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The charge distribution of mobile carriers in a high-mobility superlattice is investigated in magnetic fields
parallel to the layers. Using a capacitance-voltage profiling technique we are able to directly probe the charge-
density distribution as a function of spatial coordinate. With increasing in-plane magnetic field, we observe an
increased localization in the potential wells of the superlattice. Using a simple model for the carrier distribution
in the superlattice, we are able to calculate the magnetic-field dependence of the miniband structure in the
sample. A tight-binding approach results in a quantitative description of the energy level separation as a
function of the in-plane magnetic field.@S0163-1829~98!05920-7#

Ever since the first description of artificial superlattice
~SL! structures by Esaki and Tsu,1 the physics of strongly
coupled electron systems in layered semiconductor structures
has attracted more and more attention. Many different at-
tempts to create such artificial SL’s have been reported in the
past. One elegant way to produce SL’s with appreciably high
mobilities is to use the method of remotely doped graded
heterostructures, such as parabolic quantum wells~PQW’s!.2

Here, the potential well is graded such that the engineered
conduction and valence bands simulate the potential of a
positive background charge without the need of dopants in
the region of the quantum well. As compared to conventional
semiconductor superlattices, the remote doping technique to-
gether with the graded band gap considerably enhances the
electron mobility, mainly limited by size- and alloy-disorder
scattering effects.3 Shortly after the first realization of such
PQW’s, artificial superlattices have been introduced into
them,4,5 resulting in a very promising and interesting system
for various physical observations. These include the obser-
vation of collective effects like magnetoroton resonances,6

interminiband and intraminiband plasma excitations,7 and the
direct observation of the miniband structure in such SL’s.8

On the other hand, the influence of strong magnetic fields
on the properties of high-mobility semiconductor systems are
of vivid interest for the last twenty years or so. Here, we
investigate the effect of a strong in-plane magnetic field on
the miniband structure of our high-mobility superlattices. An
in-plane magnetic field, especially, induces interesting ef-
fects; for instance, the spatial direction of the electric~SL!
potential and the one induced by the magnetic field coincide
in this case. For very thick or very high barriers in the SL,
there is no coupling between successive wells and the system
behaves just like a set of isolated wells with the properties of
quasi-two-dimensional electron systems. For thin barriers,
however, the coupling between adjacent wells leads to a dis-
persion relation of a finite width in the SL direction~mini-
bands! separated by a series of gaps~minigaps! as opposed to
quantum wells with flat dispersion. In a magnetic field, the
Lorentz force leads charged carriers to classically describe

circular orbits with a cyclotron orbit radiusRN , depending
on both the Landau quantum numberN and the magnetic
field B via

RN
2 5~2N11!l 2, ~1!

where l 5A\/eB5256 Å/AB denotes the magnetic length.
If the magnetic field is oriented parallel to the superlattice
layers, the ratio of the magnetic length to the superlattice
period will be an important parameter for the influence of the
field on the SL properties.

Here, we would like to discuss the effect of such an in-
plane magnetic field on the charge distribution in a superlat-
tice structure. Experimentally, we approach the problem via
a capacitance-voltage profiling technique that will be dis-
cussed in detail below. The sample used in our experiments
is a 148-nm-wide, AlxGa12xAs based PQW that has been
grown by molecular-beam epitaxy using the digital alloy
technique described elsewhere. To achieve the parabolic
shape of the well, the aluminum contentx in the active re-
gion has been varied betweenx50.01 andx50.3. In addi-
tion to the parabolic confining potential, a superlattice ofd
520 nm period andw52 nm barrier width has been grown
into the well, the barrier heightV0 being determined by the
Al content in the barrier material, in our caseV0575 meV.
A thin NiCr layer at the surface of the sample serves as a
field effect electrode and small indium pellets at the corners
of the sample as Ohmic contacts to the electron system in the
well. Magnetotransport experiments reveal a carrier density
of aboutNs5431011 cm22 for zero gate biasVg50.

A sketch of the sample and the resulting conduction- and
valence-band structures including the charge distribution for
flat-band conditions (Vg50) is given in Fig. 1. The barriers
in the SL are thin enough to allow for a substantial coupling
between adjacent wells as indicated by a nonvanishing
charge density in the barrier regions. The resulting charge
distribution exhibits a modulation of periodd as indicated in
the figure. Application of a negative gate bias between the
field effect electrode and the electron system pushes the

PHYSICAL REVIEW B 15 MAY 1998-IIVOLUME 57, NUMBER 20

570163-1829/98/57~20!/13094~5!/$15.00 13 094 © 1998 The American Physical Society



center-of-mass of the charge distribution deeper towards the
substrate and simultaneously slowly depletes the quantum
well from free carriers. During this process, one SL well
after another becomes successively depleted as well.

Capacitance-voltage~CV! profiling techniques have been
shown before to be very valuable for the determination of the
distribution of free charge within a given semiconductor
system.9 For the special case of a PQW, also the determina-
tion of the subband structure has become possible using a
CV technique.10,11 Caused by the finite thermodynamic den-
sity of statesD(E) of a quasi-two-dimensional electron sys-
tem a change of the carrier density results in a considerable
change in the chemical potentialm:

dm5edV. ~2!

In other words, a change of the chemical potentialm is con-
nected with a change of the induced chargeQ by

dQ5AeD~E!dm5Ae2D~E!dV. ~3!

Here,A denotes the area of the capacitor, i.e., the field effect
electrode of our sample. As has been shown before,10 the
capacitance of a PQW as a function of the gate biasVg can
be basically divided into three contributions:~i! a geometri-

cal capacitanceCgeo, given by the thicknesszgeo of the di-
electric between the gate electrode and the electron system in
the well,

Cgeo5
«0« rA

zgeo
; ~4!

~ii ! an additional term taking account of the fact that the
center of mass of the charge distribution in a PQW~equiva-
lent to the footpoint of the parabolic potential! shifts towards
larger depths below the surface if a gate bias is applied,10

C~Vg!5
«0« rA

z~Vg!
; ~5!

~iii ! a quantum mechanical contribution that originates from
the above-mentioned dependence of the chemical potentialm
on the density of states,

Cm5
dQ

dV
5Ae2D~E!. ~6!

Hence, the total capacitance of a PQW can be written as a
series of these three contributions~4!–~6!:

1

Ctot
5

1

Cgeo
1

1

C~Vg!
1

1

Cm
. ~7!

Term ~6! has been used to evaluate the subband structure of
a wide electron system in a PQW in the past. It has been
shown that this contribution is very small as compared to
those resulting from an inhomogeneous distribution of the
charge in the well.11

Combining Eqs.~4!–~7! yields an analytic expression for
the gate bias dependence of the coordinate-z(Vg) in Eq. ~5!:

z~Vg!5S 1

Ctot /A
2

p\2

e2m* D «0« r2zgeo. ~8!

To extract the apparent distribution of the charge as a func-
tion of thez coordinate, we use the well-known formula for
CV profiling:9

n~z!5
2

e«0« r
F d

dV S 1

C2D G21

. ~9!

Using z(Vg) from Eq. ~8!, we now can easily convert a
C(Vg) measurement into an apparentn(z) measurement, fol-
lowing our original aim. The true charge-density profile can
then be evaluated from Eqs.~8! and ~9! using a somewhat
cumbersome procedure as described in Ref. 9. Here, how-
ever, we restrict ourselves to the determination of the appar-
ent density profilen(z), as it describes the reality well
enough to elucidate the effect of the charge localization
caused by the in-plane magnetic field.

A typical CV trace for the sample described here is shown
in Fig. 2. The capacitance signal has been monitored using a
standard lock-in technique at a frequency of about 90 Hz and
a modulation amplitude of about 10 mV. The measurement
has been performed atT54.2 K with the sample mounted in
the center of a superconducting solenoid providing in-plane
magnetic fields up toB512 T. With increasing negative gate
bias the electron system in the PQW becomes slowly

FIG. 1. ~a! Sketch of the sample used for the CV profiling mea-
surements described in the text. A gate bias between a field effect
electrode~shaded circular structure on top! and the Ohmic contacts
to the parabolic quantum well containing the SL~shaded areas par-
allel to the sample surface! is used to successively deplete one SL
period after the other.~b,c! Schematic not to scale representation of
the high-mobility superlattice structure used in our experiments. A
wide parabolic quantum well has been modified by the insertion of
an additional superlattice structure. The period of the superlattice is
d520 nm, the width of the barriers isw52 nm. Remote doping of
the structure leads to a carrier distribution as sketched in gray scale
for flat-band condition~b! and a negative gate biasVg ~c!.
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depleted.10 The shift of the center of the electronic wave
functions towards larger depths below the surface is indi-
cated by a small overall decrease of the CV signal until at
aboutVg521.7 V the complete depletion of the well sets in.
Small steplike features~marked by arrows! on top of the CV
signal indicate the subsequent depletion of adjacent wells in
the superlattice. These steps evolve more clearly as the in-
plane magnetic field is increased. The inset of the figure
shows a comparison between a part of the CV trace atB
50 T and the one taken atB510 T. Clearly, an increase in
step height and in sharpness of the transition region between
two steps is observed.

The result of the conversion of the CV traces into an
apparentn(z) dependence according to Eqs.~8,9! is shown
in Fig. 3. Here, we plot the extracted charge density distri-
bution n(z) as a function of the real space coordinatez be-
low the surface. The gray shaded boxes indicate the positions
of the tunnel barriers in the superlattice, as taken from the
growth protocol. As can be seen from the figure, four of the
SL wells are occupied. With increase of the in-plane mag-
netic fieldB a pronounced localization of the charge in the
wells between the barriers of the SL is observed. This is
indicated by a decrease of the carrier density in the regions
of the barriers, thus strongly reducing the coupling between
the wells. At the same time, the charge density in the wells
becomes larger as compared to theB50 case. This result is
easily understood in terms of charge conservation.

To explain our experimental findings, we proceed using a
simple harmonic approximation that allows for an analytic
treatment of the effect of an in-plane magnetic field. The
wave functionsc i(z) in each individual well of the superlat-
tice are approximated by harmonic oscillator wave functions,
and the square wells in the superlattice are modeled by para-
bolic potential wells. This approximation will certainly not
give the exact energy levels and the real density distribution
but to first order it is very well suited to visualize the under-
lying physics. The charge distributionn(z) that reflects the
square of the total wave function̂CuC& in the superlattice

structure in this approximation is described by a sum of har-
monic oscillator wave functionsC i(z), each of which being
centered in one of then occupied SL wells:

C~z!5 (
i 52n/2

n/2

cic i~z1 id !, c i~z!5Aa

p
exp S 2

az2

2 D ,

~10!

wherea5mv0 /\51.531024 Å 22 and the weighting fac-
tors ci have been adjusted to properly describe the experi-
mentally observed charge distributionn(z) for B50 as
shown in Fig. 3.

Using this ansatz, it is quite straightforward to include the
effect of an in-plane magnetic field: An in-plane magnetic
field adds a magnetic-field-induced potential of the form
VB(z)5(m/2)vC

2 z2 to the electrostatic~harmonic! potential
VE(z)5(m/2)v0

2z2. Here, vc5eB/m is the cyclotron fre-
quency. The frequencyv0—as defined above—is the natural
frequency of our harmonic test potential. The total confining
potential is hence again parabolic and given by

VEB~z!5
m

2
v0

2z21
m

2
vC

2 z2

5:
m

2
V2z2 with V25v0

21vC
2 . ~11!

FIG. 2. Capacitance-voltage measurement for the high-mobility
superlattice sample. As a function of increasing negative gate bias
the quantum well containing the superlattice becomes depleted.
This depletion is indicated by a slow overall decrease of the capaci-
tance. At specific gate voltages, small steps in the CV trace~marked
by arrows! indicate the subsequent depletion of individual potential
wells of the superlattice. The inset shows how these steps evolve
with increasing in-plane magnetic field.

FIG. 3. Charge-density distributionn(z) as extracted from the
CV measurements at different in-plane magnetic fields. The gray
shaded bars indicate the positions of the SL barriers as known from
the growth. Four wells of the superlattice are occupied in our
sample. With increasing in-plane field the charges become more
and more localized in the potential wells, turning the strongly
coupled superlattice band structure into that of a weakly coupled
multiquantum well.
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This result describes the well-known magnetoelectric hybrid-
ization of quantum well subbands in an in-plane magnetic
field.12 To model the effect of the in-plane field on the carrier
distributionn(z), we calculateC(z) form Eq.~10! using the
hybrid potential of Eq.~11! and the hybrid frequencyV for
the local wave functionsC i(z).

The result is shown in Fig. 4. Here, we plot the calculated
carrier distribution for a set of magnetic fields that is given in
units of vc /v0 . For our case,vc /v051 corresponds to an
in-plane magnetic field of about 9 T. Clearly, the pronounced
increase of the carrier localization is reproduced in the cal-
culation. It is interesting to note that for such a strongly
coupled superlattice as described here, very high in-plane
magnetic fields of the order of 20 T are necessary to com-
pletely suppress the coupling between adjacent wells. This is
consistent with our experimental findings: Even for the high-
est in-plane fields available to us (B512 T), there is still a
significant coupling observed, as indicated by a nonvanish-
ing carrier density at the locations of the SL barriers~cf.
lower panel in Fig. 3!.

Using the above approximations for the in-plane field
wave functions it is very instructive to calculate the behavior
of the electronic level structure under the influence of the
parallel magnetic field. At zero magnetic field, the wells in
the superlattice are strongly coupled, resulting in a level
splitting between the individual wells into ‘‘bonding’’ and
‘‘antibonding’’ states. For the finite superlattice discussed
here, this results in the formation of a miniband with a finite
number of discrete levels. As has been pointed out before,
the in-plane field suppresses the tunnelling between adjacent
wells in a superlattice, which results in a decoupling of the
wells. As a measure for the strength of the tunneling-induced
coupling we calculate the level separation using a tight-
binding approach. Without losing the generality of the prob-
lem, we concentrate only on two neighboring wells. The self-
energy matrix elementV1 and the perturbation matrix
elementV12 between two adjacent wells in the superlattice
are given by

V15^c1uV2~z!uc1&5^c2uV1~z!uc2&,

V125^c1uV2~z!uc2&5^c2uV1~z!uc1&, ~12!

wherec1 andc2 represent the wave functions of an unper-
turbed single quantum well subjected to the in-plane field,
and V1 and V2 the potential wells of the unperturbed and
uncoupled problem. The energies of the bonding and anti-
bonding levels are then given by

E5E11V16uV12u, ~13!

whereE1 denotes the ground-state energy of the uncoupled
wells. Under the influence of an in-plane field this ground-
state energy is diamagnetically shifted towards higher ener-
gies, again described by the magnetoelectric hybridization
mentioned above.12 For the sake of clarity, however, we omit
this shift in our calculations. The energetic splittinguV12u
between both levels—being proportional to the tunneling
probability between adjacent wells—strongly decreases with
increasing in-plane magnetic field. The result of this calcu-
lation is shown in Fig. 5. The magnetic field is again given in
units ofvc /v0 , and the level splitting in natural units of the
barrier heightV0 between the wells. As expected, we ob-
serve a strong decrease of the interwell tunneling and hence
the coupling between the electron systems in adjacent wells.
Our result describes exactly the same situation that one ex-
pects if the barrier height or width between two wells would
be increased. One can thus state that an in-plane magnetic
field effectively increases the width of a tunnel barrier be-
tween two quantum wells. This illustrative point of view has
been discussed before by calculating the decreasing tunnel-

FIG. 4. Calculated charge distributionn(z) using a simple har-
monic approximation as described in the text. The magnetic fieldB
is given in units ofvc /v0 . As in the experiment, with increasing
in-plane magnetic field the charge becomes more and more local-
ized in the individual wells of the superlattice.

FIG. 5. Calculated level splittingD between the bonding and
antibonding states of a coupled double quantum well. A simple
tight binding approach together with an harmonic approximation as
described in the text has been used. With increasing in-plane mag-
netic field, the level separation becomes smaller as the tunneling
probability between adjacent wells is reduced. At the highest fields,
the wells are completely decoupled as indicated by a well-defined
ground-state energyE1 . The effect of the diamagnetic shift of this
ground-state energy has been omitted in the calculation for the sake
of clarity.
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ing current through a barrier exposed to an in-plane field
taking into account a magnetically ‘‘curved trajectory’’ in
the barrier region.13

The magnetic-field-induced decoupling and the corre-
sponding narrowing of the level splitting have also been ob-
served in far-infrared studies and magnetotransport experi-
ments on the same samples.14,15 Here, we were able to
directly measure the level splitting as a function of the in-
plane field. The agreement with our simple estimate de-
scribed here is very good.

In summary, we have demonstrated that an in-plane mag-
netic field strongly localizes the carriers in a semiconductor
superlattice and hence reduces the coupling of adjacent
wells. Using a capacitance-voltage profiling technique, we
are able to directly monitor the charge distribution in the

sample. Using a simple harmonic approximation and a tight-
binding approach enables us to analytically calculate the
magnetic-field-dependent bonding and antibonding level
separation for our sample. The calculation is in excellent
agreement with our experimental findings.
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