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Vacuum Rabi coupling enhancement and Zeeman splitting
in semiconductor quantum microcavity structures in a high magnetic field
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Reflectivity spectra of high-quality quantum microcavity structures are investigated in high magnetic fields
from O to 14 T. Over this field range we observe an increase in the vacuum Rabi splitting by a factor of 1.4,
due to the magnetic-field-induced increase of exciton oscillator strength. In addition, exciton Zeeman splitting
is seen. We demonstrate that this splitting arises from the independent interaction of each exciton spin com-
ponent with the corresponding circularly polarized cavity photon mode. We also report anomalous broadening
of the higher-energy polariton feature in high magnetic field, raising doubts that the same broadening seen at
zero magnetic field is due to coupling of the cavity mode with higher discrete and continuum exciton states.
[S0163-18296)52216-3

In this paper we discuss the effects of magnetic field orrange 0 to 14 T. In Previous magnetic-field work on micro-
exciton-photon vacuum Rabi coupling in semiconductorcavities Tignonet al*° reported tuning of the cavity mode
quantum microcavitfQMC) structures. The photon proper- through several higher-energy Landau levels. They also in-
ties are controlled by the Fabry4®¢mode of the cavity and ferred the effects of increased exciton oscillator strength on
the exciton by quantum wellQW'’s) embedded in the cav- the vacuum Rabi splitting from the study of spectra near
ity. In our high-quality structure the exciton and cavity résonance. _ o _
modes have linewidths significantly narrower than the The QMC structure discussed in this paper consistsiof a
vacuum Rabi splitting, so that on resonance the resultinfaAslcaV'ty’ sandwiched by two distributed Bragg reflectors
polariton modes are observed as two well-resolved peaks ¢PBR'S): The DBR's each consist of 20 periods of quarter-
equal intensity. The coupling strength and hence the vacuutj2velength layers of AlAs(low refractive index and

C i ; lo.1Ga gAs (high refractive index Three 100-A-wide
Rabi splitting has an approximately square-root dependencg 013708 - : ;
on the exciton oscillator strength when the splitting is sig- Ro.1 458 gAS QW's are located centrally in the cavity at the

nificantly greater than the exciton and cavity linewidths, as isantinode of the cavity photon mode. The structure is de-
y greal y ’ signed so that the wavelength of the lowest-energy heavy-
the case in this paper.

The first observation and study of vacuum Rabi splittinghole exciton (HR) transition is the same as that of the cavity

X . length. Since the QW is strained only the lowest-energy
1

was by Weisbuchetal, followed by further studies by peayy hole exciton is observed. The reflectivity spectra are

Stanley and co-workers* In these studies and othefthe  easured using white light illumination.

cavity is tuned through the exciton by changing the probe \yith increasing magnetic field the exciton is expected to
spot of the exciting source. In our previous work we havejncrease in oscillator strength due to shrinkage of the exciton
used both temperatureand electric field® for tuning the  wave function. In addition, there is an upshift in the exci-
exciton through the cavity mode. By using temperature taonic transition energy. To study the effect of magnetic field
keep the exciton and photon on resonance we have showgh the on-resonance polariton, resonance is maintained at
how the reduction in exciton oscillator strength, due to eleceach field by varying the temperature; temperature decreases
tric field, reduces the vacuum Rabi coupling strergth. the transition energy without altering the oscillator strerlgth.

In the present paper we discuss several magnetic-field efFhe exciton linewidth does not vary significantly over the
fects on the coupled polariton state. In this case increasintgmperature range used, up to 100"KTherefore the ob-
magnetic field increases the exciton oscillator strengthserved changes in the spectra are due only to magnetic-field-
Again, using temperature to keep the polariton on resonand&duced effects. _
we find that an increase in field from 0 to 14 T increases the Figure 1A) shows the on-resonance vacuum Rabi
splitting by a factor of 1.4. Interestingly, for field8=6.6 T coupled reflect!wty spectra at various magnetic fields BAt
clearly resolved Zeeman splitting is seen on the lower-=0 T the polariton is on resonance at a temperature of 27 K,
energy branch of the polariton. Transfer matrix reflectivityémld2 at the highest field of 14 T it is on resonancd at95
(TMR) simulations and circular polarization measurementd<.~ At B=0 T the polariton is observed as two well-
show that the spin components of the exciton are fully defesolved coupled peaks with linewidttifull width at half
coupled, with each exciton spin component interacting withmaximum of 0.95 and 1.25 meV, much narrower than the
the appropriate circularly polarized component of the photoryacuum Rabi splitting(4 ) of 5.1 meV. The higher-
mode. Using the TMR simulations we deduce the increase ienergy peak is broader than the lower-energy peak. We re-
exciton oscillator strength and Zeeman splitting in the fieldturn to this point later in the paper.
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FIG. 1. (A) On-resonance reflectivity spectra, shown fr@n
=(a) 0 T to (f) 14 T. The spectra are kept on-resonance by in-
creasing the temperature with increasing magnetic fi@g.Exci-
ton oscillator strengths deduced from the experimental reflectivity
spectra, using the transfer matrix reflectivity mo@sdlid circles.
These are in good agreement with predicted oscillator strength
from QW exciton calculations for a 120-A QMsolid line). The
prediction for a 100-A QW is also showmashed ling

1.401 1.425

FIG. 2. (A) Curve (@): unpolarized spectra close to resonance at
B=12 T, T=85 K. Curve b): circularly polarizedos* (solid line)
and o~ (dashed ling spectra.(B) Deduced exciton Zeeman split-
ting as a function of magnetic field, from transfer matrix reflectivity
simulations of the spectra in Fig(A). The dashed line is a guide to

As the field is increased Fig.(A) clearly shows an in- the eye.

crease i)y from 5.1 meV aB=0 T to an average of 7.2 ,rhedo™ ando~ excitons, until the simulated splitting on
meV at 14 T, with the features becoming even better rethe low-energy peak is the same as the observed value on the
solved. In addition, aB=6.6 T an additional weak splitting unpolarized spectra. The value for the unperturbed cavity
is observed on the low-energy peak, becoming very clearlyinewidth is obtained from experimental spectra where the
resolved aB=14 T. This splitting, attributed to exciton Zee- cavity is not strongly coupled with the exciton. The exciton
man splitting, increases from 0.4 meV at 6.6 T to 0.8 meV afinewidth is adjusted in the simulated spectra until the reso-
14 T. To confirm this attribution, circular polarization mea- lution of the Zeeman split polariton peaks is the same as the
surements were performed. FiguréA2, curve @) shows low-energy polariton peak in the experimental spectra.
unpolarized spectra close to resonance, takéwdt2 T and The deduced values of the exciton oscillator strength as a
T=85 K. The circularly polarizedr™ (full line) and o~ function of magnetic field are plotted in Fig(R) as circles.
(dashed ling excited reflectivity spectra are shown in Fig. Increasing the magnetic field from O to 14 T increases the
2(A), curve ). The spectra are seen to be very stronglyoscillator strength by a factor of 2.2, corresponding to the
polarized, supporting the Zeeman splitting interpretation.  increase in vacuum Rabi splitting of 1.4. QW exciton calcu-
To simulate the observed reflectivity spectra with thelations were performed, which use a numerical solution of
TMR model it is necessary to assume each spin componei&chralinger's equation for a finite QW with decoupled
of the exciton interacts only with the appropriate circularly heavy- and light-hole band$.The predicted changes in os-
polarized component of the photon mode. The spectrum isillator strength, normalized to unity &=0, are shown in
calculated for each spin, using the whole inhomogeneoukig. 1(B) for 100-A (dashed ling and 120-A (solid line)
linewidth of the exciton spin component, and then added t@QW's. Very reasonable agreement is found between the de-
reproduce the full unpolarized spectrum. We term this theduced change iri,. and the calculated values for a 120-A
independent exciton model. The exciton oscillator strengtlQw.*4
(foso at each field is deduced from the simulations, by vary- Our on-resonancgB=12 T, T=85 K) experimental
ing f,sc in the simulations until the simulated vacuum Rabi[Fig. 3, curve )] and simulatedFig. 3, curve p)—solid
splitting agrees with the observed value. The exciton Zeemaline] spectra are in very reasonable agreemeHt.however,
splitting is deduced by varying the separation of the unperthe two spin components of the exciton are treated as
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FIG. 3. On-resonance reflectivity spectra at 12 T showarghe S
experimental spectra at 85 K arfi) the corresponding simulated E
spectra(solid ling). The overall agreement between the experiment il (o 79K
and simulations is very good. The dashed line shows a simulation h
assuming the Zeeman split excitons interact with the same photon o
mode(dashed ling which does not agree with the observed spectra.
(@ 33K

both interacting with the same cavity mode three peaks are
predicted[dashed line in Fig. 3, curveb] with the two (A)
strong outer peaks having a greater vacuum Rabi splitting
than the original simulation. To reproduce the experimental
vacuum Rabi splitting it is necessary to use an oscillator
strength of half the value used in the independent exciton
model. That is, if two excitons interact with the same cavity . ,
mode their oscillator strengths both contribute to the vacuum FIG. 4. (A) Experimental reflectivity spectra 8t=12 T show-

- o i L _ing tuning of the exciton through the cavity mode by temperature.
Rabi gpllttlng_. Ho;/vlelzver, :Ee lZeeman relateclj( _splltt'lng Ob.The exciton Zeeman-related splitting is only clearly resolved close
SErVed experimentally on th€ low-energy peak IS not seen I, resonance(B) Plot of the peak positions versus temperature.

.these Slmulatlong. These re:?‘ults add strong. support to tl]fashed lines show the unperturbed Zeeman split exciton and cavity
independent exciton model, in agreement with the concluz,4e energies.
sions of the circular polarization measurements.

The exciton Zeeman splittings deduced with the inde-clearly resolved states, as expected. The polarization spectra
pendent exciton model, for fields where the observed splitof Fig. 2(A), curve @) show there are two reasons why the
ting is well resolved, are plotted in Fig(B). The Zeeman Zeeman-related splitting is not resolved on the high-energy
splitting increases from 1.0 meV at 6.6 T to 1.7 meV at 14 T.peak. First the higher-energy polariton peak is broader in
These values are approximately twice that of the observeoth polarizations, but, in addition, the splitting between the
unperturbed splitting on the low-energy peak at resonancevo high-energy polarized peak8.25 meV is less than that
(0.4-0.8 meV, as expected from perturbation theory of the low-energy peak&.85 meV. Neither feature is un-
arguments® We compare our value of the Zeeman splitting derstood at present. In particular, the broadening on the high-
at 11 T of 1.4 meV to the value of 2.3 meV at 11 T for a energy peak at zero field has been suggested as being due to
100-A QW, reported by Wimbauegt all’ but for indium  coupling with higher discrete and continuum exciton states.
composition,x=0.18 (in our structurex=0.13. However, At high fields the same broadening is seen. However the
Traynoret al® have reported strong dependence of the Zeesplitting between the 4 state and all higher-energy exciton
man splitting onx (and well width, with an approximately states will be significantly increased in magnetic field. For
factor of 2 increase betweet=0.075 andx=0.11. In view example, at 12 T the first Landau level, which derives from
of this strong dependence arwe regard our deduced value the zero-field 2 state, is expected to be35 meV higher in
of spin splitting as being in reasonable agreement with thenergy than the 4 state!® and thus is not expected to con-
result of Ref. 17. tribute to the coupling of the lowestslexciton state with the

We now discuss some interesting points raised by thghoton mode. This clearly raises doubts as to whether the
simulations. Figure 3, curveaj shows theB=12 T, T original suggestion as to the origin of the high-energy broad-
=85 K on-resonance experimental spectra, with the clearlgning at zero field is correét.
resolved Zeeman-related splitting on the low-energy peak, Tuning of the exciton feature through the cavity mode at
but not the high-energy peak. The TMR simulations of thel2 T by variation of the temperature from 32 to 95 K is
same spectrdFig. 3, curve b)—solid line] show four shown in Fig. 4A). At T=32 K, the predominantly exciton

1 1 1 1 1 1 1 1 1 1
1.403 1.407 1.411 1.415 1.419 1.423

ENERGY/(eV)




R10 472 T. A. FISHERet al. 53

feature is at higher energy than the cavity mode, and is relsshould be noted that the Zeeman-related splitting off reso-
tively weak. The exciton Zeeman splitting can only be seemance (0.9 meV atT=95 K) is greater than that for the
as a weak shoulder. As the temperature is increased the eon-resonance spectf@.7 meV atT=85 K). As discussed
ergy of the predominantly exciton feature decreases and apreviously, on resonance the observed splitting on resonance
proaches that of the cavity mode. The intensity of this featuravill be approximately half that of the actual Zeeman
increases until af=85 K, the on-resonance polariton is splitting!® As the exciton moves further off resonance the
formed and two main features of equal intensity are seen. A$plitting approaches that of the actual Zeeman splitfh§
temperatures higher than this the exciton moves to lowemeV at 12 T, taken from Fig.(B)], as observed in th&
energy and the predominantly exciton feature weakens. The 95 K spectrd Fig. 4A), curve @€)].
peak positions are plotted in Fig(B). The dashed lines are In conclusion, we have reported the effects of magnetic
the estimated positions of the unperturbed Zeeman split eXield on the reflectivity spectra of high-quality quantum mi-
citons and cavity mode with temperature, following the pro-crocavity structures. The effects of magnetic-field-enhanced
cedure described in Ref. 7. oscillator strength and of Zeeman splitting have been clearly
For low temperatures where the exciton is at higher endemonstrated. We show that each spin component of the
ergy than the cavity the Zeeman splitting is not well re-exciton interacts independently with only the appropriate cir-
solved, and is only seen as a shoulder on the predominantlyularly polarized photon mode. Broadening seen on the high-
exciton high-energy feature. The exciton couples morenergy polariton peak at high magnetic fields raises serious
strongly as resonance is approached and the Zeeman relatgoubt as to whether the same broadening seen at zero mag-
splitting becomes more strongly resolved on the low-energyetic field can be due to coupling with higher discrete and
peak [for example, Fig. @A), curve ) at T=78 K]. It  continuum exciton states.
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