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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)@aAs-GaAstAl)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 o and o~ polarizations. Temperature tuning is employed to vary the excitog?j and cavity (c,|?)
fractions of the polariton modes throughout the resonance redinjé.and|c,|? 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 relativeGe, In,As 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 calculation§S0163-1827)04124-4

[. INTRODUCTION tuning of the cavity mode through several higher-energy
Landau levels and deduce the effects of increased exciton
There is very significant interest at the present time in theoscillator strength on the vacuum Rabi splitting from the
study of exciton-photon, polariton phenomena in semiconstudy of spectra near resonance. Bewgeal® report a study
ductor quantum microcavitieQQMC'’s). One of the main of the magnetic-field-induced increase in vacuum Rabi split-
reasons for this interest is the ability, in such structures, tdaing and time-resolved Rabi oscillation frequency and com-
control the properties of both excitons and photons, and thpare their results to magnetoabsorption spectra from bare
polariton coupling between thehiThe excitonic properties quantum wells not confined in microcavities.
are controlled by quantum well®QW's) embedded in the In the present paper, we report the results of circularly
cavity, while the photonic properties are determined by thepolarized reflectivity measurements at high magnetic field
Fabry-Peot modes of the cavity. The coupling between the(14 T) where the tuning of the exciton through the cavity
excitons and photons is termed vacuum Rabi cougliagd ~ mode is achieved by variation of temperature from 20 to 115
leads to the formation of so-called cavity polaritdns. K. The observed spectra are of high quality with the upper
Magnetic fields have been shown recently to provide aand lower branches being very well resolved, with vacuum
valuable probe of the properties of the coupled polaritorRabi splitting of 7.1 meV and linewidths of1 meV. The
states in such microcaviti€s® In our previous work, we results are fitted to a two-level coupling model between the
investigated the effect of the magnetic-field-induced increasexciton and cavity modes. The model is shown to account
of exciton oscillator strength and Zeeman splitting on thevery well for the variations of the peak positions and the
vacuum Rabi couplin§.These results show that the vacuum Zeeman splittings of the upper and lower polariton branches
Rabi splitting increases with magnetic field, as expecteds a function of temperature. Resonance is shown to corre-
from the predicted increase in exciton oscillator strength duspond to equal integrated areas of the two coupled-mode
to shrinkage of the exciton wave function. This is in contrastpeaks. The observation of enhanced narrowing of the polar-
to our electric-field tuning experiments which show a de-iton linewidths in the resonance regime, first reported in Ref.
crease in vacuum Rabi splitting on resonance as the electrl® and ascribed to the occurrence of enhanced statistical av-
field across the QWRefs. 6 and Yis increased. Transfer eraging(“maotional narrowing”) over the quantum-well dis-
matrix reflectivity (TMR) simulations and circular polariza- order potential in the resonance regime, is discussed. The
tion measurements were employed in Ref. 4 to show that thinportant role of the high magnetic fields in these observa-
spin components of the exciton are fully decoupled, withtions is described. We discuss the effect of the exciton Zee-
each exciton spin component interacting with the appropriiman splitting on the polariton spectra in detail for a structure
ately circularly polarized component of the photon mode. Inwith Ing 14G& g/AS QW’'s and compare this to that seen for
magnetic-field work by other authors, Tignem al3 report  microcavities with QW’s of lower In composition of 6% and
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0%. Finally, the coupling of the cavity mode to highir
=1 excitonic Landau level states is described.

The paper is organized as follows. Section Il describes the
structures studied and the experimental techniques em-
ployed. The temperature tuning reflectivity measurements for
botho* ando~ polarization are presented in Sec. lll A. The
coupled-mode behavior is analyzed and the exciton and cav-
ity fractions of the polariton wave function deduced as a
function of temperature and hence of exciton-cavity detun-
ing. This is followed in Sec. Il B by analysis and fitting of
the Zeeman splitting of the upper and lower polariton
branches to a two-level coupled-mode model. In Sec. IV the
polariton linewidth behavior as a function of exciton-cavity
detuning is presented, and interpreted in terms of the mo-
tional narrowing theory. In Sec. V the Zeeman splittings are
analyzed further and results compared for samples contain-
ing quantum wells of different indium composition. Tuning
of higher Landau-level states through the cavity mode is de-
scribed in Sec. VI, and, finally, in Sec. VII the main conclu-
sions are summarized.

B=14T

115K

105K

Reflectivity (arb.units)

Il. EXPERIMENT

1 I I ! I I
1400 1404 1.408 1412 1.416 1420 1.424

The principal QMC structure described in this paper con-

sists of a\ GaAs cavity, sandwiched between two distrib- Energy (eV)
uted Bragg reflector§DBR’s). The DBR'’s each consist of
20 periods of\/4 layers of A} 14Ga, gAs and AlAs. Three FIG. 1. Reflectivity spectra for quantum microcavity structure

InGa,_As (x=0.13) QW's are embedded centrally in the with x=0.13 at 14 T fore* (full lines) and o~ (dashed lines
GaAs cavity at the antinode of the cavity photon mode. Sinc&ircular polarizations as a function of temperature from 20 to 115
the QW is strained, only heavy-hole exciton transitions ard: The mostly cavitylike features are labelé and the mostly
observed. Results ’from this sample are also presented citonlike featureX. Resonance as defined by equal intensity for
) o . - ..the upper and lower polariton features occurs at 70 Koforand at
Refs. 4 and 8. In addlthn .to this §ample magn'e'goreflectIVItg K?(?r o*. The uppper inset shows™ ando ™ reflectivity spectra
igﬁ%;i:;’gﬁiTglgz O;:(Ijmga;ieiig bg:ecsoe%tggm'?'*%v(\)/ S 0for microcavity structure with top mirror etched off.

GaAs QW is embedded in a AIO-ZGGQWAS cavity, sur- 3. — 11 andm,=—1 spin angular momentum states of the
rounded by A} 4d5a sAS/AIAS DBRs.” All samples were gy citon to thed=0 final state, as discussed in Sec. V.
grown by metal-organic vapor-phase epitaxy. At 20 K a strong, predominantly cavity feature is ob-
The samples are mounted in a 16 T Oxford Instrumentgeryeq(jabeled G in both polarizations. The predominantly
superconducting magnet. The reflectivity spectra are obgyiton featurdlabeled X is ~10 meV at higher energy and
tained with illumination from an unpolarized white light 5 of |ow intensity, as a result of the weak coupling to the
source. The reflected light was analyzed into its circularlyq, i, mode. Tuning of the exciton feature through the cav-
polarized components before being dispersed by SPEX, mode is achieved by raising the temperature, the energy
single or double spectrometers and detected by a liquidst the exciton state decreasing at a faster rate than that of the

nitrogen-cooled Ge photodiode. cavity mode, with no appreciable change in linewidth up to
~120 K® As the temperature is increased the strength of the
Ill. REFLECTIVITY MEASUREMENTS excitonlike feature increases until on resonance there are two
AT HIGH MAGNETIC FIELD coupled polariton branches, each with equal exciton and pho-

ton components. The upper and lower polariton branches
have equal integrated intensity at 70 K for #i€ polariza-

A series of reflectivity spectra &= 14 T for the principal tion and at 82 K foro*, corresponding to resonance for the
QMC sample x=0.13) investigated is presented in Fig. 1, two polarizations. It should be noted that the upper polariton
as a function of temperature from 20 to 115 K. Spectra ardranch has a broader linewidth than the lower branch, as
presented for botlr " and o~ circular polarizationthe full  discussed further in Sec. IV. As a result, equal integrated
and dashed lines, respectivelirhe spectra are found to be area does not correspond to equal depth of the two features;
strongly circularly polarized, with the™ components lying on resonance the depth of the higher-energy feature is less
at higher energy, corresponding to positive excitonthan that of the lower-energy feature. As the temperature is
g-values. We showed in Ref. 4 that the strong polarization ofncreased further beyond resonance, the predominantly exci-
the spectra demonstrates that the two exciton spin compden feature moves further to lower energy and weakens in
nents are fully decoupled, and that each interacts indepertintensity as the mixing with the cavity mode decreases.
dently with the appropriate circularly polarized cavity mode. Characteristic anticrossing behavior between the two po-
Theo™ ando~ features arise from transitions involving the lariton components is also observed, as shown in the plot of

A. Temperature tuning experiments: Coupled-mode behavior
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Each polariton mixed mode wave functigp) can be
written as a linear combination of the exciton and cavity
photon mode componentie) and|l), respectively, and is
given by

1.424 |-

1420 -

[p)=cele)+cill). 1)

Away from resonance, only the cavity featoerresponding

to |cj|2—1, |ce2>—0) gives rise to a significant feature in
reflectivity; the excitonic featur@ces/>—1, |¢/|>—0) is un-
observable since it arises within the high reflectivity region
of the distributed Bragg reflectors. As resonance is ap-
proached, the mixing of the two wave functions increases
and the characteristic exchange of intensity between two
coupled modes is observed with|cs?=|c/|?=3
corresponding to equal intensities on resonance.

From knowledge of the on-resonance splittidg,, (see
Fig. 2 and the measured peak positions of Fig. 2 the unper-
turbed exciton and cavity positions can be obtained from
solution of the eigenvalue equation obtained from diagonal-
ization of the Hamiltonian for the two-level coupled system:

1.400 | I S A S NN I N I S T E— (H+V)|p>:E|p>’ (2)
o 20 40 6 8 100 120 140

1.416

1.412

Energy (eV)

1.408

T

1.404

whereH is the unperturbed Hamiltonian ant= Q. /2 is

the coupling potential. The Hamiltonian for the two-level
coupled system can be written in the basis of the uncoupled
eigenfunctions as

Temperature (K)

FIG. 2. Peak positiongfilled circles of the upper and lower
polariton features as a function of temperatureddr polarization.
Quuy indicates the on-resonance vacuum Rabi splitt{sgr.1 AJ2 Q2
meV). The unperturbed exciton and cavity variations deduced from ( X ) ,
the two-level coupling model are shown by the full lines, and are

labeledX andC, respectively. The inset shows the variation of the . . .
exciton and cavity fractiongc.|?, full line; |c|?, dashed ling of whereA is the energy separatidthe detuning between the

the lower branch polariton wave function as a function of tempera/NPerturbed componelntsé Dlzigonl?zllzmg this Hamiltonian
ture deduced from the two-level model. gives the eigenvalues 3(A°+ Q) ™. The energy separa-

tion between the perturbed components is this(A?

the energy positions of the™ polariton features in Fig. 2. +Qfu,)"% Using the measured perturbed peak positions
Similar anticrossings have been reported previously folnd Q. the minimum(on-resonangepeak separation as
exciton-cavity coupled modes in microcavities in measureimput parameters, the unperturbed exciton and cavity peak
ments as a function of position by Weisbuehal,! and in  positions were then calculated and are shown by the full
temperature and electric-field tuning experiments by Fishelines on Fig. 2. The deduced curves show the expected
et al®” The energy splitting on resonand®,, is the strong decrease of excito(X) energy with temperature
vacuum Rabi splitting. Its value on resonance of 7. 1 meV ig~18 meV from 0 to 130 Kand the relatively weaker de-
much greater than the linewidth of the individual compo-crease in cavity ) energy by~4 meV over the same tem-
nents(0.8 and 1.5 meV, respectivehyand corresponds to the perature rang&.The crossing poinfresonancebetween the
strong-coupling limit between the two modes. As discussedtwo uncoupled modes is found to occur at 85 K in very good
in Refs. 1 and 3—-6§),, is approximately proportional to agreement with the resonance temperature of 82 K deduced
the square root of the exciton oscillator strengthf is en-  above from the integrated intensities of the two branches.
hanced by a factor of-2 between 0 and 14 T due to shrink-  The same diagonalization procedure also enablesthe
age of the exciton wave function, leading to enhancement ofndc; eigenvector parameters for each branch to be deduced
the vacuum Rabi splitting and the very-well-resolved spectras a function of temperatufeThe results are shown for the
of Fig. 1. exciton and cavity fractions of the lower branch polariton
We now fit the results of Figs. 1 and 2 to a coupledwave function in the inset to Fig. 2. As expected, at low
two-level exciton-photon model. The fitting enables the un-temperaturdce|? is small and|c|? is large since the polar-
coupled exciton and cavity mode energy variations and théon feature is mainly cavitylike. At high temperatufe,|? is
exciton and cavity photon fractions of the polariton wavelarge and|c,|? is small, again as expected since the lower
functions to be deduced as a function of temperature. Thedsranch is then mainly excitonlike. For the upper branch po-
results are then used in the analysis of the Zeeman splittindariton, the variations ofice|? and|c;|? with temperaturénot
and linewidth variations as a function of temperature, andshown are reversed withc,|? tending to 1 and 0 at low and
hence as a function of the detuning from the exciton-cavityhigh temperature, respectively.
resonance. A brief discussion of the two-level model was In this section we have used a simple two-level model to
presented in Ref. 8. analyze the coupled mode behavior. In some of our previous

QHHX/Z _A/Z



16 398 A. ARMITAGE et al. 55

excitonlike (cs/?=0.8) has a Zeeman splitting of 1.4 meV,

14 L whereas the upper branch exhibits almost no splitting since it
- an " is mostly cavitylike.
-1 Upper branch e . . .
W Lower branch m The Zeeman splittings were also investigated in a control

12 L - sample where the top mirror had been etched off. In that case
the bare exciton Zeeman splitting is expected, unperturbed
by interaction with the cavity mode. The results are shown in
the inset to Fig. 1. A Zeeman splitting of 1.3 meV is found,
in good agreement with the value of 1.4 meV for the lower
branch polariton at 130 K thus confirming the strong exciton
contribution to the polariton wave function at this tempera-
ture.
The results of Fig. 3 were fitted to the two-level coupling
model of Sec. lll A, with the unperturbed® ando~ exci-
ton components shifted relative to one another by the unper-
turbed Zeeman splitting of 1.3 meV. The Hamiltonian of Eq.
(2) was diagonalized separately for thé and o~ compo-
nents, and the energy separation of the ando~ compo-
nents of the upper an lower branches thus obtained. The
calculatedo -0~ splittings are shown by the full lines on
o Fig. 3, and are seen to be in very reasonable agreement with
oo experiment over the whole temperature range.
0.0 e e There is only a small change of Zeeman splitting with
0 20 40 60 80 100 120 140
temperature up to 40 K. Physically this arises since the initial
Temperature (K) shift of exciton energy with temperature is small. Full detun-
. . o ing is only approached in the high-temperature region
FIG. 3. Zeeman splitting between the” and o circularly  (T_,130K), and as a result it is in this region only that the
polarized components. Open squares, upper polariton branch; fillegsereq zeeman splitting tends towards that of the control
squarle?, lower Ibranch. The ;‘_ul_l lines are the fit to the two-level ample with top mirror removed. Finally we note that at the
moqle or equal Zeeman splittings at 75 K and an unperturbe emperaturg75 K) of equal Zeeman splittingéhe average
exciton splitting of 1.4 meV. _ .
of the on-resonance temperatures &t and o~ polariza-

7 . . tions of Sec. Il A,'° the observed splitting is 0.6 meV. This
publicationé’ we have analyzed the anticrossing phenomena . .
X v . is approximately one half of the unperturbed Zeeman split-
using transfer matrix simulations of the structures. We have. :
" . ; . ing, as expected for coupled-mode states with near equal
verified that identical results are obtained for the two ap-_ <.
exciton-photon charactet.
proaches. However, the present approach has the advantage

of enabling the exciton and cavity fractions of the polariton

Zeemgn Splitting (meV)
> P o

o
~
T

to be deduced in a very straightforward way. IV. POLARITON LINEWIDTHS
AS A FUNCTION OF EXCITON FRACTION:
B. Zeeman splitting as a function of a temperature EVIDENCE FOR MOTIONAL NARROWING

The measured polariton Zeeman splittings between the In this section we describe the variation of the polariton
o ando~ components for the upper bran@pen squares linewidths from 20 to 130 K as the exciton and cavity frac-
and lower branck(filled squares are shown in Fig. 3 as a tions of the polariton wave function are varied from the
function of temperature. At 20 K, the upper branch whichnearly off-resonance case at 20 K through resonaneeréat
has a higher exciton component, has a Zeeman splitting df, to nearly off-resonance again at 130 K. The results of Sec.
~1 meV, whereas the lower branch has a splitting of onlylll A for the variation of the exciton fractionc.|? of each
0.2 meV since it is mostly cavitylike. The fact that it has abranch with temperature are then employed to display the
small splitting arises from weak mixing with the exciton linewidth results as a function dt,|?>. These results are
mode, since the cavity mode itself is unaffected by magnetianalyzed in terms of the “motional narrowing” theory for
field. Raising the temperature increases the exciton-photopolariton linewidths in a microcavity. The full theoretical
mixing as discussed in Sec. lll A. The observed Zeemanletails of this model are presented in Ref. 8. In this section
splitting on the upper branch thus decreases as the photeve concentrate on a fuller description of the experimental
component increases. At the same time the Zeeman splittingsults, together with a discussion of the advantage gained by
on the lower branch increases as the exciton component iperforming such experiments in high magnetic field.
creases. AT =75 K the Zeeman splittings for both the upper  The upper and lower branch polariton linewidttfsill
and lower branch are equal, corresponding to nearly equabidth at half maximum as a function of temperature are
exciton and photon components for the two brancfié&is-  presented in Fig. 4 for the™ polarization(very similar re-
ing the temperature beyond this value increases the excitasults are obtained for the™ polarization). The lower branch
component of the lower branch and decreases that of theesults are given by the filled squares and the upper branch as
upper branch, until aT =130 K the two branches are only open squares. At low temperature, the predominantly exciton
weakly perturbed. The lower branch, which is now mostlyupper branch X) has linewidth of~2.3 meV, whilst the
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FIG. 4. Linewidths of polariton peaks as a function of tempera-
ture foro* polarization. Open squares, upper branch; filled square
lower branch.

FIG. 5. Polariton linewidths as a function of exciton fraction
ﬁ’ce|2 for the upper branchopen squargsand the lower branch
(filled squares The fit to the motional narrowing model is given by
the full line. Low T and high T indicate the temperature regimes
from which the linewidth data are derived in the low and high
S 2

lce| limits.

predominantly cavity lower branch has narrower linewidth of
~1.1 meV. As temperature is increased and resonance
approachedboth linewidths are observed to decrease, the
upper branch strongly and the lower branch less rapidly, but
still significantly. At resonancé85 K) the linewidths are 0.8 of a spectral line in a disordered system by statistical aver-
and 1.5 meV, respectively. As temperature is increased furaging processe’é.ln the microcavity, the motional narrow-
ther the lower branch linewidth increases strongly as it being arises because of the strong difference of the in-plane
comes more excitonlike. The observed linewidth at 130 K isdispersion of curves of exciton-cavity polaritons compared to
2.7 meV, close to the linewidth observed from the bare Qwuncoupled, bare excitod$'* As discussed in Ref. 8, the
in the structure with top mirror removed of 3.1 mégWig. 1  cavity polaritons in the resonance regime have strong in-
inset, solid ling. plane dispersion, with effective massl0 °m,. By contrast

A more general way to examine the linewidth results is tothe uncoupled excitons have negligible dispersion and large
plot them as a function of exciton fractido,|? as in Ref. 8, mass at both zero and finite magnetic fiedtiB=0, the mass
which expresses directly the amount of exciton-cavity mix-for in-plane exciton motionM g,=me+m,~0.2m, where
ing in the polariton wave functions. Such a plot is shown inm, andm;, are the electron and hole in-plane masses, and in
Fig. 5 for both polariton brancheflower branch, filled finite magnetic fieldMg, is infinite). It is the very small
squares; upper branch, open squaresw exciton fraction polariton effective mass which gives rise to the importance
corresponds to lowhigh) temperature for the lowguppe) of motional narrowing in quantum microcavities.
branch, whereas high exciton fraction corresponds to high Exciton linewidths in QW’s are determined by the disor-
(low) temperature for the loweuppe) branch. For clarity der potential (V) in the quantum well arising from well
these temperature regimes are labeled on the figure. width and alloy fluctuation® Due to its large in-plane mass

The most notable result of Fig. 6 is the marked decreasthe exciton is strongly localized in the disorder potential. The
of the lower polariton branch linewidth gs,|? increases effective potential seen by the exciton is an average &f V
towards resonancgd,|2=0.5). Such a variation cannot be over length scales of the order of the exciton Bohr radius of
explained by transfer matrix simulations with the exciton~100 A. Exciton linewidths of order of the width of the
treated as a Lorentz oscillatbnor by a convolution model effective disorder potential are then expected. In the micro-
of Gaussian(exciton and Lorentziar(cavity) line shapes? cavity polariton case the effective mass is much smaller, the

By contrast a good fit to the lower branch linewidth varia- polariton wave function is much more extended, and strong
tion is obtained from the motional narrowing model. The averaging over the disorder potential is expected. As a result
theoretical treatment is described in detail in Ref. 8, so weonly a weak exciton disorder contribution to the coupled
only summarize the key points here. Motional narrowing is amode linewidth on resonance is expected, and motional nar-
general term which is used to describe the reduction in widthiowing results.
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width with temperature, again as expected.

The good agreement between the cavity linewidths for
both high and low temperature, corresponding to the exciton
at lower and higher energy than the cavity, respectively, is
particularly notable. Such a situation is not foundBat 0
where marked broadening of the cavity peak is observed

L ' L when the exciton peak is at lower energy than the cavity;
1.407 1412 1417 1422 absorption from exciton continuum states leads to a reduc-
e ol ‘ tion of the finesse of the cavity and broadening of the cavity
mode, as first commented on by Tignenal2 In high mag-
netic field the continuum states are quantized into discrete
Landau levels, and such damping of the cavity mode no

! W ! ! longer occurs; the cavity linewidths then agree well for the
1.455 1.46 1465 1.47 cases where the exciton is both at higher and lower energy
than the cavity mode.

Reflectivity
(arb. units)

Reflectivity
(arb. units)

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

Reflectivity
(arb. units)

Near-resonance spectra at 14 T for three quantum micro-
cavity samples containing quantum wells of composition
INg 14Gay gAS, 1INy odGay 9AS, and GaAgx=0.13, 0.06, and
0) are presented in Fig. 6 far™ and o~ polarizations. As
discussed in Sec. lll, exact resonance occurs at slightly dif-
ferent temperature for the two polarizatiofiey 12 K for the
x=0.13 samplg The spectra shown in Fig. 6 are only ex-
actly on-resonance for one of the two polarizations. The tem-
perature for equal Zeeman splittings of the two branches cor-
responds to the average of the" and o~ resonance
temperatures. In the following, we label these equal Zeeman

(c)

! I 1 L
1.528 1.533 1.538 1.543 1.548 1.553
Energy (eV)

FIG. 6. Circularly polarized spectra at 14 T for microcavities
with quantum wells of In composition=0.13, 0.06, and 0. Full
curves,o; dashed curvesy~. For thex=0 GaAs QW structure L
both heavy-hole and light-hole spectra are shown. In all cases, th%p“mngSAEZ' . .
sample temperatures are varied to obtain near resonance spe(:tra.The AE, Va'%’es corresponding to resonance with the
The temperatures are 70 (&=0.13, 80 K (x=0.06, and 80 K heavy-hole excitons of the quantum wells for the three

(x=0, HHx), 112 K (x=0, LHx). For x=0.13,x=0.06, andx=0  Samples are 0.6 meVx(0.13), 0.4 meV x=0.06), and
LHx, theo™ polarization lies at higher energy thar correspond-  0.36 meV =0), respectively, withr™ lying at higher en-
ing to positive excitorg-values; forx=0 HHx o~ lies at higher ~ €rgy thano~ for x=0.13 and 0.06 and-~ lying at higher
energy tharo* since the excitorg-value is negative. energy forx=0. Using the two-level coupling model of Sec.
Ill, and noting also that thE, values correspond to half
The full line in Fig. 5 is the result of the predictions of the the bare exciton Zeeman splittinfswe deduce exciton Zee-
motional narrowing theory of Ref. 8. The disorder contribu-man splittings at 14 T of 1.20.8, and 0.7 meV for the three
tion to the linewidth is calculated as a function|af|> and ~ samples.
convolved with the cavity contributionc,|?T";, whereT, Quantitative comparison with Zeeman splittings measured
=1meV is the off-resonance cavity linewidth. As can beby other workers is difficult since effective excitgnvalues
seen from Fig. 5, a very good fit to the linewidth variation of have been shown to be a sensitive function of well width,
the lower branch versus,|? is obtained. In particular the magnetic field’® and alloy compositiofi” This arises since
decreasing linewidth towards resonance, to a value belowhe spin splitting of the lowest heavy-hole staspin m;=
that of either of the two off-resonance widths, is reproduced 3) is strongly affected by interaction with the lowest light-
very well. The agreement for the upper branch is, howeverhole level}® since only them;= + £ level interacts strongly
less good, possibly due to additional coupling to higher-with the light-hole states. These interactions act to reduce the
energy exciton staté§:* expected heavy-hole spin splitting at energies where the
We now discuss some additional points which arise fromheavy-hole state approaches the light-hole energy. Thus, in
Fig. 5. It is notable that the linewidths for both the upper andgeneral, heavy-hole and hence excitgrvalues @, are
lower branches agree very well in the limits of both low andexpected to increase with increasing indium composition due
high |c.|?. Since high|c.|? corresponds to high and low to the increasing heavy-hole—light-hole splitting, as found in
temperature for the lower and upper branches, respectivelpur experiments(1.2 meV at x=0.13, 0.8 meV at
this shows that temperature-dependent broadening of the ex=0.06, and to decrease with increasing magnetic field,
citon linewidth is negligible as expectédat least up to 120 since the heavy hole exhibits a larger diamagnetic shift than
K), a fundamental assumption of our temperature tunindhe light-hole state. Indeed, at high fields a sign reversal of
technique. Similar comments apply to the Ideg|? limit  the excitong-value has been observed for samples of low or
which demonstrates negligible variation of the cavity line-zerox having small heavy hole—light-hole splittifg°
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FIG. 7. Spin-splitting diagram showing origin @f* and o~ "
transitions forg,, large and positivgx=0.13, 0.06 sampl¢sand
ge small and negativem!, m®, and m* represent the magnetic
quantum numbersn; for the hole, electron, and exciton, respec-
tively.
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In light of the above we consider that the exciton Zeeman
splitting we deduce of 1.2 meV at 14 T for the=0.13 u
sample is in reasonable agreement with the most closely -
comparable result of 1.5 meV at 11 T for a quantum well 1405 =
with x=0.1 reported by Wimbauest al?* At x=0.13, the "
heavy-holeg value is expected to be large and positigg, ( m
~1), and the electrory value small and negative. These P S
signs ofg values are employed in the schematic Zeeman
splitting energy-level diagram shown in Fig. 7. The allowed
Amy==*1 (o%,07) transitions then arise from the outer
two exciton spin components with the overall splitting of 1.1

rne_\/ at 14 T (?(_)rre_spondlng tgh+ge=gex~1._4. As the The transitions to lower energy arise from fde=0 exciton ground
indium composition is reduced, the haevalue is expected state. Data points are the average of theand o™ feature posi-

to become smaller with a consequent reduction in the excitofy,s.
spin splitting, as found in the work of Traynor, Harley, and
Warburtor? and in our experiments. o
At x=0 for the GaAs QW sample we observe a signVery similar ove_rr_;lll f(_)rm _to that observed f(_)r the ground-
reversal of the polarization of the heavy-hole exciton reflecStateN=0 transition in Fig. 2. These experimental results
tivity features, witho~ lying at higher energy than*. This ~ Were obtained on a different piece of the 0.13 wafer from
is in agreement with the high-field results of Snellieigal1®  that employed for Figs. 1-6. The sample of Fig. 8 has cavity
discussed above, who found negative excijoralues foran mode energy-8 meV at higher energy than the sample in
11 nm GaAs QW at fields greater than 3 T. Results are als&igs. 1-5, and shows resonance with Nve 1 transition in
shown in Fig. 7 for thex=0 sample at higher temperatures an easily accessible temperature range.
such that the light-hole excitéhis on-resonance with the On-resonance spectra for tiN=1 excited state andl
cavity. o now lies at higher energy than™ and shows an =0 ground-state transitions for the=0.13 sample are pre-
approximately 3 times greater splitting than the heavy holesented in Figs. @ and 9b), respectively. The spectra of
consistent with findings of, for example, Potemskial,”®  Fig. 9(a) are taken &4 T with the temperature adjusted to 22
who report larger and oppositely polarized light-hole split-K to bring theN=1 peak and the cavity mode to resonance.
tings relative to those observed for the heavy-hole groungtq, comparison, on-resonance spectrd  from the exci-
state. tonic ground stateN=0) are also shown in Fig.(B) for the
sample of Figs. 1-5, in this case at a temperature of 98 K.
VI. TUNING OF HIGHER EXCITON STATES The vacuum Rabi splittings for the two cases are 2.5 meV
THROUGH THE CAVITY MODE (N=1) and 5.6 meV =0). Transfer matrix simulations
were then performed to determine the relative oscillator

In magnetic field the exciton continuum states are quan- o . .
tized into Landau-level-like states. These discrete excitoniétrengths () of the transitions which control the size of the

excited states can then interact with the cavity mode with 46/ativé vacuum Rabi splittings. The resulting oscillator
characteristic vacuum Rabi splitting on resonance. Such phé—trengtgs were found to be in the ratio 1:38=1 to
nomena were first reported by Tignet al. in Ref. 3. The N=0).”" These ratios were then compareq with the r.esullts of
variation of the first heavy-hole excitonic excited state tran-0ur quantum-well exciton calculations in magnetic field,
sition energy, through the cavity mode energy, as a functiosvhich employ a numerical solution of Scliiager’s equa-

of temperature, is shown in Fig. 8. The excited state transition for a finite QW, with decoupled heavy- and light-hole
tion, labeledN=1, tends towards thé=1 free-particle bands. These calculations predict an oscillator strength ratio
Landau-level transition energy in high magnetic field. Clearof 1:2.6 @ 4 T in very reasonable agreement with the ratio
anticrossing behavior with the cavity mode is found, withdeduced from the observed Rabi splittirfgs.

Temperature (K)

FIG. 8. Anticrossing tuning curves for thBl=1 excitonic
Landau-level transition at 4 T. Resonance is achieved @5 K.
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with detuning from resonance was found using the coupled
mode model. Furthermore the on-resonance Zeeman splitting
was found to be one-half the off-resonance value, as ex-
pected since on-resonance the polariton modes contain equal
exciton and cavity fractions. The linewidths of the polariton
modes through the resonance regime were also investigated.
The lower polariton branch showed highly anomalous behav-
ior, with observed linewidth on resonance being less than
that of either the exciton or cavity modes off-resonance. This
N=1 behavior was explained by a motional narrowing theory for
polariton linewidths in a microcavity. A very good fit to the
variation of the lower branch polariton linewidth as a func-
L tion of detuning was obtained. The fit to the upper branch

1414 1416 1418 142 1422 1424 was however found to be less good, probably due to coupling
of this branch to higher-order exciton states, not included in
the theoretical treatment. The advantages of performing such
tuning experiments in high magnetic field were emphasized.
In particular, the quantization of exciton continuum states in
magnetic field was shown to lead to nearly equal cavity
mode linewidths for the exciton mode occurring either to
higher or lower energy than the cavity mode. This situation
contrasts strongly with that found at zero magnetic field
where the cavity mode is found to be strongly broadened
when the exciton peak is to lower energy, due to absorption
by exciton continuum states at the cavity mode energy.

The Zeeman splittings were also investigated as a func-
tion of indium compositionX) in the quantum wells. A de-

Energy (eV) crease of Zeeman splitting was found with decreasindue
to the decrease of holg value with decreasing, in agree-

FIG. 9. Comparison of on-resonance magnetoreflectivity at 4 Tment with previous results for exciton spin splittings in bare
for (a) the N=1 exciton level transition an¢b) the ground-state quantum-we” Samp|es_ For GaAs guantum wells in the mi-
excitonic transition (\'20) The vacuum Rabi Splitting I(H) is a Crocavitiesy Zeeman Sp“t“ngs of Opposite Sign were ob-
factor of 2.2 smaller than ifb) as a result of the 3.3 times smaller served, again consistent with previous work on quantum
qscillator strer_lgth of theN=1 _transition.zﬁ polarization, full  \yells. The good qualitative agreement between the exciton
lines; o polarization, dashed lines. Zeeman splittings deduced from the microcavity spectra,

over a range ok values, and those reported for bare QW’s
VIl. CONCLUSIONS provides additional confirmation of the correctness of the

. — : . _analysis of the microcavity polariton spectra in high mag-
The polariton spectra of high-quality quantum microcav netic field. Finally, coupling of the first magnetoexciton ex-

ity structures have been investigated in high magnetic field. . o : : .
Vyery—well-resolved spectra Werg observedgas a rgesult of thg'teq state tr§n§|§|onN=1) with the cavity mlode.vx_/as n-
good sample quality and the enhancement of exciton oscil vestigated. Significantly smaller vacuum Rabi splittings than
tor strength in high magnetic field. Temperature tuning wa or 'FheN=0 ground state were obsgr_ved, due to _the smaller
employed at high magnetic field to vary the exciton and cav—osc'"""tOr strength for t_h‘Nz_l_ transition. The ratio of the
ity fractions of the polariton spectra through the resonanc bserved vacuum Rab.' splitting f¥=1 to that found for
regime in a controlled way. The exciton and cavity fractions =0 was found to be in 99°d agreem_ent with the results of
of the polariton modes were then deduced by fitting the ob_quantum-well magnetoexciton calculations.
served peak positions and on-resonance splitting to a two-
level coupled-mode model.

The spectra were found to be strongly circularly polar- We would like to thank R. T. Harley, N. J. Traynor, and
ized, with clear Zeeman splittings being observed. A veryA. J. Shields for very helpful discussions of exciton spin
good fit to the variation of the observed Zeeman splittingssplittings in quantum wells.

Reflectivity (arb. units)

Reflectivity (arb. units)

1.408 141 1412 1414 1416 1418 142 1422
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