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Two-photon Rabi splitting and optical Stark effect in semiconductor microcavities
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We have studied two-photon nonlinear optical effects arising in a microcavity geometry from resonant
two-photon absorption or second-harmonic generation. The transmission spectrum of the cavity is shown to
depend on light intensity according to a simple two-level picture with an intensity-dependent coupling: at
resonance the system exhibits a two-photon Rabi splitting. The absorption spectrum of a weak probe beam in
a pumped cavity is found to strongly depend on pump intensity and detuning; the resulting effect is a sort of
two-photon analogue of the usual optical Stark effect. For moderate pump intensities a two-level picture with
a pump-dependent coupling can account for the main results, while at higher intensities new unexpected
features show up; in particular, we predict the appearance of gain in well-determined spectral regions due to
hyper-Raman processes. Finally, we have shown how the coupling coefficients appearing in our formalism can
be obtained from a detailed knowledge of the material and geometrical properties of a specific system. For
illustrative purposes, we have estimated the required light intensities using realistic data for a GaAs-based
semiconductor microcavityS0163-182@09)00932-7

[. INTRODUCTION ements are in fact widely applied in all sort of devices.
Also from a fundamental point of view the study of opti-

The recent progress of semiconductor technology hasal properties of solid-state materials can bring to a deeper
made possible the actual realization of solid-state optical dednderstanding of the physics of both the underlying material
vices that allow for the observation of both quantum andand the electromagnetic field, which can be made to interact
nonlinear optical effects. The investigation of fundamentalwith material excitations of various kinds. In this sense het-
effects in light-matter interaction has had an enormous deerostructures made up of different semiconducting materials
velopment thanks to the use of laser sources, which providellow for the possibility of having a quantization of carrier
light fields of remarkable monochromaticity and intensity. motion and thus open up the possibility of studying systems
Most experiments were carried out on gaseous samples, &f reduced dimensionalitiegquantum wells, wires and
order to have optical transitions with a linewidth very ClOS(—:‘dotg_4 Nonlinear Optica| properties of such eminenﬂy quan-
to the natural radiative o’ In this way it is possible to  wum devices are very pronounced, since the confinement of
perform the experiments of interest without being disturbed;arriers makes the excited electron-hole pairs to interact
by collisional and _disorder—indu_ced damping effects. Verymore strongly among them: in this way, it has been possible
recently, laser cooling and trapping techniques have alloweg}, 4pserve sharp excitonic features in the susceptibilities and

to overcome even Doppler broadening effects: it is in fact, s, 5 strong dependence of the response on the excitation
possible now to cool the atoms down to temperatures forevel 5,6

which the Doppler linewidth is much smaller than the natural Another possibility that has been opened up by the devel-

one? . . . opment of semiconductor structures consists in the modifica-
However, all these kinds of experiments require an appa-

ratus that is far from being simple and portable: they need ir]iion of the structure of photonic modes in order to act either

fact several laser sources to manipulate the atoms and ! the radiative linewidths of the transitions or, more rel-

alignment can be problematic. Since the recent progress favantly, on the photonic eigenfunctions. In this way, it is

growing semiconductor samples with optical features suffiPoSsible to have either forbidden regions or sharp peaks in
ciently sharp and free from unwanted damping effects, theré€ photonic density of states, corresponding respectively to
has been much interest in trying to export all the nonlineathe gaps of a photonic band-gap crystal or to localized
and quantum optics formalism to the description of opticaIStateSﬂ

effects in solid-state samples. From the experimental point of The realization of high finesse microcavities is a typical
view it is in fact much simpler to work with a solid-state example of such techniques: the distributed Bragg reflectors
sample: once it has been grown, in fact, there is no need fqiDBR) are in fact grown by epitaxial methods and consist in
complicate manipulations but for its cooling down to a few stacks ofA/4 layers of different refraction indices. In this
Kelvin. Also for applications, it would be very useful to have way, the coupling of the material degrees of freedom to the
optical elements as little and as portable as semiconductaadiative ones can be made strong enough to allow, e.g., the
ones; light-emitting diodes, harmonic generators, bistable elebservation of exciton-photon strong coupling effécBoth
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the light and the carrier confinement, in fact, enhance theystem when it igdressedby a strong pump beam; such a
light-matter interaction. case is much similar to the usual optical Stark effect, in
Much of the published literature deals with the linear op-which an atomic transition is driven by a pump beam and
tics of semiconductor microcavities; only recently nonlinearprobed by a weak probe bedfit?° Differently from that
and quantum effects in such structures have been studied andse, in which the nonlinearity was intrinsic in the two-level
observed* This field obviously deserves a greater atten-structure of the material excitation, we are now dealing with
tion, both because it can provide new informations on thea pair of linear oscillators interacting with each other by
dynamics of carriers in heterostructures and because the spgeans of a two-photon coupling term; for this reason we
cific nonlinear properties of the material may allow for new shall refer to it as @vo-photon optical Stark effe¢CTPOSH.
effects. Because of this similarity, our results are physically most
The present paper is devoted to a detailed analysis of mteresting in the two-photon absorption case; hence we shall
pair of different systems, the mathematical description oftoncentrate on the absorption spectra in the case the system
which is however exactly identical. The first of them consistsis driven at a frequency near the lower photonic mode and
in a microcavity supporting two photonic modes at frequen-{probed near the upper excitonic mode. The main feature that
ciesw; andw,~2w,; assuming an appreciabdecond har- we shall discuss is the strong dependence of probe absorp-
monic generationSHG) in the material medium, the two tion spectra on pump intensity. When the intensity of the
photonic modes result nonlinearly coupled one to the othepump is low enough, the spectra show a single excitonic
by a term that corresponds to efficitht’ mutual conver- peak; at moderate intensities, the dressing gives origin to
sion of two fundamental photons into an harmonic photoranother peak in addition to this one. At even higher intensi-
and vice-versa. The second system consists in a microcavityes, the response is characterized by a more complex behav-
supporting one photonic mode at a frequeney approxi-  ior and at particular frequencies the system gives even rise to
mately equal to half the frequeney, of an excitonic transi- some gain by means of stimulated hyper-Raman scattering
tion; if this latter allowes foitwo-photon absorptioiTPA), processes.
the excitonic mode and the photonic mode result coupled by To make the discussion complete, it is necessary to give
a term that converts two photons into an exciton and vicean explicit expression for the coupling coefficient between
versa. the modes, starting from the experimentally accessible non-
After the general discussion of the model contained inlinear optical susceptibiliieg® and x®. This is done in
Sec. Il, Sec. lll is devoted to the analysis of transmissiorSec. V, together with a numerical estimate of the light inten-
spectra through our system when it is illuminated at a fressity needed for the actual experimental observations of two-
guency approximately equal to the frequency of the lowerphoton Rabi splitting or two-photon optical Stark effect.
mode. At linear regime the spectra are characterized by a

single peak at the exact frequency of the lower mage Il. THEORETICAL MODEL AND GENERAL

while at high intensities the main effect is either the appear- RESULTS

ance of a new peak at half the higher mode frequang/?

or to atwo-photon Rabi splittingn the resonant casew( Consider a system with two bosonic degrees of freedom
=w,/2). nonlinearly coupled by cubic interaction terms and driven by

Section 1V is devoted to the linear optical response of ourclassical external fields:

H=7%w.blb;+%w,blb,+%BbIb3+4B*bl%b,+ Ak E ()bl + k¥ EX ()b, +Aik,Ex(t)by+AKEES ()b,.  (2.)

Such a Hamiltonia!~?® supplemented by phenomenologi- shall give an explicit expression fg& and a rough estimate
cal damping terms, can describe a few different nonlineaof its magnitude in the simplest physical configurations for
optical effects: our attention will be concentrated upon theGaAs-based microcavities.

two cases of resonant two-photon absorpti®®A) and of The 7k E;(t) b/ + 7k} Ef (t)b; terms describe the driving
doubly resonant second harmonic generatBHG) inside a  ©f theb; andb, modes by external classical fielis(t) and
microcavity. In the TPA case one boson is a cavity photorF2(t), 9., laser beams incident on the cavity: a photonic

and the other is an exciton, while in the SHG both bosons arlﬂgﬁ)dfhgacg\ﬁte (tjk:ir\é)in r?)t/htgioeri(tirr?:étllig:gﬂfgaclt?nw?igrr: tlfne}lss
cavity photons. The nonlinear coupling is supposed to b?or while anyexcitogic mode c%n be zilriven bygan external
nearly resonating, i.e.,a; is supposed to be close to,; X

: ) ) __radiation provided the cavity mirrors are nearly transparent at

apart from the inclusion of phenomenological dampingiis frequency, in order for the photonic mode structure of the

terms, all other modes of the system will be neglected.  cavity not to affect thelinean coupling of the external ra-
The intensity of the coupling, given by the coefficient,  diation to the exciton. In the following, we shall simplify the

is related to the second-order  susceptibility notation by lettingF;(t) =kE;(t).

x?(—2w;;0;,0;) in the SHG case, or to the third-order  Because of the coupling to the continuum of external ra-

one x®(—w;»,—w,0) in the TPA case. In Sec. V, we diative modes, the eigenmodes of our system have a finite
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lifetime anq their energy is radiateq out of the cavity as fre_e a,=i6,a;,— y,a,— 2i B* ayal —iF, (2.4
photons. Since these effects are dissipative, they are not in-

cluded in the Hamiltonian above, but they can be introduced . i L,
phenomenologically in the equations of motions for the field a;=2i(0L— dy)az— y23,—1aj. (2.9
amplitudes[see the— vy;b; terms in the Eqs(2.2) and (2.3

below]. But radiative broadenings are not the only possible A great deal of information about the physical behavior of
ones: free pair absorption for photonic modes, phonon an@ur system can be obtained by looking for stationary solu-
disorder scattering or ionization for excitonic modes givetions of the system of differential Eq§2.4) and (2.9); the
additional contributions to the broadening parametgrs  system being dissipative, it can, in fact, be expected to gen-
Other possible forms of damping terms, which can arise€rally converge to a stationary solution at least for weak
e.g., from two-photon free pair absorption or quantum coherdrivings. In any case, the stability of the solution found can
ence effect® will not be considered in the following; how- be verified by means of the usual linearization techniques.
ever they could be necessary for a refined fit of experimental The stationary solutionsA; and A,) are given by the

data. equations
In the classical limit(blb;),(bJb,)>1 all operators can
be replaced by their mean valug®., the mean value of any Al S i | BA|? _F 26
product of operators equals the product of the mean vpalues 1oL S—Outiyl2l ' ° (2.6
and the equations of motion for the field amplitudes can be
written as: N B A§/2 .
by=—iwiby— yiby— 21 B*bob* —iF, (1) (2.2 26— Sutiyal2 '

and the stability can be determined from the eigenvalues of

the linearized systefh

Such a description clearly does not take into account all

those effects that arise from the quantum nature of the fields d . -

and their quantum and thermal fluctuatighs® gi%¢=M-da, (2.8
Leaving aside subharmonic generation eff&tt? that

take place when the system is driven on the harmonic modevhere we have introduced the displacement from the steady-

we shall concentrate our attention on the case in which thetate solution

driving is only on the fundamental mode and it is monochro-

bz=—iw2b2_72b2_iﬂb%_iF2(t)' 2.3

H . _ —iot — H >
matic qt frequen_cwa. F.(t)=F.,e '“t" and F.Z—O. It_ls Sa=(a;—Ag,a* —AF a,— A, a5 —A%)T
convenient to introduce the slowly varying variables
a;=b,e't! and a,=b,e?“L!; putting Sy =(w,—2w,)/2 =(ba,,8a ,6a,,6a5)" (2.9
and §, = w_— w4, the evolution of the system will be given
by and the linearized evolution matrix
|
M= ) . . (2.10
—2iBA; 0 — 7y, +2i(5.— Sn) 0
|
Ill. TRANSMISSION AND SECOND HARMONIC In the latter case §,=47y), the transmitted intensity at
GENERATION SPECTRA: TWO-PHOTON low-incident intensity, i.e., in the linear regime limit, is char-
RABI SPLITTING acterized by a single peak & =0 (i.e., at w, =w4); at

) _ ~ higher intensities, a new peak appears closé, te &y, (i.e.,

Such a simple theory can predict exactly the transmissioRt ¢, = w,/2) and for growing intensities the peaks bend in
properties of the structure: to visualize their behavior, in Figthe external direction repelling each other and tend to have
1 we have reproduced a few spectra of the internal intensityhe same strength. In th&,=0 case, the transmitted inten-
parametef)?=|BA4|? (which is proportional to the internal sity shows initially a single peak af, =0, which at higher
intensity as well as to the transmitted oraes function of the intensities splits in two; for growing intensities the two com-
driving frequencys, , for different values of incidentdriv-  ponents bend again towards the external direction, their
ing) intensity: the left panel refers to the exact resonancetrengths staying equal.
om =0 case, the right panel to the detuned cége-4vy. The Thanks to the bending of the transmission peaks with
whitened regions correspond to unstable behavior. We hawgrowing intensity, dispersive optical bistability can be
supposedy; = y,= 1. obtained?® a multiple intersection of the vertical straight line
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FIG. 1. Internal intensity parametef)€=|BA|?, proportional to the internal as well as to the transmitted inten&tydifferent values
of (constant incident intensity as a function of the detuning of the incident fi&ld Left panel: exact resonance ca%g=0. Right panel:
du=4v. The grey scale corresponds to the incident intensity: lighter shadowing means higher intensity; white regions correspond to
unstable behavior.

corresponding to a gived, with the transmission spectrum (8, — 8y +i7,/2) "%, whose physical meaning will be clari-
at a given incident intensity has the physical meaning ofied in the following. In Fig. 2 we have represented the spec-
optical multistability’®*° The instability region present un- tra of harmonic intensity as function of the incident fre-
der the bended peak correspond to the central unstabtpuencyd, , for different values of incident intensity; again
branch of the hysteresis loop. The instability predicted in thehe left panel corresponds to the exact resonafige-0
region between the two peaks correspond instead to a s@ase, while the right panel to the detungg=4y case. As
called hard-mode transition: the eigenvalues of the stabilitydone previously, instability regions have been whitened. The
matrix M having a nonvanishing imaginary part at the principal features are analogous to the previously analyzed
threshold, the system goes from a stable solution to a limitransmission case: optical bistability and self pulsing can be
cycle, which physically corresponds to selfpulsing of theobserved also by looking at the harmonic-field intensity; this
transmission with timé232 last remark is most important in the SHG case, where the
The intensity of the generated harmonic field is propor-efficiency of the harmonic generation can be affected by
tional to 1,=|A,|?; from Eq. (2.7) it follows that it is pro-  these effectésee, e.g., Fig. 3 of Ref. 1.7’ Notice the typical
portional to the square of the fundamental mode internafuadratic dependence of the harmonic intensity orirtte-
intensity times a temporal phase-matching factor  nal fundamental intensity: all the bistability and selfpulsing

oLly

FIG. 2. Second harmonic intensity spectra for different valuegafistant incident intensity. Left panel: exact resonance cége-0.
Right panel: 6,,=4v. The grey scale corresponds to the incident intensity: lighter shadowing means higher intensity; white regions
correspond to unstable behavior.
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effects are in fact due to the coupling of the incident beam So far, we have studied the transmittivity spectrum as it

with the cavity mode at the fundamental frequency. depends on the paramefer in physical terms we have stud-
ied the transmission properties at fixed transmitted intensity.
A. Physical interpretation of the results The experimentally relevant spectra are however the ones in

which the incident intensity is kept constant; this calculation
requires an inversion of the functional relation between the
Sncident intensity and the transmitted intensity. The curves of
Figs. 1 and 2 have been plotted after performing such an
inversion, the sawtooth appearance of the instability being
due to finite numerical resolution.

The relatively simple structure of E@2.6) allows for a
clear physical interpretation of the spectra of Fig. 1; since th
transmittivity of the systemr is proportional to the ratio of
the internal amplitudé\; and the incident amplitude,, we
can focus our attention on its rescaled version

~ A 02 -1

o R Cl R W A

= (3.9 B. Comparison with another quadratically nonlinear system
[0}

o i The Egs.(2.4) and (2.5), which describe the time evolu-

The dependence of the transmittivityon the transmitted tjon of our system, are very similar to the ones describing
intensity )2 is a typical signature of nonlinear effects: for gpatial propagation of a monochromatic wave through a sec-
the moment we shall considél as an independent param- ond harmonic generating medium when the undepleted pump
eter and we shall study the behavior of the transmissio%pproximation is not made. If we denoke, andE,,,, the
spectrum at fixed). slowly varying field amplitudes respectively of the funda-

Neglecting for the sake of simplicity the damping termsmental and the harmonic fielay, and n,,, the refraction
71,2, the transmitivity(as function of laser frequenay ) has  indices and\k the wave-vector mismatchk — k,,, and we

two closely spaced poles located at switch to the new variableE,, = (1/\2)E,,e 2K the

S 52 1/2 propagation equations in the so-called slowly varying enve-
L= | x| 22 } (320  lope approximatioSVEA) have the forf
: 2 4
whose weights are redistributed according to the equations %Ew:'2“:]\/3[)((2)(_zw;w,w)E:)Ezm]_ v1E, (3.5
= 2O (3.3 2
1= . d iwy2 |1
61— 65 e _ 2o, . 2
9z 2" 2n,.c|2%X (20;0,0),E,
62_ 6M . ~ ~
f2: 52_51 ' (34) _IAkEZw_72E2w1 (36)

which have the same formal structure as Egs}) and(2.5),

theTtr(])taI strenglqttﬁﬁ f2 be_llng_ ctonstatnt da_ndtﬁqutal tol 1. | apart from the forcing terri, ; in particular the wave-vector
ese resu 9S are easily interpreted in the WWo-Ievel SySp icmatchak plays the role of the mode detuningg ; for
tem framework® as a nonlinear Rabi splitting of two qua-

i this reason the factor& — 8y +iv,/2) ! above is respon-
tsr']';ii(;r;]a?;:ﬁiﬁﬁiﬂ;&ﬁf&ﬂgrﬁus\llzd rg(:ra&h i?tgser sible for the temporal phase matching: at a given fundamen-
o .72 tal (interna) intensi he ampli f th ner har-
two-photonRabi splitting because it is due to the cubic in- al (interna) intensity, the amplitude of the generated ha

. h Bblp2 i . . hen th monic field is proportional to the inverse of the mismatch,
teraction ternt: Sb;b3 + H.c. Atlinear regime, i.e., whenthe o ‘yhe coherence time. Of course, despite the mathematical

coupling is vanishing, one eigenstate corresponds to a pair Qimilarity of the equations, the physical informations which
photons in the fundamental mode and the other to a singlfaye to be extracted is different: in the present case, we are
boson on the harmonic mode; clearly only the former iSiooking for the steady state in presence of driving terms,
bright in a transmission experiment at low intensity. At hia in the case of Eq<3.5 and (3.6) the driving term is

higher intensities, when the nonlinear interaction begins tQpsent and boundary conditions at the interfaces of the non-
be important, the modes are mixed up and the bright compQ;near siab have to be imposed.

nent is redistributed among them. Thanks to such a redistri-
bution, the spectrum start to show a pair of peaks: the Strony, 1o b1ToN OPTICAL STARK EFFECT: PROBING

ger one is initially atwq, while the weaker one appears at THE DRESSED SYSTEM

w,/2 (the factor 1/2 accounts for the fact thaio fundamen-

tal bosons must be destroyed to create an harmonic Boe In the previous section we have described the steady-state
growing coupling() their mutual interaction make them re- response to a monochromatic strong driving and we have
pel in energy and equalize in strength; at very high intensifocused on stable equilibria, at the expense of other features,
ties, the detuningsy becomes small as compared with the like selfpulsing. The stability of such solutions has been veri-
coupling 0 and thus we have a doublet of equally strongfied checking that all the eigenvalues of the linearized evo-
peaks with a splitting equal to(2 [we can neglecy, in Eq.  lution matrix M have negative real part. But the linearized
(3.2]. When 6,,=0 the poles are equally bright at any in- theory can also give a lot of other information on the dy-
tensity, since the resonance condition guarantees an equamical behavior of the system when it is illuminated by a
distribution of the bright component. Moreover the two strong beam: besides quantum fluctuation effects in the spec-
peaks are symmetrically placed with respectaip=w,/2  tra of transmitted and sub/second harmonic light, which have
with a splitting equal to 2. been already studied in detail by Drummoetdal.,?* the lin-
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earized evolution can be used to determine (ivean re-  deviation of the exciton from bosonic behavidrbut only
sponse of thisdressedsystem to weak additiongbrobe the possibility of two-photon absorption excitation; for this
fields; the response of our system to the probe will in fact beeason it will be calledtwo-photon optical Stark effect
different according to the intensity of the pump beam. SucTPOSE.

an analysis is clearly restricted to pump intensities and fre- A most interesting quantity which can be calculated by
guencies that lie inside the stability region. The result wemeans of this linear response theory is the excitonic polar-
shall obtain are strictly related to Drummond’s ones, sincazation created in a TPA configuration by a weak-prdies?

the general linear response theory connects the response ofield at a frequency; close tow,: depending on the inten-
system to its fluctuationgfluctuation-dissipation theorei. sity F, and the frequencw, of the pump, its spectral fea-

Calling againda the displacements of the slowly varying tures can be radically different. For simplicity, we shall sup-
field amplitudes from the steady-stdia the absence of the Pose that the cavity mirrors do not confine lightgt so that
proba andM the linearized evolution matrix in the rotating the coupling of the exciton to the incident probe beam is not

frame [see Egs(2.9 and (2.10], the equations of motion affected by the photonic mode structure of the cavity. An
can be written as experimental observation of such effects clearly requires

some violation of parity selection rules, in a way to make the
excitonic transition allowed for both one-photon and two-
photon absorption: a single quantum well under a strong
. static electric field perpendicular to the quantum well
where thef (t) term accounts for the probe fieldgain in the  layers® or an asymmetric quantum wéit8structures could
rotating framé and corresponds to additional driving terms be good choices.
in Egs.(2.4) and(2.5). In the slow variables, the additional driving term corre-
The solution of Eq(4.1) is immediately obtained in the sponding to the probe has the form

most simple case of a monochromatic driving teﬁ(n)
=f,e 'l Puttingda(t)= da,e ', it is easy to verify that

d . L.
a5a=|\/|.5a+f(t), 4.1)

0 0

- 0 0
. N —i —i(o— 20 )t _ig* i(wi—2w )t
Sag=—[M+iwl] *f,, 4.2 FO=1Fy | fe Filol® !
in this way the eigenvalues ™ get the physical meaning of 0 1
frequencies of thelressednodes of the system as driven by (4.3

the pump beam: sincél depends on the pump intens®, e have seF,=k,E, whereE, is the amplitude of the probe
via the fieldsA, andA, that the pump generates inside the pom andk, is a coupling coefficient proportional to the
structure, the energies of the dressed modes and the|rwe|gr5ﬁ)0|e matrix element of the one-photon transition. In the

(i-e., their oscillator strengthswill depend on the pump in- ¢o)16wing we shall also use the reduced probe frequency de-
tensity as well. So the spectral features of the response to thg g ass,= w,— 2w, . The polarization of the system is de-

probe beam will §uffer remarkab_le qualitative ‘?h?”ges W.he'?ermined by the third element of the respoidse. Since the
the pump intensity is varied. Without the cubic interaction ygitional driving term contains two different frequencies

term# Bb,bi+H.c. in the Hamiltonian, this _effect would not 5., the response of the system will also have two spectral
be present and the response would be independent of t%mponents

presence of the pump beafy .

Effects of this kind, which involve nonlinear interactions 5&(0: SaNe 18t 4 sa()atidt (4.4)
between a strong dressifgump beam and a weak probe ’
have been the subject of active study for a couple of decadewhich result in an actual excitonic polarization oscillating at
but the interest has been for the greatest part focused on th®th ; and 4w, — w;
intrinsic nonlinearities of two- or three-level atoms. The

Mollow triplet of fluorescenc&3 and the stimulated emis- Pexdt)={0ale 10+ sal el e 2oLt 4 H ¢,

sion and absorption line shapes of nearly resonantly driven o) it ()i (4o, — )t

two-level atoms(optical Stark effect, OSE(Refs. 18—2D ={oay e "'+ oa; e LTl 4+ Hoe.

are among the most celebrated examples. Very recently, (4.5

there has been much interest on excitonic Mollow spectra in

semiconductor microcavities: both experimetftaland The first term derives from the linear polarization of the
theoretical® work has been devoted to the observation of(dressetisystem and has the same frequengyas the forc-
changes in the probe absorption spectrum when the excitdAg field; the second term instead describes a polarization at
is resonantly dressed. Such an effect stems from the ferm@ frequency, which is symmetrical of; with respect to the
onic nature of the electron-hole pair forming the exciton, inoscillation frequency @, of the dressing fielth,. This last

the sense that at high-excitation densities the exciton cannégrm, which is present in atomic systems as well, arises from
be considered a true boson anymdréln the present paper nonlinear wave-mixing effects of theveak probe with the

we are considering a somewhat different case: instead dftrong pump beam.

dealing with an intrinsically nonlinear material excitation, ~The expression4.5) for the polarization can be rear-
the nonlinearity is now concentrated in the mutual interacfanged as

tion between two rigorously bosonic modes. The predicted . .

effect in the TPA case, in particular, does not require any Pexdt) =€ "t{sal")+ sal Je? " +Hc; (4.6
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physically this means that the resulting polarization can b&o mix and repel as the intensity of the coupling grows up.
seen as an oscillating polarizationaatamplitude modulated Since the driving is only on the second mode, at low-
at 6;. Since the modulation frequenay is generally rather coupling intensity the brightness is concentrated in this
high, the most relevant quantity is theeanabsorption suf- mode, while for growing intensity it tends to redistribute
fered by the probe beam, and then only the first term inequally among both eigenmodes. The probe absorption spec-
bracketssal") must be retained. The susceptibility is then tra will show peaks at the oscillation frequencies of the
given by xexexda5")/E, and probe absorption is propor- modes and the intensity of each peak will be proportional to
tional to its imaginary part. its brightness.

Its most peculiar physical features can be predicted in a Figures 3 and 4 contain two series of spectra that differ
rather simple way by looking at the explicit form of the from each other for the choice of detuning paramesigrand
equation of motion for the actuahot the slowly varying s - in each series the absorption spectra are plotted as a
displacements of the fields from equilibriuib,, 5by , by, function of probe frequency at growing dressing intensities
and 6b3 [cf. Egs.(2.2) and(2.3)] A, (and hence couplingsthe frequency zero has been set at

the excitonic frequencw,. Consider the first spectrum, re-
. kot produced in the upper left panel of Fig. 3(/y=—2 and
by = —iw16b;— y16b,—2i B* A1 €1 6D, 5, 1y=8): at very low-dressing intensityg), we recover the
—2i g* Aye 2oLt sp (4.7) linear sp_ectr_um, with a sin_gle peak at _the frgquency of the
bare excitonic mode,; at slightly higher intensityb) a new
peak appears at a frequeney=w;+ w, [i.e., (w;— w,)/y

8b,=—iw,8b,— y,6b,— 2i BALe “Lish
2 w2005~ 720D, = 21 A ! =(8.—26y)/vy=12]; as intensity grows ujic) and (d) the

+iF,e ted (4.9 strengths of these two peaks tend to equalize and their ener-
gies to repel each other. This is a clear signature of mixing
Sb* =iw, 8b% — v, 5b% and repelling of two(one dark and one brightcoupled
_ ot ek ok Dot modes in a two-level system.
+2ipAe”“Lob; +2iBAe7 b, (4.9 The physical meaning of the peak @{+ w, instead of
, , , 2w, can be understood if we think at the nature of the oscil-
803 =iw,8b5 — y,0b3 +2i BAT €'“L'sbT —iF et lating coupling; this is in fact due to the dressing field

(410  Aje '“ttand in quantum terms it converts an exciton in the
harmonic @,) mode into a photon in the fundamental,()
two different sorts of time-dependent coupling terms aremode plus one more photon in the dressing field. Different
present: the first one, whose intensity is proportionaflXto from the previously analyzed single beam nonlinear optics,
=|BA;|, connects thesh; and &b, fields to each other; the the coupling is now linear in the fieldéb, ,, so that the
other one, whose intensity is instead proportional gé,| spectral features do not depend on the intensity of the probe
and thus ta)?, connects theSb, field to its complex conju- beam, provided this is weak enough not to perturb apprecia-
gatesby . bly the system. This is again due to the fact we are not
For moderate pump intensities only the former one will bedealing anymore with the conversion of one harmonic boson
important and thus the pair of fielda, , will be decoupled in two fundamental ones, as we were doing in the one-beam
from the complex conjugate fielda? ,. From the numerical ~Case, but with a conversion of a harmonic exciton into a
calculations, it results that the fields and their conjugates argingle fundamental photon plus a dressigphoton ().
effectively decoupled only for pump intensities below the Analogous considerations can be repeated in order to ex-
instability regions. If we neglect the latter couplifige., the  plain the structure of the spectrum reproduced in the upper
one x| BA,|), the system can be described as a pair of linleft panel of Fig. 4 6, /y=6 and éy/y=3), though the
early coupled oscillators @, andw, with a time-dependent resonance conditiom,=w;+w_ makes the spectra look
coupling term—2i BA,e”1“Lt: by setting 6b,=e ¢t shy, somewhat different: the bare modesz_@tandmlwL w_ arein
the time dependence of the coupling term can be eIiminatecIfaCt resonant and hence the coupling does not introduce a

in this way, the equations of motio@#.7) and (4.8 can be new peak, but only split the existing one in a symmetric
simply rewritten as doublet of peaks. This is still centered &t=0 and its spac-

ing grows with growing dressing field intensity.
As it can be observed in the upper right panzels of Figs. 3
< ) ~ ~ i and 4, at higher pump intensities the2i 8* A,e~?'“L! cou-
oby=—i(w1+ @ )oby—y16b,—2i B* AT b, pling terms start to be relevant as well. In particular, its ef-
(41D fect begins to be dramatic when one of the absorption peaks
) ~ _ (the upper one ab,, in our specific casess close to 2
8b,=—iw,8b,— y,8b,— 21 BA 6b, +iF @'t (i.e., w— w,=25,—28y), frequency at which it resonates.
(412 This is verified when the dressing intensity is close to the
lower edge of the bistability unstable region. In this case, the
The eigenmodes of this system depend on the bare frequepeak narrowsgthe threshold corresponds to the vanishing of
ciesw,+ w_ andw, and the coupling-2i BA; in the usual the real part of one eigenvalue bf), its shape is modified
way for a two-level system: a pair of modes at frequenciesand some gaifi.e., negative absorptigmppeargsee spectra
o, andw; that start respectively aé; + v, andw, and tend  (e)] at a frequency just above the resonance frequengy. 2
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FIG. 3. In the two upper frames, probe absorption spectra at different dressing intensities. Absorption has been normalized to the bare
exciton absorption. Dressing intensity grows frgay to (h); instabilities are betweefe) and (f) and above(h). Notice the change of
frequency scale. Nonresonant caset o, — w,=12y, 20 — w,=20y: &y /vy=—2, 6. /y=8. In the lowest frame, schematic plot of the
energy levels involved in the optical processes: the frequengieand v of the dressed states shift with increasing pump intensity.

Increasing the dressing intensity above the bistability unvariations of detunings and linewidths as we have verified; in
stable region, i.e., in the upper branch of the hysteresis curvenalogy to the gain appearing in the classical 0%¥°a
the spectra result radically different. The two absorptivesimple physical interpretation can be put forward in terms of
peaks are still present at frequencies andw; and keep on  stimulated hyper-Raman scatteridn a dressed system pic-
repelling themselves as the pump intensity grows up. At theure; the main effect of the- 2i 8* A,e™2'“L! coupling term
same time, a gain peak is present at a frequensy-4w,, , is in fact to induce conversion of a few quanta of the dressing
which is the symmetric of the upper absorption peak frefields A; andA, (for a total frequency &,) into a dressed
quency w, with respect to the resonance frequenay, 2  excitation(at w, or wg) plus one more photon in the probe
For growing pump intensity, as the absorption peak fre-beam(atw;), which thus results amplified. Indeed, for such a
quencyw, shifts towards higher frequencies because of theprocess, energy conservation imposes that 4w —w, z:
coupling term—2i BA,e”'“L!, the gain peak shifts towards in this way it is possible to explain the symmetry condition
lower frequencies in order to satisfy the symmetry conditionempirically found in the calculated spectra.
with respect to &, . Near the threshold of the self-pulsing  In order to understand why the hyper-Raman process
instability, the other absorptive peak @ begins to have a takes place involving the & _ frequency, it is useful to re-
gain counterpart até, — w as well: in Fig. 3 this gain peak formulate the dynamics of the dressed system in the usual
is hardly visible near ¢;— w,)/y=60, while in Fig. 4 itis Hamiltonian formalism of quantum optics; in terms of the
located near ¢;— w,)/ y=20. field displacement$b, and sb,, the effective Hamiltonian

Such qualitatively new features, are stable with respect tof the (dressefl system can be written as

Hy=%w,0b]8b;+hw,8b)80,+ 28 BAe LI Sblob, + 27 B* Ak €l “Lisbl sb,+ ik Ee ™'t sh)+ A k¥ EX el b,

+hB* Ae 2eltshl?+ B AS e eLish?, (4.13
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FIG. 4. In the two upper frames, probe absorption spectra at different dressing intensities. Absorption has been normalized to the bare
exciton absorption. Dressing intensity grows frgay to (h); instabilities are betweerfe) and (f) and above(h). Notice the change of
frequency scale. Resonant caset w| = w,, 20, —w,=67y: Sy /y=3, 6. /y=6. In the lowest frame, schematic plot of the energy levels
involved in the optical processes: the frequencigsand v of the dressed states shift with increasing pump intensity.

If we neglect for the moment the last two terms, we are left40 are well verified even by our model, which allows for
with two bosonic modes, linearly coupled to each other; thimmon-perturbative nonlinear optical effects, like optical bista-
approximation is valid at low pump intensity, i.e., when thebility and optical selfpulsing; in particular the absorption
A; coupling is much greater than tie coupling. As previ- sum rule, which states that the integral of the probe absorp-
ously described, the probe absorption spectra are in this casien coefficient over all frequency is independent of pump
characterized by a pair of absorptive peaks corresponding totensity, has been numerically verified in the stability re-
the dressed modes at, and wz, which result from diago- gions. According to this sum rule the appearance of gain in
nalization of the Hamiltonian. some spectral region must compensates for an increased ab-

The appearance of gain at higher pump intensities is dusorption in other spectral regions.
to the last two terms, which allow for the conversion of one
harmonic dressing excitof, at 2w, into a pair of quanta of
the fundamental modéb; and &b of frequencies respec-
tively equal tow; andw? . One of these quanta then merges
with a A; dressing photon ab, into an excitation at, or Until now, we have not paid attention to the absolute
wg, which is left inside the system; the other one, togethewalue of the nonlinear coupling; all the effects described in
with a A; dressing photon, is instead converted into an adthe previous sections depend only on the proddrt
ditional photon in the probe beam af. In conclusion, two  =|BA|. Indeed it seems theoretically possible to compen-
A, dressing photons and org dressing excitortfor a total ~ sate for a small3 by the use of high intensities; however
frequency equal to @) are converted into a dressed exci- very high-light intensities are not handy because of high-heat
tation atw, or wg, plus a probe beam photon at: this  production inside the structure and the possibility of other
kind of optical process, in which some quanta of a strongcompeting nonlinear effects. A high would thus allow for
pump beam are scattered into an excitation of the materidhe observation of our specific two-photon processes at in-
system plus an escaping photon, is callegber-Raman tensities at which other processes, like nonresonant Kerr
scattering® furthermore, since the emission of the escapingnonlinearities, exciton bleaching or higher harmonic genera-
photon is stimulated by the probe beam, we shall say it is &on are negligible.
stimulatedhyper-Raman scattering. An explicit calculation of the parametg® can be per-

As a final remark, it is interesting to notice that the sumformed starting from the usual optical constants of the mate-
rules demonstrated at all orders of perturbation theory in Refiials forming the structure; as we have already pointed out, in

V. DISCUSSION OF MATERIAL AND GEOMETRICAL
PARAMETERS
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the SHG configuratior is related to the((z_) susceptibility PuL(x,t) =3e 1ty ®(x)[£,(x)|26,(x) |y %8 . (5.5

of the materials, while in the TPA case it depends on the ) ] ] ] .
generalized oscillator strength of the two-photon absorptivdnserting this result in Maxwell’s equations and performing
transition, or, in other words, on the® susceptibility. In  the SVEA approximation as previously, we get to a motion
the following, we limit our attention to planar structures, in €quation for the field amplitude of the form

which all the equations reduce to one-dimensional ones; the

general case does not introduce in principle new different &:_ a—iF.e i(eL—o1)

features, apart from the geometrical complications due to the dJt 711 °

vectorial character of the fields and the tensorial character of

the susceptibilities. i 3lay|%ay f 18,004 (x) dx
If we expand the electromagnetic field in eigenvectors of 52 — —j ! '
L . . . (Wexc™ 201~ 1 Yexd
the wave equation in a linear refractive background medium
of dielectric constang(x) (5.6
Comparing these term with the analogous equation that can
E(x.t)=2, {&(x)e “ita(t)+ & (x)eital(t)} be derived from our Hamiltonian formalism
i
(5.0 da . 2|8/
A : _1:_71314':097'(”7(01)‘“L-| 1I%ay
and we perform the so-called SVEA approximation, which It Wy~ 20—y,
correspond to supposing the temporal variation of the mode 6.7
amplitudes to be r_nl_Jch slower than the oscilla_tion frequencyye get to the final result
we get to the explicit expression for the coupling consjant
in the SHG cas¥
2 3 4£(3)
|Breal “on? |E200)[*F (0 dx; (5.9

1
Bshe= — gJ E00* P(x)E(x)%dx. (5.2
the phase o3, which is still undetermined, is not physically
The physical interpretation of such an expression is evidenimportant, since it determines only the relative phase of the
it is the overlap integral of the square of the fundamentafundamental and harmonic fielfisee, e.g., Eq2.7)]; when
wave function with the harmonic wave function weighted byWe are driving the system on both modes, the phasg of
the y? nonlinear susceptibility of the material; in a quantum fixes the phase of the amplitude oscillations in the excitonic
field theoretical language, this expression corresponds to tHeolarization (4.6). The physical meaning of the remaning
matrix element of a three-photon vertex in which two funda-indetermination in the phase g, depends on the fact that
mental photons annihilate into a harmonic photon. Since wde have used as input only the oscillator strength of the
are dealing with planar structures, the wave-function normaltwo-photon transition, which correspond to the square modu-
ization has been chosen to be the natural one-dimensionBls of the effective matrix element; the phase difference be-

one, i.e., tween this matrix element and the one resulting from the
one-photon transition is thus not determined. The proportion-

€(X) . ality of the couplingg to the square root of the generalized
J S, G EX)AX= G jhw;; (5.3)  oscillator strength is analogous to the classical vacuum Rabi

splitting, in which the Rabi frequency is proportional to the
in this way the mode intensitidd;|? have the meaning of square root of the density of resonant atoms or quantum
mean photon density per unit surface. From this choice itvells*
follows that the photonic wave function has the dimensions After having determined the general expressions for the
of an electric field times a length whil@ is the product of a  coupling constanB in both the SHG and TPA cases, it can
frequency times a length. From E(.2) it is evident how be interesting to present a few examples of its evaluation in
the arbitrariness in the definition of the global phase of thespecific cases of experimental interest. For illustrative pur-
wave functions reflects on the nonlinear couplifg(and  poses, the configurations chosen are amenable to transparent
analogously on the external couplingg,): a change in the analytical calculations. Better experimental arrangements
phase definition of the wave functions must in fact corre-would require a careful numerical optimization of the struc-
spond to a change in the system parameters in a way to leavgres.

the Hamiltonian invariant. We shall at first concentrate our attention on the nonlinear
In the presence of an isolated two-photon absorption tranRabi frequency)=|8B,| as function of the internal inten-
sition, thex(®) susceptibility can be written &s sity on the fundamental mode in a SHG configuration. For a
simple metallic planar cavity of length and dielectric con-
G) - f _ stant e(w), the wave function of the photonic modes are
X (_“”“"_“"‘”):ﬁ(wz_zw_ih)- (34 given by the expression
because of its similarity with the well-known oscillator Amho;
strength of a linear transition, the quantfty) can be called &= Le(w) sin[ Ve(wj) wjx/c]; (5.9
I

generalized oscillator strength of (awo-photorn) transition.
The nonlinear excitonic polarization can be written as where thew; have to satisfy the resonance condition
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_ 7C]
LVe(w))

As function of the field amplitudé\,, the internal light in-
tensity in each propagation direction of the fundamenta
mode can thus be written as

cve

Iint= A

(5.10

i

Eibft= 2 pz (s
W01 = ———1A1] .
LVe(wy)
where&; has been taken at an antinode of the cavity mode
According to the considerations worked out by Ber{fer,
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w=Eg/2 show in fact sharp features due to subband quanti-
zation and excitonic effect§~*® In particular it has been
possible to clearly resolve some excitonic peaks. Provided
their linewidth is sufficiently small, these transitions seems
Fo be a good candidate for the observation of our coherent
two-photon effects. Since the sharpest features are presentin

TM polarization ||z), it is necessary to work at oblique
incidence. This is not a problem, indeed it gives the possi-
bility of tuning the photonic fundamental mode with the
angle, while the excitonic frequency stays nearly constant. A
detailed calculation of the two-photon absorption cross-

section in GaAs/AlGa, _,As heterostructures has been per-

second harmonic generation in a metallic mirror microcavityformed by Shimizy® For example, conversion of his results

is most effective when the cavity lengthis close to the
second harmonic generation coherence lerigtfy, of the
nonlinear material; for GaAs at the technologically useful
wavelength of 10.6um the slight difference betweer{w)
and e(w,) gives a coherence length equal to 1@8n. In

for the c41h,,1S exciton into generalized oscillator strengths
brings to the result of about)=2x10"2° cm®. It can be
interesting to notice that, if we assume a linewidth of 1 meV
for the exciton and a well spacing of 10 nm, this value cor-

responds to a resonant® of 1.2x10 8 esu. Moreover,

this specific geometrical arrangement, explicit integration ofunder a strong static-electric field parallel to the growth axis,

Eq. (5.2) brings to the result:

2mhwq
Bsna=4x?\/ e

where we have set=e(wq)=€e(wy).

Using Egs.(5.11) and(5.9), the nonlinear Rabi frequency
Q=|BA,| can be written in terms of the internal light inten-
sity i, @s

(5.12

ﬂx(z)
65/2C '

— =4
w31

(5.13

The experimental value of? for GaAs at 10.6um is
about 2.4 107 esu!®*?So, in order to observe the split-
ting, assuming that the cavity quality factor@= 10", it is
necessary to hav@®/w; at least equal to I0; this is satis-
fied provided the internal power is about 1 GW tmAs

some excitonic transitions can be allowed for both one- and
two-photon absorption because of parity symmetry
breaking®® But an externally applied static-electric field is
not the only solution: several papers have appeared which
investigate the problem of breaking the symmetry of a ma-
terial system in order to make some optical susceptibility
nonvanishing. In particular, asymmetrically grown quantum
wells*®*” and indirect excitons in polytype double-quantum-
well structure® have recently received much interest.

We consider a microcavity of effective mode lenditky;
(Ref. 46 and dielectric constart bounded by dielectric mir-
rors containing\,, identical quantum wells situated at posi-
tionsx; n,, all corresponding to antinodes of the electric

field; in this case the generalized oscillator strerfgth(x) is
given by
N

f<3>(x):i§W1 & 5(x—x;). (5.14

long as the nonlinear material fills the entire cavity, a Cha”g%xplicit integration of Eq(5.8) then brings to the result

in the cavity length does not affef; to increase8 we thus
have to increasg(® shifting the operating frequency closer
to the gap edge or changing the nonlinear medium.

TwWq
Brea=[ ¢ 24F 5N, (5.19
e

The present calculation has considered metallic mirrors . )
mainly because of analytical convenience, however it could!sing again Eqs(5.11) and(5.9), the Rabi frequency can be
be generalized to the case of a dielectric microcavity withwritten as function of internal light intensitly,; as

DBR mirrors optimized for reflection at both the fundamen-
tal and at the harmonic frequen¢fASH mirrors®). Such
mirrors, giving much more freedom in the choice of the re-

flection phase should facilitate the achievement and the sta-

Q 24N, 3721,
i w 2/D mtl (5.1@
w3 Leff632ﬁwlc

bility of the double resonance condition, but at the same timé\s previously, we can quantify the effect in terms of the
the optical modes would penetrate inside the mirrors and aimternal intensity needed in order to ha/w;=Q?
active material concentrated in the cavity layer would not be=10 3%’ Inserting the numerical values for the quantum
the best alternative any more; in this case it may be better tavell excitonic transition and supposing,,/Less=5/\, we

distribute the nonlinearity along the whole effective length of

obtain an internal intensity of about 1.2 GW ¢

the cavity mode. Although such an arrangement has revealed While in the SHG case the main limitation on light inten-

to be useful for optical bistability and optical “transistor”
effect’®1it has not been studied yet for optimizing second
harmonic generation.

sity comes from unavoidable heating effects, in the TPA case
it is necessary to pay attention also to the fact that excitons
behave in a bosonic way only at low densities<nga;,>*

Two-photon absorption spectroscopy has been an impoii-e., when their mean spacing is much larger than their ra-
tant tool for the characterization of electron-hole states indius. At higher densities, in fact, both screening effects and
guantum wells: the two-photon absorption spectra taken ahe fermionic nature of the underlying electrons and holes
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contribute to bleach the excitonic transition. Rememberinglriven two-level systems, we have studied how the optical
that the total population of excitons per unit area is given byresponse of our system to a weak probe beam is modified by
|A,|2 and assuming the excitons are equally distributedhe presence of a strong pump beam, giving rise to a two-
among the wells, it follows from Eq2.7) that the excitonic  photon optical Stark effec€TPOSH. For moderate pump

density in each well has the expression intensities a simple two-level picture with intensity-
dependent coupling can again account for the features result-

2 ‘2 ing from the calculations. At higher pump intensities inter-

- (5.17) esting new features are predicted: in particular, the analogue
2 of stimulated hyper-Raman scattering can give rise even to
_ . ) ) L ) some gain in well-determined spectral regions. Even in such
inserting in this expression a realistic value rin GaAs case, the nonlinear absorption sum rule is satisfied indepen-
structures, it results that the two-photon Rabi splitting shoul ently of pump intensity.

be observable in GaAs structures before the exciton iS \ye have also investigated the feasibility of the proposed
bleached, while for the instabilities and the TPOSE gain theexperiments in realistic GaAs-based systems: in both the

required excitonic density turns out much higher than thespg and the TPA cases, the required internal intensity re-
typical saturation density of aboutse=3x10" cm % giq of the order of 1 GW cit?. While in the SHG case
However, in order to obtain a given value of the nonlineare most stringent limitation on light intensity comes from
effects(i.e., the minimum observable on&/w,=1/Q) an e gptical damage threshold of the structure, in the TPA
increased nonlinear coupling or a larger number of wells 546 it is also necessary to pay attention to the possibility of
N, could be employed giving rise to a lower excitonic den-pjeaching the excitonic oscillator strength at high-excitonic
SIty Nexc- _ ~_densities. In any case, the continuous improvement of
Fma_lly, we remark_that in a!l cases the relevant physics Sample quality is expected to enhance the sharpness of the
determined by the internal intensity of the fundamentalghecira features, so that a better resolution of line-splittings
mode. For a given experimental arrangement, the corrésng apsorption-gain signals will allow for the observation of
sponding pump incident intensity mainly depends on the regych nonlinear effects at lower light intensities and lower
flectivity R of the mirrors[through the coefficienty;=c(1  oxcitonic densities.
—R)/2L¢¢¢ andk; = Jcy,/2 in Egs.(2.1)—(2.3] and on the Even if the numerical estimates refer only to the case of
detuning from the dressed modes of the cajge Eq(2.6)]  GaAs-based microstructures, they illustrate how to evaluate
as can be observed in Fig. 1. the coupling coefficients appearing in our model Hamil-
tonian for a given experimental arrangement. Our theoretical
approach is in fact completely general and can be applied to
VI. CONCLUSIONS a variety of other interesting systems, e.g., organic
We have studied nonlinear optical effects arising in a mi_microcavities‘f8 the use of such materials can be convenient

crocavity geometry from doubly-resonant second harmoni(g’)ec,ause of stronger second harmonlc ggner”e?tmnd Iarggr ,
generation (SHG) and resonant two-photon absorption oscillator strength and satu_ratlon density of the excitonic
(TPA). In particular, we have discussed the effect of a nonJ€Sonance of molecular semiconductds.
linear cubic coupling between two bosonic modes on both
the transmission spectrum of the cavity and pump-and-probe
experiments. _ ACKNOWLEDGMENTS
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