PHYSICAL REVIEW B, VOLUME 65, 205204

Many-body theory for luminescence spectra in high-density electron-hole systems
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We present a unified theory for the luminescence spectra in highly excited semiconductors, which is appli-
cable throughout the whole density regime including the electron-hsle) (BCS state and the excitonic
Bose-Einstein condensate. The calculated spectra clearly show the crossover behavior betedeB@®
state and the excitonic Bose-Einstein condensate. The analysis is based on the generalized random-phase
approximation combined with the Bethe-Salpeter equation. This approach allows us to consider the strong and
weake-h pair correlations on the same basis. In particular, we find that the broad spectral component arising
from the carrier recombination in treeh BCS state splits into thB and P, lines with decreasing-h density.

This behavior can be predicted neither by the BCS-like mean-field theory nor by the interacting Boson model.
The result agrees with a recent noteworthy experiment for the strongly excited ZnO, where the ultraviolet laser
emission was observed at room temperature.

DOI: 10.1103/PhysRevB.65.205204 PACS nunider71.35-y, 78.55—m, 78.20—e

[. INTRODUCTION mines the macroscopic quantum coherence and the order pa-
rameter is the density of condensed excitons.

Many-body effects in photoexcited semiconductors have Apart from the photoexcited semiconductors, the BCS-
attracted considerable attention in the last three decades. TB&EC crossover has long been discussed in a variety of physi-
system exhibits various states by changing the frequency arzhl contexts including superconductivitypuclear mattet,
intensity of excitation light. The Bose-Einstein condensationand superfluid®He (Ref. 10. In particular, much attention
(BEC) of excitons is particularly interesting, and has beenhas been focused on the BCS-BEC crossover in connection
extensively studied both theoretically and experimentally. with high-T. cuprate superconductivity;'> where a
However, we still do not have conclusive experiments forpseudogap structure is observed in the normal-state density-
direct observation of the excitonic BEC because of the sevef-states for underdoped cuprates almost up to room tem-
eral complicated experimental situations such as phonoperature. It is known that the coherence length of high-
effect? spatial inhomogeneity of exciton density, band an-superconductor is the same order as the mean interparticle
isotropy, finite lifetime of excitons, and so forth. Recent de-distance'® This fact is in contrast with the conventional su-
velopments in experimental techniques allows us to observperconductors where the Cooper pairs are strongly overlap-
remarkable phenomena suggesting the generation of macrping in real space. The optically excitedh system has a
scopic quantum coherence in semiconductors. In particulamarked advantage to investigate the BCS-BEC crossover be-
the anomalous exciton transport phenomena observed itause the macroscopic quantum state can easily be controlled
Cw,O (Ref. 3 and Bik (Ref. 4 are typical examples of without changing the composition of materials.
them. These phenomena become more significant with in- Recently, a microscopic theory for time-resolved lumines-
creasing electron-hole-h density, and this property is in a cence spectra has been proposed to study the buildup of the
marked contrast to the simple ballistic exciton propagation oexciton liminescence during the plasma cooling proce¥ses.
conventional diffusive exciton transport. The theory is further elaborated to study the secondary emis-

When we theoretically analyze many-body effects insion, the hot luminescence, and the exciton formation under
high-densitye-h systems induced by an intense light, con-the photonic environmentS.This attempt is particularly in-
ventional approaches based either on the weak interactingresting because the spontaneous generation of the macro-
Boson model or on the BCS-like mean-field thedrare not  scopic coherence in photoexcited semiconductors is one of
appropriate. This is because the mean interparticle distancetise fundamental interests as in the case of the BEC in cold
often of the same order as the radius of a boasdpair in  atomic vapors®
practical experimental situations. We have to incorporate the In this paper, we study the luminescence spectra from the
state-filling effect, the band-gap renormalizati®@GR) and  macroscopic quantum state in highly excited semiconduc-
the quantum fluctuation associated with the center-of-mastrs; the theory is applicable throughout the whole densities
motion of e-h pairs on the same footing. including thee-h BCS state in very high densities and the

The system exhibits a crossover between the excitoniexcitonic BEC in relatively low densities. The analysis is
BEC state in relatively low densities and theh BCS state based on the BCS-like pairing theory combined with the
in very high densitie We should remind that physical prop- Bethe-Salpeter equatibhfor the e-h pair correlation func-
erties of these states are qualitatively different from eachion. This formulation allows us to incorporate the state-
other. Namely, in thee-h BCS state, the relative motion of filling effect, the band-gap renormalization, and the weak
e-h pairs is relevant and the order parameter is the BCS-likée-h Cooper pair formationand strong(exciton formation
gap at the quasi-Fermi level. In the excitonic BEC state, orpair correlations on the same basis. This analysis is closely
the other hand, the center-of-mass motioredf pairs deter- related to those in Refs. 18 and 19, where the absorption
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spectra for condensed exciton system is analyzed by numeri- The paper is organized as follows. In Sec. Il, we derive
cally solving the ladder BS equation. In the present theorythe BS equation for the-h pair correlation function within
we incorporate the collective phase fluctuation associatethe quasistatically screened ladder approximation. We intro-
with the center-of-mass motion eth pairs by the general- duce the Bogoliubov quasiparticle operators to take into ac-
ized random-phase approximaticraRPA).zo In addition, the  count thee-h pair correlation. The numerical analysis and
present theory considers the many-exciton correlations sucgPmparison with experiments are given in Sec. Ill. We dis-
as the inelastic exciton-exciton interaction; the many-excitorfuss in Sec. lll A the dependence of the renormalized band-
correlation is one of the main interests in the present semigap on thee-h density, and compare the corresponding ex-
conductor spectroscopy, and this effect can be discussed néieriments for ZnORefs. 23,24 and CuCF® In Sec. IlI B,
ther with the semiconductor Bloch equatibmor on the thee-h pair correlation and the BCS-like gap formation are
semiconductor luminescence equation proposed by Kirdiscussed by analyzing the density dependences oéfe
etall? pair excitation energy and theth pair wave function with
The calculated spectra exhibit the BCS-BEC crossovekzero center-of-mass momentum. We show in Sec. Il C the
that can be analyzed neither by the BCS-like mean-fieldalculated luminescence spectra and compare them with
theory nor by the interacting Boson model. In particular, thethose given by the BCS-like mean-field theory, the GRPA
present theory clearly shows that the broad emission bané@nalysis, and the corresponding experiment for Z2h@ve
arising from the pair recombination in treeh BCS state, analyze in Sec. Il D the density dependences of the lumi-
splits into theP andP,, lines with decreasing carrier density. nescence intensity and the spectral position for each spectral
Here theP (P,) line arises from the the radiative recombi- component. Conclusions are given in Sec. IV. Finally, we
nation of an exciton assisted by the excitation of anotheshow in the three appendixes the derivation of the several
exciton from the B to ionization-continuum (&) state. In  formulas that are used to evaluate the ladder BS equation.
addition, we find in the calculated spectra the weak emission
line above the quasichemical potentialesh pairs originat-
ing from the recombination of Bogoliubov quasiparticle pairs Il. FORMULATION
generated by the collective phase fluctuation. A. Model Hamiltonian

We analyze the density dependence of the band-gap shift . : . . .
due to the band-gap renormalization, and find that the We consider a three-dimensionah system in a direct-

present theory agrees very well with experiments for znoJaP semiconductor a'It:_O, which _consists of an isatropic, .
and CuCl. Furthermore, we discuss the density dependenc%gnd_egenerate parabolic conduc_tlon and valence bands with
of each spectral component amh density. The present identical electron and hole effective masses; the analysis for

theory shows that the linedquadrati¢ density dependence dlfferre;?t effective Masses W.'" be given in a forthcoming
of the peak intensity of excitonR5) line saturates with in- paper. The repulsive interactions l_)etv_veen elgctrons and be-
tween holes as well as tteeh attractive interaction are taken

creasinge-h density. It should be stressed that, in low den-. ¢ Th in d f freed lected t
sities, the present theory enables us to calculate the coheréfﬂ{o account. 1ne spin degrees of freedom are negiected 10

exciton emissionP and P, lines with the same basic equa- ocus our attention on the essential point of the B.CS'.BEC
tion. crossover. We consider that the system is in a quasistationary

From the point of view of the BCS-BEC crossover, the state given by the quasichemical potengiabf the e-h pairs.
' he Hamiltonian is expressed in terms of annihilation opera-

present work is regarded as an important attempt to clarii%) f elect d hol foll )
the phenomenon by using response functions. It should b rs of electrons ) and holes ¢;) as follows:

remarked that only the thermodynamic properties have been
studied in the previous works on this subject. 1

The present theory is also important from application Hma= > {efcicit sEdikd,k}ﬂLz > Vq{chcg,qcpck
point of view. The optical properties of wide band-gap II-VI K kP.q
semiconductors have attracted much attention following the +dt. df
development of the short-wavelength semiconductor laser di- k+a-p-d
odes. In particular, the room-temperature ultraviolet laser ) ) ]
emission from the self-assembled ZnO microcrystallite thin! € Single-particle energies of electrons and holes are ex-
film?2 is interesting, because other wide band-gap materialressed in terms of their effective massas e=k?/(2m)
such as ZnSe, exhibit the ultraviolet laser emission only™ Eq— u/2 andey=k?/(2m)— u/2, respectively, wher&,
when the system is at sufficiently low temperatugeslow is the band-gap energy. The Coulomb interaction is written
100 K). This laser emission arises from tReline, and the  asV,=4me?/(€,0?), wheree, is the background dielectric
many-body effects play an essential role in the lasing mechasonstant of the unexcited crystal.
nism. Therefore, elaborating the quantitative theory for high-
densitye-h system is particularly important to design novel
optical devices based on the wide band-gap materials. The
present theory is a quantitative theory for luminescence spec- We rewrite Eq.(1) with respect to Bogoliubov quasipar-
tra of highly excited semiconductors, which provides us withticle operatorsy, and g to consider the-h pair correlation.
a theoretical basis to design novel short-wavelength opticalhe annihilation operators for Bogoliubov quasiparticles are
devices using wide band-gap materials. defined by the Bogoliubov transformation,

dpdy—2¢i, (Cid] - (ot 1

B. BCS-like gap equation fore-h systems
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C= Ut uiBl . expectation value with respect to the Bogoliubov quasiparti-
?) cle vacuum. A straightforward calculation gives
d_ =uB_— vk,
k= UkB -k~ vk , 1 1+& , 1 1_& ®
where the Bogoliubov parameteuq; andv, are subject to =7 EJ)' <2 E’

the unitarity condition,u?+v2=1. For later convenience,

we introduce the coherence factors by where ¢y, Ay, and Eksx/§k2+ Akz are the renormalized en-

ergy of e-h pairs, the BCS-like energy gap, and the excita-

C(kog:ukup"i_vkvp! tion energy of a pair of Bogoliubov quasiparticles, respec-
’ tively. The quantities,, and A, are determined by solving
Cf(lg:ukv oF UKy, the following self-consistent equations:
() 2
(2) _ k
Cicp= Uklp—vip, §k:< x TEgTH _ZZD Vicwp

(3)— _
Ck’p—UKUp UkUp,

2
{
and the two-component operator in Nambu representation by = ( Py +Eg—u | — > Vkp( 1- E—p) (9a)
t
%o t t
= , =(ay,B7)). 4 Ap
Pk (ﬂ—k) b= (ax,B-1) 4 :_42 Vi g p= 22 Vi F’E (9b)

The e-h HamiltonianH ,,,; is then expressed as follows: wherem* =m/2 is the reduced mass efh pairs. The sec-

ond term on the right-hand side of E(@a) expresses the

Hma= X EL(PLT, ¢>k)+ E Wie (a)( ¢k+q TPk band renormalization effect arising from the elect{bole)
K exchange interaction, and E®b) is the BCS-like gap equa-
X(p! b0 (5) tion that describes the spontaneous generation of the BCS-
P=atvyp like energy gap.
where 7, and 7; (j=1,2,3) are the X2 unit matrix and In order to obtain physical insight into the BCS-like gap

Pauli matrix, respectively. In the following analysis, we useequation, we express E®) in terms of thee-h pair wave
the summation convention with respect to indigesand »  function with zero center-of-mass momentuify,=(c,d_,)
(m,v=0,1,...,3), unless otherwise stated. In E&), £f’ is =A,/(2E}). Making use of Eq(8), the BCS-like gap equa-

written as follows: tion can be rewritten as
E=1(gt-eM)=0, k2
=z(e e +Eg—pu—22 Vie i th—(1—2v)
1 2m* P
X 2, Vi pihp=0. (10
5 (6) P
&=0, Equation(10) is reduced to the Wannier equation in the limit

1 of low e-h density, because?=(clc,)o=(d" ,d_,)o is the
E=2eltel-> Vq)C(kZIZ- distribution function for electrons and holes. Therefore the

2 ’ BCS-like pair theory is able to properly describe the relative

wave function of excitons in the low-density case as well as

H o, v H H .
Furthermore, the quantitwj ; (q) is written as follows: the BCS-like pair states in the high-density case as discussed

W () in Refs. 6,8,28,29,31.
Ck+q kaO ap O Ck+q ka3 ap O C. Linear optical response
0 0 0 0 In order to calculate the luminescence spectra, we con-
=Vq ic® ¢ 0 —c® c® 0 sider _the radia_ltion_-matter coupled system described by the
ktak=p-ap k*ak=p=qp following Hamiltonian:
0 0 0 0 .
, % Hiot= Hradt Hmart Hine, (11

whereH,,4 andH;,; are the Hamiltonians for radiation field
The Bogoliubov parameters are determined by the variaand for the interaction between radiation and carriers, respec-
tional method; we minimize the expectation value of thetively; H,,, is the e-h Hamiltonian given by Eq(1). H,.q
Hamiltonian (Hma,)o, under the charge neutrality condition, and H;,; are written in terms of annihilation operator for
Sd(cle)o+(dl, d_)o}=0, where(---), stands for the photonsb as follows:
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H 2= wb'b, 12 1
rad— 128 is<m=tem
4
Hin= 2 {gkbcid_+afd" clb}, (12b >
"R X 2 2 Gk g (B (R OYPR(P.)oKpm,
wherew andgk are the frequency _of the light and radiation- (17)
matter coupling constant, respectively.
We then consider the equation of motion for the expectawhereK,;=(C%), —i,C{}); and

tion value of the photon number operatbi(t) =b™(t)b(t).
A perturbative calculation with respect kb, gives qnﬁ‘f(p,t): ¢g+p(t)7j¢p(t)- (18

d As shown in Appendix A, the operatdrg(p) is the constant
N =TT (@)(N(t) + 1)~ TT7(«)(N(1)), (13)  of motion; therefore the Fourier transform of E(L7) is
expressed as follows:

where(- - -} indicates the expectation value with respect to
the ground state dfl,,;. The quantitied] ~(w) andIl” (w) G (w)= | con

are the emission and the absorption rate of photons, respec- dw+ivy)
tively, and they are expressed in terms of electron and hole

2
operators as follows:
P +7 22 G KL Gl @) Ko

1 %p

N

I
H>(w) (196)

=> o ng'wdt(d,p(t)cp(t)cl(O)dT,k(0)>0ei“’t+C.c. where G, (w) is the Fourier transform of the following 2
k.p 0 X2 matrix correlation function:

~72ImG (e ptly), [GieplD)]; m= —1O()(® (K,0/BO(p.1))o,  (19b)

1~ (w) and

oo

= b dt(cl(0)d" (0)d_(t)c,(t))oe“t+c.C. .
%gkgpfo (6(0)d=(0)d-p(t)cy(1))oe ™ + C.C Lor= 25 05 0K o @5 B3Pk

=—2ImMG~(w—pu+iy), (14) 2
+ ¥l KL (DT (K)D3(p))oKy 3+ C.Cl.
wherey is the exciton decay constant afd - ), stands for ,2’1 kz,p 9ic 9ol Ki (P (R P3(P))okps ¥
the expectation value with respect to the ground state of (190
H, .. The quantitiesG™(w) and G=(w) are the Fourier
transform of the correlation functions defined by In deriving Eq.(19), we should note that the expectation

value (- --)q is evaluated in terms of the quasistationary
. N t + state. The first term on the right-hand side of ERa gives
IG (t):®(t)k2p 9 9p(d-p(t)cy(t)cy(0)d 2 (0))o, the sharp spectrum at the quasichemical potential oéthe

(159 pairs; this spectral component arises from the coherent spon-
taneous emission from the macroscopic quantum state. In the

coherent emission process, thén recombination does not

iG<(H)=0(t *q (ch0)d" (0)d_ (1) eu(t))n. generate Bogoliubov quasiparticles so that the spectral line-
(H=06( );p 9ic 9p(C(0)d=1(0)d (1) Cy(D)o width is merely determined by the lifetime of tieeh pairs.

(150 On the other hand, the second term on the right-hand side of
Eq. (199 expresses the incoherent spontaneous emission ac-

The luminescence spectruhfw) is given by the spontane- companied by the creation of Bogoliubov quasiparticles; this

ous emission ratd] ~(w), spectral component reflects the various interesting features

arising from the many-body interaction in high-densih

(w)=—2IMG~(w—pu+iy). (16)  Systems.
As shown in Appendix BJ .oy, is written as follows:

We rewrite Eq.(15b) with respect to the two-component

operator Eq(4) to incorporate the-h pair correlation. Sub- P * o cOPP K (KPP K k)l
stituting Eq.(4) into Eq. (15b), we obtain the following for- coh™g jzzl,ZkE,p 9ic gpCicl b7 (P Crp.
mula: (20
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We evaluatg®P~ (k) 7,@P~X(K))o by the GRPA; we show (23 reflects the collective phase fluctuation frah BCS
the details of calculation in Appendix C. Substituting Eq. state similar to the Anderson mode in superconductivity.
(C939 into the second term on the right-hand side of @),  From Eq.(C9b), we find that Eq(23) turn out to be written

we obtain as follows:
(3)2
(1) C
' con™ 4‘2 9 C (@ (PYPRK) o= Ok ot 7o) m— 2 —Ek+E —(79)j -
P
IXk—pl®) (4
1~(1)~(3)2 k—p
—k% 9% 9V pCLRCIC® [—aw ; Here we introduced the quasistatically screened Coulomb
‘ @="EEp potential defined by
(21 s
k—p:Vk—p{1+ 2Xk—p(_Ek_ Ep)}n (25)

whereyq(w) is the partial screening function defined by Eqg.
(C10). The first term on the right-hand side of E@1) rep- ~ where y,(®) is the partial screening functi8hdefined by
resents the intensity of the coherent emission evaluated bizq. (C10).

the BCS-like mean-field theory. On the other hand, the sec-

ond term on the right-hand side of E@Q1) reflects the col- E. Screening effect

lective phase fluctuation effect associated with the center-of-

mass motion o&-h pairs. In the present analysis, we incorporate the screening ef-

fect by the quasistatic RPR.The BCS-like gap equation Eq.

) (9) is written as
D. The Bethe-Salpeter equation

for e-h pair-correlation function 2
_ 2
Next, let us consider the>22 matrix correlation function dk= ( om* tEy—u —ZEP Vi p T Eq {VZ_Vq}v
G p(t) defined by Eq.(19b). The Fourier transform of (262
G p(t) satisfies the following BS equation:
Ay=—42 Vi_Uugp,. (26b)
Gp(@) (@70t 2E73) — 2 Vi 0 Gpie(®) z
k!

Here, the second term on the right-hand side of 263
><(C(0) ric®2, ) represents the screened exchange effect, the third term being
kkr #27 T=okr T the Coulomb-hole effect. On the other hand, the BS equation
Im (22) is written as

= ()P (K)o, (22)

S (0)2
wherej,m=1,2. This BS equation is obtained by linearizing Gplw) (0Tt 2E,T3) — kz Vi Gpi (0)(C 77
the equation of motion foG, ,(t). The second term on the

left-hand side of Eq(22) expresses the strorggh pair cor- C(ks)z o
0)2 HC P2 r) =8yt m) — T =L, (27)
relation, where the vertex part proportlonaI(t(& reflects kk' 7L pkl 70T T2) T 73 ExtEp
the state-filling effect and the part proportlonal @)’
arises from thes-h pair correlation. The strong-h pair cor- In the present analysis, we employ the tractable expres-

relation gives a significant contribution to tleeh pair re-  sion for the dielectric function given by the single-plasmon-
combination with nonzero center-of-mass momentum, and ipole approximatiori® which is known to produce relatively
give rise to the sharp excitonic structures in the luminescencgood self-energy correctiori$? In the single-plasmon-pole
spectrum, which are not obtained with the BCS-like mean-approximation, the dielectric function is given by

field theory.

As shown in Appendix C, the expectation value on the . . “’gl
right-hand side of Eq(22) can be evaluated by the GRPA. & (=€ | 1+ 5——|, (28
Substituting Eq(B1) into the expectation value on the right- Z ok

hand side of Eq(22), we obtain

<¢?T(p)‘bg1(k)>0: Sp (0T 72)jm
—5(73)j m{ PP KT (K) 7 ®P (k) )o.
23 0=

pl
Here we used the identity {&#G(kk,0)}
=(DP (k) 7, ®PX(k))o=0, where G(k,k,w) is defined where kg={16m*e?/(mey)}Y4(67°n)Y® is the Thomas-
by Eqg.(C1). The second term on the right-hand side of Eq.Fermi wave number, and the effective gap

where wy=[4mne? (e;m*)]*? is the plasma frequency,
andn is thee-h pair density. The dispersion of the effective
plasmon mode is chosen &,

k2
1+ —
TF

+ Geff* (29)
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Kalia formula®* Much attention should be paid to the drastic
difference between the present theory and other results espe-
cially in high e-h densities(smallr). This large band-gap
reduction arises from the BCS-like gap formation; as dis-
cussed in Ref. 35, the result obtained by solving &)

with A =0 shows almost the same behavior as that of Ref.
34.

We also show in Fig. 1 the experimental results for bulk
CuCl (Ref. 25 and ZnO thin film?3?4In Ref. 25, the data for
OE4 are obtained by analyzing the threshold pump-light in-
tensity of the plasma emission for various pump-light fre-

Y — 1 — '10 quencies. In Refs. 23 and 24, the data #&f, are obtained
| r. by analyzing the low-energy tail of the luminescence and
absorption spectra for various pump-light intensities; the

FIG. 1. The BGR as a function of. The present theory gives sample thickness is 55 nm in Ref. 23 and that in Ref. 24 is
the solid line and the theory of Vashisteaal 3 gives the dashed- 233 nm. In Fig. 1, material parameters are used to evaluate
dotted line. The dashed line shows the result given by solving Egthe binding energy and the Bohr radius of & &xciton;

(26) with A, =0. The open diamonds, triangles, and squares reprethose values for CuCl arg.,=213 meV(Ref. 36 andag

OE,

sent the experimental results for 233 nm ZnO thin fit§5 nm  =0.7 nm (Ref. 37, and those for ZnO ar&,,=59 meVv
ZnO thin film 2% and bulk CuCP® respectively. (Ref. 38 andag=1.8 nm(Ref. 39.
We find an excellent agreement between the present
Ger=2MiInE, (30) theory and the experimental data for bulk CuCl and ZnO
k satisfying the weak confinement condition. We should note

. . o . that no adjustable parameters are introduced in the theory,
is set to the minimum excitation energy of a pair of theang that the universal behavior is found except for strong
Bogoliubov quasiparticles. The partial screening functioncsnfinement samples, i.e., the data for different materials fits
and its derivative take the following simple forms: the same theoretical line. This excellent agreement in Fig. 1
indicates that the BCS-like energy gap is formed in these

2
Xk(w):ﬂ( 1 ) experiments and plays an important role in the high-density
20\ w—wy)’ e-h systems.
(3D The importance of the macroscopic coherence generated
Ixr(w) w§| 1 \? by the Coulomb interaction was also pointed out in the semi-
e 20 o—wy) conductor Bloch equatioff, which is very useful to analyze

various ultrafast optical phenomena including the optical
Stark effect’® The results obtained by the present theory are
IIl. NUMERICAL ANALYSIS consistent with these studies where the BCS-like mean-field
In the following analysis, we use the units where the ex-tN€ory is employed. On the other hand, the BGaf? has exten-
citon binding energy E,,) and the exciton Bohr radius) sively been discussed by using GW approximdttamhere

equal unity. As a measure of tieeh density, we employ the the self-energy is calculated by the electron propage®or
dimensionless mean interparticle distance=(r)/as and the screened Coulomb interact{vv), by the variational

=[3/(47n)1¥3, wheren is thee-h density. an_alysis for the effective Wannigr equatitnand by calcu-

' lating the exchange and correlation enerdfeS These theo-
ries agree with the experimental data for indirect band-gap
material$* and the semiconductor quantum wires consisting

Before going into details of the numerical results for theof the 11-V materials** The present analysis reveals that the
luminescence spectra, we first discuss the band-gap renonracroscopic coherence generation plays an important role
malization(self-energy correctignarising from the electron and the conventional theories break down in materials with
(hole) exchange interaction. This effect plays an importantarge exciton binding energy.
role in several optical phenomena in high-densti sys- We comment that the considerable deviation with the ex-
tems, such as the laser oscillation and the mirrorless opticglerimental data of Ref. 23 arises from the finite-size effect
bistability*3in semiconductors. In the present analysis, weand from the complex sample geometry. In fact, the sample
iteratively solve the BCS-like gap equatio?6) for a fixed that was used in the experiment consists of many self-
value of quasichemical potential. The band-gap reduction assembled crystallites grown on the sapphire substrate as
is then evaluated byEy={,_o—Eq+pu. In each step of shown in the atomic-force microscopy image in Ref. 23.
iteration, we need to calculate tleeh density and the effec-

A. The band-gap renormalization

tive gap G to evaluate the quasistatically screened Cou- B. The e-h pair correlation and the BCS-like
lomb interaction defined by Eq25). energy-gap formation
Figure 1 shows the calculatetE, as a function of ¢; as The BCS-like energy-gap formation makes a significant

a reference, we also show the results obtained by solving Egontribution not merely to the band-gap reduction but also to
(26) with A,=0 and by the phenomenological Vashishta-the several remarkable characteristics of luminescence spec-
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FIG. 3. The wave function of am-h pair with zero center-of-

12 T 16 mass momentum for various .
10} L o .
112 ties; in fact, the coherent emission from tiva BCS state is
8r found even in highe-h densities as will be discussed in Sec.
& 6t log @ Il C. This result is found only for sufficiently low tempera-

: tures, and the finite temperature effects will be discussed in a
4r loa forthcoming papet’ Recently, the authors have shown that,
ot ' even in very high densities, the-h pair correlation is en-

hanced by a strong photoexcitation and the BCS-like gap
8_1 p 1'0 ; 60 1 008 extraordinarily grows with increasing pump-light intensfty.

This result suggests a possibility of decisive experimental
observation ok-h BCS state under strong photoexcitations.
FIG. 2. The upper graph shows the dispersion relation of the Figure 3 illustrates the-h pair wave functiony, (Refs.
single-quasiparticle energy fa¢a) rs=17, (b) rs=5.2,(c) rs=3.0,  6,8,28,29,31L with zero center-of-mass momentum for vari-

and(d) rs=2.2, and the definition dty, andGe for re=2.2. The  gysr,. The functional shape ofy, also reflects the BCS-
lower graph depict&.,i, and G4 as a function of 5. BEC crossover. Forg=10, the wave function is a Lorentz-

) . ) ) . _ian that is the same as that of & &xciton. Forrg=<10, the
tra as will be discussed in Sec. Ill C. We discuss in thisyaye function deforms because of the quasi-Fermi surface
subsection the BCS-like energy-gap formation by analyzingormation, andy, has a maximum point with nonzero mo-
the rs dependence of the Bogoliubov quasiparticle energynentum that equalk,,;, in r<<5. We also find that the nor-
E,. As shown in the upper graph of Fig. By is character-  yajized wave functiony, /n (n is thee-h density is nearly
|zed_by Gef @andKpin; hereG_eff is defined by Eq(30) and independent of ¢ for r¢=10, and it abruptly reduces fo,
Kiin is the momentum at whichE, equalsGe. These quan- <10 This reduction indicates that, in higth densities, the
tities are measures of the BCS-BEC crossover that is thgjgh quasi-Fermi level formation reduces the fraction of the
main subject of the present study. In lah densitiesEy ¢ pairs that contribute to the-h Cooper pair formation.
shows the parabolic dispersion wilBer=1 (the exciton  ag shown in Secs. Il C and 111 D, this reduction of the nor-

binding energy and ky»=0. In highe-h densities E, ex-  malized wave function leads to the saturation of the peak

equaling the BCS-like energy gap and the quasi-Fermi mo-
mentum, respectively.

We show in the lower graph of Fig. 2 the calcula®g
and k i, as a function ofrg. We find thatk,,,>0 for rg We are now in a position to discuss the luminescence
=5, andG¢; considerably different from the exciton binding spectra for variou-h densities. In the present theory, the
energy forr=10. These results indicate that the system is inuminescence spectra are calculated using &) by nu-
the e-h BCS state forr <5, where the electrons and holes merically solving the BS equatio(27). We should remark
are in Fermi degeneracy because of the Pauli exclusion prirthat the singularity-removal methtf® is inappropriate be-
ciple and the BCS-like energy gap is formed at the quasieause the singular points of the correlation function consid-
Fermi level as shown in the upper graph of Fig. 2. On theerably depend on the-h density. We therefore evaluate the
contrary, thee-h pairs behave as excitons fay=10, and the  eigenvalues and eigenvectors of the stability mafifof the
crossover betweee-h Cooper pairs and excitons are found BS kernel to obtain the numerical solution of E87). This
in 5=r¢=<10; these results are consistent with those in Secapproach enforces us to deal with a giant maf@bout
lA. 3000x 3000 in dimensionto obtain good overall accuracy.

We also find that the strong screening effect considerablye employ dynamical memory allocation and deallocation
reducesGq for rg<<2. However, this behavior does not im- in FORTRAN 90 to effectively use the memory space in
ply that thee-h pair correlation is absent in higdth densi-  computers.

Is

C. Luminescence spectra

205204-7



T. J. INAGAKI AND M. AIHARA PHYSICAL REVIEW B 65205204

sharp peaked structure at the high-frequency edge of the

zi;_F;PA @ 25?1 (sz broad emission band; this structure originates from the sin-
. ‘ . gular behavior of the density of states associated with the
£ /\h £ ’Z%\_JL BCS-like gap formation at the quasi-Fermi level. This
2 pER e X2 peaked structure is strongly pronounced in the present theory
8 8 /L_k because the strorgth pair correlation described by the sec-
2 | =22 JJL 2 | =22 x3 ond term on the right-hand side of E@7) is considered in
8 g the present numerical calculation. We also find that the low-
ﬁ 7=3.0 ljkl x4 ﬁ r=3.0 A 1 x4 energy edge of the broad emission band in F{g) does not
e e exhibit the ordinary square-root shape. This behavior arises
e JL % 30 2 |r=s2 P J % 30 from the reduction of the oscillator strength eh pairs at
£ £ the renormalized band edge due to the localization of the
= I fik 200 3 | oo l 200 oscillator strength at the peaked structure mentioned above.
As clearly shown in Figs. ®) and 5c), the present theory
El EJ predicts a weak emission line above the coherent emission
el L, ) X100 nEl7 L Tl X100 line that originates from the collective phase fluctuation from

654321012 ©5-4-8-2-1012  theeh BCS state. This component arises from the second
¢ s term on the right-hand side of EQ7); therefore this struc-
FIG. 4. The luminescence spectra for varioygiven(a) by the  ture is also found in the GRPA analysis but missing in the
present theory, antb) by the GRPA. BCS-like mean-field analysis. We should remark that elec-
trons and holes are excited above the quasichemical potential
Figures 4a) shows the luminescence spectra obtained byy the collective phase fluctuation even at zero temperature.
the present theory. As a reference, we also show in Figgs. 4 ~ As shown in the spectra fors=1.5 andrs=2.2, the
and Fa) the luminescence spectra given by the GRPA analypresent theory shows that the broad emission bandsin
sis and by the BCS-like mean-field analysis, respectively. Ir=1.1 splits into the broad and the sharp spectral components
the GRPA analysis, we solve E@7) by neglecting the sec- as thee-h density decreases. With further decrease iretihe
ond term on the left-hand side; in the BCS-like the mean-density, the broad spectral componentat Eq< —2 sharp-
field theory, we solve Eq27) by neglecting the second term ens and is assigned to tieline; the sharp component at
on both sides. In Figs. 4 and 5, the exciton decay constant —E,=—1.7 is assigned to the, line. TheP line originates
is chosen to be 0.03, which gives the sufficient resolution fofrom the radiative exciton recombination accompanied by
each spectral components. the dissociation of another exciton; tl®, line originates
In the highe-h density ¢,=1.1), the present theory gives from the radiative exciton recombination accompanied by
a broad emission band with large band-gap renormalizatiothe excitation of another exciton frongto 2S state. TheP,
below the coherent emission line at-E,=0.8. We find a line is obtained by solving the BS equation that considers the
stronge-h pair correlation; it should be remarked that neither
WA 1) the GRPA analysis nor the BCS-like mean-field analysis
pelry’ &2 (b) BS+RPA — gives theP, line. We find forr<1.5 the peak intensity of

the coherent emission ai}, lines saturate and weaken with

I}PJLJL increasinge-h density, and similar saturation is observed in
Ts=1. x2
re=2.2 /\J x3

the GaAs and CdSe quantum dot systéfas discussed in

Sec. Il B, this behavior arises from the quasi-Fermi surface
formation, so that conventional theories based on the inter-
acting Boson model, on the BCS-like mean-field theory, and

PL Intensity (arb. units)

Luminescence Intensity (arb. units)

re=3.0 AU x4 o-Lg on the two-electrons and two-holes mdfetannot explain
z [0 BSRPA this saturation. . .
r=5.2 l <30 5 Gﬁﬁ —— As discussed in Sec. Ill A, we find a reduction of the
- g o renormalized band edge as théh density decreases. With
> increasinge-h density, small redshifts in the coherent emis-
r=9.0 x 200 2 sion,P andP, lines are found, and this behavior is consistent
Exl E with the experimental result in Ref. 49; the dependence of
rEl7 ) %600 e each spectral position oe-h density will be discussed in
65-4-3-2-101 2 0 0102 0-2 04 0.5 06 detail in Sec. Il D.
o-Eg o As shown in the spectra far,=5.2, 9.0, and 17 in Fig.

FIG. 5. (a) The luminescence spectra for variaugjiven by the ~ 4(@), the present theory also describes very well the low-
BCS-like mean-field theory(b) and (c) show the enlarged figure density properties of luminescence spectra. Namely, the in-
above the quasichemical potential foe=1.1 andr =1.5, respec-  t€nsities of the coherent emission aRd lines show the
tively. The solid line, the dashed line, and the dashed-dotted line arénear and the quadratic density dependences, respectively,
results given by the present theory, GRPA analysis, and the BCSand the coherent emission prevails over any other spectral
like mean-field theory, respectively. components in the low-density limit. Fog=5, the coherent
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-
o
=]

@ () 77K

P:3.315eV— MWior?)
3.9

PL Intensity (a.u.)

Luminescence Intensity (arb. units)
3
w

P: 3.3320V —> E foe 2
1.0 £

Luminescence Intensity (a.u.)

Ps

Ex:3.391eV— 10-6 VY T
- _J\ 01 10° 107 10" 10°

n

0.2

3371 32 33 34 35 36
Energy (eV) FIG. 7. The density dependence of the peak intensities of the
coherent exciton emissiofEx), P,, P3, andP lines.

FIG. 6. Comparison betweg@) the present theory ant) the
experiment for ZnO thin film at 77 Kfrom Ref. 26. Here Ex

_ il These lines saturate for=1.5x 10" 2 because of the many-
stands for the free exciton emission.

body effect. That ise-h pairs considerably overlap with each
other and the fermionic nature of electrons and holes be-
emission line aw—Eg = —1 is regarded as the exciton lu- comes significant. The-h pairing is therefore restricted near
minescenceEX) line from thee-h BCS state whose line- the quasi-Fermi level, which results in the saturation of the
width is determined only by its decay rajeas shown in Eq. coherent emission and thline.

(19a. We show in Fig. 8 the, dependence of the spectral po-
Now, let us compare the calculated spectra with experisition of each spectral component. In low densitigs (
mental results. Figure 6 depicts the luminescence spectra 10), the calculated spectral positions of the coherent emis-

given by the present theory and by the experiment for ZnGsjgn, P, and P; lines are given byo—E,=—1, —2
thin film with thickness 1.3um atT=77 K*In Fig. 6@,  —(1/2?) and — 2+ (1/3), respectively, as expected. In the
the exciton decay constant Is Chosen’)ﬁso.l. We find that present theory, the coherent emission madine show weak
the following properties of the experimental results are welljedshift for 3=r =10; this behavior was experimentally ob-
described by the present theory. In the high-density state, gerved in Ref. 49. With further increase in i density, all

broad emission band appears below the Ex line, and the ifpe spectral components show the blueshift fge3 be-
tensity of the broad band is stronger than that of the Ex linecayse of the state-filling effect.

As thee-h density decreases, the intensity of the broad band
superlinearly reduces, and it splits irffoand P, lines. With
further decrease in the-h density, the intensity of the line
becomes weak and the Ex line predominates overRhe We have presented a many-body theory of luminescence
line. Unlike conventional two-electrons and two-holesspectra for high-densitg-h systems, which is applicable
model?® the present many-body theory first enables us tcthroughout the whole densities including théh BCS state
simultaneously evaluate the line-shape and the spectral posit very highe-h density and the excitonic BEC state in rela-
tion for variouse-h densities. tively low e-h density. The analysis is based on the BCS-like
pairing theory combined with the BS equation for t&én

IV. CONCLUSION

D. The luminescence intensity and the spectral position

15
as functions of thee-h density

it

We discuss the dependence of the luminescence intensity
on thee-h density. Figure 7 depicts the peak intensity of the 05 ¢

coherent emissiorR, P,, and P lines as a function of the 3 0
normalized densityn. The P5 line arises from the exciton L%’ 05
recombination accompanied by the excitation of another ex- <

citon from 1S to 3S state; this spectral component is too D -1

weak to be found in Fig. @). As discussed in Sec. Il C, the 15}
coherent emissionluminescence from the exciton BEC

statg predominates in low-density states; with increasing 2
e-h density, theP, line superlinearly grows and it prevails 25
for n=1.5X1072 (rg=4). Forn<1.5x10 2, the peak in- 0 2 4 6 8 10

tensity of P,-line quadratically depends on because it A

arises from the exciton-exciton interaction, while the peak FIG. 8. Ther, dependence of the spectral position of the coher-
intensity of the coherent emission linearly dependsnon ent exciton emissiofEx), P,, P3, andP lines.
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pair-correlation function. This approach first allows us towe calculate the semiconductor version of the Anderson-
evaluate the optical spectra by considering the Fermioni®Rickayzen equatio(SCARE), which is the linearized equa-
nature of electrons and holes and the Bosonic nature dfon of motion for the bilinear products of the Bogoliubov
bound e-h pairs. The calculated luminescence spectra andjuasiparticle operators,

the renormalized band-gap agree very well with experiments

as mentioned in Sec. IIl. VK = afagik=3[PIK) +PIK)],
We have clarified the crossover between #i BCS

state and the excitonic BEC from a unified viewpoint. In qﬂi(k):alﬂ’[qfk:%[cl)‘l‘(k)Jri(IJg(k)],

particular, we find that the broad emission band fromete

BCS state splits into two spectral components with decreas- ‘I’g(k)zﬁ—kaq+k= oYK —iDYK)],

ing e-h density; these spectral components correspond to the
P andP, lines in low densities. This behavior well explains
the experiment for ZnO thin film in the weak confinement
condition?® In addition, we have calculated the deviation of
linear (quadrati¢ density dependence of the intensity of co-
herent emissionK,) line in the wide density range. It should
be noted that this deviation of density dependence as well d§
the blueshift of the® and P, lines cannot be explained with
the simple two-exciton(two-exciton and two-holemodel,

and the present many-body theory makes it possible to incor-
porate these effects arising from the simultaneously interact- [¥{ (k),H]=(Ex:q+EQ)¥{ (k)
ing manye-h pairs. These results are important not only in

VK =B_iBT (=3[ PIK - DYK)]. (AL

Here thej=0,3 andj=1,2 components oﬂqu(k) describe
the density and phase fluctuation from tadn BCS state,
spectively. The SCARE is written as follows:

[W3(k),H]=—(Exi g~ EQVIT(K), (A2a)

basic physics but also in applied research areas because the +Cc®. v.> c® rwitp—wi(p)
ultraviolet laser emission for theline in ZnO thin films was kicra qu pord V1 (P z(P)]
realized at room temperatur&sOur analytical method and (A2b)

obtained results will also stimulate renewed interest in the
BCS-BEC crossover problem in a variety of physical con-
texts such as the highz superconductivity where the coher-

ence length is the same order as the main interparticle

[3'(k),H]= = (Exs g+ EQ P (K)

distance. +CR Vo2 COL [V T (D) - v (p)],
Finally, we should pay attention to the important observa- P

tion that the calculated large band-gap reduction in high den- (A2c)

sities arises not only from the usual electron/hole exchange

interaction but also from the BCS-like energy-gap formation. [WI'(k),H]= (Exsq— E)v (k) (A2d)

Whereas no adjustable parameters are introduced in the

present theory, the calculated result shows excellent agreghere we only keep the terms that give the leading contri-
ment with experiments and shows the universal behavior fobution in theg— 0 limit. In deriving the SCARE, we replace
bulk CuCl(Ref. 25 and ZnO(Ref. 24 thin film in the weak the products of¥'’s by their expectation values with respect
confinement condition. This fact indicates that the spontaneto the ground state in the full equations of motion fbfs.
ously generated macroscopic quantum state is actually geiEquations(A2a) and (A2d) show that¥ (k) (j=0,3), is an

erated in highly photoexcited semiconductté> eigenoperator with eigenvalues—() " }(Ey; —E), and
\P?(k) (j=1,2) describes the scattering of excitations that
ACKNOWLEDGMENTS are already present in the initial state. Equatié2) indi-

_ cates thal\Iqu(k) with j=0,3 andqg#0 is irrelevant at zero
The authors thank Professor M. Kuwata-Gonokami, Driemperature because no Bogoliubov quasiparticles are cre-
M. Nagai, and Dr. A. Yamamoto for valuable information on zted by W (k) with j=0,3 andg=0. In Ref. 20, these op-
experiments. One of the auth6F.J.1) thanks Professor D. erators are called unphysical because all the physical states
A. Worman for valuable comments on the manuscript. Th'ssatisfy
work is partially supported by a Grant-in-Aid for Scientific

Research on priority areas, “Photo-induced Phase Transition ‘Iqu(k)|phys}=0 (A3)
and Their Dynamics” from the Ministry of Education, Sci- ! '
ence, Culture and Sports of Japan. for j=0,3. The absence of these operators in the present

theory is confirmed by Eq$1938 and (20).
APPENDIX A: THE SEMICONDUCTOR
ANDERSON-RICKAYZEN EQUATION APPENDIX B: EVALUATION OF Eq. (20)

In this paper, we consider a collective phase fluctuation In this Appendix, we evaluate the intensity of the coherent
associated with the center-of-mass motiomdf pairs by the  emission,l .., given in Eq.(20). For this purpose, we use
generalized random-phase approximafidRor this purpose, the following operator identity:
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qJOT(p)cI) (k)=—tr(7,7,7,7,) P> kT(k)qw k(k) where§ is the infinitesimal positive number, a@f(k,p, »)
o o is the Fourier transform o&9(k,p,t).
+35 8putr(7,7,7,) P (P) + 268 n6,,0P,(P). The equation of motion foG9(k,p,t) is obtained by the

(B1) SCARE, Egs{(A2), and the result is written as follows:

Substituting Eq(B1) into the second term on the right-hand

q 3)
side of Eq.(199, we obtain ' atTO sim2 | GUK.P,) +iCi
2 - 5)
3 2 gk gplKL (@ (0 BEP)oKps+ .0} X(n¥im)Ve2e Curjor @K PO=2005m,
1= P

(C3)

1 . _ _
3 kE 9k 9efi([ D5 PT(p), P P(P) 1)o(CLR—CEY) wheree=E, 4+ E,. We can analytically solve EC3) by
P introducing the auxiliary function defined by
+([ DL P (p), D P(P) Do CER+CH)

. _ _ at = (3) ofca
Fi({@5 7 (p). @6 P(P)H)o( CLERCh~ CIkCrp) 7 (P=Ve2 Ciik@CYkp,  (CH
+({ D5 P(p), @Y () ho(CRC+CHCENI=0,  wheree,=(1,0) ande,=(0,1). Using an identitiys; +i
(B2) =2e,®e), we find that the solution of EGC3) is written as
follows:
where we used the fact thdIJq(p) (j=0,3) is the eigenop-
erator and Tt ey,
Gq(k,p,w)=25k’p72 W
[ (l), (k) ]=0 (B3) @K
; +elr
for j=0,3 andm=1,2. 12V (0)CB) . ) W7 ET2
Therefore, we obtain the following expression for Eq. {(@)CkrdChpra w?—(ed)?
(190:
(0417 (1)7'2+887'0 (C5a
1 X T |’7'2 |,
=3 25 Ok Ik (DT (O DIP)oks (&)
where Vy(w) =Vy/[1+ VI (w)] is the screened Coulomb
1 potential given by the polarization functidi (w),
~5 3 skaiciics) 20, :
P E<3I22
My(w)=— 22 — (C5b)
+ <<I>,P”(k><1>fk<k>>o}, (B4) 2—(ep)?
=12

Substituting Egs(C53 into right-hand side of Eq(C2),

where we used EqB1) to obtain the last expression for Eq. we obtain

(B4).
(PP (k) ®P (K)o
APPENDIX C: EVALUATION OF (®P~ (k) 7,®P*(k)),

_ _ ) ([~ do - w?+ (Ey+Ep)?
In this Appendix, we calculatéd (k) TH(Dq(p)>O for u =2+2i fﬁOC?kap(w)Ck,p TP (Bt B2
=0,3 with the generalized RPA. We first introduce the two- @ kT Ep

particle Green function by (C6a

[GUk PO m=(TOT (kK DI(P,0)g,  (CD) do Vi o0 CEF

(@) rg (k) o=21 [

whereT stands for chronological ordering. The expectation o T w?—(Ept Ep)

value is expressed by the equal-time limit of the Green func- (C6b
tion,
In Egs.(C6), the integral with respect t@ is calculated
(PP K (k) 7, DPK(K))o=ilimtr{7,GP X(k,k,1)} by introducing the spectral-weight function of dielectric
g —s function B4(w) given by
[ dw s _ B — il — — +
:If_ocﬁe "”ﬁtr{T#Gp k(k,k,w)}, q(w) |{€q i) 6 (w |5)} (C7)

The dielectric function,eq(w)=1+Vyll(w), satisfies the
(C2 dispersion relation,
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1 wd_z ZBy(2)

o)

(C8)

o w2_22'
We can evaluate the integral with respectaidn Eq. (C6)
using Eq.(C8), and the result is

(PP(K) P (K)o

IXk~ p( o)

Jw ’ (Co9

w:—Ek—Ep

PHYSICAL REVIEW B 65 205204

(PP (k) 7D K(k))g

2V, ,C)?
= 1+ 2x o~ Ec—Epl,

= TEp (Cgb)

where y,(w) is the partial screening functidhdefined by

=dz By(2)
02T Z—w

Xq( @)= (C10
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