhenapuIseorwavepacketisconsidered，the  
electric field can be decomposedintoits Fourier com－  
ponents as 

ニ亡（た，即），  （之．7）  

紬）co叫＝Jニゐg。（心）g輔吋再‾叫／2  

＝りこ瑚gα（…揖。）蟻（心一恥擁舟  

】＝Reげ血Gα（山｝e血 
1  

【ム也  血【g。（心十α。）＋g。（〟一触）】ei山∫  （2．11）  ＝三Re  

witII   

Gα（心）＝‰（の＋恥）十gd（山一恥），  （2・12）  

Wherea）aisthecarrierftequency，Ea（t）thepulseenvelope，andga（LD）itsFouriertransfbrm・neelectricfieldandthe  
polari2：ationfieldintheczystalcanbewrittenasthesuperpositionofmonochromaticwaves：   

紬叫輌距可苗鴫刷佃一紬十∂仙紬jg血∫ト  （2・13）   

叫た㈲，叫」＝Re甘山中榊（両）－∈∞】げ（〟）√飢叫吊厄）e仙k】押／4汀卜   （2・14）   

Whentwolightpulseswithwavevectorandたequencydenotedby（kいa）l）and（k2，d）2），reSPeCtively，enterthecrystal，  
thethird－Ordernonlinearpolari孤tionwithwavevector2k2－klandfrequency2LVユーa，twi11begeneratedandemitthe  
signalぬmtobemeasuredintheexperiment．Thenonlinearpolarizationcanbecalculatedperturbational1yfromthe  
equationsofmotion（2．1）－（2．3）．StaJting丘omthestatewithnoexcitation，Onehas，apartfromaproportionalityfactor，  

榊，握Re【ムdぬG。岬（〟）押勅斗  

β赤緑両胸）e血卜仙）ヱ  
タα（ヱ，∫）＝Re   

揖卜心ユ十私fた2（の）／〟－い以r（の）  

Whereonlythefbrward－PrOPagatingpartsin（2．13）・and（2．14）areretainedandthesubscripta（ニ1，2）indicatesthe伍rst  

OrSeCOndlaserpulse・Substituting（享・15）and（2・16）intotheright－handsideof（2・2）andextractingthetemproportional  

toexp【i（a，2～a）l）t］，OneObtains   

去ム∞ゐム㊥ぬ′ex紳…・）ト仙一拍・）］z榊）和糎げW｝  

×田山＋r（以）／2匝（叫田山‖＋トぬ′＋r（揖′）／2】が（印′，た（以′））ト  （ユ．17）   

Witb  

ー14－  
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βのチ  
♪（姉別＝   （ヱ．18）  

山卜山之＋弘一たヱ仰＋ねr（α）   

Thepopulationgratingwithwavevectork2－klandfrequency色）2－a）liscalculatedfrom（2．2）as  

た（α）－た◆（α′）  

∫（た2－た誹㍗叫＝去エ00ぬム∞ぬ′  

‖む一心′）r－J   
Gヱ（α）G；（む一げ（心げ♯（〟′）  

γlけf（α－α′）  

抽（帖卜響卜紬））卜（Z・19）  

Thensubstitutionofthispopulationgratingintotheright－handsideof（2．1）yieldsthethird－Ordernonlinearpolarization  

瑠とwitbwavevectorユたz－た1and丘equency2山王ー叫鮎  

矧2たユーた湖2叫）＝一志エロぬム由ゐ′ム叩血′′ 叩， ‥ 
－り鬼（山）＋た（む′′）－た＊（〟′）  f（む＋以′’一山′）J   eX  

γ＝十パβ一心′）  

×β（以＋山′′一山′，た（以）十た（心′′トた■（山’））Gヱ（揖）G之（〟′′）Gて（むノ）  

ニューテ．  ×′（揖）′（山′’げ■（山’）   か（α，た（甜‖  

＋ト響〕糊（ヰ（2・20）  
Thisnonlinearpolarizationwi11generateasignalelectricfield，aCtingasthesourcetermontheright－handsideof（2．3），  
WhichisglVenby  

4訂（ム＋む′′一山′）2ダ（仏心′，以り）  

g（2たz叫，ヱ叫叫）＝－ま拾現声・ム¢血′・  （2．21）  
－∈∞（以＋以′′－の′）之＋c2［た（心）＋た（〟′′トた■（の′）】之   

Where F（a），a）’，d’）denotesthe wholeintegrand on the  
right－handsideof（2．20）．Thiselectricfieldis thefield  
withintheslablikecrystalbutnotthesignal茄eldtobeob－  
SerVedoutsidethecryst且1．Thelatterhastobecalculated  
fromtheMaLXWellequationsandtheassociatedboundary  
COnditions．   

Withinthenonlinearcrystal，thehomogeneouselectric  
鮎1dsareusual1yassociatedwiththenonlinearlyinduced  
electric重eldwhosewavevectorisnotnecessari1yidentical  
to that ofthe homogeneous wave．nese homogeneous  
丘eldsariseasadueconsequenceoftheMaxwellboundary  
conditions・14In Fig・2 theconfiguration ofthe non・  
1inearlyinduced waveand the associated homogeneous  
WaVeSisshownschematica11y，Wheretheelectricfieldcor－  
respondingtothebackward－prOPagatingnonlinearpolari－  
ZationisneglectedowlngtOitssmal1ness．Assumlngthe  
normalincidence ofthelaserbeams theelectric茄eld for  

eachwaveinFig．2canbewrittenas   

ちe血－ちヱ】，即日叫榊，卯旭トば0（トd｝ ，  

andz＝d，thefburrelationsamOngち，E，，E，，Fr，and  

．払訂eObtained：   

ち＋卑十ち＝ち，柁∫ち十〝（卑一馬）＝－ち，   

ちe－鱒β十中一榊十βムe榊 ＝ち，  （ユ・之3）   

痛β叫d巾（斗e－榊一郎瑚）＝耳‥  

WhereJ王∫弧d乃訂ede鮎dby   

〝∫＝Cち／叫 乃＝C杭佃．  

TheamplitudeEtiscalculatedas  

Z＝0  

（2．24）   

ヱ＝d  

Ebc-- 

→Ef   

---3Es 

Er←  －→Et  

（2．22）  

中仙t栴ヱ） 
，録伽＋榊   

Witb揖ニ2αユー叫トち＝2た（山王トた■（叫），片0＝揖／c，and  
Kh＝k（a）），Whereち，E；，andEE COrreSPOndtothenon－  
1inearlyinducedfield，therenected丘eld，andtheelectric  
茄eldtobeobservedoutsidethecrystal，reSpeCtively，and  
Fr and Eb COrreSpOnd to the associated homogeneous  

WaVeS．From the Maxwe11boundary conditions at z＝0  

FIG・2・SchematicrepresentationofelectricfieldaTnplitlユdes  
With frequency加三一叫・ち，且「，and札represen＝he non－  
1inearlyinducedwave，thereflectedwave，and the trartsmitted  

WaVe，reSPeCtively，and Er and Eb are the forward－and  
backward－prOPagatinghomogeneouswaves．  

－15－   
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且ー（1一州〃－乃∫）（e－Hち十栴）d 
－〃ち一片力）d 

－1）＋（1＋刷〃＋〃∫）（e －1）  

8175: 

（2．25）  
ち  （1巾）之さ鱒㍉＿（1＿諦〆 

榊  

OrCanberewdttenas   

g．  勅し花子）む／ぐ  
轟【（叫1）e 

叫‾ズん）ヱ 彗＋だ鳥）z 
＋（乃一1）e ］  

（2．ユ6）  

ち（1巾）ヱe榊－（ト乃）Ze－i榊  

Combiningal1theresults，theexpressionoftheelectricneldamplitudetobemeasuredoutsidethecrystalisgivenby  

叫（乃し乃プ）  

凰血（鋸）＝一意芳げ可謳′ム00ぬ・′   （1車）ユei肯んd→（1一門）ヱe一卯  

如扇  
Gz（dりGて（の′）  

【γ什抽一狛］（cユポー㌔扇）  

×Gユ（心’′）′（正げ■（揖′げ（の’′）♪（叫，ち）  

二二ニキ  一訂＋  β■（伽’，た（ひ′））  刀（山，た（α））＋   

R－d J－∴      C  ×［（〝＋1）e‾“ち‾梅）z十（乃－1）e‾什ち＋榊毎 
p  

integrandis slowly varylng OVer the reg10n Where the  
SPeCtralfunction Ga（w）takessignificantvalues，itcanbe  
put outsidetheirltegraland repiacedbyits valueatthe  
Peakpositionof Ga（a））．lnthisspiritofsimplincation，  

allofthefactorswithintheiムtegrandontheright－hand  
Sideof（2．27）canbeputoutsidetheintegralexceptfbrthe  
exponentialfhctors．This simplification canbejustified  
under抽ec8nditiont壬Iat   

恥〟ユ＞＞△叫，d瓜′㌔（む）た（揖）く＜1，  （2・29）  

where Aa）denotes thetypicalspectralwidth ofthein－  
cidentlaserpulses，andvgisthegroupvelocityoftheexr  
citonicpolariton．Thentheexpression（2・27）canbegreat－  

Iyslmpli重edto  

with   

叫＝揖＋の′′一心′，ち＝尤（以）十射出′′）－た■（山′），  

屯＝た（叫），花∫＝Cち／叫，花＝Cgん／叫，  

（之．28）  

WhereRisthezcoordinateoftheobservationpoint．nis  
expressionis quite generalbut contains a fourfbldin－  
tegral，Whichisaratherheavytasktoperformstraight－  
fbrwardly．Itisdesirabletosimplifytheexpressionbyin－  
troducing reasonable approximations．Theintegrations  
withrespectto丘），LDl，anda）′′areoverthespectralwidth  
Oftheincidentlaserpulses．Ifafunctioncontainedinthe  

×囲＋1）e一汁ち一端）ヱ 

風血ほい）∝胤のd瀞・ムd媚（由′）Gて司仙′′一再－㌍j】  
一打ち＋〟鳥）ヱ 

＋（万一1）e 】，  （之．30）  

Witb   

方ニCた（2山王一叫）／（2丘）ユー叫），  

wheretheunimportantmultiplicativefactorsareomitted・Atthisstagethethreefoldfrequencyintegralisreducedtoa  
separablefbmandcanbeperfbrmedeasily・Thea，dependenceofk（a，）intheexponentisexpandeduptothenrst－Order  
term as 

抽）＝た（引＋（〟一別＋‥・＝た（副＋二 ＋…，  （2・31）  

Ug描）  

whereaJdenotesthepeakpositionofaspectralfunctionG（w）・Therlthethreefoldfrequencyintegralin（2・30）canbe  
simplified as 

－16－   
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g。bs（凡J）∝eXp【H2〟ユー叫）玩】  

×ガ血ム虚血ム∞ぬ・ム∞血′・榊｝陶・）GⅣ）expト榊偏トた輝）】叶‖△＋A・′－拙Rl  

X‡（汀＋1）exp［丑人言一日l／びユー1／けん）仏十A′′）ヱ＋‖1／ul－1／勒）A′ヱ】  

＋（万一1）expト抜轟エーHl／u之＋1ルカ）仏＋A′′）ヱ＋Hl／むl＋1′uム）ムヒ】ト  

（2．32）  

witbtbeabbreviations：   

Å＝虻一明，A′＝揖’一恥A′′＝む′′一触リl＝竺㌔（叫）・ひ2＝㌔（心z），  

（2．33）  
R－d   

ひ鳥＝鞍（2血）ユー叫），たん＝た（2β2一叫），方＝Cた鳥／（加z一叫），JR＝トー   

Makinguseoftherelation   

ル嘲f 
上側ゐG。（揖）e抽＝ム鴎叫g。（叫恥）極（の－む。）】e 仙‾以α’f＝アニ血gα（山一山。）e ＝紬），  （ヱ・34）  

OneCanfurthersimplify（2．32）to   

g。ぬ（凡由旗印卜榊βヱ）－た佃国  

刈掃＋l）g∫た鳥ヱ【丘之（一見＋（1／勒－1ルヱ）ヱ）搾l（転＋（1／ひ鳥－1／…）  

十（万一1）g伸【坤R－（1／勒＋1′頼ヱ）揮l（∫R－（1／軸＋1／び1坤．  （2．35）  

Thesecondterminthesecondpairofcurlybracketsof（2・35）containsafactorwhichisrapidlyoscillatingwithrespect  
tozandgivesasmal1ercontributiontoE。bsthanthe丘rsttem．InthefbllowlngOnlythefirsttermwi11beconsidered．  
Thephysicalqu且ntityobservedintheexperimentistheintegratedintensityofthesignalfield，namely，  

Jこ叫点。b叫ヱ  （2・36）  

Thecorrelationtraceisobtainedbyrepeatlngthesarnemeasurementwhilechanglngthedelaytime句Ofthesecond  
pulserelativetothe茄rstpulse．Wもentheshapesofthetwopulsesareidentical，thesignaほeldisglVenby   

旦血ほい）∝ガ虎exp肋－2た㈲＋た・（刷岬（析（1／鞠－1／ひ洲翫＋小（l′uん－1／頼）， （ユ．37）  

WhereE（t）isthecommonpulseenvelope．neeXPreSSionisremarkablysimpleandimportantintheanalysisoftheex－  
pedmentaldata．  

ItisinstnlCtivetolookintothelimitingfbrmofthecorrelationtTaCeWhenal1theincideTltPu】sesaTe8－function－1ike．  
hthiscasethesignal丘eldiscalculatedas  

耳血（鋸）∝J謳g眈【別玩＋（1ル鳥－1′吋ヱ）】翫十小（1′勒－1′頼）  

＝謳g∫彗∂（玩＋（1ルん－1／ひユk肺小（1′ひユー1／…）  

∝0（句）0（d（1／ひl－1／uヱト句）【8（k＋（1／勒－1′び2）q／（1／む1－1／ぴユ‖】ヱexp［昆止句／（1／ul－1／u川，（ユ．38）  

witb   

Aた＝た鳥一之た（甜ヱ）＋た●（叫），  

WhereeistheHeavisidestepfunctionandtheinequalityul＜V21Simplicitlyassumedbecause叫＜a，1＜utintheexperi－  
ment．Theintegratedintensityofthesignalfieldbecomes  

Jニd岬。b叫ユ∝恥）0（d肋l－1／uヱ）－q）叩ト2勒（山王）＋た血卜糾明叫1肋／（1／ひ1－1／吋‡，（2・39）  

ftomthedecayrateofthecorrelationtrace．Furthermore，  
by varylng Wland色）z aPPrOpriately，One Can determinc  
kE（a＞）ateachLDandaccordinglyr（a））inprinciple，The  
decay ratein（2・39）has aclearphysicalmeaning．The  
length Td／（1／Lll－1／L，2）is nothingbut thedepthin the  
crystalwherethetwo8－function－1ikepulsesmeetandthe  
nonlinearinteractionoccurs・Beforethetwopulsesover－  
1apspatial1y，eaChpolaritonwavesuffersspatialdamplng  

WherekE（a））istheimaginarypartofthewavevectorde一  
缶ndby   

た（の）＝たr（α）一喝（ぴ），ち（山）＞0．  （2・40）  

Thus，the correlation traceis nonzero only within the  
raI鳩e鉦om Td＝O to Td＝d（1／び1－1／uユ）and shows a  
qulteaSymmetricfbrmasdepictedinFig．3．Inthisidea1  
1imit，One Can eStirnate 2ki（叫）＋kE（叫）－kf（2叫－a）1）  

ー17－   
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r（a））oftheexcitonicpolaritonisdeterminedasafunc－  
tionofenergy．Theelectric且eldattheobservationpolnt  
isgivenby（2．37）aJldtheintegratedsignalintensityiscal－  
culatedas   

叛）＝Jニ叫居血（鋸1ヱ  

＝工d一腹ガ血岬－ば●ヱ紬佃）  

×且（ト＋句＋鍵）が（r十α′）  

×且（一＋句＋囲り  （3．1）  

Ⅵ d叫一1咽  O   

FIG．3．Atypicalcorrelariontraceofnondegeneratefbur－  
WaVe nlXlng under alimiting situationin which the twoinr  
cideTlt Pulses are 8－fhnction－1ike・γ（a｝t，a｝ヱ）．is giYen by  

2【2たi（山王）＋たi（叫トヰ（2〟2一叫）レ（1／ぴl－1／叛）・  

duetotheimaglnaryPartkEOfthewavevector・Thegen－  
erated nonlinear polarization emits the electromagnetic  
field，Whichisobservedasaslgnal丘eldoutsidethecrys－  
tal．Thissignalfieldwithftequency2LD2－叫prOPagateS  
in the crystalas a polariton waヤe and sufftrs spatial  
dampingduringthepassagefromz＝7’d／（1／vl－1／vユ）to  

z▲＝d，i．e．，therearsurfaceofthesample．Thesespatial  
dampingsleadtothedecayratein（2・39）・  

ⅠⅠⅠ．ANALYSISOFmERp止ENTALDATA   

Inthissectiontheexperimental血taofthecorrelation  
trace are analyzed on the basis ofthe generaltheory  
develQPedinSec・ⅠIandthedephasiTlgrelaLXationconstant  

wi血   

∬＝机2丘）ユー叫トユた（揖z）＋た韓（叫）＝耳．＋ばい  

α＝1／軸－1／ひユ，β＝l／uん－1ル1，  

（3．2）  

wheretherealandimaglnarypartSOfKaredenotedby  
K，and K7，reSPeCtively・Inthefollowlng theincident  

PulseenvelopeE（E）issupposedtobeGaussian：  

郡上）¢＝eXp（一一之／2㌔），  （3．3）  

Whereq characterizesthepulsewidth・Caiculatingthe  
timeintegralin（3・1）first，andchangingtheintegration  

Variables zandzltoxandydefinedbyx＝Z＋z，and  
ツ＝エーヱ′，OneOb血ns  

－ごニー⊃∴き二号  
【（α－β）ズー2Td】ヱ  

6㌔  

一斗中十馴  ［（α－β）ズー2Td】Z  

ーヰ［ヰーズー馴‡  
【（α－β）ズー2q】ヱ  

6Jユ  

Ree伸＝持崩＝e巾】十e－よユムーγ一山∫ユsi血・（3・7）  

Itisnowinstructivetoexaminethecasew‡1eretbetwoin－  

cidentpulsesh且Vethesameenergy，1・e・，叫＝a，2・hthis  
CaSethedenominatorγl［＋f（u－a）’）in（2・27）cannotbe  
simplyputoutsidetheintegralbecause色トdcanbecome  
zero．EmployingtheGaussianpulseenvelope（3・3）and  
carryingoutthefrequencyintegralin（2・27），OneObtains  

witb   

エト＝（加ヱ＋βヱ）／わヱ，  （3．5）  

wheretheerrorfunctionwithcomplexargumentzisde一  

缶ndby   

e巾】＝帝はp（－れ  （3・6）  

aJlditsrealpartisgivenby  

expト汀㌔ユ／4十は（一月＋Td／2）】  

阜血（裾∝J謳expト2裾叫）‡けこ血  
（3．8）   

γlけ庖  

－18－  
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Where tR空t－（R－d）／cand kEisdefinedby（2．40）．The  
imporfan［pOirlttObenotedisthat句and kE（a））arecon・  
tainedinaseparatemanner．Thus，kE（（t））orequlValently  
r（a））cannotbedeterminedfromthecorrelationtrace，i．eり  
丘omtheTddependenceoftheintegratedsignalintensity・  
Thisconfirmstheirnportanceofnondegeneratefbur・WaVe  
mlXlnginthestudyofthedephasingrelaxationoftheex－  
CitonicpolaritonasmentionedintheIntroduction．  
Intheexperimenttheenergyofthesecondpulsea）ユis  

fhedatthetransparentregionof亡hecrystal，Whilethatof  
thefirst pulse血）11S Varied overthe resonancereglOnaS  
Shownin Fig．4．The energy ofthe nonlinearlymiⅩed  
light2a）ユーa）tliesinthefhroff・reSOnanCeregion．Asseen  
from（3．2），theimaglnarypartKEisdependentonr（a））at  
three energy points，name）y，r（叫），r（u2），and  
r（2LV2－a）1）．Theoneofmostinterestisr（叫），Sincethe  
Othersarevaluesintheoff－reSOnanCeregion．Thevalues  
Ofr（a）ヱ）and r（2a）2－Wl）aretakenfrom thedataofre－  
nectivityandtransmissionmeasurements・15Thevalueof  
r（叫）is王e允asana可usfableparame〔erfbrthecurve茸ト  
tlng．Inthenumericalcalculationofthecorrelationtrace，  
thedispersionrelationoftheexcitonicpolaritoninCuCl  
isused；thedispersionrelationhasbeenstudiedrecentlyin  
detail・10－13・16TheparameterqisdeterTninedftomtheex－  
pedmentaユpu15eWidth伽】1width at ha】rmaximum or  
FWHM）of20ps．Thetheoreticalresultsareindicatedby  
Closedcirclesin Fig．5．Thespatialoverlapbetweenthe  
twopulsesandaccordinglytheintegratedsignalintenslty  
becomelarger，inthecaseofalaterarrivalofthesecond  
pulse，thanin the case ofan earlier arrival，Since the  
groupvelocltyOfthesecondpulseisqultelarge・Theex－  
tremecaseofthis托atureisdemonstratedinFig．3for8－  
function－1ikepulses．In rea】ity，theincident puisehas a  
幻nitewidth and thecorrelation tracein Fig．3becom？S  
broadened．The asymmetry of the correlation tracein  
Fig・5canbeunderstoodin this way・Thevaluesofr  
determinedfromthecurventtingareglVeninFig．6．The  
right－hand ordinateindicates the dephasing re王axation  
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FIG・5・h托g招ted加en5ityof血e2丘，ユー叫beam emjtted  
froma14．15－FLm・thickCuCIcrystalasafunctioJ10ftherelative  
timedelayTd＝tユーElbetween血｝2and叫pulses．  

timeカ／（r／2）oftheexcitonicpolariton．AsseeninFig．  
6，risoftheorderofO．01meVindependentofthesam・  
p】ethicknessandirlCreaSeSaS t】1eenergyaPPrOaChesthe  
exciton resonanCe．Whenthe energy丘）1aPPrOaChesthe  
exciton resonance，the correlation trace becomes nearly  
Symmetricwithrespect to Td＝O andinsensitive to the  
Changeof叫．This鎚aturecanbeunderstoodonthebasis  
Of（3．4）．IntheresonancereglOTlthegroupvelocityofthe  
excitoTlicpolaritonisquitesmal1andonecanemploythe  
払1lowlngapprOXimations：   

α－β≡1／ul，か望（如2パ）－1  （3．9）  

Since也era亡ioリl／亡istypicallylO－4，tlleGau5Sianねctor   

expト［（α－β）ズー2Td】Z／6げヱi  

in（3．4）represents averysIlarP distribution whosepeak  
POSitionandwidtharebothoftheorderoflFLmOrless・  
Thus，WhenthesamPlethicknessdisabout20－30mic－  
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PHOTON ENERGY（■り  

ユヱ2   

FIG．4．Left：Dispersionrelationoftheexcitonicpolariton  
inCuCl，Shownfbrboththeupper－LUP）and）ower・（LP）branch  
polaritons・Right：Group velocityoftheexcitonicpoladton  
normalizedbylightveloclty Cinvacuum（lowerabscissa）and  
the calculated transit time or the polaritorlPulse through a  
14・15－Pm－thickCuCIcrystal（upperabscissa）・Tl－eenergy方叫IS  

varjedfromユーoll，Whereasプき叫isrixedatthe【r；lnSParentre・  
gion．  

FIG．6．Dephasingrelaxationconstantrasafunctionofen－  

ergyoftheexcitonicpolaritoninCuCl．ThethreedatasyrnboIs  
COrreSpOndtosampiesofdifftren亡thicknesses．Longerrorbars  

above3・200eV mean that rcannot bedetermined precisely・  
Tlledashedlineisthecalculatedenergydependenceofrbased  
onamodelofpolariton－POlaritonscattenng（SeeteXt）．  
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rons，thesecondintegralin（3．4）canbeneglectedandone  
nnds払rpositiveTd  

2ulgi＜グーl・  

ト富一票】   ⅠⅤ．MECHANISMSOFDEPHASINGRELAXATION  

OFEXCITONICPOLARITONS   

Letusnowdiscussthemechanismofthedephasingre－  
1axationofexcitonicpolaritons．AsmentionedintheIか  
troduction，therelaxationtobeobservedintheexperiment  
dependsingeneralorlthemethodofmeasurement・hthe  
fbur珊aVemlXlngeXPerimentnotonlytheincidentlaser  
beams butalsothe generated signalbeam are spatially  
wellcollimated．Thus，any meChanism which causes a  
momentumchangeoftheexcitomicpolaritonwi11leadto  
the decay of the macroscopIC pOlarizationwith a we11－  
de丘nedwavevector．Evenelasticscatteringleadstothe  
decayofthepolarization抗eld，namely，thedephasingre－  
1axation of theexcitonic polaritonin the case offb11r－  
wavemlXlng．Thisisinstrikingcontrasttothecaseofin－  
ducedabsorptlOn（IA）・17－19InthecaseofIAal1thepo－  
laritons that are scattered elastical1yinto various direc－  
tionscancontributetotheabsorpt10nSignalsinceonlythe  
energylSrelevantintheabsorptlOnPrOCeSSandthedirec－  
tionofthepolariton wavevectordoes notmatter・The  
decay－timeconstantofIAreflectstheenergyrelaxationof  
the ensemble ofthe叫匝ted polaritons．On the other  
hand，mOmentumrel乱Ⅹationbysomemechanismscontri－  
butestothedephasingrelaズationofexcitonicpolaritons・  
Themostlikelymechanism岳tocausesuchdephasingor  
momentumrelaxationare（a）impurityscattering，（b）pho－  
nonscattenng，and（c）polariton－POlaritonscattering・   

Assurnlngtheimpurlty・pOlaritonscatteringmatrixele・  
mentMtobeindependentofthemomentumtransfer，One  
can calculate the momentum relaLXation rate due tothe  
impurityscatteringas  

J（㌔）∝eXp  

×Ree中島一別・ （3・10）  

Substitutionof（3．9）into（3．10）1eadsto  

∫（句）∝eXpト（uIJち）ユー加1札Td］Reeげ【句ルー叫αだrト  

（3．11）  

Sinceびl叫is血唱ea刀dtypicailyoftbeorderoflOヱ，One  
caTluSeanaPprOXimate－fbrmuladerivedfrom（3・7）fbr  

ヅ＞＞1：  

eっkee巾＋鵬e－ズユムけ■ぬp（fしγZ）sin加・  

（3．12）  

Becausetheintegralfactorin（3・12）haLS Only a weak  
dependence oTIX，the characteristic dependence of the  
COrrelationtraceonTdlSglVenby   

∫（句）∝eXpト加．葦句－（句ル）ヱト  （3．13）  

For左typicalvalueof耳fOfaboutlO4cm－1andforqof  
theorderoflOps，theTd dependenceofthecorrelation  
traceisdominatedby thesecond exponentin（3．13）and  
thepromebecomesinsensitivetothechangeOf叫inthe  
exciton resonance reglOn．Thus，the value of KE Or  
equivalentlyr（a））cannOtbedeterminedpreciselyinthe  
resonancereg10n．However，eVeninasituationwherethe  
correlationtraceislimitedbytheincidentpulsewidth，the  
upperlimitofr（LD）canbeestimatedfromtherelation  

rim。（た）＝普I叫ヱ∑8（即た＋9）一別紺＝J慧芳刷鉢朗（（絢し放岬β）1乃ト…） 曾  
告ごご言言＝半・  

whereVisthequanti2：ationvolumeandvg（k）isthegroup  
velocityoftheexcitonicpolaritonwithwavevectork・As  
seenftomthisexpression，rimp（k）showsanincreasein  
the exciton resonanceregioTldue to thedecreaseofthe  
groupvelocltyandtheincreaseofthewavevectork・The  
energydependenceofrimp（k）issimilartotheexperimen－  
talresult．Ontheotherhand，theestimationoftheabso－  
lutevalueofrimp（k）cannotbeprecisesincethemagni－  
tudeofthematriⅩelement Mis uncertain．Forarough  
estimate，One may treat the scatterlng Classical1y・The  
scattenngcrosssectioncanbesupposedtobethesquare 0  
。ftheexcitonBohrradiuswhichisabout7AinCuCl．20  
Thegroupvelocityoftheexcitonicpolaritonintheoff－  
resonancereg10nisoftheorderofonehundredthofthe  
lightvelocityinavacuum・Iftheimpuntyconcentration  
N（isassumedtobelOlヰcm－J，OneCaneStimatetheorder  
Of rimp as 

rim。≡（7Å）ヱ㌔叫ご1．5×108s－1  （4．2）   

Thisvaiueissmallerbyaf畠wordersofmagnitudetharl  
theexperimentallyestimatedvalue・However，itisprema－  
turetoruleo11ttheimpurityscattenngasamechanismof  
thedephasingrelaxation of the excitonic polariton．To  
Clarif＞theroleofimpurityscatteringquantitatively，ltis  
necessarYtOStudy thesampledependenceofthedephas－  
1ngrelaxationconstantbyvarylngtheimpurityconcentraf  
tionsystematically．   
Toexaminethesecondpossibility，thescatteringproba－  

bilitylSCalculatedforboththedeformationpotentialcou－  
pling withlongitudinalacoustic（ac）phonons and the  
Fr6hlichinteractionwithlongitudinaloptic（op）phonons．  
The LA－Phonon scatterlng rate Via the deformation－  
POtentialcouplinglSglVenby  

－20－   
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rac俳書亨伽）lヱ【榊（たトg（頼）＋私声（1＋岬（たト都た功一払ル  

parametersareemployed：ZJ＝3・8×105cm／s，之1p＝4・16  
g／cm3，ヱ3かご一刀り＝－0・4eV，ヱヰand tbe temperatureis  
takentobe2K・Thecalc11latedres111tisshowninFig．7．  
Inthe energy reglOn abovea）t theresults are shown fbr  
both the upper－andlower－branch polaritons・Thein－  
CreaSlngtrendoftheLA－phononscattenngrateastheen－  
ergy approachesthe exciton resonanceisin agreement  
withtheexperimentalresultinFig．6．However，theabso－  
lutevalueofthescatteringrateism11Chsmallerthanthe  
experimentalvalue．Thus，it canbeconcludedthat LA－  
phononscattennglSOnlyarninormechanism ofthede－  
phasingrelaxationoftheexcitonicpolaritorl・   

Simi1arlytheLO－Phononscatteringratecanbecalcu－  
1ated・Inthiscasetheexciton－PllOnOnCOuPlinglSinduced  
thro11ghthモFr6hlichinteractionanditsexplicitfbmis  
glVenby之l  

Wherethe蔦rstterTninthesquarebracketsrepresentsthe  
COntributionftomthephononabsorptlOnprOCeSSandthe  
SeCOnd term that from the phonon emission process・  
E（k）denotestheenergydispersionoftheexcitonicpolar－  
itonand薫血qtheacousticphononenergyatwavevectorq・  

Forthecaseofalsexciton，theexciton－Phononcoupling  
constant坑。（9）is由Venbyユl  

」空L  

初げ  
【か。ム（曾ト♪。ム（射】，  （4・4）  ㌔。（曾）＝  

witb   

ム（9）＝1／［1＋（αムd班／之）ヱ】ヱ  

and  （4．5）   

ム（9）＝1／【1＋（α。αβ曾／Z）ヱ】ヱ，．．．  

Wherep，ZJ，TtaB，andDe（Du）denotethemassdensity，  
the sound velocity of LA phonons，the quantization  
volume，theexcitonBohrradius，andthedefbrmationpo－  
tentialconstantfbrtheconduction（valence）band，reSPeC－  

tively，andα＾andacarede缶nedby   

α鳥＝m九／（椚た＋m亡），αe＝m。／（mん＋m亡）   （4・6）  

Withtheelectron（hole）effktivemassme（mh）．Thecou－  
plingconstant（4・4）isusuallyapproximatedinthesmal1  
momentumlimitas  

ヱ払LO  

L 

ユ瑠  
㌔p（曾）＝   ん（曾トム（射】／9，  

（4．8）  

Where∈閣（eo）and蕎由LO arethe optic（static）dielectric  
COnStantandtheLO－Phononenergy，reSpeCtively，andjこ  
andfharede茄nedin（4．5）．TakingintoaccountOnlythe  
pbonon－emission process，One Obtains 也e 払1lowl喝  
SCatteringrateduetotheLOphonon：   

rop願l㌔p（舶（g（たト都た一曾）旬）・  

（4．9）  

Therelevantparametersarechosenas払LO＝26meV，ヱ5  
∈。＝5．0，lユ 句＝亡∞山手克子，払∫＝3．2080 eV，13 弧d  
払E＝3・2025eV・13ThecalculatedresultisshowninFig．  
8・Thegeneraltrendoftheenergydependenceissimi1ar  
tothatinFig．7．hthiscasealso，theabsolutevalueofr  
is toosmalltoexplaintheexperimentalresults．Onthe  
basis of these results one can conclude that phonon  

1／ユ  

ニきl   
（4．7）  （♪。一札）．   ㌔。（曾）≡  

Strictly speaking，（4．3）should bemultiplied byanOther  
factor relating to the exciton content in the polariton 
mode．However，theexcitoncontentis aslowlyYarylng  
functionwith respecttothepolariton energyandisal－  
mostunity over a ratherwide range Of50－60meV  
aroundtheexcitonresonanCeinthecaseofCuCl．Thus，  
thefactoroftheexciton contentin thepolariton mode  
canbesafblyneglected．Inthecalculationthefb1lowing  
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FIG・8・Dephasing（momentum）rdaxationTateOftheexci・  
tonic poladtonin CuCldue to the optlC Phonon scatter3n；・  

Abovethelongitudinalexcitonenergya，Etheresultsareshowli  
払rboththeUpandLPbranchpolaパーons・  

1180  

FIG．7．Dephasing（rnomentum）relaxationrateoftheexci－  
tonicpolaritonirlCuClduetotheacousticphotlOnSCattenng・  
Abovethelongitudinalexcitonenergywltheresultsareshown  
fbrboththeupper－（UP）andlower－（LP）braTIChpolaritons・  
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Thisbroadeningofthepolaritonwavevectormayleadto  
mutualcollisionsamongpolaritonsinjectedbyanintense  
laser beam．The two co11iding excitonic polaritons can  
scatterintovariousdirectionsofthewavevectorconserv・  
lngthetotalenergyandmomentum・Whenthepropaga・  
tiondirectionofthescatteredpolaritonisappreciablyde－  
nectedfromthatoftheincidentpolaritons，thescattered  
polaritoncannotcontributetothesignalintensityofthe  
fbur－WaVemiⅩing．Evenifthescatteredpolaritonpropa－  
gatesinalmostthesamedirectionastheincidentpolari－  
tons，theenergyofthescatteredpolaritonisnotnecessari－  
1yequaltothatoftheincidentpolariton・Wもendetection  
isspatiallywe11collimatedandisalsoenergeticallywell  
resoIved，almostnoneofthescatteredpolaritonscancon－  
tributeto thesignalintensity．Thus，POlariton－pOlariton  
SCattenngleadstothedephasingormoment11mrelaxation  
Oftheexcitonicpolariton．Whenthepolariton－POlariton  
SCatteringmatrixelementiswrittenas   

Ⅳ（たl，た2；た3，た4）dld2q】qヰ，   （4・10）  

denotingthecreation（annihilation）oper今tOrOftheexci－  
tonic polariton with wave vector k by d（Ck），the  
momentumrelaxationrateofaneXCitonicpolaritonwith  
WaVeVeCtOrkisglVenby  
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FIG．9．Correlationtracesofnondegeneratefbur－WaVemix－  
1ng fbr alTFLm－thick CuCIcrystal・The pulse width AE  
（FWHM）is chosen to be30ps andthe dephasing relaxation  
COnStantrisvariedatO．01，0．04，andO．08meV（seetextinSec．  
ⅤⅠ）．  

SCattenngmakesaminorcontributiontothemomentum  
relaxation oftheexcitonicpolaritonandcannotexplain  
quantitativelytheexperimentalres111ts・   

Let us final1y examine the possibility of polariton－  
POlariton scattering．Even when awell－CO11imatedlaser  
beamisconcerned，thereisunCertaintywithrespecttothe  
directionofthepolaritonwavevectoroftheorderofO・10・  

rc（た）＝普 

たlた】 

（4．11）  

whereN（k）istheoccupationnumberoftheexcitonicpolaritonwithwavevectork・In（4・11）NktandNkヱCanbe  

neglectedsincethewavevectorandenergyofthescatteredpolaritonsareingeneraldifftrentftomthoseoftheincident  
polaritons・Thesummationwithrespecttok3iscarriedoutoverthedistributionoftheincidentpolaritons・Asaresuit，  
rcisproportionaltothelaserintensity・Expression（4・11）canbereducedtoamoreconvenientfbrmfbrnumericalcal－  

culation．Takingthe2aXisinthedirectionofwavevectork＋k3andneglectingthewave－VeCtOrdependenceofWlone  
canrduce（4．11）to  

r亡（幻譜岬】Z∑叫若山糊・g（た・た3瑚「別冊（た”             たユ  

8（lたlト1た†l）  

一志l町ヱ∑職j上境dlたI11たIlユ伊sinβ∑         た】  ‾         ‾     α   

（4．1ヱ）  
げ（町昭川  

witb   

′（射た－1）＝甑（lたIl）＋鞄（lた＋たユーた1I）（lたlト1た＋たユIcosβレlた＋たユーたIl，  

andtheanglebetweenthetwowavevectorsischosemtyp－  
ica11yasO．10．UsingtherecentresultsofthemicroscoplC  
calculationofthecollisionmatrixelementofexcitonicpo－  
ladtonsinCuCl，ユGone鮎dsatypicalvdue  

Ⅳγ＝4．8×10－ユ＝e指，  （ヰ・14）  

andobtains   

r㌢mr（3．188eV）＝3．6×1010s‾l  （ヰ．15）  

where the number density of the incidcnt polaritons is 

Whereugisthegroupvelocityoftheexcitonicpolariton，  
Vthequantization volume，and thesuperscrlPtaindi・  
catesanumberofsol11tionswhichsatisfitheenergycon－  
servationimpliedbythe8function．Itisfbundn11meri－  
Cal1ythattheintegralin（4・12）isnotsensitivetotheangle  
between kandk3withinafとwdegrees・Thus，itisper－  
missibletoreplacethesummationoverk3in（4・12）bythe  
valuefbratypicalk3multipliedbythetotalnumberof  
incidentpolaritons・Inthenumericalestimateoftheab－  
sol11te Value of r。，the！WO COlliding polaritons are as－  
5umedtobavetbesameene巧y3．188eV（‡たl＝！恒＝  

－22－   
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supposed tobelO18cm－3，eStimated from thepower，  
pulsewidth，beamdiameterofthelaser，andthecrystal  
thickness．This valuecanbecornparedwith theexperi・  
mentalr巴；ult：   

r…Xpt（3．188eV）＝1．5×1010s‾l  （4．16）  

Thesetwovaluesagreewellwithinafactor3．However，  
this agreement should be considered as fbrtuitous since  
thereremainsuncertaintyintheestimationofthenumber  
densityofpolaritonsandotherdynamicalparameters・In  
thetheoreticalfittingtheabsolutevalueofrisa句usted  
to the expedmentalvalue at3・188eV and the energy  
dependenceofrisdeterminedby（4・12）・Thecaユculated  
resultisshownbyadashedlineinFig．6．Asfbrtheener－  
gy dependence ofr，theagreement betweentheory aJld  
experimentis satisfhctory，althoughthe experimental  
Valuesareambiguousintheresonancereg10n・   
Frorntheaboveargumentsitmaybeconcludedthatthe  

dephasingormomentumrelaxationoftheexcitonicpolar－  
itonis caused mainly by polariton－POlariton scattenng  
under our experimentalconditions，althoughimpunty  
scattenngcannotberuledoutasamechanismofthede－  
phasingrelaxation・   

V∴MICROSCOPICDERⅣATIONOFEQUATIONS  
OFMOTIONANDDEPHASINGRヱLAXATION  

OFEXCITONICI）OLARITONS  

InSec．ⅠⅠ，thebasicequationsofrnotionfbrtheexciton－  
ic polariton are taken from the fami1iar onesinlaser  
theorywhicharederivedonthepictureoflocalizedexci－   

tations．However，theexcitonicpolaritonis notalocal－  
izedexcitatioTlbutpropagatesthroughoutthecrystalwith  
ade貰nitewavevector．Inthissectionthebasicequations  
ofmotionarederivedftornthemicroscoplCPOintofview  
aTlditisconfimedthatthesameequationsofmotionas  
inlasertheoryareapplicablefbrthecaseofexcitomicpo・  
laritonswithasma11changetOincorporatespatialdisper－  
sion．Firstofal11etllSderivethepolarizationfieldopera－  
torquantum mechanicallyたomtheelectromagneticin－  
teraction  

（p・A＋A・p），  （5・1）   

Where Ais the vectorpotentialand p the moment11m  
OperatOr．Inthesecond・q11antizedfbrmthevectorpoten－  
tialiswrittenas  

A（r）＝票麿〕l′2抽入・み二q入），（5・2）  
wherebq（b：），ち入andVaretheannihilation（creation）  
OPeratOrOfthephotonwithwavevectorq，thepolarizか  

tion vector，andthe quantization volume，reSpeCtively，  
and the polarizationindex入indicates the transverse  
modesintheCoulombgauge．Calculatingthematrixele・  
mentbetweentheelectronfieldoperators，OneObtains  

（〃よ柵dよ勅願心， 念圃′ヱゑ諦 
（5・3）  

Jd3川†（r）志伸A・p）情  

E｛r｝＝－r）   

譜t響】1乃抽減）  
ニ∑e坤1E‾（曾）＋E十（州＝∑eJ9電（れ （5・6）  

冒 曾   

wheretheFouriercomponentoftheelectricfieldE（q）is  
eq  

notations（5．5）iswrittenas   

慧［αよ刷上机）再三刷諏）ト  

（5．7）  

Supplementlng the nonresonant terms，One Obtains the  
SeCOnd－quantizedformoftheelectromagneticinteraction  
aS  

忘芸当㌣（αニ刷汗ロニ刷た）・ （5・8｝  

wherea：k（a。k）isthecreatidn（annihilation）operatorof  
theα－bandelectronwith wavevector k．The realvector  
poisde茄nedby   

廟＝忘エ。d3r顧r）紬（r），  （5・4）  

wherezLqk（r）denotestheperiodicpartoftheBlochfunc－  
tionofthecEband，Uothevolumeoftheunitcell，andthe  
usuals－P band combinationis tacitly assumed fbr the  
conduction and valence bands．Here the wave・VeCtOr  

dependenceof the matrix elementis neglected・In the  
resonant－termapPrOXimation，（5．3）becomes  

つ】 ／   

諦
 
 

∑
榊
 
 

1
ノ
 
 

摩
 
 

・
エ
m
。
 
 

×扁細桝毎－α山＋9板ムニ。入）・                                  十  

（5．5）   

Ontheotherhand，theelectricfieldisgivenby   
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Fromtheanalogytotheelectromagneticinteractioninthe  
dipoleapproximation，thepolarizationneldoperatorwith  
WaVeVeCtOrqCanbeintroducedby   

由）ニー 
謀計菩（αニ刷た再三瑚た）・（5・9）  

Theprefhctorof（5．9），havingthedinensionsoftheelec－  
tricdipolemoment，wi11bedenotedbyFL：  

両）＝Jdjre∫97（「），  

Canbewrittenas   

両）＝∑（績明視－αよた叫α止）  
よ  

（5．14）  

by transforming the Wannier operators into the Bloch 
OperatOrS・   

Nowthattheoperatorsofthepolarizationneldandof  
thepopulationinversionarederivedmicroscopically，the  
equationsofmotionfbrthesevariableswi11beconsidered．  
TheHami1tonianisassumedinthesimplestfbrmas  

∬＝∑茸。（紬よα。た＋∑凧（紬エロ止  
た よ   

車∑飢（曾）（払叫板毎一品軌．9症），（5．15）  
た，9，入  

Where EcE（k）istheenergydispersionofthea－bande王ec－  
tronandtheelectromagneticcouplingconstantisdefined  
by  

eIpol  
〝＝ 

mc拍  
（5．10）  

Wherethetypicalvalueofqisdeterminedbytheexciton  
energyちaS   

永l曾l＝ち．  （5．11）  

Ontheotherhand，thequantitycorrespondingtothepop－  
ulationinversionisde点nedby   

ル）＝（d£d。r－α£αⅣ）／u。，  （5．12）  

whereaニ，（a。，）isthecreation（amihilation）operatorof  
theα－bandelectronintheWannierrepresentatioJland vo  
isthevolumeOftheunitcell．TheFouriercomponentof  
lhepopulationinversion，definedby  

g入（9）＝一 
碧庸jlノヱ  

AtypicalequationofmotionisglVenaS  

（5．16）  

d十 古口山西＝錘，α三頼α止】＝‡払㍑＋9ト鋸坤よ頼β正  
一子（dよ…輌一正榊榊）瑚）′け・  

（5．17）   

whereE＋（q）isthepositiveffequencypartoftheelectric  
茄eld de点nedin（5．6）．Hereaf［er，the electric f；eld com－  
ponentparal1eltopowi11beconsidered．Takingthesum  
OVerWaVeVeCモOrkonbothsidesof（5・17），rePlacinglq’l  

in the denomlnatOrOn theright－hand sideby a typical  
Valuegivenin（5・11），andintroducingthereplacement   

β。（鬼＋曾）一点。（た）≡ち（9）  （5．18）  

雨tb也eexcitonene瑠ydjspe指ionち（れ－One鮎ds   

錘よ刷た芸首甜∑αニ刷た                    ～  た  

一言〝㌢州′）鞠′），（5・19）  
Wherethenegativefrequencypartoftheelectric鮎1dis  
addedtothesecondtermontheright－handsideandthe  

意押・揮＝一首甜∑αよ抽β正                     l  た  

＋意増殖十押（曾′）・（5・20）  

Thebasicequationsofmotionfbrthepolarizationfield  
OPeratOrarederivedbyadding（5．19）and（5．20）orbysub・  
tracting（5．20）from（5．19）as  

お（冒）＝一等融）∑（αよ刷た－αよ刷た），（5・21） た  
孟〝（d三た刷一品叫触）   

＝一意叫（曾）一字亨小曲・），（5・2ユ）  
W‡1ere〆曾〉is蝕emagnitudeoftbev斑tOrin（5．9）．   

Next，theequationofmotionfbrthepopulationinver－  
notationof（5．10）isused．Inthesamewayoneobtains  sionisderived：  

意口三刷た弓怯（持帰（抽三刷た＋慧一掃西十減刑′ト左裾す咽り，（51ユ3）  Lα 
評十腔錘帰城沌）］βよ刷た十窓言古rよ擁すduた瑚）端十和す瑚）】・（5・24｝ d †  
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The丘rst term on theright－hand side ofeachequation  
representswavelikebehaviorduetothedispersionofthe  
energyband．Sinceqdenotesthewavevectorofthepop－  
ulationgratingandisusual1ysmall，thenrsttermsonthe  
right－handsidecanbcsaftlyneglected・Byrepeatingthe  
SameprOCed11reaSinthederivationof（5・19）from（5・17），  
one obtains 

意坤岩一驚手鞠′）∑（巌榊揮一正佃揮）・                     よ  

（5．25）  

Equations（5．21），（5．22），and（5・25）for7nthebasissetfbr  
thedynamicaldescnpt10nOftheexcitonicpolariton・Let  
usnowintroducethereal－SpaCefieldoperatorsde凸nedby   

…＝‾句瑚抑＝‾加）・   

（5・Z6｝  頼）＝デ戻g‾砿㌦止，   
ク‾（「）＝号莞e‾中旬よ“・直・  

where，Ofcourse，itholdsthatp（r）＝P十（r）＋p‾（r）．Then  
theequationsofmotion払rtheseoperatorsareobtained  

aS   

押＝ち冊）腑）す（r）】，  （5・之7）   

f  

ま腑）す（r）】＝紳勒（r）・掌…粧  

（5．28）   

川＝g（r）腑）一〆「ハト   （5・29）  

Herethe点eldquantitiesarescalarssince，aSmentioned  
be払re，thee王∝tdc重eidcomponentpamlleltotbepoiaふ  
zation蔦eldisconsidered．  

Itisquiteinstructivetocomparetheseequationswith  
thedensity－matrix equations fbratwo・1evelatom・The  
latterarefamiliarinlasertheorY7・8andareglVeneXPlicit－  

1yas   

意伽＝軸汗昔加－γ血，  （5・30）   

（5・31）  

ま打＝豊丘（仇－み＋γ‖（叫－れ   

Heretheupper（lower）levelofatwo－1evelatomisdenoted  

by2（1）andg，qO，払0，FE，andγH（γl）arethepopulation  
inversionde負nedbyp22－Pll，theequilibriumvalueofcr，  
theenergydifftrencebetweenthetwolevels，theelectric  
dipolemoment，andthelongitudim＝tranSVerSe？relaxa－  
tionconstant，reSPeCtively．Thepolarizationdennedby   

Another relevant equationis derived ftom（5．30）andis  
釘Venby  

意由ユーか輌・聾加一棚（純一み・（5・34）  

Itiseasilyseenthattheequationsofmotionftom（5．27）  
to（5．29）haveaone－tO・OneCOrreSpbndencewiththesetof  
equations（5．33），（5．34），and（5．31），iftherelaxationterms  
inthelatteraredroppedandthefbllowingcorrespondence  
iss叩pOSed：   

仰lユ←や＋（′），仰；ヱ←ザ‾（r）．  （5．35）  

nus，tbeequationsofmotion，Wbicbwereod由nallyde一  
rivedinlasertheory，t11rnOuttObeapplicableinthecase  
OreXCitonicpolaritonswithasmall¢bangetoincorpomte  
SPatialdispersion．InfactEqs．（2．1）and（2．2）canbcde－  
rived ftom（5．27）and（5．29）with the replacement of  
2叫〃ユ／薫by伽子．   
Next，theinclusionoftherelaxationtemswi11bedis－  

ctused蝕）mthemicroscopICpOintofview・27Therelaxか  
tion phenomena result from the reversible．dynamical  
equationsofmotion，WhensomekindofcoamegralnlnglS  
introducedwhichiscloselyrelatedtothemethodofmea－  
SurementS；fbrexample，thephononstateofthecrystal  
latticeisnotm飽Suredandthesignalemittedinaparticu・  
、1ar directionis selectively observed・The procedure of  
COarSegralnlngCanbeincorporatedbymeansofthegen－・  
eralrnethodofprq］eCtionコ8T29toderivetheirreversibility  
fromreversibledynamics．hthefollowlngletusderive  
therelaxationtemlSdtletOthepolariton－phononinterac－  
tion and thepolariton－pOlariton scattering．h the pro・  
Cedureofcoarsegrainingthetotalsystemisdividedinto  
therelevantsystem andthe rest，WhichisusualIycal1ed  
the reservoir，and thedynamics ofthe totalsystem are  
Prqiectedontothatoftherelevantsystembyeliminating  
thedegreesoffreedomofthereservoir．Tobemoreconf  
Crete，1etusconsiderthereduceddensityoperatordenned  

by  

タ′＝卑，  （5．36）  

WherePisasuitableprqJeCtionoperator■Theeq11ationof  
motionfbrprlSgenerallygivenby30  

刷ニーエ5伸  

一去£dT几餓g－…エ…ノ互 
助（れ  

（5．37）  

W壬IeretheHamiltonianofthetotalsystemisdividedirltO  
those of the relevant system（S），the reservoir（R）and  
theirinteraction（SR）as  

茸＝旦ざ＋ガR＋粘，  （5．38）  

andtheLiouvilleoperato㌻Saredefined，fbranyoperator  

d，by  

エd芸【ガ，d】，エ∫A＝【耳！，d】，エ∫Rdニ［鞍，Jト（5．39）  

In the case of the polariton－Phononinteraction，the  
relevantsystemandthere5erVOircorrespoTldtotheexcト  

p＝里（p12十バユ），   

Satisfiestheequation  

d  盲ク＝－γげ十ね脚（伽一〆ユ）・  

（5．32）  

（5．33）  
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the dectron－holerelativemotion．n亡pOladton・pbonon  
interactionHamiltoniancanbewrittenas   

∬叩三∑瑚）d．。q（㌔＋ム1。），   （5・41）  

も曾  

where b†（b）is thecreation（amihilation）operator of  
phononsand三（q）isthecouplingstrengthdependento  
thekindofphononsandontheexcitonintemalmotion・  
Here the electron－hole relative motionis assumed to be  
thelowestlsstateandtheindex九isdropped・nenby  
SubstitutionofH叩fbr耳駅，thesecondtermOf（5・37）can  
be calculated up to the second－Order perturbation with  
r銭peCttO茸sRaS  

tonicpolaritonsandthephononsystem，reSPeCtively・The  
Suitableprqi∝tionoperatorisglVenby  

卑＝晶Tr。hP＝晶p∫，  （5．40）  

where晶denotesthethermalequilibriumstateofthe  
phononsystem，thetraceisoverthephononstates，andps  
isthedensityoperatoronlyfbrtheexcitonicpolaritons・  
Itisconvenienttousethepolaritonoperatorinsteadof  
the el。。tr。n＿h。1e excitation operator．Let C三上（C入k）  
denotethecreation（annihilation）operatoroftheexcitonic  
polaritonwithwavevectork，Wheretheindex九specifies  

勒J 
一吉l三（紺ふ丁軒隼（叫）呵【れ曾q心酔）e苓∫（T）e‾呵げ〃 】  

十【乃－g‘山9J＋（1＋㌔）g嶋卑】【e勒J㌔∫（丁）e‾鴨川械．。（グ）q（れd・＿。q刊，  （5．42）  

Whereq＝T－tanda＞qandnqdenotetheftequencyandtheoccupationnumberofthe・phononwithwavevectorq，  
respcctively．TheHeisenbergoperatorisde凸nedintemsofEiin（5・38），namely，theHami1tonianoftheeェcitonicpor  
lariton．TakinglntOaCCOuntOnlytheseculartermsandemploylngtheMarkovianapproximation，300neCanfurther  
reduce（5．42）to  

一昔莞1≡（州【榊（頼）一帖払出（l＋岬（た＋9ト且帖払謹血・9・d＋糎（用  

＋【柁98（都た叫トg（幻＋血曾）＋（l＋叫別g（た＋曾ト→目釘一触。）】【β∫（∫）d十。q，dq里】l＝r。－p，  

（5．43）  

WherethepolaritondispersionisdenotedbyE（k）andtherelaxationoperatorrphisde丘nedbythisequation・Conse－  
quently，theequationofmotionfbrihereduceddensityoperatorpsin（5・40）becomes   

孟β釦＝一意【勒∫】＋r腫・  （5劇）  

hordertoderivetheequationsofmotionfbrphysicalquantities，theaveragevalueofsomeoperatorA，de貝nedby   

くA（一）〉＝Trd郎∽，  （5．45）  

wi11beconsidered．Theequationofmotionfbrtheaveragedquantity〈A（t）〉isgivenas   

仙）〉＝Trp∫（f）＝溝，A】＋T叫鵡・  （5・購）  

TheFouriercomponentofthepoIarization鮎1dwithwavevectorQcanbewrittenintermsofthepolaritonoperatoras   

p（¢）＝－〝（電十C＿8）・  （5・47）  

Thedampingofthepolarizationneldcomponentp（Q）arisingfromthesecondtermof（5．46）iscalculatedas   

普揮（州【扉畑慢）一方（拍）一軒・（1十岬（¢トg（¢一新＋坤】〈電－み甘〉  

一【花9別封¢）一都¢－如＋血。ル（1＋項占（g（eト郎8一曾卜助川〈ち＿9電＿曾〉桝¢），  
（5．48）  

Whereadecouplingapproximationsuchas   

Trdqqp∫川≡〈q〉くd免〉，   （5．49）  

isemployed．When〈Cick）isregardedasthepopulation  
Ofpolaritonswithwavevectork，the丘rsttemof（5．48）  
Can beinterpreted as the rate comlnglntOthepolariton   

StatewithwavevectorQ，WhereELSthesecondtermcanbe  
int叩retedastherateleavlngthesaTnePOlaritonstate．If  
OnlythepolaritonstatewithwavevectorQisoccupiedin  
theinitialstate．only thesecond term of（5．48）doesnot  
VanishandgivesexactlythesarnedamplngCOnStantaSin  
（4．3）．  
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卑蒜世〉く0′げ巾，  （5．50）  

WhereIO’〉denotesthevacuumstatewithrespecttothe  
reservoirpolaritonsandtheprimedtraceimpliesthetrace  
OPeration overthe resefVOir polaritons・The polariton・  
poiadton5Catfe血gHam班onianisgiv孤by（4．10）．Tllen  
byasimi1arcalculationasin（5．42），therelaxationopem－  
torintheMarkovianapproximation・isdedved：  

Nowlet us consider the relaxation tem due to  
POlariton－POlariton scattenng．In this case the relevant  
SyStemis the ensemble ofpolaritons with a particular  
rangeofwavevectorscontainedintheincidentbeam；the  
reservoircorrespondstotheotherpolaritons，Whichwi11  
be reftrred to as the reservoir polaritons．The suitable  
Prq］eCtionoperatorisglVenby  

rcβ＝一昔畏忍8（g（た1）＋弼一瑚一期岬た1，帆た4）l叫串㈲】＋【pCgt如l瑚ト  
（5．51）  

Wherethesummationwithrespect to kland k之isover  
therelevant polaritons，Whereas the sum concemlng k3  
and k4isoverthereservoirpolaritonsandisindicatedby  
apnme．ThedamplngCOnStantOfthepolarization茄eld  
COmPOnentP（Q）duetotherelaxationoperatorrciscal－  
culatedh・Om（5．46）and（5．51）as  

一昔署長困1・錮ヰ）鞠  

×8ほ（た1）＋点（eトg（た3トg（たヰ））〈p（¢）〉，   

（5．52）  

0 

。s：  
actlyinagreementwith（4・11）asitshouldbe・  
Insum加ary，thebasicequationsofmotionfbrtheexci－  

tonic polariton are derived microscopically and given a 
firmbasis．Itiscon蔦rmedthattheequationsofmotion  
familiBLrinlasertheoryareapplicablealsointhecaseof  
excitonicpolaritonswith theinclusionofspatialdisper・  
sion．Atthesametime，thedampingofthepolarization  
茄eldthatisidentifiedwiththedephasingrelaxationofthe  
excitonic polaritonis derived by thestandaTd statistical  
mechanicalmethod using prqection operatorsanditis  
confirmed that up tosecond－Orderperturbationthesta－  
tisticalmechanicalmethodgives the same result as the  
golden－mlecalculation・  

ⅤⅠ．SUMMARYANDDISCUSSION   

Theconcep亡Ofthedephasirlgrelaxationoftheexciton－  
icpolaritonhasbeenclari茄edforthe蔦rsttimeandthe  
methodofanalysisoftheexperimentaldataofnondegen－  
eratefour－WaVemiⅩinghasbeenestablished．Thevarious  
mechanismsofthedephasingrelaxationoftheexcitonic  
POiaritonarediscussedandthemostprobablemechanism  
isident漬edasthepolariton－pOlaritoncollision・Theob－  
serveddephasingrelaxationconstantoftheexcitonicpo－  
1aritoninCuClis oftheorderofO，01meVandincreases  
astheenergyapproachestheexcitonresonance・   

TheconceptualdiffereTICebetweenthedephasingrelax－  
ation of thelocaliヱed excitation and ofthe propagatlng  
elementaryexcitationhastobeemphasized．Intheform－  
erthedephasingrelaxationor，inotherwords，thetrarlS－  

VerSerelaxationisrelatedtothedecayofthecoIlerenCeOf  
therelevanttranSition oroftheoff・diagonalcomponent  
OfthedensitymatriⅩ．Inthelattercase，however，theex－  
CitatioTIS arenOtlocalizedbllt PrOPagate throughoutthe  
CryStaiwith a definite wave vector．Accordingly，the  
COherenceoftherelevanttransition，Whichis usual1yre－  
latedtothe・pOlarization蝕d，hasthedegreeof企eedom  
Ofthewavevector．Thisdegreeoffteedomisoneofthe  
Salient fhtures ofthepropagatingelementaryexcitation  
Whichmakeastrikingcontrastwiththecaseofthelocal－  
ized excitation．In addition to the wave vector the exci－  

tonic polariton has a degree offfeedom oftlleeXCiton  
internalstate，i．e，，theelectron－holerelativemotion．The  
Changeoftheexcitonintemalstatemayleadtothenuc－  
tuationandrelaxationoftheexcitoncoherence，Sincethe  
OSCillatorstrengthoftheexcitondependsontheexciton  
intemalstate．The▲depた鮎ingrelaxationdlユetOtbecbange  
Oftheexcitoninternalstatemaybecausedbyamutual  
CO11ision among the excitonic polaritons under a rather  
highexcitation．Inthispaper，however，thedephasingre－  
1axation due to a change ofwave vectorhas been dis－  
Cu5Sdexclusivdy．  

In the exciton resonanCe reglOn，aS mentionedin Sec．  
ⅠII，the correlation tracebecomesinsensitive to the de－  
phasingrelaxationconstantrandtheexperimentalvalue  
ofrcannotbedet品minedprecisely．Letusmakeafiw  
PrOpOSalstoovercomethisdiffictllty．ThesimplestoneiJl  
pnncipleiitheuseofapulsewithwidthcomparableto  
the dephasing relaxation time．In thelimit ofin丘ni－  
tesimalpulsewidth，aSShowrlinSec・Ⅱ，thecorrelation  
traceshowsdirectlythedecayd11etOtheimaglnarypart  
Of the wave YeCtOr．Ths，animprovementin thepre－  
cisionofmeasuring r canbeexpectedbyuseofshorter  
Pulses・Asecondproposalistouseathinnersarnple・Let  
uscorlSiderathinsampIewhosethicknessisofthesame  
Orderastheabsorptionlengthoftheexcitonicpolariton，  
namely，theinverseoftheimaglnarypartOfthewavevec－  
tor．In this case thesimpleexpression（3．13）cannotbe  
used and one has to calculate thefu11expression（3．4）．  
Thecorreiationtracecanbeexpectedtobesensitivetothe  
Valueofr．Infact，fbral・FLm－thicksampleofCuClone  
Obtains correlation traces sensitive to the value of r，aS  
showninFig．9．Thus，thevalueofrcanbenxedfrom  
CurVe fittingifthe valuelieswithin therangeshownin  
the蔦gure．  

ー27－   
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Final1yletuspolntOutaftwinterestingproposalsfor  
futurestudy．Thenrstoneistheuseoftwo－photonexci－  
tation of the upper－branCh polariton・This excitation  
schemewasnrstdevisedbyFr6hlicheta［・3l・32tomea－  
S11rethepolaritondispersioninCuCl・Bytwo－photonex－  
citationanupper－branChpolaritoncanbecreatedalmost  
unifbrmlyin asamplebecausethefundamentalphoton  
energyliesinthetransparentreglOnOfthecrystal・Furth－  
ermore，thisexcitationschemecancreateanupper－branch  
polariton selectivelywithout excitation of thelower－  
branch polariton owlng tO WaVe－VeCtOr COnServation・  
Thus，the troublesome additionalboundary conditions  
（ABC）problem33canbeavoidedandthedephasingrelaェ・  
ationconstantOftheupper－branchpolaritoncanbemea－  
suredprecisely，althoughthetunableenergyrazlgemaybe  
ratherlimited．A second proposalis the use of  
reflection－tyPefour－WaVemlXlng・Asiswellknown，the  
pseudogapreglOnishigh1yabsorptrveandshowsahigh   

renectivity．Thus，itisdesirabletomeasurethefbur－WaVe  
mlXlng Slgnalin reflection geometry rather thanin  
transmissiongeometry．Infact，fbur・WaVemlXlnglnre－  

nectiongeometryis s11CCeSSfu11y observedin CuCl（Ref・  
34）uslngnanOSeCOndlaserpulses・Sincetheexcitonicpo－  
1aritoninthepseudogapreglOnhasaveryshortpenetra－  
tiondepthinthecrystal，OneCanprObetherelaxationof  
theexcitonicpolaritoninthevicinityofthecrystalsur・  
fhcebymeansofrenection－tyPefbur－WaVemixing．  
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Picosecondenergy－relaxationprocessesofexcitonsinCdSe  

YasuakiMasumotoandShigeoShionoya  
mg血5〟揖躇♪r助J〟∫旭ねP恒也mg仇fvg丹ゆげTbわ′∂，  

加即即gfトブコーJ，肋α托卜血，乃わ・8JO良和朗  

（Received23January1984；reVisedmanuscriptreccived4May1984）   

Energy－andtime・reSOIvedluminescerlCeOrtheonelongitudinaloptical・phononStokessidebandorthe  

excitoninCdSehasbecnstudicdinlhepicosecondtimedomainundertheweak band－tO－bandexcitation．  
DynamicenergyrelaxAtion ofexcitonsisdirectlyvisualizedintheenergy・timecoordinates．Theobserved  

energy－relaxalion rate or excitonsis explained by a modeltaki工場into account thre亡typeS Ofexciton－  

phononinteractions，thatis，thedcfbrmation－POten（ial－type，the piezoelectric・tyPe，andtheFr6hlich－type  

interaction．This result clearly demonstrates the applicability of the method usedin this work to the  

analysisortheenergyrelaxationorexci10nS．   

mined by thejitter and the貴nite slitwidth of the streak  

Cameraandthespreadofthelightpathinthemonochroma－  
tor．Another50・Cm mOnOChromator and anintensined SIT  

Camera Were uSed to obtain the time・integratedlumines－  

CenCeSpeCtraWiththespectralresolutiomorO．2meV．  

In Fig．1，time－integratedluminescence spectra oftheAr  

exciton band and the A－LO sideband are shown．Under the  

l．78 1．79 1．80 1．81 l．82 1．83  

Recentadvancesofpicosecondspectroscopyhaveenabled  
us to observe directly dynamic energy－relaxation processes  
ofexcitons．l－4Insemiconductors the energyrelaxation of  
excitonsis considered to occur via three types ofexciton－  
Phononinteractions．They are the deformation－pOtential－  
type，the piezoelectric－type，and the Fr6hlich－typeinterac－  
tions．However，SOfartherehavebeenscarcelyanyexperi－  
mentalstudies to revealthe role oftheseinteractionsin the  
ene柑yrelaxationorexcitons．  
In the present work the energy－ and time－reSOIved  

luminescenceoftheone10ngitudinaloptical－phonon（1LO）  
StokessidebandoftheA exciton（A－LO）inCdScisexam・  
inedwith picosecondtime resolutionundertheratherweak  
band－tO・band excitation．Because of the polariton effect，  
tbeluminescenceline sbape ortbモd－eXCitom三色ro－phonon  
bandis related to the energy distribution function ofexci－  
tonsin a rather complicated m8nner．On tbe otber hand，  

thelineshapeoftheA－LObanddirectlyrenects thisdistri・  
butionfunction．5Therefore，theanalysisoftheA・LOband  
is rnore favorable than that of theヱerO－Phonon band to  
derive the distribution function．The group velocity ofthe  
excitonicpohritonsintheA・LObandregionissofもst（i  

of thelight velocityin vacuum）that the time－rCSOIvedノト  
LOluminescence quickly fo1lows the time evolution ofthe  
energydistributionofexcitons．Fromthetimeevolutionor  
the distribution thus observed，We Clarify the role of the  
exciton－phononinteractionsintheenergyrelaxationofexci－  
tons．   

A platelet－typ¢CdSe crystalwas grown by the vapor－  
transportmethod．Thecrystal，havingthecaxislyinglnits  
fhce，WaS directlyimmersedinliquid heliurn．Light pulses  
givenbyaRhodamine－6Gdyelasersynchronouslypumped  
by a mode－10Cked argonlaser were used as the excitation  
source．Laserlightwith a pulse width ofl－2ps and the  
outputof300pJ／pulsewasfocusedonthefaceoftheCdSe  
CryStalwith the spotdiameterof200FLm．Thelasingpho－  
tonenergy，2．072eV，withthespectralwidthof2meVcor－  
rcspondstotheband・tO－bandexcitationofCdSe・   
ThespectrallyresoIvedtemporalresponseorthelumines－  

cencewasanalyzedbyusingasystemconsistingofa25－Cm  
monochromator，a SynChroscan streak camera（HTV・  
C1587），aSiliconintensifiertarget（SIT）camera、andacom－  
puter．Thespectralresolutionwa51・4meV・Thetimereso－  
1ution ofthe combinedsystem ofthelaser，the monochro－  
mator，and the streak camera was70ps，Whichis deter－  
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FIG．1．Time・integratedluminescenceof－theA・eXCitonandA－LO  

bandsofCd弓e（aboldline）at4．2Kund亡rtheirradiationof（a）the  
cw Hc－Nelaser（1．959eV，lmW）and（b）血e pulscddye】aser  
（2．072eV，1－2ps，300pJ）．The spectralresolutionis O．2meV．  
Dashedlines show smooth backgrounds assumed and rine tines  

Show theluminescencestruCtureSObtained bysubtraclingthe b8Ck一  

名rounds rrom theluminescence speclra．Theoretic81托ts on the  

b8SisorEq．（2）areshownbydottedlines．assuming T；－9Kfor  
（且）and14Xねr（b）．  
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excitationortheト2・pS（300－pJ）1ightpulses，theA・eXCiton  
and A－LOluminescence bands（Fig．1（b）】are broadened  
COmparedwith those underthe excitation ofトmW He－Ne  

CWlaserlight rFig．1（a）】．ThelineshapesortheA・LOand  
A－2LObandshavebeenconsideredtobeexpressedby   

（g一方∫＋gL。）】／ヱexpトほ－g．十方L。）／煽れ】  

and  

ほ一方．＋2gL。）l／2expト（丘一方－＋2gL。）／毎㌫】，  

respectively．5・6Here，Eistheluminescencephotonenergy，  
E，（一1．8242eV）7the transverse A－eXCiton energy，EL。  
（一26．3meV）了theLO－phononenモーgy，and㌫the．e仇ctive  
time－aVeraged temperature of thc exciton ensemble．The  

line shapeortheJ・2LObanddirectlyrenectstbeMaxwelト  

Boltzmanndistribution ofexcitons．Ontheother hand，the  

lineshapcoftheA－LO bandreflectsonboththeenergydis－  

tributionandtheqdependenceofthematrixelementofthe  
Fr81ich・typelsexciton－LO－phononinteraction，8  

町（q）－（1／扇【（2汀gL。gヤr）（・l／息∞－1／旬）】1／ユ（q‘一飢），  

（1）  

Where   

q．川）暮（1＋【（叩β／2）椚拍）／（爪．＋刑轟）1ヱ）－2  

qisthewavevectororphonons，Vthevolumeorthecrys－  
tal，e the charge of an electron，亡＿（0）the optical（static）  
dielectric constant，m．（h）the mass of an・electron（hole），  
andaBis theBohrradiusofthelsexciton．Theextrafac－  

tor（点一首．一方L。）inthelineshapeorthe」・LObandarises  
from the asymptotic form（q－0）ofthe matrix element，  
notingthat   

（1／留）（q．一触）空（卯〟2）（均一椚ん）／（叫十椚鳥）  

when q＜1／aB．This usual－1ine・Shapeanalysisincludesa  
naw，becausethe7t obtainedrorth8月－LO bandwasround  

to be slightlylower than that for the A－2LO band．This  
discrepancy is considered to arise because the condition 
q＜1／aBdoesnothold8tthehigh・energySideoftheA・LO  
band．   

Fortherefinedline・Shapeanalysis，Wetakethefollowing  

procedure．In the procedure thepolariton efrectaswellas  
the accurate q dependence orthe Fr6hlich－typeinteraction  
are takeninto consideration．Excitons are assumed to be  
populated on the fo1lowing polaritondispersionobeyingthe  
Boltzmanndistributionexp（－E／kBれ）．   

（飢止／g）2ヨモ（七g）1亡dほ′（幻2－gヱ】／怖（々）ユーgヱ】，  

伽here ふ（た）虞昂十方ヱたツ2〟 and 且（た）iβ－＋方ヱたユ／2〟．  
Here，Eandkaretheenergyandthewavevectorofanex－  
citonic polariton，凡一1．氾42eV，風琴g．＋0．50meV（Rer．  
7），亡ムー8．4（Re仁9），8nd叔トり仇＋椚ゐコ0．58椚0（electron  
mass）．9Fromthisdispersionrelation，the densityofstates  
D（E）is obtained to be k2／（7TユtdE／dkl）．Therefore，the  
luminescencelineshapeoftheA・LObandisproportionalto  
theproductorβ（g），e叩トg／たβれ）andl咋（q）lユasroト  
10WS：  

J（丘鶉g－gL。）∝e叩（－gノね㌔）β（£）（1／幻2  

×il／［1＋（α。た）ユ】ユー1／【1＋（αんた）ヱ】2‡ユ，  

（2）   

Whe一己  

α…）d（αβ／2）椚…）／（川．＋〝圧）  

andqisreplacedbykbecauseq芸k．Thevalue50fm，，mh，  

andaBareO．13m。，0．45m。，and53．6Å，reSpeCtively．10The  
lineshapesnttedonthebasisofEq．（2）areshowninFig．1  
bydottedlines，aSSumingT；＃9Kfor（a）and14Kfor（b）．  
Therittingissatisfactory．Using thesamevalues of T；，the  
line shapes of’the A－2LO band were round to be also we11  

CXplainedby   

J（g戴丘－2gL。）∝eXp（－β／たβ㍍）か（g）．  

Therefore，theline－Shapeanalysison thebasisorEq．（2）is  

p托Ciseenough．   

Energy－ and timeィesoIvedluminescence are shownin  

Figs．ヱand3．Thesenguresareconstructedrromthespec－  

trallyrcsoIvedtemporalresponseofluminescence．Itcanbe  
Seen from the figures that the rise of theluminescenceis  
determined by the time resolutipn・Oftheinstrument at the  

high－energy eXtremity（1．806eV）．On the other hand，it  
takes more than300ps for theluminescenceintensity to  
reachits m8Ximum be王owl．799eV．Excitons relax toward  

loweトenergyStateSlo5ingtheirenergy．   

TheluminescenceintensityoftheA－LO bandisrelatedto  
theenergy－andtime－dependentdistributionfunctiorLf（E，E）  
bythe紬110Wingequalion：   

J（点一点一方L。ノ）∝′（且J）かほ）（1／た）コ  

×ll／【1＋（α．た）2】ユー1／【1＋（α鳥た）2】ユ）ユ  

（3）  

UsingEq．（3）andI（E．E）whichisdirectlydisplayedinFig．  
2，We Can deducef（Elt）．The obtainedj．（EE）was found  
to be approximately described by a Boltzmann distribution．  
TheaveraseenersyandthetotalnumberofexcitonsくE．〉  
andN，areCalculatedby   

〈可′妻仙）粕植仙）珂・  

＞  CdSe  ト・  

FIG．2．Three・dimensionaJview or energy－and time－reSOIved  
lumine5CenCeiれtenSityorthe」・LO bandinCdSeat4．ユK．  

一30－   
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nons；and（iii）the Fr6hlich・typeinteractiomwith LO pho－  
nons．The matrixelementof（iii）is givenby五q．（1），and  
thoseof（i）and（ii）aredescribedby＄・  

rd。（q）－（方／勾川L）1／ユqlノユ（A動一札勅）．  

and  

r匹（曾）－（方／2p〟L（T））l／ヱ  

×【4汀gくg♂〉払）／（‘鯛l／ユ）】（q．一射）． （4）   

Here，D。（u）is the deformation potentialofthe conduction  

（valence）band，P thedensity，（e3〉L（T）thesphericalaver－  
age ofthe squares orthe piezoelectric constantforthe LA  
（TA）phonons，and uL（T）the sound velocity orthe LA  
（TA）phonons・Because the q dependence of Vdp（q），  
r匹（扇，and 作（留）are di一指rent rrom one another，tbe  
dominantenergy－lossmechanismisalternateddependingon  
the wavevector ofexcitons．  

Ilis very dimcult to derive the energy－loss rates ofthe  
excitons populatedonthepolaritondispersionusingtheex－  
act forms or rdp（わ，r匹（れand町（q）．Tbe derivation  
Canbeperformedonlynumerical1y．Ontheotherhand，We  

Canderivetheanalyticalexpressionfbrtheenergy・1ossrates  

Oftheexcitonspopulatedorltheparabolicdispersion，taking  
the asymptotic forms of the matrix elements．As men－  

tioned above，We have precisely treated the experimental  
results to derive the time・rCSOIved average energy ofexci－  

tons．lnthefo1lowingtheoreticalanalysis，however，Wetake  

theparabolicexciton dispersion rorsimplicityandforgood  
insight．We derive theenergy－loss rates oftheexciton en－  

Semble obeying the Maxwell－Boltzmann distribution．They  

are given by the following equations for k＜a｛1年2  

1．806   1．800  1．802  1．804  
PHOTON ENERGY（eV）  

1∫96  1．798  

FIG．3．CoIltOur m8p Or Fig．2．quantitiesin parentheses  
representpowers often by whichthe associated numbers are to be  
multiplied．  

and   

8   

爪事∑′（gf，りβ（gf）・  
J－1  

Here，El’s（i濾ト8）minus ELO are the photon energies  

Where the temporalresponse ofluminescenceintensityis  
Observed．Thecalculated（E．〉andN，areShowninFig．4．  

The rcsultindicates that excitonslose their energy at the  
time constant －150ps，Whicbis muchね5ter tban tbeir  

lir巳time or2．8n5．   

The kineticenergy10SS rateOfexcitons can becalculated  
for three individual scattering processes：（i） the  

deformation－pOtential－typeinteraction with LA phonoms；  

（ii）the piezoelectric・typeinteraction with LA or TA pho－  
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FIG．5．Calculated ene柑y－loss rales or excitons obeyinglhe  
Maxwell－Boltzrnann distributiorlWith the exciton tempeTature Tl．  
Threeindividualencrgy・loss rates due to the deforrnatio  
POtentiaトtype．the piezoelectric－tyPe，and the Fr6hlich－1ypeinLeraC－  

tionsareshownbyadashedline（dp）．adash・doLtedline（pe）．and  
adash・double－dottedline（F）、reSPeCtively．AboldsoJidlineshows  
the10talenergy・Iossratewhichisasumorthe threeindividual10SS  
rate5．  

－200 0 200 400 600 8001000  
TIME DELAY（Pl）   

FIG．4．Ternporalchangeorlhenumberdensity（a rineline）and  
theaverageenergy（aboldline）0［theA－eXCi10nenSembleinCdSe  
a14．2 K．The Lheoreticalcalculation on the basi5 0r the model  

describedinthetextisshownbyadashedline．  

ー31－   



1079  PICOSECON7）mRGY－RELAXATIONPROCESSESOF．‥  30   

0．0189C2／m4（TA），14・15e。鵡9．70，L5and｛明㍉正7．02．16 The  
calculatedenergy・10SSrateSbyusingヱqs．（5ト（7）aresbown  
inFig．5．   

Theovera11energy・10SSrate〈dEJdt）isgivenbythesum  
Orく雌佃〉dp，く城／め〉卿andく拡／虎〉r■ Thus，tbetem－  
poraltrajectory or the（dEJdt）fol10WS the cuTVe Of the  
OVerallenergy－loss rate．Along this tr由ectory，thetemporal  

×10古cm‾l．  

〈乳鋼一驚 （刷3′ユ【誓】  
（5）  
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〈昔L一－   がモ弘  

Chanse of〈E，〉can be calculatedwith theinitialtempera－  

（6） 

．1h 虚器】ヱ舶び2【竿】  
agreernentwithexperimentisgoodexceptatthelow－energy  
reg10n．The piezoelectric－tyPe eXCiton－phononinteraction  
Plays the predominarltrOleintheenergyrelaxationofexci・  
tons．Furthermo†e，itshould be notedfrom Fig．4thatthe  
experimental average en即阜y is lowered beユow  
g．＋（3／2）たβれarter300ps．Thisねctisnotso5urprisi工場  
because excitons can be populated on the polariton disper－  
Sion eYen below g卜 Thus，itcomes rrom th¢pOlariton ef－  
ftct．The nlユmericalanalysis taking account of the exact  
rorm50rrdp（れy匹（れand町（q）aswe11asthepolariton  
efrect maygive the fu11explanation of the experimental  
results．However，Our eSSentialconclusion concerning the  
energy－loss rates of excitons should stillbe valid．Instead．  
We Should note that the sirnple calculation procedure men－  
tioned aboveis usefulto analyze the energy relaxation of  
excitons．  

and  

〈昔〉′胃－  

21／コピヱ〟5乃gZg  
1 1  

亡－  ∈0  

ヰp卜蔑トト藷‖，（7）  
whereD－LDc．－DJ＃2eVis the deformationpotentialof  
the A exciton，9・12TL訂4．2K thelattice temperature．and  
くe3〉－くe3〉L＋くed〉T・Theseequationscanbederivedfol－  

10wingthesame proccduresasaredescribedbyConwe11，13  
takingtheasymptOticrorm（q－0）ofthe望atrixelements  

ofEqs．（1）and（4）．The numericalvalues oftheparamか  
ters 8re p＃5．81g／cm3，くe3〉L（T）；0．0144C2／m4（LA），  
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Picosecondtime－reSOIvedstudyofexcitonsinGaAs・AlAs  
multi－quantum・WellstruCtureS  

YasuakiMasumotoandShigeoShionoya  
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（ReceivedlDecember1983）   

Ener8y－andtime－reSOIvedmeasurcmentsofluminescenceorlsexcitons（tl】－1．e岬hh）inGaAs－AIAs  
multi・quantum・We115truCtureS have beerlCarried out fbr the nrst timein the picosecond time domairl．  

Dynamicalpopulation changesofexcitonsare directLyvisualizedin theenergy－timecoordin且teS・Results  
indicatethatexcitons10Setheirene柑yintheexcitonbandatarateorl・Ox106ev′s・Thisr8teisTnuCh  
Slowerthanthecalculatedkinetic－energy－lQSSrateandi5aSCribedtotherandomnatureofthewell・   

streak camera was synchronously operatedwith the mode－  
locked argonlaser．The averaglng at a high repetition rate  
（82 MHz）enabled us to observe directly the5peCtrally  
resoIved【餌11width at halr maximum（FⅣHM）彗1．1  
meV】temporalresponseort加excitonluminescence rrom  
GaAs・AIAs MQW excited by only 300－PJlight pulses．  
Timeresolutionofthestreakcamcrawasfoundtobe30ps．  
However，the time resolution or the combined system of  
tlle mOnOCbromat8r and tbe st∫eak eame∫且W£Slowered to  

70ps，becauseofthespread ofthelightpathinthemono－  
Chromator．  

In Fig．1，SPeCtra Of the absorption and time－integrated  
luminescence are shown．The absorption peak observed at  
l．6225eVwith7．5－meVwidth（FWモIM）i5aSCribed to the  
l∫eXCiton（〃一1，ピー仙）composed or an electron and a  
heavy hole belonging to thelowest s也te（〃1－1）in tbe  
quantumwcll．The observedspectralwidthisattributedto  

Excitonsin multi－quantum－Well（MQW）structures have  
prominenttwo－dimensionalcharactersbe⊂auSeOrthequan・  
turn siヱe efrect．1wave functions and binding energies of  
excitonsinMQW8requitedifferentfromthoseofexcitons  
in bulkcrystals asa resultofthiseffect．2JIn addition to  
the two－dimensionalcharacters，eXCitonsin MQW have an  
inhomogeneou5Cbaracter whichi5in¢Vitably giYenin the  
processofthesamplepreparation・5・6Thewellthicknessis  
consideredtobefluctu且tedbyanordcrofoneatomiclaYer．  
Thisyieldsthefluctuationofthe．resonanceenergyofexci－  
tons．ThusexcitonsinMQWareconsideredasatypicalex・  
ample of the two・dimensionalexcitonsin the random po－  
tential．   

Energeticalrelaxation proces？eS Ofexcitonsin the two－  
dimensionalrandomwellare expectedto be quitedifferent  
fromthoseofexcitonsinthree－dimensionalregularcrystals．  

However，tOOurknowledge，thereぞXistnoexperim8ntalas  
well8Stheoreticalstudiesdealingwithene柑eticalrelaxation  
proce5SeS OreXCiton5iJ！tbe two－dimensionalrandom well・  
Inthiswork，theemrgylandtimeイeSOIvedluminescenceor  
weakly excited excitonsin MQW has been studied forthe  
nrst tirne．モnergeticalrelaxation processes or excitonsin  
MQW且rediscussedonthebasisoftheexperimentalresults  
andofasimplecalculationwhichtakesaccountofthetwo－  
dimensionalcharacterorexcitons．   
Thesampleusedinthisexperirnentwasgrownbymolec－  

ular beam epitaxy（MBE）on a GaAs（100）substrate．It  
consists。falternate76－ÅGaAswelllayersand・33－ÅAIAs  
ba汀ierlayer50rthetotalthicknes52．粥〝爪．Awjndowwa5  
etchedintheGaAssubstratefortheopticalabsorptionmea－  
Surem¢nt．   

A rhodamine6－G dyelaser synchronously pumped by a  
mode－lockedargonlaserwasused，Whichgivesl－2－pSlight  
pulsesof300pJ・Thepulsedurationwascontinuallymoni－  
toredbyusingarapid－SCanautOCOrrelator・7The18Singpho－  
ton energywas2．063eVwith a spectralwidth of3meV・  
Thelaserbcam wasfocusedonaGaAs－AIAsMQWsample  
immersedinliquidheliumwithaspotsizeof200FLm．The  
5peCtrai】y re501vedとemporal柁SpOn5e Or血elumhescence  
w8Sanalyzedbyusingacombinedsystemofa25・CmmOnO－  
chromator，aSynChroscanstreakcamera（HTV・C1587），an  
SIT（siliconintensifiertarget）camera，andacomputer．The  
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FIG・1・Absorptio几COemCient且ndlime－integrat聖1umine5CenC¢  
spectr80rGaAs－AIAsMQW（76・ÅG4Aswell．33－AAIAshfrier．  
2．粥 叫m）at 4．2 Ⅹ．ne spectralresolutionis O・3 meV・  
Luminescence spectra were obtained under（a）pulsed dyelaser  
（2．063eV，l－2ps，300pJ）and（b）cwHe・Nelaser（l．959eV，0・01  
mW）excitation．  
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thenuctuationofthewellthicknessfrom thefollowingdis－  
cussjoT）．5TheeneTgyOfthelsexcitoninthewellmeasured  
from the bottom ofthe well（the band・gap energyOfbulk  
G8As）is g打＿1（1∫）rl．6225eV－ち7103．3meV，Where  
ち欄l．5192eVistheband－gaPenergyOfGaAs．8Assumjng  
the nuctuationofthe we11width to be the halfofthelattice  
COnStant a OfGaAsand noting that g〝＿l（1s）is approxi－  
malely proportionalto theinverse square ofthe wellthick・  

nessエー，いonecancalculatethenuctuationor古内＿l（1∫）in  
MqWa5  

別㌔＿l（15）箋2ふ＿l（1∫）（8エヱ化ヱ）  

一2g〝＿l（1∫）（α／2エ∫）＃7．7meV． （1）  

Here略－1（1よ＝5thenuctuation 
． 

Å．9Becausethisestimatedvalueor7．7meValm。StC。in＿  
dde5With the mea5Ⅵred v且1ue or7．5meV，itis coIICluded  
that the width of absorption arises from the fluctuation of 
thewellwidthwhichis～a／2．10   
A time・integratediuminescence band under theト2－pS  

pulse excitati6nisobservedatthelower－energySideofthe  
absorption band as shownin Fig．1．Peaks orthelumines－  

CenCe and absorption spectra are separated by 6．5 meV．  
Thisfactindicatesthatphotogeneratedexcitonsarepopulaト  
ed attbelow－en8rgy5tate5in theexci拍n baJld，becau5e the  
luminescence spectra reflect the energetical distribution of 
excitons．Theexcitationphotonenergy（暮2．063eV）inthe  
PreSent CaSeis above the band－gaP energy Of GaAs and  
belowlheindirect（一2．229eV；X）aswe11asdirect（瞥3．13  
ev；r）excitonic band－gap energy Of AIAs．11Therefore．  
OnlytheGaAswe111ayersarephotoexcited．Thenumberof  
photoexcitedlay即Sisle5S tban20，because tbe absorption  
coemcientねr2．0‘3eVi5above血edetectionl血it（5×10ヰ  

cm‾1）．Theluminescencebandchangeslittle，eVenWhen  
thc excitationlevelis reduced to O．01mW（CW）He・Ne  
l8SereXCitation．Therefore，itissure thattheluminescence  

b＆ndobservedunderthel－2－pS（300pJ）pulseexcitation  
arises ffomls excitons．Any otherluminescence bands，  
SuCh as those due to 2s excitons 8nd ls excitons  

（n－1，e－Ih）in MQW，the AIAs barrierlayers，and the  
G8Assubstra【¢，WerenOtObざerVed．   
The energy－and time－reSOIved results ofluminescenc  

a托5bownin Figs．2and3．The5e ngureS are COnStruCted  
rrom thespectrallyresoIved temporalresponse oflumines－  
CenCe．Asisseeinftomthefigures，theobservedriseofthe  
popuJation ofexcitonsis determiJled by the timeresolution  
Ortheinstrumentatthehigh・energye担remity（1・6228eV）．  
Ontheotherhand，ittakesabout400psforthepopulation  
OreXCitons10Wer thanl．616eV to reachi【s maximum．Be＿  

CauSethereflectivityintherelevantenergyrangewasfound  
nottochangeverymuch（AR／R＜0．2），thechangeofthe  
refractiveindex also should besmall．Thus the energy and  
time rcsponses ofluminescencecan beregardedas directly  
ref］ecljng the dynamics of（he exciton popuJa（ion，because  
the energy dependcnce ofthe emission probability ofexci－  
tons can be neslected．Thetemporalchange ofpopulation  
is clearly observedin Fig．3．Excitons drift towardlower・  
energy stateslosingtheir energy．The spectrallyintegrated  
luminescence does not show a slngle exponentialdecay．  
However，aCharacteristic timeto decayto thel／evalue or  
the maximum王s about480ps．This decay characteristic  
does not depend on tb¢eXCitation王nten5ity down tolO軋  
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F【G．2．A bird’s・モyeVieworenergy－a爪dlime－reSOIvedlumines－  

CCnCeinlcnsityoftheexcitons（n－1．e－hJ7）irLGaAs－AIAsMQWat  
4．ユK．  

Therefore，Weneednottakeaccountofthe efr巳CtOrthebi・  
molecular recombination．   

Todiscusstheenergeticalrelaxationofexcitons，theaver－  

ageeneTgy（E（L）〉ofthe ensemble ofexcitonsis denned  
asro1lows：  

〈抑）〉訂ほ打払′））／ほ′（叶（2）  

Wheref（EI，（）is the spectra11y resoIvedtemporalresponse  
Or theluminescence sbownin Fig，2，and。町S（／饗1－12）  

COrreSpOnd to theobserved photon energies．The temporal  
ebange orくg（り）i55bownin Fjg．4．The result clearly  
Shows that the averagc energy or excitons decreases at a  
constantrateorl．OxlOもev／s．   
Thekineticener各ydecreasingrate oftwo－dimensionalex－  

Citons via the deformation－pOtential－typeinteraction with  

LAphononsiscalculatedby the following equation，Which  
isadirectextensionoftheexpressiondescribingtheener8y  
decreasingrateoftwo－dimensionalhotelectrons，12－14  

く∬（J〃蛮〉d，－－（2〟旭ユ／がp）晦坑（り一偏n】， （3）  
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a／2．Around the cluster boundaries，thcintercluster  
translationalmotion of excitonsis restricted，because the  
mismatch ofthe resonanceenergyoflsexcitons should be  
COTnpenSatedbytheemissionorabsorptionoracousticpho・  

nons．Thus excitons arelocaliヱedin clustcrs with theloss  

Orthekineticenergyandinterclustermovementofexcitons  
is weaklyallowedwith theemissionorabsorptionofacous・  
ticphonons．   

Similarly to the three・dimensionalcase，photo苫enerated  
two－dimensionalelectron・hole pairs wi11quicklylose their  
energy to form excitons with the emission of a number of 
phononswithinthepresenttirneresolution．2D Thecalcula－  
tiondescribedirlEq．（4）showsthatth8kineticenergyloss  
Or eXCitonsis almost completedwithin the present time  
resolution．What processis responsible for the observed  
energy－lo5SrateOreXCitons？In tberandomwell，therecaI】  

betwochannelsfortheenerg＄ticrelaxationprocessesofex－  
Citons．Ontheonehand，eXCitons10Setheirkineticenergy  
Viatheacoustic－phononinter8Ction．Ontheotherhand，eX・  

Citonslo5e tbeir energy migr8ting toward tbelower－ene柑y  
positionsin aninhomogeneou5Wellwith the emission or  
8COuStic phonons．Aftermostofthekimeticenergyis10St．  
tbe kinetic・energy－loss process work51ittle because  

（dE（t）／dt〉dpis proportionalto the excess kinetic energy  
たβれ（り－ねn，SO that excitonslo5e their ene柑y mainly  
Viatbelatterprocess．甘thisiscorrect，theestimationbased  
OnEq．（3）andtheresultofFig．4showthatthealternation  
Orthe energy－loss channels occurs when tbe excess kinetic  
energy orexcitons becomes smallertbanO．024meV．Then  

thelocalizationortheexcitonsisestablishedwith thelosso［  
the kinetic energy．After that，eXCitonslose their energy  
Slowly．migratingtowardlower・energypOSitionsintheinho－  
mogeneouswe11with theemissionofacousticphonons．As  
Statedabove，theinterclustermlgrationofexcitonspresum・  

ablyinterprets the observedslow energy．decreasing rate or  
excitons，although at present we cannot calculate quantitか  
tively theenergy－decreasingratc onthebasisorthismodel．  

Detai1ed experiments on various s且mples having different  
degrees oftwo dimensionality and randomness are nowin  
prOgreSS・  

In summary．picosecond relaxation processes ofls exci－  
tons（〝傷1．e－hh）in GaAs－AIAs MQWhave beenstudied  
by observing the energy・and time・reSOIvedluminescence．  

The decreasing rate of the average energy of excitonsis  
constantandfound to bel．0×106ev／s．Thisrateismuch  
Slowerthan thekinetic－enCrgy－10SSrate Calculated by taking  
accountorthetwo dimensionality ofexcitons．Instead，the  

energeticrelaxationprocessduetoirlterClustermlgrationof  
CXCitonswiththeemissionofacousticphononsisproposed  
tointerprettheobservedsIowrate．  
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FIG．4．Temporalchangc ofthe average energy orthe excitons  

（〝一l．g一触）inGaAs－AIAsMQWa14．2K．  

Where〟is tbe exciton translationalma5S，βi5the exciton  

deformationpotential，Pisthearealmass densityin alayef  
thicknessん，㌔（りi5the errective temperature or two－  
dirnensionalexcitons，and 71is thelattice tcmperature．  
Thepiezoelectric－typeinteractionwithLA orTAphononsis  
COnSidered to give the minor contribution to the energy－  
decreasing rate oftwo－dimensionalexcitons comparedwith  
thedeforrnation－POtentiaトtypeirlteraCtioninGaAsexceptat  

thelargewavevectorofexcitons．1S・16TheFr6hlich・typein・  
teractionwith LO phono占s also does not contribute to the  
energy relaxation of excitonsin the exciton band，because  
LO phonon energy（－36．2meV）islarger than the ob－  
SerVedluminescencebandwidth．Equation（3）isintegrated  
asrol10WS，because（g（り〉†ねれ（り：  

れ（J）一花＋【㍍（0ト符】expト（加西瑚頼）J】， （4）  

Where T；（0）istheinitialtemperature oftheexcitons．Us－  
ingthev8luesor〟ヨ0．7／打0（electronmass），17上）一9．6eV，1g  
p一打伽エf－（5．3g／cm3）×（76×10‾8cm）ェ4．0×10‾‘  
g／cm2，9andTlヰ4．2K，theexponentinEq．（4）isobtained  
as －（2〟ヱががp）J－－（4．1×1010s‾l）L Tbisindicates  
thattwo・dimensionalexcitonslose theirkineticenergyata  

timc constant or24ps．Thiscalculateddecayrateismuch  
fhsterthantheobservedone，ifalltheenergy10SSeSareat－  

tributedtothekinetic－energyloss．  

In the above calculation，We have taken account only of  
the two dimensionalityofexcitons．Inreality，nOtOnlythe  

twodimensionalitybutalsothe randomnessdlユetO thenuc－  

tuation ofthe wellwidth contributes to the energeticalre－  
1axationofexcitons．hMQWthereshouldbeanumberof  
Clustersin which the we11widthis homogeneous．Thela－  

teralcharacteristic sizel。Ofthe clustersis estimated to be  

an orderortheexcitonBohrradiusaBT136Å，19because  
lhe absorption spectrum or excitons does not show sub－  
StruCtureS．Becausetheexcitationspotsizeof200FLmCOV－  
ers many（anorderorlO8）clu5terS，thestatisticaldistribu・  
tionofthelateralsize orclustersineach photoexcitedwe11  
StruCtureis expected to be the same．Supposing the ex－  

treme ca5e that tbe clu5terlatera15izeis muchlarger than  
aB．the exciton energylevelsin each cluster are diffbrent  
from eachotherbythe multipleor7．7rneVinoursample，  
bec且uSe the nuctuation orthe weuwidthis the multiple of  
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SLOW ENERGY RELAXAT＝ON OF EXC＝TONS ＝N GaAs＿AIAs  
MULTエーQUANTUM－WELL STRUCTURES  

YasuakiMasumo七○，Shigeo Shionoya and Hiェ、OShiOkamo七0＊  

TheIns七i七u七e for Solid S七a七e PhysicsJThe Universi七y of Tokyo，  

Roppongi7－22－1，Mina七0－ku，Toky・0106，Japan  
鶉Musashino Elec七ricalCommunica七ion Labora七ory，  

Nippon Telegraph and Telephone Public Corpora七ion（NTT），  

Midori－maChi3－9－11†Musashino－Shi，でokyo180IJapan  

Picosecond energy relaxa七ion processes of excitons in 七he well  
layers of GaAs－AIAs mul七i－quan七um－Well s七ruc七ures have been  
SyS七ema七ically s七udied for the fir8セ セime．  ＝七 has been  
Observed 七ha七 excエセOnS lose 七heiヱ、eneヱ・gyin 七he exei七On band  

much more slowly 七han expected by 七he kinetic－energy－10SS  
七heory・ The measured energy－10SS－r・a七e remarkably increases  
Wi七h 七he decrease of 七he GaAs we11 thickness． These fac七S  

＄uggeSセ セha七 exci七OnS ar．e10Calized in 七he disordered welland  
七ha七 sユOW energy relaxa七ionis aモモribu七ed 七O 七he phonon－aSSist－  
ed cross relaxa七ion be七Weenlocalized exci七On S七a七es．  

1．工n七roduc七iQn  

Excitonsin multi－quan七um－We11s七ruc七ures（MQW）haveinhomogeneou＄  
as welユ as 七WO－dimensionalchar・aC七ers・ The resonance energy of exci七OnS  
is spreadIbecause 七he well七hicknessisla七erally fluct：ua七ed by an order  
Of one a七Omic layer・  As a 工、eSul七I absor・P七ion，luminescence an  

exci七a七ion spec七ra of exci七OnS in MQW are inhomogeneously broadened  
depending on 七he degree of 七he fluc七ua七ion【1－3］． The ener、gy relaxa七ion  

PrOCeS＄ Of exci七OnSin 七WO－dimensionaldisorder・ed ＄yS七ems provide one of  
七he mos七importan七 OPen Subjec七Sin semiconduc七Or・Physics． The exciton  

in GaAs－AIAs MQWis sui七able for 七his s七udy，because 七wo－dimensionali七y  

and disordered charac七er■ in MQW are con七rollable by 七he recen七  
Semiconduc七Or 七echnology． エn 七his work，We preSen七 for・七he firsセ セime a  

SyS七ema七ic s七udy on 七he plCOSeCOnd energy relaxa七ion processes of  
exci七onsin GaAs－AIAs MQW made wi七h changing 七he GaAs well七hickness．  

Sample Code   ○ Lヱ（A）   ○ Lb（A）  d（リm）  En＝1（ev）  6En＝1（mev）   

＃1   43   62   2．1   1．683   16   

＃2   53   50   2．3   1．672   20   

＃3   58   71   2．2   1．642   11   

＃4   76  33  3．0  1．622   7．5   

＃5   108   36   3．5   1．572   3．1   

Table 工・Lis七 Of GaAs－AIA＄ MQW samples・I・Z：GaAs well七hickness；Lb：  
AIAs barrier 七hickness；d：七0七al七hickness of GaAs－AIAs MQW；En＝1：energy  
Of 七he absorp七ion peak due 七○ 七hels excit：On（n＝1，e－hh）a．七 4．2 K；  
6En＝1：line－Wid七h of 七he absorp七ion spec七rurn a七 4．2 K．  
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2．Experimen七alProcedures  

＝n 七his work five samples grown by rn01ecular beam epi七axy on GaAs  
Subs七ra七es were used． Their proper七ies are lis七ed in Table ＝． They  

COnSis七 Of al七erna七e GaAs wel11ayers and AIAs barrierlayers． Window  

por七ionsin 七he samples where 七he GaA8 Subs七ra七es were removed were used  
for 七heluminescence experimen七S aS Wellas 七he absorp七ion experimen七S．  

As 七he exci七a七ion sく）urCe a rhodamine 6－G dye laser ＄ynChronously  
Pumped by a mode－locked argonlaser was used・ 工七 glVeSl－2 ps ligh七  
pulses of 300 pJ． Thelaser beam was focused on GaAs－AIAs MQW 盲amples  

immersedin liquid helium・ The excita七ion pho七On energyis 2・0－2・1eV  
whichis above the10We＄t quan七um s七a七e（n＝1）in GaAs we11layer・＄ Of all  
七he samples and below 七heindirec七（＝ 2．229 eV；Ⅹ）as 豆ell as direc七  

（＝3．13 eV；r）exci七Onic band－gap energy Of AIAs． Thus only 七he GaAs well  

layers were excited． The spec七rLally res01ved（resolution ＝1meV）  

七emporalresponse of 七he luminescence was analy2：ed by using a combined  
sys七em of a 25 crn－mOnOChroma七Or，a SynChroscan＄七reak camera（Hamama七Su  

C1587），a Silicon intensまfier 七arge七 Camera and a compu七er・ The time  

resolu七ion of 七he sys七em was 70 ps．  

3．Experimen七alResul七S and Di＄CuSSions  

＝n Fig．1，SPeCtra Of the absorp七ion and time－in七egra七edluminescence  

of 七ypical七WO Samples（＃3 and．＃4）are  

Shown． The absorp七ion peak observed  

a七1．6420 eV wl七hll血ev wid七hln ＃3  

and 七ha七 Observed at l．6225 eV wi七h  

7．5 meV wld七h 土n ＃4 are aser土bed 七0  

七hels exci七On（n＝1，e－hh）composed of  

an elec七ron and a heavy hole belonglng  
七0 七he lowes七 S七a七e （n＝1）in 七he  

quan七um well．   As is seen， 七he  

absorp七ion spec七raユ Wid七h is sample－  

dependent． This fac七is no七 Strange，  

because 七he orlgln Of 七he spec七ral  
wid七his aセセribu七ed 七0 七he fluc七ua七ion  

of the well 七hickness． As lis七ed in  

Table ＝， 七he energy pOSi七ion of  

absorp七ion peaks En＝1and七heir spec一  
七ralwid七h6En＝1are Varied depending  
On 七he we11七hickness Lz・ As 七he  
firs七approxima七ion・E。＝1 － 

㌔（Eg＝  
band－gaP energy Of GaAs ＝1．5192 eV）  

弧d6En＝1are eXPeC七ed 七O be propor－  
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Fig・l・ Absorp七ion and 七ime－  
in七egra七ed luminescence spec七ra  
of七W。GaAs－AIAs MQW sa？Ples・＃3  
and ＃4，a七 4．2 K． LumlneSCenCe  
spec七ra were ob七ained under the  
irradia七ion of pulsed dyelaser  
（2．063eV，1－2ps，300pJ）．  
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－3 七ional七OLz－2andLz，reSpeC七ively【1］・Actua11y，however，Enニ1－Eg  
and6En＝1do no七increase so much wi七h七he decrease of L・ ヱ  

Energy－ and 七ime－reSOlved resul七S Ofluminescence of samples，＃3 and  

＃4，are Shown in Fig＄．2 and 3． These figures are cons七ruc七ed from the  

SpeC七rally resolved 七empor－al response of luminescence by means of  
COmPut；eT graPhics・ The energy and 七ime response ofluminescence direc七1y  
reflec七S 七he popula七ion dynamics of exci七OnS．  Thus i七 is clearly  

Observed from 七he figures 七ha七 excitons drift 七OWardlower energy s七a七es  
losing 七heir energyin bo七h of 七he samples・ The temporal change of 七he  
average energy－ Of 七he exci七On enSemble is shown by b01d dashed lines in  
the figures． ＝七 is found 七haセ セhe energy－1oss－ra七e of exci七OnS is  

sample－dependen七．エn＃3，七he energy－loss－ra七e varies from12・5xlO6ev／s  
（aセセheini七ials七age）七0 3．7Ⅹ106盲Ⅴ／s（aセセhela七erS七age），Whilei七  
varies from4．5Ⅹ106ev／s t02．8Ⅹ106ev／sin＃4．  

＝n the disordered well，七here can be 七WO Channels for the ener．gy  

relaxa七ion of excit：OnS． The＄e 七WO Channels are schema七ically shown in  

Fig．4． 0ne channelis 七he kine七ic－energy－10SS prOCeSS，in which excitons  

are scaセセered 七O Smaller k s七a七es via 七he exci七On－phonon in七erac七ion．  

The o七her channelis the cross relaxat；ion process，in which exci七OnSlose  

七heir energy mlgra七ing 七OWard10Wer－energy POSi七ionsin aninhomogeneous－  
1y broadened exci七On band accompanied by 七he emission of phonons・ 工n MQW  
bo七h 七he processes are expec七ed t0 0CCur． The kine七ic－energy－10SS ra七e  

Of 七WO－dimensionalexcitons via 七he deforma七ion－PO七en七ia．1－type eXCi七On－LA  

223 phononin七erac七ioniscalcula七ed七Obe＜dE／dt＞d＝－（2MD作p）【kBTe（七）－  
kBTL］【3］・Here Mis七he exci七On七ransla七ionalmass，Dis七he exciton  
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1．6▲  1．65  
PHOTON ENERGY（亡V）  

1．63  

Fig・3・A contour map Of七he energy－  
and 七ime－reS01vedluminescence in一  
七ensity 

． 

（＃4）a七 4．2 K．A bold dashedline  
shows 七he average energy Of exci一  
七OnS．  

Fig・2・A con七Our maP Of 七he energy－  
and 七ime－reSOlved luminescence in一  
七ensi七y of 七he ls exci七OnS（n＝1，  
e－hh）in a GaAs－AIAs MQW sample  
（＃3）a七 4．2 R． A bold dashedline  
Shows 七he average energy of exci一  
七OnS．  
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deforma七土On pO七en七ial，Pis 七he a工、eal  

mas£dens土七y of welllayers・㌔（七）1s  

the effective temperature of two－di－  
mensional exci七ons and TI．i＄ 七he  

laセセice 七empera七ure． From 七his equa一  

七ion i七 is derived 七hat 七he average  

energy of exci七OnS eXpOnen七ially decay  
七O reaCh 七he laセセice 七empera七ure．  

Using 七he values of Ⅲ ＝ ○・7 mo  
（elee七ron mass）， D ＝ －9．6 eV，P ＝  

P3＿血mL乙 ＝ 3・1Ⅹ10－6 g／cm2 く餌r＃3），  
4・申10－6g′em2（餌ご抑孤dでL＝4・2K・  
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1）Ki冊tic E冊rgyLoss 2）Cro翁RせIa鳩tion  

童篭らb．  

Fig．4．Two energy relaxa七ion  
processes of exci七OnS in 七he  
disordered sys七em・  

the decay 七ime cons七an七S are eS七ima七ed 七O be19 ps（for＃3）and 24 ps  
（for＃4），reSpeC七ively．  

From 七he above－men七ioned simple calcula七ion，i七is concluded thaセ  

セhe kine七ic－energy－1oss process is comple七ed wi七hin our presenセ セime  
resolu七ion（＝ 70ps）． エn MQWi七is considered 七ha・七 aWe111ayer consists  

of a number of clus七ersin which 七he wellwid七his homogeneous【1，2】．  

The la七eral si2：e Of clus七ers is es七ima七ed 七o be an order of 七he exci七On  
O  

Bohr radius aB＝136A，because the absorp七ion spec七raof exci七OnS do no七  

show sub＄七ruc七ures［3】． Wi七h 七he loss of the kine七ic energy，eXCi七OnS  

ar・e localized in respec七ive clus七erslbecause 七hein七erclus七er 七ransla一  

七ional mo七ion of exci七OnS is limi七ed owing 七0 七he misma七Ch of 七he  
resonance energleS Of exci七ons in individual clus七ers・ Af七er 七ha七，  

exci七OnSlose 七heir・energy Slowly via 七hein七erclus七er七ransfer process・  

To describe 七his cross r・elaxa七ion process，七he localized exciton  

七ransfer modelproposed by Cohen and S七urge【4】is helpful・ This model  
七he 七hree－dimensional semiconduc七Or alloys．  

been ex七ended for 七he 七wo－dimensional exci七ons   

Two－dimen＄ionallocalized exci七OnS lose 七heir  
band via 七he one－Phonon－aSSis七ed 七ranBfer  

e  

七he 七ransfer ra七e from the a clus七er to 七he b  

proposed for   

七he model has  

でakagahara【5ト   

セhe exc土七On   

Supposing 七h  

Joexp（－ご／aB）・  

WaS firs七   

Af七erwards  

ln HQW by  

energy in  

prOCeSSeS・  

of J（丁）＝  

clus七er due 七0 七he deforrna七ion－PO七en七ial一七ype exciton－Phononin七erac七ion  

wbisexpressedby  

f（ムEab）  

w…b＝覿2aB2Gd2【1－ 2喜2）32】eXp（一率   
（1＋aB   

g（㌔） ，（1）  

Where Gdis the deforma七ion－pO七en七ial一吋pe coupling cons七狐七Whichis  
propor七ional七OLz －1／2andasymp七○七icaユIydependsonql／2（q十0）・Here  
qis 七he wavevec七Or Of phonons，∈is 七helocali2：a七ion ex七en七 of excitons，  

△Eabis七he difference be七Ween reSOnanCe energleS Of exci七onslocalized  
in七he a and b clus七ers，f（△Eab）is七he七wo－dimensionaldensi七y of phonon  

－41－   



1・SlowEnergyRelaxationofExcitonsinGaAs－AlAsMulti－QuaJltum－WellStruCtureS  353  

Sta七es弧d g（Eb）is七he densi七y of  

exei七On S七a七es for which we ean  
＄ubs七i七u七e 七he absor－P七ion spec七rum  

Of 七he exci七On．  We ob七ain 七he  

expression for 七he 七ransfer rate  
due  七0  七he pleヱOelec七ric－七ype  0品七n 
ミ琵慧：冨芸諾意：三≡。2，           p  
respectively【5】．Here 七he pie2iO－  eepg七 
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3／2  asymp七0七ically depends on q  
（q十 0）． Using 七he 七ransfer 工、a七e  

wab＝W畠・W£。，七he p。Pulation  
dynamics of exci七OnS are described  
by a ra七e equa七ion． A numerical  

Calcula七ion is done based on this  
model adop七ing 七he GaAs parame－  
ters． The 七emporaldevelopmen七 Of  

average energy obt：a．ined by this  

Fig・5・Experimen七altemporalchange  
（a s01id line） of 七he average  
energy ofls exci七OnSin a GaAs－  
AIAs MQW sample（＃4）a七 4・2 K and  
calcula七ed change（a dashedline）  
based on 七he modeldescribedin the  
tex七． Here an adjus七able parame七er  
Jois seセセO be O・34meV・  

Wayis shownin Fig．5 by 七he dashedline． Fiセセingis sa七isfac七Ory・ The  

Phy＄ica10rlgln Of 七he slow energy relaxa七ion comes from 七he fac七Or Of  
22 

exp（－q∈／2）in．eq．（1）． Localiヱed exci七OnS Can Onlyin七erac七 Wi七h  

phonons whose wavevec七OrS are ＄maller than 七heinverse of 七he10Cali2＝a一  
七ion ex七en七 Of exci七onsl／∈ whichi＄ eS七ima七ed 七O be the inverse of 七he  

la七eralclu＄七er si2；e． As a resul七，Only smallenergy phonons（＜1meV）  

Par七icipa七ein the cross relaxa七ion oflocali2；ed exci七OnS・  

As s七a七ed above，七he observed energy－1oss－ra七eis sample－dependent・  

Wha七 Charac七erizes 七he energy－loss－ra七e？ To answer 七his ques七ion，We  

have measured七he energy－10SS－ra七es of five samplesin Table 工Whose well  
七hicknesses are differen七 from one ano七her． ＝n Fig．6 七he energy－loss－  

ra七e and the absorp七ionline－Wid七h of 七hels exci七OnS（n＝1，e－hh）are  

plot七ed as a func七ion of 七he well七hickness L・ ＝七is obvious 七haセ セhe Z  

energy－10SS－ra七e as 毎e11as 七heline－Widthincrea，Se Wi七h 七he decrease of  

L．Theenergy－1。SS－ra七eisapproxima七elyexpressedbyL｛2・A七PreSen七 三  
we can no七 fully explain 七his dependence・ However，七he quali七a七ive  

七endency observed is consis七en七 Wi七h 七he 七heore七ical model・ We are  
COnSidering 七wo reasons to account for 七he L dependence of 七he ヱ  an七LPn 
W 
如． With七hede2， 
proportion 七01／Lz・Ano七her reasonis theincrease of 七he absorp七ion  
line－Wid七h wi七h 七he decrease of Lz・ As 七he slope of 七he densi七y of  
exci七on s七a七es g（Eb）aセセhelow energy七ailregion decreases，七he cross  
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relaxation ra七e increases． Because we  

Can Substi七u七e 七he absorp七ion spec七rum  

for  七he density of exciton s七a七es  
g（Eb），七he cross relaxa七ion rate  

increases wi七h 七he increase of 七he  
absorp七ionllne－Wid七h．  

4．Conclus土On  

We have sys七ema七ically studied  
七he ener．gy relaxa七ion processes of  

exci七OnS in GaAs－AIAs MQW wi七h chang－  

ing 七he GaAs well七hickness． Energy－  

loss－ra七e of exci七OnS in 七he exciton  

band is much s10Wer than 七he calculaセー  

ed kirTetic－energy疇10SS ra七e・ A new  
modeL describing 七he energy relaxa七ion  
processes of two－dimensionallocalized  

excitons well explains 七he observed  
Slow energy－10SS－ra七e・ The measured  
energy－10SS－rate remarkably increases  
Wi七h the decrease of 七he well 七hick－  
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Fig・6・The  energy－10SS－ra七e  
（0，●）and 七he absorp七ionline－  
width（L）of ls excitons as a  
func七土On Of well七hickness Lヱ．  
Open cir・Cles are 七he energy－  
10SS－r・a七es aセ セheini七ial s七age  
of 七ime and closed circles are  
those aセ セhe la七er s七age of  
七ime． A dashed line shows 七he  
Lz－2dependence・  

ness． This fac七is considered 七O be a resul七 Of increased disordered  

charac七er a＄ Wella＄ 七WO－dimensionali七y．  
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クス GaAsuAIAs超格子中の  
二次元励起子系のピコ秒分光  

東京大学物性研究所 舛本 泰章  

喜1はじめに  

半導体超格子とさも バンドギャップ・エネルギ  

ー且gの異なる半導体超薄膜を交互に積層した構  

造のことである．この構造のため，伝導帯も価電  

子帯も周期的な凹凸のあるポテンシャルが形成さ  

れる．例をGaAs－AlAs超格子にとると，直接遷移  

の旦バも 低温（4．2K）でGaAsでは1．5192eV，  

AIAsでは3．13eVであるため，第1図のように，  

GaAs層はポテンシャル井戸（量子井戸と呼ばれ  

る）をつくり，AIAsはポテンシャ／レ・バリヤーを  

つくる．初等的な量子力学で明らかなように，無  

限に深い井戸型ポテンシャル中の電子（正孔）軋  

ポテンシャル井戸の底から瓢って離散的固有エネ  

ルギー  

iもクーロン引力により励起子をつくる．量子サ  

イズ効果は更に，励起子のenvelope波動関数に  

頗著な二次元性を与え，エヱ→0の極限で隠，励起  

子の束縛エネルギーは三次元の場合の4倍にな  

る2・3）  そのため，量子井戸中の励起子は極めて  

安定であり，低温から室温まで光吸収スペクトル  

中に明瞭なピークとして観測される4）．   

超格子（多重亀子井戸）構造中の励起子は，この  

ような顕著な二次元性をもっているが，この二次  

元性に加えて，もう一つの顕著な性質一不均一  

性－を併せもっている．超格子構造を作成する  

上で最も制御性に秀れた方法である分子線エビタ  

クシー（MBE）絵札 半導体薄膜を1原子層程度  

の精度で膜厚制御をすることができる．第2図は  

MBE法で作成されたGaAs－AIAs超格子構造の透  

過電子顕微鏡写黄である．GaA5層，AIAs層とも，  

規則正しい結晶格子を組んでいるが，GaAsーAIAs  

ががが  ‾ 托＝1，2，3，…… （1．1）  
2m招）＊エヱ2，  

イズ効果1）．ここで，m拍）＊は電  

質量，エヱは井戸層の厚みである．  

この離散的エネルギー準位に属する電子と正孔  

GaAs－AIAs多重量子井戸  

GaAs AIAs   AIAs60A  

GaAs  1．5192eV（「）   

3．13eV（r）  

AIAs     2．229eV（Ⅹ）   ＼  gg（4・2K）  

GaAs lOOA 

第1図 GaAs－AlAs超格子（多重量子井戸）構造．  
GaAsとAIAsのバンドギャップ包は4．2放  

での値を示す．伝導帯と価電子帯の井戸の深さ  
は，85％，15％の比で決まっている1）．  

知‘3．23Å  
第2図  

M丑E法で作られたGaAs－AIAs超格子構造の透過電子  

顕微鏡写真（岡本舷博士の好意による）．  

52  固体物理   （52）  
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の界面の部分は，－原子層程度ゆらいでいるのが  

観察される．この層内における－原子層程度のゆ  

らぎは，（1・1）式から推測できるように，励起子  

の吸収，発光および励起スペクトルにかなりの不  

均一拡がりをもたらす…）．このため，超格子（多  

重量子井戸）中の励起子は，ニ次元不規則系の励  

起子の極めて良い例となっている．このような二  

次元不規則系の励起子の緩和は，三次元結晶での  

励起子の緩和とは大変異なった様相を示すことが  

予想できるが，未解決の問題であった．しかし，  

最新のピコ秒（10‾12s）分光の手法により，超格子  

（多重量子井戸）中の励起子の緩和を直接に観測す  

ることが可能になってきた7，8）．本稀でをも GaAs－  

AIAs超格子（多重量子井戸）中の励起子の緩和を  

調べた最新の実験データをもとに，どのような緩  

和過程が起こっているのか明らかにしよう．   

§2 励起子吸収帯の不均一拡がり  

GaAs－AlAs界面のゆらぎが，励起子吸収帯の幅  

に，実際にどの程度寄与するのか示そう．第3図  

は典型的な二つのGaAs－AIAs超格子（多重量子井  

戸）試料の吸収および発光スペクトルを示す．♯4  

の試料で1．6225eVに幅7．5meV，♯3の試料で  

1．錮20eVに幅11meVで観測される吸収ピーク  

Ⅰも 量子井戸の最低量子準位（乃＝1）にある電子  

と重い正孔から成る励起子基底状健（乃＝＝1，β一舶；  

1s）である．いま，界面のゆらぎによる井戸層の  

厚みのゆらぎ∂エヱが－原子層すなわちGaAsの格  

子定数α（＝5．64Å）の半分程度だとすると，拒の  

試料（エヱ＝76Å）では，GaAsの旦から測った最  

低量子準位のエネルギーは点けヨ1＝且花；1e十耳匝1∫l～  

100meVなので，最低量子準位のエネルギーのゆ  

らぎ∂旦l；1は，（1・1）式から   

∂転＝叫警）＝航（岩）  

～7．4meV  （2．1）  

となり，観測された幅7．5meVとほぼ一致する．  

更に，より上之の薄い♯3の試料（エ才＝58Å）で～も  

より吸収線幅は広くなり，（2．1）式の示す候向と  

一致する．このように，井戸層の厚みのゆらぎが  

量子準位のエネルギーのゆらぎをひき起こし，こ  

（
T
2
U
）
東
壁
尊
意
 
 

1．60 1．621．641．661．681．70  
光子エネルギー（eV）  

第3図 GaAs－AlAs超格子（多重藍子井戸）試料＃3（Ga  
As井戸厚エヱ＝58Å，A仏sバリヤー厚エb＝71Å）  

と♯4（エヱ＝76Å，エb＝33Å〉の吸収スペクトルと  
時間帯分発光スペクトル．   

のエネルギーのゆらぎが実際に観測される吸収線  

幅を支配している．実際，ゆらぎがない場合の例  

として，バルクなGaA5結晶の励起子吸収帯の幅  

をも 低温で0．4meV程度であり極めて狭い9）．適  

格子 く多重量子井戸）構造の井戸層の厚みのゆら  

ぎの特徴としては，厚みがα／2の整数倍ずつデジ  

タルに変化するということがある．また，界面の  

凹凸の界面に沿った方向のスケールは原子のサイ  

ズであることは結晶成長論的に無理があるので，  
凹凸はかなり大きなスケール～100Å経度の島状  

になって起こっていると考えられている．井戸層  

の厚みの厚い島中の励起子の共鳴エネルギーは低  

く，厚みの薄い島中の共鳴エネルギーは高い．励  

起子の吸収線幅の拡がりは，このような共鳴エネ  

ルギーの井戸層での場所による違いの集合により  

できていると考えられ，不均一拡がりである．   

§3 励起子発光のエネルギー，  

時間分解分光  

直接許容遷移型半導体中の励起子の発光寿命は  

通例ナノ秒（10－95）の程度であり，これより早い  

時間スケールで，エネルギー綬和を起こし，発光  

消滅する．したがって，励起子のこうした高速の  

エネルギー級和を直接観測するためには，ピコ秒  

（53）  
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分光の助けをかりなければならない．実際，多重  

量子井戸層の励起子をピコ秒の光パルスで励起  

し，励起子発光をエネルギー，時間分解すること  

により励起子のエネルギー緩和を直接観測するこ  

とができる7）．励起に軋 モード同期アルゴン。  

レーザーにより同期励起された色素レーザーを用  

いた．この色素レーザー（色素：ローダミン6G）  

は，1～2ps，300pJの光パルス（2・0～2．1eV）を安  

定に発生することができる．励起光のエネルギー  

はGaAs井戸層の最低量子準位よりも高く，瓜As  

の点字よりも低く選ばれている．そのため励起は，  

GaAs井戸層のみ選択的に行なわれている．励起  

子発光は，第3図に示されているように，最低エ  

ネルギー状態の励起子（乃＝1，か1兢）のみが観測  

される．この励起子発光を分光器でエネルギー的  

に分解し，更に同期走査型ストリークカメラによ  

り時間分解する．この方法で時間分解能は約70  

psであった．得られた結果を鳥轍図として第4図  

に示す．更にこの第4図の等高線図を第5囲に示  

す．横軸は観測されるエネルギー，縦軸は時間の  

経過を示す．この図は，励起子発光強度の等高線  

図であり，曲線上の点は同じ発光強度を示し，各  

曲線は一定の強度ずつずれた点の集合を表わす．  

この固から励起子系が低いエネルギー状態に移り  

ながら，発光消滅していることがわかる．励起子  

系の平均エネルギーは図中の太い破線で示される  

ような時間変化を示す．エネルギーの減少速度  

をも 時間の初期には4．5×108eV／s，後期には2．8×  

108eV／sになる．また，励起子の全数は約480ps  

の時定数で消滅している．   

さて，このような励起子系の挙動は，適格子試  

料でどの程度普遍的なものであろうか？ 第5図  

は♯4の試粁（エg＝76Å）についての励起子発光を  

エネルギー，時間分解した等高線図であるが，馨3  

の試料（エヱ＝58Å）についての等高線図を第6図に  

示す．励起子系が低いエネルギー状態に移りなが  

ら発光消滅していく事情は同じである．しかし，  

第5図と第6図を比較してみると，＃3の試料の方  

が，励起子系のエネルギ ーの減少速度がかなり速  

いことがわかり，エネルギーの減少速度は試料に  

依存している．（第6図の横軸のスケールは，第5  

図の横軸のスケールの約0．56倍に稀少してある．）  
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第ヰ図  

GaAs－AIAs超格子（多重量子井戸）試料紳の励起子発  

光をェネ′レギー・時間分解した鳥撤図．  

第5図 GaAsーAlAs超格子（多重量子井戸）試料醇の励  

起子発光をエネルギー・時間分解した等高線  
図，太い破線は励起子系の平均エネルギーの時  

間変化を示す．  

1，63  1．64  
光子エネルギー（eV）  

第町図 GaAsーAlAs超格子（多重量子井戸）試料♯3の  

励起子発光をエネルギー・時間分解した等高線  

図．太い破線は励起子系の平均エネルギーの時  

間変化を示す．  

固体物理   （朗）  
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くことが示される．   

この簡単な見積もりから，運動エネルギーの緩  

和をも 実験の時間分解能（＝70ps）以内に終わっ  

ていると結論できる．運動エネルギーを失った励  

起子は井戸層の中の島にゆるく局在化する．なぜ  

なら，d／2ずつ異なる井戸厚の島では励起子の共  

鳴エネルギーの違いがかなりの大きさになり，こ  

のことが，励起子の層内での自由な運動をさまた  

げると考えられるからである．たとえば，島の大  

きさが，GaAsの励起子基底状態のボーア半径αB  

（＝136Å）よりも充分大きな場合に‡も（2・1）式か  

らわかるように，エz＝76Åのときd／2厚みが異な  

る島では，7．4meVものエネルギーの違いがでる．  

島中にゆるく局在化した励起子をも エネルギーの  

高い島から低い島へ，ゆっくりと移動することに  

よってエネルギーを失っていく．   

この交差緩和過程を記述するにをも 二次元局在  

励起子が，島から島へ，二つの島のエネルギー差  

を，一つのフォノンの出し入れにより補いなが  

ら，移動するというモデルが使える11・1包）．距離r  

だけ離れた島の間を移動させる相互作用の行列要  

素を，ふを定数として交換相互作用型のJ（r）＝  

石exp（一巾8）とすると，変型ポテンシャル型の励  

起子格子相互作用により，島aから島bに移動す  

る速度∽abdは  

§4 不規則井戸中の励起子の  

エネルギー緩和  

不規則系中の励起子のエネルギー緩和機構とし  

ては，第7図に示すようなこ通りのエネルギー緩  

和機構が考えられる．一つの機構は，運動エネル  

ギーを失っていく過程であり，励起子は運動エネ  

ルギーを表わす分散曲線に沿って，フォノンを放  

出しながら低いエネ／レギー状態に緩和していく．  

もう一つの機構をも 不均一拡がりの中の交差緩和  

の過程であり，励起子は，フォノンを放出しなが  

ら，不均一拡がりの中で，より低いエネルギー準  

位に遷移していくユ0）．すなわち，実空間では，励  

起子は，より低いエネルギー位置に移動していく  

過程である．亀子井戸中の励起子系でをも この両  

方の綬和機構が働いていると考えられる．二次元  

励起子系の運動エネルギーの減少速度は，変型ポ  

テンシャル型の励起子格子相互作用を想定して計  

算でき，式  

くd属／離〉＝－（2〟2か2／がβ）［たBれ（り－たB71］  

（4．1）  
で評価できる7）． ここでく姻仲〉は励起子系のエ  

ネルギーの減少速度巨〟は励起子の並進質量，か  

は励起子の変形ポテンシャル，βは井戸層の面密  

度，れ（りは二次元励起子系の有効温度，rLは格  

子温度である．二次元励起子系では，励起子系の  

平均運動エネルギーく属〉は，く且〉＝鳥B㌔（りと表  

わされるので，（4■1）から平均運動エネルギーは，  

指数関数的に減少し，格子温度に近づくことがわ  

かる．Aオ＝0．7m。（電子質量），か＝－9．6eVおよ  

び拒の試料については，β＝仇＿。Imエヱ＝4．0×10‾6  

g／cm2のパラメータを使うと，平均運動エネルギ  

ーは減衰時定数～24psで格子温度に近づいてい  

1）運動エネルギーの緩和  2）交差緩和  

∽abd＝晋肪望Gd2ト  
（1＋扁攣）8佃   

×expト掌）欝g（可：＋1（4・2）  

で表わされる12）．ここで，G。は変型ポテンシャル  

型の結合定数で，エg‾1佃に比例し，漸近的（曾→0）  

に曾1／2に比例する．曾はフォノンの波数，ぞは励  

起子の局在した拡がり，』亀。は島aと島bに局  

在した励起子のエネルギー差，∫（A軋．）はフォノ  

ンの二次元状鰭密凰 g岬b）は励起子状態密度，  

氾は』且bのフォノンの占有数で，乃，柁＋1はそれ  

ぞれフォノンの吸収，放出に対応する．励起子状  

態密度♂（私）としては，励起子の吸収スペクトル  

を充てることができる．励起子格子相互作用に  

は，他に圧電型のものがあり，圧電型相互作用に  

よる移動速度払abpは，（4・2）の表式で，が／克とG，2  

を8が／克とG。包の代わりに代入することにより得  

第一図 不規則系中の励起子のエネルギー緩和機構と  
して考えられる二つの過程．  
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られる．ここで圧電型の結合定数G。はエヱー1佃に  

比例し，漸近的（曾→0）に曾机に比例する、ぴabd  

と紗abpの和，ぴab＝抄且bd＋抄abpを用いて，励起子  

のエネルギー分布の時間変化は，   

些拉＝一等ユー∑∽ab島国＋∑∽b8アbくり    め     T  曾…aD▲机－ノーセ  

（4．3）  

の速度方程式で記述できる．ここで鳥（りは時刻  

＝ンニュネルギ一見にある励起子の分布，では発光  

寿命を表わす．実験で得られた初期分布をもと  

に，（4・3）式により励起子のエネルギー分布の時  

間発展を計算した結果を第8囲に示す．更に励起  

子系の平均エネルギーの時間変化は  

くの＝【∑且P。（り♂（且）］／［∑鳥（り♂低）］  

で計算でき，結果を第9図に示す．実験と計算結  

果との一致は良い．このゆっくりしたエネルギー  

緩和の物理的原因をも式（4・2）中の既p（－ヴ2∈望／2）  

の因子にある．局在励起子は，1躇よりも小さな  

波数のフォノンとのみ相互作用する．gをほぼ島  

の大きさ（～100Å）とみなせば，lmeVよりも′J、  

さなフォノンとのみ相互作用する．そのため，励  

起子株，エネルギーの極めて近い励起子状態にし  

か遷移できず，状態密度が′トさくなる励起子帯の  

低エネルギー側の裾の領域では，エネルギーの減  

少速度にブレーキがかかる，計算によれば，状態  

密度の大きな励起子吸収帯の中心で隠，交差緩和  

の時定数は数ピコ秒程度であるが，状鰭密度の小  

さな吸収帯の低エネルギー側の裾の付近では，1  

ns程度にまでなる．  

500  
遅延時間（ps）  

第9図  

励起子系の平均エネルギーの時間変化．  

実線は試料紳での実験繚見 破線は計算結果．  

既に，第5図と第6図で示したように，励起子  

系の平均エネルギーの減少速度は試料に依存す  

る．それでは，何がエネルギーの減少速度を支配  

しているのであろうか？ この疑問に答えるため  

に，互いに井戸層の異なる5個の試料について，  

励起子系の平均エネルギ ーの減少速度を測定し  

た8）．結果を，第相国に示す．第10図には，平均  

エネルギーの減少適度と，励起子吸収スペクトル  

の吸収線幅とが，エヱの関数としてプロットしてあ  

る．減少速度，吸収線幅とも，エアの減少と共に増  

加している．観測されたこの傾向は，定性的には  

次のように理解できる．一つの原因は，移動速度  

払8bがりエヱに比例するからである1望）．これはG。2  

およびG。2がりエヱに比例するからである．もう  

一つの原因は，エヱの減少と共に吸収線幅（状態密  
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10  20  

帯川園  

励起子系（柁＝＝1，g－兢）の平均エネルギーの減少速度  

（0，●）および吸収線幅（■）の井戸厚エヱ依存性．  

0は時間の初期での減少速度，●は時間の後期での減少  

速度を示す．破線はエヱ‾望の依存性を示す．  

第一図 励起子系のエネルギー分布の時間発展（試料♯4  

についての計算結果），  
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三± 
二  

電子一正孔対の   
エネルギー緩和  

励起子生成  

運動エネルギーの緩和  

考察した．しかし，ニ次元性と不規則性を独立に  

変化させて，影響を調べる実験は今後に残されて  

いる．この間題以外にも，ピコ秒よりも速いフェ  

ムト砂（10‾15s）の時間領域での測定が可能になり  

つつある現在では，光生成された電子・正孔対の  

初期緩和，励起子の位相緩和などの超高速現象が  

測定にかかってくるであろう14・15）．また，強磁場  

下，高圧下でのピコ秒，フェムト秒分光も二次元  

不規則系の励起子の挙動を調べる上で有用であろ  

う．超格子試料としては，今後，充分制御された  

界面をもつ超格子，伝導帯の井戸層と価電子帯の  

井戸層の異なる，いわゆる第二種の超格子，格子  

不整合の大きな歪みを痍した超格子などもピコ秒  

・フェムト秒分光の対象となり，発展が予見でき  

る．  

最後に，この研究に関しご協力，ご教示いただ  

きました塩谷繁雄名誉教授，石田祐三氏，岡本紘  

博士，河口仁司博士，樽茶清悟氏および南河原俊  

秀博士に感謝いたします．  

冤 
ゝ  

交差緩和  

発光消滅   

10－13   10－12   10‾11   10‾10   10‾9  

時間（s）  

第11図 GaAsーAlAs超格子（多重量子井戸）構造中の励  
起子系の緩和過程．   

虔のエネルギー幅）が増大するからである．励起  

子の状態密度の低エネルギー域の裾の懐きがノトさ  

くなると，占い→且－d属（ただしd居＞0）の速度  

は大きくなり，逆に且－・且＋』ガの速度は小さ  

くなるからである．   

以上説明してきたように，ピコ秒時間領域で観  

測されたGaAs－AlAs超格子（多重量子井戸）構造  

中の励起子系のエネルギー綬和は，励起子の不均  

一幅の中での交差緩和の機構により説明できた．  

エネルギー緩和の様子，試料の井戸厚依存性とも，  

このモデルを支持する．第11図は，光励起された  

励起子系の緩和の様子をまとめて示す．光励起さ  

れた電子・正孔対は，サブピコ秒以下の時間スケ  

ールで，最低量子準位まで緩和して励起子をつく  

る13） ．っくられた励起子は，最初は動きまわるが，  

数十ピコ秒程度の時間スケールで運動エネルギー  

を失い，井戸層の厚みのゆらぎにとらえられて，  

ゆるく局在化する．ゆるく局在化した励起子は，  

井戸層の中で，より低エネルギーの場所にフォノ  

ンを出しながら移動するという交差緩和を十ピコ  

秒からナノ秒の時間スケールで起こし，最終的に，  

サブナノ秒の時間スケールで発光消滅する．   

§5 おわりに  

以上述べてきたような，超格子（多重量子井戸）  

構造中の励起子のピコ秒分光はまだ始まったばか  

りである．本稿でをも励起子のエネルギー曖和を  

とりあげ，超格子構造のもつ二次元性，不規則性  

がエネルギー緩和にどのように影響を与えるのか  
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cnergy relaxation on thcdispc∬ioncurveofthequa5i－  

ユ1  ⑥1985TbeAm∈dca血PhysimlSo¢icty   ‘552  
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L虞U応nOW00nSid亡rtbequぉi一押Odm∈nSion山αdton  
ぬ比扇Ibatotalwav亡V∝tOrX“∽dr甲ー岱亡ntita5  

怖〉＝‡．烹㍉㌦＝机＝軸ち，ヱ轟毎r▲tO〉－  
（ヱ．1）  

Wher亡V。andLare，reSPtCtivcly，th亡VOlumcofthcmit  
ce11andth亡Iineardim亡nSionofth亡quBLnti孤tionvolume，  
01（a．ー）thecrea（ion（amihilation）opcratorofthcath－  
（conduction－Or Valence・）band clectronin the W如l扇亡r  

represen（a【ion，10〉thecrystd grouzldst＆t亡，and Rthe  
C00r蛍n融eOrtb亡はCitoncαterOfm且∬（k茄ndby   

R＝（叫ち＋所員q）′（用．＋潤ん），  （2．2）  

鵬tbtbed∝trOn（hole）e触iY亡m乱∬椚．（椚鼻）．mem－  
Vdopモ鮎nctionfbrtb亡山hdectron－hol亡int血motion  
isdenotcdbyFL．hthefbuowi喝aLnyPOSltlOnVCCtOrOr  
W＆YeVCCtOrwillbcd∝OmPOSCdintocomponentsp8rdld  
ZLnd perpendicularto thcQWinterfhcezLS r＝（ー肘Z）or  
k；＝叫1，た王）・Tk叫【釘Ⅳntlngtbeop亡mtOrSin也eW蝕扇廿  

呵ー尊en也tion雨血tho絨intbe別∝b托pれS亡n払出onby8  
w亡山一bown托1ation   

暗嵩ド㌦  （ユ・3｝  

Ⅶhロ℃」Vis血e nunおof u扇t db托l8td toエby  
肋0丈エユ，狐dtmm払mi叩血edisc托teSⅦmOV亡ー也el且ト  
ticesitcsintoaspatialintcgr81by   

（ユ・ヰ｝  

∑→忘Jれ        l●   

one obtains 

lんRtl〉＝∑ム（持笹l）占州，【l一心ピーo〉・（ユ・5）        L上－  
With  

dton trzLnSftr rzLteis cstimatcd cxpIicitly fbr both th亡  

dcfbrm＆tion・pOt亡nti8lcouplingandthepi亡Z：OCIcctric00u・  
pli喝，弧dfbrv8dousc出銭Of也亡1∝ali払tion払m肌d  
thctypcofintcrsitetnLnSftr．InScc．VIIther＆tCCquation  
fbr thc distribution function oflocaliヱed cxcitonsis d亡－  

riYCd，neglectlngtheinterlay亡rtranSftrofcxcitonsand  
血旧rdu血唱也亡pmblαntOtlはtOfasingkqW．8yin－  
tcptlngthcrateeqtJAtionnumerica11y，theaYerag亡CnCr－  
gyoflumin亡虻亡nCCisc81cuhtcd andcoTtlParedwiththe  
鑑叩m亡n血血也・Fromtb亡COmpad∽nktwomth印Ⅳ  
姐d亡Ⅹ匹dmmttbeconst弧tOftb亡∝dtont円山S触in・  
喝血isd出mind血d払皿dtokin画a甲m成一  
withthcthcoreticallycstimatedyaluc．Theexperlmental－  
1yob拇Ⅳdnomexpon瓜tialh血且扇orof亡m亡rgy血don  
ischrifiedtheorcticdy打om＆g亡nCr81pointofYiew．Fi－  
m山y，hS亡C．ⅤⅢⅠ也亡d印慣Id亡nC亡Oftbeen打訂rd比重血on  
mte血一九亡qWぬicb鰯i5出光u矧錮on血亡ぬsiきOr血亡  
鑓alingpro阿yOrtb亡mte叫u止ion，弧d tbed黒訂Yd  
00汀dadonktw∝ll也em併gyrd孔Ⅹationr8teand也ea♭  
抑画血血血Md血is瓜p18indinaqu撼也dvew8y・  

皿mαONOFqUASI・TWO－DmIENSION▲L  
EXmONSmACOtJ5TICpHONONS   

血 止血紙don 血亡血t雄tion軸皿ilto血ば血亡  
qu出i－tWかdm出iond既dton雨血捉0心dcpbono閏短  
deriYCdforboththcdefbrTnAdorl－POt亡ndd皿dpiezodcc一  
雨¢00up追ng．btb亡C蹴OfG山・AudQWs血tu∫d，  
thedcctron8ndhoIcofth亡亡XCitonsaJt！00nSiderdtobe  
wd00血血涙血h且qW血∝也亡血d一辞pdi虻On一  
也ntJityisquitel町ge．Onth亡OtherhAnd．thchtti∝PrOp－  
erdcsofG8As▲ndAIAs，forcmpIc，thchtticcconstJLnt  
弧d血sdemd鵬，虹ein¢lo父pr血mlty・ほT加＝血  
a00心dc pbonons w出血htd瀧亡t甘地血e qu鮎i・Ⅳか  

虚mdlSiond成dtonhlO山kyer仁弧h00鮎id打dto  
b且Yet血im亡nSion且1c血t亡L On亡CanddYe也eh・  
tczutionHzLmi1toniiLnOfthcqⅦi・tWかdimcnsionAlexci－  

ton wi血M闇dc pb孤OnS S加bngたom 
dimcnsion81cxciton・phononintcractionHami1toniiLn・  

一人（畔；Ⅹ‖）＝去J叫一丁屯J卑爪叫榊）叩【“埴川一帖叫・一触＋軌】・  

Yh亡托a．iLndaAZLr亡definedby   

α．彗叫／（m．＋門島）弧dα鳥＝椚人／（叫＋叫）・  

neth畑山im鰯io血dectron・Phonon（e－Ph｝intαaCtjonforthedefbm）ation－POtentiaユ（DF）cQuPlingiswrittmasl▲  

（2．‘）  

（ユ．7）  

1乃  

磨J   
（恥払叫叛＋和広．串．呵＋bl。）  弔＝∑  

Lq  

ご∑【ち（q）克明硯＋三。（q）巌．㌔油蝉。＋bし。），   
Lq  

whcreDe（Dp），P，andzL8f亡thedeform＆tionpotcnti山fbrthecoTlduction（valence）band，themzLSSdcnsity，aJtdthcsound  
Yelocityofthclongitudind－aCOuStic（LA・）phononmode，rCSp∝tlVelyIandthecouplingfunctions＝亡且nd＝廿ZLreintro－  
duccdby（2・9）fbrht亡ー揖C・Thcint亡r＆CtionH8miltonianofthequasi・tWO－dimensionalexdtonwithacotwticphonons  
fbrth．dcfb，7nation－POtCntialcouplingisobtainedbycalculatingthematrixelementofH謁bctwcmtwo亡ⅩCitonstA旭  
‡入，K”〉and f入，K［I〉．whereEbrsimplici（y，thechangeofthcdcctron－holeinternalmotionisnoth上enintoaccount・  
n亡ー穏山tisglVm鮎  

－52－   



31  T．TARAGAHARA   ‘55ヰ  

〈岬＝境l九，Ⅹ1－〉＝∑∑三c（トk損り，J′；町人（抽笹－）6…－，Ⅹi－8k‖一駆＝8り′ Lk’り′  
－∑∑≡け（k’－n相り′；Ⅹrl机（頃′；和6∫I‡一楢l∂軒仰＝6L卜                     kk‘J，J■  

Substitutingexpression（2．6）andconvertingthediscretesumoverkintoanintegralby   

（ユ．10）  

tJ  

’J  ，
尺
 
 

d
 
 
 

r
J
 
 
 

l
ノ
 
 

エ
言
 
 

（ヱ．11）  

onecanrducet土Ie丘柑ttema5  

∑＝。（Ⅹ；．一正植）J呵イ血；J血ふJd2r1．J血ピノ血んぺ（ri－ん扁）ダ入（ー－いヱ”布）  
免  

×8（ユ叫l－ril）6（和一ヱエ）6（ヱピーく）既p［也ち－iα鳥（Rll－∬；l）・rtl】  

＝∑三亡（R；一一丈l■，鮎）J叫－J血亡J吻凧（r■．，ち，ヱ刷ユ叩施ヱ亡－iα鳥（Rll－Ⅹ㌫叫1】，（Z・12）  
亀  

wheretheargumentsof三earewrittenexplicitly；thefirstargumentisthecomponentofthephononwavevectorparal1el  
totheQWinterfaceandthesecondistheperpendicularcomponent・Simi1arlythesecondternin（2・10）canbereduced  
aS   

－∑＝潤．－K1－，亀）J叫一J血～J血んげ人偏ヱ”布）l2exp【吻車αピ（E‖一鞘）・r■lト  （2・13）  

曾r  

Thusthequasi－tWO－dimensionalexciton－phononinteractionHami1tominH謁『2D｝fbrthedefbmation－pOtentialcou－  
plinglSglYenby   

∬芸㌘之D）＝ ∑【三ぐ（Ⅹてl一足腫）軋（－αん（Ⅹt】－鼠；l），鮎）  
Kl‡・鞘屯  

一三潮一定植）榊亡（K‖一見晶鮎）帖R冊，鼠t暮l（bxi．－K仲＋瑞tRiい一生）， （2・14）  

Wi血   

私（恥¢z）＝J叫一丁血亡J血轟帆（ー－■，ち，ヱ刷2叩（也ち右裾rll），  （2・15）  

wherethesymmetry Fi（r［l，Z．，Zh）＝FL（rJf，Zh，Ze）is supposed to hold・Thisis a quite generalexpression fbrthe  
defbmation－POtentialcoupling，Toobtainamoreexplicitexpression，theenvelopefunctionFL（rIJ，Z．，Zh）mustbespeci一  
缶ed・Forthelowest（1s）excitonstate，aVariationalenvelopefunctionwasassumedasll  

叫榊）瑚「【αユr榊冊帥酎  （2・16）  

Where爪isthe？Ormalizat10nCOnStaLntandaandβarevariationalparameterStOminimizetheenergy・HeretheinLinite  
band－gapdiscontlmityisassuTedandtheenvelopefunctioniszerooutsidetheregionoflzel≦L＝／2andL勾［≦L＝／2・  

WithuseofthisenvelopefunctlOn，thefunctionHIs（Qll，Q＝）iscalculatedas  

鋸q－いeヱ）＝Jれだ副業やp（舶用相川∫（ー＝刷）Iヱ   

叫号卜塘卜  魂Jd2r・－だみだ画哺射榊・－嘲＋β之（ヱど瑚l  

（2．17）  

Bymakingthevariablesnondimensional，thiscanbereducedto   

誓J叫．J二：2血ビ⊥ニュ如p似呵q．．・r1．／α－2〔r碑紘一刷乃庫（笹）co軸）・（2・1引  
Introducingthetwo－dimensionalpolarcoordinatefbrrl］andmakinguseofthedecompositionfbrmula15  

80 e加郎∂＝ ∑ ん（ヱ）exp【f乃（∂＋汀／2）］，  
〝＝＝＝・－－∞  

（2．19）   
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onecanfu正herrduce（2．18）to  

ム鵡瑚（か｝⊥て：之血亡⊥て：2如。似ヱエビー2【rヱ＋β軌一三椚co晦）co紬ん），（ヱ・ユ0）  

Whereb＝lQ”lhandJoisthezerothdrderBesselfunction・Byuseofthefbmula15   

r血功侮）叩トロ（輔）1乃】＝d【1諾器㌘］叩トヅ（刷）1乃】，  
theintegraloverT・in（2．20）canbeperfbmedas  

（2．21）  

4汀昭エZ  
⊥て：z由仁⊥て：如Ⅹp【f弘ヱg－（4＋押′軋1ち－刷  

×【1＋（4＋㍍）1′ヱβエ‡lち一之ん＝cosヱ（打ち）cosヱ（佗鳥）  

4測言エぎ  

αヱ（4＋占勺3′ユ  

G（（4十わ2）1／ヱβエヱ，銑エヱ），（2．ユ2）  
α2（4＋ム勺3ノユ  

WherethefunctionG（γ，8）isdennedby   

勒，∂）＝王ニュ血‘⊥て：ヱ如p“8zg－γlち一帖（1十日ち一之ん】）cos晦）co減員），  

andtheexplicitexpI・eSSionofGisglVenintheAppendix・Consequently，OneObtains  

（2．ユ3）  

4汀昭エ～  
G（（4＋占2）l／ユβエヱ，銑エz）   （ユ．24）  ガ1∫（qlい払）ニ   

αユ（4＋ム勺ユノヱ  

而tbム＝lqllレα・   

LetusnowdeterminethenormalizationconstantNnin（2．16）．Thequasi－tWO－dimensionalexcitonstategivenby（2．1）  

isnom扇izedas  

l叫仰】〉＝烹・柚rr帥ち，拙  

＝去Jdりd】r刷（ち‖一佃，拙，  （2．ユ5）  

wherethediscretesumisconvertedintoanintegralby（2・4）．S11bstitutingthevariationalenvelopefunction（2．16），itis  

caiculated as 

l＝醐r‖工芸虎亡ど三：：ヱ痛一嘲＋β2（ち胡1′呵綽㈲   

＝叫㍍－drr㍍屯どニュ輌ト2［瑚（ち「和円l仲宵回封  
（2・ユ6）  

Byuseofthepartialintegration，therintegrationcanbeperfbrmedas   

ムddrrexpト2（αヱrユ十Aユ）1′ヱ】＝e‾三明1＋21叫）侮ユ，  （ヱ・27）  

whereAisindependentofr．Thenthenomalizationconditionisreducedto   

二 
二＝ 芋∴ニニ＝，∴二二 土てニーニニ＝二・－ニ三Ⅹニーニニ＝二ご一ニーこニミニてここ＝＝二て‥   二ニミ  

Wherethevariablesaremadenondimensional．LetusintroduceanintegralI（γ）dennedby   

∫（γ）＝‡工二血亡工て；三顧1十γlち一句t）√栃‾㌔t cos晦）cosヱ（吼），  

whoseexplicitexpressionisglVenintheAppendix・Final1y，thenonnalizationconditionbecomes   

l＝弼エタ（2βら）克之，  

andthenormalizationconstantNLisdeterminedas  

（2．29）  

（2．30）   
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α  

エヱ【〟（2甚ヱ）】1′ヱ   

Summarizingal1theresults，thequasi－tWO－dimensionalexcitoかPhononinteractionfbrthedefb皿ation－POtentialcou・  
Plingisobtainedas  

称Ⅹ－■一戦）ユ＋鋸】l乃  

ガ芸㌘ユD）＝‡∑  

ⅩlI・Ⅹi仲   

－∵ニコじ＝  

功引（4＋め1／ユ払z，鮎エヱ）か。G（（4＋ガ）1／三好ヱ，亀エ‡）  

【1＋（ム鳥′2）ヱ】3／之  【1＋ほe／之理／ヱ  

×ll珊〉く叫＝（ム桐西＋ム妄，．一柘－‰）・   （2．32）  

With   

ゐ鳥＝α轟IKll－Ⅹ；‥／α，b亡＝q＝軋－KiJ／α，  

WhereaeaJldaharedefinedin（2．7）andaandβarethevariationalparameterSin（2・16）・Thisexpressionisrathercom・  
tio瓜馳ntbeqWt地肌田Sエヱ  

＿  

利Ⅹtl－K7】  か。  ガリ  
喝㌘D’＝ポ㌍D’＝ ∑  

Kll・Ⅹil  

【1十（古人／2）2】コ／Z【1十（ムノユ理／ヱ  

×恒耳－〉く購＝＝叫．－K．t＋ムと．．一箱），  （ユ．33）  

wherethecomponentq＝Ofthephononwavevectorissetequaltozero，thcquantizationvolume Visreplacedbythe  
quantizationareaS，anduseismadeoftherelation   

引0，0）＝ぴ（0）＝‡．  （2．34）  

Secondly，letusconsiderthethrec－dimensionallimitwhereLzbecomesinfinite．SinceinthiscasethereisrLOPreferential  
spatialdirection，q＝issetequaltozeroandthesubscript＝onKisdropped・Itisseenthat   

（2．35）  G（γ，0）＝2∫（γ），  

andthelimitingfbrmOf（2．29）isgivenas   

limJ（γ）＝3／4γ．  
γ一■∞  

Then，WhentheQWthicknessL＝isinfinite，i・e・，inthethree・dimensionalcase，H筑㌘ヱD｝maybesimplifiedto  

（2．36）  

ち→閣  
∬荒ピD－＝l血∬筑㌘ユD｝＝∑  

Ⅹ，Ⅹ・  

か¢  ♪ひ  
ll∫，Ⅹ・〉く1ぶ，Kl（ふK・＿K＋症＿に一）．（2．37）  

【1十（ゐ鳥／2）ユ】ヱ【1十（みぞ／2）ヱ】2  

Thisisexactlythewell－knownresultfbrthethree－dimensionalexciton・14comparing（2・33）and（2・37），itisfbundthat  
themoststrikingdifferencebetweenthetwo－andthree－dimensionalcasesconsistsinthepowerlawinthesecondsetof  
largeparentheses・Forthelong－WaVelengthphonons，thisdi仔erencemaynotbesigni鮎antsincethequantitiesinthe  
secondsetsoflargeparenthesesof（2．33）and（2．37）arebothessential1yD。－Du・Ontheotherhand，Whentheshort・  
wavelengthphononsareconcerned，thedifftrenceinthepowerlawwillleadtoasigTli重cantdifferenceintheopticaland  

tranSPOrtPrOperties・   

Sofar，thedeformation－POtentialcouplinghasbeendiscussedexclusively・However，itisknownthatthecontribution  
fromthepieヱOelectriccouplinglSnOtnegligibleinGaAs．Thepie2：Oelectriccouplingarisesftomthelongitudinalelectric  

bepiezoelectdcelec伽画Oninteraction  
t1y  

－55－   



‥・EXCITONSINGaAs・AIAsQUANTUM－WELLHEmOSTRUCⅧS  6557  31  

（2・38｝  喘＝孟慧〔嘉】1′2（如・如・如）（ロ三叫佃よ刷）ほ甲十心，  
wheree14，Eo，andEaarethepiezoelectricconstant，thelongitudinaldielectricconstantwithoutthepiezoelectriccontri－  
bution．and theαth comDOnent Ofthe phonon polariヱation vector，reSPeCtively，and thesu．bscript qspecifiesthe  
longitudinal・aCOustic（LA）ortranSVerSe－aCOuStic（TA）phononmode．TheCartesiancomponentsin（2．38）arereftrredto  
with respect to thecubic crystallographicaxes ofthe zinc－blendetypecrystal．The derivationofthepiezoelectric  
exciton・Phononinteractionfbrthequasi・tWO－dimensionalexcitonisstraightfbrward．Repeatlngthesameprocedureasin  
（Z．10）－（2．15），OneOb血ns  

∬慧Jβ2D｝三空聖 ∑ 句  
和‰γ（笹‖－ⅩiJユ＋が′Z  

K臣Ⅹi性α   

×【㌫（町l－Ktん鮎＋録呵I－K‖）ェ鮎＋島（瓦；l－R！－）よ（Ⅹ；一一戦ん】  

G（（4＋め1／牡ヱ，私ら）GH4＋古津′之軋，鮎エg）  
一■  ー∴二＝  

【1＋（ゐ鳥／2）ヱ】3′ヱ  ［1＋（ゐ～／2）ヱ】ユノユ  

×ll叫－〉毎和（占Ⅹi－一足．．射＋占乏．－－Ⅹi西打）・   （ヱ．39）  

wherethefunctions GandZarethesameaSin（2．32），andb，andb鳥aregivenunder（2．32）．hthiscasethefhctor  
withinthesmallsquarebracketsof（2．39）givesrisetotheanisotropice脆ct・げtheextremclytwo－dimensionalcaseis  
consideredand亀issetequaltozero，theanisotropicfactorbecomes㌫（K；rKJl）x（K［‡－Klん，Whichsimplyiznpliesthat  
thepleZOelectriccouplinglSPOSSibleonlywiththeTA・PIlOnOnmOdehavingthepolarizationvectorinthezdirection■  
Ontheotherhand，inthelimitL＝＝∞eXPreSSion（2・39）exactlyreproducesthewell－knownresult16fbrthethree・  
dimensional exciton as 

1月 

喘D｝畔D｝＝ 碧孟慧〔嘉〕（如十如＋如）  
1  1  

恒，Ⅹ＋q〉〈1∫，Ⅹ＝ゐ。げ＋占L。J）・  
【1＋（αムIql／加）Z】ユ【1＋（αelql′加）2】ユ   

（Z．40）  

Thus，Eq．（2．32）fbrH芸『2D｝andEq・（2・ユ9）fbrH慧J㌘2D）givequitegeneralexpressionsoftheexciton－phononinterac一  
tionfbrthequasi－tWO－dimensionalexcitonthatreducesmoothly（asLz→00）tothosefbrthethree－dimensionalexciton・  

VeCtOrQdennedbyQ＝（QIl，Q＝）・Theincreasingrateof  
thenumberofphononswithwrevector（Q‖，Q＝）dueto  

phononemissionbyexcitonsisglVenby  

一方叫（q‖，釧Z（叫珊＋q・1）  

×6（g（Ktけq‡Iトg（鼠Ilト禿山q），  （3・1）   

WhereTZandfarethephononoccupationnunberandthe  
excitondistributionfunction，reSPeCtively，E（Ku）thepar－  

abolictwo－dimensionalexcitonenergy，and血Qtheener－  

gyofacousticphononwithwavevectorQ．Simi1arly，the  
decreaslngrateOfthenumberofphononswithwavevec－  
tor（q＝，Q＝）isgivenby   

ⅠⅠⅠ．KmTIC－ENERGYRELAXATION  

OFqUASIイWO－DIMEN5IONALEXCITON■S  

We now discuss the kinetic－energy relaxation on the  
dispcrsion curve ofthe quasi－tWO－dimensionalexciton，  
adapting Conwell，s argument，17which was originally  
developed fbr the three－dimensionalcase・Itwi11be  
shovmthatthekinetic－energyrelaxationist00fasttoex－  
plaintheexperimentallyobservedenergyrelaxationrate・  
Thequasi－tWO－dimensionalexcitonstatewithatotalwave  
veK｝tOrK‖isdenotedbylK‖〉，aSSumやgthelowestモS  
state fbr the electfOn－holeintemaimotlOn．The matnx  
elementoftheexciton－PhononinteractionderivedinSec・  
ⅠⅠwi11bedenotedbyHex．ph（Q11，Q＝）fbrthephononwave  
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WhereMistheexcitontranslationalmass．Theenergy・  

conservation condition leads to the condition thar the 
magnitudeofexcitonwavevectorKllmuStSatisfy   

lXl出汁M旬／薫一朗l′2憫‥＝∬q． （3．4）  

WhereKQisdefinedbytheright－handside▲Thentheto－  
talincreasingrateofthenumberofphononswithwave  
V∝tOr（qlい銑）isc山culatedas  

戯画（Q‖劇㌔㌦和  

×∂（且（Ⅹtlトg（Ⅹ＝＋qll）＋払q）・  （3・2）  

The common argument ofthe8functionsin（3．1）and  
（3．2）canbewrittenas  

g（E‖十qllト且（Kltトカ血q  

王府（2Ⅹ－－・q－■＋紳／M一触q，（3・3）   

塑 

融   譜鶴、。h（q．．，払）虔濁耶．∬朗  

WhereOoistheanglebetweenK”and QllSatis＆ingthe  
energy－COnSerVationconditionandListhelineardimen－  
Sionofquantizalionvolumede茄nedinSec．ⅠⅠ▲Inthefol－  
lowlngletusassumethat   

肋一／カ《lq11‡／2，  （3・6）  

Where uisthesoundvelocltyOfacoustic－Phononmodes  
andrewritetheintegraloverKllin（3・5）withthatoverthe  

energydefinedbyE＝＃K石／2M・Thenitiscalculatedas  

劇場（∂－β0）  

［（1＋旬げ（Ⅹ＝＋qIl）一花8′（Rl‡）】，（3・5）  
和瓦l－・ql再n∂   

＝軒ヱeサ（3・11）  
ノ盲（卜占e′か／2  

OneObt扇n5   

dⅣq 4了r   

2灯）Z 封割ユ   

薫γ忘l∬ex＿。h（ql巨¢川2  

dr  薫（  （Z〟島）1／Z  】q11   

×ムe瑚叩1＋顆）exp（一島払qトnq】・（3・1Z）  

Theaverageenergyrel弧ationrateofexcitonsisglVen  

g亡X＿。h（q‖，¢ヱ）l三 方  dⅣq 4汀 エヱ  

df  カ（2汀）ヱ  lql‥  γノラ面   

by  

（晋〉＝一志菩血q豊，  

whereNisthetotalnumberofexcitonsdefinedby  

×㍍瑚（1＋吋′（g＋克明）  

一花q′（即／ノ雷Isin∂0ト  （3・7）   

Witb   

丘e＝融ち／2〟≡和石／8〟・  

Bytheinequality（3・6），OnemayaPprOXimateas  

cosβ。＝（乱打むq〃ト蛮）′21K－l・q－‥≡－1qtlレ2lXl‥，  

（3．8）   

and one has 

！sin∂bl＝（トgQノリk）l′ユ，  （3・p）  

whereEKisdefinedby＃K石／2M・Equation（3・7）isthe  
generalexpressionfbrtheincreasIngrateOfphononnum－  
bers．Inthefo1lowlng，theexcitondistributionfunctionis  
assumedtofollowtheBoltzmannstatistics，namely   

（3．13）  

ム〟工ユ  
’‾、‾‾‖り  （3．14）  

訂 2城府●  
Theexplicitexpressionof（3．13）iswrittenas  

（2爪打島）】乃  
（晋）＝－   

g呵h（qlい¢z）‡ユ  

×∑   
q   

払q  
ql‥  

×e‾β‘句（1＋吋叩（一銭血q）－吋．  

（3．15）   

Toobtainamoreexplicitr6ult，thedeformation・pOtential  
coupling derivedin Sec・ⅠIwillbe substituted for the  
exciton－phononinteraction Hex－Ph・Sincethefhnction G  

in（2．32）is a slowly varyingfunction with respeCt tO  
IQEIE and Qzforthephysica11yimportantrangeofpa－  
rameters，OnemaySafelyset銑＝0，i・eり川畑＝lq】in  
Gtoobtain  

′ほ）＝′oexp（一島茸），  

Witb  

（3，10）   

仇＝l／たβれ，  

Where7tistheeffectivctemperatureofexcitonsandfois  
SOmeCOnStant．Infact，theexperimenta11ydeterminedex－  
citon distribution function can be described by the  
Boltzmannstatisticsfairlywe11，aSWillbeshowninSec．  
ⅤⅠⅠ．Thissituationmaybeattainedbyfrequentcol】isions  
amongexcitons・Then，Calculatingtheintegral  
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as distributed among the energetical1ylocalminimum  
Siteswhichareinducedbythewell－thicknessfluctuation  
inthelateraldirectionofaQW．Undersuchasituation  
theenergyrelaxation occursthroughtheexcitonmlgra－  
tioninsearchofthelower－energySites，andtheexciton  
SyStem eVentual1y approaches the energetically global  
minimumstate・T壬Iisproccssofenergyrelaxationiscon－  
Sidered slow compared to the kinetic－energy relaxation  
and，infact，eXplainsquantitativelytheexperimentalener－  
gyrelaxationrate．  

ⅠⅤ．ONE・PHONON－ASSISTED  

TRA＿NSFEROFLOCALIZ  

QUASI・TWO－DIMENSIONAL王XCrrONS   

LetusnowconsiderthequBLSi－tWO－dimensionalexciton  
transftr amonglocalized sites，SuCh astheislandlike  
StruCturinaQWthatareinducedbythewe11－thickness  
fluct11at10ninthelateraldirection．Ageneraltheorywill  
bedevelopedwithoutrecoursetothedetailsofthelocal－  
izedsites，namelytllemicroscopicstruCtureOfthedisor－  
der．In the process of exciton transftr・the energy  
mismatchofexcitonsiscompensatedfbrbyacousticpho－  
nons．Atlowtemperaturesonlytheone－Phonon－aSSisted  
processneedstobetakenintoaccount，Sincetherelevant  
energy mismatchisless thanlmeVand rathersmall．  
neexcitonstatelocalizedatsite Rawi11bedenotedby  
lR4〉，aSSum享ngthelowestlsstatefbrtheelectron－hole  

intemal motlOn．The relevant Hamiltomians fbr the  
Phonon－aSSisted excitontranS氏r are the exciton－Phonon  
interactionHami1toniandenotedbyHcx・Phandtheinter・  

SitetransfヒrHamiltoniandenotedby私．Thenthereare  
threepossibilitiesfortheexcitontransferfromsiteR。tO  

SiteRb，namely  

（a｝凧；乃q〉 （4・l）  

h 

（b）lRα；乃q〉 
h 

（c）IR萌〉悔；乃q〉 
h 

WherenQrePreSentStheoccupationnumberofphonons  
relevanttotheexcitontransfbr．Term（a）arisesfrom the  
first－Order perturbation processwith respect to Hex・ph，  

Whereas terms（b）and（c）are thecontributions from the  

SeCOnd－Orderperturbationprocessuslngboth耳呵血and  

j㌔oncefbreach．18Aswi11beseenlater，tem（a）ispos－  
Siblethroughtheoverlapofexcitonwavefunctionsandis  
Shortrangedinnature，Whileterms（b）and（c）areeffk－  
tiveoveralongrange，1ngeneral・Thetransitionampli・  
tudeoftheexcitontransferfbreachprocessin（4．1）－（4．3）  
isglVena5follows：  

（4．4）  

♪。  旦旦⊥  

御〝  【1＋（αゐIql／加）ヱ】3／ヱ  

かひ  

【1＋（α亡Iql／2α）ヱ］ユ′ヱ  

1′Z  

≡陳】  （か¢一札），  （3．16）  

Wheretosimpli抒the・algebraicrnanipulations，itissup－  
POSed that bh and bein（2・32）are smal1，and that  
（4＋bi）l／ヱand（4＋bZ）l／Zarenearlyequalto2．Substi－  
tutingthisexpressioninto（3．15），OneObtains  

（♪。一礼）ヱ  

粛  
＝－（2爪肘鉄）1′ヱ   

姉  

×ム∞d¢e3e‾構  

×【（1＋乃q）exp（－島払qト乃q】，  

（3．17）   

wit血   

石¢＝ガ¢ヱ／8〟・  

Byuslngtheexperimentaldata   

㌔望20Ⅹ二a皿d了1＝4・ユK，  

whereTtisthelatticetemperatureand，Choosingthema－  
tedalparametersofGaAsgivenindetai1inSec・Vrr，the  
energyrela3（ationrateiscalculatedas  

（晋〉  
芸20×1がev／s．  （3．18）  

This valueislorderofmagnitudelarger than the ob－  
servedvalueof（2－3）×106ev／s．Furthermore，itcanbe  
shownthattheefr由tivetemperatureofexcitonsdecreases  
from20to4．2Kwithin．severaltens of picosecorlds．  
Sincethereisanadditionalrelaxationmechanism dueto  
thepie2：Oelectriccoupling，thetheoreticalYalueoftheen－  
ergyrelaxationratebecomeslargerandthediscrepancy  
increases．Thusitisconcludedthattheobservedslowen－  
ergyrelaxationcannotbeexplainedbythekinetic－energy  
relaxation on the dispersion curve of the quasi－tWO－  
dimensionalexciton．When the excitons relax on the  
two・dimensionaldispersioncurveandaccumulateonthe  
low・energypOrtionofthedensityofstates，theexcitons  
become moreandmoreimmobileandcanbeconsidered  

（a）（Rム；乃q±1l∬。X．phIR．；花q〉，  

J㌔凧；乃q±1〉（R。；乃q±l岬。呵巾IR。；乃q〉  くRb；〃q±1  

芋払q  

くRむ；乃q±1岬。叩h凧；乃q〉くRム；乃q  私IR。；乃q〉  

±血q  
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andthusthelocalizedexcitonstate［R。〉isnormanzed  
COrreCtly   

り㌔lR。〉＝1・  （4・10）  

ThefunctionalfbmofGdependsonthedetai1sofmicro－  
scopIC COnfigu∫ation ofthelocalized state・Untilnow，  
therehasbeennosystematicstudyofthisstlqeCt・How－  
ever，thedynamicalpropertiesofthesystem，SuChasthc  
energyrelaxation，arenOteXPeCtedtobeverysensitiveto  
themicroscopicdetai1soflocaliヱation，butmaybecharac－  
terizedbyonlyaftwparameters，SuChasthelocalization  
length．hthispapertwotypicalcasesofexcitonlocaliza・  
tionwi11beexamined，namely（1）theGaussiancase，   

（4・11）  

叩－）＝毒叩（一翻れ  
and（ユ）tbeexponentialcase，   

（ヰ・1ヱ）  叩・）＝去叩（」R＝憫），  
WhereEisthecharacteristiclocalizationlength．nen，in－  
troducingthetwo－dimensionalFourier trmsfbrn ofthe  
locdization血nctionもy   

G（R‖一札）＝J蕗‖e肱‖●Rllg（K‖，R．），（4．13）  

one obtains 

Where色｝QisthephononftequencywithwavevectorQ・  
Theintersiteexcitontransf＆Hamiltonianj㌔arisesたom  
theelectron－electroninteractionHamiltonian，andthema－  
trixelementisindepend飢tOfthephononstate．Th11Sit  
Canbewdttena5   

J（tR。－Rム】）＝〈Rb】月這IR。〉・  （4・7）  

TheexplicitcalculationofJ（R）willbegiveninSec・V・  
TocalculatethematrixelementofHcx・Ph，thelocalized  

excitonstatemustbespecinedmoreexplicitly・   
Thelocalized quasi－tWO－dimensionalexcitonstate can  

berepr翁entedas  

lRα〉＝ひ0∑G（Rll－R。）ダ1．（ー珊－ー伸ち，勾）  
㌔・rJ■  

×屯叫lO〉，  （4．8）  

Where thcIs exciton envelopefhnction FIsis glVenin  
（2．16）and the nlnCtion G describes the two・dimensional  

localizationoftheexcitoncenterofmass Rde且nedby  
（2・2）・nenOtation5軸dc㌔・弧dαp㌔訂egiYeninSec・ⅠⅠ・  

nehnction Gisnonnalizeda5   

Jd穣‖博（R‖一R。）lユ＝1，  （4・9）  

凧〉判。∑引R－I一札）∫1∫（ー拙一旬●－，ち，布）屯叫囲・  
㌔■rl   

＝J叫．g（Ⅹ臣粘）u。∑e∫Ⅹtl－RttF血．－一旬いち，ヱ轟）広軌囲  
rt■rl   

＝エJd徳‖g（R■一札）笹＝〉・  （ヰ．14）  

g（Ⅹt．駆蒜撫瑚．R）叩卜咽）  

－ （4・16）  

．）ヱ】3乃，  

Where（K‖＝JK”；，Jo（x）isth！．ZerOth・OrderBesselfunc一  
心on，弧d也e餌lowhgfbm血15is那e血  

Whereuseismadeof（2．1）．Thus，eVidently，thelocaliヱed  
excitonstateconsistsofthesuperpositionofextendedex－  
Citonstates・neeXPlicitexpressionofgisglVenaSfbl・  
lows：（1）Ga心Sianc鮎e，   

g（瞞）＝嘉叩（一凧・Rα一珊／2），  

（4．15）   

md（ユ）exponentidcase，  

ム00血ズg－『伽）＝  （4．17）  
（丘ユ＋㍍）ユ／ヱ   

Thematrixelementoftheexciton－Phononinteractioncan  
becalculatedbyusingtheexpression（4．14）as   

〈Rぁ；乃q±1岬。X＿。hlR。；句〉＝エユノd叫一丁dヱ∬－－g■（RiいRぁ）g（Ⅹt■凧）呵－；乃q±1岬叫l鼠腔q〉・  （4・18）  

nematrixelementontheright－handsideistakenbetweenthetwo－dimensionallyextendedexcitonstatesandcanbe  
Writtena5   

8 
（ヰ・19｝  鱗．；乃。±＝ガふ。h凧；乃。〉＝8柵Ⅹ‖㈲ガ叫IiK‖〉。＝叫珊一柳亡夫・。h（q‖・釦  

whereinthesecondequalitytheKronecker8functionischangedtothcDirac6functionandafactorrelatedtothepho－  
nonabsorptionoremissionisnotwrittenexplicitlybyincorporatingthefactorinHex－Ph（QII，Q＝）・AsshowninSe亡・ⅠⅠ，  
thematrixelementくK；IIH。X＿。hlKl！〉QdependsonlyonthephononmomerltuInQandthusiswrittenasH。X－Ph（qI，Qz）・  
Then，inthecaseofGaussianlocalizationoneobtains  
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qll・（R。＋R∂）gZ¢吊  
■l■■  

（RローRb）ユ  
〈R占；乃q士りガ。X＿phJR。；乃q〉＝既p  ∬。叩b（q＝，払），  （ヰ．20）  

4ぎヱ  
2  4  

While，inthecaseofexponentiallocalization，theresultisglVenaS  

〈Rb；嗅岬叫凧；乃。〉譜expト榔（R。鴎）／2】  
exp［～Ⅹl‡・（Rb－R。り   

×Jd徳1－  ユ   ∬亡叩h（q】け留吉）・（ヰ・ユ1）   

rl＋（2引ⅩlI→qll／2げ〕3彗1＋（2引見汗q‖／2げ】ユ′  

Now，thetransitionamplitudeoftheexcitontransferftomsiteR。tOSiteRbfbrthecaseofGaussiaLnlocalizationis  

cdculatedas  

gユ¢蕎（軋－Rb）ヱ  －Jq‖■（Rd鴫）乃 
くR∂げ凧〉q＝e 叩  ガ。叩h（q！け払）  

ヰニ ご＝こ－ テユl∬画 

J（lR。－Rム】）  
（e－iq‖tRふ－e－fq‖・㌔ ）exp  

（恥払）  （4．ユヱ）  十   
札一方b  

Thenrsttemontheright－handsideisthecontribution  
fromprocess（a）in（4tl）andthesecondtemcombinesthe  
COntributionfromprocesses（b）aJld（c）in（4・2）and（4・3）．  

The first term contains the Gaussian factor 
叩ト（R。－Rム）Z／4gZ】aやing肋mtbeovα1apint呼出  
betweentwolocalizedexcltOnStateSandhasashort－range  
character．Ontheotherhand，thesecondtermin（4．22）  
dependsonthedistanCelR。－Rb（throughthe魚1nCtion  
J（tR。－Rム暮）弧dtbecoberence鈷ctor   

exp（－iql】・Rぁトexp（－Jqtl●Ro），  

Whicharegeneral1yeffktiveoveralongrange・Thecom－  
monfactorexp（－E2Q吊〃）impliesthatthemagmitudeof  
thewavevectorofphononswhichcaninteractwiththe  
localizedexcitonislimitedwithinaftwtimestheinverse  
localizationlength．In thecase ofexponentiallocali2：a－  

transitionamplitudeisobtained，theexcitontransferrate  
Canbecalculatedby  

r（悔一恥凧一札ぁl）芸苦言牌ふ隅〉qlヱ  

×∂（札一馬士血）q）・  

（4ユ3）  

htわeabsoiutesquareoftbetransitionampユitlユdら血ere  
appears theinterference between two termsin（4．22）．  
However，thisinteI免rencetermwi11beneglectedsincethe  
relevantspatialrangeofthetwotemsisquitedifferent  
andthecontributionfrom theinterftrencetermmaybe  
Smail・Tocalcujatetbeexcitontr弧S知mtemoreexpli－  
Citly，thematrixelementoftheintersitetransftrHamil－  

tion，thetransitionamplitudeshowssimilar托atures，al－ tOnian私must be calculated．This matrix element，  
thoughits expressionis more complicated・When the J（R），wi11bestudiedinthenextsection．   

V・INTERSITETRANSFERMATRIX玉LEMENTFORLOCALI2：EI）QUASI－TWO－DIMENSIONALEXCITONS   

hthissectionthematrixelementJ（R）oftheintersitetransftrHamiltonian亀iscalculated，anditisshownthat  
J（R）behaveslikethedipole・dipoleinteractionatadistancem11ChlongerthantheexcitonBohrradiusandthelocali2：a－  
tionlength・Asgivenin（4・8），thelocalizedquasi－tWO－dimensionalexcitonstatecanberepresentedas  

lRd〉ニUo∑軋，ーん；軋）dよ‘d打力回判0∑G（R．．－R。）ダ1高一－－r柚ち，ヱた砿α打人世・  
r亡・r鳥  ㌔・rん  

TheintersitetransftrHamiltonianB云isglVenbytheelectron・electroninteractionfIamiltonian，namely  

（5．1）  

私＝りd3イdjr′折ー坤ナ（r′）  桝r′）ゆ（ー），   （5．2）  
句tr－r′  

Where句）and¢（r）arethedielectTicconstantandtheelectroか鮎Idoperator，reSPeCtively．Thenthematrixelementiscal－  
culateda5   

J（iR。－Rム‡）＝〈Rbり㌔IR。〉  

＝び岩∑∑デー（ー；，ー凧）軋，一員凡）くOI症¢。r；躯よ亡dひ．月岡  
r；，ーん㌔・㌔  

＝び孟∑∑斉■（r；，血Rb承re，rム；R。）［F（cr；，リー鳥；Crビ，びーい－γ（打と，膵轟；Ur完，Cre）】，  （5．3）  

I             r‘，ームー一再  
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y（叩l，岬z；叩3，α4乃4）＝‡Jd3rJd3r偶l乃l（ー）砿ヱ〝ヱ（r′）  ¢甲3け坤叩ヰ（ー），   （5．4）  
ぞolr－r′  

Where¢ah（r）istheWannierfunctionoftheathbandatsiten．Whentheintersitedistanceislongerthanthelocaliza－  

tionlengthEandthetwo－dimensionalexcitonBohrradiusa屋D，i．e．，   

】R。－Rbl》録jD，  （5．5）  

ittumsoutthattheexchangetem，namelythe毘rsttenninsquarebracketsontheright・handsideof（5．3），isdominant．  
Then，byuslngtheusualmultipoleexpansionoftheCoulombinteraction，19oneobtains  

小1－3n叫∑∑∂r‘・r㍉小五門ー；・一肌）毎，r鳥丸），       r 
亡塙ー：，rん  

J（】R。－RJ）＝  （5．6）  
2tRα－Rbl3  

Witb   

〝＝eJd3r¢：、（ー）（トち）転（r）弧dn＝（R。－Rム）／凧－Rbl   （5．了）  

WheretheWannierfunctionsareassumedtobewelllocalizedateachsite．Tocalculate（5．6）moreexplicitly，theGauss－  

i皿Ⅰ∝alizatio∫lin（4・11）wiユ1beemployeda5  

1   

毎，r鳥丸）＝荷eXp（一IRtl－Rαlヱ／2紬∫（ー珊－ー帥ち，ヱん）・  
UsingthenomalizationfhctorNLin（2・31），OneObtains  

（5．8）  

u岩∑．∑斉書（ー；・一肌）れ・r月；R¢）8、，rh8小ん   
r一・r鳥ー：．ー；  

＝怯∫dヱr  Rlヱ／軒仏紙炭価刷（0，ち，ヱ‘）  

（5．9）  

eXpl－lr  

＝昭汀gユェ三＝（αg）三／∫（2βエヱ），   

where thefunctionI（x）is definedin（2．29）．Then the  

matdxelementin（5．6）becom鰭  

咽－Rムー）＝ 忌上・（5・10）  
T  

Thisisatypicalfbmofthedipole－dipoleinteraction．In  
the払1lowingtheangulardependencein（5．10）isdropped  
andtheisotropicfbmwillbeassumedas  

Bychooeingthevalu甲ALT三0・08meV，ZOaB＝136Å，Zl  
g＝150A，a－l＝100A，andβL＝＝0．37，11itiscalculated  

aS  

J（tb∞r）＝5．3xlO之evÅ3．  （5．15）  

J（凧＿Rむl）＝空染 2J（2 
This valuewillbe cornparedwiththat whichgives the  
bestfitoftheorytoexperimentfbrtheenergyrelaxation  
in5ec．ⅤⅠⅠ．   

Sofhr，thebehaviorofJ（R）hasbeenstudiedatlong  
distances，i．e．，underthecondition of（5．5）．htheinter－  
mediaterange，inwhichtheintersitedistanCeiscompar－  
able to the exciton Bohr radiu5and／Or thelocaliヱa．tion  

length，thecalculationofJ（R）isafatherinvoIYedprob－  
1em・Inthisrange，aneXpOnential－tyPetunnelingtransfer  
isusual1yassumedwithoutangoroustheoreticalbasis．22  
Someinterpolation between tunneling－tyPe tranSfbr and  
dipole－dipoletypetransfermaybeappropriatetosimulate  
tbe true bellaVior ofJ（R）．However，血e details or tbe  

distancedependenceoftheintersitetransferdonotaf托ct  
sensitively the energy relaxation oflocalized excitons，  
Sincetheenergyrelaxationrateisdeterminedbythespa・  
tialintegralofJ2（R）multipliedbyotherfunctions・In  
this paper both cases，dipole－dipole type transfer and  
tunneling－typetranSfer，wi11beexamined．  

（5．11）  
甚ヱ）lR。－RふI3   

witll   

d＝［く（ト3n・n）り】1／三石（÷）1′ヱ，  （5．12）  

Where the angular brackets denote theangular average・  
Asis wellknown，thelongitudinal－tranSVerSe（LT）spliト  
tingofexcitonsatthezonecenterisglVenby19   

（5・13）  ALT（k＝0｝＝晋，  
WhereoBistheBohrradiusofthethree－dimensionalexci－  

ton．Finally，Onearrivesattheexpression  

∫（tR。一札ムl）  

ALT毒（αg）2A I  J  

8∫（ヱβエg）lR。－RみI3‡R。－Rム曇3●  

（5．14）  
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VI．ESTIMATIONOFEXCrrONTRANSFERRATE   

Nowthatthematrixelementsoftheq11aSi－tWO－dimensionalexciton－PhononinteractionandtheintersitetranSfbrHam・  
iltonianhavebeendetemined，theexcitontransftrratecanbeestimatedexplicitly．ThetransitionamplitudeisglVenby  

（4．22）fbrthecaseofGaussianlocalization．Asmentionedthere，theinter鈷rencebetweenthetwotemsin（4．22）wi11be  
neglected．Thenonehas  

IR。－Rムlヱ  
l〈RぁIrl㌔〉qlヱ≡既p  ‡∬ex＿。h（q－いeヱ）lヱ  

ト響〕  J2（lR。－Rふl）  
le 

－fql内－e－∫q‖●R■ 
Iヱexp   岬呵h（qll，eご）12，   （6・1）  ＋  

屯一首blヱ  

Wheretheexciton－phononmatrixelementisabbreviatedasHex・Ph・andtheargu禦entSQ＝aJldQzarethecomponentsof  
thephononwavevectorparal1elandperpendiculartotheQWinterface，reSPeCtlVely・Inthesecondterm，thereapp㌣S  

thecoherencefactorlexp（－EQIl・Rb）－eXP（－1QIJ・Ra）12duetotheinterftrencebetweepphon？nemissionorabsorptlOn  
atdifftrentsites・Thematrixelementofthequasi－tWO－dimensionalexciton－phononlnteraCtlOnfbrthedefomation－  
POtentialcoupiingisgivenby（2・32）as  

G（（4＋扁）l′ヱβエヱ，¢zエヱ）  G（（4＋ムさ）l′Zβエz，¢ヱエヱ）  カ（蛮十eブ）1′ヱ  

1 g荒㌘之D’（q■い銑）＝す   J（2凪ご）（6．2）  

（占．3）  

［1十（ふノヱ）ヱ】3／ヱ  ［1十（占ム／2）ヱ］3／Z  

＝三♪（lq一‥，銑）／ノア，  

with   

∂鳥＝α鳥Iq‡直厄弧d∂亡＝α亡Iql古血，  

Whereafactorrelatedtothephononabsorptionoremissionisomittedand三Disde貴nedby（6．3）．Inthesummation  

overQ＝（Q［I，Q＝）in（4・23），themagnitudelQI＝（Qa十QZ）l／2is鮎edbytheenergy・COnSerVationfhctorandonlythe  
angularintegrationremains．neintegrationofthecoherencefactoroverthepolarangle≠resultsin   

拾舶‾f伸一e‾fq‖■Rα lユ＝叫1－J。（l吼＝札－R洞，  （6・4）  

WhereJoisthezeroth－OrderBesselfunction・Thenthetransitionprobabilityfbrthedefbrmation－POtential（DF）coupling  

is（⊃扇culatdas  

rD購一恥凧－R紺＝苦言牌刷Rα〉q囲一揖叫  

糎nβexpト竿】三蜘，eCOS別  ‡R。－Rふ】之  
＝盈expト  

∫ヱ（lR。－Rムl）  
・  

×【トーん（引R。－RムIsin∂胆五（¢sin♂，¢cos郎，（6．5）   

wherethemagnitlユdeofphononwavevectorQisdenotedsimplybyQandisgivenby壬E。－Ebl／血withthesound  

velocityuofthelongitudinal－aCOuSticphononrnode．Similarly，inthecaseofexponentiallocali2＝ation，Onehas  

rDF㈹一哉トト軋－Rbt）＝志方∬dげ朗血β軸RローRb）三池inβ伽S即  

Jヱ（lR。－Rbl）  
eヱ   片肌n∂∫ヱ（esin町－J。（引Rα－R5i5i嘲   

×三も（esinβ，eCO弓削，  

℡蕎ヱ“‡札－∬ゐlヱ  

（6．d）  

Where   

川q－＝）＝誓Jd2片．．  （6．7）   

［1＋（2引Kl暮－qll／Zげ】3′ユ【1＋（2古体‖＋q－t／Zt）ヱ］ユノZ  
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exp【∫埠】・（RぁーRα）】  

【1＋（2glX－t－q暮l／2げ】3′2【1＋（2glE汗qll／ユl）ヱ】3／Z  

Here，ZisafunctionofonlythemagnitudeofQll，WhilethefunctionKisdependentalsoontheanglebetweenQ］1and  

Ra－Rb．Thesearethecompleteexpressionsoftheexcitontransfbrrateforthecaseofdefbrmation・POtentialcoupling・  
Inpractice，howev：er，thecalculationoftheangularintegralsin（6．5）and（6．6）israthercumbersome，anditisdesirableto  
SimplifytheseexpressionsbyintroduciTlgareaSOnableapproximation．Itiscon茄rmednumericallythatthefunction  

l  

Q‖l，lQz［≦10bcm－1andL＝≦100Å．ThusonemaysafblysetO＝7T／2in＝。（QsinO，Qcose）andputitout・  
三∂＝ql  

Where  
SidetheintegralandfurtherreplacetheintegraloverObylTtimesthcarithmeticmeanofthevaluesoftheintegrandat  
O＝OandO＝7T／2．Thenthetransitionprobabilityin（6．5）canbeapproximatedas  

鑑 ㌢〕  
凧－Rblヱ  rDF順一恥凧－R紺芸濃expト  ＿   三島（q，0）  

2貫之  

expト苧】  
J2（‡R。一札ふl）  ¢ヱ  ［トーJo（針R。－Rふ川三も（¢，0）． （6・9）  ＋  

2机l筏一方blヱ  

Withuseofrelation（2．35），＝D（Q，0）canbewrittenas  

レ  

♪。∫H4十めl／ユβエz）β。〃（4＋めl′2βエヱ）  

三♪（¢，0）＝  ∫（2βエヱ）．  （6．10）  
【1＋（占ん／2）ヱ】3乃  【1＋（占亡乃）三】3／2  

Notingthatb．芸bh≦1fbrthewavevectorlQl≦106cm‾1，itcanbeapproximatedas  

か。  ♪ひ  
（6．11）  ≡β（e，0）≡  

【1＋（毎／之円3／ヱ【1＋（ムノ2）ヱ】3′ヱ  

In asimi1arway，OneCan Simpli脊（6．6）fbrthecaseofexponentiallocali2：ation，Asseenfrom（6．8），thefunction  
KZ（Q”，R）issensitivelydependentontheanglebetweenqrandR・However，Whenintegratedspatial1yoverR，thean－  
gulardependencevanishesandtheresultdependsweaklyon［QllトIntherateequation陶rtheexcitondistribution  
function，aSwi11beshownlater，thespatialintegralofK2isphysicallyrelevant・Thus，inanticipationoftheirlateruse  
intherateequation，theOand¢integrationsin（6．6）canbesimpli点edas  

r。F順一動トト軋－Rbl）芸濃鞠R庄一R滴（e，0）  
Jヱ（‡RJ－Rふl）  ¢Z   Jユ（e）〔トJo（引R。－Rい）1三も（¢，0）．  （6．12）  ＋  

2方ヱ“ 卜屯一馬lヱ  

Equations（6．9）and（6．12）with（6．11）arethebasicexpressionsoftheexcitontranSftrrateviathedefbmation・POtential  
COuplingthatwi11beusedintherateequation・   
Next，theprobabilityofexcitontranSftrviathepieヱOelectriccouplingwi11becalculated・hthiscasethecouplinglS  

high1yanisotropic・Letusintroduceapiezoelectriccouplingfunction＝買（lQIJ，Qz）dennedby  

レ  

GH4＋扉）1／之βエア，銑エヱ）引（4＋ムご）1′2βら，鈷エz）  
一  4∬eg14   

∈0  

∫（2βら），  三言（tqllI，e三）＝  
神町（e箭＋¢三）l／ユ  【1＋（占ん′′之曹／ヱ  【1十（占ノ2）ヱ】3／ユ  

（6．13）  

wherethefunctions Gand（and thevariables bh and be arethe sameasin（2－32）andthesufnx qspeci点es the  
longitudinal－aCOuStic（LA－）ortranSVerSe－aCOuStic（TA－）phononrnode・Then，fbrthecaseofGaussianlocalizationthe  
excitontransferrateviathepie2：OelectriccouplinglSCalculatedas  
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rpz（1屯－ちt，lR。－Rむl）  

譜畑刷Rα〉q陶一揖叫  

鳩胸錘i血p  lR。－Rblユ  1  

‾高評eXp  2gヱ  

×【三芳（eαSinβ，eJCOS8）】2d乏（瑚）  

緩苗錘inβexp  
Jヱ（lR。－Rbl）  

・  
辛  屯一方ム12  

×le‾′qJ－Rふ－e‾∫qJ■Rり 【三言胤sinβ，eαCOSβ）】ヱd乏（β刺，（6．14）  

Wherethemagnitudeofphonon？aVeVeCtOrQqisdeterminedbylEd－EbJmuqwiththesoundvelocityuqfbrq（LA  
OrTA）phononmode，andtlleanlSOtrOPyfhctorAq（0，4）isgivenas   

du織卵＝‡sinヱ♂cosβ血神，  （6．15）   

ATA（0，4）＝‡（sinO－3sin30）sin24・Or‡sin20cos2¢，  （6．16）  

WheretheresultsareshownfbrtwopossibilitiesofthepolarizationdirectionoftheTAmode・Formula（6．14）isquite  

general，butitscalculationisrathercomplicated－Thusitisdesirabletosimpl勒theexpre＄Sionbyintroducingthesa皿e  
kindofapproximationastoreduce（6．5）to（6．9），As71Otedbefbre，thefunctionGin（6．13）isaslowlyvaryingftmction  
withrespecttolqL［andQ＝fbrthephysicallyimportantrangeOfparameters，andthus＝茅（lQIJ，Qz）isalsosucha  
function．Furthemore，Sincethemaincontributiontothetransferratecomes丘omtherangefQ≦l，thel00alization  
fhctorexp（－E2Qヱsinユ0／2）mayberegardedassIowiyvaryingwithrespectto8．ThusonemaysupposethatO＝q／2in  
both三言andthelocalizationfactorandputthesefhctorsoutsidetheintegral・Thepiezoelectriccouplingfunctionisre・  

duced to 

レ  

三脚＝  豊島  
∫（（4＋bg）1ノ甑ヱ）∫＝4＋め1／2βら）  

J（2ノ鑑三），  （6．1了）  
【1＋（占鳥／之）2】】／ヱ 【1＋（ゐノ2）之】3／ユ  

witb   

占鳥＝α轟e／αandム亡＝α亡e／α■  

Bynotlngthatb＾望be≦1，thepieヱOelectriccouplingfunctionisfurthersimplinedto  

≡榔望豊島  
1  1  

（6．18）  
【1＋（ゐ鳥／2）ヱ］ユ乃【1＋（占e／2）ユ】3′ヱ  

Thenperfbrmingtheangularintegrationoftheanisotropic払ctorandthecoherencefhctor，OneObtains  

丁剰ヱ‾■  ］言誤Ⅹpト学卜馳，0瓶  lR。－R占lヱ  
r陀（悔－あトト軋－Rい）≡  

r：一  

＋  

2gヱ  

言誤Ⅹpト呈糾…削）］㌔， （6・19）  

Jヱ（lR。－Rbl）  

屯一方ムlヱ  

witb   

βLA＝12汀／35，月TA＝16汀／35，   

fLA＝2BLA一号］：dOsin50cos20［J。（QLARabSinO）－J4（QLARabSinO）cos（鶴）】，   

fTA＝2BTA一号Hd8sin30（sin20－2cos20）2［Jo（QTÅRabSinO）－J4（QTARdbSinO）cos（44。b）］  

一号］：dOsinOsin228［Jo（QTARabSin8）・J4（QTÅRabSinβ）cos（叫ab）］，  

（6．20）   
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whereJoandJ4arethezeroth－andfburth・OrderBesselfunction，reSPeCtively，andR。b＝lRa－RbJand¢。bisthean・  
glebetwe巳nR。－RbandoneofthecrystallographicaxesintheQWinterfaceplane・Thesefomuiasaresufficiently  
Simpletobeusefulinpracticalcalculationoftheexcitontrans知rate・   

Forthesakeofcompleteness，theresultsfbrthecaseofexponentiallocalizationwillbegivent Thegeneralfbrmulais  

given as 

t 

二こ三二一三－・・こRニーRT＝士言草＿＿二●二∴■－‾ごここニニ壬刊ニ・R＝－R＝‥≡三三－ニニ：：÷一三－こ三さご二ニー王‡三－ニ  

IJ2（lR。一札い）  
1－  

（2輔ニ  悔－ち‡ヱ  

×緩榊瀞融（銅n鋸  
×te‾∫qJ■Rb－e‾fqJ■Rd‡ユ【≡買（eJSin∂，¢JCOSβ）出師刷・  

（6．ユ1）   

htroducingthesamekindofapproximationasusedinreducing（6・14）to（6・19），OneCanSimplify（6・21）to  

rpz（・Mbト凧－Rbt）望紬RローR澗q誹2月J  

加紬0）仇  1J之（lR。一見占l）  
＋   

（2打刻ユ 岬。一点ムlヱ  

WhereBqandfqatethes警neaSde鮎edin（6・20）・and  

tbeme皿i喝Ofだユ（q，R）isglVenめove（6．12）．   
h therateequation fbrtheexcitondistributionfunc－  

tion，thereappearsthetwo・dimensionalspatialintegration  
of the transfbr probability T（（E。－Ebl，！R。－Rbf）・  
LetusnowcalculatethespatialintegralassumlngaSuit－  
ablefbmfbrtbeintertsite皿出dxelementJ（R）．hSec．  

Ⅴ，itisshownthatJ（R）behavesas   

J（R）＝プ／及3，  （6．ユ3）  

故ethedipole－dipoleinteractionintheTeglOnWhereRis  
largertbanbotbtbelocaliヱationle喝tbandtbeBobrra－  
diusofthetwo・dimensionalexciton．However，itisquite  
diff；culttoderive，theoretical1y，thebehaviorofJ（R）over  
theentirerangeofR．Thusadipole－dipoletypetranSftr  
wi11beassumedforJ（R），Witbalowercu．toだatthelocal－  
izationlengthg．Asanother choice，thetunneling－tyPe  
trans舘rgivenby  

J（R）ごJe叩（－∂R／2）  （‘．ユ4）  

wi11be examined，Where8‾1is the order of the two4  
dimensionalexcitonBohrradi‘usandJis aphenomeno・  
logicalconstant．Inthiscaseitisnotnecessarytointro・  
duceacutoff．Sincethereappearaftwtypesofspatial  
d甲endenceonlR。－Rblintbeexcitont一肌Sferratちit  
issu爪cienttoglVetheresultsfbrtypicalterms．Inthe  
integration the spatial distribution function F（R）of  
nearest－neighborsites atadistanCe R mustbeincluded．  
hthetwo・dimensionalcase，F（R）isgivenby   

ダ（R）＝eXp（一打Rヱル0），  （6．25）  

whereo甘Iisthearealnumbefdensityofislandlikestruc－  
tures．sinceo・oisoftheorderoflO－11cmユ，F（R）can  
Oftenbeneglected，incomparisonwithothermorerapidly  
decayingfunctions．Thenthetypicalspatialintegralsare  
calculated as 

Jd徳exp（－が／ユざ之）＝2ぜ，  

Jd徳∬ユ（Q－いR）ニ25吋J叫l  
【1十（2引K－－－q一■／2げ】3【1十（2引Ⅹ什q■－／ユ＝ヱ】ユ  

Forthedipole－dipoletypetraJISfer（6・23），OneObtains   

r戯Rガ℡榊ヱ（凡ぽほ）【トJo（捌ニム∞戯Rガ∬d頼R）照）【1－ん（卵）・cos（叫町e見り  

With   

＝学際－2，舶0）一方（e叶  
鋸如ヰだ虎Jo（ヱ）exp（一昭ユ／αoe2）が，  

（6．之畠）  

（6．29）   
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Wherer（z，P）i畠theincompleterfunctionde茄nedby   

r（ヱ，〆＝差印加サl  （6・30）  

Here，thenearest－neighborsitedistributionfunction F（R）isincludedexplicitly，becauseboththedipole・dipoIetype  

transfbrJ（R）andthezeroth－Order】〕esselfunctionJo（QR）showrathersIowspatialdecay．Similarly，fbrtheturmeling－  
typetr皿Sfer（6．24）theabovequantityiscalculatedas  

妻空  

JdヱRJ畑【トん（捌＝               6ヱ  
（6．31）  

【1＋（¢／8）ヱユユノヱ   

Wherefbrmula（4・17）isused・Bycombiningalloftheresults，theexcitontranSferrateanditsspatialintegrationcanbe  

Calculatedfbrboththedefbmation－pOtentialandpiezoeiectdccoupling，fbrbothcaLSeSOftheGaussianandexponential  

localization，andfbrbothcasesofthedipole－dipoletypeandtunneling－typetranSftr．   
Final1y，forillustrativepurposes，1etuscalc11latethespatiallyintegratedtraJIS鎚rratefbrthesimplestcaseofGaussian  

localizationandttLnneling－tyPetranSf血Forthedefbmation－POtentialcoupling，makinguseof（6．9），（6．11），and（6．31），  
OneObt由ns  

∫舶榊＝怠［号＋孟  【1＋（e／8）Z】3／Z  

か。  か。  
（6．32）  

【1＋（αん¢／2α）2】ユ′ヱ【1＋（α－e／2α）ヱ】3′ヱ  

Similarly，fbrthecaseofpieヱOelectriccoupling，1tlSCalculatedas  

2亨【鋸語鹿叩卜響】  摩  1 Jd叫z（即）＝高石   

（6．33）  

【l＋（αゐeノ2α）之】3／ヱ【1＋（αgeノ2α）ヱ】3乃  

witb   
旦仏ご12汀／35，βTÅ＝16∬／35，  

ん＝号だ朗sin5∂cosユ∂  （‘．34）  
【1十（eusin∂／8）ヱ】3′ヱ  

ん＝号だ跳in触in4β－16sinユβ刷  【l＋（¢TA5in8／8）ヱ］右佗  

1ayertransftrofexcitonsthro11ghtheAIAsbarrierlayeris  
neglectedandonlytheexcitontransfbrwithinaQWwi11  
be takeninto accourLt．Thus the problemis reduced to  
thatofasingleQW．AsnotedintheIntroduction，dueto  
thefluctuation ofthewellthicknessin thelateraldirec．  
tionofaQW，theq11aSi－tWO・dimensionalexcitorlSCanbe  
locali2：edatsuchislandlikestructures．Theenergyrelaxむ  
tion occurs through the exciton mlgrationin s訟rCh of  
lower・energySlteS．NowfbrsimplicityanBLSSumPtionwi11  
beintroducedthatthelinebroadeninglSmicroscopic，2ユ  
i．e．，tbatthereisnoco汀ela士ionbetween血eenergyoftbe  
localizedexcitonanditspositioninspace．Thustheener－  
gydistributionofthelocalizedexcitonatanyParticlユ1ar  
Sitedependsonlyontheoveralldensityofstatesbutnot  
Onthenearbyconngurationofthelocalizedsite．Inaddi－  
tion，thedensityofstatesoflocalizedexcitonsisassumed  
tobeproportionaltotheabsorpt10nSPeCtrumatlowtem－  
PeratureS．This assumptionis reasonablebecauseinthe  
low－energytailofthe density ofstates the contribution  
fromthelocalized excitonsis dominant．Under theseas－  

Sumpt10nStherateequationfbrthedistributionfunction  
f（E，E）oftbelocaliヱedexcitonwithenergyEisderivedas  

WherethesufhqindicatestheLA－OrTA－phononmode．  
nematerialparameterschoseninthenumericalcalcula－  
tionaregiveninSec．V払neresultsareshowninFig．  
1．Itisfbundthatthecontributionfromthepiezoelectric  
CO11PlinglS Smailer thanthat丘om the defbrmation－  
POtentialcoupling，b11titis not negligible・Theenergy  
dependenceissimilarfbrbothcasesofthedefbrmation－  
POtentialandpiezoelectric coupling－ Roughlyspeaking，  

（  

血ate伊Ⅴ虚血e∫igIltOrderofO・3－0・4meV・Tbeoveraii  
fhturesinFig、1arepreserved fbrothercases ofcom－  
binationoftheGaussianandexponentiallocali2＝ation，and  
thetunneling－anddipole－dipoletypetransftrs．  

VⅡ．RATEヱQUATIONFOREXCITON  

DISTRIちUTIONFUNCTIONANDNONEXPONENTIAL  
BEHAVIOROFENERGYR玉I．AXATION   

Now that the tranSition probability of・the exciton  
transfirisdcrived，OneCanSetuptheTateequationfbrthe  
excitondistrib11tionfunction．：h thefb1lowingtheinter－・  
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か即＝－γ蹄∫ト吋1Jd如（R）錘・凱町（叫膵一月）0ほ′－∬）  

＋【1＋乃（茸一打）】0（g一灯）げ（1茸－β’1，R）  

＋吋1JdヱR柑）J逓′訓点′げ（g′，叫ほ一方′）8ば一別  

＋【1巾（∬′一方）】0り㌢一郎r（岬一利，R），  （7・1）  

wbereγ0，J㌻】，乃，℃1mdOぴethegenerdlyenergy－  
dependent decay rateincl11ding both the radiative and  
normdiativecontributions，thearealnumberdensityofis－  
1andlike struCtureS，the phonon occupation number，the  
excitontransftrratecalculatedinSec．VI，andtheHeavi・  

Sidestepfunction，reSPeCtivdy；F（R）isthedistribution  
function of neafeSt－neighbor sites由ven by（6．25）azld  
D（E）isthedensityofstatesoflocaliヱedexciton戸nOrmalー  

izedas   

J甜凱g）＝1・  （7・ユ）  

Tbesecondand血irdtennsin（7．ユ）representtheprobabil・  
ityleavlngandcomlngintotheexcitonstatewithenergy  
E，reSpeCtively．FortheexcitontranSfirrateT（E，R），the  
COntributions ftom both the defbrmation－pOtentialand  
Ple2：Oelectriccouplingaretakenintoaccount，namely  

r（E，R）＝rDF（風月）＋rpz（昂R）．  （7．3）   

Inthenumericalintegrationoftherateequation（7．1），  
tbefbllowlngparameterSareChosen：  

β＝5・3g／cm3（Re£2乱“山王4・81×105cm／s（Re£20），以mご3．34×105em力（Re£13），  

○‘I L＝＝76A（Ref．3），aB＝136Å（ReL21），E＝150A，q。；10－11cm2，  

α＝10ふcm－Ⅰ（Re仁11），かび＝3・1eV（Ref・2ヰ），か。＝－6・5eV（Re仁25），m。＝0・0析mo（Ref．ユ占），  

mム＝0・45mo（Re£26），elヰ＝1・6xlO－5c／cmヱ（Reエ27），句＝12・56（Re£ヱ8），γ㌻l＝4和ps（Re£29），  

（7．4）  

Wheremoisthefree・electronmassandγoisdetermined  
丘om the experimentaldecay curveofthespectral1yin－  
tegratedluminescenceintensityコ9andisassumedtobeen・  
ergyindependent，fbr simplicity・The tranSftr－integral  

constantJin（6．23）or（6．24）isleftasanaqjustablepa－  
rameter．nedensityofstatesD（E）isapproximatedbya  
Gaussianwithapeakatl．6225eVandahalf・widthof7．5  
meV．Theinitialdistributionfunctionis takenfrom the  
experimentaldataofthetizne・reSOIvedluminescencespec－  
trun hFlg．2thetime－reSOIvedluminescencespectrum  
dividedbytheabsorptlOnSPeCtrumisplottedontheloga－  
rithmic scale．29 This 伍gure can be considered  

representing the exciton distribution fLmCtion f（E，i）．  
Surprisingly enough，the experimentalf（E，t）can be  
describedbytheBoltzmanndistributionfhirlywdl，eSPe・  

Ciallyinthe higher－energy reglOn E＞1．614eV．ne  
Boltzmannstatisticsmaybemaintainedbytheftequent  
CO11isionsamOngeXCitons．Asfbrtheinitialdistribution  
functioninthenumedcalintegrationoftherateequation，  
tbee蝕ctivetempera餌reofexcitonsisa5Sumdto臨20  
Kabovel・614eVand－10Kbelowthatenergy，reSpeC・  

tively，tOSimulatetheexperimentaldistributionfunction  
at t＝100ps．Thecalculatedaverageenergyoflumines・  
CenCeShowsanonexponentialbehavior，i．e．，decaywithan  

0．0  
0・S En即gy（m副） 

1・0   

FIG・1・Energydependenceofthespatia11yintegratedone－  
phonon－aSSisted transftr Tate Of excitons fbT defbmation－  
POtentialcoupling（DF）andpieヱCClectriccoupling（PZ）．  

FIG．2．ExperimcrLtaldataofthetime－reSOIvedluminescence  

SPeCtrumdjvidedbytheabsorpt10nSPeCtmmWhichcanbecon－  
Sideredasrepresentingtheexcitorldistributionfunction．  
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almostconstantrate．Atnrst，1etusassumefbrJ（R）the  
dipole－dipoletypetransftrin（6・23）・hFig・3thetheoret－  
icalres111t fbr the case of Gaussianlocalizationis com－  
pardw地tlleeXpedmental血taofRef・30・nebest飢  
isobtainedbyadjustingJas   

J（Ga。SSian）＝11．7×10ヱevÅ3．  （7．5）  

Asimi1arresultisobtainedinthecaseofexponentiallo－  
calization by taking 

J（expmential）＝10．2×10ヱevÅ3．  （7．6）  

hthelatter casethe magnitude ofthewavevector of  
Phonons partlCIPatingin the exciton tranSftr，Or，  
equivalently，thepo＄Sibleenergymismatchofexcitons，is  
largerthan thatin thefornercase，aS Seenfrom（4．15）  
and（4．16）．nisleads tothefhsterenergy relaxationin  
the case of exponentiallocalization thaninthecase of  
Gaussianlocalizationfbrthe翌melocalizationlengthE，  

andthus thesmal1ervalueofJisobtainedinthefbrmer  
CaSe．Forthetunneling・typetranSferin（6．24），theparam－  
eter8isassumedtobelO6cm‾l，Whichisontheorderof  
theinverseBohrradiusoftheqlユaSi－tWO－dimensionalexci・  
ton．From the ntting to the experimentalc11rVe，the  

PhenomenoIogicalconstantJis determined as O・44and  
O．31meV fbr the case of Gaussianlocalization and ex－  

POnentiallocali2：ation，reSPeCtively・Thesevaluesareon  
thesameorderasthoseofthedipole－dipoletypetransftr  
in（6．23）estimated at R≡宜．For the case of dipole－  
dipole－tyPetranSfir，theagreementwithinafhctorof2  
Or3betweenthetheoreticalvaluein（5．15）andthevalues  

estimatedfromtheexperimentin（7・5）and（7，6）isquite  
Satisfactoryinviewofa＝nbig11itiesinthematerialparame－  
ters．niscon茄rmstheadequacyofbothourmodelfbr  
thelocaiiヱed excitonsin QW heterostruCtureS and our  
tb田町Oftbeenergytrans鎚ー．   

Let us now explain the observed nonexponential  
behaviorofenergyrelaxation．Experimenta11y，theaver－  
ageenergyofluminescenceshoweddecaywithanalmost  
COnStantrate．Theaverageenergyofluminescenceattime  
Jisde重nedby  
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FIG．3．Comparison of the theoreticalcalculation ofthe  
averageenergyofluminescencewiththeexperimental血tacited  

たomReエコ0．  

〈g〉（り＝Jdg皿（榊イJ躇珊（抑 

． 

luminescencewithenergyEattimet．Theenergyrelaxa－  
tionrateisthencalculatedbyd（E〉／dt．Onthebasisof  
theanalyticalexpressionofd〈E〉／dE，thenorleXpOnential  
behaviorofenergyrelaxationwiubeclarified．Tosimpli－  
fytherateequation（7．1），thesparialintegraloftheexci・  

tontransferratewi11bedenotedby T，namely  

テ（岬一旦′‡）苛J㌻1JdヱRr（岬一即，R）ダ（R〉・（7・8）  

Furthermore，the time dependence due to the radiative  
andnonradiativedecayprocesseswi11beseparatedoutby  
Settlng   

′（射）＝g‾γ誓（郎）．  

Tもentberateequationhr′ほ，J）canbewrittenas  

（7．9）  

影（即＝－J甜′別居′済即）ヂ（Ig一茸十申症訂一旦）0ぼ′一針Hl車（計」n押（g一明  

十J逓′訓点ザほ′，r痢岬一旦′川乃（g一別0（g一方′）＋【1十乃り㌢一別0ほ′一利・  （7・10）  

Itiseasilyfbundthat   

孟J躇別居紬）＝0，  
and，CO打田pOndingiy，   

Jd古訓g済射）＝功，  

（7．11）  

（7．12）  

wheTeDoistheinitialvr11ueっfミhetotalexcitonpopulation・Thisrelationimpliessimplythatthetotal1uminescencein－  
tensityorthetotalexe…tcnpoI・ulationdecreaseswiththedecayrateγ0・Next，bymultiplyiTlgED（E）onbothsidesof  
（7．10）andbyintegm；≡1二．・・■、r－rE，Onel▼）hf托iてIS  
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（7．13）  

AsshowninFig．1，thefunction T（E）isarapidlydecreasingfunctioncomparedtothedensityofstatesD（E）andthc  
Phononoccupationnumber7Z（E）．Thisissimplyduetotheexcitonlocalizationfactorsin（6・5），（6・6），（6．14），弧d（6・21）．  
Th旧itisallowdtoexpandas   

別居）＝M′）＋（g－g′）十…  （7・ユ4）  

Substitutingthisexpansioniz）tOtheintegrandontheright－handsideof（7．13）andchangingtheintegrationvariables  
たom（g，丘′）to（且′，且一旦’），One貧n由   

怠け∬皿（g）紬）トJ虎′如働㌧f）ム¢亜廊（刺）  

十J此・かげ・）莞㌍（狩）ム¢亜がテ冊川1十2刷・…   （7・15）  

Theaverageenergyofluminescencede点nedby（7．7）can  
berewdttenas   

〈紬）＝JdE月刀（g紬）／J亜朗五紙）  

＝吋J逓皿ほ済勘），  （7・16）  

Wheretheequation（7．12）isused．Thentheenergyrelaxa・  
tionrateiscalculatedas  

－碧空一吋意け戯皿（g紬）】  

＝町l上中邸廊＝勘）J瓜′が（且′伽′，∫），  

（7．17）  

WhereonlytllenrSttermOntheright・handsideof（7．15）  

is  

retained．As ＄hownin（7．12），theintegral  

dED（E）f（E・t）isexactlytimeindependent・Thustis  

expectedthattheright－handsideof（7・17）isalnosttlme  
independent，ifthe伽nctionalfbmofD2（E）isnotvery  
different from that of D（E）．This maybe the casebe・  
CauSeattheIaterstage，afterphotoexcitation，theexcitons  
haveaccumulatedonthelow－energytailofthedensityof  
StateS．hthisenergyregion，D（E）isasmoothfunction  
狐donemayapproximate（7■17）鮎  

†   

一也完ⅣJ瓜・が（那加・，f） dr  
≡抒膏J躇′別居′げ（g′，f）  

relaxation rate．The generality of the above argtlment  
SuggeStSthatthenonexponentialbehaviorofenergyrdax－  
ationisauniversalfぬturetobeobservedinthetai1reglOn  
Ofopticaltransitionswhichisinducedbyanykindofin－  
bomogeneityordisorder．  

VIH．DEPENDENCEOFENERGYRELAXATION  
RATEONTHEQUANTUM－WELL  

THICXNESS   

Herethedependenceofenergyrelaxationrateonthe  

oftheabsorptionbandwidth，aSShowninFig・4・30This  
experimentalresult suggests thatthereis somekind of  
COrrelationbetweentheenergyrelaxationrateaJldtheab－  
SOrPtionbandwidth．hfact，aCCOrdingto（7．18），theLT  
dependenceoftbeenergyrelaxationratead咽た0皿万  
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；万上喝躇廊（g），  （7．18）  

With   

Ⅳ＝吋ム∞甜虎（軋  

where万isarepresentativevalueofD（E）atthepeakre－  
gionoff（E，t）・The鮎alexpressiortisexactlytimein－  

dependent・This explains qualitatlVely the observed  

none叩Onentialbebaviorofenergyrelaxation．In払鴎ex－  
pression（7．18）givestherightorderoftheobservedenergy  

ヱロ  S¢  lq8  

しヱ（A）   

FIG・4・ObserveddependenceorLthequantum－Wellthickness  
L＝Oftheenergyrelaxationrateandtheabsorptionbandwidth  
ofthelsexciton．ThedashedlineshowstheL｛ヱdependence・  
Theopencirclesrepresenttheenergyrelaxationratesattheini－  
tial5tageaかerpbotoexci－ati叫Wbi】e血esolidcircle5aretbose  
atthelaterstage．  
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sincetheintegralfactor／dEEf（E）isonlyweakly  
dependentonL＝．Whenthewidthofthedensityofstates  

isincreased，thevalue Datthelow－energytai1becomes  
larger，Sincethedensityofstate5isnormaliヱedby（7．2）．  
Thustheabovecorrelationcanbeunderstoodqualitative－  
1y・Toinvestlgateinmoredetai1therelationshipbetween  
theenergyrelaxationrateandtheabsorptionbandwidth，   

OneCanmakefulluseofthescalingpropertyoftherate  
閂uation．   

ThecharacteristicwidthofthedensltyOfstatesofexci－  
tonswi11bedenotedbyu，Whichisident漬edherewith  
the absorption bandwidth nen，by expresslng the q  
dependenceexplicitly，therateequation（7．10）canbewrit血  
ten as   

ま紬卯）＝一丁瓜′冊′，拍如・頑Ig叫）囲′－ぶ）白山㌢一糾［1＋小諸一点′）即一明  

＋J亜′別居′，打げ（ぷ′，卯）テ（岬－∬＝車（g一別別居一旦′）＋【1巾ぼ’一方）10（g’一利，  

whereT（E）isdennedby（7．8）andisnotdependenton仇SincethedensityofstatesD（E，0．）isnormalized   

J躇か（如）＝1，  

thefbllowlngSCalingrelationcanbepostulated，  

αか（仇玖グ）＝か（且），  

（乱l）  

（8．2）  

（8．3）  

WhereDisauniversaifunctionindependentofq・Byscalingthevariables（E，E，）as（qE，OE，）andusing（8・3），One茄nds  

怠納吋）＝＝仁一一丁逓・如紬，卯）テ（叫「訂川棚∬′一方））0甘一叫1＋相方一旦′））即一明  
＋J逓′風ほ′げ（通′，α，再ね博一町中k（友一且’））0ほ一別＋【1＋由（点′一別博ほ′一利■（8・4）  

Furthermore，thetransf占rrate Tissupposedtobescaled  
a5   

テ（可g一利）＝㌔汀（岬一方′】），  （8・5）  

where Uisauniversalfunctionthatisindependentof，Of  
weakly dependent on，the scaling parameterq・Conse－  
quently，（8・4）canberewrittenas  

thesolutionoftherateequation（8．8）canalsoberegarded  
鮎udve円山，namely   

′（打点，げ，J／αα）＝G（ちf），  （8．9）  

WhereGisatmiversalfunctionindependentofq．nisis  
animportantconsequenceofthescalingpropertyofthe  
rateequation．   
NowtheaYerageenergyOrlumin岱CenCeisc扇c山ated  

by  
伽一 車用頒，J・∫）  

－J亜′エ（即′）′（ガ′，α，r）  

J拡郡（如）如，卯）  
（点〉J＝   は．10）  

J菰凱如げ（如，∫）   

ScalingtheintegrationvariableEasqEandusingthere－  
1ation（8．3），itisrewrittenas  （8．6）  

Here，KandLaretheintegralkemelscorrespondingto  
eachternontheright－handsideof（8．4）whichcanbere・  
gardedas universaifunctions sincetheparameterqin－  
Cludedinthephononoccupationnumber TlglVeSriseto  
Onlyaweakdependenceoncr・Scalingthetimevariable  
a5  

JJ瓜ヱ癌（好（鴫卯）  
〈g〉J＝   

J逓β（g和郎，r）  

JJ庇見知）馴如αf）  
（8．11）  

J此方ほ将（如α∫）   

（8．7）  J→f／Jα，   
Wherethescalingproperty（8・9）isused．Thentheenergy  

relaxationrateiscalculatedas  one血al1yarrivesattheuniversalrateequationI  

ま紬…α）＝一丁瓜・g（即′）紬叫′げα）  

＋J躇－エ（即ザ（戒′，卯／αα）・  

（8．8）  

SincetheintegralkernelsKaJldLareuniversalfunctions，  

J庇且如）利和）  

意鶴＝Jl小窓   J戯頒（弼（鋤）  

（8．12）  

HerethederiYativetermwithrespectto uisauniversal  

functionsinceDand Gareuniversalfunctions．ItcaTlbe  
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expected that the derivative termis a smoothfunction  
withrespectto uatthelargeargument，andthatittakes  
analmost constant Valueindependent of q atlarge E．  
Thustheenergyrelaxationratecanbescaledas   

く軌町1擁，  （8・13）  

in terms ofthe absorption bandwidth q，Whefethe ex・  
ponent ais determined by the scaling property ofthe  
transftrrateasshownin（8．5）．Theexponentacanbees－  
timated，inpnnciple，fromthedependenceofthetransftr  
rateontheenergyorthephononwavevector・However，  
asinvcstigatedinSec．VI，theexpressionofthetransfとr  
ratecontaiIISthesevariablesinarathercomplicatedway  
andthedeterminationoftheexponentaisnotstraight－  
fbrward．Theexpon印taShouldbedeterminedintheen－  

ergyregioninwhich T（E）takesasign靖cantValueand  
fromwhichthecontributiontotheexcitontransferpro－  

CeSSisdominant．Forexample，inFig．1，Where TDF（E）  

md rpz（g）甜eSbownhrtheca5eOfGaussianloc山iza－  
tionandfbrtunneling－typetranSfbr，therelevantenergy  
reg10nisconsideredtobeO．2＜E＜O．8meV．hthisre－  
glOntheexponentαCanbeconsideredtobeOsincethere  
isnodefinitepower－1awdqpendenceonenergy．Thesame  
situation holds fbr other cases of combinations of the  
Gaussianandexponentiallocalizationandthetunneling－  
type and dipole－dipole－tyPe tranSftr・Consequently，i亡  
Canbeconcludedthata＝Oandthat   

（8・14）  

意鶴∝J・  

nesca五ngargumentsuccess且111yexplainstheobseⅣd  
COrrelationbetweentheenergyrel乱Ⅹationrateandtheab・  
SOrPtionbandwidth，thoughinaqualitativeway・Onthe  
Otherhand，the dbserved dependence ofthe absorptlOn  
bandwidthontheQWthicknessL＝isdifftrentfrornthe  
expectedone・Sincethekinc亡icenergyoftheelectronarld  
holecon鮎edinaQWisapproximatelypてOpOrtionalto  
L｛2，31thefluctuationoftheexcitonenergylSPrOPOrtion－  
altoL｛3iftheamountofwell－thicknessfluctu且tionis  
independentofLz．Inreality，however，thebandwidtl10f   

excitonsisdeterminedbythedetailsofatomic－SCaledisorp  
deroft壬1eqWinter血ceandan虚vetbeoⅣhilstopre血ct  
theobserveddependenceonL．z・Adetailedtheorybased  

冨ご三豊芸諾霊宝警蒜≡言霊意霊諾  
tionbandwidth．  

Ⅸ．SU≠Ⅲ止ARY   

ne s王澗 ene曙y 托1axation of t壬1e qu鮎i－tWO・  
dimensionalexcitonsinGaAs－AlAsQWheterostruCtur  
isexplainedquantitativelyintemsoftheintralayermト  
gration of excitonslocalized at the energeticallylocal  
minimumSitesinduced by thefluctuation ofthe we11  
thicknessalong the QWinterfhce．The noJleXPOnential  
behaviorofenergyrelaxationisclari茄edtheoreticallyasa  
generalfhturetobeobservedinthelow－energytailofthe  
densityofstate畠．Thedependenceoftheenergyrelaxation  
rateontheQWthicknessisdiscussedalongwiththesame  
dependenceoftheabsorptionbandwidth．Thecorrelation  
between the energy relaxation rate and the absorptlOn  
bandwidthis explainedqualitatively on thebasis ofthe  
scalingpropertyoftherateequation・   

Final1y，1etusbrieflycommentontheenergyrelaxation  
ofexcitonsinthreedimensions，iuchastheexcitonsin  
miⅩedsemiconductors．Theunderlyingphysicsisanal0・  
goustothatinthequasi・tWO－dimensionalcasediscussed  
inthispapef，althoughtheoriginoftheinhomogeneityor  
disorderis differentintwo cases．hfact，theslow and  
JlOneXpOnentialenergyrelax且tionofexcitonsintheband－  
edgereglOnWaSObservedrecentlyinmiⅩedsemiconductq  
ors・32Thiscanberegardedasoneoftheexperimental  
Verificationsofthegeneraifhtureofthenonexponential  
relaxationclad蔦dinSec．ⅤⅠⅠ．  
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AppENDⅨ   

TheexplicitexpressionsofI（γ）dennedby（2・29）andG（γ，8）de鮎edin（2・23）aregiveninthefbllowing・Theargu・  
ment80fGischangedto28fbrsimplicityofexpression：  

［3γ7＋2邑㌔γ5十96㌔γユー112㌔γユ十128汀6γ－19加6＋16㌔g－γ（γコ＋7γユ＋4汀コγ＋12汀ヱ）】  
J（γ）＝  

4γヱ（γユ＋4㌔）ユ   

勒28）＝⊥て：転⊥ニ如p（均一γlち－ヱ冊1＋γlち一句＝cos晦）cos2（吼）  

汀2＿6ヱ  
＋ 

（訂＋∂）（4汀十2占）  

十 
旦が；）s¢（一灯）聖8  

（汀一別（4汀－28）  
（A3）   

witb  
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（2γ了＋8【ズ2＋（ェ＋8）ヱ】γ5＋1勒ヰ＋（ズ十∂Hγユ   

ー28（奴＋8）e‾γfγ‘＋4γ5＋4【ズユ十（ェ＋8）ヱ】γ4＋8［8Z＋加（ズ＋∂）】γ3  

＋1蝕2（ズ十∂）Zγユ‡），  

♪（γ，8；ズ）＝  
（γ2＋触ヱ）ユ【γヱ＋4（ズ十∂）ヱ】ヱ  

（A4）  

¢（γ，8；ズ）＝  
（γヱ＋毎ヱ）之【γユ＋4（ズ＋∂）ヱ】ヱ  

×（－3（加十8）γ6－4【（ズ＋8）3＋血（ズ＋8）2＋6文王（ェ十8）十ズ3】γ4  

－16【まⅩ（ズ＋8）ヰ十加2（ズ＋8）3＋加3（ェ＋∂）2十3ズヰ（ズ＋8）］γユ  

ー6触3（ズ＋∂）し6触ヰ（ェ＋6）3＋（加＋8）e‾γ！γ7＋3γ6＋4【ズヱ＋（ズ＋∂）ヱ＋エ（ズ＋引】γ5  

＋4［ズユ＋（ズ＋8）ヱ＋5ズ（ェ＋8）】γヰ  

十1毎（ズ＋鞘エユ＋（ェ十8）ヱ＋ズ（ェ＋6）］γ3  

＋1触（ズ十∂）【ズ之＋（ズ＋8）Z＋3ズ（ェ＋8）＋282】γコ  

＋独ユ（ズ＋6）3γ＋紬3（ズ＋∂）ユ））．  （A5）  
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Wehavestudiedtheoscillatorstrengthofthe10WeStlsheavyexcitonsinGaAs・AIAsqtlantumWeuSaSa  
fhnction o（we11－1ayer thickness by means ofopticalabsorption．The oscillator strength ofthelowestls  

heavyexcitonsislar苫elyenhancedwiththedecreas¢Ofwell－layerthicknes5．Theresultisthefirstfbllex－  

Perimentalobservationoftwo－dimensionalshrinkageoftheexcitonw＆Vefbnctioninquanturnwells．  

Itisinteresting to clarify expeTimentally the form ofthe  
exciton wave functionin semiconductor quantum we11s，  
bothfrom theviewpoint ofgeneralphysicsaswellasftom  
thatofsemiconductor physics．Thisis because excitonsin  
quantumwel】5areeXCelIentanaloguesorbydr喝enatOm5in  
one－dimensionalsquarewells．1Byreducingthewellthick－  
ness，WeCanCOntinuouslychangethewavefunctionsofex－  
Citonsorhydrogenatomsftomthethree－dimensionaltothc  
two－dimensionalstate．Recent advancesin semiconductor  

technoIogyallowustostudyexperimentallythisdimension－  
al problem for excitons by creating quantum weils whose 
thicknessiscomparabletotheexcitonBohrradius．Theef一  
指ctordimeIISioflalityont加oscillator5trengthoftbeexci－  
ton2Jaswellas on the bindin冨energy Ofthe excitonhas  
beenextensivelystudiedbytheorists．2JTherecentmagne－  
toabsorptionexperimentha5reVealedthebindingenergyof  
excitonsinquantumwells．7p8 However，therehasbeenno  
餌11experimenta15tudyortbeo5Cillatorstrengtb．   

Comparedwiththebindingenergy，theosci11atorstrength  
is amoredirectprobefortheinvestigationofthenatureof  
thewavefunctionorexcitons．Thisis becausetheoscillator  
Strengthisdirectlyproportionaltothesquareofthearnpli－  
tude of the exciton wave function at the point where the  
two constituents of the exciton，an electronand a hole，  
OVerlap．Itis expected that the overlap amplitude of the  
electron且nd tbe bolerapid王yincrea5¢5Witb the decrea5e Or  
thewell－layerthickness L＝，When LEissmallerthantheex・  
Citon Bohr radius aB．Then the oscillatorstrength ofexci－  
tonswillrapidlyincrease．Some authors have reportedthe  
enhancementofthe exciton osci11atorstrengthwiththe de－  
CreaSe Ofwell－1ayer thickness by comparing theliretime of  
excitons．9・10However，thelifbtimeofexcitonsdoesnotal・  
WayS reflect the oscillator strength，Dwing to the consider－  
ablecontributionorthenonradiativeproce5Se5．Infact，the  
Observed reduction of thelifetimeis too smallcompared  
with the enhancement or the oscillator strength directly  
presentedin this paper．11In this work，We SyStematically  
Studytheoscillatorstrengthofthelowestlsheavyexcitons  
inGaAs・AIAsquanturnwellsasafunctionofwellthickness  
by means ofopticalabsorption．The results give the first  
fullexperimentalobservation or the nature of the exciton  

32  

WaVefunctioIlinquantumwells．  
In血is work ten multi－quan山m－Wモu5amp18S grOWn by  

molecular－beam epitaxy on GaAs（100）substrates were  
used．Their characters arelistedin TableI．Samples  

（GaAs－AIAs，QWl－QWlO）consist of alternate undoped  
GaAs we11layers and undoped AIAs barrierlayers．The O  
thicknessoftheGaAswel11ayersranges丘om30to254A．  
A holein the GaAs substrate ofall（he samples was made  
by means of selective chemicaletching．S且mpl＄S Were  

directlyimmersedin superfluid helium．For the optical・  

absorptionmeasurement，anincandescentlampanda50・Cm  
monochrornator were used．Thelight beam was carefu11y  
Set tO paSS VerticallY through the holein each GaAs sub－  
Strateandthequantum－Welllayers・  

In Fig．1absorptionspectra a（E）ofsix repre5entBLtive  
Samples are shown．fIere the absorption coefricientis de－  
fined asα（E）一－1n（I／Io）／d（GaAs），WhereんandIare  
theincident and transmittedlightintensities，reSpeCtively．  

ThetotalthicknessoftheGaAs，d（GaAs），isequalto the  
Well－1ayer thickness L＝multiplied by the number ofGaAs   

TABLEI．Lis【0（sampJes・LListheGaAswe11thickT）eSS．Lb（he  
AIAs barrierthickness，dGaAs）the totalthickness ofG且As，and  
ち＿lthe energy or the absorption peak due to thelow8Stl∫  
heavy－eXdton state at2．O K．   

GaA5－AIAs   

5ample numbers  
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FIG．1．AbsorptionspectraofthelowestheavyandlightexcitonsinsixrepresentativeGaAs－AlAsrnulti－quantum－Wellsamplesat2・OK・  
Heavyandlightexcitonsaredenotedby handirespectively．Thebackgroundcomesftomtherenectionloss，Whichisshownbydashed  
lines．AbsorptionareasoftheheavyexcitonsplottedinFig・2arethosesurroundedbysc，lidlinesanddottedlines・Absorptioncoemcientat  
tbecontinuumplottedintbeinsetorアig．2areindicatedbyarrows・  

theoscillatorstrengthfbrthatcluster．Therefore，theoscil－  
1atorstrengthfinEq．（1）isregardedasthespatiallyaver一  
喝edone．  

In Fig．2，the obtain∈d absorption areas of the heavy－  

excitonpeaksareshownasafunctionofL＝．Intheinsetof  

Fig．2，the absorption coemcients at the continuum posi－  
tionsindicatedbyarrowsinFig・1arepIotted．1ヰFromFig．  
2，OneCan蔦ndthattheabsorptioncoe用cientatthecontin・  

uumandtheabsorptionareaoftheheavy－eXCitonpeaksare  
StrOnglyenhancedwiththedecrease ofL＝．Theabsorption  
COemCientisproportionaltol／L，，Whiletheabsorptionarea  
Ofheavy－eXCitonpeaksisenhancedrnuchmoTewiththede・  
Crea5eOrエヱ．   

Fromthesamevariationalcalculationdescribed previous－  
1y，WeCanObtaintheosci11atorstrengthoflsexcitonsinan  
inflnite squarewell・3・4 Dropping the plane・WaVe term，We  
take the fbllowing trialfunction for thels exciton wave  
runction：  

サー〃co5（打ち／エ∫）cos（汀和ノエ；）  

×expト【αユ（∫2中り＋βヱ（ち一句）Z】l／ヱI， （2）  

Here twovariationalparameters aandβareTelatedLO the  
Spatialextentoftheexcitonindirectionsparallel（x，y）and  
perpendicular（z）tothewel11ayer，rCSpeCtively．Thequan・  
tumwellisassumedtohaveinfinitewa11atz；i：L＝／2and  
the zcoordinates ofthe electrons and holesareエビand耳h，  
respectively．Nis determined by the normalization condi－  

tion．This trialfunction contains that used by Bastard、  
Mendez、Chang，andEsakiasaspecialcase．5Theoscillator  

Welllayers．Observedabsorptionpeak5locatedatthelowest  
energyareascribedtothel∫beavyexciton（〝耳1，g－HH），  
Whichiscomposedofanelectronandaheavyholebelong－  
ingto thelowest state（〝ヨ1）inthe quantum well．The  
absorptionpeakslocatedatthehigherenergyareascribedto  
thelslightexciton（I7；－1，e－LH），COmpOSedofanelectron  
and alighthole．Theabsorptionspectraaresteplike above  
thelslight－eXCitonenergy．Theycorrespondto thecontin－  

uurntransitionfromboththeheavyandlightvalencebands  
to the conduction band．Steplike absoTption spectrarenect  
thestepliketwo－dimensionaldensityorstatesoftheconduc嶋  

tion andvalence bandsin a quantumwell．The absorption  
COefficient at the continuum－band positionsincreases with  
the decrease ofwe11－1ayer thickness L†．12 simultaneously，  
the integrated areas of the absorption peaks due ta heavy 
andlightexcitonsincrease．   

Theintegrated areas ofthe absorption peaks are directly  
proportionaltotheoscillatorstrengthfasfouows：   

串（g旭ヨ慧′，   （1）  

Where mois the mass orelectron，eis the charge ofelec－  

tron，Cis thelight velocity，亡bis the background dielectric  

COnStant，andthelowerandupperlimitsoftheintegral，El  
and Eヱ，COVer the absorption peaks．Thus，WeCandirectly  

estimate the osci11atorstrength f什om the absorption area．  

The oscillator strength／Of excitonsin quantum wellsis  
COnSidered to vary spatia11y，because quanturn wells consist  
Or manyislandlike clusters whose thickness nuctuates by  
theheightofamonolayer．13Theexcitonineachclusterhas  

－74－   
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Lz／q8  
0．5  1．0  1．5  

Onthevaluesof＜0，〃，andaa．Theagreernentbetweenthe  
experimentalvalues andthe calculatedcurveis fairlygood O  
unless the we11thickzleSSis thinner than60A．Itis noted  
that almost the same calculated curves have been obtained  

evenwithotherformsoftrialfu這ctionsbyBast且rdeLaL．50r  
GreeneandBaj毎，6althoughthepresenttrialfunctioninEq．  
（2）givesthelargestbindingenergyfbrexcitons．  
ItisinstruCtiveto compare the LEdependenceoftheab－  

SOrptionareaoftheheavy－eXCitonpeakswiththatoftheab－  
SOrPtioncoefncientatthecontinuum．Withthedecreaseof  
L＝，the absorption coe爪cientgrow51argerin proportion to  
l／L＝．Thisdependencecomesftomthefhctthatthesquare  
Orth¢OYerlapamplitudeortbe waverunctionsor血eelec－  
trons and holesis proportionaltol／L，，because the un・  
bound states ofelectronsand holes are confinedin thewe11  
0fthicknessL＝inthezdirectionbutareextendedintheちy  
directions，While thelsexciton wave runction shrinksin  
boththezandx；ydirections．Inthezdirection，theexciton  

WaVe function shrinksinproportion to L＝，Whileinthe馬y  

directions the exciton wave function shfinksin proportion  
tol／a．ⅠふthelimitofsmauLご，1／αaBgOeStO与．Thisfhct  

explains themoredrasticincrease oftheabsorptionareaof  
the heavy－eXCiton peak compared with theincrease of the  
absorption coemcient at the continuum．Th11S，the  

enhancement character of absorption area presents direct  
experimentalveri爪cation of the two－dimensionalshrinkage  
Oftheexcitonwavefunctioninquanturgwe11s・Inthecase  
that the welllayeris thinner than60A，the experimental  
Values are muchlarger than the calculated ones．The  
presentexperimentpresentstherelativeincreaseoftheos・  

Ci11atorstrengthofexcitonsinquantumwells．Thecalculat－  
edcurve varieslittle evenifw亀Cbange tbevalue orthe  

Bohrradiusロβ丘omlOOto200A．Tbisisbecaus8tb8C8l－  
Culated curveis normalized to nt the experimentaldata of  
the QW9sample．Thus the disagreement between experi－  
mentandcalculationis unavoidable．   
The experimental data definitely show that the exciton 

wave function shrinks mucb more than calculated for the 
innnite－Wellmodel．This deviationis enhanced even more  

if we take the nnite－We11model．Then the exciton wave  

fhnctiondoes notshrinkas muchwith the decrease ofL＝，  
because the wave function penetrates somewhat into the 
barrierlayer．The effect or theimage force on excitons  
SOmeWhatenhances theoscillatorstrengthwiththedecrease  
OfL＝．However，the enhancement explains only a part of  
tbedeviation・16Irweassumethatthereduced唱aSS什Or  
theexcitonisenhancedby＝＝20％belowLz慧60A，theos－  
Cillatorstrengthincreasesby宍＝40％，SOthatthedeviationis  
CanCeled．Thisisbeca．usetheBohrradiusaBisproportional  
tol／FL，and because the oscillator strength of the two・  
dimensionalexcitonis enhancedin proportion to the  
enhancementofl／a3．In this connection，WenOtethere・  
cent magneto－Opticalexperiments．7r8 The enhancement of  
thereducedmassorexcitons deducedftomourpresentex・  
periment qualitatively agreeswith that deduced f－rom the  
magneto・Opticalexperiments．The nonparabolicity of the  

heavy・hole subband probably explains theincrease of the  

reduced mass with the decrease or Lr，because the hole  
states with larger wave vectors contribute to the exciton 
WaVefunctionwithitsshrinkage．  

Insurnmary，theosci11atorstrengthorthelowestlsheavy  
excitonsinGaAs－AIAs quantum wellsis studiedas a func－  

tion of－well－1ayerthickness by rneans ofopticalabsorption．  
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nG．ユ．ちdependenceortheabsorptionarea（○）orthe10WeSt  
ls heavy exdton．The solid and dottedlines are the osci11ator  
！trengthcalculatedonthebasisorEq．（3）withandwithoutt且king  
accountortheenergydependence ofthe opticaltransition，reSpeC・  
tively，The dashedline shows thel／L＝dependence・Calculated  
line5arenOrmalizedtofittheexperimentaldataofQW9．Inthein－  
settheL＝depeindenceoftheabsorptioncoefficient（●）atthecon一  
血uumindimted by arrowsin Fig．1is plotted．The dashedline  
5howsl／エzdependence・  

Strengthoflsexcitonsiscalculatedby   

′－（エヱ〃ユ／2椚0払）t城vIユ∫（ちん／2），  （3）  

Where城vis the matrix element of the opticaltransition  

from the valence to the conductionband，方山is the optical  

transition energy，andちisthezcomponentofthephoton  

wave vectorin the welllayers．A fhctor F（x）  
事【（sinズ／ズ）汀ユ／（㌔一打り】ユ arises たom the wave－VeCtOr  

mismatchbetween excitonsandphotons．Because the rela－  

tion k；L＝／2＜0．35holdsin a11the sarnples，itis exact  
enough to regard f●（ちエヱ／2）im Eq．（3）asl．O ror the  
analysisoftheexperiment．AsL＝apprOaCheszero，Eq．（3）  
convergesto（4α2／汀mokwLz）l城vl2．In thelimitofsmall  
L＝，αgOeS tO2／aB．Thenexpression（3）agreeswith the  
welトknown formula（16／1rmohwL＝a3）l城γⅠ2for the two－  
dimensionalexciton・2 Asis shown by Chang and Schuト  
man，15thesquareoftheopticalmatrixelement眈J2ca許  
beregardedasindependentofL＝inthepresentrange（30A O  

＜L＝＜254A）．Thus wecalculated the relativeoscillator  
strengthregardingthetermlMJ2inEq，（3）asaconstant．  
The calculatedo5Ci11atorstrengthisshownasa functionof  
LEbysolidanddottedlinesinFig・2・Thesolidanddotted  
linesarecalculatedwithandwithouttakingintoaccountthe  
energy dependence of the opticaltransition energy 払  
（コE．叫inTableI），reSpeCtively・Here wehaveadopted  
the values oftstatic dielectricconslant和ま12．5and the re－  
ducedmassofexcitoninthe；r，ydirectionsFLヨ0・04mo，y）  

that the Bohrradius aB＝Eo方1／FLeユis taken to be165A．  
The calculated curves are normalized to fit the absorption  
area or thels heavy excitonin the QW9sample．As a  
result of normalization，the calculated curves dependlittle  
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The oscillator strength of thelowestlsheavy excitonsis  
largely enhancedwith the decrease ofwell－1ayer thickness．  
Theenhancementcharactergivesthefu11experimentalveri一  
点cation oftwo－dirnensionalshrinkage of the exciton wave  
functionin quantum wells．The exciton wave function  
shrinksmuchmorethanthecalculatedonewhenthequan－ O  
tumwellis thinnerthan60A．This factsuggests thatthe  
reducedma5SOreXCitonsistbenenhancedby＝ご20％．  
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Localiヱationandhomogeneousdephasingrelaxationofquasi－tWO・dimensional  
excitonsinquantum－WellheterostruCtureS  
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Themechanismsofdephasingrelaxation（hornogeneouslinewidth）orquasi・tWO－dirnension8lexcitonsin  

quantum－Wellheterostructuresareclarined fbrbo血localiヱed anddelocalized excitons・The recently ob－  

SerVCdenergyandtemperaturedependencesofthehomogeneouslinewidthrhareeXpLainedquantitativcly・  

Furthermore，aneWeXpOnentforthe temperaturedependenceorr＾Ofthelocalizedexcitonsatlowtem－  
peratures，the energy dependence orrムOrthe delocaliヱed exciton5，and tb¢dependenc80rr∧Ontbe  
quantum・Wellthicknes5arepredicled．   

quantitatively onthe basis orthe same model．In theroト  
lowingcalculation thedephasingrelaxationrateisidentified  
With the rateatwhich theexcitonstatechaIlgeSSOme Ofits  
degrees orfreedom，forexample，energyj．mOmentum，Site，  
andpolarizatio¶．10   

First or all，the mechanisms of dephasing relaxation  
shouid beidentified．11Inthelocalized r鳴ime theexcitons  
Can tunnelto otherlocalized sitesaccornpanylng absorption  
Oremissiono［acousticphononsinorder tocompen5atefor  
the ener苫ymismatch．As another mechanism contributing  

to the homogeneouslinewidth，One Can COnSider the  
phonon・aSSistedtransitionto theextended（delocalized）ex－  
citon states．Thelatter mechanismis effもctivein theinter－  

mediatetemperaturerange（之10K）becausethetransition  
is associated with’phonon absorption．Obviously this  
rnechanismleads to theactivation－type behaviorofthetem－  

perature dependence ofthe homogeneouslinewidth（rh），  
which was observed experimentally．10n the other hand，  
the tunneling mechanismis workin苫eVen atlow temperか  
tures（～1K）andleads to the variable－range－hoppinglヱ  
behaviorofr＾，Whichwasalsoclaimedtobeobserved・lAs  
for the delocalizcd exciton state，dephasing relaxationis  
CauSed by acoustic phol10n SC抽ering on【be【wo－  
dimensionaldispersion curve．In fact，the phononscatter－  
ing rateis found to beenhanced by two orders ofmagni－  
tude over that for the three－dimensionalcase because the  
phonon momentum perpcndicular to the quantumTWellin－  
terface can be arbitraryin the scattering．Anothermechan－  

ism or dephasir嶋relaxation or the delocalized excitonis  
elastic scattering by the potentialnuctuation due to the  
layer－thicknessnuctuationwithinalayer．   

Nowlet us discuss the dephasing relaxationin thelocal・  
jzed regime．The homogeneouslinewidth of the10Calized  
ex亡iton state with energy丘■due to phonon－aSSisted tunneト  

1nglSCalculaledby  

Recently，the homogeneou51inewidth and the diffusion  
COnStant Of quasi－tWO－dimensionalexcitonsin GaAs－  

Al，Gal＿．As multiple－quantum・Wellstructures have been  
rneasured by Hegarty，Goldner，and Sturgelwith various  
techniques，SuChasresonantRayleighscattering，holeburn－  

ing，andthetransientgrating method．Theirmeasurements  

revealed the salientfeatures ofthe energy and temperature  
dependence of the homogeneouslinewidth or quasi－tWO－  
dimensionalexcitons．They found that the homogeneous  
linewidthincreases sharply as the exciton energyincreases  
through the center of the absorptionline，and that be10W  
theline center the homogeneouslinewidthis thermallyac－  
tivated．These experimentalresultssu8geSttheexistenceor  
the mobility edge for the quasi－tWO－dimensionalexcitonsin  

quantum－Wellheterostructures．Fromthelinewidthanalysis  

ortheluminescenceanditsexcitationspectra，ユandindepen－  
dentlyffomtransrni畠sionelectronmicroscopy，3・4itwassug－  
gestedthat the quantum－We11interfacehasakindordisor－  
der，namelylislandlike struCtureS having a。height ofon  
monolayerand alateralsize orabout300A．‡n thelow－  
energyregiontheexcitonscanbelocalizedatoneofthese  
islandlike structures since the exciton energy changes by  
severalmeVbecauseoftheonemonolayerdifftrenceofthe  
quantum－We11thickness，and the Bohrradius orthe quasi－ O  
two－dimensionalexcitonis aboutlOO A for a typicalwell  
thickness。rlOOÅ．5－7Theexcitonslocalizedatsuchislands  
Orlocalminimainenergywillrnigrateamongtheislandsto－  
ward thelower－energySitesemittingacousticphonons．The  

phonon－aSSistedmigrationofexcitonsamonglocalized sites  
within a quantum－Wel11ayer was the key to understanding  
the behavior ofenergy relaxationin thelow－energy regior1  
0rphotoluminescencespectra・8・9  

In thfs paper the cnergyand temperaturedependence of  
thehomo写eneOuSlinewidth．whichwi11bereferredtoasthe  
dephasing relaxation constant herearter，Orthe quasi－tWO－  
dimensionalexciton andits absolute value are explained  

r㍍g）斗J疋′以g′）テ（け一別）l〝ほ′～川（g・－g）・【1＋〝（g一朗拍（g一釘＝・  （l）  

whereDisthedensityorstatesofthelocalizedexcitonsta！e，〝isthephononoccupationnumber、andテ（IE－E’l）denotes  
thespatiallyintegratedexcitontransferratewhoseexpress10nisgiveninRef・9・Thedephasingrelaxationrateduetothe  
activationprocessisglVenby   

（2）  

r相可告罵言l（…㌔x・Ph㈲撫仏坤l瑚）・  
wherelK‖〉isthedelocalizedexcitonstatewithawavevectorK”ParalleltothequanLum－We11interface．1R。〉isthelocal－  

◎1985TheAmericanPhysicalSociety   ヨ2  7013  

－77－  



T．TAKAGAHARA  7014  3ユ  

盲
i
ど
 
 

8
 
 
7
 
 
6
 
 
5
 
－
q
 
 
3
 
 
2
 
 
1
 
 

1，615  1．620   1．825  

Energy（ev）   

FIG・l・The亡a血】ated bomogeneou51inewid【h斤r鳥andactiva・  

tionenergyAEasf厄nctionsorexcitonerLergy．Thedashedlinein・  

dicates theassumedexcitonabsorptionspectrum．Thereiionindi一  

皿ted by a double arrowis【he suppo5ed【ransiliorlregion be【Wee爪  

the10Caliヱedandthedelocalizedregimes．  

ized excitonstate atsiteR。，andHcx．ph denotes thequasi－  
two・dimensionalexciton－phononinteraction derivedin Ref．  
9．As fortheenvelope function ofthelocalizedexciton，it  
is found thata Gaussian formis notadequate because the  
ene柑ydependenceor血ecalculated r眉亡王5tOO5harpto ex－  
plain the experimentalresults．Instead，an eXpOnential  
runctioni5adoptedrortbelocaliヱationenvelope．Calculated  

dephasing relaxation constants are shownin Fig．1．The  
densityofstatesofttheexcitonisass11rnedtobeproportion－  
alto theabsorptionspectrumandthemobilityedgeissetat  
thecenteroftheabsorptionline．Theabsolutevalueofthe  
excitonenergyinthengurehasnopartl璧Iarmeaning・一丁he  
quantum・W811血icknesgis【aken a580A and t加infhite・  
barriermodelisadoptedfortheexciton5tate，Thetempera－  
tureis5Kandothermaterialparameters，e．g．，theexciton－  
phonon couplingconstants，arethesarneaschoseninRef．  
9．Be10Wthecenteroftheabsorptiorlline，thecalculatedrh  
is or the order of O．1meV andincrea5eSwith the exciton  
energy．Thisisin good agreementwith the experimental  
results．The temperature dependence orr々is examinedin  
【hi5energyregion．TheArrbeniu5p】ot50rrんatγario甘SeX・  
Citon energies are givenin Fig．2．The activation energies  
determined rrom the temperature dependencein Fig．2（a）  
are plottedin Fig．1as AEon theleft ordinate axis．Ås  
SeenfromFig．2（b），inthe temperatureregionaboutlO K  
there occurs a crossoverin the dephasing mechanism f－rom  
thermalactivation to phonon－aSSistedtunnelingbecause the  
lattermechanismisefrectiveevenatlowtemperatures（～1  
K），Accordin裏y，thetemperaturedependenceorr轟eXperi－  
ences acrossover between activation－type behaviorand the  
behaviorexhibited byrLI．Fromtheleast－Squ且reSntinthe  
temperature range between2and O．5K，rLJis fbund to  
Obeythetemperaturedependence  

0・5－1・O   
丁）   

FIG・2・Arrhenius plot orthe homogeneouslinewidlh斤rh at  
Yariousexcitonenergiesinthelocalizedregime；（a）fbrr属Cand（b）  
ねrbothr扁Candrガ．  

about（－1．7）－（－1．6），depending weakly on the exciton  
energy．This exponent js different rrom that ror variable  
r且nge hoppzng jn two dimensions・12Thjs di翫TenCe aTises  
essentially frorn the differencein the quantity to be mea・  
Sured．The hopping conductivitylSinduced by the activa－  
tionorelectronsneartheFermisurracebyphononabsorp－  
tion，While both the phonon absorption and emission  
p柑CeSSeSCOntribule to thedeph8Singrelaxation rate．Thus  

itis not very surprising thatwe founda newexponent dif一  
指ren一打omthatrorvariablerangehopping．   
Next，thedeph8SingreIaxa【ioncons【antorthede10Caiized  

exciton state wi11be discussed．As mentioned before，de・  

Phasing relaxationis partly c8uSed by acoustic phonorl  
SCatteringonthetwo・dimensionaldispersioncurveandpart－  
1ybyelasticscatterin包bythepotenLialnuctuation．Thecon－  

tributionrrom thephononscattcringisgivcnby  

rÅl（r）ォr8eXp【β／rα】，  （3）  

Where Bis positive and the exponerltαis estimated to be  

rgh（∬‖）零苦言梱‖±釦〝ex・ph凪－）跡継‖十¢川坤．一方u¢）＋恒〃¢）8脇‖一8‖坤，＋方坤・（4）  

ー78－   



LOCALIZATIONANDfIOMOGENEOUSDEPHASING‥．  7015  32   

The calculated results are shown by rEhin Fig．1．The  
dispersionofthedelocalizedexcitonstateisassumedtobe・  
gin rrorn2．5meV above themobilityedge・This choiceis  
ratherarbitrarybutdoes notseriouslyaffectthe qualitative  
featuresoftheenergydependenceofr＾．Thedephasingre・  
laxation rate due to elastic scattering by the potenrial fluc- 
tuationiscalculatedas rollows．Thenuctuation ortheexcit  
【on ene巧yis caused mainiy by血e加ctua【ion ortbe5ub－  
bandener臥Sincethebindingene柑yOreXCitonsisa晩cted  
little by one monolayer change of the we11thickness・5－7  
Within the effective－maSS apprOXimationthe nuctuation of  
the exciton energy due to the nuctuation ofthe quantum－  
well thickness 6L, is given as 

8g；方ヱ汀三組‡ルエ㌔，  （5）  

whereFListhereducedmassoftheexciton・Assumingthe  
scatteringpotentialduetotheexcitonenergynuctuation to  
be acylindricalonewith radius g，the dephasing relaxation  
rateiscalcu18tedas  
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r掴．．）－塵昼雲里∬′ユ朗       がJO  ノl（2∬ll吉COS8）  
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1  2  3  

LzJ8日   

FIG．3．Dependence orthe homogeneouslinewidth方r＾On the  
quantum・Wellthickness．Thモロxedene柑iesor¢XCitonareindicated  
in parentheses and aB denotes the Bohr radius or thc three－  
dimensionalexciton．  

through theexciton・Phonon rnatrix element．Typicalvaria・  
tionsorrんatVarious excitoneme柑ksat5K且re plottedin  
Fig．3．ItisseenthattheLz dependenceorrAinthelocal－  
izedrc8imeisrathersensitivetotheexcitonenergy．Onthe  
other hand，r斤hin the delocalized regimeisins已nSitive to  
the exciton energy andis dependent on L，Only weakly．  
These featureswi11be usefultoidentifithe mechanism of  
dephasin苫relaxation，andsystematicexperimentalstudyon  
theL＝dependenceishighlydesired・  

In the energy reg10n Oftransition between thelocalized  
andthcdelocalizedregimes，itisdi爪culttodescribetheex－  
Citonstatepreciselyandthecalculation ofr＾isleftrorru－  
turest11dy，  

where〟，8E，and q√1aretheexcitontotalmass，thepo－  
tentialnuctuatiorl，and the arealnumber density of the  
SCattering potential，reSpeCtively，andJldeno（es the firsト  
orderBesselrunction．ThecalculatedresuLtsaredepictedas  
r屠LinFig．1．Theemployedmaterialparametersareagain  
thesameasinRef．9．TheabsolutevaluesofrRhandr屠1  
are bothoftheorderofmeVinagreementwiLhtheexperi－  
mentalresults，Whereas they tend to decreasein the  
higheトenergyregion．Thisisbecausethe magnitudeofthe  
wave vectorofthe participatir嶋Phononsincreaseswith the  

excitonenergyin thecaseofrEhandbecauseoftheK］T2  
behavioror（6）inthecaseofr斤I，reSpeCtively．Experimen－  
ta11ythevalueofr＾inthisenergy region hasnotyetbeen  
studiedindetail．   
The dependence or the dephasing relaxation rate on the  

quantum－Wellthicknesswi11nowbediscussed・Inthelocal－  
izedresimebothrRCandr鳥IdependonL＝throughtherna－  
trixelementoftheexciton－phononinteraction．Inthede10－  
calizedregimer屠Iin（6）isfoundtobeinverselyproportion－  
altothesixthpowerorL，，WhilerRhin（4）dependsonL＝  
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ThetunnelingdynamicsorphotogeneratedcarriersinGaAs・A10．29Gao．71Asmuttiple・quanturn－WellstruC－  
turesarestudiedusi喝plCOSeCOndspectroscopywithanelectricfieldperpendicular10【hewelllayers．Dras－  
ticchange5，SuChasanincreaseirlthephotocurrent、adecreaseintheexcitonluminescence．andachang已  
intheexcitonufbtime，takeplacesimultaneouslyforelectricfieldsof－5．0×103v／cm．Thesechangesare  
ascribed to the orlSet Ofexciton dissociation and electron tunneling through the Ab．29Gao．TlAsbarrier  
layers．Theelectrontunnelinsrateisdeterminedtobel／（430ps）andiscornparedwithcalculations．  

BMR3061986PACSnumbers73．40．Gk71．35．＋z73．40．Lq  

The sampleis aク・ト乃 diode structure grown by  

moleculaトbeamepitaxy・5Thern9tnPartCOnSistsoflOOal・  
ternatepe専dsofundoped120－AGaAswe111ayersandun・  
doped58－AAlo．ユ9Ga8．71As barTierlayers．The MQW’s arc  
SurrOundedbythep－typeand n－typeAb．54Ga8．46Ascladding  
layersIFLrn thick．The MQW and claddinglayers are  
sandwiched between the p＋・type GaAs caplayer（0．5FLm  
thick）andthen・typeGaAssubstrate．ElectricalOhmiccon・  
仏Ct5aremadeoIlbotht加〆・GaA5CaplayerandかGaAs  
Substrate．Withthe sarnpleinaperpendicular electricneld  
at4．2K，We made measurementsortbephotoconduc【ivity，  
the photocurrent－VOltage characteristics，the exciton  
luminescence，theexciton－luminescence－VOltagecharacteris－  
tics，and the picosecond tran5ient response or the exciton  
luminescモnCe．  

・For allmeasurements except photoconductivity，a dye  
laser synchronously pumped by a cw mode・locked  
Nd3＋：YAGlaser（Quantronix416）（whereYAGisyttrium  
alumin11mgarnet）isusedastheexcitationsource．Thedye  
laser givesト2・pS極ht pulses with a repetition rate or82  
MHz．Thelaser dyes Rhodamine6G and DCM are used  
to generate 605－nm（2．05－eV）and 67g・nm（l．83・eV）  
light pulses，reSPeCtively．The band－gap en巳rgies of  
Ab．5ヰGa8．46As，Ab．29Ga8．71As．and GaAs are2．15eV（X），  
1．88eV（r）．andl．519eV（r），reSpeCtively．占 Therefore，  
neither 605－ nOr 67往－nmlight excites the A18．S4Ga8．46As  
Claddinglayers．The 605－nTnlight excites both the we11  
layers andthebarrierlayers．while the678－nmlightexcites  

Onlythewel11ayers．Nosignincantdiffbrencewasfoundin  
the results，including the time－reSOIved result，Whether the  

barrierlayers were excited or not．Therefore，OnIylhe  

results forthe605・nmlightexcitationare presentedin this  
Paper．Thelaserbeamislooselyfocusedon ap－（－〝diode  
Sarnpleimmersedinliquidheliurn．ToreducetheelectricaL  
SCreeningbyphotogeneratedcaTrieTS、theexcitationlaserin－  
tensityis reduced to being as weak as possible for the pi－  
COSeCOnd time－reSOIved study．The excitation densityis  

aboutlO mW／cm2．Theluminescencespectraarerecorded  
by using a50・Cm mOnOChromator・The excitonlumines－  
CenCeis temporally analyzed by using a synchroscan streak  
Cam巳ra With140－JLmSlitwidth．Thenthetimeresolutionis  

42ps．   
The energy shift of the heavy exciron clln be used to 

Recently，the dynamics ofcarriersin semiconductorsu・  
perlattices has attracted growinginterest・There are two  
directionso（motion ofthecarriersinsemiconductorsuper－  
1attices．Oneisrnotionin theplaneofheterostru⊂tureSand  
the otheris motionユCrOSS theheterostruCtureS．Sofar、the  
formerh8Sbeenstudiedextensivelyintwo－dimension息1caト  
riersystemsbymeansortransportexperimentstIねwever，  

振れ顛CL血Ea払havebeenrelativelyscarceandlimitedto  
currenトVO舶gecharacteri5【ic55hce the点r510bserva【jon or  
resonant tunneling ofelectrons．1This technique could be  
usedtoclarify the energylevelsinsuperlattice5butnotthe  
dynamicalaspects．Therefore，neW teChniques have been  
required．  
In this work，Picosecond spectroscopy has been used to  

studythemotionofphotogeneratedcarriersinthedirection  
or the sllperlattice．We probed tlle eXCitonluminescence  
in GaAs－A10．ユ9GaA71As multiple－quantum－Wellstructures  
（MQWIs）inanelectricfieldappliedinthedirectionofthe  
superlattjce・Excitonlumine5CenCe quenChing and the  
changein the excitonlifetime haveal∫eady been．observed  
inaGaAs－Al．Gal＿∫AsMQWinanelectricfield．1JIthas  
beenpointedout thatthesephenomenaare possiblycorre－  
latedwith the neld－induced separation of electrons frorn  
holesinawel10rtbetunnelingorelectronsorholesacross  
the barrier potential∴In the study，dennitive evidence of  
the tunneling was not produced．ln addition、the electric  
neldin the MQW was not accurately determined，SO that  
theexperimentaldatacouldnotb巳COrnparedwi血thecalcu・  
lation．Thisisbecausetheelectricfieldisscreened，tOSOme  

extent，by the excess photogenerated carriers．We have  
overcome this dirriculty．We have determined the electric  
neldin the MQW by the peak shift orthe heavy・eXCiton  
luminescence．In addition，We rOund thatthe excitonlife－  
tiTneis surely dominated by the tunneling of electrons  
acrosstheAlo．29Gao．71Asbarrieraboveacertaincriticalelec・  
tric neld because tbe tunneling rate or electrons becomes  
fasterthanthedecayrateortheexcitonpopulation，dueto  
the other processesincluding radiative recombination・  
Then，thetunnelingratecanbeestimatedbytransientrnea－  
surement ofthe excitonlurninescence．The tunneling rate  
thus obtainedis compared with the calculated one on the  
basis or the precise knowledge o「the electric neldin the  
MQW．  
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determinetheelectricfieldintheMQWasdescribedbelow．  
Wemeasuredthepho10COnductivityspectraorthesamplein  
theelectricfieIdbyusingtheincandescenlIarnp．Theresult  
is shownin theinset ofFig．1．ln the photoconductivity  
SpeCtra，theheavyexcitonsinthequanLumwe11spTOducea  
Peak・The heavy－eXCiton peak shirts toward10Wer energy  

With theincreasein theappliedelectricvoltage．Theshirts  
do not vary with further reduction or the excitationlight  
level．The bdilt・involtageI′biWaS determined to t）el．8V  

frorn the curve ofthe current－VOltage characteristics，The  
Sample hasno buffbrlayers．Therefore，the貢eldissirnply  

Calculated．tobe∫1（㌔x．＋rbi）／4where㌔xti5theexter－  
nally appliedvo血ge andオー1．7g甚mis thetotalthickn巳SS  
Ofthe MQW．Fol10Wins the caiculation ofBastard fbr an  
inflnite well，the energy shift or thelowest transition  
betweentheelectronandholesublevels．A員isproportional  
tothesquareoftheelectricfieldFasfollows：7  

△∫藁－2．135×10‾3（耳＋爪品）ビュ声エ〟方ユ，  （1）  

Where eisthechargeorelectron，theヱaXisisalongthesu－  
Perlaltice direction．L＝is the welllayer thickness，and  

ガ（－0．655J〝0）and〝一品（－0．45J乃0）訂e e汀ectivemasses  
Of the electron ami the heavy hole，reSpeCtively．The  

Changeoftheexcitonbindingenergyisneglectedbecauseit  
issmallerthanAEbyanorderorrnagnitude．3Infact，Eq．  
（1）explain5tbeenergyshirtortbeexcitonsinastrikingly  
COmplete manner，aSis shownin Fig．1．Conversely，the  

electricrieldintheMQWcanbedeterrninedfrornthepeak  
5hirtorexcitons．   
Under the picosecondlaser excitation．the exciton－  

1uminescenceenergyshirtstowardlowerenergywilhanin・  
CreaSein the externa11y applied voltage asis shownin the  
inset of Fig．2．Then，howeveT，the peak shiftis not so  
large as expected．We attribute this di5agreemenltO the  
SCreeningoftheelectricfieldby thehigh density ofphoto・  
＄eneratedcarriers3becauseweobservethatthepeakshiftis  
reduced with anincreasein the excitonintensity．There・  
fbre，We do notestimate theelectricneldfrom theapplied  
VOltage．Instead，We determine the electric fleld fhm the  
peak shirt on the basis or Eq．（l）．In Fig．ユ，bo血the  
exciton－luminescenceintensity and the photocurrentacross  
the superlattices are p10tted as a function orelectric neld  
thus estimated．A sudden changeis observed at a neld or  
Fl－5．OxlOJv／crn．At this value，the exciton－lumin・  
escenceintensity decreases and the photocurrentincreases．  
The5e fact5indicalelhat the excitons dissociate at this field  

and thatelectronsorbolesttlnnelthrough thepotentialbar－  
riers and contribute to the photocurrent. At the field of 
ろ－5．0×103v／c叫the抗eldgainrortbeelectronsorholes  
amountsto9meVwhentheymovebyasuperlatticeperiod  

ELECTRIC FIELD（V／cm）  
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ELECTRIC FIELD（V／cm）  
FIG．1．peak shir10rthe heaYy eXCi10nSObservedin photocon・  

ductivity spe亡Iraas a mnCtion ortbeappliedelectricvolt且ge㌔xl・  
Expcrimentaldat且8re Shown by solidcircles．ne buill－in voltage  
Vbiis ＋1．8V．Electric fieldin Lhe MQWis calculated to be  
（Vext十Vbi）／d Thesolidlineisthecalculaled oneonthebasisor  
Eq．（1）．lnlheinset，Pho10eOnductivityspectr且undertheexternally  
8Pplied vollage a帽5hown．Thelowe5トenergy f氾akco汀eSpOIlds to  

h亡aVyeXCitons，  

閏G．ユ．Luminescenceiten5ityorhea叩eXCitons（0）andpho10－  
CurrCnt（●）as8hlnCtionoftheelectricrieldintheMQW．Solid  
8nd dashcdlinesare guidesfbr the eyes．Theinsetshows heavy－  

excitonluminescence5匹亡甘aun〔krexterna11y8ppli8dvoltage．The  
匹aksbifはOrbeavyexcitonsind血te thatappliedvol一明eSO、－3、  
－‘，8nd －9V correspond10eleclric nelds5．0×10ユ、9．£xlO3，  
ユ．5×104，andヱ．去×冊V／cm、re5pモClively．  
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electricrield Fこthedissociation rateof－excitons．1t・l．isgiven  
bytherollowingroTrnulawhichalsodescribestheionization  
rateorhydro各enatOmS・10  

叫三（16月ヱ／板克β）expト4月／3eねβ）．  （2）  

Where R仁＝4・2 meVtis the Rydberg energ）’ 

一 

rate reaches2．8×101ユs‾1at an electric neld of Fi～5．0  
×103 v／cm．The rateis much faster than the observed  
rate．   

Compared with the above－mentioned dissociation rate、  
the tunnelir唱rate Or electrons or holes across the barrier  
potentialis expected to be slow because the Alo．29Gao．71As  
barrier potentialis much higher than the Coulornb barrier．  
The experimerltalresults corresponds exactly with this ex・  
pectation，lntheWentzel・Kramers－Bri110uinapproximation．  
the tunneling rate or electrons or heavy holes across the  
barrierpotentialw2isestimatedtobell  

wユニ（打方／2′”ご（hh｝エ㌔）expト（2／斤）J2諦め】，  

（3）  

ifthe Cou10mbinteractionbetween the electrons and heavy  
holesis neglected．Here，gis tbeband discontinuily，Uis  

emtrg 
（ar 

2J戒hh）L〟打方istheclassicalperiodortheelectron（heavy－  
bole）motionin the quantum well，11because theヱCOm・  
ponent of the velocity of eleclrOnS（heavy holes）in the  
lowestsublevelis斤k／mnhh）芦打方／J頑hh）L＝．Equation（3）is  

the expressionin the case ofヱerO applied electric neld．  
However，thisequalion approximately he’ds underthe con－  

dition eFV＜＜U一員evenwhentheelectricfleldisapplied．   
The r且teCalculatedonthe basis o［Eq．（3）isnotaltered  

muchwhen theconfinernentenergy Uis neglectedbecause  
Uis smaller than the band discontinuity Eby an ord巳r Of  
magnitude．Therefore Uis neglectedforsimplicity．Ifthe  
band－gaP disconlinuity split or 85‥15is correct．12 the  
conduction・band discontinuity 島is 307 meV and the  
Valence－banddiscontinuityEvis54meV．Then，thetunnel・  
ing rate orelectronsis3．9×109s－1and tbat orbolesi5  
2．7×10きs‾1．ontheotherband，tbetllnnelingrateorモ1ec・  
tronsisl．8x1010s－1and that orbolesis4．3×105s‾1，ir  
the band－gap di5COntinuity split or57：43（昂ココ06meV，  
凡＝155meV）isco汀eCt．1】Inboththecases，tunnelingor  
electrons dorninates the neld dissociation rate or excitons  
across the barrier potential．The calculatedtunneling rates  
areねster than the experimentalvalue．However，disagree－  
mentiswithinanorderofmagnitude，althoughthecalcula－  

tionistbesimpl巳StOne．   
The 5imple calculation wellexplains the experimen也1  

Characteristicsthat the tunnelingTateis notafrectedby the  
electricfleld between5．OxlOユand2．8×104v／cm．Inねct、  
unlike the earlier experiments，ユ・3the condilion e〃＜＜び   

一g holdsin our experiment．NevertheIess、eXCi10nS are  
Strippedorelectronsandelectronstunnelacrossbarrierpo－  
tenlials criticauy althe ncld F；－5．0×103v／cm，because  
thefie）dgaincancornpensatefbrthebindingenergyorex・  
citons．11is noteasy toconsiderthetunnelingofelectrons  
throughboththeCou10mbbarrierandthebarrierpotential・  
In fact、thereis no available theoreticalstudy oflhisprob－  
1em． The s10W－decay component observed between   
－5．6×10ユand－2．8xlO4v／cm may be due to nongem－  
inale eXCitons made orslripped eleclrOnS and holes．With  

（－178A）・The rield旨alnis almost equaIto the exciton  
binding energyin120－A quanturn wells（10me＼′）derived  
rrom the magneto・OPticalrneasurernents・9 The rield gain  
compensates ror the binding energy・Therefore．itis quite  
reasonable ror excitons to dissociate at a rield or 石  

－5．0×10ユV／cm．Curves or photocurrent andlumines－  
cencein【enSit）・5how a plateau between －1．0×104and  
－2．0×104v／crn With the f’urtherincreasein the electric  
neld up to －・之．8xlO4v／cm、the photocurrenlincreases  
and theexcitonluminescencedecreases．   
The transient response o［the excitonluminescenceis  

showninFig・3・Attheneldof省一5・0×101v／cm．the  
temporalprofileoftheexcitonluminescencechangesdrasti－  
Cally．Be10WF；，theexcitonluminescenceexponentiallydeq  

cays with a time con5tant Orl．5ユ ns，Above 吾，the  
exciton－1uminescence decay seem5tO COnSist or two com－  
POnentS．Thefastdecayhasatimeconstantof430ps・The  
s10WOnehasalorlgtirnecon5tantWhichhasnotbeendeter－  
minedinthisexperiment．Wedeterminethatthechangeof  
the ternporalprofile comes fromthetunnelingoftheelec・  
trons or holes because the luminescence decrease and the 
Photocu汀entincrease也ke place at the common electric  
neldorf十5．0×103v／cm．Then，thefhstdecayofexciton  
luminescenceisdominated bythetunnelingofelectrons or  
holes acrossthepotentialbarriers．Thereforethe tunneling  
ratecanbeestimatedtobel／（430ps）某2．3×109s‾1．Ata  
neldof～2．8×104v／cm．theslow・decaycomponentoflhe  
excitonluminescence vanishes cornpletely and the exciton  
luminescence exponentially decays with a time constant of  
430ps．  
Itisnoteasyto estimate the dissociationrate ofexcitons  

intheMQW．Toestimateit，WemuStCalculatetheratesof  
atleasttwoprocesses，the dissociation orexcitons，andthe  
tunneling ofelectrons or holesacross the barrierpotential・  
Ifthe excitonsare notin the quantumweus and arein the  
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FIG．3．Temporalpronle ofthe heavy－eXCi10nluminescencein－  
tensi【yinlhe perpendicular electric fleld．The estimated electric  
neldsin theMQWare5．0×10ユ，5．6×10】，9．8×10ユ、andユ．8x104  
V／cmrortheappliedvolt且geSOrO、－1．－3．and－9V、reSpモCtive－  
1y．Dash亡dlinesshow exponentialdecaywithTeSpeCtivetimecon－  

st且nlT．Dash・dottedlinesshowlong・1ived cornponent．The back－  
ground observed berore O p5COmeS rrOm the stray or6－nS－1ived  
lumine5CeneeWhichispeculiartothes）rnChroscansITeakcamera．  

ー82－   



Noteaddbd A recentwork by Polland e（aL tPhys．Rev．  
Lett．55，2610（1985）】coverssimilargroundtreatedin the  
present work．Contrary to the present results，they have  
observed thatthelifttime orexcitonsis prolonged with an  
increasein the electric field．The contradiction probably  
COmeS from a differencein the quantum－WellstructuTeS，  
especiallywithrespect10thethicknessorbarriers．  

Tbe authors wish to tbank Pro托ssor M．Mat5uOka ror  
valuable discussions and continuous encouragement．The  
Picosecondlasersysternusedinthisworkwasdeve10Pedby  
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M．Matsuoka and Dr．M．Baba，Whom authoTS Wish to  
thank．This work was supportedin part by Scientinc  
Research Grant－in－Aid No．59460024 and Scientinc  
ResearchGranトin・Aid No．60222017ftom the Ministry of  
王ducation，ScienceandCultureorJapan．  

theincreasein the electric neld、thes10W－decay component  

decrea5eSandthephotocurrentincreases．Wemayauribute  
thischangetotheonsetorsuccessivetunnelingofelectrons  
throughmanybarriers．However，theseprocessesremainto  
beclarifledbyruturestudy．  

In summary，the turlneling dynamics of photogenerat－  
ed carriersin GaAS－Alo．29Gao，71As multiple・quanturn・Well  

StruCtureShavebeenstudiedinanelectricneldperpendicu－  
1ar to thewe111ayers．Drastic changes，SuCh as anincrease  
inthephotocurrent、adecreaseintheexcitonluminescence，  
and a change of－the excitonlifetime take place simultane－  
ou51yattBecriticalelectricneldor－5．0×10jv／cm．Tbe  
Changesareascribedto the dissociationofexcitonsandthe  
tunneling or electrons through the Alo．ヱ9Gao．71As potential  
barriers．Theseprocessestakeplacewhenthefieldgaincan  
COrnPenSate fbr the exciton binding energy．The tunneling  
rateoftheelectronsisdeterminedtobel／（430ps），S10Wer  
thanthesimpleestimation．  
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