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Inverse exciton series in the optical decay of an excitonic molecule
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We report the observation of inverse exciton seridsémission serigsin the optical decay of an excitonic
molecule to the exciton excited statas<(2s, 3s, and 4). A theory is developed which relates the inverse
exciton series to the molecule wave function using the bipolariton model. The components of the exciton
excited statea=2, 3, and 4 in the biexciton wave function in CuCl are determined from the relative intensities
of M5, My, M3s, and M, emission lines. This opens a way to reconstruct the internal molecule wave
function.[S0163-182809)50412-9

Recent experimental and theoretical works on excitor\,a|ue|q,(pzo)|z_9 Here ¥ (p) is the Fourier transform of
physics have focused on the exciton-exciton interaction, i.e4e molecule envelope wave function, which characterizes
the biexciton effect in four-wave mixing and transient yhe rejative motion of the two constituent excitomss), and
photplumlnescengjeihe polariton-polariton interaction in @ yefers to the excitonic representation of the molecule. In the
semlconguctor mlcroca\_/ltila_nd multiexciton states in quan- gy itonic representation, the four-particle molecule wave
tum dots: Of these, a biexciton state in a bulk direct-band-fnction is constructed in terms of the deformed or unde-
gap semiconductor is the extreme cdsgong interaction  ¢qrmeq ground-state wave functions and the envelope wave
and infinite volumg and most difficult to solve because the nction of the relative motion, taking into account the per-
standard perturbation approach can be applied neither to th@tation symmetry of the andh coordinategthe antisym-
Coulomb interaction nor to the exciton-photon couplipg-  metry of the total wave function is ensured by the antisym-
lariton effecy. metry in the spin coordinatgsThis picture holds, because

An excitonic moleculgbiexciton,xx) in semiconductors ™/ e*<1, wheree* is thex binding energy. It is practically
is a singlet-state four-particle complex of two electrgas  impossible to solve the inverse problem of reconstructing the
and two holegh) bound together by the Coulomb direct and molecule wave function from the two known experimental
exchange interactions. Thex state in a semiconductor with parameterse™ and | ¥ (0)|2. These values depend only on
isotropic valence and conduction bands is characterized bhe gross features of the wave function. Unless the binding
the e-h mass ratioo. In the extreme limits obr=0 ando energy is accurately reproduced, different wave functions
=1, thexx is similar to the hydrogen and positronium mol- can yield the same value f6W (0)|2. Therefore, experimen-
ecules, respectively. From a fundamental interest, firstta] measurements of parameters more sensitive to the mol-
principle quantum mechanical calculations of four-particleecule wave function are highly desirable.
Coulomb-correlated states have been attempted for more Here we present an experimental observation, in a high-
than fifty years. In spite of the long theoretical effo(s®e, quality CuCl sample, of the inverse excitdh-emission se-
e.g., Refs. 4—pthe four-particle wave functions, however, ries in thexx optical decay and describe a systematic way to
are not accurately determined except for the hydrogetuild up the internal biexciton wave function from the ex-
molecule! For values ofo corresponding to excitonic mol- perimental data. According to the bipolariton motfethe
ecules in direct-band-gap semiconductors, the theoreticalptical decay of an excitonic molecule in bulk direct-band-
binding energy ranges from 60 to 70 % of the experimentapap semiconductors is described in terms of the resonant
value even for the most reliable calculatidthe main rea- dissociation *kx— two outgoing polaritons” (a similar
sons for the absence of accurate calculations are the diffehysical picture of thex radiative decay in CuCl was used
culty in treating four particles without the adiabatic approxi-in Ref. 11. If the molecule wave vectoK = e, o, /c,
mation, and the complexity of the semiconductor bandwheree., is the background dielectric constant afha, is
structure® the x energy, this scheme can be reinterpreted in a standard

For the hydrogen molecule, numerous experimental datway:? the molecule emits a photon by the annihilation of
related to the wave function have been obtained and rigorene e-h pair, leaving behind an exciton. So far, only tke
ously compared with theoretical calculations. For the biexci+adiative decay to the ground staten=1s (M emission has
ton, in contrast, practically only two parameters are experibeen observed, while from the energy-momentum conserva-
mentally available, namely, the molecule binding ene¢ly  tion it is also possible that the molecule emits light, decaying
and the oscillator strength of the optical transition to xtxe  to the x excited states1i=2s, 3s, etc. Mys3s... lines as
state. The oscillator strength provides us with the absolutshown in Fig. 1. TheM series yields unique information on
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FIG. 1. Schematic of the excitation and emission process of S
biexcitons at &, in the exciton-polariton dispersion curves. §’,
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the molecule wave function because the normalized intensi- g x10000
tiesl /1,5 are proportional to the projection of tkxex wave g
function onto thex excited states. Herg,; is the intensity of g ] M Is[
the n line in the M-emission series. In this way one can @ jU M
estimate the coefficients of the expansion of the molecule E i N
1

wave function in several excitonic eigenstates and approxi- " o "
mate the totakx state. Note that a similar phenomenon does 300305 310 315 320
not exist for the hydrogen molecule. Since the first observa-
tion of the optical decay of excitonic moleculgsthere were FIG. 2. (a) Reflection and emission spectra by band-gap excita-
many unsuccessful attempts to detecttheeries(see, €.9., ijon at 3.814 eV.(b) Emission spectra from two-photon excited
Refs. 8 and 1¥and for about three decades the experimentapiexcitons at ,.
discovery of theM series remained a very challenging prob-
lem of biexciton optics. the weak signals with théM-emission seriesVi5, Mg,
Platelets of CuCl single crystal grown from gas phaseMs,, M,,, and M. Here the subscripis refers to the
with a thickness of about 2Qwm were immersed in super- spectral linesn=5 collectively. The linesM s characterize
fluid helium & 2 K in a strain-free condition. The spectra the optical decay of the two-photon generated molecule to
were measured with a liquid-nitrogen-cooled back-the ns x states. Our observation of tHd-emission series
illuminated Si charge-coupled-device caméPainceton In-  clearly demonstrates why the previous attempts were unsuc-
strumenty through a monochromator. Figuréa® shows the cessful: theM -, lines are extremely weak in intensity, re-
reflection and emission spectra taken by Xe-lamp illuminaquiring for their observation a highly sensitive detection
tion and by excitation with a HeCd lasé€3.814 e\ above technique and a high-quality sample free from impurity
the band-gap energyE(=3.4 eV), respectively. The states emissions.” The M series is direct evidence of the nonzero
n=1s, ...,4s of Z3 excitons are clearly seen in the reflec- components of the excited statem=2,3, etc., in the mol-
tion spectrum(see also Ref. )5as well as in the emission ecule wave function.
spectrum. Note that this is the first observation in CuCl of In the backward direction of thex wave vectoiK ,,, the
the emission from the excited states. M+ line is allowed while theM line is forbidden, owing to
Excitonic  molecules  with K,=2k, (2ky=0.89 the geometrical selection rules. Thus, the large ratio of the
x10° cm™!) were resonantly created by two-photon ab-intensities of theVi andM, lines in Fig. Zb) means that the
sorption of picosecond uv pulses from a TiS laé8pectra  two-photon generateglx’'s do not suffer momentum relax-
Physics, Tsunamithrough a doubling crystdBaB,O,). The  ation and keep the initial wave vectokg before the radia-
optical pulses are characterized by 2 ps duration, 82 MHzive decay® as shown in Fig. 1. The large intensity ratio also
repetition, 20 mW average power, and the energy of photonassures that th& emissions should strongly dominate over
fiwy=3.186 eV. Thexx emission spectra, obtained in the the corresponding. emissions foM ¢ lines with n=2, al-
backscattering geometry, are plotted in Fi¢h)2 The sharp though one cannot discriminate between Thand L emis-
M: andM_ emission lines indicate that the weak excitationsions because the longitudinal-transverse splitting ohthe
condition is satisfied® These lines refer to the emission pro- state decays asriy. Therefore, in further analysis we asso-
cess which involves the transverse and longitudinal 1s excieiate theM series with the optical decay involving only
tons, respectively. In the lower energy side of g and  T-polarized excitons at a well-defined wave vector. The
M_ lines, some extremely weak emission linesi0™* of  T-polarized excitons combine with the light field into the
the M+ line intensity are detected. The spectral position of polariton eigenmode¥.
these lines corresponds to the energiésvg— E,s with n In order to describe theoretically the inversseries, we
=2, whereE, is the x excited state energy. Therefore, we generalize the bipolariton model of the excitonic moletlle
identify the main biexciton-mediated lineMg andM ) and  to include the x excited states. The four-particlex

Energy (eV)
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wave function is given by FKm(Rm R, I1,0) TABLE I. Components of the exciton excited states in the biex-

=T(R,r.1,)explK -R)/VY2 whereR., R, andr, , are citon wave function in CuCl.
the coordinates of th&x translational motion, the relative
motion of the twox’s, and thee-h relative motion, respec-
tively, andV is the volumel'(R,rq,r,), which describes the
internal structure of the molecule, is constructed in terms ofomponent |C,/C,|? |C3/Cy|? |C4/Cy?
a deformed ground-statewave functiong$ and an envelope 1.6x10°%  4.4x10°°5 1.8x10°
wave function ¥ as T'(R,ry,rp)=Y(R)p(ry)¢s(ry)
+W(R")¢J(r) #(ry), whereR’, r}, andr} are obtained
from R, r;, andr, by e-e exchange, respectively. In the Ci;can be experimentally determined using BJ. Thus, in
bipolariton model, which treats thex radiative decay as a Principle, one can construct the totat wave function in the
resonant fission of the molecule into two outgoing polaritongdasis of thex eigenfunctiong ¢,} (n=1s,2s,2p, ...) as
under the condition of total energy-momentum conservation,

the intensity of thexx emission signal at ener and _ i(Km/2+ KR
spectral inté/rvaIAE1 is given by ’ - FKm(Rm’R’rl’rz)_iE,j ; Ci (k) i(ra)etn®

Emission intensity I5/14 I3/14 4114
1.4x107*%  4.0x10°5 1.5x10°5

X ¢j(r2)ei(Km/2— k)Rz, (5)

Al(K,,,E1,AE )ocf dk fdk S(Kp—ki—ky)
m ' Akq ! 20 emo T e whereR;=R,,+R/2 andR,=R,,— R/2 are the coordinates

| | of the translational motion of the two constituet\s. Equa-
X Ol Em(Km) — ER*(ky) — B (k2)] tions (3), (4), and(5) provide a complete descriptionqof the
X (T W] x1x2)|2, (1) XX emission intensity for alK,,'s and for all energy regions
including the inverse series in terms of th&x wave func-
where En(K,) is the molecule energyEP°(k;) and tion.
E5°'(k,) are the dispersions of signgdhotonlike and idle For frequency-degenerate two-photon creation of mol-
(excitonlike) polaritons, respectively, and Ak, ecules, used in the experiment, one Kgs= 2k, and the idle
=Ak,(AQ,E,,AE;) is the phase space volume of the signalpolariton is strongly excitonlike, i.e.B;(k$’=3ko)=dj,
modesk; which contribute to the intensity collected in the (§; is the Kronecker symbpl and E2(k(2°))=Ens= =
solid angle of observatiod(). The four-particle potential —e*/n? is the energy of thas x state. In this case, E¢3)
W=W(R,ry,r,) describes the&-x Coulomb interaction and reduces td , for the M, emission as

I (2Kg,E—E, o, AQ)xcAQp12(k) B, (k)W 2
<F|W|xm>=fderldrzr*(R,rl,rz)W(R,rl,rz) (Ko, B~ En, AD)x ARk By(ky) 13'”SC”(|6’)

X x(ky,r)e*R2y(k, rp)e keR2 (2)  whereWy = €™+ €*(1—1/n?), and

Here x(k,r)=2,B,(K) ¢,s(r), where ¢, (r) is the ns x

wave function and (k) is the Hopfield coefficiert? which ancls,ns(o):f dRdrydrol™ (R,rq,r2) 15(r1) dns(r2).
characterizes the relative contribution of the excitonic com- (7)
ponent to the polariton associated with the x state. From

Egs. (1) and (2), and using the four-particle Schtimger In Eq. (7) we approximatek,=0, because the photon wave
equation for the internatx wave functionI'(R,r,,r,), we  Vvector is much smaller than the inversg radius. We use
derive the frequency-integrated intensity of the emission sigEg. (6) to estimate from the experimental data the coeffi-

nal located at energE(lo): cientsC,, given by Eq.(7).
The normalized intensitigs, /1, of the M-emission series
1(Km B, AQ) = AQp12(k(?) are listed in Table | fon=2, 3, and 4. In order to treat the
, normalized intensities with Eq6) we calculatek{®) and
x .E;‘ Bi(k(lo))Bj(k(go))Wi Ciil 3 B1(ki’) by a five-resonance polariton model excitonic

series withn=1s,2s,3s,4s, and ground-statZ, , exciton
© ; . _  with CuCl parameters from Fig. 2 and Ref. 20. The normal-
wherek;™’ is the carrier wave vector determined by the dis-jzed squared coefficientC,/C4|? found from the experi-
persion equatiorE{”=EP°(k{”)) for the signal polariton mental data are collected in Table I. The rai®,/Cy|?
and by the angle of observatioki” =K ,—k{? ,p(*? is the  characterizes the relative contribution of the x state to the
joint density of polariton states proportional to molecule wave function providing direct information on the
[k 12/[0 B (kD) + 0Ok (0P is the polariton group internal structure of the molecule. The estimate|Gf|>

velocity), W, j= €™+ €*(2— 1/2-1/j?), and «|W¥(0)|? from the oscillator strength of the optical transi-
tion to thexx state is a very delicate problem which deals
with absolute values of the optical signdldn contrast,
|Cn=2.34/C1|? are obtained from the measurements of the
o 0 relative optical intensities, and are much more reliable and
X ¢i(ry)e'kt R2gp.(r,)e 2 R2 (4)  stable to the experimental conditions.

Ci j(k?—K/2)= f dRdrdr,I™* (R,rq,r5)
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TABLE II. Calculation of the components for the A-H wave are chosen to give the same average radius of the molecule
function and two model wave functionE=W¥(R;)(e "se”'» a5 the A-H wave function. We obtaj,/C,|? by analytical
+e e ") with W(R;)=e 2% (model ) and W(R,)  calculation of Eq.(7). For the A-H wave function, we see
=Rye”%#%4Fn (model 2, whereRy, andr 15 2,1 20 @re theh-h and  that exchange and deformation contributions partially cancel
e-h_distances, rgspectively. All coordinates are scalecapythe  azch other leading to a significant reducti0n|@fz/Cl|2.
exciton Bohr radius, and the average valueRphire set 10 2d;,  consequently, deviation from the experimental observation
the same as for the A-H wave function. for the A-H wave function is much smaller than for the
model wave functions. This analysis shoy@,/C,|? pro-
vides a very sensitive measure of the accuracy of Xke
wave function and the cancellation of the exchange and de-
formation contributions is crucial for the proper construction
of the xx wave function.

In summary, we have observed the inverse exciton series
in CuCl and developed a theory for determining the biexci-
ton wave function from the inverse series using the bipolari-
ton model. From théM ,s-emission series, we have obtained
the magnitudes ohs exciton components in the molecule
wave function and provided bench marks for testing the
wave function: The relative intensities of tiv, s lines give

constraints on a four-particle trial wave function. Here we

;nna:;[:eogfiggi);%?tzzgs?t;zegiwag(reifs(i):?ﬂewg)\seﬂ:‘ﬁni%gi Ffvestigated the inverse emissions from biexcitons only at
P ‘Km=2kq, but further investigation of th&,, dependence of

A m

{Ergf?r:;&i?;cs fz?qr;ttrllc?#sucmz %;ﬁ;ﬁjﬂzgz}]g&?ﬁ?pa%g inyerse series will lead to a complete experimental deter-
) S ' . mination of the molecule wave function.

wave functiont which includes both deformation and ex-

change effects, and two simpler model wave functions with- We thank K. Kurihara for sample purification, and appre-

out exciton deformatiotimodel 1 and model)2as shown in  ciate valuable discussions with H. Haug, L.V. Keldysh, M.

Table Il. The parameters in the two model wave functionsKuwata-Gonokami, and N. Nagasawa.

Ci C, |C2/Cy?
Direct Exchange Direct Exchange

Model 1 1
Model 2 1
A-H wave function 1

0.0817 0 —0.0344 1.0x10°8
0.1048 0 —0.0472 1.8%10°°
0.1304 0.0283-0.0442 2.0x 1074

In the first-order approximation, thex may be consid-
ered as made up of twoslx' s. As the two k X' s interact,
their wave functions become deformed aeé andh-h ex-
changes become frequent between the xi® These defor-
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