JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 9 1 MAY 2000

Magnetization and dissipation measurements in the quantum Hall regime
using an integrated micromechanical magnetometer

J. G. E. Harris and D. D. Awschalom?®
Department of Physics, University of California, Santa Barbara, California 93106

K. D. Maranowski and A. C. Gossard
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

We present low-temperatuf865 mK) magnetization measurements ob4000xm? mesas of two
dimensional electron gas€2DEGS 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 motion20@ American
Institute of Physicg.S0021-897@0)36908-0

Magnetization measurements of a two dimensional elecwhen these eddy currents can be avoided, the large size of
tron gas(2DEG) can provide information about its magnetic the magnetometer required to support the sample substrate
field dependent density of states which is not readily accedimits the sensitivity and introduces a background up to 100
sible through other techniques. Because of the importance dimes the magnetization of the 2DE%.In addition, dc
the quantum Hall effect in exploring the physics of two di- torque measurements must be performed witlpplied at
mensional systems and in metrology, there is considerablsome appreciable angle away from the 2DEG norftydi-
interest in developing new experimental techniques for probeally ~30°) which can affect the spin character of the quan-
ing its properties with greater sensitivity and over a broadetum Hall states. In contrast, torsional oscillator measure-
range of parameters. Here, we present the first measurememt&nts can be performed witd at any angle relative to the
from a micromechanical oscillator containing an integrated?DEG.
2DEG sample which show the presence of both cyclotron In order to address the problems of background, sensi-
and Zeeman gaps in the thermodynamic magnetization of thivity, and eddy currents, we have integrated small 2DEG
2DEG. samples directly into micromechanical GaAs cantilevers

The main challenges in measuring the magnetization of @hich serve as torsional oscillators. The moment sensitivity
2DEG are the inherently small number of electrons in thedemonstrated in similar structufeis orders of magnitude
sample and the background introduced by the sample sulgreater than those of magnetometers used to study 2DEGs to
strate. Torsional magnetomettyhich is sensitive only to date. This allows us to study smaller samples, thereby reduc-
the anisotropic components of the magnetizatipmovides a  ing the EMF. As will be shown below, the background signal
promising approach to the latter problem, as the two dimenfrom the lever can be smaller than that of the 2DEG. To
sional nature of the electrons requires the orbitaid to a integrate a 2DEG into a micromechanical GaAs cantilever,
large degree the spircontribution to the magnetization to be an MBE-grown single heterojunction GaAsjAGa,-As
fixed normal to the sample surface. Achieving the sensitivity?DEG (and 7000 A GaAs/AlGa, »As buffen is wet etched
necessary to measure the thermodynamic magnetization ofiato 40x 100um? mesas. In a second lithography step, 50
2DEG is a challenge in the design of torque magnetometers< 320 m? cantilevers are wet etched out of an underlying
In previous torsional oscillator measurements on high mobil1000 A thick GaAs epilayer so that the 2DEG mesas lie at
ity 2DEGs, the thermodynamic magnetization was maskethe ends of the cantilevers. The levers are mechanically freed
by nonequilibrium eddy currents excited in the sample byusing a process described earfiéfhe MBE growth struc-
electromotive forces(EMFs) induced by the oscillator ture as well SEM photo of two finished cantilevers with
motion;' or by piezoelectric fields created by using the entire2DEG mesas are shown in Fig. 1. Transport characterization
sample substrate as the torsion elenfeMieasurements us- of a Van der Paaw pattern wet etched into a chip from the
ing dc torque(and rf superconducting quantrum interferencesame wafefbut not mechanically freedshows a carrier con-
device® techniques have been successful in observing theentrationng and mobility u before(aftey illumination by a
thermodynamic magnetizatidn® but can be complicated by blue LED of 1.4<10%(3.3x10")cm 2 and 4x10°(8
eddy currents induced by ramping the applied fidldEven  x 10°) cn?/V's, respectively. Because the mesa containing
the 2DEG is substantially thicker than the rest of the lever
aAuthor to whom correspondence should be addressed; electronic maif@nd located at the lever’s endhe strain due to the bending

awsch@physics.ucsb.edu of the lever should be concentrated well away from the mesa,
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. . - IG. 2. (a) MagnetizatiorM (@) of a 40x 100 um? mesa of a single 2DEG
FIG. 1. Left: MBE growth structure. Si dopants are indicated by the dashe £ T=365mK. Also shown is the amplitude of the lever oscillatiah) for

line. The 2DEG forms at the AlGaAs/GaAs interface just below the S'aconstant driving force. The jump M at 0.18 T * occurs at=2. (b) The

dopants. The cantilever is fabricated from the 1000 A thick GaAs epilayer, . o . b
The sample mesa contains all the epilayers above the canti(Bght) same aga) but after illumination by a blue LED. The jump M at 0.24 T

— H *
SEM photo of two finished cantilevers. The levers are g2®long, 50um olccutrs at;h— 4 ;’_he tarrows_ Th both(a) efmdb(bzhg)orreds(ptgnd to A° per
wide, and 0.1um thick. The rectangular mesas containing the 2DEG are®'€ctron. The ordinate (B) is the same for bo an '
100 um long and 40um wide.

tude of —2u* =—eh/m* per electron for even integer

thereby ensuring that piezoelectric fields do not disturb theand — gesug for odd integerv. This contribution to the mag-
2DEG. netization always points normal to the 2DEG, and for odd

The cantilever is mounted in the vacuum space @fla  integerv contains the effective electronicfactor ges. Non-
insert with a 8 T superconducting solenoid whose field is equilibrium currents may also circulate in the sample, due
normal to the 2DEGto within a few degregs The cantile- for example to the EMF from the sample motion or from
ver is driven by a piezoelectric crystal and its displacement isampingH. Circulating currentgboth equilibrium and non-
measured with a fiber optic interferometer using a 1300 nnequilibrium) provide an additional restoring torque=
laser diode. This is just below the typical threshold for ex-—MH sin 6 to the lever, wheréM is the moment due to the
citing persistent photoconductivity in the 2DEG, so as a pre<irculating current and is the angle betweed and the lever
caution the fiber is pointed near the base of the cantilever imormal. For6<1 this torque results in a shift in, given by
order to minimize the illumination of the 2DEG. Typically Avg=wvo[H]—1vo[0]=MHuvy[0]/2y. By driving the lever
we couple~5 uW of laser power into the cryostat and find in a phase-locked loofPLL), we measure,, (and hencév)
thatng (as determined by the position h of the magneti- as a function oH.
zation oscillations shown belgwaries by less than a few In Fig. 2(a) we plotM =2A vyy/Hvy[ 0] as a function of
percent over several days. At low temperatuiie<¢ K) 1/H for an unilluminated sample af=365mK. A small
these levers have resonance frequendmsthe lowest flex-  background linear irH and roughly half the size of the
ural modeg atH=0 of vo[ 0]~800 Hz, and quality factor®  2DEG magnetization has been subtracted. Also plotted is the
of ~30000. Levers of similar dimensions with a wide vari- amplitude of the lever oscillation for a constant drive ampli-
ety of different integrated samples have all shown 10 00Qude (the maximum amplitude corresponds-+d50 nm dis-
<Q<15000% We attribute the increase i@ seen here to placement of the 2DEG The oscillations oM are periodic
the roughly ten fold increase in the motional moment ofin 1/H with an amplitude that approachg3 per electron at
inertia | o caused by the large sample mesa. This is consisarge H. The arrow in Fig. 2a) corresponds tqu* using a
tent with the expec;tetigf2 scaling ofQ for constant intrinsic ~ value forng which assumes that the magnetization jump at
dissipation and torsional spring constantWe determiney ~ 0.18 T'* (5.5 T) corresponds tor=2 (see below. At lower
=2.5x10 "N m/rad from the relation 2v,=(y/l.4)*%° fields, the oscillations are roughly sinusoidal, but become
where we calculaté.; from the dimensions of the lever and increasingly asymmetric with increasirid. This is consis-
mesa. tent with the LLs having a finite width in energy which be-

The equilibrium magnetizatioM 4 of a 2DEG is due to  comes smaller than the cyclotron splitting only for the largest
currents which circulate near the edges of the sample. Thedlds (note thatkg T<%w, for H>0.257T).2° The gap in the
currents are generated by the combination of the confininglata near 0.18 T is caused by the substantial dissipation
electric field at the edges of the sample and the perpendicul@resent near the lower integer valuesiofwhich at v=2
magnetic fieldH. As H is increased, the Fermi enerdy disrupts the PLL.
moves through the Landau levelsLs) at a rate inversely We note that the value afg determined from Van der
proportional to the density of states Bt. As E; moves Paaw measurements would suggest that the jumpl iat
through a given disorder broadened LL, the degeneracy d3.18 T ! corresponds tar=1: however, the spin-resolved
the edge channel@and hence the circulating currertelow  stategcorresponding to odd-integej only begin to become
E¢ gradually increases, thereby increasivg,. At integer apparent after illumination of the samples, wheris sub-
filling factor (v)E; jumps down to the next lowest LL, de- stantially increased. Assigning the jump at 0.18'To v
populating the edge channels lying between the two LLs=2 implies a substantial increase of in the processed
which causes a sharp decreas#/ig,. As the broadening of sample. This increase may be due to the very weak illumi-
the LLs becomes smaller than their spacing, this decreaseation of the sample by the interferometer laser or to the
becomes shaper and the jumpNh, approaches a magni- processing. Typically the effect of an additional nearby sur-
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FIG. 3. Magnetizatio(®) and amplitudgO) of a different sampleafter

illumination) from the same wafer as Fig. 2, @=350 mK. The jump at
5.55 T corresponds to=3.

face(e.g., at the bottom of the levewould be to deplete the
2DEG, though any such effect should be minimized by it
large distancé~8000 A) from the 2DEG. It is possible that

Harris et al.

However, at values o for which M changes sharply, the
dissipation of the lever increasgésible as dips in the am-
plitude data in Figs. @) and 2b) and Fig. 3. For the largest
such dipsM departs from the expected behavior fdg in

the form of a positive peak. For smaller dips=4 in Fig.

2(a) and v=28 in Fig. Ab)], the magnetization data appears
unaffected. The gradual decrease seen in the amplitude data
from O 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 dissipa-
tion of 2DEG samples have been observed previously in tor-
sional oscillator measuremeritsind attributed to the pres-
ence 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
Sfuture work?®
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