Millikelvin magnetometry up to 30 T using a multi-cross micro-Hall sensor
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We report a multi-cross micro-Hall sensor fabricated from an MBE-grown GaAs/AlGaAs heterostructure for high-
sensitivity magnetometry. The device enables dc magnetization measurements at temperatures down to ~15 mK and
in dc magnetic fields up to 30 T. Bulk samples with dimensions ranging from 100 gm to 1 mm can be measured with
a resolution better than 1 uT with a 1 pA excitation at 13.77 Hz. Test-of-performance measurements were carried
out by probing the field-dependent magnetization plateaus of the triangular-lattice quantum magnet KoCo2(SeO3)s at
20 mK, the antiferromagnetic transition of K3GdTe2Og near 220 mK via temperature-dependent magnetization, and
the quantum oscillations in a ruthenium single crystal. A simple and reliable sample-mounting setup that ensures

reproducible magnetic measurements is provided.
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. INTRODUCTION

Magnetic field sensing and magnetic characterization of
solid-state materials are central to both fundamental and ap-
plied physics, from condensed matter research to quantum
technologies. For the measurement of bulk or macroscopic
magnetic response, established techniques detecting magnetic
flux or its variation, such as superconducting quantum inter-
ference device (SQUID) magnetometry and vibrating-sample
magnetometry (VSM)Y, are commercially available , typically
enabling measurements down to 1.8 K at fields up to ~ 16 T
provided by superconducting magnets. Extending the acces-
sible parameter space to lower temperatures and higher mag-
netic fields has been a long-standing goal in frontier research.
For example, commercial Magnetic Property Measurement
System (MPMS, Quantum Design) equipped with a stand-
alone iQuantum *He insert (iHelium3) can reach temperatures
as low as 0.4 K (ref'?), and VSM operating up to 35 T (ref)
is available in a few national labs equipped with water-cooled
resistive magnets. Alternatively, the Faraday force method,
particularly when implemented with a capacitive readout, has
proven to be a powerful approach for high-sensitivity mag-
netic measurements at millikelvin temperatures and high mag-
netic fields, as demonstrated by Sakakibara et al*. Recent in-
terest in emergent quantum magnetism, unconventional super-
conductivity, and topological states in various quantum ma-
terials has raised an urgent demand for convenient magnetic
measurements under extreme conditions>"2, yet such measure-
ments remain difficult to conduct or have highly limited acces-
sibility.

Complementing these aforementioned flux- and force-
based techniques, Hall magnetometers'%' can provide a con-

OThese authors contributed equally to this work.
b Electronic mail: [pjsun@iphy.ac.cn
©Electronic mail: |gli@iphy.ac.cn

ceptually simple and versatile route to probe dc magnetization
by detecting the local magnetic field at the sensor. When a
sample is magnetized in an external magnetic field, it gener-
ates a stray magnetic field outside its volume. A Hall sen-
sor placed nearby detects the component of this stray field,
Bgitray, perpendicular to its sensing plane. For a given, fixed
sample geometry, Bqiray is directly proportional to the sam-
ple’s total magnetic moment, and hence to its magnetization
M Bgtray o< M. If the Hall response is linear in the local
magnetic field, the measured Hall resistance becomes propor-
tional to the sample’s magnetization, Ryy (= Viy/I) o< Bgtray
o M.

With advances in two-dimensional electron gas (2DEG)
device fabrication techniques, there is considerable flexibility
in designing a Hall sensor in a compact form. Furthermore,
a Hall sensor based magnetometer has no moving parts, thus
can be easily integrated into cryogenic fridges with limited
space, including challenging environments of very low
temperatures as well as high magnetic fields'®Z, However,
realizing a practical Hall magnetometer is a substantial
undertaking. The design and growth of a 2DEG system
with desired mobility and charge carrier density, the design,
patterning, and fabrication of micrometer-scale Hall crosses,
as well as the scheme to couple a magnetized sample to
the Hall sensor and the procedure to mount samples for
reproducible measurements, are mutually interconnected
tasks. For these reasons, high-sensitivity micro-Hall sensors
specially designed for solid-state magnetometry at extreme
conditions remain rare.

In this work, we report the characterization of a micro-
sized multi-cross Hall sensor based on 2DEG confined in
a GaAs/AlGaAs heterostructure, all fabricated in-house. A
stacking method is utilized to mount samples firmly in desired
orientation and in close proximity to the Hall sensor. A se-
ries of temperature and magnetic field dependent magnetiza-
tion measurements were carried out at the Synergetic Extreme
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Characterization of a multi-cross micro-Hall sensor. (a) shows the schematic drawing of the GaAs/AlGaAs heterostructure, not in

actual ratio. On top of the substrate, the epitaxial stack comprises a buffer layer consisting of 300 nm GaAs and a 50-period superlattice,
followed by a 700 nm undoped GaAs layer, a 100 nm AlGaAs layer, and a 10 nm GaAs protective cap. In this structure, the spacer thickness
between the Si d-doping layer and the underlying 2DEG is 80 nm. (b) gives the layout and dimensions of the Hall device with contacts
assignments. The enlarged view shows the active Hall area. Units in um. (c) shows the transverse response of four pairs of Hall contacts at
0.35 K and in external magnetic fields up to 18 T, and (d) is the longitudinal response from one pair of electrodes with the zoomed-in low-field
part as an inset. Integer and fractional quantum Hall features are marked. The isothermal responses in a perpendicular field mainly within
the low field linear region are given in (e), the corresponding slopes and offset (intercepts at zero field) by linear fitting are in (f) and (g),

respectively.

Condition User Facility (SECUF), with temperature down to
~ 15 mK, and magnetic field up to 30 T. The robust and con-
sistent performance of the Hall magnetometer is demonstrated
by data on K2Co2(Se03)s3, K3sGdTe2Og, and element Ruthe-
nium (Ru). These results establish the effectiveness and sensi-
tivity of the device and position it as a practical tool ready for
broader use, with directions for further performance improve-
ments.

Il. DEVICES AND EXPERIMENTS

Fabrication and characterization of the Hall sensor. The
GaAs/AlGaAs heterostructure was grown by molecular beam
epitaxy (MBE) on an undoped GaAs substrate with the
structure shown in Fig. [1] (a}'®. Chips of 4 x 4 mm? were
cut from the grown wafer and then patterned into a Hall bar
by photolithography and wet etching, each including an array
of five Hall probes (labeled Yg, Xf, We, Vd, and Uc), as
visualized in Fig.[T[b). The active Hall probe area of 100 x
50 pm? and Hall probe spacing were determined by taking
into account the physical characteristics of the 2DEG from
prior knowledge, as well as typical dimension (~ 300 pm)
of samples of interest, to avoid the nonlinear behavior of

Hall resistance with magnetic field due to ballistic transport
effects™ and non-uniform magnetic field®. Ohmic contacts
were formed using In-Sn alloy annealed at 450 °C in No/Hg
forming gas.

To benchmark the sensor, low-temperature transport mea-
surements were performed in a *He cryostat (0.35-25 K), with
magnetic fields up to 18 T applied perpendicular to the 2DEG
plane. Standard lock-in techniques were used with an AC ex-
citation current of 0.1-1 A at frequencies below 200 Hz. The
Hall resistance Ry, of an empty Hall device measured at T' =
0.35 K is shown in Fig.[I{c). The Ry (poH) data at four dif-
ferent Hall crosses were recorded simultaneously. The four
curves show good agreement, the deviation of any individ-
ual curve from the average is within 5 % in the whole field
range. Integer quantum Hall plateaus and fractional quantum
Hall states at v = 2/3 (B ~ 104 T) and v = 2/5 (B ~
17.3 T) are clearly resolved, attesting to the high quality of
the heterostructure. However, asymmetric longitudinal mag-
netoresistance R, with respect to magnetic field still exists,
as shown in Fig. [T(d), possibly due to spatial inhomogene-
ity in the 2DEG in the absence of illumination treatment. The
electron density and low temperature mobility were calculated
from both R, and R,,. We obtain n, = 1.67 x 10 cm™2
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FIG. 2. The micro-Hall magnetometer device setup and Hall response simulation. (a) is a schematic cartoon of device assembly, in which
(1) is the multi-cross micro-Hall chip (4 x4 mm?). (3) is a slotted sapphire chip that is glued to the spacers (2) to form a flat surface, and (4)
is second sapphire chip with well-defined, normal surfaces for mounting samples. Labeling of Hall contacts is carried over from Fig.[} (b) is
a photograph of the actual device mounted on a 16-pin, dual in-line socket. Simulations were carried out by assigning the external magnetic
field along the z-axis of the coordinate system, and the sample was represented by a cube with dimensions a, b, and d along x, y, and z-axis,
respectively. The sample is placed 20 pm above the Hall chip. Homogeneous magnetization was assumed. (c) illustrates the distribution of
magnetic flux from a magnetized sample with respect to Hall probes. (d) gives the ratio of the magnetic flux calculated from Hall voltage to
the averaged magnetic flux experienced by a Hall cross as a function of sample size. (see text) (e) is the ratio of the averaged magnetic flux

from two Hall crosses, plotted as a function of sample size.

and p = 2.45 x 10 cm?V 157!, respectively. The corre-
sponding electron mean free path is about 16.6 pm.

A set of isothermal Hall resistance curves within £1 T
from 0.35 to 25 K are displayed in Fig. [T{e). The response
is linear in field for |B| < 0.2 T at all measured tempera-
tures, with the linear fitting slopes varying within 0.4%, as
shown in Fig. [I(f). The extracted temperature-independent
field responsivity is 3.885 /mT (388.5 nV/mT at 0.1 pA
excitation). Besides, the absolute value of offset at zero
field from unconstrained linear fitting, although mainly
attributable to instrumental effects, is less than 8 €} and
shows a weak dependence on temperature (Fig. [[(g)). These
robust characteristics of the Hall sensor response form the
basis for subsequent temperature-dependent magnetization
measurements down to millikelvin range.

Sample mounting and alignment. Given the linear range of
the fabricated 2DEG Hall device and our intention to utilize
it for magnetization measurements down to millikelvin tem-
peratures and/or up to high magnetic fields, a configuration
with external field H,ppiicq parallel to the 2DEG plane is em-
ployed. Fig.[2Ja) shows a schematic of the Hall sensor assem-
bly with a sample mounted. The key advantage of the configu-
ration is that the sample can be placed in close proximity to the
surface of the Hall device without direct contact. Two spacers,
labeled as (2), made from scrap from the GaAs substrate, are

used to support the slotted sample-mounting sapphire frame
(3). By adding a layer of varnish-soaked cigarette paper to
the spacers, a defined, ~20 um gap is formed between the top
surface of (1) and the bottom surface of (3). The Hall chip
and the spacers are fixed in place. To fully assemble a device,
the sample is first glued in the desired orientation to the posi-
tioning sapphire chip (4) with well-defined, normal surfaces,
then the relative position of (4) to (3) and (3) to (1) could all
be finely adjusted to position the sample relative to the Hall
sensing elements, which serve as positioning references. Fi-
nally, (3) and (4) are anchored with varnish. This procedure
is simple yet flexible. As the sample and the Hall device are
kept separate, the risk of scratching or straining the surface
of Hall chip is reduced. Fig. 2(b) is a photograph of the as-
sembly. The overall footprint is about 12x6 mm?, which can
easily fit into the standard 16-pin DIP sockets used in our *He
and “He fridges, as well as into a custom 24-pin square socket
for our top-loading 3He-*He dilution refrigerator for measure-
ments in millikelvin range. For a quick turnaround in exper-
iments, the sample could be taken off together with the sap-
phire frame, without disturbing the Hall chip and all electrical
contacts.

The Hall response of the parallel external field setup was
simulated. Following the coordinates defined in Fig. 2[a),
the external magnetic field is along z-axis, while the Hall
device lies in yz plane. The Hall device responses to the
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x-axis component of the stray field of the magnetized sam-
ple, Bgtray—x (Y, ), which has a spatial distribution in the yz
plane. For simplicity, homogeneous magnetization is assumed
while the demagnetization factor is neglected. The spatial
distribution of magnetic flux can be calculated analytically?!.
Figure 2[c) depicts the distribution of magnetic flux from a
300 pum cubic sample viewed along y-axis. It is clear that
even within the active Hall sensing area, Bytyay—x (Y, 2) varies
and its spatial average, denoted B, is the relevant quantity
of interest. Meanwhile, By is deduced from the measurable
quantity, Hall voltage Vx, which is calculated following the
classical Drude model** as the difference between the aver-
age electric potential along the opposing voltage contacts of
the Hall bar cross. Assumptions used include that the diago-
nal components of the resistivity tensor are constant, while the
off-diagonal components, the Hall resistance R (y, z), are
proportional to Bsiyay—x (Y, 2). The carrier concentration and
mobility are taken with actual values for the device, and an
effective, saturating magnetization corresponding to 0.375 T
is used. Figure d) shows the ratio of By /B as a function
of sample size. Except for the Hall sensing element closest to
the sample, at the other positions the magnetic flux intensity
deduced from Hall voltage is almost identical to the averaged
magnetic flux intensity, which justifies the design of the Hall
device. The ratio of the averaged magnetic flux intensity from
the farthest Hall element to that from the third farthest one,
is shown in Fig.[2[e). Even by increasing the sample dimen-
sion along the external field direction to 900 pm, the averaged
magnetic flux intensity at the farthest Hall element remains
less than 5 percent of that at 1000 yum away . It is expected
and forms the base that the Hall signal from the Hall cross
farthest away from the sample can be used as background.

Moreover, some physical characteristics of 2DEG, such as
Fermi contour??, electron scattering, spin polarization®*, and
the g-factor??, are weakly affected by a parallel field, back-
ground subtraction can eliminate the contributions from these
effects to the Hall response of the sample, as well as from
the systematic drifting of a cryogenic system. Besides, the
background Hall channel is used as a measure to align the
device in parallel with the external magnetic field. For the de-
vice loaded into a rotator probe, the parallel position can be
roughly reached by finding the Hall voltage zero at a constant
external field. Thanks to the large Hall response and tiny off-
set of the device, this method could already reach a misalign-
ment of less than 1 degree, while further alignment could be
done by a series of field sweeps in the low field linear range
and finding the linear slope minimum of Hall signal.

lll. RESULTS AND DISCUSSION

Field-dependent magnetization. One important envisioned
application of the fabricated micro-Hall device is probing
frustrated quantum magnetism at millikelvin temperatures
and high magnetic fields. KoCo2(Se03)3 (KCSO), a spin-1/2
dimer compound with a bilayer triangular-lattice structure,
is one such material that has attracted widespread interest
recently?2%. In this compound, the Co?* (3d") ions carry an

effective spin-1/2 at low temperatures due to strong spin-orbit
coupling and the low-symmetry crystal electric fields. The
magnetization displays a sequence of plateaus at fractional
values with increasing field before reaching saturation. There
is no consensus on the magnetic field-temperature phase di-
agram yet, while a potential Berezinskii-Kosterlitz-Thouless
(BKT) phase extending to well below 1 K at finite fields has
been suggested.

Following the methods described in last section, several
pieces of KCSO single crystals were measured by the micro-
Hall magnetometer. Figure [3(a) shows the raw data of Hall
resistance 1., as a function of field measured at 20 mK for a
KCSO sample (sample size~ 500 x 500 x 300 ym 3; H|
c-axis). The figure highlights the distinction between the
channel carrying response from sample and the channel that
was recognized as background, the former and the latter not
only differ in line shape but also in amplitude. According
to our discussion in last section, the intrinsic Hall response
to the stray field Bg;,ay of the sample is better presented af-
ter background subtraction. The so constructed R, vs poH
curve clearly reveals multiple plateaus reminiscent of mag-
netization plateaus expected for this compound, which to our
knowledge have not been measured at such a low tempera-
ture thus far. A comparison of R, (uoH) measured at 1.6 K
using the micro-Hall probe with the magnetization measured
by MPMS at 2 K is presented in Fig. [3(b), the latter agreeing
well with literature?®. The fact that R, (uoH) can be scaled
to M (uoH) verifies that the Hall resistance indeed reflects
the magnetization of the sample. Furthermore, it shows that
by data from direct magnetization measurements as anchor, a
scaling factor, or a conversion coefficient, can be extracted,
and then the total magnetization of a sample could at least
semi-quantitatively be determined by the Hall magnetometer
measurements.

To check the performance of the Hall device under intense
magnetic field, a KCSO/device assembly, which had been
measured in an 18 T magnet, was further studied up to 30 T in
the all superconducting magnet at SECUF2Z. The results are
shown in Fig. 3[c); both curves are background-subtracted
and scaled by the corresponding 18 T values to allow com-
parison. The overall agreement is apparent, though the actual
Hall resistances differ by a factor of three as indicated in
the legend of Fig. c). Besides, for the 30 T run, the first
plateau is not as flat as that in the 18 T run. We note that
since these two measurements were conducted in two systems
with different cryogenic refrigerators and superconducting
magnets, the measurement condition other than temperature
and field could be slightly different. For example, the probes
used were both top-loading type with single axis rotator, the
alignment of the sample/device assembly within the plane
defined by magnetic field direction and the rotator axis could
not be easily judged by the Hall sensor response itself, thus
the full alignments during the two measurements could be
off. Further study is needed to clarify to what extent the
off-alignment in different systems could affect the response
from the sample channel and the background channel and
eventually the consistency of measurements. Despite this
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FIG. 3. Isothermal magnetization of K2Co2(SeOs3)s with the external magnetic field along the crystalline c-axis. Arrows in panels indicate the
field sweeping direction. (a) Measurement by the Hall magnetometer in a top-loading dilution refrigerator at base temperature of 20 mK. Raw
data and background-subtracted data are all presented. (b) Comparison of the Hall resistance Ry, at 1.6 K with the direct dc magnetization
M measured by MPMS at similar temperature. It is noted that the two measurements were on different crystals, and the piece used in MPMS
measurement was larger. (c) Comparison of normalized Hall resistance R, (B) of one sample/device combination measured in two different
low-temperature, high-magnetic field systems. (d) Corresponding differentiation of the data in (c), and high field data digitized from Ref” are

included for comparison.

uncertainty, the differential dR,,/dB shown in Fig. d)
captures all the magnetization features of KCSO when
compared with previously reported magnetization result”.

Temperature-dependent magnetization. In addition to
the field-dependent measurements, temperature-dependent
magnetization has been also studied on a quantum mag-
net, K3GdTesOg, down to ~ 15 mK by our micro-Hall
device. This compound is a triangular-lattice frustrated
antiferromagnet characterized by large lattice spacings and
weak spin interactions. Previous specific-heat measurements
revealed a phase transition at approximately 200 mK, yet
this transition has not been confirmed by magnetization
measurements, as such low temperatures are challenging to
access in commercial magnetometers?®, Our measurements
confirmed the antiferromagnetic transition via magnetization
for the first time. As shown in Fig. [d(a), a broad peak is
observed at 250 mK, followed by a sharp drop at 220 mK.
As typically expected for frustrated magnets, the broad peak
indicates the development of strong short-range spin corre-
lations, while the sharp drop marks the onset of long-range
antiferromagnetic order, as also seen in BasLasCoTe,01222.
Furthermore, the Hall signals measured at four channels
with different distances from the sample agree well after
normalization (Fig.[d[b)). This not only confirms the effective
background subtraction, but also demonstrates the reliability

of the measurements from any channel, albeit with potentially
different signal-to-noise ratios.

Quantum oscillations. We next employ the micro-Hall sen-
sor to detect quantum oscillations in a material’s magneti-
zation as a function of applied magnetic field, i.e., the de
Haas—van Alphen (dHvA) effect’?, for which sufficiently low
temperatures and high magnetic fields are usually prerequi-
sites. Conventionally, the ac-field modulation with pickup
coil and the magnetic torque are widely adopted methods
for dHvVA measurements, and both have been implemented
at dilution refrigerator temperatures and in high magnetic
fields. By contrast, standard dc magnetization measurements
by VSM are not well suited for detecting dHVA signals, ow-
ing to the difficulty of integrating a VSM under extreme con-
ditions, its relatively slow response speed, and its often insuf-
ficient sensitivity. In the case of a Hall probe, it "transforms”
the sample’s magnetization into a voltage signal measured in
usual ac transport configuration, thus endowing rapid data ac-
quisition during field sweeps. Given that the micro-Hall sen-
sor responds to the total magnetization of a sample, whether
the dHVA signal could be detected now depends on the sen-
sor’s sensitivity.

Elemental ruthenium (Ru), which crystallizes in the
hexagonal close-packed (hcp) structure, was employed as
a test sample. The measurements were performed with the
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FIG. 5. The dHvA signal of a Ru single crystal detected by the Hall
magnetometer. The lock-in amplifier was set with a time constant
of 1 s and a slope of 18 dB/oct, and the field sweeping rate was
0.25 T/min. (a) The oscillatory component of the Hall voltage signal
Vosc as a function of inverse magnetic field, after subtraction of a
smooth background. The peak-to-peak voltage noise is below 20 nV.
The crystal alignment with respect to the external magnetic field is
shown as inset. (b) The corresponding FFT spectrum.

magnetic field applied along the <1010> crystallographic
direction. Fig.[5(a) presents the Hall signal given in nanovolts
as a function of inverse field, both the reference channel
Hall signal and a smooth background have been subtracted.
The oscillations are clearly visible. The corresponding
Fast Fourier transformation (FFT) analysis is shown in
Fig. [b); two distinct frequencies at about 0.8 kT and 1.3
kT were observed, which are in accordance with the 3 and
~ closed-hole pockets in literature®!, respectively. The result
confirms that the micro-Hall sensor can be used as a sensitive
probe of dHvVA effect. In the current setup, the sample’s
orientation with respect to the Hall sensor could not be varied
in situ during one cool down, so only temperature-dependent
quantum oscillation study for a certain orientation could be
readily performed. However, a two-axis rotator that adjusts
the relative orientation of the sample to the external magnetic
field while keeping the field parallel to the sensor plane could
be conceived in future developments.

An estimate of field resolution of the Hall magnetometer
can be made based on our available data. As indicated in
Figure Eka), with an ac excitation current of 1 yA at 13.77 Hz,
the lock-in measured peak-to-peak Hall voltage noise dV},, ~
20 nV. Assuming Gaussian noise statistics, this corresponds
to a root-mean-square (rms) noise 6Vims = 6Vp/6.6 ~ 3
nV (a £3.30 conversion enclosing 99.9% of the fluctua-
tions), and hence dR,,s = 0.003 €. Given the micro-Hall
sensor’s field responsivity of 3.885 {2/mT, a field resolution
~ 0.8 uT is obtained. This is comparable to the resolution
achieved by ac-modulated quantum-well Hall sensors®* and
conventional dc Hall magnetometers, which typically reach
1 uT3. Since we had MPMS data of the same piece of
Ru crystal (not shown here), an estimate of magnetization
resolution in the unite of emu is made as following. At 7 T,
the averaged magnetization by MPMS was 4E-4 emu, while
by Hall magnetometer the background channel subtracted
resistance was 14 €2, thus the conversion coefficient is
4E-4/14 = 2.9E-5 emu/(2, combining the resistance noise of
0.003 2, we have )M = 2.9E-5 x 3E-3=8.7 E-8 emu ~ 1E-7
emu, which is at the reasonable level for a Hall magnetometer.

IV. SUMMARY AND OUTLOOK

To summarize, a micro-Hall sensor based on 2DEG in
GaAs/AlGaAs heterostructure is designed and fabricated. It
can be used as a magnetometer capable of working at tem-
peratures down to ~ 15 mK and up by two orders to 20 K,
as well as in steady field up to 30 T, partially fulfilling the
demand for magnetization measurements under extreme con-
ditions. Owing to its small footprint and convenient sample
mounting procedure, the micro-Hall sensor can be easily inte-
grated into existing cryogenic systems.

While our tests have demonstrated the robustness and sen-
sitivity of the micro-Hall sensor magnetometer, there are still
several aspects merit further exploration. Firstly, beyond the
general-purpose micro-Hall chip, these parameters — the field



responsivity, the active area size, and spacings between Hall
crosses — could all be optimized according to the specific sam-
ple under study, to better accommodate high-sensitivity mea-
surements at millikelvin temperature range and high magnetic
field. Secondly, since the stray field of a magnetized sample
decays cubically with distance, a multi-cross Hall sensor ac-
tually provides the spatial distribution of the stray field. Given
that the relative position of the sample to the sensor is fixed,
with the knowledge of sample geometry and demagnetization
factor, it is possible to rebuild a sample’s magnetization from
Hall sensor readings, thus providing another method to ob-
tain the magnetization value, other than using VSM data for
scaling. Thirdly, it should be noted that all measurements in
this work were performed in wet refrigerators, where samples
were immersed in heat exchange gas or liquid, thus thermal-
ization has not been a concern. In order to apply the micro-
Hall sensor magnetometer to refrigerators with sample in vac-
uum, especially dry dilution refrigerators, the sample mount-
ing scheme needs reconsideration, possibly by changing the
sapphire piece to a silver bar that has direct contact with the
fridge’s cold finger. We expect that with further developments,
the applicability of micro-Hall magnetometry can be signifi-
cantly broadened, making it a routinely usable tool for mag-
netization studies under extreme environments.
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