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We have observed Fano resonances in linear absorption experiments on GaAs under a magnetic
field. In a bulk semiconductor in a magnetic field, Fano interference is the result of the coupling of
higher-order magnetoexcitons and energetically degenerate one-dimensional continuum states. We
show that these experimental findings can be described by the model of a two-band semiconductor
in the effective-mass approximation. Numerical calculations of the linear magnetoabsorption are
presented that demonstrate that the coupling between magnetoexcitons and continuum states is

due to Coulomb interaction.

I. INTRODUCTION

Fano interference is the result of the quantum mechan-
ical coupling between a discrete state and an energeti-
cally degenerate continuum of states.! If optical transi-
tions from a common ground state to both the discrete
state and the continuum are allowed, Fano interference
manifests itself in the optical absorption spectrum by an
asymmetric line shape, the so-called Fano-Beutler profile.
This profile has a pronounced minimum at the energy
where the interference between the transition amplitudes
of the discrete state and the continuum is destructive.

Fano interference has been widely discussed in atomic
physics in the context of autoionizing states, which are
found in a variety of atomic systems.? In semiconduc-
tor physics, only a few examples of Fano interference
have been reported so far from interband absorption ex-
periments. The energy spectrum of intrinsic semicon-
ductors is comprised of continuum band states and dis-
crete exciton states. Since excitons are the lowest ly-
ing optical excitations in intrinsic bulk semiconductors,
they do not energetically overlap with continuum band
states. Fano interference between excitons and band
states is not possible in this situation. Consequently, the
reported experimental observations and theoretical pre-
dictions of Fano interference in semiconductors involve
heterostructures,3 ¢ doped semiconductors” or biexciton
resonances.® In these cases, overlapping discrete and con-
tinuum states are found.

In this paper, we demonstrate a concept for the cre-
ation of Fano resonances in intrinsic bulk semiconductors
involving excitons and band states. The application of a
magnetic field to a semiconductor leads to the formation
of Landau levels in the valence and in the conduction
band. Importantly, the field only quantizes states with
the wave vector perpendicular to the direction of the field.
States with the wave vector parallel to the field form
one-dimensional continua corresponding to each Landau
level. Taking into account Coulomb interaction, it is
found that magnetoexcitons are formed corresponding to
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each pair of valence band and conduction band Landau
levels with the same Landau quantum number.® Since
the discrete higher-order magnetoexcitons overlap in en-
ergy with continua belonging to lower-order Landau lev-
els, Fano interference between them can be expected.

Although the magneto-optical absorption in GaAs has
been studied carefully in terms of resonance positions
and selection rules,'® 12 the question of Fano interference
has not been addressed so far in the context of magne-
toexcitons in bulk semiconductors. To the best of our
knowledge, the only experimental evidence for Fano in-
terference in this situation has been reported in Ref. 13.
Here, we present the first comprehensive experimental
and theoretical study of Fano interference between mag-
netoexcitons and continuum states in a bulk semicon-
ductor. We like to point out that Fano interference can-
not be observed in magneto-optical experiments on two-
dimensional quantum well structures since in quantum
wells the necessary continuum states have been removed
by the layered structure. Magneto-optical experiments
are, therefore, an important example for qualitatively dif-
ferent physics due to a change of the dimensionality of a
semiconductor.

The paper is organized as follows. In Sec. II, we de-
scribe the experimental setup for magnetoabsorption ex-
periments and discuss the experimental results obtained
on a high-quality GaAs bulk sample. These experiments
show that under magnetic field pronounced Fano reso-
nances are formed in GaAs, which can be traced back
to the underlying magnetoexciton states. The theoreti-
cal model which accounts for the experimental findings
is presented in Sec. III. This model demonstrates that
the coupling which gives rise to Fano interference is due
to Coulomb interaction. In Sec. IV, we summarize our
results.

II. EXPERIMENT

Experiments have been performed on a high-quality
bulk GaAs sample of a thickness of 1 um. The sample was
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grown on a GaAs substrate by molecular beam epitaxy.
In order to allow transmission experiments, the substrate
was removed by chemical etching and the sample was
glued on a sapphire substrate. Both sides of the sample
have been antireflection coated.

The sample was put in a split-coil magnet in which the
magnetic field can be varied between 0 and 12 T. The field
was applied along the growth direction of the sample and
parallel to the propagation vector of the excitation light.
In all experiments, the sample was held at a temperature
of 1.6 K.

Transmission spectra have been measured with a white
light source and a 25cm spectrometer equipped with
an optical multichannel analyzer. This setup provides
an overall energy resolution of 0.25 meV in the relevant
wavelength range. All absorption spectra have been cor-
rected for the spectral transmission characteristics of the
optical setup.

We have measured absorption spectra with right-
handed or left-handed circularly polarized light in order
to excite pure spin states. Distinct Fano resonances have
been observed for both circular polarizations. The main
difference between 0~ and ot absorption spectra is the
absolute energy of the resonances. In Ref. 10, it has been
shown that this difference is the result of different optical
selection rules for transitions between valence band and
conduction band Landau levels excited with o~ and o™t
circularly polarized light. Since the absolute resonance
energy is of minor importance in the context of Fano
interference, we will concentrate on the experimental re-
sults obtained under o~ excitation.

Figure 1 depicts linear absorption spectra for mag-
netic fields B = 0, 2, 6, and 12T. The zero-field spec-
trum shows that the light-hole (1h) and heavy-hole (hh)
exciton transitions are split in this sample. The split-
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FIG. 1. Experimental linear absorption spectra of bulk
GaAs for different magnetic fields between 0 and 12 T. All
spectra have been measured with o~ circularly polarized light
at a temperature of 1.6 K. The Lorentzian light-hole and
heavy-hole resonances are labeled 1h(0) and hh(0), respec-
tively. Fano resonances are labeled hh(n) and lh(n) with
Landau quantum number n > 1.
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ting is due to mechanical strain,’* which results from
different thermal expansion coefficients of the GaAs layer
and the sapphire substrate on which the GaAs sample is
mounted. Mechanical strain shifts the lh valence band
and the hh valence band to lower energies where the shift
of the lh band is larger.!* Consequently, the degener-
acy between the two bands at the center of the Brillouin
zone is lifted and the corresponding exciton transitions
are split. The full width at half maximum of the hh and
1h absorption line at zero field is 1.3 meV and 0.9meV,
respectively. These very small linewidths show the high
quality of the sample in which inhomogeneous broaden-
ing of the optical transitions can be neglected. Due to
the small energy separation between the maximum and
the minimum of a Fano resonance, inhomogeneous broad-
ening prevents the observation of Fano interference and
is most likely the reason that Fano resonances have not
been observed in other magnetoabsorption experiments
on bulk semiconductors.®16

In our high-quality sample, if a magnetic field is ap-
plied, already at fields as low as 2 T structures appear
in the continuum. With increasing field, the modula-
tion amplitude of the structures becomes larger and the
energy splitting between adjacent resonances increases.
These structures turn out to be Fano resonances. Impor-
tantly, the asymmetric resonances show minima below
the continuum absorption, demonstration that interfer-
ence between discrete magnetoexcitons and continuum
states takes place due to coupling.

Here, it has to be taken into account that all hh and lh
magnetoexciton scattering states below a certain energy
contribute to different continua at this energy. Since sev-
eral continua are involved in the formation of the Fano
resonances, the absorption minimum is finite,! whereas
in the simplest case of one discrete state coupled to one
continuum the absorption drops to zero if homogeneous
broadening is neglected.! The height of the relevant con-
tinuum for a certain resonance is roughly given by the
height of the continuum absorption directly at the low-
energy onset of the resonance. Without coupling, the
magnetoexciton absorption would simply add to the con-
tinuum absorption and reduction of the overall absorp-
tion below this continuum level would not be observed.
Thus, these data provide clear evidence for Fano inter-
ference. At a field of 6 T distinct Fano profiles are ob-
servable. They become even more pronounced if the field
is further increased to B = 12 T.

In order to unambiguously demonstrate that the asym-
metric profiles which we observe in the continuum part
of the absorption spectra are Fano resonances, we apply
Fano’s theory! to fit the experimental data.

The absorption profile a of a Fano resonance has the
form?!

(e — q)?

a X 1+€2

In this expression, € is a normalized energy which is given
by € = (2 — E)/T where Q is the resonance energy of the
discrete state and I" describes the strength of the coupling
between the discrete state and the continuum states. I is
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related to the coupling matrix element V by ' = «|V|2.
The parameter g gives the ratio of the optical transition
matrix elements for the transitions to the discrete state
and the continuum.

The parameters €2, I', and ¢ which determine the Fano
profile can be obtained from a simple analysis of the ex-
perimental absorption line. This analysis uses the ener-
gies of the absorption maximum and minimum as well as
the full width at half maximum of the Fano line as input.
As an example, we have deduced the Fano parameters for
one of the resonances observed at a field of 10 T and cal-
culated the Fano profile from the parameters.

In the lower part of Fig. 2, we show the experimen-
tal absorption spectrum at a field B = 10 T. The pro-
nounced Fano resonance in the dashed box stems from
the heavy-hole magnetoexciton corresponding to the sec-
ond (n = 1) Landau transition, as will be shown below.
The upper part of Fig. 2 depicts a close-up of this Fano
resonance. The experimental data are marked by the
squares. The Fano parameters we have obtained analyz-
ing this resonance are 2 = 1549.5meV, I’ = 0.668 meV,
and ¢ = —2.86. The Fano profile calculated from these
parameters is plotted in the upper part of Fig. 2 as a
solid line. The agreement with the experimentally deter-
mined Fano profile is good, demonstrating that the ob-
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FIG. 2. (a) Low-temperature absorption spectrum of GaAs
for a magnetic field B = 10 T. The Fano resonance in
the dashed box originates from the heavy-hole magnetoexci-
ton corresponding to the second Landau transition. (b) The
squares show a close-up of the experimentally observed Fano
profile marked in (a) by the dashed box. The solid line is a
fit to the experimental data using the expression for the ab-
sorption line shape which describes Fano interference. The
parameters are given in the text.
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served asymmetric absorption lines are indeed the result

. of Fano interference. The small deviation at the high-

energy side of the Fano line is due to the contribution
of the 2s magnetoexciton state, which, of course, is not
included in this single-resonance Fano model.

The Fano profiles originate from the coupling of dis-
crete higher-order magnetoexcitons to one-dimensional
continua belonging to lower-order Landau levels. Here,
higher-order magnetoexcitons refers to magnetoexcitons
which correspond to the second (n=1), third, etc., pair
of valence and conduction band Landau levels with the
same Landau quantum number. It should be noted that
every magnetoexciton transition, in principle, consists of
a complete Rydberg series, where, however, the excited
magnetoexciton states are barely resolvable in the ex-
perimental spectrum. The absorption spectra depicted
in Figs. 1 and 2 also demonstrate that the lowest-order
lh and hh magnetoexcitons corresponding to the first
(n=0) pair of Landau levels do not form Fano resonances.
These resonances exhibit Lorentzian absorption profiles
in sharp contrast with the profile of the higher-energy
resonances. The lowest-order 1h magnetoexciton is the
lowest resonance in the spectrum and thus is not degen-
erate to continuum states. It is worth noting that the
lowest-order hh magnetoexciton cannot couple to con-
tinuum states either, since the splitting between the lh
exciton and the hh exciton is too small to bring the hh
exciton in resonance with lh continuum states. The 1h-
hh splitting varies between 2.9 meV at zero field and 3.7
meV at B = 12 T, i.e., the splitting is smaller than the
excitonic Rydberg for all relevant fields.

Since the degeneracy between the hh and lh valence
bands has been lifted, the spectra at finite magnetic fields
show two series of Fano resonances, corresponding to hh
and lh magnetoexcitons. Each discrete state, i.e., each hh
or lh magnetoexciton, gives rise to one Fano resonance, in
the formation of which, however, several continua can be
involved, as discussed above. The superposition of two
series of Fano resonances is the reason for the complicated
form of the spectra.

In order to distinguish between lh and hh Fano res-
onances more clearly, the resonance energies of the dif-
ferent spectral feature are plotted as a function of the
magnetic field in Fig. 3. Figure 3 shows the magnetic
field dependence of the lowest-order Lorentzian magne-
toexcitons and the first and second Fano resonances of
the light hole (asterisks, dashed lines) and the heavy
hole (squares, solid lines), respectively. While the lowest-
order magnetoexcitons only exhibit a slight diamagnetic
shift with increasing field, the magnetic field dependence
of the Fano resonance energies is linear. This linear field
dependence of Fano resonance energies is expected since
the transition energy is essentially given by the energy of
the corresponding pair of Landau levels.

The fan charts shown in Fig. 3 allow verification of the
assignment of the different Fano resonances to hh and lh
transitions. For this purpose, we have calculated the ef-
fective masses of the excitons underlying the Fano states
and compared them to the values which can be calculated
from literature data. Taking into account that the hole
quantizes with the mass in the direction perpendicular to
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FIG. 3. Resonance energies of the lowest-order (n = 0)

light-hole and heavy-hole magnetoexcitons and the first
(n = 1) and second (n = 2) light-hole and heavy-hole Fano
resonances as a function of the magnetic field. Light-hole
transitions: asterisks; heavy-hole transitions: squares.

the magnetic field and using the values for the effective
electron mass and the Luttinger parameters from Ref. 17,
we find mp, = 0.112mg for the effective mass of the
heavy hole, i.e., the state with the angular momentum
+3/,, and mﬁx) = 0.042mg for the mass of the heavy-
hole exciton, where mg is the bare electron mass. For
the mass of the light hole, i.e., the state with the angu-
lar momentum =+ 1/;, we obtain a value of my, = 0.211m,
from the literature data and a corresponding light-hole
. (Ex)

exciton mass of m);~’ = 0.052my.

Using a simple model in which the cyclotron energy
Fw, of the magnetoexciton is given by Aw. = heB/m %),
we deduced a heavy-hole exciton mass mﬁx) = 0.032myg
and a light-hole exciton mass ml(:: *) = 0.042 mo from the
experimental fan charts. The agreement with the liter-
ature values is reasonable. Thus, the fan charts plotted
in Fig. 3 confirm the assignment of the different Fano
resonances to the underlying lh and hh magnetoexciton
transitions.

Summarizing the experimental findings, we have ob-
served pronounced Fano resonances in the linear absorp-
tion spectra of bulk GaAs under magnetic field. The ex-
perimental data can be well described by the model for
a discrete state coupled to a continuum which has been
introduced by Fano.! The magnetic field dependence of
the Fano resonance energies allows us to trace back the
Fano profiles to the underlying heavy-hole and light-hole
magnetoexcitons.

III. THEORY

In the theory part of this paper, we show that the ex-
perimental observation of Fano interference due to cou-
pled magnetoexcitons and continuum states in bulk GaAs
can be accounted for by the model of a two-band semi-
conductor in the effective-mass approximation. For this
purpose, we have calculated the linear absorption spec-
trum for a two-band isotropic semiconductor in a con-
stant magnetic field. The Coulomb term has been in-
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cluded in the calculation. While the influence of a mag-
netic field on the optical absorption of excitons in the
idealized pure two-dimensional systems is well known,!®
the three-dimensional problem has not been completely
solved so far. Our theoretical results not only repro-
duce the experimental observation of Fano interference
but also give evidence of the nature of the coupling be-
tween magnetoexcitons and continuum states. We will
demonstrate that the coupling is the result of Coulomb
interaction.

We start with a very general Green’s function descrip-
tion of a semiconductor in an electromagnetic field and
derive the two-particle Schrédinger equation for an elec-
tron and a hole in a magnetic field including the Coulomb
term and obtain a generalized Elliott formulal® for the
linear susceptibility. The two-particle Schrodinger equa-
tion is a partial differential equation with six variables
and is extremely difficult to solve, in particular, when
continuum states are involved. Therefore, we show how
the relative motion of the electron and hole and the
center-of-mass motion can be separated. Moreover, we
demonstrate that the optical absorption spectrum of a
semiconductor in a magnetic field solely depends on the
relative coordinate between the Coulomb bound electron
and hole. After the separation of the relative and center-
of-mass motion, we obtain the Schrodinger equation for
the relative motion, which has only two spatial variables
(perpendicular and parallel to the magnetic field) and can
be solved numerically. The linear absorption spectrum
can then be calculated from the eigenfunctions using the
generalized Elliott formula. At the end of the theoretical
part of the paper, we present and discuss the results of
the numerical calculations.

In order to describe the experimental facts theoreti-
cally, we introduce a model of a two-band semiconductor
in a magnetic field. The Coulomb potential, which is es-
sential to describe the Fano resonances, is treated in the
Hartree-Fock approximation. The light-matter interac-
tion is described by dipole coupling. In this respect, the
density matrix n is the central quantity of the theory. It
allows us to calculate the polarization according to

P(t) = & Tr [wn(t)], 1)
where p is the dipole operator and €2 the normalization
volume. In the frequency domain, the first-order polar-
ization is given by P(w) = &9 x(w) E(w), where F is the
field strength of the incoming light field, and x is the
linear optical susceptibility. The imaginary part of x de-
scribes the optical absorption. The density matrix n is
related to the Green’s function by

nii(r1,r2,t) = ihG_"yj(ry, 12,1, 1) (2)

Since there are well-known techniques to calculate G, we
focus first on the Green’s function and deduce later an
equation for density matrix n.

Within the standard treatment of Bloch electrons in
a magnetic field,2® the inverse Green’s function can be
written as
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G148 (r1, T2 t1, t2) = GO 71 4B oi(ry, va, t1, t2)
—X 48 (r1,12,t1,t2), (3)
where
G(o)_lABij(l'l,l'z,thtz)
o 1
—[sl - 2
[Z 6t1 2m,~
X&E dij d(ry —r2)d(ty — t2).

|§V1 + eA(rl,tl)‘z + €U(l‘1,t1)]

Here, m; is the effective mass of an electron in the band
i, —e the electron charge, and A and U represent the
vector and scalar potential of the electromagnetic field,
respectively. The indices A and B denote the branches
of the Keldysh contour and ¥458;;(r1,r2,t1,t2) is the
self-energy. Without loss of generality, the band edges
are set to zero resulting in a shift of the optical spec-
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tra by the gap energy. In fact, G(©~1 is singular as
an operator so that G is not uniquely determined by
G -1 It is sufficient, however, to have an initial con-
dition n;;(ry,r2,to) = ng-’) (rq1,r2) for the density matrix
2).

( Now, we focus on a two-band semiconductor (i,j =
c,v) in a stationary magnetic field A(r). The Hartree-
Fock approximation yields for the self-energy:

TaBij(r1,12,t1,t2) = =V (r1,12) [nij(l'l,l'z,h)
—n (r1,72) | 85 8(t1 — ta), (4)

where V(rq,rz) is the Coulomb potential screened by
the background dielectric constant €. Assuming a light-
matter coupling by a dipole matrix element p., = u},
only, from Eq. (2) the equation of motion for the off-
diagonal elements of the density matrix n can be derived,
leading to

., 0 1 R 1 h
’Lﬁa ncv(rl,rz,t) = [2—"_’@ |+;V1 + eA(rl)‘z —_ -2?; |—;V2 + eA(l‘g)‘z — V(l'l,l'z)]

X ncv(rl’r27 t) — Hev 6(1'1 - rZ)E(t)[nvv(rlarZ,t) - ncc(r13r2at)] . (5)

The semiconductor is assumed to be at zero tem-
perature, i.e., the density matrix before excitation is
n®(ry,r;) = diag(0, 1)d(r; — rz). Within the two-
band model, the polarization field (1) is then given by
the explicit expression

P(t) = %/{;dsr [p,a, Tye(Ty Ty ) + Lye nw(r,r,t)] . (6)

In order to obtain the linear optical susceptibility, we
introduce the Fourier transforms of

E(w) = / 7 g et B (),

— 00

and P, respectively. Taking the Fourier transform of the
differential equation (5), we find for the linear optical
susceptibility,

|l"|21/3/31
= —— = d’r d’r
x(w) o 2.5/

W) (r,r) dA)*(r', 1)

EW) — h(w + in) (7)

Here, the abbreviation g = g, is used. The quantity
n = 40 is introduced to obtain the physically relevant
retarded solution of Eq. (5). In practice, it represents the
homogeneous linewidth. The functions ®(*) are solutions
of the two-particle Schrédinger equation,

1 h 2 1 & 2
[R |—i—Ve+eA(re)| + m |;Vh —CA(rh)|

e2?

- | ®W(r,,
4mege|re — rp| (re, )

= EW Q(A)(re,rh) , (8)

which describes the motion of an electron and hole with
masses me = m, > 0 and mp = —m, > 0 in a magnetic
field. Equation (7) can be looked upon as a generalization
of the well known Elliott formula.®

The two-particle Schrodinger equation (8) and the
generalized Elliott formula (7) accurately describe the
physics, but are not useful for practical purposes since
they cannot be solved explicitly. Therefore, in the fol-
lowing we show how the relative motion of the electron
and lole and the center-of-mass niotion can be sepa-
rated. This treatment yields a Schrédinger equation for
the relative coordinate and a corresponding Elliott for-
mula, which can be solved numerically.

We assume that the magnetic field B = B, e, is ho-
mogeneous in the semiconductor. Thus, a semiconductor
in this magnetic field is a spatially homogeneous system,
i.e., the macroscopic properties of this system do not de-
pend on the spatial position. Difficulties, however, arise
from the form of the vector potential. Any vector po-
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tential A with the property V x A(r) = B depends on
the spatial coordinate and it is not obvious how the sep-
aration of the relative and the center-of-mass motion can
be achieved. This problem has been solved by Gor’kov
and Dzyaloshinskii.?! Their method has been successfully
applied to the two-dimensional magnetoexciton.??

We give a brief outline of this method.?! If we consider
the differential operator in Eq (8) as a representation of
a two-particle Hamiltonian H and use the gauge A(r) =
1 3 B x r, we find that the equations [Q H] 0 and
Q Q = 0 hold for the operator Q = p. +pr— 3eBx

(fe — #1). Therefore, Q is a constant of motlon, and
Eq. (8) becomes separable. Since only wave functions
with zero center-of-mass wave vector and zero relative
angular momentum have to be considered for optically
allowed transitions, the optical susceptibility (7) becomes

uf? ™ (0,0)|?

—_— 9
g0 5 E()‘)—ﬁ(w—{—zn) (9)

x(w) =~

where the ¢*) and E?) are solutions of
K2 r1 9 o 9? m 4, o
{ 2m [;a—p(pa—p) +a—§2] Tger

62

" dmege/p? + 2 } oM (p,¢) = EM oM (p,¢)
0

(10)

with the reduced exciton mass m and the cyclotron fre-
quency w. = y/e2B2/m2. p and ( are cylindrical coor-
dinates which refer to the relative motion of the electron
and hole.

Thus, after the separation of the center-of-mass mo-
tion, we have obtained a Schrédinger equation (10) which
depends only on two variables. This equation can be
solved numerically, and the optical spectrum can be com-
puted from Eq. (9).

Importantly, Eq. (9) shows that the optical absorption
spectrum is solely determined by the relative motion of
the electron and the hole and, therefore, by the reduced
mass m of the exciton. We emphasize that this result
does not necessarily follow from the spatial homogeneity
that is evident from the physical circumstances. In fact,
the third-order polarization depends on the separate mo-
tion of electrons and holes. This will be discussed in more
detail in a forthcoming publication.

Though the optical susceptibility of a geometrically
confined one-dimensional microstructure can be de-
scribed by a formula of the same type as Eq. (7), no fur-
ther reduction is possible to equations of the same type
as Eqgs. (9) and (10). Thus, the linear spectrum of a mi-
crostructure is affected by the center-of-mass motion,23-24
in contrast to the case of a three-dimensional semicon-
ductor in a magnetic field. Consequently, the analogy
of magnetic and structural confinement should not be
overemphasized. A bulk semiconductor in a magnetic
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field shows an even better one-dimensional behavior than
a geometrically confined one-dimensional structure.

In order to check whether the model of a two-band
semiconductor in a magnetic field can account for the
experimental observation of Fano interference involving
magnetoexcitons and one-dimensional continuum states
in GaAs, we now investigate Eq. (10). First, we ana-
lyze how Fano resonances are formed. For this purpose,
we expand the partial differential equation (10) in the
radial eigenfunctions ,, of a two-dimensional harmonic
oscillator with eigenenergies E,, according to

oC

e (0,0) = 3" FV Q) ¥nlp)
n=0
K2 /1d d
[ 2m (p dp” dp) +gule } Yn(p) = Entn(p) .

The 1, describe the motion in the zy plane. Then we

obtain

5[ (“ g + Bn) bone = Ve 0] 12000

=BV £

2

€
dmeoer/p? + (2

(11)

Vi () = 27 /0 dp p ¥2(p) ()

Here, V., is the Coulomb matrix element, still depend-
ing on the coordinate (. These equations represent a
coupled set of ordinary differential equations. It is inter-
esting to compare the three-dimensional case to the case
of a quantum well in a magnetic field.!8

In the quantum well case, the coordinate ( is absent
and a purely discrete energy spectrum is obtained for
any field B > 0. The transition from a two-dimensional
system to a three-dimensional one produces an additional
feature: Due to the unrestricted motion in the z direction
described by the coordinate (, excitons and continuum
states are formed corresponding to each Landau level.
Since the different Landau levels are separated by the
energy fw., excitons belonging to higher-order Landau
levels are degenerate with continuum states of the lower
ones. These states interfere because of the existence of
the off-diagonal Coulomb potentials V,,,,» (n#n’). For
such a pair of energetically degenerate discrete and con-
tinuum states |n,c) and |n’, E) with Landau quantum
numbers n#n' and energies E,, = E, the Fano coupling
Ve (Ref. 1) is given by

e2?

_ on / dop / T ae v(0) 1 (€) ’TJ—W
X d’n’E(C) ¢n’(p) ) (12)

where the eigenfunctions ¢,, and ¢,g of the decoupled
set of equations (11) are normalized and § normalized,
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respectively. Hence Fano interference occurs in these sit-
uations.

In principle, it is possible to determine the Fano pa-
rameters {2, I', and ¢ from the wave functions ¥,, ¥,
®na, and ¢, g using the equations in Ref. 1. This ap-
proach, however, does not yield the complete spectrum
including all Landau levels and all exciton states. There-
fore, we have chosen to perform a direct numerical cal-
culation of the absorption spectrum in order to explic-
itly demonstrate the formation of Fano resonances and
to examine the line shape. We have used the mate-
rial parameters of GaAs, i.e., an exciton binding en-
ergy of Ep = 4.9meV and a reduced exciton mass of
m = 0.042mg which is equal to the heavy-hole exciton
mass obtained from literature data in Sec. II.

Figure 4(a) shows the optical susceptibility if Coulomb
interaction is neglected, i.e., we assume V,,,,:(¢) = 0 for
all n,n/. The magnetic field is 6 T, and a homogeneous
broadening of An = 0.02 Ep is introduced. Since the
Coulomb potential is neglected, the absorption spectrum
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FIG. 4. Calculated optical absorption vs energy for a
two-band semiconductor in a magnetic field of B = 6 T (ho-
mogeneous broadening Ain = 0.02 Eg): (a) without Coulomb
interaction, (b) with the diagonal part of the Coulomb poten-
tial, and (c) with the full Coulomb interaction.
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coincides with the density of states, broadened by #7.

In order to show the influence of the Coulomb poten-
tial, in the next step we consider the diagonal contribu-
tions (n=n') of the potential V,,:. For this case, Eq. (11)
decouples and can easily be solved. The result is shown
in Fig. 4(b). Instead of the singularities of the density
of states of each Landau level, now we find correspond-
ing exciton series. The magnetoexcitons corresponding
to the second (n=1) Landau level are degenerate to the
continuum of the first (n=0) one. Yet we do not observe
a Fano line shape since there is no coupling between the
subbands. The spectrum is composed of a Lorentzian
line on top of a flat continuum.

For the full Coulomb coupling Eq. (11) cannot be
solved numerically. A straightforward generalization of
the method used in Ref. 18 would imply a computational
effort 10° times larger than for the two-dimensional prob-
lem. For this reason, no complete solution of Eq. (10),
including continuum states, has been obtained until now.
In order to circumvent these difficulties, we have dis-
cretized Eq. (10) on a uniform grid. This method has
been well established in numerical mathematics for ten
years. In physics, its efficiency has recently been demon-
strated for electronic band structure calculations.?®

The solution of the problem with the full Coulomb po-
tential, which corresponds to Eq. (11) with all matrix
elements V,,, is presented in Fig. 4(c). From the com-
parison of Figs. 4(c) and 4(b), it is obvious that the line
shape of the magnetoexciton which is degenerate to con-
tinuum states drastically changes if the full Coulomb po-
tential is taken into account. In contrast, the line shape
of the magnetoexciton corresponding to the lowest Lan-
dau level remains Lorentzian independent whether the
off-diagonal Coulomb matrix elements are included or
not. Consequently, the change of the line shape of the
higher-order magnetoexciton is the result of the coupling
between the magnetoexciton and the continuum states.
This coupling is obviously induced by the off-diagonal el-
ements of the Coulomb potential. Since the lowest-order
magnetoexciton does not overlap with continuum states,
it is always an isolated eigenvalue and, therefore, shows a
Lorentzian profile. As a general property of the Coulomb
attraction, the continuum is enhanced in Fig. 4(c) com-
pared to the free-particle case in Fig. 4(a) (Sommerfeld
factor).

The asymmetric absorption profile, which is due to
the Coulomb induced coupling between the higher-order
magnetoexciton and the continuum, is a Fano resonance.
In order to demonstrate this point unambiguously, we
compare the line shapes of the lowest-order magnetoex-
citon and the higher-order magnetoexciton in Fig. 5 for
the full Coulomb potential. Figure 5 is a close-up of
Fig. 4(c), where both lines have been individually nor-
malized but plotted on the same energy scale. The line
shape of the magnetoexciton coupled to the continuum
[Fig. 5(b)] shows the typical features of a Fano resonance.
(i) The line shape is asymmetric. (ii) The width of the
line is considerably larger than the introduced homoge-
neous broadening as can be seen from the comparison to
the lowest-order magnetoexciton line in Fig. 5(a). The
additional broadening stems from the coupling, in agree-
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FIG. 5. Close-up of Fig. 4(c): (a) lowest-order magnetoex-
citon series, (b) higher-order magnetoexciton series.

ment with Fano’s model.! (iii) There is a pronounced dip
at the high-energy side of the absorption maximum. This
dip extends well below the continuum level. The reason
that the absorption minimum is slightly larger than zero
is the finite homogeneous broadening. The differences
between both types of line shapes are also observable for
the excited exciton states. The above discussion unam-
biguously demonstrates that Fano resonances are formed
and that the necessary coupling is induced by Coulomb
interaction.

Figure 5 also shows that within the Rydberg series of
Fano resonances the broadening and oscillator strength
decrease uniformly with increasing quantum number so
that the appearance of the line does not change much
within the series.! In contrast, for a Lorentzian Rydberg
series the broadening remains constant whereas the os-
cillator strength decreases considerably with increasing
quantum number.

In order to verify that our theoretical model predicts
the same magnetic field dependence of the absorption
spectrum as observed experimentally, in Fig. 6 calculated
spectra are shown for different magnetic fields B = 0,
6, and 12 T. This calculation has been done for the full
Coulomb potential and a homogeneous linewidth of An =
0.2Ep. The spectra for B = 6 and 12 T have been
numerically calculated. The calculation of the zero-field
spectrum has been done analytically.!®

The calculated absorption spectra for 6 and 12 T dis-
play Fano profiles in the continuum which are less pro-
nounced compared to Fig. 4(c) due to the larger homo-
geneous broadening. As in the experiment, the height of
the Fano resonance decreases with increasing energy. Of
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FIG. 6. Calculated optical absorption vs energy for mag-
netic fields B = 0, 6 and 12 T (homogeneous linewidth
hn = 0.2 Eg).

course, the two-band model can only reproduce one series
of resonances, whereas the experimental spectra show a
light-hole and a heavy-hole series. Comparing the exper-
imental heavy-hole data and the theoretical spectra, we
find a good agreement in terms of the energy splitting
between adjacent Fano resonances.

The calculated spectra confirm that this splitting in
the high-energy region is about one cyclotron energy Aw.
(1.97 Eg and 3.94 Eg for 6 and 12 T, respectively) as it
would be in the absence of Coulomb interaction. Further-
more, the calculated spectra reproduce the diamagnetic
shift of the Lorentzian-shaped lowest-order magnetoexci-
ton transition.

The comparison of the experimental and theoretical
zero-field spectra shows that in the experiment the os-
cillator strength of the exciton is smaller compared to
the continuum than in the calculated spectrum. This
discrepancy has been found in all zero-field absorption
experiments and calculations, and is not yet completely
understood. This deviation between experiment and the-
ory can also be observed in the Fano resonance spectra.
Besides this deviation, the overall agreement between ex-
periment and theory is excellent.

IV. CONCLUSION

We have presented an experimental and theoretical
study of Fano interference in bulk GaAs under magnetic
field. Fano interference in this system results from the
coupling between higher-order magnetoexcitons and one-
dimensional continuum states. In low-temperature linear
absorption experiments, Fano interference manifests it-
self in the formation of asymmetric absorption lines with
pronounced minima in the continuum part of the spec-
trum. These absorption profiles can be well described
by Fano’s model of a discrete state quantum mechani-
cally coupled to a continuum of states.! This agreement
unambiguously demonstrates that the observed absorp-
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tion profiles are indeed Fano resonances. The Fano res-
onances can be traced back to the underlying light-hole
and heavy-hole magnetoexcitons.

Theoretical calculations have been presented which
show that Fano resonances are formed in bulk semicon-
ductors if a magnetic field is applied, in agreement with
the experimental findings. The theoretical treatment is
based on the model of an isotropic two-band semicon-
ductor in the effective-mass approximation. The model
includes the magnetic field term and the Coulomb term.
We have outlined how the linear absorption spectrum of
this model semiconductor can be calculated. The nu-
merical results reproduce the experimental observation
of Fano resonances. Analytical and numerical calcula-
tions have shown that the Coulomb coupling of different
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Landau levels is the origin of the Fano resonances in the
magnetoabsorption spectrum of bulk semiconductors.
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