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The linewidths of exciton features in spectra from semiconductor quantum wells normally correspond
directly to the width of the probability distribution of the disorder potential causing the broadening. This
is because the mass of the exciton is large, so its motion in the potential is essentially classical. We
show that in a microcavity, where polariton mixing leads to much smaller masses, quantum mechanical
effects are expected to cause significant spatial averaging over the disorder potential and hence motional
narrowing of the spectral lines. Our prediction is verified by experimental measurements of linewidths
near resonance in a high quality microcavity structure. [S0031-9007(96)01794-2]

PACS numbers: 71.36.+c, 71.35.Cc, 72.15.Rn

The term “motional narrowing” is applied to many situ- {(e(R)|Vq4isle(R)), where|e(R)) represents an exciton with
ations in which the width of a spectral line in a disorderedthe center of mass coordinafe.  This decoupling in
system is reduced by some averaging process. An impoitself causes some spectral narrowing, since the effective
tant example arises from transitions involving a quantunpotential is an average &f;; over length scales typically
particle moving in a disorder potential. A classical par-of the order of the exciton Bohr radiusz ~ 100 A [5].
ticle can be fully localized, giving a transition line shape There are two important length scales for a particle
which simply reflects the probability distribution of the moving in a disordered potential: One As, the corre-
potential. By contrast, the states of a quantum particlgation length of the potential, the other Igm, the scale
must have a finite extent, with the consequence that spassociated with the quantum mechanical state of the par-
tial averaging over the disorder potential causes a redugicle. A. depends on the properties of the microscopic
tion in the linewidth [1]. Analogous processes occur indisorder in a particular sample, but, because of the averag-
many areas of physics, particularly NMR and ESR [2],ing in the potential definition, it has a lower bound of the
and molecular transitions in high pressure gases [3]. same order asp, a bound which is typically reached. We

In this Letter we present the first experimental demonestimateA,,, by noting that the optically active exciton
stration of motional narrowing due to the center of massstates have energies of ordEr the observed linewidth.
motion of excitons in a semiconductor. Though narrow-The corresponding length scale is thep, ~ #/v/2M,T.
ing has been predicted theoretically [4], the large excitonf we take reasonable values for GaAsMi = 0.25my,
mass,M, ~ mo, in a typical semiconductor means thatI" = 5 meV, we findAq, ~ 50 A. Hence, for a normal
the magnitude is small. However, in microcavity struc-quantum well excitondym is of the same order ak., and
tures such as the one we describe, polariton effects auantum mechanical effects are not very important. There
important and the exciton-polariton has a much smalleis little motional narrowing, and the exciton line has ap-
effective massM, ~ 10™>my. As a result, the polari- proximately the same width as the probability distribution
ton is much less localized by the disorder, and significanbf the effective potential [4].
motional narrowing occurs. Most importantly, by tuning  Having established that there is little motional narrow-
through the cavity resonance, we are able to vary the massg in normal quantum wells, we now discuss the behavior
and see corresponding changes in linewidth. of polaritons in semiconductor microcavities. Our mi-

Before discussing polaritons in a microcavity, we crocavity is a Fabry-Pérot structure consisting of a GaAs
describe the treatment of the effects of disorder orcavity contained between two GaA&iGaAs Bragg
a normal quantum well exciton. There are numerouseflecting mirrors. The cavity supports confined elec-
microscopic mechanisms which can cause disorder in @omagnetic modes at energies for which its width is an
quantum well—interface roughness, alloy fluctuations,integer multiple of half the wavelength. In our structure,
etc. Whatever the mechanism, the disorder introduces the width of the cavity is chosen such that the second
potential, V45, which depends on the electron and holeorder confined mode is resonant with the excitonic
coordinates. Provided the disorder is weak compared tgransition in three InGaAs quantum wells located near
the exciton binding energy, an adiabatic approximatiorits center. More details of the structure and the growth
can be used to decouple the exciton internal and centg@rocedure are given in Ref. [6].
of mass coordinates. The center of mass then moves like Polaritons are the mixed eigenmodes which are formed
a particle of mass/, in an effective potentiaV,(R) =  when the exciton and cavity states couple together close
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to resonance. Each polariton modig), is a linear com- at zero magnetic field and fixed temperature by using an
bination of an excitorje) and a cavity photofl): | p) =  electric field to tune the exciton through resonance.
cele) + ¢;|I). Exactly on the resonance, both polaritons The cavity only confines the photon in the direction
consist of equal mixtures of the exciton and photon stategerpendicular to the mirrors. There is no confinement in
soc, = *¢; = 1/+/2. The symmetric and antisymmet- the parallel plane, so the cavity photon is free to move in-
ric modes are then split by a finite energy, known as thelane. The perpendicular component of the photon wave
vacuum Rabi splitting [7]. When the system is detunedvector is fixed by the mirrors to b&w /L, whereL is the
from resonance, the mixture is not equal, with one modeavity width. Hence the energy of a photon with in-plane
predominantly exciton in charactef.(— 1, ¢; — 0), the  wave vectork is
other predominantly photore{ — 0, ¢; — 1). >

This behavior of the polariton modes is demonstratedEl(k) _ he <2_7T> 2~ fic 2w 1 ke L ,
experimentally in Fig. 1 which shows normal incidence n L n L 2 n 2w
reflectivity spectra from our microcavity structure at a . . o ]
magnetic field of 14 T. Onlyo* circularly polarized With n the (average) cavity refractive index. Since,
spectra are shown in the figure; the™ results are for small k, the m—p_laneT dlspersmn take; this parabolic
similar, but the energies are shifted by the spin splitform, we can describe it using an effective maks, =
ting of the exciton [6]. The band gap of the well ma- ”h/(LC_) - 10_5”’?0- _ _
terial decreases with increasing temperature, so raising, 1n€ in-plane dispersion of the polariton depends on the
the temperature moves the exciton down through resdg'SPerS'P” of the photon and the extent of its mixing with
nance with the photon. The resonance occurs at 85 khe exciton. Po]arlton d!sperS|ons have been studied in
where the two features have equal strength and are seéeta" by Houdréet al.using angle dependent measure-
arated by a vacuum Rabi splitting of 7.3 meV. Thements [8]..The|r'results agree well W'lthas!mple two-state
strength of each of the reflectivity features is determinedréatment in which the form of the dispersion depends on
by the photon fraction of the corresponding polariton,the strength of the coupling and the extent of the detun-
lel?, so the exciton-like polariton mode is only strong IN9- Such a treatment is algo applicable to experiments
close to resonance, where it mixes significantly with thet high magnetic fields [9], since the large cyclotron en-
photon. ergy means that each Lgndau level can bfe considered to

It should be noted that the motional narrowing weinteract mdependgntly Wlth the pho';on. Figure 2 shows
observe does not intrinsically require a magnetic field—Such theoretical dispersions (solid lines) for the two po-
the main purpose of the field in our experiment is tolariton branches when resonance occurs at 0. For
shift the exciton energy so that it comes on resonancaufficiently smallk, the dispersions are parabolic, with an

at a suitable temperature. We observe similar narrowin§ffective massv,, = (_|Ce|2/Me + |_Cl|2/Ml)_1' as indi-
cated by the dotted lines in the figure. The dependence
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FIG. 1. Microcavity reflectivity spectra of* polarization)

at a magnetic field of 14 T for a range of temperaturesFIG. 2. Theoretical polariton dispersion (solid lines) for an
demonstrating the anticrossing which occurs as the exciton isn-resonance microcavity. The dashed lines indicate the un-
tuned through the cavity peak. The inset shows the bare excitoooupled exciton (lower) and cavity photon (upper) dispersions.
with the top mirror of the cavity removed, at a temperature ofThe dotted lines show the parabolic approximation, valid for
22 K. small wave vectors.
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of M, on the coefficients,, ¢; means that the polari- a Hamiltonian with identical properties, regardless of
ton effective mass varies as the system is tuned througihe values ofc., ¢;. The scaled spectra will therefore
the resonance. Sindd, is very small compared td/,  always have the same width,, giving a real linewidth

[10], we can negledi, |>/M, and takeM, =~ M,/|c/|> ~  of Eol', = lc.|*/lc/|*T.. The singular behavior of this
10 5mp. It is this small value of¥, which makes mo- function as|c;|> — 0 is clearly unphysical—it arises
tional narrowing important in microcavity structures. where the white Gaussian noise approximation is no

The effect of disorder on the polariton is more com-longer applicable because the polariton mass becomes
plicated than for the exciton, since scattering can occularge. The linewidth must, in reality, tend to the bare
both between the two polariton branches and to regionsxciton width, but, in the limit|c;|> — 0, the exciton-
of k space where th& dependence of the coefficients like mode becomes unobservable, so this width is never
ce, ¢; and the nonparabolicity become important. How-measured. We have, however, obtained the linewidth of
ever, if the energy scale of the disorder potential is sufthe bare exciton by etching off the top mirror of one of
ficiently small, each branch can be treated independenthgur samples (inset to Fig. 1). The value of 3.1 meV is,
and only smallk behavior needs to be considered. Thisas the theory predicts, considerably larger than any of the
requires that the linewidths must be small compared withmeasurements with the mirror in place.
the splitting between the modes, a condition which is In order to compare the theoretical expression with
well fulfilled in our structure, where the Rabi splitting experiment, it is necessary to account for the contribution
is 7.3 meV and the linewidths are1 meV. In this to the linewidths of the broadening caused by the finite
approximation, the polariton center of mass acts like dinesse of the microcavity. The cavity photon can escape
simple particle with mas3/, moving in a disorder po- through the mirrors, so it has a finite lifetime, with an
tential V,(R) = (p(R)|Vais| p(R)) = lc.|*V.(R). This associated homogeneous broadenlhg The polariton
has the same spatial dependenceVaR), but the am- spends only a fractiofic;|?> of its time as a photon, so it
plitude is reduced by a factde.|?, since only the exci- is less likely to escape, and the lifetime contribution to its
ton component of the polariton feels the disorder. Takingvidth is reduced tdc;|’T’;. To obtain the total linewidth,
M, = M;/|c;|?, as described above, the center of masshe lifetime and disorder contributions are combined by
Hamiltonian for the polariton is convolving the line shapes for the two processes [11].

h2y2 Figure 3 shows the experimental linewidths (FWHM)
Heir = —|c|? + le*V.(R). of the spectra in Fig. 1 plotted as a function|of|?, the
M, exciton fraction in the polariton, along with our theoretical

In the polariton case, the comparison of Iengthﬁt' The \_/alues offc.|* as a .function of temp.er_ature

were obtained from the experimental data by fitting the

scales leads to a different conclusion than for the ex- X ;
citon: A, is unchanged at-100 A, but, on resonance, separation of the polariton modes to the two-state model

Xam = fileil/2MT ~ 10* A, using our linewidth of discussed above. Plotted in this way, our theory predicts
Fqn; 1 meV. This comparis,on shows that the classicalth@t the experimental points for both polariton branches
approximation, which is good for the exciton, is totally ShOUId fall on a single curve. Thg figure al_so 'shows,.as
inappropriate for the polariton. Since the disordertriangles, the wu_:lths_ measured using electric field tuning
correlation length is much smaller thar,, it is more at zero magnetic field and a constant temperature of

realistic to approximate the potential by white GaussiarP K. The close corre;pondence between the electric field
noise [1]. This has zero correlation length scale and i€nd temperature tuning results allows us to rule out the
characterized solely by a correlation function of the formPOSSibility of the linewidth variations being due to any
(V.(R)V.(Ry)) = «8(R, — R»). Though it is not pos- thermal broadening mechanism [12] or magnetic field
sible to obtain analytical results for the broadening, theeﬁeﬁts' anifi ¢ fth . | d
lack of a length scale in the white noise potential means T.e most hSIggl icant egtuLe (I)' t e_de;](perlmenta ata
that we can obtain a simple expression for the variation)! Flzg._3 IS t eh'eﬁrease |nft € hmelw' t Eear rr]es?;?agce
of the linewidth asc., ¢; change on passing through the lce|* = 0.5), which occurs for the lower branch (fille

resonance. If we choose a length scgie= |c;12/|c. |2, symbol's). This bghavior cannot bg explained by simply
an energy scaléfy = |c.|*/lci2, and define variables averaging the exciton and photon linewidths, as would be

R' = R/Ry, E' = E/E,, the Hamiltonian transforms to valid if both Were.homogene_ously broadened_ [13]. Italso
cannot be explained by using a model which does not

H — h*v? N lei|? v ledl? R include motional narrowing but which takes into account
eff 2M; le)? N\ lc.|? the convolution effects discussed above (dashed line). By

V2 contrast, the motional narrowing model (solid line) gives

== + V,(R'). a very good fit [14] to the data, particularly for the lower

M, branch. The comparison for the upper polariton branch
The important property of this transformation is that the(open symbols) is less satisfactory, with the experimental
correlation function forV.(R’) is just the same as for points lying above the predicted values. The difference
the original V.(R). Hence the transformation produces between the widths of the two branches is not presently
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r transitions in semiconductors. It is made possible by the
25k control provided by a microcavity of the mixing between
3 photon and exciton states, and hence the dispersion of the
225 polariton.
[ -
E 2|
~175F *Present address: Toshiba Cambridge Research Centre,
% 260 Science Park, Milton Road, Cambridge CB44WE,
= 15F United Kingdom.
3 : [1] B.I. Halperin, Phys. Revli39 A104 (1965).
g 1.25 | [2] See, for example, A. Abragarthe Principles of Nuclear
"j Magnetism(Clarendon, Oxford, 1961), p. 446.
INg [3] R. OQuillon, Chem. Phys. Lett35 63 (1975); P.W.
Anderson, Phys. Rew6, 647 (1949).
0.75 ¢ [4] R.F. Schnabel, R. Zimmermann, D. Bimberg, H. Nickel,
05k ‘ | . 1 R. Losch, and W. Schlapp, Phys. Rev4B 9873 (1992);
~“0 02 04 06 08 1 R. Zimmermann and E. Runge, J. Lumi60-1, 320

- . 2
Exciton Fraction, Icel
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lc.|?>. The filled symbols are the experimental points for the
lower branch and the open symbols are those for the upper
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our motional narrowing model, while the dashed line shows the
“fit” obtained without motional narrowing.
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