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Collective Excitations and the Dynamical Stark Effect in a Coherently Driven
Exciton System
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We consider a semiconductor of arbitrary dimension subject to a strong monochromatic laser beam in

the transparency region below the exciton resonance. %e calculate the spectrum of collective excitations
and explain the recently observed dynamical Stark effect of the exciton. For the first time, we derive
from first principles the nonresonant nonlinear susceptibility X 3~ including exciton correlations.

PACS numbers: 71.35.+z, 71.45.6m, 78.45.+h

The nonlinear optical properties of excitons in semi-
conductors are of wide current interest, both from a fun-

damental physics as well as from a device point of view.

Recent time-resolved measurements of the excitonic op-
tical absorption under pumping below the absorption
edge revealed a new and interesting phenomenon, an ul-

trafast dynamical blue shift of the exciton resonance ac-
companied by a strong bleaching. ' The purpose of this

paper is to explain this "ac Stark effect, " which is of
great technological importance because of its potential
applications in ultrafast optical signal processing, and to
derive from first principles the effects of exciton correla-
tions on the nonresonant nonlinear susceptibility Z

The ac Stark effect has been extensively studied in

atomic vapors and was also observed in the yellow series
of Cu2Q under pumping of the Is-to-2p exciton transi-
tion. 3 In both cases, the essential physics is that of a
two-level system "dressed" by the pump photons and the
effect is easily analyzed. In the present case, the effect
occurs under nonresonant pumping of the ground-state
to exciton transition and is therefore quite different in
character. The essential point is that excitons are not
ideal Bose particles (with polaritons being the "dressed"
particles), but composite particles made from electrons
and holes. It is exactly this internal structure that gives
rise to residual (anharmonic) interactions, with both the
light field and other excitons (electrons and holes),
which ultimately determine almost all excitonic optical
nonlinearities, including the present one. Since the ab-
sorption tail in semiconductors is negligibly (exponential-
ly) small, no real exciton population, and thus no life-
time, is involved in the ac Stark effect. (The situation is
thus different from that in atomic vapors, where the ab-
sorption tail is a Lorentzian. ) The effect is solely in-

duced by the electric field of the nonresonant pump
beam and persists for its duration only. Below, we show
that the virtual excitons created give rise to exactly the
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respectively; Eg is the band gap, p =er,„ the interband
dipole matrix element (assumed to be constant), and

V~ the Coulomb interaction. Spin indices are
suppressed.

Here, we have assumed that (i) the coherent pump
field can be treated classically, (ii) the rotating-wave ap-
proximation holds, (iii) relaxation processes can be
neglected, and (iv) many-body effects (including
electron-hole correlation) can be treated within the
Hartree-Fock (HF) approximation, giving rise to a
"molecular field" —

g& V~~n~. Approximations (i),
(ii) and (iii) are justified for the experiments of interest.
As for the rather crude approximation (iv), we already
note that our final results can be easily generalized.

same physical processes as real ones, which allows for an
intuitive physical interpretation of all the experimental
observations.

We begin by considering a semiconductor in the pres-
ence of a strong monochromatic pump beam Er'
xexp(icurt)+Er exp( —irurt) in the transparency re-
gion below the exciton resonance. Within the rotating
frame, we characterize it by a matrix distribution func-
tion

&c(~ig) &c(~zg)

(cjtcig) (circa),

and an energy matrix
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and

Ak It E&+gk' Vkk'IP"k'

a;k = aok —g», Vkkn;k, i 1,2,

are the renormalized (HF) electron (s~k) and hole
(—a2 k) energies. Since atk —a2k&0, Eq. (3) simply
describes (light-)shifted conduction and valence bands.
A band splitting at to~ occurs under resonant excitation
only, in which case, however, relaxation processes must
be included.

From [nk, @]=0, we obtain for the light-induced e-It
pair amplitude yk

(sa —~2k) 'Wk (tt2k tt lk) (uEt +g» Vkk wk ).

The eigenvatues of the energy matrix (2) yield the
quasiparticle ["dressed" electrons (e) and holes (lt)]
dispersion in the rotating frame:

2 [~1k+ szk ~ [(~tk ~zk) +4 I ~k I ]

where

and for the distribution function ng 1 —n2~ =n ~~

nk= 2 [1 —sgn(~tk —~zk)(I —4 I yk I')'"].

yk satisfies an exciton Schrodinger equation (4), driven

by the pump beam and including (self-consistent) ex-
change and phase-space filling (blocking) corrections,
the physics of which has been discussed elsewhere. The
(virtual) e-h pair density is determined by n =2+knk
and for na$ (& I, where ao is the exciton bohr radius, we
obtain from (5) nk= ( yk) . Throughout this paper we

will consider this limit of a weakly nonideal (virtual) ex-
citon gas, in which the distribution functions are deter-
mined by the probability of finding the (virtual) elec-
trons and holes in (unperturbed) exciton states

~ y&.

Self-energy and vertex corrections combine them simply
to effective exciton-exciton interactions.

The nonlinear optical susceptibility X~ experienced by
the pump beam is obtained from the induced polariza-
tion amplitude Pz 2p' gk ltd., Z~ Pz/E~. Expanding
the eigenfunctions of the homogeneous part of (4) in

terms of the unperturbed exciton wave functions p„k, we
obtain in leading order in the e -h pair density

Z~ -2+„f„"/(E„"—to~), where

Z" '+n-m4'skim 4'ns k'+

Em —En

are the renormalized oscillator strengths and
EH E„+Z the renormalized transition energies. E„
are the unperturbed exciton energies and Z„

&nor(I„)my& the Hartree exciton self-energies, where

I„denotes the exciton exchange interaction [i.e.,
(V, —V, )/2, where V, and V, are the interactions in the

triplet and singlet channels, respectivelys) and

ttEtp g„[g(r 0)/(E„—m~) 1 ( n &. As a result of
charge neutrality, the direct exciton interaction [i.e.,
(V, + V, )/2] does not contribute.

fH(6) and EH are the generic expressions determining
X~~3~, if Z„ is generalized to include the effects of multi-

ple exciton-exciton scattering in both intermediate and

final states. In any case, the (dispersive) optical non-

linearity is due to (i) a shift of the exciton energies as a
result of exciton-exciton collisions, (ii) a corresponding
exciton wave-function renormalization [second term in

(6)], and (iii) a phase-space filling (blocking) correction
to the oscillator strength [first term in (6)].

The nonresonant, coherent pump beam induces a vir-
tual, coherent e-It pair state, similar to a (real) Bose
condensed state, the "symmetry breaking" bring exter-
nally imposed rather than spontaneous. A weak test
beam E, xep(i rot)+E, exp( —i', t) probes the excita-
tion spectrum of this state, and thus the polarization in-
duced by it has to be clearly distinguished from that in-
duced by the pump beam.

The test beam induces changes &ik of the matrix dis-
tribution function ttk oscillating at frequencies pro,
~here h, co co&

—co~. Different from noninteracting sys-
tems, bnk reacts'in turn on the energies (2), giving rise
to an induced, self-consistent potential. If we assume for

t

the moment that the external perturbation does not con-
serve momentum, we obtain

tl btt k(q)
t =b1l k(q) 8k+~ 8k btt k(q) + tl krak(q) 88k(q)Bk+&,

where

beak(q) = —i+@'E, e' ' —r" pE, e ' ' —gk. V~ haik (q)+ i02V& gk. trek� (q)

is the effective (external plus induced) potential seen by the system. i~ (i~ ~ iiz)/2 are Pauli matrices and io is the
unit matrix. The first three terms in (8) account for the fact that the system responds to the exact local (external plus
molecular) field, and the last term in (8) describes the screening of the perturbation, the importance of which (in this
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context) was first emphasized by Anderson. It is exact-
ly this last term which (because of the long-range nature
of the Coulomb interaction) forces us to keep track of
the q dependence of bng(q).

Equations (7) and (8) are in the spirit of the Fermi-
liquid theory of weak-coupling superconductors, the
Landau parameters being replaced (for our purpose) by
the bare interaction V. They comprise the sum of ladder
and bubble diagrams, and the Ward identities are ful-

filled exactly. This should be contrasted with a recent,
related calculation, in which only the first two terms in

(8) were considered, leading to incomplete and unphysi-
cal results.

The exact solution of (7) and (8) in the strong-

coupling, excitonic limit is tedious but straightforward,
and details will be given elsewhere. ' By noting that
there is no scattering of quasiparticles, but only pair
creation and annihilation, we express the diagonal ele-
ments of bng(q) in terms of the off-diagonal ones:

(bn q(q) ) ~ t [itic (bn t, (q) )2t+ itrq+z(bn g(q) )tz]/[I n—q n —
t +it],

(bn g(q) )22
—[yf+q(bn p(q) )2t+ iieet, (brig(q) ))2]/[I —ng —ng+q].

In the long-wavelength limit q~ 0, we make the Ansatz

(b.,(q))„=(b',(q));,-&, e-'-+(&,-) ."-

(9a)

(9b)

and expand itit,
— in terms of the unperturbed exciton wave functions p„ti, yg+ g„c„+p„gand 11' =g„c, p,*g. The

coefficients c„—obey then Beliaev's equations" in the weak-coupling (of pairs!) limit:

(~to+ t0+ t«p En )cn ttEi gL(I 2nk) enli+g~ [(ZHNI+Z~+ IInm)cm + (Z~+ II~)cm ]

(~~+io —~,+E„')c„-—g [(Z" +Z" +ri" )c-+(Z' +II' )c+],

where

Z„" (2(ny[ lg ) ym&+(ny [ I„[ym&) [Z~ (2(nm [I~ ) ttrttr&+(nm [ I„[yy&)]

(1 la)
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gHF
n p» (12)

where E„"" E«+Zg+Z" +II" is the renormalized
(blue-shifted) exciton energy, as seen by the test beam.
The nonlinear susceptibility X& takes on the same form as
X~, except that m~ is replaced by co, +i0 and Z by
X +Z"+H". Again, these results can be easily general-
ized to account for multiple exciton-exciton scattering.
For frequencies co& close to or above the lowest exciton
resonance, exciton-phonon interactions should ideally be
included.

In general, the polarization induced by the test beam
is determined by the full (bng(q))2~ and consists of two
contributions at m& m&+ co„. Absorption occurs at the
renormalized exciton energy co&+ m„, and gain at
co&

—m„. In the latter process, two pump photons are

are exciton Fock (Bogolyubov) self-energies due to
exciton exci ton -(Z) and anharmonic exci ton photo-n
(II) interactions. Interestingly, the direct exciton in-

teraction Ig appears as a result of screening.
In leading order in the pump intensity (e-h pair densi-

ty) exciton pair creation and annihilation, as described
by the Bogolubov self-energies, can be neglected. The
spectrum of collective excitations [eigenenergies of (11)l
is then given by

t0 -[(E""—t«)' —(Z'+IIa ~']'"

destroyed and a test photon and renormalized exciton are
created, resulting in emission at t«, 2t«~ —(r«z+t«„).
This process is due to the "depletion of the condensate"
and thus at least quadratic in the pump intensity.

Most importantly, the coherent excitation produces a
contribution II„"„ to the Stark shift and a corresponding
bleaching (due to II„",

num�

), which are due to anhar-
monic exciton-photon interactions. The latter result
from the composite nature of excitons, in much the same
way as the exciton-exciton interaction. If we consider
the (leading) Is-exciton contribution to IIt, ~„we obtain
for the anharmonic contribution to the ac Stark shift

2 It Ep I'
I et.«-0) I'

(13)

where %, " is the saturation density due to excitonic
phase-space filling. This explains already the recent re-
sults obtained on GaAs-Al Ga~ „As quantum ~elis
quantitatively, without any adjustable parameters. For
example, for a pump intensity =SX10 %' cm and a
detuning E~, —t«~=3&&10 eV, Eq. (13) yields a Stark
shift =1.5X IO eV, which is in good agreement with
the experimental value =2X 10 eV. Moreover, it
sho~s once more that excitons behave like N, " two-
level atoms, to the extent that exciton-exciton interac-
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tions can be neglected. Interestingly, the magnitude of
(13) is independent of dimension.

Let us finally note that our theory should also have

great impact on various related problems. Its extension
to four-fermion pairing is straightforward and shows that
the theory of the two-photon generation of biexcitons '
has to be revised. Within the T-matrix approximation,
it allows for the first first-principles calculations of
transport in Bose-condensed atomic systems, such as

Hl. '3 For Bose-condensed systems, it yields the exact
excitation spectrum (the Anderson-Bogolyubov mode) in
both the weak- and strong-coupling limits, and thus al-
lows for a calculation of the critical temperature for ar-
bitrary coupling strengths. '
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