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Summary 

Magnetostriction in thin ferromagnetic layers is an undesirable phenomenon within 
the applications in data-heads. The increase of the areal density on the tapes, for 
digital recording, requires new matenals for the data-head. These new matenals · 
should have a high B5-value, a low Hc-value and zero magnetostriction, less than 10-7 

in absolute value. 
In order to determine the magnetostriction value of these new matenals, a 
magnetostriction measurement set up is build, using the optical cantilever technique, 
controlled by a LabView program. With this set up the magnetostriction in NiFe 
alloys have been investigated as function ofthe Fe amount for alloys around 50 wt% 
and 20 wt% of Fe. The 50 wt% of Fe alloys are of interest because the high 
B5-value, Bs = 1.5T. The fust results show that the NisoFeso-alloys have a positive 
saturation magnetostriction value of the order 1 o-s, which is too large compared to the 
intended value. The NisoFe2o-alloys have a low magnetostriction value, in the range of 
10-7 and is negative for the alloys with a Fe amount smaller than 19 wt%. 
To lower the magnetostriction value, bi-layers have been prepared with the 
arrangement Nis2Fe1s (ti)/N4sFess (h) on a silicon substrate and have beenstudiedas 
function ofthe ratio a= tdh. The bi-layers show that the magnetostriction value can 
be significantly reduced and approaches zerofora = 6.4, but with a decrease ofthe 
Bs-value. 
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Preface 

"Magnetostnction in thin ferromagnetic layers for applications in data-heads" is 
wntten as condusion ofthe practical training at OnStream B.V. OnStream is 
interested in the magnetostnctive behaviour ofnch Fe NiFe alloys for applications in 
the data-head ofthe actuator. At this moment NisoFe2o alloys are applied within the 
data-heads but in this report investigations on NisoFeso alloys are done. 
The reason for the change in the alloy-composition, NisoFe20 to Ni50Fe50 is due to the 
fact that OnStream is looking for new pole matenals, in order to increase the areal 
density on the tape. For this purpose high He-tapes and high B5-values for the pole 
materials are required. Beside these demands, new magnetorestrictive elements are to 
be found to establish a higher output level. Giant magnetoresistance is a suitable 
solution for this problem. 
Not only the high B5-value is important for the function ofthe data-head but also the 
stability is of importance. The stability of the data-head can be maintained by 
controlling the anisotropy of the ferromagnetic layer by choosing matenals with zero 
magnetostnction. OnStream has chosen to minimise the effects of the anisotropy on 
the behaviour of the head and wants to build a magnetostriction measurement set up. 
By this it was possible to do my practical training at OnStream, with the assignment 
to build this measurement set up. By looking for new matenals with zero 
magnetostnction and high B5-values for the ferromagnetic layers, OnStream wants to 
establish the high areal density on the tape without the loss of stability of the data
head. 

"Magnetostnction in thin ferromagnetic layers for applications in data-heads" gives a 
general introduetion to the phenomenon of magnetostriction within ferromagnetic 
layers. The theory involved with magnetostnction is treated in chapter 1, but also the 
energy and the influence of stress on the system are given. The realised measurement 
set up and the used technique are discussed in chapter 2, including comments on 
papers publisbed earlier by vanous authors. Chapter tends to give an overview ofthe 
software programs used in order to measure and to derive the magnetostriction values. 
The results obtained from the measurements on diverse samples with variations in the 
amount of Fe in the ferromagnetic layer are given in chapter 4. 
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An introduetion to OnStream BV 

OnStream BV started in February 1998 todeliver affordable, high capacity removable 
storage solutions for PC servers, workstations, and power desktops. OnStream is a 
privately owned, Colorado and Dutch-based company formed through a spin off from 
Philips Electronics, Eindhoven. Today more than 350 people world-wide are 
employed by OnStream. 
OnStream is a company specified in the magnetic storage technique, with their 
business area, the digital data storage on magnetic tapes for computers. The Advanced 
Digital Recording (ADR) is an all-new, variabie speed, digital tape storage solution. 
The ADR is initially developed by Philips Electronics and is based on revolutionary 
8-channel array technology that allows the solid-state design to read and write eight 
tracks of data simultaneously [ 1]. This technological breakthrough delivers 
exceptional transfer rates and data reliability while maximising media life and .... 
mm1m1smg nmse. 
Withits unique blend ofhigh-capacity, high-performance, excellent reliability and 
affordable pricing, ADR delivers superior value for the demanding storage 
requirements of today's digital age. 

Figure 1. The ADR driverand components. 

As the head "travels" down the tape, it is constantly reading the embedded servo 
signals, written deep in the tape. An advanced embedded servo system contributes to 
high data reliability in two ways. First, it communicates with the head to assure media 
integrity as it writes data. This is an innovative way to avoid media defects and assure 
original data is written correctly. Secondly, the servo system prevents the tape from 
wandering off track, which could make the data unreadable in the future. 
As the system stops with the detecting ofthe servo signals, it knows that there is a 
media defect and maps that region as defective. As the head detects the servo signals 
again, the readlwrite processstarts again. 
The ADR technique is able to spatially distribute error correction code, both 
horizontally and vertically. This greatly enhances the chances for data recovery versus 
other technologies that use only horizontal methods. The result is a reliability 
specification of only one unreadable bit in every 1019 bits recorded. That is 100 times 
better than the ciosest competitor and 10,000 times better than the PC's primary data 
storage device, the hard disk drive. 
By the use ofthe eight-channel head technology, it also means that the ADR drives 
can deliver impressive transfer rates at relatively low speeds. The result is minimal 
tape wear and quiet operation. 
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At this moment it is possible to establish 192 tracks on a 8 mm tape. The second 
generation, which will he in production at the end ofthe year 2000, will contain 384 
tracks. This means a doubling ofthe track density (the number of parallel tracks per 
inch). Combined with an increased linear density (the number of bits per inch) this 
willlead to a dramatic increase of the areal density for the tapes. 
The thin films, which are used for the data heads, are produced by OnStream at its 
own thin film factory at the plant in Eindhoven by electroplating and sputtering. 
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List of syntbols 

a: direction cosines of the magnetisation direction, thickness ratio 
p: direction vector ofthe measurement direction, uni-axial anisotropy constant 
B: magnetostriction coupling constant, magnetic induction 
C, c: elastic constant 
Ûx: relative change in length 
d: sensor-clamp distance 
D: deflection 
E: strain 
e: energy density 
E: energy, Young modulus 
f: ferromagnetic film, frequency 
F: free energy 
9: rotation angle 
H: extemal magnetic field 
Hn: stray field 
I: electric current 
J: exchange integral 
k: Boltzmann constant 
K: anisotropy constant 
1: length, sensor probe distance 
L: orbital momenturn 
À: magnetostriction value 
A: strain sensitivity 
M: magnetisation 
m: magnetic dipole moment 
Jl: permeability 
N: correction factor, number of dipoles per volume, number oftums 
Na: number of A vogadro 
r: dipole position 
R: radius 
cr: stress 
s: substrate 
S: spin momentum, entropy 
t: thickness, time 
T: temperature 
u: Poisson ratio 
U: intemal energy 
V: volume 
q>: thermodynamic potential 
<l>n: potential of the stray field 
x: susceptibility 
x: position 
ro: angular frequency 

TV 



Chapter 1 

Theoretica( background of the experiment. 

In 1842, Joule discovered that the dimensions of a substance changed when it was 
exposed to a magnetic field . This change in dimension, dl/1, is called strain. The strain 
caused by a magnetic field is generally called Joule magnetostriction, À, in order to 
distinguish it from the strain, E, caused by an applied stress. In this report, 
magnetostriction will stand for the Joule magnetostriction, this in order of clear 
distinction ofthe two. 
In the following, magnetostriction will be explained in a general manner, to give the 
reader a general insight to this phenomenon. Sectien 1.1 will discuss the principal 
parts of data-heads which are exposed to magnetostriction. The next sections, sectien 
1.2 and 1.3 will give an introduetion to the theory of magnetism and magnetostriction. 
The magnetostriction curve as the technique will be treated in sectien 1.4 and 1.6 
respectively from where the energy terros of a cantilever strip is derived, sectien 1. 7. 
The effects of stress on the behaviour of a ferromagnetic layer is treated in sectien 1.5 
and a historica} review, sectien 1.8, will conclude this chapter. 

1.1 Data heads 

This sectien has the intention to introduce data heads, which are used by the ADR 
technique as spoken of at the introduetion of OnStream BV. 

The history ofthe data heads is outlined in the Philips Joumal ofResearch [2], and 
therefore I will not discuss the history of data heads in this report. 
The data heads used in the ADR tape drive is mounted on an actuator, as shown in 
Fig. 2. 

Ferrite 
Gore 

8Channel 
Read/1,/rite Head 

\ 
Roller Bearing 

UnearMotor 

b 

a 

Figure 2. The ADR actuator-head, reality a) and schematic b), Roos [Ij. 

The actuator is composed ofthe individual parts, shown in Fig. 2b, and is a 
mechanism that is able to move up and downwards. The head, fastened to the moving 
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parts ofthe actuator, is able toreador write the tape at variabie positions in height. 
The head consists of soft magnetic materials, electrical conductors, insulation layers 
and magneto resistive elements. The data-head contains eight parallel write/read 
channels, which are merged. For this purpose the write and read process ofthe 
actuator-head will be discussed below. 
Also a sheet with 25 connections is attached to the actuator head, not present in Fig. 
2b, but seen in Fig. 2a, in which the electrical currents, of diverse origin, run through. 
The roller hearings are kept on their place by a metal film, withno hysteresis and 
negligible friction. The linear motor consists of an electromagnet, moving coil, and of 
a stationary permanent magnet The linear motor moves the actuator-head up and 
down as the tape passes the head. 
The L-sensor is a stationary coil with a moving ferrite core. It measures the position 
ofthe actuator-head and makes sure that the head returns to this position as a failure 
like a position jump, during the reading or writing process has occurred. 

The write process: Each individual write-channel receives electrical pulses produced 
by the current in the coil. Due to these impulses a magnetic field is induced and 
hereby the track on the tape is written, by a loc al magnetisation of the track. The 
electrical pulses are transformed into data bits. 

The read process: The individual read-channel transfarms small magnetic fields, 
written on the track ofthe tape, into electrical signals. The read-channel consistsof 
individual magneto resistive elements, MRE, which are sensitive to changes of 
magnetic field directions. The resistance ofthe magneto resistive elements, is 
sensitive to the local magnetic field orientation relatively to that ofthe sense current. 
A change ofthe field will change the resistance and a small voltage difference will be 
present over the MRE. By detecting this voltage difference the data, written on the 
tape track, is read. 

The production process: The soft magnetic materials used as flux-guides are made 
by electroplating and physical vapour deposition. OnStream uses a two-electrode 
system with a constant galvanie-statie current. The cathode is divided into two parts, 
the substrate and the holder; a massive nickelplate acts as the anode. This technique 
establishes a high uniformity ofthe deposited film. The soft-magnetic layers can be 
divided in three classes, invalving the compositions ofthe layers [2]. The dividing 
classes are Permalloy (NiFe), amorphous cobalt alloys (CoZrNb, CoZrTa) and 
nanocrystalline iron alloys (FeTaN, FeAIN, FeNbSiN). Electroplating is the 
deposition method used for the Permalloy class, as for the other two classes; sputter 
deposition is the formal method. The whole process afmaking the wafer by 
electroplating consists of several stages, which will not be discussed, in this report. 
Hereby referring to the literature invalving electroplating for example [2,3] . 
The electroplating technique has some advantages compared to the other techniques. 
Electroplating through a mask allows the magnetic film to orient and pattem in a 
specific way. By applying a magnetic field to the bath, during the process the 
magnetic orientation within the film is influenced to obtain the desired magnetic 
properties. The films can also be electroplated with low stress at high rates of 
deposition which is also one of the advantages of this technique. A disadvantage of 
this technique is that the sign ofthe stress can not be controlled. 
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As the wafers have passed the final stage of the production process, the wafers are cut 
and adapted in such a way that these wafer parts can be placed on the actuator, as data 
head. 
In the data head the magnetic matenals will undergo magnetostnction, positive or 
negative, as the reaction to the magnetic fields. As aresult of stress within the head, 
several sourees might be the cause, the inverse magnetostnctive effect occurs; a 
magnetised specimen with positive magnetostnction will be demagnetised under 
influence of compressive stresses. In general it can be said, that the magnetostnction 
in the head influences the performance ofthe whole system in a negative way [4]. 
The presence of magnetostnction is a result of the fabncation of the head or it will 
occur as result ofthe joule effect. During the fabncation ofthe wafers, stresses are 
hard to avoid and often they depend on the compositional non-uniformity's and 
gradients. Thermal effects and further fabncation, like polishing and damping ofthe 
head, will also lead to stresses in the specimen. It seems impossible to avoid the 
presence of stresses in the head. Even with high production accuracy, uncontrolled 
stresses will always be present as result of small process variations. 
To minimise the demagnetisation, matenals with zero magnetostnction are desired for 
the fabncation ofthe heads. The parts ofthe head, which should have zero 
magnetostriction, are the poles and the magneto resistive elements [2]. By 
investigating the magnetostnction of diverse matenals, it is possible to establish such 
a non-magnetostnctive head. Not only these reasons but also the increase of the areal 
density request for an investigation of the magnetic behaviour of new matenals. This 
is because of the dependency of the linear density on the properties of the recording 
head and media. 

1.2 Introduetion to ferromagnetism and domain-theory 

Before starting with the theory of magnetostnction, the phenomenon of magnetism 
will be introduced. 
All matter of conventional forms, whether in the form of free atoms, i ons or 
molecules, exhibit magnetism as can be extracted from the developed dipole moment 
as mater is placed in an extemal magnetic field. Certain atoms have a permanent 
magnetic dipole moment, m. Fora bulk ofmatenal, formed ofthese atoms containing 
a dipole moment m, the magnetisation, M, can be introduced as the magnetic dipole 
moment per unit of volume or mass. 

- 1 -
M=-L:mi' 

V; 

mi the dipole moment of atom i and V the volume ofthe specimen [5]. 

(1) 

Another important parameter of magnetic matenals is the magnetic susceptibility 
defined by: 

M m 
x=-=-· 

H 
with H the extemal field and J..Lo permeability ofthe vacuum. 
At this moment the magnetic susceptibility and the magnetisation are introduced, but 
what is the use of these parameters? By introducing them, matter with a magnetic 
character is divided into groups, of different types of magnetism. Matter can be 
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divided in diamagnetism and paramagnetism as we look at the sign ofthe 
susceptibility. In Fig. 3 the magnetisation is plotted as a function of an external 
magnetic field. 

M 

H 

Figure 3. The magnetisation, M, versus an extern al magnetic field, H, for a) 
diamagnetism, b) paramagnetism. 

From Fig. 3 fellows that diamagnetic and paramagnetic materials have a negative and 
a positive susceptibility respectively. The origin ofthis difference is the orientation of 
the dipole moments in a magnetic field. The dipole moments of a paramagnetic 
substance will align parallel and direct in the same direction as the field. Those of a 
diamagnetic substance will align in the opposite direction. The magnetic moments of 
a paramagnetic substance, at a temperature T > 0, are randomly orientated in space. 
As an external field is applied, these moments will be forced to change their 
orientation into the direction of the applied field. Without the external field the 
magnetisation will be zero as a result of the cancelling of the magnetic moments. An 
other type of magnetism is called ferromagnetism. This type of magnetism is similar 
to that of paramagnetism except that there is a resulting magnetisation without an 
external field, below a certain temperature. Above this temperature, the Curie 
temperature, Tc, the ferromagnetic substance will act like a normal paramagnetic 
substance and can be treated in this way, see Fig. 4. 

1/x 

T 

Figure 4. The temperafure dependenee of the inverse susceptibility of a; a) 
paramagnet, b) ferromagnet. 

But how should we interpret the magnetic behaviour of a substance? It is shown that 
the magnetic moments are permanent and are aligned parallel within volumes 
containing large numbers ofatoms, although these magnetic 'domains' are still on 
microscopie scale. Ampere who suggested that the moments were due to 'electrical 
currents circulating within the atom', first introduced the origin ofmagnetic moments. 
Building on the work of Ampere, Wei ss introduced his theory of ferromagnetism in 
his papers, 1907 [6], in which he proposed that the a material was build by very small 
magnets, called domains In this theory, known as the Weiss theory, ferromagnetism is 
described by a "molecular-field", and is an extension ofthe classica! theory of 
paramagnetism developed by Langevin. 
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The magnetic moments of a ferromagnet at temperatures below the Curie temperature 
are essentially parallel on a microscopie scale. There would be a permanent 
magnetisation different from zero, although in practise, this is not the case at all. At 
temperatures above zero, the magnetisation alters. Though on macroscopie scale the 
total magnetic moment may be far from saturation, on a microscopie scale it can be 
the opposite. This difference is due to the contiguration in which the substance is 
built. 
A substance is actually composed of small regions, so called domains, ofwhich the 
magnetisation is saturated. The direction ofthe magnetisation ofthe individual 
domains need not to be parallel, but are in general randomly orientated. So the mode 
in ordering of the domains will determine the macroscopie magnetic moment of the 
ferromagnetic materiaL 

I 1 i l 
Figure 5. An example of a domain structure. The arrows indicate the direction of the 
magnetisation within the domain. 

Landau and Lifshitz showed that the domain structure is a natura! consequence of the 
various contributions to the energy of a ferromagnetic substance [7 ,8,9]. These 
contributions exist of exchange, anisotropy and magnetic energy. Domain structures 
are often complicated but the domain structure always has its origin in the possibility 
of lowering the energy of a system by going from a saturated contiguration with high 
magnetic energy toa domain contiguration with a lower energy. According to the 
domain theory the magnetic moments are ordered. 
The difference between the demagnetised and the magnetised state is the 
contiguration of the domains. Domain processes in which the domains or the domain 
ordering changes describe the magnetisation of a materiaL As a magnetic field is 
applied to a ferromagnetic material, in a demagnetised state, the first domain process 
will occur. The domains which are aligned favourably with respect to the field 
direction, will grow in order to minimise the field energy: 

E = - JLo M s • H, (3) 

with Ms the magnetisation within a domain. 
A consequence of the minimisation, is the reduction of the domains aligned in the 
opposed direction. A second process will occur, only as the applied field is strong 
enough, causing domain rotation. During the domain rotation, the magnetic moments 
within an unfavourably aligned domain overcome the anisotropy energy and rotate 
from the original orientation to an orientation of the crystallographic axis, nearest to 
the direction of the field. 
Finally, the last process, the magnetic moments, all aligned toa crystallographic axis 
nearest to the field direction, will rotate into the field direction. This process will only 
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occur in the presence of a relative high magnetic field. As the magnetic moments have 
settled themselves in the final direction, there has been made a balance between the 
exchange and the anisotropy energy. The balanceis due tothefact that the changes in 
energy of the moments within the domains are caused by the coupling of the exchange 
interaction energy (the coupling between the atomie magnetic moments) and the 
anisotropy. 
Beside the processes treated in the previous part, other changes also occur. The walls 
of the do rnains change in size, shape and thickness as the intensity of the field is 
altered. The exchange energy tends to make the domain walls thicker, because the 
energy is minimised as the neighbouring moments are aligned parallel. The 
anisotropic energy has a contraversial effect. The anisotropic energy tends to make 
the domain walls thinner. This contiguration is more profitable for the anisotropic 
energy, because the lowest energy will be with the contiguration withall the magnetic 
moments aligned along crystallograpically equivalent axis. 

But let us go back to the magnetic moments. The net magnetic moment of the atom is 
due to the orbital coupling between the magnetic moments and the magnetic spin 
moments of the electrons. The coupling between the moments, is due to the 
electrastatic field caused by the nuclei, and is experienced as a magnetic field by the 
circulating electrons. 
The main energies involved within the theory of ferromagnetism are: 

exchange energy 
anisotropy energy 
magnetic energy (Zeeman and demagnetisation) 

The exchange energy is described by the magnetic moment model of exchange 
interactions proposed by Heisenberg and is given by: 

Eex =-IL:Jex(rlk)sl.sk, J ex> Ü. (4) 
I k~1 

Iex in Eq. (4) is the exchange integral, fik the "distance" between the magnetic 
moments 1 and k, and S1,k the spin momenturn associated with the magnetic moments 
ofl and k. For the derivation, it is sufficient to take only the nearest momentum's into 
account, because the exponential behaviour of the integral. 
The dominant part ofthe anisotropy energy is determined by the variation ofthe spin
orbit energy, which is proportional to L·S, with L the orbital momentum, fixed, and S 
the spin momentum, rotating with M. Due to the spin-orbit coupling, the electronic 
orbits are tied, to some extent, to the spin and tend to follow the spin as the orientation 
is changed by a changed magnetisation. The anisotropy energy is given by Eq. (5): 

(5) 

with K the anisotropy constant and ai the direction co sin es of the magnetisation 
direction in reference to the crystal axis. 
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1.3 The theory of magnetostriction 

This section describes the denvation ofthe formula that will be used for the 
measurement in order to measure the magnetostriction value of a ferromagnetic film. 

An important role in the description of magnetostriction is the magnetoelastic 
coupling, defined as the tendency of neighbouring i ons to shift their positions in 
response to the rotation ofthe magnetic moments. Joule magnetostriction, or Joule 
effect, is defined as the anisotropic strain of a magnetic material referenced to the 
direction of the magnetisation, M. The magnetostriction, 'A., is defined as the relative 
change in length given by: 

(6) 

In order to understand the phenomenon of magnetostriction, the mechanism of 
anisotropy will be discussed below. The anisotropy is ofimportance as we can see 
from section 1.2. 
The contribution ofthe macroscopie strain to the magnetic anisotropy is due ofthe 
magneto-elastic interactions. There is a distinction between the crystal anisotropy of 
the undisturbed crystal structure and the induced anisotropy as a result of lattice 
imperfections. The crystal anisotropy will be the basis in the discussion of magneto
striction. The lattice imperfections will be left out in the treatment of magnetostriction 
in this report. 
Magnetostriction is due to the asymmetry of the loc al field experienced by the spin at 
a particular site. The spin "feels" the symmetry ofthe Coulomb field ofits 
neighbours, because ofthe coupling ofits direction to the molecular orbital by spin
orbit interaction. The three components, which are of importance here, are: 

1. The symmetry of the magnetic orbits 
2. The symmetry of the local environment 
3. The spin-orbit coupling. 

The dominant mechanism of the three mentioned above, which gives rise to the 
magnetic anisotropy, is the spin-orbit coupling. The orbits are tied, to a certain extent, 
to the spin and as result, the orbits follow the change in orientation of the spin as the 
magnetisation direction changes. The consequences are that it may result in variations 
of interaction energy between the ion and the hosting lattice or it may cause 
anisotropic corrections to exchange it. 

The formal origin of magnetostriction is due to the fact that the anisotropy energy 
varies with the strain, the inter-atomie distances. To lower the anisotropy energy the 
lattice will strain spontaneously, in such way that an equilibrium state will be 
established [7,8]. To investigate this dependency it is necessary to take a closer look 
at the anisotropy energy. The derivations that will follow, are only a sketch and I 
would like to refer to the literature for further studies. 
The anisotropy energy in a non-strained, ideal, state is given by: 

(7) 
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For cubic anisotropy, higher ordertermsnot taken into account. Kis a constant, 
independent of the direction of the magnetisation, at saturated magnetisation of the 
specimen. The given a's are, in the contrary to K, dependent to the direction of the 

(8) 

magnetisation. These a's are the direction cosines ofthe direction ofmagnetisation in 
reference to the crystal axis, with: 

As indicated above, the crystallographic distances will change to reach the 
equilibrium state, where the anisotropy energy is at its minimum. Therefore the strain 
has to be taken into account. In order to establish an expression for the strain 
dependent anisotropy energy, Eq. (7) will he expanded in a Taylor series in the strain. 
Doing so we get: 

(9) 

The first term on the right side, (Ean)o refers to the undistorted crystal, no strain, and 
has to satisfy cubic symmetry. The second term represents the interaction between the 
anisotropy energy and the strain, referring to the deformed state. In order to get a 
suitable approximation, the first two terms ofEq. (9) will betaken in to account and 
the higher order terms will be left out, with the assumption, that these higher terms 
have a neglecting contribution. 
We willleave this expression for now, and we will first look at the crystal energy 
involving the anisotropy, theelastic and the energy involved with the 
magnetostriction. The crystal energy is now given by: 

E K( 2 2 2 2 2 2 ) B ( 2 2 2 ) = al a2 +a2a3 +a3al + I al &xx +a2&Y.Y +a3&zz 

+ B2 (a1a 2&xy + a 2a 38yz + a 3a 18zJ+ _!_c11 (8~ + 8~ + 8;J 
2 

(10) 

+ ~ c44 (8! +8~ +8~)+c12 (8Y.Y8zz +8xx8zz +8xx8Y.Y) 

The c's appearing in Eq. (10), are theelastic constantsin Voigt's notation and the E:'s 
the components ofthe symmetrie strain tensor, formed by the strain displacement 
equations: E:ïk = Yz[&/8xk + 8Ek/8x,]. 
To obtain equilibrium, we take 8E/8E:ij = 0, which gives Eq. (11): 
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With the solutions: 

&;; =BI [ci2 - a;
2 
(ei I + 2ci2 )] 

B2a;aj 
&ij=----'-

c44 

i,j = x,y. 

These solutions are true for the stabie equilibrium state. 

(11) 

(12) 

To establish an expression for the magnetostriction we use the equation, see Eq. 
(A3.7): 

k,l = 1,2,3 x ~ 1, y ~ 2, z ~ 3, 

with pk the direction vector in the direction which 81 is measured. 
Inserting the solutions into Eq. (13), we get: 

(13) 

(14) 

Eq. (14) gives arelation between the magnetostriction, the direction of 81 and the 
crystal constants. 
Let's go back to Eq. (9). The denvation ofEan with respect to the strain, Eij, gives us 
the following expressions: 

8Ean 
-a-&ij = f.lij&ij. 

&ij 

The expressions involved are similar to the energy part involved with the 
magnetostriction, if we set: 
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and 

i,j = x,y,x (16) 

k,l = 1,2,3 

with the results: 

(17) 

The equations, which are used, are very long and disorderly. We want to minimise Eq. 
(9), with respect toE, in an equilibrium state with strain, such that the final result will 
be in the form as follows: 

(18) 

in order to achieve an expression similar to that ofEq. (8). 
In Eq. (18), aK. is independent of Ui, but is related to theelastic modules and the 
magnetic coupling constants. 
Eq. (18) can be established by introducing the longitudinal magnetostriction, A100 and 
Ani, in the directions [100] and [111] respectively. These magnetostriction constants 
are related to the coupling constantsas done by Becker and Döring [10] and Kittel [7]. 
With the use of these expressions for the longitudinal magnetostriction terms, the 

2 B, 1 B2 
Àwo = -- ' Àlll = ---

3 Cu -c12 3 c44 
(19) 

factor ~Kis derived using the simplified expression for the anisotropy energy. In 
terms ofthe A's aK. becomes: 

L1K = 2_ [(cu - cl2 )...t~oo - 2c44À~u} 
4 

(20) 

Now suppose, Awo = AJJI = A, isotropie magnetostriction. With this equalisation, Eq. 
(19) willlead to, see Eq. (21): 

(21) 

Using the new expressions, Eq. (14) will change and is written as: 

(22) 
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The term in Eq. (22), constant with respecttoa and p, has been left out. 
Defining, cose =alp!+ azPz + a3p3, in which eis the angle between the 
magnetisation and the direction in which 81 is measured, Eq. (22) transforms into: 

(23) 

In Eq. (23), As has taken over the place of A, so that the change oflength is related to 
the saturation magnetostriction, As. 
This final result is due to the approximations made during the derivation. The price 
we pay is that the final expression is an expression involving isotropie 
magnetostriction. The fact that Eq. (23) is isotropic, is seen from the fact that this 
equation contains no reference to the crystal axis. Neither is this expression useful to 
describe the HA--curve, section l.S.Withall these shortcomings, Eq. (23) is still useful 
to derive the saturation magnetostriction for isotropie specimen and for the individual 
domains. By using this expression for the individual domains, it's possible to describe 
the HA--curve, by using an averaging process for all the domains of the specimen. 
Nevertheless Eq. (23) is a useful expression to derive an approximation for the 
magnetostriction at saturation, at random angles. The expression will be used for the 
applied measurement technique, see section 2.2. The magnetostriction in the direction 
of the magnetic field has the maximal value of As, whereas the perpendicular 
magnetostriction is ofthe order -Yz As. Positive magnetostriction willlead toa strain in 
the field direction and a contraction in the direction perpendicular to the field. 

1.4 The HÀ-curve 

In order to understand the magnetostriction process, as result of an extemal field, the 
magnetostriction will be discussed on the basis of the HA--curve, Fig. 6 . 
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Figure 6. The magnetostriction as function of the applied field, [ 11]. 

The effect of magnetostriction is in general very small and varies in magnitude and 
sign for different materials. In general the magnetostriction varies with the 
magnetisation state of the specimen, Fig. 7. 
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As Fig. 6 and Fig. 7 indicate, there is a maximum value for the magnetostriction, 
called the saturation magnetostriction, À5, Although the saturation magnetostriction is 
nota real maximum it is treated in this way. The "horizontal" part ofthe curve at À= 

Às has a slight slope. The slope is caused by the forced magnetostriction as will be 
handled later on in this section. 
In the following the magnetostriction will be discussed as given in Fig. 7. In this case 
the magnetostriction is positive. The treatment is also valid for the negative 
magnetostriction. 
N eglecting for now the hysteresis effect, there will be no magnetostriction in the 
sample at zero field. The magnetostriction development between À = 0 and À = À5, is 
divided in three parts. 

'tt'"':t~~~P,~-r-~;;;z;;*;;;;(j;;-i--1o.2 ~ 

--~~--+-_.----~--.... ~0 ~ a; 

.J 

fl~ 

i~o~~~--4--+--~
-~r--r_,~;--+--~-

Figure 7. The magnetostriction and the magnetisation of various materials , 
farm Bozorth [ 12}. 

The first part is characterised by almost no change of length as the field is increased. 
In this part the boundary displacements take place, resulting in a small shape effect. 
The main part of the lengtherring begins at the knee of the curve. This is the second 
part, the steepest part, and is due to the fact that the most of the magnetostriction takes 
place during the rotation ofthe domains. The third part is the approach ofthe 
magnetostriction to the saturation value (at this point the magnetisation also 
approaches the saturation value ). Higher fields force the domains to orientate 
themselves to the field direction instead ofthe crystallographic axis, giving rise toa 
small slope at À5• In the preserree of high fields, the magnetostriction is caused by the 
field-induced increase in the magnetisation. This expansion is proportional to the 
applied field and differs from the low field magnetostriction by the fact that the high 
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field magnetostriction takes place with a change of volume. This volume effect is due 
to the fact, that expansion in all the directions, of equal magnitude, takes place. 
As mentioned earlier in this section, the magnetostriction depends on the 
magnetisation. In general hysteresis occurs in the magnetisation curve, this is also the 
case for the magnetostriction, see Fig. 8. 

-ISO 

a 

Figure 8. Hysteresis in the magnetostriction for cold-worked nickel. The 
magnetostriction as function of the magnetic field (a) and as function of the 
magnetisation (b), form Lee [ 13]. 

Figs. 8a and b, show that the magnetostriction is constant in sign during the 
hysteresis. The maximum value, À5, is also constant in the case ofhysteresis. A 
periodical fluctuating field will cause hysteresis, but the value, À5, the main interest of 
the measurement, will not change by this altemating field, as long as the sample is 
saturated. 

1.5 The effects of stress 

The data-head placed on the actuator will experience stresses as result ofthe damping 
and ofthe strain (Joule magnetostriction and temperature strain) ofthe ferromagnetic 
layer. In this case it seems proper to discuss the domain theory and effect of stress. 

1.5.1 Thermodynamic properties involving magnetostriction 

In this section an expression is derived from a thermodynamic point of view for the 
relation between the magnetostriction and stress. 

As a specimen is magnetised as a result of a magnetic field, H, the energy of this 
magnetisation is given by the relation: 

M 

E= fHdM, 
0 

assuming that there was no magnetisation before the field was present. 
The "second' law ofthermodynamics is given by: 
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dU = TdS+dE = TdS +HdM. (25) 

In the case ofmagnetostriction an extra term in the expression ofthe energy must be 
introduced, namely cr81/lo. This term accounts for the stress, er, and the length change, 
81, from an initiallength of the sample, 10. With the thermodynamic potential, q> = F -
HM - crl/10 and in differential form, dep = - SdT- MdH - ldcr/10. With the free energy, 
F =U-TS .For the application ofthe given potential to magnetostriction, it's 
assumed that the temperature is constant and that the involving changes are reversible, 
this gives [10]: 

Brp I 

Bar H 

Brp 

BH T,u 

= I , 
0 

=-M. 

The second differentiation, 

82

rp 1 8/1 BMI 
aaaH = -z: BH T u =-Ba TH 

' ' 

(26) 

(27) 

The second differentiation gives a relation between the magnetostriction with the 
change of the field and the change of the magnetisation with stress. 

À BM 
BH Ir .u = Ba lr,H · 

1.5.2 The effect of stress within the domaio theory and 
magnetostriction 

(28) 

As a result of the magnetostriction a ferromagnetic substance will change its shape, 
and willlead to changes of the magnetic properties. In the case where the changes of 
the magnetostriction and the stress are small and also reversible, a relation, 
thermodynamically, is given by: 

À 1 M 1 8/ 1 BB 
-=--~--=--. 

(29) 
MI 4~r 11a l BH 4~r Ba 

In this equation, the change in the magnetic induction, BB, to the change of stress, Ba, 
is related to the relation between the strain and the change in the magnetic field, BH. 
From this equation it is seen that the magnetisation increases by tension as the 
magnetostriction and the change in the field strength are positive. Assuming a single 
domain, the magnetisation, M, will make an angle, e, with the axis ofthe specimen in 
the direction of the magnetic field and the applied stress. As a result of the applied 
field the domain rotates into the direction more suitable to the field, as can be seen in 
Fig. 9. 
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Figure 9. Rotation of the magnetisation, M, from the easy axis 
into the direction of H, a: 

The magnetisation is rotated from the easy axis, [100], into the direction ofthe 
magnetic field and stress. If a small stress is applied to the substance, it will affect the 
orientation of the domain. 

cr cr 

a b 

cr cr ... 
- ..... 

c d 

H 

Figure 10. The magnetisation of a material under tensile stress, positive Àsa: 

To derive this effect, the domain energy should be calculated, involving the crystal 
anisotropy, the magnetic field and the strain at the equilibrium, with BEIB~ = 0. In this 
case, it is convenient to calculate the strain sensitivity [12,14]: 

A= BBI 
Ba ua;O' 

(30) 

for small stresses: 

A = 3ÀsBo ( 1- Bg J. f 
2K B2 

' s 

(31) 

with Bs the saturation magnetic induction and fa variabie factor depending on the 
original crystal orientation, 1.37 ::;; f ::;; 1.60. With this relation we conclude that the 
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resistance of a domain to a force, trying to rotate the magnetisation, depends on the 
crystal anisotropy constant, K. On the other hand, for very low values of K, the 
resistance does not depend on this constant but it depends on the product of the 
magnetostriction and the intemal stress; À.5cr. The product, À.5cr, overtakes K, in the 
case: K « À.5cr. The centrolling factor will beK or À.5cr, whichever is larger. 
An example of the dependenee of the change of induction to the stress is given by Fig. 
11. The stress was repeatedly applied and removed from a permalloy sample, placed 
in a steady magnetic field. 
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Figure 11. Change ofinduction of 45 Permalloy caused by application of 
Tension and compression,form Bozorth [12}. 

From Fig. 11, we see that the experimental values fit the theory for stresses, cr 
< 0.8kg/mm2

. The curve goes through the origin without change in the slope, and with 
increasing stress a limit in the value for the change in induction appears. 

A result of the reorientation of the veetors within the domain resulting of an extemal 
stress, is that the magnetostrictive strain caused by the stress-induced reorientation 
may be greater than the saturation magnetostriction. The effect of stress is that new 
minima for the domain veetors will be created this in addition to those, which 
followed, by the crystal anisotropy. 
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Stress applied to a specimen parallel to the magnetic field will alter the 
magnetoelastic energy for an isotropie magnetostriction. The equation involving this 
magnetoelastic energy transforms into [7, 12]: 

3 2 
Emagnetoelastic = -2Àscrcos e- HMS cose, 

(32) 

with 8 the angle between the magnetisation-direction and the direction ofH,cr. 
As the system is in equilibrium, there will be a minimum in the energy in the situation 
where: BE/88 = 0. 

BE 1 . magnetoe asnc _ 3 1 e . e + HM . e _ O - Ascrcos sm s sm - , ae 

with the result [7,10]: 

M = 3ÀSCT 
s H . 

Which can be written as: 

Mz 
M=-s-H. 

3Àscr 

(33) 

(34) 

(35) 

This relation, Eq. (35), tells that the magnetisation is linear dependent ofthe product 
Àscr and H. 
We see that there is a similar dependency ofÀ5cr for the resistance, low values ofK 
see above, and the magnetisation. 
In order to complete the story about the effects of stress, the L\E-effect has to be 
mentioned. The L\E-effect, the change of the Y oung modulus, is caused by the present 
of stresses in a materiaL The effect of small stresses, À5cr ;;:::: K or À5cr < K, has been 
calculated by Becker and Döring [10]. With these small stresses the movements ofthe 
domain boundaries play an important role in the magnetisation in weak magnetic 
fields. Within the calculations done by Becker and Döring the 90° wall displacements 
are predominant when the change ofthe magnetisation is small. 

(36) 

Eq. (36) gives the general formulation, for the change ofthe Young modulus for 
small stresses. 

1.6 Magnetostriction measurement techniques 

The magnetostriction can be measured directly or indirectly. The direct measurement, 
consist of evaluating the elongation of a magnetic sample under the influence of an 
applied magnetic field. The indirect method analyses the stress sensitivity of a 
magnetic property, which indirectly leads to the magnetostriction [11]. 
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1.6.1 Direct measurements 

There are many ways ofmeasuring the magnetostriction coefficient directly. In table 
1, most frequently used methods are given, including the accuracy in which the 
magnetostriction can be determined. 

Method Accuracy Thickness range 
Strain gauge -10-u Bulk and thin sheets 
X-ray Still under development nmrange 
Cantilever -10-' (optical) 

-1 o-9 
( capacitance) 

Thin layers (J.tm range) 

Dilatometer -10-u Thin sheets 
Table 1. Dzrect measurement methods wzth thezr accuracy and thzckness range. 

• The strain gauge technique: 

The strain gauge technique is a useful technique to measure the magnetostriction of 
thin sheets, and for an approximation ofthe magnetostriction ofbulk materials. 
In order to measure the magnetostriction of a crystal, a strain gauge is attached to the 
crystal, along the direction of a crystal axis. By applying a saturating magnetic field in 
two orthogonal directions, along certain crystalline axis, the strain is determined 
directly via the gauge. 

• The X-ray technique: 

The X -ray technique is a technique that is still under development, and at this moment 
nothing can be said about its accuracy. 
It is noticed that the angular position ofthe X-ray diffraction peaks fora sample 
changes, as magnetic fields are applied in two orthogonal directions. This change is 
due to the change of inter-atomie distances. The technique seems to have a high 
accuracy as it determines the magnetostriction on an atomie scale, although no real 
values are available yet. 

• The cantilever technique: 

Magnetostriction can be measured by the cantilever technique, using a layered 
sample, for example a ferromagnetic layer deposited on a non-magnetic substrate. The 
sample, i.e. cantilever strip, is clamped at one end and the other end is free to move. 
As a magnetic field is applied, in the plane of the sample, the strip will bend, because 
the ferromagnetic layer will undergo magnetostriction. Therefore, it expands or 
contracts, forcing the non-magnetic substrate to change its dimensions, similar to a 
bimetallic specimen. 
Using the optica! technique, a light souree and a fotonic sensor are facing the 
cantilever strip. The incoming light is reflected at the free end of the strip and is 
detected by the fotonic sensor. As the cantilever strip bends, the reflection angle will 
alter. By measuring the change in light intensity, the magnetostriction can be 
determined. Using a rotating magnetic field in the plane ofthe cantilever strip, the 
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latter will vibrate with twice the rotating frequency of the field. This method will be 
treated more specifically in the next chapter. 
An other technique using the cantilever, is the capacitance technique. The capacitor is 
made of two parallel plates, one being the cantilever and the other one being a 
'normal' fixed capacitor plate. This technique is based on the change of the 
capacitance of the capacitor as the strip bends, and is a direct method for the 
measurement ofthe magnetostriction. Using the capacitance cantilever technique, a 
higher accuracy is established than with the optical cantilever technique. 

• The dilatometer technique: 

Using the dilatometer technique, a sample is clamped at one extremity. The applied 
magnetic fields are orthogonal to each other in the plane of the sample. At the free 
end, a light source, above the sample, and a photonic-detector, under the sample, is 
placed in such a way that the light-beamis orthogonal to the sample and also to the 
magnetic fields. As the sample expands or contracts the light intensity will alter, 
because the sample will screen more or less of the light. So that the photonic-detector 
will receive less or more light. This change in intensity is a direct measurement of the 
magnetostriction. 

1.6.2 Indirect measurements 

Method Accuracy 
Small angle magnetisation rotation ~10-ö 

Strain modulated ferromagnetic resonance ~10-" 

Strain induced anisotropy technique ----
Table 2. Indirect measurement methods and thezr accuracy. 

The indirect measurement techniques are more complicated technique in comparison 
with the direct methods, but result in a higher accuracy. 
Because of the many parameters involved, what makes a description in a quick survey 
very difficult, the indirect measurement techniques will not be further explained. 
These techniques are given in order to show the variety of measurements techniques, 
and to give the accuracy in which magnetostriction can be measured. For further 
readings I would like to refer to the used reference [11]. 

F or our measurements we use the optical cantilever technique, because at this moment 
there is already some experience with this measurement technique by former 
measurements. Beside this the accuracy of 1 o-7 is also required for the results to 
obtain a good insight to the behaviour ofthe ferromagnetic layer. 
The choice between the optical and the capacitance cantilever technique, is due to fact 
that the samples would have special requirements in order to be used for the 
capacitance technique. 
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1. 7 The energy of a cantilever strip 

The main goal of this section is to complete the description of magnetostriction by 
introducing the energy terms, which play a important role within the phenomenon 
[15]. 
For the discussion a ferromagnetic cantilever strip is placed in a magnetic field, see 
Fig. 12. 

Fil~./--H-,, _ ... ~~1 
substrat~ ~ 

Figure 12. A layered structure (canti/ever) ofaferromagneticfilm and a 
nonmagnetic substrate p/aced in a magnetic field. 

In the absence of an external magnetic field, the beam will be divided in a typical 
domain structure, see section 1.2. Assume that the magnetisation ofthe domains is 
aligned perpendicular to the sample axis. When applying an external magnetic field, 
aligned along the cantilever axis, this field, if strong enough, willlengthen the beam 
and the strain, L\1, will give the magnetostriction, À, as mentioned in the previous 
section. 
Consider a stabie equilibrium within the cantilever, corresponding topairs of 
magnetisation and strain fields, minimising the total free energy of the specimen. 

Etotal = Eexchange + Ee/astic + Emagnetic + Eexternal + Emagnetoelastic (37) 

Our interest go es to the macroscopie response of the specimen, which is much larger 
than the domain dimensions. In this case the exchange energy, Eq. (4), will be 
neglected [16]. The total energy can now be written as a function ofthe energy 
densities: 

Eroral = fdv(ee/asrïc + emagnerïc + eexrernal + emagnetoelastïc} (38) 

with eelastic the elastic energy density of the lattice, emagnetic the magnetic energy 
density, eexternal the energy density associated with the external magnetic load and 
ernagnetoelastic the energy density stored in the lattice due to the magnetoelastic 
interactions (the crystalline anisotropy). 
For simplicity the symmetry axis is the easy magnetisation axis, aligned parallel to the 
film plane. The specimen is placed in a tangential extemal magnetic field as shown in 
Fig. 12, and perpendicular to the anisotropy axis ofthe magnetic film. 
The energy ofthe layered system is a summation ofthe individual energies, the film 
and substrate energy: 

E system = E film + E subsirale • 
(39) 

In the case of a nonmagnetic substrate only the elastic energy is of importance [ 17]: 
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E substrate = J dV( ~ c.[ t. 6;,]' + C, t. 6 ,; + 2C, ~ 6 ~ J , 
substrate 

(40) 

with es,= CJ2, cs2 = Yz(cu-cu) and cs3 = C44 theelastic constantsin Voigt's notation. 
The given E's are the components ofthe symmetrie strain tensor E, formed by the 
strain displacement equations: Eik= Y2[BE/8xk + &k/8xi]. The energies involving the 
magnetic film in presence of an extemal magnetic field, H, are given by: 

E[.,", ~ fdv( ~ c;[t,6,,]' +C[t.6~ +2C[~6~ J 

E~agnetic = Jdv(- ~ HD ·M- ~ M~) 
ELternal = JdV(- H · M) 

(41) 

Theelastic constants Cf1,2,3 must be interpreted in the same way as those involving the 
substrate. In the Eq. (41) a dipole term, H0 , has been introduced involving the stray 
field given by: 

(42) 

with <1>0 the potential ofthe stray field within the film. In Eq. (41), appears a unit
axial anisotropy constant, J3, which is positive, J3 > 0. And for the magnetoelastic 
energy a magnetostriction constant, À, is introduced, indicating the strength of the 
magnetoelastic interactions within the film. 
Eq. (41) states that theelastic energy contribution to the total energy, is positive, 
because Belastic ~ 0. The equality is true, in the case that there are no elastic strains in 
the system present. In fact the elastic energy will have a positive contribution to the 
total energy as magnetostriction occurs within the film. 
But we still know nothing about the contribution of the magnetoelastic part. Therefore 
we use Eq. (43), as a consequence ofthe stabie minimum. In this situation the 
relations between the magnetisation, M, the effective magnetic field, Herrand the 
displacement, E, are given: 

MxHeff =0 

BE = B(Eelasnc + Emagnetoelastic] = O. 
(43) 

Be Be 

F or magnetic materials we know: 

H =-BE 
eff BM' 

(44) 

with the result: 
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H _ a[E magnetic + E external + E magnetoe/as tic] 

~- ~ . (45) 

In combination with Eq. (43), and tak:ing the uniformities ofEelastic and Emagnetoelastic, 
with respect to the displacements, we obtain: 

2E e/astic + (E magnetoe/as tic + E magnetic ) = 0 · (46) 

In combination with the positive contribution ofEelastic, we can derive, with respect to 
the displacement, that the contribution, to the total energy, ofthe magnetoelastic 
energy, together with the magnetic energy, is negative, (Emagnetoelastic + Emagnetic):::; 0. 
The equality sign holds only ifthere are nostrains in the system, justas mentioned 
before. 
Theelastic energy ofthe substrate is also positive, justas that ofthe film. Ifwe look 
at the total energy of the system, it is noticed that the energy of the substrate will "lift" 
up the total energy. Because ofthe positive origin ofthe substrate energy, the 
substrate will tent to undo the curvature ofthe system in order to minimise its energy. 
The force, which is caused by the substrate and acts on the film, will be equal to the 
force of the film acting on the substrate as equilibrium is established. 
The net deflection of the cantilever beam due to the magnetostriction of the 
ferromagnetic film, is a direct result of the net energy of the system. From this point 
of view, the deflection ofthe cantilever depends on the magnetostriction ofthe 
ferromagnetic film. 

1.8 Distorical review of the mathematical derivations 

The observation of the magnetostriction led to many attempts to explain the origin of 
this phenomenon mathematically. In the year 1926, Mahajani came with his proposal, 
in which he considered the magnetic interaction between magnets ofvarious kinds, 
located at lattice points of the crystal. The magnetic interaction of a cubic lattice of 
dipole moments, aligned paralleltoeach other, is purely isotropic. Akulov (1928) and 
Becker (1930) continued this hypotheses including that the forces involved were 
purely magnetic in origin. The lattice points of the ferromagnetic crystal possessed a 
magnetic dipole moment, and orientated parallel at absolute zero. The magnetic 
interaction between the dipoles was given by a magnetic potential: 

The summatien is taken over the entire crystal, which leads to the total dipole 
interaction energy density of a saturated cubic lattice: 

(47) 

(48) 

With N the number of di po les per unit volume, a the direction of the magnetisation 
and ris given by r =(x, y, z) =a (1, m, n), the position ofthe dipole. Kittel shows in 
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his paper [7] that the potential, given by Eq. (47), can't give a satisfying explanation 
for the origin ofmagnetostriction. Because the first term in the energy density Eq. 
( 48) contains no reference to the direction of the magnetisation and as result, this 
can't give anisotropy. The term is independent ofthe direction ofthe magnetisation. 
Also the second term doesnotlead toa sufficient result. Both equations Eq. (47) and 
Eq. (48) count for simple, bcc and fee lattices [7]. Becker showed that the 
magnetostriction resulting from dipole interactions is just one-fifth of the observed 
value. The latter is only correct ifthe latticeis allowed to deform spontaneously by 
the dipole interaction. 
The dominant mechanism which gives rise to magnetic anisotropy is the spin-orbit 
interaction. So it seems clear that in order to explain magnetostriction this interaction 
should he taken into account. This was done by Bloch and Gentile (1931) and by Van 
Vleck (1937) resulting in a suitable explanation. In a crystal, the electrostatic fieldsof 
neighbouring atoms restriet the electron orbits. So that the electrons are not simply 
orientated by a magnetic field, but are dependent ofthe atoms intheir neighbourhood. 
More specific, the orientation of the electron spin to the magnetic field, is not only a 
reaction ofthe spin itself, but also the reaction to its own orbital and those orbits of 
the neighbouring atoms, which in turn, depend on their spin orientation. Thus the 
orientation is formed by the interaction between the orbits and the spins. 
Van Vleck proposed two models. In the first model he considered, that the lattice 
points only had dipole moments, with the result that the anisotropy only exist, as the 
dipoles are not perfectly parallel. In the second model, a quadruple moment is added 
to each atom. In this case, anisotropy will occur, even at absolute zero where the 
individual magnets are aligned parallel. 
Using a Heisenberg model, Vonsovsky (1940) derived an expression, which takes the 
spin-orbit interaction and the spin-spin interaction into account. The expressions 
given by Vonsovsky for A10o and A-111 are ofthe right order of magnitude and may be 
written as follows: 

(49) 

with Ms and Mao being the saturation and the spontaneous magnetisation at absolute 
zero, respectively. Na is the number of A vogadro and A, B, A', B', C and D are 
constants. 
The first term in the brackets, A, represents magnetostriction due to the spin-spin 
interaction and the B term the influence of the spin-orbit interaction. The temperature 
dependenee in the magnetostriction refers to the temperature dependency of the spin
orbit interaction, as can be extracted directly form the equations. 
Beside the approximations treated above, there are also different approaches to 
explain magnetostriction. Unfortunately there is still no mathematica! denvation that 
has a precise numerical estimation, mainly because of the mathematica! complexities 
involved with the formulation. These complexities still remain after drastic 
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simplifications and approximations of the problem. At this moment, there is a good 
insight to the phenomenon and to the problems, resulting in fine approximations. 
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Chapter 2 

The experimental set up. 

The main goal of this practical training is the development of a set up dedicated to 
measure the magnetostriction of a cantilever beam composed of a thin ferromagnetic 
film (e.g. NiFe) deposited on a non-magnetic substrate (e.g. Si), see Fig. 13. 

I~ ---ferrom-agne-tic film-------l--

1

?1 
_ substrate .-/ 

Figure 13. The cantilever beam. 

This chapter discusses the experimental measurement set up, section 2.1, and the 
technique used in order to obtain the magnetostriction values from the measured 
deflection ofthe sample, section 2.2. 

2.1 The experimental set up 
The signal processing and the signal control scheme are presented in Fig. 14. 

PC l===fo===ll•~i Amplifier h I H~lmholtz I F====~JIIIII"'~ cmls 
fo 

~ t I phase shift control i vibration o 
~he sample 

sensor signal, 2f0 Fotonic 
sensor 

Figure 14. The scheme of the processing and the control signals. 

f 

The PC delivers sine waves with a frequency f0, which are amplified before they enter 
the coils. The Helmholtz coils induce the magnetic fields. As a result of the total 
magnetic field, the sample will vibrate. This vibration is detected by the fotonic 
sensor which transforms the displacement ofthe sample into an electric signal with 
frequency, f= 2fo. 
As Fig. 14 shows, there are three signals going into the PC. Two ofthem come from 
the coils in order to check the phase shift between the two Helmholtz coils, and the 
third signal comes from the sensor. These signals will be received by the PC and will 
be analysed by the Labview program. 
The hardware, used in the set up present, has the following specifications. 

• The PC: 
The PC has a prominent role in the measurement set up since it controls all the 
outgoing and incoming signals. The LabView program discussed in chapter 3 
will do all the treatments ofthese signals. 
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A DAQ board is used to establish the sinusoirlal signals, to create the magnetic 
fields in the Helmholtz coil configuration, and to receive the signal coming 
from the MTI-2000 Fotonic Sensor. 
The AT-MI0-16DE-10 DAQ board has 16 single-ended, or 8 differential, 
software selectable input channels, with a12 bits resolution. The board is also 
equipped with a 512 sample FIFO-buffer. The input board range is ±11V, 
although an over voltage, up to ±35V, is present; the input should remain 
within this board range. The two output channels have a 12 bits resolution and 
are double buffered. The maximal output has a range of± 1 OV and a current 
drive of ±5mA. 
The AT-MI0-16DE-10 DAQ board has the advantage ofbeing able to 
produce and receive multiple signals simultaneously. The buffer used by this 
board, enables the signal to be continuous, even when an other process 
accupies the PC at that time. 

• The amplifier: 
The signals coming form the PC do not have a high enough amplitude to 
produce the desired magnetic field strength in the Helmholtz coils, therefore 
they have to be amplified before going into the coils. Por this purpose a 
Luxman M-120A amplifier, two-channel input, is used. This amplifier has the 
advantage that the two channels can be amplified separately. 

• The Helmholtz coils: 
Fig. 15 shows the Helmholtz coil configuration used for the measurements. 

Distance between the coils 

Inner coil 

outer coil 

Figure 15. Helmholtz coil configuration,from [18}. 

The Helmholtz coil configuration is made of two pairs of circular coils. Each 
pair consists ofidentical coils, but the coils ofthe different pairs are not 
identical. The specifications ofthe coils are represented in table 3. 
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coil 

Inner 
Outer 

0 inner 0 outer dis* turns wire, 0 R** L** [mH] 
[mm] [mm] [mm] [Q] 

98 122 48 140 0.8 3.46 
128 158 70 180 0.8 5.75 

Table 3. The specifications ofthe Helmholtz coils. 
* The distance between the coils is measured from wire to wire, from the 
inside. 
** The resistance and the induction ofthe coils are those ofthe pair of coils. 

6.26 
14.53 

Each coil pair is constructed in such a way that the distance between the coils 
is the coil-radius and these are placed parallel to each other. This contiguration 
has the advantage that the magnetic field between the coils is homogeneous 
and uniform at the centre ofthe coil-pair. The magnetic field intensity 
produced by one Helmholtz coil is given by, see also appendix Al: 

~ 
B(x)= ~N-(:)'. (50) 

• The sensor: 
In order to measure the displacements of the sample, a fotonie-sensor will be 
used. In our case an MTI-2000 Fotonic Sensor, with fibre-optic technology, 
will be used to measure the amplitude ofthe vibrations. 
The probe tip has a random fibre distribution, an intermix of the individual 
transmitting and receiving fibres, see Fig. 16, where the three different probe 
tip configurations are given. The random fibre distribution has high 
displacement sensitivity for probe tips with a short range. The probe module is 
an MTI-2032R model with a sensitivity of0.02J .. nnlmV, and with a non
magnetic coat. The probe output is an optical signal with an irradiance 
wavelength: 2800K tungsten lamp speetral radiation curves. 

OTransmitting Fiber e Receiving Fiber 

Random (R) Hemispherical 

• 
~~(H) 

Concentric 
Transmit lnside 

• (CTI) 

Figure 16. The different types of the fibre-optic probe tip configurations [19]. 

For doing magnetostriction measurements, normally a separate laser and a 
separate sensor are used to measure the curvature of the cantilever. The 
fotonic sensor gives us the advantage that we only have to deal with one 
apparatus, which reduces the time needed for the gauge. 
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The sensor is made of adjacent pairs of light transmitting and ree ei ving fibres. 
The principle of operation is the interaction between the transmitting field, of 
the souree fibres, and the field ofthe receiving fibres, see Fig. 17. With a 
probe gap near zero, most of the light, transmitted by the souree fibres, is 
reflected back into these fibres, and no light will be reflected into the receiving 
fibres. This willlead to a zero output. With a probe gap different from zero, a 
part of the light will reileet into the receiving fibres, with the result that the 
output is non-zero. With increasing the gap between the probe and the sample, 
more of the transmitted light will received by the receiving fibres, until a 
maximum is reached, the optica! peak. As the distance increases more, a part 
of the light will exceed the field of the receiving fibres, this part will be lost, 
causing a reduction in the output signal. 

From Light Souree 

Light Transmitting 
Fiber 

1 
Probe--to. Target 
Displacement 

To Photocell 

......,_ Ught Receiving 
Fiber 

~j_ 

r-------------------~ 

Figure 17. The principle of displacement and receiving of adjacent fibre-optic 
pairs [19}. 

The sensor-tip will be placed as close as possible to the sample surface, see 
Fig. 17. The distance, d or probe gap, will be chosen in such a way that the 
configuration ensures that the measurements will be on the steep si de of the 
curve being Range 1, before the occurrence ofthe optica! peak, see Fig. 18. 
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Op ti cal 
Peak 

Probe Gap 
Figure 18. Probe gap versus output { 19]. 

Range 1 is the maximum sensitivity range ofthe Fotonic Sensor, because the 
slope of the sensor output-probe gap curve is most steep at range 1. 

Magnetostriction will occur in a ferromagnetic material placed in a magnetic field. In 
order to measure the value of the magnetostriction of thin ferromagnetic films, for 
example used in data-heads, a measurement set up is build, see Fig. 19. 

Optical sensor 
pro he 

\ 
Micrometer 

Sample 
holder 

Vacuum 
tube 

Figure 19. The dejlection measurement set up. For simplicity the inner coils 
are not drawn on this figure. The coils are positioned in such a way that their 
magnetic field is perpendicular to the plane of the drawing. 

Fig. 19 shows a schematic contiguration of the deflection measurement set up, Fig. 20 
shows a photo of the realised set up. 

Table 
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Figure 20. The dejlection measurement set up, photo. 

The sample is positioned on a sample holder, see Fig. 19 and 20, and is fastened by a 
vacuum-tip within the sample holder. The sensor-probe is fixed on a moveable plate, 
which can be set by turning the micrometer. The outer and inner coils are placed on a 
fixed holder. The inner coil is not shown in this figure because of simplicity, but it has 
such a position compared to the outer coils, that its magnetic field is perpendicular to 
that of the outer coils and perpendicular to the plane of the drawing. 

2.2 The measurement technique and derivations 

The thin ferromagnetic film is deposited on a substrate, glass or silicon, and is placed 
in the magnetic field such that the field rotates in the plane of the sample, see Fig. 21. 
The sensor will face the film-side ofthe sample, since it has a higher reflection 
coefficient than the substrate. Dispersion is also one of the reasons why we will place 
the sensor at the film-side of the sample. 

~ ferromagnetic film H 
~ ..... ~ 

~~ _________ su_b_s_tr_m_e _____________ ,_· ______ • __ vl~ 
ZL y 

x/ 
Figure 21. The magnetic field rotation within the plane of the sample. 
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The alternating currents within the different pairs of coils are 90 degrees out ofphase 
to establish the rotating field. The amplitudes of the magnetic fields, of the individual 
Helmholtz coils, are tuned in such a way that the amplitude of the resulting rotating 
field is constant during the rotation. In other words, the magnetic field rotates in a 
circular plane. An oval magnetic field, caused by misfits in amplitude or phase 
between the two fields, should be avoided because the field amplitude is not constant 
during the rotation. This willlead to variations in the magnetisation value of the film 
and hereby to variations in the magnetostriction value. 

The magnetostriction ofthe cantilever beam is given by: 

(51) 

where e is the angle between the magnetisation and the direction of the measurement. 
With a rotating magnetic field angular frequency co, 8 varies in time and is given by: 

e = mt (52) 

expression Eq. (51) transfarms into: 

3 1 
-1(t) = -Às [cos 2 mt--]. 

2 3 
(53) 

As we look to the saturation magnetostriction in the longitudinal direction, z-direction 
see Fig. 21, its value varies in time as derived from Eq. (53), Fig. 22. 

1.2 

0.8 

0.6 

0.4 

"' 0.2 ~ ...__ 

0 

-0.2 

-0.4 

-0.6 

e = rot 

Figure 22. The variation ofthe magnetostriction at saturation in relation to 
the magnetic field direction 

The maximal strain of the film will result in a maximal curvature of the sample. 
During one cycle ofthe field rotation, the sample will bend twice with the maximal 
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curvature, D11, and twice the next maximal curvature, D1.. The curvature ofthe sample 
is shown in Fig. 23 . 

D 

Dl. 

y 

l._ 
z 

x 

Figure 23. The deflection, exaggerated, ofthe sample as aresult ofthe 
magnetostriction, positive, of the ferromagnetic film. 

D11 is due to the y-component and D1. to the x-component ofH. 
As the magnetic field causes the cantilever to deflect, as result of the magnetostriction 
in the ferromagnetic film, the magnetic moments, which tend to align into the 
direction of the field, are forced to change their direction. This effect, the realigning 
of the magnetic moments, will produce a force to the cantilever, that will reduce the 
bending [22]. 
The force depends on the angle between the magnetisation direction and the direction 
ofthe magnetic field, and is related to the magnetic energy. Because ofthe small 
magnetostriction and hereby the small bending ofthe cantilever, the reducing force 
will also he very small and will he neglected for the interpretation of the measurement 
results. 
The sign of the magnetostriction can he measured by using the Helrnholtz coil with 
the vertical field, y-direction, while looking at the direction shift indicated by the 
sensor display. Positive magnetostriction will increase the prohe-sample gap, 
indicated by an increase in the display-output. A negative magnetostriction will have 
the opposite effect. 

The deflection ofthe sample, see Fig. 23, is measured by using a Fotonic Sensor as 
mentioned in section 2.1 . The Fotonic sensor gives us the ability to measure the 
deflection, and hereby the curvature of the sample during the magnetisation. The 
relation between deflection and magnetostriction ofthe sample is the subject of a 
discussion that has been going for quite a while. 
In 1976 Klokholm [20] proposed a formula that was widely accepted until1994. This 
was after the fact that the predicted magnetostrictive strains were about twice as large 
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as the observed ones. The formula Klokholm proposed to be the formula for the 
deflection is given by: 

(54) 

In this formula D is the deflection, see Fig. 23, Às the magnetostriction at saturation 
and 1 the length of the beam t the thickness, E the elastic Y oung modulus and u the 
Poisson ratio for the film, f, and the substrate, s. 
In 1994, Du Trémolet de Lacheisserie and Peuzin [22] proposed a correction for the 
deflection, in agreement with the one independently proposed by Van Riet [23]. 
Their correction for the deflection is given by: 

(55) 

The difference between Eq. (54) and Eq. (55) is the factor: 

1-V
5 

(56) 

Although Van Riet derives in his artiele the equation as given by Eq. (55), a 
recalculation, see appendix (A2), gives a different result. The result ofthis denvation 
IS: 

(57) 

with the extra factor: (1 - vl}, in comparison with Eq. (55). 

The total deflection, D, contains two terms: the deflection in the situation that the 
magnetic field direction is along the measurement direction, D;;, and the deflection in 
which the field direction is perpendicular to the measurement direction, Dj_. The total 
deflection is given by: 

D = ID;; -Dj_l· (58) 

The three papers, [21,22,23], all agree with the first part ofthe equations, Eq. (54). 
Therefore the deflection is now given by: 

(59) 

with N the factor containing the Poisson ratios, see Tab. 4. 
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Author N factor 
Klokholm, [20,21] 1-v s 

1+v1 
Du Trémolet de Lacheiserie, [22], 1+vs 
Van Riet, [23] 1+v 

! 

Bogaart, this paper (A2) 
1+vs ·(1-v2) 
1+v 1 

f 
Table 4. The N-factors, Eq. (59), and the1r authors. 

At this moment there is no clear answer to the question which formula is correct. 
Therefore Eq. (59) will be used to interpret the measurement results. 

In spite of the various difficulties involving the interpretation of the deflection and the 
magnetostriction, there are a few consistencies within the papers invo1ving the 
deflection derivation, as mentioned before. The papers recommended for further study 
are Klokholm [20,21], Du Trémolet de Lacheisserie and Peuzin [22], Van Riet [23], 
all discussing the deflection caused by the magnetostriction in a magnetic layer within 
a cantilever beam. They all start with a different starting point to solve the problem 
and come to an agreeing formula, except fortheN factor, see Eq. (59). 

I would like to give some comments on these papers, in order to lead to an improved 
formula for the deflection-magnetostriction relation. 

Klokholm: 
Klokholm [21] refers to data published in a previous own paper [20] in order 
to justify the correctness ofhis formula. This early publication was one ofthe 
reasons for Du Trémolet de Lacheisserie and Peuzin to recalculate the 
formula. Klokholm might have done new measurements but as he still uses the 
same interpretations of the deflection for the denvation of the magnetostriction 
he will get the same result as he did get before. 

Du Trémolet de Lacheisserie, Peuzin: 
In this paper the authors derive the relation the material properties, including 
the magnetostriction, and the deflection by an energetic point of view. They 
introduce an energy consisting ofthe e1astic and the magnetoelastic energy, 
but this introduced energy is not valid for cubic lattices, which willlead to 
some restrictions of their treatment. Moreover the energy from which their 
formula is derived, is not complete, this energy should contain more energy 
contributions, see Eq. (41). 

Van Riet: 
In appendix, A2, a correction to the denvation of the deflection by Van Riet is 
made. Beside this, the author sets the relative change in length, Öx, equal to 
3/2À5, Eq. (19) 1, but within his calculations he takes the negative value. If we 
take the values as heusesin Eq. (20)1 a minus sign will be present in front of 
the Eq. (54). 

1 This equation refers to the paper of Van Riet [23). 
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Chapter 3 

Signal processing and data acquisition 

Within this chapter, the general descriptions of the software programs, used to control the in
and output signals ofthe measurement set up, are given. Section 3.1, 3.2 and 3.3 give the 
description of the spectrum analysis program, the coil tuning program and the 
magnetostriction measurement program respectively. Section 3.4 contains the subvi's that are 
used in the programs, descript in sections 3.1, 3.2 and 3.3. 

3.1 Spectrum analysis program 

Before a measurement is started it is advised to investigate the spectrum of the sensor signal 
as the sample vibrates. From the signal-noise ratio, SIN, the choice is made whether or not a 
lock-in amplifier is required to receive the sample vibration signal. Program "spectum.vi" is 
used for this purpose, and gives a spectrum at the desired value of the magnetic field. In Fig. 
24 the block diagram of the program is given. 

rn 
Figure 24. The block diagram of "spectrum. vi ". 

This program uses a loop in order to generate a magnetic field between the coils, at the same 
time as the sensorsignalis received. The outputsignalis generated by the subvi, "sincos.vi", 
represented as signal in the block diagram and the input signal are received by the subvi, 
"subspect.vi", represented as speet in the block diagram. These VI's are explained insection 
3.4. 
The channels ofthe device can be changedon the front panel, Fig. 25,just like the output 
channels and the input channel. Standard, device 1 is used for the magnetostriction 
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measurement. The values for the various controls are given in Fig. 25, and are standard for the 
program. With these values an optimal combination between time and accuracy is made. 

I ~ ' - -_,;_. ___ _ 

50.0 1 00.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 

Figure 2 5. The front panel of "spectrum. vi ". 

The graph displayed on the front panel, Fig. 25, is the power spectrum ofthe sensor signal. 
The control buttons at the left side ofthe graph can change the display-type ofthe graph, the 
window-type and the scale-unit, shown on the front panel. The x-axis displays the frequency 
in Hz. 

3.2 Magnetic field tuning 

The two magnetic fields, perpendicular and altemating with a 90 degrees phase-shift within 
the Helmholtz coil-configuration, should be of equal amplitude in order to establish a circular 
rotating magnetic field. A critica! point in the magnetostriction set up is the amplifier, which 
amplifies the 
PC-output signals before these signals go to the Helmholtz coils. The front panel of the 
amplifier has two control switches for the amplifying rate ofthe signals, which makes it 
possible to control the magnetic fields without changing the main measurement program. 
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The LabView program: "coil_control.vi", is designed to check the phase ofthe two fields and 
also their magnitude. Fig. * gives the diagram of"coil_control.vi". 

~~Ier 
x 

~J- x : .. • 

Figure 26. The co i!_ con trol. vi diagram. 

As Fig. 26 indicates, a signal source: "sincos.vi" provides the required output signals for the 
measurement and will be further explained in section *. The currents within the coils are 
measured and pass the subsequent stages of the program before presented on the front panel. 
The front panel of"coil_control.vi", Fig. 27, shows the amplitude ofthe magnetic fields, in 
Oe, and their phase, in degrees. The amplitude of the fields is derived from the current 
amplitude within the coil configuration, and is multiplied by a constant factor in order to get 
the magnetic field value. 
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Figure 2 7. The co i/_ con trol. vi front panel. 

As the magnetic fields values diverge from the estimated values, it is read from the front panel 
indicators. The amplitude misfit is the divergence of the outer coil magnetic field given in 
percentage of the inner coil magnetic field. 
Asthere is a misfit in the amplitudes ofthe two signals, it is possible for the researcher to 
change these amplitudes by turning the control switches of the amplifier, in such a way that 
the signals are equal to the desired values. 

Because the frequency of the input signals is known, it is suitable to extract the signal with the 
same frequency. Both the signals are sampled and 4096 samples are extracted by a sampling 
rate of 1000 samples per second. This combination of the number of samples and sampling 
rate gives a representative impression ofthe signals. 

3.3 The magnetostriction measurement program 

The magnetostriction of the sample is measured and derived by the magnetostriction program, 
"direct_magnetostriction.vi". This VI controls the output signals, the current within the coils, 
and receives the sensor signal from where it derives the magnetostriction as function of the 
magnetic field. The block diagram of"direct_magnetostriction.vi" is given by Fig. 28. 
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Figure 2 8. The block diagram of "direct_ magnetostriction. vi ". 
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Justas the spectrum program, the magnetostriction program uses several subvi's for the 
control ofthe signals, namely: "sincos.vi", to generate the signals for the coils, represented as 
signal; "sample.vi", to gather the sample specifications, represented as sample; "vibration.vi", 
to receive the signal from the sensor, represented as input vi; "derivation.vi", to calculated the 
magnetostriction, represented as derivation. 
The derived magnetostriction, derived by "derivation.vi", is written, together with the 
deflection value, in Vrms, and the magnetic field value, in Oe, toa file chosen by the 
investigator. 

-

--· ~ 

Figure 29. The front panel of "direct_ magnetostriction. vi ". 
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Fig. 29 shows the front panel ofthe magnetostriction program, "direct_magnetostriction.vi". 
Device 1 is the location where the DAQ is placed, and we use output-channels 0 and 1 forto 
control the coils and input-channels 0 and 1 for the data acquisition. The control buttons on 
the front panel can change these channels and the device numbers. 
The sample parameters: 1, Es,r and t5,r, have to be given in order to derive the magnetostriction 
ofthe sample, which is plottedas function ofthe magnetic field. The general Young modulus 
values of the layers are given in the table on the front panel. The graph on the front panel is 
plots the deflection as function of the magnetic field value. 
Both the signals are sampled and 4096 samples are extracted by a sampling rate of 1000 
samples per second. This combination ofthe number of samples and sampling rate gives a 
representative impression of the signals. 

3.4 The subvi's 

The subvi' s spoken of in the previous sections, are enumerated in this sectien together with a 
short explanation. 

sincos.vi 

Figure 30. The block diagram of "sincos. vi ". 

This subvi, "sincos.vi", generates two harmonie signals with a 90 degrees phase shift, in order 
to generate the desired magnetic fields. The frequency ofthe signals can be changed by 
changing the input value in the main program. 

sample.vi 

S =(2"E s"ts "2)/(9"E f•tf•L "2); 
Ef 

Figure 31. The block diagram of "sample. vi ". 

This subvi, "sample.vi", uses the sample parameters, given on the front panel, to derive S, 
which is used for the denvation ofthe magnetostriction, subvi: "derivation.vi". 
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vibration.vi 

Figure 32. The block diagram of "vibration. vi ". 

"Vibration.vi" receives and analyses the input signals by using subvi: "waar.vi". The input 
values like device, channels, scan rate, etc ... are set on the front panel. The received and 
analysed signals are shown on the front panel. 

waar.vi 

Figure 33. The block diagram of "waar. vi ". 

The signals received from the input-channels 0 and 1, are analysed in this subvi, and the 
results are displayed on the front panel, Fig. 29. The "power peak current", will represent the 
magnetic field within the coils. The "power peak" is the power peak ofthe 40Hz signal; the 
frequency ofthis peak is given by "frequency peak". Both power peaks are given in V2rms. 
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derivation. vi 

Y= X"S/1 000; 

Figure 34. The block diagram of "derivation. vi ". 

Subvi, "derivation.vi", uses the derived value S from "sample.vi" and with the deflection, X, 
from "vibration.vi", the magnetostriction is derived and presentedon the front panel ofthe 
mam program. 
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Chapter 4 

Measurement results 

This chapter will present the first results that obtained by measurements done with the 
measurement set up discussed in chapters 2 and 3. The samples, which are prepared for this 
purpose, are samples that represent the data-head substrate/film configuration. From these 
results obtained by these experimental samples, an insight to the behaviour ofthe 
ferromagnetic film is gathered. 
Section 4.1 will discuss the spectra of the samples from which is determined whether or not a 

lock-in amplifier is needed. Section 4.2.1 will treat the result ofthe measurements for the 
samples made in an experimental plating cell and section 4.2.2 will discuss the samples made 
in a production-plating cell. The behaviour ofbi-layered systems is also examined and will be 
treated insection 4.3. Section 4.4 compares the different substrates, glass and silicon. 

4.1 Spectrum analysis 

In order to extract data from the experiment for further derivations, the spectrum of the sensor 
signal is examined. From the signal spectrum we determine whether we should use, or not, a 
lock-in amplifier to receive the measurement data. With the signal spectrum, certain 
noise/error sourees are exposed and are subjected to further analysis. In order to receive the 
spectra the LabView program "spectrum.vi" is used. 
The samples consist of a ferromagnetic layer, the film, and a non-magnetic substrate. The film 
is deposited on the substrate by electroplating, as explained in section 1.1. The substrates are 
made either of glass, Si02, or of silicon, Si. The samples with a glass substrate are prepared in 
an experimental plating cell and for the silicon substrate samples, these are made in a 
production-plating cell. Por the analysis ofthe signal spectrum, for the different samples, two 
representative samples are chosen. One sample with a glass substrate and one with a silicon 
substrate are analysed for this purpose. The applied magnetic field has a frequency of, ffieid = 

20Hz. 

50.0 100.0 150.0 350.0 400.0 450.0 500.0 

Figure 35a. The fotonic sensor output, Vrms, versus the frequency, for sample 
MS 37,/peak = 39.961Hz. 
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Figure 35b. Thefotonic sensor output, dBVrms, versus thefrequency,for 
sample MS 37,/peak = 39.961Hz. 

From Fig.35a and b, is seen that the 40Hz signal has a high peak within the spectrum. Also 
first harmonie signal is present, but its peak value is a factor 10 less. The spectra given by 
these figures are obtained by a magnetic field, H = 300e. The sample has a glass substrate 
and is plated in an experimental plating cell. 

The next spectra, Fig. 36a and b show the spectra ofthe signal received from the sensor as the 
sample vibrates due to the rotating magnetic field. The magnetic field has an amplitude of 
300e. 
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Figure 36a. The fotonic sensor output, Vrms, versus the frequency, 
sample Si 03, ffteld = 39.996Hz. 
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Figure 36b. The fotonic sensor output, dBVrms, versus the frequency, sample Si03, 
ffteld = 39.996Hz. 

These spectra show that there is a high signal in the 40Hz region, the signal from the sample 
as aresult of the sample vibration. Actually there is also a low frequent signal, f < 0.1Hz, with 
a much higher value than the peak-value ofthe 40Hz, but this signal can beseen as the de
signa! of the sensor. The dc-signal is not of importance for the analysis and is therefore Ie ft 
out. Because of the low noise level in the 40Hz region, power-spectrum analysis is sufficient 
to derive the deflection of the sample. In this case the needof a lock-in amplifier, in order to 
reeover the 40Hz signal, is not an obligation and therefore the acquisition program will be 
based on the power-spectrum analysis. The program, which is used to receive the deflection
signal, is "direct_magnetostriction.vi", section 3.3. 

4.2 Single layered samples 

The magnetostriction is measured for samples, with variations in thickness for the film and 
substrate, with variations ofthe Fe wt% within the film and measured for samples with 
different substrate materials. 
Tab. 5 gives the values of the Y oung modulus and the poison ratio of the materials of which 
the cantilever strips are composed. 

Material E (Gpa) V 

Si02 (Glass) 73.1 0.17 
Si02 (Crystal quartz) 97.2// 76.5j_ --

' Si 130.2 0.266 
Ni4sFess 151±7 0.26±0.01 
NisoFe2o 193±8 0.40±0.02 

Tab/e 5. Specificatzons ofthe cantziever components, *from Crystran [24} , **from 
Bozorth [12}. 
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The values given in Tab. 5 are useful for the denvation ofthe N-factors, Eq. (59). Tab. 6 gives 
the different N-factor values according to Tab. 4. 

1/N 1+v1 1+v1 1+v1 1 
film --, Ref.[18] --, Ref.[19] -·- (A2) 

1+vs 1 2 ' 1-v 1+V
5 s -V f 

Ni4sF ess on glass 1.52 ± 0.01 1.08 ± 0.01 1.16 ± 0.02 
Ni4sFess on silicon 1.73 ± 0.01 0.99 ± 0.01 1.06 ± 0.01 
NisoFezo on glass 1.67 ± 0.02 1.20± 0.02 1.43 ± 0.04 
NisoFezo on silicon 1.92 ± 0.03 1.10 ± 0.02 1.31 ± 0.04 

Table 6. The N-factors correspondzng to Tab. 4. 

4.2.1 Single layered samples made in an experimental plating cell 

The samples made in an expenmental plating cell have a substrate made of glass and have the 
following dimensions: length, 1 = 38 to 42mm, and a wide, w = 4.5mm. The single layered 
glass samples have an approximated thickness of 320Jlm, and the film wt% of Fe is in the 
region of 49% - 57%. 
In the following table, Tab. 7, more specific details of the glass substrate samples are given. 
The film thickness is determined by X-ray fluorescence (XRF) and has a negligible 
contribution to the total sample thickness, measured by a calliper rule. 

Sample code Fewt% Thickness film (Jlm) Thickness substrate (Jlm) 
MS09 49.05 1.07 319 ± 5 
MS 16 49.75 1.44 319 11 

MS 18 50.01 0.919 309 11 

MS21 50.28 0.84 319 11 

MS25 50.95 1.50 318 11 

MS27 51.36 0.91 319 11 

MS33 52.59 0.95 319 11 

MS34 52.80 1.49 308 11 

MS37 53.59 1.59 318 11 

MS39 54.52 1.05 319 11 

MS40 54.31 1.64 318 11 

MS45 55.38 1.70 318 11 

MS48 56.57 1.67 318 11 

Table 7. Specificatzons of the g/ass substrate samples. 

The sample codes, Tab. 7, are the codes used dunng the measurements in order to distinguish 
the sample form each other. 
The samples will be first examined by the BH-curves, in order todetermine the B5-value of 
the sample. OnStream is looking for high Bs matenals in order to obtain higher areal densities 
and from earlier publications from diverse authors it is said that the NisoFeso alloys have a 
higher B5-value than the NisoFezo alloys used at this time. Therefore it is of interest to 
investigate the BH-curves before the investigating the magnetostnction ofthe samples. 

Fig. 37 shows the BH-curve of a glass substrate sample with a Fe amount of 53.59wt%. 
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Figure 3 7. The BH-curve of a sample, with a glass substrate, made in an experiment al 
plating cel/, 53.59wt% of Fe. 

Tab. 8 gives the values of some samples with different amounts of Fe, derived from the BH
curves, see A4 for the curves. 

Sample code Fewt% Bs (T) Hc(Oe) Hk (Oe) J.lr 
MS21 
MS37 
MS45 

50.28 1.06 0.52 15.8 
53.59 1.19 0.64 14.6 
55.38 1.34 0.71 13.9 

Table 8. The values calculated from the BH-curves for samples made zn an 
experimentalplating cel/. 

1006 
1150 
1143 

Hk is the anisotropy field, this is the field strength in which the sample is saturated, He the 
field locked inside the curve and J.lr is the permeability ofthe sample. 
The BH-curve, Fig. 37 and Tab. 8, show that the B5-value ofthe Ni50Fe5o alloys have a value 
B5 > 1 T. The NisoFe2o alloys have a value approximately B5 = 1 T, therefore it can be said that 
the NisoFeso alloys have a higher B5-value and satisfy the estimations. Because ofthis these 
alloys can be examined on their magnetostriction. 
The magnetostriction is measured as a function of the amplitude of the applied magnetic field, 
and will be analysedas Fig. 38 indicates. This magnetostriction curve is a simplification of 
the real curve. 

································r-------

H 

Figure 3 6. The analysis of the magnetostriction curve. 
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À.s As given in Fig. 38, symbolises the saturation magnetostriction given by Eq. (51). Hs the 
magnetic field at which the magnetostriction reaches 90% of À.5• this value should be in the 
samerange as Hk from the BH-curve. The saturation magnetostriction will be derived by 
extrapolation of the measurement results. Misalignments of the sample to the magnetic field, 
which will result in a slight slope at the saturation magnetostriction value, are also corrected 
in this way. 

The figure given below, Fig. 39, is the magnetostriction curve of sample MS 21 containing 
50.28 wt% of Fe. 
A slight slope is present for low magnetic fields, H < 40e, foliowed by a steep slope as a 
result ofthe rotation ofthe domains. For magnetic fields, H > lOOe, there is almost no change 
in the magnetostriction value and the curve approaches a limit-value. The small slope at 
saturation is due to the misalignments of the sample to the field, as mentioned before. 
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Figure 39. The magnetostriction multiplied by the correction factor N versus the 
applied magnetic field (sample MS 21) 50.28 wt% of Fe (glass substrate). 

The results form the measurements are given in Tab. Al ofthe appendix, A5 . 

It is interesting to determine the dependency of the magnetostriction as function of the amount 
Fe within the film. From Bozorth [12] Fig. 40 is created by Persat [25]. Here the dependency 
ofthe magnetostriction to the Fe amount for crystallites in the [100] and [111] directionsis 
investigated. To investigate the validity of these derivations the magnetostriction, at 
saturation, is plottedas a function ofthe Fe wt%, Fig. 40. 
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Figure 40. The magnetostriction at saturation versus the Fe amount [25}. 
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As Fig. 40 indicates, there is astrong dependency ofthe magnetostriction to the amount Fe in 
the sample. The results ofthe magnetostriction measurements, Tab. Al, are plotted in Fig. 41, 
where the magnetostriction value at saturation is given as function ofthe amount Fe in the 
film. 
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Figure 41. The magnetostriction, at saturation, asfunction ofthe Fe amount, glass 
substrate samples. 

Fig. 41 doesnotshow astrong dependency ofthe magnetostriction to the amount ofFe in the 
film. A possible reason for the difference is that these samples are made in an experimental 
platingcelland don't have such a high order ofuniformity. Due to this non-uniformity the 
strain in the film is non-uniform and willlead to deviations in the magnetostriction value. 

The H5-values also plottedas function ofthe Fe amount within the film and is given by Fig. 
42. 
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Figure 42. The H5-value plotted asfunction ofthe wt% of Fe within thefilm. 

Figure shows that there is a slight dependency ofthe H5-value to the amount Fe in the film. 
But from the remarks given for Fig. 41, it is possible that the small decrease in the H5-value 
for the samples with more than 54wt% of Fe compared to the samples with a lower amount of 
Fe is due to the non-uniformities. 

4.2.2 Single layered samples made in a production-cell 

The samples made in a production-cell all have a substrate made of silicon, Si, and have an 
approximated thickness of 675)lm. The film Fe wt% is in the regionsof 17%- 19% and 40%-
65%. The following table, Tab. 9, contains more specific details ofthe samples. The film 
thickness is also derived XRF, and has a negligible deviation compared to the deviation ofthe 
sample thickness, measured by a calliper rule. 

Sample code Fewt% Film thickness (Jlm) Substrate thickness (Jlm) 
Si40 17.91 4.64 685 ± 5 
Si42 18.56 4.45 685 " 
Si43 19.10 4.92 685 " 
Si 03 43.11 2.05 678 " 
Si 09 46.13 1.91 678 " 
Si 08 48.50 1.87 678 " 
Si 02 52.65 2.06 668 " 
Si 11 55.26 2.13 678 " 
Si 41 55.55 4.46 675 " 
Si 01 56.46 2.08 668 " 
Si 10 58.72 2.05 678 " 
Si 07 61.99 2.13 678 " 
Table 9. Specificatzons ofthe silicon substrate samples. 

The samples will be first examined by the BH-curves in order to obtain the B5-values. As 
noticed in the previous section, OnStream is looking for new materials with high B5-values in 
order to obtain high areal densities. Fig. 43 shows the BH-curve of a sample with a silicon 
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substrate made in a production-plating ce11. The sample has a Fe amount of 46.13wt% and has 
a film thickness of 1.91j..tm. 
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Figure 43. The BH-curve of a sample, silicon substrate, made in a production-plating 
cel/, 46.13wt% of Fe. 

Tab. 10 gives the values, B5, He, Hk and I-lr ofsome samples with different amounts ofFe, 
obtained by the BH-curves, see A5. 

Sample code Fewt% Bs (T) Hc(Oe) Hk (Oe) I-lr 
Si09 
Si 11 

46.13 1.28 0.38 9.6 2294 
55.26 1.41 0.33 9.5 2226 

Table JO. The values obtaznedfrom the BH-curves oftwo different samples wzth a 
silicon substrate, made in a production-plating cel/. 

Hk is the anisotropy field, this is the field strength in which the sample is saturated, He the 
field locked inside the curve and I-lr is the permeability of the sample. 
The BH-curve, Fig. 43 and Tab. 10, show that the B5-value ofthe Ni5oFeso alloys have a value 
Bs > 1 T. Compared to the NisoFe2o alloys which have a value approximately Bs = 1 T, it shows 
that the Ni5oFe50 alloys have a higher B5-value and satisfy the estimations. Therefore these 
alloys can be examined on their magnetostriction. 
The magnetostriction is measured as a function of the amplitude of the applied magnetic field, 
and will be analysed as Fig. 38 indicates. This magnetostriction curve is a simplification of 
the real curve. 
The magnetostriction curve, the magnetostriction as function of the applied magnetic field, is 
interpreted the same way as done for the glass substrate samples. 
Fig. 44 shows the magnetostriction curve of sample Si 9, 46.13 wt% of Fe, and is 
representative for the silicon substrate samples with a 50 wt% of Fe composition. 
Fig. 44 shows that magnetostriction occurs as soon as the applied magnetic field is different 
from zero. The main magnetostriction, the steep slope of the curve, occurs approximately for 
magnetic fields below, H = 5 Oe. Higher fields have less influence compared to the first part 
ofthe curve. The slight slope for field, H > 5 Oe, is due to the misalignment ofthe sample 
orientation to that of the magnetic field. 
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Figure 44. The magnetostriction versus the applied magneticfield (sample Si 09) 
46.13 wt% of Fe silicon substrate. 

Fig. 44 shows the magnetostriction curve of a sample with a 46.13wt% of Fe in the film. 
TAB. A2 of appendix A5 gives further measurement results of the various samples. 
From the theory it is known that the magnetostriction ofNis0Fe2o alloys have a low 
magnetostriction value and even negative. Fig. 45 shows the results ofthree NiFe alloys with 
an approximately 20wt% of Fe. 
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Figure 45. The magnetostriction of samples with a various amount of Fe, made in a 
production-plating cel/. 

As Fig. 45 shows depends the sign ofthe magnetostriction value on the Fe amount within the 
film. The sample with a 19.1 Owt% of Fe has a positive magnetostriction value, as for the 
samples with an amount 17.91wt% and 18.56wt% ofFe have a negative value. 

Magnetostriction in thin ferromagnetic layers for applications in data-heads 56 



As Fig. 44 and 45 indicates there is astrong dependency ofthe magnetostriction to the Fe 
amount in the film. From Persat [25], see Fig 40, this dependency was expected. The 
measured magnetostriction values areplottedas function ofthe amount Fe within the film, 
Fig. 46. 
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Figure 46. The magnetostriction, at saturation, asfunction ofthe Fe wt%, silicon 
substrate samples. 

The measured magnetostriction values plotted in Fig. 46 as function ofthe amount of Fe in 
the film, is in good agreement with Fig. 40 form Persat, although there is a factor difference 
of approximately 2. Hereby it has to be noticed that the magnetostriction values are not 
corrected fortheN-factor given in Tab. 6. 
It is interesting todetermine ifthere is some dependency in the H5-value to the amount ofFe. 
The measured H5-values areplottedas function ofthe amount Fe within the film Fig. 47. 
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Figure 47. The magnetostriction, at saturation, asfunction ofthe Hs-value, silicon 
substrate samples. 

Fig. 47 shows a similar dependency ofthe H5-value to the amount ofFe in the film as the 
saturation magnetostriction given by Fig.46. These results indicate that behaviour ofthe 
samples, obtained from the measurement results, is in agreement with the expected behaviour 
extracted from the theory. 
Measurements have also be done for samples with equal amount ofFe in the film but with 
different thickness. The derived magnetostriction are equal to each other so that we conclude 
that the measurement technique and the set up are operating well. 
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OnStream is looking for new materials with a magnetostriction value in the range of 1 o·7, but 
as fig. 46 shows the NiFe alloys with approximately 50wt% of Fe have a too high 
magnetostriction value. Although the B5-value, about 1.5 T, are the desired values it can be 
concluded that these NiFe alloys can not be used within the reader part ofthe data-head. 
The patent ofiBM [26] shows that the use ofbi-layers, a combination ofnegative and positive 
magnetostriction layers can reduce the magnetostriction of the total system. 

4.3 Bi-Iayered samples 

The patent offfiM [26] might give the solution for the problem ofthe high magnetostriction 
values. This patent treats bi-layered system consisting of a layer with a negative 
magnetostriction and a layer with a positive magnetostriction plated on a non
magnetostrictive substrate. By varying the ratio ofthe thickness ofthe layers it should be 
possible to obtain a system with zero magnetostriction. Fig. 48 shows the results offfiM for 
the bi-layered systems. 
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Figure 48. The magnetostriction asfunction ofthe thickness ration [26]. 

As Fig. 48 shows, there will be zero magnetostriction for samples with a ratio of 6. 
Because the bi-layers seem to be the solution to the problem ofmagnetostriction, bi-layers 
have been made with the configuration see Fig. 49. 
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Figure 49. The conjiguration ofthe bi-layered system, 
substrate/Nis2Fe1s (ti)/Ni4sFess (t2). 
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The bi-layers consist of a Nis2Fe1s layer plated on the substrate with a thickness oft1 and a 
Ni45Fe55 layer plated on the first layer with a thickness oftz. Tab. 11 contains the data ofthe 
various samples. 

Sample code tt (J..tm) ls' layer t2 (J..tm) Ratio, t1/t2 
(Fewt%) 

Si 33 2.9190 17.85 2.365 0.93 
Si34 2.948 17.80 1.57 1.88 
Si 35 3.316 18.00 1.18 2.81 
Si36 3.473 17.75 0.93 3.73 
Si 37 3.733 18.00 0.68 5.49 
Si 38 3.875 18.00 0.525 7.38 
Table 11. The data of the bz-layer samples. 

The sample code, Tab. 11, is the code used during the measurements. Tab. 11 shows the 
variation in the thickness by the ratio t1/t2, a will now be used to indicate this ratio. 
In order to obtain the B5-value of a bi-layer sample the BH-curve is derived and Fig. 50 shows 
the BH-curve of a bi-layer with ratio, a= 0.93. 
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Figure 50. The BH-curve of a bi-layered sample, substrate/Nis2Fe1s (ti)/Ni4sFess (t2) 
with ratio, a= 0.93. 

From the BH-curves we have obtained the B5-values given in Tab. 12. 
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Sample Bs (T) He (Oe) Hk (Oe) Jlr Ratio, t1/tz 
code 

Si 33 1.19 0.27 11.1 --- 0.93 
Si 35 1.09 0.31 10.9 --- 2.81 

Table 12. The data obtazned from the BH-curves for two bz-layered samples with 
different ratios. 

The Jlr that would derived from the BH-curves for the bi-layer samples, Fig. 56, is not the 
correct Jlr-value. In fact the BH-curve ofthe bi-layer is a combination ofthe BH-curves ofthe 
two layers to one curve. The expected curve would contain stages as aresult ofthe two 
different layers, although Fig. 50 does not show these effects, several people notice it in the 
past. This is the reason not to derive the Jlr-value for the bi-layers. 
The B5-values ofthe bi-layers are lower than those ofthe single layered samples with 55wt% 
of Fe. OnStream has the need for new materials with a high B5-value, in range of 1.5 T, but 
the B5-values of these bi-layered samples are smaller than the required value. 
Although the B5-values are too low compared to the required value, the magnetostriction of 
these samples is derived. 
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Figure 51. The deflection as function of the applied magnetic field of a bi-layered 
sample with ratio a= 0.93. 

Fig. 51 shows the curve ofthe deflection as function ofthe magnetic field amplitudefora bi
layer with a ratio, a = 0.93. The deflection is plotted in this figure because it is not clear 
which Y oung modulus should be taken in order to derive the magnetostriction value from the 
deflection. 
As Fig. 51 shows there is approximately no deflection for low magnetic fields, H < 5 Oe, and 
for higher field amplitudes the deflection starts to increase in order to reach a certain 
saturation value. As the patent of IBM, see Fig. 48, indicates there is astrong dependency of 
the magnetostriction to the thickness ratio. In order to determine this dependency the 
deflections of some samples are measured as function of the magnetic field amplitude. Fig. 52 
shows the results obtained by plotting the saturation deflection as function ofthe thickness 
ratio. 
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Figure 5 2. The dejlection at saturation as function of the thickness ratio, for the bi
/ayer samples, substrate/Nis2Fe1s (tJ)/Ni4sF'ess (t2). 

Fig. 52, the deflection at saturation is plotted as function of the ratio between the layer 
thickness, t1/t2. As the curve indicates; there is astrong dependency ofthe deflection, and 
hereby the magnetostriction, to the thickness ratio of the layers. This dependency is 
investigated by proposing an equation, which describes the deflection of the sample based on 
the weighted average ofboth D1 and D2. The equation is given by: 

aDI +Dz 
Dbi-layer = (a+ 1y ' (60) 

with a given as the ratio, t1/t2 with tz * 0, and n a real number that has to be determinate by 
curve fitting. 

a= O,t1 = 0~ DbHayer = D 2 Vn;::: 0 

. {>D1 , n <1 hm 
tz ~ 0 Dbi-/ayer =Dl' n = 1. 

<Dp n >1 

(61) 

In Fig. 53, the deflection given by Eq. (60), is plottedof diverse numbers ofn. Initially it was 
expected that the fit would obey the equation with the n equal to 1, but as Fig. 53 shows this is 
not the case. 

Magnetostriction in thin ferromagnetic layers for applications in data-heads 61 



UI 
E ... 
> 
.§. 
c 
0 
;: 
111 ... 
:I -111 
111 -111 
c 
0 
;: 
u 
Cll 

~ 
"0 

7 

6 

5 

4 • si33/si38 

3 • · · • · · n=0.5 

2 --- n=0.75 

1 n=1 

0 

-1 

-2 

ratio, t1/t2 

Figure 53. The dejlection asfunction ofthe ratio ofthe /ayer thickness, a The 
dejlection, Dbi-layer Eq. (60) , is p/otted for n = 0.5, 0. 75 and 1 and D 1 = -0.93m Vrms, 
D2 = 5.95m Vrms. 

From Fig. 53 can be extracted that the fit with n = 0.50 gives a good approximation in order to 
describe the ratio dependency, only fora < 10. For highervalues of a, the curve will reach a 
region that is not possible for the magnetostriction to be in, see Eq. (61). 
A samplewithno net magnetostriction will also have no deflection. The ratio ofthe bi
layered sample, Si/Nis2Fe1s/Ni4sFess, is in this case, with Eq. (60), equal to: a= 6.4. 

4.4 Glass versus silicon substrates 

As we take a closer look at the magnetostriction curves, Fig. 39 and Fig. 44, ofthe glass, 
experimentalplating cell, and silicon substrate samples, production-plating cell, respectively, 
we notice that the curves of the glass samples are much more smoothly than those of the 
silicon samples, with equal Fe wt% range. This difference is due to the different crystal 
structures of the substrates. Silicon has a much higher Y oung modulus, almost twice as large, 
as that of glass, which implies that the silicon substrate is harder to deform than the glass 
substrate. 
Although the samples are in the same wt% of Fe range, there is a difference in the saturation 
magnetostriction value. The silicon samples are made at OnStreams own thin film factory, in 
a production-plating cell, and have a high uniformity in the thickness ofthe film and 
substrate. Also a high order ofuniformity is established in the wt% of Fe within the film. On 
the contrary, the glass samples are manufactured in an experimentalplating celland have a 
less high uniformity in thickness, for the film and substrate, and in wt% of Fe. Due tothese 
non-uniformity's within the glass substrate samples, the strain within the film is non-uniform. 
This leads to deviations for the magnetostriction value, which can not be determined exactly. 
This is the reason for the difference between the magnetostriction value derived from the 
glass and the silicon substrate samples. 
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Conclusions 

The magnetostriction measurement set up, described in this report and used for the 
measurements has given us the possibility to determine the magnetostriction of 
various samples. 
The magnetostriction in NiFe alloys have been investigated as a function ofthe Fe 
amount, for compositions around 50wt% of Fe. This composition is of interest since 
the saturation induction, B5, is large (1.5 T). Nevertheless we verify that the 
magnetostriction is large as well: on pre-development samples (prepared on a glass 
substrate in an experimentalplating cell), À5 is about 18*10-6

, on pre-development 
samples (prepared on a silicon substrate in a production-plating cell), À5 is in the range 
of9*10-6

, which is also too large for applications inthereader ofthe head. 
In order to lower the magnetostriction value at saturation, bi-layers have been 
prepared with the configuration: substrate/Nis2Fe1s (t1)/Ni4sFess (h) and has been 
examined as function ofthe thickness ratio, a= t1/t2. As the measurements show, the 
magnetostriction can be significantly reduced and approximately set to zero for a = 
6.4. 
The deflection ofthe Nis2Fe1s/Ni45Fess bi-layers seem to obey to certain a formula: 

aD1 +D2 
Dbi-layer = 1 ' 

(a+ 1)2 

for a < 10, with a the ratio between the two layers. 
Por a layer ratio of a = 6.4 it is predicted that there will be no net magnetostriction 
within the sample. As the magnetostriction value approaches zero, typical effects 
occur for the magnetostriction value and a distinguish can be made between the 
magnetostriction of the two films. The effect that is seen is that the magnetostriction 
curve as function of the magnetic field amplitude has a bump for low fields. 
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Recommendations 

Measurements have been done for films with a thickness in the range of micrometers, 
but also measurements on samples with a film thickness of 300Á seem not to be a 
problem for the set up. For films in this thickness range it is ofimportance to have a 
thin substrate, or a substrate with a low Y oung modulus and to prepare the sample in 
such a way that it is not transparent for light. So it is important to choose a substrate 
that "fits" with the film. 

For low values ofthe deflection the signal will be within the noise ofthe signaland a 
lock-in amplifier is required to obtain the sample vibration signal. A lock-in amplifier 
is build by using the Lab View software, but it is still under development and is not 
discussed in this report. 
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The following notations are used to derive a equation for the magnetic field within a 
Helmholtz configuration. 
Coil: N tums, Radius: R, 
dl: fragment of the coil, x : di stance of a to the centre of the left coil, 
a: a position on the heart line of the configuration. 

To start the denvation the magnetic field due to one coil is derived at position a, see 
Fig.Al: 

B(x) = p 01N. J cosB . dl, 
4Jr 'j R 2 + x 2 

R 
cosB = 

1 

(R2 + x2)2 

p 0 1N R 2 J 1 R 2 

= --· 
3 

'j dl = - p 0/N · 
3 

• 

4Jr (R2 + x2 )2 2 (R2 + x2 )2 

Two identical coils at a distance L, parallel, the Helmholtz configuration. 
The magnetic field at position a is given by: 

(Al) 

(A2) 

With a single Helmholtz configuration, L = R. This will reduce Eq.(A2), together with 
x=~R: 

1 1 2 
B(x = -R) =- p 01N · R 

2 2 
1 1 

(A3) 

Eq.(A3) is the equation for the magnetic field at the centre of a Helmholtz coil. It can 
be derived that the field is uniform within the coil configuration. 
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Appendix 2 

As a result of the magnetostriction of a sample, deflection will be present. The 
deflection can beseen as aresult of an anisotropic thin-film stress. There are several 
different equations that relate the deflection to the magnetostriction. In the paper of 
Van de Riet [23], a correction is made for the common equations that involve the 
deflection. 
In his paper, Van de Riet gives for the deflection, D: 

/2 
D=-

2R ' 
x 

(A4) 

with 1 the length of the substrate at the position where the deflection is measured and 
the constant 1/Rx given by: 

1 (AS) 

Rx ts 
In this equation appears an other constant, ax: 

(A6) 

with Erepresenting the Young modulus and the thickness respectively, ofthe 
substrate and the film, v the Poisson ratio and ö the induced strain. 
Inserting these equations in (Al) gives: 

D=~~
2 ·i:! ·[(1-vfvs}5x+(vf-vs}5yl (A7) 
s s s 

with Öx = 3/2Às and Öy = -3/2Às (A2) results in: 

6/
2 

E1t1 [( )3 ( )-3 ] D=-·--· 1-v v -À+ v -v -À 2t Et f s 2 s f s 2 s s s s (A8) 
9/2 Ert f ( x ) =-·--À 1-v 1+v 
2t Et s 1 s s s s 

Rewriting this equation for À5, leads to: 

À = 2ts • Ests D. 1 
s 91 2 E1t1 (1-v1 X1+vJ 

(A9) 
2t s Ests 1 +V f 1 

=-·--D·--·--. 
9/ 2 E1 t1 1+vs 1-v~ 

Eq.(A9) differs by a factor 1/(1-vl} compared totheresult ofVan de Riet where this 
factor is neglected. Taking it into account, a typical10% impravement ofthe accuracy 
is established. 
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Appendix 3 

The strain of a lattice can be written in the form of a strain tensor, with respect to the 
lattice coordinates. Take a fixed point ofthe lattice, 0, and another point, R, see 
Fig.A3. 

R 

0 - ----- I Yo 

xo 
Figure A3. Lattice coordinates, with a fzxed point, 0, and another point, R. 

The z-component has been left out, in order of simplicity. 
Writing the co-ordinates in terms ofthe strain tensor, Eij, leads to. 

X=Xo +&xxXo +&xyYo +&xzZo 

Y = Yo +&yxXo +&wYo +&yzZo 

Z =Zo+ &zxXo + &zyYo + &zzZo· 

We assume that the tensor is symmetrie, i.e. Eij = Eji, so that: 
Eij = Yz { Eij + Eji} + Yz { Eij - Eji}, hol ds. 

(AlO) 

In order to rewrite the coordinates to the direction vector, r0, a unit vector p is 
introduced. pIs given by: 

With P1 the direction cosines given by: 

fJ - Xo/ 
'- /ro' 

Eq.(AlO) is now written, with the use ofEq.(Al2): 

X= ro[pt + LlixiPk] 

Y = ro [pz + L&yipk] 

And with, r = x2 + r + z2
; 

i= x,y,z 

k = 1,2,3 

rz = roz [1 + 2L&!ipkpl} 

(All) 

(Al2) 

(A13) 

x ~ 1, y ~ 2, z ~ 3. 

(Al4) 

It is now possible to write the change oflength, öl, using Eq.(Al4). To do so, first we 
set: 

r - ro = roL & !i P k P1 

r- r0 = t5l 
r0 l 

and 
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And the direction cosines, p, the vector in the direction which 81 is measured, results 
in Ref.[lO]; 

(A16) 
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Figure A5. The magnetostriction versus the applied magnetic field, glass 
substrate. 
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Magnetostriction in thin ferromagnetic layers for applications in data-heads 76 



= 

magnetostriction (E-6) 

Figure A 7. The magnetostriction versus the aplied magnetic field, 
silicon substrate. 
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Appendix 5 

Tab. Al and A2 contain the values derived from the measurement curves, appendix 
A4, of the samples made in the experimental and production-plating cell. 

Sample code Fewt% D(l o·" Vrms) Às *N(lO-()) Hs(Oe) 
MS09 49.05 3.57 18.00 11.7 
MS 16 49.75 4.07 15.09 10.0 
MS 18 50.01 3.03 17.08 10.1 
MS21 50.28 2.55 16.33 10.1 
MS25 50.95 4.44 15.98 9.9 
MS27 51.36 3.00 18.00 11.3 
MS33 52.59 2.90 16.77 10.0 
MS34 52.80 4.21 14.35 10.1 
MS37 53.59 5.00 17.08 9.5 
MS39 54.52 3.41 17.61 10.0 
MS40 54.31 5.25 17.23 9.6 
MS45 55.38 5.52 17.69 9.3 
MS48 56.57 5.34 17.10 9.8 

Table Al. The measurement result obtaznedfrom the magnetostrzctwn measurements, 
for the samples made in an experimentalplating cel/. 

Sample code Fewt% D (mVrms) Às *N (1 0-b) Hs (Oe) 
Si40 17.91 -0.93 -0.97 
Si42 18.56 -0.64 -0.51 
Si 43 19.10 0.26 0.17 
Si 03 43.11 4.88 10.36 
Si 09 46.13 5.91 11.20 
Si 08 48.50 4.49 10.40 
Si 02 52.65 5.05 10.29 
Si 11 55.26 5.95 10.00 
Si 41 55.55 9.28 8.97 
Si 01 56.46 4.53 9.25 
Si 10 58.72 4.39 9.33 
Si 07 61.99 4.12 8.63 
Table A2. The saturatwn deflectwn and magnetostrzctwn value and the 
H5-value, silicon substrate samples. 
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Appendix 6 

Measurement manual for the MTI-2000 Fotonic™ Sensor. 

Before beginning with the measurement, the MTI-2000 Fotonic™ sensor needs a 
warming-up time of 5 minutes. 

First a safety note: 

! Be careful with the probe module; handle the probe 
with care, this in order to avoid darnaging the fiber

optic probe! 

Before every measurement there should he a calibration in order to increase the 
accuracy of the measurement. 

The following section will tread the calibration procedure and the setting in order to 
do a vibration measurement. The setting is in such way that the measurements will he 
done at Range 1 ofthe calibration curve. Notification: Range 1 has the highest 
sensitivity. 

Make sure that the sample and the probe are free of dirt and grease. The pro he can he 
cleaned by using a solvent. 
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The measurement procedure: 

The calibration; 

1. The rear-panel-offset switches have to be placed in the "down" position before the 
calibration starts. Switch the light souree on the calibration will be done for 
channel 1, this channel is standard ( only one channel is available ). 

2. Turn the mode switch in the "CAL" position. In this position a nominal gain is 
pre-selectedinorder to prevent saturation ofthe instrument, during locating the 
optical peak with the probe, part three and four. Set the range into "Range 1". 

3. Move the probe towards the sample, and locate the position ofthe probe in which 
the output reaches the maximum value, the optical peak. 

4. As the optical peak has been found, press the "Cal set point" switch. The system 
will calibrate the signal, such that the output has a maximum value, lOV, at the 
optical peak. The calibration will be finished within 30 seconds. As an error has 
occurred the "cal error" diode willlighten up, in this case repress the "Cal set 
point" switch so that the calibration will be repeated. As the error still remains, 
check if the switches of the rear-panel are in the "down" position, make sure that 
the surface of the sample is clean, a "good" re ft eetion surface, and that the probe 
is free of dirt. 

The operation point; 

5. Placethemode switch in the "displacement" position. Change the output unitinto 
Volts. Move the probe towards the sample until the output is about 40% ofthe 
maximum value. This position, of the probe, is the optimal operatien point, the 
most sensitive part of"Range 1". 

The measurement setting; 

6. In order to do a peak-peak measurement; the mode switch has to be placed in the 
"Peak-peak" position. Wait for 30 seconds and the measurement can begin. 
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