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Excitons in GaAs nanocavities under the influence of perpendicular magnetic fields

G. Martı́nez, R. Aguilar, and P. H. Herna´ndez
Instituto de Fı´sica, Universidad Auto´noma de Puebla, Apartado Postal J-48, Puebla 72570, Me´xico

Gregorio H. Cocoletzi*

Department of Physics and Astronomy and Condensed Matter and Surface Sciences Program, Ohio University, Athens, Ohio
~Received 2 February 2000; revised manuscript received 24 May 2000!

Studies are presented on the optical response of magnetoexcitons in GaAs microcavities with an external
magneticBp field applied in the perpendicular configuration. Incident light of definite polarization is consid-
ered in order to calculate reflectivities with the same polarization and the conversion from one to the other
polarization. Results show that the reflectivity minimum of light withs polarization for light incident with the
same polarization splits into two minima as produced by the strong interaction of the exciton-polariton states
with the nanocavity modes and assisted by theBp field. In contrast, this splitting is inhibited by the applied
field when light is incident withp-polarization. Comparisons with experimental data show good qualitative
agreement.
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I. INTRODUCTION

Exciton confinement in heterostructures has been ex
sively used to enhance exciton binding energies and op
properties.1 Moreover, effects of applied magnetic fields o
the exciton optical response have attracted attention as
field provides additional confinement and modifies the o
cal properties.2 Different orientations of the magneticB field
have been explored, the perpendicular (Bp) configuration3

being one of them. Recent experimental studies2 on the op-
tical properties of microcavities have been reported with c
sideration of the spectral regime of excitonic transitions a
accounting for an appliedBp field. The reflectivity spectra
display minima splitting as produced by the strong inter
tion of the exciton-polariton states with nanocavity mod
assisted by the applied magnetic field, an effect termedRabi
splitting. On the other hand, theoretical investigations ha
been conducted on the optical properties of superlattices
appliedBp fields.4 The dispersion relations of the collectiv
normal modes that propagate in the structures exhibit m
bands and minigaps of bulk magnetoplasmons, and the
cussions are presented either in terms of the Bloch w
vector3 or in terms of the parallel component of the wa
vector.4

Depending upon the magnetic field direction, a variety
physical aspects take place,3–6 such as the appearance of su
face, bulk, hybrid surface-bulk, and complex magnetopl
mon modes. For the investigations, transfer matrix
proaches have been developed to explore the miniband
magnetoplasmons in semiconductor superlattices with
plied magnetic fields. In addition, studies on the optical
sponse of magnetoplasmons have been also reported.3 Re-
sults exhibit the coupling of light with the normal modes th
may propagate in the layered system, forming a very r
structure with a dependence on the structural parameters
on the strength of the applied magnetic field.

In this paper we investigate semiconductor nanocavi
that were constructed2 by sandwiching GaAs layers betwee
Bragg reflectors made up of bilayers of AlAs and GaA
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Within the cavities, three spatially separated quantum w
of InAs that support the excitonic transitions are include
An external magnetic field is included in the perpendicu
geometry; as a result, the excitonic active layers are
scribed by a dielectric tensor and behave as birefringent
terials, and the nonactive layers are considered as isotr
media. The birefringent materials support four propagat
modes; consequently the transfer matrix of these mate
are of dimension 434. Using those matrices, the optic
response is calculated. Bothp- ands-polarized light are con-
sidered to obtain the reflectivitiesRpp for p polarization,Rps
for the conversion fromp to s polarization,Rss for s polar-
ization, andRsp for the conversion froms to p polarization.
Comparisons with experimental data are also performed
spectra in the regime of excitonic transitions. In the simp
fied model calculation presented in this paper, the dielec
tensor is independent of the momentum associated with
center of mass of the excitons. This approach of infinity e
citon mass avoids the necessity of additional boundary c
ditions, as no additonal waves are generated. The wor
organized as follows: Section II is devoted to the outline
the reflectivity calculations for light incident withp polariza-
tion. In Sec. III, we present the results and conclusions.

II. FORMALISM

Let us consider a semiconductor multilayered array, si
lar to that studied by Martinezet al.,3 with the difference
being that in the present case the system is finite. An app
external magneticBp field is applied along the superlattic
growth direction, namely, thez direction. Light propagation
takes place on theyz plane, which in turn defines the wav
vector asq5(0,Q,qz), with Q5q0sinu and q05v/c. The
elements of the field-dependent local dielectric tensorẽ(v)
for a layer can be written as

exx5eL1
vp

2~vT
22v22 iGv!

~vT
22v22 iGv!22~vvc!

2
, ~1!
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exy52eyx5 i eL

vvcvp
2

~vT
22v22 iGv!22~vvc!

2
, ~2!

ezz5eL1
vp

2

vT
22v22 iGv

, ~3!

whereeL , vp , vT , vc , andG are the background dielectri
constant, a measure of the oscillator strength of the excito
transitions, the frequency of the excitonic transition, the
clotron frequency, and the damping factor, respectively.

The wave vector2qz
25a1,2

2 of the modes that propagat
in a single layer have the form

a1,2
2 5

1

2ezz
$~exx1ezz!Q

222q0
2exxezz

6@~exx2ezz!
2Q41L2#1/2%, ~4!

where L254(Q22q0
2ezz)q0

2exy
2 ezz. Then the electric field

takes the form

E~r ,t !5 (
n51

2

@En
1eiqnz1En

2e2 iqnz#ei (Qy2vt), ~5!

and the magnetic field is obtained from Faraday’s equat
Following a familiar procedure3 one may construct the
434 transfer matrixM1 for a semiconductor layer, with th
elements are as given by Martı´nez et al.3 Once the transfer
matrix of a single layer is obtained, the boundary conditio
are applied to obtain the transfer matrix of a multilayer
array in terms of a product of matrices that takes the fo
M5MnMn21•••M1, where the subindices label the laye
The relationship between the fields at the rightzr and leftzl

boundaries takes the form
f
ay
be
o

iv
le
ic
-

n.

s

.

F E

HG
zr

5M F E

HG
zl

, ~6!

whereET5(Ex ,Ey) andHT5(Hx ,Hy).
As pointed out above, the system we are dealing with

finite, in contrast to the semi-infinite array sutudied earli3

and with some similarities to those studied by oth
authors;7,8 therefore, we outline the calculations of the refle
tivities. When light with definite polarization is incident o
the system, the wave encountering the surface may ex
two outgoing modes into the anisotropic medium in additi
to the reflected one with the samep or s polarization and a
component withs or p polarization. To calculate the reflec
tivity for light incident with p polarization, we write the tan-
gential components of the electric field in vacuum as

Ey~z!5Ep
1eiqzz1Ep

2e2 iqzz, Ex~z!5Es
2e2 iqzz, ~7!

where Ep
1 and Ep

2 are the amplitudes of the incident an
reflected waves withp polarization, andEs

2 is the reflected
amplitude for thes-polarization component. By applying th
surface impedanceZp(0)5Ey(0)/Hx(0) method, we write
the reflectivityRpp5ur pu25uEp

2/Ep
1u2, which is given by

Rpp5UZp~0!2Zv

Zp~0!1Zv
U2

, Zp~0!5
b1a222b2a12

b2a112b1a21
, ~8!

where Zv52cosu, with u the angle of incidence,a11

5M42zp82M22, a125M44zp82M24, zp85qzs/q0es , a21

5M32zs82M12, a225M34zs82M14, zs85q0 /qzs, b15

2M41zp81M211@M43zp82M23#/zs , b252M31zs81M11

1@M33zs82M13#/zs , zs5q0 /qz and zp5qz /q0 . qzs and es

are for the substrate. For thes-polarized amplitude we have
Rps5ur psu25U~2M121M32zs8!~Ep
11Ep

2!1~M142M34zs8!~2Ep
11Ep

2!/zp

M112M31zs82~M132M33zs8!/zp
U2

. ~9!
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In a similar fashion, the reflectivity componentsRss andRsp
can be calculated when light withs polarization is incident.

III. RESULTS AND DISCUSSION

The system considered for the studies is made up o
nanocavity of GaAs with three thin layers of InAs that pl
the role of quantum wells. The wells are sandwiched
tween two Bragg reflectors constructed with bilayers
GaAs and AlAs, as the one in Ref. 2. The excitonic act
media are the quantum wells; therefore we apply the die
tric tensor model as given in Sec. II. The parameters2 for the
actual calculations arevp

25( f osce
2\2)/(m0e0Lz), where

f osc is the oscillator strength per unit area,e (m0) is the
charge~mass! of the electron, andLz is the quantum well
thickness. eGaAs512.566 34, G53 meV, f osc55
31012 cm22, ande InGaAs512.890 04 at temperatureT54.2
K and concentration of Ga ofx50.87. The energy of the
a

-
f
e
c-

excitonic transition isET5\vT51.355 eV and the cavity
mode hasEcav51.355 eV. In the excitonic active media
four waves propagate; as a result we describe them by
ploying 434 transfer matrices. The GaAs/AlAs bilayer d
electric functions are independent of magnetic field and t
are treated as isotropic systems.

Numerical studies are performed for the reflectivitiesRpp
of p-polarized light,Rps for the conversion fromp to s po-
larization when light is incident withp polarization, andRss
of s polarization andRsp for the conversion froms to p
polarization for light incident withs polarization. At the end
of this section, results of the comparison between the exp
mental data and theoretical calculations are discussed.
focus our attention in the frequency domain of the excito
transitions neglecting nonlocal effects as we consider the
citonic mass to be infinity; therefore, no additional modes
excited in the excitonic active media and consequently
additional boundary conditions are needed. Studies of e
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FIG. 1. Reflectivity for light incident withp
polarization at an angleu550° and for different
values of the appliedB field: Upper panel is for
light reflected withp polarizationRpp and lower
panel is for light reflected withs polarization
Rps ; other parameters are shown in the inset.
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2.
tons in nonlocal theory in nanocavities without an appl
external magnetic field have been presented elsewhere.9

We present first the results of the reflectivities assum
incident light with p polarization; therefore we exhibit firs
Rpp andRps . Figure 1 displaysRpp in the upper panel and
Rps in the lower panel for a microcavity structure and a
plied external magnetic field with different strengths. Light
incident on the structure at an angle of 50° and couples to
modes with wave vector of parallel componentQ
5v/c sin 50°. In a layer that shows no field-induced anis
ropy, two noninteracting modes propagate to the right a
left, one with p and one withs polarization. On the othe
hand, in an active excitonic medium two exciton-polarit
modes, with no definite polarization, travel to the right a
left with propagating wave vectors given by Eq.~4!. These
modes are independent in a layer but they couple at the
terfaces since they should obey boundary conditions. Th
conditions also allow the coupling with those transve
modes of the adjacent isotropic layers. We can conclude
most of the reflectivity structure is due to the magentoex
g
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e
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d

n-
se
e
at
i-

tons that propagate in the quantum wells. It is noted tha
effects of the applied magnetic field,Rpp evolves in such a
way that the two minima degenerate into a minimum, that
the applied external field inhibits the minimum splitting. A
the same time,Rps develops two broad peaks as theBp field
increases. The structure is exhibited in the lower pane
Fig. 1.

Light incident with s polarization may excite the sam
number of modes as thep-polarized light. However, one
would expect nonsimilar reflectivity spectra since the in
dent waves have electric fields with different direction
therefore they should produce different effects on the refl
tivities. In fact, when the incident light iss polarized, the
reflectivity Rss of s polarization displays a structure with
broad minimum at low fields and a splitting when th
strength of the applied field increases, as shown in the up
panel of Fig. 2. It is apparent not only that minimum splittin
occurs, but also the symmetrization of the minima produc
by the magnetic field. In addition,Rsp exhibits two peaks for
high magnetic field, depicted in the lower panel of Fig.
-
FIG. 2. The same as in Fig. 1 for light inci
dent withs polarization.
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FIG. 3. This figure shows the comparison b
tween theory and experiment of light reflectivit
for a nanocavity with an applied external ma
netic field ofB59 T. Light is normally incident
and other parameters are shown in the inset.
o
e
o
-
p
so

e
t
b

is
v

rg
n
e
es
e
a
s

e 4

e
li-

he
the
med

with
ta-
The parameters are the same as in Fig. 1.
For the comparisons with the experimental data, we ch

one spectrum of Ref. 2. In Fig. 3, we reproduce the exp
mental reflectivity and compare it with the calculations f
the external magnetic field of 9 T and the structural param
eters as indicated in the inset. Experimental data are
sented as a dotted curve and theory is presented with a
curve. It is evident that the spectra display a splitting~Rabi
splitting! as described above. The energy of both experim
tal minima are reproduced in the calculations, but the dep
are different, with the difference being attributed to the a
sence of spatial dispersion.10 The approach adopted in th
work is to take advantage of the absence of additional wa
in the excitonic media. In other words, we consider a la
excitonic mass in order to neglect nonlocal effects a
present a simplified approach to study effects of applied
ternal magnetic fields on exciton polaritons in nanocaviti

In conclusion, we have presented a study of magneto
citons in semiconductor nanocavities with an external m
netic Bp field applied in the perpendicular configuration u
se
ri-
r

re-
lid

n-
hs
-

es
e
d
x-
.
x-
g-
-

ing a local theory. Incident light withp ands polarization has
been used for solving the wave equation, constructing th
34 transfer matrix to calculate the reflectancesRpp andRss

for light with p and s polarization, respectively, when th
incident light is with the same polarization, and the amp
tudeRps for the corversion fromp to s polarization andRsp
for the corresponding conversion froms to p polarization.
Rss displays a splitting of the minimum as produced by t
strong interactions of the exciton-polariton states with
nanocavity modes, assisted by the magnetic field and ter
the Rabi splitting. In contrast,Rpp exhibits an inhibition of
the splitting as the field strength increases. Comparisons
experimental data show the minimum splitting and quali
tive good agreement.
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