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Abstract— Equivalent magnetic noise levels at 1 Hz of three
GMI samples have been experimentally determined for different
excitation conditions related to both dc current and ac excitation
amplitude. These three wires or cylindrical-shaped samples are
from the exact same alloy composition and obtained from the same
fabrication process. The only difference is their diameter which
are 80 um, 100 um and 120 pum, since this parameter has been
identified as an important factor involved in GMI low frequency
noise level. Indeed, from the recently proposed model, briefly
reminded here, the equivalent magnetic noise level should decrease
with the square of the wire diameter. These low frequency
equivalent magnetic noise level measurements have been
conducted with coherence measurements showing that the main
noise source responsible of this noise level is the intrinsic noise of
the GMI sensor. Obtained results have then been compared to the
expected noise level from the theoretical model, showing a relative
good agreement, validating the behavior regarding wire diameter.
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. INTRODUCTION

Materials exhibiting a Giant Magneto-Impedance (GMI)
effect have been identified as good candidates for high
sensitivity magnetometry thanks to their huge impedance
variation with the external applied magnetic field, at room
temperature [1, 2]. This effect relies on the penetration depth
variation of the high frequency ac excitation current in the
material while exposed to an external magnetic field applied in
easy axis. The field sensitivity could further be improved when
using an off-diagonal configuration [3], where the GMI material
is strongly coupled with a pick-up coil.

An important characteristic for designing high sensitivity
magnetometers is the equivalent magnetic noise level, since it
ultimately limits the lowest magnetic field which could be
detected by the sensor. In the case of soft ferromagnetic
amorphous wires, it has been recently proposed that the low
frequency equivalent magnetic noise level, which exhibits an 1/f
behavior, is dominated by the intrinsic noise of the sensing
element itself [4]. The intrinsic origin of the noise has been
experimentally proved thanks to cross correlation
measurements, for optimal excitation conditions, for which the
resulting noise level at 1 Hz is minimal. At the same time, a

theoretical model has been proposed to predict this low
frequency noise level based on the low frequency fluctuations of
the magnetization direction [5]. The resulting expression of the

theoretical equivalent magnetic power spectral density
(expressed in T?/Hz) is
6 po kpT (Hy ZX"(f) (1)
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where H,, is the anisotropy field, y"' (f) is the imaginary parts of
the magnetic transverse susceptibility, M, is the magnetization
saturation, kg is the Boltzmann constant, T the temperature, u,
the vacuum permeability, and L and d are the length and the
diameter of the wire, respectively. This model was successfully
validated for several GMI samples from different materials [6].
In this paper, we proposed to enhance this validation by
investigating the impact of the wire diameter, d, as (1) predict
that the noise level should increase inversely to the square of d.

The paper is organized as follows. Section Il describes the
experimental conditions. Both sample characteristics and
involved measurements setups are described. Section Il is
dedicated to obtained results and discussion. We conclude in
section 1V.

Il. MATERIAL AND EXPERIMENTAL METHODS

A. GMI samples

1) Fabrication
properties:

Our study was conducted on three GMI samples. All of these
are soft ferromagnetic amorphous wires with the same nominal
composition Cogg15Fes35Si2sBis and diameters of 80 pm
(sample R80), 100 um (sample R100) and 120 pm (sample
R120). They were prepared at the National Institute of Research
and Development for Technical Physics, using the in rotating
water melt spinning method. This fabrication process consists in
melting few grams of alloy inside a special quartz crucible,
under argon atmosphere, using a high-frequency inductor. This
melt is then ejected through a small circular hole in a layer of
water, which is contained in a rotating disk with special profile,
by applying an argon overpressure in the crucible [7]. At the
contact with the water, the stream of molten alloy is quickly
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cooled with cooling rate as fast as 10° K/s, and solidifies as an
amorphous wire. The diameter of the wire is mainly given by the
hole diameter, which needs to be correlated with argon
overpressure and peripheral speed of the cooling fluid in order
to obtain long cylindrical samples. Due to the very specific
fabrication process, the amorphous wires have a remarkable
symmetry not only geometrically, but also in terms of induced
tensions and magnetic domain structure [8-10].

Final sensors are constituted of a 24 mm long wire, for each
of the three diameters, associated with a pickup coil of 450 turns.

2)  Magnetic properties

As to compute the expected low frequency noise level given
by (1), some magnetic properties of the samples have to be
evaluated. First of all, the saturation magnetization, Ms, was
determined using a differential fluxmeter method [11]. Fig. 1
shows the obtain hysteresis loop for the three samples recorded
at a frequency of 50 Hz and a magnetic field applied in the
longitudinal direction. All samples show similar saturation
magnetization value of 540 kA/m, as usually expected for such
material.
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Fig. 1. Hysteresis loop of the three samples, measured at 50 Hz for a magnetic
field applied along the longitudinal direction.

Furthermore, the hysteresis loop shows almost the same
coercivity, of 3 A/m, for all analyzed samples. The retentivity
value was higher for the thinner sample (R80), with a value of
517 kA/m, and lower for the thicker ones (R120), around
358 kA/m. These differences probably appear due to different
cooling rates, which should be higher in thinner samples, as well
as to the changes in the stress distribution inside the wire. Indeed,
this later influences the domain structure by increasing the area
with circular magnetization for samples with higher diameter.

GMI response, at a frequency of 1 MHz, of each sample was
also evaluated, exhibiting classical two-peaks shape,
considering an excitation current amplitude low enough to keep
the sample in the linear regime. GMI response allows to
determine the anisotropy field, Hy, which corresponds, in the
quasi-static  regime, to the field position of the
maximum impedance [3]. Values of 63.1 A/m, 24.2 A/m, and
46 A/m were obtained for sample R80, R100 and R120,
respectively. Finally, the imaginary part of magnetic transverse
permeability, y"'(f), was evaluated from the measurement of

the real part of the impedance as a function of the excitation
frequency as exposed in [4, 6, 12]. This was done for several
excitation parameters, (involving both ac and dc excitation
current amplitude) according to those used during noise
measurement as detailed below.

B. Noise measurements

Each of the three GMI sensors was then operated in a
classical electronic conditioning circuitry involving (1) a1 MHz
sine wave current source providing the excitation current
flowing through the wire and (2) a demodulation stage based on
a classical peak-detector which retrieves the envelop of the
voltage induced at the end of the pick-up coil [13].

Studying the intrinsic low frequency noise behavior of GMI
samples regarding diameter value is only relevant if the
dominant noise source is the intrinsic noise of the sensor, and
not a noise source induced by the electronic conditioning
circuitry. To insure this, each noise measurement was conducted
alongside with coherence measurements using two similar GMI
sensors, demodulation stages and a unique current source as
excitation stage. Fig. 2 shows the circuit diagram of this setup
where the measuring chain separation could occur before
(position B) of after (position A) the sensing element thanks to
the switch selector. The principle of coherence spectral
measurement lies in the fact that the noise of a single signal is
measured through two different noise channels giving the ratio
of common noise of the channels to total noise. In other words,
it allows one to establish if two signals arise from a common
origin or from different one.

Then, output signals, Vs and Vs, from both channels are
considered perfectly correlated (in other words, they possess the
same origin) at the frequency, f, if correlation value
v2vsivs2(f) = 1. On the contrary, if yvsivs2(f) = 0, they are totally
uncorrelated. In our case, the dominant noise source is the
intrinsic noise of the sensor if the two following conditions are
respected:

o Yyavs(f) — 1 when the measuring chain separation is
placed after the sample (switch selector in A position) and,

o Yavs(f) — 0 when the measuring chain separation is
placed before the sample (switch selector in position B).

We should note that all noise measurements were done in a 6
layers GREYC magnetic shielded room as to neglect external
surrounding noise.
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Fig. 2. Circuit diagram used for cross correlation measurements.



Il. RESULTS AND DISCUSSION

Fig. 3 shows an example of a measured equivalent magnetic
noise spectral density of the sample R100, for lqc= 40 mA and
la= 36 mA. It shows a white noise level of 1.4 pT/VHz, and a
1/f excess noise at low frequency leading to a noise level of
14 pT/NHz at 1 Hz.
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Fig. 3. (a) Equivalent magnetic noise spectral density, and corresponding
coherence values when the switch selector is (b) connected to B and (c)
connected to A, for the sample R100 with excitation parameters of
lac = 36 MAm;s at 1 MHz and g = 40 mA.

Correlation values at low frequency obtained for a measuring
chain separation occurring before and after the sensing element
meet the two required conditions stated above insuring that the
main dominant noise source at low frequency is the sensor itself.
The equivalent magnetic noise level at 1 Hz strongly depends
upon the excitation parameters and lowest level is reached only
for an appropriate couple of dc and ac excitation current values.
Fig. 4 shows the behavior of the equivalent magnetic noise level
at 1 Hz regarding excitation parameters for sample R100.
Corresponding voltage sensitivity (in V/T) is also given. For
each dc bias current, the noise level decreases with the increased
excitation current amplitude until it reaches a minimum value,
and then start to increase again. Moreover, we observed that the
minimum of noise decrease and shift to the right (higher ac
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Fig. 4. Behavior of the R100 sample in terms of equivalent magnetic noise and
voltage sensitivity for different bias and amplitude current values, la, lgc,
respectively. The solid and dashed lines, which correspond, respectively, to the
equivalent magnetic noise at 1 Hz and the voltage sensitivity, are just a guide
for the eyes.

current amplitude) for higher dc currents. Finally, Table |
summarizes the lowest equivalent magnetic noise level at 1 Hz
obtained for the three considered samples for several dc bias
current values.
TABLE I. EQUIVALENT MAGNETIC NOISE LEVEL AT 1 Hz
COMPUTED (TH.) FROM (1) AND EXPERIMENTALLY MEASURED

(MEAS.) FOR THE THREE CONSIDERED GMI WIRES CONSIDERING
SEVERAL DC BIAS CURRENT VALUES.

I Equivalent magnetic noise level at 1 Hz (pT/VHz)
(mdﬁ\) Sample R80 Sample R100 Sample R120
Th. Meas. Th. Meas. Th. Meas.
5 34 33 38 54 63 81
10 30 49 20 23 16 24
20 20 18.8 16 17.7 14
40 23 19 14.5 14
60 18 13.7 135

As expected from (1), the measured magnetic noise
decreases when the GMI wire diameter increases, excepted
when g is equal to 5 mA, for which, an opposite phenomenon
occurs. This can be explained by material inhomogeneity
uncompensated for low DC current value. For the sample R120,
corresponding to the biggest diameter, a noise level of
13,5 pT/VHz at 1 Hz and 650 fT/VHz in white noise region has
been reached. In addition, we have demonstrated that the model
is coherent with the wire diameter dependence, opening doors
for material improvements.
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