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a b s t r a c t

An advanced model for quasi-linear spin-valve (SV) structures is presented for circuit simulation

purposes. The model takes into account electrical and thermal effects in a coupled way in order to allow a

coherent representation of the sensor physics for design purposes of electronics applications based on

these sensor devices. The model was implemented in Verilog-A and used in a commercial circuit

simulator. For testing the model, different SV structures have been specifically fabricated and measured.

The characterization included DC measurements as well as steady-state and transient thermal analysis.

From the experimental data, the parameters of the model have been extracted. The model reproduces

correctly the experimental measurements obtained for devices with diverse sizes in different electrical

and thermal operation regimes.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Among the different solid state magnetic sensing devices, giant
magnetoresistance (GMR) based ones are gaining popularity due to
their intrinsic properties (high sensitivity, low size and compatibility
with standard CMOS technologies). These joined properties have
opened their range of usability to a lot of different fields including
read heads for massive magnetic storage media, electrical current
measuring, position and rotational control systems and bio-sensing
[1]. Such applications usually involve additional electronics in terms
of biasing, conditioning and acquisition circuits. The inexistence of
electrical models, for circuit simulation, describing the sensor
behavior makes slower and more expensive the design of
electronics applications based on these emerging technologies.

In few words, a GMR is an engineered multilayer structure
whose resistance is a function of the present magnetic field. More
specifically, a spin-valve consists of two ferromagnetic layers,
separated by a nonmagnetic conductor spacer. One of these layers
has its magnetization pinned, while in the other, it is free to rotate
[2]. Regarding real quasi-linear applications, such kind of structure
can be perfectly understood as a quadripole with a transfer function
relating the output resistance to the input magnetic field. In a first
ll rights reserved.

+34 9635 44353.
approximation, an electrical current can model this input magnetic
field. Its application to non-invasive measurement of electrical
currents is, then, straightforward.

Because of the particular characteristics of GMR based devices,
the use of a high level language is recommended for the model
development. Among current hardware definition languages
(HDL), Verilog-A has emerged as a powerful and flexible standard
for the analysis and design of analog devices, circuits and systems
[3]. Verilog-A displays two major advantages when compared with
SPICE-based simulators. Firstly, pseudo-electrical mechanisms can
be included in the model just by describing them with their
correspondent mathematical relationships. Secondly, a Verilog-A
model can be directly interfaced to any circuit simulator owing an
appropriate compiler. Verilog-A has been successfully applied to
the simulation of different analog devices, from classical bipolar
junction transistors [4] to ‘state of the art’ PD-SOI-MESFETs [5]. In
addition, Verilog has also been used for the modeling of non-
electrical devices and systems as, for example, electrostatically
actuated bi-axial micromirrors [6]. In this respect, as far as we
know, Verilog-A has not previously applied to the modeling of
quasi-linear magnetoresistance structures. As a comparative
approach, a HSPICE model for giant magnetoresistance memory
bits was presented in [7], with minimal experimental support.

In this paper, an advanced model for quasi-linear GMR struc-
tures, including coupled electrical and thermal effects, is presented.
For testing the model, we have used specifically fabricated
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spin-valve based structures with different characteristics (impe-
dance, magnetoresistance level, linearity y). In Section 2 the
device fabrication processes and the physical foundation of the
electrical model is presented. The experimental characterization of
the SV studied, the description of the thermal model developed and
some discussions related are included in Section 3. Finally, the main
conclusions are drawn in Section 4.
h
Θ2 Θ1pinning

pinned
spacer
free

(2)(3)
(4)

hh
Θ1ΘΘΘΘ2

nggg
edd

ggggpppiiinniii
piinned

(4)ΘΘ
(3))

(4)

I

B

W

(1)

Fig. 2. 3D sketch of the device functionality.
2. Device and model description

Two types of SV structures have been studied, with and without
nano oxide layers (NOL). NOL inserted in multilayer structures
(then called specular spin valves, SSV) have been found to enhance
the properties of the so-obtained SV [8]. For the structure
fabrication, a 1000 Å thick SiO2 isolation layer was sputtered
onto 3 inch diameter silicon substrates. The structures were then
deposited by the Ion Beam Deposition (IBD) technique and
patterned by ion milling. The SV elements consisted of
3�200 mm2 strips with the structure Ta(2.0 nm)/NiFe(3.0 nm)/
CoFe(2.0 nm)/Cu(2.2 nm)/CoFe(2.5 nm)/MnIr(6.0 nm)/Ta(4.0 nm)
[9]. For the SSV case, the same geometry was used but with the
structure Ta(3 nm)/NiFe(3 nm)/MnIr(6 nm)/CoFe(1.6 nm)//NOL//
CoFe(2.5 nm)/Cu (2.5 nm)/CoFe(1.5 nm)/NiFe (2.5 nm)//NOL//
CoFe(2.0 nm)/Ta (0.5 nm) [8]. In any case, a crossed axis
configuration, commonly preferred for linear applications was
considered. Once the devices were defined, some conductive
strips were patterned onto an additional isolating interlayer. The
electrical current through these strips generates the magnetic field
for the magnetoresistance activation. Regarding SSVs, devices with
1, 3, 5 and 10 resistive elements (1 kO nominal) in series were
analyzed. The current strip was a meander line with a width of
20 mm, made by patterning 300 nm thick Al films (resistivity
r¼4.1 mO cm). About SVs, only single element devices were
considered, with single current strips of 10, 50, 100 and 200 mm
width. Illustrative micrographs of the so-obtained devices are
displayed in Fig. 1(a)–(c) for SV and Fig. 1(d)–(f) for SSV, also
showing the considered nomenclature.

For a better understanding, a simple 3D sketch is displayed in
Fig. 2. W and h are the spin-valve dimensions and y1 (y2) stands for
the angle between the free layer (pinned layer) magnetization and
the longitudinal direction. Initially, y1�0 and y2¼p/2. When an
electrical current flows through the current strip (from port 1 to
port 2), the generated magnetic field forces the free layer axis to tilt,
hence changing the angle between the free and pinned layer, and
then changing the resistance between ports 3 and 4. As it is well
Fig. 1. Fabricated devices, (a)–(c
known, spin-valve devices magnetoresistance DR¼R–R0 (R0 stands
for the sensor resistance if no magnetic field is applied) can be
written as follows [1]:

DR�
dR

R
Rsq

W

h

cosðy1�y2Þ
� �

2
ð1Þ

where dR/R is the maximum relative MR signal of the sensor, Rsq the
sheet resistance measured in the parallel magnetic state, W

the length of the sensor active region (between the leads) and h

the sensor height. The /yS symbol represents an averaging over
the active area of the sensor. It can be shown that/sin y1Sdepends
linearly on Ha (the external applied field). Therefore, considering
the relationship described in the previous equation between DR,
the cosine and sine functions (for the latter two we have used their
inherent trigonometric relations, and taken into account the two
first terms of their Taylor’s expansion series) and Ha, the external
applied field (depending on the driven current), we have
introduced the following compact analytical expression for the
SV magnetoresistance:

R¼ R0þMR1IþMR2I2þMR3I3 ð2Þ

where I stands for the driven current flowing in the conductive
strip, R0 stands for the resistance at zero field, and MRi (mO/mAi)
are the magnetoresistance coefficients.

The values of the MR2 and MR3 could be negative depending on
the particular device. In this respect, we have checked that a third
degree polynomial function is adequate to accurately reproduce
the magnetoresistance saturation corners usually found in the
experimental sensor transfer curves. Making use of Eq. (1) we have
developed an electrical model (that was later implemented in
Verilog-A) based on the circuit sketched in Fig. 3, where Rin

represents the input resistance of the SV sensor (resistance of
the input conductive strip), whose typical values are found to be a
few ohms. As will be explained in the next section, the model can be
) for SV and (d)–(f) for SSV.



Fig. 3. Circuit representation of the electrical SV model.

Table 1
Extracted parameters for the static model.

Device Rin (O) R0 (O)
MR1

(mO/mA)

MR2

(mO/mA2)

MR3

(mO/mA3)

SV10 18 1245.4 1290 – –

SV50 8.0 1518.9 248 – –

SV100 7.1 1821.4 119 – –

SV200 6.2 1301.4 62.3 – –

SSV1 7.2 918.20 96.8 – –

SSV3 16 3807.6 336 0.75 0.077

SSV5 24 5376.1 391 0.56 0.78

SSV10 89 12056 890 0.55 3.9

Fig. 4. Spin-valve output voltage versus time for a feeding current triangular

waveform.
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enhanced to include the temperature dependence of the main
parameters.
Fig. 5. Normalized magnetoresistance versus driven current for SSV devices.

Simulated data are shown in lines and experimental measurements in symbols.
3. Device characterization and modeling

3.1. Static analysis

For a DC characterization of the considered devices, an automated
setup with a personal computer, a current source (220, Keithley), a
data acquisition switch unit (34970A, Agilent) and a multimeter
(34401A, Agilent) was arranged. This way, the independent resistance
value R was measured for each device as a function of the driven
current. The parameters described earlier for Eq. (2) were extracted
for each sensor and introduced as device parameters in the circuit
simulator (Eldo, Mentor Graphics simulation suite) we used to
compile the Verilog-A model (the extracted parameters are
collected in Table 1). The model was then tested; to do so, the SV
devices were fed with a 1 mA DC, while a driving current was swept
following the experimental conditions. The results regarding the SV
elements are displayed in Fig. 4, with the nomenclature introduced in
Fig. 1. The high linearity observed allows the use of a simple linear
model for the SV case (MR2¼MR3¼0 in Eq. (1)), with an excellent
fitting to the measurements (see Fig. 4).

Regarding the SSV devices, the procedure for extracting the
model parameters from the experimental data, incorporating them
into the model and testing was repeated. Both experimental and
simulated results are shown in Fig. 5. In this case, the low linearity
of the response led us to use a third order model. As observed in
Fig. 5 and Table 1, the linearity decreases with the increase in R0

and, consequently, the complexity of the structure. In this respect,
we suggest the non-orthogonal magnetic field distribution
produced by the geometry of the current track to be in the
origin of this deviation from linearity, as demonstrated in [10];
in relation to this fact, as pointed out in the previous section, second
order terms of Taylor’s expansion series of the cosine and sine
functions have to be considered.

3.2. Thermal and self-heating analysis

Additionally, and with future current sensing applications in
warm ambient, linear SV devices were characterized at different
temperatures with the help of a climatic chamber (ACS, CH600)
both in the static and dynamic operation regimes. The experi-
mental static transfer curves at different temperatures are shown
in Fig. 6. The behavior of the device with the temperature was
modelled by means of Eq. (3), where two new parameters to
characterize the static thermal response were introduced,
assuming linear temperature dependence

R¼ RRT ,0þMRRT IþðDRTþDMRT IÞT ð3Þ

These parameters were obtained following a procedure similar
to the one described earlier. A summary of the data obtained is
given in Table 2. The modified model allowed us to reproduce
the experimental results by simulating the sensor at different
temperatures (see Fig. 6).

As can be observed, a reasonable linearity is kept within the
considered temperature range. In addition, an increase in the
resistance with the temperature is observed, but a low variation
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of the MR is appreciated. In order to clarify this issue, the normal-
ized values (at T¼20 1C, I¼0 mA) of R and MR as a function of the
temperature are plotted in Fig. 7. In this figure it is demonstrated
that while the resistance is a linear function of the temperature, the
magnetoresistance slightly moves off from this behavior. With
respect to this, a deeper study should be required to shed light on
this issue.

For reproducing the heating produced by the Joule effect in the
current strips, we have made use of the so-called Foster normal
form of the thermal one-port [11,12], sketched in Fig. 8. In this
circuit topology, the time constants take the form of RthCth. The
static heat transfer from the active area of the sensor to the ambient
is subdivided in two processes in series: from device to package,
modelled by the thermal resistance, Rth_dp, given in K/W, whose
value is connected with a technological characteristic specific to
fabrication and encapsulation procedures; and from package to
ambient, modelled by the thermal resistance Rth_pa, the thermal
package-ambient air resistance depends not only on the size, form
Fig. 6. Normalized magnetoresistance versus driven current for SV devices at

different temperatures. Simulated data are shown in lines and experimental

measurements in symbols.

Table 2
Extracted parameters for the static steady-state thermal model.

Device RRT,0 (O) DRT (O/ %
o
C) MRRT (O/A) DMRT (O/A/1C)

SV10 1105.13 1.268 1400 �2.68

SV50 1153.50 1.295 271.77 �0.148

SV100 1081.43 1.210 97.0 �0.196

Fig. 7. Extracted thermal parameters
and structure of the encapsulation but also on its orientation, and
the air flow next to the package. Each resistance has been linked to a
thermal capacitance (Cth_dp and Cth_pa for our model) to account for
the two main time constants. The instantaneous power dissipated
in the sensor Al strip (Pdiss) is represented in Fig. 8 by a current
generator, and the temperature is represented by node voltages
(a battery sets the constant ambient temperature Ta).

From the thermal circuit described in Fig. 8, the static
magnetoresistance temperature can be calculated as follows:

DT ¼ Rth_daPdissþTa

Pdiss ¼ I2Rin

Rth_da ¼ Rth_dpþRth_pa ð4Þ

We have followed a procedure in line with the one reported in
[11] for the thermal model parameter extraction. The results
obtained are given in Table 3. The complete thermal model was
implemented in Verilog-A, and consequently, we were able to
simulate both the electrical and thermal behavior of the SV linear
devices.

In order to validate the proposed model, we have also simulated
the dynamic thermal behavior of the SV devices, by driving current
pulses of different amplitudes through the current strips, and then
measuring the resistance. The results are shown in Figs. 9 and 10.
From both figures, two kinds of responses are observed: the one
related to the magnetic field (sharp step) and the one related to the
as a function of the temperature.

ΔT

Pdiss

Rth_dp Cth_dp

Rth_pa Cth_pa

-

Ta

Fig. 8. SV sensor thermal model equivalent circuit including two cells.



Table 3
Extracted parameters for the time dependent thermal model.

Device Rth_dp (K/W) Cth_dp (J/K) Rth_pa (K/W) Cth_pa (J/K) MRRT (O/A) Rin (O)

SV10 56.0 2.6 31.5 0.03 1267 18.1

SV50 20.6 3.7 14.2 0.15 265.2 8.04

SV100 17.6 4.6 10.1 0.34 113.6 7.49
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Fig. 9. Time evolution of the magnetoresistance plotted for different driven current

pulse amplitudes, giving similar exciting fields.
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Fig. 10. Time evolution of SV50 sensor magnetoresistance plotted for different

driven current pulse amplitudes.

Table 4
Thermal behavior comparison

Device I (mA) DRmax(B) (O) DT (K) DRmax (T) (O)

SV10 10 12.9 0.16 0.2

SV10 20 25.8 0.63 0.8

SV50 50 12.4 0.70 0.9

SV50 100 24.8 2.8 3.6

SV100 50 5.96 0.52 0.6

SV100 100 11.9 2.1 2.5
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self-heating (increasing curve). In Fig. 9, we compare the response
of different devices to current pulses giving similar effective
magnetic fields. As observed, the effect of the electrical current
on the heating is higher compared with the effect of the Rin. A small
deviation from the R0 value at the end of the cooling tie is observed,
which is due to the small hysteresis produced by the relatively high
exciting current. The comparative of the response of a particular
device (SV50) to different current pulses is shown in Fig. 10.

Some quantitative conclusions can be extracted from the joined
analysis of the previous results. They are shown in Table 4. DRmax

(B) is related to the resistance increment due to the
magnetoresistance effect. It is related to the effective applied
magnetic field, which is linked to sensitivity of the devices,
displayed in Table 1. That is because different pulse amplitudes
(Fig. 9) produce similar magnetoresistance responses. From the
pulse amplitude, making use of the developed model (Fig. 8 and
Table 3), and taking into account the Rin value (Table 1), the
maximum temperature increasing due to the Joule heating (DT) can
be obtained. As observed, higher values are obtained for higher
currents and narrow current strips. The increase in the resistance
due to the heating (DRmax (T)) can be obtained with the help of the
obtained temperature coefficients (Table 2). As observed, its
maximum relative value is for a 100 mA pulse in a SV100 device.
4. Conclusions

An advanced and complete model for spin-valve magnetore-
sistance sensors is presented. Both the electrical behavior and the
thermal effects (including steady-state and dynamic operation
regimes) are taken into account in a coupled manner to allow a
coherent modeling approach. The model has been developed
making use of experimental measurements of different sensor
devices following a physically based procedure. Finally, the model
has been implemented in Verilog-A to facilitate the design of
electronics applications based on SV sensors. The experimental
data obtained in the lab have been accurately reproduced by means
of the model for different current and thermal conditions. The
results obtained by the proposed model allow us to be optimistic in
improving it by including fabrication related effects such as
frequency effects or statistical dispersion of the parameters, after
further studies.
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