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The absorption coefficient of GaAs-Al„Ga& „As superlattices in an in-plane magnetic field is studied
in the case of intraband transitions between electronic magnetic levels. A detailed analysis of the absorp-
tion peaks and their dependence on the magnetic-field intensity, superlattice period, and temperature, is
performed. By taking into account the detailed properties of the magnetic subbands, the joint density of
states, the transition matrix elements, and the effective sheet concentration of electrons involved in the
optical transitions, a simple theoretical explanation is given for some experimental results previously re-
ported.

I. INTRODUCTION

The optical properties of superlattices (SL's) under a
magnetic field parallel to the layers (B~~ configuration)
have been extensively studied both theoretically and ex-
perimentally. Interband magnetoluminescence' and
cyclotron resonance have been used to study the
magneto-optical properties of SL's in the above-
mentioned configuration. Very interesting properties
have been established. For example, Belle, Maan, and
Weiman' and Mann have shown, both theoretically
and experimentally, that transitions between well-defined
Landau levels may be seen in interband magnetolumines-
cence only for transitions that are related to Landau lev-
els with energies within the first electron and first hole
minibands. Most relevant for the present paper are the
recent studies on cyclotron resonance in GaAs-
Al Ga& As SL's reported by Duffield et al. ' and Bro-
zak et al. These authors measured the absorption spec-
tra for transitions between magnetic levels within or
above the lowest conduction miniband of the SL (elec-
tronic magnetic levels). They showed that at low fields,
as the cyclotron energy is well within the SL first mini-
band, the linewidths are relatively sharp, whereas at high
fields, as the cyclotron energy approaches the miniband
width, the absorption tends to broaden and saturate.
Theoretically, Duffield et al. ' calculated the absorption
spectrum for different values of the magnetic field intensi-
ty B, the SL period d, and the temperature T, achieving
good agreement with their experimental data. However,
in spite of the considerable progress in the understanding
of the experimental data, up to now we have had no
available analysis of the absorption spectra taking into
account the detailed properties of the magnetic subbands,
the joint density of states, the transition matrix elements,
and the effective sheet concentration of electrons which
are involved in the optical transitions. Our purpose is to
report such an analysis for the case of intraband transi-
tions between electronic magnetic levels.

This work is organized as follows. In Sec. II, the en-
velope functions, the transition matrix elements, and the
joint density of states are presented. In Sec. III, an ex-
pression for the absorption coefficient is derived. Results
and discussion are presented in Sec. IV. We conclude
with a summary in Sec. V.

II. ENVELOPE FUNCTIONS, TRANSITION MATRIX
ELEMENTS, AND JOINT DENSITY OF STATES

Our theoretical analysis will be carried out within the
envelope-function scheme and in the parabolic-band
model, which is a good approximation to study the elec-
tronic magnetic levels and the corresponding wave func-
tions in GaAs-Al Gai As SL's. Plasma-cyclotron reso-
nance will not be considered as justified by Duffield
et aI. ' for the case of low electron concentration and
large magnetic fields.

We define z as the growth axis of the SL and consider a
magnetic field applied along the y direction. Then, if we
choose the gauge A =(zB,O,O), the corresponding en-
velope functions may be chosen as

irk iyk

(I- )' (Ly)'

where k, =(k„,k, ), A. =0, 1,2, . . . indicate the Landau
subband index, and L and L„are the linear dimensions
of the sample in the x and y directions, respectively. The
set of functions in (1), which we assume are orthonormal-
ized, describes states with well-defined values of k~, the
orbit center zo = —k„lz, and the energy E&(ki )=Ei(k )+Pi k /2m *, where lii =(Ac leB)'~ is the cyclo-
tron radius, and Nik (z) and si(k„) are, respectively, the

X

eigenfunctions and eigenvalues of the effective Hamiltoni-
an of Ref. 8 after substituting P by Ak„and P by zero.
The SL potential V(z) is taken equal to zero inside the
wells and Vo in the barriers. The origin of coordinates
(energy) is taken at the center of a well (at the bottom of
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the bulk conduction band in the wells). Furthermore, if
d =L~+Lii is the period of the SL, Ei(k ) is an even
and periodic function of k„(of zo ) with period d /lii(d),
where L~ and I.~ are the thicknesses of well and barrier
layers, respectively. In what follows, we assume
Ik. I

&d/21,' (Iz, I
&d/2).

In this work, effects of changes in the effective mass
m * when the electron wave function penetrates the bar-
riers are neglected. The use of this approximation, often
employed in the literature, depends on the magnetic-field
intensity and on the values taken by the SL parameters.
In fact, the effects of taking into account the different
values of the effective masses in the wells m ~ and in the
barriers m~ may be included in a perturbation which is
proportional to a coupling constant g =(mi'i —mii )/mi'i
and is different from zero only in the barrier layers. In
GaAs-Al Ga& „As SL's and for low and moderate Al
concentrations —where mz and rn ~ are not widely
different —these effects may be neglected for narrow bar-
riers (Lii «L~ and Lii &&lii). Under these conditions,
which are valid for the most relevant cyclotron-resonance
experiments, ' the corrections introduced by using
different effective masses in the calculation of magnetic
subbands and wave functions should not appreciably
modify the results obtained when the constant effective-
mass approximation is used. Also, it should be pointed
out that the approximation assumed here has been suc-
cessfully used by Duffield et al. ' and Maan and co-
workers' to describe their respective experimental re-
sults.

To deal with the experimental situation ' our calcula-
tion will be performed in the Voigt geometry. In this
case, the polarization vector of the radiation e is parallel
to the interfaces and perpendicular to B (e parallel to the
x axis). Under these conditions, it is not difficult to show
that the matrix element between an initial state IA, , ki )
and a final state

I
A, ', k j ), in the dipole approximation, is

given by

symmetry properties of the system and, in general, are
correlated to the resonant structure of the absorption
spectra.

III. ABSORPTION COEFFICIENT

The electronic magnetic levels are assumed to be popu-
lated in order to study the intraband optical absorption.
Experimentally, this condition is satisfied in n-doped
semiconductor SL's for sufficiently high temperatures, '

i.e., for k~T &&Ed, Ed being the binding energy of impur-
ities and kz the Boltzmann constant. Moreover, low
electron concentration (of the order of 10' cm ) is ex-
perimentally required to minimize impurity scattering
and to avoid strong plasma-cyclotron resonance cou-
pling. ' In what follows we assume that these conditions
are satisfied.

In the dipole approximation, the transition rate (in the
Voigt geometry) is given by

W(fico)=2C [Allii]—g g IMi„i„(k~,ki)I
j.

x If,(k, )
—f,, (k,'))

X5[Ei (ki)
—Ei (ki ) fico], —

N =(2/V) g Ifi(kj ), (6)

where C is a constant, fi(k~) [fi.(k~)] is the occupan-
cy of electrons for the state Ik, kj ) [IA,', kI )], and
Mi.i(k~, k~) are the matrix elements defined in (2). In
Eq. (5), the effects associated to scattering of electrons
will be considered via a Lorentzian' with an energy-
broadening parameter I z.

The Fermi energy p for a given concentration 1V of
electrons is determined using the standard expression

Mi„i„(k~,ki)=5„, Mi„i(k ),
j.

(2)

where

2' liificoc(@i k IdV(z)/dzI@i„kx )
Mi, ,(k„)=

[E,.(k„)—E,(k. ) ]'—(ir~, )' (3)

(4)

and cue =eB/cm * is the cyclotron frequency.
The matrix elements (3) are normalized to the matrix

element between the ground and first excited Landau lev-
els in the bulk [V(z)=0]. From (2), it is obvious that
only vertical transitions may occur. Another very useful
quantity in the study of the absorption spectra is the joint
density of states. For the A, ~X' transition, and neglect-
ing lifetime broadening, this quantity may be defined as

V being the volume of the sample. For low electron con-
centration and sufficiently high temperatures, which is
the case under consideration, the occupancy of electrons
fi(ki) in (5) and (6) may be approximated by the
Maxwell-Boltzmann distribution function. One then
shows that the absorption coefficient may be written in
the form

2me RX
a(iri~) = . yc(iii~)

ncm

dzpxyJ
XL [c,i.i(zo) —A'co],

where ei i„(k )=si.(k ) —si(k„).
It is straightforward to show that for E=si i(0) and

e=ei i(+d/2), the joint density of states has van
Hove —like infinite singularities which are related to the

where n is the index of refraction, y c(fico) =ficoc lfico,

(I ~/2')
L(Ei i —%co)=

(s, ,—e~)'+(r, /2)' '
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and

nii (.zo) =
I exp[ —Ei(zo)/kii T]
—exp[ —si, (zo)/k~ T] J G '( T),

d/2 dzoG(T)= g J exp[ —si(zp)/kgT]—d/2
(10)

I.6

E
GJ

l.2

0.8-

l07

7 = 10K'
—— 7= t70K

In Eq. (7), nii (z.o) is proportional to the eff'ective sheet
concentration of electrons which are involved in the
(A.,zo)~(A, ', zo) transitions. In the next section, the ab-
sorption coefficient [see Eq. (7)] will be used to study the
properties of the absorption spectrum of SL's in the B~~

configuration.
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IV. RESULTS AND DISCUSSION

We focus our attention on the GaAs-Al„Ga, „As SL's
considered by Duffield et al. and grown by organometal-
lic chemical vapor deposition. For these SL's the period
was varied from 10 to 60 nm, whereas the barriers were
nominally 2 nm thick with x =0.3, which would corre-
spond to a barrier potential of approximately 0.24 eV.
However, according to the fitting procedure of Duffield
et al. , best agreement with the experimental data of
large-period SL s was achieved with a barrier potential of
0.1 eV and 2 nm of thickness, and with m*=0.07mo,
where mo is the free-electron mass. As the present work
is aimed at explaining and lending physical insight to the
experiments by Duffield et al. , ' we used, for both short
and large periods, the above fitting parameters. We as-
sumed iV =2 X 10' /cm and n =3.5. The energy-
broadening parameter rz was taken ' as 3 meV. The en-
velope functions C&i k (z) and the magnetic subbands

X

Ei(zo) are obtained by the method of expansion in sine
functions recently proposed by Xia and Fan. "

In correspondence with the experimental situation, '

we only consider magnetic fields and temperatures for
which electrons essentially occupy the lowest magnetic
subband. As a result, the main contribution to the ab-
sorption coefficient in (7) comes from O~A, ' transitions
with A, '~1. For this reason we only focus our attention
on these transitions, and consider three situations.

(1) Cases where l~ )d/2 and the lowest magnetic sub-
band is Aat.

In Fig. 1, the absorption coefficient is shown for d= 10
nrn, T=70 and 170 K, and B=3, 10, and 20 T. The cor-
responding values of lz are 14.8, 8.1, and 5.7 nm, respec-
tively. One notices that for B=3 and 10 T, the absorp-
tion spectrum, for a given temperature, exhibits only one
absorption peak with intensity increasing when B goes
from 3 to 10 T. When B=20 T, one observes two absorp-
tion features. It is also interesting to note that when T
increases from 70 to 170 K, for a given B, the absorption
coefficient is reduced.

It will now be suggested that these results can be un-
derstood from general considerations and therefore they
are valid for every SL when l~ )d /2 and the lowest rnag-
netic subband is Bat. In fact, for every SL there always
exists a certain interval of magnetic fields where

FIG. 1. Absorption coef5cient as a function of energy for
d=10 nm, T=70 K (fu11 curves), and 170 K (dashed curves),
and B=3, 10, and 20 T.

lz))d/2 and the A, =0,1 magnetic subbands are Oat,
i.e., Eo(zo), E,(zo), and s,o(zo) are practically independent
of zo. This regime was investigated by Duffield et al. ,

'

who showed that the results of cyclotron resonance can
be described in the effective miniband mass approxima-
tion (miniband regime). Here, Eio is an increasing and al-
most linear" function of B and therefore the ratio
Act) c /E &o is practically B independent. The above con-
sidered SL with d=10 nm and B=3 and 10 T satisfies
these conditions [see Figs. 1(a) and 2(a) in Ref. 8]. In the
rniniband regime, the following considerations are valid:

(a) The transition strength T,o(zo)= ~M, o(zo)~ is ap-
proximately equal to 1 and independent of zo and B,
whereas the 0~A.

' transition strengths
Ti, o(zo)=~M&,o(zo), with A, '~2, are very small (more
than four orders of magnitude smaller than T,o ). Ac-
cording to Eq. (7) and the physical conditions under
which the experiments are performed (X= 10' cm and
I z- I —3 meV), the absorption coefficient is, in general,
of the order of, or smaller than, 10 cm '. The above re-
sults allow us to conclude that in the miniband regime
each absorption spectrum will only exhibit one peak,
which is associated with the 0—+1 transition and c,o is
essentially the cyclotron-resonance energy. Notice that
when B increases, neither T,o nor the factor yc(A'co) in
(7) affect the corresponding peak intensity. This is due to
the fact that T,o and y c(fico), when evaluated at the reso-
nance energy Acoz ——c.&0, are B independent.

(b) As c,,o increases with B, when B increases, for a
given temperature, the electronic population in the A, =O
level also increases, whereas it decreases is the higher lev-
els. Therefore, as T,o(zo) and yc(E,O) in (7) are practical-
ly B independent, if B increases the corresponding ab-
sorption peak becomes more intense. This effect is illus-
trated in Fig. 1 when B changes from 3 to 10 T.

Qualitatively, the results of the preceding analysis pro-
vide a simple explanation for some of the experimental
results reported by Duffield et al. (see Fig. 3 in Ref. 6).
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Let us now consider those magnetic fields for which
l~ &d/2, the A, =O level is fiat, and the A, = 1 level is
dispersive. In this case, illustrated in Fig. 2 for d= 10 nm
and B=20 T, we are in the miniband breakdown regime
as discussed by Duffield et al. In general, this case is
characterized by the fact that Bio(zo) presents only two
extrema —one maximum and one minimum at zo =0 and
~zo~=d/2, respectively. At these values of c,,o(zo), the
joint density of states J,o(e) in Eq. (4) exhibits van
Hove —like singularities and therefore the absorption
spectrum should exhibit at least two structures with reso-
nance energies approximately equal to bio(+d/2) and
e,o(0), respectively. These two features are associated
with the 0~1 transition and, as discussed by Duffield
et al. , ' they may be ascribed to tunneling or barrier-
bound resonance in which the electron tunnels twice per
cycle through a SL barrier and well-bound resonance, re-
spectively. A necessary condition for their experimental
observation is determined by the inequality
bio(0) —E,o(+d/2) & I z. This result is illustrated in Fig.
1 for B=20 T. Furthermore, in this case the possibility
of observing more structures —for A, '~2—is very limit-
ed. This is due to the fact that for lz )d/2 the O~k'
transition strengths, with A, '+2, are very small. For in-
stance, for d = 10 nm and B=20 T, the transition
strengths Ti.o(zo) with A. '&2 are of the order of or less
than 10 . We shall return to this point later, when con-
sidering the cases where l~ & d/2.

In what follows, an important property of the T,o(zo)
transition strength which will be often used is related to
the following sum rule, which is straightforward to
demonstrate:

240

200-

B=ZOT

/60

I ZO-

80

40-

~ I J I I ~ 1 R ~ I ! I ~ ~ ~ I I ~0
-S -4 -3 -2 —I 0 t 2 3 4 5

Zo (nm)

FIG. 2. Magnetic energy levels as a function of the orbit
center position for d= 10 nm and 8=20 T.

I [~i.'(zo ) si.(zo ) ]/&otic ] Ti.'i. (zo ) = 1
A, '=0

Calculations performed for the O~A, ' transitions indi-
cate that, for every zo, the leading term in Eq. (11) is the
one associated with the 0~1 transition. Therefore, one
obtains T,o(zo)=A'coc/[c, ,(zo) —so(zo)] and the largest

(smallest) values of the transition strength Tio (zo) are
reached for values of zo close to those for which the
A, =0,1 magnetic subbands are nearest to (farther apart
from) each other.

It is also important to note the following. If A'co& is
any of the resonance energies, therefore, due to the pres-
ence of the Lorentzian function in Eq. (7), the main con-
tribution to the corresponding peak height comes from
orbits centered in the region where

~ E,o(zo ) fico+—
~

I s.
Bearing the above results in mind, let us now

study some other properties of the absorption spectra
which characterize the breakdown regime: in this
case, E,o(0) & bio(+d /2), and the inequalities
yclEio(+d/2)] & yc[Eio(0)] and Tio(+d/2) & Tio(0) are
satisfied. If the breakdown regime is reached for
sufficient high magnetic fields, i.e., for k~ T (E,o(+d/2),
then n, (o0) =n, o(+d/2), and the absorption peak associ-
ated to fico+-—e,o(+d/2) (barrier-bound resonance) is
more intense than the structure at iiioi~ =E,o(0) (well-
bound resonance). This is illustrated in Fig. 1 for 8=20
T. For this particular case, ye[8,o(0)]=0.8,
yc [Eio(+d /2) ]= 1.32, Tio(0) =0.8, and T&o(+d /2)
= 1.3. From the preceding analysis, it is clear that in the
breakdown regime the barrier-bound resonances dom-
inate the absorption spectra. This same conclusion was
established by Duffield et al. through the analysis of
their experiments. Our analysis provides a simple ex-
planation of this important property.

In the miniband regime c,o(zo) is practically fiat and
all possible orbits ( ~zo ~

~ d/2) contribute to the peak in-
tensity, whereas in the breakdown regime c, ,o(zo ) is
dispersive and therefore only those orbits centered in the
regions in which

~
c, ,o(zo ) —E,o(+d /2)

~

5 I z and
~eio(zo) —eio(0) ~

5 I, effectively contribute to the intensi-
ty of the peaks associated with barrier-bound and well-
bound resonances, respectively. Another important fact
in (7) is that the factors ye[a, o(zo)], T,o(zo), and n (oz ),o
when evaluated at zo=+d/2 and zo=0, are in general
slowly varying functions of 8 (for fixed values of d and
T). It then follows that when 8 increases and the absorp-
tion spectrum continuously evolves from the miniband
regime to the breakdown regime, the two peaks of the
latter case are less intense than the peak of the former.
In particular, this conclusion is illustrated in Fig. 1 when
B changes from 10 to 20 T. On the other hand, as the
A, =0 subband is always Oat, when T increases for d and B
given, the electronic population in the higher levels also
increases with a decrease of population in the A, =O sub-
band. Therefore, as T increases the absorption coefficient
is reduced as shown in Fig. 1.

(2) Cases where l~ is of the order of d/2 and the two
lowest magnetic subbands are dispersive.

Let us now consider those magnetic fields for which
the two lowest subbands are dispersive and Iz is of the or-
der of d/2. In this case we are again in the breakdown
regime. In order to illustrate this situation, in Fig. 3 the
absorption coefficient is shown for d=20 nm, T=70 and
170 K, and B=7 and 10 T. For these values of B,
1~=9.7 and 8.1 nm, respectively. For this particular
case, the most interesting properties of the absorption
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nm. Notice that e3p(zp) is a very slow function of zp in
this interval. Moreover, the joint density of states J3p(s)
exhibits a van Hove —like singularity at s=E3p(0) and, for
zp —0 the 0~3 transition strength is not very small
[T3p(0) =0.1] and, therefore, the structure at A'co~ =34.5
meV appears as a weak feature in the absorption spec-
trum. However, not all orbits centered in the interval
~zp~ 4 nm effectively contribute to its intensity. In fact,
T3p(zp ) shows a strong dependence on zp, taking its max-
imum value at zp=0 [T3p(0)=0.1] and rapidly decreas-
ing as ~zp~ increases. For instance, T3p(zp) =10 for
~zp ~

=4 nm. So, the weak feature at Acoz ——34.5 meV may
be ascribed to a 0~3 well-bound resonance centered on
the neighborhood of zp =0. For d=20 nm and B=10T,
the zp dependence of T3p(zp) is very similar to that of the
preceding case (d=20 nm and B=7 T), except that
T3p(0) is an order of magnitude smaller as B increases
from 7 to 10 T, and therefore the corresponding feature
tends to disappear when B is increased.

Let us now consider the feature with resonance energy
Acoz —-27 meV in Fig. 3(a). First, one should notice that
E2p(zp) is a slowly varying function of zp [cf. Fig. 4(a)].
Also, according to Figs. 3(a) and 4(a), ~ szp(zp )

—27
meV

~

& I s for every zp in the interval 2 nm & ~zp & 10
nm. In this case, the transition strength T2p(zp) shows a
strong dependence on zp, with maximum value at ~zp ~

= 5

nm [Tzp( ~zp~ =5 nm) =0.2] and decreasing to zero as ~zp ~

tends to 10 nm or to zero, respectively. In fact, the main
contribution to the peak intensity for B=7 T comes from
orbits centered on the interval 3 nm & zp~ & 7 nm. When
B increases to 10 T, the main contribution to the peak in-
tensity then comes from orbits centered on the interval 4
nm& zp~ &8 nm [see Figs. 3(b) and 4(b)]. In this interval,
0.1 & T2p(z) & 0.2, and Ezp(zp) becomes essentially flat [see
Fig. 4(b)] which explains why the peak intensity in Fig. 3
increases when the magnetic field is changed from 7 to 10
T.

(3) Cases where ls « d/2.
Actually, in this section we are interested in the study

of the absorption spectra when l~ &&L.~/2 This is an i. n-

teresting limiting case for which there exist intervals of zp
for which the corresponding classical electron orbits
shrink inside the well.

In Fig. 5 the absorption coefficient as a function of en-
ergy is shown for L~=48 nm (d=50 nm), T=70 and
170 K, and B=7 and 10 T. For these values of B,
l~ =9.7 and 8.1 nm, respectively, which are much smaller
than L~/2 One can see. that the absorption spectra ex-
hibit a sharp peak situated between two small shoulders
and the resonance may be characterized as an extremely
inhomogeneously broadened line. As B increases, going
from 7 to 10 T, the intensity of the sharp peak is
enhanced. Moreover, when T increases for a given B, the
absorption coefficient is reduced.

In general, for ls «d/2, the most important charac-
teristics of the energy spectrum are illustrated in Fig. 6 in
the case of d=50 nm and B=10 T, and may be under-
stood as follows: each magnetic subband A, is strongly
dispersive only for those values of zp at a distance less
than (2A, + I)' lz from each interface, whereas it is al-
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FIG. S. Absorption coefficient as a function of energy for
d=50 nm, T=70 K (full curves) and 170 K (dashed curves), and
8=7 and 10T.
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FIG. 6. Magnetic energy levels as a function of the orbit
center position for d=50 nm and B=10 T.

most Hat outside such an interval. This property corre-
sponds to the intuitive classical image that the energy lev-
els will only change when the cyclotron orbit touches
each barrier. Therefore, from a magneto-optical point
of view, the most important properties of the magnetic
levels are essentially displayed in Fig. 6.

In Fig. 5, the shoulder of the lowest resonance energy
[A'co+ ——E,p(+d/2) ] and the sharp peak [fico+ ——s,p(0) ] are
associated with the 0—+1 transition and the main contri-
bution to the corresponding peak intensities comes from
orbits centered on the neighborhood of ~zp ~

=d/2
(barrier-bound transitions) and zp =0 (well-bound transi-
tions), respectively. It follows from Fig. 6 that
e,p(+d /2) & e&p(0), Ep(0) & Ep(+d/2), and E&(0)
&E,(+d/2). Therefore, for ~zp~=d/2 and zp=O, the
factors yc(Ace), T&p(zp ), and np& (zp ) satisfy the same ine-
qualities as in the cases discussed above (when l~ is of the
order of d/2 and the two lowest magnetic levels are
dispersive). However, for l~ &&d/2, the effects associat-
ed with the inhomogeneo us distribution of electrons
[np, (0) & np, (+d/2)] are more important and, therefore,
the well-bound transitions tend to dominate the spectra.
Another very important effect which favors these last

I 00
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transitions is associated to the fact that E,p(zp ) is practi-
cally flat in the interval ~zp~ &Lz, /2 I~—and, therefore,
all orbits centered on it efFectively contribute to the cor-
responding peak intensity. The preceding effects explain
why in the extreme limit of large magnetic field
(l~ &&d/2) well-bound resonances dominate the absorp-
tion spectra. This result is also in agreement with the
studies by Duffield et al. ' Furthermore, when B in-
creases, for given d and T, both the interval
~zp~ &L~/2 l~ a—nd the difference np, (0)—np, (+d/ 2)
also increase. It is then clear that the intensity of the
peak associated with the well-bound resonance increases
with the magnetic field. This effect, illustrated in Fig. 6
(sharp peak) when B increases from 7 to 10 T, has been
observed in cyclotron-resonance experiments. '

Let us now brieAy consider the B=10 T small shoulder
with resonance energy fico+ —-28 meV (cf. Fig. 5). For
B=7 T, the magnetic subbands and the transition
strengths are completely similar to the 10-T case and
therefore here we will only discuss the 10-T shoulder
which is obviously the evolution of the peak with highest
resonance energy in Fig. 3(b). Now, a comparison be-
tween its resonance energy, fico+ ——28 meV, and the mag-
netic subbands illustrated in Fig. 6 indicates that

~ E2p(zp ) 28 meV
~

& I s for every zp in the interval 17
nm& ~zp &25 nm. Actually, this interval should be re-
duced on its right side because the 0~2 transition is for-
bidden by symmetry at the barrier center, i.e., ~zp ~

=25
nm. Then, the main contribution to the peak intensity
comes from orbits centered in the reduced interval. No-
tice that the occurrence of this small shoulder is associat-
ed with the fact that s2p(zp) has a minimum at ~zp~ =19
nm and therefore the joint density of states exhibits a van
Hove —like singularity at c, =szp (+19 nm). The intensity
of this small shoulder is reduced when I~ decreases (B in-
creases) because then the 0~2 transition strength tends
to be very small for every zo.

Finally, when the magnetic levels are dispersive the
lowest Landau levels in the A, =O subband are localized in
the neighborhood of zo =0. As a result, for a given d and
B, when T increases, np, (0) must always decrease and
therefore the intensity of the peak associated with the
well-bound resonances is reduced (see Figs. 3 and 5).
This thermal effect was observed and discussed by
Duf5eld et a/. in Ref. 5. Due to the inequality
Ep(+d/2)) Ep(0), the situation is different for barrier-
bound resonances. In fact, as T increases, the effective
electronic population for the barrier-bound states and in-
volved in the 0—+1 transition varies according to the fol-
lowing mechanisms: it decreases due to thermal excita-
tion toward barrier-bound states in the A, =1 magnetic
subband and it increases due to thermal excitation from

the lowest magnetic levels in the k =0 subband to
barrier-bound states in the same subband. The behavior
of the peak intensity associated with the barrier-bound
resonances will depend on which mechanism is the dom-
inant one. If the first (second) mechanism dominates, the
corresponding peak intensity is reduced (enhanced) as
shown in Fig. 5. An experimental situation where the
barrier-bound resonance is enhanced (when the tempera-
ture was increased) may be found in Ref. 5.

V. SUMMARY

We have studied the absorption spectra associated with
transitions (O~A, ', with A,

'~ 1) between electronic mag-
netic levels for GaAs-Al Ga, As SL's in the B

~I

configuration. The number of peaks in each absorption
curve, their properties and evolution, depend on the
range of considered magnetic fields. For a given temper-
ature we have shown that the absorption spectrum exhib-
its only one peak in the miniband regime and two peaks
in the breakdown regime (when the lowest magnetic sub-
band is flat). In both cases these peaks are associated
with the 0~1 transition and in the breakdown regime
the spectra are dominated by barrier-bound resonances.
In the breakdown regime, when the two lowest magnetic
subbands are dispersive, the spectra may exhibit more
than two peaks, but the most prominent peaks are associ-
ated with the 0~1 transition. In this case, there exists a
range of intensities of the magnetic field for which the ab-
sorption spectra are dominated by barrier-bound reso-
nance and another for which barrier-bound and well-
bound resonances are equally important. In the extreme
limit of large magnetic fields the spectra are inhomogene-
ously broadened to high and low energies and are dom-
inated by well-bound resonances. To our knowledge,
only the 0~1 absorption peaks have been seen experi-
mentally. ' ' ' This is due to the fact that the heights
of the remaining peaks (O~A, ', with A,

' 2) are relatively
small and therefore its observation would be very
difFicult.

Summing up, we believe the results of our analysis pro-
vide a simple explanation for most of the observations
previously reported and clarify and lend physical insight
to them.
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