Ballistic Hall micromagnetometry
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We report a magnetization measurement technique which allows quantitative studies of
thermodynamic properties of individual submicron superconducting and ferromagnetic particles.
© 1997 American Institute of PhysidsS0003-695(97)02042-1

Hall and magnetoresistive probes have been employeliftoff. In Fig. 1 the samples are four Al disks of the diameter
for studying magnetic properties of various materials for sevd from 0.2 to 1 um (thickness 0.15um) and the last Hall
eral decade$.Most recently, advances in microtechnology probe is left empty to serve as a reference. The presence of a
have allowed fabrication of such sensors of micron size andiamagnetic or ferromagnetic sample results in either an ex-
they were successfully applied for time- and space-resolvegulsion or, conversely, in an increased value of the magnetic
detection of individual vortices in superconduct6r$.All field inside the cross junction, which leads to a decrease or
previous studies have focused on the properties of macran increase in the Hall voltage, respectively. The detected
scopic samples. The only exception is Ref. 5 in which Hallchanges can be compared with the Hall signal at the refer-
probes were combined with microfabricated arrays of ferroence cross which measures the applied magnetic Feld
magnetic particles. In the present paper, we report on a fur- We have used Hall probes with conductive channel
ther development in Hall probe techniques by employingwidths W down to 0.2um, but for the purpose of studying
submicron ballisticHall probes for studyingndividual sub-  several submicron samples in the same run and finding a size
micron samples. The use of Hall probes in the regime oflependence in their magnetic response, Hall probes With
ballistic electron transport and samples of size smaller thar=1 um are found to be most convenient. One of the reasons
the probe size makes a qualitative difference, allowing us tdor using a 2DEG is its large Hall coefficient (i), due to
make a link between the detected signal and the sample mag- relatively low concentration of 2D electrons~3
netization. In brief, our technique can be described as a solidx 10** cm™2). We note also that the top layer of the hetero-
state analog of the Lorenz electron microscopy, where astructure provides a perfect electrical insulation between the
electron beam passes in a close vicinity of a small magnestudied samples and the 2DEG, so that any possible variation
tized object and the deviations of the beam due to a strain the sample conductance does not directly influence the
magnetic field are detectédsor the case of the ballistic Hall 2DEG. However, the most important reason for using a
probe, instead of an electron beam we use a ballistic electro@DEG in our studies is its high mobility (310°
flow confined within a narrow metal wire. The Hall leads cn® V~' s%, in our casg such that electrons move ballis-
that are symmetrically attached to the central wire serve as tcally inside the cross junction and experience scattering at
sensitive detector of the smallest deviations in the directiothe boundaries only. Unlike diffusive transport, ballistic
of the electron “beam.” transport allows a straightforward quantitative description of

Figure 1 shows an SEM micrograph of one of our work-
ing devices. It is a multiterminal wiréa set of five Hall
crosses fabricated from a GaAs/GaAlAs heterostructure
with a high-mobility two-dimensional electron gé2DEG)
embedded at 60 nm below the surface. To make such de-
vices, we have used two stages of photolithography to define
contact pads and conventional AuGeNi contacts to the 2DEG
and leave the 2DEG only within a central area of about 100
X100 um? between them. This area is subsequently used to
make in the 2DEG the wire pattern shown in Fig. 1 with the
help of electron-beam lithography having the resolution of
about 0.1um. Using the second round of electron-beam li-
thography, we expose the resist to make openings of various
sizes in the central, sensitive area of the Hall crog#gs

prochure requﬁres high accuracy of the pattem a”g!")’nentFlG. 1. SEM micrograph of our ballistic Hall micro-magnetometers with
The final step is evaporation of the required material andeveral mesoscopic samples in the sensitive area of the probes.
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the detected Hall signal. In the former case, the Hall respons
depends on the details of the magnetic field distribution
B(x,y) inside and near the cross junction and, therefore, 100 nm Ni particle
only rapid or oscillatory changes in magnetization can be
reliably identified. In the ballistic regime and in low mag- 10
netic fields(such that the size of a cyclotron orbit is larger

thanW), the following uncomplicated relation appears to be ’53? 5
valid: =
Ry=a(B)/ne; 1 e
Xy~ a( > ne, ) o ——— — — 77— —

i.e., the Hall effect simply measures the average magnetis =
field in the cross junction,B). This result has been obtained ~ |
analytically for a square junction with sharp corrfesnd '
extended numerically for square junctions with rounded cor-
ners and rectangular junctioRghe average is taken over a
characteristic are8 of the cross junctiofifor a square junc-

tion with rounded cornersS~(W+1.4r)2, wherer is the
radius of the cornef$ The Hall coefficienta generally dif- : . . .
fers from unity due to collimation effects for ballistic elec- -1000 -500 0 500 1000
trons, and it is typically 1.2 in our devices with slightly H (G)

rounded corners. The average magnetic fi€B) is
/B dx dyS=®/S; i.e., the measured signal is determined
by the flux ® through the characteristic area of the Hall |
cross. One can easily see that a ballistic Hall probe works 0.3 um Al disk T Ry (b)
exactly as a micro-fluxmeter, similar to, e.g., SQUIDs, but Q.10 g — — — — — ;
with a tiny detection loop. For our smallest devic8ss only
0.1 pum? Knowing the average magnetic fieldB)
=neR,/a, we can define the area magnetization as

47M=(B)—H. 2
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pends on the filling factor, i.e., on the ratio between the 1.5 um Al disk
sample and junction size. For our disk-shaped partidless
found to vary approximately ad’/W?3, in agreement with
straightforward calculations.

Figure 2 shows examples of the magnetization curves
measured on some of our superconducting samples and tr <=
smallest ferromagnetic particles that we could fabricate by = o ——
electron-beam lithography. In order to demonstrate that oul
technique works even at nitrogen temperatures, where th ~
2DEG transport is still ballistic, we present the magnetiza-
tion curve for a 100 nm ferromagnetic particle at 60 K. Com-
parison between the amplitudes of the magnetization signal
for the ferromagnetic and superconducting particles in Fig. 2

Gauss)

shows clearly that much smaller ferromagnetic particles car -0.051
be investigated even when using the relatively largem
Hall probes. |
| ic field, th itivity of - : : . . .
n a constant magnetic field, the sensitivity of our mea 400 500 0 200 o0

surements was limited by Johnson noise, in agreement witl

Ref. 3. At nitrogen temperatures, our Hall probes with H (G)

=1 um have the series resistance of abouf)4and can

sustain currents of up to 10QA, thus enabling the field FIG. 2. Magne_ztization qf ipdivi(_:IuaI ferromagneﬂe) and _superconducting
resolution 5B of about 10° Ghz 22 This yields an im- (0210 paices(s W skuth ot dapeter o egrico )|
pressive flux resolutiod® = 6BS~10° ¢, at 77 K for our 1.5 um, respectively.

nonoptimized design. In terms of the magnetic moment, this

sensitivity allows us to detect changéd~10° ug. The  of the technique with decreasing temperature down to 0.3 K.
flux resolution slightly improves for smaller probes witth At low temperatures, the flux resolution even decreases due
~0.2 um. However, in contrast to what one might expectto the fact that the probes appear to be able to sustain only
from the known temperature dependence of Johnson noisemaller currents of about 1QA per 1 um width. We note

we did not observe any substantial increase in the sensitivitthat such currents heat up the 2DEG to electron temperatures
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above 20 K, but this does not cause any noticeable changé&sdividual samples of submicron and even nanometer size in
in the sample temperature. The latter could be detected asaavery wide range of temperatures. By optimizing the probe
shift in the values of a critical magnetic field in a supercon-design(higher driving currents at low temperatures, smaller
ducting sample and were found to be negligibly small eversize and series resistanceve believe that it is feasible to
at 0.3 K and for samples mounted in vacudine., not im-  reach the level of single electron spin detection.
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