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Shubnikov-de Haas oscillations are measured in a wide parabolic quantum well with 6 subbands
in a tilted magnetic �eld. We �nd two types of oscillations. The oscillations at low magnetic �eld
are shifted towards higher �elds with tilted angles, and can be attributed to the two-dimensional
Landau state at the bottom subband. The position of the second type oscillations do not shift with
tilted angles indicating a three-dimensional character of the Landau state formed by the highest
subbands. The bottom level in the quantum well is not overlapped with the highest subbands due
to the enhanced quantum scattering time of the lowest subbands.

I. Introduction

When a magnetic �eld is applied in a bulk semicon-
ductor, the free eletrons which carry the eletric charge
perform an orbital motion in the plane perpendicular
to the magnetic �eld direction. This motion becomes
quantized, and equally spaced levels (the Landau lev-
els) separated in energy by ~!c are formed. The energy
of the system is given by
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where i = 1; 2; 3; ::: is the Landau quantum number, m
is the e�ective mass of the electron, and !c = eB=m is
the cyclotron frequency.

The electrons within one Landau leavel may be con-
sidered to behave as if they were one-dimensional. The
density of states (DOS), %(E), which in the abstance of
a magnetic �ld is a parabola given by %(E) / E1=2dE,
now becomes the sum of a set of one-dimensional densi-
ties of states, where %(E) / E�1=2dE, each starting at
the bottom of a Landau level. The very sharp singular-
ities at the bottom of each Landau level is the origin of
the Shubnikov-de Haas (SdH) e�ect. In practice these
sharp features are smeared out by scattering.

When free particles are con�ned to a small region of
space, either by a potential barrier formed by physical
boundaries of the sample, the energy levels of the par-
ticles become quantized due to the wave-like behavior
of the particles. Are of the simplest example of this is
a square well potential. For a square well of width we

the energy of the bound states are given by (in�nite
potential barrier)

En =
n2(h=we)

2

8m
(2)

where n = 1; 2; 3; ::: is the subband index. We see that
the energy separation increases from the bottom to top
levels with subband number.

If a magnetic �eld is applied perpendicular to the
two-dimensional (2D) electron gas, then a total quanti-
zation of the electron levels takes place. The resulting
DOS consists of a set of Æ-functions separated by ~!c,
in the absence of scattering. When scattering is present
each Æ-function broadens into peaks with width �.

In present the work we study remotely doped 4000�A
parabolic quantum well (PQW) with intermediary den-
sity, which allow us to obtain 6 occupied subbands
(for full case we have 8 subbands occupied). In order
to characterize the wide parabolic well and determine
the subband structure we measure SdH oscillations in
a tilted magnetic �eld. The oscillations contain two
frequencies, one depends on the tilt angle, and other
does not. We attribute such behaviour to the three-
dimensional (3D) Landau states formed by the 5 higher
subband and 2D Landau states originated from the low-
est subband.

II. Experiment and Discussion

The samples used are the GaAs/AlxGa1�xAs PQW
grown on undoped (100) GaAs substrate by molecular-
beam epitaxy. On the top of the substrate there is
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10; 000 �A GaAs bu�er layer with 20 periods of AlAs(5
ML)GaAs(10 ML) superlattice, followed by 5000�A
AlxGa1�xAs with x varying from 0:07 to 0:27. The
structure consists of a 4000 -�A-wide AlxGa1�xAs well
in which x was quadratically varied between x = 0,
at the center of the well, and x = 0:19, at the edges
of the well. On each side, the well is bounded by Si-
doped (� 5:0� 1011 cm�2) Al0:3Ga0:7As layers, grown
next to spacer layers. The thicknesses of the undoped
Al0:3Ga0:7As space layers are 100�A. A 100�A GaAs cap
layer was grown as �nal layer of the estructure.
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Figure 1. Low �eld part of the magnetoresistance oscilla-
tions as a function of the magnetic �eld, for di�erent angles
� { top (� = 0), botton (� = 50) {, T = 50mK.

After growth, are photolithographically de�ned Hall
bar with dimensions 100 X 200�m. Four-terminal re-
sistance and Hall measurements were made down to
50mK in magnetic �eld up to 17T . The measure-
ments were performed with an ac current not exceeding
10�8A. Resistance was measured for di�erent angles �
between the �eld and substrate plane in magnetic �eld
using an in situ rotation of the sample.

The mobility of the electron gas in the well is
�H = 210 � 103 cm2=V s, and the electron concentra-
tion is nH = 2:5� 1011 cm�2 { from the Hall e�ect at
low �eld.

Three dimensional pseudocharge is N+ = 0:9 �
1016 cm�3 which corresponds to the classical width
of the 3D electron gas we = nH=N+ = 2900�A. We
perform the numerical self-consistent calculations for
PQW of width W = 4000�A, which yields the fol-
lowing energies for the �rst 6 electric subbands (in
meV ): E1 = 0:05; E2 = 0:21; E3 = 0:46; E4 = 0:80;
E5 = 1:22; E6 = 1:73; and EF = 2:03meV (for
m = 0:075m0).

Fig. 1 shows the low �eld dependence of the SdH
oscillations for di�erent angles �. The oscillations are
periodic in 1=B and contain only single frequency. The
position of the oscillations are shifted, as expected or
2D electron gas, when magnetic �eld is tilted from the
normal to the substrate. The magnetoresistance are
very well described by the conventional formula for the
SdH oscillations in the 2D case: [1]
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where AT = (2�2 kB T )=(~!c) , � is a quantum life-
time, EF (2D) is the Fermi energy of the 2D level, and
R0 represents the classical resistance in zero applied
�eld.
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Figure 2. The magnetoresistance oscillations as a func-
tion of the magnetic �eld up to 3T for di�erent angles �,
T = 50mK. Arrows: position of the 3D Landau states.

From the comparison of the experimental SdH os-
cillations (Fig. 1, � = 0) and Eq. 3 we extract the car-
rier density ns1 = 0:7� 1011 cm�2, which is coincident
with 2D electron density obtained from the calculation
for the lowest subband. Surprisingly, we don't see any
contribution at this magnetic �eld from the second sub-
band.

Fig. 2 shows Rxx(B) extended to the magnetic �eld
up to 3T . We can see 3 oscillations indicated by ar-
rows. Surprisingly, the position of these oscillations
does not depend on the tilt angle. We attribute such
behaviour to the formation of the 3D Landau states.
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In real systems the energy levels will have �nite widths
because of the disorder, therefore corresponding elec-
tric subbands can overlap. Naively, it is expected that
the lowest subbands will overlap �rst, when the width
of the well increases, because the distance between lev-
els �ij = Ej � Ei grows up as the square of the index
number. However, if the broadening of the levels �j
increases faster than Æij = �ij=2 the highest electric
subbands are collapsed to the bulk Landau states be-
fore the lowest one. Therefore the speci�c features of
the investigated wide PQW is a coexistence 3D and 2D
electron states inside of the well. In the tilted �eld 2D
SdH oscillations are shifted to the higher magnetic �eld,
and can cross 3D SdH peaks, which does not depend on
the tilt angle.

The theoretical expression for the SdH oscillations
in 3D case is slightly di�erent from the 2D case: [2]
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Fits the experimental curve for 3D SdH oscillations
to the Eq. 4 give the value EF (3D) = 1:88meV . From
this value we �nd the bulk concentration for highest
subbands N(3D) = 0:7� 1016 cm�3.

The density pro�le for the 5 higher subbands is not
a constant and has a deep minimum in the center as we
can see in Fig. 3. Therefore the sheet density can not
be recalculated from the equation ns = we �N(3D). The
width of the self-consistent electron density pro�les can
be de�ned as:
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where n(z) =
P

nsi j�i(z)j
2, and �i is the envelope

function of the electrons in the ith subband.
The sheet density of the electrons in the 5 highest

subband is (nH � ns1) = 1:8 � 1011 cm�2. We ob-
tain the self-consistent value weff = 2600�A and �nd
bulk density for the quasi-three-dimensional subband
N(3D) = (nH � ns1)=weff = 0:7� 1016 cm�3, which is
equal than the bulk density determined from the mea-
surements of the 3D SdH oscillations.

Furthermore, we calculate � following the formal-
ism of the Ando and Gold taking into account the in-
uence of the intersubband coupling on the screening
and correlation corretions. [3] We consider only two
major scattering mechanisms { remote and background
impurity scattering. The results of the level broaden-
ing �i = ~=2�i are, in meV : �1 = 0:06; �2 = 0:08;

�3 = 0:18; �4 = 0:21; �5 = 0:25; and �6 = 0:40. Our
empirical �nding is that �2 < Æ12 for 2D con�nement
e�ects to be observable in botton subband. We obtain
�2 � Æ12. For highst subbands �j > Æij { therefore the-
ses subbands are overlapped and form the 3D system.
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Figure 3. Electron density pro�le as a function of position in
the well for 5 top subbands (solid line) and bottom subband
(circle). The thick line: total density pro�le.

III. Conclusions

In the present work we realize the system with 2D
and quasi-3D electron gas coexisting in the same quan-
tum well. We use standard analysis of SdH oscillations
in the tilted magnetic �eld and explore the fact that 2D
Landau states are sensitive to the perpendicular mag-
netic �eld. We evaluate the broadening of the levels
due to remote and background impurity scattering in
the presence of the intersubband scattering and �nd
that the bottom subband is not overlapped with the
highest subbands. Therefore, the 2D state belongs to
the lowest subband and the 3D state, to the highest
subband.

It is known that 2D and 3D systems obey several
properties, which are radically di�erent, such as local-
ization in random potential. We believe that our system
can be used for comparing such e�ects.
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