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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 pxx relative to the expected values of the Landau-level filling factor. A quantum
Hall plateau px, =h/e? which does not cross the classical straight line p2, =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/AlGaAs
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
effect (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-effect transistors, Furneaux and Reinecke*
investigated the effects 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/AlGaAs 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 different 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 effective
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 py,(B) do
not occur symmetrically with respect to the classical
free-electron result p,?y = 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=nsh/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 7-matrix approximation (STMA).”® 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 pgy =B/en;,. From our
model calculation, we understand this effect, 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/AlGaAs heterostructures grown by MBE. On top
of 2-um nominally undoped GaAs, a 21-nm undoped Al-
GaAs spacer layer was grown followed by 40 nm of Si-
doped AlGaAs. 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 &
doping.® Four heterojunctions with different 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 7, =3.0x10'"" ¢cm ~2 and mobility u=5
%105 cm?/V-s at a temperature of 7=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 &-doped samples with Be impurities.
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Here the reference structures had n, =2.5x10!! ¢cm ~2

and pu=3.5%10° cm?/V-s. The mobilities of the &-
doped heterostructures were drastically lower than those
of the reference structures, whereas the carrier concen-
trations changed only slightly. An additional concentra-
tion of 3x10° impurities/cm? reduced the mobility by a
factor of 5 without changing n; noticeably. The highest
impurity concentration of 4x10'% cm ~2 reduced the mo-
bility to g =3x%10% cm?/V-s and changed the carrier
concentration by 10%.

Hall-bridge specimens with a width of 100 um have
been used to measure the longitudinal resistivity p,, and
the Hall resistance p,, for different temperatures down
to 7=1.4 K in a magnetic field perpendicular to the
2DEG. Figure 1 shows results for a &-doped sample
with a Be impurity concentration of about 4x10'°
cm ~2. It is very remarkable that the plateau of the Hall
resistance with the value h/e2=25813 Q does not cross
the line for the classical Hall resistance p)?y =B/n,e and
that the plateau appears in the filling-factor range
0.65<v<0.95. At higher temperatures (20 K<T
<90 K), where the QHE is no longer observed, p, gets
closer to the classical value. In samples with Si impuri-
ties a shift of py, with respect to the classical value was
observed in the opposite direction (Fig. 2). This effect is
more pronounced when a negative voltage at a backside
gate is applied in order to push the wave function closer
to the Si layer.'® Asymmetric structures are also ob-
served in the p,, data, with extrema shifted to smaller
filling factors for the Be-doped sample (Fig. 1), and to
larger filling factors for the Si-doped sample (Fig. 2).
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FIG. 1. Measured resistivities pxx and px, as functions of
the magnetic field B for a sample (7, =2.1%10'" cm ™2, u
=30000 cm?/V-s) with additional Be impurities (n; =4x10'°
cm ~2). The thin straight line indicates p2, =B/en,, with n,

calculated from the pxx minima for v> 2.
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For the samples with a lower concentration of additional
impurities, these shifts are systematically less pro-
nounced.

In our model calculations, we simulate Coulomb po-
tentials by two-dimensional & potentials of appropriately
adjusted scattering strength. For repulsive § potentials
of arbitrary concentration exact results on the density of
states (DOS) in the lowest Landau level were obtained
by Brézin, Gross, and Itzykson.!'! For sufficiently small
concentration, a fraction of the states shifts to higher en-
ergies and forms an impurity band with exponential-type
tails.!" All the splitoff states are believed to be localized,
and this seems to be supported by numerical calculations
for small systems.'? One expects that the localized
states in the impurity-band regime do not contribute to
transport phenomena and give rise to the QHE: high-
precision plateaus of p,, accompanied with vanishing
pxx- There is, however, no reliable magnetotransport
theory which can treat localization effects and yield ex-
plicit results to compare with experiment.

Since the observed shifts persist at higher tempera-
tures, we believe that the essential features of our experi-
ments can be understood without an exact treatment of
localization. Thus, we have performed model calcula-
tions within the STMA,’ which neglects the coherent
multicenter scattering processes leading presumably to
localization.!? The interaction of an electron with an in-
dividual impurity, which seems to be important for the
observed differences between donor-doped and acceptor-
doped samples, is, however, treated exactly in the
STMA. The Kubo formulas for the conductivity tensor
can be written in the form

oy = [ o (E)(~df/dE)dE, (1)

Pxx (k)
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FIG. 2. Same as in Fig. 1, but for a sample (n; =3.4x10"
cm ™2, p=30000 cm?/V-s) with additional Si impurities
(n;=4%x10"%cm ~2).
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where f(E) is the Fermi function, and o;;(E) can be ex-
pressed in terms of a single-particle self-energy X(E)
and scattering amplitudes ¢,(E),” which are related by
2(E)=Yn,t,(E), with n, the area density of the uth
type of & potentials. The scattering amplitude 7,(E) is
self-consistently determined by an equation which con-
tains (E) and thus the effect of other impurities in an
effective-medium approximation. For sufficiently low
impurity concentrations, the STMA yields isolated im-
purity bands,>"%!% which for attractive (repulsive) im-
purity potentials split off 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 o,,(E) vanishes
and the Hall conductivity assumes the quantized values
o,x(E) =Ne?/h if the energy gap is located between the
(N —1)th and the Nth Landau levels.®

For practical calculations, we use five types of & 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 & doping is
taken into account by a plane of repulsive (Be) or attrac-
tive (Si) potentials with density n,=2%10'© c¢m ~2,
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
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FIG. 3. Calculated resistivities in units of h/e? vs magnetic
field for a model sample (n, =2.5%10'" cm ~2) with additional
repulsive potentials (n; =2x%10'® cm ~2) at T=0 K. The bro-
ken line indicates p2,. The hatching /// (\\\) indicates that im-
purity states of the lower (higher) spin level are at the Fermi
energy.

magnetic field for zero temperature and n, =2.5%x10"!
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 py(B) and py, (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 coefficients.

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
pxx- Because of our choice of model parameters,
different Landau levels do not overlap and py, (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. 4. Same as in Fig. 3, but for a sample with additional
attractive potentials (n; =2x10'% cm ~2).
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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 py, (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 effective 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/AlGaAs
heterostructures the additional doping of the GaAs near
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the 2DEG with donor or acceptor impurities shifts the
position of quantum Hall plateaus and of the correspond-
ing py, minima to opposite directions. We understand
these shifts as a consequence of strong, non-Born scatter-
ing of electrons by individual impurities.

We gratefully acknowledge the expert help of
M. Hauser with the molecular-beam-epitaxy growth and
the financial support of the Bundesministerium fiir
Forschung und Technologie, West Germany (Grant No.
NT-2718-C).

IK. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett.
45, 494 (1980).

2D. C. Tsui, H. L. Stérmer, and A. C. Gossard, Phys. Rev.
Lett. 48, 1559 (1982).

3A. M. Chang, in The Quantum Hall Effect, edited by R. E.
Prange and S. M. Girvin (Springer-Verlag, New York, 1987),
p. 175.

4J. E. Furneaux and T. L. Reinecke, Phys. Rev. B 33, 6897
(1986).

5T. Ando, J. Phys. Soc. Jpn. 36, 1521 (1974).

6T. Ando, Y. Matsumoto, and Y. Uemura, J. Phys. Soc. Jpn.
39, 279 (1975).

7R. R. Gerhardts, Z. Phys. B 22, 327 (1975).

8W. Wiertz and R. R. Gerhardts, Z. Phys. B 25, 19 (1976).

9K. Ploog, J. Cryst. Growth 81, 304 (1987).

10R. J. Haug, K. v. Klitzing, and K. Ploog, Phys. Rev. B 35,
5933 (1987).

I1E, Brézin, D. J. Gross, and C. Itzykson, Nucl. Phys. B235
[FS11], 24 (1984).

12T, Ando, J. Phys. Soc. Jpn. 53, 3126 (1984).

13Y. Ono, J. Phys. Soc. Jpn. 51, 3544 (1982), and 53, 2342
(1984).

14G. Czycholl, Solid State Commun. 49, 203 (1984).

IST. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54,
437 (1982).

16Th. Englert, D. C. Tsui, A. C. Gossard, and Ch. Uihlein,
Surf. Sci. 113, 295 (1982).



