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Magneto-Strain Effect in Double-Layer Film Systems
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For the first time a theoretical study of magnetodeformation effect (MSE) in double-layer film materi-
als is presented, taking into account the previous results obtained for single-layer films. When creating the
elementary theory one derives the well-known coefficient for longitudinal strain coefficient (SC, ») for a
double-layer film system of the type, “biplate”, without taking into account the possible processes of mutual
diffusion of atoms. The MSE is quantified by the magnetic coefficient of the SC S5 = (1/y)-(0¥/0B), which de-
scribes the change of the film’s electrical resistance under its deformation in the external magnetic field. In
the finite ratio for MSE, considered by the appropriate index for three possible orientations of the magnetic
field relative to the direction of the flow of electric current (which coincides with direction of the longitudi-
nal SC) the right-hand-side consists of the following values: yr, p (resistivity), B (magnetic coefficient of
resistivity) and second-order partial derivative p with respect to strain and magnetic field. The latter is not
calculated from the first principles but is measured experimentally. Analyzing the ratio for the limiting
cases for S5, when di1 >> dz and di << d3, leads to predicting as to how the SC depends on the size of the
magnetic field.
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Magnetic coefficient of the gauge factor.

1. INTRODUCTION

Efficacy of nanodimension thin film materials as
sensitive elements of temperature sensors, pressure,
strain, magnetic field, and others (see, [1]) allows the
author [2] to develop the concept of designing a multi-
functional sensor, including the strain sensor and a
magnetic field sensor, the principle of the latter may
be based on the magnetodeformation effect (MSE). Cur-
rently, there is a limited number of known works de-
voted to the study of MSE. In particular, Ref. [3] stud-
ied the peculiarities of the magnetic field effect on the
strain coefficient in bulk amorphous alloys based on Fe,
which are explained in terms of the so-called AE effect
caused by the influence of magnetic ordering on the
elastic properties of the material (this effect is directly
related to magnetostriction phenomenon). In this case,
as in the case of diamond films [4], the coefficients of
longitudinal and transverse strain coefficient decrease
in the external magnetic field. The reduction in strain
coefficient is due to the change in the structure factor
and Young's modulus under the action of magnetic field
in metal films [3] or in case of diamond film the strain
and magnetic field depend on the energy band gap [4].
The effect of magnetostriction and magnetoresistance
in pseudo spin-valve structures of Co/Au/Co, deposited
on polymide substrate to create sensors sensing ele-
ments of mechanical stress, was studied by the authors
work [5]. Along with this, according to our preliminary
data, the coefficient of longitudinal strain coefficient of
Co and Ni films, measured perpendicular to the orien-
tation of the magnetic field relative to the film’s sur-
face, increases by 1.5-1.7 times for a magnetic field of
0.1T.

Therefore, the purpose of our work is to use a phe-
nomenological theoretical model of magneto-strain ef-
fect in double-layer film systems, which may be a basis
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PACS numbers: 46.25 Hf, 75.80.+q

for a multifunctional sensor for both strain and mag-
netic field.

The model is a phenomenological approach devel-
oped in [6], where it was proposed within the phenom-
enological approach, that the theoretical correlation
between coefficients of longitudinal magnetic strain
coefficient and SC, which is expressed in terms of re-
sistance of single-layer metal films. It allows a qualita-
tive analysis of the possible dependence of SC on the
magnitude of external magnetic field the magneto-
strain effect (MSE).

Quantitatively, the effect can be characterised by
the so-called magnetic strain coefficient, which de-
scribes the change in the electrical resistance of the
film during its strain in the external magnetic field

By = (1p-(@/0B).
2. THEORETICAL ANALYSIS

The analysis conducted in [6] on the magneto-strain
effect in a single layer metal film can be extended to
the case of two-layer film systems, and that’s the pur-
pose of the present work. When using the elementary
theory we have used equation for longitudinal SC of
two-layer films, satisfying the "biplate" condition [7]:

ity + oty 11918y = Pty + 7oPadh — Pochity 1)
d, +d, Py + pydy ,

where di, 14 and p; are the thickness, Poisson 's ratio, and
resistivity of the i-layer (i = 1, 2), respectively.

After differentiating equation (1), we obtain the
equation for the magnetic field induction, ﬂyk , where we

V=E Y-

have not taken into account the terms proportional to
the size of magnetostriction, M} =dlInd;/dB, where

the upper index % corresponds to the longitudinal, trans-
verse or perpendicular direction:
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The value for 8,5 for a single-layer film was previously obtained by the author [6] and it is as follows:
2 -1-2 2
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where yr is the value of SC, which is expressed in terms of the electrical resistance. The magnetic coefficient of re-

sistivity for a two-layer film can be represented as follows:

pB

oB

-1
0 0 0 0
o= (Lo ) 22 (0 )| )0, o) L+ P2 ]|

B, pody + B pyd,

4

= [P1P2 (d1 + d2)(/31d2 + Pod; )]71 =

The equation (4) in the limiting cases takes the fol-
lowing form: for di -« and dz — o, iiglﬂ”B =By
and for dz2 —» o and di = const, dlgig;ﬂpB = ﬂ:sz , where

the index «o» denotes the asymptotic value S,z.
The equations (2) and (4) are considerably simpli-
fied in the two limiting cases:

@)

for d2 << du, B = B}y, + B} paus

@)

and for da >>ds, Bl =y, +ﬂ"§13y2 .

3. LIMITING CASES

Note that equation (2) and its limiting cases are re-
atively easier to compare with the experimental results
if y>> 1, when equation (3) is simplified to the form:

1 o2p

k ~ k 4+ —
Frs==Ps yo 0&dB

(3)

Analysis of formula (3") suggests that the strain co-
efficient, when implementing MSE, is determined by
competition of two mechanisms: a reduced resistance in
a magnetic field and its increase due to the deformation
processes. In case when S <0, the gauge factor in

magnetic field will increase if 92p/0e0B >0 (it is ob-
served in metallic Co and Ni films). When the inequali-
ty ‘52p/ 68“63‘ > ‘ ﬂB‘ is satisfied the coefficient of longi-

tudinal and transfer strain coefficient will be reduced
in an external magnetic field, as is the case in amor-
phous metallic alloys [3] or diamond films [4] in rela-
tively strong fields.

It should be emphasized that because the value of
SC significantly decreases with increasing thickness of
the film, then on the settlement of relations for the lim-
iting cases of formula (2) one must use the relation (3)
or (3') for a thick or thin film, respectively. Specifically,
equations (2) — (2"), (3) and (3') lead to predicting quali-

Py + pod;

tatively the field-dependence of double-layer SC film
systems. In particular, in (2') the value of SC of double-
layer film will increase with increasing external mag-
netic field under the conditions:

if B} >0and By >0o0r pfy >0, then B 5 <O,

but g, > \ B

if ﬂy’jB <0 and necessarily the condition ﬂy’jB >0
and g% , > ‘ﬂyle‘,

Similar conditions occur in case (2"). If, di= d2 as
y1,2 ~ 1, then the analysis should make calculation for
the ratio (2) taking into account the ratio (3) and the
possible options of the sign of gk and kp . This

analysis will assist in developing other types of sensing
elements for standard magnetoresistance strain sen-
sors, one of which was proposed in [8] and was used by
the authors of work [5].

4. CONCLUSIONS

Phenomenological model of magneto-strain effect in
two-layer film systems that contain identity of individ-
ual layers (type biplate) was first proposed. Analyzed
limiting cases of models that allow to establish sign of
the magnetic SC, which makes it possible to operate
this value. The results can be used to develop multi-
functional sensors of magnetic field and strain.
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Maruito-gedopmarniiinuit e(peKT B JBOIIAPOBUX IUIIBKOBUX CHUCTEMAaX
3.M. Maxkyxa, C.I. IIpouenxo, JI.B. Ogaonsopers, 1.10. ITpomerro

Cymcvruii OeporcasHull yHisepcumem, 2, 8ysa. Pumcvrozo-Kopcarosa, Cymu, 40007, Yipaina

Brepime mpescraBiieHi pe3yIbTaTh TEOPETUYHUX JOCIIIKEeHb Maruito-medopmariiiiaoro edexry (MIIE)
B IBOIIAPOBUX ILTIBKOBUX MAaTepiajiax 3 ypaxyBaHHSM IOMEPEIHIX Pe3yJIbTATiB, OTPUMAHUX [IJIS OHOIIA-
poBHX ILTIBOK. [Ipy cTBOpeHHI eleMeHTapHOI Teopil OTPUMAHI CIIBBIHOIIEHHS JJIA KOeii[ieHTa HO3q0BMK-
a0l Tersouyriausocti (KT, y) nms gomapoBoi mriBkoBoi cucremu Tumy "OirracTuna", 6e3 ypaxyBaHHS MO-
JKJIMBUX TIPOIECiB B3aeMHOI nudyaii atomiB. KinbkicHowo xapaxrepucturoo MJIE e marmiTHHE KoedirieHT
KT, axuit nopisaioe B,5 = (1/y)-(0y/0B), sra omucye 3MiHy €JIEKTPHUIHOTO OIOPY ILTIBKU IpH Ii gedopmariii B
30BHINTHBEOMY MarHiTHOMy moi. B kinnese cmiBBiguomenssa st MJIE Bxogars Benwuunu yR, p (murommit
omip), BpB (MaruiTHUI KoeIIlieHT TUTOMOrO OIOPY) Ta ApPyTa MOXITHA p IO JedopMarlii 1 MarHiTOMY II0JIO.
OcraHHsA BeIWYWHA HE PO3PAXOBYETHCS, & BHUMIPIOETHCS €KCIIEPUMEHTAIBHO. AHAIII3 CIIBBIIHONIEHHS JJIS
TPaHUYHUX BUNAAKIB a1 B8, kKoau di >> ds 1 di << ds, mo3Bosse po3paxysaru Besumuuny KT npu nmeBHmHX
3HAYEHHAX MATHITHOTO II0JIS.

Knrouori croBa: xoedillieHT MO3J0BKHBOI TEH30YYTIUBOCTI, MATHITO-IeOpMAIIHHUN edeKT, MarHITHUI
KoeiIleHT 0mopy, MAarHiTHUN KoedII[leHT KoedillieHTa TeH30UyTIUBOCTI.

Maruuro-nedopmannoHHbIN 3 (eKT B IBYXCIIONHBIX JIEHOYHBIX CUCTEMAX
3.H. Maxyxa, C.1. IIpouenxo, JI.B. Onuonsoperr, U.E. IIpomenko

Cymckuii 2ocydapemaennwiii yHusepcumem, 2, yu. Pumckozo-Kopcarkosa, Cymor 40007, Vepauna

Breperle mpelcTaBieHbl pe3ybTAThl TEOPETUUYECKUX WCCJIETOBAHUI MAaTHUTO-IedOPMAIIMOHHOTO 3d-
dexra (MJ[O) B 1BYXCIIOMHBIX ILJIEHOYHBIX MATEPHUAJIAX C YYETOM IIPEIBIIYIINX Pe3yJIbTATOB, IOJIyYeHHBIX
ILJIsT OJTHOCJIOMHBIX IUIEHOK. [Ipu co3manmuu e MeHTapHOM TeOPUHU TOJIYyYeHBI COOTHOIIEHUs 1A Koadduiru-
eHTa IpoosIbHON TeH3ouyBcTBuTesbHOCTH (KT, ) I1st ABYyXCIIOMHOM IIJIIEHOYHOM CUCTEeMBI TUla "OUILIacTh-
Ha", 63 yuera BO3MOKHEIX IIPOIIECCOB B3aWMMHON nuddys3un aTtoMoB. KoJIMuecTBEHHON XapaKTepPUCTUKON
MO sapasercs marautHbN Koaddunuent KT, pasusiit B, = (1/7)-(0/0B), KOTOpHII OINCHBAET H3MEeHEHUE
3JIEKTPUYECKOTO TI0JIsA IUIEHKH Npu AedopMaIiuy BO BHEIIHEM MAarHUTHOM IoJie. B KOHeYHOoe COOTHOIIeHMe
g MJIO BxomAT BelMuUMHEL R, p (YOEJIBHOE COIPOTHBIIEHKE), Bop (MATHUTHBIA KOI(PPUIIMEHT yoeIbHOro
COIIPOTURJIEHUS) U BTOPasi IPOU3BOIHASA P 110 JedopManuu U MarauTHomy oo, [locienusas senvunna He
PACUYUTHIBAETCS, A ONPEJESIeTCs IKCIePUMEHTAIBHO. AHAINE COOTHOIIEHUS JJIs TPAHUYHBIX CJIyYaeB IJIs
.8, korga di >> dz2 u di << dz, no3Bosser paccuurars BeauduHy KT mpm ompeneseHHBIX 3HAYEHUAX Mar-
HUTHOTO II0JISI.

KimoueBsie ciioBa: x0aphHIIHEeHT IPOIOIBHON TEH30UyBCTBUTEIIHHOCTH, MATHUTO-1e(DOPMAIFOHHEIA aderT,
MATHUATHBIA KO3()(DUITHEHT COIIPOTUBIICHUS, MATHUTHBINA K0d(pUITHeHT K0a(PUITHeHTa TeH30UyBCTBUTEIBHOCTH.
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