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. The invention relates to a magneto-resistance device COMPpriSing two 1ayers of

ferromagnetic material mutually separated by at least one interposed layer of non-ferromagnetic
, The invention also relates to a magnetic head employing such a device.

5 Magneto-resistance is that phenomenon whereby the electrical resistance measured
~ along a given path within a suitable material is found to be influenced by the presence of a
magnetic field intersecting that material. The phenomenon can thus be exploited to transcribe
probed magnetic field variations into corresponding resistance variations within the material,
- thereby lending itself to application in magnetic field sensors and magnetic heads. Such magnetic
10 heads are employed to transfer data to and from a magnetic recording medium, such as a

magnetic tape or disc. . . |
The magnitude of the magneto-resistance effect along a given path in a particular

material is rendered by the formula: )

;__ '(RL - Rs_)

MR R

in which R, and Ry are, respectively, the largest and smallest electrical resistances measurable

15 along the said path in a variable magnetic field, at a given temperature. The value of MR is

usually expressed as a percentage, and is preferably as large as possible so as to yield maximum
attainable sensitivity in sensor applications such as those mentioned above.

The magneto-resistance effect in a layered structure can be investigated using at

least two measuring geometries. The first such geometry is the so-called Current In Plane (CIP)

20 geometry, whereby the electrical resistance of the device is measured using a method in which

' : an electrical voltage gradient is applied in a direction substantially parallel to the plane of the

device's constituent layers. The second such geometry is the so-called Current Perpendicular to

Plane (CPP) geometry, whereby the electrical resistance of the device is measured using a

method in which an electrical voltage gradient is applied in a direction substantially

25 perpendicular to the device's constituent layers. For a given device, the magneto-resistance effect

measured using the CPP geometry is generally larger than that measured using the CIP
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subst ant i gdd Yvers of ferromagnetic material. The structure is then preferably embodied in such a way
that an external magnetic field can be used to easily alter this mutual orientation. Such an
embodiment can be achieved in at least three different ways, as follows:

materlal I's rendered by s%%eeﬁasrﬁé aR rr] in which Rlerr] and Rlerr] are,
respectively, the | arges’]ull I ectrical resistances neasurable

(@  The two ferromagnetic layers can be antiferromagnetically coupled across the interposed
10 non-ferromagnetic layer, so that their (net) magnetisations are mutually anti-parallel in the
absence of an external magnetic field. A magnetic field applied parallel to the magnetisation of
one of the ferromagnetic layers can then be used to reverse the magnetisation in the other
ferromagnetic layer, thereby forcing both magnetisations into mutually parallel configuration;
{b)  One of the ferromagnetic layers can be exchang&biased to an additionally present anti-
15 ferromagnetic biasing layer in such a manner that the magnetisation of the other ferromagnetic
layer can be independently oriented by an external magnetic field, into either anti-parallel or
parallel configuration with the magnetisation of the exchange-biased layer;
{€)  The two ferromagnetic layers can be embodied to have considerably different magnetic
coercivities. This can be achieved, for example, by the addition of differing concentrations of
20 suitable foreign substances to the material of each ferromagnetic layer. A magnetic field of
suitably chosen strength can then be used to separately orient the magnetisation of the
ferromagnetic layer of lower magnetic coercivity, without changing the magnetisation-direction
in the ferromagnetic layer of higher magnetic coercivity.

25
A magneto-resistance device of the iype indicated in the opening paragraph is
elucidated in an article by Nakatani and Kitada in J. Mat. Sci. Lett. 10 (1991), pages 827-828.
In this known device, an electrically insulating ALO, layer is interposed between two
ferromagnetic Fe layers with in-plane magnetisation, and the magneto-resistance effect of the
30 combination is measured using the CPP geometry. One of the Fe layers is doped with 1.7 at. %
Ru in order to increase its magnetic coercivity, whereas the magnetic coercivity of the other Fe
layer is reduced by doping its Fe with 2.0 at.% C. The resulting trilayer structure is therefore
of the type (c) elucidated above. The doped Fe layers are each 100 nm thick, whereas the
interposed Al,O, layer is only 10 nm thick. Such a thin insuléting layer acts as a tunnelling
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factor of three. See, f article by Gjs et al. in Phys. Rev.
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5 value when the net magnetisations of the two doped Fe layers are mutually parallel, and a
maximum value when these two magnetisations are anti-parallel. Such spin-dependent tunnelling
behaviour is rigorously discussed by Slonczewski in Phys. Rev. B 39 (1989), pages 6995-7002,

where it is concluded (equation (6.1), page 7000) that the CPP conductance (G) of the trilayer
satisfies the approximate relationship:

G = G,(1 + € cosf)

10 Heie, G, and € are constants (e < 1), and @ is the in-plane angle between the (net) magnetisatioh
vectors of the two ferromagnetic layers. The fractional difference between the conductances of
the trilayer for mutually parallel and mutually anti-parallel magnetisation configurations is
therefore 2e.

A disadvantage of the spin-dependent tunnelling effect on which the known device

15 is based is that the value of e is generally very small. As a result, the room-temperature CPP
magneto-resistance effect in that device is only about 1.0%. Such a low value greatly limits the
sensitivity of potential magnetic field sensors employing the known device.

Another known spin-valve magneto-resistance device is disclosed in United States
Patent US 5 ,134,533, in which layers of in-plane ferromagnetic material such as Fe, Co or Ni

20 are antiferromagnetically coupled across interposed layers of electrically conductive non-
ferromagnetic material such as Cr, V or Ti, thereby forming an alternating multilayer
arrangement containing a plurality of the basic trilayer structures of the type (a) elucidated
above. In this case, the electrical resistivity once again attains 4 minimum value when the net
magnetisations of the two ferromagnetic layers are mutually parallel, and a maximum value

25 when these two magnetisations are anti-parallel. _

The magneto-resistance effect in this second known device is caused by spin-
dependent scattering phenomena, whereby the extent to which conduction electrons are
resistively scattered in the device is determined by the direction of their intrinsic spin in relation
to the magnetisétion—direction of the ferromagnetic layers. The effect is explained in more detail

30 by Baibich et al. in Phys. Rev. Lett. 61 (1988), pages 2472-2475, in particular page 2474. Once
again, the magnitude of the effect is quite small, so that the room-temperature CIP magneto-
resistance of this second known device is only about 10%.
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10 magneto-resistance device of the type described in the opening paragraph, characterised in that
at least one of the layers of ferromagnetic material comprises half-metallic material.

Examples of half-metallic materials are the so-called Heusler ailoys, which have
the composition XMnZ or X,MnZ, in which X is an element such as Cu, Ni, Pt, Pd, Co or Fe,
and Z is an element such as Sb, Sn, In or Ga. Additional examples of half-metallic materials are

15 Fe,0,, CrO, and KCrSe,. All of these exemplary materials are ferromagnetic. Many other such
materials are also known,.and these exemplary lists are by no means to be considered as being
exhaustive. '

. Conduction electrons within a ferromagnetic metal can be classified into two
independent spin states, whereby those electrons with an intrinsic spin parallel to the local net

20 magnetisation are termed "spin-up” electrons, while those electrons with an intrinsic spin anti-
parallel to the local net magnetisation are called "spin-down" electrons. For the special case of
half-metallic ferromagnetic materials, band structure calculations reveal a striking discrepancy
between these spin-up and spin-down states. The bands for electrons of one spin state are
intersected by the Fermi level, at which a non-zero density of states therefore exists; such

25 electrons can thus function as conduction electrons. However, the bands for electrons of the
other spin state have a forbidden energy zone at the Fermi level, around which the density of
states is therefore zero; these electrons thus cannot function as (low-energy) conduction
electrons. As a result, half-metallic materials behave as metals for electrons of one spin state,
but act as semi-conductors (insulators) for electrons of the other spin state. In other words, the

30 conduction electrons in half-metallic materials are 100% spin-polarised.

On the basis of the phenomena described in the previous paragraph, the use of
half-metals in a magneto-resistance device according to the present invention effectively provides
an enormous amplification of the subtle spin-dependent resistivity effects exploited in the known

devices described hereabove.

e
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example, this will be the spin-down state). Electrons of this particular spin state will thus be able

to traverse the entire trilayer in a substantially perpendicular direction, whereas electrons of the

opposite spin state will not. The electrical resistance in the former case will be essentially
10 determined by the thickness and material of the non-ferromagnetic interposed layer;

{2) If the magnetisation vectors of the ferromagnetic layers are mutually anti-parallel, then,

for electrons of each spin state, one of these layers will behave as a metal, whereas the other

will behave as an insulator. As a result, electrons of neither spin state will in this case be able

_ to traverse the entire trilayer in a substantially perpendicular direction. The measured electrical

15 resistance will thus be essentially infinite;

- (3)  Statistically, a small current of electrons will always be able to tunnel through the entire
trilayer structure, regardless of its magnetisation configuration. In addition, spin-flip scattering
events can also occur in the interposed non-ferromagnetic layer, thereby causing the spin state
of a small fraction of scattered electrons to undergo a reversal. In the case of an anti-parallel

20 magnetisation configuration in the trilayer (point (2) above), an electron which has already

- traversed one of the ferromagnetic layers will, if it undergoes a spin-flip, also be able to traverse
the second ferromagnetic layer, whereby a small leakage current arises. However, by ensuring
that the interposed non-ferromagnetic layer is relatively thin, such spin-flip occurrences are kept

to a minimum. In addition, by making the ferromagnetic layers relatively thick, tunnelling events
25 through the entire trilayer are limited. The magneto-resistance effect of the trilayer is then
essentially 100%.

If the ferromagnetic layers are not entirely comprised of half-metallic material,
but only partiélly so, then the magnitude of the observed magneto-resistance effect will be
corresﬁondingly reduced. An advantageous embodiment of the magneto-resistance device

30 according to the invention is therefore characterised in that both ferromagnetic layers are
principally comprised of half-metailic material. Use of the term "principally” here should be
interpreted as indicating that the ferromagnetic layers are either composed entirely of half-
metallic material, or that relatively small quantities of other materials are present therein,
whether deliberately added or originally present. For example, foreign materials may be added
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. The two ferromagnetic layers, of course, do not have to have the same composmon and may
5 comprise different half-metallic materials.

It is of course possible to combine several inventive trilayer structures into a
multilayer arrangement. Alternatively, inventive trilayer structures and known trilayer structures
can be combined together. In addition, besides containing the basic trilayer, the magneto-
resistance device according to the invention may also comprise additional layers, such as

10 oxidation-barriers, electrical contact layers, insulation layers, exchange-biasing layers, etc. It is
also possible to embody the inventive magneto-resistance device so that there is more than one
interposed non-ferromagnetic layer between consecutive ferromagnetic layers.

A beneficial embodiment of the magneto-resistance device according to the

" invention is characterised in that the half-metallic material is a metal oxide. Such a material is

15 suitable for deposition by, for example, oxidic vacuum vapour deposition, oxidic sputter
~ deposition or oxidic laser ablation deposition, whereby a pure metal or metal alloy is evaporated,
sputtered or ablated in an oxidising atmosphere. Particularly advantageous metal oxides in this
category are Fe;O,, CrO,, and mixtures thereof. These materials are oxides of commonly

" occurring elements, and can be deposited by. evaporating, sputtering or ablating Fe, Cr or an

20 FeCr alloy.

A particularly advantageous embodiment of the inventive magneto-resistance
device is characterised in that the non-ferromagnetic material is an electrical insulator. The term
“insulator” as used in this context is intended to indicate that the bulk non-ferromagnetic material

- has an electrical resistivity characteristic of a non-conductor, but that, when embodied in a

25 sufficiently thin layer, it can nevertheless be traversed with relative ease by tunnelling electrons
(in a direction substantially perpendicular to the layer). Such an insulator preferably has a room- |
temperature electrical resistivity in excess of 0.01 @m, and is preferably embodied in a layer of
thickness 0.5-10 nm. Examples of electrical insulators suitable for this purpose are GdO, MgO,
MgALO, and SrTiQ,, among many others.

30 Such a device exploits tunnelling processes from occupied electron states on one
side of the non-ferromagnetic tunnelling barrier to available (empty) electron states on the other
side of the barrier. For a sufficiently thin barrier, the transfer of an electron from one
ferromagnetic layer to the next ferromagnetic layer is determined solely by the electron states
within these two layers, and is essentially independent of the interposed barrier itself.
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The invention and its attendant advantages will be further elucidated with the aid
of exemplary embodiments and the accompanying schematic drawings, not of uniform scale,
10 whereby:
Figures 1 and 2 give a cross-secnonal view of part ofa magneto-resxstance device
embodied according to the invention;
Figures 3 and 4 cross-sectionally depict part of another embodiment of a magneto-
' resistance device according to the invention; '
15 * Figure 5 is a perspective view of part of a magnetic head employmg a magneto-
resistance device according to the invention.

20 Figures 1 and 2 depict part of an embodiment of a magneto-resistance device 1
according to the invention, viewed in a cross-section taken perpendicular to the device's
constituent layers. Identical parts in both Figures are referred to by the same reference labels.

A substrate 3 of MgO is provided with a NiO anti-ferromagnetic biasing layer 5,
which is electrically insulating. Thereupon is located a trilayer structure 7, which consists of two

25 electrically conducting half-metallic ferromagnetic Fe,O, layers 9, 11 separated by a thin
electrically insulating non-ferromagnetic GdO layer 13. The Fe;0, layer 9 is exchange-biased
to the NiO layer 5, so that the trilayer structure 7 is of type (b). The respective magnetisations
M, and M, of the layers 9 and 11 are in-plane. An electrical voltage gradient V is applied
across the structure in the depicted substantially perpendicular direction, so as to measure the

30 electrical resistance of the structure 7 using the CPP geometry. The Figures also schematically
show two electrons 15, 17 having (respective) oppasite spins 19, 21.

Figure 1 depicts the parallel magnetisation configuration observed in the absence
of an external magnetic field, whereby magnetisations M, and M, are oriented in the same
direction. In this configuration, the structure 7 acts as an electrical conductor, for the following
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behave as electrical conductors for this electron, so that it can traverse the entire structure 7 in
a direction substantially perpendicular to layers 9 and 11 by tunnelling through the barrier 13.
The CPP electrical resistance of the structure 7 will in this case have a low value, typically 10-

100 Q.

In Figure 2, an appropriate external magnetic field H has been applied anti-
parallel to M,. This field H is strong enough to reverse the direction of M, without changing
the direction of M,. Layers 9 and 11 are thereby forced into anti-parallel magnetisation
conﬁgurition. In this condition, the structure 7 acts as an electrical insulator, for the following
reasons. |

Electron 17 can exist as a conduction electron in layer 9, because its spin 21 is
anti-parallel to M, (spin-down state). It can therefore traverse layer 9 in a direction substantially
perpendicular thereto. However, it cannot behave as a conduction electron in layer 11, because
its spin 21 is parallel to My, (spin-up state). Layer 11 therefore behaves as an electrical insulator
with regard to electron 17. As a result, electron 17 cannot wholly traverse the structure 7 in a
substantially perpendicular direction.

Similar arguments apply to electron 15, for which layer 9 will behave as an
insulator and layer 11 will behave as a conductor. As a result, the CPP electrical resistance of
the structure 7 will in this case be essentially infinite.

The magnitude of the CPP magneto-resistance effect in this embodiment is
therefore practically 100%.

- Embodiment 2

30

Figures 3 and 4 partially depict a magneto-resistance device 2 embodied according
to the invention, when viewed in a cross-section taken perpendicular to the device’s constituent
layers. Identical parts in both Figures are labelled by the same reference numerals.

A substrate 4 of MgO is provided with a multilayer structure 6 consisting of half-
metallic ferromagnetic layers 8, 10 alternately stacked with interposed thin insulating layers 12
of non-ferromagnetic MgO. The layers 12 act as tunnelling barriers between consecutive layers
8, 10. The layers 8 consist of essentially pure'Fe,O., but the layers 10 consist of C0y.012F€2 90404
i.e. Fe,0, lightly doped with Co. Addition of Co to Fe,0, in this quantity causes considerable
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o Figure 3 depicts the magnetisation configuration in the absence of an external
magnetic field, whereby the.magnetisations M, and M,, are aligned parallel to one another. In
- -this configuration, the structure 6 acts as a conductor. .
In Figure 4, an external magnetic field H* has been applied in a direction anti-
10 parallel to the magnetisations M. The magnitude of H’ is such*that the magnetisations M, are
forced into parallel alignment therewith, but that the magnetisations M, retain their original
orientation. In this anti-parallel magnetisation conﬁguration, the structure 6 behaves as an
insulator.
The CPP magneto-resistance effect of the device 2 is therefore practically 100%.
15
Embodiment 3
Figure Sisa scilemaﬁc perspective view of part of a magnetic head 31 comprising
an inventive magneto-resistance device 33 with electrical connections 35. The head 31 further
comprises a substrate 37, which is comprised of a magnetic material (such as a ferrite) or of a
20 non-magnetic material on which a layer of magnetic material (such as NiFe) is deposited. The
head 31 additionally comprises flux guides 39, 41, which are positioned relative to the device-
33 and the substrate 37 so as to form a magnetic circuit. The end faces 43, 45 form part of the
pole face of the magnetic head 31, the magnetic gap 47 being located between said faces 43, 45.
If a magnetic medium, such as a magnetic tape or disc, passes before the faces
25 43, 45 in close proximity thereto, the magnetically-stored information on that medium will
generate a varying magnetic flux in the above-mentioned magnetic circuit, which magnetic flux
is also fed through the magneto-resistance device 33. The device 33 transcribes this varying
magnetic flux into electrical resistance variations, which can be measured via the electrical
connections 35. '
30 The magnetic head may also contain an electrical coil, which can be employed
in the recording of magnetic information on magnetic media.

Embodiment 4

In addition to possible emj)loyment in a magnetic field sensor (such as a magnetic
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t hese exenplgdsnoimdt eri als are ferromagnetic. Many ot her suchpopiedicat?s are
al so known, and these exenplary lists are by no neans to be consi dered as
bei ng exhaustive. Conduction electrons widhin a ferromagnetic netal can be
classified into two i ndependent spin states, whereby those electrons with
an i nt ri nkégd)Sthiemagnet-fesistance dévicd inaacordancenwith dhd nyention eancalsaberapplied as an

an intri Mhed o | ooe SERIEN € : S
oaral 1 o) elscieal prach Sl Spectlitally s i, piREFich!, K cin S 87 abpeibn? Bh extemal
For the S‘R@g#%ﬁ fiedqs Qblibhiely dipHeli it6 the6viEB i 6idet oehatigeditsseledtrioal behaviour.

structure ations reveal” a'striking discrepancy between these spin-up,
and spi n- Porvexanplep the dévicereandbe fumished withomeans fosreontrollably:generating a magnetic

{her ef o1 o el ;18 AR riscmise] Foils Snd Ay S K8 B SRRl e Bhogtin S i gnder
ner 0y 7ol S Q8 clECibll pitfert AORCURMRY S uEvioE 1S Femicular, by fpassiap an
appropriate electrical current through an electrical conductor (such as 2 coil, loop or straight

wire) positioned in proximity to the device, the magnetic field thereby generated can be used to

controllably change the magnetisation configuration in the device, thus allowing it to be switched

10 between high-resistance and low-resistance states. In such an embodiment, the device can be

employed as an electrical relay.
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states is therefore zero; these electrons thus- cannot function as -

(1l ow energy) conduction electrons. As a result, half-netallic materials
behave as woteshei28or el ectrons of one spin state, but act asPCI/IB94/00275
sem -conductors (insulators) for electrons of the other spin state. In
ot her words, the conduction electrons inJalf-netallic materials are 100%
spi n-pol ari sed. On the basis of the phenonena described in the previous

paragrapmuse of half-netals in a magneto-resistance device according
to the present | nvention effectlvely provi des an enor NDUSThiISpdet Hds Badni aqsd

the subtl e spin-dependent resistivity effects exploited i nmlm mm‘m

devi ces descri bed hereabove. 5Atril ayer structure of
() in which two layers of pure half-netalli

1. A magneto-resistance device comprising two layers of ferromagnetic material
mutually separated by at least one interposed layer of non-ferromagnetic material, characterised
in that at least one of the layers of ferromagnetic material comprises half-metallic material.
2. A magneto-resistance device according to Claim 1, characterised in that both
5 ferromagnetic layers are principally comprised of half-metallic material.
3. A magneto-resistance device according to Claim 1 or 2, characterised in that the
half-metallic material is a metal oxide.
a. A magneto-resistance device according to Claim 3, characterised in that the half-
* metallic material is selected from the group formed by Fe,0,, Cr0O,, and mixtures thereof.
10 5. - A magneto-resistance device according to any of the preceding Claims,
charactensed in that the non-ferromagnetic material is an electrical insulator.
6. A magnehc head comprising a magneto-resistance device as clmmed in any of the
preceding Claims.
7. A composition of matter comprising at least two layers of ferromagnetic material
15 mutually separated by at least one interposed layer of non-ferromagnetic material, characterised
in that at least one of the layers of ferromagnetic material comprises half-metallic material.
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ferromagnetic material are separated by an interposed | ayer of
non-ferromagnetic material can be used to obtain a huge spin-val ve

magnet o- r eBIOs2S40t23 ef fect. For exanple, in the case of the CFCI/ERS4ABITSY:
(1) I f the magnetisation vectors of the ferromagnetic | ayers are
mutual ly parallel, then both these |ayers will behave as netals for

el ectrons of a certain spin state (in tﬁue3ase of Fe[err]Jerr], for
exanple, this will be the spin-down sta ¢/ El ectrons of this particular
spin state will thus be able to traverse the entire trilayer in a
substantially perpendi cul ar direction, whereas el ectrons of the opposite
spin state will not. The electrical resistance in the fornmer case wll be
essentially determ ned by the thickness and material of the
non-ferromagneti c i nterposed | ayer; (2) I f the magnetisation vectors of
the ferromagnetic |layers are nutually anti-parallel, then, for electrons of
each spin state, one of tkeseiBayers will bedpve as a netal wher eas the
other will behave as an i sula§oq5 As a rgpult, electrons fl neit her spin
state will in this case ok abl trav$r§ fhe entire txflayer in a

substantially perpendi cultr dire®ion nmeasured el ectri-cal
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resistance will thus be essentially infinite; (3) Statistically, a small
current of electrons will always be able to tunnel through the entire
trilayer stwWoosaeR3 regardl ess of its nmagnetisation confi gur aeCTIBI4O0RTS
addition, spin-flip scattering events can al so occur in the interposed
non-ferromagnetic | ayer, thereby causing the spin state of a small fraction

of scattered electrons to undergo a rev . I'n the case of an
anti-parallel nagnetisation configurati hWh the trilayer (point (2)
above), an el ectron which has already traversed one of the ferromagnetic
layers will, if it undergoes a spin-flip, also be able to traverge the
second ferromagnetic |ayer, whereby a small | eakage current ar'SEs.
However, by ensuring that the interposed non-ferronmagnetic | i's
relatively thin, such spin-flip occurrences are kept to a ﬁlnIﬁUﬁl In
addi tion, by nakrng t he pOATE? p "ck tunnel I'i ng
events through the entir p . =9|stance
effect of the trjlayer i p S e e roq%gnetic

| ayers are not entir;4¥ﬁ
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but- only partially so, then the magnitude of the observed .
magnet o-resi stance effect wll be correspondingly reduceq, 041602251t ageous
enbodi ment of the magneto-resistance device according tothe 1nvention is

t her ef owe 98h@¥23cterised in that both ferromagnetic layers are principally
conprised of half-metallic material. Use of the term"principally" here
shoul d be interpreted as indicating th the ferromagnetic | ayers are

ei ther conposed entirely of half- neé?ﬁzic material, or that relatively
smal | quantities of other materials afe present therein, whether
deliberately added or originally present. For exanple, foreign materials
may be added =~ 6 to the ferronmagnetic layers in various mnority
quantities so as to intentionally influence their nmagnetic properties. Mre
specifically, foreign materials such Ni, Co, M1, Zn, Cu and My, for

3
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exanpl e, can be added to the ferronagne¥?€3*ayers [s PE‘A N r1\ifer’| CE T hei rSG
magnetic coercivity. The two ferrorragnetlsé"sl ayers, ‘OUr “doinot" hapeged .2
to have the same conposition, and may -conprise difif g G If S pEtcal-Pd © vaged .
materials. It is of course possible to conbi ne seJe ‘r‘H\}émrye ‘Aa"ygx""’
structures into a nultilayer arrangenment. Alternat]i Stf"ichvehrmffe £rid paged -....
structures and known trilayer structures can be cdnbined together. In

addi tion, besi des cont ai ni ng t he basi c tri | ayer, §h®ATROR mp’rst‘\&ﬁﬁe ..... "
device a n konar I ayers;—such
as oxi dat ‘é’?’r&‘%@% hics, ectri C'R:fk con act %fp(i er &&ﬁn:ﬂf’h{el on | ayers,

exchange- b|a5|ng | ayers, etc. It is also possible to enbody the inventive

magnet o-r esi st ance device so that there is nore than one interposed
non-ferromagnetic | ayer between consecutive ferromagnetic |ayers. A
beneficial enbodi nent of the nagneto-resistance device according to the
i nvention is characterised in that the half-netallic material is a netal

oxide. Such a material is suitable for deposition by, for exanple, oxidic

vacuum vapour depoThé isventien relites ®pa tniagheto-resistance device comprising two layers of

ferromagnetic material mutually separated by at least one interposed layer of non-ferromagnetic
material.

The invention also relates to a magnetic head employing such a device.

Magneto-resistance is that phenomenon whereby the electrical resistance measured
along a given path within a suitable material is found to be influenced by the presence of a
magnetic field intersecting that material. The phenomenon can thus be exploited to transcribe
probed magnetic field variations into corresponding resistance variations within the material,
thereby lending itself to application in magnetic field sensors and magnetic heads. Such magnetic
heads are employed to transfer data to and from a magnetic recording medium, such as a
magnetic tape or disc.

The magnitude of the magneto-resistance effect along a given path in a particular
material is rendered by the formula:

(R,_ - Rs_)

MR =
RL

in which R; and Ry are, respectively, the largest and smallest electrical resistances measurable
along the said path in a variable magnetic field, at a given temperature. The value of MR is
usually expressed as a percentage, and is preferably as large as possible so as to yield maximum
attainable sensitivity in sensor applications such as those mentioned above.

The magneto-resistance effect in a layered structure can be investigated using at
least two measuring geometries. The first such geometry is the so-called Current In Plane (CIP)
geometry, whereby the electrical resistance of the device is measured using a-method in which

_an electrical voltage gradient is applied in a direction substantially parallel to the plane of the

~ device's constituent layers. The second such geometry is the so-called Current Perpendicular to

Plane (CPP) geometry, whereby the electrical resistance of the device is measured using a

‘method in which an electrical voltage gradient is applied in a direction substantially

perpendicular to the device's constituent layers. For a given device, the magneto-resistance effect
measured using the CPP geometry is generally larger than that measured using the CIP
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deposition or oxidic |aser ablation, depasition, whereby a pure netal or
nmetal alloy is evaporated, sputtered or ablated in an oxidising atnosphere.
Particul arly advant ageous netal oxides in this category are Fe[err](err],
Crderr], and m xtures thereof. These nmaterials are oxides of comonly
occurring elenents, and can be deposited by evaporating, sputtering or
ablating Fe, C or an FeCr alloy. A particularly advantageous enbodi nent of
t he inventive magneto-resistance device i@ characterised in that the
non-ferromagnetic material is an electrical insulator. The term"insul ator"
as used in thi 3oty Y exmucisad #fagipn efithres. Seriiferexample ithe articksy|Gijs et al. in Phys.

|

e iy T ez ashgioL ] o2l rosi stiviLy, character] stic of
can neverthel ess be tA wrileyes sunamire of thelkindi described én the apeming paragrapleissuitablerfor
nsul ator  prataisb iy HRels sHaNaNe s Beinds siftcl Moy, B3R R0y of e
excess of OgRlni@istbond @ist influgncaf by thsInyuteatocichtatior of the |(@apmagretitationscofahes
0.5-10 1 XL e Bl i " E4005% £ Ly e RISy
that an external magnetic field can be used to easily alter this mutual orientation. Such an
embodiment can be achieved in at least three different ways, as follows:
(@ The two ferromagnetic layers can be antiferromagnetically coupled across the interposed
non-ferromagnetic layer, so that their (net) magnetisations are mutually anti-paralle! in the
absence of an external magnetic field. A magnetic field applied parallel to the magnetisation of
one of the ferromagnetic layers can then be used to reverse the magnetisation in the other
ferromagnetic layer, thereby forcing both magnetisations into mutually parallel configuration;
()  One of the ferromagnetic layers can be exchange-biased to an additionally present anti-
ferromagnetic biasing layer in such a manner that the magnetisation of the other ferromagnetic
layer can be independently oriented by an external magneﬁc field, into either anti-parallel or
parallel configuration with the magnetisation of the exchange-biased layer;
{©) The two ferromagnetic layers can be embodied to have considerably different magnetic
coercivities. This can be achieved, for example, by the addition of differing concentrations of
suitable foreign substances to the material of each ferromagnetic layer. A magnetic field of
suitably chosen strength can then be used to separately orient the magnetisation of the
ferromagnetic layer of lower magnetic coercivity, without changing the magnetisation-direction

in the ferromagnetic layer of higher magnetic coercivity.

A magneto-resistance device of the type indicated in the opening paragraph is
clucidated in an article by Nakatani and Kitada in J. Mat. Sci. Lett. 10 (1991), pages 827-828.
In this known device, an electrically insulating Al,O, layer is interposed between two
ferromagnetic Fe layers with in-plane magnetisation, and the magneto-resistance effect of the
combination is measured using the CPP geometry. One of the Fe layers is doped with 1.7 at. %
Ru in order to increase its magnetic coercivity, whereas the magnetic coercivity of the other Fe
layer is reduced by doping its Fe with 2.0 at.% C. The resulting trilayer structure is therefore
of the type (c) elucidated above. The doped Fe layers are each 100 nm thick, whereas the
interposed AlL,0, layer is only 10 nm thick. Such a thin insulating layer acts as a tunnelling
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M)Al [err]Jerr] and SrTigJerr], anong many others. Such a device exploits
tunnel l'i ng processes from occupi ed el ectron states on one side of the
non-ferromagnetic tunnelling barrier to avail able (enpty) electron states
on the other. side of the barrier. For a sufficiently thin barrier, the
transfer of an electron fromone ferromagnetic |ayer to the next
ferromagnetic |layer is determned solely By the electron states within
these two layers, and is essentially i-ndependent of the interposed barrier

itsel f. 7 Suclp, QA WEMBREAG Fe lz@@is WKIEIR B6rAES #t.YIn itk Wor®C @vénf thé Ul the bulk
i nt er posed @@ ferromagneti ¢ materl al |s an el ectrical_.conductor gésuch as,
for exanple, m,g,womhe '@'ef i aryigswlator.che thickness of the layer,jtself is smaj} eapugh, iq aligwea

mat ch of ”ﬁtsg{isiﬁ%au? sghifidiRt dubibe BRAB&IdNS tb AMREISacARS it he int er posed
The CPP electrical resistivity of this known trilayer device attains a minimum
yalue when the net magnetisations of the two doped Fe layers are mutually parallel, and a
maximum value when these two magnetisations are anti-parallel. Such spin-dependent tunnelling
pehaviour is rigorously discussed by Slonczewski in Phys. Rev. B 39 (1989), pages 6995-7002,
where it is concluded (equation (6.1), page 7000) that the CPP conductance (G) of the trilayer

satisfies the approximate relationship:

G = Gy(1 + € cosl)

Here, Go and e are constants (¢ < 1), and @ is the in-plane angle between the (net) magnetisation
" vectors of the two ferromagnetic layers. The fractional difference between the conductances of
the trilayer for mutually parallel and mutually anti-parallel magnetisation configurations is

therefore 2e.

A disadvantage of the spin-dependent tunnelling effect on which the known device
is based is that the value of e is generally very small. As a result, the room-temperature CPP
magneto-resistance effect in that device is only about 1.0%. Such a low value greatly limits the
sensitivity of potential magnetic field sensors employing the known device.

Another known spin-valve magneto-resistance device is disclosed in United States
Patent US 5,134,533, in which layers of in-plane ferromagnetic material such as Fe, Co or Ni
are antiferromagnetically coupled across interposed layers of electrically conductive non-
ferromagnetic material such as Cr, V or Ti, thereby forming an alternating multilayer
arrangement containing a plurality of the basic trilayer structures of the type (a) elucidated
above. In this case, the electrical resistivity once again attains a minimum value whea the net
magnetisations of the two ferromagnetic layers are mutually parallel, and a maximum value
when these two magnetisations are anti-parallel. . .-

The magneto-resistance effect in this second known device is caused by spin-
dependent scattering phenomena, whereby the extent to which conduction electrons are
resistively scattered in the device is determined by the direction of their intrinsic spin in relation
o the magnetisaﬁon-directibn of the ferromagnetic layers. The effect is explained in more detail
by Baibich et al. in Phys. Rev. Lett. 61 (1988), pages 2472-2475, in particular page 2474. Once
3gain, the magnitude of the effect is quite small, so that the room-temperature CIP magneto-
Tesistance of this second known device is only about 10%.
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non-f erromagneti c conductor |ayer, an inventive device conprising such a
conductor |ayer can al so denonstrate a very | arge magnet o-resi stance
effect. The invention and its attendant advantages will be further
elucidated with the aid of exenplary enbodi nents and the acconpanyi ng
schematic drawi ngs, not of uniformscale, whereby: Figures 1 and 2 give a
cross-sectional view of part of a magneto-resistance device enbodi ed
according to the invention; Figures 3 and™4 cross-sectionally depict part
of anot her enbodi ment of a nmagneto- resistance device according to the

I nvention; Figure 5 is a perspective view of part of a nmagnetic head

enpl oyi ng a nagnet o- It dsiant abjet df\the cinvendon dongravidet he magnermtdsistance device
Eangﬁg![ g\_epte s %gg&%au rp_ensg é\lﬂ F xcinzllngx%lerc ;[na n%ric}-regifstagcr]e e?ﬂotgto xﬂ%n”ﬁ&t ob%n& with the known

devices.
It is a further object of the invention to provide a magneto-resistance device which

can demonstrate a much larger electrical resistance than a known device of similar form and
dimensions, thereby reducing the electrical power consumption of the inventive device compared
1o that of the known devices, |

In accordance with the invention, these and other objects are achieved in a
magneto-resistance device of the type described in the opening paragraph, characterised in that
at least one of the layers of ferromagnetic material comprises half-metallic material.

Examples of half-metallic materials are the so-called Heusler alloys, which have
the composition XMnZ or X,MnZ, in which X is an element such as Cu, Ni, Pt, Pd, Co or Fe,
and Z is an element such as Sb, Sn, In or Ga. Additional examples of half-metallic materials are
Fe,0,, CrO, and KCrSe,. All of these exemplary materials are ferromagnetic. Many other such
materials are also known, and these exemplary lists are by no means to be considered as being
exhaustive.

Conduction electrons within a ferromagnetic metal can be classified into two
independent spin states, whereby those electrons with an intrinsic spin parallel to the local net
magnetisation are termed "spin-up” electrons, while those electrons with an intrinsic spin anti-
parallel to the local net magnetisation are called “spin-down" electrons. For the special case of
half-metallic ferromagnetic materials, band structure calculations reveal a striking discrepancy
between these spin-up and spin-down states. The bands for electrons of one spin state are
intersected by the Fermi level, at which a non-zero density of states therefore exists; such
electrons can thus function as conduction electrons. However, the bands for electrons of the
other spin state have a forbidden energy zone at the Fermi level, around which the density of
states is therefore zero; these electrons thus--cannot function as (low-energy) conduction
electrons. As a result, half-metallic materials behave as metals for electrons of one spin state,
but act as semi-conductors (insulators) for electrons of the other spin state, In other words, the
conduction electrons in half-metallic materials are 100% spin-polarised. _

On the basis of the phenomena described in the previous paragraph, the use of
half-metals in 2 magneto-resistance device according to the present invention effectively provides
an enormous amplification of the subtle spin-dependent resistivity effects exploited in the known

devices described hereabove. .
This is the replacemaent shoet

Date: . 9 OCT mag. . ..



according to the invention, viewed jn a cross-section taken perpendicul ar
to the device's constituent |ayers. ldentical parts in both Figures are
referred to by the sanme reference |abels. A substrate 3 of MgO i s provided
with a NiO anti-ferromagnetic biasing |ayer 5, which is electrically

I nsul ating. Thereupon is located a trilayer structure 7, which consists of
two electrically conducting half-netallicsferromagnetic Fe[err](Jerr]

| ayers 9, 11 separated by a thin electrically insulating non-ferronagnetic
GdO | ayer 13. The Feqfkjédstucthrelciyype (9, (1) oefo) irawhieh bvakagers o6pirk balfimealligy er
5, so that the trilayer structure 7 is of t b).. The, respect.i .
magnet i sat | pRemadnedmaateiahars ‘??F‘“%ebﬁ %@MH&%‘? %qnéfcfrﬁ-ﬁggxghgﬁ}fﬁﬂ an

el ect i cal Vol AGe, s nags spih-valve pRpicisiraistnescifice Briatshplepinithe tise of the
depi cted sB§sP&ntial |y perpendicular direction, so as to measure the

el ectrical grpsgeotgi¥e of the structure 7 using the CPP geonetry. The
Figures al Z&nscgﬁﬂﬁh‘a&ﬂﬁ!ﬁﬁoﬁ%&bﬁm.tﬁ! fesrofapietit Jayeds/ark itilly (paraigle thieh Y6t
opposite s s 19, 21" Figure 1 depicts the paragllel magpetisatio

conf i gur at itiese bye® will dehaye ap metaliion electsns of 3,CEHRIA Spin 8‘? the %‘?ﬂf*%@r’eby

magnet i sat I oRso M i3l be fe'shindomAtd NEREtrén3 of Bifs Seddidular spin state will thus be able
to traverse the entire trilayer in a substantially perpendicular direction, whereas electrons of the

opposite spin state will not. The electrical resistance in the former case will be essentially
" determined by the thickness and material of the non-ferromagnetic interposed layer;
(2)  If the magnetisation vectors of the ferromagnetic layers are mutually anti-parallel, then,
for electrons of each spin state, one of these layers will behave as a metal, whereas the other
will behave as an insulator. As a result, electrons of neither spin state will in this case be able
to traverse the entire trilayer in a substantially perpendicular direction. The measured electrical
resistance will thus be essentially infinite;
(3) Statistically, a small current of electrons will always be able to tunnel through the entire
trilayer structure, regardless of its magnetisation configuration. In addition, spin-flip scattering
events can also occur in the interposed non-ferromagnetic layer, thereby causing the spin state
of a small fraction of scattered electrons to undergo a reversal. In the case of an anti-parallel
magnetisation configuration in the trilayer (point (2) above), an electron which has already
traversed one of the ferromagnetic layers will, if it undergoes a spin-flip, also be able to traverse
the second ferromagnetic layer, whereby a small leakage current arises. However, by ensuring
that the interposed non-ferromagnetic layer is relatively thin, such spin-flip occurrences are kept
to a minimum. In addition, by making the ferromagnetic layers relatively thick, tunnelling events
through the entire trilayer are limited. The magneto-resistance effect of the trilayer is then
essentially 100%.
If the ferromagnetic layers are not entirely comprised of half-metallic material,
but only partially so, then the magnitude of the observed magneto-resistance effect will be
correspondingly reduced. An advantageous embodiment of the magneto-resistance device

‘according to the invention is therefore characterised in that both ferromagnetic layers are
principally comprised of half-metallic material. Use of the term "principally” here should be
interpreted as indicating that the ferromagnetic layers are either composed entirely of half-
metallic material, or that relatively small quantities of other materials are present therein,
whether deliberately added or originally present. For example, foreign materials may be added
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direction. In this configuration, the structure 7 acts as an el ectrical
conductor, for the follow ng 8 Since the spin 19 of electron 15 is
parallel to both M and Merr] (spin-up state), layers 9 and 11 will both
act as electrical insulators for this electron. However, since the spin 21

of electron 17 is anti-parallel to both and Merr] (spin-down state),
| ayers 9 and 11 will both behave as el ect®ical conductors for this
electron, so that it can traverse the entire structure 7 ip direction.'

subst ant i al} e mmqmam%llamﬁ 450 vATigS NGy AU, Soras i AFRRGAIY, InSERGe dhi

barrier 13." The S lantd
case have ng}g&@ typ| c h‘ﬁéﬁg mgﬁmgh‘m%uéﬂNf&ijemﬁihgmr?uaagp%%??ite

ext er nal ”Wd carf becdddledtdnthe ﬂmgmagnppq: lzggrsamtasm influence their magnetic coercivity.
The two ‘ferromagnetic layers, of course, do not have to have the same composition, and may

comprise different half-metallic materials.
It is of course possible to combine several inventive trilayer structures into a

multilayer arrangement. Alternatively, inventive trilayer structures and known trilayer structures
can be combined together. In addition, besides containing the basic trilayer, the magneto-
resistance device according to the invention may also comprise additional layers, such as
oxidation-barriers, electrical contact layers, insulation layers, exchange-biasing layers, etc. It is
also possible to embody the inventive magneto-resistance device so that there is more than one
interposed non-ferromagnetic layer between consecutive ferromagnetic layers.

| A beneficial embodiment of the magneto-resistance device éccording to the
invention is characterised in that the half-metallic material is a metal oxide. Such a material is
suitable for deposition by, for example, oxidic vacuum vapour deposition, oxidic sputter
deposition or oxidic laser ablation deposition, whereby a pure metal or metal alloy is evaporated,
sputtered or ablated in an oxidising atmosphere. Particularly advantageous metal oxides in this
category are Fe,Q,, CrO,, and mixtures thereof. These materials are oxides of commonly
occurring elements, and can be deposited by evaporating, sputtering or ablating Fe, Cr or an
FeCr alloy. ' '

A particularly advantageous embodiment of the inventive magneto-resistance
device is characterised in that the non-ferromagnetic material is an electrical insulator. The term
“insulator” as used in this context is intended to indicate that the bulk non-ferromagnetic material
has an electrical resistivity characteristic of a non-conductor, but that, when embodied in a
sufficiently thin layer, it can nevertheless be trav.ersed with relative ease by tunnelling electrons
(in a direction substantially perpendicular to the layer). Such an insulator preferably has a room-

. temperature electrical resistivity in excess of 0.01 m, and is preferably embodied in a layer of
thickness 0.5-10 nm. Examples of electrical insulators suitable for this purpose are GdO, MgO,
~ MgALQ, and SrTiO,, among many others.

Such a device exploits tunnelling processes from occupied electron states on one
side of the non-ferromagnetic tunneliing barrier to available (empty) electron states on the other
Side of the barrier, For a sufficiently thin barrier, the transfer of an electron from one
ferromagnetic layer to the next ferromagnetic layer is determined solely by the electron states
Within these two layers, and is essentially independent of the interposed barrier itself.

- » This is the replacement sheet

9 0C1 %%
Date:



parallel to Merr]. This field His.strong enough to reverse the direction
of Merr], wthout changing the direction of Merr]. Layers 9 and 11 are
thereby forced into anti-parallel magnetisation configuration. In this
condition, the structure 7 acts as an electrical insulator, for the
foll owi ng reasons. Electron 17 can exi st 35 a conduction electron in | ayer
9, because its spin 21 is anti-parallel td Merr] (spin-down state). It can
therefore traverse Ig@r .9.in direction substantially perpendicul ar

n

thereto. However, it IH 04 pesAeraBly gvamnedr i the, intaspesed] non-
b . . . I o -
ecause | ts@{s{g,{,}%n%c infiteRiaf @/ah@llectritalMbditdidtof BRER taﬁ,pfrogfggﬁﬁblc. l:—:ﬁ{ ]b, & LiTi;O,

therefore b s as an electrical insulator w rd to el ectron
a resul t, elg)Howevery faraswisablomatohyof materinlssia the éercomagnetic tay&rsiand the interposed

substantial ly ' | t kJU S I el ectron
15t or whi i IR AGICeoBicich B uf ThventVE deblee UobIRINE WP R pindyfiof 1t 0
as a condu _Qrdeménsuateraamrb'tlargGMgWrdmuicffad:t.resi stance of the structure
7 wll in this case be essentially infinite.

The invention and its attendant advantages will be further elucidated with the aid
of exemplary embodiments and the accompanying schematic drawings, not of uniform scale,
whereby: — _ '

Figures 1 and 2 give a cross-sectional view of part of a magneto-resistance device
embodied according to the invention; '

Figures 3 and 4 cross-sectionally depict part of another embodiment of a magneto-
resistance device according to the invention;

Figure 5 is a perspective view of part of a magnetic head employing a magneto-
resistance device according to the invention.

Embodiment 1

Figures 1 and 2 depict part of an embodiment of a magneto-resistance device 1
according to the invention, _viewed in a cross-section taken perpendicular to the device’s
constituent layers. Identical parts in both Figures are referred to by the same reference labels.

A substrate 3 of MgO is provided with a NiO anti-ferromagnetic biasing layer 5,
which is electrically insulating. Thereupon is located a trilayer structure 7, which consists of two
electrically conducting half-metallic ferromagnetic Fe,O, layers 9, 11 separated by a thin
electrically insulating non-ferromagnetic GdO layer 13. The Fe,O, layer 9 is exchange-biased
o the NiO layer 5, so that the trilayer structure 7 is of type (b). The respective magnetisations
M, and M,, of the layers 9 and 11 are in-plane. An electrical voltage gradient V is applied
across the structure in the depicted substantially perpendicular direction, so as to measure the
electrical resistance of the structure 7 using the CPP geometry. The Figures also schematically
show two electrons 15, 17 having (respective) opposite spins 19, 21.

Figure 1 depicts the parallel magnetisation configuration observed in the absence
°f‘“ SXternal magnetic field, whereby magnetisations M, and M,, are oriented in the same
direction, In this configuration, the structure 7 acts as an electrical conductor, for the following
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The magni tude of the CPP magneto-resistance effect in this enbodinent is
therefore practically 100% Figures 3 and 4 partially depict a
nagnet o-r esi st ance devi ce 2 enbodi ed according to the invention, when
viewed in a cross-section taken perpendicular to the device's constituent

| ayers. ldentical parts in both Figures are |abelled by the sanme reference
numeral s. A substrate 4 of MO is provided with a multilayer structure 6
consisting of half- metallic ferronmagnetic |layers 8, 10 alternately stacked
with interp .thin insulating layers 12 of non-ferromagnetic MyO The

2yers 37 oL 2 LR ARG OB RRIER AR R, WY B e
consi st of m%@rm]dﬂd[\eﬂlr!}dm actrqs alecmmFe{selato]errthﬂs elacgon! Howeyer singet the €in
Addi tion of Co 1L Qroh 373 £hELuidh b Borh My andHA1 oS24 3658, 5208 ISAR1 Gt bown

pehave as electrical conductors for this electron, so that it can traverse the entire structure 7 in

5 direction substantially perpendicular to layers 9 and 11 by tunnelling through the barrier 13.
The CPP electrical resistance of the structure 7 will in this case have a low value, typically 10-
100 Q.

. In Figure 2, an appropriate external magnetic field H has been applied anti-
parallel to M,. This field H is strong enough to reverse the direction of M,,, without changing
the direction of M,. Layers 9 and 11 are thereby forced into anti-parallel magnetisation
configuration. In this condition, the structure 7 acts as an electrical insulator, for the following
reasons.

Electron 17 can exist as a conduction electron in layer 9, because its spin 21 is
anti-parallel to M, (spin-down state). It can therefore traverse layer 9 in a direction substantially
perpendicular thereto. However, it cannot behave as a conduiction electron in layer 11, because
its spin 21 is parallel to M, (spin-up state). Layer 11 therefore behaves as an electrical insulator
with regard to electron 17. As a result, electron 17 cannot wholly traverse the structure 7ina
substannally perpendicular direction.

Similar arguments apply to electron 15, for which layer 9 will behave as an
insulator and layer 11 will behave as a conductor. As a result, the CPP electrical resistance of
the structure 7 will in this case be essentially infinite.

The magnitude of the CPP magneto-resistance effect in this embodiment is
therefore practically 100%.

Embodiment 2
' Figures 3 and 4 partially depict a magneto-resistance device 2 embodied according
to the invention, when viewed in a cross-section taken perpendicular to the device's constituent
layers. Identical parts in both Figures are labelled by the same reference numerals.
A substrate 4 of MgO is provided with a multilayer structure 6 consisting of half-
metaliic ferromagnetic layers 8, 10 alternately stacked with interposed thin insulating layers 12
of non-ferromagnetic MgO. The layers 12 act as tunnelling barriers between consecutive layers
8, 10. The layers 8 consist of essentially pure Fe,0,, but the layers 10 consist of Coy,g)3F¢; 56404
Le. Fe,0, lightly doped with Co.” Addition of Co to Fe,0; in this quantity causes considerable
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9 magnetic softening of the Fe[err]Jerr], so that the layers 10 are
magnetically softer than the layers 8. The nmultilayer structure 6 therefore
consists of a plurality of basic trilayer structures 14 of type (c). The
magneti sations of the |layers 8 10 are in-plane, and are here respectively
denoted by the arrows Merr] and Merr]. The electrical resistance of the
mul tilayer structure 6 is nmeasured usi ng9t he CPP geometry. Figure 3 depicts
t he magneti sation configuration in the absence of an external rra fiylc 8.

to

field, whereby, t%},ﬁ‘,{mguéﬂmfﬁ@.on%ﬂm therlayesn i) apeanagneticadly 5o

'n Figure 4 ?,mmqrewi SR i oty Srbasie T8} °‘a§‘f‘%“§“3f’?§é on

anti- paral & - r(g)a hdiisationg méthcshycrorss 10Maee i plam@enmmhcmdnsmnwly fenotadchy
that the I'sdt 1 ons forced | I
therew th, wm{t 10% Sﬂgmﬁeeqfﬁ ‘P@Sﬁ ecl%'&k%éﬂmd using

orientati onlh tnhétryant | -paral l el magnetisation configuration, the
es

structure as an
% Figure 3 depicts the magnetisation configuration in the absence of an external

magncﬂc feld, whereby the magnetisations M, and M, are aligned parallel to one another. In
oS configuration, the structure 6 acts as a conductor.

In Figure 4, an external magnetic field H' has been applied in a direction anti-
¢l to the magnetisations M,. The magnitude of H' is such that the magnetisations M, are
forced into parallel alignment therewith, but that the magnetisations M, retain their original

rentation. In this anti-parallel magnetisation configuration, the structure 6 behaves as an

insulator.
The CPP magneto-resistance effect of the device 2 is therefore practically 100%.

imen
Figure 5 is a schematic perspective view of part of a magnetic head 31 comprising

an inventive magneto-resistance device 33 with electrical connections 35. The head 31 further
comprises a substrate 37, which is comprised of a magnetic material (such as a ferrite) or of a
pon-magnetic material on which a layer of magnetic material (such as NiFe) is deposited. The
head 31 additionally comprisés flux guides 39, 41, which are positioned relative to the device
33 and the substrate 37 so as to form a magnetic circuit. The end faces 43, 45 form part of the -
pole face of the magnetic head 31, the magnetic gap 47 being located between said faces 43, 45.

If 2 magnetic medium, such as a magnetic tape or disc, passes before the faces
43, 45 in close proximity thereto, the magneﬁmllyvsbred information on that medium will
generate a varying magnetic flux in the above-mentioned magnetic circuit, which ﬁagnetic flux
is also fed through the magneto-resistance device 33. The device 33 transcribes this varying
magnetic flux into electrical resistance variations, which can be measured via the electrical
connections 35.

The magnetic head may also contain an electrical coil, which can be employed

in the recording of magnetic information on magnetic media.

Embodiment 4

In addition to possible employment in a magnetic field sensor (such as a magnetic
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i nsul ator. The CPP magnet o-resi stance effect of the device 2 is therefore
practically 100% Enbodiment 3 Figure 5 is a schematic perspective view of
part of a magnetic head 31 conprising an inventive nagneto-resistance
device 33 with electrical connections 35. The head 31 further conprises a
substrate 37, which is conprised of a magnetic material (such as a ferrite)
or of a non-magnetic material on which a | ayer of nagnetic material (such
as NiFe) is deposited. The head 31 additionally conprises flux guides 39,
41, which are positioned relative to the gevi ce 33 and the substrate 37 so
as to forma magnetic circuit. The end fdles 43, 45 form part of the pole
face of the magnetic head. 31 he pagnet|c ga 7/ being | ocated be en
a1 0 faces. g, MmAEIERErRARHS deher IR B § 4 AyR e Rt S e SR AL o
passes ber |0°3£ Al %wgﬁﬁ,e?l&@eciﬁ@iy?aﬁhﬁ%&m{dgk irﬂh)t.yllnlt Behednoapplioftion, an external
magneti ca ored informati on on that nedi ym enerate a varying
magnetic fl ypgndtin fieldeis Sslikasately APPURI 'ﬁﬁ&ﬁ\?ﬁ o EF\MFEER g‘?‘“ﬁh?‘é RlertgigH diehavipyr,

ot example, the device can be furnished with means for controllably generating a magnetic
feld (-8 vig an electrical coil), and such a ﬁe'ld can then be invoked at chosen times in order
o influence the electrical current flow through the device. In particular, by passing an
appropriate electrical current through an electrical conductor (such as a coil, loop or straight
wire) positioned in proximity to the device, the magnetic field thereby generated can be used to
controllably change the magnetisation configuration in the device, thus allowing it to be switched
petween high-resistance and low-resistance states. In such an embodiment, the device can be

employed as an electrical relay.
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Is also fed through the nagneto-resistance device 33. The device 33
transcribes this varying magnetic flux into electrical resistance

vari atjions, which can be neasured via the electrical connections 35. The
magneti c head may al so contain an electrical coil, which can be enployed in
the recording of magnetic information on nmagnetic nedia. Enbodinent 4 In
addition to possible enploynent in a magnetic field sensor (such as a
magneti c 10 head), the magneto-resi stance device in accordance with.the
i nvention can al so be applied as an electtjcal switch, and specifically as
an electrical relay. In such an application, an external

CLAIMS:

1. A magneto-resistance device comprising two iayers of ferromagnetic material
mutually separated by at least one interposed layer of non-ferromagnetic material, characterised
in that at least one of the layers of ferromagnetic material comprises half-metallic material.

2. A magneto-resistance device according to Claim 1, characterised in that both
ferromagnetic layers are principally comprised of half-metallic material. ©d
3. A magneto-resistance device according to Claim 1 or 2, characterised in that the
half-metallic material is a metal oxide. '

4. A magneto-resistance device according to Claim 3, characterised in that the half-
metallic material is selected from the group formed by Fe,0,, Cr0O,, and mixtures thereof.
5. A magneto-resistance device according to any of the preceding Claims,
characterised in that the non-ferromagnetic material is an electrical insulator.

6. A magnetic head comprising a magneto-resistance device as claimed in any of the
pnxaﬁng(mﬁmﬁ;

7. A composition of matter comprising at least two layers of ferromagnetic material
mutually separated by at least one interposed layer of non-ferromagnetic material, characterised
in that at least one of the layers of ferromagnetic material comprises half-metallic material,

* € L M 0§ *
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magnetic field is deliberately appljed to the device in order to change its
el ectrical behaviour. For exanple, the device can be furnished wth neans
f-or controllably generating a nagnetic Field (e.g. via an electrical coil),
and such a field can then be invoked at chosen tines in order to influence
the electrical current flow through the gievice. In particular, by passing
an appropriate electrical current through an electrical conductor (such as

a coil, | QENNTCHESISTANGE OEVICE,! 207> UAGNETICKHEADY to the device, the
magnet i ¢ EMBIOYING GUCHIN@OEMITE can be used to controllably change the

magneti sation configuration in the device, thus allowing it to be swtched
bet ween hiABSTRAQT (M EHEDISALWOSURE st ance states. I n such an enbodi nent,
the device can be enployed as an electrical relay. CLAI Ms:
A magneto-resistance device comprising two layers
of ferromagnetic material mutually separated by at
least one interposed 1layer of non-ferromagnetic
material, in which at least one of the layers of
ferromagnetic material comprises half-metallic
material, and preferably both ferromagnetic layers are
principally comprised of half-metallic material.

FIGURE 1
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1. . A magnet o-resi stance devi ce conprising two |ayers of
ferromagnetic material nutually separated by at |east one interposed |ayer
of non-ferronmagnetic material, characterised in that at |east one of the

| ayers of ferromagnetic material conprises half-nmetallic material. 2.

A magnet o-resi stance device.according to Caim1l, characterised in that
both ferromagnetic |ayers are principally conprised of half-netallic
material. 3. A magnet o-resi stance device according to Claim1 or
2, characterised in that the half-netallig material is a netal oxide. 4.

A magnet o-resi stance device according to aim 3, characterised in that the
hal f- netallic nmaterial is selected fromthe group forned by Fe[err]Jerr],

CrJderr], and m xtures thereof. 5. A magnhet o-resi stance devi ce
according to any of the preceding Clains, characterised in that the
non-ferromagnetic material is an electrical insulator. 6. A

magneti c head conprising a magneto-resi stance device as clained in any of

the preceding alms.r- VI 139_1;—» ﬂ y
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7. A conposition of matter conprising at |east two | ayers of
ferromagnetic material nutually separated by at |east one interposed | ayer
of non-ferromagnetic material, characterised in that at |east one of the

| ayers of ferromagnetic material conprises half-nmetallic material.
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