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MNpeactaBneHa paspaboTaHHas TeopeTMyeckas Moge/lb OfgHOMepHon HeogHopogHoctu (MOH)
M onucaHbl OCHOBHble (paKTOpbl, BAUSIOWME HA pacrnpeaeneHne BeKTopa HaMarHMYeHHOCTU TOHKOro
MarHUTOPE3UCTUBHOrO 3JieMeHTa aHU30TPOMHOro MarHUTOpPe3UCTUBHOro npeobpasosatens (AMPI).
MonyyeHbl pe3ynbTaTbl pacyeTa BOJbT-3pCTeAHbIX XapakTtepnctuk AMPI ¢ nomouwbio MOH, KoTopblie

cornacyrTcsa € 3KCnepuMeHTa/ibHbIMU AaHHbIMMW.

The developed theoretical model of one-dimensional heterogeneity (MODH) is presented.
Described are the main factors affecting distribution of a thin magnetoresistive element
magnetization vector of an anisotropic magnetoresistive transducer (AMRT). The calculated
results of AMRT volt-oersted characteristics obtained using MODH are consistent with the

experimental data.

BBEJEHUE

AMPII MarHUTHOTO I10JIs AOCTAaTOYHO IIKPOKO BOC-
TpeboBaHEI TOTPebUTENSIMHU B IPakIaHCKOM, KOC-
MHYEeCKOHM M BOeHHOI 06sacTsx. [I[ppMepaMu TakKHUX
NpUMeHeHHUH SBISIOTCS BBICOKOUYYBCTBUTE/IBHBIE
OATYUKU MATHUTHOTO IIOJISL U 3JIEKTPHUYECKOro
TOKa, 'PaJHeHTHbIe FOJIOBKU CYUTHIBAHHS, TaJlb-
BaHHUYeCKHE Pa3Bs3KU, 6HOCEHCOpPHBIe YCTPOHCTBA

Y 3JIEKTPOHHBIE KOMIIACH. /Il JAaHHBIX IIPHMeEHe-
HUI AMPII BEI6GUpaIOT, B OCHOBHOM, 6/1arofiapsi Xopo-
IIeMy COUeTaHHUIO TOTPebUTebCKUX CBOMCTB ~ BBICO-
KOI 4yBCTBUTE/JBbHOCTH B AHala3oHe cl1abblx Mar-
HUTHBIX I0JIeH (IIOPOr YyBCTBUTEIbHOCTH COCTAB-
nseT efUHUIB HTI), ManelM MaccorabapuTHBIM
IapaMeTpaM U IIpHeMJIeMON CTOMMOCTH. DTH JOCTO-
MHCTBA UCXOAAT OT UCII0/Ib3YeMbIX GepPOMarHHUTHBIX
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CONTROL AND MEASUREMENTS

HaHOCTPYKTYP, KOHCTPYKTUBHBIX 0COOeHHOCTeM
AMPII 1 UHTerpaabHBIX METOLOB UX U3TOTOBJICHUS.
bnaromaps paay ¢aKkTopoB, BKIIOYasi HeUeTHBIHU
BHU/J IlepelaTOYHOM XapaKTepPUCTHUKHU, JaHHBIe IIpe-
obpa3oBaTeny yCIeIIHO BBIAEPKUBAIOT KOHKYpPeH-
LIUIO C ITOSIBUBIIMMUCS FOPa3/io [1033Ke Ipeobpa3osa-
TeJISIMU MAaTrHUTHOTO I10J151 HA OCHOBE TUTaHTCKOIO
MarHUTOpe3UCTUBHOIo 3dpderTa. OCHOBHOU PYyHK-
LIMOHA/IbHOM YaCThI0 MAaTHUTOUYYBCTBUTEIBHOIO 3J1e-
MeHTa B AMPII siB/isieTCs MOJI0CKA MeTalIM4eCKOHn
deppoMarHuTHOM HaHOCTPYKTYyphrl Ti(Ta)-FeNiCo-
Ti(Ta) TonmruHOM 0K0I0 (25-35) HM. AMPII UMeIoT 0Ch
YYBCTBUTEIbHOCTH, IIapaJlJIeIbHYIO IIJIOCKOCTH KPU-
CTajlyla ¥ IIepIeHAUKYISIPHYIO OCH JITKOIO HaMarHH-
unBaHUs (OJTH) eppoMarHUTHON HAHOCTPYKTYPHI.
OJIH popmMmupyeTCs B IIpoliecce HAIIbIJIEHU S peppo-
MaTrHUTHOM HAaHOCTPYKTYPbI B IOCTOSIHHOM OJHOPOJ-
HOM MAarHUTHOM II0JIe,

Pa3paboTKa W HU3roToBJeHHe mnpubo-
POB K YCTpPOMCTB Ha ocHoBe AMPII saBnasercs
ONHOM H3 aKTYaJIbHBIX 3aJad COBPeMeHHOU

MHKPO3JIeKTPOHUKHU PD. B pesynbraTe MccienoBa-
TeJIbCKUX QYHAAMEHTAIbHbIX, SKCIIePUMeHTaIbHbIX
Y TeXHOJIOTHYeCKUX PaboT OTKPHIBAIOTCS HOBbIE BO3-
MOKHOCTH JIJISl CO3IaHU S IIePCIIeKTUBHBIX U3/eUM1
C YIy4YLIeHHbBIMH XapaKTePHUCTHKAMH U HOBBIMH
¢byHKROuAMHU. [IppMepoM TOMY MOTYT CIYKHUThb
HOBBIe, Pa3BUBAKOLIHeCs HAallPaBJeHH S MarHUTHOM
CTPeMHTPOHUKH U CIIMHTPOHUKHU. B HOBBIX Ipubo-
pax, HaImpuMep, MOTYT 66T 06beAUHEHBl MarHH-
TOCTPUKLUHOHHbBIE U MarHUTOPE3UCTHBHbIE CBOU-
cTBa (1], YTO MO3BOIUT PACIIHMPHUTD UX QYHKIIHOHAIIB-
Hble BO3MOKHOCTH.

METO/bl NCCNIEAOBAHUA

B HIIK "TexHOJTOTHMYECKHUH IeHTP' COBMECTHO
c UIIY PAH pa3paboTaHBl U 3alaTeHTOBAHHI KOH-
cTpykuuu AMPII, mpegHasHavyeHHbIe /I U3Mepe-
HUS BeJIMYMHBI MAaTHUTHOIO IO/ M 3JIeKTpUUe-
ckoro Toka. AMPII npeacTaBisieT co6or MOCTOBYIO
cXeMy, Kak/ioe I1Jile40 KOTOPOH COCTOUT M3 HeCKOJIb-
KUX AMP-TI0/IOCOK, COeIMHEHHBIX [10C/Ie0BATEIbHO

INTRODUCTION

AMRTs of a magnetic field are quite
widely demanded by consumers in
the civil, space and military fields.
Examples of such applications are:
highly sensitive magnetic field and
electric current sensors, gradient
read heads, galvanic isolation, bio-
sensor devices and electronic com-
passes. AMRT is chosen for these
applications mainly due to a good
combination of consumer proper-
ties, such as high sensitivity in the
range of weak magnetic fields (sen-
sitivity threshold is units of nT),
small weight and size parameters
and reasonable cost. These advan-
tages come from the used ferromag-
netic nanostructures, the AMRT
design features and integrated
methods of their manufacture. Due
to a number of factors, including
the odd form of the transfer char-
acteristic, these transducers suc-
cessfully withstand competition
with the magnetic field transduc-
ers that appeared much later on the
basis of the giant magnetoresistive

effect. The main functional part of
the magnetically sensitive element
in AMRT is a Ti(Ta)-FeNiCo-Ti(Ta)
strip of metal ferromagnetic nano-
structure with a thickness of about
(25-35) nm. AMRTSs have an axis of
sensitivity parallel to the plane of
the crystal and perpendicular to the
axis of easy magnetization (EMA) of
the ferromagnetic nanostructure.
EMA is formed during deposition of
a ferromagnetic nanostructure in a
constant uniform magnetic field.
The development and manufac-
ture of instruments and devices
based on AMRT is one of the urgent
tasks of modern microelectron-
ics of the Russian Federation. As a
result of fundamental, experimen-
tal and technological research,
new opportunities are opening up
for the creation of promising prod-
ucts with improved characteris-
tics and new functions. Magnetic
straintronics and spintronics pres-
ent examples of this new devel-
oping areas. In new devices, for
example, magnetostrictive and

magnetoresistive properties can be
combined [1], which will expand
their functionality.

RESEARCH METHODS

In SMC "Technological Centre",
together with V.A.Trapeznikov
Institute of Control Sciences of RAS,
AMRT devices designed to measure
the magnitude of magnetic field
and electric current were developed
and patented. AMRT is a bridge cir-
cuit, each arm of which consists
of several AMR strips connected in
series by low-resistance non-mag-
netic jumpers, and has an even or
odd transfer volt-oersted character-
istic (VOCQ), the parameters of which
are determined by the design of the
magnetically sensitive element and
the type of nanostructure. Above
the AMR strips are three layers of
planar low-resistance conductors,
separated by layers of a dielectric,
usually SiO,. In the first layer, the
conductors combine AMR strips
into a bridge circuit. The conductor
formed in the second metallization
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HH3KOPEe3UCTUBHBIMU HeMAarHUTHBIMU IIepeMbIy-
KaMH, ¥ UMeeT YeTHYIO UM HeYeTHYIO IlepesaToy-
HYIO BOJIBT-3PCTeAHYIO XapakTepUCTHUKY (BIX), mapa-
MeTPbl KOTOPOK OIlpele/sIoTC KOHCTPYKIIMeH Mar-
HUTOYYBCTBUTE/JBHOIO 3/IeME@HTA U TUIIOM HaHO-
CTpyKTyphl. Hag AMP-mmosocKaMH paciiojiaramTcs
TPH CJ1051 IVZIaHAPHBIX HU3KOPe3UCTUBHBIX IIPOBOAHHU-
KOB, Pa3feeHHBIX CI0SIMH JU3IeKTPUKA, 0OBIYHO
Sio,. B IIEPBOM CJIO€ IIPOBOJHUKH obbequHSII0T AMP-
II0JIOCKH B MOCTOBYIO cXemy. IIpOBOAHUK, CHOpMHU-
POBaHHEIL BO BTOPOM YPOBHE MeTa/JIM3aLl MU, Ipef-
cTaBisieT cob0¥ IJIaHAPHYIO KaTylIKy offset, cozgato-
IIy}0 MarHUTHOe I10JIe, HallpaBJIeHHOe [1apaJ/lJIe]IbHO
OCH YYBCTBUTEIBHOCTH ITpeobpa3oBatess ISl MUHHU-
MH3aLHH BeJTMYHUHBI Ha4aJIbHOTO pa3basaHca MOCTO-
BOM CXeMBbl. [IpOBOAHUK set/reset, BBIIIOJHEHHBIN
Ha TpeTheM ypPOBHEe MeTa/UIM3alluU B BHUle MeaH/pa,
HeoOXOOUM I YCTAHOBKM HA4YaJIbHOI'O HAIIPaB-
JIeHHSI BeKTOPOB HaMarHU4YeHHOCTH AMP-TI0710C0K
BHo/b X OJIH U CHUM>KeHMS BeJIMYKMHBI TUCTepe3uca
B2X AMPII.

[ 3KCIIepUMEHTAJIBHBIX UCCAef0BaHUM AMPII
KCII0JIb30BAJIMCh TaJIbBAHOMATrHUTHBIE METOJBI,
[103BOJIsI IOl e U3MepsATh BOX AMPII a/1g pasnuyHbIX
[1apaMeTPOB YCTPOMCTBA U PESKKMOB €ro paboTsl.

J71sl TeopeTUUYeCKUX HCCIeJoOBAaHUU IPUMeHEeHbI
pa3paboTaHHBIe MOJEIHN B3aUMOLEHUCTBHUS B IBY-
MEePHOM paclipefle/leHHUHU BeKTOPOB HaMarHHW4YeH-
HOCTH B QeppOMarHUTHBIX I10JIOCKAX AJIS pacyeTra
UX KOHQUTypauuu u BOX AMPII Ha 6a3e Teopuu
MHKpPOMarHeTH3Ma.

TEOPETUYMECKAS MOAEJIb

IIpu paspaboTke TeopeTHUeCKOM MOJe/NH B Kaue-
CTBe OCHOBHEIX paKTOPOB, BIHSIOUIUX Ha pacIipe-
[leleHHe BeKTOPA HAMATHMYEHHOCTH M B HCCIeye-
MoM obpa3siie, 65N BhIIeNeHbl 3pPeKTUBHOE I10JIe
ONHOOCHOM aHMU30TpPONMUM H,, MarHUTOCTaTHYe-
CKOe Tojle pasMarHHuYMBaHUs H,,, BHEIIHee Mar-
HHTHOe II0]Ie FIO. s TeopeTHYeCcKoro pacyera AMP-
XapaKTepHUCTHK 06pasiia HeobX0QHMMO ONpeenUuTh
pe3y/IpTHpYIOlllee pacnpee/eHre BeKTOpa HAMarHu-
YeHHOCTH M B obpa3siie. DTo cTaJI0 BO3MOKHBIM bO1aro-
Iapsi HaX0oKAeHUI0 3G deKTUBHOIO aITOPUTMA pelle-
HMUS BApHALIMOHHOM 3a/lauM HaXOXKAeHUSI MUHHUMYMa
[IOJIHOM MAarHUTHOM 3Hepruu peppomMarHeTuka [2]:

W=I(wa+wm+wH)dV—>min. 1)
\

3nech W, - IJIOTHOCTh 3HePTUU MATHUTHOH
AHU30TPOIIHH [3]:

W= [(w, +w,, +w,)dV - min, )
\%
rae K- KoHCTaHTa OAHOOCHOM aHHU30TPOIHUH, n-enu-
HUYHBIN BeKTOp, HAallpaBJIeHHBIN BAOJb KOOPLHU-
HaTHOH OCH z, M - eJUHUYHBII BeKTOp B HaIlpaBJie-
HUHU M.
BennuuHa W, - IJIOTHOCTh MAarHUTOCTAaTUYeCKOH
SHepruu, onpenesnsieMas BbIpaskeHHueM

W, = - (M-ﬁm), 3)

1
2

level is a planar offset coil, which
creates a magnetic field directed
parallel to the sensitivity axis of
the transducer to minimize the ini-
tial unbalance of the bridge circuit.
The set/reset conductor, made in the
third level of metallization in the
form of a meander, is necessary to
set the initial direction of the mag-
netization vectors of the AMR strips
along their EMA and to reduce the
hysteresis of the AMRP VOC.

For experimental studies of
AMRT, galvanomagnetic methods
were used, which make it possible
to measure the VOC of AMRT for
various parameters of the device
and its operating modes.

For theoretical studies, the
developed models of interaction
in the two-dimensional distribu-
tion of magnetization vectors in
ferromagnetic strips are used to
calculate their configuration and
AMRP VOC based on the theory of
micromagnetism.

THEORETICAL MODEL

When developing a theoreti-
cal model, the following factors
were identified as the main fac-
tors affecting distribution of the
magnetization vector Min the
studied sample: the effective
uniaxial anisotropy field H,, the
magnetostatic demagnetization
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field H, and the external mag-
netic field H,. For theoretical
calculation of the AMR charac-
teristics of a sample, it is nec-
essary to determine the result-
ing distribution of the magne-
tization vector Min the sam-
ple. This became possible due to
finding an effective algorithm
for solving the variational prob-
lem of finding the minimum of
the total magnetic energy of a
ferromagnet [2]:

W= _[(Wa +W, +wy)dV o> min (1)
\
Here w, is density of magnetic
anisotropy energy [31:
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rme ﬁm - MarHUTHOe I10JIe, CO3/laBaeMoe BHYTpPeH-
HHMH U [I0BePXHOCTHBIMH MAarHUTHBIMH '3apsiaMHy’
Y Ha3bplBaeMoOe MarHUTOCTAaTHYeCKHUM HMJIH pa3Mar-
HUYUBAOIUM II0JIeM,. PasMardHuJyuBalollee moje
ﬁm oIpesienseTcsl ypaBHEHUSIMU MAaTHUTOCTAaTHUKU

rotH_=0, 4)
div(ﬁm + 4111\71) =0. 5)

[Tocnenuee cinaraemoe B (1) mpencraBiseT cobon
IJIOTHOCTD 3eeMaHOBCKOM 3HEPrUu:

W, = —(M-ﬁo). 6)

Pa3paboTaHHas MOZe/b OLHOMEPHOM HeOLHOPOA-
HOCTH YUYHUTBIBAeT 0COOEHHOCTHU TeOMeTPHUUIeCKUX
IapaMeTpOB MarHUTOPe3UCTUBHOK (MP) II0/I0OCKH.
B cnyuae ucciaenyemoro obpasua AJKMHA II0JOCKHU
Ha IOPSIOK IIpeBblIIaeT MKUPHUHY. TaKUM obpa3zom,
MO>KHO CUHTAaTh, YTO HEOJHOPOLHOCTH paciipesiere-
HUSI HAMarHUYeHHOCTH Ha KOHILIAX II0JIOCKU IIpeHe-
6peskuMo Maja.

JIJ1l YMCIIeHHOTO PelleHH I BAPHALMOHHOM 3314 K
(1) c yuetom (2)-(6) pazobreM 06/1aCcTh HHTEIPHPOBa-
HUS Ha N y3KHX II0JI0OCOK, B IIpefiesiaX KOTOPBIX pac-
Tpeie/leHHe BEKTOPA HAMarHHUeHHOCTH M; MOXXHO
CUHUTaTh OAHOPOAHBIM (puc.l). Torga KOHTHHY-
aspHOe ypaBHeHHe (1) MOXKXHO 3aMeHUTb JUCKpeT-
HBIM (CETOUHBIM) ypaBHeHHeM [JIsi N IepeMeHHBIX
[IPOEKLMHI BEKTOpPA HAMarHU4YeHHOCTH M, = |M]|
sinf;. MarHUTHOe II0Jle, CO3[aBaeMoe OJHOPOIHO

A A7

v

Puc.1. Busyaausayus memoda 00HOMepHOU He0OHOpoOHOCMU
Fig.1. Visualization of the one-dimensional heterogeneity method

HaMarHUYeHHBIMH IIPIMOYTOJIbHBIMHU II0JIOCKAMH,
oIpenmenseTcs aHaIUTUYeCKUMHU BBIPAKeHHUIMHU
[4-5]. C ydeToM 3TOro, pelleHHe BapHalLlHOHHOM
3aauu (1) CBOAUTCS K PellleHUIo CUcTeMbl N ypaBHe-
HUMU JIaTpaH’Ka, KOTOPasi B JaHHOM C/lydae CBOJHUTCS
K CHUCTeMe JIMHEeNHBIX YPaBHeHHUK OTHOCHTEIBHO
sin®;:

N
—ZHij +H, sinf =H,, ?)

j=1

w, = K(l - (Fn . ﬁ)z), (2) rot ﬁm =0, 4) that the heterogeneity of the distri-
bution of magnetization at the ends

where K - uniaxial anisotropy con- of the strip is negligible.
stant, il - unit vector directed along div(ﬁm + 4TIM) =0 5 To solve the variational prob-

the coordinate axis z, m-unit vec-

lem (1) numerically, taking into

tor in the M direction.

Value w, is density of mag-
netostatic energy defined by the
expression

W= -L(M-EH) O

where H,, - a magnetic field created
by internal and surface magnetic
“charges" and called a magnetostatic
or demagnetizing field. The demag-
netizing field H,, is determined by
the equations of magnetostatics:

The last term in (1) is the density
of Zeeman energy:

Wy = —(1\71- H,) ©)

The developed model of one-
dimensional heterogeneity takes
into account the features of the geo-
metric parameters of the magneto-
resistive (MR) strip. In case of the
test sample, the strip length is an
order of magnitude greater than
the width. Thus, we can assume

account (2)-(6), we divide the inte-
gration region into N narrow
strips, within which the distri-
bution of the magnetization vec-
tor M can be considered homoge-
neous (see Fig.1). Then the continu-
ous equation (1) can be replaced by
a discrete (grid) equation for N vari-
able projections of the magnetiza-
tion vector M, = |M| sin;.

The magnetic field created by
uniformly magnetized rectan-
gular stripes is determined by

VoL.13 No. 3-4 (97) 2020 NANO INDUSTRY
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rme

Hy= 4{(1‘1)'3r“g[ﬁj_i)]‘(j—i+ 1)';:1rctg[—2Ay(]h_iJr 1)]} +
v (]"i)'arCtg[%]‘(j—i—1)~arctg[mﬂ+

L in M +n M
o [z%y]z*(j‘i“)z w [%}Z+(]‘—i—1)z

Ay - IIMPUHA [I07I0COK Pa3bHeHus (Iar CeTKH)
Ay - split stripe width (grid spacing)

'sinej

dopm. (8)
form. (8)

Ilony4yuB pelleHHe CUCTeMbl ypaBHeHHH (7),
MOXXHO BBIYMCJIUTD H3MeHeHHe COIIPOTHBIEHHUS
B Ka>kKI01 MP-mosiocKe, BhI3BaHHOE BHEIIHUM Mar-
HUTHBIM I10JIEM ﬁo, KOTOpOe IIPUJIOKEHO MepIeH-
nuxynspHo OJIH (puc.l), B COOTBETCTBUHU C GOpMY-
o1 gyis AMP-3¢dexra [6]:

R, = Ril(l +% cosZGi], 9)

rge R;, - COMpPOTHBJIEHHE [IOJOCKHU IIPHU IepPIIeH-
OUKYyASPHOU OPHeHTALlMHU BEeKTOpa HaMaTrHHU-
YeHHOCTH IIo oTHomeHHI0 OJIH (BLoJb OCH Y),
Ap/p - K03OPHUIIMEeHT MArHUTOPE3HUCTHUBHOIO
3¢ dekTa. [yig McclenyeMoro B HallleM c/iydyae maTe-
puana Ap/p = 0,02. 3Has CONPOTHBIEHHE KaXXJ0H1

analytical expressions [4-5]. With
this in mind, solving variational
problem (1) reduces to solving a
system of N Lagrange equations,
which, in this case, reduces to a

effect [6]:

with the formula for the AMR

R, = Ril[l +% coszei], ©)

II0JIOCKH, HECIO’KHO BBIYMC/IHUTD Pe3ylbTHPYIollee
COIIPOTHBIIeHHEe R MCXOHOM [OJIOCKH 110 opMyIie:

R;= Rll(l Lop Ly Z coszej (10)

rae R, =R;, /N.

PE3Y/IbTATDI

B 4yBCTBUTEJIbHOM 371eMeHTe AMPII IpUMeHSI0TCS
nepmasnnoensie (FeNi) AMP-IIOTOCKH, a TaKyKe I10JI0-
CKHY Ha ocHoBe cItaBa FeNiCo, ¢ 6- 1 20%-HBIM conmep-
>kKaHHeM Kobasbra. [I[prMeHeHUe IlepMaiiosi B AMPII
[103BOJISIeT JOCTUIATh MaKCUMaJbHbIX BeJIMYHH YyB-
CTBUTEJIIPHOCTH. Ho B HacTosIee BpeMs, HeCMOTPS
Ha BBICOKYIO YYBCTBHUTE/IBHOCTH Ipeobpa3oBarTernen
Ha OCHOBE IIepMaJljIosl, 3TOT MaTepHaJl Peske IIpruMe-
HSeTCSd B KOHCTPYKU MK AMPII M3-3a MOBBIIIEHHBIX
3HaueHHH TUcTepes3kca, MaTHUTHBIX HIYMOB U TeM-
nepaTypHoro kosoouimenTa cornporusneHus (TKC).
Hcnonbs3oBanue FeNiCo-criaBa yBeJIMYKBaeT II0JIe
MarHUTHOM aHHU30TPOIHH, PACHIMpseT JHAIMa30H
M3MepsIeMOI0 MarHUTHOIO I10J151, YBeIUYKMBAaeT BeJIU-
yuHy AMP-3¢dekTa 1o 2,0-2,5%. IIpu 3TOM HECKOJIbKO
najzaeT 4YyBCTBUTEIBHOCTDb Ipeobpa3oBaTeseli, HO
YMEHBIIAIOTCSA UX MarHUTHBIE HIYMBbI, THCTEPE3HC
U1 TKC, B mpoliecce repeMarHu4MBaHU I AMP-TI0/10COK
npeBanupyeT 6e3rucTepesrcHOe BpallleHHe BeKTOPOB
HaMarHU4YeHHOCTH.

B pabote [7] paccMOTpeHBI pe3ylIbTaThl 3KCIIEPH-
MeHTa/IbHBIX HCClefoBaHUK AMPII c He4eTHOH Iiepe-
JATOYHOL XapaKTepPUCTHUKOM MP c I10JI0CKaMH, IOJ
yrnamu +45° orHocuTenpHO OJIH (prc.2). 9To 03HAYAET,

R,= Rll[l Jop 1

Zcos J (10)

hereR, =R;, /N.

system of linear equations with
respect to sinfi:

—ZH +H_sin6, =H,, @)
] 1
where (look at form. 8).

Having obtained the solution
of the system of equations (7), we
can calculate the change in resis-
tance in each MR strip caused by
an external magnetic field H,,
which is applied perpendicular to
the EMA (see Fig.1), in accordance

where R;; is the resistance of
the strip at the perpendicular
orientation of the magnetiza-
tion vector with respect to the
EMA (along the y axis), Ap/p is
the coefficient of the magneto-
resistive effect. For the mate-
rial studied in our case, Ap/p =
0,02. Knowing the resistance of
each strip, it is easy to calculate
the resulting resistance R of the
original strip according to the
formula:
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RESULTS

Permalloy (FeNi) AMP strips, as
well as strips based on FeNiCo
alloy, with 6 and 20 percent cobalt
content are used in the AMRT sen-
sitive element. The use of permal-
loy in AMRT allows to achieve
maximum sensitivity values. But,
at present, despite the high sensi-
tivity of permalloy based convert-
ers, this material is less commonly
used in the AMRT design, due to
increased values of hysteresis,
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YTO [Jis YCTPAaHEHMS BAHSHUS THCTepesHca Iepes
M3MepeHHeM MarHUTHOIO II0/Ig Yepe3 IIPOBOSHHUK
set/reset He0OXOLKMMO IIPOIYCKATh UMITY/IbCHl TOKA
01 0,510 2,5 A INIMTEJIBHOCTBIO He MeHee 2 MKC, B Pe3yJ/ib-
TaTe 4yero MP-II0JIOCKH B COCeIHUX IIJIeYaX MOCTOBOU
cxeMbl OyZyT IepeMarHUYNBAThCS B IIPOTHBOIIONIONK-
Hble CTOPOHBI. PaclosokeHue BeKTOPOB HaMarHu-
YeHHOCTH B MOCTOBOM cxeme AMPII, ycTaHOB/IeHHOe
C IIOMOILbIO KMITY/IbCOB TOKA Set/reset, B COBOKYIIHOCTH
C PacIIoyIo>KeHHEeM CaMHUX IT0JIOCOK OTHOCHTeIbHO OJIH
Co3aeT HeueTHYI0 BOX C TMHEeMHBIM YYaCTKOM.

CTpyKTypHO TaKoK AMPII MarHUTHOIO IOJIS IIpeJ-
CTaBJIsieT Co6OM MOAIOKKY C IUIeKTPUUECKHUM C/I0eM,
Ha KOTOPOM PacIIO/IO’KeHBI YeThIpe psfa MP-TI010CoK
¢ Ti(Ta)-FeNi(FeNiCo)-Ti(Ta) MeTa/I/IM4eCKON peppomar-
HUTHOM HAaHOCTPYKTypou. Ham MP-monockaMH,
BJI0JIb Ka>K/I0I0 Psiia, MOXKET O6bITh CGOPMHUPOBaHA
IJIaHapHas KaTyluka offset co BTOpBIM 3alIUTHBIM
cinoem. Karymika npefgHa3sHaveHa [/ YCTPaHeHU S
TeXHOJIOTHUYeCcKoro pas3banaHca IpU H3MepeHHUU
IIOCTOSHHOIO0 MarHHUTHOIO I10JIS IIyTeM II0Ja4YHy B Hee
IIOCTOSIHHOIO TOKA, CO3[a0INero MarHMTHOe I10je
BJIOJIb HAIIPaBIeHU I H3MePAEMOro 110/1s1. IIpOBOIHHUK
set/reset pacIiosaraeTcs HaJ BepXHHM H30JHPYIO-
muM csioeM (puc.2). CBepxy cGOpMHPOBAH 3aIlUTHBIN
SiO, c/10% € OKHAMHU [7151 KOHTAKTHBIX IIOMAfIOK.

Ilpu mopaye B IPOBOSHHUK Set/reset KMITY/IbCa TOKA
co3laBaeMoe UM MAarHUTHOE I10Jie NeHMCTBYeT BJOJIb
OJIH Ha gBa psaga MP-II0JI0COK B OAHOM HaIlpaBjie-
HMHU, a Ha [Ba APYTUX pgja — B IPOTUBOIIOIOKHOM.
Ilon, melicTBHMEM MaTrHMTHOIO IIOJSI, CO3L4,aBaeMoro
KMIIY/IbCOM TOKa B IIPOBOLHHKE set/reset, BeKTOPbL

MP-nonockn
MR strips

MpoBOAHMK
set/reset
Set/reset
conductor

M3mepsieMoe none
Measured field

BbIBOAbI BEPLUMH MOCTa
Bridge vertexes outputs

OJTHEMA

A —

Puc.2. Koncmpykyua AMPTI
Fig.2. AMRT design

HaMarHHU4YeHHOCTH B ABYX I1apax psAaoB MP-I10710COK
IIOBEPHYTCS B IIPOTHUBOIIOJIOKHBIE CTOPOHEI.

ITpu BO3[eMCTBUM BHENIHEr0 MarHHUTHOIO IO/,
HaIpaBaeHHoro norepek OJIH, Bce BEKTOPBI HAMaTrHU-
YeHHOCTH PSAI0B MP-TI0/10COK IIOBOPAYHBAIOTCS B €0
HaIlpaB/IeHHWH, IIPpUYeM B ABYX pAfax MP-mojmocok

creates an odd VOC with a linear

magnetic noise, and temperature
coefficient of resistance (TCR).
The use of FeNiCo alloy increases
the magnetic anisotropy field,
expands the range of the mea-
sured magnetic field and increases
the magnitude of the AMR effect
to 2.0-2.5%. In this case, sensitiv-
ity of the transducers somewhat
decreases but their magnetic noise,
hysteresis, and TCR decrease; dur-
ing magnetization reversal of AMR
strips, the hysteresis-free rota-
tion of the magnetization vectors
prevails.

In [7], the results of experimen-
tal studies of AMRT with an odd
transfer characteristic of MR with

stripes at angles of + 45° relative
to the EMA were considered (see
Fig.2). This means that to elimi-
nate the influence of hysteresis
before measuring the magnetic
field through the set/reset conduc-
tor, it is necessary to pass current
pulses from 0.5 to 2.5 A with dura-
tion of at least 2 ps, as a result of
which the MR strips in the adja-
cent shoulders of the bridge circuit
will be magnetized in opposite
sides. The location of the magneti-
zation vectors in the AMRT bridge
circuit, established using the set/
reset current pulses, in combina-
tion with the location of the strips
themselves relative to the EMA,

section.

Structurally, such an AMRT
of a magnetic field is a substrate
with a dielectric layer on which
four rows of MR strips with Ti
(Ta)-FeNi(FeNiCo)-Ti(Ta) metal fer-
romagnetic nanostructure are
located. Above the MP strips,
along each row, a planar offset coil
with a second protective layer can
be formed. The coil is designed to
eliminate technological imbal-
ance in the measurement of a con-
stant magnetic field by applying
a direct current to it, creating a
magnetic field along the direc-
tion of the measured field. The set/

VoL.13 No. 3-4 (97) 2020 NANO INDUSTRY
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Puc.3. Busyaausauus pacnpedeaeHusi HaMazHU4eHHOCMU 8 No-
nocke cocmasa FeNi, pacciumanHas npu nomouwu nakema
OOMMF

Fig.3. Visualization of magnetizability distribution in FeNi strip
calculated using OOMMF siftware

yroj MeXAy BeKTOPOM HamarHu4veHHocTH u OJIH
yBeJIMYMUBALTCS, a B ABYX APYIUX — YMEHbBIIALTCH.
CremoBaTenbHO, YBEIUYHUBAIOTCI U YMEHBIIAOTCS
YIJIBL MEKY BEKTOPAMU HaMarHH4YeHHOCTH U HaIlpaB-
JIeHUSIMHU TOKA B I10/I0CKaX. TakuM 06pa3oM, MOCTOBast
cxeMa pa3basaHCHpyeTCs, ¥ Ha BbIxoze AMPII MarHur-
HOTO IT0JIS1 ITOSIBJISIeTCST BBIXOAHOM CUTHAJI, ITOISIPHOCTD
KOTOPOI0 3aBHUCHT OT HAIIPABJIEHM S H3MePseMOro Mar-
HUTHOIO II0JIS, IIPH 3TOM GpopMUpyeTcs HeueTHas BOX
rpeobpa3soBares.

TeopeTryecKkoe HCCaeL0BaHME OIIMCAHHBIX BBIIIE
06pasIoB 3aTpyAHEHO B IIePBYIO ouepelb TeM, UTO

CTPYKTypa BO3HUKAIOIMIKNX MarHUTHBIX HEOLHOPOL-
HOCTeH MOKeT OBITh caMoll pasHoobpasHoi [8, 9].
B obpasie MOIyT BO3HHUKAaTh MarHHUTHBIE JOMeHBbI
PasIMYHOIO BUIA, Pa3fie/leHHble JOMeHHBIMH I'pa-
HuLaMH [10], KOTopkle MOTYT COlep>KaTh cybIoMeH-
HBle CTPYKTYphl (6/10X0OBCKHe TUHUHU, TOUKH) [11].
MexaHH3M NepeMarHUYHUBaHHUS TaKHUX CTPYKTYP
II0J, IeHICTBHEeM BHeLIHero MarHUTHOTO I10JIs CJIOKeH
JJ151 TeOPeTUYeCKOTO ITPeJCTaBIeHHUS.

[TpoBefeHHBIe KOJUIEKTHBOM HCCIeL0BAHHS B PaM-
Kax MaTeMaTH4eCKOro IakeTa JijIsi MUKPOMaTrHHUTHOI'O
MmopmenupoBaHus OOMME [12] f1st OIMCaHHBIX BBIILE
CTPYKTYP U CpPaBHeHHe C 9KCIIePUMeHTaIbHbBIMH JaH-
HBIMH I103BOJIM/IHM BBISIBUTD CIe/IyIOIIYI0 3aKOHOMep-
HOCTb. B LIeHTPaJIbHON YaCTH MOJIOCKU He Habmroma-
€TCsI CJIOKHBIX I ByMEePHBIX MUKPOMAarHUTHBIX CTPYK-
TYp U IOMeHOB (pPUC.3), 2 HEOLHOPOLHOCTH Ha Kpasix
NpaKTHYeCKH He BIUSIOT Ha pe3y/IbTHpYIolllee MarHU-
TOCOIPOTHBI/IEHHe, TaK KaK JAJIMHA II0JI0OCKH Ha IOpsl-
JOK IIpeBbIIIaeT ee MIHUPHUHY. Tak>Ke MOKHO OTMe-
THUTb TOT $aKT, YTO HEOLHOPOLHOCTD PacIIpe/le/leHHs
HaMaTrHUYeHHOCTH B LIeHTPAJIbHOM YacTH SIBJISETCS
OTHOMEPHOM, YTO I103BOJIsIeT UCIIONIb30BaTh pa3pabo-
TaHHY0 HaMH MOH, OITHCaHHYIO BhIIIIE.

Ha puc.4-5 npeacTaB/ieHO CpaBHEHME SKCIIePHU-
MeHTa C TeOpeTH4YeCKHMHU pacyeTaMU IIPH IOMOIIH
nmaketa OOMME, a TakxKe c ucrojsb3oBaHvuem MOH.
JIMHEeMHBIN XapaKTep 3KCIIePHMeHTa/IbHBIX 3aBUCH-
MOCTeH BBIXOJHOTO HAIIPSIKEHH I OT BeJTMYHHBI BHeIll-
Hero MarHUTHOIO I10JIsI JOIIOJIHUTEeIbHO CBUeTeNb"
CTBYeT 06 OTCYTCTBUH CJIOKHBIX MATHUTHBIX CTPYKTYP
B 0bpasie.

reset conductor is located above the
upper insulating layer (see Fig.2). A
protective SiO, layer with windows
for contact pads is formed on top.

When a current pulse is applied
to the set/reset conductor, the mag-
netic field created by it acts along
the EMA on two rows of MR strips
in one direction, and on the other
two rows in the opposite direction.
Under the action of the magnetic
field created by the current pulse in
the set/reset conductor, the magne-
tization vectors in two pairs of rows
of MR strips will turn in opposite
directions.

Under the action of an external
magnetic field directed across the

EMA, all the magnetization vec-
tors of the rows of MR strips rotate
in its direction, and in two rows
of MR strips, the angle between
the magnetization vector and
OLS increases, and decreases in
the other two. Consequently, the
angles between the magnetiza-
tion vectors and the current direc-
tions in the strips increase and
decrease. Thus, the bridge circuit
will be unbalanced, and an output
signal appears at the AMRT out-
put of the magnetic field which
polarity depends on the direction
of the measured magnetic field,
and an odd VOC of the converter is
formed.
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A theoretical study of the samples
described above is hindered, first of
all, by the fact that the structure
of the arising magnetic inhomo-
geneities can be very diverse [8, 9].
Various types of magnetic domains
may appear in the sample, sepa-
rated by domain boundaries [10],
which may contain subdomain
structures (Bloch lines, points) [11].
The magnetization reversal mech-
anism of such structures under
the action of an external magnetic
field is complicated for theoretical
presentation.

The research team, within the
framework of the mathemati-
cal package for micromagnetic
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Puc.4. BSX AMPI Ha ocHose FeNiCog. MyHKkmupHoOU AuHued
nokasad skcnepumeHm, A - MOH, ¥ - pacdem npu nomouju
OOMMEF

Fig.4. VAC of AMRT based on FeNiCo,. Dash line - experimental
data, A - MODH, ¥ - calculations using OOMMF software
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DKCIIepUMeHTaJIbHble HUcclefoBaHu st AMPII MarHUT-
HOTO 10714 C TMHEeHMHOU He4eTHOU BOX U pa3IuYHbIM
comepkaHHMeM KobajnbTa B HAaKJIOHHBIX IT0JIOCKAX
IIOKa3bIBAIOT, UTO IIpeobpa3oBaTens obramaeT Tex-
HHUYeCKMMHU XapaKTepPUCTHKAMHU Ha COBPeMeHHOM

Puc.5. BSX AMPI Ha ocHose FeNiCo,,. [TyHkmupHoU auHued
nokasaH skcnepumeHm, A — MOH, ¥ — pacyem npu nomouju
OOMMF

Fig.5. VAC of AMRT based on FeNiCo,,. Dash line - experimental
data, A - MODH, V¥ - calculations using OOMMF software

ypoBHe. Pa3zpaboTaHHas TeOopHUS OJHOMepHOM
HEOOHOPOAHOCTH COrIACYyeTCs C 3KCIIePHMEHTAa/Ib"
HBIMH JAaHHBIMU K IIPUBOAUT K XOPOIIEMY COBIIa-
JeHHIO pacueTHOM M 3KCIIepPMMeHTaJIbHOU KPHUBBIX
B3X. OmnurcaHHas TeOopUSs pacIipele/ieHUs BEKTO-
POB HaMarHUYeHHOCTHU OyJeT cripaBeAIMBa U A1
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simulation OOMMEF [12] for the
structures described above and com-
parison with experimental data,
revealed the following regularity. In
the central part of the strip, complex
two-dimensional micromagnetic
structures and domains are not
observed (see Fig.3), and inhomoge-
neities at the edges practically do not
affect the resulting magnetoresis-
tance, since the length of the strip is
an order of magnitude greater than
its width. It can also be noted that
the heterogeneity of the distribution
of magnetization in the central part
is one-dimensional, which allows
us to use the MODH developed by us
and described above.

Figures 4-5 show comparisons
of the experiment with theoreti-
cal calculations using the OOMMF
software package, and with use of
the MODN. The linear nature of the
experimental dependences of the
output voltage on the magnitude
of the external magnetic field addi-
tionally indicates the absence of
complex magnetic structures in the
sample.

CONCLUSIONS

An experimental study of AMRT of
a magnetic field with a linear odd
VOC and various cobalt content in
inclined stripes shows that the con-
verter has state-of-the-art technical
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characteristics. The developed the-
ory of one-dimensional inhomoge-
neity is consistent with experimen-
tal data and leads to good agree-
ment between the calculated and
experimental curves of the VOC. The
described theory of the distribution
of magnetization vectors will also be
valid for the case of nanostructures
with a giant MR effect, which are
being actively developed at present.
The study of AMRT parameters
was carried out using specialized
equipment of the central control
center "Functional control and diag-
nostics of micro- and nanosystem
equipment” on the basis of SMC
"Technological Centre". [ |
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