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We present evidence of a new channel for electronic conduction in a multi-quantum well type superlattice in
the presence of a magnetic field applied parallel to the quantum well layers. Electrons in one potential well that
are photo-excited to anti-crossings of the dispersion curves of the conduction subbands tunnel resonantly to the
neighboring wells without intrasubband relaxation. This tunneling mechanism must be distinguished from
tunneling involving states located around the energy minimum of the conduction subbands. We show that the
new tunneling channel can only be understood from a nonperturbative calculation of the energy levels of the
multi-quantum well structure in the presence of the magnetic field, since first order perturbation theory predicts
the same energy dispersion for all conduction subbands, thus making this tunneling channel indistinct from
standard intersubband excitation. Measurements of THz photocurrent show that both tunneling processes
co-exist in a GaAs/AlGaAs multi-quantum well superlattice.
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I. INTRODUCTION

Photon-assisted tunneling has been extensively studied1 in
multi-quantum well type superlattices(MQW). The strong
interest in optical intersubband transitions in such structures
is driven not only by its fundamental physics appeal but also
by its applications for infrared sources and detectors. Quan-
tum well infrared photodetectors based on intersubband
transitions2 and the quantum cascade laser3,4 which relies on
photon-assisted tunneling between quantized states in a
MQW structure, have achieved a high level of performance
and are nowadays a commercial reality. When the photon
energy does not coincide with any intersubband gap, tunnel-
ing through virtual states can be observed. This tunneling
through photon side bands, first observed by Tien and
Gordon5 in superconductor-insulator-superconductor sys-
tems, has also been widely investigated.6–8 In a previous
paper,9 we have experimentally explored the connection be-
tween the two processes with radiation in the THz range.

The application of a quantizing magnetic field is a pow-
erful tool to study the electron dynamics in quantum well
structures. Recently, magnetic fields were used to study the
transition to quantum chaos in a semiconductor
superlattice.10 The application of THz radiation in the pres-
ence of a tilted magnetic field has been shown to lead to a
complex set of phenomena.11 A magnetic field applied paral-
lel to the MQW layers(perpendicular to the tunneling cur-
rent) changes the electron states, thus providing an extra de-
gree of freedom to manipulate the electronic band structure
and the resonant tunneling conditions. The parallel magnetic
field modifies the electron energy dependence onky, the
wavevector component perpendicular to both the field and
growth directions. At the anti-crossings of theky dispersion
relations the electron wave functions are extended over more
than one well and therefore the states at the anti-crossings

constitute tunneling channels.12,13 If the electrons are at ther-
mal equilibrium inside each subband, only those tunneling
channels coincident with the bottom of the occupied sub-
bands(or around it) will be observed in transport measure-
ments. In this process, when a higher energy subband is
populated by photo-excitation, the photo-excited electrons
will first relax energy and decay to the lowest energy states
of this subband before tunneling.

In this paper, we propose a distinct resonant photon-
assisted tunneling process in which electrons are excited di-
rectly into extended states at the anti-crossings in theky dis-
persion relations, away from the bottom of any subband.
Hence, a significant fraction of these electrons tunnel to a
neighboring well before relaxing energy. We probe this tun-
neling channel in a GaAs/AlGaAs multi-quantum well su-
perlattice under a parallel magnetic field with photocurrent
measurements using THz radiation. Our measurements show
evidence for resonant photon-assisted electron tunneling
with and without previous relaxation to the bottom of the
first excited subband.

The effect of a parallel magnetic field on the electronic
states is usually treated according to first order perturbation
theory.14,15 According to perturbation theory, the dispersion
relations of different subbands, at zero bias, are equal, if
effects due to nonparabolicity of the effective mass are not
considered. This means, at least for low biases and large
wells, that the resonance frequency for photo-excitation be-
tween subbands would not depend strongly onky. Hence,
first order perturbation theory does not predict a significant
difference in the resonance frequency for direct photo-
excitation from the first subband into the extended states at
the anti-crossings in theky dispersion relations of higher sub-
bands, away from their minima, and the resonance frequency
for excitation between states at the bottoms of the lowest
subband and of an excited one. A numerical nonperturbative
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calculation shows that these two frequencies are appreciably
different and the former has a stronger dependence on the
applied parallel magnetic field, in agreement with the ob-
served photocurrent results. It is important to stress here that
the difference in the two frequencies mentioned above will
be measurable only for MQW structures with large wells,
i.e., for structures in which the lowest energy subbands are
close (a few meV) to the bottom of the conduction band,
since it is in this case that first order perturbation theory
should not be a good approximation even for moderate mag-
netic fieldssB,5 Td.

II. EXPERIMENTAL SETUP

The sample used in this work was grown by molecular
beam epitaxy over a semi-insulating GaAs substrate. It con-
sists of a superlattice made of ten layers of GaAs and eleven
layers of Al0.3Ga0.7As sandwiched between two layers of
GaAs, each 50 nm thick. All these layers are uniformly
doped with Si to 331015 cm−3. This structure was again
sandwiched between two 300 nm thick GaAs layers heavily
doped with Si at 231018 cm−3. The nominal thicknesses of
the GaAs wells and Al0.3Ga0.7As barriers are 33 nm and
4 nm, respectively. In a previous work with the same
sample,9 the resonance frequency of the first intersubband
transition, at zero magnetic field, was measured as
s3.27±0.05d THz. Comparing this value with a simple enve-
lope function calculation for an isolated well, the real width
of the wells was assumed to be 31.7 nm.

Very small mesas were fabricated photolithographically
for the vertical transport experiments, with an active area of
234 mm2. The mesas were integrated into a bow-tie antenna
to achieve better coupling to the THz radiation. The antenna
has Ohmic contacts made to the top and bottom heavily
doped layers. Since the power coupled to the device is a
sensitive function of the frequency, a Schottky diode was
integrated into the bow-tie to normalize the power coupled to
the superlattice device, as described elsewhere.9 All experi-
ments presented here were done after adjusting the power of
the THz radiation in order to achieve the same photoinduced
current in the Schottky diode. This power was chosen low
enough to not generate any feature related to photon side
bands.

The THz radiation source was a continuously tuning free
electron laser(FEL) of the University of California at Santa
Barbara. It is a pulsed laser with a repetition rate of 0.75 s
and a pulse width around 2ms. The photocurrent in the su-
perlattice was measured as the difference in current during
the FEL pulse and between pulses, using a digital oscillo-
scope.

To apply the magnetic field, a split coil superconductor
magnet with four optical windows was used. The measure-
ments presented in this paper were done at a temperature of
s24±3d K and always with the magnetic field applied paral-
lel to the semiconductor layers(perpendicular to the tunnel-
ing current).

III. THEORETICAL CONSIDERATIONS

Let Vszd be the MQW potential and consider a magnetic
field applied parallel to its layers in thex direction. Using the

asymmetric gaugeAW =s0,−zB,0d and the effective mass ap-
proximation, the Hamiltonian of an electron in the conduc-
tion band can be expressed as

H =
px

2

2m* +
m*vc

2

2
S py

eB
− zD2

+
pz

2

2m* + eVszd, s1d

wheree is the electron charge,B is the magnetic field inten-
sity, m* is the effective electron mass,p is the canonical
momentum, andvc=eB/m* is the cyclotron frequency.

We performed a nonperturbative numerical calculation in
the effective mass approximation by expanding the Hamil-
tonian(1) in the basis of an infinite square well much larger
than the MQW potential in thez direction, and then we solve
the resulting eigenvalue problem for differentky andB val-
ues. We consider different effective masses for the electron
in the potential barriers and wells. The size of the basis used
was chosen by a test of convergence, which compares the
eigenvalues obtained for different sizes of the basis and the
convergence is assumed when the difference between them is
smaller than 10−5. For the sake of comparison with the exact
theoretical results and their interpretation, we also evaluated
the energy subbands within perturbation theory. Furthermore,
as stated in the Introduction, previous experiments have been
analyzed using first-order perturbation theory. In this case,
considering the magnetic field contribution as a perturbation,
the energy eigenvalues are given by15

En = En8 +
e2B2

2m* Fskz2ln − kzln
2d + S"ky

eB
+ kzlnD2G +

"2kx
2

2m* ,

s2d

wherekzln andkz2ln are, respectively, the expectation values
of z andz2 for the unperturbed wave functions of subbandn
andEn8 is its unperturbed energy eigenvalue. The wave func-
tion of isolated wells should be used in the calculation of the
expectation values, since the solution above does not con-
sider the coupling among wells. One should note that the
bottom of each subband will now be atkx=0 and"ky/eB
=−kzln.

Tunneling channels in the MQW are associated to cross-
ings between dispersion curves of subbands localized at dif-
ferent wells. For a sequential tunneling process, as it is the
case considered here, only crossings between subbands of
adjacent wells need to be considered. A maximum in electron
tunneling will occur whenever a crossing between subbands
of adjacent wells happens at the bottom of an occupied
subband.14 Therefore, considering a constant electric field, a
maximum in the tunneling current is expected at the value of
the magnetic field at which there is a crossing between the
first subband of one well with the bottom of the first subband
of the adjacent well. For this situation, first-order perturba-
tion theory gives the following relation between the voltage
drop DV per periodd of a MQW and the magnetic field
positionBmax of the maximum in the current:

eDV =
e2d2

2m* Bmax
2 . s3d
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It is clear that first-order perturbation theory fails for large
magnetic fields, when the magnetic quantization energy be-
comes comparable to the separation between the energy lev-
els of the wells. However, it is a good approximation for low
enough fields.

IV. RESULTS AND DISCUSSION

We measured the current,I, without illumination, as a
function of the parallel magnetic field,B, for a fixed bias of
15 mV across the sample. At this low voltage, since only the
first subband of the wells is occupied, electronic conduction
occurs via resonant tunneling from the first subband of one
well to the first subband of the neighboring well. As shown
in Fig. 1, a single broad maximum is observed in theI −B
curve at Bmax=s0.49±0.05d T. From Eq. (3) we obtain a
voltage drop per period ofs0.40±0.08d mV for the total bias
of 15 mV. This means that a relatively large voltage is
dropped in the contacts of the structure at this low bias.

Figure 2 shows the lowest energy levels of three adjacent
wells as a function of −"ky/eB for a magnetic field of 0.49 T
and a voltage drop per period of 0.4 mV. As expected, for
these conditions the first subband of one well is at resonance
with the bottom of the first subband of a neighboring well,
thus opening up a tunneling channel between these two
wells. The energy levels were calculated numerically, as de-
scribed above, and also by first-order perturbation theory
with the sample parameters given in Sec. II. For this low
magnetic field, the nonperturbative calculation gives almost
the same dispersion curves as perturbation theory, except that
the crossings between subbands of different wells become
anti-crossings. The use of Eq.(3) at this field is accordingly
justified.

Figure 3 shows a comparison of the energy levels of three
adjacent wells as a function of −"ky/eB calculated numeri-
cally and by first-order perturbation theory, for a magnetic
field of 3.1 T and a voltage drop of 0.4 mV per period of the
MQW superlattice. The perturbation theory dispersion rela-

tions for the second subband cannot be distinguished from
the numerical calculation, but the difference in the first sub-
bands is already clear. Note that this difference increases
whenky moves away from the subband minimum.

The second subbands of the wells in the MQW superlat-
tice can be populated by illumination. If the second subbands
are occupied and the sample is under a magnetic field at
which there is an anti-crossing at their bottom, electron tun-
neling will occur to the subband with which the anti-crossing
is happening. For a voltage drop per period of 0.4 mV, such
a condition will be met atB=0.49 T, for tunneling from
second to second subbands(the same field position as the
resonance from first to first subbands), and forB=3.1 T for

FIG. 1. (Color online) Current as a function of the magnetic
field parallel to the MQW layers, measured at a fixed bias of 15 mV
without illumination. A broad peak is seen around 0.49 T, the field
for the resonance condition shown in Fig. 2. The sharper features
are not reproducible and should be understood as noise.

FIG. 2. (Color online) The lowest energy levels of three adja-
cent potential wells as a function of −"ky/eB, the so-called cyclo-
tron orbit center, at a magnetic field of 0.49 T and a voltage drop of
0.4 mV per period, calculated by the numerical nonperturbative cal-
culation described in the text(solid line) and using first-order per-
turbation theory(dotted lines). For these values of magnetic and
electric fields the first subband of the right well is at resonance with
the bottom of the first subband of the center well, nearky=0.

FIG. 3. (Color online) Dispersion relations of a three well struc-
ture atB=3.1 T and a voltage drop of 0.4 mV per period, calculated
using first order perturbation theory(dotted lines) and by the nu-
merical nonperturbative calculation described in the text(solid
line). In this case, there are anti-crossings at the bottom of the
second subbands with the first subbands of the neighboring wells.
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tunneling from second to first subbands(Fig. 3). Here per-
turbation theory gives a result just slightly different,B
=2.9 T, for the magnetic field at which the latter crossing
occurs. If THz radiation is applied to the MQW biased at
0.4 mV per period, at a frequency near the intersubband ex-
citation resonance between first and second subbands, peaks
in the photocurrent should be seen at those magnetic fields. It
should be remembered that the excitation resonance fre-
quency will also change withB, due to the diamagnetic shift.

The electrons photo-excited by THz radiation to the sec-
ond subband of the MQW come from states between the
bottom of the first subband and the local Fermi level. Here
the differences between the nonperturbative calculation and
the first-order perturbation theory results become more ap-
parent. According to perturbation theory, the resonance fre-
quency for all these electrons should be almost the same
(there is a small difference due to the presence of the electric
field). In contrast, as can be seen in Fig. 3, the numerical
results give an excitation energy that increases asky moves
away from the first subband minimum due to the difference
in the curvatures of the dispersion curves of the first and the
second subbands. This difference in curvature increases as
the magnetic field increases, as is demonstrated in Fig. 4.
This effect leads to a broadening of the transition frequency
as the magnetic field rises. Note that it is an asymmetrical
broadening, since it opens the possibility for electrons to be
excited by higher radiation frequencies but not by lower fre-
quencies.

The difference in the curvatures of the dispersion curves
of the first and the second subbands makes it possible to
observe a channel for photon-assisted tunneling at a reso-
nance frequency distinct from the excitation frequency cor-
responding to the transition between the lowest levels of the
first and the second subbands. This new frequency is shown
by the arrows in Fig. 4. In this process, electrons from the

first subbands are excited directly into extended states at the
anti-crossings between the second subband of one well and
the first subband of the adjacent wells, but the anti-crossings
do not happen at the bottom of the second subband, as it is
the case in Fig. 3. The resonant frequency for this magneti-
cally tuned resonant photon-assisted tunneling(MTRPAT) is
higher than the frequency for photo-excitation between the
lowest levels of the first and the second subbands.

In a measurement of the photocurrent as a function of
magnetic field, in the MQW biased at 0.4 mV per period and
illuminated with radiation of frequency higher than the fre-
quency for the intersubband resonance at 3.1 T(see Fig. 3),
the MTRPAT tunneling channels should show up as an addi-
tional peak at a magnetic field higher than 3.1 T. If this
maximum in the tunneling current will really show up or not
depends on the energy position of the first subband quasi-
Fermi level, since the electrons are coming from an excited
state of the first subband, as shown in Fig. 4. The peak in the
photocurrent at 3.1 T should still be seen at frequencies
higher than the corresponding resonant frequency due to the
fact that most of the electrons photo-excited to states withky
values away from the bottom of the second subband will
relax to states close toky=0 and then tunnel to the adjacent
wells.

Figure 5 shows the calculated resonant frequency for
MTRPAT as a function of the parallel magnetic field. The
frequency corresponding to the intersubband transition be-
tween the bottoms of the first and second subbands is also
shown. First-order perturbation theory gives a very good ap-
proximation to the latter but fails to account for the MTRPAT
at fields higher than,4 T.

In order to verify the predictions above, we have per-
formed measurements of photocurrent as a function of mag-
netic field for the GaAs/AlGaAs MQW superlattice at three

FIG. 4. (Color online) Dispersion relations of a three well struc-
ture atB=5.1 T and a voltage drop of 0.4 mV per period, calculated
using first-order perturbation theory(dotted lines) and by the nu-
merical nonperturbative calculation described in the text(solid
line). The arrows show the excitation energy from the first subband
of the center well into extended states at the anti-crossings between
the second subband of this same well and the first subbands of the
neighboring wells.

FIG. 5. (Color online) Calculated resonant frequency for the
magnetically tuned resonant photon-assisted tunneling, MTRPAT
(open circles) and for the excitation between states at the bottom of
the lowest subband and of the second one(closed squares). The
dependence on the magnetic field of the intersubband excitation
frequency given by first-order perturbation theory is also shown
(solid line). The horizontal dashed lines show the frequencies used
in the measurements. The intersection of them with the MTRPAT
curve gives the resonance fields for magnetically tuned resonant
photon-assisted tunneling at these frequencies.
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frequencies above the resonance between the bottoms of the
two first subbands atB=3.1 T. These frequencies(the three
horizontal lines in Fig. 5) were chosen because they are out-
side the water absorption frequency ranges. The results are
shown in Fig. 6. There, the expected resonance fields for
MTRPAT at the three THz frequencies, taken from Fig. 5, are
indicated by the arrows. These fields areB=3.85 T for f
=3.54 THz,B=4.57 T for f =3.72 THz andB=5.08 T for f
=3.90 THz. Also shown in Fig. 6 is the fields3.1 Td at which
another peak in the photocurrent is expected, due to the anti-
crossings at the bottom of the second subbands with the first
subbands of the neighboring wells. The main broad peaks in
the photocurrent, which are clear and reproducible, are the
result of the superposition of these two resonances. The
sharper features are not reproducible and should be under-
stood as noise. Comparisons of the total photocurrent be-
tween curves at different frequencies should consider that
there might be a difference in the radiation power coupled to
the MQW of the order of 40%, in spite of the adjustment of
the current in the Schottky diode integrated into the bow-tie
antenna contacts, as described above.

The photocurrent curve forf =3.90 THz shows a broad
asymmetric maximum near the expected field position for
the MTRPAT resonance at this frequency. As the radiation
frequency goes down, the resulting maximum narrows and
shifts to B=3.1 T for f =3.54 THz. In accordance with the
discussion above, the observed maxima in the photocurrent
arise as the result of the superposition of two peaks: one at
B=3.1 T, where there is a maximum for the tunneling prob-
ability for electrons at the bottom of the second subband, and

another at the MTRPAT resonance. Asf decreases, the two
peaks get closer. This leads to a narrowing of the resulting
maximum in the photocurrent, in agreement with the results
shown in Fig. 6. The data in Fig. 6 also shows that the
relative intensity of the two peaks changes with frequency.
The relative weight of the peak atB=3.1 T increases as the
radiation frequency goes down. This is expected, since as the
radiation frequency approaches the excitation resonance be-
tween the bottoms of the first and the second subbands at
B=3.1 T, the photon-generated population of the second
subbands at this field increases. In addition, the MTRPAT
peak should increase with the increase of radiation fre-
quency. As the resonant magnetic field for MTRPAT in-
creases, the photo-excited electrons come from states higher
in energy in the first subbands. Therefore, as the radiation
frequency increases the total number of photo-excited elec-
trons decreases as the energies of the initial states approach
the quasi-Fermi levels of the first subbands. The photocur-
rent is given by the difference between the electrons going
through the forward tunneling channels and through the
backward tunneling channels(see Fig. 4). It is important to
note that the electrons going via the forward tunneling chan-
nel are coming from states at the first subbands slightly
lower in energy than the electrons going through the back-
ward tunneling channel, due to the applied electric field. This
difference,DE, is increasing asB increases(it is 0.12 meV
for B=3.86 T and 0.19 meV forB=5.10 T), which leads to
an increase of the MTRPAT photocurrent. Furthermore,
when thekx dispersion is considered, the difference in energy
between states with theky of the forward tunneling channel
and with theky of the backward tunneling channel also give
rise to a difference in the number of initial states for the
MTRPAT. Figure 7 shows thekx dispersion curves at the two
ky’s just at the edge of the forward and backward tunneling
channels. The two dispersion curves are equal, just vertically
shifted by DE. At T=0 K, consideringDE constant(even
though it actually increases with the magnetic field), the dif-
ference in the available electrons for forward and backward
MTRPAT increases as the bottom of the twokx dispersion
curves approaches the local Fermi level. Naturally, when the
bottom of the higherkx dispersion curve, the one for back-
ward tunneling, reaches the quasi-Fermi level, the difference
between the number of forward and backward MTRPAT

FIG. 6. (Color online) Photocurrent as a function of magnetic
field applied parallel to the MQW layers, for three radiation fre-
quencies. The arrows show the expected field positions for MTR-
PAT at f =3.54 THz (solid arrow), at f =3.72 THz (dashed arrow)
and atf =3.90 THz(dotted arrow). The dash-dotted vertical line at
3.1 T shows the field at which another maximum in the photocur-
rent should occur due to the anti-crossings at the bottom of the
second subbands with the first subbands of the neighboring wells.
The observed broad(linewidth larger than 1 T) peaks are a result of
the convolution of this peak with the MTRPAT resonance, as ex-
plained in the text. For the sake of clarity, the curves forf
=3.72 THz and f =3.90 THz were moved up 0.4 and 0.8 nA,
respectively.

FIG. 7. (Color online) Schematic representation of thekx disper-
sion curve for electron states at two differentky’s, at the same
subband. It represents states, at the first subband of a well, withky’s
coincident with the edge of the forward and backward MTRPAT
channels.
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electrons starts to decrease and goes to zero when the bottom
of the kx dispersion curve of forward tunneling gets to the
quasi-Fermi level. Consequently, the MTRPAT photocurrent
peak should increase with the radiation frequency until near
the cutoff frequency.

It is also interesting to note that the photocurrent peak due
to MTRPAT should be sharper as the resonant THz radiation
frequency increases. This is due to the increasing derivative
of the MTRPAT resonance frequency dependence on mag-
netic field as can be seen in Fig. 5.

V. CONCLUSION

We have predicted and observed a magnetically tuned
resonant photon-assisted tunneling process in multi-quantum
well superlattices in which electrons are photo-excited di-
rectly into extended states at the anti-crossings in theky dis-
persion relations, away from the bottom of the conduction
subbands. This tunneling channel is understood with a basis
on a nonperturbative numerical calculation of the dispersion
curves of the energy subbands in the presence of a magnetic
field applied parallel to the quantum well layers. We have
investigated this process in a GaAs/AlGaAs superlattice

with photocurrent measurements using THz radiation under a
quantizing magnetic field. A significant fraction of the elec-
trons, photo-excited to the anti-crossings, tunnel to the
neighboring wells of the superlattice before relaxing energy.
We have also observed photon-assisted tunneling involving
states located around the energy minimum of the conduction
subbands. Both photon-assisted tunneling channels co-exist
in the experimental conditions used.
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