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Effect of Repulsive and Attractive Scattering Centers on the Magnetotransport Properties
of a Two-Dimensional Electron Gas
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GaAs/AlGaAs heterostructures systematically doped with additional Be or Si impurities near the two-
dimensional electron gas show distinct shifts of the quantum Hall plateaus and of the minima in the lon-
gitudinal resistivity p„„relative to the expected values of the Landau-level filling factor. A quantum
Hall plateau p„» =h/e which does not cross the classical straight line po» =B/n, e is observed. The re-
sults are explained by a microscopic transport calculation emphasizing non-Born scattering of electrons
by individual impurities.

PACS numbers: 72.20.My, 72. 10.Fk, 73.40.Lq

Low-temperature transport properties of semiconduc-
tors depend strongly on the impurities in the materials.
The highest low-temperature mobility in GaAs/A1GaAs
heterojunctions is nowadays limited by the lowest density
of residual impurities achievable in the GaAs. The pres-
ence of impurities is also important for the quantum Hall
eff'ect (QHE)' and the fractional QHE observed in a
two-dimensional electron gas (2DEG) at low tempera-
tures, since the width of the plateaus depends strongly on
the impurity concentration. For precision measure-
ments of the QHE, it is important to know where in the
plateau region the Hall resistance has the exact quan-
tized value, and this also depends on charge and distribu-
tion of the impurities. For most of the samples, little is
known about the actual distribution of the impurities and
about their influence on density of states and transport
properties of the 2DEG. For Si metal-oxide-semicon-
ductor field-eff ect transistors, Furneaux and Reinecke
investigated the eff'ects of driftable Na+ ions in the oxide
on the width and the position of the Hall plateaus and
interpreted their results in terms of an asymmetric distri-
bution of localized states in the tails of overlapping Lan-
dau levels.

In the present Letter we report the first systematic in-

vestigation of the influence of well-defined charged im-

purities on the magnetotransport properties of the 2DEG
in GaAs/A1GaAs heterostructures, which in recent years
have become the model system for studies of the QHE
and especially of the fractional QHE. Since these het-
erostructures are grown by molecular-beam epitaxy
(MBE), it is possible to dope with diff'erent types of
atoms at an arbitrary stage of the growth process and
thus to introduce either positively or negatively charged
impurities at arbitrary, well-defined distances from the
2DEG. This opens the possibility to vary the eA'ective

strength of the interaction between the 2D electrons and
the charged impurities in a wide range.

We have prepared and studied two types of intention-
ally doped samples. The first contained additional Si
atoms in the GaAs, which act as donors; the second type,

Be atoms, which act as acceptors. The different impuri-
ties are found to have distinct and opposite effects on the
resistivity components measured as functions of the mag-
netic field B. Because of the presence of the charged im-
purities, the plateaus of the Hall resistivity p»(8) do
not occur symmetrically with respect to the classical
free-electron result p» =B/en„where e is the elementa-
ry charge and n, is the area density of the 2DEG. For
the donor-dominated samples, the plateaus are shifted
towards lower magnetic field values, i.e., larger values of
the filling factor v=n, h/eB, whereas the Be-doped sam-
ples exhibit the plateaus at smaller filling factors. We
are able to explain all these experimental results qualita-
tively by a microscopic transport calculation based on
the so-called single-site approximation or self-
consistent T-matrix approximation (STMA). s In the
samples with repulsive Be scatterers, we observe for
filling factors near v=1 a Hall plateau which does not
cross the classical straight line p„»=B/en, . From our
model calculation, we understand this eff'ect, which to
the best of our knowledge has never been reported be-
fore, as a result of an overlap of localized states belong-
ing to the lowest Landau and spin level with extended
states of the same Landau level and opposite spin.

Our samples were prepared from modulation-doped
GaAs/A1GaAs heterostructures grown by MBE. On top
of 2-pm nominally undoped GaAs, a 21-nm undoped Al-
GaAs spacer layer was grown followed by 40 nm of Si-
doped A1GaAs. During the growth process either Si or
Be impurities were introduced in the GaAs at a fixed dis-
tance (2 nm) from the interface with the method of 6
doping. Four heterojunctions with diAerent area densi-
ties of additional Si impurities were grown. Before and
after these 6-doped heterostructures, undoped reference
structures were grown which had nearly the same carrier
concentration n, =3.0 & 10" cm and mobility p =5
&&10 cm /V. s at a temperature of T=4 K. The rather
high mobility shows that the density of residual impuri-
ties in the GaAs is very small. The same procedure was
applied to produce 6-doped samples with Be impurities.
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where f(E) is the Fermi function, and cr;, (E) can be ex-
pressed in terms of a single-particle self-energy Z(E)
and scattering amplitudes t„(E), which are related by
Z(E) =gn„r„(E), with n„ the area density of the pth
type of 6 potentials. The scattering amplitude t„(E) is
self-consistently determined by an equation which con-
tains Z(E) and thus the eft'ect of other impurities in aneffective-medium

approximation. For su%ciently low

impurity concentrations, the STMA yields isolated im-

purity bands, ' which for attractive (repulsive) im-

purity potentials split oA on the low- (high-) energy side
of the Landau levels and lead to an asymmetric DOS. In
the gaps between the impurity bands and the main Lan-
dau levels, the diagonal conductivity cr, (E) vanishes
and the Hall conductivity assumes the quantized values
cr~ (E) =Ne Ih if the energy gap is located between the
(N —1)th and the Nth Landau levels.

For practical calculations, we use five types of 6 poten-
tials. Two of these model the donors in the doped Al-
GaAs and two the residual acceptors in the GaAs. These
impurities lead to a small acceptor band on the high-
energy side of each Landau level and to a shift and
broadening of the main Landau levels. The 6 doping is
taken into account by a plane of repulsive (Be) or attrac-
tive (Si) potentials with density n; =2x10' cm
which leads to an impurity band on the high- or the low-

energy side of each LandaU level, respectively.
In Figs. 3 and 4 we show calculated resistivities versus

1 0

magnetic field for zero temperature and n, =2.5x10"
cm . To facilitate comparison with experiments, we
have included the enhancement of spin splitting by
many-body effects ' in an approximate, ' but self-
consistent, calculation using the DOS from the STMA
as an input. As a result, the spin splitting of the main
Landau levels, which are calculated as small peaks with

high DOS, is resolved, whereas the broad impurity bands
overlap with the main Landau level or impurity bands of
the other spin direction. At the Fermi level states with

opposite spins from impurity bands and the main Landau
levels may occur simultaneously, as indicated by the
hatching in the lower parts of Figs. 3 and 4. The de-
tailed structure of the p„(B) and p„~(B) curves depends
on the exact position of the impurity-band edges and is
of little interest since, first, an exact calculation probably
would yield no energy gaps but localized states in the
impurity-band region, and, second, these localized states
would not contribute to the transport coe%cients.

For the interpretation of the STMA calculations, we
thus ignore details and take the position of the impurity
bands as a rough indication of where most of the local-
ized states must be expected. In the cross-hatched re-
gions of Figs. 3 and 4 we expect, e.g. , only localized
states and thus quantized Hall plateaus and vanishing

p . Because of our choice of model parameters,
different Landau levels do not overlap and p„~(B) coin-
cides with the classical straight line at filling factors
v=2 and 4 (B =5.16 and 2.58 T). For acceptor-
dominated, i.e., Be-doped, samples, localized states occur
predominantly on the high-energy sides of Landau levels,
and the plateaus extend to the high-B side of the classi-
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FIG. 3. Calculated resistivities in units of h/e vs magnetic
field for a model sample (n, =2.5X 10'' cm ) with additional
repulsive potentials (n, =2X10' cm ) at T=O K. The bro-
ken line indicates p„~. The hatching /// (Qg) indicates that im-

purity states of the lower (higher) spin level are at the Fermi
energy.
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FIG. 4. Same as in Fig. 3, but for a sample with additional

attractive potentials (n; =2 & 10' cm ).
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cal straight line (Fig. 3). Near v= 1 (B =10.3 T) ex-
tended states in the main Landau level of the higher spin
energy overlap with localized states of the lowest spin
level. As a consequence, the plateau occurs for v(1
and does not extend to the classical straight line which
assumes the plateau value at v= 1. Opposite shifts are
obtained for donor-dominated samples (Fig. 4). The
minima of p„,(B) in Figs. 3 and 4 are shifted in accor-
dance with the corresponding Hall plateaus near v=1.
All these results of the calculation are in nice agreement
with the essential features of the experimental findings.
The calculations for donor doping (Fig. 4) indicate that
for filling factors well below 1, localized states of the
"wrong" spin direction may be occupied, if the lowest
spin level has a small region with high density of extend-
ed states. This will not happen for pure acceptor doping
and may have interesting consequences. For higher tem-
peratures where no QHE is observed, the asymmetrical
shifts of the p„~(B) curves persist for both the measured
and the calculated curves, which we do not show here.
This indicates that the shifts and asymmetries have an

origin independent of the localization, and supports our
interpretation of the STMA results. A calculation based
on a Gaussian random potential, " which corresponds to
the Born approximation for individual impurity scatter-
ing, would, on the other hand, not be able to explain the
asymmetries, even if localization effects could be includ-
ed properly.

The asymmetries discussed in this Letter will not
occur if the concentration of the relevant scatterers is

very high' or if these scatterers are very far away from
the 2DEG. In both cases, the efrective potential seen by
the electron will fluctuate more or less symmetrically
around its mean value and the Landau levels will be
broadened nearly symmetrically, although around a
shifted energy.

In conclusion, we have shown that in GaAs/A1GaAs
heterostructures the additional doping of the GaAs near

the 2DEG with donor or acceptor impurities shifts the
position of quantum Hall plateaus and of the correspond-
ing p minima to opposite directions. We understand
these shifts as a consequence of strong, non-Born scatter-
ing of electrons by individual impurities.
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