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High-sensitivity magnetometry over a wide temperature range has been achieved using submicron
GaAs/GaAlAs Hall gradiometry. The sensitivity and versatility of the technique was demonstrated
by the successful measurement of the magnetization switching of a single Fe nanoparticle with
m~5X 10 ug (~5x10 1 emu) at temperatures as high as 75 K.2802 American Institute of
Physics. [DOI: 10.1063/1.1487921

Magnetism on the nanometer scale continues to be theially at high fields, can be realized by using gradiometry in
focus of extensive research due to its fundamental imporwhich an empty Hall cross with opposite current flow is
tance as well as its technological relevance in magnetic senemployed to circumvent the difficulty of measuring a tiny
ing and information storage. Numerous mature as well asignal on top of a much larger backgrouh@he first Hall
novel nanofabrication techniques have been employed or dgradiometry measurement of nanoparticles was performed
veloped to generate a wide variety of magnetic nanostrucon arrays of iron particle$10’—10° particles, 18—10° ug
tures with unprecedented density, complexity, and sophistiper particl¢ grown on Hall crosses of a feym linewidth?
cation. In contrast, techniques for magnetic measurementfgetter sensitivity was achieved by matching the size of the
down to nanometer scale are not nearly as well developedrray to that of the Hall crossGiven the fact that the Hall
Particularly lacking are high sensitivity and noninvasivesignal AV=I(B)/ne) in the ballistic regime is proportional
methods that are capable of measuring individual nanoscal@ the average perpendicular stray figld), over the active
magnetic units over wide temperature and magnetic field@rea of the Hall cros¥, one would expect that the sensitivity
range. One technique that has produced an impressive arr&n be increased to the point of measuring a single nanopar-
of results on individual ferromagnetic nanowires and nanoficle by shrinking the size of Hall probes to submicron
particles is micrometer scale superconducting quantum intef2nge”* Miniaturization of Hall probes is also important for
ference devicdSQUID) magnetometry, where the nanowire spanning I—_|a|| probe microscopy in order to obtain high spa-
or nanoparticle is placed on a microfabricated SQUID toff! resolgnon?s S
maximize the flux through the lodpHowever, the most ef- Ip this letter, we report on the miniaturization o'f 'HaII
fective micro-dc-SQUIDs so far are based on Nb/algb ~ gradiometers to submicron size, which yields sufficiently
Josephson junctions, whose operation is limited to low tembigh sensitivity to measure an individual cylindrical iron

peratures and small applied field. For practical application§@noparticle with diameted<10 nm and magnetic moment

in magnetic recording, field sensing, or biomagnetic detec™= 10° pug. Submicron-magnetic entities, investigated by

tion, high sensitivity operations at higher temperature andnicron or submicron §|zed Hall magnetometers typicafly
even at room temperature are necessary. have at least two dimensions on the order of 100 nm

Micro-Hall magnetometry, based primarily on two- (~10-1C ug). The particle volume used in this work is at

dimensional electron systenmi8DES in semiconductor het- I?:St two Ordefs of me;gn;tudetﬁmall:.er ind’ thTr(;,\_fore,fpiLo—
erostructures, has emerged as an important magnetic me [0S a more rigorous test on the ulimate resolution ot the
. . . ... Hall probe devices. Moreover, this allows us to study true
surement technique with the prospect of high sensitivity, . : .
. ; . . ..~ 'single-domain particles.
small size, wide operational temperature, and virtually with- o . . . .
A e : . The most critical step in such an experiment is the align-
out any limitation in applied field. This method, which mea- . . ;
: - ment of the magnetic nanoparticle with the Hall cross. We
sures the Hall response of the 2DES to the small dipole field ; ) L . )
accomplished high precision alignment of the iron nanopar-
Sicles using scanning tunneling microscof§TM) assisted
%hemical vapor deposition to grow the partictés® Prior to
bmi &8 Miniaturized Hall devi the growth, the imaging mode of the STM was used to locate
f]u micron--or nanf(f)mqgnl 5. Miniaturized Hall ¢ eVI:;o?bs the Hall cross and align the STM tip precisely to the desired
ave been used effectively as scanning magnetic probes. qition.  Thereafter, the precursor iron pentacarbonyl
Marked improvement in magnetic moment resolution, eSpeFe(CO)-, was introduced into the STM chamber and a bias
voltage of —17 V was applied to the STM tip to start the
dElectronic mail: yli@martech.fsu.edu growth. A constant tunneling current of 50 pA was main-

measurements of a large variety of materials includin
superconductors, ferromagnetic particle$, and patterned
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tained during the growth until the desired height of particle
was reached and the tip was moved to the next spot for
growth. The fabricated particles have a magnetic ¢bogly-
centered-cubic-Besurrounded by a carbon coatifgwhich
effectively prevents the sample from oxidation. The iron core
diameter of the particles can be controlled and made less
than 10 nm, mainly determined by the precursor presSure.
The particle height was chosen to be 100—-120 nm in this
study, so that the easy magnetization direction of the nano-
particles resulting from shape anisotropy is perpendicular to
the substrate surface.

The Hall gradiometers were patterned fromtype
GaAs/AlGaAs heterostructures by electron-beam lithography

followed by wet chemical etching. A 40—50 nm thick gold 2 T T T T T

gate was deposited on the top surface for two reasons: one is b

to provide a tunneling current path for the imaging and 0N30K ( )

growth, and the other is to vary the electron density of the

2DES by gating if needed. ; 2l d
Figure Xa) shows a scanning electron microscopy 3. 45K

(SEM) image of an array of 16 iron nanoparticles with a ; al g

heighth~ 100 nm grown on a Hall cross with a physical size N 60K

of ~0.7umXx0.7um. The 2DES is~140 nm below the

surface, and has a carrier concentration of<218' cm™?2 675K

and mobility of 1.2X 10° cn?/Vs at 77 K in the dark. Be- 4 4 5 0 % a4 ¢

cause of the edge depletion, the carrier concentration in this

submicron channel decreases +dl.2x 10 cm™2 without 0.8}

gating as determined from the Hall effect, and we estimate
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that the active area of the cross is reduced ~t®.5 0.4 { b

X 0.5 um?. Shown in Fig. 1b) is the raw Hall voltage across S 30K rm.;‘\

the gradiometer with this array at different temperatures. The G 0.0 pyumiyunnd /ﬂm’”\\’-&

magnetic field was applied parallel to the easy magnetization - 45K JF i Yy .
L2 . . ) et J | ot

direction of the nanoparticles. Since the large Hall signal of 3' 04k # Ny 1

the 2DES from the applied background field has been can- [/ \M

celed out by the compensation technique, the nonlinear back- 0.8}75K ;

ground signal from magnetoresistance and mesoscopic ef- 0 i SIS o b ¥

fects can now be seen clearly. This nonlinear background for -2H (I?Oe)z

submicron patterns is much more pronounced than that in

larger Hall devices, especially at the low temperatures. DeFIG. 1. (a) SEM image of an array of 16-iron nanoparticles grown on a
spite this, we were able to obtain well-defined hysteresi®.7x0.7 um* Hall cross,(b) raw Hall voltage obtained by the compensation

loops at all temperatures. This is best evidenced by Subtraclfla” measurements at different temperatures, émdSubtraction of up—
’ sweep curves from corresponding down—sweep curves. Relative position of

ing the up—sweep curve from the down—sw.eep. curve. Aftegyrves is shifted for a clearer view. In this measurement, a driving current of
the subtraction, we are left with the net contribution from the~0.45uA was used, an&®,;=0.33Q/G.

magnetization processes of the nanoparticles, which is plot-

ted in Fig. Xc). The data aff =75 K were taken at a faster ) ) y i )

field sweep rate to avoid the telegraph noise due tdhysical size of 0.80.6,.m" with only one iron particle
DX-centers. There are clear discrete steps in each of th@article A grown in the active region. This Hall gradiom-
magnetization curves, which correspond to the switching oftér was patterned from a wafer in which the 2DES is
only a few particles. This is in contrast to the observed mag="120 nm below the surface and has a carrier concentration
netization switching process of the previously measured®f 2.2<10'* cm™? and mobility of 1.2x10° c?/Vs at 77
large arrays, where a smooth distribution of switching fieldsK. A 40 nm thick gold gate was deposited on this probe. The
was usually seen. The observation of discrete switching ofictive area of the Hall cross is estimated to be abeQt4
only a few particles indicates that the sensitivity of this Hall X 0.4 um? due to edge depletion. Simple calculation shows
gradiometer is sufficient for measuring a single particle thathat the contribution from particle B to the Hall signal is
is well positioned on the Hall cross. A slight decrease in theabout one order of magnitude smaller than that of particle A.
switching field with increasing temperature is also observedShown in Fig. 8a) is the magnetization measurement of this
which is likely due to thermally assisted switching and issingle particle at 45 K. A single sharp switch at 2.8 kOe can
consistent with previous results on large arrifiShe details be seen in the raw hysteresis curfég. 3a), insef. By

of the temperature and field dependence of the magnetizatigubtracting the nonlinear background from the raw Hall sig-
will be discussed elsewhere. nal, we obtain a net hysteresis curve of nearly rectangular

Figure 2 shows an SEM image of a Hall cross with ashape[Fig. 3b)]. The signal-to-noise ratio obtained here is
Downloaded 29 Aug 2011 to 130.34.134.250. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
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FIG. 2. SEM image of a 0:60.6 um? Hall cross with one patrticle in the
active area. Particle B is about 0.38n from the center, and has negligible
contribution to the Hall signal.

H (kOe)

about 5, so the contribution from particle B is below theFIG 3 Hal aradiomet tofasingle it

. o . . o. HAall gradiometry measurement of a singie iron nanopa ICle
noise floor and neg“glble' An a_lver_age_ stray field of A) at T=45 K. (a) Hysteresis loop of raw Hall voltage with nonlinear back-
~0.26 Oe due to remnant magnetization is extracted fronground, Inset: a close-up view of the raw data around a magnetization
the Hall signal. From the measured stray field, the iron corewitching andb) The hysteresis loop with nonlinear background subtracted.
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