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In the past several years, there has been some interest in modelling hysteresis in giant magnetoresistance (GMR) as a function 
of magnetic field in magnetic multilayer films. The purpose of this paper is to review work published a decade ago on such 
modelling and on application of such modelling to the design of a GMR field sensor. The computed GMR curves qualitatively 
reproduce the GMR hysteresis seen experimentally. In particular, two GMR peaks are found to be symmetrically placed about 
H = 0, and the GMR hysteresis curve itself is found to have an inverted butterfly shape. In the model, the hysteresis derives from 
the hysteretic dependence of the magnetization and from an essentially quadratic dependence of the change in the magneto-
resistance on the magnetization. Multilayered films were treated as having a resistivity of different layers in parallel. 
Discontinuous multilayer films were treated as having blocks of magnetic and nonmagnetic material in series within the 
discontinuous layers. In the original model, a variant of the Jiles-Atherton model was used for the hysteresis in the magnetization. 
In fact, other hysteresis models for the magnetization could be used, on which the magnetoresistance then depends.  A particular 
application utilized the Schneider model for the magnetic hysteresis and computed GMR from that for the purpose of using the 
modelling as a guide for designing a GMR magnetic field sensor with a minimum of magnetic noise in its measurements. In that 
modelling, the magnetic Barkhausen noise was computed at each point in the hysteresis cycle of the magnetic field. It was found 
that the magnetic noise was largest near the coercive field, but in fact the GMR decreased linearly from its peaks on both sides of 
H = 0 to fields well away from Hc, which indicated that the GMR could follow the field linearly in a region with very minimal 
magnetic noise. Thus, to produce the field sensor, a bias field is to be applied. 
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1 INTRODUCTION 
 
 
 
 
 

The phenomenon of giant magnetoresistance (GMR) 
was first discovered in Fe/Cr multilayered film structures 
with antiferromagnetic coupling between the Fe layers, 
[1-3]. In the GMR effect, the resistivity of the film 
structure changes markedly (as much as by 30-50% at 
4 K) when a magnetic field is applied. 

GMR [4-6] is related to the realigning of the spin 
magnetic moments of the electrons in the magnetic part 
of the film in an applied magnetic field. If the field is 
large enough, the Fe layers become ferromagnetically 
aligned. Conduction electrons with spins parallel to the 
aligned Fe spins go through the entire structure much 
more readily than conduction electrons with antiparallel 
spins, which tend to scatter much more strongly both in 
the iron and in the interface between iron and chromium. 

The magnetic component of the film could even be an 
alloy, such as in NiFe/Cu, [7,8] where NiFe is permalloy. 
This film is significant because it exhibits 2-4% GMR at 
room temperature. Another discovery was that the mag-
netic layers could be uncoupled instead of ferromagne-
tically coupled and still have GMR. 

Finally, GMR was found in granular films, ie in films 
with magnetic particles embedded in a nonmagnetic host 
matrix such as in Co-Cu, Fe-Cu, Co-Ag, and Fe-Ag, [9-
12]. Such films are easier and cheaper to make, but the 
fields necessary to produce the desired effect were a bit 
too large (8-25kA/m) for use in devices. 

New developments were “discontinuous multilayers”, 
[13-16]. Such films exhibit fairly large room temperature 
GMR (~5%) in lower applied fields (4-8 kA/m). Such a 

film was produced by first sputtering NiFe/Ag and then 
annealing at 335 C. The annealing broke magnetic layers 
into magnetic islands with inter-layer material between 
them. The film behaves like a granular film, but where 
“magnetic particles” are large enough not to increase the 
coercivity of the film. This means that the half-width of 
the GMR peak (or rather of the GMR double peak 
because of hysteresis about H = 0) is very narrow. 

The model discussed in this paper was used to predict 
GMR and its hysteresis in discontinuous multilayer films, 
[17]. It was the first model to treat hysteresis in GMR. 
The model with some modifications was then used to 
map the effects of GMR hysteresis on the accompanying 
magnetic noise in a GMR field sensor, and design the 
field sensor so as to minimize the magnetic noise, [18]. 

We review this modelling work at this time because 
recently GMR hysteresis has been modelled with the 
Preisach model [19-21] instead of the Jiles-Atherton-
Sablik model [22] or the Schneider model [23], as in the 
original work [17, 18]. There is such a time space 
between works that it is important to review. 

 
 
 
 
 
 
 
 
 

2 GMR MODEL FORMULATION 
 
 
 
 
 

The model assumes the following: 
 

(1) Both current density and applied magnetic field are 
parallel to the film layers.  This is the “current in 
plane” (CIP) configuration. 

(2) Circuit-wise, the layers are connected in parallel. 
This neglects current flow back and forth between 
layers. 
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(3) At the top and bottom of the film structure are 
nonmagnetic over- and underlayers of greater 
thickness T than the multilayers. 

(4) For discontinuous multilayers, the magnetic layers 
are broken into islands and in between the islands 
there is nonmagnetic material from the nonmagnetic 
layers. 

(5) The boundary between magnetic islands and 
nonmagnetic material is broadened into a mixed 
region of interface material. Camblong [24,25], for 
example, uses this approach as a model for 
interfaces between layers. Clearly, the interface 
material will be some kind of alloy material between 
the magnetic and the nonmagnetic material. 

 
 
 

A diagram of the model for the film structure is seen 
in Fig. 1a, and a diagram of the spacing between islands 
is seen in Fig. 1b. In the model, the spacing between 
islands resembles a “channel” of nonmagnetic material 
with two mixed interface regions forming “beaches” for 
the magnetic islands on either side of the “channel.” 

 

Since the various layers act as resistances in parallel, 
we have for the total resistance R 
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where RN is the resistance of each nonmagnetic layer, 
d
mR  is the resistance of each discontinuous magnetic 

layer, and Rc is the resistance of the top or bottom 
capping layer, with top and bottom assumed to be of the 
same length and width and of the same material as the 
nonmagnetic layers. There are n magnetic layers and n-1 
nonmagnetic layers. 

In each magnetic layer, the magnetic islands, 
nonmagnetic channels, and mixed interface regions are 
electrically connected in series, so that 
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where there are 2m interfaces and m channels, where the 
film has length D in the direction of current and field, 
where RM is the resistance of the magnetic island 
material, RNC is the resistance of the normal material in 
the channel and where RI is the resistance of the mixed 
interface region. Each magnetic island has length L; each 
interface, length LI; each channel of normal material, 
length LC. 

The resistances RM, RNC, RI and RN are given as 
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where the film has width w, the magnetic layers have 
thickness tM and normal layers, thickness t.  

The resistivities of the magnetic material, the normal 
material and interface material are ρM, ρN, and ρI 
respectively. One can then define the net resistivity ρnet of 
the entire discontinuous layer structure by the relation-
ship. 
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The GMR ratio is then defined as 
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where ρnet(0) is the net resistivity at zero field, ρnet(M) is 
the net resistivity at field H and magnetization M, and 
ρnet(Ms) is the net resistivity at saturation magnetization. 

A perusal of the literature suggested the following for 
the relationship with magnetization for the resistivity: 
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where |.| denotes the absolute value and where the power 
υ depends on the situation. 

 
 
 
 

Fig. 1. (a) - Schematic diagram of a discontinuous 
multiplayer film structure. N stands for nonmagnetic or 
“normal” metal. M stands for magnetic metal. Field H and 
current density j are parallel to the layer structure.  
(b) - Close-up of space between two magnetic islands in 
one of the magnetic layers. Normal material fills up part of 
the space between islands and interface layer material I 
fills up the rest, forming ”beaches” of I material on the 
edge of each magnetic island. 
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For the ferromagnetic metal layer, Smit [26] and later 
McEwen [27] describe the resistance of ferromagnetic 
metals as being linearly dependent on flux density B, 
which means that since M >> H, ρ(M) is linearly 
dependent on M and υ=1. This was used in the original 
paper for the magnetic layer. For the interface alloy 
material, υ = 2, υ = 1 and υ = 1/2 were used.  

The ν = 2 is consistent with the behaviour of many 
magnetic alloys, [28]-[33]. For amorphous alloys, υ can 
vary between a fraction less than one and a value less 
than or equal to 2, [34]-[38]. 

 

The magnetization M is computed from a hysteresis 
model for magnetization. For the discontinuous multi-
layer films, the Jiles-Atherton-Sablik model [22] was 
used. Later, when we treated the magnetic field sensor 
problem, a regular multilayer film was modelled, and for 
the hysteresis, the Schneider model [23] was used. Also, 
υ = 2 was used for the magnetic layer. In every case, for 
the nonmagnetic layer, ρN is constant and not dependent 
on magnetization of the magnetic layer.  

The model produces two GMR peaks, positioned at a 
field equal to the coercivity. The width of the GMR 
hysteresis depends on the hysteresis parameters. The 

GMR ratio amplitude depends on the GMR parameters.  
Figure 2 shows, for a specific modelled hysteresis curve, 
as seen in part (a), that a modelled GMR curve for 
continuous layers, as seen in part (b), will develop a 
larger amplitude GMR curve when the modelled layer is 
made discontinuous, as seen in part (c). 

 
 

COMPUTATION OF MAGNETIC NOISE 
 
 
 
 
 
 
 
 

By magnetic noise, we mean here magnetic Bark-
hausen noise. A model for that was derived originally by 
Alessandro et al [39] and then extended to a magnetic 
field dependence, [40,41]. 

The model was originally derived by considering the 
motion of a 180-degree domain wall and by employing a 
set of coupled Langevin equations, which are differential 
equations incorporating a stochastic (or randomly 
varying) forcing term. The equations were solved for a 
noise spectral distribution function as a function of 
frequency. Sablik [40,41] then integrated this result to 
obtain the magnetic noise amplitude as a function of 
magnetic field. This noise amplitude (in watts) gives a 

 
 

 

 
 
 
 

Fig. 2. (a) − Hysteresis curve, as computed by the Sablik-Jiles model, [22]. Hysteresis parameters were Ms = 1.685 MA/m, 
a = 875 A/m, k/μ0 = 1950 A/m, c = 0.435, and λs = 8.14×10-6; (b) − GMR hysteresis curve computed for an un-annealed 
multilayer film with magnetic hysteresis as in (a); (c) − GMR hysteresis curve for an annealed discontinuous multilayer film 
with same GMR parameters as in (b) and with magnetic hysteresis as in (a).  
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measure of magnetic fluctuations due to flux changes 
resulting from sudden motions of domain walls, which 
slip from one pinning site to the next as field increases. 

The integrated result for the magnetic Barkhausen 
noise amplitude  J  in watts at field H is 
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which is the equivalent of (14) in [41]. The primed time 
constants differ from those in [41] in that 
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where Dm is a constant associated with demagnetization 
field –DmM. Equation (7) is derived in the same way as 
(14) in [41] but this time (7) in [39] is 
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which equates the “magnetostatic field” in [41] with 
demagnetization field, and which assume 

 
 
 

 
0 app

app

app

d
( ),   ,

 d

  = ,    .m

B
B H M

H

H H D M BS

   

  
 (10a,b,c,d) 

 
 

The time constants τ and τc are as in [41], namely, 
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and the rest of the symbols are defined as in [39]. 
Equation (9) results in a noise power spectrum which, 
integrated across frequency, leads to the result in (7). 

To obtain the noise amplitude J(H) as a function of H, 
one substitutes the H-dependent result for μ(H) from a 
magnetic hysteresis model. For this particular work, the 
Schneider model [23] was used to obtain μ(H) instead of 
the Sablik-Jiles model, [22]. In the case of the Schneider 
model, the curve generated at zero stress (if input 
hysteresis data are inputted correctly), is always a 
regurgitation of the experimental hysteresis curve, except 
for a little smoothing. Since the magnetic hysteresis of 
the GMR material had a somewhat unusual shape (see 
Fig. 3), it was thought best to use the Schneider model 
since it would generate almost the same shape. Note that 
since the Schneider model does not compute an 
expression for the irreversible permeability μirr(H), the 
total permeability μ(H) was substituted into (7) instead of 
μirr(H) as in [41] and as in the earlier [40]. 

 

 
 
 
 
 

4 APPLICATION TO GMR FIELD SENSORS 
 
 
 
 
 

The model for the GMR field sensor assumes that the 
multilayer material of the sensor has magnetic layers 
alternating with nonmagnetic layers with an overlayer 
and underlayer of nonmagnetic material, just as in section 
2. But, in this case, the magnetic layers are continuous, 
not discontinuous. Circuit-wise, the layers are all in 
parallel, and the magnetic layers are assumed to have a 
resistivity dependent on the magnetization as  
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The expression for the net resistivity ρnet of the film 
and the GMR ratio are found as in section 2. Since the 
GMR ratio is then a function of M(H), and since M(H) 
exhibits hysteresis, so also does the GMR.  
Figures 4a to 4d show computed magnetic hysteresis (B 
vs H), relative permeability hysteresis (μr vs H), 
Barkhausen noise hysteresis (J vs H), and GMR 
hysteresis (GMR vs H). For these data, the 
demagnetization constant Dm was set to 1 (because the 
field was in the plane of the film). Also, electrical 
conductivity  =5× 106 (Ωm)-1, and S = 5×10-9 m2 was 
used for average domain wall area. The rest of the 
constants substituted into the Barkhausen calculation are 
as in [41]. For the GMR calculation, whatever constants 
from [17] that apply were used in this calculation. 

 
 
 

Fig. 3. (a) - Experimental magnetic hysteresis curve for 
the GMR mutilayer material;  (b) - Experimental GMR 
hysteresis curve for the same multiplayer material 
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It was noted that a much smaller maximum 
permeability (by two orders of magnitude) for the GMR 
material than permalloy results in maximum Barkhausen 
noise amplitude J that is dramatically decreased by six 
orders of magnitude.   Thus, it was recommended that 
permalloy concentrators are too noisy to be used in a 
GMR field sensing device and that another design is 
preferable (which has since then led to a new design 
which is now successfully tested).  

Figure 4d shows the simulated GMR behaviour. This 
shows the linear region and the two parallel increasing 
and decreasing portions of the GMR curve. The latter are 
a little more exaggerated than in Fig. 3b owing to the 
smoothing of the experimental magnetic hysteresis curve 
that had to be accomplished. 

Also, because of the values selected for the 
parameters, the maximum GMR is computed to be 7%, 
whereas the experimental maximum GMR is 11%.  A 
better quantitative fit is possible with better parameter 
selection. The important point here is the qualitative 
similarity of Fig. 4d and Fig. 3b and the appearance of 
the linear range in GMR vs H. 

Furthermore, it is noted from Fig. 4c that the magnetic 
noise is maximum in the vicinity of Hc (10 kA/m for the 
multilayer material), but that the device can be operated 
well away from where the noise is located by applying a 
bias field, so that the GMR response to an external field 
is linear and not affected by the noise near Hc. 

 
 
 
 
 
 
 
 
 

5 CONCLUSIONS 
 
 
 
 
 

In this presentation, it is reminded that GMR 
hysteresis was first modelled in the late 1990s. The first 

manifestation of this modelling was to model GMR 
hysteresis for discontinuous multilayer films. Not only 
the shape of the GMR curve with two symmetric peaks 
near ±Hc is reproduced, but also increase in GMR 
amplitude is found in GMR discontinuous multilayer 
films with the magnetic layers broken into “magnetic” 
islands. A later application was to model the magnetic 
noise and the GMR of a GMR magnetic field sensor. For 
the particular sensor in question, the model produced a 
GMR hysteresis curve with a linear region that extended 
well away from Hc, which was the region of very large 
magnetic noise, according to the modelling. Thus, it 
became clear that a bias field was needed in order to 
operate the device so that a field change resulted in a 
linear change in the sensed voltage without any 
appreciable noise. It was also shown that the permalloy 
field concentrators had to be replaced by a material with 
a lower permeability in order to reduce the magnitude of 
the overall magnetic noise. 
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