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The qualitative analysis of the giant magnetoresistive effect in three-layer magnetically ordered films
(sandwiches) was carried out using the two-current model and the theory of dimensional effects. It is shown
that in the region of small thicknesses of the covering magnetic layer the magnetoresistance of the conductor
increases compared to the thickness of the base magnetic layer, while in the opposite region of thicknesses
it decreases, and in the specified thickness the effect is negligible due to the presence of the shunt effect. In
the case when the thickness of the covering magnetic layer of the metal is proportional to the total thickness
of the base magnetic layer and the non-magnetic layer, the value of magnetoresistance reaches its maximum
value due to the absence of the shunting effect. It is shown that the insignificant value of the effect is due to
the shunting of the resistances of the covering and base magnetic layers. If the thickness of the covering
magnetic layer of the metal is comparable to the total thickness of the main magnetic layer and the non-
magnetic layer, the value of magnetoresistance reaches its maximum value due to the absence of the shunt-
ing effect mentioned above.
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1. INTRODUCTION

Considerable interest in the study of electron spin-
polarized transport in artificially created magnetically
ordered multilayers is due to the fact that in such struc-
tures effects that cannot be realized in homogeneous
conductors are observed (see, for example, [1-4]. Such ef-
fects include, in particular, the effect of giant magneto-
resistance (GMO), which is observed in three-layer (mul-
tilayer) films, which consist of magnetic metal layers
separated by non-magnetic layers. The thickness of the
interlayers is selected in such way that the interaction
between the magnetic layers of the metal has an antifer-
romagnetic character (ap-interaction), as a result the
magnetization vectors M in the adjacent metal layers
are oriented in in opposite directions [4-6]. Placing such
structure in a relatively low external magnetic field ori-
ents the magnetization vectors M in parallel (p — inter-
action), which leads either to a significant decrease in
the magnetoresistance (MR) of the conductor (negative
effect of GMR), or to a significant increase in the MR
(positive, the inverse effect of GMR) [7].

In the theoretical analysis of the GMR effect, phe-
nomenological [3, 6], quasi-classical [5, 9, 10] and quan-
tum mechanical [3] approaches are usually used, which
are quite unwieldy. However, you can use the simple
theory of Fuchs in the qualitative analysis of the GMR
effect, which is the purpose of this report.

2. STATEMENT OF THE PROBLEM

Let’s consider a three-layer magnetically ordered
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film, which consists of two single-type magnetic metal
layers with the thickness dmj (j = 1, 2) (j = 1,2) separated

by a non-magnetic layer (spacer) with the thickness dx.
We will assume that for the free path lengths of elec-

trons [, ; in the transition regions between the non-

magnetic layer and the magnetic layers of the metal, in-
<< ;,by are fulfilled (I} ;,; — free path

. 5
equalities [ il

int j
lengths of spin-polarized electrons in the magnetic layer
and in the non-magnetic layer, respectively, s =+ (N«) -

spin indices that determine the sign of the spin projec-
tion of an electron on the direction of the spontaneous
magnetization vector M in the magnetic layers of the

sandwich) and I, <<,/Dt; (D - mutual diffusion coeffi-

cient, tp— diffusion time) [11]. In this case, the transition
regions of the metal can be modeled by geometric planes,
so that the thickness of the sandwich will be equal to
d=d+d, +d,,.

The giant magnetoresistive effect is quantitatively
characterized by the magnetoresistive ratio (MRR) &,
which is defined as the ratio of the change in sandwich
conductivity as a result of the change in the magnetic
configuration of the conductor by an external magnetic
field, normalized to the conductivity of the sample in
which the antiferromagnetic interaction is imple-
mented:

§=—=—, (€
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where Ep (Eap) are the thickness-averaged specific

conductivities of the sandwich in which the configura-
tion p (ap) is implemented.

The conductivity of a three-layer conductor [12] con-
sidering the two-current model is equal to:

1 2 .
o-:d{dnan+ > dejo;‘nj}, @)

s=% j=1

or taking into account that the value of the specific con-
ductivity is proportional to the value of the free path

length I . (l ) in the magnetic (non-magnetic) layers of

n

the metal, formula (2) will be used in the form:

1 2
o-~{dnln+ > zdmjz,;j}. 3)

d s=% j=1

It is well known that the GMR effect is observed
when the process of interaction between the magnetic
layers of the metal through spin-polarized charge carri-
ers occurs. However, this is possible when the metal lay-
ers that create the magnetically ordered three-layer film
are thin. We will assume that the inequalities are ob-

tained ff <<d,;/[; (B, <<d,/1,)[10, 12], where

B :Lijl—JR]s-' ( ":Lnl—Rn] (L;(L,) - average

width of crystallites in the plane of magnetic (non-mag-
netic) films, R;(R,) — probability of diffuse scattering

of charge carriers at intercrystalline boundaries in mag-
netic (non-magnetic) metal layers) — grain boundary pa-
rameters [3]. In this case, the scattering of spin-polar-
ized charge carriers at the boundaries of the crystallites
can be neglected, and the Fuchs-Sondheimer theory of
dimensional effects can be used for a qualitative descrip-
tion of the giant magnetoresistive effect [3]. If we as-
sume that the outer boundaries of the film diffusely scat-
ter electrons (there is no correlation between the re-
flected and incident electrons), neglect the numerical
multiplier and the logarithmic factor that takes into ac-
count the contribution to the conductivity of charge car-
riers that move almost parallel to the surfaces of the con-
ductor, then the effective free path length of the electron
in the film is equal:

d
Ly ~ 70'0 ~d;, 4

and it will be determined by the film thickness d; .

3. Co/Cu/Co SYSTEMS

In magnetically ordered sandwiches as Co/Cu/Co,
electrons whose spin direction coincides with the direc-
tion of the spontaneous magnetization vector in the
magnetic layer of the metal are effective, responsible for
the effect (Pippard's concept of “inefficiency” [6]). Such
electrons are called majority electrons, and all the last
charge carriers are called minority charge carriers (elec-
trons got this name by analogy with the concept of
"main" and "non-main" charge carriers in semiconductor
physics (note of the translator of the article [13]). In such
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pmj
T
mj

structures the parametera,,; =

(o, i specific re-

sistances in the j magnetic layer of the metal), which

determines the degree of asymmetry in the scattering of
spin-polarized charge carriers with different spin indi-
ces in the volume of the magnetic layers of the metal
layer, is always greater than one.

Thin layers of metal, which created a magnetically
ordered three-layer film, have a different electronic
structure at the boundaries of separation, as a result of
which a potential jump is formed at the interfaces of the
sample. The presence of the indicated potential jump
leads to the scattering of spin-polarized charge carriers.
However, the band structure Cu is very similar to the
majority subband Co, as a result of which charge carri-
ers whose spin direction coincides with the direction of
the spontaneous magnetization vector in the magnetic
layer of the metal will pass from one magnetic layer to
another almost without obstacles (for such spin-polar-
ized electrons, the interfaces are practically transpar-
ent, which is taken into account in Fig. 1). At the same
time, there is a significant discrepancy between the mi-
nority subband and the band structure, as a result of
which spin-polarized charge carriers, whose spin direc-
tion is opposite to the direction of the spontaneous mag-
netization vector, practically do not pass into the adja-
cent magnetic layer of the metal (the interfaces for these
electrons are almost not transparent, which is taken into
account in Fig. 1) [5].

Taking into account the above, we can see from
Fig. 1a that the effective lengths of free path of charge
carriers in a sandwich with — configuration are equal to:

l;Ll ~ dml + dn’

by ~ s

+
lm2 Ndm2+dn’\

byg ~ Qa5

®)

and the effective free path lengths of electrons in a sand-
wich with — configuration can be written in the form
(Fig. 1b):

l:;zl ~ dml +dn +dm2’

L,~d.., l,~d

m2 m2°

l;;zZ ~ dmZ + dn +dm1

b (6)

It can be seen from the above formulas (5) and (6)
that due to the remagnetization of the magnetically or-
dered three-layer film, the effective free path length of
the majority charge carriers increases by the thickness
of the magnetic layer of the metal, while the effective
free path length of the minority electrons remains un-
changed.

Sequentially substituting expressions (5) and (6) into
formula (3) and neglecting order multipliers, we obtain
an expression for the conductivity of a sandwich in
which the configuration is realized:

oy~ é{z(djﬂ b2 d, (dyvd,)] (D

and the formula for the conductivity of a three-layer film
in which the configuration p is implemented:
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0y~ {2(d2) 4 d2,) 12,0 4, (dy +d,0)] s

and their difference will be equal to:

~ 2dmldmZ
e

Ao )

By substituting (9) and (7) into expression (1) for
MRR, which quantitatively describes the GMR effect in
a sandwich, we obtain the following expression:

deldmZ

5= : 10
2(dyy +d3y)+d, (d,y +d,s5) (10

Usually, the thickness of the magnetic layer depos-
ited on the substrate (base magnetic layer) is a parame-
ter of the problem, and the thickness of the magnetic
layer deposited on the non-magnetic interlayer (cover
magnetic layer) is a variable. Then formula (10) can be
expressed in dimensionless quantities:

d
5 — - ‘m2,ml , (1 1)
dmZ,ml + O’ 5dn,ml (1 + dml,mZ) +1
d d
where d,, . =22, d, ,  =—"
' dml 7 dml

Fig. 1 — Schematic representation of the spin-polarized
transport of charge carriers in a sandwich with ap — configura-
tion (a) and p — configuration (b) in the assumption that the
main (responsible for the effect) electrons are charge carriers
whose spin direction coincides with the direction of the sponta-
neous magnetization vector in magnetic metal layers (majority
spin-polarized electrons)

Let's analyze formula (11) for the limit values of the
thickness d,,, of the overlying magnetic layer. In the

case of fulfillment of the inequality
dpymi << 1+0,5d, ., , the MRV approximately takes

the form:
sodhaly 4]
d d

ml ‘ml

12)

i.e., in the specified range of thicknesses of the covering
layer, its increase leads to an increase in the amplitude
of the effect (MRYV increases), while with an increase in
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the thickness of the non-magnetic layer, the value de-
creases.
If the opposite inequality is true

dypom >> (1+0,5d, ., , then the MRV can be approxi-

mately written in the form:

st fy_ ]
d 2d,,

m2

(13)

the value & decreases both with an increase in the
thickness d,,, of the covering layer of the metal and with

an increase in the thickness d, of the interlayer.

Thus, it is follows from formulas (12) and (13), the
effect of GMR 1is negligible due to the presence of the
shunt effect in the specified ranges of thicknesses of the
overlying magnetic layer. At small (large) values of the
thickness of the covering layer, the current is shunted
by the base magnetic layer and the non-magnetic inter-
layer (covering magnetic layer).

From the opposite behavior of the magnetoresistive ra-
tio for the limiting values of the thicknesses of the metal

covering layer, we differentiate formula (11) by d,, we

2,ml
equate the obtained result to zero, solve the obtained equa-
tion and make sure that in case of equality:

dr?l);tfml = \/1 + 0’ 5dn,m1 ’

the magnetoresistive ratio reaches its extreme value,
which is equal to:

(14)

extr — 2
5(dm2,ml) - A 4\/1 +0,5d, ,,, . .
Since the value:
o (d55a) =~ : -

[r+0,5d, (0.5, ,, +21+0,5d,,, )

is always a negative value, then formula (15) determines
the maximum (amplitude) value of the magnetoresistive
ratio (1), which describes the giant magnetoresistive ef-
fect in a magnetically ordered sandwich due to the ab-
sence of a shunt effect.

4. Fe/Cr/Fe SYSTEMS

In magnetically ordered Fe/Cr/Fe systems, it is the
opposite in comparison with Co/Cu/Co structures. In
these structures, electrons whose spin direction is oppo-
site to the direction of the spontaneous magnetization
vector M in the magnetic layer of the metal are effective,
and these electrons are the majority charge carriers,
while electrons whose spin direction coincides with the
direction of the spontaneous magnetization vector M in
the magnetic layer of the metal will be the minority
ones. In other words, those electrons that were majority
(minority) in the Co/Cu/Co system will be minority (ma-
jority) in the Fe/Cr/Fe system. In such structures, the
parameters a,,; lie in the interval 0 < «,, ;<1l.

A comparison of the zone structure Cr and the major-
ity subzone Fe shows that these zones are very similar. For
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this reason, charge carriers whose spin direction is opposite
to the direction of the spontaneous magnetization vector in
the magnetic layer of the metal will pass from one magnetic
layer to another almost without obstacles (for such spin-po-
larized electrons, the interfaces are practically transpar-
ent, which is taken into account in Fig. 2). At the same
time, the minority subzone Fe and the band structure Cr
are very different, as a result of which spin-polarized
charge carriers, whose spin direction coincides with the di-
rection of the spontaneous magnetization vector, practi-
cally do not pass into the adjacent magnetic layer of the
metal (the interfaces for these electrons are practically not
transparent, and taken into account in Fig. 2) [5].

Taking into account the above, we can see from
Fig. 2a that the effective lengths of the free path of
charge carriers in a sandwich with ap-configuration are
equal to:

+
lml dml ’

L,~d,,+d,, .

m2

byg ~ G » an
~d ,+d ,

‘m2 n

and the effective free path lengths of electrons in a sand-
wich with p-configuration can be written in the form
(Fig. 1b):

+ +
lml dml ’ lmZ dm 2>

18)

ll;tl ~ dml + dn + dmZ’

Lo ~d,,+d,+d,;.

|
<

a b

Fig. 2 — Schematic representation of the spin-polarized
transport of charge carriers in a sandwich with ap — configura-
tion (a) and p — configuration (b) in the assumption that the
main (responsible for the effect) electrons are charge carriers
whose spin direction is opposite to the direction of the sponta-
neous magnetization vector in magnetic metal layers (majority
spin-polarized electrons)

From the given formulas (17) and (18) it can be seen
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that due to the remagnetization of the magnetically or-
dered sandwich, the effective free path length of the ma-
jority charge carriers in the Fe/Cr/Fe structure (as in the
Co/Cu/Co system) increases by the thickness of the mag-
netic layer of the metal, while the effective free path
length of the minority electrons remains without
change.

Substituting expressions (17) and (18) into formula
(3) and neglecting order factors, we obtain an expression
for the conductivity of a sandwich in which the ap-con-
figuration is implemented, which will completely coin-
cide with formula (7), and an expression for the conduc-
tivity of a three-layer film with p-configuration which
will coincide with expression (8). Thus, the MRR for the
structure will completely coincide with formula (11) and
the entire theoretical analysis of the GMR effect will be
analogous, accordingly.

CONCLUSIONS

Thus, in the region of small (large) thicknesses of the
covering magnetic layer in comparison with the total
thickness of the base magnetic layer of the metal and the
non-magnetic interlayer, the magnetic resistance of the
conductor increases (decreases) with an increase in the
thickness of the covering magnetic layer. In this case,
the magnitude of the giant magnetoresistance effect is
negligible due to the shunting of the cover layer re-
sistance by the total resistance of the base magnetic
layer and non-magnetic layer (by shunting the total re-
sistance of the base layer and non-magnetic layer by the
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the thickness of the covering magnetic layer of the metal
is of the order of magnitude comparable to the total
thickness of the base magnetic layer and the non-mag-
netic layer, the value of magnetoresistance reaches its
maximum value due to the absence of the above-men-
tioned shunting effect.
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OOrpyuryBaHHs €(peKTy riraHTCHKOro MardHiToonopy y MardHiTOImopsIKOBAHUX TPHUIIAPOBUX

1 Xapriscvruil HauloHabHUL YHIBepcumem 6yodienuymea ma apximexmypu, gysi. Cymcoka, 40, 61002 Xapkis, YVipaina

3 Dizuko-mexHiunul incmumym rusvkux memnepamyp im. B.I1. Beprxina Hauyionanvrol akademii Hayk Yipainu,

crpykrypax Co/Cu/Co ta Fe/Cr/Fe 3 eukopucranuam ¢popmyau Oykca

H.C. Hlumko?!, 10.M. la6ensuuk?, 10.A. Konecarnuernko3, 10.0. IlxkypmomxaZ,
A.O. IIponosza2, A.M. Yopuoyc?, JI.B. Ilextsapyx!

2 Cymcvruil deporcasrull ynigepcumem, 8yai. Pumcovrozo-Kopcakosa, 2, 40007 Cymu, Yrpaina
Ilpocnexm nayxu, 47, 61103 Xapxis, Yrkpaina

3 BHKOPHUCTAHHAM JIBOCTPYMOBOI MOJIEJIi Ta Teopii po3MipHUX eeKTIB IIPoBeJeHA AKICHAN aHaJIi3 rira-
HTCHKOI'0 MATHITOPE3UCTUBHOTO eeKTy B TPUIIAPOBUX MATHITOBIOPAIKOBAHMX ILIIBKax (camasiuax). IToka-
3aHO, 110 B 00JIACT]1 MAaJIMX TOBIIMH HAKPUBHOIO MATHITHOTO 1IAPY B HOPIBHSHHI 3 TOBIIMHOO 6a30BOT0 Mar-
HITHOT'O IIapy, MATHITOOIINP IIPOBIIHUKA 3pOCTae, B TOM Yac AK y IMPOTHJIEKHIN 00JIACTI TOBIIHUH CIIOCTEPira-
€THhCS MIOr0 3MEHIIIEeHHsI, IPUYOMY B 3a3HAYEHUX 1HTEPBAJIaX TOBIIUH e)eKT Mi3epHO MaJIMi BHACIIIOK Has-
BHOCTI LIYHTYIOUOro eperTy. Y pasi, KoJIu TOBIIMHA HAKPUBHOIO MATHITHOIO IIIAPY METAJLY II0 IOPSIAKY BEJIU-
YMHA CyMIpHA 31 CyMApHOIO TOBIIMHOKN 0a30BOr0 MATHITHOTO APy Ta HEMATHITHOTO IIPOIIAPKY BEJIMIHNHA
MAarHITOOIIOPY J0Csrae MaKCHMAaJIbHOL BEJIMUYMHY B CHJIY BIICYTHOCTI mIyHTyI0490oro ederry. [lokasamo, mo He-
3HAYHA BeJMYMHA e(eKTy 3yMOBJIEHA IIYHTYBAHHSM OIOPIB IOKPUBHOIO Ta 0A30BOr0 MATHITHUX IIapisB.
SAKIo TOBIMHA MOKPUBHOIO MATHITHOTO IIapy MeTasly 3a IIOPSIKOM IIOPIBHSHHA 13 CyMapHOI TOBIIMHOIO
OCHOBHOT'O MATHITHOTO APy Ta HeMATHITHOTO IIapy, 3HAYeHHs MATHITOOIIOPY J0CATae MaKCHMAJIbHOIO 3HA-
JeHHS 3a PaXyHOK BLICYTHOCT] 3raJfaHOro BHUIIE e(peKTy IIyHTYBAHHI.

Kmiouosi cnosa: Tpumaposa marmiTHa 1miiBka, [iranrceknit maraitoomip, Koedimient maruitoomopy, Pe-
3MCTOP 1 ABOIOTOKOBA MOJesb, MaskopuTapHi Ta MiHOpUTapHi Hocli 3apany, Edexr myaTyBaHHs.
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