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Abstract. - We present a mechanism to excite intersubband transitions at normal incidence in
quantum wells with a magnetic field applied parallel to the two-dimensional electron gas. In the
Voigt configuration the light polarization perpendicular to the magnetic field induces
intersubband transitions whose oscillator strength is proportional to the square of the field. This
dependence allows us to determine experimentally the intersubband matrix elements with great
accuracy.

In the past few years enormous progress has been made in the field of infrared detectors
based on transitions between electrical subbands in quantum confined semiconductor
structures. Both high detectivity as well as the feasibility of large-array detectors have been
successfully demonstrated (for a review see [1]). So far, the material combination exhibiting
superior device performance is certainly AlGaAs/GaAs although other systems are being
increasingly investigated [2].

The high symmetry of the conduction band structure of III/V semiconductor hetero-
junctions such as AlGaAs/GaAs gives rise to a polarization selection rule stating that
intersubband resonances (ISR) can only be exeited with the radiation transverse to the plane
of the two-dimensional electron gas [3]. Therefore light impinging normally onto the sample
surface will not excite intersubband transitions. Because of this selection rule conventional
intersubband absorption experiments are usually carried out in one of the following
configurations: First, the sample can be tilted at an oblique angle with respect to the optical
path [4], but this yields only a small transverse electric-field component resulting in a weak
absorption. Secondly and more efficiently, ISR can be excited using metallic grating
couplers [5] which provide a substantial electric field parallel to the direction of confinement.
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Fig. 1. - Spectrum of sample I (a)) taken with the radiation incident under an oblique angle of 63° in the
sample ratio. The strength of the resonance observed in this configuration follows the same polarization
dependence as expected for intersubband transitions. Relative transmission spectra T(B = 0)/T(B = 0)
of the same sample in the Voigt configuration at magnetic fields B=6T, 8T, 10T, 11T, 12T, 13T,
14T, and 15T (b)). The resonance vanishes at zero field and gains oscillator strength with magnetic
field. The shift of the resonance position can be explained in terms of the diamagnetic shift. The inset
shows a schematic of the experimental geometry.

Finally, strong absorption is also achieved in quantum well wave guides [6] where the light is
coupled via the edge of the sample and then reflected several times at the metallized
surfaces.

Here, we present an alternative way to excite ISR by applying a magnetic field parallel to
the quantum well plane while the light is incident normally. In this geometry («Voigt
configuration», see inset of fig. 15)) the magnetic and electrical confinements hybridize into
so-called magneto-electric subbands [7]. We show that the presence of the parallel magnetic
field gives rise to allowed transitions between these hybrid subbands. By measuring the
magnetic-field dependence of the ISR we can determine the relevant matrix elements very
accurately and obtain good agreement with our experimental results measured under oblique
incidence. Also, good agreement is achieved with theoretical predictions based on an 8-band
model. One-band calculations are also effective, but only if the increase of the electronic mass
at high energies is properly taken into account. Furthermore, we can explain the experi-
mentally observed diamagnetic shift of the resonances in terms of the 8-band model.

We investigated two different AlGaAs/GaAs multi-quantum well structures (samples I
and II) of different well width whose characteristics are given in table I. The mid infrared
spectra were recorded using a rapid-scan Fourier-transform spectrometer with the samples
mounted in the Voigt geometry at the centre of a superconducting solenoid. We determined
the relative change in transmission 7(B # 0)/T(B = 0) of the unpolarized radiation using a
copper-doped germanium photoconductor as a detector. Alternatively, we could ratio against
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TABLE I.

Sample I Sample II
N, (102 em~2) at 7TTK 0.63 0.824
number of wells 30 25
well width (&) 95 59
barrier width (&) 441 363
doped part of barrier (&) 98 81
Si: doping (em™%) 0.714 1.68
nominal Si density (em~2%) 0.699 1.36
Al concentration 0.349 0.354
@ (em?/Vs) at TTK 57000 28765
Ey (meV) (calculated) 96 163.9
E\, (meV) (measured) 102.1 158.4

the spectrum of a reference substrate. All experiments were performed at low temperatures
T=4K,

A transmission spectrum of sample I taken under an oblique angle of 63° is shown in
fig. 1a). The energy of the observed resonance agrees well with the calculated value of the
ISR and also the polarization dependence of the oscillator strength corresponds to that of an
ISR. In fig. 16) we show the relative transmission spectra of the same sample in the Voigt
configuration at in-plane magnetic fields up to 15T. In this geometry, there is no
intersubband absorption at B = 0T as confirmed by ratioing against a reference substrate.
We thus conclude that the observed transitions are induced by the in-plane magnetic field.
The oscillator strength, as extracted from the area under the resonance curves, increases
strongly with the applied magnetic field and the resonance energies rise. Comparing the
spectra shown in fig.la) and b) leads us to interpret the resonances in the Voigt
configuration also as intersubband transitions.

We now address the question as to why the in-plane magnetic field breaks the polarization
selection rule stated above. To this end, we calculate the dipole matrix element (1|Hj,;|0)
including a finite in-plane magnetic field in the interaction Hamiltonian Hy, = (e/m*) aP,
where P is the canonical momentum and a the polarization vector. To result in a non-zero
matrix element for the 0 — 1 transition, H;,, must depend on y since the envelope functions
|0) and |1) are represented by functions of y and by plane waves in the other two
directions [7]. Choosing the gauge of the vector potential to be A = (— By, 0, 0), we obtain
H, = (e/m*)a,(p, — eBy) for the polarization a = «,. Hence, for this polarization we find
that

(1|Hi|0), = —— a,B(1]y|0). (1)
m

The transition probability w = |(1|H,|0)|? is therefore proportional to the square of the
magnetic field for the cyclotron-resonance active polarization @ = «, while it vanishes for the
polarization parallel to the magnetic field @ = «,. In agreement with our experimental
findings, there is no absorption at zero magnetic field in the Voigt geometry. From (1) we
find that the absorption for light polarized in the x-direction is proportional to the square of
the matrix element for the transverse light polarization M,, with M, = (1|y|0). The only
parameters determining the absorption for @ = «, with the corresponding matrix element M,
are the effective mass m* and M,.
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Fig. 2. — The matrix element M, depends to a good approximation linearly on the magnetic field. Since
the absolute transmitted signal of sample II is much weaker than for sample I, there are not as many
data points. The slope of the data points allows us to deduce the value of M, while the offset may be
caused by the ratio. The calculated M, (B)-dependence describes the data better if the effective optical
mass (dotted lines) is used instead of the band edge mass (solid lines). The inset shows schematically the
dependence of the spin-split subband energies on the magnetic field and the allowed transitions.

Fig. 3. — Diamagnetic shifts calculated ..... sample I, —— sample II) in an 8-band model and the
measured (@ sample I, m sample II) values agree quite well over the entire field range. Note that the
total shift in the transition energy is only approximately 2meV at B=15T.

Experimentally, we determine the matrix element M, from the measured integrated
absorption I, [4] in the Voigt configuration:

2762 N wep »
], = 2Z8 DMWY aro (2)
ggCN

Here, v is the transition frequency, the number of wells is given by nwe; and n denotes the
refractive index. The other symbols have their usual meaning. In fig.2, we show the
B-dependence of M, as derived from (2) and see that it does indeed vary linearly with the
magnetic field for both samples I and II. This same field dependence has been found before in
InAs/AlSb multi-quantum wells as described elsewhere [8]. At all fields the matrix element
M, for the narrower well II is considerably smaller than for well I reflecting a smaller value
of M,.

According to (1) M, can be found by plotting M, as a function of B. The values of M, (a))
given in table IT are derived from a fit to the data with the GaAs band edge effective mass

TaBLE II.
Sample I Sample II
M, (A) (calculated) 23.6 174
M, Q) (tilted angle) 23.5 13.8
a) M, (&) (Voigt) 16.9 14.7

b) M, (&) (Voigt) 17.7 175
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m* = 0.067m,. Fairly good agreement is reached with measurements under an oblique angle
and values calculated self-consistently in the one-band effective-mass approximation.
However, the effective mass in eq. (1) is not yet corrected for the conduction band non-
parabolicity of GaAs which will be included in an 8-band model.

To this end, we determine the non-parabolic energy dispersion of the AlGaAs/GaAs
quantum wells subjected to an in-plane magnetic field from the 8-band Kane-Hamiltonian
Hy.ne as given in{9] using boundary conditions as derived in[10]. In this approach the
band-bending is accounted for by first-order perturbation theory. Although the multi-band
dispersion is not calculated self-consistently, the eigenenergies and the wave functions at
B =0T are very similar to those obtained in the one-band self-consistent computation. This
result can be understood as E,>» Ep for the investigated samples. Solving the
Kane-Hamiltonian yields the B- and kj-dependent eigenenergies and an 8-component wave
function for each subband. These subbands are spin-split at finite fields as shown
schematically in the inset of fig. 2. As the electronic g-factor of GaAs is only small, the
energetic difference between the | T)- and | | )-states of the subbands is less than 2.5 meV for
both samples even at a magnetic field of B = 15T. In fig. 8, we average the single-particle
transition energies over all allowed values of &y and over both possible spin-conserving
transitions and plot it as a function of the magnetic field B. Comparison with the
experimentally obtained data shows that the calculated B-dependence of the resonance
energy describes the experimental data very well.

In the framework of the same 8-band k-p Hamiltonian we also calculated the matrix
elements M, and M, using H, = eAOZ a; (OHgqne)/(3P;) [11] with Ay as the amplitude of the

vector potential. For both samples the matrix elements M, are almost identical to those
obtained in the self-consistent ealculation and to a good approximation spin-independent. We
find again that M, is proportional to B, whereas the value of M, varies only little with the
magnetic field. However, the slope of M, (B) in the multi-band calculation is not as steep as in
the one-band model. As shown in table I1 b) this more sophisticated calculation yields far
better agreement with the experiment as compared to the simple one-band analysis given
above. The change in slope can be interpreted as an increase of the electronic mass with
energy caused by the conduction band non-parabolicity in GaAs([12]. To test this
interpretation we evaluate eq. (1) using an effective mass of m* = 0.07m, for sample I and
m* = 0.078m, for sample II and reach the very same slopes as M, (B) as in the k- p approach.
This change in the effective mass m* is illustrated by plotting M, (B) with the band edge
mass and the mass corrected for non-parabolicity effects, respectively (fig. 2). In this figure
only the slopes of the theoretical curves and the data points may be compared as the offset
may be caused by base-line problems in the ratioed spectra. We find that the non-parabolicity
corrected mass (dashed lines) gives a slope that describes the data points better than the
band edge mass (solid lines). The values for m* can thus be considered to represent an
effective optical mass which determines the oscillator strength of the transition. As expected
theoretically, this effective optical mass turns out to be lower for the wider well I with
the smaller carrier density than for the narrow well II.

Another issue we would like to discuss is the influence of the depolarization effect on our
experiments. It is well known that ISR driven by a transverse electric field are subject to a
depolarization field [3] resulting in a shift of the transition energy and a narrowing of the
linewidth [13]. In our case, however, the resonance positions of the experiments in the Voigt
configuration for B — 0T (fig. 15)) and the measurements under oblique incidence (fig. 1a))
give almost the same transition energies. Since the depolarization shift is estimated to be
5meV for both samples, the resonances of the Voigt geometry experiment must also be
affected by the depolarization even at vanishingly small magnetic fields. This can be



116

understood as in the Voigt configuration the absorbed light is no longer transverse but has a
finite component along the growth direction [14]. This electric-field component turns out to
be proportional to the magnetic field B[14] giving an absorption proportional to BZ.

We may add that related experiments have been carried out on Si MOS structures [15] in
tilted magnetic fields and on InSn MOS structures [16] in the Voigt configuration. In both
these cases, however, the magnetic-field dependence of the resonance could not be studied
over a wide range, since the subband spacings for both structures are comparable to the
cyclotron energy even at moderate fields. Furthermore, the self-consistent triangular
potential obscures the B?-dependence of the oscillator strength.

In summary, we have observed optical transitions between hybrid magneto-electric
subbands on AlGaAs/GaAs quantum wells in the Voigt configuration. The in-plane magnetic-
field dependence of the oscillator strength allows us to determine the relevant matrix
elements and the effective optical mass of the transition with high accuracy. The diamagnetic
shift of the subbands as determined from the magnetic-field—dependent transition energy can
be quantitatively described in the framework of an 8-band Kane-Hamiltonian.
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