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We have studied the evolution of Fano resonances with an external magnetic field,
applied in the Faraday configuration, in two- and three-dimensional semiconductors, by
low-temperature photoluminescence excitation spectroscopy. The behavior of the spectra
with increasing magnetic field strength depends strongly on the dimensionality of the
system: Fano resonances emerge in 3D systems, while those lines which are asymmetric at
zero field in 2D systems become more Lorentzian-like due to the suppression of interference
paths.
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I. INTRODUCTION

The phenomenon of the interaction of a discrete
state with a continuum of energetically degenerate states
was originally studied theoretically by Fano! and exper-
imentally observed, in atomic physics experiments, as
asymmetric line shapes in the x-ray absorption spec-
tra of rare gases.>® The line shape deriving from this
interaction is known as Fano resonance. These reso-
nances have been observed commonly in other atomic
physics studies, such as the collision dynamics of open
shell atoms,? the predissociation of molecules,® and Ry-
dberg states of gases.® The theory of Fano has been re-
cently reviewed using the recursion method.”

Fano resonances are non exclusive of atomic physics.
In semiconductor physics, these resonances have been re-
ported, mainly in doped materials, as asymmetric lines
in the absorption® and Raman-scattering® spectra of im-
purities. Only in a few cases Fano line shapes have
been observed in intrinsic bulk GaAs!®!! and in undoped

GaAs-Al,Ga;_, As superlattices.!?
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In semiconductor physics, the Fano resonant states
of impurity levels in crystals have been calculated by
Bassani and co-workers.!31* For the case of excitonic
states, the coupling with continuum states belonging
to other excitonic states has been treated by a three
band model,'® numerical integration of the Schrédinger
equation'® and by variational methods.'” Recently, Fano
resonances have been predicted in the Stark ladder spec-

tra in semiconductor superlattices.!®

In this work we have studied the evolution of the line
shapes in the photoluminescence excitation (PLE) spec-
tra of two- and three-dimensional GaAs in an external
magnetic field. In bulk GaAs, our results are identical
to those obtained by optical absorption.!! This fact re-
veals the universality of the Fano interaction, and its
independency on the specific technique employed for its
observation.

II. EXPERIMENT

The samples were grown by molecular beam epi-
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taxy (MBE) on semi-insulating GaAs substrates. The
quasi-bulk sample, A, consists of a 200-nm GaAs buffer,
followed by 500-nm of Aly;GageAs, a 500-nm GaAs
layer and 300-nm Al 4GaggAs. The structure is capped
by a 10-nm thick GaAs top layer. In the quasi-two-
dimensional sample, B, a 200-nm GaAs buffer layer is
followed by 20 periods of GaAs-AlAs layers (both 5-nm
thick), a 150-nm GaAs layer, a 15-nm Alp3Gag 7 As layer
and 10 GaAs quantum wells (QW’s) (20-nm wide), sep-
arated by 97.5-nm Alg3Gag7As barriers. This sample is
capped by a 3-nm GaAs layer.

PLE spectra were recorded at 2 K with the mag-
netic field, up to 13 T, applied in the growth direction
z (Faraday configuration). The exciting light was sup-
plied by a Ti-sapphire laser pumped by an Ar*-ion laser.
Before exciting the sample, the light was circularly po-
larized in its 0% and ¢~ components by an achromatic
A/4 plate (the light polarization is designed in the lab-
oratory frame). For each run, the laser power was mea-
sured simultaneously with the PLE intensity in order to
normalize the spectra.

III. FANO THEORY

We recall briefly the results of the Fano theory!
which will be used in the analysis of the experiments.
Consider a system with a discrete state ¢ and a set
of continuum states 1g, with the energy level of the
discrete state lying within the energy range of the con-
tinuum. In the presence of a coupling, V, between the
discrete state and the continuum, the resulting spectrum
1s continuous and the resulting eigenstates, ¥z, can be
expressed as

Vg =a(E)p+ /dE’bE'(E)I/)E' ) (1)

where the coefficients a and bz depend on the energy E
of the state Uz. The projection of the new eigenstate
on the discrete state is given by
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The quantities F' and T', which represent the correction
to the energy of the resonance and its broadening, due
to the coupling with the continuum states, respectively,
are themselves energy dependent and can be written as

ve |V ]e)

F(E):P/dE’|< i (3)

where P indicates the principal part of the integral, and

T(E)=27 (g |V |e) " . (4)

When the parameter ¥ and T depend slowly on the en-

ergy, | a(EF) |?
tion with F" and T evaluated at its peak position.'?

is well represented by a Lorentzian func-

Although it is not indispensable for the discus-
sion of the line shape analysis that we perform in the
next section, it is worthwhile to mention that recent
calculations’ have demonstrated that the non-diagonal
Coulomb interaction between the magnetoexcitons and
the continua provides the coupling, V, for the interfer-
ences, which results in Fano profiles.

Independently of the nature of the carrier excitation
mechanism, we can study the variation of the probabil-
ity of excitation of the stationary state ¥ due to the
coupling. This probability may be represented as the
matrix element of a suitable transition operator T be-
tween an initial state | 7} and the state ¥z. The ratio
of the transition probability | (¥g | T | ¢) |? to the
probability | (g | T | 7) |* of a transition to the unper-
turbed continuum can be represented by a single family

of curves:!

(@[T )] (g+¢
eI TIDE - 15e 5)

where ¢ is a reduced energy given by
2E - E, - F)
=== v -/ 6
e LRy (6)
and ¢ is the dimensionaless line shape parameter.
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where
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indicates the state ¢ modified by an admixture of states
of the continuum. Notice that

([T i) P
2 “ (s T )T’ ©)

is the ratio of the transition probabilities from the initial
state | i) to the discrete state ®, modified by the contin-
uum, and to a band width T' of unperturbed continuum
states ¢¥g.

When the probability of a transition to the state
Vg is considered, interference effects occur between the
transition matrix elements, and in general the function
expressed by Eq. (5) has an asymmetric line shape. The
sign of ¢ can be positive or negative, depending on the
signs of the matrix element in Eq. (7). ¢ > 0 corre-
sponds to an asymmetrical line shape with a minimum
lying at smaller energies than the maximum, while ¢ < 0
originates the specular situation. With increasing abso-
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lute value of ¢ the line shapes become more symmetric;
in the limit of ¢ — oo the line shape is a Lorentzian.
This can be understood inspecting Eq. (7), which shows
that g is inversely proportional to the coupling between
the discrete state and the continuum. Therefore, the
smaller the coupling, the greater is the absolute value of
q.

IV. RESULTS AND DISCUSSION

Figure 1 depicts the PLE spectra of sample A for dif-
ferent magnetic fields exciting with o*- polarized light.
The two lowest lying peaks in the spectra, at all mag-
netic fields, are the heavy-hole and light-hole ground
state excitonic transitions. We attribute the removal of
the degeneracy between heavy and light valence bands
at k = 0 to the presence of a residual strain in the
sample.!®?° The splitting amounts to ~ 1 meV. At zero
field, the n = 2 and n = 3 excited states of the heavy-
hole exciton, close to 1.52 eV, are clearly resolved in the
spectrum. The resolution of these excited transitions
and also the narrowness of the heavy-hole and light-
hole ground exciton peaks (FWHM ~ 0.5 meV) denote
the high quality of the sample. At 0 T, the decrease of
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FIG. 1. PLE spectra of a 500-nm thick GaAs layer for
different external magnetic fields, applied in the Faraday
configuration, at T = 2 K and for o7 circularly polarized
exciting light. The dashed lines are guides to the eye to
show the energy shift of the heavy-hole magnetoexcitons
with the field. The inset shows the experimental Fano
line shape (dots) and the fit (line) to Eq. (10) of the
Ny1(hh) Fano structure at 10 T. The fit parameter are:
E,+F(E,) =1.5546 eV, q=—2.9,T = 0.45 meV. The
maximum intensity has been normalized to ¢2 + 1. The
energy of the resonance, £, + F, has been subtracted
from the experimental energies.

the PLE intensity with increasing energy can be related
to an increase of scattering events which lead to non-
radiative recombination paths, therefore quenching the
radiative emission. This quenching of the PLE intensity,
with increasing exciting energy, is the main difference,
at 0 T, with the results obtained by absorption measure-
ments in a similar sample.!? Applying a magnetic field
asymmetric structures appear in the PLE spectra, which
become stronger and move towards higher energy with
increasing field. Moreover, the fall in the continuum of
the PLE intensity gradually diminishes with increasing
field, and the PLE spectra resemble more closely the
absorption of the sample. This effect can be linked to
the effective reduction of the dimensionality of the sys-
tem by the field (to one dimensional in the limit of very
high field), which hinders the efficiency of non-radiative
recombination processes.

The asymmetric line shapes of the peaks in the
spectra can be interpreted as Fano resonances,! deriv-
ing from the interaction of the magnetoexcitons with
the continuum of states which remain along the field
direction in the bulk sample. Many theoretical?! and
experimental?? papers can be found in the literature
dealing with the behavior of excitons, in bulk semi-
conductors, in the presence of a magnetic field. For
each pair of conduction- and valence-band Landau lev-
els, with the same Landau quantum number N, there is
associated an exciton series. The most important peaks
in the magnetoabsorption spectra correspond to these
exciton levels, while the interband Landau absorption
is only seen as insignificant shoulders. In Figure 1 two
series of Fano resonances are recognizable: one series,
with intenser structures, arising from heavy-hole mag-
netoexcitons, labeled N,(hh), and a second one, with
fainter structures, which is related to light-hole exci-
tons, labeled N,(1h). The two energetically lowest mag-
netoexcitonic transition, No(hh) and No(lh), and their
excited states keep their Lorentzian line shape for all
fields. They do not evolve in asymmetric Fano struc-
tures since they always lie at energies below any contin-
uum of states. On the contrary, the higher order mag-
netoexcitonic transition, e.g. Nj, which gain oscillator
strength with increasing field and are energetically de-
generate with the one dimensional continuum, obtain
asymmetric Fano line shapes.

We fitted the experimental Fano line shapes in the
framework of Eq. (5). We assumed ¢, F and T to be
constant in a range of width I' around the resonance.
This assumption is reasonable because in our system the
continuum states, ¥g, can be regarded as energy inde-
pendent in an interval of width I' around the resonance.

For a PLE experiment, assuming that the shape of

the spectra is primarily determined by the absorption,
the transition operator, T, is the electric dipole opera-
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tor. If we assume a constant absorption probability of
the continuum of states around a Fano resonance, Eq.
(5) leads to the absorption (and PLE) profile of a Fano
resonance which has the form

(g+¢)°

1
« 14 €2

(10)

The inset of Figure 1 shows an experimental Fano profile
resonance (dots) corresponding to the N;(hh) magne-
toexciton, for sample A at 10 T, and its fit (continuous

line) to Eq. (10). We obtain E, + F = 1.5546 eV, ¢

= -29 and T = 0.45 meV. The most important char- -

acteristics of the line shape according to the dnalysis of
Piao et al.,® are indicated in the figure. Note that the
maximum of the line shape is displaced with respect to
zero (which is the position of the resonance) and occurs
at I'/q. The straight line joining the maximum (at I'/q)
and minimum (at —I'/¢) of the resonance satisfies the
equation ge + ¢ and intercepts the Fano profile I(e, ¢)
at ¢ = 0. From these fits we obtain the same value of g,
within experimental error, at all magnetic fields and for
all the N,(hh) magnetoexcitonic transitions. The fact
that ¢ remains constant with field is closely linked to the
invariance of the continuum intensity in the spectra of
Fig. 1, and suggests that the matrix elements (@ | T' | ¢)
and (¢ | V | ¥g), which determine ¢, have a similar field
dependence. The third matrix element {yg | T | ¢}, in-
volved in Eq. (7), is practically field independent, since
it comprises states unperturbed by the magnetic field.
The goodness of the fits and the evolution of the line
shapes with the field confirm the correct interpretation

of the structures as Fano resonances.

Equation (9) yields the value

2
% =13.2, (11)

this result provides an estimate of the transition proba-
bility to the "modified” discrete state ® in terms of the
probability of transition to the unperturbed continuum.

The assignment of the Fano resonances as magne-
toexcitons is confirmed by the dependence of their en-
ergy on the magnetic field, which is reported in Fig. 2.
Each point is obtained by fitting the line shape with Eq.
(10). For fields larger than 2 T the energy of the N, (hh)
resonances varies linearly with field, in agreement with
the expected dependence of the ground state of the mag-
netoexcitons associated to the different Landau tran-
sitions (at lower fields the dependence is quadratic).?
However, the energies of the magnetoexcitonic transi-
tions do not follow exactly the dependence of the Lan-
dau levels, (n + 1/2)hw,, because their binding energies
are field dependent and decrease with increasing n.

Figure 3 reports the PLE spectra for the 200-A
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FIG. 2. Energies of three heavy-hole Fano resonances
(corresponding to the Landau levels N,(hh), n = 1, 2,
3) as a function of the magnetic field under o+ circularly
polarized excitation for the 500-nm GaAs sample. The
lines are best fits to a linear dependence, which is valid
at high fields (see text).

GaAs QW, sample B, at different magnetic fields for
o% polarized excitation. In contrast with the results of
the bulk sample, at zero field the two dimensional con-
finement of the carriers in the QW leads to a PLE spec-
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FIG. 3. PLE spectra of the 20-nm thick GaAs-
Alp3Gag7As quantum well for different external mag-
netic fields, applied in the Faraday configuration, at T
= 2 K and for % circularly polarized exciting light. The
excitonic transitions hq(2s) and [,(2s) are marked by e
and A, respectively. | and 1 point to the A;3(1s) and
ha(1s) excitons, respectively.
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trum which resembles the optical absorption spectrum.
At low fields the spectra show excitonic structures su-
perimposed on a flat continuum, which decreases with
increasing field. The application of the magnetic field
in the growth direction of the heterostructure, z, re-
duces the effective dimensionality of the QW (to zero-
dimensional limit for very high fields), leading to a joint
density of states which is zero at all energies, except at
those of the magnetoexcitonic transitions. These is ob-
servable in the experimental spectra as a reduction of
the continuum level.

The lowest peak in the spectra of Fig. 3 is the {;(1s)
light-hole exciton.?® The absence of any Stoke shift be-
tween the hy(1s) excitonic peaks in emission and absorp-
tion prevents the observation of this state in the PLE
spectra. This fact together with the narrowness of the
1(1s) peak (FWHM ~ 0.5 meV) reveals the very high
quality of the sample. This is also manifested by the
presence at zero field of the h(2s) and [1(2s) excited
states in the spectra, marked by e and A, respectively.
The two structures assigned to the hy3(1s) and ho(1s)

excitonic transitions®*

are asymmetric at zero field, due
to the interaction with the continua of lower lying ex-
citons, which give rise to Fano line shapes. The ap-
plication of a magnetic field splits the two dimensional
continua into discrete levels, thus lifting the energy de-
generacy with fy3(1s) and hy(ls) and leading to a re-
duction of the Fano interference. This is demonstrated
in Fig. 3 where is clearly seen that, increasing the mag-
netic field, the line shapes of the transitions A13(1ls) and
ha(1s), marked with | and T, respectively, evolve grad-
ually from Fano-like to Lorentzian-like. Moreover, as
previously observed in literature, new magnetoexcitonic
structures, corresponding to excitonic excited states, ap-
pear in the spectra.?*

Figure 4 reports two experimental Fano profiles for
the QW together with their fits to Eq. (10) (lines).
Note that two Fano resonances, with specular asymme-
try with respect to their maximum, coexist in the same
spectrum. The resonances correspond to the hi3(1s) and
ha(1s) excitonic transitions at zero magnetic field. The
fits yield ¢ = 2.1 and ¢ = —3.2, for hy3(1s) and hs(1s),
respectively. The corresponding values of 7¢?/2 are 6.9
and 16.1. The smaller the value of this quantity indi-
cates a larger amount of interference in the Fano pro-
file. At 3 T, ¢ becomes 14.7 and -10.5 for hy3(ls) and
ha(1s), respectively. The larger values of | ¢ | denote
more Lorentzian-like line shapes and demonstrates the
disappearance of the interference paths leading to Fano
shapes at high magnetic fields. The enlargement of | ¢ |
from 0 T to 3 T is approximately twice smaller for the
ha(1s) exciton than for the hy3(1s), indicating a less effi-
cient reduction of the interference paths with increasing
energy. This fact is also corroborated by the increase of
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FIG. 4. PLE spectrum for the 20-nm GaAs QW at zero
magnetic field under o circularly polarized excitation
(dots) in the spectral region of the hi3(1s) and h,(ls)
magnetoexcitons. The best fits using Eq. (10), which
yield ¢ = 2.1 and -3.2, respectively, are shown by lines.

the continuum background, on which the magnetoexci-
tons lie (dotted lines in Fig. 3), with increasing energy.

V. CONCLUSIONS

We have studied the dimensionality dependence of
the behavior of Fano resonances in the PLE spectra
of GaAs-Al.Ga;_.As heterostructures in a magnetic
field. The evolution of the resonances with the field
is markedly different in two dimensions, a 20-nm GaAs-
Alg4GagsAs QW, and in three dimensions, a 500-nm
thick GaAs layer. The identification of the asymmetric
structures in the PLE spectra as magnetoexcitons inter-
acting with a continuum of states, yielding Fano profiles,
is supported by the goodness of the fits with the formula
of Fano and by their evolution with the magnetic field.

In the 3D semiconductor, Fano resonances are ab-
sent at 0 T but appear and become stronger with in-
creasing magnetic field. This is due to the progressive
appearance of magnetoexcitons associated to different
Landau series, which interact with the continua of ener-
getically lower-lying interband Landau transitions. Two
series of Fano resonances are identified in the spectra,
which correspond to the heavy or light character of the
discrete magnetoexcitons.

In 2D semiconductors, in the absence of an external
magnetic field, there are already discrete excitonic states

which are superimposed on the continua of lower lying
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excitons, giving rise to Fano resonances. The application
of a magnetic field splits the two-dimensional continuum
into discrete levels and leads to the disappearance of the
asymmetric Fano profiles, which evolve into Lorentzian
line shapes.

Acknowledgments -This work was partially sup-

ported by the Spanish CICyT Grant No. MAT94-0982-
C02 and by the European "HC and Mobility” Program
MagNet CHR-CT92-0062. We thank C. Tejedor for
fruitfull discussions. V.B. and S.Z. want to thank the
Fondazione Francesco Somaini and the Dr. Carl Duis-
berg Stiftung, respectively, for financial support.

REFERENCES

1. U. Fano, Phys. Rev. 124, 1866 (1961).

2. U. Fano and J.W. Cooper, Rev. Mod. Phys. 40,
441 (1968).

3. R. Haensel, G. Keitel, C. Kunz, and P. Schreiber,
Phys. Rev. Lett. 25, 208 (1970).

4. B. Kim and K. Yoshihara, J. Chem. Phys. 99,
1433 (1993).

5. M. Glass-Maujean, J. Breton, and P.M. Guyon,
Chem. Phys. Lett. 63, 591 (1979).

6. M. Chergui, N. Schwentner, and V. Chandrasekha-
ran, Phys. Rev. Lett. 66,2499 (1991).

7. V. Dolcher, G. Grosso, and G. Pastori Parravicini,
Phys. Rev. B 46, 9312 (1992).

8. G. Piao, R.A. Lewis, and P. Fisher, Sol. State
Comm. 75, 835 (1990).

9. F. Cerdeira, T.A. Fjeldly, and M. Cardona, Sol.
State Comm. 13, 325 (1973); Phys. Rev. B 8,
4734 (1973).

10. W. Becker, B. Gerlach, T. Hornung, and G. Ul-
brich, in Proceedings of the 18th International Con-
ference on the Physics of Semiconductors, edited
by O. Engstrom (World Scientific, Singapore, 1987),
p. 1713.

11. S. Glutsch, U. Siegner, M.-A. Mycek, and D.S.
Chemla, Phys. Rev. B 50, 17009 (1994).

12. D.Y. Oberli, G. Béhm, G. Weimann, and J.A.
Brum, Phys. Rev. B 49, 5757 (1994).

13. F. Bassani, G. ladonisi, and B. Preziosi, Rep. Prog.
Phys. 37, 1099 (1974).

14. R. Buczko and F. Bassani, Phys. Rev. B 45, 5838
(1992).

15. L. Reining and 1. Egry, Sol. State Comm. 68, 981
(1988).

16. D.A Broido and L.J. Sham, Phys. Rev. B 34, 3917
(1986): D.A. Broido, E.S. Koteles, C. Jagannath
and J.Y. Chi, ibid., 37, 2725 (1988).

17. A. Pasquarello and L.C. Andreani, Phys. Rev. B
44, 3162 (1991).

18. D.M. Whittaker, J. de Phys. IV, Coll. C 5, 3
199 (1993); D.M. Whittaker, in Proceedings of the
22th International Conference on the Physics of
Semiconductors, edited by D.J. Lockwood, (World
Scientific, Singapore, 1994), p. 1420; D.M. Whit-
taker, Europhys. Lett. 31, 55 (1995).

19. J.C. Hensel and G. Feher, Phys. Rev. 129, 1041
(1963).

20. F.H. Pollack and M. Cardona, Phys. Rev. 172,
816 (1968).

21. See, for example, O. Akimoto and H. Hasegawa, J.
Phys. Soc. Japan 22, 181 (1967); M. Altarelli and
N.O Lipari, Phys. Rev. B 8, 3798 (1973); 1bid. 9,
1733 (1974); K.K. Bajaj and C.H. Aldrich, Sol.
State Comm. 35, 163 (1980).

22. See, for instance, R. Dingle, Phys. Rev. B 8, 4627
(1973); S.B. Nam, D.C. Reynolds, C.W. Litton,
R.J. Almassy, T.C. Collins, and C.W. Wolfe, thid.
13, 761 (1976).

23. We will use the following notation to label the
transitions: h(l) means heavy (light) hole; a sub-
index indicates the same confined subband for elec-
trons and holes; in the case of two subindices the
former corresponds to electrons and the latter to
holes. The notation in the parenthesis corresponds
to the labeling of hydrogenic-like states.

24. L. Vifa, G.E.W. Bauer, M. Potemski, J.C. Maan,
E.E Mendez, and W.I. Wang, Phys. Rev. B 41,
10767 (1990).

Vol. 97, No. 6



