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Magnetopolaritons in a semiconductor quantum well microcavity
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We present measurements of the vacuum Rabi splittings associated with the fundamental and the first three
excited magnetoexcitons in a semiconductor microcavity up to 9 T. The oscillator strength values which are
deduced from these experiments are compared to a simple and original variational calculation which includes
the low magnetic-field~excitonlike! limit and the high magnetic-field~cyclotronlike! limit. Theoretical and
experimental results are compared and discussed.@S0163-1829~97!05631-2#
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The polariton concept has been known for a long time
semiconductor physics:1 in a bulk material, the translation
invariance of both the excitonic bound states and the elec
magnetic modes induces the coupling ofoneexcitonic state
with one electromagnetic mode and thus the existence
mixed photon-exciton eigenstates named polaritons.
light-matter interaction is said to be in the strong-coupli
regime. Because of the lack of translation invariance in
growth direction, this polariton concept disappears in tw
dimensional quantum well~QW! structures unless a confine
ment of the electromagnetic mode exists in this directi
This is now realized by embedding the QW’s in
wavelength-sized Fabry-Pe´rot-like structure of high finesse
The mirrors are composed of stacks of semiconductor Br
mirrors grown in the same epitaxial run. The so-call
vacuum Rabi splitting~VRS! resulting from the anticrossing
of the photon mode and of the exciton mode has been
served in reflectivity measurements2 and photoluminescenc
experiments.3 Semiclassical or quantum theories4,5 show that
the VRS is a function of the finesse of the cavity, of t
exciton oscillator strengthf , and of the width of the exci-
tonic line. In fact, a simple reflectivity or absorption expe
ment can give in microcavities a good measurement of
oscillator strengths, provided that the cavity and exciton li
widths are known. In particular, to observe a VRS of t
so-called microcavity polaritons~MVP!, the cavity and exci-
ton mode widths must be small enough at a givenf and,
conversely,f must be large enough for given cavity an
exciton mode widths.

This MCP concept is not relevant for the interaction o
confined electromagnetic mode with thecontinuumof un-
bound excitonic states at higher energy. In this case,
weak-coupling regime takes place. Nevertheless, Tignoet
al.6 have shown that, by quantizing this continuum of u
bound states into discrete Landau levels, it is possible
observe new Rabi splittings at sufficiently large magne
fields applied perpendicular to the QW structure. In fact,
plying a magnetic field maintains the in-plane translatio
invariance and concentrates the oscillator strength into
crete magnetoexciton states. The oscillator strength incre
with the magnetic-field value, and at given threshold fiel
new VRS’s occur. Only an estimate of these thresholds
560163-1829/97/56~7!/4068~7!/$10.00
n

o-

f
e

e
-

.

g

b-

e
-

e

-
to
c
-
l
s-
es
,
d

of the VRS’s was theoretically calculated, neglecting in p
ticular the electron-hole interaction for excited Land
levels.6,7 It was also shown in Ref. 6~see also Refs. 8–10!
that the Rabi splitting of the 1S exciton state increases wit
B, due to the magnetic-field-induced shrinkage of theS
exciton wave function and to the subsequent increase off . A
quantitative agreement with a model using an exact calc
tion of the 1S exciton oscillator strength can be found
Ref. 8.

Three purposes are addressed in this paper. The first
concerns an improved measurement of the magnetic-fi
variation of the MCP modes related to QW magnetoexcito
up to the third excited one. The experiment is performed
4.2 K up to 9 T. The MCP energies, in particular the valu
of the VRS’s, are measured at a magnetic field larger t
the threshold value where the Rabi splitting appears, and
for each magnetoexciton. Under the threshold, we show
that the variation of the reflectivity peaks reflects the var
tion of the electronic density-of-states between two mag
toexciton states. The second one provides an original va
tional calculation of the energy and of the oscillator stren
of the fundamental and excited magnetoexcitons in the p
bolic approximation. This calculation reproduces the lo
field ~essentially excitonlike! and large-field~essentially cy-
clotronlike! limits. As usual for a variational procedure, th
approach provides a direct insight of the physical probl
and can be reproduced without difficulty. The third purpo
consists of a comparison between calculations and exp
ments of the magnetoexciton energies and, through a s
classical treatment of the coupling between the electro
and the electromagnetic modes in microcavities,4 of the Rabi
splitting thresholds and of the oscillator strengths.

I. EXPERIMENTS

The sample, grown by molecular-beam epitaxy on top
a GaAs substrate, consists of al GaAs cavity embedded
between two stacks of distributed Bragg layers: the top~bot-
tom! mirror contains 15~19.5! pairs of AlAs and GaAsl/4
mirrors. In the middle of thel cavity, where an antinode o
the electric field occurs, three 75-Å-thick In0.13Ga0.87As
4068 © 1997 The American Physical Society
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56 4069MAGNETOPOLARITONS IN A SEMICONDUCTOR . . .
QW’s, separated by 100-Å-thick GaAs barriers, are grow
An interruption of the rotation of the sampling during grow
provides a tunability of the cavity mode energy (Ecav) under
normal incidence with respect to the 1S exciton energy
(Eexc) at vanishingB across the wafer. After suitable cha
acterization of the sample by low-temperature photolumin
cence and reflectivity experiments, which allows an exp
mental determination ofEcav and Eexc, the sample was
introduced in a superconducting magnet which provid
fields up to 9 T. The temperature was 4.2 K. A tunab
Ar1-pumped Ti:sapphire laser was focused on the sampl
a f 51 m lens. In the geometry used in the experiment, it w
calculated and checked experimentally that the laser w
diameter was 250mm, which prevents any broadening of th
lines due to the cavity and exciton energy variations acr
the wafer and to the angular dependence of the cavity m
The reflectivity was collected using a semireflecting pl
and focused on an optical fiber, before analysis by
InxGa12xAs photomultiplier through a monochromato
which follows the wavelength variations of the tunable las

By choosing the spot location on the sample, it is poss
to find the resonance between the cavity mode and theS
exciton mode and to observe, atB50, the related VRS~Fig.
1, top!. A small modification of the spot location allows us
follow the resonance between the cavity mode energy
the exciton mode energy shifted by the diamagnetic eff
An increase of the Rabi splittingV0 ~Fig. 1, bottom! is
observed,6,8,10 from 3.7 up to 6.5 meV at 9 T. Also observe
in Fig. 1 is the symmetrization of the width of the reflectivi
lines as the field is increased. At low magnetic field, t
high-energy polariton line is broader than the low-ene
polariton line. This behavior disappears at largeB. The small
asymmetry in the reflectivity peaks, which appears in so

FIG. 1. Reflectivity spectra of the microcavity atB50 and 9 T
at spot locations where the optical mode is in resonance with
1S exciton state. For clarity the two curves are shifted one fr
each other.
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of the spectra presented in Figs. 1 and 2,is due to a nonper-
fect resonance point location, but the values of the ener
of the MCP modes at resonance reported in this paper are
affected by this small uncertainty.

At another spot location, where the cavity mode is
resonance with the continuum of excitonic states, no VRS
observed in the reflectivity experiment~Fig. 2, top!, as the
electromagnetic mode is, in this case, in interaction with
continuum of electronic states. The width of the reflectiv
mode~3.5 meV! is larger than the width of the cavity mod
measured at a sample point where all the layers are trans
ent ~1 meV!. This is due to the absorption by the continuu
of QW states which reduces the cavity finesse. With incre
ing B, the reflectivity peak width shows small variations,
seen later, before the observation of a VRS at a given fi
~Fig. 2, bottom!. By mapping the sample surface, it is po
sible to measure the MCP mode energies as a function
B. This is shown in Fig. 3~symbols!. Apart from the 1S
exciton MCP doublet, up to three excited doubletsV1 ,
V2 , and V3 appear. With respect to previou
publications,6,11 the number of exciting spots and ofB values
has been considerably increased. It enables us to s
clearly that the criticalB value for which a new excited VRS
appears increases with the excited state index: 3.25, 4.5,
7.6 T. Figure 4 reproduces the four magnetic-field variatio
of the VRS’s when they exist.

e

FIG. 2. Reflectivity spectra of the microcavity at a spot locati
where the cavity mode energy is 1358 meV. AtB50 T, the cavity
mode is in resonance with the continuum of excitonic states. AB
55 T, the width of the reflectivity peak is smaller than at vanishi
B. At B59 T, this cavity mode is in resonance with the first excit
magnetoexciton level, with a coupling strong enough to observe
VRS.
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In the first approximation, the mean energy of the do
blets is compared to the energies of the transitions wh
involve Landau electron and heavy-hole states~solid lines in
Fig. 3!: En5(n1 1

2 )\eB(1/me11/mh), with me50.07m0
and mh50.09m0 are the electron and in-plane heavy-ho
masses.12 The strain occurring in the InxGa12xAs QW’s due
to the lattice mismatch, which pushes the light-hole level
meV away from the heavy-hole level, allows the use of
simple parabolic mass for the holes. Obviously, the agre
ment is not very good, not only for the fundamental trans
tion, where it is well known that the excitonic effect is pre
dominant, but, to a lesser and lesser extent, for the exc
transitions. The electron-hole correlation must not be n
glected: excited magnetoexcitons are involved.

Another proof of the electron-hole correlation importanc
is the existence ofB thresholds for the observation of new
VRS’s which increase with the Landau-level index. Witho
electron-hole correlation, the oscillator strength of a 2D La

FIG. 3. ~Solid lines! Calculated transition energies betwee
electron and hole Landau levels using the parameters given in
text and neglecting the excitonic effect. The various symbols re
resent the energies of the reflectivity doublets when a VRS is
served.

FIG. 4. Measured VRS as a function ofB for the fundamental
(n50) and the three first excited transitions (n51 – 3).
-
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dau level increases proportionally toB, like the Landau-level
degeneracy, and is independent of the Landau-level ind
For given cavity mode and electronic mode widths, the
thresholds might be independent of the level index. Exp
mentally, this is not the case, which shows the necessity
taking into account the exciton effect, even for excited ma
netoexcitons, in contrast to what was done in previo
publications.6,11 The fact that the threshold value increas
with the index level indicates that the electron-hole corre
tion is less and less important. This shows also that the
vestigation of the VRS’s provides a good tool for measur
the oscillator strengths of magnetoexcitons.

Before comparing theory and experiment, we presen
Fig. 5 the variation withB of the width of the reflectivity
peak below the Rabi splitting threshold~at the energy chosen
in Fig. 5, a Rabi splitting occurs near 8 T for the n51
magnetoexciton!. In this range ofB, the weak-coupling de-
scription is relevant and these oscillations in the width
the consequence of variations of the absorption coefficie
which themselves depend on the energy-dependent de
of states. The width maxima occur when a magnetoexc
state is resonant with the cavity energy, which gives anot
measurement of the energies of the magnetoexcitons e
under the strong-coupling threshold. The minima giv
within a precision which depends essentially on the el
tronic mode width~measured to be 5 meV in this sample!,
the residual density of states between two Landau levels.
worth noticing that the microcavity, as a result of the mu
tiple reflections on the Fabry-Pe´rot mirrors, allows an easy
measurement of the absorption coefficient without multip
ing the number of QW’s.

II. CALCULATION OF THE MAGNETOEXCITON
STATES

We use a variational procedure to calculate the mag
toexciton states in a quantum well. Among the methods p
posed in the literature to theoretically handle the magneto
citon problem we quote the diagonalization of the envelo
Hamiltonian in a Gaussian basis,13 the exact numerical inte

he
-

b-

FIG. 5. Width of the reflectivity peak as function ofB at a spot
location where the cavity mode energy is 1373 meV. At this po
a VRS related to the first excited Landau transition appears at
The solid line is a guide to the eye.
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56 4071MAGNETOPOLARITONS IN A SEMICONDUCTOR . . .
gration of the Schro¨dinger equation,8 and the two-point Pade´
approximant method of MacDonald and Ritchie.14 We dis-
cuss now an original variational proposition to describe
magnetoexciton states in quantum wells.

Firstly, we use the fact that in our sample with three d
coupled strained In0.13Ga0.87As-GaAs quantum wells the fun
damental light and heavy holes are well separated in en
~'70 meV! in order to safely neglect the hole-ban
mixings.15 Secondly, we assume a decoupling of the in-pla
and confined~along the growth axis andB direction! motions
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~a good assumption for excitons if the well width is not to
large!.16 Third, we take advantage of the fact that the fund
mental electron@energyE1 and envelopef1(ze)# and hole
@energyH1 and envelopex1(zh)# levels are well separated i
energy from higher confined levels, and assume that
zero-field exciton levels are solutions of an effective tw
dimensional potential,Veff(r), obtained by averaging the
three-dimensional Coulombic one over the confined elect
and holez motions:
Veff~r!5~2e2/k!E E dzedzh@f1~ze!x1~zh!#2/@r21~ze2zh!#1/2, ~1!
nd
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wherek is the dielectric permeability andr the electron-hole
distance in the plane of the layers. Finally, by prope
choosing the field gauge we have the well-known (K50)
exciton Hamiltonian16

Hexc~r!5Tr1Veff~r!1~m/2!~vc/2!2r2, ~2!

where the first term is the kinetic energy and the last on
the magnetic-field contribution. We take for the groun
1S-like exciton state the form

F1S~r!5N1Sexp$2~r/l1S!a1S%, ~3!

wherel1S and a1S are B-dependent variational paramete
and N1S the normalization constant. This envelope is e
pected to be flexible enough to smoothly interpolate betw
the a1S'1 value at weak fields~when B50, the a1S51
value gives the exact result for the two dimensional case
is often used as a trial for excitons in actual quantum wells16!
and thea1S'2 value at very high fields. In principle, th
numerical methods in Refs. 8 and 13 for actual QW’s c
provide the exact solution for the magnetoexciton proble
even though, in the general case, a heavier computati
work, which does not bring any new insight into the phys
involved in such investigations, is needed to provide hig
accurate results. A variational procedure, on the other ha
permits a more physical approach to the problem. In ad
tion, we have checked that our variational function for t
ground state reproduces with high accuracy the corresp
ing results of MacDonald and Ritchie14 for the two dimen-
sional case and those of Fisheret al.,8 for an actual quantum
well. A further advantage of our approach is that the var
tional procedure can be easily generalized to the exci
exciton states. The variational envelope for thenS-like state
reads

FnS~r!5NnSPnS@r/l1S#exp$2~r/lnS!
anS%, ~4a!

PnS@X#5 (
k50,n21

AnS,k~X!kanS, ~4b!

where AnS,051 and the remainingn21 coefficientsAnS,k
are determined by orthogonalization with then8S envelopes:
^Fn8S(r)uFnS(r)&50 with n851,2,...,n21. Finally, lnS
is
,
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andanS are the onlyB-dependent variation parameters a
NnS the normalization constant. Exciton series with differe
angular dependences can be generated in a similar w
These, however, are not considered in this work since t
correspond to optically inactive states.

Another parameter of interest is the exciton oscilla
strength. According to Eq.~4! it is proportional to the square
of the normalization constant. We define correspondin
OnS(B)5uNnS(B)u2 for the nS-like level.

The solid lines in Fig. 6 are the calculated energies for
first four nS-like magnetoexcitons@n51 – 4 in Eqs.~3!# in
our structure. Note for a fixedn value the passage from
roughly quadratic variation at weak fields~diamagnetic shift!
to a quasilinear~Landaulike! behavior at large fields. This
passage occurs around a magnetic-field (Bc)nS value which
decreases with increasingn. Correspondingly~Figs. 7 and
8!, the variational parameterslnS and anS also present an
important variation with the field around (Bc)nS, and the
transition towards the high-field values (anS'2 and lnS

FIG. 6. ~Solid lines! Calculated magnetoexciton transitions fo
lowing the variational procedure explained in the text. The so
circles represent some of the experimental points deduced from
maxima of the reflectivity width in the weak coupling regime~Fig.
5! which indicate the magnetoexciton transition energies. The o
symbols reproduce the experimental energies of the reflecti
peaks above the threshold.
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4072 56J. TIGNONet al.
'lc is the cyclotron radius! is the steepest for the excite
levels ~with increasingn!. The evaluatedOSnS(B) ~solid
lines in Fig. 9! increase withB and show a roughly linea
dependence at high fields, as expected~at high fields the
extension of the in-plane wave functions decreases like
cyclotron radiuslc'B21/2, which givesOS'1/lc

2'B).

III. COMPARISON BETWEEN THEORY
AND EXPERIMENT

The first comparison concerns the energies of the mag
toexciton transitions. The good agreement between ca
lated and measured values is shown in Fig. 6. Even the s
discrepancy occurring for then53 level can be explained b
the simplifying use ofa52 for the theoretical calculation in
this particular case: the magnetoexciton binding energy
then underestimated and the calculated transitions are a
ally found above the experimental ones. The solid circles
Fig. 6 represent some of the experimental points dedu
from the maxima of the reflectivity width in the weak

FIG. 7. Magnetoexciton radii resulting from the variational pr
cedure for thenS excitons. For a fixedB value there isl1S,l2S

,l3S,l4S,lc ,lc being the cyclotron radius calculated witho
taking into account the electron-hole interaction. Note that thenS
exciton is associated with the (n21)th Landau transition.

FIG. 8. ParameteranS resulting from the variational procedur
for the nS excitons. The high-field cyclotron limit corresponds
a'2 and the low-field exciton limit corresponds toa'1.
e

e-
u-
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coupling regime~Fig. 5!, which indicate the magnetoexciton
transition energies.

The comparison between theory and experiments for
oscillator strengths requires a modelization of the photo
magnetoexciton coupling in the strong-coupling limit. As
is now well established,5 quantum and semiclassical trea
ments give essentially the same results. We use here
adaptation,4 relevant for semiconductor microcavities, of th
semiclassical model17 relevant for atomic physics. The re
flection and transmission properties of the electromagne
wave are treated by standard transfer-matrix metho
whereas the absorption and dispersion of the discrete e
tonic states are introduced through a Lorentzian-shap
energy-dependent dielectric constant. The width of the el
tromagnetic mode is calculated and measured experiment
by reflectivity measurements under the 1S QW resonance.
The width of the excitonic mode, which is found in thi
sample essentially independent ofB and of the level index, is
deduced from the width of the MCP modes at resonance
this model where the line is assumed to behomogeneous, the
width of the MCP mode at resonance is the average value
the photon and electron modes. With this procedure, we fi
5 meV for the exciton mode width. Note that the Zeem
splitting of the magnetoexciton, which is of the order of
meV at 9 T,8 is neglected here with respect to the exciton
mode width. These parameters are therefore deduced f
our experimental results and the last input parameter in t
model is thusf , the oscillator strength per unit area of on
QW. Conversely, the Rabi splitting value gives thef value.

The result of the model calculation as a function of th
unknown f is shown in Fig. 10 both for a low-width elec
tronic state and for the actual values in our sample. Note t
the V}Af behavior is valid only for Rabi splittingsV large
with respect to various linewidths and that in our case t
threshold value off is 231012 cm22. We take thisf value
for then51 magnetoexciton atB53.25 T~the threshold for
the n51 magnetoexciton! as the fit parameter to compar
the relative values of the calculatedOS and the measured
~through the above model! f for all the magnetoexcitons a

FIG. 9. Variation with the magnetic field of the oscillato
strength of the magnetoexcitons. The solid lines are the result of
variational procedure. The circles are deduced from experimen
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56 4073MAGNETOPOLARITONS IN A SEMICONDUCTOR . . .
all magnetic fields. Figure 11 compares first the calcula
~circles! and measured~crosses! B thresholds for the excited
magnetoexcitons. The agreement between theory and ex
ment is excellent. This tends to show that the relative os
lator strengths of the magnetoexcitons are well given by
simple variational calculation. But the agreement is not
good, although quite reasonable, if one compares
magnetic-field variation of the oscillator strengths for t
various magnetoexcitons~Fig. 9!. In most cases, thef ex-
perimental variation seems larger than the calculated on
particular for the 1S exciton line.

The validity of the variational calculation could be que
tioned first. But we have checked that, when applied to
sample of Fisheret al.,8 our variational method gives th
same variation with the field for the 1S-state oscillator
strength as the one reported in Ref. 8, obtained by the e
solution of the Schro¨dinger equation. The comparison
shown in Fig. 12. Our opinion is that the small discrepan
between theory and experiment is mainly due to theinhomo-

FIG. 10. Calculated VRS as a function of the oscillator stren
for two exciton mode widths. The photon mode width is 1 meV

FIG. 11. CalculatedB thresholds~crosses! for the excited mag-
netoexcitons compared to the experimental ones~circles!. The fit
parameter is adjusted to get a good agreement for the 2S magne-
toexciton threshold.
d
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geneousnature of the exciton line. Indeed, we have pe
formed a lot of simulations which considered for the ex
tonic mode: ~1! a homogeneous~Lorentzian shape!
broadening with a homogeneous mode width varied from
to 1 meV, and ~2! an inhomogeneous~Gaussian shape!
broadening with a mode width of 5 meV. The reflectivi
spectrum in these cases was calculated to be the super
tion ~with the same Gaussian weight! of the reflectivity spec-
tra of homogeneously broadened lines. The results of
simulation do not modify essentially thef values obtained
here. Furthermore, it was impossible in our case to prom
one of the existing theories of the inhomogeneous broad
ing of microcavity polaritons:~i! Rabi splittings not modified
by the inhomogeneous broadening and MCP mode wid
related to the homogeneous width of the QW state,18 or ~ii !
the effect of the motional narrowing on the width of th
MCP lines related to the very small in-plane mass of
MCP modes at resonance.19 Note that both theories assum
that the Rabi splitting is large enough with respect to
mode widths. We are not in this regime here, in contras
the 1S-like state in the sample of Ref. 19, and it will nev
be possible to be in this regime near the thresholds for
excited magnetoexcitons. Other theories and systematic s
ies on different samples are necessary to solve this prob

IV. CONCLUSION

In conclusion, we have systematically measured
magnetic-field variation of the Rabi splittings in a QW sem
conductor microcavity. Up to four Rabi splittings have be
observed at 9 T. The thresholds for which the oscilla
strength of the excited transitions is large enough for
observation of the strong coupling behavior have been de
mined. We have evidenced the fundamental role of
electron-hole interaction, even for the excited Landau tran
tions. We took advantage of a strained-induced simple p
bolic hole dispersion relation to propose a variational cal
lation of the energies and of the oscillator strengths
magnetoexcitons in QW’s. This calculation gives the go
values in the low-field~excitonlike! and high-field~Landau-

h

FIG. 12. Relative magnetic-field variation of the 1S exciton
oscillator strength calculated by our variational method~solid
curve!, compared to the method of Ref. 8, in the case of the sam
of Ref. 8. The solid circles reproduce some calculated values ta
from Ref. 8.
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level-like! limits. The Rabi splitting measurements gave
the opportunity to measure the oscillator strength. The ag
ment between theory and experiment is quite good for
overall results with only one fit parameter. The remaini
discrepancies are most likely related to the inhomogene
nature of the QW’s linewidths for which a treatment of t
strong-coupling behavior near threshold is necessary.
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