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Exciton squeezedstatein optically excitedsemiconductors

NguyenBaAn’
InternationalCentreof CondensedMatterPhysics,UniversidadedeBrasilia, CaixaPostal04667, 70919-900Brasilia, DF, Brazil

and

TranThaiHoa
HanoiPedagogicCollegeNo. 2, Hanoi, Viet Nam

Received21 May 1993; acceptedfor publication24June1993
Communicatedby L.J. Sham

Currentpump-probetechniquesallow oneto preparehighly excited semiconductorswhich canbe modelledas interacting
exciton—photonsystems.We theoreticallyevaluatetheexcitonquadraturevariancesfor suchsystemswhichshowthattheinitially
coherentexciton canperiodicallyevolveinto a squeezedstate.Necessaryconstraintsfor thesqueezingeffect arefoundandan
analysisovertheparameterspaceis given.

Following successfulinvestigationsof nonclassical level. If the excitationis low, the optical properties
effectsof light in quantumoptics[11, interestin such of the exciton—photonsystemare governedby the
effectshasrecentlyarisenalso in quantumfield the- Hamiltonian (h=c= 1)
ory [2,3] and in condensedmatterphysics [4—111.

H=wc~c+Ea~a+g(a~c+c~a), (1)
Soliton squeezingwas studiedin refs. [2—4]. Ref-
erence 5 confirmed that squeezedphononsgive a whereE (a’) is the energy (frequency)of the co-
lower ground-stateenergy of the whole supercon- herent exciton (photon) whose operatorsare de-
ductingsystemthancoherentanddisplacedonesdo. notedby a,a + (c, c~),g is theexciton—photoncou-
An isomorphismbetweena polariton model Ham- pling constant.In thiscase,asshown in ref. [91,the
iltonian anda standardtwo-modesqueezeHamil- excitoncanevolveinto a squeezedstateonly if the
tonian was establishedin ref. [61 wherethe wave- photoninitially possessesa certaindegreeof squeez-
vector dependenceof the squeezingfactor of the ing. At higherexcitation,a finite excitonpopulation
polariton wasgiven. References[71and [8] dealt is createdwhich may inducequalitativemodifica-
with the statisticalpropertiesof the coherentlyex- tionsof theoptical properties.Therearisenonlinear
cited polariton wave in small volume crystals. exciton—photontransitions(see fig. 1) due to ex-
Squeezedstatesof excitonsandbiexcitonswerecon- changepolarization[12,13], which aredescribedby
sideredrespectivelyin refs. [9], [10] and [11]. termsproportionaltoa~a~ac+c~a~aa.Besides,as

Undera resonantoptical pulseexcitation a finite a rule, the exciton—excitoninteractioncomesinto
populationof coherentexcitonscanbe generatedin play, too.Thefull Hamiltonianthereforehastheform
a semiconductor.Theseexcitonsare thenoptically
testedby a weak probebeamof photonswith fre- H_wc~c+Ea~a+g(a~c+c~a)
quencylying in the vicinity of the exciton energy + ~a~a~aa+ ~ (2)
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~ , (7)

where u~and v~are the Bogolubov transformation
_________________ coefficients,Za and Z~,which are for simplicity as-

sumedrealin theevaluationof (4), characterizethe
Fig. I Feynmandiagramscorrespondingto theI-interaction in initial coherencedegreeof the exciton and photon,
Hamiltonian(2). Solid (dashed)linesrepresentelectron(hole)
lines. A parallel pairof a solid line anda dashedonerepresents respectively.While thedetailedderivationof (4) will
anexciton.An exchangeof two electrons(holes) is describedby bepublishedelsewhere,we wishhereto stressits three
a crossingof solid (dashed)lines. Photonsareshownaswiggly mostqualitatively impressiveconsequences.
lines. No arrowsareindicated:eachdiagramcan be readfrom (i) Formula(4), though simplein form, contains
both sides.From left (right) to right (left) they correspondto an explicit dependenceon bothexternal (w, V~Za,
photonabsorption(emission).

Z~)andinternal (E,g,J 1) parameters(notethatw
(2) with 1=0 was treatedin ref. [10] wherethef andg enteru~,v~andQ~whoseanalyticexpressions
termwasshownto causetheappearanceof squeezed are givene.g. in ref. [15]). Thisallowsus to analyze
excitonsevenwhenthe systemis initially in a non- easily the variationof excitonsqueezingoverthepa-
squeezedstate.In this Letterwe will provethatf- and rameterspacein figs. 2 and 3. (ii) The presenceof
I-termsplay equal roles in the squeezingphenome- the secondsinus in (4) revealsthat Q~(t)is iden-
non: squeezingmight occurwheneitherfor/ is non- tically equalto zero, i.e. the exciton remainsin its
zero.In general,for bulk semiconductors,fandfare initial coherentstateandno squeezingcantakeplace,
of the sameorderof magnitudeand,thus, they need if F~=0for all possible~ and~.Looking at (7) we
to be takeninto accountsimultaneously. find out that this will occur wheneitherf=1=0 or

To study exciton squeezingwe will evaluatethe v~=0for both ~= 1 and 2. Since v~xg(see their
time-dependenceof the exciton normally-ordered expressionsin ref. [151), we can theoreticallycon-
quadraturevariancesQ~( t) definedfor v= 1, 2 as dudethat the necessaryconstraintsfor the exciton

to be squeezedare simultaneousnonvanishingof~
(3) bothg and/ orf (not necessarilyboth / andfaredif-

ferent from zero). In low dimensionsfturnsout to
wherethe symbolN normally ordersall the opera- be very small whereasI remainsfinite. In suchcir-
tors standingafter it, Ax=x—<x> and K > is the cumstances/ plays the key role in the squeezing
quantumaverage.One saysthe exciton is squeezed problem.The inclusionof / into considerationfrom
wheneitherQ1(t) or Q2(t) becomesnegative.Ap- the very onsetas we havedoneis thusmeaningful.
plying theBogolubovtransformationswhich diagon- (iii) Theprefactor(— 1 )~‘in (4) indicatesthatwhen
alize the quadraticpart of (2) into the two-branch
polariton [14,15] withenergiesQ1 andQ2 and,mak-

L~~S I
ing use of the secularapproximation[16], we have
obtainedthefollowing analyticallyexactexpressions
for Q~(t),

2

Q~(t)= ( — 1 )P ~

Ct0

xsin[(P~+ F~±F~)].(F~+F~~). (4) 1 8

In (4) the notationsusedare 0 8 2 1 6 20

= + ~ :~= Za! V~ z~= Zc/ V, (5) Fig. 2. GaAstime-dependentexcitonquadraturevarianceQ2as

= Q~+ Q~+ ~ S ~, ( F,~+ F~+ F~+ F~., 6 influencedby theexternalparameters.For thevaluesof thecx-

ternalparametersusedseetext.
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Q, (Q~)isnegative,Q2 (Q1) shouldbepositive.This

relation: in no casesbothQ~andQ2 are negative.
Figure2 plots Q2 for GaAsasa functionof Et with

differentexternalparameters.Fromthe analyticfor-
mulasfor g, ./ I (seee.g. ref. [171) and from con-
guaranteesthevalidity of theHeisenberguncertainty
cretevaluesof the internalparametersfor GaAswe
have I~I~30 meV, f~l.4x 10— 16 meV cm

3 and
I~6.6xl0_16 meVcm3. The dashed (solid, dotted,
dot-dashed) curve is for w/E= 1 (0.95, 1, 1),
Za=Zc=l000 (1000, 400, 1000) cm—3and V=10’5
(10— ‘~, 10—~, 10—I4) cm3. Visually, the curves dur- Fig. 3. ExcitonquadraturevarianceQ

2 asinfluencedby theinter-
ing the course of time develop negative parts mdi- nal parameters.For the valuesof theexternalparametersused

andfor thedefinition of X seetext. The labelg/E in this figurecating the appearanceof squeezedexcitons. Corn-
shouldbeunderstoodas g I /E.

paringthe dashedandthe solid (thedashedand the
dotted, the dashedandthe dot-dashed)curves in-
dicatesthat a bettersqueezingis obtainablefor w
closerto E (largerinitial coherencedegree,smaller FINEP. Oneof theauthors(NBA) acknowledgesre-
sample volume). The chosensample volumes of ceiptof a one-yearvisiting fellowship from CNPq.
lO’~andlO’~cm

3 aresomewhatintermediatebe- He would like also to thank ProfessorA. Ferrazfor
tweenbulk samplesandmicrocrystallites[18]. The the hospitality at the InternationalCenterof Con-
finite samplevolume gives rise to the squeezingef- densedMatter Physics, Universidadede Brasilia,
fect. This is in agreementwith the result discussed Brazil.
in ref. [81 on the influenceof the quantumfluctua-
tion on the coherentsystem:in the limit V—~cxthe
influenceis negligible. References
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