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Abstract: This paper describes an automatic
characterization system designed for the measurement of the
electric impedance of Giant Magneto-Impedance (GMI)
samples. The high speed of measurement attained with the
use of this system, designed in the LabVIEW development
environment, allows for the rapid determination of the

optimal operational point of an eventual GMI magnetometer.
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1. INTRODUCTION

The successful use of Giant Magneto-Resistive (GMR)
materials in the construction of precision magnetometers in
the field of spintronics, in conjunction with the recent
concession of the 2007 Nobel Prize in Physics to GMR's
coinventors, Albert Fert and Peter Griinberg, has spurred
much activity by research groups in the GMI effect.

Although similarly named, the GMR and GMI effects
differ in their nature. While GMR has explanations in
quantum mechanics, GMI is derived from the skin effect [1].

The GMI effect is a physical phenomenon characterized
by large variations in the electrical impedance when soft
amorphous ferromagnetic samples of specific composition
are subjected to an external magnetic field. Research in the
effect has shown that, with further sophistications,
magnetometers based on GMI technology may have enough
resolution to replace even SQUIDs (Superconducting
Quantum Interference Devices), the currently most sensitive

magnetometers, essential for some critical applications [2-8].

In the area of biomagnetism, an eventual GMI
magnetometer has promising potential uses, because of the
speculated resolution around the order of some picoteslas
[3-4, 8].

Examples of biomedical applications that use GMI
technology are a pressure transducer used for the non-
invasive measurement of arterial pulse waves [5] and a
magnetic transducer aimed at the detection of magnetic
foreign bodies inserted in the human body [6], both
developed in the Laboratory of Biometrology (LaBioMet)
at PUC-Rio.

In effect, nowadays, there is no accurate mathematical
model for the impact of the various physical parameters that
influence the GMI effect. Among that set of parameters, it
can be mentioned: geometry of the sample, temperature of

the measuring environment, frequency of the biasing current,
etc. However, the GMI samples can be electrically modeled
by a simple RL model of a resistor in series with an inductor.
Further sophistications in this simplistic model are only
possible after an analysis of experimental data.

In the research carried out by the LaBioMet personnel,
aiming at defining the set of parameters that optimizes the
sensitivity of the GMI sensor elements, the impact of
various parameters is estimated via multiple experimental
measurements [7]. The large number of variables that should
be analyzed in the measuring procedure constitutes a
motivation for the development of an automatic
characterization system which accepts as input a list of
measuring configurations, and exports as output the
resulting measurement data — readings of magnitude and
phase of the impedance of GMI samples.

2. GIANT MAGNETO-IMPEDANCE

The GMI parameter, as defined by many authors [9-10],
is based on the percent variation of the impedance
magnitude of the sample:

|Z(H)| — |1Z(Hyax)|
1Z(Huax)!

GMI(H) 100 (1)

where Hy,x indicates the maximum magnetic field that is
part of the measurement domain. This magnetic field value
is generally defined as the point where the GMI effect has
saturated. In other words, the GMI parameter measures the
variation of the sample impedance in relation to the applied
external magnetic field. However, focusing on the
amplification of the absolute impedance values, the
following alternative definition has been used:

GMI(H) € Z(H) — Z(Hy) 2
where H, indicates the condition where the magnetic field
is null (Hy, =0Am™!). This concept expands into two
further and useful definitions, the GMI based on the
magnitude (3) and phase (4) characteristics,

GMIjz (H) = |Z(H)| = |Z(Hp) (3)

GMlIp(z)(H) £ 6[Z(H)] — 6[Z(Hp)] 4



where the GMI is defined as a function of the sample
impedance at the origin, i.e. at the point where the magnetic
field is null H, = 0 Am™!. Note that the parameters may
assume negative values.

Equations (1) to (4) require the measurement of the
impedance of the GMI sample. Figure 1 demonstrates that
this information can be acquired via conventional
impedance measurements. A current source with a known
waveform evokes a voltage drop across the GMI sample,
which is measured using an adequate device [4-12].

= =
/

Figure 1: Configuration for the measurement of the impedance
of the GMI sample, obtained by means of the voltage drop divided
by the applied current.

Figure 1, besides other details, shows that the amorphous
ferromagnetic  material  exhibits an internal and
circumferential magnetic field that certainly affects the
sample impedance [10]. As mentioned in the introduction,
there is a wide variety of external factors that can impact the
GMI effect on a sample. For example, the frequency of the
current that flows through the sample, /,., directly modifies
the skin effect and therefore the GMI behavior. Also, the
DC current, I, is responsible by AGMI (Asymmetric Giant
Magneto-Impedance) effects [11-12], while small changes
in the chemical composition of the sample material can
often have dramatic effects on GMI percentages [12].

Other parameters that directly impact the GMI effect are
sample temperature, geometric dimensions of the material,
AC current, manufacturing process, magnetostriction,
applied pressure and many more [9]. As in most materials
that are influenced by magnetic phenomena, GMI samples
suffer from magnetic hysteresis [9], which certainly
accounts as an obstacle for the construction of a
magnetometer, and consequently should be carefully
analyzed.

3. DESCRIPTION OF THE SYSTEM

With the objective of analyzing each parameter's
contribution individually, a controlled measuring
environment was constructed for the system. As seen in Fig.
2, the developed system is composed of six parts essential to
its functionality: a Helmholtz coil for the generation of the
external magnetic field; an LCR meter that electrically
excites the sample and, simultaneously, measures its
impedance; a current source (I) to excite the Helmholtz coil;
a polarity inverter to change the direction of the current

source; digital controls via a DAQ (Data Acquisition Device)
module outputs to control the polarity inverter; and, finally,
the software developed in LabVIEW to serve as a virtual
interface between the operator and the other modules. In
addition, the Helmholtz coil current range is normally fixed,
while other electrical parameters are variable, once at a time,
if and only if all others are kept constant. In this way, the
contribution of each parameter can be isolated for posterior
analysis.

The variation of the magnetic field, in Am’, generated
by the Helmholtz coil was controlled by a DC current source
according to
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where H is the magnetic field in the center of the Helmholtz
coil, N the number of turns, I, the current that flows through
the coils and R the radius of the coils.

The Helmholtz coils have 48 turns and a radius of 15 cm,
yielding

(&)

H[Am '1=228.97x1,[A4].  (6)
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Figure 2: Basic setup of the automatic system for GMI sample
characterization.

The system was tested with ribbon-shaped samples
having a chemical composition of Co;FesSi;sBj, due to its
extremely low magnetostriction [11], which is a property of
ferromagnetic materials that causes them to vary in shape
with magnetization. This ribbon property allows for the
assumption that the sample's physical geometry is kept
constant.

The studied samples are of the LMI (Longitudinal
Magneto-Impedance) type, and then it is recommended that,
during the measurement process, the GMI ribbon be
positioned in a way that the Earth's magnetic field is
perpendicular to its length [5-7, 10, 12]. In this way, noise
caused by the Earth’s magnetic field is minimized. Notice
on Fig. 2 that the GMI ribbon and the coils are illustrated in
an upright view, emphasizing the need to position them
according to the direction of the Earth's magnetic field.

As indicated by Fig. 2, the LCR meter is connected
directly to the terminals of the GMI ribbon. To obtain an
impedance reading, as needed by equations (3) and (4), the
LCR acts as a source of sinusoidal current and measures the
voltage drop across the sample. The impedance is simply a
relationship between the output voltage and the input current:

ZGw) = Viw)/I(w).



The selection of the experimental configurations, in the
software developed in LabVIEW, is made by the user.
Specifically, the user creates, via a simple graphical
interface, a list of experiments to carry out.

The output of the software is raw measurement data, in
the form of various Microsoft Excel spreadsheet files that
are saved automatically with standardized names to the host
computer. These files contain |Z] and € (magnitude and
phase characteristics of the impedance) values and
calculated R and L (resistance and inductance) values with
corresponding H (Helmholtz coil controlled magnetic field)
independent values. Also, the files include graphs with
hysteresis characteristics and respective averaged values.
For instance, consider the following experiment: a GMI
sample of CoyFesSijsByy alloy is subjected to a
measurement temperature of 298K, bias current of 80 mA,
excitation current of 10 mA and 240 kHz of frequency, to
obtain the hysteresis graph indicated by Fig. 3. The linear
region of the impedance characteristics is the one indicated
for a magnetometer implementation.
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Figure 3: Hysteresis graph of the (a) magnitude characteristic
and the (b) phase characteristic of the sample impedance.
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It is highlighted that after several measurements it has
been shown that, if certain techniques and circuitry are
constructed, then the phase characteristic of GMI can be
much more sensitive to magnetic fields than its counterpart
magnitude characteristic [7,10].

Considering that, in the characterization studies, the
impedance measurements of the GMI samples were
performed by the LCR meter 4285A (Agilent), the
uncertainties of the impedance magnitude, U,, and phase, Uy,
measurements of the GMI samples are directly attributed to
the uncertainties of the LCR meter, which are, respectively,
defined in its operational manual as

U,(%)=%(4,+A4.)xK, and (7

180x (A4, + 4. )x K
Upg(degrees) = + X (dy + A ) L, ®
7x100

where A4, is the component of the uncertainty due to the
equipment intrinsic characteristics, A, is the cable length
factor and K, is the temperature factor.

The temperature factor X, is equal to one in the range of
18°C to 28°C. The measurements were always performed
within this temperature range, then it can be admitted that
K=1.

Then, knowing that all of the experimental
measurements of the impedance of the GMI sensors
returned magnitude values between 10 mQ and 100 Q, the
parameter A4, is defined as
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where |Z,| is the absolute value of the measured impedance
in ohms and N, is a frequency-dependent factor which can
be equal to 0.15 — frequencies between 75 kHz and 3 MHz —
or to 0.38 — frequencies above 3 MHz.

On the other hand, for impedance magnitudes below
5kQ, 4. is given by
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where f,, is the frequency, in MHz, used to excite the sample.

The standard uncertainty of the magnetic field (uy)
generated by the Helmholtz pair is dependent of the standard
uncertainty of the DC current source (Agilent, E3648A),
which is equal to +4.0 mA. Then, supposing, by simplicity,
that the geometric configuration of the Helmholtz coils is
satisfactorily close to the one considered on the theoretical
model and knowing that the relation between the current and
the magnetic field generated by the Helmholtz pair is given
by (6), uy is expressed as

uy =+228.97xu; (A) =092 Am™" . (11)
Thus, the expanded uncertainty Uy, for a confidence
level of 95.45%, is

Uy =2xuy =+1.84 Am™" (12)

The impedance measurement uncertainty U,, of the
results, obtained by applying equation (7) to the
experimental data set, is always, at least, ten times smaller
than its respective impedance value. All of the impedance
phase values shown in this section have their respective
measurement uncertainties Uy, obtained by applying (8),
equal or smaller than + 1°.

The smallest magnetic field step used for the GMI
samples characterization was 7.96 Am’', which is about 4



times larger than Uy (1.84 Am™). It is noticed that, in order
to reduce the magnetic field step, it will be essential to
improve the uncertainty of the current source.

4. RESULTS

The automated system has shown to be capable of
acquiring a much larger amount of data than the manual
process conventionally used [7] in the same timeframe.

An example of an automatic GMI sample
characterization graph is depicted in Figure 4. The graph of
the behavior of the inductive component of the GMI effect
on the sample ribbon with the variation of the input current
frequency is obtained by combining data from multiple
automated experiments with the same measuring
configurations, except for a single parameter — in this case
the frequency of the excitation current). Each data series is
consequently calculated by subtracting the origin inductance
from every measurement. In this way, the result is related to
the GMI equations (3) and (4). The clear tendencies of the
inductive component observed in Figure 4 show the impact
of the frequency on the GMI effect.
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Figure 4: Inductance of a GMI sample of Co,oFesSi; 5B alloy
against external magnetic field. Each data series is obtained by
varying the current frequency by 50 kHz, from 100 kHz to 1 MHz.
The temperature (298 K) and the other electrical parameters (DC
current = 80 mA; AC current = 15 mA) were kept constant.

These dependencies presented in Fig. 4 are also
exhibited in the resistance, magnitude and phase
characteristics and require a significant amount of data to be
analyzed and consequently recognized, which demands long
periods of time. For instance, to generate the data shown in
Fig. 4 by means of a manual process, it would take
approximately 19 hours of sequential experiments.

The software for automatic GMI sample characterization
managed to generate all the tendencies of the inductive

component of the GMI effect, presented in Fig. 4, plus the
resistance component, |Z| and @ characteristics in
approximately 95 minutes. In other words, an experiment
that would consume 1 hour using manual procedures takes
5 minutes using the current version of the automatic
characterization system.

In this stage of research, the vast amount of data and
variables that should be analyzed for optimizing the
sensitivity of GMI sensor elements indicates the relevance
of an automatic system for the characterization of GMI
effect.

5. CONCLUSION

The developed system for automatic characterization of
GMI samples, designed with the LabVIEW environment,
allows the high speed identification of the impedance
behavior as a function of specific measurement parameters.
The attained performance is essential for the use of this tool
to identify the optimal operational point of GMI
magnetometers.

The number of external parameters controlled by the
current system can be expanded, incorporating other aspects
discussed in the literature [9], and this expansion is an
objective of the LaBioMet team. Also, while the current
version has shown a great improvement in speed for the
characterization measurements, optimization in the
LabVIEW code itself is being discussed in order to increase
its performance even more.

Finally, the large amount of raw information requires
some type of data filtering and analysis, since the tendencies
identified by human eye recognition need to be captured by
optimization algorithms.

In this way, a future version of the automatic
characterization system would incorporate a feedback
analysis to generate a new — and hopefully more insightful —
list of experiment configurations, aiming at reaching an
optimal point necessary for the development of a high
sensitivity GMI magnetometer.
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