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We show that the final-state stimulation of a scattering process involving composite bosons is fundamentally
limited by the Pauli exclusion of the constituent fermions. Even though we concentrate on the saturation and
Pauli blocking of the statistical enhancement factor for exciton-phonon scattering into a many-body electron-
hole pair state, our basic result is valid for a large class of composite bosons and for arbitrary dimensionality.
The expression that we obtain explicitly shows that the stimulation is a direct result of the many-body
coherence in the final state. For a two-dimensional magnetoexciton gas, we analytically demonstrate the
transition from stimulated scattering in the low-density bosonic limit to Pauli blocking of scattering in the
high-density limit.[S0163-182@8)51508-1

Final-state stimulation of a scattering process is thehe transition from stimulated scattering in the low-density
bosonic counterpart of the Pauli exclusion principle. The besbosonic limit to Pauli blocking of scattering in the high-
known example forbosonic stimulationor statistical en- density limit. The scattering rate for 2D magnetoexcitons
hancement of scattering is the stimulated photon emissiopeaks near thdott densitywhere only 1/2 of the ground-
that provides gain fofphoton) laser oscillators. The accumu- state magnetoexcitons effectively participate in final-state
lation of a large fraction of excitons in the ground state dur-stimulation. Our results indicate that bosonic stimulation is a
ing the initial stages of Bose-Einstein condensation is also direct result of the many-body coherence in the final state
direct result of stimulatedexciton-phonohscattering In and in this respect cannot be reduced to a breakdown of
the latter case, condensing Bose particles are composed bésonic commutation relations.
fermionic constituents, which obey Fermi-Dirac statistics. As The starting point of our analysis is the interaction of a
the density of composite bosons increases the mean sepagpecific many-body electron-hole state with the phonon res-
tion between particles becomes comparable to their sizervoir. The corresponding interaction Hamiltoniah is
(Bohr radiusag). The stimulated scattering in this limit
should be altered due to phase-space filiR§H effects of -~ apoa P T
the underlying fermionic |c?articles.p i Him:ﬁkzq [Ge- pr(0) ks g+ Gn-pn( @) Nl gk (Bg + BT ),

In this paper, we derive an expression for the statistical )
enhancement factor of composite boson scattering that is o )
valid for all densities. Even though we concentrate onwheree,, h,, andb, denote the annihilation operators for
electron-hole-pair phonon interaction in the Born-Markovelectron, hole, and phonon modes with momenkymespec-
limit, our basic result can be used for a large class of comtively. g._,(q) and ge_,,(q) are the corresponding
posite bosons and for arbitrary dimensionality, provided thatlectron-phonon and hole-phonon interaction coefficients.
the Bardeen-Cooper-SchriefféBCS) type ground state of The spin index and the vector nature of the momenta are
the system is predetermindd’he expression that we obtain suppressed for simplicity. The same set of variables could
allows us to analyze the saturation of stimulated scatteringlso be used to describe an electron-hole-phonon system un-
arising from PSF effects for a two-dimensioridD) magne- der large magnetic fields.
toexciton gas:® For this system, we analytically demonstrate ~ Before proceeding, we reiterate that our principal goal is
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to analyze the Pauli blocking of bosonic enhancement, andpproximationu* (k)v (k) can be determined from the semi-
not necessarily to evaluate the actual exciton-phonon scatteconductor Bloch equation for the polarization térm
ing process at arbitrary densities. To this end, we assume that
. g _ _ . d()_ k
the initial many-body electron-hole state can be writteh as i d(t ) (k) + e (K)o (K)
Wiy =C) il Paco=C L1 [UK+v (kgL l0)

—; V(Q)[(1—1-4|a(k—q)[?) (k)

)
where —a(k—q)y1—4|a(k)|?], @
ot e where o (k)= (h_y&)=(Wecdh_ & Weee) =u* (K)u (k).
CV,K=ZP @,(P) €2 +phks2 —p () V(q) is the Fourier transform of the Coulomb interaction

energy; e.(k) and e,(k) denote the bare electron and hole
denotes the creation operator of an electron-hole pair witlenergies, respectively. For low-density excitorfaith
a center-of-mass momentuld and an internal motion Nag/Ld< 1, whered is the dimensionality andl is the lat-
desribed by théreciprocal spagewave functione,(p). The  eral size, this equation reduces to the Wannier equation in
coefficientsu (k) andv (k) satisfy the normalization condi- "eal space and yields .thesldexciton wave functionp;s(p).-
tion T2(k)+22(k)=1 andel?f(p)|2= N. The final (elec- In the high-density I|_m|t Nag/L9>1), it is the counterpart
tronic) state of the scattering process that we choose to cor2f the superconducting gap equath)m many cases, how-
sider is ever, Hartree-Fock approximation is not valid and the calcu-
lation of the pair wave function would require the inclusion
o of screening and scattering terms.
|V =|Paco =11 [u(k)+v(k)eth",]]0) (4) The factor 1—|v (k+q)|?] in Eq. (6) gives the correction
K to the electron-hole-phonon scattering arising from the fact
where 2 ,|v(p)|?=N+1 is the mean number of electron- that the presence of a BCS ground state with a large number
hole pairs in the final state. In the following discussion, we®f composite bosons modify the commutation relation of

will assume thalN>1, so that the difference betweeitp) high-momentum ele_ctron-hole pairs as well. To the e_xtent
(u(p)) andv (p) (U(p)) is negligibleVp. thatK> kg wherekg is the Fermi wave vector, the contribu-

~ . tion of this term is negligible. If we in addition assume
n Le]EmeKC andVy denote the electron-hole pair .meTss a”?]K~q> mlag, we can also neglect thke dependence of
the effective pair-pair interaction energy, respectively. Both |, /s ; th : h : func-
the initial state of Eq(2) and the final state of E@4) can be ¢, (ktgf2), provided thalp, is a hydrogenic wave func

considered agapproximatg eigenstates of the many-body tion. In this limit, we obtain

electron-hole system, provided tH&e VANV Mg As we .
shall see shortly, for such high center-of-mass momentum M(a)=¢;
(particlelikg) excited states, the effective exciton-phonon in-

teraction coefficients are small, justifying the Born-Markov and
approximation that we use.

The next step is to obtain the scattering rate in the Born- W2 Z
Markov approximation using the Fermi golden rule. For sim- s=eT 3
plicity, we will assume that the lattice is at zero temperature
and only consider the spontaneous phonon processes. We X 8(win— wfin— 0q), 9
then obtain the scattering rate

23w dowo ®
k

q
gefph(q)(Pt 5 |

—q
+ghph(q)¢:(7)

where
2

We=273 (G o M (@) + 0 M (— )| .:‘zk o (K)o (K) (10

X O win— wfin— , 5 . . . . -
(@i~ wm—0g) ® The expression fot given in Eq.(10) is the principal

where result of this paper as it contains the statistical enhancement
factor for the scattering of a phonon by a many-body com-
posite bosor{electron-hole pajrsystem. In the low-density
limit where v(k)=N¢;4(k), we obtainl=N for all com-
posite bosons, as expected. In the high-density limit, the
Here, h w;, andf wy, denote the energies of the initial and qualitative nature of saturation and Pauli blocking of statis-
final many-body eigenstates, respectively, is the fre- tical enhancement factor strongly depends on the particular
qguency of the emitted phonon. We reiterate that &j.is  BCS statdi.e., the coherence factoogk),v (k) ]. The differ-
derived using the interaction Hamiltonian of E4) and no  ences between the low- and high-density limits become more
assumption regarding tHeosonic characteof electron-hole  apparent if we recall Eq(10): In the low-density limit
pairs was made. The produat (k)v (k) is proportional to  [u(k)~1,Vk], bosonic enhancement arises from a construc-
the electron-hole pair wave function. In the Hartree-Focktive interference of the contributions from all partially occu-

u* (Ko (K[1-Jv(k+a)[*]. (6)

M@= o[k 3
k
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pied pair states. In the opposite high-density limit, only themagnetoexcitons behave as ideal bosdnsN). The total
states around Fermi level for whiak (k)v (k) #0 contrib- scattering rate peaks B, ,,=Ny= L2/47-ra§ where only half
pairs withk<kg have exhausted the phase space availablg~ N = stimulated scattering rate into the ground state

for them[v(k)=1] and can no longer participate in stimu- starts to decrease and goes to zerdNas2Ny, ; at this oc-

lated scattering. Physically, this is due to the fact that the : .
. o cupancy, all the underlying electron and hole fermionic
mean separation of the electron-hole pairs is less than theit

size. which makes the Pauli exclusion dominant phase space is exhausted and it is not possible to create an-

Equation(10) shows that the stimulated scattering explic- other ground-state magnetoexciton. Hehy /L? is the
ity depends on the overlap* (k)u (k). Therefore it is the ~counterpart of theMott densityfor this system.
coherence between the electron-hole pair states that results in We believe that the results presented in this paper are
bosonic enhancement. Conversely, if the ground state of thigportant for the analysis of recently proposed semiconduc-
many-body system is an electron-hole plasma state wherer matter lasers or boset$? Stimulated composite-boson
u*(k)v(k)=0\Yk, there is no final-state stimulation at any scattering provides a gain mechanism for théseices The
electron-hole pair density. We remark that even though Weaturation and eventual Pauli blocking of the stimulated scat-
assume a BCS state in our analysis, the assumption of @ring due to PSF effects that we predict would therefore
well-defined condensate phase should not be relevant for theg it in unique gain saturation mechanism. This is espe-

bosonic enhancement factor. . . . Fially important for large Bohr-radius exciton lasers in IlI-V
Next, we consider the special case of two-dimensiona .
nd 1I-VI semiconductors.

(2D) magnetoexcitons. It has been shown by several autho | h derived ion for b .
that in the strong magnetic-field limit where the magnetic ' Summary, we have derived an expression 1or bosonic
lengtha,= \%/eB is much smaller thaag, the magnetoex- stimulation of exciton-phonon scattering, in the limit where
citons become ideal noninteracting bosons. More SpeCiﬁBorn-Markov approximation is applicable. Pauli exclusion of
cally, Paqueet al® have shown that the single-particle wave the fermionic constituents that form the composite bosons
function remains unchanged for all occupancies of the lowestexcitonsg results in a saturation of the stimulated scattering

exciton band. For this system we have at high densities where the separation between the bosons is
less than or equal to their Bohr radius. In the special case of
- — 2 2 . . . . .
v(k)=v=\2magN/L", (1) two-dimensional magnetoexcitons, we obtain analytical ex-

wherelL is the transverse size of the 2D structure. The evalyPressions for the stimulated scattering term: as the electron-
ation of the stimulated scattering contribution is thenhole pair density increases, the stimulated scattering rate first

straightforward: saturates and then experiences complete Pauli blocking for
, N—2Ny .
2magN|  L?
I=N|1-—=2— 2mal’ (12 The author would like to acknowledge the David and Lu-

cile Packard Foundation and the NSF for financial support.
The analytical expression given in E(L2) is valid for  The author thanks P. Stenius, D. Nikonov, M. Ueda, and L.
1<N<L?27a3. In the low-density limit N< L%27a3), Butov for useful discussions and comments.
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