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Motional narrowing of inhomogeneously broadened excitons in a semiconductor microcavity:
Semiclassical treatment
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The narrowing of the exciton features in the optical spectra of quantum microcavities usually referred to as
a motional narrowing is described within a simple semiclassical approach taking into account the exciton
inhomogeneous broadening and assuming wave-vector conservation in the plane of the cavity. Good agreement
with existing experimental data is achieved. The narrowing of exciton-photon modes in calculated spectra,
however, cannot be called ‘‘motional’’ since no in-plane motion or quantization of excitons was assumed in the
model.@S0163-1829~98!04704-3#
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The narrowing of a spectral line in a disordered syst
due to some averaging process is usually referred to as ‘‘
tional narrowing.’’ More specifically, for a quantum partic
motional narrowing arises due to its necessarily finite m
which prevents its full localization in a fluctuation potentia1

The distribution function of a quantum particle in the pre
ence of potential fluctuations is therefore narrower than
of an ideal classical particle. To observe the ‘‘motional n
rowing’’ effect, strictly speaking, one should be able
change the mass of the particle keeping the disorder pote
constant. Recent experimental and theoretical works2,3 dis-
cussed the possibility of direct observation of the excito
polariton motional narrowing in semiconductor microca
ties.

Semiconductor microcavities with embedded quant
wells ~QW’s! intensively studied in the 1990’s~Refs. 4–6!
represent an excellent model systems for the study of exc
photon coupling in a two-dimensional system. In the stro
coupling regime, anticrossing of the exciton and confin
photon modes result in the appearance of two polar
branches split by about 5–8 meV. The cavity photon mo
has a nearly parabolic in-plane dispersion and can be
scribed by an effective mass which is usually a few tim
smaller than the exciton mass. The idea of Whittakeret al.2

was that tuning of the cavity photon mode to the excit
resonance results in the decrease of the effective mass
mixed exciton-polariton states which causes the additio
narrowing of spectral lines detected experimentally. Th
the narrowing of exciton-polariton modes at the anticross
point has been interpreted as a manifestation of ‘‘motio
narrowing.’’

The concept of motional narrowing requires the nonc
servation of the exciton-polariton wave vector in the plane
the QW which is a necessary condition for the localization
quantum particles. Savonaet al.3 developed a microscopi
model taking into account the in-plane scattering of excito
which yielded a good agreement with experiment. An asy
metric narrowing of cavity polariton modes has been attr
uted in Ref. 3 to the wave-vector nonconservation in
system and considered as a manifestation of motional
rowing.

Solving the excitonic problem ink space one should nec
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essarily consider the multiple exciton-polariton scattering
all orders to account for the exact eigenstates of the syste3

Solving the same problem in real space one does not nea
priori the in-plane scattering but can just suppose some
ergy distribution of exciton resonances. Thus, the phys
interpretation of the narrowing of cavity modes as a motio
narrowing seems to me still questionable. Actually, t
wave-vector non-conservation leads to the resonant Rayl
scattering of light in a plane of the QW.7–10 There have been
indications that the fraction of photons scattered in the pl
is not more than 0.1% of the total number of reflected ph
tons for planar semiconductor structures.11–13 The contribu-
tion of scattered photons to the cw reflection spectrum
negligible in this case and cannot cause substantial mo
cations to the resonant spectral features. Evidently, the
rowing of cavity polariton modes is a consequence of exci
inhomogeneous broadening. However, I do not see clear
dence that it is due to the motional narrowing and cannot
simply caused by a frequency distribution of extended ex
ton states conserving the wave vector. The latter possib
is considered theoretically in the present paper.

A semiclassical, macroscopic approach to the problem
light coupling with inhomogeneously broadened excit
state in a QW has been formulated in Ref. 13. The appro
consists in the solution of Maxwell equations for light inc
dent on the QW taking into account exciton inhomogene
broadening in the nonlocal dielectric susceptibility of t
QW and assuming in-plane wave-vector conservation. He
use an extended version of this model. Its key points are
follows.

In the framework of linear nonlocal response theory14

Maxwell equations for a light wave normally incident on
single quantum well in the vicinity of the exciton resonan
frequency can be written in the form

¹3¹3E5
v2

c2
D, ~1!

where

D~z!5e`E~z!14pPexc~z!, ~2!
3757 © 1998 The American Physical Society
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Pexc~z!5E x~z,z8!E~z8!dz8, ~3!

and the nonlocal susceptibility is expressed as

x~v,z,z8!5x~v!F~z!F~z8!, ~4!

where F(z) is the exciton envelope function taken wi
equal electron and hole coordinates, andz is the normal to
QW plane direction. Taking into consideration only th
ground exciton state, one can write in the absence of in
mogeneous broadening

x~v2v0!5
e`vLTpaB

3v0
2/c2

v02v2 ig
, ~5!

wherev0 is the exciton resonance frequency,g is its nonra-
diative homogeneous broadening,vLT is the exciton
longitudinal-transverse splitting in the bulk material, andaB
is the bulk exciton Bohr radius.

Supposing that due to inhomogeneous broadening the
citon resonance frequency is described by some distribu
function f (n2v0) and neglecting the possible dependen
of the exciton envelope function on energy one should s
stitute the resonant dielectric susceptibility~5! by the func-
tion

x̃ ~v!5E dnx~v2n! f ~n2v0!. ~6!

The amplitude reflection ant transmission coefficients
light normally incident on the QW can be written as

r 5
iax̃

12 iax̃
, t511r , ~7!

respectively, wherea5G0c2/«`vLTpv0
2aB

3 . G0 is the exci-
ton radiative rate,

G05
kvLTpaB

3

2 F E F~z!coskzdzG2

5
p

Ae`

e2

mc

f xy

S
, ~8!

in terms of the oscillator strength per unit areaf xy /S. k is the
wave vector of light in the media.

In Ref. 13 we only considered symmetric distributio
functions f ~Gaussian, Lorentzian, etc.!. In the present work
the distribution function is chosen in a form which allow
asymmetry; namely,

f ~x!5
D11D2

2ApD1D2

exp$2x2/@~D1
22D2

2!Q~x!1D2
2#%,

~9!

whereQ(x) is the heavyside function.
The convenient way to obtain the complex eigenfrequ

cies of cavity polaritons within the present approach is
solve the dispersion equation for cavity polaritons written
terms of amplitude reflection and transmissi
coefficients.15,16 In the case of a symmetricl cavity with an
embedded QW in the center it has the form

r B~ t1r !exp~ ikLc!51, ~10!
o-

x-
n

e
-

r

-
o

wherer B is the amplitude reflection coefficient of the Brag
mirror and Lc is the cavity length. Substituting the coeffi
cients r and t from Eq. ~7! and using the approximate for
mula suggested in Ref. 17,

r B5ARexpF i
ncLDBR

c
~v2vc!G , ~11!

with nc being the refractive index in the cavity,LDBR the
characteristic length of the mirror, andvc the stop-band cen
ter, one can finally derive the dispersion equation in the f
lowing form:

~vc2v2 igc!5V2E dn
f ~n2v0!

n2v2 ig
, ~12!

where V25(11AR)cG0 /ARnc(Lc1LDBR), gc5@(1
2AR)/AR#„cnc(Lc1LDBR)…. In the case of no inhomoge
neous broadening, the distribution functionf reduces to the
d function, and Eq.~12! reduces to the conventional two
coupled oscillator problem.

The present model is similar to the approach develo
by Savona and Weisbuch18 which also assumed wave-vecto
conservation in the plane and frequency distribution of
exciton resonance, which was described by some distribu
coupling constant in their case. An essential difference
tween the two models consists in the chosen form of
distribution function for the exciton resonance frequency~or
coupling constant!: in Ref. 18 the symmetric Gaussian di
tribution was assumed while here we use a more gen
asymmetric function~9!.

In the numerical calculations a GaAs cavity contained
tween two GaAs/GaAlAs Bragg reflecting mirrors with thre
embedded closely lying InGaAs QW’s were considered. T
chosen structure parameters corresponded to the samp
Whittaker et al.2,19 For all calculated spectra,G05 0.026
meV, g50.3 meV ,D152 meV,D251 meV was assumed
The reflectivity of microcavity structures with embedde
quantum wells was calculated using the transfer matrix te
nique as described in Refs. 15,16.

Figure 1 shows the calculated reflection spectra for diff
ent detunings between the exciton resonance and the c
mode. As in the experiment, the exciton resonance was tu
through the cavity mode. The positions of the bare exci
and cavity photon resonances are shown by dashed li
The splitting between polariton branches and energies
resonances are in good agreement with the experimental
~Fig. 1 of Ref. 2!.

Figure 2 shows the calculated and experimental~data
taken from Ref. 2! linewidth @full width at the half-maximum
~FWHM!# as a function of the detuning for upper and low
polariton branches. The detuning is defined as the differe
between the bare cavity mode and exciton energies. One
see that the calculation exhibits both tendencies interpre
in Refs. 2,3 as manifestations of motional narrowin
namely, the sum of the line widths of the lower and upp
branches is clearly much smaller at the anticrossing tha
off-resonant conditions, and the behavior of the lower a
upper branches is strongly asymmetric. While the calculat
does not show such an excellent fit to the data as the m
of Savonaet al. does, within the present approach it see
evident that the experimental data can be reproduced usi
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somewhat more complicated distribution functionf and tak-
ing into account the variation of the homogeneous broad
ing as one tunes the temperature.

To obtain the narrowing of lines at the resonance one d
not even need an asymmetric distribution functionf . The
dashed lines in Fig. 2 show the calculated linewidths
D15D251.5 meV. The sum of FWHM’s for two polariton
branches at zero detuning is 2.14 meV, while at the detun

FIG. 1. Reflectivity spectra of the microcavity for different d
tunings between exciton and cavity modes. Dashed lines show
positions of bare exciton and cavity photon modes.

FIG. 2. Experimental~points! and calculated~lines! widths of
upper and lower exciton-polariton resonances~FWHM! as a func-
tion of the detuning between cavity and exciton resonances. S
lines were calculated withD15 2 meV, D251 meV; dashed lines
were calculated withD15D2 5 1.5 meV.
n-

es

r

g

of 7.5 meV this sum is 3.87 meV, i.e., much more. Ev
dently, the asymmetry of the behavior of the upper and low
modes can only be obtained in the case of the asymme
frequency distribution of excitons.

The origin of the narrowing of the modes obtained with
our model can be formulated as follows. If the vacuum-fie
Rabi splitting exceeds the original broadening of the exci
line, at the anticrossing condition the tails of the exciton
distribution which couple weakly with the light remain i
between two split modes and do not effect the reflection
the same terms one can explain the asymmetry between
upper and lower branches. In our case the lower branch
subject of mixing between the photon mode and the low
part of the excitonic distribution which is sharper than t
upper part. That is why the lower branch has a narrow
linewidth at the anticrossing condition.

Important information about the inhomogeneous distrib
tion of excitons can be obtained from the time-resolved sp
tra of microcavities. Oscillating time-resolved reflectio
spectra have been reported for microcavities with embed
QW’s.20,6 Theoretically, time-resolved reflection of the m
crocavity in the case of incidentd pulse is described by a
function

G~t!5E dv

2p
exp~2 ivt!r cav~v!, ~13!

where r cav is the amplitude reflection coefficient from th
structure. The experimentally detectable quantity is the in
grated intensity of light which is proportional touG(t)u2.
Previous works18,13 showed that the period of Rabi oscilla
tions ~the beats between two cavity-polariton branch!
strongly depends on the disorder. An effect of asymmetry
the frequency distribution of excitons is illustrated by Fig.
which shows the calculated time-resolved reflection spe
from the same structure as before at the anticrossing co
tion. Curve A was calculated withD15 2 meV,D251 meV,

FIG. 3. Calculated time-resolved reflection spectra of the mic
cavity illuminated by ad pulse of light at the anticrossing conditio
for D15 2 meV,D251 meV ~A! andD15D2 5 1.5 meV~B!.he

lid
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and curve B was calculated withD15D251.5 meV. Surpris-
ingly, the period of the beats is shorter in the case of
asymmetric excitonic distribution than in the case of a sy
metric excitonic distribution. Definitely we are still in th
regime where the period of oscillations increases with
increase of inhomogeneous broadening. Thus, in the cas
the asymmetric distribution the inhomogeneous broaden
appears to be stronger even though the sum ofD1 andD2 is
the same for both curves.

In conclusion, the main features of the microcavity refle
tion spectra earlier attributed to the motional narrowing
fect were described within a simple semiclassical model. T
narrowing of both cavity polariton modes at the anticross
and the asymmetry of the linewidth behavior at the anticro
ing for upper and lower modes are clearly seen from
present calculation. The model assumed wave-vector con
vation in the cavity plane, thus strictly speaking, it did n
take into account the motional narrowing of exciton pola
tons. On the other hand, the distribution of the exciton re
an
-

he
e of
ing

c-
f-
he
ng
ss-
he
ser-
t
i-
o-

nance frequency was assumed to be asymmetric, which
plies the same kind of arguments as the microscopic the
of motional narrowing. Lower lying exciton states are su
ject to the quantum confinement effect in the disorder pot
tial which increases their energy making the lower-frequen
wing of the distribution of excitons sharper than the upp
wing. This asymmetric distribution of excitons, however, h
been supposed to be independent of the detuning betw
exciton and cavity modes which excludes effects connec
with an effective change of the exciton mass due to its c
pling with cavity photons. These kind of effects probab
play an important role in Rayleigh scattering experimen
but not in the reflection.
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