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Depopulation of subbands by magnetic and electric fields
in gated Al Ga, „As-GaAs quantum wells
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We have investigated the cyclotron resonance (CR) of selectively doped n-type Al„Ga& As-
GaAs quantum wells in which the carrier density could be tuned via a front-gate voltage Vg. With
increasing Vg we observe a second CR which was found to represent the CR of a second subband
E '. The onset voltage V, i and the occupation of the E ' subband depend on the strength 8 of a per-
pendicular magnetic field. We found that the CR in the E' subband exhibits a lower effective mass
and a significantly higher dynamic mobility as compared with the E subband.

For the investigation of a two-dimensional electronic
system (2DES) in heterostructures and quantum wells it
is very useful if the 2D charge density N& can be tuned in

a reversible way. ' We have prepared selectively doped
n-type Al„Ga, „As-GaAs single-quantum-well struc-
tures where N& could be varied by a frontgate voltage Vg

from nearly zero up to high values of 9X10"cm . We
have investigated cyclotron resonance (CR) excitation
and with increasing Vg and Nz we observe the appear-
ance of a second CR which represents the CR of a higher
subband, E'. The observation of several CR signals from
different subbands is well known from investigations of
the 2DES in narrow-gap materials. To our knowledge
this is the first observation in the Al„Ga, „As-GaAs sys-
tern. The observed CR's in the two subbands are very
sharp and well separated. Thus detailed information on
dynamic mobilities, nonparabolicity, and subband occu-
pation can be explored. We found that the onset V, &

for
the occupation of the E' subband depends significantly
on the strength B of a perpendicular magnetic field. We
have investigated the origin of the magnetic depopulation
both with CR and dc experiments. So far, magnetic
depopulation has mainly been deduced from dc experi-
ments. In most experiments the effect of parallel magnet-
ic fields and the depopulation via the diamagnetic shift
was discussed (e.g. , Refs. 3 and 4), but also effects of pure-
ly perpendicular fields have been found. '

The samples were grown by molecular-beam epitaxy
and have the following structure: a semi-insulating GaAs
substrate, directly followed by a short period superlattice
consisting of 10 periods of 2.5-nm AlAs and 2.5-nm
GaAs, the active 50-nm GaAs well, a 3-nm spacer layer
of Al„Ga& As, a Si-doped 61-nm Al Ga& As layer
(x =0.3, Nd =6X10' cm ), and an 8-nm GaAs cap
layer. 5-nm NiCr gates with a 3-mm diameter were eva-
porated onto the sample. Outside the gate area Ohmic
contacts were made to the 2D channel. The gate voltage
Vg was applied between the frontgate and the channel.
The carrier density Nz was determined in situ from
magnetocapacitance-voltage (MCV) measurements (see
below). The transmission T of far-infrared (FIR) radia-
tion through the sample was measured with a Fourier-

transform spectrometer which was connected via a
waveguide system to a 14.5-T superconducting magnet.
Spectra were taken at fixed Nz and B with B perpendicu-
lar to the sample plane. The temperature was 2.2 K. The
resolution of the spectrometer was set to 0.1 crn '. More
experimental details are included in Refs. 1 and 7. The
latter emphasizes also the determination of Nz in gated
heterostructures from rnagnetocapacitance and CR signal
strength.

Figure 1 shows experimental spectra measured at fixed
B=9.6 T for various Vg. With increasing V, and, corre-
spondingly Nz, the strength of the CR signal increases.
For V = —0.3 V the CR begins to broaden and for
Vg p —0.25 V two resonances are observed. The higher
frequency resonance has a significantly smaller linewidth.
This resonance is identified in the following as a CR in
the second subband, E'.

In Fig. 2 we summarize some of our experimental re-
sults. We have measured CR at various values of B in
series where V was varied in small increments of
5V =0.02 V. To compare the experimental results for
different B we express the resonance position m„ in terms
of an effective CR mass m ' =eB lco„. For all B we have a
general increase due to nonparabolicity. (lt is so far not
clear whether the increase of m' at very small V is
caused by localization effects' or intersubband cou-
pling. This needs further investigations by self-
consistent band-structure calculation but is not important
for the results here. ) For a certain onset voltage V, &, two
CR's are resolved, as indicated in Fig. 2. This reflects the
onset of the E'-subband occupation. Inspection of Fig. 2
implies that V„depends significantly on B. The values of
V„which have been determined from the onset of the
CR splitting are plotted in Fig. 3 and are indicated by
solid triangles.

For a further characterization of the samples we have
performed quasi-dc experiments. We have measured the
in-phase and 90'-phase (equal to differential capacitance,
C-V) response of a small ac voltage (150 s ') that was
superimposed to the gate voltage. For 8=0 we observe
the onset of the conductivity in the 2D channel at
V,o———0.90 V. At V, &

———0.64 V we observe a sudden
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decrease of the conductivity which we attribute to the on-

set of intersubband scattering and therefore to the onset
of the E ' subband occupation. %'e also observe
equivalent kinks in MCV which we can follow for nearly
all magnetic fields. The position of these kinks is marked
in Fig. 3 by open circles. For small fixed B we can ob-
serve Shubnikov —de Haas (SdH} -type oscillations of the
E subband which have difFerent periodicities 5Vs for

Vg & V, &
and Vg & V„. This allows us to determine the

carrier density N, of the E subband. It also gives us an

independent method to determine the onset V„ from the
voltage where the periodicity changes (indicated by solid
circles in Fig. 3). At some magnetic fields we can observe
SdH-type oscillations from tht„. E' subband at v' = 1 and
v'=2 and can thus also deduce, firstly, the onset voltage
V«(indicated by squares in Fig. 3) and, secondly, the car-
rier density Ns (v'= ttN, '/eB denotes the filling factor in

the i th subband). For other magnetic fields Ns can be ex-

tracted from the relation Nz ——Nz+Nz since the total
carrier density Ns, as extracted from Vs and sample ca-
pacitance, is known to vary only very little with magnetic
fields. We see from Fig. 3 that all the different methods
that we used here to determine V„provide consistent re-

sults in the overlapping B regimes.
For a further understanding of the system we have per-
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FIG. 2. Experimental resonance positions in terms of an
effective mass m vs Vg at various magnetic fields B. For
B=6.6 T the results of a self-consistent calculation are indicat-
ed by solid lines. The arrows indicate the position of v =2.
For v &2 two subbands are occupied, where the energetieal
higher E' subband has the lower effective mass m

100—

100

100

B = 9.60 T

formed self-consistent subband calculations employing a
numerical integration of the Schrodinger and Poisson
equations. We use the known band-structure parameters
and the geometry of the sample. The adjustable parame-
ters are the donor concentration in the highly doped
Al„Ga&, As layer and the acceptor concentration in the

~ 100

0
100

CO

O I
' I ' I ' I ' I ' I ' I ' I ' I 6 I ' I ' I ' I

-0.1—

-02— 0

-05—

-06— Q

~ OO
I a l a I a I 6 l ) 1 a l a I a l a l ~ I a I a I a l I I a

0 2 4 6 8 10 12 14
magnetic field (T)

120 125 130 135
wave numbers (cm']

FIG. 1. Normalized transmission T(B)/T(B =0) of unpolar-
ized FIR radiation measured at fixed B=9.6 T for various gate
voltages Vg. For Vg & —0.2S V two subbands E and E' areoc-
cupied, which show different separated CR excitation.

FIG. 3. Experimentally determined onset voltages V, ] for the
occupation of the E' subband vs magnetic field. Values of V, l

are determined (a) from CR splitting [marked by solid triangles
(L)], (b) from the kink in MCV due to the onset of intersub-
band scattering [marked by open circles (0 )], from the change
in the SdH oscillation period of the E subband [marked by
solid circles (~)], and (d) from the SdH-type oscillations of the
E' subband [marked by squares (D)].
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FIG. 4. Schematical representation of the Fermi energy in a
magnetic field 8 if only the E subband is occupied (solid line)

and energy of the first Landau level in the second subband E'
for different subband separation E &O, E ip, E &0. Dashed lines and
dotted lines mark an occupied and an unoccupied E' subband,
respectively.

unintentionally doped GaAs well. As a boundary condi-
tion on the substrate side of the structure we chose a van-
ishing derivative of the potential at the superlattice-
substrate interface. We did not use the usual depletion
approximation since there is no buffer layer in our struc-
ture. We did not include exchange and correlation
effects. The calculation for 8=0 gives the onset of the
E'-subband occupation at V, &

———0.60 V in reasonable
agreement with the experiment. The density Ns(V, i) is
then 2X 10" cm ' corresponding to a subband spacing
of 8.1 mV for V, ) and 8 =0.

Let us now explain the magnetic-field-induced subband
depopulation as depicted in Fig. 3. We assume for a mo-
ment idealized conditions, i.e., 5-shaped Landau levels,
no spin splitting, a constant CR mass m *, Nz in the E'
subband to be small such that v' &1, and no self-
consistent effects on the subband separation due to an E '

occupation. We denote the subband separation at N& and
8 =0 by E ]p ~ If, as shown schematically in Fig. 4, at a
fixed density N& the magnetic field is varied, the Fermi
energy EF(B) in the E subband shows the well-known
oscillations with discrete jumps at even values of v . For
8 approaching zero, the Fermi energy EF(B ) levels out at
EF =EF(Ns, B=0)=irk Ns/m We c.an now distinguish
difFerent situations indicated by (a), (b), and (c) in Fig. 4.
In the extreme case (a), where EF is smaller than the sub-
band separation E~o, we find that for all 8 only the E
subband is occupied. This is the situation for small

Vz & —0.65 V in our experiments (see Figs. 2 and 3). In
another extreme case, (c), Eip & ,'EF, we have —the situa-
tion that for high 8 only the E subband is occupied.
For all 8 &hNs/2e (meaning v ~ 2) both subbands are

occupied. This is the case for Vg & —0.05 V in Figs. 2
and 3. In an intermediate case, —', EF & E,o & —,'Ez, we find

that for such values of 8 that v &2 only E is occupied.
For v & 2 and decreasing 8 we have a certain 8 regime
where both subbands are occupied, then for still smaller
8, again only the E subband is occupied. For

[n /(n +1)]EF& E,p & [(n —1)/n ]EF

we have several (n =1,2, 3, . . . ) oscillations between a
pure E and a mixed E —E' occupation. If we translate
this behavior into the representation of Fig. 3 then we ex-
pect that, for high 8, the onset voltage V„should follow
the condition v =2=hNs/eB. This is indeed very well
fulfilled for our experimental data (see also the arrows in-
dicating v =2 in Fig. 2). From the idealized model
above we would expect that with decreasing 8 in the mo-
ment, when subband separation and CR energy coincide,
firp, =fieB/I ' =E,p, the onset voltage jumps from a po-
sition corresponding to N& ——2eB/h to Nz ——4eB/h and
should then follow for E, mp'/ iieryB ~E, mp'/2he the
condition v =4. This jump is indeed rejected in Fig. 3
by the structure and distinct offset of V,

&
at Bo &8 T.

From this value of Bo we can deduce that for these condi-
tions, 8 =8 T, N& ——3.9& 10"cm, the subband spacing
is E&o ——13.8 meV which is in agreement with our self-
consistent band-structure calculations. In the idealized
model we would expect at smaller 8 additional jumps of
the onset voltage, when the conditions n fiN =E&o

(n =2, 3, . . . ) occur.
Of course, the experimental situation is more compli-

cated than the idealized model with respect to two points.
(a) The subband spacing Eip is not constant but depends
significantly on Xz and Vg. In particular, the relevant
subband separation for the threshold condition depends,
since V, i changes with 8, self-consistently on B. (b) The
finite width of the Landau levels is also important for the
self-consistent arrangement of the subband energies. In
particular, this applies for our gated quantum-well sys-
tern, which has a relatively small subband spacing due to
the strong bending of the bottom of the well. This is the
reason why the jurnp of V„at Bo——8 T in Fig. 3

(%co, =E,p) is not so strongly pronounced in the experi-
ment, as expected from the idealized model above. The
additional jumps at smaller B for n %co, =E Io,
n =2, 3, . . . , are smeared out. We hope to explain this
behavior in more detail by more extensive self-consistent
calculations including realistic Landau-level broadening.
However, the main features of a depopulation of sub-
bands by perpendicular magnetic fields, the pinning of
the threshold voltage at the condition v =2 for high 8
and Ns the jurnp of Vil fo &~ =Ego and a leveling out
at small 8 appear clearly in our experiment.

Let us now come back to CR in the case of two occu-
pied subbands. Comparing the number of carriers that
we determined from both, CR signal strength and MCV,
we know that the high-frequency resonance with the cor-
responding lower mass in Fig. 2 is related to the E' sub-
band. We have calculated m'* for 8=0 in the well-
known approximation m" =m*[1+4((K);+EF

E; )/Eg ]', where m—* is the band-edge mass, E, is the
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subband energy, and E is the band-gap energy. The ki-
netic energy (K ); was determined from the self-

consistently calculated wave functions. The calculated
results are included in Fig. 2 for B =6.6 T. They confirm
the smaller mass for the E ' subband and also the absolute
values of m'* and m *.

For the E subband and V ) V, &, we observe that m *

increases due to nonparabolicity, whereas m" remains
nearly constant. The latter is consistent with a nearly
constant value of N&. We find indeed from the CR signal
strength that, for V ) V, ~+0.05 V, N&=1.5X10
crn is nearly independent of V . An interesting feature
is the sudden increase of m * for V = —0.05 V at
B=6.6 T in Fig. 2. At this V, Nz becomes 6.4X10"
cm corresponding to a filling factor v =4. The onset
for the occupation of the second Landau level leads to a
significant change in the mass, as was discussed in Ref. 1.
In addition, this onset also has an influence on the sub-
band structure and changes in a self-consistent way also
the E' wave function. The latter is reflected in the anom-
alous behavior of m" at the same gate voltage (see Fig.
2).

A final noteworthy point is the significantly smaller
linewidth of the CR in the E' subband as compared with
E . For example, for 8=9.6 T and V =0 V the
linewidths for E' correspond to an effective dynamic mo-
bility p, tt er/trt =3——00 000 cm /V s compared with

l00000 cm /Vs for E (r denotes a scattering time

which is extracted from the amplitude and linewidth of
CR). In dc experiments one normally finds that above
the occupation threshold p decreases due to the onset of
intersubband scattering. Without a theoretical model it
is not possible to extract E'-related scattering processes
from the dc conductivity due to the intrinsic coupling of
both subbands. From our experiments we can determine
separately dynamic mobilities for both subbands. How-
ever, for the E' subband we are always at low densities
Nz, and are in the extreme quantum limit for those B,
where we can reliably determine the CR half-width. In
this situation one has found for systems with one occu-
pied subband that the dynamic mobility was much larger
(up to a factor of 5) than the dc mobility. " It is so far
not exactly known how, in this case, p,& is related to ex-
trinsic or intrinsic processes that determine scattering
and Landau-level width.

In summary, we have observed and explained the depo-
pulation of electric subbands in selectively doped n-type
Al Ga& As-GaAs quantum wells in perpendicular mag-
netic fields both in the CR and the dc behavior. The CR
of the E' subband exhibits a smaller effective mass and
higher dynamic mobility as compared with the E sub-
band.
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