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Exciton polaritons in semiconductor quantum microcavities in a high magnetic field
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Exciton-photon polariton coupled mode spectra in (In!GaAs-GaAs-~Al !GaAs semiconductor quantum-
microcavity structures are studied in magnetic fields up to 14 T. Very-well-resolved spectra are observed with
large vacuum Rabi splittings of 7.1 meV being found due to the enhanced exciton oscillator strength in a high
magnetic field. The spectra exhibit strong circular polarization with marked Zeeman splitting observed between
the s1 ands2 polarizations. Temperature tuning is employed to vary the exciton (uceu2) and cavity (ucl u2)
fractions of the polariton modes throughout the resonance regime.uceu2 anducl u2 are deduced as a function of
detuning, from fitting of the observed peak positions as a function of temperature to a two-level coupled-mode
model. The two-level model is found to explain the variation of Zeeman splitting with detuning very well, with
the on-resonance Zeeman splitting being one half of the unperturbed exciton splitting. Anomalous narrowing
of the lower polariton branch is found through the resonance regime. The observations are found to be in good
agreement with a motional narrowing model for the polariton linewidths. The Zeeman splittings are investi-
gated as a function of In composition in the quantum wells. Reasonable agreement with literature values for
bare quantum wells is found, with a sign reversal of the polarization for GaAs relative to InxGa12xAs quantum
wells being observed. Finally, coupling of the cavity mode to exciton excited states corresponding to higher
Landau levels is seen, with vacuum Rabi splittings in good agreement with the results of exciton oscillator
strength calculations.@S0163-1829~97!04124-6#
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I. INTRODUCTION

There is very significant interest at the present time in
study of exciton-photon, polariton phenomena in semic
ductor quantum microcavities~QMC’s!. One of the main
reasons for this interest is the ability, in such structures
control the properties of both excitons and photons, and
polariton coupling between them.1 The excitonic properties
are controlled by quantum wells~QW’s! embedded in the
cavity, while the photonic properties are determined by
Fabry-Pe´rot modes of the cavity. The coupling between t
excitons and photons is termed vacuum Rabi coupling,1 and
leads to the formation of so-called cavity polaritons.2

Magnetic fields have been shown recently to provide
valuable probe of the properties of the coupled polari
states in such microcavities.3–5 In our previous work, we
investigated the effect of the magnetic-field-induced incre
of exciton oscillator strength and Zeeman splitting on
vacuum Rabi coupling.4 These results show that the vacuu
Rabi splitting increases with magnetic field, as expec
from the predicted increase in exciton oscillator strength
to shrinkage of the exciton wave function. This is in contr
to our electric-field tuning experiments which show a d
crease in vacuum Rabi splitting on resonance as the ele
field across the QW~Refs. 6 and 7! is increased. Transfe
matrix reflectivity ~TMR! simulations and circular polariza
tion measurements were employed in Ref. 4 to show that
spin components of the exciton are fully decoupled, w
each exciton spin component interacting with the appro
ately circularly polarized component of the photon mode.
magnetic-field work by other authors, Tignonet al.3 report
550163-1829/97/55~24!/16395~9!/$10.00
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tuning of the cavity mode through several higher-ene
Landau levels and deduce the effects of increased exc
oscillator strength on the vacuum Rabi splitting from t
study of spectra near resonance. Bergeret al.5 report a study
of the magnetic-field-induced increase in vacuum Rabi sp
ting and time-resolved Rabi oscillation frequency and co
pare their results to magnetoabsorption spectra from b
quantum wells not confined in microcavities.

In the present paper, we report the results of circula
polarized reflectivity measurements at high magnetic fi
~14 T! where the tuning of the exciton through the cav
mode is achieved by variation of temperature from 20 to 1
K. The observed spectra are of high quality with the upp
and lower branches being very well resolved, with vacu
Rabi splitting of 7.1 meV and linewidths of;1 meV. The
results are fitted to a two-level coupling model between
exciton and cavity modes. The model is shown to acco
very well for the variations of the peak positions and t
Zeeman splittings of the upper and lower polariton branc
as a function of temperature. Resonance is shown to co
spond to equal integrated areas of the two coupled-m
peaks. The observation of enhanced narrowing of the po
iton linewidths in the resonance regime, first reported in R
8 and ascribed to the occurrence of enhanced statistica
eraging~‘‘motional narrowing’’! over the quantum-well dis-
order potential in the resonance regime, is discussed.
important role of the high magnetic fields in these obser
tions is described. We discuss the effect of the exciton Z
man splitting on the polariton spectra in detail for a structu
with In0.13Ga0.87As QW’s and compare this to that seen f
microcavities with QW’s of lower In composition of 6% an
16 395 © 1997 The American Physical Society
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16 396 55A. ARMITAGE et al.
0%. Finally, the coupling of the cavity mode to higherN
51 excitonic Landau level states is described.

The paper is organized as follows. Section II describes
structures studied and the experimental techniques
ployed. The temperature tuning reflectivity measurements
boths1 ands2 polarization are presented in Sec. III A. Th
coupled-mode behavior is analyzed and the exciton and
ity fractions of the polariton wave function deduced as
function of temperature and hence of exciton-cavity det
ing. This is followed in Sec. III B by analysis and fitting o
the Zeeman splitting of the upper and lower polarit
branches to a two-level coupled-mode model. In Sec. IV
polariton linewidth behavior as a function of exciton-cav
detuning is presented, and interpreted in terms of the
tional narrowing theory. In Sec. V the Zeeman splittings
analyzed further and results compared for samples con
ing quantum wells of different indium composition. Tunin
of higher Landau-level states through the cavity mode is
scribed in Sec. VI, and, finally, in Sec. VII the main concl
sions are summarized.

II. EXPERIMENT

The principal QMC structure described in this paper co
sists of al GaAs cavity, sandwiched between two distri
uted Bragg reflectors~DBR’s!. The DBR’s each consist o
20 periods ofl/4 layers of Al0.13Ga0.87As and AlAs. Three
InxGa12xAs (x50.13) QW’s are embedded centrally in th
GaAs cavity at the antinode of the cavity photon mode. Si
the QW is strained, only heavy-hole exciton transitions
observed. Results from this sample are also presente
Refs. 4 and 8. In addition to this sample magnetoreflectiv
spectra for samples of similar design but containing QW’s
compositionx50.06 and 0 are also presented. Thex50
GaAs QW is embedded in al Al0.2Ga0.8As cavity, sur-
rounded by Al0.46Ga0.54As/AlAs DBRs.6 All samples were
grown by metal-organic vapor-phase epitaxy.

The samples are mounted in a 16 T Oxford Instrume
superconducting magnet. The reflectivity spectra are
tained with illumination from an unpolarized white ligh
source. The reflected light was analyzed into its circula
polarized components before being dispersed by SP
single or double spectrometers and detected by a liq
nitrogen-cooled Ge photodiode.

III. REFLECTIVITY MEASUREMENTS
AT HIGH MAGNETIC FIELD

A. Temperature tuning experiments: Coupled-mode behavior

A series of reflectivity spectra atB514 T for the principal
QMC sample (x50.13) investigated is presented in Fig.
as a function of temperature from 20 to 115 K. Spectra
presented for boths1 ands2 circular polarization~the full
and dashed lines, respectively!. The spectra are found to b
strongly circularly polarized, with thes1 components lying
at higher energy, corresponding to positive excit
g-values. We showed in Ref. 4 that the strong polarization
the spectra demonstrates that the two exciton spin com
nents are fully decoupled, and that each interacts indep
dently with the appropriate circularly polarized cavity mod
Thes1 ands2 features arise from transitions involving th
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mJ511 andmJ521 spin angular momentum states of th
exciton to theJ50 final state, as discussed in Sec. V.

At 20 K a strong, predominantly cavity feature is o
served~labeled C! in both polarizations. The predominantl
exciton feature~labeled X! is ;10 meV at higher energy an
is of low intensity, as a result of the weak coupling to t
cavity mode. Tuning of the exciton feature through the ca
ity mode is achieved by raising the temperature, the ene
of the exciton state decreasing at a faster rate than that o
cavity mode, with no appreciable change in linewidth up
;120 K.6 As the temperature is increased the strength of
excitonlike feature increases until on resonance there are
coupled polariton branches, each with equal exciton and p
ton components. The upper and lower polariton branc
have equal integrated intensity at 70 K for thes2 polariza-
tion and at 82 K fors1, corresponding to resonance for th
two polarizations. It should be noted that the upper polari
branch has a broader linewidth than the lower branch,
discussed further in Sec. IV. As a result, equal integra
area does not correspond to equal depth of the two featu
on resonance the depth of the higher-energy feature is
than that of the lower-energy feature. As the temperatur
increased further beyond resonance, the predominantly e
ton feature moves further to lower energy and weakens
intensity as the mixing with the cavity mode decreases.

Characteristic anticrossing behavior between the two
lariton components is also observed, as shown in the plo

FIG. 1. Reflectivity spectra for quantum microcavity structu
with x50.13 at 14 T fors1 ~full lines! and s2 ~dashed lines!
circular polarizations as a function of temperature from 20 to 1
K. The mostly cavitylike features are labeledC and the mostly
excitonlike featuresX. Resonance as defined by equal intensity
the upper and lower polariton features occurs at 70 K fors2 and at
82 K for s1. The upper inset showss1 ands2 reflectivity spectra
for microcavity structure with top mirror etched off.



.
fo
re

he

i
o
e
ed

k-
t
tr

ed
n
th
ve
e
in
n
it
a

ity

n

on
ap-
es
two

er-
om
al-
m:

el
led

ian
-

ns
s
eak
full
ted

-
-

od
ced
.
e
ced
e
on
w
-

er
o-

l to
ous

om
ar
he

ra

55 16 397EXCITON POLARITONS IN SEMICONDUCTOR QUANTUM . . .
the energy positions of thes1 polariton features in Fig. 2
Similar anticrossings have been reported previously
exciton-cavity coupled modes in microcavities in measu
ments as a function of position by Weisbuchet al.,1 and in
temperature and electric-field tuning experiments by Fis
et al.6,7 The energy splitting on resonanceVHHx is the
vacuum Rabi splitting. Its value on resonance of 7. 1 meV
much greater than the linewidth of the individual comp
nents~0.8 and 1.5 meV, respectively,! and corresponds to th
strong-coupling limit1 between the two modes. As discuss
in Refs. 1 and 3–6,VHHx is approximately proportional to
the square root of the exciton oscillator strengthf . f is en-
hanced by a factor of;2 between 0 and 14 T due to shrin
age of the exciton wave function, leading to enhancemen
the vacuum Rabi splitting and the very-well-resolved spec
of Fig. 1.

We now fit the results of Figs. 1 and 2 to a coupl
two-level exciton-photon model. The fitting enables the u
coupled exciton and cavity mode energy variations and
exciton and cavity photon fractions of the polariton wa
functions to be deduced as a function of temperature. Th
results are then used in the analysis of the Zeeman splitt
and linewidth variations as a function of temperature, a
hence as a function of the detuning from the exciton-cav
resonance. A brief discussion of the two-level model w
presented in Ref. 8.

FIG. 2. Peak positions~filled circles! of the upper and lower
polariton features as a function of temperature fors1 polarization.
VHHx indicates the on-resonance vacuum Rabi splitting~57.1
meV!. The unperturbed exciton and cavity variations deduced fr
the two-level coupling model are shown by the full lines, and
labeledX andC, respectively. The inset shows the variation of t
exciton and cavity fractions~uceu2, full line; uccu2, dashed line! of
the lower branch polariton wave function as a function of tempe
ture deduced from the two-level model.
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Each polariton mixed mode wave functionup& can be
written as a linear combination of the exciton and cav
photon mode components~ue& and u l &, respectively!, and is
given by

up&5ceue&1cl u l &. ~1!

Away from resonance, only the cavity feature~corresponding
to ucl u2→ l , uceu2→0! gives rise to a significant feature i
reflectivity; the excitonic feature~uceu2→1, ucl u2→0! is un-
observable since it arises within the high reflectivity regi
of the distributed Bragg reflectors. As resonance is
proached, the mixing of the two wave functions increas
and the characteristic exchange of intensity between
coupled modes is observed withuceu25ucl u25

1
2

corresponding to equal intensities on resonance.
From knowledge of the on-resonance splittingVHHx ~see

Fig. 2! and the measured peak positions of Fig. 2 the unp
turbed exciton and cavity positions can be obtained fr
solution of the eigenvalue equation obtained from diagon
ization of the Hamiltonian for the two-level coupled syste

~H1V!up&5Eup&, ~2!

whereH is the unperturbed Hamiltonian andV5VHHx/2 is
the coupling potential. The Hamiltonian for the two-lev
coupled system can be written in the basis of the uncoup
eigenfunctions as

S D/2 VHHx/2

VHHx/2 2D/2 D ,
whereD is the energy separation~the detuning! between the
unperturbed components. Diagonalizing this Hamilton
gives the eigenvalues6 1

2(D
21VHHx

2 )1/2. The energy separa
tion between the perturbed components is thusd5(D2

1VHHx
2 )1/2. Using the measured perturbed peak positio

andVHHx the minimum~on-resonance! peak separation a
imput parameters, the unperturbed exciton and cavity p
positions were then calculated and are shown by the
lines on Fig. 2. The deduced curves show the expec
strong decrease of exciton~X! energy with temperature
~;18 meV from 0 to 130 K! and the relatively weaker de
crease in cavity (C) energy by;4 meV over the same tem
perature range.6 The crossing point~resonance! between the
two uncoupled modes is found to occur at 85 K in very go
agreement with the resonance temperature of 82 K dedu
above from the integrated intensities of the two branches

The same diagonalization procedure also enables thce
andcl eigenvector parameters for each branch to be dedu
as a function of temperature.9 The results are shown for th
exciton and cavity fractions of the lower branch polarit
wave function in the inset to Fig. 2. As expected, at lo
temperatureuceu2 is small anducl u2 is large since the polar
iton feature is mainly cavitylike. At high temperature,uceu2 is
large anducl u2 is small, again as expected since the low
branch is then mainly excitonlike. For the upper branch p
lariton, the variations ofuceu2 anducl u2 with temperature~not
shown! are reversed withuceu2 tending to 1 and 0 at low and
high temperature, respectively.

In this section we have used a simple two-level mode
analyze the coupled mode behavior. In some of our previ
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16 398 55A. ARMITAGE et al.
publications4,7 we have analyzed the anticrossing phenom
using transfer matrix simulations of the structures. We h
verified that identical results are obtained for the two a
proaches. However, the present approach has the adva
of enabling the exciton and cavity fractions of the polarit
to be deduced in a very straightforward way.

B. Zeeman splitting as a function of a temperature

The measured polariton Zeeman splittings between
s1 ands2 components for the upper branch~open squares!
and lower branch~filled squares! are shown in Fig. 3 as a
function of temperature. At 20 K, the upper branch whi
has a higher exciton component, has a Zeeman splittin
;1 meV, whereas the lower branch has a splitting of o
0.2 meV since it is mostly cavitylike. The fact that it has
small splitting arises from weak mixing with the excito
mode, since the cavity mode itself is unaffected by magn
field. Raising the temperature increases the exciton-pho
mixing as discussed in Sec. III A. The observed Zeem
splitting on the upper branch thus decreases as the ph
component increases. At the same time the Zeeman spli
on the lower branch increases as the exciton componen
creases. AtT575 K the Zeeman splittings for both the upp
and lower branch are equal, corresponding to nearly eq
exciton and photon components for the two branches.10 Rais-
ing the temperature beyond this value increases the exc
component of the lower branch and decreases that of
upper branch, until atT5130 K the two branches are onl
weakly perturbed. The lower branch, which is now mos

FIG. 3. Zeeman splitting between thes1 and s2 circularly
polarized components. Open squares, upper polariton branch;
squares, lower branch. The full lines are the fit to the two-le
model for equal Zeeman splittings at 75 K and an unpertur
exciton splitting of 1.4 meV.
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excitonlike (uceu250.8) has a Zeeman splitting of 1.4 meV
whereas the upper branch exhibits almost no splitting sinc
is mostly cavitylike.

The Zeeman splittings were also investigated in a con
sample where the top mirror had been etched off. In that c
the bare exciton Zeeman splitting is expected, unpertur
by interaction with the cavity mode. The results are shown
the inset to Fig. 1. A Zeeman splitting of 1.3 meV is foun
in good agreement with the value of 1.4 meV for the low
branch polariton at 130 K thus confirming the strong excit
contribution to the polariton wave function at this tempe
ture.

The results of Fig. 3 were fitted to the two-level couplin
model of Sec. III A, with the unperturbeds1 ands2 exci-
ton components shifted relative to one another by the un
turbed Zeeman splitting of 1.3 meV. The Hamiltonian of E
~2! was diagonalized separately for thes1 ands2 compo-
nents, and the energy separation of thes1 ands2 compo-
nents of the upper an lower branches thus obtained.
calculateds1-s2 splittings are shown by the full lines o
Fig. 3, and are seen to be in very reasonable agreement
experiment over the whole temperature range.

There is only a small change of Zeeman splitting w
temperature up to 40 K. Physically this arises since the ini
shift of exciton energy with temperature is small. Full detu
ing is only approached in the high-temperature reg
(T→130 K), and as a result it is in this region only that th
observed Zeeman splitting tends towards that of the con
sample with top mirror removed. Finally we note that at t
temperature~75 K! of equal Zeeman splittings~the average
of the on-resonance temperatures fors1 ands2 polariza-
tions of Sec. III A!,10 the observed splitting is 0.6 meV. Thi
is approximately one half of the unperturbed Zeeman sp
ting, as expected for coupled-mode states with near eq
exciton-photon character.11

IV. POLARITON LINEWIDTHS
AS A FUNCTION OF EXCITON FRACTION:
EVIDENCE FOR MOTIONAL NARROWING

In this section we describe the variation of the polarit
linewidths from 20 to 130 K as the exciton and cavity fra
tions of the polariton wave function are varied from th
nearly off-resonance case at 20 K through resonance at;75
K, to nearly off-resonance again at 130 K. The results of S
III A for the variation of the exciton fractionuceu2 of each
branch with temperature are then employed to display
linewidth results as a function ofuceu2. These results are
analyzed in terms of the ‘‘motional narrowing’’ theory fo
polariton linewidths in a microcavity. The full theoretica
details of this model are presented in Ref. 8. In this sect
we concentrate on a fuller description of the experimen
results, together with a discussion of the advantage gaine
performing such experiments in high magnetic field.

The upper and lower branch polariton linewidths~full
width at half maximum! as a function of temperature ar
presented in Fig. 4 for thes1 polarization~very similar re-
sults are obtained for thes2 polarization!. The lower branch
results are given by the filled squares and the upper branc
open squares. At low temperature, the predominantly exc
upper branch (X) has linewidth of;2.3 meV, whilst the
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55 16 399EXCITON POLARITONS IN SEMICONDUCTOR QUANTUM . . .
predominantly cavity lower branch has narrower linewidth
;1.1 meV. As temperature is increased and resonanc
approached,both linewidths are observed to decrease, t
upper branch strongly and the lower branch less rapidly,
still significantly. At resonance~85 K! the linewidths are 0.8
and 1.5 meV, respectively. As temperature is increased
ther the lower branch linewidth increases strongly as it
comes more excitonlike. The observed linewidth at 130 K
2.7 meV, close to the linewidth observed from the bare Q
in the structure with top mirror removed of 3.1 meV~Fig. 1
inset, solid line!.

A more general way to examine the linewidth results is
plot them as a function of exciton fractionuceu2 as in Ref. 8,
which expresses directly the amount of exciton-cavity m
ing in the polariton wave functions. Such a plot is shown
Fig. 5 for both polariton branches~lower branch, filled
squares; upper branch, open squares!. Low exciton fraction
corresponds to low~high! temperature for the lower~upper!
branch, whereas high exciton fraction corresponds to h
~low! temperature for the lower~upper! branch. For clarity
these temperature regimes are labeled on the figure.

The most notable result of Fig. 6 is the marked decre
of the lower polariton branch linewidth asuceu2 increases
towards resonance (uceu250.5). Such a variation cannot b
explained by transfer matrix simulations with the excit
treated as a Lorentz oscillator,8 nor by a convolution mode
of Gaussian~exciton! and Lorentzian~cavity! line shapes.12

By contrast a good fit to the lower branch linewidth var
tion is obtained from the motional narrowing model. T
theoretical treatment is described in detail in Ref. 8, so
only summarize the key points here. Motional narrowing i
general term which is used to describe the reduction in w

FIG. 4. Linewidths of polariton peaks as a function of tempe
ture fors1 polarization. Open squares, upper branch; filled squa
lower branch.
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of a spectral line in a disordered system by statistical av
aging processes.13 In the microcavity, the motional narrow
ing arises because of the strong difference of the in-pl
dispersion of curves of exciton-cavity polaritons compared
uncoupled, bare excitons.2,8,14 As discussed in Ref. 8, the
cavity polaritons in the resonance regime have strong
plane dispersion, with effective mass;1025m0 . By contrast
the uncoupled excitons have negligible dispersion and la
mass at both zero and finite magnetic field~atB50, the mass
for in-plane exciton motionMex5me1mh'0.2m0 where
me andmh are the electron and hole in-plane masses, an
finite magnetic fieldMex is infinite!. It is the very small
polariton effective mass which gives rise to the importan
of motional narrowing in quantum microcavities.

Exciton linewidths in QW’s are determined by the diso
der potential (Vdis) in the quantum well arising from wel
width and alloy fluctuations.15 Due to its large in-plane mas
the exciton is strongly localized in the disorder potential. T
effective potential seen by the exciton is an average of Vdis
over length scales of the order of the exciton Bohr radius
;100 Å. Exciton linewidths of order of the width of th
effective disorder potential are then expected. In the mic
cavity polariton case the effective mass is much smaller,
polariton wave function is much more extended, and stro
averaging over the disorder potential is expected. As a re
only a weak exciton disorder contribution to the coupl
mode linewidth on resonance is expected, and motional
rowing results.

-
s,

FIG. 5. Polariton linewidths as a function of exciton fractio
uceu2 for the upper branch~open squares! and the lower branch
~filled squares!. The fit to the motional narrowing model is given b
the full line. Low T and high T indicate the temperature regim
from which the linewidth data are derived in the low and hi
uceu2 limits.
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The full line in Fig. 5 is the result of the predictions of th
motional narrowing theory of Ref. 8. The disorder contrib
tion to the linewidth is calculated as a function ofuceu2 and
convolved with the cavity contributionucl u2G l , where G l
51 meV is the off-resonance cavity linewidth. As can
seen from Fig. 5, a very good fit to the linewidth variation
the lower branch versusuceu2 is obtained. In particular the
decreasing linewidth towards resonance, to a value be
that of either of the two off-resonance widths, is reproduc
very well. The agreement for the upper branch is, howev
less good, possibly due to additional coupling to high
energy exciton states.16,4

We now discuss some additional points which arise fr
Fig. 5. It is notable that the linewidths for both the upper a
lower branches agree very well in the limits of both low a
high uceu2. Since highuceu2 corresponds to high and low
temperature for the lower and upper branches, respectiv
this shows that temperature-dependent broadening of the
citon linewidth is negligible as expected17 ~at least up to 120
K!, a fundamental assumption of our temperature tun
technique. Similar comments apply to the lowuceu2 limit
which demonstrates negligible variation of the cavity lin

FIG. 6. Circularly polarized spectra at 14 T for microcaviti
with quantum wells of In compositionx50.13, 0.06, and 0. Full
curves,s1; dashed curves,s2. For thex50 GaAs QW structure
both heavy-hole and light-hole spectra are shown. In all cases
sample temperatures are varied to obtain near resonance sp
The temperatures are 70 K~x50.13!, 80 K ~x50.06!, and 80 K
~x50, HHx!, 112 K ~x50, LHx!. For x50.13, x50.06, andx50
LHx, thes1 polarization lies at higher energy thans2 correspond-
ing to positive excitong-values; forx50 HHx s2 lies at higher
energy thans1 since the excitong-value is negative.
-
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x-

g

-

width with temperature, again as expected.
The good agreement between the cavity linewidths

both high and low temperature, corresponding to the exc
at lower and higher energy than the cavity, respectively
particularly notable. Such a situation is not found atB50
where marked broadening of the cavity peak is obser
when the exciton peak is at lower energy than the cav
absorption from exciton continuum states leads to a red
tion of the finesse of the cavity and broadening of the cav
mode, as first commented on by Tignonet al.3 In high mag-
netic field the continuum states are quantized into disc
Landau levels, and such damping of the cavity mode
longer occurs; the cavity linewidths then agree well for t
cases where the exciton is both at higher and lower ene
than the cavity mode.

V. SPECTRA IN THE RESONANCE REGIME
AS A FUNCTION OF QUANTUM-WELL INDIUM

COMPOSITION

Near-resonance spectra at 14 T for three quantum mi
cavity samples containing quantum wells of compositi
In0.13Ga0.87As, In0.06Ga0.94As, and GaAs~x50.13, 0.06, and
0! are presented in Fig. 6 fors1 ands2 polarizations. As
discussed in Sec. III, exact resonance occurs at slightly
ferent temperature for the two polarizations~by 12 K for the
x50.13 sample!. The spectra shown in Fig. 6 are only e
actly on-resonance for one of the two polarizations. The te
perature for equal Zeeman splittings of the two branches
responds to the average of thes1 and s2 resonance
temperatures. In the following, we label these equal Zeem
splittingsDEz .

The DEz values corresponding to resonance with t
heavy-hole excitons of the quantum wells for the thr
samples are 0.6 meV (x50.13), 0.4 meV (x50.06), and
0.36 meV (x50), respectively, withs1 lying at higher en-
ergy thans2 for x50.13 and 0.06 ands2 lying at higher
energy forx50. Using the two-level coupling model of Se
III, and noting also that theDEz values correspond to hal
the bare exciton Zeeman splittings,11 we deduce exciton Zee
man splittings at 14 T of 1.2,18 0.8, and 0.7 meV for the three
samples.

Quantitative comparison with Zeeman splittings measu
by other workers is difficult since effective excitong values
have been shown to be a sensitive function of well width19

magnetic field,20 and alloy composition.20 This arises since
the spin splitting of the lowest heavy-hole state~spinmJ5
6 3

2! is strongly affected by interaction with the lowest ligh
hole level,19 since only themJ51 3

2 level interacts strongly
with the light-hole states. These interactions act to reduce
expected heavy-hole spin splitting at energies where
heavy-hole state approaches the light-hole energy. Thus
general, heavy-hole and hence excitong values (gex) are
expected to increase with increasing indium composition
to the increasing heavy-hole–light-hole splitting, as found
our experiments ~1.2 meV at x50.13, 0.8 meV at
x50.06!, and to decrease with increasing magnetic fie
since the heavy hole exhibits a larger diamagnetic shift t
the light-hole state. Indeed, at high fields a sign reversa
the excitong-value has been observed for samples of low
zerox having small heavy hole–light-hole splitting.19,20

he
tra.
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In light of the above we consider that the exciton Zeem
splitting we deduce of 1.2 meV at 14 T for thex50.13
sample is in reasonable agreement with the most clo
comparable result of 1.5 meV at 11 T for a quantum w
with x50.1 reported by Wimbaueret al.21 At x50.13, the
heavy-holeg value is expected to be large and positive (gh
'1), and the electrong value small and negative. Thes
signs of g values are employed in the schematic Zeem
splitting energy-level diagram shown in Fig. 7. The allow
DmJ561 (s1,s2) transitions then arise from the oute
two exciton spin components with the overall splitting of 1
meV at 14 T corresponding togh1ge5gex'1.4. As the
indium composition is reduced, the holeg value is expected
to become smaller with a consequent reduction in the exc
spin splitting, as found in the work of Traynor, Harley, an
Warburton20 and in our experiments.

At x50 for the GaAs QW sample we observe a si
reversal of the polarization of the heavy-hole exciton refl
tivity features, withs2 lying at higher energy thans1. This
is in agreement with the high-field results of Snellinget al.19

discussed above, who found negative excitong values for an
11 nm GaAs QW at fields greater than 3 T. Results are a
shown in Fig. 7 for thex50 sample at higher temperature
such that the light-hole exciton22 is on-resonance with the
cavity.s1 now lies at higher energy thans2 and shows an
approximately 3 times greater splitting than the heavy ho
consistent with findings of, for example, Potemskiet al.,23

who report larger and oppositely polarized light-hole sp
tings relative to those observed for the heavy-hole gro
state.

VI. TUNING OF HIGHER EXCITON STATES
THROUGH THE CAVITY MODE

In magnetic field the exciton continuum states are qu
tized into Landau-level-like states. These discrete excito
excited states can then interact with the cavity mode wit
characteristic vacuum Rabi splitting on resonance. Such p
nomena were first reported by Tignonet al. in Ref. 3. The
variation of the first heavy-hole excitonic excited state tra
sition energy, through the cavity mode energy, as a func
of temperature, is shown in Fig. 8. The excited state tra
tion, labeledN51, tends towards theN51 free-particle
Landau-level transition energy in high magnetic field. Cle
anticrossing behavior with the cavity mode is found, w

FIG. 7. Spin-splitting diagram showing origin ofs1 and s2

transitions forgh large and positive~x50.13, 0.06 samples! and
ge small and negative.mj

h , mj
el , andmj

ex represent the magneti
quantum numbersmj for the hole, electron, and exciton, respe
tively.
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very similar overall form to that observed for the groun
stateN50 transition in Fig. 2. These experimental resu
were obtained on a different piece of thex50.13 wafer from
that employed for Figs. 1–6. The sample of Fig. 8 has cav
mode energy28 meV at higher energy than the sample
Figs. 1–5, and shows resonance with theN51 transition in
an easily accessible temperature range.

On-resonance spectra for theN51 excited state andN
50 ground-state transitions for thex50.13 sample are pre
sented in Figs. 9~a! and 9~b!, respectively. The spectra o
Fig. 9~a! are taken at 4 T with the temperature adjusted to 2
K to bring theN51 peak and the cavity mode to resonanc
For comparison, on-resonance spectra at 4 T from the exci-
tonic ground state (N50) are also shown in Fig. 9~b! for the
sample of Figs. 1–5, in this case at a temperature of 98

The vacuum Rabi splittings for the two cases are 2.5 m
(N51) and 5.6 meV (N50). Transfer matrix simulations
were then performed to determine the relative oscilla
strengths (f ) of the transitions which control the size of th
relative vacuum Rabi splittings. The resulting oscillat
strengths were found to be in the ratio 1:3.3~N51 to
N50!.24 These ratios were then compared with the results
our quantum-well exciton calculations in magnetic fie
which employ a numerical solution of Schro¨dinger’s equa-
tion for a finite QW, with decoupled heavy- and light-ho
bands. These calculations predict an oscillator strength r
of 1:2.6 at 4 T in very reasonable agreement with the ra
deduced from the observed Rabi splittings.25

FIG. 8. Anticrossing tuning curves for theN51 excitonic
Landau-level transition at 4 T. Resonance is achieved at;95 K.
The transitions to lower energy arise from theN50 exciton ground
state. Data points are the average of thes2 ands1 feature posi-
tions.
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VII. CONCLUSIONS

The polariton spectra of high-quality quantum microca
ity structures have been investigated in high magnetic fie
Very-well-resolved spectra were observed as a result of
good sample quality and the enhancement of exciton osci
tor strength in high magnetic field. Temperature tuning w
employed at high magnetic field to vary the exciton and ca
ity fractions of the polariton spectra through the resonan
regime in a controlled way. The exciton and cavity fraction
of the polariton modes were then deduced by fitting the o
served peak positions and on-resonance splitting to a tw
level coupled-mode model.

The spectra were found to be strongly circularly pola
ized, with clear Zeeman splittings being observed. A ve
good fit to the variation of the observed Zeeman splittin

FIG. 9. Comparison of on-resonance magnetoreflectivity at 4
for ~a! the N51 exciton level transition and~b! the ground-state
excitonic transition (N50). The vacuum Rabi splitting in~a! is a
factor of 2.2 smaller than in~b! as a result of the 3.3 times smalle
oscillator strength of theN51 transition.s1 polarization, full
lines;s2 polarization, dashed lines.
i
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with detuning from resonance was found using the coup
mode model. Furthermore the on-resonance Zeeman split
was found to be one-half the off-resonance value, as
pected since on-resonance the polariton modes contain e
exciton and cavity fractions. The linewidths of the polarito
modes through the resonance regime were also investiga
The lower polariton branch showed highly anomalous beh
ior, with observed linewidth on resonance being less th
that of either the exciton or cavity modes off-resonance. T
behavior was explained by a motional narrowing theory
polariton linewidths in a microcavity. A very good fit to th
variation of the lower branch polariton linewidth as a fun
tion of detuning was obtained. The fit to the upper bran
was however found to be less good, probably due to coup
of this branch to higher-order exciton states, not included
the theoretical treatment. The advantages of performing s
tuning experiments in high magnetic field were emphasiz
In particular, the quantization of exciton continuum states
magnetic field was shown to lead to nearly equal cav
mode linewidths for the exciton mode occurring either
higher or lower energy than the cavity mode. This situati
contrasts strongly with that found at zero magnetic fie
where the cavity mode is found to be strongly broaden
when the exciton peak is to lower energy, due to absorpt
by exciton continuum states at the cavity mode energy.

The Zeeman splittings were also investigated as a fu
tion of indium composition (x) in the quantum wells. A de-
crease of Zeeman splitting was found with decreasingx, due
to the decrease of holeg value with decreasingx, in agree-
ment with previous results for exciton spin splittings in ba
quantum-well samples. For GaAs quantum wells in the m
crocavities, Zeeman splittings of opposite sign were o
served, again consistent with previous work on quant
wells. The good qualitative agreement between the exc
Zeeman splittings deduced from the microcavity spect
over a range ofx values, and those reported for bare QW
provides additional confirmation of the correctness of t
analysis of the microcavity polariton spectra in high ma
netic field. Finally, coupling of the first magnetoexciton e
cited state transition (N51) with the cavity mode was in-
vestigated. Significantly smaller vacuum Rabi splittings th
for theN50 ground state were observed, due to the sma
oscillator strength for theN51 transition. The ratio of the
observed vacuum Rabi splitting forN51 to that found for
N50 was found to be in good agreement with the results
quantum-well magnetoexciton calculations.

ACKNOWLEDGMENTS

We would like to thank R. T. Harley, N. J. Traynor, an
A. J. Shields for very helpful discussions of exciton sp
splittings in quantum wells.

T

l-

.

.

*Present address: Toshiba Cambridge Research Centre, Cambr
Science Park, Milton Road, Cambridge CB4 4WE, UK.

1C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa, Phys
Rev. Lett.69, 3314~1992!.

2R. Houdre, C. Weisbuch, R. P. Stanley, U. Oesterle, P. Pelland
and M. Ilegems, Phys. Rev. Lett.73, 2048~1994!.

3J. Tignon, P. Voison, C. Delalande, M. Voos, R. Houdre, U
Oesterle, and R. P. Stanley, Phys. Rev. Lett.74, 3967~1995!.
idge

.

ni,

.

4T. A. Fisher, A. M. Afshar, M. S. Skolnick, D. M. Whittaker, and
J. S. Roberts, Phys. Rev. B53, R10 469~1996!.

5J. D. Berger, O. Lyngnes, H. M. Gibbs, G. Khitrova, T. R. Ne
son, E. K. Lindmark, A. V. Kavokin, M. A. Kaliteevski, and V.
V. Zapasski, Phys. Rev. B54, 1975~1996!.

6T. A. Fisher, A. M. Afshar, D. M. Whittaker, M. S. Skolnick, J. S
Roberts, G. Hill, and M. A. Pate, Phys. Rev. B51, 2600~1995!.

7T. A. Fisher, A. M. Afshar, M. S. Skolnick, D. M. Whittaker, J. S



.

ge

we

co
ito
w
ito
re
re
he

4
d
th

hy

ei

d

r the

ton
his
at

.

. B

s.

nite
ed

e-

to
ton
the

ed
)
n-

d

of

55 16 403EXCITON POLARITONS IN SEMICONDUCTOR QUANTUM . . .
Roberts, G. Hill, and M. A. Pate, Solid-State Electron.40, 493
~1996!.

8D. M. Whittaker, P. Kinsler, T. A. Fisher, M. S. Skolnick, A
Armitage, A. M. Afshar, and J. S. Roberts, Phys. Rev. Lett.77,
4792 ~1996!.

9The algebraic expressions force andcl obtained from the diago-
nalization for one branch arece5A(d1D)/2d and cl
5A(d2D)/2d. Similar expressions can be found in B. Serma
et al., Phys. Rev. B53, 16 516~1996!.

10The temperature for equal Zeeman splittings of 75 K agrees
with the average resonance temperature for thes1 ands2 po-
larizations of 76 K~average of 82 and 70 K!. This good agree-
ment provides support for the identification of resonance as
responding to equal integrated areas of the two polar
branches as discussed in Sec. III A. In Ref. 4, resonance
taken to correspond to equal peak depth of the two polar
branches in unpolarized spectra, thus leading to a small ove
timate ~by ;5 K! of the resonance temperatures. This also
sults in unequal Zeeman splittings of the two polariton branc
at resonance, in disagreement with the two-level model.

11Further discussion of the point is given in Ref. 16 of Ref.
where degenerate perturbation theory arguments are use
show that the on-resonance Zeeman splitting is one half of
off-resonance value, to a very good approximation.

12P. Kinsler and D. M. Whittaker, Phys. Rev. B54, 4988~1996!.
13See, for example, A. Abragam,The Principles of Nuclear Mag-

netism~Clarendon, Oxford, 1961!, p. 446.
14S. Pau, G. Bjork, J. Jacobsen, H. Cao, and Y. Yamomoto, P

Rev. B51, 7090~1995!.
15J. Singh and K. K. Bajaj, Appl. Phys. Lett.48, 1077~1986!.
16R. Houdre, R. P. Stanley, U. Oesterle, M. Ilegems, and C. W

buch, Phys. Rev. B49, 16 761~1994!.
17D. S. Chemla, D. A. B. Miller, P. W. Smith, A. C. Gossard, an
ll

r-
n
as
n
s-
-
s

,
to
e

s.

s-

W. Wiegmann, IEEE J. Quantum Electron.20, 265 ~1984!.
18In our previous publication on magnetic field studies of thex

50.13 sample, resonance was taken as equal peak depth fo
upper and lower polariton peaks~see Ref. 10!. As a result this
corresponded to a larger Zeeman splitting for the lower polari
peak, with the splitting being unresolved on the upper peak. T
accounts for the larger exciton Zeeman splitting of 1.7 meV
14 T in Ref. 4 than the 1.1 meV reported here.

19M. J. Snelling, G. P. Flinn, A. S. Plaut, R. T. Harley, A. C
Tropper, R. Eccleston, and C. C. Phillips, Phys. Rev. B44,
11 345~1991!.

20N. J. Traynor, R. T. Harley, and R. J. Warburton, Phys. Rev
51, 7361~1995!.

21Th. Wimbauer, K. Oettinger, A. L. Efros, and B. K. Meyer, Phy
Rev. B50, 8889~1994!.

22Light-hole resonances are not observed for the samples with fi
indium composition, since the light-hole levels are shift
strongly to higher energy by the strain in the samples.

23M. Potemski, J. C. Maan, A. Fasolino, K. Ploog, and G. W
imann, Phys. Rev. Lett.63, 2409~1989!.

24The vacuum Rabi splittings are only accurately proportional
the square root of exciton oscillator strength when the polari
linewidths are significantly less than the splittings between
branches. This limit is not reached for theN51 Landau-level
crossing. As a result the oscillator strength ratio of 3.3 obtain
from the TMR fit is reduced below the value of (5.6/2.52

55.0 that would be obtained from the square of the o
resonance splittings, see, e.g., Y. Zhuet al.. Phys. Rev. Lett.64,
2499 ~1990!. Physically, theN51 oscillator strength is signifi-
cantly smaller than that forN50 due to the more extende
nature of theN51 wave function.

25The input parameters for the calculation are given in Ref. 13
Ref. 4.


