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Magnetoexciton electroabsorption in T-shaped semiconductor quantum wires
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This work presents a calculation of the optical absorption spectra of magnetoexcitons in T-shaped semicon-
ductor quantum wires. The calculation is performed using the semiconductor Bloch equations in the real-space
and time domains. The peak and the linewidth of the fundamental exciton transition are investigated as
functions of the applied magnetic and electric fields. For increasing magnetic field the exciton has its binding
energy enhanced. The absorption spectra in the presence of a static electric field along the wire axis show a line
broadening, an energy shift, and oscillations characteristic of the Franz-Keldysh effect. An introductory study
of the effects on the absorption spectra of phase space occupation by photocreated carriers was done and we
found that optical gain occurs for carrier density above;1.53106/cm.
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The peculiar optical and electronic properties of nanom
ric systems with quantum-confined electronic states
promising for uses in devices. The realization of on
dimensional~1D! semiconductor nanostructures is nowada
accomplished in different ways. One is the so-cal
T-shaped quantum wire, formed at the intersection of t
quantum wells grown on perpendicular crystallograp
planes~see Fig. 1!. The fundamental electronic state in the
wire, which is quantum confined in two directions and tran
lationally invariant along one direction, lies below the fu
damental quasi-2D states in the constituent quantum w
by typically a few tens of meV. The forced proximity of th
electron-hole (e-h) pair enhances the binding energy of
exciton in the wire. A magnetic fieldB applied perpendicu-
larly to the plane of the arm quantum well~see Fig. 1! can be
used to externally intensify this proximity and consequen
to produce an energy shift of the fundamental excitonic tr
sition. On the one hand, the magnetic field enhances
confinement in the wire causing a diamagnetic shift to hig
energies of the electron and hole subbands. On the o
hand, the stronger the confinement in the wire the higher
exciton binding energy yielding an opposite energy shift. T
unbalance of these contributions produces the observed b
shift of the fundamental transition for increasing magne
field.1

A model calculation performed by Bryant and Band2 to
simulate the experiment1 has shown that the field modifie
the soft electronic confinement causing the electron and
wave functions to be more or less spread over the arm q
tum well or over the stem quantum well. Since the form
and latter quantum-well planes are, respectively, normal
parallel to the magnetic field direction, the effect is not
pure diamagnetic shift i.e.,}B2. In the theoretical model2

the excitonic wave function was written as a product of
T-wire eigenstates for the electron and hole and a variatio
wave function for thee-h correlated state. A trial wave func
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tion that better reproduced the experimental data was sh
to be that in which thee-h correlation was in all three direc
tions. In the work of Goldiniet al.,3 a detailed study of the
spin mixing in the valence band, neglecting thee-h Coulomb
interaction, has shown that the character of the hole state~as
being heavy or light! depends on the degree of the wa
function spreading over the arm and stem quantum we
This has an important effect on the optical anisotropy
excitation with linear polarization parallel or perpendicul
to the wire axis. A bias with an electric field perpendicular
the wire can be used to control thee-h wave-function over-
lap in the system and therefore to modulate the polarizat
dependent absorption, allowing for the development
polarization-sensitive detectors, modulators, and filters,
suggested by Citrin and Chang.4

FIG. 1. Illustration of the T-wire system periodic in thex direc-
tion. In dotted lines is the unit cell region used in the numeri
calculation.
©2002 The American Physical Society32-1
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The optical-absorption spectrum of a cylindrical quantu
wire was recently calculated by Hughes and Citrin,5 who
solved the low-density semiconductor Bloch equation~SBE!
in the time and real-space domains. The time evolution of
interband optical polarization was obtained by wave-pac
propagation implemented by split-step method in which
action of the kinetic operator is carried out in the Four
space and transformed back to real space, while the actio
the potential term is carried out directly in real space.
complete approach in real-space treats the kinetic-energy
erator for thee-h relative coordinates as a second-order
rivative with respect to these coordinates. The optical sp
trum was obtained by Fourier transforming the tim
dependente-h polarization to the frequency domain. Fro
the peaks in the spectral response one can find the eige
ergies of thee-h pair in the wire without having to rely on
restrictive basis expansion, perturbation, or variational me
ods. Using the full SBE,6 i.e., including nonlinear contribu
tions, the spectral calculation yields at once thee-h bound
states as well as the continuum of the freee-h pairs depend-
ing on the photocarrier density, which is important to t
understanding of the exciton stability and band-gap ren
malization in wire systems under high excitation power~see,
for example, Refs. 7–9!. Even in the low-density limit, this
method is also handy to calculate optical absorption of s
tems having potentials that are time dependent10 or having
no truee-h bound state, such as in the case when an inte
static electric field is applied along the quantum wire.5 The
absorption spectra in the presence of such static field sh
interesting characteristics~Franz-Keldysh effect11! such as
energy shifts, oscillations in the continuum part of t
spectra,12 and a broadening of the fundamental transition
dicating thee-h bound state has become unstable, i.e.,
lifetime is reduced. However, the presence of this static e
tric field breaks the translational invariance along the w
and the periodic boundary condition fails. Consequently
order to avoid spurious boundary effects on the wire,
shall not treat the kinetic operator in Fourier space, as d
in Ref. 5.

In this work we study the electroabsorption of magneto
citons in a T-shaped quantum wire, where the magnetic fi
is applied perpendicularly to the plane of the arm well and
electric field is applied along the wire axis. The exciton
energies are calculated from the absorption spectra as in
5 but with the kinetic operator in the real-space represe
tion, avoiding in this way the failed periodic boundary co
dition. The peak and the linewidth of the optical absorpti
for the fundamental transition are investigated as functi
of the strength of both fields, magnetic and electric. T
optical spectra are obtained using an effective 1D poten
for the Coulomb attraction of thee-h pair, which was calcu-
lated using the electron and hole ground states for the la
ally confined carriers in a T-wire structure. These states
calculated numerically by solving the 2D Schro¨dinger equa-
tion.

I. OPTICAL ABSORPTION OF A T-SHAPED
SEMICONDUCTOR QUANTUM WIRE

A. Electron and hole lateral states

We begin formulating the problem of an electron and
hole in a T-wire structure as in Fig. 1. In this section we
07533
e
t

e
r
of

p-
-
c-
-

en-

-

r-

s-

se

ws

-
s
c-
e
n
e
e

-
ld
n

ef.
a-

s
e
al

r-
re

not considere-h interaction. The ground states we calcula
are needed in the next section to construct thee-h interaction
potential used in the calculation of the optical-absorpt
spectrum of the wire.

We first consider the Schro¨dinger equation for an electro
in the wire,

H2D
e fn

e5F 1

2me
S pe2

qe

c
AD 2

1V2D
e Gfn

e5En
efn

e , ~1!

whereme is the effective mass,qe the electron charge,pe

52 i\“e , and V2D
e describes the T-wire potential due t

material bandgap differences. This potential is a function
the lateral coordinates of the system cross section (xy plane!
as in Fig. 1. Unit cells of sizesLx and Ly were used with
periodic boundary conditions along thex direction and hard
walls for the boundaries in they direction. For a magnetic
field perpendicular to the plane of the arm well we used
gauge which preserves the translational invariance along
wire, namely

A5A~re!52Bxeẑ. ~2!

Then the kinetic-energy term can be written as

1

2me
S pe2

qe

c
AD 2

5
pe

2

2me
2

qeBxepez

mec
1

qe
2B2xe

2

2mec
2

. ~3!

Equations similar to Eqs.~1!–~3! were obtained for the
heavy holes. Parabolic energy dispersions for the he
holes were considered with anisotropic effective mas
mhx5mhz and mhy . This approximation ignores the stron
state mixing for holes having nonzero momenta and/or
excited subband states.3,13 For states close to the band ed
this approximation is satisfactory, but polarization effects
then neglected.

The second term on the right-hand side~rhs! of Eq. ~3!
couples the carrier free motion along the wire (z axis! with
the confined motion in thexy plane of the wire. Treating this
coupling together with thee-h Coulomb interaction is a dif-
ficult task. Thee-h interaction is included in our model whe
calculating the optical-absorption spectrum~see Sec. I B!.
Then a pulse of light createse-h pairs having zero center-of
mass momentum. The correlation of thee-h relative motion
results in momentum distributions for the electrons and ho
around the zero momentum,kz50. In this case, the neglec
of the second term on the rhs of Eq.~3! is satisfactory. The
last term on the rhs of Eq.~3! favors the confinement of the
electrons and holes around the wire for a nonzeroB field,
yielding energy shifts of the electron and hole subbands.
2D Schrödinger equations for electrons and holes, as j
defined, are then solved numerically, using the same te
nique as in Ref. 14, for the ground-state wave functio
f0

e(xe ,ye) andf0
h(xh ,yh).

B. Optical absorption

The optical absorption is calculated from the interba
polarization whose equation of motion is given by the SB
We consider an optical pulse exciting states around the b
2-2
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MAGNETOEXCITON ELECTROABSORPTION IN T- . . . PHYSICAL REVIEW B66, 075332 ~2002!
gap, such that only the lowest conduction and highest
lence subbands of the wire participate. Coulomb interac
between the electron and hole is then included. For that
effective potential is calculated using the ground-state w
functions obtained as in Sec. I A, that is

V~z!52e2E d2reE d2rh

uf0
e~re!u2uf0

h~rh!u2

Az21~re2rh!2
, ~4!

wherez is the e-h relative coordinate along the wire axi
Therefore, the problem has been reduced to one directio

In the real-space representation, the SBE’s, in the limi
low excitation read6,5

i\~] t1 ivg1G!P~z,t !5HP~z,t !1dcvE~ t !

3@2n~z,t !2Ld~z!#, ~5!

i\] tn~z,t !52dcvE~ t !P* ~2z,t !1dcv* E* ~ t !P~z,t !,
~6!

where

H52
\2

2m

]2

]z2
1V~z!1eFz, ~7!

with L being the wire length,z5zh2ze the e-h relative co-
ordinate along the wire,F an applied longitudinal electric
field, m the e-h reduced mass (m215me

211mhz
21), dcv the

interband dipole moment,\vg the band-gap energy~or bet-
ter, the onset of the continuum of free states in the wire! and
E(t) the optical pulse. The relaxation rateG, accounting for
scattering processes causing dephasing of the optical p
ization, is treated within the relaxation time approximatio

Equations~5! and~6! describe the space-time evolution
the interband optical polarizationP(z,t) and the carrier oc-
cupationn(z,t). The effect of this occupation is to bleach th
absorption due to phase-space filling. We have not inclu
in the present calculation nonlinear terms in Eqs.~5! and~6!
responsible for band-gap renormalization and vertex
local-field corrections. These terms are important when tr
ing high-density, or high excitation situations.6

The optical absorption is calculated from the interba
polarization according to6

a~v!5Ambg

v«9~v!

A 1
2 @«8~v!1A„«8~v!…21„«9~v!…2#

, ~8!

wherembg is the background permissivity,

«8~v!5«bg1Re@x~v!#, «9~v!5Im@x~v!#, ~9!

x~v!5
P~v!

VE~v!
, ~10!

whereV is the system volume, withP(v) andE(v) being
the Fourier transforms of the interband polarizationP(t)
5dcvP(x50,t)1c.c. and of the optical pulseE(t), respec-
tively.
07533
a-
n
n
e

.
f

ar-

d

d
t-

d

The time-dependent solutions of Eqs.~5! and ~6! are
implemented as shown in the Appendix. The kinetic-ene
derivative is carried out in real space, which for the d
cretized wire length requires the solution of a linear syst
of equations involving a tridiagonal matrix by Gauss elim
nation. Our time propagation scheme is correct up to sec
order in the time interval, i.e. up toDt2. To include the
nonlinear terms in the SBE, which were neglected in Eqs.~5!
and~6!, one has to propagate the solutions at least up toDt3.
The Fourier transformsP(v) andE(v) were obtained using
fast Fourier transform algorithm.

II. RESULTS AND DISCUSSION

We have investigated a T-wire system made
GaAs/Al0.3Ga0.7As semiconductors for which the effectiv
masses areme50.067m0 for an electron andmhx5mhz
50.13m0 andmhy50.34m0 for a heavy hole, withm0 being
the free-electron mass. The effective masses are consid
to be the same for the well and barrier materials. The pot
tial barriers, due to the band-gap energy difference of s
materials, areVe5219.7 meV for the conduction electro
and for the valence heavy holeVh5134.6 meV. The dielec-
tric constant used is«bg513.1«0, and the interband dipole
moment isdcv53 eÅ. The system investigated is similar t
a T wire previously studied experimentally1 and
theoretically.2 It has an arm quantum well of width 5.6 nm
and a stem quantum well of width 5.1 nm. Unit cells rep
senting the system~Fig. 1!, of sizesLx5120 nm andLy
540 nm, was used in the calculation of the lateral sta
with the respective numbers of points in the meshNx5256
andNy5161. For the same system studied in Refs. 1 an
~named sample S3! we verified that the wire ground state
had appreciable wave function penetration into neighbor
unit cells. To avoid that, and to guarantee truly quasi-
states, we have used a somewhat larger unit cell along tx
direction. In Fig. 2 are the wave function projections for
electron in zero magnetic field and inB58 T. One can see
that the effect of the field is to enhance the electron confi
ment into the wire. We were careful in not using too hig
values ofB for which the wave functions would spread co
siderably over the stem well requiring caution with the use
our boundary conditions along they direction. A similar be-
havior was observed for the heavy-hole ground state.

In Fig. 3~a! we plot ~open triangles! the electron-hole en-
ergy transition~without Coulomb interaction! as a function
of the applied magnetic field. This energy comprises
zero-point energies of the electron and hole in the wire,
tained as in Sec. I A, plus the bandgap energy (Egap
51519 meV for GaAs!. This curve yields the onset of th
wire continuum. When the Coulomb interaction is turned o
the exciton energy is calculated from the peak in opti
absorption spectrum as discussed in Sec. I B.15 The inset in
Fig. 3~a! shows some of these spectra; those with broa
peaks are calculated using an inverse dephasing rateG21

5500 fs, for B50 and 8 T, and the spectrum with a na
rower peak is calculated withG2151000 fs, forB50. In
the latter spectrum one can see, besides the fundamenta
citon transition, a small peak close to the continuum on
2-3
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due to excited excitonic transitions. In Fig. 3~a! the funda-
mental exciton peak positions are plotted~solid triangle! for
different applied magnetic fields. A blueshift of the peak c
be observed in qualitative agreement with the experime1

The apparent overestimation to blueshift of our result, wh
one compares it quantitatively with the experimental data
with the results from other model calculation,2 is due to the
fact we have used a larger system to ensure that our spe
calculation could be applied to a truly 1D system witho
wave-function penetration into neighboring unit cells. W
compare also our results with that one obtained performin
variational calculation using the same Coulomb poten
generated as in Eq.~4!. The trial wave function used—
c(z)5A exp(2az2), wherea is the variational parameter—
hase-h correlation only for the coordinates along the wir
In Fig. 3~b! we show the binding energy, i.e. the difference
energy from thee-h bound state to the continuum ons
shown in Fig. 3~a!, calculated from the variational metho
and from the optical absorption peaks@Fig. 3~a!#. As ex-
pected the binding energy from the variational method
slightly smaller than the result extracted from the absorpt
peaks. We also see in Fig. 3~b! that, although a blueshift is
seen in Fig. 3~a!, the magnetoexciton binding energy is e
hanced with increasing applied magnetic field due to
forced proximity of the electron and hole in the wire.

The advantage of using the optical absorption meth
over the variational calculation is in the fact it can also
applied to systems with effectivee-h potentials without true
bound states and to systems subject to time-dependent p
tials. In the following we present a study that exemplifies t
point. For a static electric field applied along the wire ax
the electron and hole in the exciton is pulled apart by

FIG. 2. ~a! Projection of the ground-state wave function for
electron in the T wire in the absence of an applied magnetic fi
B50. ~b! Same as before but forB58 T.
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field which introduces an additional potentialeFz to the ef-
fective Coulomb potentialV(z) @note thatV(z) does not di-
verge atz50 for quasi-1D systems6#. The total potential is
now approximately linear at largez, with no minimum atz
50, which makes the attempts of findinge-h bound states
around z50 via variational and perturbative methods f
large fieldsF unfruitful, while the solution using the optica
absorption is still easily realized. In Fig. 4~b! we show the
absorption spectra for the same T wire as investigated bef
with B54 T for F50 ~dotted line! and F54.5 kV/cm
~solid line!. One sees that the effects of the longitudinal ele
tric field are~i! to broaden the fundamental exciton peak,~ii !
to shift the peak, and~iii ! to produce oscillations in the con
tinuum part of the spectrum. Here we focus our attention
the fundamental exciton transition. In Fig. 4~a! we plot the
absorption peak, relative to the continuum onset, for differ
applied magnetic fields as a function of the electric field. T
binding energy enhances slightly and then recovers as
electric field is increased. The approximate constancy of
fundamental excitonic state was already predicted long
in 2D ~Ref. 16! and 3D ~Ref. 17! systems and observed i
quantum wells,18 where the main effect seen was the broa
ening of the exciton fundamental optical transition.

We note, from Fig. 4~c!, that the broadening of the fun
damental line is more pronounced for magnetoexcitons s
ject to lower magnetic field. The linewidth broadening
related to the reduction of the lifetime of the exciton sta
which becomes unstable due to the electric field. Figure 4~d!

ld

FIG. 3. ~a! Electron-hole transition energy (e-h) and exciton
fundamental transition energy as functions of the applied magn
field. The inset shows the optical absorption spectra for an inve
dephasing rateG215500 fs, forB50 ~dashed line! and B58 T
~dotted line!. The solid line is forG2151000 fs andB50. ~b!
Exciton energy in relation to the wire continuum as a function
the magnetic field from a variational method calculation and fr
the energy position of the absorption fundamental peak.
2-4
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shows that the different curves in Fig. 4~c! become essentia
only when they are plotted as a function of a convenien
scaled electric fieldF* . It is given byF* ;ea0F/EB , where
a0 andEB are, respectively, the exciton effective Bohr radi
and the binding energy, which are calculated in absence o
electrical field,F50. The valueF* ; 1 is related to the field
necessary to ionize the exciton.

So far the bleaching effect due to the carrier occupat
has not been included in the SBE; i.e. Eq.~5! was treated
with n(z,t)50. We now solve Eqs.~5! and ~6! together. In
this case, the absorption depends on the intensity of the
tical pulse E0. In Fig. 5 we show the absorption spect
calculated for the magnetoexciton withB54 T in an ap-
plied electric fieldF54.5 kV/cm for different values of the
optical pulse intensityE0. This results in different photoex
cited carrier concentrationsN, which can be obtained in ou
model fromn(z,t) calculated atz50 andt@G21 since Eq.
~6! has no damping andn(z50)5(knk[N/2, wherenk is
the occupation ink space and the factor 2 accounts for t
spins ~note that the twofold spin channelss6 are indepen-
dent in this model!. As the time duration of the exciting puls
is short, 40 fs, it has a very broad spectral band that exc
carriers within a large energy band. Due to phase-space
ing, we then observe a bleaching of the absorption uniform
over the energy range investigated. A negative absorptio
observed in the case of strong pump whereN is larger than
;1.53106/cm. This is in the order ofN for which the Mott
transition~i.e., the merge of the exciton peak at thee-h con-

FIG. 4. ~a! Magnetoexciton binding energies as functions of t
longitudinal electric field.~b! Optical absorption spectra forB
54 T, without~dashed line! and with an applied longitudinal elec
tric field F54.5 kV/cm ~solid line!. ~c! Linewidths ~full width at
half maximum! of the fundamental exciton absorption for differe
magnetic fields as functions of the electric field.~d! The same as in
~c! but with the horizontal axis being a scaled electric field.
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tinuum! is expected,8,9 and optical gain has being observed
real quantum wires.7

In conclusion, we have investigated the magnetoexci
fundamental state in a T-shaped semiconductor quan
wire. The e-h effective potential was calculated from th
ground-state wave functions for the electron and hole in
wire obtained by solving the 2D Schro¨dinger equation nu-
merically. The optical-absorption spectrum was used to
tract the energy and the linewidth of the fundamental m
netoexciton state. An enhancement of the exciton bind
energy with increasing magnetic field was observed2 and, as
in the experiment,1 a blueshift of the fundamental transitio
was calculated. A study of the magnetoexciton in the T w
in an applied electric field has shown that the energy posi
of the fundamental transition is weakly affected by the el
tric field. Its linewidth broadens in a way that can be sca
by the exciton binding energy and the Bohr radius. It
worth mention that although we have investigated a un
mensional model, for which the lateral and longitudinal d
grees of freedom of the carrier motion in the wire were se
rated, there is in principle no limitation to implement th
method to solve the SBE in three full dimensions, even
cluding nonlinear terms.

Finally, in comparing our results to the experimental da
one has to consider exciton localization in imperfections
the quantum wires. This yields an inhomogeneous broad
ing of the emission peaks with linewidths of order ofG i

;3 –10 meV, although sharp spectral structures in the p
toluminescence spectrum have been observed and attrib9

to individual localized-exciton recombinations. A simila
broadening of the absorption peak may occur for photoe
tation of excitons in different regions of the quantum wir
We believe our results, i.e., the dependence of the ene
shifts and linewidths on the magnetic and electric fields~cf.
Figs. 3 and 4!, can be experimentally observed since they
of the same order or larger thanG i .

FIG. 5. Optical absorption spectra for different intensities of t
exciting light creating excitonic densities shown at the legend.
2-5
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APPENDIX: SOLUTION OF SBE

We consider the light pulse tuned at the gap frequen
i.e., E(t)5e2 ivgt f (t), where f (t) is a gaussian envelop
with width s at e22 of its maximum. In order to perform the
solution of the system of equations~5! and~6! we make the
follow changes of scale:

P̄~z,t !5
\

E0dcvDt
e2 ivgtP~z,t ! ~A1!

and

n̄~z,t !5
1

2 S \

E0dcvDt D
2

n~z,t !, ~A2!

which let the system of equations independent on the
energy and makes explicit its dependence onDt. The solu-
. B

d

.

d

07533
y,

p

tion of the SBE for these scaled variablesP̄ and n̄ is given
by

P̄~z,t j 11!5e2GDtexpH Dt

i\
H~z,t j !J H P̄~z,t j !1 i f ~ t j !

3FLd~z!2S 2E0dcvDt

\ D 2

n̄~z,t j !G J , ~A3!

with the initial conditionsP̄(z,t0)5n̄(z,t0)50. The nonlin-
ear terms, the renormalization gap, and the local-field cor
tion, missing in Eqs.~5! and ~6!, would contribute to the
solution above with terms proportional toDt3. As we have
neglected them~low excitation regime! and kept only terms
up toDt2, we perform the time evolution operator~exponen-
tial of the HamiltonianH) using the split-step method up t
second order inDt, when it is applied to the first two term
on the rhs of Eq.~A3!, P̄(z,t j ) and i f (t j )Ld(z), and ap-
proximate it up to zero order, i.e., exp$(Dt/i\)H(z,tj)%.1,
when it is applied to the last term, namely, the populat
n̄(z,t j ), because it is already proportional toDt2.
a
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