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Cyclotron resonance in Al Gal — As-GaAs heterostructures with tunable
charge density via front gates
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Al„Gal —„As-GaAs heterostructures have been prepared in which the charge density Np can be
varied over a wide regime: N+ = 1 x10' cm to 5x10" cm . This gave us the possibility to
study in detail filling-factor- (v) dependent effects on the cyclotron-resonance mass m*, line-

width, and amplitude. We found abrupt jumps for m* near v=1 and 2 which are explained by

energy renormalization effects and combined interacting cyclotron resonances from different Lan-

dau or spin levels.

Fundamental investigations in Al Gai „As-GaAs het-
erostructures have so far been performed mostly in sys-
tems where the two-dimensional (2D) charge density Ns
is determined by the doping and geometry of the
Al„Ga& As layer. For many investigations it is highly
desirable to control N~ via a front gate in a reversible way
over a wide regime, including fully depleting the channel.
For the Si-Si02 system this made possible the study of
many fundamental properties of the 2D system. ' Gated
Al Gal „As-GaAs structures with small gates are used
in dc devices. Fundamental investigations of cyclotron
resonances (CR) also have been reported.

We have prepared Al„Gai „As-GaAs heterostructures
with large-area from gates in which Ng could be varied
from Ng =1x 10' cm to Ng =5 x 10"cm . We have
used this system to study in detail CR in Al„Ga& „As-
GaAs, in particular its dependence on the filling factor
v=N~h/eB (8 denotes magnetic field). In the following
we will distinguish the filling factor v and the Landau lev-
els n —with upper and lower spin state (n =2v).

There is a great number of publications on the CR in

Al„Gai —„As-GaAs and related systems (e.g. , Refs.
4-12). In general it was found that the CR mass
m*increases with N~ and B due to band structure and
polaron-induced nonparabolicity. In addition, maxima in
the linewidth were found which sometimes were related to
integer v (Refs. 4, 9, and 10) and have been explained by
self-consistent v-dependent screening effects. Sometimes
no correlation with v was deduced. Evidence for struc-
tures in the linewidth at fractional v was also report-
ed. ' ' On other samples discontinuities in I, near v=2
and v =4 were reported which were related to the
different masses for different Landau-level transitions
(n =0 1 and n =1 2, respectively). These discon-
tinuities however could not be explained in detail. Thus so
far there are still open questions concerning the CR in
Al Ga~ —„As-GaAs. With our samples, where we can
vary N~ over a wide regime, we can realize in the same
sample a certain value of v at widely different B and can
thus clarify some of the controversial observations made
so far.

The samples were grown by molecular beam epitaxy
and have the following structure: semi-insulating sub-
strate, 1.5-pm buffer layer, and active GaAs

(Ndep|=5x10' cm ), 18-nm spacer of Al„Gai „As,
50-nm Si-doped Al„Gai -„As (x =0.36, Nd = 5 x 10'7
cm ), and a 5-nm GaAs cap layer. Gates of 5-nm Ni-
Cr with 3-mm diameter were evaporated onto the sample.
Outside the gate area contracts were made to the 2D
channel. CR was measured with a Fourier transform
spectrometer which was connected via a waveguide system
to a 14.5-T superconducting magnet. Spectra were mea-
sured at fixed Ns and 8 (8 was perpendicular to the sam-
ple plane). The temperature was normally 2.2 K and the
resolution of the spectrometer was set to 0.03 or to 0.06
cm '. N~ was determined in situ under the conditions of
the experiment from magnetocapacitance measurements.
A gate voltage Vg was applied between the gate and the
channel contracts. The onset of the channel conductance
(threshold voltage) occurs at Vg = —0.38 V. Dips in the
magnetocapacitance are observed at small B for even
v=2, 4, 6, . . . caused by the variation of the density of
states at the Fermi energy D(E~). For 8) 5 T, due to the
enhanced g factor, spin splitting is resolved and dips at
v =1 and 3 can be observed. N~ is calculated from the po-
sition of the dips. We find that for all 8 and for
Vg = —0.4 V to +0.3 V (corresPonding to Ns =3x10'o
cm to 5x10" cm ), Nz depends linearly on Vg with
better than 2% accuracy.

Figure 1 shows experimental spectra measured at fixed
B =8.24 T for different Ng. With decreasing Ng the am-
plitude of the CR decreases and the position of the CR
generally shifts to higher frequencies. We have fitted the
CR spectra with a Drude-type conductivity

o —(co) =Nse2r/m* [I+(co T to, )2r2]

(r denotes scattering time, m* denotes effective mass,
to, =eB/M denotes cyclotron frequency) using the full
Fresnel equations including signal saturation (see e.g. ,
Refs. 9 or 10). We find that the density Ns that we evalu-
ate from these fits agrees for the whole density regime
where we determine N~ from magnetocapacitance within
the experimental accuracy of about 5% with the latter
values. In particular this is also found in the density re-
gime near integer v where we observe, as will be discussed
below, large variations in linewidths, amplitudes, and res-
onance positions. This indicates that all carriers as deter-
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FIG. 1. Experimental CR excitation in front-gated
AI„Gai — As-GaAs heterostructures. The transmission T(B) is
measured at fixed 8 8.24 T and is normalized to the transmis-
sion T(0) at 8 0. From mangetocapacitance we find that the
gate voltages V~(V) 0.3, 0.1, 0.0, —0.1, —0.2, —0.3 correspond
to densities Ns(10" cm ) 5.35, 3.94, 3.16, 2.37, 1.74, and
0.80, respectively.

mined from the magnetocapacitance are also active for
the CR. The smallest resonance in Fig. l is a CR at
V~

—0.4 V which lies in the threshold region. In this re-
gime (Ns S3X10' cm ) where Nz cannot directly be
derived from magnetocapacitance, the amplitude still de-
creases and the resonance position shifts with Vg. From
the latter we deduce that we observe CR at a macroscopi-
cally well-defined density Ns =1.7X10' cm (deter-
mined from a Drude fit, see above) with a surprisingly
small half-width hoI 1 cm ' (full width at half max-
imum).

We will first give a summary of experimental results on
CR linewidth, amplitude, and resonance frequency and
discuss all these results in the last part of the paper. In
the following we will express the experimental resonance
position rii„ in terms of an effective CR mass m* =eB/rii, .

2 4 6 8 10 12 14

B (teslo}
FIG. 2. Experimental CR positions expressed in terms of an

effective mass m* eB/ei„vs 8 for five diff'erent Ns. For some
densities experimental data have been connected by full lines for
clarity. Broken lines represent calculated m* for 0+ 1+,
0 1, and 1 2 transitions at Ns =1.1 & 10" cm and
Nd, „i 5&10' cm from Ref. 7. Positions of full filling factors
v are indicated.

In Fig. 2, m generally decreases with decreasing 8,
roughly as expected from nonparabolicity. A characteris-
tic feature is that near v=1 and v=2 sudden jumps inI* occur. The heights of these jumps increase
significantly with decreasing N~ and, at fixed v, with the
corresponding B and uI„. In Fig. 3 we show data which
were measured at three diA'erent values of 8 where Wg
was varied in small increments. For 8=3.63 T in Fig.
3(a), a drastic jump in m* is observed. The onset occurs
for v slightly smaller than 2 and we find that this onset
coincides with the decrease that we observe for the mag-
netocapacitance in the regime close to v=2. The experi-
mental linewidth hco is smallest for v below l. It has a
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FIG. 3. Fff'ective mass III*, iinewidth &pi (FWHM), and amplitude A of CR for three fixed values of 8 vs filling factor v &Ns/eB
which has been varied via Ns The bars mark the regime near integer v where the magnetocapacitance has dropped to less than 50%.
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maximum close to v =2, more exactly, just in the position
of the abrupt jump of m*, and decreases for v&2 to a
level of about 2-3 times larger than for v & 0.5. The am-
plitude A 1 —T;„has a relative minimum near v 2.
For 8 8.24 T in Fig. 3(b), the discontinuity in m near
v 2 is smaller as compared with B 3.63 T. However,
also at v=1 a jump in m* can be observed. This is relat-
ed to the fact that for this 8 the enhancement of the
effective g factor is large enough to split the spin states of
the lowest Landau level, as is directly observed in the
magnetocapacitance. For the linewidth of the CR we ob-
serve that for both v 1 and 2 no maximum exists (as was
found for 8 =3.63 T). Rather, just below v=1 and 2, the
linewidth begins to increase with a steeper ascent. For
even higher 8 14.2 T in Fig. 3, the discontinuity in m*
appears as a dip with a minimum at v-0.9. [Note the
scale in Fig. 3(c) compared with Fig. 3(a). The absolute
variation in m* with N~ is very small, as can be seen also
in Fig. 2 at high 8]. At this high 8 the linewidth at low

N~ is very small (0.5 cm ). This means, that with in-
creasing Ng the amplitude approaches 50%. In this case
the effect of signal saturation occurs and the observed in-
crease of the linewidth is more related to Ng than deter-
mined by scattering processes or Landau-level widths.

In Fig. 2 the experimentally observed CR masses are
compared with masses derived from band structure calcu-
lations of Ref. 7. For high Nq (2.41 and 3.24X10"
cm ) the slope of the increase of m * with 8, which is ac-
cording to Ref. 7 nearly independent of Ng, agrees rough-
ly with the calculated value. For very high 8, a steeper in-
crease of m, possibly due to the resonant polaron
efl'ect, is observed, which is not included in the calcula-
tions. However, the structures and abrupt jumps for m
and Aco near v 1 and v-2 and in particular the behavior
that we observe at high 8 [Fig. 3(c)] and which changes
gradually to a very different behavior at low 8 [Fig. 3(a)]
cannot be fully explained by any existing theory on CR.

We believe that several of the filling-factor-dependent
effects that have been discussed so far (e.g., v-dependent
dynamic screening, ' ' nonparabolicity-induced band-
structure effects, polaron effects' ' ) and additional
effects (energy renormalization, combined interacting
CR) are present here and are differently pronounced in
different 8 regimes. In the following we will give a tenta-
tive explanation. If we look closer to the Ng dependence
of m* at high 8 in Figs. 3(b) and 3(c) we find that the
drop in m occurs in the v regime where, at the same 8,
we observe the decrease of the magnetocapacitance. We
conclude that in particular at high B the drop in m* is
caused by energy renormalization in the following sense.
Near even v and, if the enhancement of the g factor is
large enough, also at odd v, the density of state at the Fer-
mi energy D(EF) decreases leading in a self-consistent
way to a reduced static screening. ' Thus more and more
carriers become localized in shallow potential fluctuations.

The energy spectrum, in particular of the excited states
for these localized electrons, is not exactly known. We ex-
pect that the localization causes an increased CR frequen-
cy (and corresponding reduced m*) similar to that known
for isolated discrete impurity resonances or as can be cal-
culated for the simple model of electrons which are bound

in a harmonic oscillator potential. In the latter case the
CR frequency shifts from the nonbound frequency co, to
co„(rod+ co, ) '~ (F00 denotes oscillator frequency).
However, energy renormalization is not all. With de-
creasing 8 and increasing v more complexity arises. In a
simple one-particle model of CR we would expect for
v & 2, 0 1 CR transitions. For v& 2 with decreasing 8
at fixed Nq, the n =1 level becomes occupied and one
would expect a second 1 2 CR, with, caused by the non-
parabolicity, higher m* as has been observed in bulk
GaAs where higher Landau levels have been occupied by
electron heating. ' Surprisingly for the 20 system here
we do not observe two resonances. Rather, near v 2 the
CR broadens and only one resonance is observed which
does not have the average position of both the expected
CR. Even if for some reason the 0 1 and 1 2 CR
could not separately be resolved, one would expect in a
one-particle picture, assuming equal transition probabili-
ties, that the averaged m*should stay constant for v& 2.
Here, a distinct jump in m* is observed which is

significantly larger than the difference of m* calculated
from the band structure for the 0 1 and 1 2 CR.
This all leads to the conclusion that the CR in this 2D
nonparabolic system is a combined interacting CR of both
Landau-level transitions.

Interacting CR's in a two-carrier system with different
masses [the Eo and Eo valley of Si(100)] have been calcu-
lated in Ref. 20. It was found that the intrinsic Coulomb
interaction in this system couples both CR's leading to a
shift of the resonance position and transfer of transition
probability. If the interaction is strong enough, only one
combined CR is observed.

For our system here, due to the small nonparabolicity
induced mass difference, we expect that the effect of direct
Coulomb interaction will be small. So far we do not know
the exact origin of the interaction. Interacting CR means
that the resonance position is not directly determined by
the band structure or the renormalized energy spectrum of
the localized carriers near integer v. Rather, the position
is governed in addition by the strength of the interaction.
This is in particular the case near v=1 [Figs. 3(b) and
3(c)]. Here m reflects the interaction of CR from the
different spin states (0+~ 1+, 0 ~ 1 ). Near v I
the spin states 0+ and 0 are separated due to the
enhanced g factor. We wish to note here, that near v 1,
the enhanced exchange interaction should lead to an in-
trinsic coupling process of the 0+ 1+ and 0 1

CR transition and may be the origin of the interacting
CR. We do not know whether it is by accident or not that
the smallest mass in Figs. 3(b) and 3(c) and the increase
in m* in Fig. 3(a) occur at v values slightly smaller than
integer (v-0.9 and v-l. 8) which coincides exactly with
those values of v where in the magnetocapacitance we see
the onset of the drop near integer v.

We would also like to note the following finding. We
have used the ansatz

for the 2D magnetoconductivity. ' ' Here M(co) is the
memory function with the real part M'(co) co, —co, (co)
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and imaginary part M (co) =I „(co) (co, denotes reso-
nance position, m, denotes noninteracting CR frequency,
I, denotes linewidth). It is clear, that at fixed 8 cr(co),
M'(co), and M "(co) have to satisfy the Kramer-Kronig
(KK) relation. We have preformed a KK transform on
the experimental values of the halfwidth I,(8)

hco(8)/2 which was measured at diferent 8 by identi-
fying M "(co)=I,(co=e8/m, ) W. e find that the KK
transform gives surprisingly well the experimentally ob-
served behavior of the resonance position co„(8)—co, .
This indicates that the magnetic field dependence of the
resonance position and half-width are not independent but
coupled to each other in a self-consistent way. From this
we also conclude that there is an interaction mechanism
present which produces this coupling. This also means
that v-dependent oscillations of the halfwidth that have
been observed in Refs. 4 and 10 may not only be caused
by oscillatory dynamic screening, ' but are in addition
also determined in an interacting way by the anomalies in
the energy spectrum at integer v.

We do not believe that the filling-factor-dependent res-
onant polaron eAects ' are very important for the

anomalies of m* in our experiments because (a) the
discontinuities at integer v increase with decreasing 8 and
co„and (b) according to recent calculations' the effect
on rn* is significantly smaller than observed here. Cou-
pling to magnetoplasmons is also unlikely to be an
overwhelming efI'ect, since in our experiments m* be-
comes, approaching integer v from low values, far smaller
than the undressed mass (i.e., the band-structure mass).
This is in contrast to the calculation in Fig. 2 of Ref. 9.

In summary, front-gated Al Ga~ As-GaAs hetero-
structures have been prepared, where Ng could be varied
over wide density regimes. This allowed us to study CR in
detail in its dependence on N~, 8, and the related filling
factor. Abrupt and large jumps in the CR mass show that
the CR does not directly reflect the band structure but is
governed by energy renormalization and interaction
effects.
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