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Coherent dynamics of bipolaritons in bulk CdS
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The coherent dynamics of an optically driven exciton—photon—bipolariton system is studied in bulk CdS.
Applying backward-scattering four-wave mixitgWM) spectroscopy, we analyze the two-photon polarization
associated with excitonic molecules and determine the dephasingltimd.8 ps. We demonstrate that the
molecule-mediated FWM signal persists at positive time delays even jthémit, due to the spatial pinning
of coherent polaritons induced by the second pulse. By generalizing the bipolariton model to uniaxial semi-
conductors, we calculatﬁé’ézZ.S ps, justify theT,=2T, limit, and prove the bipolariton representation for
excitonic molecules in CdS.
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[. INTRODUCTION semiconductdt due to an anomalously weak exciton—
phonon interaction in CuGf As we will show below, the
Resonantly interacting excitons and photons give rise tdipolariton picture is also valid for excitonic molecules in
polariton eigenstates in solidsConsequently, the optical bulk CdS at low temperatures, because the radiative lifetime
properties of excitonic moleculeX¥s) can be described in of the molecules is about 3 ps, while the relevant scattering
terms of polariton—polariton interaction, i.e., by the schemdime due to exciton—LA—phonon interaction refers to a 10
“two polaritons <> X X" which results in the bipolariton rep- picosecond time scafé:*°
resentation o Xs? Since the observation of photolumines-  Within the bipolariton picture the sequence “two incom-
cence of excitonic molecules in Cu€this semiconductor ing (¢ ando ™) photons-two polaritons-XX —two out-
became a prototype material in optics of molecules, due to it§oing polaritons” is a coherent process. For relatively low
optical isotropy and the larg€X binding energy. The optics optical intensities and within the first 10 to 20 ps after the
of excitonic molecules in hexagonal semiconductors, likesub-ps optical pump pulse, the resonantly coupled excitons,
CdS or CdSe, is more sophisticated and much less developgiiotons, and excitonic molecules form a conservative dy-
because of the anisotropy in the exciton—photon transttion.namical system in the optically active surface layer of high-
At present, the polariton concept is extended to semicondudjuality bulk CdS(i.e., Hopfield’s concept of a conservative
tor microcavities and very recent studies address even thexciton—photon systelmis generalized in order to include
problem of cavity bipolaritons for semiconductor €xcitonic molecules created by nonlinear two-photon absorp-
nanostructure®.® Although the bipolariton eigenstate is a tion). As a result, the two basic processes, the coherent opti-
basic elementary excitation in solids, the optical properties ofal decay of excitonic molecules and propagation of the
these quasiparticles are not fully understood yet, mainly du@ump-/probe—pulse-induced polaritons in the optically active
to the lack of relevant experimental data. Except from bulksurface layer, determine th€X-mediated response, e.g., in a
CuCl**~12the bipolariton picture of excitonic molecules has four-wave mixing(FWM) experiment.
not been experimentally verified for other materials, and al- In this work, we study the dynamics of an optically
most no information is available about the coherent dynamdriven/decaying coherent ensemble of excitons, photons, and
ics in the coupled exciton—photon—bipolariton system. excitonic molecules in CdS and prove the validity of the
For optically isotropic semiconductors, the bipolariton bipolariton representation for a Wurtzite-type semiconductor
model interprets an excitonic molecule as two quasiboundt low bath temperatures. In Sec. |l we outline the details of
o ando -polarized polaritons provided that both exciton— the experiment and discuss the relevant sample parameters.
exciton Coulombic interactiofattraction and the exciton— The concept of backward-scattering FWM is presented, and
photon couplingpolariton effect are treated simultaneously its sensitivity to different group velocities of lower and upper
and beyond low-order perturbation theGthe bipolariton ~ branch polaritons and excitonic molecules are illustrated. In
concept implies a hierarchy of interactions: The coupling ofSec. Ill, by adapting an exactly solvable bipolariton motiel
molecules with the light field should be stronger than anyto hexagonal CdS, we calculate the radiative decay rate
other scattering process. This means that the decay of tH&aq= 1/7jeg Of the molecule state. In Sec. IV the FWM sig-
two-photon polarization associated with excitonic moleculeshals observed at negative and positive delay timase ana-
is mainly determined by the radiative decay>oXs (the T, lyzed separately. We show that the calculated radiative life-
=2T, limit). In particular, the optical decay of molecules time ra’é satisfies the condition Zf;ész, whereT, is the
should dominate oveXX-phonon scattering. In spite of the dephasing time measured &t 0, and, therefore, justify the
long radiative lifetime of excitonic molecules in bulk CuCl, bipolariton representation of excitonic molecules in CdS at
k=20 ps, the bipolariton representation is valid for thislow temperatures. We discuss the bipolariton distribution in
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k space and show how it is mirrored in the spectral and y i —
temporal response of the FWM signal at positive delay times -
7>0. A short summary of the results is given in Sec. V.

II. EXPERIMENT

Four-wave mixing experiments in bulk semiconductors
with strong exciton—photon interaction show signatures of
both dephasing and propagation dynamics. When detecting
the FWM signal in the backward-scattering geometry, the
propagation and dephasing effects can be discriminted.
Here, we apply this geometry to exploit the strong differ-
ences in the group velocities of resonantly interacting upper
branch polaritons, lower branch polaritons, and excitonic
molecules in CdS.

Energy (eV)

Wave Vector (10° cm™)

A. Sample

CdS is a polar 11-VI semiconductor of Wurtzite crystal FIG. 1. Scheme of the optical tr_ansitionskrspace generating
lattice structure with a band gap energy of 2.582 eVTat the backward-scattered FWM signal at the energy of the
—4 K. The transverseh-exciton energy ak=0 is EA bipolariton—polariton transition for the particular example of degen-
~9 55'17 eV and the longitudinal-transverdd) splittin{; erate two-polariton excitation of excitonic molecules. Bipolaritons
= ) are excited by the LPBLPB— XX process.
amounts tozw;7=1.9 meV. The reported values for the y —AAP

binding energy of the excitonic moleculé™ vary between goes not influence the backward-scattensX-mediated
2.5 and 5.4 meV depending on the applied experimentatyy\ signal because the group velocity of the optically gen-
techniques. Experiments based on two-photon processes ied molecules (bipolaritons is small (uéX$1.5

: XX XX
3f82|d5 Valli/ei for; é)etwegn ;14 and 4.6 m_eVle X 10° cm/s), due to the absence of one-photon resonant
=2.5 meV has been determined in magnetooptica eXpe”(':oupling between excitonic molecules and the light field.

XX __ H H H
ments ande”™"=5.4 meV was obtained in photolumines- rpis case allows us to examine the dephasing process of
cence measurements under high excitation by a pulsed '\{)ipolaritons
9-24 .
Iase_rfL . . . . For positive delay times>0, however, the propagation
First studies of the coherent dynamics of polaritons Naffects become important for the FWM dynamics, because

hexagonal CdS single crystals are presented in Ref. 25 usingg probe pulse excites polaritons with strongly frequency-

fe.m.tosecond. transient and spectrallly. resqlved f.our"’.vav%arying group velocities. With increasing positiveonly the

mixing experiments, The obser\(e_d similar size O.f IInfaw'dthslowly propagating polaritons among those induced by the
and Iongltudlnal-transverse spll_ttmg energyo,y |mpI|es_ . Rrobe pulse are still staying in the surface layer at the time
that only the polariton concept gives an adequate descrlptlowhen the pump pulse arrives. In other words, the propagation

of the coherent dynamics in CdS. Consequently, the cohereg{ - mics segregates the polaritons: Upper branch polaritons

dynamics of excitonic molecules in CdS should also 'nVOIV.ewith smallk, [UE;OL(k2=0)=01 and lower branch polaritons

the resonant coupling of excitons and photons resulting in . .
transverse and mixed polariton mod&s?® with large wave vectork, [the smallest group velocity along

. o POL,,, _ BN
The investigated high-quality CdS platelet with an in- 1€ LPB is specified by (k,=129x10° cm 1)=2.14

plane crystal axig and a thickness=2 um was mounted XP%(BB cm/s] SUrvIve, Wh'le. al other. polaritons with high
rapidly leave the optically active surface layer. The

stress free in a helium cryostat. Reflections from the bacK G

surface were avoided by the wedge shape of the sample. above scenario, which involves the coherent polaritons
pinned in the surface layer, explains the molecule-mediated

FWM signal at7>0 even by the lowest-order nonlinear sus-
ceptibility x(®.

In a FWM experiment with incoming pump and probe In Fig. 1 we show the resonant polariton transitions in-
laser pulses of different delay times, the wave vectdPé  volved in the XX-mediated FWM backward scattering for
and k(2°) are not conserved at the crystal surface, i.e., thdrequency-degenerate two-photon excitation of molecules. In
incoming photons inducelg - (k,-) distribution of copropa- this case arXX is created aK =2k, by resonant scattering
gating polaritons, which generally involves both branches obf two lower-branch polaritons witk,=k; =k, (for CdS,
the polariton dispersiofi.e., the upper and lower polariton |ko|=5.1x10° cm ). The FWM signal in the backward-
brancheUPB and LPB], according to the pulse spectrum scattering direction is induced by lower-branch polaritons
and energy position. For the delay timéetween the pump  with k,=3k,, according to the momentum-energy conserva-
and probe pulse, two different regimes-0 and7<0 have tion law.
to be considered. In our FWM setup the femtosecond pulses are generated

For negative delay times<O (i.e., the pump pulse ar- by an optical parametric oscillator pumped by a Ti:Sa laser
rives earlier than the probe pu)stae propagation dynamics system. The Gaussian optical pulses of 18 meV spectral

B. Four-wave mixing in backward-scattering geometry
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Exalga e 13 state of two optically dressed excitons, which are interpreted
i W ) in terms of both, transverse and mixed, polaritons. In this
] = section we(i) characterize briefly transverse and mixed po-
i 5 lariton modes andii) adapt the exactly solvable bipolariton
Do s model to molecules in CdS.

- LYY 1

254 255 256 A. Transverse and mixed polaritons
Energy (eV)

The mixed and transverse polariton modes in low-
temperature bulk CdS have been studied in experinfénts.
The optical transition to ground-stateexcitons is forbidden
in the E||c polarization and allowed foEL ¢, whereE is the
electric field vector. Thus in the spectral vicinity of the
A-exciton line, the permittivity tensore;j(w,k) in the
principal-axes coordinate system has only two independent
10 5 0 5 10 15 componentsg(w,k) =&y, and e, (w,k), for E[c andELc,
respectively. Apart from the background dielectric constant
ey, €, (w,k) has also a resonant contribution from the

FIG. 2. The intensity of the TI backward-scattered FWM signal A-exciton state. The tensar; gives rise to transverse and
as a function of delay time. The FWM signal is measured at the Mixed polaritons with dispersions determined by
energies of the UPB, LPB, andX-A transition in bulk CdS aT o 2 2 A
=5 K. The curves are displaced for clarity. The inset shows the Czkzzcz(ki+kH)_w2[8b+4WXi(ki ’kH )], (18

FWM-Intensity (arb. units)

Delay Time t (ps)

spectrum of the exciting laser pulses polariZeédc, centered at 2021, 2 (~21,2 + A
2.549 eV with an intensity of,se=64 nJ/cni and a bandwidth of cki=[w=(ck])/ epllept4mx| (K K, @)], (1b)
18 meV (FWHM). respectively, wherg (k, ) is the component of the polariton

wave vectork along (perpendicular tpthe main crystallo-

width (FWHM) are centered at 2.549 eV and polarizedc. ~ 9raphic axisc. The exciton-mediated resonant suscepti-
Using a spectrometer and a CCD camera with 0.3 meV spe@ly X1 is given Zby dTX= ("J“l)Qc)/[“’TAJr (T /MK
tral resolution, we measure the time-integrafej and spec- 1 (Aer/M )ki —0?], ~where Awr=Er(k=0), M,

trally resolved(SR) backscattered FWM signal as a function = 2-85Mo and M, =0.9m, are the longitudinal and trans-

of delay timer between the two pulses. Figure 2 shows the/€rS€ A-exciton masses, respectively,=8.9, and 2l
y . b g =% (2wrw7)Y?=98.5 meV yields the polariton Rabi fre-

temporal FWM re)s()eonsAe measured in the backsc?(t)'gered d(a-uency for transverse mod
rection at energi""—~Er (XX-A tran_smczn, Wherdi IS The dispersion Eqgs(1a—(1b) yield the frequencies of
the molecule energyand at the energies pg andEjpg of ;- sverse $n) and mixed 2,) polaritons,

the upper- and lower-branch polaritons. The large spectral

width of the laser pulsésee the inset of Fig.)2llows us to (0gand?=[@gand KL K1

detect simultaneously the above-mentioned resonant transi-

— 2 2 2
tions. For positive delay time>0, the modulation of the = z[(wx+ w3+ Qg)
UPB signal by a 2.2 ps-period stems from coherent polari- (02— w2+ 02)2+ 402021V 2
tons sharply distributed &% andEf+% 1. Thus the pe- =iyt o) corl ) (23
riod of this oscillations is given by the LT-energy splitting of (0mi) 2=l omi(K, ,kH)]Z
1.9 meV. The fast oscillations at the UPB and LPB energies P 5
observed for-2 ps<7<0 are due to interference between =3[ (i + w'y+QC)

the FWM signals associated with tX and unbound two- 2 2 2.2 2 241/
polariton states, respectivély® The period of these oscilla- [0y — 03+ 00+ 400wy ™), (2b)
tions yields the molecule binding energy*=5.1 meV. where o~ (0™) refers to the lower(uppe) dispersion

In the following analysis of the molecule-mediated FWM branch, wi=w?+(hwot/MDKf+(hor/M,)ki and o
response, which proves the bipolariton picture for excitonic=(c’k?)/e,, are theA exciton and photon dispersions, re-
molecules in CdS, we focus on the FWM signals measured apectively, andw§‘=(czk|2)/sb. According to Egs.(2a)—
the XX—A transition. Here the interesting signatures @@  (2b), for k||c (i.e.,k, =0) the mixed polariton state is trans-
slow exponential rise of th&X-mediated FWM signal at verse ELk) and w= wiane for kLc (i.e., kj=0) mixed
negative delay times, ang@i) a modulation of theXxX-A polaritons decouple into transverse light and longitudinal ex-
signal with an oscillation period of 6.2 ps at positive delaycitons. The latter means thaﬁ,ﬁixawy(ki) and wy(k,)
times. +w.7. In a general case, when the angle between the polar-
iton wave vectork and the axisc is equaléd (0<6<7/2),
the mixed polariton mode is neither purely transverse nor
purely longitudinal, i.e., &ck- E<|k||E|. Asymptotics of the
polariton lower dispersion branches for»c and fixedd are

The bipolariton model of excitonic molecules in Wurtzite- given by o, dk—*)—wr and og(k—*)— w7
type semiconductors, such as CdS, deals with a quasiboundw,t sir’d. The asymptotics are important for the exactly

Ill. THE BIPOLARITON MODEL FOR EXCITONIC
MOLECULES IN CADMIUM SULFIDE
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= [E-PB(p+K/2) +EFPB(—p+K/2)1T(p,K)

T

§§555. &

Sssgsssss E Og 5 =XX 3

SSSSSESS 5 +1i(p.K) 2 Wio(p—p") Ti(p" K) =B (K)Ti(p.K),
o 2 §§§§§§ ‘§~’--’ 0 P
SRISSSSSSSSSSS 3
IR RNASSSSSST
= = wherep is the reduced relative momentum of two constituent
%’ 0 polaritons, Wy, is the Coulombic potential of exciton—
NPRR - exciton interaction,

15 10 5 0
k. (10° cm™) fi(p,K)=uZ(p+K/2)u3(—p+K/2),
FIG. 3. The dispersion of lower-branch transverse polaritons, utzran4p):[1+45t2ran4p)/ﬂg],1,

Erond K, ,k)) —Ef(k=0), and of lower-branch mixed polaritons,
Emx (k. k) —E%(k=0). The energies of transveréae lower sur- , 5 21
face and mixed (the upper surfagepolaritons coincide atk Umix(P) ={1+[ 1+ vi(P) 1[4 6mix(P)/ Q1)

={kj k. =0}. A LBP
foi(p)=ET(p..ppP—E (PP,

and
solvable bipolariton model. The energies of lower-branch po-
laritons  associated with thé\-exciton resonanceEghn  vm(p) =[(ficp, /\ep)2(ficp)/\en) 2 Eme(p, P12
=hopand K1 k) and Eme=tho,(k, k), are plotted in
Fig_ ?Er.ang L H) mix m|x( L ||) p —(ﬁCpL/\/S—b)Z}Z.
The bipolariton energy is given by

B. Exactly solvable blpolarilrt]og(;godel for excitonic molecules EXX(K)= (1/2)(E§;<ns+ E?qu;
= Exx+ (U2 (Arg™ AR — (i/4) (T g™+ T 2).-
The bipolariton modélinterprets an excitonic molecule
with the center-of-mass wave vectsr as the bipolariton Equation(3) assumesi) the excitonic representation of mol-
state which is characterized by the enerd*(K) ecyles andii) th(_a Ieadmg contnbunoq of Iower—.branch po-
—EXX(K) + A o K) — (i/2)T,ofK). Here, A.4{K) and Igrlto_ns to.th'e blpolar_|ton wave function. The first assump-
ra ra ) v tion is valid if the ratio between the molecule and exciton

I'.(K) are the radiative corrections, i.e., the Lamb shift andbinding energies is small, i.ee/eX<1 (¥ eX=0.18 for
thXeX radlatlvi width ofXXthe)z(Xz state, respectively, and cqq Wwhile in our experiments the upper-branch polaritons
E™(K) =2E7(k=0)— ™"+ 7°K/2Mxx is the energy of g contribute to the stimulatedX-mediated scattering pro-
the optically undressed molecul®ly is the molecule trans-  cesses, their contribution to the spontaneous decay of mol-
lational mask Note thatA ,(K) andI',(K) are the output ecules is of two to three orders of magnitude smaller than
parameters of the bipolariton model and should be found byhat due to lower-branch polaritortsee the detailed discus-
solving the bipolariton wave equation. In order to adapt thesion of this question in Ref.)2 Thus the bipolariton wave
exactly solvable bipolariton modélto excitonic molecules Eq. (3) describes the Coulombically correlated relative mo-
in optically highly anisotropic bulk CdS, we include equal tion of two polaritons(transverse and mixgdlong the two
contributions of transverse and mixed polariton modes to thenergy sheets plotted in Fig. 3.

total bipolariton wave functio’. Namely, according to the ~B€ing applied to hexagonal CdS, the exactly solvable bi-

group theory study? (i) the molecule wave function includes poIar_|ton model(|) uses dgcoupl:(r:(g of the blpolant(z(r:( Wave
with equal probabilities the constituent excitons which givefunctions into two partsW;=W{"+ 6¥;, where W{*" is
fise to transverse and mixed polaritons, dfitithere is no dominant at|p|~ 1/axx> (VepET)/(fic) (axx is the mol-
quantum interference between the two decay pathes, i.e., tiReule radiusand is determined by the Schiinger equation
molecule decays either in two transverse or in two mixedor optically undressed excitons, a@¥; is dominant at the
outgoing polaritons. The latter means thit,=(1/2) ©ptical rangdp|=(\e,ET)/(%ic) and describes the outgoing
X[TTK) + T™(K)], where "2 and I'™%/2 are the (incoming part of the wave function(ii) needs a particular

rad rad rad rad . . . . .
partial radiative rates of the photon-assisted resonant diss§naPe ©of tt‘& model potential of exciton—exciton interaction,
dWiAp) = Wi "(p). The wave equations fob{"" are given by

ciation of the molecule into two transverse and two mixe
polaritons, respectively.

The bipolariton wave equations for the molecule state (
constructed as a linear combination of two quasibound trans-
verse polar|tan|(=trarls) and two quasibound mixed po- X XX
laritons (=mix), are given by =~ €gans¥ rand P). (4a)

A%pf ﬁzpi)

M M lp'?;(n;p)"'z le(p_p/)q,i:;(népl)
[ 1 p’
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' ' =~ energy (see the solid line in Fig. 4 The latter structure
1028 2 caused by the radiative renormalizations is, however, beyond
a8l e . S = the resolution of our experiment.
= [ L, iy z For|K|<10° cm™! the radiative widtH",=0.23 meV,
2 I Pt v which is only weakly dependent on the wave vectoy
= 49 L7 q0er F yields theX X radiative lifetimer o =%/T";,¢=2.8 ps. In our
2 % experiments the signal optical pulses are induced by trans-
i = verse polaritons witlk L ¢ and propagating in the backward-
_g scattering direction. However, theX radiative corrections,
S A{K) andT ,(K), include all possible polarizations and
& propagation directions of outgoing polaritons in the decay

. paths “XX—two transverse or two mixed polaritons.”
Wave Vector (10° cm™) The large difference of th¥ X radiative lifetimes in CdS
X__ ) XX__ i
FIG. 4. Calculated radiative width and binding energies: bipo-and CIZL:CI (Tx'.at%_tﬁ pS N %dS t\)llerSdL.jgfad 20 pfstlhn CUCIZ) |
lariton energy — €+ #2K2/2M  + A oK) (solid ling), shifted  COTTélates with the considerable di Srince of the molecule
bare XX energy — €+ #2K2/2Myx+ A .0) (dashed ling and binding energies in these materiale*{=5 meV in CdS

I'.(K) (dotted line. versuse**=32 meV in (EuC]: With decreasing™* the bi-
polariton wave function’ becomes more concentrated in
ﬁzpﬁ #2p2 the optical range resulting in the increaselofy.
1 ’ !
SVIeha M—)‘I’%ﬂixx(pHE WiAp—p" )W (p’)
I + p’ IV. EXPERIMENTAL RESULTS AND DISCUSSION
+[wir SIPO1WEL(P) = — eV k(D). (4b) In this section the coherent dynamics in an optically

“x WX xx ) driven ensemble of excitons, photons, and excitonic mol-
so thate”™" = (1/2) (€;anst €mix) - While Eqs.(48—(4b) do not  ecules is studied by analyzing the rise/decay times and pe-
include the resonant polariton effects, the last term on theiod of oscillations of the FWM signal at th€X—A, UPB,
left-hand side of Eq(4b) describes a “staircase” repulsive and LPB transitiongsee Fig. 2 From the measured rise
contact potential, which is due to the nonanalytic part oftime of the FWM signal at<0 we estimate the bipolariton
long-range electron-hole exchange interaction and can als@ephasing timeT, for the temperaturd —0. The compli-
be interpreted in terms of exciton—photon interaction. Equacated line shape of the time-integrat@d) signal atr=0 is

tions (3) and (4a—(4b) take into account the optical and attributed to the transient coherent dynamics of optically in-
electronic anisotropy effects in bulk CdS. By using a modelgyced polaritons and bipolaritons.

deuteron potential of exciton—exciton interacti@ttraction

and applying straightforwardly a method developed in Ref. A. FWM signal at 7<0
17, we calculate from Eq$3) and(4a—(4b) the bipolariton . o _ . _
radiative correctionsA oK) andI',,{K). Thus the exactly At negative delay timer, bipolaritons are excited by two

solvable model simpifies the exciton—exciton interaction, buiPhotonsk; of the pump pulse, and the FWM signal is caused
treats exactly, nonperturbatively the polariton effects. The?y pump-induced two-photon coherence. According to Fig.

control input parameter of the model is the binding energy?. the fast oscillations at the UPB and LPB energies disap-
X of a “bare” molecule. pear rapidly with increasinfyr|, due to fast dephasing caused
In Fig. 4 we plot the energy—e**+7#2K%2My, Dy destructive interference between theX state and the
+Arac(K:0) (dashed ||n¢0f op“ca”y undressed excitonic tWO'POIariton continuum. The FWM Signal itSElf., hqwever,.
molecules, the bipolariton energy- €*+%2K2/2Myy  Persists and_shov_vs an exponential decrease W|th_ increasing
+A,.{K) (solid line), and the bipolariton radiative width |7]. As explained in Sec. II B, the observed dynamics in this
I.{K) (dotted line calculated fork Lc. The strength of delay-time regime is determined only by dephasing of the
exciton—exciton Coulombic interaction is adjusted to giveXX states. Thus the temperature-dependent bipolariton
the input XX binding energye**=4.87 meV so that the dephasing timeT, can directly be obtained from the mea-
0pt|ca||y renormalized b|nd|ng energ¥-xx_Ara(KK:0) sured rise tlme'ﬁg\éM at theXX—A transition. The dephasing
—5.08 meV, i.e., reproduces the value of about 5.1 me\spectral ~width is given by TuedT) =%/ (T)
found in our experiments. The cunig, =TI .{|K|) has a =2A/T(T).
spike afK|=10.2x10° cm ™! (see the dotted line in Fig)4 In Fig. 5 we plot the Tl backward-scattered FWM signal
which is due to a van Hove singularity in the energy-detected at the energy of theéX—A transition for three dif-
momentum conservation law for the frequency- and waveferent temperatures. It clearly shows an increase of the
vector-degenerate two-polariton generation/decay of excidephasing(decay width, i.e., decrease offee™, with in-
tonic molecules fw;=Aw,=E**/2 and k;=k,=K/2)% creasing temperature. Our measurements yigld=5 K)
The van Hove singularity refers to the patK X«—»two trans- =4.0 ps andl'jo{ T=5 K)=0.33 meV. In order to esti-
verse polaritons”; the pathX X« two mixed polaritons” has mate the zero-temperature limMit,.{ T=0 K) we measure
no van Hove singularity foK L c. The singularity gives rise the decay width in the temperature range between 5 K and 20
to the so-called “Mexican hat structure” in the bipolariton K (see Fig. 5. In order to estimate the zero-temperature limit
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FIG. 5. Experimental determination of the radiative decay width
I"4ed T) of the molecule-mediated FWM signal at the energy of the
XX-A transition from the exponential rise time at negative delay
times. We findI' 4o{0 K)=0.28 meV by fitting the experimental
data as explained in the tefgolid line). The inset shows the TI
backward-scattered FWM signal detected at the energy of the
XX-A transition for three different temperatures.

FWM-Intensity (normalized)

of T'yec We fit the experimental data bl 4o T) =T g4ed T

=0 K)+C/[exp@FE/kgT)—1], according to the procedure
developed in Ref. 11. The relevant temperature-dependent
scattering process is the absorption of LA phonons by mol-
ecules. The interaction strengt@ and zero-temperature : P X
dephasing widthl'4o{ T=0 K) are the fitting parameters, 2.544 2.548 2.552 2.556

and the phonon energ&E=2MXXqu:O.5 meV @, is Energy (eV)

the longitudinal sound velocity Finally, we find C

=0.11 meV, T4 {T=0 K)=0.28 meV, and T,(T FIG. 6. The intensity of the SR backward-scattered FWM signal
=0 K)=4.8 ps. at various positive delay times between 0 ps and 10 ps. The

The comparison with the theoretically predict¥X ra- curves are displaced for clarity. Each spectrum is normalized to the
diative lifetime of 2.8 ps, which yield3,=5.6 ps in the Spectrally integrated FWM intensity.
T,=2T, =275 limit, clearly demonstrates that the radiative
decay of molecules gives the absolutely dominant contributhe XX—A transition for positive delay timesee Fig. 2, we
tion to I'yed T=0 K). No significant changes of the decay analyze experimentally and theoretically the temporal behav-
time with increasing exciton density in the range betweerior of the bipolariton distribution itk space(Figs. 6-8. The
5x 10 and 168° cm™3 are found. Thus for the used low- Spectrally resolved FWM response is plotted in Fig. 6 for
intensity optical excitations the exciton—exciton scatteringvarious delay times- between 0 ps and-10 ps. At very
process is weak and practically does not contributE {g. early delay times the signal arises from the interaction of all
We attribute the small difference betwen,y and 'y T ~ Polaritons induced by the laser pulses. Forl ps two spec-
=0 K) to spontaneous emission of LA phonons from thetral peak develop at thE{ g andE{jpg polariton transitions.
optically populated XX states |K|=(Myyv )/%=6.6 Inthis case the FWM signal is due to the interference grating
x10° cm ! (in our case the optically generated moleculesinduced by the first and second laser pulses and can be de-
are widely distributed in the band 4@m <|K|<3 scribed as a-k; —k,+kj third-order scattering process. For
x10° cm 1, see below Fig. B Thereforel' o T=0 K) is  delay timesr>3 ps the FWM signal at thX—A transition,
given by Iged T=0 K)=T ot I{X(T=0 K), i.e., 2T,  which can be specified ask,+k;—k, XX-mediated scat-
= U5+ 17X, wherer'x is a characteristic time for spon- tering, dominates over that &g and E{)pg energies. A
taneous emission of LA-phonons. The estimated valif  double-peak structurgenergiesE;*™ and E3*) with the
=125 psis in a good agreement with a time-scale relevargnergy splitting of 0.7 meV is observed.
to exciton- (biexciton) LA-phonon scattering at low As already explained in Sec. Il B, fer>0 only polaritons
temperature$>1® with a small group velocity £°" contribute to the backward-

scattered FWM signal from the thin optically active layer
B. FWM signal at 7>0 and give rise to the observed peaksEAbg=E% and E{pg

In order to explain the observed oscillations with 6.2 ps=Ef+%w 1. This behavior can be visualized with the help
period in the Tl backward-scattered FWM signal detected aof Fig. 7 where the calculated energy distribution of upper-

235206-6



COHERENT DYNAMICS OF BIPOLARITONS IN BULK CdS PHYSICAL REVIEW B4 235206

2560

1000 F ' '
. 3 : h(‘)LT :
ﬂ [}
< 0ps : :
_E- 100 - : E 2.556 |
5 s
c [ ! P;
2 >
S 1ol . i : 2.552
':g / w EXXA
w i | 2 .
a [ , 2,548 / -
c 1k . . b .- 1 -~ -
2 3 ' | R A I ST LLSA St
.% L ' h‘
E ' 2.544

5 2 ! ]
01 ps ' 10 ps
1 1 N " N 0
2 0 2 Wave vector (10° cm™)
E-E : (meV)

FIG. 9. Graphic solution of the energy-momentum conservation
FIG. 7. The calculated energy distribution of upper- and lower-law to determine the energy of the backscattered FWM response at
branch polaritons contributing to the backward-scattered FWM sigthe XX—A transition. The spectral point marked Bf*(E3*™)
nal calculated for different positive delay times between0 ps  originates from the induced transition fro¥Xs with wave vector
and 10 ps in steps of 2 ps. The thickness of the surface layer=2ky(=kg) by LPBs.
optically active in backward-scattering FWM, is abouK{#,
where the resonant absorption coefficient associatedAwtkcitons ~— between the two peaks decreases frbmr=1.9 meV to
in CdS is given byK¥®=2x10° cm™*. In the calculations the approximately 1.7 meV for 10 ps delay time. This explains
Pekar additional boundary condition is used. the energy differenc&{joz— E{pg=1.7 meV observed for
SR FWM signal atr>0 (see Fig. 6.
and lower-branch polaritons in the optically active surface \We attribute the double-peaked structure at Hé—A
layer is plotted for various delay times between O ps and 1@ransition in Fig. 6 to a hot, unrelaxed distribution of exci-
ps after the first laser pulse. The above calculations of theonic molecules optically generated by the pump pulse. In
energy distribution refer to Pekar’s additional boundary conprder to prove this interpretation we calculate ¥ distri-
dition (ABC).** The distribution shows two distinct peaks at pution functionNyx(K) for molecules resonantly created in
the energies=EZ (caused by lower-branch polaritons with the optically active surface layer by the first laser pulse with
small vE°", ie., |k|>ko) and =Ef+%w (caused by the bipolariton modelsee Fig. 8 The numerical evaluations
upper-branch polaritons with smalf®", i.e.,|k|=0). Note  deal with the basic process “polaritok,+polariton k;
that the peak at=E? shifts to slightly larger energies with — XX (K=k;+k})” and Pekar’s ABC for optically induced
increasing delay time, whereas the pealEé’ekthT does incoming polaritons. The sharp spike in the distribution func-
not change its position. As a result, the energy differencdion Nyy(K) at K=2k, is due to the frequency-degenerate
two-polariton generation of molecules, as illustrated in Fig.
' " i 1. The broad distribution oKXs at |K|=2|k,| originates
S w=8ps from the excitation path “LBR-LBP— XX,” and the narrow
distribution at |[K|=|ko| is due to the excitation path
“UBP +LBP— XX,” respectively. In the inset of Fig. 8 we
show the calculated backward-scattered SR FWM signal at
7=+8 ps from the optically induced distributid¥yx(K).
The hot molecules, distributed in the two separate bands at
K=k, andK=2k,, give rise to the FWM signal at the en-
ergiesEx*™ and EY*™ in agreement with the observation
of the double-peaked spectruisee Fig. 6, the curve which
~k refers to 8 ps time delay
The formation of the resonant FWM signals in the
,\\ backward-scattering direction & " and E}*™ is illus-
= === @ . trated in Fig. 9 by the graphic solution of the energy-
0 10 20 30 momentum conservation law in two-polariton generation/
Wave Vector (10° cm ) decay of the molecules. The observed energy of the FWM

; - : XX=A_ A , _EXX
FIG. 8. The calculated distribution functidy (K =k, +k;) of Slgr)al ISA given by E; A EL?B(k1+k1,_ kz)__ E™(ky
hot XXs (bipolaritons generated by the first laser puls€’. The K1) ~Eips(Kz), where Ejpg(k) is the dispersion of the
inset shows the calculated spectral response of the FWM signal &Wer polariton branch and=1,2 (see also Fig. 1 For i
the XX—A transition in backward-scattered direction derived from =1 one hasglk;+kj|=2[ko| and [k,|=3|k|, for i=2 we
Nyx(K) for a delay time of 8 ps. approximate [k, + k| =|ko| and |k,|=2]ko|. In the both

~2k

0

E XX-A
2

FWM-Int. (a.u.)

2.544 2.548
Energy (eV)

Bipolariton Distribution (arb. units)
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cases the FWM signal is generatedkat —kg. In order to
determineE]*™ and the energy of low-branch polaritons
which induce theXX—A transition atE{pg(ks), we plot the
inverted dispersion of the lower polariton branch with the
origin point placed at the bipolariton enerdy*(k,+ ki
=2ko) and EXX(k;+kj=ko) by the dotted and dashed
curves, respectively. The resonant energies are given by the
intersection of these curves with the lower polariton branch
and marked by the arrows. The valueskf*™ and EX* ™

are in a good agreement with the peak energies of the experi-
mentally found and theoretically calculated FWM spectrum
(see Fig. 6 and the inset of Fig).8Nith the help of this
analysis the oscillation at>0 for the XX-A transition ob-
served in the Tl backscattered FWM sigrikig. 2) can be
explained by the interference of the two polaritons which

>
=
2]
c
<}
—

FWM
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T

3

-10

-5 0
Delay Time = (ps)

induce the FWM signal. Their energy differen&pg(ky
=3ko) — E{pa(ko,=2ko)=0.6 meV nicely agrees with the
measured oscillation period of 6.2 ps.

FIG. 10. The intensity of the Tl backward-scattered FWM signal
for negative delay times<0. The FWM signal is measured at the
energies of the UPB, LPB, and at the two resonariefs™ and
EZ*" of the XX—A transition aiT=5 K. The curves are displaced
for clarity.

C. Bipolariton k-space dispersion andk-dependent
dephasing times

In this subsection we will finally shortly comment on the - .
influence of the bipolaritork vector on the observed rise- We. plotin Fig. 10 the FWM signal at<0 detgcted at the
times in Tl backscattered FWM signals detected at diﬁereng]erg'es of'the L'.DB and the UPB for comparison. Alter the
energies. The preceding discussion in this section showe ,St oscillations dlsappeqred due 1o the dephasing of th_e ex
that the dephasing tim€&, of bipolaritons with wave vector c_|t_ed ur_1bound two-polariton states, a SIOle. exponentially
~Kk, (=2ko) can be determined when the TI backscatteredSiNg signal generated by bllpolarltons remains. At the en-
FWM signal at negative delay times<O is directly detected ergy of _the I.‘PB(UPB) we estimate ap&?z\( |m><’21>t<t_a/Ly the same

dephasing timel, than at the energie; ™ " (E5"") of the

at the energfE3 ™ (EX*™) of the XX—A transition. As the " o : : ;
. PO ; XX—-A transition thus confirming that bipolaritons with wave
FWM signal heXX—A transition in Fig. 2 is aver ) .
signal at the transitio N s averaged tor K=2kyo(K=kg) contribute to the corresponding

over both of the two resonances, we determined an averag%@s .
dephasing tim&, (respectively, decay width 4.9 in Fig. 5. M signal.
In Fig. 10 we show the Tl backscattered FWM response
measured separately at the enerdi§d ™ andE3 ™ for 7
<0 at a temperature of=5 K yielding two different
dephasing timesT,(K=Kkg)=5.4 ps and T,(K=2kg)

V. SUMMARY

In conclusion, by FWM experiments in the backward-

=3.5 ps. The radiative lifetime of bipolaritons at2k, is scattering geometry, we have proved the validity of the bi-
smaller than that for bipolaritons atko. polariton picture for excitonic molecules in high-quality bulk
The observed difference in these two dephasing times cafdS at low bath temperatures. The exactly solvable bipolari-

be explained as followed. First of all, the calculated radiative!®" model, adapted to this _Opt?cally anisotropi_c semiconduc-
width T oK =2Ky) is slightly larger tharl . K =Ko) (see tor, clearly shows that the risetime of theX-mediated FWM

Fig. 4), and thusT, is slightly smaller for bipolaritons with ~Signal is mainly dgteg&’nned by the radiative decay of exci-
wave vectorK =2k, than for bipolaritons witrK ~k,. Sec-  tonic molecules withri;4=2.8 ps.

ond, bipolaritons aK =2k, can be scattered on the bipolari-

ton dispersion relation by LA phonons whereas this is not
possible for bipolaritons aK=Kk,. Considering only the
ETX‘A transition, the agreement with the theory is even bet- Support of this work by the DFG and EPSRC is gratefully
acknowledged.
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