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HeTHKOM (CAD). A6CONIOTHAS YyBCTBUTENIBHOCTh K MAIHUTHOMY IIOJIIO Y MCCIeIOBaHHBIX MaKeToB IIMII-CAD
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Abstract. The results of a study of mock-ups of magnetic field transducers (MFT) based on spin-tunnel magneto-
resistive nanostructures (STMR) with a synthetic antiferromagnet (SAF) are presented. The absolute sensitivity
to the magnetic field of the studied MFT-SAF mock-ups was 217 mV/Oe in the magnetic field range +5 Oe (+0.5 mT)
at a supply voltage of 5V.
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BBE/JLEHUE
Psifi coBpeMeHHBIX HAay4YHO-TeXHHUYECKHUX 3ajau
CJIOKHO peIInTh 6e3 mpruMeHeHU s BbICOKOUYBCTBH-
Te/lbHBIX IIpeobpa3oBaTesiell MAaTHUTHOIO 104
(ITMII). OnHUMU U3 Haubosee IepPCIIeKTUBHBIX KOH-
CTPYKTHUBHBIX pPellleHUH [/ Ipeobpa3oBaHUs CIa-
OBIX MAarHUTHBIX I10JIel B 31eKTPUYeCKUI CUTHAI
SIBJISIIOTCSI CIMH-TYHHe/IbHble MATHUTOPE3UCTHBHBIE
(CTMP) HaHOCTPYKTYpbl. B CTMP HaHOCTPYKTypax
HM3MeHeHHe COIPOTHUB/IeHHUS IPOHUCXOIUT B pe3ysib-
TaTe TYHHe/JIMPOBAHUS 3/IeKTPOHOB IIPU IapaJijeb-
HOM M aHTHIIapa/lIeIbHOM MarHUTHOM KOHQUTIYpa-
UUU GepPOMATHUTHBIX CJI0€B, IIPKU 3TOM MarHUTO-
Pe3UCTUBHBIN 3 PeKT MoKeT ITpeBbImaTh 200% [1].
Mar"HuTHBIH TYHHeJNBHBIHN Iepexon (MTII), Kak
IIPaBUJIO, COCTOUT U3 ABYX pepPPOMArHUTHBIX IIjIe-
HOK (cmiaBsl Fe, Ni, Co), Me>XKAy KOTOPBIMH pPacIio-
noxeH baprepHBIH cor (MgO, Al,O;), mpuveM ogHa
13 QeppOMArHUTHBIX IIJIEHOK CBS3aHa C aHTUep-
POMarHUTHBIM CJI0EM (IrMn, PtMn, FeMn) nocpen-
CTBOM OOMEHHOM CBSI3W M Ha3bIBaeTCs "GUKCHUPO-
BaHHBIM" c10eM. HaMarHH4YeHHOCTb BTOPOH dep-
POMArHUTHOM IJIeHKH U3MeHseTCS B MaJIblX Mar-
HUTHBIX II0/ISIX, JAHHBIN CJION IOJY4YHJ Ha3BaHHUe
"cBobomHBIN". B CTMP-HaHOCTPYKTypaX Ha OCHOBe
aMopdHOM 1eHKH Al,O; TYHHe/IHpoBaHHe 37IeKTPO-
HOB HeKOTepeHTHOe, B pe3y/bTaTe 3TOr0 MarHUTO-
pe3uCTUBHBIN 3 deKT cocTaBnseT He bonee 70% [2].
Crpykrypa CoFeB / MgO / CoFeB B MTII obecneuu-
BaeT KOTepeHTHOe TyHHe/lHpPOBaHUe 3J1eKTPOHOB
yepes COIrJaCcoBaHHYIO CTPYKTYPY KPUCTAIMUECKHX
CJIOeB, MOBBIIIASL TEM CAMBIM MAaTHUTOPe3HUCTHUBHBII
3 derT m0 600% [3].

3ameHa B MTII UKCHPOBAHHOTIO CJI04 Ha CHUH-
TeTHYeCKUN aHTHPeppoMmarHeTuk (CA®) criocob-
CTBYeT CHU>KEHHIO MAarHUTOCTATHUYeCKOI0 B3aKMO-
nericTBUSl B CTMP-HaHOCTPYKTypaxX MexXAy GuKcH-
POBaHHBIM U CBO60AHBIM ca0sIMH. CAD, KaK Ipa-
BMJIO, IIpe/CTaBIeH AByMs GeppPOMarHUTHBIMU
C/IOSIMH, pPa3fe/leHHbBMU HeMaTHUTHOM IJIEHKOM
(Ru, Cu, Ag) 1 CBI3aHHBIMH Me3Xy Cob0M KOCBeH-
HOM 0OMeHHOM CBSI3bI0, KOTOPasi KMeeT OCLIHJIIH-
pytomui BuA. CAQ-cTpyKTypa HMeeT 3aMKHYTYIO
MarHUMTHYI0 KOHQUIYypallMI0 U KOHIeHTPUPYeT
MarHHUTHOe 1ojie Ha GUKCHUPOBAHHOM CJIoe, MUHU-
MH3HUPYSI €T0 BO3/IeHICTBHe Ha CBOOOJHBIN CIIOM.

INTRODUCTION

A number of modern scientific and technical tasks
are difficult to solve without the use of highly sen-
sitive magnetic field transducers (MFTs). One
of the most promising design solutions for con-
verting weak magnetic fields into an electrical sig-
nal are spin-tunnel magnetoresistive (STMR) nano-
structures. In STMR nanostructures, the change
in resistance results from electron tunnelling in
parallel and antiparallel magnetic configuration
of ferromagnetic layers, and the magnetoresistive
effect can exceed 200% [1]. Magnetic tunnelling junc-
tions (MTJ) usually consists of two ferromagnetic
layers (Fe, Ni, Co alloys) with a barrier layer (MgO,
Al,0;) between them, with one of the ferromagnetic
layers connected to the antiferromagnetic layer
(IrMn, PtMn, FeMn) by exchange coupling and
is called the “fixed” layer. The magnetisation
of the second ferromagnetic layer changes in small
magnetic fields, and this layer is called the “free”
layer. In STMR nanostructures based on amor-
phous Al,O; film, electron tunnelling is incoherent,
resulting in a magnetoresistive effect of less than
70% [2]. The CoFeB / MgO / CoFeB structure in MTJ
provides coherent tunnelling of electrons through
the coordinated structure of crystalline layers, thus
increasing the magnetoresistive effect up to 600%
(3].

The replacement of the fixed layer in MT]J
by a synthetic antiferromagnetic agent (SAF)
contributes to reduction of the magnetostatic
interaction in STMR nanostructures between
the fixed and free layers. SAF is usually represented
by two ferromagnetic layers separated by a non-
magnetic layer (Ru, Cu, Ag) and interconnected
by an indirect exchange coupling, which has
an oscillatory character. The SAF structure has
a closed magnetic configuration and concentrates
the magnetic field on a fixed layer, minimising its
effect on the free layer.

At the same time, the SAF influence on
the crystallisation mechanism of amorphous CoFeB
films as a result of thermomagnetic treatment (TMT)
is known [4]. In two types of structures, with a
fixed CoFe (2.5 nm) / CoFeB (3 nm) layer and with a
fixed layer with SAF CoFe (2.5 nm) / Ru (2.5 nm) /
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BMmecTe c TeM M3BeCTHO BausHUe CA® Ha Mexa-
HM3M KPHUCTa/JI/IM3al UK aMOPQHBIX IJIeHOK CoFeB
B pe3y/IbTaTe TePMOMAarHUTHOM 06paborku (TMO) [4].
B IByX THUIIAX CTPYKTYP, C PUKCUPOBAHHBIM CJIOEM
CoFe (2,5 HM) / CoFeB (3 HM) U ¢ QUKCHPOBAHHBIM
cnoem ¢ CA® CoFe (2,5uM) / Ru (2,5 HM) / CoFeB 3 HM),
YCTaHOBJIEHO, YTO Pa3feluTeNbHbIH c10M Ru B CAD
obecreurBaeT KPUCTA/THU3ALIMIO aMOPOHBIX IIJIEHOK
CoFeB co cTopoHEI bapbepHoro ciost MgO, dopmupys
COIJIACOBAHHYIO KPUCTA/JIMYECKYIO CTPYKTYPY C/I0eB
CoFeB / MgO / CoFeB u 6onee 3¢ pekTHBHOE TyHHe-
JIMpOBaHHE 37IeKTPOHOB, YTO B UTOre IIOJIOSKUTEIbHO
OTpa’kaeTcs Ha OCHOBHBIX MarHUTHBIX IIapaMeTpax
Y UX CTabHUJIBHOCTH.

TakuM o6pa30M, BBegeHUue CA® B coctaB CTMP-
HaHOCTPYKTYPBHI [103BOJISIeT LOOUTHCS pa/ia Iperumy-
IIeCTB I10 C/IeYIOM MM OCHOBHBIM I1apaMeTpaM:

* IIOBBIIIEHHBIHM MaTrHHUTOPe3UCTHUBHBIN 3)PeKT

(Bosmee 50%);

* Majioe CMelleHHe LIeHTpa IIeT/IM TUCTepe3uca OTHO-

CUTe/IbHO HY/IeBOT'0 3HaYeHM I MaTHUTHOTO I10JIS;

* CTabU/IBHOCTh MAaTHUTHBIX IapaMeTPOB I10C/Ie Mar-

HUTHOIO OT>KMIA.

JuamasoH HM3MepseMbIX MAarHHTHBIX IOJIeH
¢ momoinpio IIMII Ha ocHoBe CTMP-HaHOCTPYKTYP
COCTaB/IseT OT HeCKOIBKUX IeCSTKOB ITHKoTecsna (i)
10 HeCKOJIBKUX OecaTKOB MuiuTtecia (mTi) [5-7]. OTo
OAMH M3 CAMBIX OOBIINX AUHAMUYECKUX JHaIla30-
HOB PaboTh! y U3BecTHBIX [IMII, KOTOpbIe MOT'YT OBITH
KM3TOTOBJICHEI C MCII0/Ib30BAHKEeM TexHoJorTuu MMC.

[IMII-CA® HaxonsaT 3¢ deKTHBHOE IPUMeHeHHe
B CHCTeMaX KOHTPOJIA [epeMellleHHs U BpalleHUs
06beKTOB, KOHTPOJIS 3/IeKTPHUUECKOr0 ToKa, 0OHapy-
>KeHH . GeppOMarHUTHBIX 06beKTOB 1 CTPYKTYPHBIX
nedeKToB GeppOMarHUTHBIX MaTepHUaJIoB, IIOACYEeTa
MarHUTHBIX MHUKPO- U HAaHOYACTHUIL B OHonIoruye-
CKOM aHaJIH3e MaTepHasa, B yCTPOMCTBAX XPaHeHHUS
MHPOPMaLMK C OTPAHHYEHHBIM SHepreTU4ecKUM
pecypcom.

[IpyHHMMas BO BHUMaHUe npeuMyinecrsa CTMP-
HaHOCTPYKTyp ¢ CAD, pa3paboTka Ha UX OCHOBe
HOBBIX KOHCTPYKTHBHO-TeXHOJIOTHYeCKHX pelle-
HHUU B 00/1aCTH CO3MAHUS BBICOKOUYBCTBUTEIBHBIX
npeobpasoBaTesiell MAaTHUTHOIO IO/l SIBJASIETCS
aKTYyaJIbHBIM U IepPCIeKTUBHBIM HallpaBjeHHEM
KCC/IeIOBAHM .

KCMEPUMEHTAJIbHASA YACTD

KocBeHHOe 0OMeHHOe B3aUMOJIeCTBHE MeXIy dep-
pomarHeTukaMu B CA® HOCUT OCLHJIIMPYOUIUH
xapakrTep [8], Ipu 3TOM IlepBbIM aHTUDEPPOMATHUT-
HBIM MaKCUMYM obazaeT HauboblIel SHepruen,
B pe3y/bTaTe Yero rnepeMarHu4uBaHUe GUKCUPO-
BaHHOTO CJIOSI IPOMCXOAUT IPU OOJIBIIMX MAarHUT-
HBIX [10714X. COCTaB U TONIIUHBI IIJIEHOK, BXOASIIHUX
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CoFeB (3 nm), it was found that the separating Ru
layer in SAF provides crystallisation of amorphous
CoFeB films from the side of the MgO barrier layer,
forming a coordinated crystal structure of CoFeB /
MgO / CoFeB layers and more efficient tunnelling
of electrons, which ultimately has a positive
effect on the main magnetic parameters and their
stability.

Thus, the incorporation of SAF into the STMR
nanostructure enables a number of advantages in
the following main parameters:

+ increased magnetoresistive effect (more than 50%);

+ small displacement of the centre of the hysteresis
loop relative to the zero value of the magnetic field;

« stability of magnetic parameters after magnetic
annealing.

The range of measured magnetic fields using
STMR-based on MFTs nanostructures is from a few
tens of picotesla (pT) to a few tens of millitesla (mT)
[5-7]. This is one of the largest dynamic operating
ranges of known MFTs that can be fabricated using
IC technology.

MFTs-SAF find effective application in
systems of control of movement and rotation
of objects, control of electric current, detection
of ferromagnetic objects and structural defects
of ferromagnetic materials, counting of magnetic
micro- and nanoparticles in biological material
analysis, in information storage devices
with limited energy resource.

Taking into account the advantages of STMR
nanostructures with SAF, the new design and
technological solutions development on their basis
in the field of creating highly sensitive magnetic
field transducers is an actual and promising
direction of research.

EXPERIMENTS

The indirect exchange interaction between fer-
romagnets in SAF has an oscillatory charac-
ter [8], with the first antiferromagnetic maxi-
mum having the highest energy, resulting in
the remagnetisation of the fixed layer at high
magnetic fields. The composition and thicknesses
of the films comprising the STMR nanostructure
Ta / CoFe / CoFeB / MgO / CoFeB / Ru (8 A) / CoFe /
IrMn / Ta were selected in such a way as to ensure
antiferromagnetic interaction of ferromagnetic lay-
ers in SAF and the minimum coercivity of the free
layer. The sketch of the structure and its remagneti-
sation loop are presented in Fig.1.

The free layer remagnetisation loop
shown in Fig.lb was obtained using
a MESA-200 magnetic measurement system (Shb
Instruments, USA). The remagnetisation loop
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B coctaB CTMP-HaHOCTpyKTYyphl Ta / CoFe / CoFeB /
MgO / CoFeB / Ru (8 A) / CoFe / IrMn / Ta, mon6upa-
JIMCh TAKKUM 06pa3om, 4To66I obecrieduTs aHTHUDEP-
POMarHMUTHOe B3aUMO/JelCTBHe GeppOMarHUTHBIX
cnoeB B CA® ¥ MUHUMAJIbHY0 KOSPLUTUBHYIO CHUILY
cB060JHOrO C/0g. DCKHU3 CTPYKTYPHL U ee MeTnd
[epeMarHMYMBaHU A IIpeICTaB/IeHbl Ha pHUC.1.

[IpemcTaBiaeHHast Ha puc.lb meTns mepemar-
HUYMUBAHUS CBOOOMHOrO Cj0s IOAy4deHA NPHU
MOMOIIYM MAarHUTHOHN H3MepHUTeJIbHON CHUCTEMBI
MESA-200 (Shb Instruments, CIIA). IleTns mepe-
MaTrHUYHMBaHHS QUKCUPOBAHHOIO CJI0S He II0Ka-
3aHa Ha JAHHOM PHCYHKe, TaK KaK U3MepUTe/bHas
cucteMa MESA-200 nMeeT oTpaHHUYEeHHBIN AHalla-
30H U3MepeHHU (1000 3), B TO BpeMsi KaKk s Ilepe-
MarHu4yuBaHusg CA® ¢ TONIMHON HEMAarHUTHOIO
€105, COOTBeTCTBYIOIlel IIepBOMYy aHTHdeppoMar-
HUTHOMY MaKCHMYyMy, He06X0q MO 3alaBaTh Mar-
HUTHOe I107Ie 0T 2 KD U boitee [8].

HOna npuMeHeHus [IMII-CA® B IIMPOKOM TeM-
nepaTypHOM AHala3oHe He0b6X0OAHMMO MUHHUMMU-
3MPOBaTh BAHWSHUE H3MEHEHHS TeMIlepaTyphl
Ha BBIXOJHOU CHUTHan [9]. OBHUM U3 UHCTPYMeH-
TOB AJISI pelIeHUs SAaHHON NpobieMbl sIBIsIeTCS
HCII0/Ib30BaHHe MOCTOBOM CXeMbl YUTCTOHA (pHC.2).
CymecTByeT HeCKOJIbKO BAPUAHTOB MOCTOBBIX CXeM:
C ONHKM aKTHUBHBIM IIJIEYOM, II0JIyMOCTOBAS U I10JI-
Hag MocToBasg cxeMa. C TOYKH 3peHHUS IIpUMe-
HeHUS B [IMII, HaubOABIIME HUHTEpeC IpeaCcTaB-
JseT IOJIHAasg MOCTOBAas CXeMa YUTCTOHA, Ihe Bce
YeTpIpe IJIeda BHOCAT CBOM BKJIaJ, B BBIXOLHOM CHI-
HaJ. B oT/IMYHe OT CXeMBI C ONHKUM aKTHBHBIM IlJIe-
YOM, B IIOJIHOM MOCTOBOM CXeMe IIPU TeMIlepaTyp-
HOM BO3/JIeICTBUM CONPOTHUBJIeHHE YeThlpex ey
HM3MeHSseTCs IIPaKTUYeCKH OJUHAKOBO, IIPU 3TOM
BBIXOJHOU CUTHAJ KMeeT MUHHMAaJIbHOE OTKJIOHe-
HHe OT HYJIeBOIr0 3HaueHH . Bo BHeIIHeM MarHHUT-
HOM I1071e y OAHOH AHAarOHaJIbHOM ITaphl IJIed CXeMBI
COIIPOTHBJIEHHE YBeTUYHNBALTCS, Y APYTOU — yMeHb"
IaeTcs, JAHHBIN AUCcOamaHC IPUBOAUT K IIOSIBIIe-
HUIO CUTHaJIa Ha BBIXOJe MOCTOBOK CXeMBI [9)].

CormacHo [HOaHHBIM, HpPeACTaBJ/JeHHBIM
B pabote [9], A yMeHbIIeHUS Topora obHapysKke-
Hus Kaxpaoe 1jae4do IIMII-CA® fgoa>kHO COCTOATH
3 N MTII. C pyrou CTOpOHBI, C pPOCTOM KOJIMYeCcTBa
CTMP-371eMeHTOB B IIjJieUe YBeJTUUHUBALTCS COIIPO-
THBJIeHHEe MOCTOBOM CXeMBbI, UYTO OTpPaHUYHBaeT
YaCTOTHBIN fuana3oH paboTsl mpeobpa3osarens.
Heob6x04HMMOCTb IPUMEHEHHU S LIeII0YKH I10C/Ie0BA-
TeJIbHO coeguHeHHBIX MTII B Ka>kKg0OM I1jieye MOCTO-
BOM CXeMBI 00ycIaBIMBaeT KOHCTPYKTUBHBIE U TeX-
HoJIOTHYeCcKHe ocobeHHOCTH co3gaHus [IMII-CAD.
BapMaHT KOHCTPYKILIMH II0C/I€[L0BATEIbHO COe M-
HeHHBIX CTMP-371eMeHTOB B BU e 3CKM3a [TOKA3aH
Ha puc.3.

a Ta
IrMn
CoMn
Ru
CoFeB
MgO
CoFeB
CoFe
Ta
b B, HB6 | NWDb 1,5 q
l _r
0,5
0
T T T T
-1000 -500 0 500 1000
-0,5 H,2|Oe
14
_1'5 -

Puc.1. 3cku3z CTMP HaHocmpykmypbl ¢ CA® Ta / CoFe /
CoFeB / MgO / CoFeB / Ru / CoFe / IrMn / Ta (a) u ee nemas
nepemazuuydusarus (b)

Fig.1. STMR sketch of a nanostructure with SAF Ta / CoFe /
CoFeB / MgO / CoFeB / Ru / CoFe / IrMn / Ta (a) and its remag-
netisation loop (b)

of the fixed layer is not shown in this figure
because the MESA-200 measuring system has
a limited measurement range (1000 Oe), while
for the remagnetisation of SAF with the thickness
of the non-magnetic layer corresponding to the first
antiferromagnetic maximum, it is necessary to set
a magnetic field of 2 kOe or more [8].

In order to apply MFTs-SAF over a wide
temperature range, it is necessary to minimise
the effect of temperature variation on the output
signal [9]. One of the tools to solve this problem is
the use of the Wheatstone bridge circuit (Fig.2).
There are several variants of bridge circuits:
with one active arm, half-bridge and full bridge
circuit. In terms of MFTs applications, the full
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Puc.2. MoAHas mocmoeas cxema YumcmoHa (a) Ha ocHoge MTTT npu omcymcmeuu 8HelHe20 MazHUMHO20 NOAS HA 8biX0de uMeem
HyAesoli cUzHaA, 8HelHee MazHUmMHoe noae (b) pazéanavcupyem mocmosyio cxemy, Ha 8bixode nossasemcs cuzHan [9]

Fig.2. The full Wheatstone bridge circuit (a) based on MT) has zero signal at the output in the absence of an external magnetic field, an
external magnetic field (b) unbalances the bridge circuit, and a signal appears at the output [9]

3aBUCUMOCTD COIIPOTUBJIEHU S TPYIIIIBL IIOCIEL0"
BaTeJIbHO coefuHeHHbIX MTII OT BHeIIHEer0 MarHUT-
HOTO ITOJIS ITpeAcTaBieHa Ha puc.4. KospuTHBHASA
CHJIa CBOOOHOTO C/I0SI JAHHOM CTPYKTYPHI paBHa 35 3,
Iojie CMeIleHHM s MeT/IU IMCTepe3rca OTHOCUTEIBHO
HYJIeBOT'0 3HAaYeHH I MAarHUTHOIO I10/1g OTCYTCTBYeT,
MaTrHHUTOPe3UCTUBHBIN 3 PEeKT cocTaBiseT 45%.

KpuBas Ha puc.4 UMeeT NPSIMOYTObHBIN BU/J] U3-3a
[IapaJIJIeJIbHOTO PACIIONIOKEHHU S OCeH JIerKOro HaMar-
HuuuBaHUg (O/IH) U ogfHOHANpaBIeHHON aHU30-
Tponuu (OOA). Hanpasnenue OJIH 3ajmaeTcs IpHu
HanbsieHUHM CTMP-HaHOCTPYKRTYphl, OOA BO3HU-
KaeT B pe3ynbpTaTe 06MeHHOI0 B3aUMOJEHCTBHUS dep-
POMarHMTHOIO U aHTH)EPPOMarHUTHOTO cjoeB [10].
Jlns KoppeKkTHOM paboTsl [IMII HeobxogHMO, YTOOBI
3aBUCHMOCTb MMeJa JIUHEUHBIH BUM B 061acTH

Al
MTM

MTT 5= sio

Ta-3nekTpog
Ta electrode

Puc.3. MocaedosameabHoCMb cOeOUHEeHHbIX MTI1
Fig.3. Sequence of connected MT]s
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Wheatstone bridge circuit, where all four arms
contribute to the output signal, is of most
interest. In contrast to a single active arm circuit,
a full bridge circuit changes the impedance
of the four arms almost equally with temperature
and the output signal has minimal deviation from
zero. In an external magnetic field, resistance
of one diagonal pair of arms of the circuit increases
and the other decreases, this imbalance leads
to appearance of a signal at the output of the bridge
circuit [9].

According to the data presented in [9], in order
to reduce the detection threshold, each arm
of the MFTs-SAF should consist of N MTJ. On
the other hand, as the number of STMR elements
in the arm increases, resistance of the bridge
circuit increases, which limits the frequency
range of the transducer operation. The necessity
of using a chain of series-connected MT]Js in each
arm of the bridge circuit determines the design
and technological peculiarities of the MFTs-SAF
creation. The design variant of series-connected
STMR elements in the form of a sketch is shown in
Fig.3.

The dependence of the resistance of a group
of series-connected MTJs on the external magnetic
field is shown in Fig.4. The coercive force
of the free layer of this structure is equal to 35 Oe,
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Puc.4. 3asucumocmb R(H)-uenoyku nocaedosamenbHo coedu-
HeHHbIX MTIT om 8HelwHe20 MazHUMHo20 noas, dR/R=45%
Fig.4. Dependence of R(H) of a chain of series-connected MT]Js on
the external magnetic field, dR/R=45%

c1abbpIX MarHUTHBIX I071ek. C 3TOM Ie/Ibi0 IIpHUMe-
HSIIOTCSL METOZ Bl TMHeapH3aIuu, KoTopele obecre-
YMBAKT OPTOTOHA/JIbHOE PACIIOIOKEeHHE BEeKTOPOB
HaMarHHYeHHOCTH CBOHOJHOIO M OIIOPHOIO CI0€B
Y yMeHbIIeHHe IIHPUHBI IIeT/IH THCTepe3rca cBobo-
Horo cyos [11]. B uccnepyembix MTII HeKoIHHeap-
Has KOHQUTypal s JOCTHUIANIACh C TIOMOLIBIO IBYX-
3TanHoud TMO u aHu3oTponuu GopMEl. Bo Bpems
nepsoro stana TMO npu temmepatype 300 °C mpowuc-
XOOHUT KPUCTAJUIM3AL KU aMOPOHBIX I11eHoK CoFeB,
B pe3y/jbTaTe 4Yero MarHUTOPEe3UCTUBHBIU 3ddeKT
yBenu4u/ICs 10 79 % (puc.5), IpU 5TOM HaIlpaBjeHHe
BHEIIHEro MarHHUTHOIO I10JI51 COBIIA/AJIO C HaIlpaBie-
HueM OJIH. Bropoi 3tan TMO oCyLecTBIIsICS IPH
TeMmiiepaTtype 250 °C, HanpaBjeHKe BHEIIHEero mar-
HUTHOTO 110715 ObIJIO HAIIPaBJIeHO A1 GOPMHUPOBA-
HH S IIepIIeHJUKY/ISIPHOI0 PACIIOIOKEHU I OCeH O HO-
HaInpaB/leHHOM M OAHOOCHOM aHHU30TPONUHU. B mipo-
mecce AByx 3TanoB TMO BHelllHee MarHUTHOe II0JIe
3a/1aBajIoCh C IIOMOIIIBIO0 CUCTEMBI IIOCTOSTHHBIX Mar-
HUTOB U COCTABJISJIO ITOpAAKa 1 K.

B pesynbraTe BTOpOro stamna TMO He3HaYHTe/IEHO
CHU>KAeTCsl MAaTHUTOPE3UCTUBHBIN 30 PeKT U KO3P-
LIUTHUBHAs CUJIa cBobomHOro cnost, MTII co cKoppek-
THPOBAHHOM XapaKTePUCTHUKOM MOTYT CTaTh OCHO-
BOM [JI1 U3TOTOBJIE€HHUS BBICOKOUYBCTBUTETBHBIX
I[IMII-CA®.

OmHUM U3 CI10C060B MOBBIIIEHU S YYBCTBUTEb-
HOCTH MAarHUTOPe3UCTUBHEIX [IMII ABIseTCS BHE-
JpeHHe B KOHCTPYKLHIO KOHIEHTPATOPOB MarHUT-
Horo mons (KMII). Kak npaBuno, KMII u3roras-
JIMBAIOTCS U3 MAaTHUTOMATKUX GeppOMarHUTHBIX

Puc.5. 3asucumocmb R(H)-ueno4ku nocaedosamenbHo coedu-
HeHHbIX MTIT om 8HelWHe20 MA2HUMHO20 NOASl nocAe nepeoz2o
3mana mazHUmHo20 omyuza (CUHSS Kpueds) U nocAe 8mopozo
amana (kpacHas Kpuaas)

Fig.5. Dependence of R(H) of a chain of series-connected MT]s
on the external magnetic field after the first stage of magnetic
annealing (blue curve) and after the second stage (red curve)

the hysteresis loop displacement field with respect
to the zero value of the magnetic field is absent,
the magnetoresistive effect is 45%.

The curve in Fig.4 has a rectangular shape
due to the parallel arrangement of the easy
axis (EA) and unidirectional anisotropy (UDA).
The EA direction is set during the sputtering
of the STMR nanostructure, while the UDA
results from the exchange interaction between
ferromagnetic and antiferromagnetic layers [10].
For correct operation of MFT it is necessary that
dependence has a linear form in the area of weak
magnetic fields. For this purpose, linearisation
methods are used, which ensure the orthogonal
arrangement of the magnetisation vectors
of the free and reference layers and reduction
of the width of the hysteresis loop of the free
layer [11]. In the studied MT]Js, the non-collinear
configuration was achieved using two-stage TMT
and shape anisotropy. During the first stage
of TMT at 300 °C, crystallisation of amorphous
CoFeB films occurs, resulting in an increase in
the magnetoresistive effect up to 79% (Fig.5),
with the external magnetic field direction
coinciding with the EA direction. The second
stage of TMT was carried out at a temperature of
250 °C, the external magnetic field direction was
directed to form a perpendicular arrangement
of unidirectional and uniaxial anisotropy axes.
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BbiX"

1,51

+ 3asop mexay KMIM 1,0 mm
Gap between MFCs, 1.0 mm

< 3asop mexay KMT 0,35 mm
Gap between MFCs, 0.35 mm

Puc.6. ®omozpapus makema MMIM-CA®
Fig.6. Photograph of the MFJs-SAF mock-up

MaTepHaJsioB C BBICOKOM MarHUTHOM MIPOHHUIIAeMO-
CTBIO, YTO MO3BOJISIeT YCUIUTD IIOJE3HBIHM CUTHAT
B HECKOJIBKO Pa3 M IOBBICUTh OTHOLIEHHE CUTHaJ/
myM [12]. Kak npaBuno, KMII npeacTaBiasioT coboi
IIPOTSI’)KeHHbIe IIPSIMOYTObHEIe JeTalu, PacIlojio-
SKeHHbIe Ha Heb60IbIIOM PAacCTOSHUHU APYT OT APyra,
B 3230pe KOTOPBIX HAXOASATCS YyBCTBUTEJIbHbIE 3J1e-
MeHTHI Tpeobpa3oBaresns. Ha koapouUIIHeHT ycuie-
Hug KMII BiksieT Kak reoMmeTpruveckas ¢opMma, Tak
Y 3a30p MeXAy HUMHU [13].

C y4eToM BBIIIEHU3JIOK@HHOI'0, HayYHBIM KOJIJIeK-
tuBoM HIIK "TexHonoruvyeckum 1eHTp" pa3paboran
U CO3/1aH MaKeT KOHCTPYKLU KU IIMII-CA®, poTorpa-
dug KOTOporo mpeacTaB/ieHa Ha pUC.6.

B pesynabTaTe MCClIeLOBaHUS 3JIeKTpopU3HUYe-
CKHX XapakTepucTuK [IMII-CA® ycTaHOB/IEHO, YTO
CONIPOTHBJIEHHE MOCTOBOM CXeMBbl MOXKET COCTaB-
JATH OT 2 1o 20 MOM, abconmoTHad YYBCTBHU-
T@JIBHOCTh K MAarHUTHOMY II0OJIIO, IIPU HaIlpsXKe-
HUH NHUTaHUL 5 B, mocturaet 217 mB/32 B guamna-
30He 0T MHUHYC 5 10 53 (oT muHYyc 0,5 7o 0,5 mTn).
DKCHepUMEHTA/JIbHO YCTAaHOBJIEHO BJIHSHHUE
BeJIUYHHBI 3a30pa mexay KMII Ha 4YyBCTBHU-
TeJbHOCTh K MAardHuTHOMY moyaio IIMII-CA®.
Ha puc.7 npencTaBieHa BOAbT-3pCTeAHAS XapaKTe-
pHCTHKA MakeTHoOro obpasua IIMII-CA® ¢ 3a30pom
Mexxay KMII 1,0 MM (CHHSIST KpHUBas), abcomoTHAL
YyBCTBHUTE/JIbHOCTh K MAarHUTHOMY II0JI0 (S) IpPHU
HAIpsS)KeHUH MUTaHUA 5 B coctaBiger 108 MB/3;
KpacHas KpUBas PUC.7 UJIJIOCTPUPYET BBIXOLHYIO
XapaKTepPUCTHUKY MaKeTHoOro obpasija mpeobpasoBa-
Tend ¢ 3a3opoM Mexxay KMII 0,35 mm, S=217 MB/3.
[Ipu 3TOM reoMmeTpruveckue pasmepsl KMII maxkert-
HBIX 06pa310B 6BIIM OLUHAKOBHL.

Oinss CHHUXeHHS THCTepe3Hca BOJbT-
PCTESHBIX XapaKTePHUCTHUK MaKeTHBIX 06pa3ros

HAHO MHAVCTPUA Tom 18 Ne1 2025

Puc.7. Bonbm-3pcmedHbie xapakmepucmuku MakemHbix 06-
pasuos ¢ 3azopom mexdy KM 1,0 mm (cuHas kpusas)
u 0,35 mm (KpacHas kpusas)

Fig.7. Volt-Oersted characteristics of mock-up samples with a
1.0 mm (blue curve) and 0.35 mm (red curve) MFCs gap

In the process of two stages of TMT, the external
magnetic field was set using a system of permanent
magnets and was of the order of 1 kOe.

As a result of the second stage of TMT,
the magnetoresistive effect and coercivity of the free
layer are slightly reduced, the MTJs with the corrected
characteristic can become the basis for the fabrication
of highly sensitive MFTs-SAF.

One of the ways to increase sensitivity
of magnetoresistive MFTs is introduction of magnetic
flux concentrators (MFCs) into the design. As a rule,
MFCs are made of magnetically soft ferromagnetic
materials with high magnetic permeability, which
makes it possible to amplify the useful signal several
times and increase the signal-to-noise ratio [12]. As
arule, MFCs are extended rectangular parts, located at
a small distance from each other, in the gap of which
the sensitive elements of the transducer are located.
Both the geometrical shape and the gap between them
influence the gain of the MFCs [13].

Taking into account the above mentioned,
the scientific team of the Scientific-Manufacturing
Complex “Technological Centre” has developed and
created a mock-up of the MFTs-SAF design, the photo
of which is presented in Fig.6.

As a result of the study of the electrophysical
characteristics of MFTs-SAF, it was found that
the resistance of the bridge circuit can range from
2 to 20 MOhms, absolute sensitivity to the magnetic
field, at a supply voltage of 5V, reaches 217 mV/Oe in
the range from minus 5 to 5 Oe (from minus 0.5 to
0.5 mT). The influence of the size of the gap between
MECs on sensitivity to the magnetic field
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pa3pabaThIBAIOTCSI METOABI IMHEAPU3AI MU, IIPe/i-
yCMaTpHBalollke BHeJPeHHEe B KOHCTpyKIuio IIMII-
CA® 1OomIOMHUTENbHBIX MATHUTHBIX KOMIIOHEHTOB.

YBenuueHue Koau4yectBa MTII B KakaoMm
Ijiede MOCTOBOM CXeMBl HeOOXOOHMMO He TOIBKO
IJIS. yMeHBIIeHHUS Iopora o6Hapys>KeHHs 10 Mar-
HHUTHOMY II0OJII0, HO W [JIs IlepepaclpeseleHUs
HaIpsI>KeHUS NUTAaHUSA MeXAy 3JIeMeHTaMHU, 4TO
npenoTBpamaet npobor 6aprepHOro €10 U BEIXO[,
us3 ctpos IIMII. C menbro UCCIeLOBAHUS BIUSIHUSI
HaIps>KeHHUs MUTAHUS Ha MAarHUTHBIe CBOMCTBA
I[IMII-CA® KOHTPOJKMPOBaNach YyBCTBUTEIbHOCTh
K MAarHUTHOMY II0/TI0 MaKeTHOro obpasua npu ¢uk-
CUPOBAHHOM BeJHYHHE BHENIHET0 MaTrHHUTHOIO
10714 U IIPU U3MeHeHHUH HAalpPSKeHUS NHUTAHUS
o1 0 10 10 B c marom 1 B (puc.8).

[Ipu HanpsiKeHUU NHUTaHUs 6osee 5 B mpouc-
XOOUT 3aMeJJleHHe PocTa abCOMIOTHON YyBCTBHU-
TeJIbHOCTH, U IIPH HAIIPSIKEHUM NIUTAHUS 8 B Kpu-
Bas JOCTUTAeT HACHIIEHUS, UTO MOXKET ObITh 00B-
SCHeHO YMeHbIIeHHeM MAarHUTOPe3UCTHUBHOIO
3¢ PeKTa Npu NOBBINIEHHUH HANPSI)KEHUSI NUTAHUS
Ha MTII.

BbIBOA1bl

[IpoBefeHHBIe UCC/IeJOBAHUS CO3LAaHHBIX MaKeT-
HBIX 06pa3noB I[IMII-CAQ u monydyeHHBIE pPe3yiib-
TaThl [IOKA3bIBAIOT IIOTEHIIHAJbHbIE BO3MOKHOCTH
HOBOM TEeXHOJIOTMHM MaTrHUTOIOJYIIPOBOAHUKO-
BBIX MHKPOCHUCTEM, I103BOJISIONIE! [T0y4YyaTh NpHU-
6OopBI C HeUETHOM ITepefaTOYHON XapaKTepPUCTH-
KO M BBICOKHMM Ko3¢dUIIMeHTOM Ipeobpa3oBa-
HHS MarHHUTHOIO IOJIg. DTO OTKPbIBaeT BO3MOXK-
HOCTb CO3JAaHHS BBICOKOYYBCTBUTEeNbHEIX IITMII
(217 MB/3 u bonee) mpu HU3KOM TOKe ITOTpebie-
HU4 (He 60ee 10 MKA). ITonydeHHAas 3KCIIepUMeH-
TaJbHAs 3aBUCUMOCTD abCOMIOTHON YyBCTBUTEIIb-
HOCTH K MarHUTHOMY monio IIMII-CA® oT Hamps-
SKeHU ST MUTAHUS [IOKa3blBaeT BBICOKYIO YCTOMYHU-
BocTh MTII ¢ CA® mpu ero usmeHeHuu go 10 B.
Co3aHHBIe MaKeTHEBIe 06pa3m>1 IIMII-CA® 110 coBO-
KYIIHOCTH OCHOBHBIX [IapaMeTPOB He UMEIOT aHa-
JIOTOB OTeYEeCTBEHHOIO IIPOU3BOACTBA U COOTBET-
CTBYIOT MU3Je/HsAM, BEIIIYCKA@MbIM OLHHUM U3 THUe-
PoB 3apybesKHBIX M3rOTOBHTeIeH MAarHUTOPe3u-
CTHUBHBIX JATYUKOB, OCHOBAHHBIX Ha TEXHOJOTUH
CTMP-HaHOCTPYKTYP [14].

COBOKYITHOCTD IIOJIyY€HHBIX Pe3yJIbTaTOB I103B0~
JsieT CAejaTh BHIBOJ O IIMPOKOM JAHalla3oHe
npuMenHeHus MTII ¢ CA®: oT 31eMeHTa XpaHe-
HUS UHGOPMALIMU B sS4elKe 3HeproHe3aBUCU-
MOM IIaMSTH [0 MacCHBa 3J1eMeHTOB MaTPHUIIbI
MarHHTHOTO MHTPOCKOIIa. Ba’KHBIM NOCTOHH-
ctBoM MTII ¢ CA® gBiseTcs yHUBEPCAJNIbHOCTD
ero NpMMeHeHH s, er0 MOXKHO HCII0/JIb30BaTh KaK

S, MB/3 | mV/Oe

100 -
80 -
60 -
40 1

20 A

Puc.8. 3asucumocmb abcoanromHol 4yscmeumenbHocmu
K MazHUMHoOMy noAro makemHozo obpasua NMMI-CA® om Ha-
npsKeHus numaxus

Fig.8. Dependence of absolute sensitivity to magnetic field of the
MFTs-SAF mock-up on the supply voltage

of MFTs-SAF has been experimentally established.
Figure 7 shows the volt-oersted characteristic
of the MFTs-SAF mock-up with the gap between
the MFCs 1.0 mm (blue curve), absolute sensitivity
to the magnetic field (S) at a supply voltage of 5V is
108 mV/Oe; the red curve of Fig.7 illustrates the output
characteristic of the mock-up converter with the gap
between the MFCs 0.35 mm, S=217 mV/Oe. At the same
time, the geometrical dimensions of MFCs of mock-up
samples were the same.

In order to reduce the hysteresis of the volt-oersted
characteristics of mock-up samples, linearisation
methods are being developed that involve
the introduction of additional magnetic components
into the MFTs-SAF design.

Increasing the number of MTJs in each arm
of the bridge circuit is necessary not only to reduce
the detection threshold by magnetic field, but
also to redistribute the supply voltage between
the elements, which prevents the breakdown
of the barrier layer and failure of the MFTs. In order
to study the effect of supply voltage on the magnetic
properties of MFTs-SAF, sensitivity to magnetic field
of a mock-up sample was monitored at a fixed value
of the external magnetic field and when the supply
voltage was changed from 0 to 10 V with a step of 1 V
(Fig.8).

At supply voltages higher than 5 V,
the growth of absolute sensitivity slows down, and
at a supply voltage of 8 V, the curve reaches
saturation, which can be explained by the reduction
of the magnetoresistive effect when the supply
voltage to the MT]J is increased.
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O JeTeKTUPOBAHMUS U3MeHeHHs MaTrHHUTHOTO
Iossi, HallpuMep B 6MOCEHCOPHBIX YyCTPOHCTBAX,
TaK U /14 OoIlpelle/ieHUs HallpaBjJIeHHs BeKTopa
MarHHUTHOHM MHAYKLMU B COCTaBe BBICOKOYYB-
cTBUTenbHOro IIMII-CA®. 3a c4eT BBICOKOL UYB-
cTBUTeNbHOCTU IIMII-CA® MOTryT 6BITh HHTEIPU-
POBaHBI B yCTPOLCTBA MAarHUTHOHN HMHTPOCKOIIHH,
B CHCTeMBbl 0OHapykeHHUS pepPOMATrHUTHBIX 00b-
eKTOB, B Ipeobpa3oBaTenu 6eCKOHTAKTHOIO U3Me-
PeHHS [IOCTOSIHHOIO K [lepeMeHHOI0 TOKa MaJjok
Be/IMYMHBL U B Ipyryue KOHTPOJbHO-JUATHOCTHYE~
CKYe Ipubopsl.

B/IATOAAPHOCTU

PaboTa BbIIIOJNIHEHA [TPU HOAAePsKKe MUHHCTEepPCTBA
HayKH U BbICIIero o6pa3oBaHUs B paMKax BBIIIOJ-
HeHUst HUP "TeopeTHdecKkue U 3KCIIePHMEHTAJIb-
Hble MCC/IeJOBAHU S COMH -TYHHEJbHBIX MAarHUTO"
PEe3HUCTUBHBIX HAHOCTPYKTYP C CUHTETHYECKHUM
aHTHQeppPOMarHeTUKOM IS CO3JaHU s BBICOKOYYB-
CTBUTe/bHBIX IPeobpa3oBaTesiell MATHUTHOTO IO/
Y 371eMeHTOB s4eeK S3HeproHe3aBUCHUMOKN MarHUTO-
pe3ucTUBHOM nmaMaTu", mudp FNRM-2022-0010.
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Pemakuus 61arofapuT aHOHHMHOTO pelieH3eHTa
(pelLleH3eHTOB) 32 X BKJIAJ B pelleH3UpPOBaHHE ITON
paboThl, a TaksKe 3a pa3MelleHHe CTAaTel HA CAUTe
SKypHAjla U Iepefady UX B 3JeKTPOHHOM BHIe
B HOB eLIBRARY.RU.
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WwieHuil, Komopble mo2Au bbl nosausme Ha pabomy, npedcmas-
AeHHyt0 8 daHHol cmamve.
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CONCLUSIONS

The studies of the created MFTs-SAF mock-up
and the obtained results show the potentialities
of the new technology of magnetosemiconductor
microsystems, allowing to obtain devices with odd
transfer characteristic and high magnetic field sen-
sitivity. This opens up the possibility of creating
highly sensitive MFT (217 mV/Oe and more) at low
current consumption (less than 10 pA). The obtained
experimental dependence of absolute sensitivity
to magnetic field of MFT-SAF on the supply voltage
shows high stability of MTJ with SAF at its change
up to 10 V. The created mock-up samples of MFTs-SAF
have no analogues of domestic production by the set
of basic parameters and correspond to the products
produced by one of the leaders of foreign manufac-
turers of magnetoresistive sensors based on STMR
nanostructure technology [14].

The totality of the obtained results allows us
to conclude about a wide range of application of MT]
with SAF: from an information storage element in
a non-volatile memory cell to an array of magnetic
introscope matrix elements. An important advantage
of MT] with SAF is its application versatility; it can
be used both for magnetic field changes detection,
for example, in biosensor devices, and to detect
the magnetic induction vector direction as part
of a highly sensitive MFTs-SAF. Due to their high
sensitivity, MFTs-SAF can be integrated into magnetic
introscopy devices, ferromagnetic object detection
systems, low magnitude non-contact DC and AC
current measurement transducers and other control
and diagnostic devices.
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Ltd". www.dowaytech.com ([lata obpameHnwus:
30.10.2024).
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