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Resumen

En este trabajo, presentamos el diseno y la automatizacién
de un sistema de medicién de efecto Hall de corriente di-
recta (DC) y corriente alterna (AC) usando un método de
cuatro puntas. Este sistema consiste en una fuente de co-
rriente directa y alterna (Modelo 6221 CD-CA, Keithley
Instruments Inc.) acoplada a un nano-voltimetro (Modelo
2182 A, Keithley Instruments Inc.), y un electroimén (Phy-
latex) que proporciona campos magnéticos de hasta 0,8 T.
Este sistema tiene varias capacidades de medicién incluyen-
do voltaje Hall, coeficiente Hall, resistencia, resistividad y
curvas I-V, y puede funcionar en los modos de corriente di-
recta CD y alterna CA (hasta 10 Hz). El funcionamiento
del sistema de medicién de efecto Hall fue verificado usando
una muestra patrén de cobre y varios circuitos de resisten-
cia que corresponden a muestras simuladas de materiales
metdlicos y semiconductores. Este sistema fue utilizado pa-
ra estudiar las propiedades de magneto-transporte a tempe-
ratura ambiente de las cintas amorfas magnéticas blandas
CogsFeo1B15 y Cori1FesB15Si19. Finalmente, presentamos un
andlisis de esas propiedades de magneto-transporte.
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Palabras claves: Cintas de materiales magnéticos amorfos, Con-
ductividad eléctrica.

Abstract

In this paper, a design and automation of a DC and AC
Hall effect measurement system using a four-wire method is
presented. This system consists of a Current Source (Model
6221 DC-AC, Keithley Instruments Inc.) connected to a Na-
novoltmeter (Model 2182A, Keithley Instruments Inc.), and
an electromagnet (Phylatex) that provides magnetic fields
up to 0.8 T. This system has several measurement capa-
bilities including Hall voltage, Hall coeflicient, resistance,
resistivity, and I-V curves, and can be operated in both DC
and AC (up to 10 Hz) current modes (IAC, IDC). The fun-
ctioning of the Hall effect measurement system was verified
using both a standard sample of copper and several resis-
tor circuits that correspond to simulated metallic and semi-
conductor samples. This measurement system was used to
study the magneto-transport properties at room temperatu-
re of the soft magnetic amorphous ribbons CogsFes1B1s and
Cor71FeqB15Si19. An analysis of these magneto-transport pro-
perties is presented, too.

Keywords: Hall Effect instrumentation, amorphous magnetic ma-
terials - ribbons, electrical conductivity.

Introduction

The Hall effect [I], as an experimental technique, is very use-
ful in probing the nature of electrical conduction in materials. The
technique is based on the well-known fact that when a magnetic
field is applied to a current-carrying solid material, perpendicular
to the current direction, then a potential (named the Hall voltage)
is produced up crossing the solid material. The usual method used
in Hall effect measurement, generally, uses a DC electric field (DC
Hall effect) in order to induce the electric current in the solid ma-
terial under study. This method has been applied successfully to a
wide range of materials including metals and semiconductors. Mea-
surement of Hall voltage in materials with low mobility, however,
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is a hard task due to the fact that Hall voltage is very small (on
the order of ©V), and it is necessary to use methods, which take
into account the possibility of performing stable, low noise voltage
measurements. In this context, Hall effect measurement methods
using AC electric field (AC Hall effect) are now gaining attention,
as a complement to DC Hall methods [2]. Here we have interest
in using the Hall effect in order to study materials such as CoFe-
based amorphous magnetic alloys that are mainly applied to high-
frequency transformers and magnetic recording heads, due to their
high magnetic permeability and vanishing magnetostriction cons-
tant. At high-frequencies applications, it is necessary to reduce the
eddy current losses that are associated to the material’s resistivity,
p. Until recently, most of the studies of these alloys [3H7] were focu-
sed on the magnetization, permeability, giant magneto-impedance
effect, structural state, thermal properties, crystallization proces-
ses, heat treatment and their influence to the control of induced
magnetic anisotropy. Only a few studies on Hall effect [2] and AC
susceptibility [2, 8] have been carried out in these materials. It is,
therefore, important to know the nature of electrical conduction
in these materials. Hall voltage along with a resistivity measure-
ment provides insight into the transport mechanism in materials.
The main purpose of this paper, in addition to constructing a DC
and AC Hall effect and resistivity measurement system, is to gain
knowledge on the electric transport properties of the soft magnetic
amorphous ribbons CogsFeq;1 B1s and CorFeyB155i19. These electri-
cal properties will be analyzed within the context of Drude’s model.

Experimental assembly

There is an extensive literature on the different methods of im-
plementing a Hall effect and resistivity measurement system, its
associated problems and how to overcome them [0-16]. Here we
present a brief description about the construction of an DC and
AC Hall effect and resistivity measurement system together with
our solutions to the problems that arise in their construction such
as offset voltage and measuring of small voltages. The Hall effect
and resistivity measurement system setup implemented in the pre-
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sent work is illustrated in Fig. and it has three experimental
facilities automated with self written codes in LabView language:
(1) DC Hall effect measurement system using the four-wire method,
(2) DC van der Pauw method, and (3) AC Hall effect measurement
system using AC electric current. This system consists of a Current
Source (Model 6221 DC-AC, Keithley Instruments Inc.) connected
to a Nanovoltmeter (Model 2182A, Keithley Instruments Inc.), and
an electromagnet (Phylatex) that provides magnetic fields up to 0,8
T. In a Hall effect measurement system it is necessary to minimize
the offset voltage due to misalignments in the two voltage probes,
sample shape, and sometimes non-uniform temperature. This pro-
blem was overcome by performing two sets of Hall measurements,
one in the positive magnetic field direction and other in the reverse
direction, and the Hall voltage was evaluated as the average value
of these two measurements. Another source of offset voltage is due
to photovoltaic and photoconductive effects. This problem was con-
trolled by placing the sample under study in a dark environment.
The Hall voltage in metals, generally, is very small (on the order
of ©V) due to its high concentration of charge carriers. In order to
control this problem, we employed a Model 2182A Nanovoltmeter
as discussed above, which allowed us performing stable, low noise
voltage measurements.

Commutator

> Sample Holder
’—> Electromagnet

AC andDC
. Current Source r
Nanovoltmeter

DC Power Supply H Fialgi:rgnietrter ’—{

> Hall Probe

FIGURE 1. Block diagram of the Hall effect measurement system implemented
in the present work
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Results and Discussions

In magnetic materials, the Hall effect involves two contributions
that can be considered for using the empirical equation for the Hall
resistivity,

py = R,H + R.M (1)

where H is the magnetic field, M is the magnetization, and R, and
R, are the ordinary and extraordinary Hall coefficients, respectively.
In Eq. [1] the first term is due to the Lorentz force acting on the
charge carriers. The second term depends on the magnetization. In
the low-field limit, R, is given by R, = —1/ne [16] and thus, n =
1/|R,e, being n the carrier concentration and e the electron charge.
As it is well-known [9] [I0], in terms of experimentally determined
quantities, R, can be expressed as

R, = Vyd/I.B (2)

where Vg is the Hall voltage, d is the thickness of the sample, H
is the magnetic field applied to the sample, and [ is the current
flowing in the sample. From Hall voltage and resistivity curves we
can obtain several physical parameters of materials including Hall
coefficient, resistivity, concentration and mobility of charge carriers,
besides mean free path of charge carriers and relaxation time. The
time relaxation can be determined by using the resistivity (p) and
the carrier concentration,

T = me|R,|/pe (3)

where m, is the electron mass (free-electron model). The charge mo-
bility and the mean free path are respectively give by u = |e/m.|T
and | = (v,)7, where (v,) is the mean electronic speed. In the Dru-
de’s model, (v,) was considered to be the mean thermal velocity of
an electron given by (v.) = (3KpT/m,)"/? and at T = 293 K this
corresponds to (v;) = 1,2 x 107cm/s.

The results for Hall voltage vs. H in CogsFesBis and
Cor FeyBy5Siyg are displayed in Fig. [2a and b for IDC ranging from
1,43 to 10 mA at room temperature, for comparison. Notice that
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Sample CO64F621B15 CO71F€4B158110
Hall coefficient (10~% m3C~1) 1.3+ 0.1 3.1+£0.3
Electrical resistivity (107 Qm) | 1.25 £ 0.12 22402
Concentration (10%° m~3) 4.7+ 0.5 1.2 + 0.1
Relaxation time (10~1* sec) 6.1+ 0.2 8.1+ 0.2
Mean free path (A) 58 £ 5 7T+ 8
Mobility (m? vol~T*s~1) 0.11+ 0.01 0.14 £+ 0.01

TABLE 1. Values of several physical parameters for CogqFesyBis and
Co71 Fey By5Si1g obtained from Hall voltage vs. H data for Ipc = 10 mA at
room temperature

Hall voltage in both samples is very small (on the order of or lo-
wer than 2 pV). Another feature observed in Figs. and b is a
quite linear behavior of Hall voltage as a function of applied mag-
netic field, indicating that the magnetization is not saturated yet.
In agreement with the contributions to the Hall effect mentioned
above, the Hall voltage curves are expected to exhibit a change of
gradient. This behavior, however, is absent due probably to the fact
that the magnetization in these samples saturates at a much higher
than those used in our experiments (on the order of 2 kOe). The
magnetization, for instance, saturates at a field value of 7, 17, and
21 kOe in CoroFe5Sii5Bi0 [2], Co [9], and Fe [9], respectively. It can
be noted by inspection of data in Fig[2h and b that the Hall coeffi-
cient is positive indicating that the charge carriers in both samples
have a positive character.

This positive sign of the Hall coefficient is in agreement with
the positive sign of the Hall coefficient observed in Co and Fe. Besi-
des, these Hall coefficient values (on the order of +107% m*C~1, see
table [1)) are lower than the typical values (on the order of +1073
m?C~!) measured in semiconductors [I7, 18] but larger than those
measured in metals, as such iron (+1,10 x 1072 m3*C~)[9], cobalt
(+2,5x 1071 m3C71)[9], and Cu (—5,3 x 10~ m3C~1)[17,18§]. Sin-
ce the value of Hall coefficient is a reflection of the several different
kinds of atom that constitute the alloys thus, one could expect that
the Hall coefficient value in both samples falls somewhere in bet-
ween values corresponding to semiconductors and metals materials.
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FIGURE 2. (a,b): Hall voltage vs. H in CogysFeo1 Bys (a) and Cory FeyB15Sig
(b) at several current values.

The results obtained from Hall voltage and resistivity measure-
ments at room temperature and Ipc = 10 mA for several physical
parameters in the CogsFes1B1s and Co7iFeyB15Siig samples are dis-
played in table[I] It is found that the carrier concentration (on the
order of 10m~3) in both samples is two orders of magnitude lower



44 Jhon Melo-Quintero, et. al

[T T T T T T T T T T T T T T T T T T T T ]
%8 o 20mT
—e—40mT
06 | .
| —+~—60mT
0_4_7-780mT i
| —o—100mT
< —4—120mT
>5 02 |
S
8 0.0
°
> 02t =
©
T o4l 4
-06 | -
O8F TP T R P B
10 -8 6 -4 2 0 2 4 6 8 10
Current (mA)
s 4
2
[
o
g
°
> 4
©
T _
1 " 1 n 1 " 1 " 1 " " 1 n 1 " 1 " [l " 1 ]

Current (mA)

FIGURE 3. (a,b): Hall woltage wvs. current in CogaFea1Bis (a) and
Co71 Fey By Sirg (b) at several current values.

than the 10?®*m™3 typical of simple metals, implicating that both
samples have a semi-metallic behavior, but the carrier concentration
in the Co71FeyB155i1¢ sample is lower than that in the CogsFesBys
sample. The resistivity in both samples is two orders of magnitude
larger than the 1078 Qm typical of simple metals at room tem-
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FIGURE 4. (a,b): In-phase (a) and out-of-phase (b) components of the AC Hall
voltage as a function of the applied magnetic field in CogqFeay B1s for Iac =

10 mA and f = 257, 505, and 1000 mHz at room temperature.

perature, as expected for alloys, but the Cor1FeyB155i;9 sample is
more resistive than the CogsFeq1Bis sample at room temperature,
in agreement with the Hall voltage results and the presence of Si.
Again, both samples have a semi-metallic behavior.
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Based on the positive sign of Hall coefficient, and the values ob-
tained for the carrier concentration and resistivity, we might think
that electrons occupying orbitals near the band maximum are the
main charge carriers in both samples. The relaxation time is slightly
longer than the 2 x 107 sec typical of Cu at room temperature
but is on the order of 107 sec. On the other hand, the mean free
path in both samples is slightly longer than the 30 A typical of
Cu at room temperature (within framework of Drude’s model), for
example, but the mean free path in the Co7 Fe B155i19 sample is
slightly longer than that in the CogsFes; B15 sample. Moreover, very
similar values for all above physical parameters were also obtained
from Hall voltage vs. Ipc data for H ranging from 20 to 120 mT at
room temperature (see Fig. |[3a and b), within of the experimental
error of our Hall effect measurement system.

The in-phase and out-of-phase components of the AC Hall vol-
tage as a function of the applied magnetic field in Cogy4Fes1B15 for
Iyc = 10 mA and f = 257, 505, and 1000 mHz at room tempera-
ture are displayed in Fig. and b, respectively. All the in-phase
data fall on a single curve as it is clearly seen in Fig. [dh. In addi-
tion, the in-phase data follow a quite linear behavior as a function
of applied magnetic field. This behavior is consistent with the field
dependence of the DC Hall voltage, as discussed above (see Fig. .
All the out-of-phase data also fall on a single curve with a small
phase shift around to zero. Since the Hall phase shift vanishes in
the DC limit, the scatter of the points (on the order of + 4°) shows
directly the noise that affects our measurements.

Conclusions

We developed and automated a DC and AC Hall effect mea-
surement system using a four-wire method with a program writ-
ten in LabView language. This system did allow us to study the
electrical nature of CoFe-based amorphous magnetic alloys. It was
found that the soft magnetic amorphous ribbons CogsFes1Bys and
Cor1FeyB15511¢ have a semi-metallic behavior. The CorFesB155119
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sample is more resistive than the CogsFes1B1s one at room tempe-
rature, in agreement with the Hall voltage results and the presence
of Si.
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