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Excitons in GaAs nanocavities under the influence of perpendicular magnetic fields
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Studies are presented on the optical response of magnetoexcitons in GaAs microcavities with an external
magneticB,, 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 wstholarization 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 Bjefield. In contrast, this splitting is inhibited by the applied
field when light is incident withp-polarization. Comparisons with experimental data show good qualitative
agreement.

I. INTRODUCTION Within the cavities, three spatially separated quantum wells
of InAs that support the excitonic transitions are included.
Exciton confinement in heterostructures has been exterAn external magnetic field is included in the perpendicular
sively used to enhance exciton binding energies and opticgleometry; as a result, the excitonic active layers are de-
properties- Moreover, effects of applied magnetic fields on scribed by a dielectric tensor and behave as birefringent ma-
the exciton optical response have attracted attention as tHerials, and the nonactive layers are considered as isotropic
field provides additional confinement and modifies the optimedia. The birefringent materials support four propagating
cal propertieg. Different orientations of the magnetitfield =~ modes; consequently the transfer matrix of these materials
have been explored, the perpendicul8) configuratiod ~ are of dimension %4. Using those matrices, the optical
being one of them. Recent experimental stutl@s the op-  response is calculated. Boph ands-polarized light are con-
tical properties of microcavities have been reported with considered to obtain the reflectivitids,, for p polarization,Rps
sideration of the spectral regime of excitonic transitions andor the conversion fronp to s polarization,Rs for s polar-
accounting for an applie®, field. The reflectivity spectra ization, andRs, for the conversion frons to p polarization.
display minima splitting as produced by the strong interac-Comparisons with experimental data are also performed for
tion of the exciton-polariton states with nanocavity modesspectra in the regime of excitonic transitions. In the simpli-
assisted by the applied magnetic field, an effect terRebi  fied model calculation presented in this paper, the dielectric
splitting. On the other hand, theoretical investigations haveensor is independent of the momentum associated with the
been conducted on the optical properties of superlattices witgenter of mass of the excitons. This approach of infinity ex-
appliedB, fields? The dispersion relations of the collective Citon mass avoids the necessity of additional boundary con-
normal modes that propagate in the structures exhibit miniditions, as no additonal waves are generated. The work is
bands and minigaps of bulk magnetop|asm0ns' and the di@rganized as follows: Section Il is devoted to the outline of
cussions are presented either in terms of the Bloch wavhe reflectivity calculations for light incident with polariza-
VeCtOF or in terms of the para||e| Component of the wave tion. In Sec. lll, we present the results and conclusions.
vector?
Depending upon the magnetic field direction, a variety of II. FORMALISM
physical aspects take plate,such as the appearance of sur-
face, bulk, hybrid surface-bulk, and complex magnetoplas- Let us consider a semiconductor multilayered array, simi-
mon modes. For the investigations, transfer matrix aplar to that studied by Martineet al,’ with the difference
proaches have been developed to explore the minibands 8€ing that in the present case the system is finite. An applied
magnetoplasmons in semiconductor superlattices with apexternal magneti®,, field is applied along the superlattice
plied magnetic fields. In addition, studies on the optical re-growth direction, namely, the direction. Light propagation
sponse of magnetop|asmons have been also rerﬁ)m. takes place on th?z plane, which in turn defines the wave
sults exhibit the coupling of light with the normal modes thatvector asq=(0,Q,q,), with Q=qgsin# and o= w/c. The
may propagate in the layered system, forming a very ricrelements of the field-dependent local dielectric tensas)
structure with a dependence on the structural parameters aifor a layer can be written as
on the strength of the applied magnetic field.
In this paper we investigate semiconductor nanocavities
that were constructédy sandwiching GaAs layers between Exx= €L —5 5 5 5
Bragg reflectors made up of bilayers of AlAs and GaAs. (07~ 0" ~il'w) —(0w)
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wheree , w,, wr, o¢, andI’ are the background dielectric

constant, a measure of the oscillator strength of the excitoni
transitions, the frequency of the excitonic transition, the cy

clotron frequency, and the damping factor, respectively.
The wave vector 2=« , of the modes that propagate
in a single layer have the form

2 — 1 + 2_ 2 2
ay o 2¢ {(Exx €,7)Q Jo€xx€zz
27

[ (exx— 622)2Q4+A2]1/2}1 (4)

where A?=4(Q?~qje,,)U5esy€,,. Then the electric field
takes the form

2
E(r’t):ngl [Er‘_:'eiQnZ_l_ E;e—ian]ei(Qy—wt)’ (5)

and the magnetic field is obtained from Faraday’s equation.

Following a familiar procedure one may construct the
4 X 4 transfer matrixM ; for a semiconductor layer, with the
elements are as given by Mamez et al2 Once the transfer

matrix of a single layer is obtained, the boundary condition

E] [E
H Zr_M Hl, ©)

whereE"=(E,,E,) andH"=(H, H,).

As pointed out above, the system we are dealing with is
finite, in contrast to the semi-infinite array sutudied eatlier
and with some similarities to those studied by other
authors“® therefore, we outline the calculations of the reflec-
fivities. When light with definite polarization is incident on
‘the system, the wave encountering the surface may excite
two outgoing modes into the anisotropic medium in addition
to the reflected one with the sameor 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

E,(2)=E, €% +E,e "%, E2)=E;e %, (7)

where E; and E, are the amplitudes of the incident and
reflected waves witlp polarization, ande is the reflected
amplitude for thes-polarization component. By applying the
surface impedancé,(0)=E,(0)/H,(0) method, we write
the reflectivityR,,=|r,|*=|E,/E |, which is given by

2

. Z,(0)

_ bjazp—bsa
boay;—biay;’

7,(0)-2,
pp_p— ®)

|z,(0)+Z,

Where Z,=—cos6, with ¢ the angle of incidenceay;

. 2 _ ’ r_
are applied to obtain the transfer matrix of a multilayered™ M4229_ Mz, &= M44Zp3_ M2a, Zp/_qZS/qOES' a
array in terms of a product of matrices that takes the forni=MzzZs =Mz,  @2=M3Zg—Myg, Zg=0o/dzs, b1=

M=MM,_4---M4, where the subindices label the layers.

The relationship between the fields at the rightind leftZ
boundaries takes the form

’ — ’ _ 2
(—Maot Mgzl) (Ej +E;) +(Mys— Mazl) (—Ej +E)/z,

— M1z + Moy + [ Mygzg— M3/ zg, by=—Mayzi+ My

+[M33Zé_ Mial/zs, zs=0o/q, and Zp:qz/qo- 0zs and &g
are for the substrate. For tisgpolarized amplitude we have

Rps: |rps|2:

(€)

M1;—Mgzg— (M3~ M 332§)/Zp

In a similar fashion, the reflectivity componerRgs andRg,
can be calculated when light withpolarization is incident.

Ill. RESULTS AND DISCUSSION

The system considered for the studies is made up of

excitonic transition isE;=%wy=1.355 eV and the cavity
mode hasE.,,=1.355 eV. In the excitonic active media,
four waves propagate; as a result we describe them by em-
ploying 4x4 transfer matrices. The GaAs/AlAs bilayer di-
electric functions are independent of magnetic field and they
are treated as isotropic systems.

nanocavity of GaAs with three thin layers of InAs that play  Numerical studies are performed for the reflectivitis,
the role of quantum wells. The wells are sandwiched be'of p-polarized |ight,Rps for the conversion fronp to s po-
tween two Bragg reflectors constructed with bilayers ofjarization when light is incident witlp polarization, andRqs
GaAs and AIAS, as the one in Ref 2. The eXCitoniC aCtiVeof S po|arizati0n andRs for the conversion frons to p

media are the quantum wells; therefore we apply the dielecpolarization for light incident witrs polarization. At the end

tric tensor model as given in Sec. . The paramétéosthe
actual calculations arew)=(fos&’h%)/(Moeol,), where
fosc Is the oscillator strength per unit area,(mp) is the
charge(mas$ of the electron, and., is the quantum well
thickness. €gaas—12.56634, I'=3 meV, f,s=5
X 10' cm™ 2, and €),gaas= 12.890 04 at temperatufe=4.2
K and concentration of Ga af=0.87. The energy of the

of this section, results of the comparison between the experi-
mental data and theoretical calculations are discussed. We
focus our attention in the frequency domain of the excitonic
transitions neglecting nonlocal effects as we consider the ex-
citonic mass to be infinity; therefore, no additional modes are
excited in the excitonic active media and consequently no
additional boundary conditions are needed. Studies of exci-
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FIG. 1. Reflectivity for light incident withp
polarization at an anglé=50° and for different
ax1o? F N values of the applie® field: Upper panel is for
| 8 = 50° ] light reflected withp polarizationR,, and lower
3x10% f o502 em? - panel is for light reflected withs polarization
X o ] R,s; other parameters are shown in the inset.
E, =1.355eV ps
ot 2x10® E,=1355eV -
| I'=3 meV
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tons in nonlocal theory in nanocavities without an appliedtons that propagate in the quantum wells. It is noted that as
external magnetic field have been presented elsewhere. effects of the applied magnetic fielR,, evolves in such a
We present first the results of the reflectivities assumingvay that the two minima degenerate into a minimum, that is,
incident light with p polarization; therefore we exhibit first the applied external field inhibits the minimum splitting. At
Ryp andRys. Figure 1 displayR,, in the upper panel and the same timeRR,s develops two broad peaks as g field
R,s in the lower panel for a microcavity structure and ap-increases. The structure is exhibited in the lower panel of
plied external magnetic field with different strengths. Light is Fig. 1.
incident on the structure at an angle of 50° and couples to the Light incident with s polarization may excite the same
modes with wave vector of parallel componer® number of modes as thp-polarized light. However, one
=w/csin50°. In a layer that shows no field-induced anisot-would expect nonsimilar reflectivity spectra since the inci-
ropy, two noninteracting modes propagate to the right andlent waves have electric fields with different directions;
left, one withp and one withs polarization. On the other therefore they should produce different effects on the reflec-
hand, in an active excitonic medium two exciton-polaritontivities. In fact, when the incident light is polarized, the
modes, with no definite polarization, travel to the right andreflectivity Ry of s polarization displays a structure with a
left with propagating wave vectors given by Hg). These broad minimum at low fields and a splitting when the
modes are independent in a layer but they couple at the irstrength of the applied field increases, as shown in the upper
terfaces since they should obey boundary conditions. Thegganel of Fig. 2. It is apparent not only that minimum splitting
conditions also allow the coupling with those transverseoccurs, but also the symmetrization of the minima produced
modes of the adjacent isotropic layers. We can conclude thdty the magnetic field. In additiof}s, exhibits two peaks for
most of the reflectivity structure is due to the magentoexci-high magnetic field, depicted in the lower panel of Fig. 2.
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s 5 o tween theory and experiment of light reflectivity
2 4L fee=1x10"cm" | for a nanocavity with an applied external mag-
q) . = . . — . . . .
& «  Experimental E_ =1.3425¢eV | netic field ofB=9 T. Light is normally |n_C|dent

. E_=1.3425eV and other parameters are shown in the inset.
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The parameters are the same as in Fig. 1. ing a local theory. Incident light witp ands polarization has

For the comparisons with the experimental data, we chosbeen used for solving the wave equation, constructing the 4
one spectrum of Ref. 2. In Fig. 3, we reproduce the experix<4 transfer matrix to calculate the reflectan&g and Rss
mental reflectivity and compare it with the calculations for for light with p and s polarization, respectively, when the
the external magnetic fieldf® T and the structural param- incident light is with the same polarization, and the ampli-
eters as indicated in the inset. Experimental data are pregde Ry for the corversion fronp to s polarization andRs,
sented as a dotted curve and theory is presented with a solfgr the corresponding conversion fromto p polarization.
curve. It is evident that the spectra display a splitiR@bi  R_ displays a splitting of the minimum as produced by the
splitting) as described above. The energy of both experimenstrong interactions of the exciton-polariton states with the
tal minima are reproduced in the calculations, but the depthganocavity modes, assisted by the magnetic field and termed
are different, with the difference being attributed to the ab-the Rabi splitting. In contrask,, exhibits an inhibition of
sence of spatial dispersidh.The approach adopted in this the splitting as the field strength increases. Comparisons with

work is to take advantage of the absence of additional wavegxperimental data show the minimum splitting and qualita-
in the excitonic media. In other words, we consider a larg&jve good agreement.

excitonic mass in order to neglect nonlocal effects and
present a simplified approach to study effects of applied ex-
ternal magnetic fields on exciton polaritons in nanocavities.

In conclusion, we have presented a study of magnetoex-
citons in semiconductor nanocavities with an external mag- This work was partially supported by CONACyT-Meo
netic B, field applied in the perpendicular configuration us- Grant No. 26363-E.
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