1 A METHOD OF MODI FYI NG THE DI RECTI ON OF MAGNETI ZATI ON OF A FERROVAGNETI C
LAYER The present invention provides a nethod of nodifying the
direction of magnetization of a |ayer of .5ferronagnetic material. The
met hod nmakes it possible to control the di rection of magneti zation | ocally
in the absence of an external magnetic field. I n magnetic recording

of " Lomgnet | SarFbHOBr b TaBhErT SCst R oD FBear i ob ISR et Cpibbose, 1t
is known to EppRyMacKEghet LeYERel d locally using a magnetic coil. Such a
device presents t@ﬁ?dﬁ§¥@88§ 9£v§ﬁ%9%%f%g§@i§é905.%étﬁé&sgﬁtﬁoé%fgigg'”

amount of inertia, I'n addition, . , requires nmagnetic to be
appli ed of eVef @greateronnbénsigychszehecsige af léhermafnetic itens

decreases, thus bgadhog:tonhpe: yse, of 18 CREINLAALakSs ! 8F 9805 P51 26 and not
very conpati bl e mni accurately controlIlng,the,dlrectlon of magneti zation
h

of a strip poPtFbnt okl &nal Feoburmensi BrgieTheat hvent Pon seeksd toerenedy
t hose drawbasksent® parshcakasrnthemigventtonipreyvi des a nmethod that makes

it possible to nngif% locally the direction of nmm netizat{on f | ayer of
f erronmagneti c nate?ia??n%ﬁﬁc2%?%oﬁ§%?9c%?gfc?%’r%ge?gep?f f%%g?F?¥ in the

absence of ahm&a;é&naltnn@aeabpefteldontrol.tthdin@@hi@mnofhus provi des a
method b mogllytng.Lheodi seclipn, ol [RonetigaiLon of an upper |ayer

conprising a ferromagnetic nater . 3( accordance  with the nethod of the
i nvention: &yt el apperreayer sl pl beed aboveral ¥ onePagayerct hat is
not nmagneticaléyqdcouphedyWisnghe Hppeerlayesiitheshones hayer.conprising a

material suitable for acting or not_acting, depending on whether the
t enper at ure %?e%%%ﬁfdt?%t%¥$% aCFsOB?%%%%S ?h%%'o?ng%sl?h%ﬁe%e?E?e%hold

certain amount of inertia. In addition, the method
15 requires magnetic fields to be applied of ever greater
intensity as the size of the magnetic items decreases,
thus leading to the use of a coil that is large in size,
and not very compatible with accurately controlling the
directicn of magnetization of a strip portion of small
20 dimensions.

The invention seeks to remedy those drawbacks.

In particular, the invention provides a method that
makes it possible to modify leocally the direction of
magnetization of a layer cof ferromagnetic material, and

25 in particular to reverse it locally, in the absence of an
external magnetic field,.

The invention thus provides a methed of modifying
the direction of magnetization of an upper laver
comprising a ferromagnetlc material,

30 In accordance with the method of the invention:

aj the upper layer is placed above a lower laver
that is not magnetically coupled with the upper laver,
the lower layer comprising a material suitable for acting
or not acting, depending on whether the temperature of

35 said material is greater than or less than a threshold
value, to produce a radiated magnetic field suitable for

modifying the direction of magnetization of the upper



val ue, to produce a radiated magnetic field suitable for nodifying the
direction of magnetization of the upper 2 layer, the magnetic field
radiated by the material of the |ower |ayer being greater than the coercive
field of the ferromagnetic material of the upper |layer. The nmethod further
conprises: 5b) a step consisting in causing the tenperature of the | ower

| ayer to pass froma first value_in_which the directions of nagnetization

of the upper ‘f&§ér and %Fg?ﬁEl?oﬁé?l@aﬁégiﬁP%dl?yatg?a%?EeFé?étP§ethe
configurati ohcand Laywhi chithegnateerathafi the towecilayetcdeessnoheproduce

a 10rad'atedFQ?ggﬁﬁgﬁeé'SIQaFEPq§158§OQQeva|§§r'Pa“QiCh the material of the

| oner | ayer produces a rad raghet ¢ fie suf'fable for nodi fyi ng the
direction of nagnéb?z@@tbﬂdofurhéenppemptayeﬁ in irreversible manner; and

15c) a step COHSI§;IggstQPCéy§gﬂgttns RE”@§U9EH5et9% Eﬁﬁpé9£@uréa¥?f to
pass fromthe second value to a th val ue I n material of the

| ower | ayer HoBsIABE:prddetetd P%ﬁ?aféﬁmnﬁgﬁé¥ﬁé F#évd. 1mheht efpékat ure

vari ati on stepseb}iand @i ma@n@@p@éE@@ﬂeanth@ouﬁp@pphyy@g anqexterpal
magneti c fleld ower | aye er are "no

u a
magneti cal |y %%%5I%ﬁyanafﬁelﬂe%n? ﬁbﬁ? fﬁLaFhvgn??BﬁlgPrﬁtl?ﬂeaﬂﬁghﬁt|c
coupling betmbenhthbelmm&eriayeofanﬂethewappbayéayeoessnmeahreﬂoughafor t he

direct ! ons of 2bIROReLIALLOD Blc1he LBPST.Laver ond.of kha,laner, Laver
initially to be in a abl @ Fel ative &6n Uratton an emto be
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second tenpef@éy&esﬂﬁ{gﬁleth@rnﬁégiféingftﬁ@ed§9é9w@6nl@Yer produces a

radi ated magnetic field suitable
magnetization of Lhe upper layer in irreversible manner;

and
15 c) a step consisting in causing the temperature of
the lower layer to pass from the second value to a third
value in which the material of the lower layer does not
produce a radiated magnetic field.
The temperature variation steps b} and ¢) are
20 performed without applying an external magnetic field.
The lower laver and the upper layer are "not
magnetically coupled” in the meaning of the invention,
i.e. the magnetic coupling between the lower layer and
the upper layer is weak enough for the directions of
25 magnetization of the upper layer and of the lower layer
initially to be in a first stable relative configuration
and for them to be in a second stable relative
configuration at the end of the method.
At the second temperature value, the material of the
30 lower layer produces a radiated magnetic field suitable
for modifying the direction of magnetization of the upper
layer in "irreversible" manner. This term is used to
mean that during the temperature variation of step <),
the modificaticon to the direction of magnetization in the
35 upper layer is conserved in stable manner. Thus, a new
stable configuration is obtained for the relative

magnetic alignment of the lower and upper layers.



for nodifying the direction of nmagnetization of the upper layer in
"irreversible" manner. This termis used to nean that during the
tenperature variation of step c), the nodification to the direction of
magneti zation in the 35upper |ayer is conserved in stable manner. Thus, a
new stabl e configuration is obtained for the relative magnetic alignnment of

the | ower and upper layers. 3 The net hod makes use of the ability of
the material of tﬁéel@é@%OPaW@FeFouﬁ?oagcbh% ?%Hygf%doﬁaba%tWEL?FéPH above
or bel ow a threshel dotvenperatureo btotiscthusrposstbliemtonsodefyithe

di rection of _ neti.zation of _th er | r_by varyjng_t erature.
Typi cal |y, t%ggggté%ig%hgy %h%ﬁf%&gggﬁaygwsggaE%%%bleygfgbrgdléing a
radi at ed maghneskcbitebd souilt &bl eheodinedifghngfthegdérectibnnobf the

I gher 10t han et b ethor B Vel Thee e E = Re P empor at ur e of the Lover
layer is |ower thanPtRaltnrebhsl @avaruel Pf F&epbsyebl é2¥drsiabilize at

| east Itwo nagﬁlp&bsaeabifgpia@@ﬁc@@@fhgﬂagih@@% h@@m&@%t bﬁeh@vvﬁﬁitabs% and the
upper layer. 151 n an_i npl enentation, . dependi ng on. whet her e tenperature
of 'the mater[al BPOL A& Twbr] ayBretAOT oier "ERGR bF b GheP t iR ACPREeshol d
val ue, the | vweer|ayen hhay peesenttarandfosmidtnucturelt hathighentirely

ferromagpetienoh 2 0ORzURLIANPL SHEUCt KL g, CONPI LSL G- A, 20RL L patipn of
zones that are ferronagnetic and non- ferfomagnetic. Tt s the preésence of
non-ferronmaghetf€ 2ares ihatogiveshpinseheothreadpatedatiel dibeing produced

by the ferropsgnebis zones.bromihgr! ougsy | aysrpkowards LhegZnaupper |ayer,

t her eby cau3|ng.;he modi fication to the direction of magnetization of the
upper Iayer.co figurations between the lower layer and the upper

layer.

15 In an implementation, depending on whether the
temperature of the material of the lower layer is lower
than or higher than a thresheld value, the lower layer
may present a uniform structure that is entirely
ferromagnetic or & non-uniform structure comprising an

20 alternation of zones that are ferromagnetic and non-
ferromagnetic.

It is the presence of non-ferromagnetic zones that
gives rise to a radiated field being produced by the
ferromagnetic zones from the lower layer towards the

25 upper layer, thereby causing the modification to the
direction of magnetization of the upper lavyer.

In particular, the material of the lower layer may
present a uniform structure when the temperature ¢f the
material is lower than a threshold temperature, and it

30 may present a non-uniform structure when the temperature
of the material is higher than a threshold temperature.

By way of example, the lower layer may be a layer of
MnAs formed by epitaxy on a Gahs substrate, in particular

a substrate having the GaAs(001) structure.

[N
[

It is alsc possible to envisage that the non-uniform
structure of the lower layer is obtained by implanting

ions in the lower layer, e.g. by implanting rare gas



In particular, the material of the |lower |ayer may present a uniform
structure when the tenperature of the material is |lower than a threshold
tenperature, and it 30may present a non-uni form structure when the
tenperature of the material is higher than a threshol d tenperature.

By way of exanple, the lower |ayer nmay be a | ayer of MiAs formed by epitaxy
on a GaAs substrate, in particular a substrate having the GaAs(001)
structure. 35PESis gwgéaﬁbégng%nFOO%ﬁv?§a5€ Wﬁﬁffyhghﬁoﬁuﬁh?forn1structure
of the IOmertbﬁyeEatﬁr@bbalﬂEé bypi aptant Eogel onshienctheel ewepelayere e. g.

by inplantin ons., I nplantjng, ions_serves to nodi the Curie
Camperatur e o CRE PRBPSAZEH-SoRe e  turlett Chper aknr OPETt RESt enper at ur e
beyond mhlchsaonaﬁeepab lhegestitstspont ahébas maghenhitzatoon. tABt épwer

| mpl ant agi ony ,t,he kQ“@Ea?E@ E:%édcngrgﬁtgﬁté?HaPXOS” g'%s&ga&agﬂe

ferromagnetic zones aV|ng rie eratures Ti espectlve? The
t hreshol d t eApBrat (RELNE SEFeet e8MPBrREBrBEt WeeATi TandeTResb188 Vo have an

al ternation @Eefen&@gﬁgm@tt@mé@ﬂgﬁu@@dlBogeﬁgbt@aagaeﬁu@ zenpsenl@The | ower
| ayer that may ﬁ subjected o such i nglantatlon g for exanple be a
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| ayer of FePdld &lSONFNhtOFE@ﬁe or g FOg™ BY Way*r d@?ﬁﬁﬁFe t he

upper | ayer nayebeaadlayepfetlomdgneEec Mbpe€o, or of a ferromagnetic all oy
including at 15l eagt ong.of Lhese §LENRAL S, et 8-PERMRL! QY Al Loy (N Fe).
implantation may for example be a layer of FePd, FeNi,
NiMn, FeGa, or FePt alloy.

By way of example, the upper layer may be a layer of

Fe, Ni, Cg, or of a ferromagnetic allcey incliuding at
15 least one of these elements, e.g. a permalloy alloy
(NiFe} .

In order te encourage non-magnetic coupling ketween
the lower laver and the upper layer, a layer of non~
ferromagnetic material may be arranged between the lower

20 layer and the upper layer. It should be noted that when
use is made of a layer of MnAs formed by epitaxy on a
GaAs substrate, then a very fine layer of interface alloy
is observed to be formed, thereby serving to limit
coupling bhetween the lower layer and the upper laver,

25 without it being necessary to place an additional layer
betwesen the lower laver and the upper layer.

The magnetic field radiated by fthe material of the
lower laver 1s greater than the coercive field of the
fTerromagnetic material of the upper laver, so as Lo

30 facilitate modifying the direction c¢f magnetization of
the upper laver.

Other characteristics and advantages of the present
invention appear more clearly on reading the following
description given by way of non-limiting illustrative

35 example and made with reference to the accompanying

drawings, in which:



In order to encourage non-nagnetic coupling between the | ower |ayer and the
upper layer, a layer of non-ferromagnetic material may be arranged between
the | ower 20l ayer and the upper layer. It. should be noted that when use is
made of a |layer of MiAs fornmed by epitax? on a GaAs substrate, then a very
fine layer of interface alloy is observed to be fornmed, thereby serving to
limt coupling between the |ower |ayer and_.the upper lLayer, 25w thout it
bei ng necessary to plrdt&€an addft o gFaWaQErabg?§g%ﬁ Fﬂg FBRer"FayérJand

t he upper | ayee. mdheodugriethe thekdttad;ated by the material of the |ower

| ayer is greater than_t oercive fie of .the ferr eti,c_material of
t he upper | ayer, sogggng goﬁgc?lg?g?gh%%dP%éPnal Hegg?ggth%HlSF'
magneti zati on of thE&idpper 3l ayes. fragmenOphgr vehar aét ehisteérscandhile

advant ages ofcthe-presephi A¥EAL;ON appear nore clearly on reading the
foll owi ng description given bg way of non-limting illustrative 35exanple

and made with reférEngB ed fheCatcdrpafdyragotFadfngs® A which: 5 Figure

1 is a diagramietsaadevhgerhermbopbementitng the nethod of the invention;
Figure 2 is a detaiked 9Ia9 view of the de iggre 3is a
v 8 . g O

; ram o¥ige§artic lar dev'F
fragmentary view of " tHE devi cé @hi'fd% . ShLcuLar e
implementing the method of the invention.

10 As shown in Figure 1, the device 1 comprises an
upper layer 2 of ferromagnetic material placed on a lower
layer 2 of ferromagnetilc material, itself placed on a
substrate 4. The matrix constituted by the upper and
lower layers 2 and 3 together with the substrate 4 may be

15 in the form of a disk.

The device 1 also includes a heater element 5 and a
magnetic read head 6.

The heater element 5 locally heats the lower layer
3. Local heating serves to modify locally the structure

20 of the matrix, thereby giving rise to radiated bipolar
magnetic fields being formed, also referred to as leakage
flux, within the upper layer 2. The direction of
magnetization of the upper laver 2 is locally modified,
by being reversed in the example shown in Figure 1, in a

25 zone 7 that is heated by the heater element 5, as shown

in Figure 2. The temperature of the matrix is then
lowered to its initial value. The new magnetic alignment
1s stable. The read head 6 monitors the local magnetic

state in the upper laver 2.

30 An example of the device is shown in greater detail
in Figure 3. The device 1s prepared by molecular beam
epitaxy. An upper layer 2 of Fe having a thickness of
5 nancmeters (nm) is deposited on the top surface of a
lower layer 3 of MnAs having a thickness of 140 nm. The

35 lower layer 3 1s obtained by epitaxial growth on a
subgstrate 4 of GaAs (001} .



Sperform ng the nethod; Figures 4 to 6 are diagrans of use in
under standi ng the nethod; and Figure 7 is a diagramof a particul ar device
for inplenmenting the nmethod of the invention. 10As shown in Figure 1, the
device 1 conprises an upper layer 2 of ferromagnetic material placed on a

| ower | ayer 3 of ferromagnetic material, itself pl aced on a substrate 4.
The matrix constituted by the upper and | ower xers|2 and 3 together with
the substrate 4 niy”BeP?5FR°ERE 989916Pm838F§R11 y Withgege¢reavetarso

i ncludes a heabemrekeaeahdSWamd azqag@pﬂthbeadlla@adoﬁw at ambhenheat er

| 5 | he | | _heati . di f
Cocally the EPUREOrB:300f CEROLARET 4LVt Ml By GPUFRG Py So PO Pabiated

bi pol ar nagnMﬁRs/EaéBdsrbeEngSfQrﬁedf alrgennetdr sediposasukbeakageithux,
within tBe uppeE La gﬁg - 'Eﬁnﬁsd%ec?%hgga@fti@gﬂsgbéag}qan ofs,hhenpupper | ayer

2 is locally no el ng revers in the exa hown in Figure 1
in a 25zone ?efﬁama9§@ﬁé§t§665?8theTﬁ@aP@ﬁl@ﬂeﬁénﬁh5Sea§t§h§ﬁn ineFi gure 2.

The tenperatune efimt Be ABEIiXaks bhepy Q\A@ﬁ@@! bQukt $nknithah wal ye. The new
nmagneti c allgnnent is stable. The read 6 nnnltors the | ocal magnetic

state in thePupper Payer ?5 @@hﬁr@kﬁﬁﬁlgythFhE devieasi 8- shBGnirKegr eat er
detail in Fi guoé Bnathe dewi perisdptepanedthy-malecukbansheam epi taxy. An

upper | ayer hayi h ness .of _5 na er 03|ted on
t he top%éurfgggtoﬁgn ?¥ @nggkekﬁg o%gﬁhAs ﬁgV|gn%B ?%Pégggéggog %
The 35I| ower Fé?eth30kse©btaﬁnéd@bya€pwtéxpélMgﬁ@mﬁh on a substrate 4 of

GaAs (001). 6 In the temperature range 13°C to 40°C, within which
the o-MnAs and (-MnAs phases coexist, the width of the
f-MnAs strip increases with increasing temperature,

15 There exists a difference in height between the o-MnAs
phases (which appear in the form of ridges) and the
f~MnAs phases, which appear in the form of furrows
between the o-MnAs phases. The difference in height
between the o-MnAs and -MnAs phases is of the order of

20 % of the thickness of the layer of MnAs, i.e. only a few
nm. The magnetic field radiated by the lower layer 3
orients the magnetization of the upper layer 2 of Fe.

The radiliated magnetic field {(in milliteslias (mT))
produced in the upper layer 2 1s shown in the upper

25 porticn of Figure 3.

In order to encourage control over the direction of
magnetizatiocn of the layer 2 of Fe, it is possible to
reduce the coercive field of the layer 2 of ¥Fe, e.g. by
using an allcy having a weaker coercive field, such as

30 for example an FeNi alloy or an FeNiB alloy,

Thus, the configuration in which the magnetization
in the upper layer 2 of Fe and the magnetization in the
lower layer 3 of MnAs have the same direction at low
temperature is modified in the presence of furrows of

35 B~MnAs, without it being necessary to apply an external
magnetic field.



MhAs possesses good conpatibility with sem conductor substrates and with

hi gh-spin pol ari zation. At anbient tenperature, nore precisely in the range
13C to 40C, MiAs/ GaAs presents a self-orgpnized strip structure with
5alternating a- MhAs ferronmagneti c phases ‘and P- MnAs non- ferromagnetic
phases. The period of these strips, i.e. the sumof the width of an a-MiAs

plus the width of _a P-NhAs4stri§,is determ ned bé the thickness of the
| ayer 3 of MAs. ThE8UYperiodSi & SuBSFaRt PAPIy"8onsEalift9a8 426 GRcPion of
t enperature ahd uspequakyte abautffiue tbres theecthieknessnatitheolkayer 3

of MAs. ) e tenp ture range, 1 .0 _40C, w.thin ich the a-MAs
and P vhas phssbe el Sk ber S Re REAFR ot PERE B nAS SUFI BoTRCPeddes i th
i ncreasi ng t erperdedr 8y X5Ther ecexiisng aadihttérencetinrhepghkRiEEt ween t he

a- MAs pRasegs(whi eh-appaan yi-aothe; hapmkot 5t kdges) and,the - Mads phases,
whi ch appear in the formof furrows between”the a-VhAS phasés. The
di fference i ATREPGhENBEEVEER thHe HINKASSAENPIRRAS 2pRESeSPseorCERE or der

of 202% of thelthi gknessoef tbhenkayer2of -MaBsantee.(adBLy aofiewynm thhe

magnetic field ragiatedf?¥ %he Iom&r Iﬁéer.B orients thﬁ n%ﬁnetization of

the upper |ayer<2-8f E&’*The*raditAtEU magneti ESFFeldVEi i°mFFitesl as (i)

produced i n thgnappertliayerf2ths Shéwnlbgetherupperh25per tkerrof Figure 3.

I'n ordegyto %@Epgéﬁg@eﬁg“trﬁ£t8v§é §B§19hE88t&8“a9EoB?99§&'Zat'on of the
e, It is po [

| ayer 2 of Fe, it )ssi bl'e To reduce the coercive freld of the layer 2
of Fe, e.g. Bynsbragadncal| 6pehatiray aeweakerieoéedi vethpepbdaldwchoas 30f or

exanpl e an Fehe akkeysobnapibaM B ahko¥ngie or JRususthe ¢ankiguration in
whioh the magnetizafion i the upper Laver 2 of Fe and thepmgnetization in
t he k g
device in order to control temperature cover the range
15 -10°C to +80°C, and also with an electromagnet {(up to
1.5 kilo=oersted (kOe) at the sample).

For a given resonance, the asymmetry ratio is
proportional to the magnetic mement of the element. The
magnetic signal (asymmetry ratio) of Fe i1s represented by

20 the curve beginning at the top in Figure 4 and
terminating at the bottom in Figure 4, while the magnetic
gignal (asymmetry ratio) of MnAs i1s represented by the
substantially herizontal curve situated in the middle of
Figure 4. After applying a 1 kOe magnetic pulse at 8°C,

25 the temperature of the sample is taken from 8°C to 18°C
(solid squares) and then from 18°C to 8°C (hollow
squares), without applying a magnetic fisld.

Figure 5 shows the hysteresis cycles of Fe and MnAs
at 8°C, representing the magnetization of Fe and of MnAs

30 as a function of the applied magnetic field. The
magnetic pulse prepares the initial state of the thermal
cycle with a direction of magnetization that is identical
for the Fe layer and for the MnAs layer. It should be
observed that the coupling between the two lavers is

35 weak, since the coercive fields of the two lavers are

very different.



| ower. | ayer 3 of MiAs have the sane direction at |ow tenperature is

nodi fied in the presence of furrows of 35P-MAs, without it being necessary
to apply an external nagnetic field. 7 g Figure 4 is a diagram show ng
t he magneti zati on of the upper layer and of the |ower |ayer as a function
of tenperature. The magnetic behavior of the sanple is observed by X-ray

resonant nagnetic_sc tterln% 5u5|ng circularly-pol arized X-rays. By
adj usting the phot'dheR&f§y =t etﬁécﬁhmﬁﬁe SonaHtee( dbolite6uBEPECt r on
volts (eV)) bectiast he EéeZpltesanamdentabawtdze@ceybn blie specul ar

refl ective | Lensity is sensitive Lo ahe umanst kzation gf.tho Whas layer or

of the Fe la respectively. "Da i'n~a | an
configuratiowhonhéhgttempbéﬁhgr@rﬂentedsesth@g@nabgyet@?aheod|bﬁushen

pl ane. The a@gl§a9Erdkghg§hgn¢b58%§ht591}9 czh%téa@phﬁtg%r&h@fplﬁnAs

integrated with a"Peltier device in order“to control erature over the
range 15- 10CPP65%806€Ereand éFséb@thlénceleghﬁénﬁénépnéaﬁmﬁé Py5

ki | o- oer st edobk@ey iaty the Saﬁﬁb@lon in thEOB-AngkVeRntiesgnange, mhhe
asymmetry ratio_i nmonent _of the elenent. The

r portl to the magnet
magneti ¢ si gAal (iggﬁﬁéPPy ?a?QQ?QSFtﬁéer aPeBEQ@@n#Qde§U§6tﬁe cdfive
begi nni ng at thhertopei A3FCgunel14° andthermﬁgabmmgaahohhefbmhboHE|n Fi gure 4,

uhile the monetlo stonal, basyaunl tyoatlol of MnAg.ig.r epresented by the

substantlally horizont a e situated I'n ar € Af ter
appl yi ng a 1zk@esmagnbriierpupse a@dBCﬁHQBQhetpeﬁp@EaEM6@ 6f the sanple is

taken from 8C,ta,18G;(sal hdasayareshnand Eh@ndﬁ&ggklgﬁ te 8C (hol | ow
squares), w thout applying a magnetic field gure 5 shows the

hysteresis c{ePegtofafecind KRS at'h8e, tP@pF@@@ﬁF@ﬁ@f?hégnagnet|zatlon of
Fe and of MiAsbseguently taken down to the initial value of 8°C, the

15 magnetization of the Fe layer remains in the direction
opposite to that of the MnAs layer, even though the
temperature is identical to what it was at the beginning
of the method and the method has been performed with zero
applied magnetic field.

20 Thus, a small adjustment of the MnAs/Gals
microstructure by temperature control enables the
magnetization direction of the Fe layer to be reversed
completely without applying a magnetic field. The
reversal of magnetization may be obtained locally by

25 using focused-laser radiation. Thus, a structural
variation equivalent to a temperature rise of 5°C can be
obtained by irradiaticn with a laser pulse. By way of

example, 1t 1s possible to use laser pulses at a

wavelength A=40C nm, having a duration of 10°!° seconds
30 (s}, and with each pulse presenting an energy density of
about 100 microjoules per sguare millimeter (WJ/mm?). The

structural variaticn takes place on a time scale of about
10 s,
Figure 7 shows a particular application of the
35 method of the invention, referred to as a "temperature
indicator". A plurality of assemblies A, B, and C, each

constituted by an upper layer 2 of Fe and a lower layer 3



30as a function of the applied magnetic field. The magnetic pul se prepares
the initial state of the thernmal cycle with a direction of nagnetization
that is identical for the Fe | ayer and f&% the MhAs layer. It should be
observed that the coupling between the t | ayers is 35weak, since the
coercive fields of the two |ayers are very different. 8 Wth
reference once nore to Figure 4, the nmethod begins at 8C with an |dent|cal
direction of °haghéfi zafi o %SFSFbFHeaPQVFay@FeaH aFGF PRe®MABSSIFAFER. Bwhen

t he tenperatusengnaraasesLvae1ﬂagﬁetezabmomnot thewbkecl. gyesuraming
substanti al | nstant .until ha pears.at 3C. This is
confirnmed bygo ge?vﬁn% g u&%rPEthﬁ ?% Fh %Eeﬁﬁ §t %go |£g€he%NhAs as a
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variation equivalent to a tenperature rise of 5C can be obtai ned by
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and in that the method comprises:
b) a step consisting in causing the temperature of
the lower layer (3) to pass from a first value in which
the directions of magnetization of the upper layer {2)
20 and of the lower layer (3) are in a stable relative
configuration and in which the material of the lower
layer (3) does not produce a radiated magnetic field, to
a second value in which the material of the lower layer
(3} produces a radiated magnetic field suiltable for
25 modifying the direction of magnetization of the upper
layer (2} 1n irreversible manner; and
¢y a step consisting in causing the temperature of
the lower layer (3) to pass from the second value to a
third value in which the material of the lower layer (3)
30 does not produce a radiated magnetic field;
the temperature variation steps b) and c¢) being

performed without applying an external magnetic field.

2. A method according to claim 1, characterized in that
35 the material of the lower layer (3) 1is capable of
producing a radiated magnetic field suitable for

modifying the direction of magnetizaticn of the upper



1. A nethod of nodifying the direction of nagnetization of an upper |ayer
(2) conmprising a ferromagnetic material, the nmethod being characterized by:
5a) placing the upper layer (2) above a lower layer (3) that is not
magnetically coupled with the upper layer (2), the lower |ayer (3)
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non-uniform structure when the temperature of the

material is higher than a threshold temperature.

5. A method according to claim 4, characterized in that
20 the lower layer (2) is a layver of MnAs formed by epitaxy

on a GaAs substrate.

5. A method according to claim 3, characterized in that
the non-uniform structure of the lower layer (3) is

25 obtained by implanting lons in the lower layer (3).

7. A method according to claim 6, characterized in that
the lower laver (3} is a layer of FePd, FeNi, NiMn, Fela,

or FebPt alloy.

30
8. A method according to any one of claims 1 to 7,
characterized in that the upper layer {(2) is a layer of
Fe, Ni, Cec, or of a ferromagnetic alloy incliuding at
least one of those elements,

35

9. A method according to any one of claims 1 to 8,

characterized in that a laver of non-ferromagnetic



11 layer (2) when the tenperature of said material is higher than a
threshold value. 3. A nethod according to claim1l, characterized in that,
5dependi ng on whet her the tenperature of Bhe material of the |ower |ayer
(3) is lower than or higher than a thres%old val ue, the |lower |ayer (3)
presents a uniformstructure that is entirely ferromagnetic or a

non-uni form structure.conprisin n._alternation of zones that are
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uni form structure when the tenperature of the material is |ower 15than a
threshold tenperature, and in that it presents a non-uniformstructure when
the tenperature of the material is higher than a threshold tenperature.

5. A nmethod according to claim4, characterized in that 20the |ower |ayer
(3) is a layer of MiAs formed by epitaxy on a GaAs substrate. 6. A
nmet hod according to claim3, characterized in that the non-uniform
structure of the lower layer (3) is 25obtained by inplanting ions in the

| ower layer (3). 7. A nethod according to claim®6, characterized in that
the lower layer (3) is a layer of FePd, FeNi, N M, FeGa, or FePt alloy.
8. A nethod according to any one of clains 1 to 7, characterized in that

t he upper layer (2) is a layer of Fe, Ni, Co, or of a ferronmagnetic all oy
including at | east one of those elenents. 12 material is arranged between
the |l ower |ayer (3) and the upper |ayer (2).



