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Theory of electronic and optical properties of magnetoexcitons in quantum-well wires
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Binding energies and linear optical properties of quasi-one-dimensional excitons in a quantum wire in strong
magnetic fields are predicted. It is shown that magnetoexcitons confined in a quantum-well wire possess a
hydrogenic spectrum with bound states and a continuum of scattering states, in contrast to two-dimensional
magnetoexcitons that are always bound. The appearance and shape of Fano resonances in the optical spectra
are explained and the influence of the Coulomb interaction on the optical spectra is discussed both analytically
and numerically[S0163-18206)00547-4

[. INTRODUCTION sorption edge of unbound magnetoexcitons, which exhibits
an inverse square-root singularity for independent particles.
The Coulomb interaction between electrons and holes in a In the absence of magnetic fields, optical properties of 1D
semiconductor subject to a strong quantizing magnetic fieléxciton$®® and the interaction between bound and scatter-
leads to the formation of magnetoexcitons. In bulk semiconing state&’ has been investigated before. Here, we generalize
ductors, their properties are well understdotiThere are these results to high magnetic fields and provide a qualitative
both bound as well as unbound excitonic states. The formegxplanation of the characteristic features of the magnetoex-
appear energetically below each free electron and hole Lareiton absorption spectrum.
dau level pair. Those associated with higher Landau levels The paper is structured as follows. In Sec. Il, we express
interact with the unbound states associated with the lowethe Schrdinger equation for 1D magnetoexcitons in the ba-
Landau levels and form Fano resonant@hese resonances sis of 2D magnetoexcitons, assuming a parabolic confine-
show up in the optical absorption spectrum and have beement potential for electrons and holes. In Sec. lil, we calcu-
studied theoretically and experimentally. _late the optical absorption spectrum of magnetoexcitons in
In two dimensions2D) with a magnetic field perpendicu- Gaas wires of several widths. A discussion of the results
lar to the plane, all magnetoexciton states are bound evegioys in Sec. IV. We show that all prominent features in
th.ougD_lt(?elr s.pectru'm cor'15|s.ts of energy bands of f'n't‘?he optical spectra can be identified and explained in terms of
}N'dtgi The_ flnltg_dlspersllon IS a consequence of_t_he Cou'approximate solutions for 1D excitons that neglect the cou-
c?m. Interaction. Since only zero momentum transitions ar(?pling between different Landau levels. Finally, we conclude
ptically allowed, the absorption spectrum consists solely o . . o )
discrete transitionst For one-dimensional1D) systems In Sec. V and prov_lde a brief dgrlvatlon of thg magnetoexci-
such as quantum wires, one might expect an even more prcI)Qn Coulomb matrix elements in the Appendix.
nounced localization of magnetoexcitons and, correspond-
ingly, a strictly discrete optical spectrum. On the other hand,
the spectrum of independent particles in a quantum wire sub-
ject to a magnetic field is known to form a continudfrSo Il. EQUATIONS OF MOTION
far, only the ground-state energy of 1D magnetoexcitons has FOR CONFINED MAGNETOEXCITONS
been studietf 1*but not their optical absorption spectrum. i
In this paper, we present a systematic study of the elec- In this section, we study the two-particle Sctirger
tronic and optical properties of the ground and excited stategquation of two-dimensional electrons and holes with Cou-
of laterally confined 2D magnetoexcitons and show the spedomb attraction in a strong magnetic field and a confining
trum of 1D magnetoexcitons to contain both discrete boungarabolic wire-type potential. We express this Scimger
states as well as a continuum of unbound states, in contragfjuation in the basis of two-dimensional magnetoexcitons
to the 2D case. Thus, we find that 1D magnetoexcitons reand provide analytical expressions for the Coulomb matrix
semble more closely the 3D situation, whereas zeroelements therein. A parabolic two-band model is employed
dimensional magnetoexcitolis® only show discrete optical for electrons and holes throughout this paper. We take the
transitions again, analogously to the situation in two dimeniwo-dimensional plane of the electron gas to besthe X,
sions. In spite of their similarity, we also find marked differ- plane and assume a magnetic fi@dperpendicular to this
ences between 1D and 3D magnetoexcitons. In the 1D casplane. In addition, we allow for one-particle potentials in the
there are Fano resonances in the optical absorption spectruxn direction that represent the confinement to a quasi-one-
that are associated with optically forbidden quasibounddimensional system along the remaining direction (see
states. In addition, the Coulomb interaction smooths the abFig. 1). The Hamiltonian reads, in units déf=1,
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for the motion inx, direction. To maintain physically trans-
B parent expressions, we therefore keep the magnetic length
explicitly in our equations.
Since the total one-dimensional exciton momentum
K|‘=kﬁ“+ kﬁ‘ is conserved for confining potential§,(x, ), in
X|| contrast to the exciton momentuk, in x, direction, we
can expand the eigenstates of the Hamiltorininto the
basis function®?* ¢k (Te.rn), representing  two-
dimensional magnetoexcitons with given magnetic center-of-
XJ_ mass momenturi = (K, ,K)). Since we concentrate on the
optical absorption spectrum in this paper, only magnetoexci-
FIG. 1. Schematic view of the geometry used in this paper. Th ons W'thKIIZ 0 need to be considered. These eigenstates can
confinement inx, direction generates a quantum wire along the e expressed by
x| direction. The exciton is subjected to a perpendicular magnetic

field B.
\P(rearh):nEm deL Orn(Ky) lﬂanL(fe,rh), (3
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Here, U, denotes the Coulombic electron-hole interac- 4

tion, andV, andV,, are the external potentials that confine

the electrons €) and holes k), respectively. Their respec- Wwith expansion coefficient®, (K, ).

tive effective masses are denotedry andm, . In this basis, the Schdinger equation with eigenvalue
The confinement of a three-dimensional electron gas tde reads

two dimensions increases the minimum energy gap. The zero

of energy in Eq.(1) is taken to be this effective two- 1

dimensional energy gap and is denotedHy,. Addition- > —J dg s,n(q) Ve(Q) Pprp(Ki—a)

ally, the confinement splits the valence band edge states into " V2m

subbands. Within the four-band Luttinger band mddéf,

the uppermost hole subband is characterized by the in-plane

effective mass omy=1/(y,+ v,), wherevy,; andy, are the

bulk Luttinger parameters. In our numerical calculations, we )

have used this mass rather than the bulk hole mass. D €
Since the single-particle potentials provide a barrier for 2/

the carriers in the, direction, it is practical to use the Lan-

dau gaugeA=B(0x,,0). In the regime of strong magnetic —(E-e—e ) (K,), (5

fields, the most suitable basis for E{.) is a product of nm L

electron and hole Landau states with quantum numbeirsd

m (n,m=0,1,...), respectively,

1
— d m \Y D (K, —
~ JZJ q Snm(d) Vh(Q) (K.—9)

Unm,n’m’(KL /) q)n’m’(Kl)

wheree is the dielectric constant and the functions

Sn,n’(4) = (xnl€XRiax, )| xp) (6)

1 . |
D (re) === xn(XE1 k),

can easily be evaluated in terms of the generalized Laguerre
1 polynomials. The function¥(q) are the Fourier transforms
h _ ik x! h) /1, of the one-dimensional potentidl,(x, ). The dimensionless
$miq(Tn) ,/27-,/6 FlxmOLI7 = ki), @ matrix elementsJ) v represaéyr?t the-h interaction in the
basis of Eq.(4),

The functionsy,, are one-dimensional harmonic oscillator
e|genfunct|ons with corresponding single-particle energles
eh=w, (N+1/2)=(eB/myc) (n+1/2), and/=(c/eB)’? Uy nm(KL/)——ZJ f dre dry ¢, K, (Fe,p)
is the magnetic length. In order to simplify the notation,
single-particle quantities are labeled throughout by a com-
mon indexp that stands for electrons and holes.

These equations show the dual role of the electron or hole
variablek; that is characteristic for particles in a magnetic
field. The variablek| acts as a momentum for the motion in We show in the Appendix that these matrix elements can be
thex direction, Whereak”/ is the spatial center coordinate cast into the following analytic form:

X | wanl(rearh)- (7)

|re_rh
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. AN n+m’ 1 ,
i K./ I'(N+L+3) (K, /)?
N\ — (L) . . L
Un’m’,nm(KL/)__< \/5 Izo Bn’m',nmw 1Fil N+34+L; N+1; |
) (—1)n' et n m> [ n m L
Bn’,m’;n,m_ L! n'! mch\n=1)\m —L+I |/ (8)

whereN=n'—n—m’+m and ;F, is the degenerate hyper-  We write the confining parabolic potentials for electrons

geometric functiorf® For a few special cases, analytic ex- and holes p=e,h) in the form of

pressions of the Coulomb matrix elements have already been 2

obtained previously:®?6 One can easily verify that the gen- V(X ) =mpQpxi/2, (10

eral expression Eq8) and the definitiork®=K?/?/4 yield  where the frequency), is related to the width parameter
Lpo=1/ym, Q,. Since the Fourier transform of such a po-

% —K2 H
Ugood KL /) =—~27 e lo(K?), tential reads
1 Vo(k)=— 72 m Q28" (k), (11)
Usoad K /)=—=27 e || 5+x2| 1o(x?) . o pi2p 0 o
2 the integral equatiori5) becomes a system of ordinary dif-
ferential equations. It is useful to define a weighted average
- k% 1(?)|, 9) Q of the frequencie$), and a parametes that measures the
difference in confinement of electrons and holes,
3 0%=m, Q2+m, Q2
Ull,ll(KL/):_\/E e7K2 [(Z_K2+2K4 Io(Kz) ® € e h

Me Qg—mh Qﬁ
ST aar
where u is the reduced electron-hole mass
in accord with previous resulfsin this equation, the func- (,u‘1=m;1+ m,jl). By inserting Eq.(11) into Eq. (5) we
tions|, are the modified Bessel functions. obtain the set of coupled differential equations,

(12)
—2k* 11(k?)

\ﬁdq)“_lm(Kl)+ n+1dq)n+1m(KJ_))+i 1-s (\/Edq)n m—l(KJ_)
2 dIC2) TN T2 KA A\ N2 d(KL)

1+s

2N (n=1) @ppp(K)+V(N+2) (n+1) Ppipn(Ky)]

+
8 Ueff

1 d2q>nm(KL)+_ 1+s
- z | ]
2 pheff d(KL/Z)Z A/

4 [m+1ddp i 1(K))
2 d(K, /)

1_
+8ueﬁ;?“m (M=1) @4 o(K)+V(M+2) (M+1) Ppypia(Kp)]

e2
+ 2 o Unmrm (K)o (K= (E= 1y @ n(K,), (13
n!’m! g

where all constant terms have been lumped together and avéthin the individual channels. The other terms couple the
given by channels with one another. The terms originating from the
parabolic confinement couple each chanmehf) only to its

3 02 1 02 neighboring channels, whereas the Coulomb tergg,
Inm=| @et 20/ | T3] Flent 5 IMF 5 (14 couples all channels with one another.

Equation(13) may be written in a compact matrix form as
In these equations, the parametegﬁ=uw§/92 plays the

role of an effective mass, whete.=eB/ u.c is the cyclotron
frequency. The states represented by the different Landau d? . d
level pairs fi,m) may be termed “channels” with the chan- _Ad(K /22 -1 Bd(K /2
nel wave functionsb,(K,). The kinetic energy term and = +
the diagonal part of the potentidl describes the motion =0. (15

+C(K,)—E 1|®(K,)
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Equation(15) may be considered as a multichannel scatterthat corresponds to an incoming state plus a reflected state on
ing problem. If there is no Coulomb interaction, the solutionsone boundary and an outgoing state on the opposite bound-
® are known to form a continuum of propagating stdfes. ary. To be specific, we consider an incoming state from the
The Coulomb interaction has two effects: first, it modifiesleft (K, = —) in the remainder of this section.

this continuum and, secondly, it introduces bound states. In

order to be able to accurately resolve the induced resonances

in the continuum as well as to calculate the bound states, we DK, )= E I @N(K,)
employ a scattering approach. \j<0real

First, we note that the Coulomb matrix elements vanish Imx; <0
for large|K , |. As a consequence, E€L5) becomes transla-
tionally invariant inK in this limit. For given energy, its + > ®N(K)  for K ——, (18
asymptotic solutions are propagating or evanescent wave A >0 real
functions, Imh; >0

[K [ _ i i
PNK,) —— d%exp{iKl/Q)\). (16 (I)(KL)_AKEOJeaIt Ky for K=o (19
o

Im\;<0

This expression neglects the Coulomb phases since thephe first sum in Eq(18) runs over all incoming propagating
have a nggllg_|ble influence on the optical properties that weates §,<0, real) and over all states that decay to the right
focus on in this work. The vecta and the(complex wave  (jm).<0). The other sums are defined analogously. The unit
numberh are determined by the quadratic eigenvalue equagector| with coefficients!’ defines the incoming state. Cor-
tion in A that follows from inserting Eq(16) into Eq. (15  respondinglyy andt are the reflected and transmitted ampli-
a_nd setting the Coulomb matrix elements equal to zero. Thi§,ges that have to be determined by Ef5). Note that
gives ®(K ) is a vector of dimension equal to the number of Lan-
dau level pairs taken into account.
[A2 A+\ B+C(x)—E 1]¢*=0, (17) This scattering problem can be solved efficiently by gen-
eralizing an approach developed by Fernando and Fréfisley
where C(OO):C(KJ_—>OC). Such a quadratic eigenva|ue and Tlng et al.zg To this end, we discretize quS) Wlth
problem can be transformed into a linear one and solved b§espect tok, on an equidistant mesh of step size</*
standard techniqué$. Naturally, only a finite number of and consider a finite intervaH{NA,NA) whereN>1. On
Landau level pairsr{,m) are taken into account in the actual this mesh, we denote the wave function bg;,
numerical solution of Eq(17). This is justified for suffi- j=—N, ... ,N. The first and second derivatives in Ed5)
ciently high magnetic fields; <L,,. are represented by finite differences involving two and three
As a result, one obtains a finite number of eigenvaluegrid points, respectively. On the left and right boundaries, we
\; and the corresponding asymptotic solutiasfor given ~ can write Eqs(18), (19) in the form,
energyE. The solutions with real eigenvaluas represent
the confined wire states of independent electrons and fbles. Dy -D ! _ Di Da| (!
Accordingly, real eigenvalues are found only for energies r D,; Dy, '
larger than the zero-point energyl,=(yws+ Qg
+ \/wh2+(22h)/2. We also note that a normalization of the Py [t
eigenvectorschi to unity ensures @ normalization of the D, =D 0/’
propagating asymptotic wave functions (16),
fd)"i*tb*idKL=5()\i—)\j). were we have introduced the matiix Using Eqs.(20) and
Once we have determined all asymptotic solutions for th€15), one can eliminate andt and obtain all wave function
given energyE, we can determine the linear combination coefficients®; from the system of linear equations

DNt

(20

1 _D12D2*21 0 0 @, M

F G*N+l F* 0 (I)—N+1 O

0 F G N2 F* O 0 D .y 0

: w =l 21
0 Gn-1 F* - 0
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where the propagating scattering stat®éK | ) by the real eigenval-
. ues \;. Each of these eigenvalues defines a continuous
F= __;M_ : B branch\;(E) or, converselyE;(\). The sum over all propa-
N TV gating solutions in Eq(24) corresponds to an integral over
the eigenvalues. and a sum over the different branches
(labeled by the indek). In order to evaluate this integral, we
use the relations] E—E;j(\)]= o[ \;(E) —N1/|dEj(N)/dA|.
The density of states factor in this expression can be explic-
M=(Dq;— D12D§21D21)I. itly evaluated in terms of the solutions of Hd.7). Since this
equation is linear in energy and contains only Hermitian ma-

The matrix on the left-hand side of EQ1) is band diagonal.  trices, one can invoke the Feynman-Hellman theorem to ob-
This equation can possess two types of solutions, namelygin

propagating ones and bound states. The former are obtained
by all possible right-hand sides of E@1) with unit vectors i - _
| that correspond to left incoming propagating stafies., an = O 2NAT B]ch. (25
with N real and positive The bound states, on the other

hand, are the nontrivial solutions of the homogeneous systefminally, the contribution of the unbound states to the absorp-
of equations obtained by settifig=0. This corresponds to tion coefficient can be written as

the boundary condition of decaying wave functions for large

|K,|. The energies where the band matrix is singular deter- a(E)o 2 2 2 @, (0)
mine the bound magnetoexcitons. N STreal [dE;(N)/AN] |5 "N

As will be explained in Sec. IV, there are bound state ) )
solutions® only for energiesE<I,. In this regime, all ei- The factor of 2 takes into account that the left and right

genvaluesh are complex. In the opposite energy regimepropagating solutions contribute eq_ually to the absorption.
E>1,, the number of solutiond equals the number of real We have calculated this expression for GaAs wires, using

1 H — —
and positive eigenvalues Indeed, one obtains the more real (€ bulk" Luttinger parameters, = 6.85/my, ,=2.10/m,
eigenvalues. the higher the energg. the effective electron mass,=0.06/,, and dielectric con-

stante=12.5. For a magnetic field d=10.7 T, we have
considered three different wire widthslot=L ;=130 A, 110
A, and 100 A to characterize the confining potentials. The
In this section, we calculate the magnetoexcitonic absorpenergy unit is effective RydbergR=ue*/2€%, which
tion spectrum and present concrete results for GaAs quantugmounts tdR=3.6 meV in GaAs. The numerical solution of
wires. The dipole matrix element for the optical absorptionEg. (21) was obtained in a basis of ten Landau level pairs
of excitons in the envelope function approximation is givenand a step size of =1/157, and with 2000 grid points for
by*° the K, discretization. Typical results are shown in Fig. 2.
The most noticeable feature in these spectra is the occurrence
of bound states as well as continuum states with Fano reso-
nances and the suppression of the 1D singularity at the ab-

. . ) . sorption edge that one finds for noninteracting particles.
whered,, is the interband dipole matrix element between the

Bloch valence and conduction band edge states and
W (re,rp) is the exciton envelope function of E(). Using
Egs. (2)—(4), one can easily see that only the components A. Single-channel equations
®,(K,) with n=m atK, =0 of the coupled channel solu-
tions contribute to the dipole moment. Given the dipole ma
trix elements, the absorption coefficient at enekyymea-
sured with respect to the effective two-dimensional energ

2
Gj :AZ_/AA_" CJ- —-E 1, (22

2
. (26

IIl. OPTICAL ABSORPTION

d=deJ' dr W(r,r), (23

IV. DISCUSSION

In order to understand and analyze these structures of the
‘optical spectra, we first approximate Ed.3) by neglecting
all coupling terms between different channels. The resulting
%ingle-channel equations greatly facilitate the classification

9apEgey is given by of the general multi-channel solutions. The former read
2
2 2
a(E)x2 |2 ®ny,(0)| SE-E,). (24) 1 (K e
v n 2,Uaef-f d(KJ_/Z)Z +2 / 6Unm,nm(Ki/)q)nm(Kl)
The indexv runs over all solutions of the coupled channel =(E—1,n)®nr(K,). (27)

equations(13) with energyE,, including both the discrete
bound states as well as the continuum of scattering states.As one can see, this is an effective one-dimensional Schro
The absorption coefficient related to the bound states cadinger equation in the variablg, that is governed by a
be calculated directly from the normalized bound state solukinetic energy term and an effective potential. This potential
tions obtained from the homogeneous version of &1). e?U/(2/€) is nothing but thebinding energy of the uncon-
The contribution due to the scattering states can be obtaindthed 2D magnetoexcitofor given K, since the kinetic en-
as follows. For given energli > |, there are as many scat- ergy term in Eq.(27) tends to zero in the limit of no con-
tering states as there are real eigenvaluethat determine finement. These potentials, or equivalently, the 2D
the incoming vectoi in Eq. (18). Therefore, we can label magnetoexciton dispersion relatiohare shown in Fig. 3 as
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FIG. 3. Energies of two-dimensional magnetoexcitons corre-
sponding to electron and hole Landau level painsn)=(0,0),
(0,1), and (1,1) versus the magnetic moment&im. The ioniza-
tion energies(dashed linesare separated by multiples of the re-
spective cyclotron energies,, and wy,. Eq is the 2D magnetoex-
citon binding energy in the ground state. The energy is given in
units of effective Rydberg and the momentum is in units of the
reciprocal magnetic length. The dots represent the ten lowest solu-
tions of the confined magnetoexciton solutions in the wire within
the single-channel approximation. The parameters are the same as

Absorption
(=)
(8]

0.0 L~
1.0

(1,1,2)

Absorption
(=)
(8]

in Fig. 2(a).
i bu and should be contrasted with the magnetoexcitonic spec-
trum in 2D that consists solely of bound states within energy
0.0 (') ' ' 14 bands of finite width. The formation of a continuum of un-

bound excitons can be understood qualitatively in two ways.
First, let us invoke a simple classical argument. Assume that

FIG. 2. Predicted optical absorption spectrum of magnetoexci:[r;e elﬁctron and hole are optically generated at some position

tons in GaAs quantum-well wires of various widthsBe&10.7 T. X1 ~X_ - They experience a force due to the wire potential
The shown spectrum has been convoluted with a Gaussian of widfi1at pushes them towards the minimudi;— 0, and leads to
0.1 R in order to illustrate the relative absorption strengths. Thea corresponding velocity, . As a consequence, the particles
bound states and Fano resonances in the continuum are labeled f8el a Lorentz forcexe(v, XB) that accelerates them in
(n,m,v), corresponding to Landau level pairs,fn) and bound oppositedirections along the wire. Thus, the particles feel a
state quantum numbets Energies are given in effective Rydberg force that tends to separate the electron and hole.
(Ry), and the absorption is in arbitrary units. The confining para- Second, we would like to elucidate the character of the
bolic potential has a width parametenf () 130 A, (b) 110 A, and  continuum states by showing that the higher the energy of an
(c) 100 A. unbound electron-hole pair, the farther away it lies from the
wire minimum. Let us consider an unbound state above the
a function ofK, for several channels. We used the sameonization threshold ,,,. The higher the energy, the more
parameters as in Fig. 2. The binding energy of the groundhe eigenstate will resemble a plane-wave [&(K, /)]
state equals/7/2 e/ e/. The upper limit of the dispersion Wwith Q representing a continuous parameter, as one can see
for channel 6,m) is reached forlK, —« and equald,,, from Eq.(27). Equation(4) shows that the conjugate variable
i.e., the sum of the cyclotron energies of the electrons andf (K, /%) is the momentum k; which implies
holes. Therefore, this upper band edge scales linearly witkﬁz -Q, kﬁ‘zQ. Now, k||/2 determines the mean electron
the magnetic field, whereas the bandwidth is determined bynd hole position inx; direction,(x®)=(x")=Q/? as fol-
the Coulomb term in Eq(27) and scales with/B. lows from Eq.(2). Consequently, the higher the momentum
The single-channel equatid7) already reproduces es- Q, the more the electron and hole will be pushed up the same
sential confinement effects that are found in the couplegide of the confining potential which leads to a continuous
channel equations. Siné#,,, \m(K,/)— —2/K,/ for large increase in the energy of this electron-hole pair. In a 2D
K, , this effective Schrdinger equation yields an infinite situation with no confinement, on the other hand, a shift of
number of bound states below the enelgy, and a con- the center of mass of the exciton in the plane does not cost
tinuum of scattering states above it. Thug, plays the role any energy.
of an ionization energy. The ten lowest bound state energies We note that for finite magnetic fields but zero Coulomb
in each channel are depicted as dots in Fig. 3. interaction, the single-particle states in a wire potential also
The appearance of a continuum of unbound excitonidorm a continuum but no bound states are formed in this
states above the bound states is a qualitatively new feature oase'’ In the unconfined 2D limit, on the other hand, the
the 1D case that is also present in the multichannel solutionsigenstates are dispersionless but nevertheless unbound.

Energy (R)
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B. Lowest bound states for weak confinement 10

1,1
For weak confining potentials and high fiel@s< w., we (0.00) (.10 (1,1,2)
have been able to find analytic solutions of the single- (0.0.2)

channel equatiof27) that further elucidate the physics of 1D &

magnetoexcitons. Let us consider the lower bound states in“§_ (0.0.4) (114
channel (,n) which are characterized by the same Landau Q0.5 o
level numbers for the electron and the hole. These states feel—g (1,1,6)
a potentiall exhibiting a minimum aK, =0 as can be seen (0,0,6)
from Fig. 3. For weak confinement, we can therefore use a B U
harmonic approximation for this potential. In this case, Eq. J\\J
(27) becomes a harmonic oscillator equation that can be ool it + JJ¥ v v ¢ v 4 4
solved analytically. Its eigenvalues are given by 0 2 4 6 8 10 12 14
Energy (Ry)
E =] — e? \/EF(n+1/2) = (—n } 1'1E—n'1) FIG. 4. Optical absorption spectrum of 1D magnetoexcitons.
nn,v~ 'nn 32 11 Ay ’ . L . . .
' 2/€"" I'(n+1) 22772 Same as Fig. @), but within the single-channel approximation.
+Q(§) m[ii I'(n—1/2) This equation shows quantitatively that a stronger confine-
g 8 TI'(n+1) ment potential indeed elongates the excitonic wave function
33 3 " 1 along the wire axis. We note thatx® —x")?)=/?2 is inde-
XaFol =N, =, =11,= — n;l) i (29) pendent of the confinement in the single-channel approxima-
2'2'7°2 2 tion.
wherev =0,1, ... is thequantum number of the harmonic C. Optical absorption spectra

oscillator that represents the motion of the electron-hole cen-
ter of mass in the, direction. The expansion coefficients in We focus on the single-channel solutions first and consider

the potentialU(K, /) with respect toK, have been ex- .

. X : . the effects of channel coupling afterwards. It has already
pressed in terms of the generalized hypergeometric functio Saen pointed out that onlv channels witk m contribute to
sF, that are simple polynomials. P y

The three terms in Eq28) have different orders of mag- the optical absorption. In the single-channel approximation,

nitude. The first ternithe ionization energy,,.) is the larg- this implies that the optical spectra can be strictly decom-

27N oposed into contributions arising from individual channels.
est one and reflects the Landau quantization of the electron . : . .
In Fig. 4, we show the absorption spectrum in the single-

grc])%Igz:te).e[thdii?:rgi?ic:weeanrtlayr @.a:]'ge i/eecso?t?etetz):wn dilrsl theen_ channel approximation, employing the same parameters as in
ergy of the 2D ma netoexcito%y This tgerm is pro ortio%al toFig' 23). In the energy range shown, only bound and con-
9y 9 ' prop tinuum states of the channels (0,0) and (1,1) appear and

VB. T.he §mallest term is the third one.that originates in thenave been superimposed in the figure. We have labeled the
quantization of the center-of-mass motion of the 2D magnep,, 4 states in each channel by a consecutive indekus
toexciton due to the lateral confineménf It determines the characterizing them altogether by quantum numbers

fine structure of the spectrum and gives the energy separati rﬁ,n, »). Since the potentidll in the single-channel equation

between the bound states within a channel. It is proportionq an even function oK, , the bound states possess alternat-
to B~ Y4 This term shows that the lateral confinement tendqng parity. Only eveni states contribute to the absorption
to reducethe magnetoexciton ground-state binding energySpectrum ' however, as one can deduce from (&€). For

This is somewnhat surprising since one might expect the COhis reason, all bound states that are contained in Fig. 4 have
finement to enhance the Coulomb attraction between electro en indicesy

;nndich\?vlz\'/gr;ﬁﬁ,:;:ng?shigfeoﬂanﬁohnﬁgi\{sg Z:gﬁg tt:]lee €XC 111 addition to the bounq states, there are unbound single-

direction(which would increase the binding enejdyut pre- channel states above the ionization endrgy The suppres-

dominantivelonaatedalona thex: direction. This elongation sion of thg inverse square—roqt singularity at the ionization
y 9 9 [ : 9 threshold is apparent from Fig. 4 and represents another

on tr;e et—)h ;/tvav::'. furkl)ct;on Ieadls tto a negta]utl:tlon of the qualitative effect of the Coulomb interaction. One can define
oulomb affraction between €lectron and hole. a so-called Sommerfeld facfSrS(E) that is given by the

This rgducﬂon can be fqrther elucidated by looking at the atio of the absorption coefficient with and without Coulomb
expectation value of the distance between electron and ho{ teraction. By solving Eq.(27) in the semiclassical

in the ground state. In the harmonic approximation, theapproximatiorﬁz we were able to derive the following

ground-state wave function of EQ27) is given by  gihe analytical expression for the Sommerfeld factor of
Do d K1) =exi— (K, /1€)%], where cha?mel (1,n>)l: P

We now discuss the magnetoexciton absorption spectrum.

(- DA=(1+802) 7 _y/ = o
S(B)= E—|nn+(92/2/€) |Unn,nn(0)| .

This givesS(E)<1 which is characteristic of 1D systerts,
and in contrast to the 2D and 3D case wh§(&) is gener-

(30
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ally larger than oné33*We would like to point out thatthe ~ We have presented a method for calculating the wave
suppression of the absorption edge singularity as predictefiinctions of bound and unbound magnetoexcitons by using
by the present theory is an intrinsic effect and not caused bgn efficient scattering approach, which allows a fine resolu-
lifetime broadening effects that will tend to further smear outtion of the resonance structures in the absorption spectrum.
the absorption edge. We have also shown that the 1D magnetoexciton spectrum
There is a qualitative difference between the present 1[zan be classified by the Landau quantum numbers) of
situation and the case of 2D magnetoexcitons. In the latte2D magnetoexcitons and by quantum numbers that label the
case, the momentuid, is a good quantum number in addi- single-channel bound states. The coupling between bound
tion toK; . Consequently, only the 2D magnetoexciton statesand continuum states associated with different channels leads
(n,n) atK, =K;=0 (see Fig. 3are optically active, leading to the formation of pronounced Fano resonances associated
to a purely discrete absorption spectriim. with optically forbidden quasibound state transitions.
Now we discuss the influence of the channel coupling
terms in Eq.(13) on the absorption. As is evident from Fig.
2, this coupling induces Fano resonafc@shat are caused ACKNOWLEDGMENTS

by the interaction between the bound states of the higher ginancial support by the Deutsche Forschungsgemein-

lying channels with energetically degenerate continUUMycpaft (SFB 348, Bayerische Forschungsverbund

states associated with lower channels. (FOROPTOQ and Volkswagenstiftung is gratefully acknowl-
The prominent structures in the spectra of 1D magnetoexédged_

citons in Fig. 2 can easily be identified in terms of their
single-channel quantum numbers,if,v). Only the even

bound and quasibound states of the channg|s)(are opti- APPENDIX: COULOMB MATRIX ELEMENTS
cally active and appear in the absorption spectrum. There- o
fore, they are labeled by even quantum numberShe pro- In Eq. (3), we have represented the excitonic wave func-

nounced Fano resonances in this figure, on the other hanHOn in the basis of 2D magnetoexcitons in the Landau gauge.
result from the interaction of the continuum of the (0,0) This basis is characterized bg-h-Landau level pairs
channel with the quasibound states of the optically inactivéN-M) and magnetic momentui = (K, ,K;=0). We wish
channel (0,1). One can deduce from E€k8) and (8) that to c_alculate th(=T two-dimensional Cpulomb interaction in this
the coupling operator is an odd functionkn , and therefore ~ D@Sis. Its matrix elements are defined in Ef. Here, we
only odd bound states of channel (0,1) couple to the optidiSCuss some intermediate steps that lead to(&q.By in-
cally active even scattering states of channel (0,0). There3€ting the basis functions, Edg) and(2), into Eq.(7), one
fore, these resonances can be labeled by the odd quant/iRtains

numbers associated with these quasibound states.

With increasing confinement the Fano resonances become (=)™ [l m't (e
broader, as one can see in FigbR For an even stronger U, . \m(K, /)= wn.’l m'f dq

’ T : rJo

N

n’'m’

confinement, the absorption gets strongly suppressed at the

Fano resonances. This leads to the dip-shaped “window

resonances > that are depicted in Fig.(). % fzwng i o N a o (1202
For 2D magnetoexcitons, there are no unbound states and

consequently no Fano resonances. The coupling between

channels only shifts the discrete absorption lines in en&rgy. Xexpli g K/ co§w/2+¢]}
2 2
s = L} &
V. CONCLUSIONS n 2 | 2
In this paper, a detailed study of the electronic properties ol T (e
and optical absorption of magnetoexcitons in a quantum-well =2 (=M N ,_f dq
wire has been presented. Starting from 2D magnetoexcitons, n't-mlJo
the effects of confinement of electrons and holes by a one- N

dimensional parabolic potential have been studied.

In contrast to the two-dimensional situation where all
magnetoexciton states are bouhde have shown that 1D
magnetoexcitons possess a hydrogenic spectrum with an in- o q° e q°
finite number of bound states and a continuum of scattering XLy 5 te 5] (A1)
states at higher energies. In several limiting cases, analytical
results for these states have been derived.

The appearance of unbound states has been shown to leafiere N=n"—n—m’+m. The angular integration in Eq.
to another peculiar effect that is characteristic of 1D systemsiAl) yields the Bessel functiondy of orderN, and the sub-
the Coulomb interaction causes the optical magnetoexcitonigsequent integration ovey leads to the degenerate hypergeo-
absorption spectrum of the unbound states to be a smoothetric functions of Eq.(8). For large values oK, , the
function of energy, that is characterized by a Sommerfeldnatrix elements are of the ord&(|K, |~ INI*1)  whereas
factor smaller than unity. An analytic expression for the U, m nm=O(K,|N) for |K |/<1. A generalization to
Sommerfeld factor of 1D magnetoexcitons has been derivedionvanishingl| is straightforward.

X In(K/ q)(%) e (11297
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