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Infrared absorption in high-density electron-hole systems: The role of quantum fluctuations
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We study the infrared absorption of the macroscopic quantum state in highly excited semiconductors. The
calculated spectrum clearly shows the BCS-like energy(g&s) formation. We incorporate the large quan-
tum fluctuation with the quasistatic Eliashberg equationefdrsystems that allows us to calculate the renor-
malized band energy, the BEG, and the wave function renormalization factor. We find that the collective phase
fluctuation significantly modifies the spectra, and that the strong visible-light excitation distinctly stabilizes the
e-h BCS state.
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. INTRODUCTION incorporate the band anisotroffy;®the spin effect**>and
the spatial confinement effects.
The issue of the Bose-Einstein condensati&&C) of We should remark that the-h BCS state is essentially

excitons has extensively been studied both experimentalldifferent from the excitonic BEC. In the-h BCS state, the
and theoretically:? This is because the bound electron-holerelative motion ofe-h pairs determines the macroscopic
pairs, or excitons, behave like bosons in low densitiesquantum coherence and the order parameter is the BCS-like
Among a lot of experimental efforts to create the excitonicenergy gagBEG) at the quasi-Fermi level. In the excitonic
BEC, the fast and coherent propagations of excitons yOCu BEC, on the other hand, the macroscopic quantum state is
(Ref. 3 and Bil; (Ref. 4 are expected to be the exciton governed by the center-of-mass motion of excitons and the
superfluidity because the fast exciton transport is more proerder parameter is the density of the condensed excitons.
nounced with increasing the exciton density. However, the When we analyze the macroscopic quantum state in semi-
current understanding of these phenomena still remains terwonductors, conventional approaches based either on the
tative and controversial because of the complicated experBCS-like mean-field theory or on the interacting Boson
mental situations, such as phonon effé&spatial inhomo- model are not appropriate. In many practical experiments of
geneity of exciton density, band anisotropy, finite lifetime of highly excited semiconductors, the deviation from the BCS-
excitons, and so forth. like mean-field theory predominates mainly because the car-

Recently, Johnsen and Kavoulakis have calculated the irder density cannot become high enough to justify the mean-
frared absorption spectrum of the excitonic BEC and showriield approximation. The system is often in the crossover
that the spectral component associated with th&f tran-  regime between the-h BCS state and the excitonic BEC,
sition of excitons strongly depends on the quantum degenahere the collective phase fluctuation associated with the
eracy of the exciton gasThis result is particularly interest- center-of-mass motion a-h pairs predominates.
ing because either the phonon effect or the inhomogeneity of The BCS-BEC crossover problem has been discussed in a
the exciton density is not sensitive to the absorption procesgariety of physical contexts including superconductivity'®
accompanied by thest2p transition of exciton§. nuclear mattef® and superfluid®He (Ref. 22. Much atten-

In order to clearly observe the macroscopic quantum phetion has been attracted to the BCS-BEC crossover in connec-
nomena in highly excited semiconductors, we need to intion with the highT. cuprate superconductors, where the
crease the exciton density, which is sufficiently larger tharpseudogap structure is observed in the normal state
the critical density for BEC. When the exciton density is sodensity-of states for underdoped cuprates almost up to the
increased that the excitons are deeply overlapping with eactoom temperaturé’ In the cuprate superconductors, the co-
other, the exciton concept is no longer appropriate, and thherence length is known to be the same order as the mean
Fermion nature of electrons and holes plays a significaninterparticle distancé and this property is in contrast with
role. As a result, we should consider the state-filling effectthe conventional superconductors where the Cooper pairs are
the band-gap renormalization, and the screening effect. Thetrongly overlapping in real space. The optically excited
macroscopic quantum state is no longer regarded as the egemiconductors have a marked advantage to investigate the
citonic BEC but should be interpreted as # BCS state, BCS-BEC crossover because the macroscopic quantum state
where the boun@-h pairs are similar to the Cooper pairs in can easily be controlled without changing the composition of
superconductors. The deviation from the Boson picture isnaterials.
known to be significant when the mean interparticle distance Recently, we have analyzed the BCS-BEC crossover in
is less than 185 (ag is the exciton Bohr radiyg* high-densitye-h systems by calculating the luminescence

The e-h pair correlation in semiconductors has initially spectre?* We have shown that the broad spectral component
been discussed by Keldysh and co-workeTéiey have ana-  arising from the pair recombination in theeh BCS state
lyzed the stability of thee-h BCS state and the dispersion splits into theP and P, lines with decreasing the particle
relation of the elementary excitations within the BCS-like density, where th@ (P,) line originates from the radiative
mean-field theory. The analysis has been further extended tecombination of an exciton associated with the excitation of
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another exciton from 4 to continuum (3) state. In addition, destroy either by the band anisotropy or by the effective
we have shown that the coherent emission line at the quasinass difference between electrons and holes. Recently, we
Fermi level continuously changes to the exciton line in thehave numerically solved the QSEE for various temperatures
exciton condensate with decreasing the particle density. Theith neglecting the wave function renormalization effect,
analysis is based on the Bethe-Salpeter equation combinethd studied the effective mass difference between electrons
with the generalized random-phase approximat®RPA);?*®  and hole$! We find that the effective mass difference is not
this approach allows us to consider the state-filling effect, thgensitive to the stability of the-h BCS state even though the
band-gap renormalization, and the strgegciton formation  BEG for different effective mass cases becomes smaller than
and weak €-h Cooper pair formationpair correlation on the that for the equal mass case. We have used in that analysis
same basis. the  quasistatic  single-plasmon-pole  approximation
In the present paper, we analyze the infrared or THz ligh{QSSPPA to incorporate the screening effect; the calculated
response of the high-densigrh systems. The analysis is density dependence of the renormalized band-gap excellently
based on the quasistatic Eliashberg equat@8EBE for e-h agrees with experiments for Cu@Ref. 279 and ZnO(Ref.
systems, which considers the collective phase fluctuation a29). This point is in marked contrast with conventional dis-
sociated with the center-of-mass motion @h pairs. We  cussions based either on the Thomas-Fermi screErongn
numerically solve the QSEE and quantitatively evaluate thehe constant potentiaf, because it is difficult with their ap-
renormalized band energy, the BEG, and the wave functioproaches to quantitatively calculate the BCS-like gap, the
renormalization factor. We employ the GRPA to consider theband-gap renormalization, and the quasi-chemical-potential
leading contribution of the collective phase fluctuation. Theof e-h pairs.
QSEE is obtained by a variational calculation with respectto In the present paper, we show that the BEG is clearly
the Bogoliubov parameters, where the expectation value dbund in the calculated infrared response even though the
the model Hamiltonian is calculated with the GRPA. strong quantum fluctuation considerably reducesethepair
We use the GRPA forg=<1, whererg is the mean inter- correlation. This result suggests that the infrared response is
particle distance scaled by the exciton Bohr radius. Thea good candidate for a decisive observation ofaHe BCS
GRPA is valid in this density regime because the high-state. This result is also important in the coherent nonlinear
density effects predominate for<2. Namely, it is known response in semiconductors because the BEG generated by
that the quasi-Fermi surface is generatedrfge5 (Ref. 29, the Coulomb interaction gives the local field effect that is the
and the ground state energy peh pair considerably devi- many-body modification of the optical field inside
ates from the exciton binding energy fy<2 (Ref. 26. In materials®
addition, we have shown in Ref. 24 that the GRPA analysis The infrared response in highly photoexcited semiconduc-
gives the correct density dependence of the band-gap rendors has first been discussed by Galitsitial®® In their
malization for CuCI(Ref. 27 and ZnO(Refs. 28 and 20  analysis, the Coulomb interaction between carriers is ne-
These results are in marked contrast with those for electroglected and the visible pump light is rigorously treated with
gases where the RPA analysis is valid only in very highthe Bogoliubov transformation combined with the rotating-
densities’® The difference between these systems arises bdrame representation. Their model is therefore essentially the
cause, in highly excited semiconductors, the sirgle pair  same as the assembly of the two-level systems driven by a
excitation energy has a gap. oscillating field, and the energy gap at the quasi-Fermi level
We investigate the quasiequilibrium state where ¢ile  is identical with the Rabi frequency. Later, the analysis has
pair density is given by the quasi-chemical-potential, and thdeen extended to consider the relaxation processes with the
stationary state driven by a monochromatic pump light. Innonequilibrium Green function formalisth®® and the inter-
both states, we assume that the effective carrier temperatuparticle Coulomb interactiof?. >° However, these results are
is low enough to exhibit the macroscopic quantum state. Imot conclusive because the BCS-like mean-field theory over-
practical experiments, the high-densityh systems at low estimates the BEG.
effective temperature are difficult to generate. This is be- We also show that the-h pair correlation is distinctly
cause the large excess energy originating from the largenhanced by the intense visible pump light which causes the
band-gap shift prevents from thermalization during the carinterband transition. As a consequence, the anomalous spec-
rier lifetime. However, the generation of the cold degeneratdral line shape originating from the BEG is drastically pro-
e-h plasma has recently been reported using the resonanpunced with increasing the pump-light intensity. Whereas
excitation of the exciton level of Cu@Ref. 31). According the similar behavior has been suggested in Ref. 37, the result
to this experiment, the quasi-Fermi level is found to build upis tentative because the BCS-like mean-field approximation
within 0.3 ps; this time scale is much shorter than the carriepverestimates the-h pair correlation. Considering the fact
lifetime that is the order of a few nanoseconds. This resulthat the BEG is still much larger than the Rabi frequency
indicates that the present assumption can be used at leasten considering the strong quantum fluctuation, the macro-
approximately to practical systems. scopic quantum phenomenon is expected to be observed un-
We also suppose that the effective masses of electrons arlér strong photoexcitations.
holes are equal and isotropic. The effects of the band anisot- The paper is organized as follows. In Sec. Il, we derive
ropy and the different electron and hole effective massethe QSEE within the GRPA. We introduce the Bogoliubov
have been discussed by Kopdévzittartz!? and Conti quasiparticle operators to take into accountéke pair cor-
et al’® They found that thee-h pair correlation is apt to relation. The collective phase fluctuation from tad BCS

075204-2



INFRARED ABSORPTION IN HIGH-DENSITY . .. PHYSICAL REVIEW B56, 075204 (2002

state is considered by solving the linearized equation of mo- it

tion of the pair operators with respect to the Bogoliubov U(t):ex;{— N > (cle+d doy | 2
guasiparticles. We numerically solve the QSEE and calculate .

the imaginary part of the intraband dielectric function in Sec.The transformed Hamiltonian is written as follows:

[ll. The discussions on the several assumptions employed in

the present paper is presented in Sec. IV. In Appendix, we

show that the GRPA dielectric function exactly satisfies the H :Ek: {ekckoit exdidid

longitudinal f-sum rule in quasiequilibrium states where the
e-h density is given by the quasi-chemical-potential. In the
present analysis, we approximate the RPA dielectric function
to the QSSPPA dielectric function to numerically solve the
QSEE. The result suggests that this approximation does not 1

lead to significant contradictions because the QSSPPA di- + 2 kqu Vq{CLqu—qCka’L dl+qd;—qdpdk
electric function also satisfies the longitudiriadum rule’ v

+2, {cfdl +dT )
k

—2c), cdl_dot, 3

Il. FORMULATION where eEMW=g8M—, /2, is the single-particle energy of

We consider a three-dimensionah system in a direct- €lectrons(holes in the new representation. .
gap semiconductor at zero temperature, which consists of the We consider the effect of collective phase fluctuation as-
isotropic nondegenerate parabolic conduction and valencgociate with the center-of-mass motionesh pairs with the
bands with identical electron and hole masses; the effect &RPA We calculate the linearized equation of motion for the
the different effective mass between electrons and holes wiBogoliubov quasiparticle pair operators,
be discussed in a forthcoming pafeiVe derive the QSEE

under the intense monochromatic laser light with visible fre- Wik = “l“k+q'

guencyw,; which causes the interband transition; the pump- q R

light is treated classically, and the Rabi frequencys ap- VK =a B g,

proximated to be a constant. The QSEE for quasi-

equilibrium case(in the absence of the interaction between WI(K)=B_xaksq,

pump-light and particlesis obtained by replacinge= w,

—Eg and\=0, wherey is the quasi-chemical-potential of WYk =B_B_q- (4)

e-h pairs anck is the band-gap energy. We consider ¢hle
attractive Coulomb interaction together with tee andh-h
repulsive Coulomb interactions. The spin degrees of freedo
are disregarded to focus our attentions to the collective quan-
tum fluctuation in thee-h BCS state. The interaction be-

Here a and By are the annihilation operators of Bogoliubov
rﬁuasiparticles defined by the Bogoliubov transformation,

_ t
Ck= Ukt v By,

tween the pump light and ah system is considered in the d_ =uB_—val (5)

rotating-wave approximation. The finite temperature effect Tk EkP ke Pk

will be discussed in a forthcoming pagér. The Bogoliubov parameters, andv,, satisfy the constraint
The model Hamiltonian is written as uZ+vZ=1 to ensure the unitarity condition. In the present

analysis, we consider the most divergent terms which give
the dominant contribution in the limit of small center-of-
mass momenturg of Bogoliubov quasiparticle pairs.

The linearized equations of motion fé’s are given by a
straightforward calculation of the following commutators:

H=2 {€cio+ERdldy
k

+ )\Ek {cld" . exp—iw t)+H.c}
. [W3(k),H]=—(Exs g~ EQVI(K), (68

32

t t t t
k}p‘,q Vel Chy (O Coit Al gl dpdi

[P5(k),H]=(Eys g+ EQ T (K)

—2c), cdl_do}, 1
SOl ofl} W +CEL VoS OV (P - ¥T (P

where ¢, (dy) is the annihilation operator for electrons

(holes whose single-particle energy i‘§§=k2/(2m)+Eg (6b)

[ER=K?/(2m)], V,=4me?/(&q?) is the Coulomb interac- ot o ot

tion with the unexcited background dielectric constegt (W2 (K),H]= = (B gt BOWZ ()
We analyze the time-independent Hamiltonian in the

rotating-frame representation obtained by the Galitskii +C Vo2 COL YT (- (p)],
transformatiof™>8*%that is defined by the following unitary P
operator: (60

075204-3



T. J. INAGAKI AND M. AIHARA PHYSICAL REVIEW B 66, 075204 (2002

qt —
[‘Ps (k)-H] (Ek+q k)\P (k) (6d) <H>=—2 {(1_CE12(%)§8_C((11C)])\}
Equation(6) is the semiconductor version of the Anderson- K
Rickayzen equatiofSCARB for superconductors, and it
gives the leading contribution of the collective phase fluctua- + 2 In[1+V dlg(otiy)], (10
tion. For the notational convenience, we introduce the coher-
ence factors that are expressed in terms of the Bogoliubowhere 27=(sf+ ef)—3 qVq is the baree-h pair energy, and
parameters, [T4(w) is the polanzatlon funcnon given by

CO=uuy+vyw,, =— CrratBd
kp= Uklp T Uilp () 2; - Ek)ZCk,k+q- 11)
C=uwp+ vy, We introduce, in Eq(10), thee-h pair recombination rate.
In the present analysis, we only consider the radiative recom-
bination; the nonradiative recombination due to phonons is
neglected. In this case, the radiation field plays the role of
reserver and the pair recombination processes is regarded as
C)=uwp— vyl (7)  Markovian, i.e., independent of frequency, because of the
broad spectrum of the vacuum fluctuation of the radiation
As shown below, the Bogoliubov parametasg,andv,, are  field.*® This point is in contrast with the strong phonon-
determined with the variational principle. The energy of acarrier coupling case where the nonradiative recombination
pair of Bogoliubov quasiparticleghe excitation energy from rate is non-Markovian.
the e-h BCS statéz is written as :Ek_gﬁc(z) rCl, The QSEE fore-h systems is obtained with a variational
where %k—(8k+8k) SV pfl- C( } is the renormal- calculation with respect to the Bogoliubov parameter under
ized e-h palr energy. The renormalised Rabi frequency isthe constraintg+vg=1: 8(H)/su=0 with (Suy/dvy)=
written by \f=A—13 Vi pcél) where the second term on —Ux/Ux. A straightforward calculation gives the following
the right-hand side arises from the macroscopic quantum céxpression for the QSEE,
herence generated by theh Coulomb interactiori” We find 1
from Eq.(6) that\If?(k) (j=0,3) is the energy eigenoperator L= 8k+8k) E V,
with eigenvalue+ (Ey, q—Ey), and they describe the Bogo- 2
liubov quasiparticles that are already present in the initial 1
state. _These operators can be neglected in the subsequent _EZkE Vk_pCffF),[lJr 2xk-p(—Ex—Ep],
analysis because we calculate the expectation value of the
model Hamiltonian at zero temperatifre. (123
In the following analysis, we calculate the expectation
value of the model Hamiltonian with(H)=(H), "
+ [5dg(Hing) g, WhereH, is the third term on the right-hand A=A +22 Vie COL L+ 2x1 o — B Ep)],
side of EQ.(3); (- - -)o and(- - - )4 represent the ground-state P (12b)
expectation value of the system with,=0 andV =gV,
respectively. In order to calculatéd;y),, we introduce the -
2X 2 matrix Green function defined by Zy 1:1+22p Vk—pCﬁ,sSz[

2)_
C(k’g— UUp =0l p,

&kap(w)
Jw

w:—Ek—E ,
(120
where Z, andA, are the renormalized singieh pair exci-
(a,8=1,2); this Green function is analytically evaluated tation energy and the BEG, respectively. The Bogoliubov

with Eq. (6). The expectation value of the interaction Hamil- parameters are given by
tonian(H;,) is expressed in terms @ ,(t) as follows:

i[G (D10 =@ PI(kt), ¥p,0)]), (8

2 1 gk 2 1 gk
Ug== T UkZE 1+ Nramvik
-~ 2 \/é“k +Aj Vet A
(Hinp=— _V Ckk+q pp+q (13
q The dynamic screening effect is considered in the present
XImLtr{( 70— 71) G p@)}], 9 theory through the partial screening funcé®defined by

whereG{ () is the Fourier transform oy \(t); 7, and 7 1= elmle (2)]
(j=1,2 3) are the X2 unit matrix and the Pauli matrices, Xk(@)= f (Z——w) (14

respectively. The expectation value of the model Hamil-
tonian with respect to the GRPA ground state takes the folwhere e,(w) = ¢5[ 1+ VI (w)] is the dielectric function in
lowing form: GRPA. We show in Appendix that the GRPA dielectric func-
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tion exactly satisfies the longitudinélsum rule forn=0, 20 - -
The wave function renormalization factdy, reflects the col- (@) Eliashberg —
lective phase fluctuation from theeh BCS state. This effect _ Mean-field ——
arises from the retardation effect in the screened Coulomb & 15} 07 ]
interaction, and is absent in the BCS-like mean-field analy- ——_ ;f:_o’
sis. In contrast to the Eliashberg theory for § -
superconductor® the BEG and the wave function renormal- < 10 |
ization factor are independent of in the present analysis. b=
The QSEE is not taken into account the effect of collision ’g
broadening of the-h pair energy arising from the imaginary g St
part of the self-energy. However, this effect does not contrib-
ute significantly in the present case because the collision
broadening quadratically vanishes at the quasi-Fermi level at 0 ' ' '
45 0.01 0.1 1 10
zero temperatur®® photon energy
In the following, we simplify the QSEE using the partial
screening function in the QSSPPBA* this approximation is
known to produce the relatively good self-energy corrections 20 i '
in three-dimensional systeri$*’ The dielectric function in (b) ﬂfjﬁ_‘?&g -
QSSPPA is given by | ]
Ekl(Z)=€01(l+ Z—pI), (153 §
Za c 10}
2 >«
wherewp,f[47rn.e2/(4.=0M).]”2 is the plasma frequency(is g ! \\\\
thee-h pair density, andM is the reduced mass efh pairs. 2 5 | \
The dispersion of the effective plasmon mode is chosen as © ’l \\
2_ 2 k? 2 0 e / . WL
o= op| 1+ 5 | T Cer (15D 0.01 0.1 1 10
TF photon energy

_ 2 U2, 2\1/6
Whe“r‘ krr=[16Me /(7760)]_ (677_' n) s the T_homas- FIG. 1. (a) The infrared absorption spectra in the absence of the
Fermi wave numb_er an@eff__ 2 m'WEk IS the e_ﬁeCt'VG gap. pump light A =0). (a) is spectra for,=0.7 and(b) is that forrg
The partial screening function and its derivative take the fol-— 1 g The solid line is given by the present theory and the dashed

lowing simple forms: line is given by the BCS-like mean-field theory.
w? 1
xi(w)= Z—p'( — ) We first discuss the absorption spectra in the absence of
@i\ @7 Wk the pump light £ =0); the effect of the pump light will be

) shown later. In this case, the particle density is determined

1 ) _ (150 by the quasi-chemical-potential efh pairs. Figure 1 depicts
®— wy the calculated absorption spectra fiqe=0.7 andrs=1.0,

where r,=(4mn/3)"® (n is the e-h pair density is the
IIl. NUMERICAL ANALYSIS dimensionless mean interparticle distance. As a reference, we
also show the absorption spectra calculated with the BCS-

In the numerical analysis, we use the units where the exiike mean-field analysi$QSEE withZ,=1 approximation
citon binding energy and the exciton Bohr radius are taken afor the same densities. The present analysis gives the strong
unity. We iteratively solve the QSEE E(1L2), and the infra-  infrared absorption below the plasma frequensy (wp
red absorption spectra are calculated with =6.0 forrg=0.7, andw,= 3.5 forrs=1.0), as expected.

We find that the present theory gives the stronger absorp-
tion spectra with larger plasma frequency than that of the
n(w) BCS-like mean-field theory. This behavior arises from the
. o , , . mass renormalization effect. As shown in Fig. 2, the numeri-
whergn(c.u) is the refractive index. The dielectric function -5 sojution of QSEE givesn*/m=0.86 for r,=0.7 and
€(w) is given by m*/m=1.2 for r¢=1.0, while the BCS-like mean-field
analysis givesm*/m=0.79 for rg=0.7 andm*/m=0.76,

Ixdw) w_;2)|
dw 2wy

®
a(w)=——Ime(w), (16

e(w)= el 1+ L'Lnovknk(w)]’ D wherem* =[(9%¢/9k?)—o] "L andm are the renormalized
and bare masses of particles, respectively.
where the polarization functiohl,(w) is defined by Eq. In the BCS-like mean-field analysis, we find a transparent
(12). In the following analysisy is set to 0.03. region in w=0.15 forr¢=0.7 andw=0.30 forrys=1.0 that
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14 . . T 0.35
Eliashberg — (a)
12 | Mean-field —— A 03 | A=0 -
Bare - - - e
10 | e R 0.25 |
il .7 ’
S 8| r=07 S T 02}
jf /f=0 /// - _g
S 6 k=35 ///’/ NO.15 |
7
4 7 0.1
P (m*Im)g=0.86
2t s~ (m* =079 1 0.05
P
0 oLl e e
0 5 19 15 20 0 1 2 3 4 5 6 7
k* k
FIG. 3. The momentum dependence df(k)—1 in the ab-
14 ] T T sence of the pump lighin=0). The solid line represents the result
Eliashberg — (b) for r¢=0.7, and the dashed line is the result fg=1.0.
12 | Mean-field —— A
Bare - - - ///
10 | /// - dominates near the quasi-Fermi level. In the large momen-
S gl _10 // o tum limit, k>kg, the wave function renormalization effect is
>?~ :1:0‘ /// e negligible and the self-energy correction for the band disper-
g 6| Ikp=24 LT . sion is well described by the BCS-like mean-field theory. In
//’,," the small momentum limik<kg, on the other hand, the
4r L a2 | renormalized band dispersion is close to the bare band dis-
i ] (mimye=1. ] ersion, (V= (eS+ &) /2—= V2, because the wave func-
2 e (m*/m)n=0.76 P k= (&t p _ ,
)z tion renormalization cancels the self-energy correction. With
0 : : : increasing the particle density, the collective phase fluctua-
0 5 11<9 15 20 tion weakens, and the anomalous behavior/pfat k=kg

becomes small and the momentum dependencg, given
FIG. 2. The momentum dependence of the renormalized banbly the present theory shows almost the same behavior as that
energy in the absence of the pump-light<0). (a) is the result for  of the BCS-like mean-field analysis. In addition, the wave
r<=0.7 and(b) is that forr=1.0. The Fermi momentum far;  function renormalization factor approaches unity, as shown
=0.7 iskg=3.5, and that for ;=1.0 iskg=2.4. in Fig. 3.

Finally, we quantitatively discuss the light-enhanae=d
originates from the BEG formation at the quasi-Fermi level.pair correlation using the QSEE. Figure 4 depicts the infra-
In the present analysis, on the other hand, the quantum fluced absorption spectra under strong visible pump-light exci-
tuation effect considerably reduces the transparent regionations(large\); the pump-light frequencw, is set toEg.
Furthermore, it gives a peaked structureaat0.12 forrg In the present analysis, we find that teén pair density is
=0.7 andw=0.1 for rg=1.0. This peaked structure origi- not a monotonic function ok because the system exhibits
nates from the collective excitation mode associated with théhe resonatorless optical bistability as in Ref. 39; this subject
center-of-mass motion aé-h pairs that corresponds to the will be discussed elsewheféWe find that the transparent
Anderson mode in superconductdPsWith increasing the region nearw=0 distinctly grows with increasing pump
e-h density, the quantum fluctuation effect reduces, and théght intensity. This result indicates that tleeh pair correla-
transparent region given by the present analysis is almost th@n is considerably enhanced by the strong pump light be-
same as that given by the BCS-like mean-field analysis, asause this transparent region originates from the BEG forma-
expected. tion. With increasing pump-light intensity, the present theory

Figure 2 depicts the renormalized band dispersions foalso shows that the overall absorption weakens and its spec-
r<=0.7 andrs=1.0 in the absence of the pump light ( tral line shape becomes similar to that of the BCS-like mean-
=0). The present analysis shows the noteworthy deviatiofield analysis. These behaviors arise because the strong pump
from the parabolic momentum dependence especially nedight enhances the-h pair correlation and it significantly
the Fermi momentumke=3.5 forr,=0.7, andkg=2.4 for ~ reduces the quantum fluctuation. The light-enharestédoair
r<=1.0). This deviation originates from the anomalous be-correlation was discussed in Refs. 37 and 38 using the BCS-
havior of the wave function renormalization factor as shownlike mean-field theory. We should remark that these results
in Fig. 3. This anomaly arises from the large quantum fluc-are, however, tentative and controversial because the BCS-
tuation close to the quasi-Fermi level. We should remark thalike mean-field theory overestimates thdn pair correlation
the wave function renormalization factor associated with theas shown in Fig. @), and the present study provides quan-
retardation effect in the screened Coulomb interaction pretitative and reliable results.
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14 - - tion renormalization effect arising from the collective phase
4=0.1 — fluctuation associated with the center-of-mass motioa-bf
= 127 };8% T pairs. It should be remarked that the quantum fluctuation
L g0l * =05 ---- | effect often predominates in practical experiments for high-
g A density e-h systems because the carrier density cannot be-
8 8¢t | \\ 1 come high enough to justify the BCS-like mean-field analy-
g | W -E;=0.0 sis. We show that the BEG is clearly found in the calculated
g 611, I spectra, even considering the strong quantum fluctuation. In
:,5, 4l [ the calculated spectra, we find the strong enhancement of the
g I : infrared absorption spectra originating from the strong mass
2 J by @ | renormalization effect. Furthermore, we find that €k pair
Iy A correlation is distinctly enhanced by the intense visible pump
oL Le : s light that causes the interband transition. These results sug-
o 1t 2 3 4 S5 6 7 8 gest that the macroscopic quantum state in semiconductors is
photon energy expected to be observed under intense photoexcitation.
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[ 2]
0 L
s 4 APPENDIX: A PROOF OF THE LONGITUDINAL f-SUM
2+t RULE FOR THE GRPA DIELECTRIC FUNCTION
0 : s ol ' - In this appendix, we show that the GRPA dielectric func-
o 1 2 3 4 5 6 7 8 tion Eq. (17) rigorously satisfies the longitudinéisum rule
photon energy when\=0.
As usual®“® we consider the retarded Green function

FIG. 4. The infrared absorption spectra under the intense pum
light whose frequency iss, =E4. (8 and (b) are given by the
present theory and by the BCS-like mean-field theory, respectively. FA(t)=—i0(t){[oyt) oT(O)]> (A1)

. . . . . q il q H
In (a) and(b), the mean interparticle distanc&imensionless den- N . _ )
sitie9 for A=0.1,0.2,0.3,0.5 arer=1.4,2.0,1.8,1.7 rfa3=8.0  Whereo,=Z=(Cy  (Cx—d_d_ig) is the charge-density op-
X1072, 3.1X10°2, 4.1x10 2,4.9<107?), and r¢=1.4,1.3,1.3, erator. Introducing the spectral representatior-8ft), we
1.2 (na3=9.6x10"2, 1.0x10 2, 1.1x 1072, 1.4x10 ?), respec- find that its Fourier transform fulfills the following identity:
tively.

Biven by

do q T 2
oc?wlm[l: (w)]:Vq<[[H:0'q]a0'q]>:_wpl'
(A2)

V
IV. CONCLUSIONS AND DISCUSSIONS qf,

We have analyzed the infrared or THz absorption spec-
trum of high-densitye-h systems. The analysis is based on  On the other handF9%(t) is expressed in terms of the
the QSEE fore-h systems that incorporates the wave func-Bogoliubov parameters as

FI(t)=—1i @(t)kEp {C CO, ([(Dhs o)t (B o)) —1C(R, C ([(Dh4 g2 (D1 qToPp) 1)

HICOL C (D4 gm0t (D1 qT20p) 01) = CLRs C o [(Ds 2t (D) b ST (A3)

where ¢ = (ay,B",) and (#k+qT0PK)¢ is the Heisenberg commutator on the right-hand side of EGA3) vanishes.

representation of . (7o) at timet. Similarly, we can show that the second and third terms van-
The SCARE indicates that/{, q7o¢i): is the linear com-  ish because these commutators are reduced to the linear com-

bination of (i qm0di)o and (. qTsPi)o- Hence the first  bination of the annihilation and creation operators of the

075204-7
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Anderson mode. Therefor&(t) is expressed in terms of
Gy (1) defined by Eq(8) as follows,

(A4)

Fq<t)=ik2p CE, C8), (= m) G (1)1

The Fourier transform oGEvp(t) is directly obtained by

solving its equation of motion by using the SCARE, and the

result is written as follows:

PHYSICAL REVIEW B 66, 075204 (2002

q B wTo_QETS chﬁ,slzwcé,sgw
Gy plw)= % ez %0 | T -1
o= () €y €q(w)
" 07— Q7 (re—izy) wTO—Qng, .
w027 et
(A5)

where OJ=E, . ,+E. Substituting Eq(A4) into the left-
hand side of Eq(A2), we obtain the longitudindtsum rule,

= dw 1 )
J’, ?wlm ———|= o, (AB)
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