7

08
MAGNETOSTRI CTI VE MATERI ALOBHES

y Thi's i nvention relates to the
Drogucklen of materials mﬂth“d§é i

magnetostrictive *“ULJSh

Rt b o o e 1

FHAS ax{N-}

b3

f
ot

et e s e i i o A

-1 -
134699
MAGNETOSTRICTIVE MATERIAL
This invention relates to the production of materiais with

useful magnetostrictive properties.

Magnetostriction 1is the property which relates magnetic
characteristics of a body of material to a change of the shape of
the materiéi. The property is seen in the change in size of
bodies of certain materials when the magnetic environment changes

tn

or the change in magnetic characteristic when a force is applied
10 to such a body to change its shape. Magnetostriction is a
dimensionless quantity represented by the magnetostriction
constant A, relating magnetisation and shape change and in the
SI system of units useful values are some tens or hundreds of
parts per million, particularly for wuse 1in sensors and
15  transducers. For such uses a high magnetomechanical coupling
factor is desirable. Also "“soft" magnetic properties are
generally preferred.
While thin film amorphous alloys and magnetic multilayers
individually provide some of the required properties there is
20 still a strong need for a significant improvement 1in the
properties available and for materials which exhibit a useful
combination of such properties.
It is an object of the 1invention to provide materials with
improved-properties and methods of production of such mater1a1§.
25 According to the 1invention there is provided a magnetic
material of at Tleast two component parts arranged to have
respective structures which mutually are not homogenous, the
structure of one part cooperating with the structure of the other
to assist the magnetostrictive behaviour of the material.
30 The cooperation may be a pseudo free surface on a part.
The cooperation may reduce restriction of the local moment of
a part.
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absence of a regular lattice. ,

There may be an interface region in one component where
said first and second components are contiguous. There may be
an interface region where the layers are contiguous. The
modification may be in the interface region. Hhere the
interface region is in an elemental component the Tlattice
structure may be one other than the usual one for the elemental
component. Where the interface region is in a component which
is at least partly an alloy the alloy may have a ratio other
than the usual one for said alloy.

A third component layer may be overilaid on the second and a
lattice structure of said third layer may be modified in its
turn. Further component layers may be overlaid with or without
Tattice structure modification.

A layer may have a Tlattice structure modified by an
overlaid layer, at least contiguous to the overlaid layer.

Each of the component lavers may have an inherent lattice
structure and modification may be that at least one inherent
structure is modified by another contiguous inherent structure.

The modification may be that the second lattice, at least
where contiguous to the first component layer, adopts at least
approximately the first lattice form.

One of the first and second component layers may be a

magnegic component "and the other may be magnetic or a.

non-magnetic component. While each of the first and second
layers will generally be different elements or alloys it is
also possible magnetic and non-magnetic forms of one component
may be used.
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15 some of the required properties there is still a strong need for a

si gni fYi cant i nprovenment . in the properties avail abl e and™§g) ikerial Seey |
~whi ch exhibit a useful conbination of such properties. ; REPLACED T

is an object of the invention to provide materials wth inprioved-properties-—

and met hods of production of such materials. 20 In the

publication "Magnetostriction of Miltilayer Co/ Ag Filns" by H.

Szynmezak et al., published at the International Mgnetics Conference, April

17- 20, 1990, Digest page HC-09, a study is nmade of cobalt and silver

multilayers to sense the .. resence of any.interdffusio ers at the
I nterfaces, which ymﬁ%ﬂﬁécc Q‘W&Bgn i "] aP ic@osen ?ﬂ'd%rﬁﬁgaé%%léﬁt I C
properties of theromagnetiayeisperdnd efheatragresbstiront i ohckednsteobalnf t he 25

mul til ayers m%a&@%ﬁ%ﬁﬁn@%}ﬂ%‘n i nverse | ayer thickness, but no evidence
was presented ) o
The non-magnetic component may be chosen from aluminium,

5 magnesium, gold and silver and silicon oxide.

Preferably there are many first and second layers in the
material forming a multilayer material. Generally there will
be alternating said first and second layers. One first layer
and the overlaid second layer may be identified as a bilayer.

10 A first and second layer may have a third layer associated
therewith as a trilayer and may further have a fourth layer
associated therewith as a quadlayer. In general the material
form can be expressed as of M multilayers each having
N component Tayers. Typically N will be between two and five

15 while M will have a value of a few tens, typically 20 to 50.

There may be a substrate on which the multilayer material
is built up. The material may.remain on the substrate for use
or be released therefrom, for example by chemical means. The
substrate may be glass or mica or KAPTON (RTM) or other

20 suitable material. The magnetic material may be prepared in
the place of eventual use, for example by deposition of
successive component layers on a machine part or like object.
There may be more than 30 bilayers.

Each- layer of a bilayer may be at least a few nanometres

25 thick, that is a few tens of atoms thick, and may be up to ten
or more nanometres thick. It is believed that a well-defined
boundary is useful where the second layer is overlaid on the -
first. This will produce a stress-free strain in the overlaid

Tayer.
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One form of the material described above may prepared by a
method including overlaying the second component on the first,
providing a well-defined boundary where the second component is
contiguous with the first, and causing or producing a
stress-free strain in the overlaid component, at least adjacent
the first component.

Another form of the material described above may prepared
by a method inciuding overlaying the second component on the
first, permitting or causing the second component structure to
be influenced by'the first to produce said cooperation.

According to a particular aspect of the invention there is
provided a magnetic material of a first component layer and a
second component Tlayer overlaid on the first, there being a
lattice structure in at least one of said layers and in which
magnetic material at least one lattice structure is modified
where said first and second component layers are contiguous
whereby the magnetostrictive property of the material s
enhanced.

There may be an interface region where the layers are
contiguous. The modification may be in the interface region.
Where the interface region is in an elemental layer the lattice
structure in at least said region may be one other than the
usual one for the layer element.

According to the invention there is provided a method of
producing a multilayer magnetic material including depositing a
first component, causing or permitting a second component to be

progreSS1ve1y overlaid on the first, controlling the depositing -

of the first component and the overlaying of the second
component to produce respective different structures and
causing or permitting the structures to cooperate to assist the
magnetostrictive behaviour of the material.
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The method may include providing a first component layer of
a first Tlattice structure, causing or permitting a second
component layer of a second ‘lattice structure to be
progessively overlaid on the first, controlling the overlaying
of the second component so that at least one component layer in
a region contiguous to the interface of the layers has a
lattice structure modified by the overlaying action.

The method may include overlaying by sputtering. The
method may include overlaying substantially atom-by-atom. - The
method may include sputtering from a target which may be of one
element or of two or more elements to enable the deposit of an
alloy.

The method may include causing or permitting the respective
different structures to be distinct and form an interface which
provides a pseudo free surface.

A multilayer material as described above has an M/H loop
characteristic which is altered by distorting the material, for
example by bending.

According to a particular aspect of the invention there is
provided a multiple multilayer magnetic material as described
above in which the overlaid second layer is covered by an
insulating iayer, to enhance the frequency response.

According to the invention there is provided a magnetic
material_arrangement including a magnetic material as described
above and means to cooperate with the material to convey to an
external connection a response of the material to an external
action. )

The response may be a change of permeability or dimension
and the external action may be the stressing of the material.
The action may be flexure of a support for the material or an
ambient pressure change, or an external magnetic field.

The arrangement may form part of an accelerometer, a torque
sensor or like device.
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According to the invention as clained there is provided a nmagnetic materi al
5 conprising at least two layers having different atom c strugtisicgsyT BRE RGEN
magnetical ly soft substance and}at | east rone
ot her | ayer of a second substance, the other |ayer havi ng~an~atonc

at, .| east one | ayer of a

structure which cooperates with the atom c structure of the magnetically

sof t | ayer so as to alter the spacing of the atons in at
of said magnetically soft |ayer
magnet ostrictive property of the materialt s increased,
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reference to the following examples and drawings, in which:

Figure 1 shows in schematic form a representation of a
lattice structure of a multilayer material according to the
invention,

Figure 2 shows 1in schematic form a representation of
another lattice structure of a multilayer material according to
the invention,

Figure 3 shows M/H characteristics of a material according
to the invention,

Figures 4 and 5 show in schematic form a portion of a
multilayer material, after deposition and after subsequent
annealing respectively,

Figures 6 to 9 show plots of characteristics of materials
embodying the invention,

Figure 6 shows magnetostriction constant of Fe/Ag
multilayers (S1) versus V/(modulation period),

Figure 7 shows magnetostriction constant of Fe-Co/Ag
multilayers versus 1/(modulation period) calculated using
Er from both the volume average and the vibrating reed
correction from equation 5, (squares and circles
respectively). Also shown are the effective
magnetostriction constants of the alloy layers alone, using
the yolume average Eg method (triangles),

Figure 8 shows magnetostriction constant of Fe-Co/Ag
multilayers versus 1/(modulation period),

N a) tAg = 2 nm (S4),

~ b) tAg =5 nm (S3),

C) tag = 5 MM, typpeat = 30 minutes (s2),

Figure 9 shows magnetostriction constant of Fe-Co Tayers
within Fe-Co/Ag multilayers versus 1/(modulation period),
(a), (b) and (¢ as in Figu?e 8, and
Figure 10 is a table of materials exemplifying the

invention.
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Various proposals for multilayer materials having magnetic
properties have been made, for examplie de Wit, Witmer and Dirne
(Advanced Materials, Vol. 3 (1991) No. 7/8 pp 356 to 360) and
Zeper, van Kesteren and Carcia (Advanced Materials, Vol. 3
(1991) No. 7/8 pp 397-399). In the first of these (de Wit, etc)
a material with enhanced saturation magnetisation and relative
permeability but minimal magnetostriction, specifically for a
video recorder read/write head, is described. To achieve this
a very small grain size is sought for the magnetic material
layer (iron, grain size below 10 nanometres) and to produce
such a grain size the iron layers are around 10 nanometres
thick. The layers are separated by thinner Tayers of another
ferromagnetic material, specificalily an iron/chromium/boron
layer. This layer needs to be at least two nanometres thick to
prevent the grains in one iron layer linking with those in
another firon layer by columnar growth and specifically
epitaxial growth is not desired. In the second (Zeper et al) a
magneto optical recording material is described, for enhanced
recording density, which has adequate Kerr rotation and low
enough Curie temperature while having a preferred magnetisation
direction perpendicular to the material fayer. This preferred
direction only occurs with cobalt/platinum or cobalt/palladium
muitilayers when the cobalt Jlayers are Tess than some 0.8
to 1.2 nanometres. The thickness of the non-magnetic but
magnetically polarisable platinum or palladium layer is set by
the required balance of Kerr effect and Curie temperature and
for platinum is about 0.9 nanometres with a 0.4 nanometre
cobalt layer. The cobalt tayer is about two atom tayers thick
so that the required magnetic anisotropy is not reduced by
“bulk" atoms between the surface Tayers. In Zuberek, Szymczak,
Krishnan and Tessier <(Journal de Physique, Vol. 12, No. 9,
Colloque C8, December 1988, pp 1761 to 1762) it is suggested
that a "bilayer" of evaporated component materials depends for

Bt e ——
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The magnetically soft substance may be ferrous, such as Fe or_an all oy
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as silicon oxide between bil ayers.

- 8 -
effectiveness on the thinness of a nickel layer. 1In Dirne,
Tolboom, de Wit and Witmer (J. Magn. Magn. Mat., No. 83, (1990)
pp 399 to 400) the possibility of interface mixing in Fe/Co
multilayers s discussed and seen as a disadvantage.
S Techniques to avoid this disadvantage are suggested.

Multilayers of the present invention do not follow the
techniques of the above proposals. The present 1invention
provides in one aspect that a layer of a first component
overlaid on another layer, of a second component, is caused in

10 a region contiguous with the other layer to adopt a structure
other than that of the lattice which it would normally adopt.
In this way, which can be described as lattice mismatch, a
stress-free strain can be produced in at least the contiguous
region of the overlaid layer. A result of this stress-free
15 strain is an enhanced magnetostriction constant, Aq.

Typically such layers of a first material overlaid on the
second would be arranged as several bilayers on a substrate.
Each layer of a bilayer would be some five to fifteen
nanometres thick and deposited by sputtering so that atoms

20 being deposited arrive at a rate sliow enough to be able to be
influenced in deposit position by the existing lattice of the
second component layer or that of the first-deposited overiaid
first component atoms. Care is needed to avoid building stress
into the_layers by the thermal effects of sputtering. Some ten

25 to fifty bilayers can be deposited. The overlaid component
applied adjacent to the second component lattice is
conveniently caused to adopt a lattice spacing appropriate to.
that ~of the second component. This will cause a stress-free
strain in at 1least the contiguous region of the overlaid

30 component. The stress-free strain will be best exhibited if
there is a sharp boundary between the layers.
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If required a pre-stress can be built in to the eventual
material by, for example, keeping the substrate hot during
deposition of components so that the substrate contracts on
cooling. Also a magnetic bias can be built in by including a
layer of permanently magnetisable component for example as or
immediately above the substrate. A buffer substrate can also
be used but care must be taken that the buffer transmits any
strain that 1s applied for action by or on the magnetostrictive
material. An inert or insulating layer may be applied to
protect the material. Films may be grown under the influence
of an imposed magnetic field to enhance the desired effect.

Figure 1 represents in a schematic manner the lattice at
and near the surface of the second component 1layer and the
lattice in the contiguous region of the overlaid component
layer. In the Figure overlaid component atoms are indicated by
the smaller, crossed, circles and the second layer component
atoms by the more widely spaced Targer, open, circles.

To investigate the magnetostrictive properties further
examples have been prepared. Typically these are a number of
alternate layers of magnesium and iron, each a féw nanometres
thick and having a few tens of bilayers. The layers are not
necessarily of the same thickness. The layers are deposited by
sputtering from alternately exposed sources using conventional
techniques. The preparation is arranged to ensure that bulk
effects are not significant. The effect of stress on the film
on the shape of the magnetisation/field (M/H) loop was also

0
LACE]D

examined. A small amount of distortion, by bending the -

spee%hens, changed the loop shape by a detectable amount,
increasing the value of M at lower values of H compared with
the loop for the unstressed specimens.
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Preferably there are many first and second |layers in the- mat er iRAPLACED
forming a nultilayer material. Generally there wll be dlfé?ﬁéfTﬁ@“MW“*‘*J
said first and second |l ayers. One first |ayer and the overlaid second

| ayer nmay be identified as a bilayer. 10 A first and second |ayer may

have a third |ayer associ ated therewith as a trilayer and may further

have a fourth | ayer associ ated therewith as a quadl ayer. 1In genera

the material Other structures may be used to achieve the invention.

Certain combinations of overlaid component layers will produce
a degree of alloying and this in turn can produce
"dislocations" 1in an atomic level structure which would
5 otherwise be adopted. Provided one component layer is magnetic
the other can be an insulator as the merging of the layers
where they are contiguous can alter the spacing of the magnetic
component layer lattice and thus usefully ailter the
magnetostrictive property. Figure 2 shows in sketch form this
10 action where atoms of a magnetic component, identified at m,
are displaced by the presence of atoms of another component,
which may be non-magnetic even an insulator, identifed at z.

The present invention provides in another aspect an

interface effect which can be a relatively sharp lattice
15 mismatch as the overlaid components cannot easily mix or in a

yet further aspect a smoother mismatch which may be an

intermetallic region as overlaid components merge. Component

layers need not be deposited separately, the rate of a first

layer may be reduced while the rate of a second layer is
20 increased to take over.

An insulating layer, for example silicon oxide, can be
introduced to produce an improvement in performance, especially
an improved high frequency performance. The insulating layer
thickness will be dependent on the frequency at which the

25 device is to operate but will also be dependent on the effect
of the relative thickness of the insulating layer and the
bilayer on the propagation velocities in the insulating and .
magnéfic components. From these considerations it is possible
to derive suitable thickness relationships for a particular

30 application of the multilayer material. In general the
insulating layer thickness will be several times that of the
individual magnetic component layer. In this way
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form can be expressed as of M multilayers each having...... N ~
conpenént layers. Typically Nwll be between two and five QSPﬂMﬂJBEﬂ%Ang;C{
i

will-have a value of a fewtens, typically 20 to 50. {Ther eREEYAGED a
substrate on which the nmultilayer materi al is built up. The nateria
may remain on the substrate for use or be released therefrom for
exanpl e by chem cal neans. The substrate nmay be glass or mca or
KAPTON (RTM or other 20 suitable material. The magnetic material nmay
be prepared in: the place of eventUar use, for exanple by
deposition of magneto%HﬁiQ:QWé Vil te PTEIRNGALH | uRIre1 Ofr B NBChuad- padyerer |ike
obj ect. .quaebga%u1f% Tﬁte ha The geggrg?y$orm of L multilayers each

having N component layers. At least one of the N component
Tayers will be a magnetic, generally a ferromagnetic, substance
5 such as iron, nickel, cobalt, gadolinium or terbium while
another will be a non-magnetic substance and may be a metal or
an tinsulator, examples including aluminium, magnesium gold and
silver and silicon oxide. If N is more than two one of the
non-magnetic layers can be a metal and another an insulator. A

10 further magnetic component layer may be included. A
magneto-electric transducer can be formed by placing structures
as exemplified above onto an electrostrictive structure such as
PVDF, the dimensional changes in the magnetic structures
imposing a strain on the electrostrictive structure, producing

15  an electrical signal related to the action on the magneto
strictive structure.

Further examples of the invention will now be described.
Multilayers are grown using an rf glow discharge sputtering
system in a sputter-up configuration with three 15 cm

20 water-cooled magnetron target electrodes on a carousel, and a
water-cooled substrate platen electrode which allows the
substrate to be pre-sputtered. The substrate platen also has a
heater capable of temperatures wup to 600°C. The
target-substrate distance was set at 60 mm, with an argon

25 plasma pressure of § mtorr. The sputtering equipment is a
NORDIKO machine. The deposition rates were calibrated using a
"Talystep" stylus based film thickness measurement instrument. .
Structural characterisation was also done using X-ray
diffraction.

30 The substrates were glass and Kapton (Registered Trade
Mark) (polyimide). The substrate for SAMR measurements (see
below) was 25 mm thick Kapton, which was thin enough and had a
low enough Young's modulus to avoid overly constraining the
films while still being able to support them.
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Fe/Ag multilayers were grown with 50 repeats
(i.e. 50 bilayersd. |

Fe-Co/Ag multilayers of 25 repeats (25 bilayers) were
grown. The layers of Fe-Co alloy in the Fe-Co/Ag multilayers
were produced by growing sandwiches of Fe/Co/Fe between the
silver layers (Figure 4). The multilayer was subsequently
annealed to allow interdiffusion of the Fe and Co to form a
layer of alloy of thickness t(Co)+2t(Fe) (the Ag is immiscible
with both) (Figure 5). The heat treatment was done in a
non-inductively wound tube furnace, with the sample laid flat
between two glass slides in a vacuum provided by a rotatry pump
and nitrogen trap to eliminate oxidation. The anneal time and
temperature were 30 minutes and 290°C respectively.

A series (S1) of five Fe/Ag multilayers was grown where
t(Fe)=t(Ag)=1,2,3,4,5 nm.

A series (S2) of Fe/Co/Fe/Ag (i.e. Fe-Co/Ag) multilayers
was grown where the thickness of the Co layer was twice that of
each of the Fe layers so that the total thickness was the same
for both, resulting in a post-anneal alloy of a nominal
composition of FeggCogg. The thickness of this layer was
varied from 4 to 40 nm and t(Ag) was set at 5 nm. These were
subsequently annealed in vacuum for 30 minutes at 290°C. Two
other Fe/Co/Fe/Ag (i.e. Fe-Co/Ag) series were grown with silver
Tayer thicknesses of 2 (S4) and 5 (S3) nm. The anneal times
were longer for the films with thicker Fe/Co layers because of
the greater degree of 1nterdiffusibn required. The anneal
times (at 300°C) were 10, 20, 30 and 50 minutes for alloy layer
thieknesses 4, 6, 8, 12 nm respectively.

As the layer thicknesses are decreased the volume fraction
of the interface regions is increased. This increases the
proportion of the multilayer material which is formed by atoms
at or near the surface of a layer. The local moment is
increased in the vicinity of a free surface so the local moment
effect is enhanced as the interface volume fraction |is
increased. The texture of a layer is also significant and its
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with the first, and causing or producing a b5
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retention can be enhanced by depositing the alloy directly and
avoiding or reducing- the annealing step.” This will also
encourage growth of the alloy in the [1101 direction normal to
the layer. |

The coercive fields of Fe-Co/Ag multilayers are between 1
and 2 kAm'], reducing with layer thickness. Generaily, the
annealing rendered the multilayers magnetically softer. Also

by anneating the mulfilayers were stress-relieved and the iron

and cobalt Tlayers were caused to mix more thoroughly. The
interfaces with silver were probably sharpened, since silver is
immiscible with iron and with cobalt. For the thinnest iron
and cobalt tayers (D=9nm, i.e. tc,=2nm) the region between
silver layers would have been almost completely alloyed
as-deposited ([Dirne and Denissen, 1989]. Annealing this
multilayer increased <(approximately doubling) its coercive
field in distinction to the other multilayers, and it became
impossible to measure the magnetostriction. This is considered
below.

The 1length of an anneal required to achieve complete
alloying at a given temperature will depend on the thickness of
the component layers. Thus it is possible that the anneals did
not completely alloy the layers, especially in the thicker
multilayers, and that they were longer than required for the
thinner muitilayers. The optimum heat treatment may not have
been used.

Magnetostriction measurements were made using the Small

Angle Magnetisation Rotation method proposed by Norita et al. .

[1980] and widely used on amorphous ribbons.

3—‘\.-._4
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the first conponent. Anot her form of the material described-above ...
may prepar ed by a nmethod including overlaying the secondjsﬂﬁ§t§ﬁééﬁf>gﬁhN—
(conponent) on the ~first, pernitting or causing the second—cofporfem=
structure to 10 be influenced by the first to produce said cooperation.
According to a particular aspect of the invention as clained there is

provided a magnetic material of a first conponent |ayer and a second
conponent | ayer overlaid on the first, there being a | attice structure

in at |east one of said layers and in whithr 15 nagnetic naterial at |east

one lattice structtheephsicogithtffle of MMeemRtha did | St FaNdwsecotb

conponent | ayggﬁi]gretézoggl ieasired is saturated 1in the Tlongitudinal

et

LS

direction (z) by a large dc field. A smaller ac field of
frequency w acts in the transverse direction (y). This results
5 1in a small degree of rotation of the macroscopic moment
direction about the longitudinal direction. If a stress, o, is
also applied to the sample along this direction, the angle of
moment rotation is given by
0 o. vty M
Hz + Hq 4 Hg

where Hy is the demagnetising field due to the sample shape,
15  and H, is the stress-induced anisotropy field. This is given by

3)\50

= —— (2)
BoMs

H

[+ 4

20
The sample is mounted within a search coil whose axis fis

in the 1longitudinal direction. Thus a rotation of the
magnetisation about this axis results in an induced ac voltage
across the search coil with frequency 2w, V.

25 ) A change in the stress on a magnetostrictive material
effects a change in the stress induced anisotropy field. In
the case of a positively magnetostrictive material, a tensile
stress tends to make the stress axis magnetically easier, so
aligning the moments towards this axis. This would cause the

30 angle of moment rotation to decrease, so decreasing the search
coil output voltage. i
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whereby the

enhanced.

magnetostrictive property, of the material 1is

There nmay be an interface region where the Vager§‘are,gﬂgrw

cqntiguous. The nodification pay be in the interface regioni JBer e
the interface region is in an elenental |ayer the lattice LSRG et
at |l east said region nmay be one other than the usual one for the |ayer

el ement .

a first conponent,

According to the invention as clainmed there is provided a
met hod of 25 producing a nultilayer nmagnetic material including depositing

progressively overlmig QRaddgee fol r&itputORbIRigel NAnt R dRAPSALatBE by
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adjustment of the dc field, H,. The change in H, is then equal
to the change in H . Thus, the magnetostriction constant, A,
is generally determined by plotting the change in H, for a
serjes of applied stresses, so that (where moment rotation is
small)

HoMgdH

s = g Vaatly @

The multilayers are too thin to be self supporting and
need to be measured while still on their substrates. Although
these can have elastic moduli far lower than the multilayers,
they are much thicker and so accommodate a significant
proportion of the stress, so it is necessary to correct for
their presence.

This correction can be made by assuming that the
multilayer is strongly adhered to the substrate so that they
strain by the same amount and that the Young's modulus, E, of
the whole 1s equal to the volume average of the component
layers and the substrate. This assumes that the reed as a
whole (i.e. substrate + multilayer) is .-effectively
homogeneous. In this case the magnetostriction is given by

. oM EsvA dH
2 o''s [ avifes ] Z.VZQ’Hy . 8)

"3l g Jde

The same method of correction was also wused by
Wenda-et al. [1987] on measurements of FeB and FeSiB single
fi]mg.sputtered onto polyester substrates.

Measurements of multilayer samples were taken on two
slightly different SAMR apparatus arrangements. The dc field
was applied using a solenoid, while the ac field was applied
with a pair of Helmholtz coils. The sample was placed within a
search coil (4000 turns) coaxially with the solenoid, in the
centre of the Helmholtz coils. In the second configuration, a

second, "bucking", coil was also present and was backed off
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of the first conponent and the overlaying of the second
produce respective different structures and 30 causing or p6fﬂ1t{hﬂ
structures to cooperate to assist the

rnaterl al .
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against the search coil to cancel out any induced voltages
common to both, 1i.e. due to sources other than the sampie
magnetisation.

The sample was clamped at both ends. The clamp at one
end was fixed while that at the opposite end was connected to a
cable which was loaded with known weights. The dc field was
determined from the product of the current and the number of
turns per unit length in the solenoid.

The values of B; were obtained from literature, namely
2.0T for iron and 2.37 for FeggCogy alloy. The value of Bg for
the whole muttilayer was simply B, for the relevant magnetic
layer multiplied by its volume fraction.

The Young's modulus of the multilayers was measured using
the vibrating reed method, which is fully described in Berry
and Pritchet [1975]. It is based on the measurement of the
resonant frequencies of various modes of cantilever vibration,
fn, of reeds clamped at one end.

Reeds were cut from the multilayer using a sharp blade
and had free lengths and widths of approximately 13-20 mm and 1
mm respectively. _

The value of E for the multilayer can be obtained from
the value for the reed from the expression (from Berry and
Pritchet):

-

2

reed :[E&_f’i], (5)
2 =1 + P

fsubstrate d*Eg s

where the subscripts f and s refer to the multilayer and
substrate respectively, and t and d are the multilayer and reed
thicknesses (t«d).

The value of A, for the multilayer was calculated from
equation 4. In the case of the Fe-Co/Ag multilayers
(t(Co)=2t(Fe)), two data sets are presented, corresponding to
the two methods of calculating Ef. For the Fe/Ag data, only

- the values of Ag derived from the assumptlon of a volume

average Ef are shown.
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The nethod may include providing a first conponent |ayer of a first
lattice - structure, causing or pernmtting a second ool alolafcial Vagrameng

| ayer of a second lattice structure to be progessweﬁl\t%TA
overlaid on the first, controlling the overlaying 5 of the:secend -«wﬁfﬁww~w-
conponent so that at |east one conponent |ayer in a region contiguous

to the interface of the |layers has a | attice structure nodified by the
overl ayi ng acti on.

- 17 -

The data for Ag is shown versus the reciprocal of the
modulation period, D, in Figure 6. At 1/D=0 the value of A
should be that for bulk fron. The bulk value of A of
polycrystailine iron is -7 ppm, although this becomes more

5 positive as it becomes more fextured, so that perfectly
textured polycrystalline iron with the [110] direction normal
to the film surface has a value of A\ of approximately 14 ppm.
In practice, the measured value of A for a single iron film
will generally lie between these two values. As a check a

10 thick (0.8 pm) iron film was deposited onto each side of a
Kapton susbtrate (1.6 um totald. A, was measured to be
~3.0 ppm.

As D decreases so that the volume fraction of the Fe/Ag
interface layers increases, it is found that A becomes more

15 positive. Hence the presence of silver is seen to enhance the
value of Xg in iron, as expected.

A series of multilayers was grown with layers of Fe and
Co of equal thickness (5 nm) with silver layers of varying
thickness. Because there was approximately twice the amount of

20 iron as cobalt in the alloy 1layer after annealing, it is
probable that there was a composition gradient across the
layer, with a corresponding variation in Aq. The A data from
this series of multilayers did not show any systematic trend
and there was a wide scatter in the data and is therefore not

25 shown here.

The X data for the second series of multilayers is shown
for these films versus the reciprocal of the modulation period .
in Eigure 7. Also shown is the effective A, of the
magnetostrictive material alone, derived via the data assuming

30 a volume average Young's modulus. There are pairs of data
points obtained via the Berry and Pritchet E¢ correction method
for most samples, corresponding to two values of Ef obtained
from the third and fourth modes of reed vibration. There are
two samples measured with t(alloy)=30 nm since two sections

—
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different structures to be

distinct and forman interface which 15 provides a pseudo free surface.

A multilayer

mat eri al as described above has an M H | oop

characteristic which is altered by di stod8ing the material, for
exanpl e by bengifg. taken from the same substrate and were annealed

10

15
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30

independently.  However, E.,oq for this sample was only
measured using a reed from one of the anneals, so the pair of
points from this sample with the higher Ay values may be
subject to large error. This figure illustrates the difference
in the data resulting from the two methods of correction of the
Young's modulus.

Before anneal, most samples were found to have small
negative magnetostriction (generaily smaller than -5 ppm), and
large positive A after anneal confirming that alloying of the
component TM layers had alloyed. The sample with t(alloy)=4 nm
gave a large positive Ag before annealing, indicating that the
iron and cobalt layers had intermixed to a high degree. It is
suggested in Dirne and Denissen [1989] that Fe-Co alloys form
at interfaces during deposition, with thicknesses of
approximately 1 nm  This means that approximately 50% of the
Fe-Co in this sample was fintermixed before anneal.
Unfortunately, no SAMR response could be obtained from the
sample after anneal. As stated earlier, this was accompanied
by a remarkable increase in coercive field. It may be that
since the layers were so thin, the anneal caused disruption of
the coherency of the multilayer.

From the volume average data, it is seen that Xy of the
multilayer increases to approximately 20 ppm as the alloy
thickness is reduced to 8 nm, equivalent to a value of Ag of
about 36 ppm for the ailoy layers.

The magnetostriction of all three series (S2, S3, $4) of
the ~Fe-Co/Ag multilayers were measured and are shown in
Figure 8. These values were calculated using the volume
average Young's moduli. The corresponding values of Ay for the
alloy alone are shown in Figure 9. A clear trend is seen for
the series of multilayers (S4) with tAg=2 nm, where X
decreases with decreasing alloy layer thickness. The data for
the series of multilayers with tAg=5 nm also show some

J—— .
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According to a particular aspect of the invention as clainmed there is 20

provided a multiple nultilayer magnetic material ‘as described 7ris sBBOVEAS BEEN

whi ch the overlaid second | ayer is covered by an i nsul ati ng | aymrato
enhance the frequency response. According to the invention as
clainmed there is provided a magnetic mat eri al arrangenent including a
magnetic material as described 25 above and neans to cooperate with the
material to convey to an external connection a response of the
material to an external action. - 19 - The response may be a change

of permeabilityregictdoBIShOMwith teARd TR §XIEIglRe HCthOVaTRYs e 1he
stressing of tt?%rn1¥ﬁgrlé%Héys are approximately constant (within error),
indicating that the reduction in A for the multilayer is due
to loading by the silver layers. The reduction in X\, for the
5 tAg data set cannot be accounted for in this way.

The decrease of ¢ of the thicker multilayers from the
series (S2) is thought to be due to the iron and cobalt layers
not fully intermixing during the half-hour anneal. It should
be noted that the values of A, for the two multilayers

10 comprising layers of 2 nm Fe, 4 nm Co and 5 nm Ag, annealed at
approximately 300°C for 30 minutes were measured to be the same
within error. This adds confidence to the repeatability and
accuracy of the data. If fintermixing is poor composition
gradients can arise.

15 The value of A of the alloy layer was measured to be
approximately 35«3 ppm. This compares with approximately
80 ppm for the bulk. A multitayer of Fe/Co was deposited
without silver layers, and was annealed nominally to form a
single layer (0.5 um total thickness) of Fe-Co alloy, T;=300°C,

20 t,=30 minutes. The value of A; of the film was measured to be
43 ppm. A further heat treatment of 30 minutes at 300°C was
found to cause an increase in Ag to approximately 65 ppm.

The magnetostriction constant obtained from SAMR values
depends on the Young's modulus of the reed and also on that of

25 the film only. Discrepancies have arisen between the values of
Efjim corrected from E.,.q from two different methods of
obtaining this correction. The method assuming a volume .
average of the moduli is thought to be the more reliable.

The values of A, of the Fe/Co/Fe/Ag multilayers were

30 small and negative, as would be expected from an average of Fe
and Co. After anneal, the A values were large and positive,
indicating that the Fe and Co had alloyed to a large extent.
Annealing also had the effect of making the films softer,
predominantly due to relief of internal stresses. Values of H¢

35 of the post-anneal samples were typically of the order of 1kA/m.
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Figure 3 shows the effect of stress on the M/H loop for
one of the multilayers from series S4. The specific one used
is that where n = 3. The multilayer had 25 bilayers, each
deposited as 3 nm. Fe/6 nm Co/3 nm Fe/2 nm Ag, supported on
a 25 micrometre Kapton tayer. Annealing was 50 minutes at
300°C under vacuum. The dotted line is the M/H characteristic
at stress c.= 0. When a stress of 110 MPa is applied the shape
and size of the M/H loop changes very significantly, shown in
the solid line. M is in arbitrary units.

In the case of the Fe/Ag muttilayers, reduction in the
thickness of the 1layers (i.e. an increase in the volume
fraction of the interface regions) has the effect of making the
magnetostriction more positive. The measured values of A in
this study 1increased from approximately -0.3 ppm for
5 nm Fe/5 nm Ag to approximately +3 ppm for 1 nm Fe/l nm Ag.
This 1is consistent with an increase in the local magnetic
moment of iron at the Fe-Ag interfaces.

In the case of the Fe-Co multiltayers, A5 was seen to
decrease with decreasing modulation perfod, where this was
shown to be due to mechanical loading by the silver layers,
where tAg=5 nm. When this correction was made, the value of
Afe_co Were found to be approximately 35 ppm, which is
considerably lower than those of bulk Fe-Co alloys.
Non-optimal heat treatments are thought to contribute to the
reduction in the values, as indicated by the decrease in g for
the thicker multilayers annealed for 30 minutes. A definite
decrease in A with decreasing alloy layer thickness was seen
for'the multilayers where tAg=Z nm, which cannot be accounted
for by the loading by the silver layers. The reason for this
is not clear. It is possible that the silver layers are so
thin that the alloy layers have percolated through, especially
where these are appreciably thicker than the silver, so that
the parameters of the multilayer approach those of a bulk
material. It may be that inclusion of silver in the multiiayer

causes a reduction in Agy_co- —
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- 6 - Enbodi ments of the invention will now be descrluﬁﬁ t -
reference to the foll owi ng exanpl es and draw ngs, in which: SSH §G§§}E€1
1 shows in schematic forma representation of a | at'tice struchuré ;
mul tilayer material according to the 5 invention, Fi gure shows

in schematic form a representation of

-2 -

It 1s seen from the above that thickness and
crystallographic texturing of the alloy layer and silver layer
loading all can affect the value of A,. Those skilled in the
art will be able to proceed on the basis of the techniques set

5 out above to produce multilayers with significant values of A
using appropriate component layers and dimensions.

Some of the above examples show that the technique of
causing a magnetic component layer to adopt, in a surface
region at least, a lattice structure other than the one it

10 would normally adopt produces a magnetic material which
exhibits a non-zero magnetostrictive coefficient, albeit at a
coercivity more appropriate to a "hard" magnetic material than
a "soft" one, but noting that this parameter was not controiled.

Others of the above examples show that the technique of

15 causing a sharp lattice mismatch or smoother mismatch
intermetallic region in overlaid component layers produces a
magnetic material which exhibits a non-zero magnetostrictive
coefficient. In particular a sharp lattice mismatch, such as
occurs with immiscible component layers, could produce a pseudo

20 free surface. The term pseudo free surface is used to describe
the arrangement where the surface of a thin layer can emulate a
free surface although another layer is contiguous.

The magnetic material can be used in sensing devices,
such as pressure gauges, accelerometers and torque sensors, by

25 attaching the material to a structure or by depositing the
material in the place where it is to be used.
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another lattice structure of a nmultilayer material accordi ngyt-o—

of a matel$ SHEET HAS BEEN

I nvent:i on, Figure 3 shows M H characteristics | .
according 10 to the invention, Figures 4 and 5 shom&thsgﬂﬁhﬁgﬁp
forma portion of a mul tilayer material, after deposition and after
subsequent anneal i ng respectively, Fi gur es—6—to 9 —showptots of

characteristics of materials 15 enbodying the inventi
6 shows magnetostriction constant of Fe/Ag ,

versus 1/ (nodul ati on period),
- 22 -

LAIM

PR

1. A magnetic material of at Teast two component parts
arranged to have respective structures which mutually are not

homogenous, the structure of one part coo

perating with the

5 structure of the other to assist the magnetostrictive behaviour

of the material.
2. A material according to Claim 1 in whi

ch the cooperation

is the structure of one part altering the atomic spacing of the

other part.

10 3. A material according to Claim 2 in which the alteration

is an increase from the usual atomic spacing.

4, A material according to Claim 1 in which the structure of

at least one part is the absence of a regular
5. A material according to Claim 1 in
15 contiguous component parts and in which the

fattice.
which there are
cooperation is a

pseudo free surface on at least one said part.

6. A material according to Claim 1 in

which there are

contiguous component parts and in which the cooperation reduces

restriction of the Tlocal moment otherwise
20  contiguous component parts.

achieved by said

7. A material according to Claim T in which there is an
interface region in one component where said first and second

components are contiguous.

8. A material according to Claim 7 in which the interface

25 region is in a component which is at least p

artly an alloy and

the alloy has a ratio other than the usual one for said atloy.

9. -~ A material according to Claim 1 in whic
and second components is a magnetic material
magnetic or a non-maghetic material.

h one of the first -
and the other is a

30 10. A material according to Claim 1 in which the first and
second components are different elements or alloys or are
magnetic and non-magnetic forms of one element or alloy.
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Figure 7 shows magnetostriction constant of Fe-Co/Ag
ver sus I/(nndulalion period) calculated using 20

l[tilavers

Ef fromThitt BHEHTEHAS BEEN

val une average reed correction | fromREPLACED
equati on 5, u lﬁﬁ,w j H i rcles respectively). Al'so

shown are magnet ostriction constants of the
all oy |l ayers alone u3|ng ' the volune average Ef nethod (triangles),
25 Figure 8 shows magnetostriction constant of Fe-Co/Ag

mul tilayers versus |/ (nodul ati on period),

a) tferr] =2 nm

($4), 11. bR tmpe¢mripl =abcarahifd3to Claim 10 in which a magnetic
component is chosen from the group of ferromagnetic elements of

at least iron, nickel, cobait, gadolinium and terbium.
12. A material according to Claim 10 in which a component is

[$4]

chosen from the group of elements of at

magnesium, silver and gold and silicon dioxide.

least aluminium,

13. A material according to Claim 1 including many first and

secona components as layers.

14. A material according to Claim 22 including alternating

10 said first and second components.

15. A material according to Claim 1 including a first and
second component having a third component associated therewith

as a trilayer.

16. A material according to Claim 15 having a fourth

15 component associated therewith as a quadlayer.

17. A material according to Claim 1 having a material form

expressed as

M multilayers each having N components as layers,

where M is between two and five while M has a value of a few

tens, typically twenty to fifty.

20 18. A material according to Claim 1 including a substrate on

which the material is built up.

19. A material according to Claim 18 in which the matertal
remains on the substrate for use or is released therefrom, for

example by chemical means.

25 20. A material according to Claim 18 in which the substrate
is glass or mica or KAPTON (RTM) or other suitable material.
21. A material according to Claim 1 prepared in the place of .
evenfual use by deposition of successive components on a

machine part or like object.

30 22. A method of preparing a material as claimed in Claim 1
including overlaying the second component on the first,
providing a well-defined boundary where the second component is
contiguous with the first, and causing or producing a
stress-free strain in the overlaid component, at least adjacent

35 the first component.
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c) t[err] =5 nm t[err] = 30 ninutes.(SZ), 30
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23. A method of preparing a material as claimed in Claim 1
including overiaying the second component on the first,
ppermitting or causing the second component structure to be
influenced by the first to produce said cooperation.

24. A magnetic material of a first component as a layer and a
second component as a layer overlaid on the first, there being
a lattice structure in at least one of said layers and in which
magnetic material said lattice structure is modified where said
first and second component layers are contiguous whereby the
magnetostrictive property of the material is enhanced.

25. A material according to Claim 24 in which there is an
interface region where the layers are contiguous.

26. A material according to Claim 25 in which the
modification is in the interface region.

27. A material according to-Claim 25 in which the interface
region is in an elemental layer and the lattice structure in at
least said region ts one other than the usual one for the later
element.

28. A material according to Claim 24 in which a third
component as a layer is overlaid on the second and a lattice
structure of said third layer is modified tn its turn.

29. A material according to Claim 24 including further
components as layers overlaid with or without lattice structure
modification.

30. A material according to Claim 24 in which a said layer
has a lattice structure modified by an overlaid layer, at least
contiguous to the overlaid layer.

31. 2 A material according to Claim 24 in which each of the
component layers has an inherent lattice structure and said
modification 1is that at least one inherent structure 1is
modified by another contiguous inherent structure.

32. A material according to <Claim 31 in which the
modification is that one lattice, at least where contiguous fo
another lattice, adopts at least approximately the another
lattice form.
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33. A material according to Claim 24 including a first layer

-and the overlaid second layer identified as a bilayer.

34. A material according to Claim 33 having at least thirty
bilayers.

35. A material according to Claim 34 in which each layer of a
bilayer is at least a few nanometres thick, that is a few tens
of atoms thick, and up to ten or more nanometres thick.

36. A method of producing a multilayer magnetic material
including depositing a first component, causing or permitting a
second component to be progressively overlaid on the first,
controlling the depositing of the first component and the
overlaying of the second component to produce respective
different structures and tausing or permitting the structures
to cooperate to assist the magnetostrictive behaviour of the
material.

37. A method of producing a multilayer magnetic material
including providing a first component Tayer of a first lattice
structure, causing or permitting a second layer of material of
a second lattice structure to be progressively overlaid on the
first material, controlling the overlaying of the second
material so that at least one component layer in a region
contiguous to the interface of the 1layers has a lattice
structure modified by the overlaying action.

38. A method according to Claim 36 or Claim 37 including
overlaying by sputtering.

39. A method according to Claim 36 or Claim 37 including
overlaying substantially atom—by—atom.

40 A material according to Claim 1 or Claim 34 in which each
component or layer of a bilayer is at least one nanometre thick
and up to ten nanometres thick, that is a few atoms to a few

tens of atoms thick.
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5 (1991) No. 7/8 pp 397 399) In the first of these (de Wi, etc) a

mat.erial with enha netisation and rel ati vieTHIS SHEET HAS BEEN
permeabi lity but nini g‘mﬂuﬁ \m tion, specifically fpr a REPLAGHREO
recorder read/wite h ““"M To achieve this  a very snal
grain size is sought fer the mignétic material 10 layer (iron, grain size

bel ow 10 nanonetres) and to produce such a grain size the iron
| ayers are around 10 nanonetres gb The | ayers are separated by
t hi nner | ayers of anot her f erronmagn material, specifically an

i ron/ chrom unibor oA multilaygermatEhis Iaaycelrame:éds tlaibel @ndl Bawingt a _
nanometres thick {015 haRLEMFN titNGAIER! B8 ol hr@fCby! 4PBdAYR khdki ng Wi th

those in
material, for example by bending.

42. A multiple multilayer magnetic material as claimed in
5 Claim 1 including an insulating layer, to enhance the frequency

response.

43. A magnetic material arrangement including a magnetic

material as claimed in Claim 1 or Claim 24 or as produced in

accordance with Claim 36 and means to cooperate with the

10 material to convey to an external connection a response of the
material to an external action.

44. An arrangement as claimed in Claim 43 in which the
response is a change of permeability or dimension and the
external action may be the stressing of the material.

15 45. An arrangement as claimed in Claim 43 in which the action
is flexure of a support for the material or an ambient pressure
change, or an external magnetic field.

46. An arrangement as claimed in Claim 44 forming part of an
accelerometer, a torque sensor or like device.

20
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iron layer by columar growh and specifically _
7o gromh is not desired. |In the second (Zeper et aF“faggg;;;—*-*-.ﬁ
J“to optical recording material is described, for enhance d HAS BEEN

ey RE
r,~ord|ng density, which has adequate Kerr rotation and | ow SUGACED

Girie tenperature while having a preferred nmagnetisation - di rection
perpendi cular to the material layer. This preferred direction only
occurs with cobalt/platinumor cobalt/palladi um mul til ayers when the
cobalt layers are less than some 0.8 - 27tp 1.2 nanometres. The
thickness of the non-magnetic butaggragmgnetically pol arisable platinum
or palladiumlayer is set by the required balance of Kerr effect and

Curie tenperature and
A magnetic materiai of at least two component parts

arranged to have respective structures which mutually are not

S homogenous, the structure of one part cooperating with the

structure of the other to assist [Fig. 3] the magnetostrictive

behaviour of the material. The cooperation can be the

structure of one part altering the atomic spacing of the other

part [Fig. 1, Fig. 2]. The alteration can be an increase from

10 the wusual atomic spacing. There can be contiguous component

parfs and the cooperation can be a pseudo free surface on at

teast one said part or a reduced restriction of the tlocal

moment otherwise achieved by the contiguous component parts

(Fig. 53. A component can be at least partly an alloy and the

15 alloy can have ratio other than the usual one for said alloy.
One of the components can be non-magnetic.

m———
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for platinum is about 0.9 nanonetres with a 0.4 nanoWBISrBIEET HAS BEEN |
cobalt layer. The cobalt layer is about two atom|layers thick REPLAGE® t hat

tb"e required magnetic anisotropy is not reduced by 30 "bulk" atons
between the surface layers. . In Zuberek, Szyntzak. Kri shnan and
Tessier (Journal de Physique, Vol. 12, No. 9, Col | oque C8,
Decenber 1988, pp 1761 to 1762) it is suggested

that a "bilayer" of
evapor at ed conponent naterial s depends /&

¢0Amm

Fig.2 -
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t he thinness of a nickel

o effectiveness on layer. od-n-Bi+ne
hpom. de Wt and Wtner (J. Magn. Magn. Mat., No. 83, (1519@} 5115]5 A§9§“q
tq<400) the possibility of interface mxing in Fe/Co ' REPLACED i
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mul tid ayers is di scussed and seen as a dlsadvantage~

Techpirques to avoid this di sadvantage are suggest ed. ﬁﬁf%$¥%¥éf%SBﬁEN
t he .present invention as claimed do not follow the techn|que@; REFLAGED -
above proposals. The present invention as clained provi des in one o
aspect that a layer of a first conponent overlaid on another |ayer, of
a second conponent, is caused in 10 a rﬁg gn contiguous with the other
| ayer to adopt a structure ot her tha ( at of the lattice which it
woul d norral | y adopt . In this way, which can be described as lattice
m smatch, a stress-free strain can be produced in at |east the
conti guous region of the overlaid |ayer. A result of this
stress-free
i A
. ¥t
Ag Ag
Fe ‘-’t Fe
A -
Co ~tCo
\
Fe
Ag
' |

Fig. 4

Fe-Co —Fe-Co
- y
Ag
Y Fe-Co 1

Fig.5
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15 strain i s—an éAhanced magnetostriction constant, [err]. . . ...

i
ey

Typi cal ly such ’hMEe‘o‘HﬁfBeanePhCS‘t material overlaid on the |- "&é(ﬁ@*ﬁﬁ”f‘ '*“IB&F\ l
quar’ranged as s rs on a substrate. Each Iayer oR= AACED
bi | ayer woul d be f| fteen nanonetres thick —and dep03| ted
by sputtering ons 20 being deposited arrive at a rate slow
enough to be able to be I nfl uenced in deposit position by the existing
| attice of the second conponent |ayey/gr that of the first-deposited
overlaid first conponent atons. Care is needed to avoid building
stress i nt ogbe l ayers h}{ the thermal eff P(‘tQ of sputt Sonme ten
25 to fifty bilayerp can be deposi ted. The overlaid conponent
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appl i,éd adj acent to the second conponent lattice ™, P

o

conveni ently—eatsed T0 adopt a lattice spacing appropriateito SEFL f\g 0
t he-'second \nggg@aggeenxe’ﬁhteé w |l cause a stress-free L-gt-+at-A-——F—at
I'éast the c f i of the overlaid 30 conponent. The
stress-free :Blm‘m e best exhibited if there is a sharp
boundary bet yers. :
5/6
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If required a pre-stress can be built in to the eventual material by, for
exanp! es keepi ng the substrate hot during deposition of @@g}@ﬂﬁfn;}“gﬁ*g‘]

t Hat- the substrate contracts on cooling. Also a magnetic biageCRR-De f
built in by including a |ayer of permanently ]
616
(nm] | (nm} | (nm]

ST | n n | n=123,45

S2{ n | 2n| 5 | n=12510 | 290°C | 30mins

S3 n 2n | . 5 n=115,2,3 | 300°C | 10-50mins

S4 n 2n 2 n=115,2,3 | 300°C | 10-50mins

Fig. 10
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magnet i sabl e conponent@fofﬁéwﬁ ‘e as or i g@ehygahmme tlf
buffer 5 substrate canj,&l’%o & used but}agg??;w%ﬁg% t ak ? Lkp‘ﬁ Q’Y%HEH

buffer transmts any strain that pti-ed-for~action i by or on the
magnetostrictive material. An inert or insulating |ayer i ey 1BeF 2ppPi%ed
to protect the material. Filns may be grown under the |nfluanee of an

i nposed magnetic field to enhance the desired effect. -! Flgurgﬁf_'
represents in a schematic manner the lattice at and near t he_surface of the

10 second_substance | ayer 12 and the |attice in the contiguous region of
the overlaid substance | ayer 10.- It he Fi gure overl aid substance
atons are indicated by the smaller, crossed, circles and the second

| ayer substance atons by the arger, open, circles.
The lattice at 10A, furthest—ﬁ5%i9§h§%iégéﬁgﬁﬁantance | ayer 12, has the

nor mal at amite Smamithen faelatée to etheaiptodudidoance, maderfizl satwitkvel s 10B,
10C and 10Du§gfcuclel§|§gin\é%é>¥tr1ctive properties.

Magnetostriction is the property which relates magnetic
characteristics of a body of material to a change of the shape of
the material. The property is saen in the change in size of
bodies of certain materials when the magnetic environment changes
or the change in magnetic characteristic when a force is applied
to such a body to change 1its shape. Magnetostriction is a
dimensionless quantity represented by the magnetostriction
constant Ay, relating magnetisation and shape change and in the
SI system of units useful values are some tens or hundreds of
parts per million, particularly for wuse in sensors and
transducers. For such uses a high magnetomechanical coupling
factor is desirable. Also ‘“soft" magnetic properties are
generally preferred.

While thin film amorphous alloys and magnetic multilayers
individually provide some of the reqhired properties there is
still a strong need for a . significant improvement in the
properties available and for materials which exhibit a useful
combination of such properties.

It is an object of the invention to provide materials with
improved properties and methods of production of such materials.

According to the invention there is provided a magnetic
material of at least two component parts arranged to have
respective structures which mutually are not homogenous, the
structure of one part cooperating with the structure of the other
to assist the magnetostrictive behaviour of the material.

The cooperation may be a pseudo free surface on a part.

The cooperation may reduce restriction of the local moment of

a part.

2
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15 - nearer the layer 12, the lattice of t qgﬁ#a e

progressively nore expanded. Tﬁﬁgﬁ%fﬁ?ub gfé\
magnet ostrictive properties further exanplles hﬂvﬂ een—prepal
Typically these are a nunber of alternate |ayers of nagne3|un1and'aﬁgm 597

each a few nanonetres thick and having a few tens of blfayers The
| ayers are not necessarily of the sane thickness. The | ayers-are """

deposited by sputtering fromalternately exposed sources 20 iusing
conventional techniques. The preparation is arranged to ensur& tHat “bul k
effects are not significant. The_ fect of stress on the filmon the
shape of the na Betlsatlon/fleld was al so eﬁan1ned A smal

amount of di st or't'f ofPOPBYAYERAFHY qehé“%p&‘if"ﬁﬁﬁ'fse 'of " one ARG BHETARI | cop shape
by a detect abee atomimtspat Imgr 0AStHY] othér .vabrerephbly ahel dRratiadhues of H

conpared W thtn\%rLgeDfrgm éhréeulsjﬂl trs%ﬁcsfen% Spﬁei trocture may be the
absence of a regular lattice.

There may be an interface region in one component where
sald first and second components are contiguous. There may be
an finterface region where the 1layers are contiguous. The
modification may be in the interface region. Where the
interface region is in an elemental component the lattice
structure may be one other than the usual one for the elemental
component. HRWhere the interface region is in a component which
fs at least partly an alloy the alloy may have a ratio other
than the usual one for said alloy.

A third component layer may be overlaid on the second and a
lattice structure of said third layer may be modified in its
turn. Further component layers may be overlaid with or without
lattice structure modification.

A layer may have a lattice structure modified by an
overiaid layer, at least cohtiguous to the overlaid layer.

Each of the component layers may have an inherent lattice
structure and modification may be that at least one inherent
structure is modified by another contiguous inherent structure.

The modification may be that the second lattice, at least
where contiguous to the first component layer, adopts at least
approximately the first lattice form.

One of the first and second component layers may be a
magnetic component and the other may be magnetic or a-
non-magnetic component. While each of the first and second
layers will generally be different elements or alloys it is
also possible magnetic and non-magnetic forms of one component

may be used.
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The magnetic component may be chosen from the group of
ferromagnetic elements of at least iron, nickel, cobalt,
gadolinium and terbium.

The non-magnetic componént may be chosen from aluminium,
magnesium, gold and silver and silicon oxide.

Preferably there are many first and second layers in the
materfal forming a multilayer material. Generally there will
be alternating said first and second layers. One first layer
and the overlaid second layer may be identified as a bilayer.
A first and second layer may have a third layer associated
therewith as a trilayer and may further have a fourth layer
associated therewith as a quadlayer. In general the material
form can be expressed as of M multilayers each having
N component layers. Typically N will be between two and five
while M will have a value of a few tens, typically 20 to 50.

There may be a substrate on which the multilayer materia)l
ts built up. The matertal may remain on the substrate for use
or be released therefrom, for example by chemical means. The
substrate may be glass or mica or KAPTON (RTM) or other
suitable materfal. The magnetic material may be prepared in
the place of eventual use, for example by deposition of
successive component layers on a machine part or Tike object.
There may be more than 30 bilayers.

Each layer of a bilayer may be at least a few nanometres
thick, that is a few tens of atoms thick, and may be up to ten
or more nanometres thick. It is believed that a well-defined
boundary is useful where the second layer is overlaid on the -
first. This will produce a stress-free strain in the overlaid
layer.
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Qt her structures may be used to achieve [t KdS SHESHHASBREY Puagﬁgd
conbi nati ons of overl aid substanc IayeRéPmﬁGHD prodJ@ei‘;
‘alloying and this in turn can produce “di sl ocations™ iin atonlc
| evel structure which would otherw se be adopt ed. PrOV|ded1 TEELD BT
substance | ayer is nmagnetic the other can be an insul ator as the nmerging of

it e e e

the layers 5 where they are contiguous can alter the spacjng of The

La@“w

magneti c. substance | ayer lattice and t hus usefully alter t he

magnet ostrictive property. Figure 2 shows in sketch formthis action

where, in a lattice 16, atons of a nagﬁetic substance, identified at m are
di spl aced at anOne form mifetheamtdBiadydédeipeedoce mdy areparedfbyarot her

ISlr‘]tsjﬁf 2?8?: :I%Qg&i Q{n?ﬂ.&d@%ghqve%&fi%@e B%cond comBBadhR9RR bife YA
providing a well-defined boundary where the second component ts
contiguous with the first, and causing or producing a
stress-free strain in the overlaid component, at least adjacent
the first component.

Another form of the material described above may prepared
by a method including overlaying the second component on the
first, permitting or causing the second component structure to
be influenced by the first to produce said cooperation.

According to a particular aspect of the invention there is
provided a magnetic material of a first component layer and a-
second component layer overlaid on the first, there being a
lattice structure in at least one of said layers and in which
magnetic material at least one lattice structure is modified
where said first and second component layers are contiguous
whereby the magnetostrictive property of the material is
enhanced.

There may be an Interface region where the layers are
contiguous. The modification may be in the interface region.
Where the interface region is in an elemental layer the lattice
structure in at least said region may be one other than the
usual one for the layer element.

According. to the in?ention there is provided a method of
producing a multilayer magnetic material including depositing a
first component, causing or permitting a second component to be
progressively overlaid on the first, controlling the depositing
of the first component and the overlaying of the second
component to produce respective different structures and
causing or permitting the structures to cooperate to assist the
magnetostrictive behaviour of the material.

This Sheet Has Been Replaced




10 The present invention as cl ai nedHEr SHEEGaR S BERN
interface effect which can be a rerEtlveRymﬂhmDp | at

‘the overl aid conponents cannot easily m X,

| ayer, for exanple silicon oxide, can be introduced to produce &r§ ¥

i nprovement in performance, especially an inproved high freguency
be depehdetit "on t he
al §0 _be dependent |

performance. The I nsul ating | ayer thickness wll

frequency at which the device is to 15 operate but wll

on the effect of the relative thickness of the insulating
the bilayer on the propagation velociti®s in the insulating and magnetic

conponents. FrO'Th *}&‘%ﬁo&%g ﬂﬁﬁﬁ‘éd BRSy 1 ngl%qﬂ§§tbéo‘ﬁng{>

t hi ckness at 1 onsh a‘partic

component layer of a second lattice structure

Ion O

to

nSuIatlng

.’

33 a3t II_'
AL

FES 957

| ayer and

6§n4e[ yép épu t abl e

the nmultilayer
mat eri al . |nag£f‘|é$ta|‘%tﬁécen§&wttum causing or permitﬂng a second

be

progessively overlaid on the first, controlling the overlaying
of the second component so that at least one component layer in

a region contiguous to the interface of the

lattice structure modified by the overlaying action.
The method may include overlaying by sputtering.

method may include overlaying substantially atom-by-atom.

layers has a

The
The

method may include sputtering from a target which may be of one
element or of two or more elements to enable the deposit of an

alloy.

The method may include causing or permitting the respective
different structures to be distinct and form an interface which

provides a pseudo free surface.

A multilayer material as described above has an M/H loop

characteristic which is altered by distorting the material,

exampie by bending.

for

According to a particular aspect of the invention there is
provided a'mu1t1p1e_mu1t11ayer magnetic material as described

above in which the overlaid second layer is

insulating layer, to enhance the frequency response.

According . to the invention there is provided a magnetic
material arrangement including a magnetic material as described
above and means to cooperate with the material to convey to an
external connection a response of the material to an external

action.

covered by an

The response may be a chaﬁge of permeability or dimension
and the external action may be the stressing of the material.
The action may be fiexure of a support for the material or an
ambient pressure change, or an external magnetic field.

The arrangement may form part of an accelerometer, a torque

sensor or like device.
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| ayer thickness will be several timnmes t/hHHSSHEEREAS REEV uar,aggm@ b7 SHEET
conponent layer. In 20 this way rmagnetlostri®EEERRt erijal 5| WLH Several-
tri- or quad- layers can be built up, of the gener al forh1of L, o
mul til ayers each having N conponent |ayers. At |east one of{ the N FE8 97
conponent |ayers will be a nmagnetic, .generally a ferronagnenlc subst an
such as iron, ni ckel , cobalt, gadoliniumor terbium whil € “anot her wil |
be a non-nagnetic subst ance and may be a netal or an |Q§gLatoL,_————~——~
exanpl es i ncluding alum nium magnesiumgold and silver 25 and silicon

oxide. If Nis nore than two one of theg non-nmagnetic |ayers can be a

metal and anot gy @itadts bR the AnlaithOeTwITIONGH 6o COMRPTER Lftper MY be

reference to the following examples and drawings, in which:

Figure 1 shows in schematic form a representation of a
lattice structure of a mult1layer material according to the
{nvention, '

Figure 2 shows 1in schematic form a representation of
another lattice structure of a multilayer material according to
the invention,

Figure 3 shows M/H characteristics of a material according
to the invention, |

Figures 4 and 5 show in schematic form a portion of a
multilayer material, after deposition and after subsequent

annealing respectively,
Figures 6 to 9 show plots of characteristics of materials
embodying the invention,

Figure 6 shows magnetostriction constant of Fe/Ag
multilayers (S1) versus 1/(modulation period),

Figure 7 shows magnetostriction constant of Fe-Co/Ag
multilayers 'versus 1/{modulation period) calculated using
E¢ from both the volume average and the vibrating reed
correction from equation 5, (squares and circles
respectively). Also shown are the effective
magnetostriction constants of the alloy layers alone, using
the volume average Ef method (triangles),

Figure 8 shows magnetostriction constant of Fe-Co/Ag
multilayers versus 1/(modulation period),

) tpg = 2 nm (S4),

b) tAg 5 nm (S3),

C) tag = 5 nm, tynneal = 30 minutes (S2),

Figure 9 shows magnetostriction constant of Fe-Co layers
within Fe-Co/Ag multilayers versus 1/(modulation period),
(a), (b) and (¢) as in Figure 8, and
Figure 10 1is a table of materials exemplifying the

invention.
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structures as exenplified above ontd_an eREEACERt rict| v
t he di nensional changes in the magnetic ;

such as PVDF
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Various proposals for multilayer materials having magnetic
properties have been made, for example de HWit, Witmer and Dirne
(Advanced Materials, Vol. 3 (1991) No. 7/8 pp 356 to 360) and
Zgper, van Kesteren and Carcia (Advanced Materials, Vol. 3
(1991) No. 7/8 pp 397-399). In the first of these (de Hit, etc)
a material with enhanced saturation magnetisation and relative
permeability but minimal magnetostriction, specifically for a
video recorder read/write head, is described. To achieve this
a very small grain size is sought for the magnetic material
layer (iron, grain size below 10 nanometres) and to produce
such a grain size the iron layers are around 10 nanometres
thick. The layers are separated by thinner layers of another
ferromagnetic material, specifically an iron/chromium/boron
layer. This layer needs to be at least two nanometres thick to
prevent the grains in one iron layer linking with those in
another iron 1layer by columnar growth and specifically
epitaxial growth is not desired. 1In the second (Zeper et al) a
magneto optical recording material is described, for enhanced
recording density, which has adequate Kerr rotation and low
enough Curie temperature while having a preferred magnetisation
direction perpendicular to the material layer. This preferred
direction only occurs with cobalt/platinum or cobalt/palladium
multtlayers when the cobalt layers are less than some 0.8
to 1.2 nanometres. The thickness of the non-magnetic but
magnetically polarisable platinum or palladium layer is set by
the required balance of Kerr effect and Curie temperature and
for platinum is about 0.9 nancmetres with a 0.4 nanometre
cobalt layer. The cobalt layer is about two atom layers thick
so that the required magnetic anisotropy is not reduced by
"bulk" atoms between the surface layers. In Zuberek, Szymczak,
Krishnan and Tessier (Journal de Physique, Vol. 12, No. 9,
Colloque C8, December 1988, pp 1761 to 1762) it is suggested
that a "bilayer" of evaporated component materials depends for
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structures inposing a strain on the el ectEqiater‘%ﬂ\?é\“s‘i‘f Q-Llhl'ﬁrmb@f\g ,\,l HQ--.—T ]

an el ectrical signal related to the t i oREMGHe ma t oSt u oo
structure. 5 Furt her exanpl es of € Tnvention will gnew be ;
descri bed. Mil tilayers are grown using an rf gl ow di'sEf&tg&s7 f
sputtering systemin a sputter-up configuration with thrgg 15 cm _}

wat er - cool ed magnetron target electrodes on a carousel, and;
wat er - cool ed substrate platen el ectrode which all ows t he subs.t_..r._at\.,e_,fc_.._.Q,__lle_..__ﬁ_J
pre-sputtered. The substrate platen al so has a heater capabl e of
tenperatures up to 600[err]C The 10 target-substrate distance was set at

60 mMmm wth an asma pressure of two-thirds of a Pascal (5
nmorr). The spetﬁf'g?wﬁ eSSt thinngsgorbl ROEESHi (r)?é.ye':l"he Ige &% on

rates were calldibedngd deisiitgand "Wighers (9P "Maghy |IMagnbaad, fNd. n83,hiKT4909ss

measur ement pp 399 to 400) the possibility of interface mixing in Fe/Co
multilayers s discussed and seen as a disadvantage.
Techniques to avoid this disadvantage are suggested.

Muitilayers of the present invention do not follow the
techniques of the above proposals. The present invention
provides in one aspect that a layer of a first component
overlaid on another layer, of a second component, is caused in
a region contiquous with the other layer to adopt a structure
other than that of the lattice which it would normally adopt.
In this way, which can be described as lattice mismatch, a
stress-free strain can be produced in at least the contiguous
region of the overlaid layer. A result of this stress-free
strain is an enhanced magnetostriction constant, Ag.

Typically such layers of a first material overlaid on the
second would be arranged as several bilayers on a substrate.
Each layer of a bilayer would be some five to fifteen
nanometres thick and deposited by sputtering so that atoms
being deposited arrive at a rate slow enough to be able to be
influenced in deposit position by the existing lattice of the
second component layer or that of the first-deposited overlaid
first component atoms. Care is needed to avoid building stress
into the layers by the thermal effects of sputtering. Some ten
to fifty bilayers can be deposited. The overlaid component
applied adjacent to the second component lattice s
conveniently caused to adopt a lattice spacing appropriate to
that of the second component. This will cause a stress-free
strain in at least the contiguous region of the overlaid
component. The stress-free strain will be best exhibited if
there is a sharp boundary between the layers.
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I nstrument. Structural characterisation

diffraction. The substrates ' r
Trade Mark) (polyimde). 15 The substrate for SAMR neasurenﬁnns (see below%
was 25 mmthick Kapton, which was t hin enough and had a;lo%@andmgnﬁ :
Young's nodulus to avoid overly constraining the filns while still |
being able to support them Fe/Ag nultilayers wer e grownm Wt
50 repeats (i.e. 50 bilayers). Fe-Co/Ag multil ayers (20-26, .
Figure 4) of 25 repeats (25 bilayers) were grown. 20 The layers of Fe-Co
alloy in the Fe-Co/Ag nmultilayers were produced by grow ng sandw ches

AR s A e R TR e e A

forma | ayer m8exiRilgbye Tpr example, keeping the substrate hot during
deposition of components so that the substrate contracts on
cooling. Also a magnetic bias can be built in by including a
layer of permanently magnetisable component for example as or
immediately above the substrate. A buffer substrate can also
be used but care must be taken that the buffer transmits any
strain that is applied for action by or on the magnetostrictive
material. An inert or insulating layer may be applied to
protect the material. Films may be grown under the influence
of an imposed magnetic field to enhance the desired effect.

Figure 1 represents in a schematic manner the lattice at
and near the surface of the second component layer and the
lattice in the contiguous region of the overlaid component
layer. In the Figure overlaid component atoms are indicated by
the smaller, crossed, circies and the second layer component
atoms by the more widely spaced larger, open, circles.

To 1investigate the magnetostrictive properties further
examples have been prepared. Typically these are a number of
alternate layers of magnesium and iron, each a few nanometres
thick and having a few tens of bilayers. The layers are not
necessarily of the same thickness. The layers are deposited by
sputtering from alternately exposed sources using conventional
techniques. The preparation is arranged to ensure that bulk
effects are not significant. The effect of stress on the film
on the shape of the magnetisation/field (M/H) loop was also
examined. A small amount of distortion, by bending the
specimens, changed the loop shape by a detectable amount,
increasing the value of M at lower values of H compared with
the loop for the unstressed specimens.
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of alloy of thickness t(Co)+2t(Fe) (the Agj irfirs SHHESGIAY gepM § hITODLNY -

heat treatnent was done in a non- |nductivemxmmuumﬂ t ubg

)"

the sanple laid flat between two gl ass 25 rdes—Tmma vacul

rotary punp and nitrogen trap to elimnate oxidation.

and tenperature were 30 m nutes and 290[err] C respectively.
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Other structures may be used to achieve the invention.
Certain combinations of overlaid component layers will produce
a degree of alloying and this 1in turn can produce
"dislocations" in an atomic level structure which would
otherwise be adopted. Provided one component layer is magnetic
the other can be an tinsulator as the merging of the layefs
where they are contiguous can alter the spacing of the magnetic
component layer lattice and thus wusefully alter the
magnetostrictive property. Figure 2 shows in sketch form this
action where atoms of a magnetic component, identified at m,
are displaced by the presence of atoms of another component,
which may be non-magnetic even an insulator, identifed at :.

The present invention provides in another aspect an
interface effect which can be a relatively sharp lattice
mismatch as the overlaid components cannot easily mix or in a
yet further aspect a smoother mismatch which may be an
intermetallic regqion as overlaid components merge. Component
layers need not be deposited separately, the rate of a first
layer may be reduced while the rate of a second layer is
increased to take over.

An insulating layer, for example silicon oxide, can be
introduced to produce an improvement in performance, especially
an improved high frequency performance. The insulating layer
thickness will be dependent on the frequency at which the
device is to operate but will also be dependent on the effect
of the relative thickness of the insulating layer and the

bilayer on the propagation velocities in the insulating and .

magnetic components. From these considerations it is possible
to derive suitable thickness relationships for a particular
application of the multilayer material. In general the
fnsulating layer thickness will be several times that of the
individual magnetic component layer. In this  way
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magnetostrictive materials with several tri- or quad- layers
can be built up, of the general form of L multilayers each
having N component layers. At least one of the N component
layers will be a magnetic, generally a ferromagnetic, substance
such as {iron, nickel, cobalt, gadolinium or terbium while
another will be a non-magnetic substance and may be a metal or
an insulator, examples including aluminium, magnesium gold and
silver and silicon oxide. If N is more than two one of the
non-magnetic layers can be a metal and another an insulator. A
further magnetic component layer may be included. A
magneto-electric transducer can be formed by placing structures

as exemplified above onto an electrostrictive structure such as-

PVDF, the dimensional <changes 1in the magnetic structures
imposing a strain on the electrostrictive structure, producing
an electrical signal related to the action on the magneto
strictive structure.

Further examples of the invention will now be described.

Multilayers are grown using an rf glow discharge sputtering
system in a sputter-up configuration with three 15 cm
water-cooled magnetron target electrodes on a carousei, and a
water-cooled substrate platen electrode which allows the
substrate to be pre-sputtered. The substrate platen also has a
heater capable of temperatures up to 600°C. The
target-substrate distance was set at 60 mm, with an argon
plasma pressure of 5 mtorr. The sputtering equipment is a
NORDIKO machine. The deposition rates were calibrated using a
"Talystep" stylus based film thickness measurement instrument.
Structural characterisation was also done using X-ray
diffraction.

The substrates were glass and Kapton (Regisfered Trade
Mark) (polyimide). The substrate for SAMR measurements (see
below) was 25 mm thick Kapton, which was thin enough and had a
Yow enough Young's modulus to avoid overly constraining the
films while sti)l being able to support them.
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Fe-Co/Ag multilayers of 25 repeats (25 bilayers) were
grown. The layers of Fe-Co alloy in the Fe-Co/Ag multilayers
were produced by growing sandwiches of Fe/Co/Fe between the
siiver layers (Figure 4). The multilayer was subsequently
annealed to allow interdiffusion of the Fe and Co to form a
tayer of alloy of thickness t(Co)+2t{(Fe) (the Ag is immiscible
with both) (Figure 5). The heat treatment was done in a
non-inductively wound tube furnace, with the sample laid flat
between two glass slides in a vacuum provided by a rotatry pump
and nitrogen trap to eliminate oxidation. The anneal time and
temperature were 30 minutes and 290°C respectively. '

A series (S1) of five Fe/Ag multilayers was grown where
t(Fe)=t(Ag)=1,2,3,4,5 nm.

A series (S2) of Fe/Co/Fe/Ag (i.e. Fe-Co/Ag) mulfilayers
was grown where the thickness of the Co layer was twice that of
each of the Fe layers so that the total thickness was the same
for both, resulting in a post-anneal alloy of a nominal
composition of FeSOCoso. The thickness of this layer was
varied from 4 to 40 nm and t(Ag) was set at 5 nm. These were
subsequently annealed in vacuum for 30 minutes at 290°C. Two
other Fe/Co/Fe/Ag (i.e. Fe-Co/Ag) series were grown with silver
layer thicknesses of 2 (S4) and 5 (S3) nm. The anneal times
were longer'for the films with thicker Fe/Co layers because of
the greater degree of _1nterd1ffusion required. The anneal
times (at 300°C) were 10, 20, 30 and 50 minutes for alloy layer
thicknesses 4, 6, 8, 12 nm respectively.

As the layer thicknesses are decreased the volume fraction
of the interface regions is increased. This fincreases the
proportion of the multilayer material which is formed by atoms
at or near the surface of a layer. The local moment is
increased in the vicinity of a free surface so the local moment
effect is enhanced as the interface volume fraction |is
increased. The texture of a layer is also significant and its
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retention can be enhanced by depositing the alloy directly and
avoiding or reducing the annealing step. This will also
encourage growth of the alloy in the [110] direction normal to
the layer.

The coercive fields of Fe-Co/Ag multilayers are between 1
and ‘2 kAm!, reducing with layer thickness. Generally, the
annealing rendered the multilayers magnetically softer. Also
by annealing the multilayers were stress-relieved and the iron
and cobalt layers were caused to mix more thoroughly. The
interfaces with silver were probably sharpened, since silver is
immiscible with iron and with cobalt. For the thinnest iron
and cobalt layers (D=9nm, i.e. tc,=2nm) the region between
silver layers would have been almost completely alloyed
as-deposited [Dirne and Denissen, 1989]. Annealing this
multilayer increased <(approximately doubling) its coercive
field in distinction to the other multilayers, and it became
impossible to measure the magnetostriction. This is considered
below. _

The length of an anneal required to achieve complete
alloying at a given temperature will depend on the thickness of
the component layers. Thus it is possible that the anneals did
not completely alloy the layers, especially in the thicker
multilayers, and that they were longer than required for the
thinner multilayers. The optimum heat treatment may not have
been used.

Magnetostriction measurements were made using the Small
Angle Magnetisation Rotation method proposed by Norita et al.
[1980] and widely used on amorphous ribbons.
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interfaces with silver were probably shdfpened, since silver is
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sample to be measured s saturated 1in the longitudinal
direction (2} by a large dc fileld. A smaller ac field of
frequency w acts in the transverse direction (y). This results
in a small degree of rotation of the macroscopic moment
direction about the tongitudinal direction. If a stress, o, is
also applied to the sample along this direction, the angle of
moment rotation is given by

M H
o
___P‘___Y_ M

e =
HZ+Hd+

where Hy is the demagnetising field due to the sample shape,
and H, is the stress-induced anisotropy field. This is given by
Hy = Eiif (2)

HoMs

The sample is mounted within a search coil whose axis is
fn the longitudinal directton. Thus a rotation of the
magnetisation about this axis results in an induced ac voltage
across the search coil with frequency 2w, V,,.

A change in the stress on a magnetostrictive material
effects a change in the stress induced anisotropy field. In
the case of a positively magnetostrictive material, a tensile
stress tends to make the stress axis magnetically easier, so
aligning the moments towards this axis. This would cause the
angle of moment rotation to decrease, so decreasing the search
coil output voltage.

—

———
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especially in thdhihi change in output voltage can be compensated by
adjustment of the dc field, Hy. The change in H, is then equal
to the change in H,. Thus, the magnetostriction constant, A,
is generally determined by plotting the change in H, for a
series of applied stresses, so that (where moment rotation is
small)

HoMsdH
ls = —3—dj;a-lvzw,ﬂy . (3) ]

The multilayers are too thin to be self supporting and
need to be measured while stil} on their substrates. Although
these can have elastic moduli far lower than the multilayers,
they are much thicker and so accommodate a significant
proportion of the stress, so it {is necessary to correct for
their presence.

This correction can be made by assuming that the
multilayer is strongly adhered to the substrate so that they
strain by the same amount and that the Young‘s modulus, £, of
the whole 1is equal to the volume average of the component
layers and the substrate. This assumes that the reed as a
whole (i.e. substrate + multilayer) is effectively
homogeneous. In this case the magnetostriction is given by

HoMs [ EavAfss } dH,
3

Ag IVZm'Hy . (4

Ee o3

The same method of correction was also used by_
Wenda et al. ({19871 on measurements of FeB and FeSiB single
films sputtered onto polyester substrates.

Measurements of multilayer samples were taken on two
slightly different SAMR apparatus arrangements. The dc field
was applied using a solenoid, while the ac field was applied
with a pair of Helmholtz coils. The sample was placed within a
search coil (4000 turns) coaxially with the solenoid, tn the
centre of the Helmholtz coils. In the second configuration, a
second, “"bucking”, coil was aiso present and_ was backed off
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against the search coil to cancel out any induced voltages
common to both, i.e. due to sources other than the sample
magnetisation.

The sample was clamped at both ends. The clamp at one
end was fixed while that at the opposite end was connected to a
cable which was loaded with known weights. The dc field was
determined from the product of the current and the number of
turns per unit length in the solenoid.

The values of B¢ were obtained from literature, namely
2.0T for iron and 2.3T for FegpCogy alloy. The value of B¢ for
the whole multilayer was simply Bg for the relevant magnetic
layer multiplied by its volume fraction.

The Young's modulus of the multilayers was measured using
the vibrating reed method, which is fully described in Berry
and Pritchet [1975]1. It is based on the measurement of the
resonant frequencies of various modes of cantilever vibration,
fn. of reeds clamped at one end.

Reeds were cut from the multilayer using a sharp blade
and had free lengths and widths of approximately 13-20 mm and 1
mm respectively. '

The value of E for the multilayer can be obtained from
the value for the reed from the expression (from Berry and

Pritchet):
2
freed : i[ie_f_&}, (5)
2 = 1| +
fsubstrate d ES pS

where the subscripts f and s refer to the multilayer and
substrate respectively, and t and d are the multilayer and reed
thicknesses (t«d).

The value of Ag for the multilayer was calculated from
equation 4. In the case of the Fe-Co/Ag multilayers
(t(Co)=2t(Fe)), two data sets are presented, corresponding to
the two methods of calculating Ef. For the Fe/Ag data, only
the values of A\ dertved from the assumption of a volume _

average E¢ are shown. This Sheet Has Been Replace
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The data for A is shown versus the reciprocal of the
modulation period, D, in Figure 6. At 1/D=0 the value of A
should be that for bulk iron. The bulk value of g of
polycrystaliine iron is -7 ppm, although this becomes more
positive as it becomes more textured, so that perfectly
textured polycrystalline iron with the [110] direction normal
to the film surface has a value of i, of approximately -14 ppm.
In practice, the measured value of iq for a single iron film
will generally 1ie between these two values. As a check a
thick (0.8 um) iron film was deposited onto each side of a
Kapton susbtrate (1.6 pm total). g was measured to be
-3.0 ppm.

As D decreases so that the volume fraction of the Fe/Ag
interface layers increases, it is found that X; becomes more
positive. Hence the presence of silver is seen to enhance the
value of Xs in iron, as expected.

A series of multilayers was grown with layers of Fe and
Co of equal thickness (5 nm) with silver layers of varying

thickness. Because there was approximately twice the amount of

iron as cobalt in the alloy layer after annealing, it is
probable that there was a composition gradient across the
layer, with a corresponding variation in X. The A, data from
this series of multilayers did not show any systematic trend
and there was a wide scatter in the data and is therefore not
shown here.

The Xg data for the second series of multilayers is shown

for these films versus the reciprocal of the modulation period .

in Figure 7. Also shown is the effective A, of the
magnetostrictive material alone, derived via the data assuming
a volume .average Young's modulus. There are pairs of data
points obtained via the Berry and Pritchet E¢ correction me thod
for most samples, corresponding to two values of Ef obtained
from the third and fourth modes of reed vibration. There are
two samples measured with t(alloy)=30 nm since two sections
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were taken from the same substrate and were annealed
independently. However, E.qaq for this . sample was only
measured using a reed from one of the anneals, so the pair of
points from this sample with the higher A, values may be
subject to large error. This figure illustrates the difference
in the data resulting from the two methods of correction of the
Young's modulus.

Before anneal, most samples wére found to have small
negative magnetostriction (generally smaller than -5 ppm), and
large positive Ao after anneal confirming that alloying of the
component TM layers had alloyed. The sample with t(alloy)=4 nm
gave a large positive Ag before annealing, indicating that the
iron and cobalt layers had intermixed to a high degree. It is
suggested in Dirne and Denissen [1989] that Fe-Co alloys form
at interfaces during deposition, with thicknesses of
approximately 1 nm  This means that approximately 50% of the
Fe-Co in this sample was intermixed before anneal.
Unfortunately, no SAMR response could be obtained from the
sample after anneal. As stated earlier, this was accompanied
by a remarkable increase in coercive field. It may be that
since the layers were so thin, the anneal caused disruption of
the coherency of the multilayer.

From the volume average data, it is seen that X\g of the
multilayer increases to approximately 20 ppm as the alloy
thickness is reduced to 8 nm, equivalent to a value of Xg of
about 36 ppm for the alloy layers.

The magnetostriction of all three series (S2, S3, S4) of
the Fe-Co/Ag multilayers were measured and- are shown in
Figure 8. These values were calculated using the volume
average Young's moduli. The corresponding values of A, for the
alloy alone are shown in Figure 9. A clear trend is seen for
the series of multilayers (S4) with tAg-z nm, where 3
decreases with decreasing alloy layer thickness. The data for
the series of multilayers with tpe=5 nm also show some
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reduction of Ag with tge_CO. but in Figure 8, the values of Ag
for the alloys are approximately constant (within error),
indicating that the reduction in Ag for the multilayer is due
to loading by the silver layers. The reduction in A, for the
tag data set cannot be accounted for in this way. '

The decrease of A; of the thicker multilayers from the
series (S2) is thought to be due to the iron and cobalt layers
not fully intermixing during the half-hour anneal. It should
be noted that the values of A for the two multilayers
comprising layers of 2 nm Fe, 4 nm Co and 5 nm Ag, annealed at
approximately 300°C for 30 minutes were measured to be the same
within error. This adds confidence to the repeatability and
accuracy of the data. If intermixing is poor composition
gradients can arise.

The value of A, of the alloy layer was measured to be
approximately 3523 ppm. This compares with approximately
80 ppm for the bulk. A multilayer of Fe/Co was deposited
without silver layers, and was annealed nominally to form a
single layer (0.5 um total thickness) of Fe-Co alloy, T;=300°C,
t,=30 minutes. The value of Ay of the film was measured to be
43 ppm. A further heat treatment of 30 minutes at 300°C was
found to cause an increase in A, to approximately 65 ppm.

The magnetostriction constant obtained from SAMR values
depends on the Young's modulus of the reed and also on that of
the film only. Discrepancies have arisen between the values of
Epyym corrected from E.,oq from two different methods of
obtaining this correction. The method assuming a volume .
average of the moduli is thought to be the more reliable.

The values of Ay of the Fe/Co/Fe/Ag multilayers were
small and negative, as would be expected from an average of Fe
and Co. After anneal, the A, values were large and positive,
indicating that the Fe and Co had alloyed to a large extent.
Annealing also had the effect of making the films softer,
predominantly due to relief of internal stresses. Values of H.
of the post-anneal samples were typically of the order of 1kA/m. S
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Figure 3 shows the effect of stress on the M/H loop for
one of the multilayers from series S4. The specific one used
is that where n = 3. The multilayer had 25 bilayers, each
deposited as 3 nm Fe/6 nm Co/3 nm Fe/2 nm Ag, supported on
a 25 micrometre Kapton layer. Annealing was 50 minutes at
300°C under vacuum. The dotted line is the M/H characteristic
at stress o = 0. When a stress of 110 MPa is appiied the shape
and size of the M/H loop changes very significantly, shown in
the solid i1ine. M {s in arbitrary units.

In the case of the Fe/Ag multilayers, reduction in the
thickness of the Iayers (i.e. an increase in the volume
fraction of the interface regions) has the effect of making the
magnetostriction more positive. The measured values of X in
this study 1increased from approximately -0.3 ppm for
5 nm Fe/S nm Ag to approximately +3 ppm for 1 nm Fe/lI nm Ag.
This §s consistent with an 1increase in the local magnetic
moment of iron at the Fe-Ag interfaces.

In the case of the Fe-Co ‘multilayers, Ag was seen to
decrease with decreasing modulation period, where this was
shown to be due to mechanical loading by the silver layers,
where tAg=5 nm. When this correction was made, the value of
Afe-co were found to be approximately 35 ppm, which is
considerably lower than those of bulk Fe-Co ailoys.
Non-optimal heat treatments are thought to contribute to the
reduction in the values, as indicated by the decrease in A, for
the thicker multilayers annealed for 30 minutes. A definite
decrease in Ay with decreasing alloy layer thickness was seen
for the multilayers where tAg=2 nm, which cannot be accounted
for by the loading by the silver layers. The reason for this
is not clear. It is possible that the silver layers are so
thin that the alloy layers have percolated through, especially
where these are appreciably thicker than the silver, so that
the parameters of the multilayer approach those of a bulk
material. It may be that inclusion of silver in the multilayer

causes a reduction in Npo_co- L
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It is seen from the above that thickness and
crystallographic texturing of the alloy layer and silver layer
loading all can affect the value of A¢. Those skilled in the
art will be able to proceed on the basis of the techniques set
out above to produce multilayers with significant values of A
using appropriate component layers and dimensions.

Some of the above examples show that the technique of
causing a magnetic component layer to adopt, in a surface
region at least, a lattice structure other than the one it
would normally adopt produces a magnetic material which
exhibits a non-zero magnetostrictive coefficient, albeit at a
coercivity more appropriate to a "hard" magnetic material than
a "soft” one, but noting that this parameter was not controlled.

Others of the above examples show that the technique of
causing a sharp Jattice mismatch or smoother mismatch
intermetallic region in overlaid component layers produces a
magnetic material which exhibits a non-zero magnetostrictive
coefficient. In particular a sharp lattice mismatch, such as
occurs with immiscible component layers, could produce a pseudo
free surface. The term pseudo free surface is used to describe
the arrangement where the surface of a thin layer can emuylate a
free surface although another layer is contiguous.

The magnetic material can be used in sensing devices,
such as pressure gauges, accelerometers and torque sensors, by
attaching the material to a structure or by depositing the
material in the place where it is to be used.
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CLAIMS ,
1. A magnetic material of at least two component parts
arranged to have respective structures which mutuaily are not
homogenous, the structure of one part cooperating with the
structure of the other to assist the magnetostrictive behaviour
of the material.
2. A material according to Claim 1 in which the cooperation
is the structure of one part altering the atomic spacing of the
other part.
3. A material according to Claim 2 in which the alteration
fs an increase from the usual atomic spacing.
4, A material according to Claim 1 in which the structure of.
at least one part is the absence of a regular lattice.
5. A material according to Claim 1 in which there are
contiguous component parts and in which the cooperation is a
pseudo free surface on at least one said part.
6. A materfal according to Claim 1 in which there are
contiguous component parfs and in which the cooperation reduces
restriction of the local moment otherwise achieved by said
contiguous component parts. .
1. A material according to Claim 1 in which there is an
interface region in one component where said first and second
components are contiguous.
8. A material according to Claim 7 in which the interface
region s tn a component which is at least partly an alloy and
the alloy has a ratio other than the usual one for said alloy.
9.. A material according to Claim 1 in which one of the first
and second components is a magnetic material and the other is a
magnetic or a non-magnetic material.
10. A material according to Claim 1 in which the first and
second components are different elements or alloys or are
magnetic and non-magnetic forms of one element or alloy.
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1. A material according to Claim 10 in which a magnetic
component is chosen from the group of ferromagnetic elements of
at least iron, nickel, cobalt, gadolinium and terbium.
12. A material according to Claim 10 in which a component is
chosen from the group of elements of at least aluminium,
magresium, silver and gold and silicon dioxide.
13. A material according to Claim 1 {ncluding many first and
second components as layers.
14. A matertal according to Claim 22 1including alternating
said first and second components.
15. A materfal according to Claim 1 including a first and

second component having a third component assoctated therewith

as a trilayer. .
16. A material according to Claim 15 having a fourth
component associated therewith as a quadlayer.

17. A material according to Claim 1 having & material form
expressed as M multilayers each having N components as layers,
where M is between two and five while M has a value of a few
tens, typtcally'twenty to fifty.

18. A material'accordtng to Claim 1 including a substrate on
which the material fs built up.

19. A matertal according to Claim 18 in which the material
remains on the substrate for use or is released therefrom, for
example by chemical means.

20. A material according to Claim 18 in which the substrate
is glass or mica or KAPTON (RTM) or other suitable matertal.

21. A matertal according to Claim 1 prepared in the place of .
eventual use by deposition of successive components on a
machine part or like object.

22. A method of preparing a material as claimed in Claim 1
including overlaying the second component on the first,
providing a well-defined boundary where the second component is
contiguous with the first, and causing or producing a
stress-free strain in the overlaid component, at least adjacent

the first component. ' - —_
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30 The sanme nethod of correcti 5§

et al. [1987 asurenents of Fe8 and —e BLE“ !

onto polyester tra Nbasafercﬁt %nﬂtll ly

wer e taken y di fferent SAMR apparatus arrarigements.

The dc fielg sing a solenoid, while the aC!er|‘<N@5@ VGT
applied Mﬁth a palﬂ o mhol tz coils. The sanpl e was placed mﬁthln a
search coil (4000 turns) coaxially with the solenoid. in thq Fee et e ol
the Hel mholtz coils. In the second configuration, a - -

- 24 =
23. A method of preparing a material as claimed in Claim 1
including overlaying the second component on the first,
ppermitting or causing the second component structure to be
influenced by the first to produce said cooperation.
24. A magnetic material of a first component as a layer and a
second component as a layer overlaid on the first, there being
a lattice structure in at least one of said layers and in which
magnetic materfal said lattice structure is modified where said
first and second component layers are contiguous whereby the
magnetostrictive property of the material is enhanced.
25. A material according to Claim 24 in which there is an
interface region where the layers are contiguous.
26. A material according to Claim 25 in which the
modification is in the interface region.
27. A material according to Claim 25 in which the interface
region {s in an elemental layer and the lattice structure in at
least sald region is one other than the usual one for the later
element.
28. A material according to Claim 24 in which a third
component as a layer is overlaid on the second and a lattice
structure of said third layer is modified in its turn. _
- 29. A material according to Claim 24 including further
components as layers overlaid with or without lattice structure
modification. ‘
30. A material according to Claim 24 in which a said layer
has a lattice structure modified by an overlaid layer, at least
contiguous to the overlaid layer.
31. A material according to Claim 24 in which each of the
component tlayers has an inherent lattice structure and said
modification 1is that at 1least one inherent structure is
modified by another contiguous inherent structure.
32. A material according to Claim 31 in which the
modification is that one lattice, at teast where contiguous'to
another lattice, adopts at least approximately the another

lattice form. | e
This Sheet Has Been Replaced
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33.

and the overlaid second layer identified as a bilayer.

34.
bilayers.
35.

e g TR L T e

A material according to Claim 24 including a first layer
A material according to Claim 33 having at least thirty

A material according to Claim 34 in which each layer of a

bilayer is at least a few nanometres thick, that is a few tens
of atoms thick, and up to ten or more nanometres thick.

36.

A method of producing a multilayer magnetic material

including depositing a first component, causing or permitting a
second component to be progressively overlaid on the first,
controlling the depositing of the first component and the

overlaying of the

second component to produce

respective

different structures and causing or permitting the structures
to cooperate to assist the magnetostrictive behaviour of the

material.
37.

A method of producing a mulitilayer magnetic material

including providing a first component layer of a first lattice
structure, causing or permitting a second layer of material of
a second lattice structure to be progressively overlaid on the

first material, controlling the overlaying of the second
material so that at least one component layer in a region
contiguous to the interface of the layers has a lattice
structure modified by the overlaying action.

38. A method according to Claim 36 or Claim 37 including
overlaying by sputtering.

39. A method according to Claim 36 or Claim 37 including

overlaying substantially atom-by-atom.

40.

A material according to Claim 1 or Claim 34 in which each

component or layer of a bilayer is at least one nanometre thick
and up to ten nanometres thick, that is a few atoms to a few

tens of atoms thick.
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- 16 - against the search coil to : igﬁuced_yoltaqes
comon to both, 1i.e. due to sources [otherREbgRp the %”%EgLACE%EN? SHEET
magneti sation ————7Fhe—sanpl e was cl anpe . pH &-w@-i»anp----matwa

current and the nunber of turns;pér quLwlgnqth!
in the sol enoi d. The val ues of B[err] were obtained from

one 5 end ' it Nﬁt at the opposite end was conrfecz_ite.(_;gl,_,)t_;,(u)im,__aMWy l
cabl e whi ch%“ﬂ (I i mu‘ own wei ghts. The dc field was | | ekt e Y hed|
fromthe pro ©of Lt he

literature, nanely 10 2.0T for iron_qﬂp 2.3T for Fe[err] Co[iefr}alloy.

The val ue of B[err] for _ )
41. A multilayer material as claimed in Claim 1 and having an

M/H loop characteristic which is altered by distorting the
material, for example by bending.

42. A multiple multilayer magnetic material as claimed in
Clatim 1 including an insulating layer, to enhance the frequency
response.

43. A magnetic material arrangement including a magnetic
material as claimed in Claim 1 or Claim 24 or as produced in
accordance with Claim 36 and means to cooperate with the
material to convey to an external connection a response of the
material to an external action.

44, An arrangement as claimed in Claim 43 in which the
response is a change of permeability or dimension and the
external action may be the stressing of the material.

453. An arrangement as claimed in Claim 43 in which the action
is flexure of a support for the material or an ambient pressure
change, or an external magnetic field.

46. An arrangement as claimed in Claim 44 forming part pf an
accelerometer, a torque sensor or like device.
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the whole nultilayer was sinply Blerr] fof fR&HEreV& Bei@ nEtWEU‘ M Y el
mul tiplied by its volunme fraction. Thep YHm' s dul"§§-of! Fﬁe o

mul tilayers was nmeasured using t he vi d, Wwhich is 1
fully described in Berry 15 and Pritchet [1975]. It is based onR & Hen 067
measur ement of the resonant frequencies of various nodes af cantil ever
vi brati on, fl[err], of reeds clanped at one end. § Reeds wer e ™
cut fromthe nultllayer usi ng a sharp bl ade and had free lengths and
wi dt hs of approximately 13-20 mm and 2720 nm respectively. “The

value of E for the nultilayer can be obtained from
MAGNETOSTRICTIVE MATERIAL

ABSTRACT

A magnetic material of at least two component-?arts
arranged to have respective structures which mutually are
not homogenous, the structure of one part cooperating with
the structure of the other to assist (fig. 3) the
magnetostrictive behaviour of the material. The cooperafion
can be the structure of one part altering the atomic
spacing of the other part (fig. 1, fig. 2). The alteration
can be an increase from the uéual atomic spacing. There can
be contiguous component parts and the cooperation can be a
pseudo free surface on at least one said part or a reduced
restriction of the local moment otherwise achieved by the
contiguous parts (fig. 5'. A component can be at least
partly an alloy can have ratio other than the usual one for

said alloy. One of the components can be non-magnetic.

FIGURE 2.
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35 The value of [err] for the mult
equation 4. In the case
(t(Co)=2t(Fe)), two data sets are present

met hods of cal culating E[ferr].

of J[err] derived from
are shown.

t he

of

t he

For the Fe/Ag data, only VE
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_ 17 - The data for [err] is B NAEFE iidS RERY | Ec&i@i%a\b ”05 2
ou

~nmodul ation period, D, in Figure 6. At 1/D=0 REE&AHPue off[efi] "2 shou
be that for bulk iron. The bulk value of [err] of : o
polycrystalline iron is -7 ppm although this becones rmre} : 13 LR 997 I
i’ e emm s e s b
1
3
| A
Tt
Ag Ag
4
Fe jtFe
f
Co ~tCo
S A
Fe
Ag
! !
Fig. 4

Ag [Ag
—tFe_Co
Fe-Co
Ag
v Fe-Co Y
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5 p05| ti le__as—l—t——bee&ﬁes nore textun IS SEBEET tlh&BEEE?perfe@;J X% R,m;

t ext ured pol cr eenI enlgcehron with the [1L0] diRZEACKEN nor e ,
filmsurf of [err] of approximately 14 ppm %)ractlce
t he measur r] for a single iron film wil | general“y*’»?mé
bet ween th As a check a 10 thick (0.8 [err]{m iron film
was deposited onto each side of a Kapton susbtrate (1 6 [errim
total). J[err] was neasured to be - -3.0 ppm _As Do
decreases so that the volune fraction of the Fel/Ag i nt erface | ayers
i ncreases, it 3.0 f 15 rm':- RVE Hﬁnce t he
presence of silverlis seen to enhance the
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val Ue of [er]_in iron, as expected. THIS SHEET BAS SEEYT | mut-t-i+ayers~was-———;

grown with layers of Fe—aneg— Co of equal thRERAEER (5 niy| WEPH EMEEISHEET |
| ayers of varé’fl eet Has Bebrf i lknﬁss. Because there was appr oxi mit dly tweethe™ |
amount of 20 |, g Akait in the alloy layer after lanpgatinggsy | |
it is pr N HE é ere was a conposition gradient agrgss the 77 !

| ayer, with a corre variation in [err]. The [err] cilat*afr«@m~~[ !
this series of nultilayers did not shOV\%any systematic trend; and there }
was a Wi de scatter in the data and is therefore not 25 shown here. ™ :

The [err] data for | S TS SIowWT T
S0 r a) B
A
40 | A -
E b) A
-y 30 F v ® B» 7
S~ n " A
~< 20} v .
c)
10 v -
0 ) 1 I 1 1 ] 1 1 1
0 0.04 0.08 0.12 0.16 0.2
Fig.8 /D/nem
I 3 v 1 T | T T T
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.Figure 7. Also shown is the effé¢ctiveREPLeck} of & U ACFRSENT SHEET 3

for these filnms versus the reciprocal OfrardhsHrEOBARBESN ijLad ALY ”“‘1

magnetostrictive material alone, derived via the data assuymng~307a vo1une

average Young's nodul us. There are pairs of data 90|masﬂ tgwneb

via the Berry and Pritchet E[err] correction nethod ﬁor most’ sanpies;

corresponding to two values of Eferr] obtained fronlﬂhe t-hi-r.d-—ane-—

fourth nodes of reed vibration. There are t wo sanplﬁs neasured

with t(alloy)=30 nm since two section% ' b T
t{Fe) | t{Co} | t{Ag) Ta ta

(nm) | {(nm) | (nm)

S1 | n n | n=123,4,5

S2 n 2n 5 | n=12,5,10 290°C 30mins

S3| n |{2n]| 5 | n=1152,3 | 300°C | 10-50mins

St| n | 2n | 2 | n=115,2,3 | 300°C | 10-50mins

Fig. 10
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MAGNETOSTRICTIVE MATERIAL

This invention relates to the production of materials with useful magnetostrictive
properties.

5 Magnetostriction is the property which relates magnetic characteristics of a body
of material to a change of the shape of the material. The property is seen in the change
in size of bodies of certain materials when the magnetic environment changes or the
change in magnetic characteristic when a force is applied to such a body to change its

\.  shape. Magnetostriction is a dimensionless quantity represented by the magnetostriction

10 constant A, relating magnetisation and shape change and in the SI system of units useful
values are some tens or hundreds of parts per million, particularly for use in sensors and
transducers. For such uses a high magnetomechanical coupling factor is desirable. Also
"soft" magnetic properties are génerally preferred.

While thin film amorphous alloys and magnetic multilayers individually provide

15 some of the required properties there is still a strong need for 2 significant improvement
in the properties available and for materials which exhibit a useful combination of such
properties.

It is an object of the invention to provide n;ateﬁals with improved properties and
methods of production of such materials.

20 In the publication "Magnetostriction of .-Multilayer Co/Ag Films" by

1990, ngest page HC-09, a study is made of cobalt and sﬂver mululayers to sense the

presence of any interdiffusion layers at the interfaces, which ma'.y cause changes in elastic

25 mu!nl_ay_e:s was measured against inverse layer thickness, but no evidence was presented

or discussed to suggest a magnetostriction constant greater than that of naturally-occurring

cobalt.

In the publication "Magnetostriction and In-Situ Measurement of Stress in Co/Pd

Compositionally Modulated Multilayer Films During Fabrication”, by H. Awano et al.,

30 published at the International Magnetics Conference, April 17-20, Digest gggg__l;lQ;Qu?,

the anisotropy energy of the inverse magnetostriction effect in multilayer films is




measured using a reed fromone of the anneals, so the pair of ,ng%e ESSEFEF
fromthis sanple with the higher [err] values may be 5 subyecr“rO“rarge“”“
error. This figure illustrates the difference in the data! re§uI44m
fromthe two nethods of correction of the Young' s nodul us L ek
Bef ore anneal, nost sanples were found to have snall negdtdve~
magnet ostriction (generally smaller thgn -5 ppm), and 10 | arige p05|t|ve

[err] after anneal confirmng that allbying of the conponent—FMtayers
had al | oyedeonsidbred sandphestrass ht thé aitécbaey oftherfilms is measared, batrigis spatai thatvier [ err]

bef ore anneal i g, |n8l| cat.i ng that t he, I.ron and, cobalt Tayers had”
i nt erni xed 3 8u§ tht IgeHysian of magnetostriction effect at the interface, furthier research is

required.

According to the invention as claimed there is provided a magnetic material

5 comprising at least two layers having different atomic structures, being at least one layer of a

magnetically soft substance and at least one other layer of a second substance, the other layer

having an atomic structure which cooperates with the atomic structure of the magnetically soft

layer~'so as to alter the spacing of the atoms in at least the part of said magnetically soft layer

adjacent the other layer whereby a magnetostrictive property of the material is increased,

10 characterised in that the magnetically soft substance is immiscible with the other layer.

Optionally the alteration of the spacing is an increase in the spacing from the usual

atomic spacing.

comprises either a magnetic or a nqg:mgggggg_g@ggal. Optxon_ally the,yﬁrst and second

15 layers comprise magnetic and non-magnetic forms of the same element. At least one of the

Jlayers may be an alloy,

The magnetically soft substance may be ferrous, such as Fe or an alloy between Fe

and Co. The other layer may be of Ag. There may be a plurality of bllayers each

_comprising a layer of the first substance and a layer of the second substance, and optionally

20 _an insulator such as silicon oxide between bilayers.




suggested in Dirne and Denissen [1989] that Fe-Co alloys fo?“r%{li
interfaces during deposition, wth thicknesses :

......

approximately 1 nm This neans t hat approxi mately 50% of t%e' o B850 nl N
this sanple was i nterm xed before  anneal. Unf Lu at &Fy, “’ntﬂ
SAMR response coul d be obtained fromthe sanpl e after apngal.....As.
stated earlier, .this was acconpanied 20 by a remarkable ingrease in
coercive field. It may be that Siynce the | ayers werelse-t+htr—the
anneal caused di Btlon of t he coherencg of the multilayer.

From t he vol une Q\?e agetinldy Sof tjsubskance: pay be Ghpsenyfremdhe groupnafti| ayer

i ncreases to faﬁﬁpelmh%ﬂtceelemotqapmds\em aromymcke1 cobalt,

gadolinium and terbium.
The non-magnetic substance may be chasen from aluminium,
5 magnesium, gold and silver and silicon oxide.

Preferably there are many first and second layers in the
material forming a multilayer material. Generally there will
be alternating said first and second layers. One first layer
and the overlald second layer may be identified as a bilayer.

10 A first and second layer may have a third layer associated

. therewith as a trilayer and may further have a fourth layer

associated therewith as a quadlayer. In general the material

form can be “expressed as of M multilayers each having

N component layers. Typically N will be between two and five
15 ‘while M will have a value of a few tens, typically 20 to 50.

There may be a substrate on which the multilayer material
fs buiit up. The material may remain on the substrate for use
or be released therefrom, for example by chemical means. The
substrate may be glass or mica or KAPTON- (RTM) or other

20 suttable materfal. The magnetic material may be prepared in
the place of eventual use, for example by deposition of
successive component layers on a machine pa{'t or like object.
‘There may be more than 30 bilayers: '

Each layer of a bilayer may be at least a few nanometres

25 thick, that is'a few tens of ‘atoms thick, and may be up to ten
" or more nanometres thick. It is believed that a well-defined
boundary is useful where the second layer fis overlaid on the -
first. This will produce a stress-free strain in the overlaid
layer.



25" thickness is reduced to 8 nm equivalent to a val ue of

.about 36 ppmfor the alloy |ayers. The magnetostr

three series (S2, S3, $4) of - the Fe-Co/Ag nmultilayer

measured and are shown in Figure 8. These values| here
calculated wusing the volunme 30 average Young' s noduli. iThe-———r—-—
correspondi ng values of [err] for the all oy alone are shown in Figure
9. Aclear trend is seen for the- eries of nmultilayers  (S4) . wth

tlerr] =2 nm  woRe eformeof | the matélaal C@EReibdd RbEPETRFShPhaRbd By laayer

;lhls g K gﬁz\?v S O-Ir;@@thgatiﬁchflﬂﬁg overlay}r@ethé %Eéoﬁﬁ sgf)stﬂyclet 'colrr"i‘ﬁ’o%rel_%) V(\)ﬂnt tne tfiL s%r rl=5 nm

providing a well-defined boundary where-the second component is
contiguous with the first, and causing or producing a

5 stress-free strain in the overiaid component, at least adjacent
the first component.

Another form of the material described above may prepared
by a method including overlaying the second substance (component) on the
first, permitting or causing the second component structure to

10 be influenced by the first to produce safd cooperation.

According to a particular aspect of the invention as claimed there is
provided a magnetic material of a first component layer and a-
second component layer overlaid on the first, there being a
lattice structure in at least one of said layers and in which

15  magnetic material at least one lattice structure is modified
where said first and secondi:component layers are contiguous
whereby the mqgnetostrictivé' property- of the material is
enhanced.

kﬂ=§hepe==mays=be==an==4mte#face==ﬁeg%on:fwheJ.h”=heww¥ayer,MM:

20 contiguouﬁ. The'mod1fication.m1y be :in the ace regfbn.
Where the fnterface region is elemental layer the lattice
structure fin t said region may be one other than the

rF-one—-fer—the—-tayer—etement— e == {

According to the invmﬁon_m.,gl.aimg_d there is provided a method of

25 producing a multilayer magnetic matertal including depositing a
first component, causing or permitting a second component to be
progressively overlaid on the first, controiling the depositing
of the first component and the overlaying of the second
component to produce respective different structures and

30 causing or permitting the structures to cooperite to assist the
magnetostrictive behaviour of the material.
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The method may include providing a first component layer of
a first lattice structure, causing or permitting a second
component layer of a second lattice structure to be
progessively overlaid on the first, controlling the overlaying
of the second component so that at least one component layer in
a region contiguous to the interface of the layers has a
lattice structure modified by the overlaying action.

The method may include overlaying by sputtering. The
méthod may fnclude overlaying substantially atom-by-atom. The
method may inciude sputtering from a target which may be of one
element or of two or more elements to enable the deposit of an
alloy.

The method may include causing or permitting the respective
different structures to be distinct and form an interface which
provides a pseudo free surface.. )

A multilayer material as described above has an M/H Toop
characteristic which is altered by distorting the material, for
example by bending.

According to a particular aspect of the invention_as claimed there is
provided a multiple multilayer magnetic material as described
above in which the overlaid second layer is covered by an
insulating layer, to enhance the frequency response.

According to the invention asc}axmeg there is proiridcd a magnetic

"material arrangement including a magnetic material as described

above and means to cooperate with the material to convey to an
external connection a response of the material to an external
action. '

The response may be a change of permeability or dimension
and the external action may be the stressing of the material.
The action may be flexure of a support for the material or an
ambient pressure change, or an external magnetic field.

The arrangement may form part of an accelerometer, a torque
sensor or like device.



reduction of [err] with t[err]-Co, but in Figure 8, the vaIJéﬁEﬁﬁﬁEﬁEMISHEEF
for the alloys are approximately constant (within error), i f"fhﬁ?éﬁfﬁﬁg“
that the reduction in [err] for the nultilayer is due o-Igggh@gggﬁm
the silver layers. The reduction in [err] for the 5 tfe rg‘ ta set” ™
cannot be accounted for in this way. The decrease jof-|[.ery]-0f..1.
thicker nultilayers fromthe series (S2) is thought tolbe due to the

iron and cobalt |ayers not fully lq;grnixing duri ng t he—tratf=hour
anneal. It should be noted that the values of [err] for the two

multilayers 10 Emhodinenitag dfaytbes iofertiam W1l dnown i@ desarbbeimwigh anneal ed
at appr oxigFet&lck BOAnE" Fd1Gok g SRanFl U LR YRIAnGEASH @i cho be the sane

Figure 1 shows in schematic form a representation of a
lattice structure of a multilayer material according to the

5 invention,

Figure 2 shows in schematic form a representation of
another lattice structure of a multilayer material according to
the invention,

Figure 3 shows M/H characteristics of a material according

10  to the {invention,

Figures 4 and 5 show in schematic form a portion of a
multflayer material, after deposition and after subsequent
annealing respectively,

Figures 6 to 9 show plots of characteristics of materials

15 embodying the invention,
Figure 6 shows magnetostriction constant of Fe/Ag
multilayers (S1) versus 1/(modulation period),
Figure 7 shows magnetostriction constant of Fe-Co/Ag
multilayers .versus V/(modulation period) calculated using

20 E¢ from both the volume average and the vibrating reed
correction from equation 5, (squares and circles
respectively). Also shown are the effective

magnetostriction constants of the alloy layers alone, using
the volume average E¢ method (triangles),
25 Figure 8 shows magnetostriction constant of Fe-Co/Ag
multilayers versus 1/(modulation period),
a) tAg = 2 nm (S4),
b tAg = 5 nm (S3),
) tag = 5 nm, typpear = 30 minutes (S2),
30 Figure 9 shows magnetostriction constant of Fe-Co layers
within Fe-Co/Ag multilayers versus 1/(modulation period),
(a), (b) and (c) as in Figure 8, and
Figure 10 is a table of materials exemplifying the
invention.



within error.

This adds confidence to the repeatability a%dﬁf

of the data. If intermxing is poor conposition Ir ek

arise. 15 The value of [err] of the alloy |ayer mas% asyred..t o, he i
approxi mately 35[err]3 ppm This conpares with approﬁidatéﬁ@éﬁ? 0 i
ppm for the bul k. A mltilayer of Fe/Co was deposited L.__w.thout j
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;f%fﬁﬁ% gﬁ%r%?}aﬂ% %egxgﬁi 1%9% Shdte ¥AS havind HHef? cause an
proJert{LsaﬁaJe ﬁggﬁ'éidg. forpgxamplé de Hit, Witmer and Dirne
(Advanced Materials, Vol. 3 (1991) No. 7/8 pp 356 to 360) and
Zeper, van Kesteren and Carcia (Advanced Materials, Vol. 3
(1991) No. 7/8 pp 397-399). In the first of these (de Hit, etc)
a3 materfal with enhanced saturation magnetisation and relative
permeability but minimal magnetostriction, specifically for a
video recorder read/write head, is described. To achieve this
a very small grain size is sought for the magnetic material
layer (iron, grain size below 10 nanometres) and to produce
such a grain size the iron layers are around 10 nanometres

thick. The layers are separated by thinner layers of another
ferromagnetic material, specifically an iron/chromium/boron
layer. This layer needs to be at least two nanometres thick to

prevent the grains in one iron layer linking with those in
another iron layer by columnar growth and specifically
epitaxial growth is not desired. In the second (Zeper et al) a
magneto optical recording material is described, for enhanced
recording density, which has adequate Kerr rotation and low
enough Curie temperature while having a preferred magnetisation
direction perpendicular to the material layer. This preferred
direction only occurs with cobalt/platinum or cobalt/patladium
multilayers when the cobalt layers are less than some 0.8
to 1.2 nanometres. The thickness o% the non-magnetic but
magneticaily polarisable platinum or palladium layer is set by
the required balance of Kerr effect and Curie temperature and
for platinum s about 0.9 nanometres with a 0.4 nanometre
cobalt layer. The cobalt layer is about two atom layers thick
so that the required magnetic anisotropy is not reduced by
"hulk" atoms between the surface layers. In Zuberek, Szymczak,
Krishnan and Tessier (Journal de Physique, Vol. 12, No. 9,
Colioque C8, December 1988, pp 1761 to 1762) it is suggested
that a "bilayer" of evaporated component materials depends for



The magnet ostriction constant obtained from SAMR val ues ldépéﬁ@é“e%*f’
Young's nodul us of the reed and also on that of 25 the filfmlonly.
Di screpanci es have ari sen between the val ues of E[err]ic rrgx;gﬂif@¢yn

Ereed fromtwo different nethods of obtaining this ¢ ection..
met hod assuming a volune average of the noduli is t oughr‘tO*bewthe
nore reliable. The values of [err] of the Fe/Cb/#e/AgnuItllayers

were 30 smal | and negative, as would _expected froman average of Fe
and Co. After_ anneal, the [err] values Were |arge and positive,
i ndi cating teffeetiveressarmn Ghehddiangssyof to mickel gkayextenfn DirneAnneal i ng

also had the1b&dd,eQk Wi’ and®iiither CNeMadn.! ABgn.SALE LT No. 83, (1990)
pp 399 to 400) the possibility of interface mixing in Fe/Co
multilayers 1{s discussed and seen as a disadvantage.

5 Techniques to avoid this disadvantage are suggested.
Multilayers of the present invention as claimed do not follow the techniques
of the above proposals. The present invention as claimed
provides in one aspect that a layer of a first component
overlaid on another layer, of a second component, is caused in
10 a region contiguous with the other layer to adopt a structure
other than that of the lattice which it would normally adopt.
In thts way, which can be described as lattice mismatch, a
stress-free strain can be produced in at least the contiguous
region of the overlaid layer. A result of this stress-free
15 strain is an enhanced magnetostriction constant, Ag.
Typically such layers of a first material overlaid on the
second would be arranged as several bilayers on a substrate.
Each layer of a bilayer would be some five to fifteen
nanometres thick and deposited by sputtering so that atoms
20 being deposited arrive at a rate slow enough to be able to be
influenced in deposit position by the existing lattice of the
second component layer or that of the first-deposited overlaid
first component atoms. Care is needed to avoid building stress
fnto the layers by the thermal effects of sputtering. Some ten
25 to fifty bilayers can be deposited. The overlaid component
applied adjacent to the second component lattice s
conveniently caused to adopt a lattice spacing appropriate to.
that of the second component. This will cause a stress-free
strain in at 1least the contiguous region -of the overlaid
30 component. The stress-free strain will be best exhibited if
there is a sharp boundary between the layers.



predom nantly due to relief of internal stresses. Values of ,é,"[ﬂ 7 QLo
the post-anneal sanples were typically of the order of 1kA/ _‘”“bwz,w%m,.fv,’
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[f required a pre-stress can be built in to the eventual material by, for example,
keeping the substrate hot during deposition of compounents so that the substrate contracts
on cooling. Also a magnetic bias can be built in by including a layer of permanently
magnetisable component for example as or immediately above the substrate. A buffer

5 substrate can also be used but care must be taken that the buffer transmits any strain that
is applied for action by or on the magnetostrictive material. An inert or insulating layer
may-be applied to protect the material. Films may be grown under the influence of an
imposed magnetic field to enhance the desired effect.

Figure | represents in a schematic manner the lattice at and near the surface of the

10  second substance layer 12 and the lattice in the contiguous region of the overlaid substance
layer 10. In the Figure overlaid substance atoms are indicated by the Smaller, crossed,
circles and the second layer substance atoms by the more widely spaced larger, open,:
circles. The lattice at 10A, furthest from the second substance layer 12, has the normal
atomic spacing for the overlaid substance, while at levels 10B, 10C and 10D successively

15 nearer the layer 12, the lattice of the overlaid substance is progressively more expanded.

To investigate the magnetostrictive properties further examples have been prepared.
Typically these are 2 number of alternate layers of magnesium and iron, each a few
nanometres thick and having a few tens of bilayers. The layers are not necessarily of thg
same thickness. The layers are deposited by sputtering from alternately exposed sources

20 using conventional techniques. The preparation is arranged t;) ensure that bulk effects are
not significant. The effect of stress on the film on the shape of the magnetisation/field
(M/H) loop was also examined. A small amount of distortion, by bending the specimens,
changed the loop shape by a detectable amount, increasing the value of M at lower values

of H compared with the loop for the unstressed specimens.



- 20 - Figure 3 shows the effect of stress on the

: IC)\Clgﬁgk\J SHEET
one of the nmultilayers fromseries S4. The specific one useid P hat=t
where n = 3. The multilayer had 25 bilayers, each depodited as 3 nm,
Fe/6 nm Co/ 3 nm Fe/ 2 nm Ag, supported on 5 a 25 nmicrometre; Kaf 8rg&s aygr !
Annealing was 50 mnutes at 300[ err] C under vacuum ' The dotted
line is the MH characteristic ; e
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Other structures may be used to achieve the invention as claimed. Certain combinations of

overlaid substance layers will produce a degree of alloying and this in turn can produce
"dislocations" in an atomic level structure which would otherwise be adopted. Provided
one substance layer is magnetic the other can be an insulator as the merging of the layers
5  where they are contiguous can alter the spacing of the magnetic substance layer lattice and
thus usefully alter the magnetostrictive property. Figure 2 shows in sketch form this action
where, in 2 lattice 16, atoms of a magnetic substance, identified at m, are displaced at an
interface 18 by the presence of atoms of another substance, identified at {, which may be
non-magnetic even an insulator, in a lattice 14.
10 The present invention as claimed provid&' in another aspect an interface effect which can
bgf: a relatively sharp lattice mismatch as the overlaid components cannot easily mix.

An insulating layer, for example silicon oxide, can be introduced to produce an
improvement in performance, especially an improved high frequency performance. The
insuIatittg 'layer thickness will be depend_ent on the frequency at which the device is to

15  operate but will also be dependent on the effect of the relative thickness of the insulating
layer and the bilayer on the propagation velocities in the insulating and magnetic
components. From these considerations it is possible to derive suitable thickness
relationships for a particular application of the multilayer material. In general the insulating
layer thickness will be several times that of the individual magnetic component layer. In

20 this way magnetostrictive materials with several tri- or quad- layers can be built up, of the
general form of L multilayers each having N compénent layers. At least one of the N
component layers will t:e a magnetic, generally a ferromagnetic, substance such as iron,
nickel, cobalt, gadolinium or terbium while another will be a non-magnetic substance and
may be a metal or an insulator, examples including alumxmum, magnesium gold and silver

25 and silicon oxide. If N is more than two one of the nott-magnetic layers can be

a metal and another an insulator. A further magnetic component layer may be included.
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structures imposing a strain on the electrostrictive structure, producing an electrical signal

related to the action on the magnetostrictive structure.

Further examples of the invention will now be described.

Multilayers are grown using an rf glow discharge sputtering system in a sputter-up
configuration with three 15 cm water-cooled magnetron target electrodes on a carousel, and
a wdter-cooled substrate platen electrode which allows the substrate to be pre-sputtered.

The substrate platen also has a heater capable of temperatures up to 600°C. The

target-substrate distance was set at 60 mm, with an argon plasma pressure of two-thirds of
a Pascal (5 mtorr). The sputtering equipment is a NORDIKO machine. The deposition
rates were calibrated using a "Talystep” stylus based film thickness measurement
instrument. Structural characterisation was also done using X-ray diffraction.

The substrates were glass and Kapton (Registered Trade Mark) (polyimide).
The substrate for SAMR measurements (see below) was 25 mm thick Kapton, which was

thin enough and had a low enough Young's modulus to avoid overly constraining the films
while still being able to support them. '

Fe/Ag multilayers were grown with 50 repeats (i.e. 50 bilayers).

Fe-Co/Ag multilayers (20-26, Figure 4) of 25 repeats (25 bilayers) were grown.
The layers of Fe-Co alloy in the Fe-Co/Ag multilayers were produced by growing
sandwiches 20-22-24 of Fe/Co/Fe between the silver Iéyers 28 and 26. The multilayer was
subsequently annealed to allow interdiffusion of the Fe and Co to form a layer 23 (Figure 5)
of alloy of thickness t(Co)+2t(Fe) (the Ag is immiscible with both). The heat treatment was
done in a non-inductively wound tube furnace, with the sample laid flat between two glass
slides in a vacuum provided by a rotary pump and nitrogen trap to eliminate oxidation.

The anneal time and temperature were 30 minutes and 290°C respectively.



In the case of the Fe-Co nultilayers, [err] was seen to dﬁ&g‘éé’éé{uvﬁ‘*fﬁ
decreasing nodulation period, where this was 20 shownijtd be due to
mechani cal | oading by the silver |ayers, where t[err]35 inng 5 Penmyss
this correction was nade, the val ue of [err] were found! to be
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thickness of the Co layer was twice that of each of the Fe layers so that the total thickness
was the same for both, resulting in a post-anneal alloy of a nominal composition of
FesqCosq. The thickness of this layer was varied from 4 to 40 nm and t(Ag) was set
at 5 nm. These were subsequently annealed in vacuum for 30 minutes at 290°C.
Two other Fe/Co/Fe/Ag (i.e. Fe-Co/Ag) series were grown with silver layer thicknesses
of 2 (S4) and 5 (S3) nm. The anneal times were longer for the films with thicker Fe/Co
layers because of the greater degree of interdiffusion required. The anneal times (at 300°C)
were 10, 20, 30 and 50 minutes for alloy layer thicknesses 4, 6, 8, 12 nm respectively.
As the layer thicknesses are decreased the volume fraction of the interface
regions is increased. This increases the proportion of the multilayer material
which is formed by atoms at or near the surface of a layer. The local moment is
increased in the vicinity of a free surface so the local moment effect is enhanced as

the interface volume fraction is increased. The texture of a layer is also significant and its
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retention can be enhanced by depositing the alloy directly and
avoiding or reducing the annealing step. This will also
encourage growth of the alloy in the [110] direction normal to
the layer.

5 The coercive fields of Fe-Co/Ag multilayers are between |
and 2 kAm-!, reducing with layer thickness. Generally, the
annealing rendered the mulfilayers magnetically softer. Also
by annealing the multilayers were stress-relieved and the iron
and cobalt layers were caused to mix more thoroughly. The

10 finterfaces with silver were probably sharpened, since silver is
immiscible with iron and with cobalt. For the thihnest iron
and cobalt layers (D=9nm, fi.e. teo=2nm) the region between
silver Tayers would have been almost completely alloyed
as-depostted {Dirne and Denissen, 1989]. Annealing this

15 multilayer fncreased (approximately doubling) 1ts coercive
field in distinction to the other multilayers, and it became
impossible to measure the magnetostriction. This is considered
below.

The length of an anneal required to achieve complete

20 alloying at a given temperature will &epend on the thickness of
the component layers. Thus it is possibie that the anneals did
not completely alloy the 1layers, especially in the thicker
multilayers, and that they were longer than required for the
thinner multilayers. The optimum heat ' treatment may not have

25 been used.

Magnetostriction measurements were made using the Small
Angle Magnetisation Rotation method proposed by Norita ef al.
(1980]) and widely used on amorphous ribbons.
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The basic principle of the method is as follows: the
sample to be measured is saturated in the longitudinal
direction (z) by a large dc fileld. A smaller ac field of
frequency w acts in the transverse direction (y). This results
in a smal]l degree of rotation of the macroscopic moment
direction about the longitudinal direction. 1If a stress, o, is
also applied to the sample along this direction, the angle of

moment rotation is given by

uoMsHy

e =
HZ + g & Hg

Mm

where Hy is the demagnetising field due to the sample shape,
and H, is the stress-induced anisotropy field. This is given by

BXSG

Hg = o (2)

The sample is mounted within a search coil whose axis is
in the 1ongitud1na1' direction. Thus a rotation of the
magnetisation about this axis results in an induced ac voltage
across the search coil with frequency 2w, V,,.

A change in the stress on a magnetostrictive material
effects a change in the stress induced anisotropy field. 1In
the case of a positively magnetostrictive material, a tensile
stress tends to make the stress axis magnetically easier, so
aligning the moments towards this axis. This would cause the
angle of moment rotation to decrease, so decreasing the search
coil output voltage.




crystal l ographic texturing of the alloy layer and silver Acend
all can affect the value of [err]. Those skilled in the e A s < o
b

%EPMC:’%ME%@C’S’W“’

able to proceed on the basis of the techniques set 5 out above_to P50{r1 ;
mul tilayers with significant values of [err] usi ng appriopri ateStr BV
conponent | ayers and di nensi ons. Sonme of the abovj exanplesw§hgmﬁ
that the techni que of causi ng a nmagnetic conponent |ayer to adopt, in a
surface region at least, a lattice ssnucture ot her t hanit-he-one—it~2d0 -
woul d normally ggggt groduces g material which exhibits
a non-zero magnet epsnae cUbf‘P‘l'té’luént #95ei £3ht 0y C°‘“p%éF%q vPy nore

appropri at e tadjestmeat df tnagneficldrrati;rl dhetdhange in H, is then equal

10

15

20

25

30

33

to the change in H,. Thus, the magnetostriction constant, Ag
is generally determined by plotting the change in H, for a

series of applied stresses, so that (where moment rotation is
small)

poMgdHS
Ag = '3"3"leu. y - (3)

The multilayers are too thin to be self supporting and
need to be measured while still on their substrates. Although
these can have elastic moduli far lower than the multilayers,
they are much thicker and so accommodate a significant

proportion of the stress, so it is necessary to correct for

their presence. _

This correction can be made by assuming that the
muitilayer is strongly adhered to the'substrate so that they
strain by the same amount and that the Young's modulus, E, of
the whole 1is equal to the volume average of the component
layers and the substrate. This assumes that the reed as a

whole (i.e. substrate + multilayer) is effectively

homogeneous. In this case the magnetostriction is given by

HoMs [ EavAres | dH;
[ Vo Hy - 3

3 Ee LA

The same method of correction was also wused by
Wenda et al. [1987] on measurements of FeB and FeSiB single
films sputtered onto polyester substrates.

Measurements of multilayer samples were taken on two
slightly different SAMR apparatus arrangements. The dc field
was applied using a solenoid, while the ac field was applied
with a pair of Helmholtz cofls. The sample was placed within a
search coil (4000 turns) coaxially with the solenoid, in the
centre of the Helmholtz coils. In the second configuration, a
second, “"bucking", coil was also present and was backed off
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magnetisation.

The sample was clamped at both ends. The clamp at one
end was fixed while that at the opposite end was connected to a
cable which was loaded with known weights. The dc field was
determined from the product of the current and the number of
turns per unit length in the solenoid.

The values of B, were obtained from literature, namely
2.0T for iron and 2.3T for FeggCogg alloy. The value of B¢ for
the whole multilayer was simply Bg for the relevant magnetic
layer multiplied by its volume fraction.

The Young's modulus of the multilayers was measured using
the vibrating reed method, which is fully described in Berry
and Pritchet [1975]. It is based on the measurement of the
resonant frequencies of various modes of cantilever vibration,
f,» of reeds clamped at one end.

Reeds were cut from the multilayer using a sharp blade
and had free lengths and widths of approximately 13-20 mm and 1
mm vrespectively. '

The value of E for the multilayer can be obtained from
the value for the reed from the expression (from Berry and
Pritchet):

, .
_;LE.%L_ H:[fi__f]. (5)
fsubstrate d & pS

where the subscripts f and s refer to the multilayer and
substrate respectively, and t and d are the multilayer and reed
thicknesses (t«d).

The value of A, for the multilayer was calculated from
equation 4. In the case of the Fe-Co/Ag multilayers
(t(Co)=2t(Fe)), two data sets are presented, corresponding to
the two methods of calculating Eg. For the Fe/Ag data, only
the values of Ag derived from the assumption of a volume
average Eg are shown.

free
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The data for Ag-is shown versus the reciprocal of the

modulation period, D, in Figure 6. At 1/D=0 the value of Ag

should be that for bulk iron. The bulk value of A, of

polycrystalline fron is -7 ppm, although ¢this becomes more

S positive as it becomes .more textured, so that perfectly

textured polycrystalline iron with the [110] direction normal

to the film surface has a value of A, of approximately 14 ppm.

In practice, the measured value of Xy for a single iron film

will generally lie between these two values. As a check a

10 thick (0.8 um) iron fiim was deposited onto each side of a

Kapton susbtrate (1.6 um total). A5 was measured to be
-3.0 ppm.

As D decreases so that the volume fraction of the Fe/Ag
interface layers increases, it is found that A becomes more

15 positive. Hence the presence of silver is seen to enhance the
value of Ag in iron, as expected. )

A series of multilayers was grown with layers of Fe and
Co of equal thickness (5 nm) with silver layers of varying
thickness. Because there was approximately twice the amount of

20 iron as cobalt in the alloy layer after annealing, it is
probable that there was a composition gradient across the
layer, with a corresponding variation in A. The A data from
this series of multilayers did not show any systematic trend
and there was a wide scatter in the data and 1s therefore not

25 shown here.

The A data for the second series of multilayers is shown
for these films versus the reciprocal of the modulation period
in Figure 7. Also shown fis the effective A, of the
magnetostrictive material alone, derived via-the data assuming

30 a volume average Young's modulus. There are pairs of data
points obtained via the Berry and Pritchet Eg correction method
for most samples, corresponding to two values of Eg obtained
from the third and fourth modes of reed vibration. There are
two samplés measured . with t(alloy)=30 nm since two sections
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.ragnetic material conprising at least two |ayers(10, 12) haviing different !
atom c structures, being at |east one |ayer (10) of a{ndgngfi@@?k@gg i
soft substance and at |east one ot her |ayer(12) a secdnd substance,

the other layer (12) having an atom c structure which coodeﬂates*mrrﬁ”
atom ¢ structure of the magnetically soft layer (10) so as {to alter

the spacing of the atons in at |east tbqspgrt (10D) of said nagnetically
soft layer (10)

were taken from the same substrate and were annealed
independently. However, Er.oq for this sample was only
measured using a reed from one of the anneals, so the pair of
points from this sample with the higher A values may be
5 subject to large error. This figure illustrates the difference

fn the data resulting from the two methods of correction of the
Young's modulus.

_ Before anneal, most samples we}e found to have small
hegative magnetostriction (generally smalier than -5 ppm), and

10 large positive Ay after anneal confirming that alloying of the
component TM layers had alloyed. The sample with t(alloy)=4 nm
gave a large positive A, before annealing, indicating that the
iron and cobalt layers had intermixed to a high degree. It is
suggested in Dirne and Denissen [1989] that Fe-Co alloys form

15 at interfaces during deposition, with thicknesses of
approximately 1 nm This means that approximately 50% of the
Fe-Co in this sample was intermixed before anneal.
Unfortunately, no SAMR respbnse could be obtained from the
sample after anneal. As stated earlfer, this was accompanied

20 by a remarkable increase in coercive field. It may be that
since the layers were so thin, the anneal caused disruption of
the coherency of the multilayer.

From the volume average data, it is seen that Ag of the
multilayer increases to approximately 20 ppm as the alloy

25 thickness is reduced to 8 nm, equivalent to a value of Xg of
about 36 ppm for the alloy layers.

The magnetostriction of all three series (S2, S3, S4) of
the Fe-Co/Ag multilayers were measured and are shown in
Figure 8. These values were calculated using the volume

30 average Young's moduli. The corresponding values of A, for the
alloy alone are shown in Figure 9. A clear trend is seen for
the series of multilayers (S4) with tag=2 nm, where Ag
decreases with decreasing alloy layer thickness. The data for
the sertes of multilayers with tpe=5 nm also show some
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cating that the reduction in A for the multilayer is due

to loading by the silver layers. The reduction in A¢ for the
tag data set cannot be accounted for in this way.

The decrease of Ay of the thicker multilayers from the
series (S2) is thought to be due to the iron and cobalt layers
qpt fully intermixing during the half-hour anneal. It should
be noted that the values of A¢ for the two multilayers
comprising layers of 2 nm Fe, 4 nm Co and 5 nm Ag, annealéd at
approximately 300°C for 30 minutes were measured to ﬁe the same
within error. This adds confidence to the repeatability and
accuracy of the data. If intermixing is poor composition
gradients can arise.

The value of As of the alloy layer was measured to be
approximately 35«3 ppm. This compares with approximately
80 ppm for the bulk. A multilayer of Fe/Co was deposited
without silver layers, and was annealed nominally to form a
single layer (0.5 um total thickness) of Fe-Co alloy, T,=300°C,
t3=30 minutes. The value of A of the film was measured to be
43 ppm. A further heat treatment of 30 minutes at 300°C was
found to cause an increase in A to approximately 65 ppm.

The magnetostriction constant obtained from SAMR values
depends on the Young's modulus of the reed and also on that of
the film only. Discrepancies have arisen betweenm the values of
Efj1m corrected from E,peq from two different methods of
obtaining this correction. _The method assuming a volume
average of the moduli is thought to be the more reliable.

The values of A of the Fe/Co/Fe/Ag.multilayers were
small and negative, as would be expected from an average of Fe
and Co. After anneal, the A values were large and positive,
fndicating that the Fe and Co had alloyed to a large extent.
Annealing also had the effect of making the fiims softer,
predominantly due to relief of internal stresses. Values of H.
of the post-anneal samples were typically of the order of 1kA/m.

t he



substance (10) is ferrous. 6. A material according t@ puﬁhﬂ}ﬁ; H;;ﬂj
wherein the ferrous substance is Fe or an all oy bet wedn Eo-—20y
7. A material according to any preceding claim mherein.the sqlm,gthg

| ayer (12) is of Ag. 8. A material according tjo any b?%ceﬁ?
claimcharacterised in that there is a plurality of bill ayers (10, 12)_
each bilayer conprising a |layer (10) of a magnetically soft} substance

and a layer(12) of the second substance. 25 9. A mat er i lal—accordi-rg—t-o-
claim8, further conprising an insul ator between bil ayers. 10. A

material according to claim9, wherei-nz0he insulator is silicon oxide.
(1:I1;51i m A method ofesgiEPay IRg,@ {RINPE G BBt sLidls d5cardig | Sor? By preceding
one of the multilayers from series S4. The specific one used
is that where n = 3. The multilayer had 25 bilayers, each
depostted as 3 nm Fe/6 nm Co/3 nm Fe/2 nm Ag, supported on
5 a 25 micrometre Kapton layer. Annealing was 50 minutes at
300°C under vacuum. The dotted line is the M/H characteristic
at stress o = 0. HWhen a stress of 110 MPa is épplied the shape
and size of the M/H loop changes very significantly, shown in
the solid l1ine. M is in arbitrary units.

10 In the case of the Fe/Ag multilayers, reduction in the
thickness of the layers (i.e. an increase in the volume
fraction of the interface regions) has the effect of making the
magnetostriction more positive. The measured values of Ag in
this study 1{ncreased from approximately -0.3 ppm for

15 5 nm Fe/5 nm Ag to approximately +3 ppm for 1 nm Fe/l nm Ag.
This 1s consistent with an fincrease vin the 1local magnetic
moment of iron at the Fe-Ag interfaces.

In the case of the Fe-Co mul;i%ayefs, Ag was seen to
decrease with decreasing modulation period, where this was

20 shown to be due to mechanical loading by the silver layers,
where tpg=5 nm. When this correction was made, the value of
Are-co Wwere found to be approximately 35 ppm, which .is
considerably 1lower than those of bulk Fe-Co alloys.
Non-optimal heat treatments are thought to contribute to the

25 reduction in the values, as indicated by the decrease in Ag for
the thicker multilayers annealed for 30 minutes. A definite
decrease in Ag Wwith decreasing alloy layer thickness was seen
for the muitilayers where tyg=2 nm, which cannot be accounted
for by the loading by the silver layers. The reason for this

30 is not clear. It is possible that the silver layers are sO
thin that the alloy layers have percolated through, especially
where these are appreciably thicker than the silver, so that
the parameters of the multilayer approach those of a bulk
material. It may be that inclusion of silver in the multilayer

35 causes a reduction in Are-Co:




characterised by conprising preparing a |ayer(12) of a first substa

Srance anus
overlaying a ~ layer (10) of the second substance on the e AGealpaf ontEl
whereby the atomic structure of the 30 second layer is altgrdd by the -
atomc structure of the first layer at least in the part of jthe 25 gee wup ;

|

second l.ayer (10D) adjacent the first layer (12), and a nag eﬂostrjctive
property of the L
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It 1is seen from the above that thickness and
crystallographic texturing of the alloy layer and silver layer
loading all can affect the value of Xg. Those skilled in the
art will be able to proceed on the basis of the techniques set

5 out above to produce multilayers with significant values of %
using appropriate component layers and dimensions.

Sbme of the above examples show that the technique of
causing a magnetic component layer to adopt, in a surface
region at least, a lattice structure other than the one it

10 would normally adopt produces a hagnetic material which
" exhibits a non-zero magnetostrictive coefficient, albeit at a
coercivity more appropriate to a *hard" magnetic material than
a “soft" one, but noting that this parameter was not controlled.
Others of the above examples show that the technique of
1S causing a sharp lattice mismatch

" in overlaid component layers produces a
magnetic material which exhibits a non-zero magnetostrictive
coefficient. In particular a sharp. lattice migmatch, such as
occurs with immiscible component layers, can produce 2 pseudo
20 ' free surface. The term pseudo free surface is used to describe
the arrangement where the surface of a thin layer can emulate 2

free surface although another layer is contiguous.

The magnetic matertal can be dsed in sensing devices,
such as pressure gauges, accelerometers and torque sensors, by

25 attaching the material to a structure or by depositing the
material in the place where it is to be used.
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in that at
deposi ti on process.c

material is increased. 12. A met hod accor ding: A

over | ayeri ng c’tﬁmf‘@ g

i ]

A net hod according to any of! cgi ains il to

.sputteri ng proc nmet hod according to claim 12 characteri se ,
. I eas H"IHI’ ‘!"” overl ayering conprises an a,t om by ar pmges i% (
|

characterised by furt her conpri si ng the steps of overlayering-the
Il ayer of the second substance with furthgr_consecutive | ayets
CLAIMS
L. A magnetic material comprising at least two layers (10, 12) having different atomic

S

10

15

20

25

other layer (12) of a ses:ggd sui:._svga:‘;_ss»_mq.kggsmzueswg_%)ﬁéxms an atom!_c stms..t,_t&sze

which cooperates with the atomic structure of the magnetically soft layer (10) so as to alter

the spacing of the atoms in at least the part (10D) of said magnetically soft layer (10)

adjacent the other layer (12) wheref;y a magnetostrictive property of the material is

mcreased, characterised in that the magnetically soft substance is immiscible with the other

layer.

2. A material according to claim ] characterised in that the alteration of the spacing
is an increase (10D) in the spacing from the usual atomic spacing (10A, 10B).

3. Amaterial according to claim 1 or 2 characterised in that at least one of the one and
other layers (23, 26) comprises an alloy (23).

4. A material according to claim 3 characterised in that the one and the other layer

comprise magnetic and nop-magnetic forms of the same element.
5. A material according to any preceding claim, wherein the magnetically soft
substance (10) is ferrous.

6. A material according to claim 35, wherein the ferrous substance is Fe or an alloy
between Fe and Co.

*7.___ A material according to any preceding claim, wherein the said other layer (12) is of

Ag.
8. A material a.ccordmgto any preceding clai

Pfetaprey

characterised in that there is a plurality
of bilayers (10, 12), each bﬂaysmommm..aw!.,a.xez‘v(lg),gig..msﬁgagyjﬁsyhsmse
and a layer (12) of the second substance. '

9. A material according to claim 8, further comprising an'insulator between bilayers.

10. A material according to claim 9, wherein the insulator is silicon oxide.

11. A method of preparing a magnetic material according to any preceding claim,

characterised by comprising preparing a layer (12) of a first substance and overlayering 2
layer (10) of the second substance on the first layer whereby the atomic structure of the

second layer is altered by the atomic structure of the first layer at least in the part of the

second layer (10D) adjacent the first layer (12), and a magnetostrictive property of: _ihf




of the fi rstjpcil_gggmd,_subsfances the steps being such that—the-atom.c......_.
structure of—a second layer is altered by {h@RAA6BMENT SupeT |

structure of t m \%‘!‘M rI ayered first layer. 10 15 ”’“”A"“rfet ROt
according to a nes11*to 13 characterised by furt hef ln $hnQ.. |
the steps of overlayering the second layer (22) with a furthej yér“ of"’@hé
first substance (24), the first angisecond substances g-capabl.e of
form ng an verl ayering the further layer of the first

subst ance ( eRXhJ?WcmaFegyer of athird substance (26); J

the magneti £2.mat &1 mdtho8 Cackidingt e clalthS11 *N&raSteGRAdin BT84t tﬁ@rsfepaot ayer
of an alloy™(23) on the |ayer of the thi'td substance (26).

met hod acco?rlayering comprisés acypatteringlgrogass.13 characterised in that the Iayer

of the 13. A method according to claim [2 characterised in that at least the step of

5 overlayering comprises an atom-by-atom deposition process.

14. A method according to any of claims 11 to 13 characterised by further comprising

the steps of overlayering the layer of the second substance with further consecutive layers

of the first and second substances, the steps being such that the atomic structure of at least

each second layer is altered by the atomic structure of the previously-overlayered first layer.

10 _15. A method according to any of claims 11 to 13 characterised by further comprising

the steps of overlayering the second layer (22) with a further layer of the first

substance (24), the first and second substances being capable of forming an alloy;

overlayering the further layer of the first substance (24) with a layer of a third

substance (26); and annealing the magnetic material so that the first and second layers -

15 form a layer of an alloy (23) on the layer of the third substance (26).

16. A method according to any of claims 11 to 13 characterised in that the layer of the

first substance is prepared on a substrate.

17. A method according to claim 16 characterised in that the substrate is a machine part.

18. A magnetostrictive device comprising a magnetostrictive component and sensing

20 means to sense a magnetostrictive change i in said component in response to an external

physical effect, characterised in that said component is a magnetic material which is

according to any 6f claims 1 to 10.

19. A magnetostrictive device according to claim 18 in which the sensing means senses

25 achange in magnetic permeability of the magnetostrictive component.

20. A magnetostrictive device according to claim 18 in which the sensing means senses

a change in a dimension of the magnetostrictive component.

21, A magnetostrictive device according to claim 18 which is an accelerometer.

22. A magnetostrictive device according to claim 18 which is a torque sensor.

30 23. A magnetostrictive device according to claim 18 which is a pressure gauge.




first substance is prepared on a substrate. 17. A
to claim 16 characterised in that the substrate is a machi e p Ft

A magnet ostrictive device conprising a magnetostrictive codp fent and .
sensing 20 neans to sense a magnetostrictive change in sai oggpﬁgﬁtﬁﬁﬂ
response to an external physi cal effect, characteri sed ip that said
conponent is a magnetic material which is accordi ng t o}jakry—of~Tlal ns
to 10. 19. A magnetostrictivge device according to
whi ch the sensing means senses 25 a “<hange in nagnetic per Ity of the
magnet ostrictive conmponent. 20. A magnetostrictive device according

to claim 18 in which themigﬁﬁggngf@pfvg%@gfﬁgIAL

ABSTRACT

A magnetic material of at least two component parts
arranged to have respective structures which mutually are
not homogenous, the structure of one part cooperating with
tﬁe structure of the other to assist (fig. 3) the
magnetostrictive behaviour of the material. The cooperaﬁion
can be the structure of one part altering the atomic
spacing of the other part (fig. 1, fig. 2). The alteration
can be an increase from the uéual atomic spacing. There can
be contiguous component parts and the cooperation can be a
pseudo free surface on at least one said part or a reduced
restriction of the local moment otherwise achieved by the
contiguous parts (fig. 5). A component can be at least
partly an alloy can have ratio other than the usual one for

said alloy. One of the components can be non-magnetic.

FIGURE 2.



a change in a dinension of the magnetostrictive conponent.

Poaop fzr.i e Blirer
magnet ostrictive device according to claim 18 which is an ahce#éjyﬂﬁiﬁﬂtw%:}

22. A magnetostrictive device according to claim 18 which!ik a torque
A magnetostrictive device according to clbi 18, shbpctyses
!
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t{Fe) | t{Co) | t{Aq) Ta tq
(nm} | {(nm)} | (nm}

st | n n | n=123,45

S2 n 2n 5 n=12,5,10 290°C 30mins

S3|{ n {2n| 5 | n=11523 | 300°C | 10-50mins

St | n | 2n | 2 | n=1152,3 | 300°C | 10-50mins
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