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Magnetic noise measurements using cross-correlated Hall sensor arrays
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An experimental technique for measuring magnetic fluctuations by means of a double-layer Hall
sensor array is described. The technique relies on cross-correlating Hall signals from two
independent sensors positioned one above the other in two separate two-dimensional-electron-gas
layers of a GaAs/AlGaAs heterostructure. The effectiveness of the technique is demonstrated by a
reduction of the magnitude of the background noise floor of the correlated sensors with respect to
the noise level of the best single sensor. ©2001 American Institute of Physics.
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Dynamic properties of the magnetic flux lines in type
superconductors have been the subject of intense theore
and experimental activities for many years. Discovery
new high-Tc superconducting~HTSC! materials enhanced
the range of available experimental parameters and ope
new perspectives for studies of the vortex matter dynam
The short coherence length of HTSC cuprates combined
strong anisotropy, relatively weak pinning, and high te
perature of operation, leads to pronounced manifestation
flux and voltage noise in the experiments.1,2 Although the
noise component of the experimental signal is generally
garded as an unwanted disturbance, it can constitute a
cious source of information about the system under inve
gation. Therefore, there is a growing interest towa
understanding the physical mechanisms governing the st
tical mechanics of the vortex matter, and in particular
magnetic flux fluctuations associated with the vortex ma
phase transitions, instabilities of the critical state, or nuc
ation of spontaneous vortex-antivorex pairs in tw
dimensional systems.1–7

In a typical experimental arrangement the flux noise
studied by measuring fluctuations of the magnetic fl
threading the active area of the flux sensing device situa
above the sample surface. Superconducting quantum in
ference devices~SQUID! are known to be the most sensitiv
flux measuring devices and are well suited for low tempe
ture operation. However, a problem arises when the temp
ture dependence of the magnetic noise needs to be inv
gated. Proper operation of a SQUID sensor requ
maintaining the constituting Josephson junctions at a c
stant temperature, usually 4.2 K for commercial low te
perature devices. This enforces operation with an exte
pickup loop that has to be well thermally insulated from t
investigated sample. The required thermal insulation sign
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cantly increases the distance between the sample and
pickup coil leading to a pronounced decrease of the coup
between the fluctuating magnetic signal and the sensor. E
experiments on flux noise have shown that the noise inten
decays rapidly with increasing separation between the pic
coil and the sample surface.8 Recent theoretical study show
that in the limitd!r , the intensity of the fluctuations decay
as the third power of the distanced between the sample
surface and the pickup loop of the linear dimensionr .9

Miniature Hall probes based on two-dimensiona
electron-gas~2DEG! structures offer a challenging alterna
tive to the SQUID. Hall sensors operate well in a chang
low temperature environment. The Hall coefficient in 2DE
heterostructures is practically temperature independent
low 100 K. With improving technology the sensitivity of th
2DEG Hall sensors, typically 0.1–0.3V/G, starts to be com-
parable to that of commercial HTSC SQUID sensors, wh
providing significantly better spatial resolution, for a rece
critical review see Ref. 10. This feature is of particular im
portance for local noise measurements which enable on
resolve the spatial structure of the fluctuations. Local no
measurements start to be of great interest in connection
the flux fluctuations arising due to plasticity and melting
the vortex lattice.11–13

The major draw back of the 2DEG Hall sensors as no
measuring devices is their relatively high resistanceRV seen
by the Hall voltage measuring circuit, even at low tempe
tures. The high self-resistance results in high thermal no
4kBTRVD f that dominates the signal-to-noise ratio of t
2DEG Hall sensors.

S

N
5

I brHB

A4kBTRVD f
, ~1!

whereD f is the experimental bandwidth,kB is the Boltzman
© 2001 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



is
re

u
r

ng
e

e
is

is
e

b

in

pli-

otal
a

,
ore-
f
tal

lly
t it
an-
rs

on

ll
but
ua-
de-
ignal
hem

ise
a
s
ted
ua-
g

im-

ll
in-
via

n be
ev-
e of
ed.
s a
be.
re-
ing
one
re,
y

ted
al-

sys-
pe
0
in

ating

al
os

t
cu

gu
t

360 Appl. Phys. Lett., Vol. 78, No. 3, 15 January 2001 Jung et al.
constant,T is the temperature,I b is the dc current bias of the
probe,rH is the Hall probe coefficient, andB is the mea-
sured magnetic induction.

In the typical experimental conditions the Hall probe
biased by a dc current source which can contribute a cur
noise component̂i 2& I to the biasI b . Moreover, the probe is
connected to the voltage amplifier in the Hall signal meas
ing chain. The S/N ratio of the Hall probe is, therefore, fu
ther deteriorated by its far from optimum noise matchi
conditions to the voltage preamplifier. Using the preamplifi
with the input voltage noisêv2&A and the input current nois
^ i 2&A , the experimentally available signal-to-noise ratio
reduced to

S/N5
I brHB

A^V2&

5
I brHB

A4kBTRVD f 1rH
2 B2^ i 2& I1^v2&A1RV

2^ i 2&A

, ~2!

where all but the thermal noise term in the total input no
^V2& contain 1/f -like contributions. One can note that th
thermal noise increases likeRV , while the term due to cur-
rent noise contributed by the amplifier increases likeRV

2 , and
thus can dominate for large values ofRV .

The voltage noise added by the preamplifier chain can
reduced by applying the cross-correlation technique.14–16 In
the classical cross-correlation scheme, see Fig. 1~a!, the out-
put signal of the Hall sensor would be delivered to two

FIG. 1. ~a! Classical cross-correlation arrangement. The Hall probe sign
read simultaneously by two independent amplifier channels. The cr
correlated output signal contains the thermal noise of the probe and
correlated noise components resulting from injection of the input noise
rent of both amplifiers to the same sensor.~b! Cross-correlation of two
independent Hall sensors eliminates drawbacks of the classical confi
tion. Here, all noise components are uncorrelated and eliminated from
output.
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dependent preamplifiers. The cross correlation of the am
fiers outputs eliminates the uncorrelated^v2&A1 and ^v2&A2

noise components and leads to the reduction of the t
noise. Averaging M cross-correlated records will result in
noise reduction by a factorAM . This improvement however
leaves us with thermal and current noise components. M
over, as it follows from Fig. 1~a!, the input noise currents o
both amplifiers add up in the probe. As a result, the to
noise becomes

^V2&54kBTRVD f 1rH
2 B2^ i 2& I1RV

2@^ i 2&A11^I 2&A2#.
~3!

The additive amplifier input current noise terms may actua
deteriorate cross-correlated S/N ratio to such extent tha
becomes less favorable than the S/N ratio of a single ch
nel. Consider for example, a pair of good quality amplifie
with input rms noise voltage of 1 nV/AHz and rms noise
current of 1 pA/AHz. It follows from ~3! that the cross cor-
relation would lead to a deterioration of the S/N ratio as so
as the probe resistanceRV becomes larger than 700V.

Fortunately, we can profit from the fact that the Ha
probe is not the actual source of the signal of interest
only a transducer converting the magnetic induction fluct
tions into a voltage signal. We can, therefore, use two in
pendent probes to sense the same magnetic induction s
and cross correlate their output voltages by processing t
in two independent channels, as illustrated in Fig. 1~b!. In the
modified two-probe cross-correlation arrangement all no
components of the total noise^V2& are uncorrelated and to
large extend, depending only on the number of averageM
performed in the cross-correlating procedures, elimina
from the correlated signal. On the other hand, the fluct
tions of the magnetic flux that originate in the underlyin
sample are strongly correlated, leading to a significant
provement of the final S/N ratio. For largeM the S/N ratio
will be limited only by residual correlation between the Ha
probes. In the experimental reality, noise signals in two
dependent Hall channels may couple and get correlated
stray inductances and capacitances. Such coupling ca
reduced by a careful design of the experimental setup. N
ertheless, the two-probe arrangement has a built-in sourc
intrinsic residual correlations which cannot be reduc
Namely, the noise current circulating in one probe induce
fluctuating magnetic field which is sensed by the other pro

In this letter we report on our successful attempt of
ducing the noise in 2DEG Hall sensors by cross-correlat
signals from two independent sensors, placed closely
above the other, in a double-layer 2DEG heterostructu
similar to the recently developed two-layer Hall arra
gradiometer.17

The double-layer Hall sensor structures were fabrica
from AlGaAs/GaAs heterostructures consisting of two par
lel 2DEG layers grown on undoped semi-insulating~100!
oriented GaAs substrates in a molecular beam epitaxy
tem under conventional growth conditions. The final sha
of the device, consisting of two layers of eleven 1
3100mm2 Hall sensors connected in series, was defined
subsequent steps of etching mesa structures end evapor
ohmic contacts to both layers.
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The device was tested in a low noise variable tempe
ture cryostat equipped with an externalm-metal magnetic
screen and an internal superconducting screen. The curre
the Hall arrays was supplied by two separate battery powe
current supplies. The Hall voltages were amplified by t
independent homemade low noise preamplifiers placed
rectly on the cryostat top, and processed by a two-chan
cross correlator and spectrum analyzer. The evaluated s
tivity of double layer Hall sensors to the applied magne
field at temperatures below 100 K was close to 0.2V/G,
similar to that of the single layer sensors.11

Figure 2 illustrates the feasibility and potentiality of th
proposed cross-correlation technique. Spectra labeled ‘‘t
and ‘‘bottom’’ are the background noise spectra of the in
vidual Hall sensors from the top and bottom 2DEG layer
the double layer Hall structure, respectively. The cross c
relation of the top and bottom layer Hall signals, after 5
averages, produces the background noise spectrum, lab
‘‘cross’’ in Fig. 2, which is reduced by an order of magn
tude with respect to the background noise level of the be
individual sensor. In the white noise region of the spectr
the final noise floor of our measuring arrangement is of
order of 1027 G2/Hz at 40 K andI b550mA.

The experimentally observed reduction of the cro
correlated background noise level is weaker than the th
retically predictedAM factor due to residual correlation be
tween the probes. In a number of tests we have found tha
strength of the residual correlations increases with decr
ing frequency. For example, the cross-correlated backgro

FIG. 2. Background noise spectra of the upper and lower layer Hall se
and the reduced background noise spectrum obtained by cross-corre
signals from two independent sensors. Temperature of the experiment
dc bias current Ib550mA, number of averagesM5500.
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noise afterM5104 averages was reduced, with respect to
single channel noise floor, more than 80 times at 5 kHz,
only a few times at 500 Hz, and left almost unchanged a
Hz. This is most likely due to magnetic coupling of the am
plifiers current noise with 1/f component.

It has to be underlined that in order to keep the resid
correlations low, both sensors have to be of the highest q
ity. We have observed that appearance of a random teleg
noise component in any of the cross-correlated sensors l
to a significant increase of the cross-correlated backgro
noise level. In most cases, the appearance of telegraph n
brings the cross-correlated noise floor close to the ba
ground noise of the better sensor, thus canceling any ad
tage of the cross-correlation technique. Unfortunately, in
system of two closely placed 2DEG active layers it is n
easy to avoid parasitic effects due to active surface tr
leading to the manifestations of telegraph fluctuations res
ing from trapping and releasing of charge carriers and mo
lating the conductivity of the 2DEG layers. Thus, the fab
cation of good quality double layer 2DEG Hall senso
suitable for the cross-correlation measurements, remain
hard technological challenge.
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