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Abstract. Computer smulation based on Stonner-Wolfarth model is used to simulate
magnetization curves for NiggFeyy (Py) thin films and magnetic multilayers (MLs) with the
structure Py/NM/Py where NM denotes a nonmagnetic layer. The results of computer
simulations are compared with the magnetic measurements made with a Vibrating Sample
Magnetometer (VSM).
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1. INTRODUCTION

In this gudy we used a micromagnetic smulator based on Stonner-Wolfarth [1]
model to investigate the hysteresis loop of NigFey (Py) thin films and Py/Cu/Py
multilayers. The program, developed at NIST by Dr John Cti [2], calculate the interadion
between the single-domains elements and the applied magnetic field. The element’s
magnetic properties, such as magnetization, anisotropy, pinning fields, must be specified or
seleded from a library of materials. The caeful choice of the dimensions, the
configurations and properties of elements permits the modelling of a wide range of
techndogically interesting systems.

2. THEORETICAL ASPECTS

In our approach the basic design unit is an element shaped as a rectangular prism.
The element is oriented peralle to the coordinate aes of the system; the element may be
ferromagnetic or nonmagnetic. The ferromagnetic dement is a single-domain eement,
which means that it is uniformly magnetized and can thus be caraderized by a single
three-dimensional magnetization vector. The magnetization vedor is freeto rotate in three
dimensions under the influence of magnetic fields. The equilibrium magnetization states of
elements for gatic calculations are thaose that yield a minimum of the total free energy
density of the system E =T'e , where g is the free eergy density of the element given by
the expression[1-4]:
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g =-MINM-H, M )

N

where the self-demagnetization tensor N is expressed by a diagonal matrix whose nonzero
elements (Ny, Ny, N; N +N, +N, = 1) are the demagnetizing fadors [2]. M is the
magnetization vector of the dement and Hy is the total effedive field from all other
sources excluding self-demagnetization. The first term on theright side of (1) represents the
self -demagnetization energy of the dement and the second term, the energy due to other
magnetic interactions. The self-demagnetizing field sources for a uniformly magnetized
element are the magnetic surface charges formed on its bounding faes. For a system
composed of several elements, the field Hy is a function of the magnetizaion of all
elements of the system. This necesdtates the use of self-consistent iterative methods in
ohbtaining an energy minimum for the system [2]. This method finds the equilibrium
magnetization orientation of an element. The updated magnetizaion values are used to
recoompute Hr for each dement, and this iteration procedure is repeated urtil the
magnetization of the system reacdhes equilibrium. In the case of thin films we must consider
athin rectangular prism that liesin the xy plane. Aswe'll seg in this case, N,~1. This high
value of the demagnetizing factor produces  called shape anisotropy. For example, if we
consider a 10x10 pm? and 100 rm thick single-domain Permalloy thin film the slf-
demagretization tensor beawmes (N, Ny, N;)=(0.017, 0.017, 0.966). The self-
demagnetizing field under z diredion (the shape anisotropy) isHp=760 kA/m, i.e. Hp=9600
Oe. Because it is most suggestive in what follows we will use CGS units. On the other
hand, the film may present an easy diredion d magnetization defined by the direction of
the anisotropy field, Hx. Usually, for Permalloy, Hc=5 Oe. We present, in Fig. 1, the
results of simulations made for a 10x10 pm? single-domain Permalloy thin film with a
thicknessof 100 nm and 10 nm respectively. From Fig. 1(a) we can see the importance of
the demagnetizing fields in the film plane which produce asplit of the M-H hysteresis |oop
under the hard axis. For a 10 nm thin film the demagnetizing coefficients are (N,, Ny,
N,)=(1.84 103, 1.84 103 0.998) which lowers the demagnetizing fields in the film plane
but enhances the demagnetizing field on a direction normal to the film plane. However, the
thin film may have a complicated spin structure, not a single domain structure, in a way to
reduce the dominant magnetostatic interactions. One example of the wmplicated spin
structure is the magnetization curling formed at the edge of the layers[1].
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Fig. 1 - Simulation of M-H hysteresisloops for a 100 nm (&) and 10 nm (b) single-domain
Permall oy thin film. The arows are guides for the eyes.

For this reason we use amore redigtic structure consisting in a number of single-
domains which interad between them and with the applied magnetic field, likein Fig. 2.
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Fig. 2- Spin structure resulting from our simulations for a4x4 single-domains 10 rm thick
Permall oy film in remanent state (a) and demagnetized state (b).

3. RESULTS AND DISCUSSION

In Fig. 3(a) we present the hysteresis loop measured with VSM for 100 nm thick
Permall oy film deposited on to oxidized Si. The magnetic field is applied in the film plane.
The AFM measurements reved a surface with an average roughness of about 12.8 nrm. The
average grain sizeis 1 um [5, 6]. Based on these data we used a structure of 4x4 single-
domains 1 um each side and 100 nm thick. The result of the smulation is presented in Fig.
3(b); the magnetic field is in the film plane. As we @n see, for thick films (100 nm) the
simulation gives only a qualitative result. The mercive field resulting from this smulation
iS He=50 Oe which is much greater than the measured value that is about 3 Oe. For films
with a thickness that exceed 100 nm the domain walls play a magor role in the
magneti zation reversal process[1].
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Fig. 3- The hysteresisloop for a 100 nm thick Permalloy film measured with VSM (a) and
the results of the micromagnetic simulation (b).

When the magnetic field is applied namal to the film plane the reversal processis a

coherent rotation ore & predicted by the Stoner-Wohifarth model. In this case the
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demagnetizing field plays the role of an anisotropy field, H¢<=9600 Oe. The measured [6]
and simulated magnetizaion curves with the field namal to the film plane are presented in
Fig. 4.
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Fig. 4 - The hysteresisloop for a 100 nm thick Permalloy film measured with VSM (a) and
the results of the micromagnetic simulation (b); the magnetic field isnormal to the film
plane.

The good agreament between the measured and the ssimulated loops reveals a relatively flat
surfaceof the deposited fil m so the demagnetizing factor, N,, has the value estimated by the
theory N,=0.966. For thin films the surfaceis very roughwhen the thicknessis lessthan 5
nm. This will produce a reduction of the perpendicular anisotropy [5] and the
demagnetizing factor N, deaeases. As a result the field for saturation in the out of plane
configurationislessthan the value predicted from the shape anisotropy (10 kOe).

When the magnetic films are thinner than 100 nm the energy due to the domain walls
increases and the magnetization reversa mechanism is mainly due to rotation of the
magnetic moments. We have simulated the magnetisation curve for a 10 nm thick Py film
using a colledion of 12x12 single domains. Each single domain is 10 nm thick and 95 nm
each side. The distance between the adjacent domains is 5 nm. This model was inspired
from the film structure [6]. The spin structure for the wercive field, He, and the
magneti zation curve are presented in Fig.5.
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Fig. 5- Theresults of the micromagnetic smulation for an evaporated Py(10 nm) thin film.
The magnetic field is applied in the film plane.

The results are in good agreement with other experimental data [4-6], for the remanent-to-
saturation magnetisation ratio M,/Ms=0.71, and with the MR measurements for the value of
the coercive fidd, Hc=15 Oe.

When we have to simulate the hysteresis loop for a multil ayer structure (ML) we
must consider the coupling between the ferromagnetic layers through the nonmagnetic
layer. Let's consider the structure Py(10 nm)/Cu(4 nm)/Py(10 nm) which presents a
hysteresis loop likein Fig. 6(a). To simulate the magnetisation curve we used two Py layers
each consisting in a colledion of 10x10 single domains of Py. Each single domain is 10 nm
thick and 9% nm each side. The distance between the aljacent domainsis 5 nm. The model
was inspired from the film structure. The interlayer thicknessis tc,=4 nm. The cupling
constant J, for te,>1.5-2 nm, is well described by the Néd model for positi ve magnetostatic
interlayer coupling [7]:

% h?
T2 A

Ms is the saturation magnetization (Ms=800 kA/m or 800 emu/cm® in CGS). Here X is
determined by the grain size and h by the film rougmess [7]. From AFM measurements [6]
we have h=135 nm and %=15 nm. The interlayer coupling is J=0.23 mJ/m® and the
resulting coupling field is H;=2457 A/m (31 Oe). Because of Py bridges that exists trough
the spacer the coupling may have local variations that exceed 31 Oe [7]. Between the top
and the bottom layers we introduced coupling fields that have random values from 30 to 60
Oe. Theresults of our cdculations are presented in Fig. 6(b).
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Fig. 6 - The hysteresisloop for a Si/ SiO,/Py(10 nm)/Cu(4 nm)/Py(10 nm) ML measured
with VSM (@) and the results of the micromagnetic simulation (b); the magnetic field isin
the film plane.

The areement with the VSM measurement is very good. As we can see for our ML the
ratio M,/Mgx0.4 is smaller than the value M,/Mg=0.7 obtained for a Py(10 nm) layer.

4. CONCLUSIONS

Computer ssimulation based on Stonner-Wolfarth model was used to investigate the
magnetic hysteresis loops in thin films and magnetic multilayers. This method can be a
very useful tool in the design process of a wide range of techndogicdly interesting
systems.
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