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Magnetization and dissipation measurements in the quantum Hall regime
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We present low-temperature 共365 mK兲 magnetization measurements of 40⫻100  m2 mesas of two
dimensional electron gases 共2DEGs兲 integrated into micromechanical cantilever magnetometers.
Over a wide range of applied magnetic field, the cantilever resonance frequency reveals the
thermodynamic magnetization of the 2DEG. Upon illumination of the sample, we observe the
appearance of both cyclotron and Zeeman gaps in the density of states. We attribute this to the
narrowing of the disorder-broadened Landau levels as the carrier concentration is increased.
Additionally, we observe strong peaks in the dissipation of the system at small integer filling factors
which we associate with eddy currents excited by the cantilever motion. © 2000 American
Institute of Physics. 关S0021-8979共00兲36908-0兴

when these eddy currents can be avoided, the large size of
the magnetometer required to support the sample substrate
limits the sensitivity and introduces a background up to 100
times the magnetization of the 2DEG.6,7 In addition, dc
torque measurements must be performed with H applied at
some appreciable angle away from the 2DEG normal 共typically ⬃30°兲 which can affect the spin character of the quantum Hall states. In contrast, torsional oscillator measurements can be performed with H at any angle relative to the
2DEG.
In order to address the problems of background, sensitivity, and eddy currents, we have integrated small 2DEG
samples directly into micromechanical GaAs cantilevers
which serve as torsional oscillators. The moment sensitivity
demonstrated in similar structures8 is orders of magnitude
greater than those of magnetometers used to study 2DEGs to
date. This allows us to study smaller samples, thereby reducing the EMF. As will be shown below, the background signal
from the lever can be smaller than that of the 2DEG. To
integrate a 2DEG into a micromechanical GaAs cantilever,
an MBE-grown single heterojunction GaAs/Al0.3Ga0.7As
2DEG 共and 7000 Å GaAs/Al0.8Ga0.2As buffer兲 is wet etched
into 40⫻100  m2 mesas. In a second lithography step, 50
⫻320  m2 cantilevers are wet etched out of an underlying
1000 Å thick GaAs epilayer so that the 2DEG mesas lie at
the ends of the cantilevers. The levers are mechanically freed
using a process described earlier.8 The MBE growth structure as well SEM photo of two finished cantilevers with
2DEG mesas are shown in Fig. 1. Transport characterization
of a Van der Paaw pattern wet etched into a chip from the
same wafer 共but not mechanically freed兲 shows a carrier concentration n s and mobility  before 共after兲 illumination by a
blue LED of 1.4⫻1011(3.3⫻1011) cm⫺2, and 4⫻105 (8
⫻105 ) cm2/V s, respectively. Because the mesa containing
the 2DEG is substantially thicker than the rest of the lever
共and located at the lever’s end兲, the strain due to the bending
of the lever should be concentrated well away from the mesa,

Magnetization measurements of a two dimensional electron gas 共2DEG兲 can provide information about its magnetic
field dependent density of states which is not readily accessible through other techniques. Because of the importance of
the quantum Hall effect in exploring the physics of two dimensional systems and in metrology, there is considerable
interest in developing new experimental techniques for probing its properties with greater sensitivity and over a broader
range of parameters. Here, we present the first measurements
from a micromechanical oscillator containing an integrated
2DEG sample which show the presence of both cyclotron
and Zeeman gaps in the thermodynamic magnetization of the
2DEG.
The main challenges in measuring the magnetization of a
2DEG are the inherently small number of electrons in the
sample and the background introduced by the sample substrate. Torsional magnetometry 共which is sensitive only to
the anisotropic components of the magnetization兲 provides a
promising approach to the latter problem, as the two dimensional nature of the electrons requires the orbital 共and to a
large degree the spin兲 contribution to the magnetization to be
fixed normal to the sample surface. Achieving the sensitivity
necessary to measure the thermodynamic magnetization of a
2DEG is a challenge in the design of torque magnetometers.
In previous torsional oscillator measurements on high mobility 2DEGs, the thermodynamic magnetization was masked
by nonequilibrium eddy currents excited in the sample by
electromotive forces 共EMFs兲 induced by the oscillator
motion,1 or by piezoelectric fields created by using the entire
sample substrate as the torsion element.2 Measurements using dc torque 共and rf superconducting quantrum interference
device兲3 techniques have been successful in observing the
thermodynamic magnetization,4–6 but can be complicated by
eddy currents induced by ramping the applied field H. Even
a兲
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FIG. 1. Left: MBE growth structure. Si dopants are indicated by the dashed
line. The 2DEG forms at the AlGaAs/GaAs interface just below the Si
dopants. The cantilever is fabricated from the 1000 Å thick GaAs epilayer.
The sample mesa contains all the epilayers above the cantilever 共Right兲
SEM photo of two finished cantilevers. The levers are 320 m long, 50 m
wide, and 0.1 m thick. The rectangular mesas containing the 2DEG are
100 m long and 40 m wide.

thereby ensuring that piezoelectric fields do not disturb the
2DEG.
The cantilever is mounted in the vacuum space of a 3He
insert with an 8 T superconducting solenoid whose field is
normal to the 2DEG 共to within a few degrees兲. The cantilever is driven by a piezoelectric crystal and its displacement is
measured with a fiber optic interferometer using a 1300 nm
laser diode. This is just below the typical threshold for exciting persistent photoconductivity in the 2DEG, so as a precaution the fiber is pointed near the base of the cantilever in
order to minimize the illumination of the 2DEG. Typically
we couple ⬃5 W of laser power into the cryostat and find
that n s 共as determined by the position in H of the magnetization oscillations shown below兲 varies by less than a few
percent over several days. At low temperature (T⬍4 K)
these levers have resonance frequencies 共for the lowest flexural mode兲 at H⫽0 of  0 关 0 兴 ⬃800 Hz, and quality factors Q
of ⬃30 000. Levers of similar dimensions with a wide variety of different integrated samples have all shown 10 000
⬍Q⬍15 000.8 We attribute the increase in Q seen here to
the roughly ten fold increase in the motional moment of
inertia I eff caused by the large sample mesa. This is consis1/2
scaling of Q for constant intrinsic
tent with the expected I eff
dissipation and torsional spring constant ␥. We determine ␥
⫽2.5⫻10⫺11 N m/rad from the relation 2  0 ⫽( ␥ /I eff)1/2, 9
where we calculate I eff from the dimensions of the lever and
mesa.
The equilibrium magnetization M eq of a 2DEG is due to
currents which circulate near the edges of the sample. These
currents are generated by the combination of the confining
electric field at the edges of the sample and the perpendicular
magnetic field H. As H is increased, the Fermi energy E f
moves through the Landau levels 共LLs兲 at a rate inversely
proportional to the density of states at E f . As E f moves
through a given disorder broadened LL, the degeneracy of
the edge channels 共and hence the circulating current兲 below
E f gradually increases, thereby increasing M eq . At integer
filling factor (  )E f jumps down to the next lowest LL, depopulating the edge channels lying between the two LLs,
which causes a sharp decrease in M eq . As the broadening of
the LLs becomes smaller than their spacing, this decrease
becomes shaper and the jump in M eq approaches a magni-
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FIG. 2. 共a兲 Magnetization M 共䊉兲 of a 40⫻100  m2 mesa of a single 2DEG
at T⫽365 mK. Also shown is the amplitude of the lever oscillation 共䊊兲 for
a constant driving force. The jump in M at 0.18 T⫺1 occurs at  ⫽2. 共b兲 The
same as 共a兲 but after illumination by a blue LED. The jump in M at 0.24 T⫺1
occurs at  ⫽4. The arrows in both 共a兲 and 共b兲 correspond to 2* per
electron. The ordinate (1/H) is the same for both 共a兲 and 共b兲.

tude of ⫺2  * ⫽⫺eប/m * per electron for even integer 
and ⫺g effB for odd integer . This contribution to the magnetization always points normal to the 2DEG, and for odd
integer  contains the effective electronic g factor g eff . Nonequilibrium currents may also circulate in the sample, due
for example to the EMF from the sample motion or from
ramping H. Circulating currents 共both equilibrium and nonequilibrium兲 provide an additional restoring torque  ⫽
⫺M H sin  to the lever, where M is the moment due to the
circulating current and  is the angle between H and the lever
normal. For  Ⰶ1 this torque results in a shift in  0 given by
⌬  0 ⬅  0 关 H 兴 ⫺  0 关 0 兴 ⫽M H  0 关 0 兴 /2␥ . By driving the lever
in a phase-locked loop 共PLL兲, we measure  0 共and hence M兲
as a function of H.
In Fig. 2共a兲 we plot M ⫽2⌬  0 ␥ /H  0 关 0 兴 as a function of
1/H for an unilluminated sample at T⫽365 mK. A small
background linear in H and roughly half the size of the
2DEG magnetization has been subtracted. Also plotted is the
amplitude of the lever oscillation for a constant drive amplitude 共the maximum amplitude corresponds to ⬃150 nm displacement of the 2DEG兲. The oscillations of M are periodic
in 1/H with an amplitude that approaches * per electron at
large H. The arrow in Fig. 2共a兲 corresponds to * using a
value for n s which assumes that the magnetization jump at
0.18 T⫺1 共5.5 T兲 corresponds to  ⫽2 共see below兲. At lower
fields, the oscillations are roughly sinusoidal, but become
increasingly asymmetric with increasing H. This is consistent with the LLs having a finite width in energy which becomes smaller than the cyclotron splitting only for the largest
fields 共note that k B T⬍ប  c for H⬎0.25 T兲.10 The gap in the
data near 0.18 T⫺1 is caused by the substantial dissipation
present near the lower integer values of , which at  ⫽2
disrupts the PLL.
We note that the value of n s determined from Van der
Paaw measurements would suggest that the jump in M at
0.18 T⫺1 corresponds to  ⫽1; however, the spin-resolved
states 共corresponding to odd-integer 兲 only begin to become
apparent after illumination of the samples, when  is substantially increased. Assigning the jump at 0.18 T⫺1 to 
⫽2 implies a substantial increase of n s in the processed
sample. This increase may be due to the very weak illumination of the sample by the interferometer laser or to the
processing. Typically the effect of an additional nearby sur-
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FIG. 3. Magnetization 共䊉兲 and amplitude 共䊊兲 of a different sample 共after
illumination兲 from the same wafer as Fig. 2, at T⫽350 mK. The jump at
5.55 T corresponds to  ⫽3.

face 共e.g., at the bottom of the lever兲 would be to deplete the
2DEG, though any such effect should be minimized by its
large distance 共⬃8000 Å兲 from the 2DEG. It is possible that
the strain in the sample mesa due to the AlGaAs/GaAs lattice
mismatch is released by mechanically freeing the heterostructure and may create piezoelectric fields which transfer
carriers from the dopants to the 2DEG.
In Fig. 2共b兲, we plot M and lever amplitude for the same
sample as in Fig. 2共a兲 after illumination by a blue LED. In
this case, no background has been subtracted. The oscillations of M 关 1/H 兴 have sharpened into a sawtooth pattern
indicative of a gap between Landau levels. The assignment
of  ⫽4 to the magnetization jump at 0.24 T⫺1 共4.1 T兲 corresponds to within 15% of the postillumination value for n s
from Van der Paaw measurements. In addition to magnetization jumps at even , a small jump at  ⫽3(0.19 T⫺1) and a
kink at  ⫽5(0.31 T⫺1) are also visible. In addition to sharpening the sawtooth shape of M 关 1/H 兴 , illuminating the
sample makes the magnetization oscillations observable out
to much higher  共⬎30 in this sample兲 than in the unilluminated case.
Figure 3 shows the jump in M at  ⫽3 (H⫽5.55T) for
another sample 共after illumination兲 from the same wafer. The
upward trend of M 关 H 兴 represents the shoulder of the  ⫽2
feature 共not shown兲. By extrapolating the linear M 关 H 兴 on
either side of the  ⫽3 jump, we find the size of the jump to
be 1.4⫻10⫺15 J/T, or 9.4 B per electron. This implies g eff
⫽9.4, an enhancement of 23 times over the bare electronic g
factor in GaAs, consistent with other magnetization
measurements.6,11
The overall character of the magnetization data described thus far is consistent with M eq calculated within the
single-electron picture,10 including an enhanced g factor.

However, at values of  for which M changes sharply, the
dissipation of the lever increases 关visible as dips in the amplitude data in Figs. 2共a兲 and 2共b兲 and Fig. 3兴. For the largest
such dips, M departs from the expected behavior for M eq in
the form of a positive peak. For smaller dips 关 ⫽4 in Fig.
2共a兲 and  ⫽8 in Fig. 2共b兲兴, the magnetization data appears
unaffected. The gradual decrease seen in the amplitude data
from 0 to 8 T is observed in all the GaAs levers we have
studied to date, independent of the sample, and so does not
seem to be connected with the 2DEG. Peaks in the dissipation of 2DEG samples have been observed previously in torsional oscillator measurements,1 and attributed to the presence of eddy currents excited by the oscillator motion. We
have modeled these eddy current effects using the approach
outlined in Refs. 12–14 and achieved qualitative agreement
with the features seen here. We will present these results in a
future work.15
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