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Magnetoresis&ance in a GaAs-Al Ga& — As heterostructure with double subband occupancy
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A temperature-independent positive ~eak-Seld magnetoresistance is observed in a high-mobility
GaAs-Al Gal- As heterostructure arit two occupied two&imensional subbands. Persistent pho-
toconductivity is used to study this eN'ect for various electron-gas densities. The magnetoresis-
tance is interpreted in terms of a simple classical model for two independent electron gases
characterized by their respective number densities and mobilities. This analysis allows a direct
determination of the mobility of the second subband.

Advances in molecular-beam epitaxy (MBE)' have
permitted the growth of GaAs-AI„Ga~-„As heterostruc-
tures with extremely high mobility two-dimensional elec-
tron gases (2DEG). Magnetotransport studies of such
systems have shown a rich variety of quantum phenome-
na, such as weak localization and universal conductance
fluctuations (at low fields) and the quantum Hall eff'ect
(at large fields). Classically, a 2DEG does not have a
transverse magnetoresistance if the electron gas can be
characterized by a single relaxation time (or mobility p).
In this case the Hall field EH -Bud„n exactly compen-
sates for the magnetic-field-induced lateral drift of the
electrons, so that the current paths are essentially unper-
turbed. This is no longer the case, necessarily, in a situa-
tion where more than a single two-dimensional subband is
occupied, as in GaAs-A1, 6a~-,As heterostructures with
a high sheet carrier concentration (typically above
5 &10'5 m 2). In an independent electron-gas picture one
would expect the two subbands to be characterized by two
different mobilities. As is well known in the field of trans-
port in metals and semiconductors with two types of
mobile carriers, a positive magnetoresistance will develop
if their mobilities differ. The reason for this is that the
Hall field no longer exactly compensates for the
magnetic-field-induced drift for each type of carrier indi-
vidually. The GaAs-AI„Ga~ —„As heterostructure off'ers
excellent opportunities to study this effect in a quasi-two-
dimensional system, since it has a very simple band struc-
ture (Fermi circle) and a high mobility. For this system it
is straightforward to obtain independently the carrier den-
sities in the two subbands from the high-field oscillatory
magnetoresistance [Shubnikov-de Haas eff'ect (SdH)].

We have studied the magnetotransport in a GaAs-
Al„Ga~ —,As heterostructure with various degrees of
second subband occupancy. We observe a positive magne-
toresistance at low magnetic fields, and a double periodici-
ty in the SdH oscillations at higher fields, characteristic of
the two subbands. As we will show, both transport phe-
nomena can be interpreted in terms of an independent
electron-gas picture.

The heterostructure samples were grown by MBE, and
consisted of a 3-pm undoped GaAs layer on a semi-

insulating substrate, followed by a 10-nm-thick undoped
Alo36ao7As spacer lair, a 40 nm n-doped Alo36ao7As
layer (1.33&1024 m Si) and an undoped 20-nm-thick
GaAs capping layer. In the dark the sample had an
overall carrier density of 5x10' m 2, and the second
subband was already slightly populated. The overall mo-
bility was dominated by the first subband, and was typi-
cally 40 m /Vs. Persistent photoconduction (PPC) is
used to increase the total carrier density up to SX10's
m 2, giving an overall mobility increase of -509o. The
layered structure was designed in such a way that no
parallel conduction in the Al Ga~- As layer developed
after illumination. This indeed proved to be the case, as
evidenced by the vanishing of the resistivity component
p„„under quantum Hall conditions. The samples were
shaped into wide Hall-bar geometries using standard
lithographic techniques.

Measurements of the transverse magnetoresistance at
30 mK are shown in Fig. 1 for two extreme PPC condi-
tions: no illumination and fully saturated PPC. Due to
the high-mobility pronounced SdH oscillations are ap-
parent even in the rather low-field range shown ( & 1 T).
In Fig. 2 the corresponding (non-spin-degenerate) Lan-
dau level index i of the minima in 8, is plotted as a func-
tion of 1/8 for both periodicities. From the slope
s=—i/( /8I) of the straight lines the sheet carrier concen-
tration of each subband is found according to n (e/h)s.
The resulting values are given below.

In Fig. 1 a positive magnetoresistance is indeed evident
at low magnetic fields, and its relative magnitude in-
creases after illumination. This effect is shown on an ex-
panded scale in Fig. 3 for the saturated PPC case for 30
mK and 1 K. It is seen that the positive magnetoresis-
tance is temperature independent. This is a signature of a
classical effect, for which the relevant length scales (mean
free path and cyclotron radius l~,~ uF/m„with uF the
Fermi velocity, and m, the cyclotron frequency) are con-
stant in the temperature range studied. The SdH oscilla-
tions, on the other hand, are quantum mechanical in ori-
gin, and they are strongly suppressed at 1 K (see Fig. 3)
as a consequence of the thermal broadening of the Fermi-
Dirac distribution over Landau levels (hm, -kT).
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to obtain reliable values for p2 in the case that n ~ && n2. A
better approach is to use ~(8) instead of RH, and find

p2 from a one-parameter fit to Eq. (1). As an indepen-
dent check on the results for nt, n2, p~, and p2 we com-
pared the resulting value for RH with the measured value.
In all cases the two values agreed within the experimental
uncertainties (-1%).

In Fig. 4 the results at 1 K are shown for the two ex-
treme PPC cases'o for which the low-temperature data
were presented in Fig. I. Considering the fact that we
have only a single free parameter, the agreement between
the model and the experimental data is very satisfactory.
It indicates that the classical independent electron-gas
picture is indeed adequate in describing the perpendicular
field magnetoresistance, without need to consider inter-
subband scattering.

From the analysis we find nt 4.9X10's m 2, pt 40
m /Vs and n2 1.6&10' m, pz 9.9 m /Vs. After il-
lumination we find nt 7.1x10's m, p~ 60 m /Vs
and n2 4.5&10'4 m 2, p2 15.9 m2/Vs. The effect of
the PPC is seen to be twofold. The overall carrier density,
and thus n ~ and n2 increase, but because of a change in
the confining potential the separation between the sub-
bands increases too, so that the change in n t is larger than

the change in n2 .Secondly, the mobilities of both sub-
bands are enhanced after illumination by -50%. We at-
tribute this effect to the reduced scattering at higher den-
sities, because of the higher Fermi velocity. The mobihty
of the electron gas in the second subband is lower by as
much as a factor of 4 compared to the lower subband.
This is not unexpected, since the Fermi velocity in the
second subband is much less because n2«n~. The dom-
inant scattering mechanism at low temperatures, ionized
impurity scattering, will be more effective for the slowly
moving electrons in the second subband.

In conclusion, we have observed a positive weak-field
magnetoresistance in a GaAs-AI, Ga~, As heterostruc-
ture in which two two-dimensional subbands are popu-
lated. From the analysis of this effect the mobilities of the
electrons in the two subbands can be reliably determined.
Similar information is also contained in the line shape of
the SdH oscillations. However, the effect discussed in this
paper combined with the positions of the SdH minima
yields this information in a more straightforward way.
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