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Theoretically, using two-current [1] and resistive models [2, 3], the dimensional effects (dependences of
the magnetoresistive ratio on the thickness d2 of the top magnetic layer) of giant magnetoresistance in
“symmetric” F,.1/S/F,-1 and “asymmetric” F,-1/S/F2-1 sandwiches have been investigated. It is shown
that in regions of small (large) values of the thickness d: of the top magnetic layer relative to the thickness
di of the bottom magnetic layer, the giant magnetoresistance effect is negligible. This is due to the fact
that when the inequalities d2 << di1 (d2 >> d1) hold, the specified effect is small due to the shunting of the
resistance of the top layer (the resistance of the base layer) by the resistances of the base magnetic layer
and the non-magnetic interlayer (the resistances of the top layer and the spacer). In the absence of the
shunting effect, i.e., when the thickness of the top magnetic layer coincides with the total thickness of the
spacer and the base magnetic layer, the magnetoresistive ratio reaches its maximum value.

Analytical calculations of the parameters of electron spin-polarized transport were performed for both
“symmetric” F,.1/S/IF,.1 and “asymmetric” F, - 1/S/F,2-1 magnetically ordered sandwiches with ultrathin
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1. INTRODUCTION

Multilayer nanoscale structures currently belong to
a new class of spintronic materials due to the unique
combination of their magnetic and electrical properties.
The most well-known effect observed in metallic multi-
layer structures is the giant magnetoresistance (GMR)
effect, which is caused by the spin-dependent scatter-
ing of charge carriers within the metal layers and at
their interfaces, depending on the type of magnetic
ordering in the three-layer conductor. Research into
the causes of this phenomenon has led to the develop-
ment of novel materials with broad potential for practi-
cal applications: spin valves, structures with magnetic
tunnel junctions, spin nanotransistors, and others. In
recent years, such materials have found increasingly
widespread application in computing, electronics, and
the automotive industry, where they are used as hard
disk read heads, magnetic field sensors, MRAM
memory modules and logic gates, ABS sensors, and
more.

Research on nanoheterostructures is actively un-
derway both in our country and abroad and is compre-
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hensive in nature. From a practical standpoint, re-
searchers’ efforts are focused on developing new sys-
tems with specified technical characteristics, ensuring
the stability of these properties, and improving the
technologies used to produce them. Resolving these
issues is complicated by the presence of many funda-
mental aspects related to the peculiarities of indirect
exchange interactions, the specifics of spin-dependent
electron scattering, as well as size effects. Despite a
significant number of experimental and theoretical
studies of thin-film materials with spin-dependent elec-
tron scattering, a number of questions remain unre-
solved. Thus, there is a need to develop and validate
simple theoretical models of size effects in the magne-
toresistive properties of magnetically ordered struc-
tures. The development of theoretical models [4, 5] can
address the challenge of predicting the behavior of the
magnetoresistance in three-layer magnetically ordered
systems with varying, in particular, the thickness of
the magnetic metal layers.

In view of the above, the aim of this work is a theo-
retical study of the dependence of the magnetoresistive
ratio on the thickness of the top magnetic layer of a
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three-layer film within the framework of the two-
current and resistive models, and the calculation of the
parameters of electron spin-polarized transport in a
sandwich structure under the assumption that the in-
terlayer is ultrathin.

2. STATEMENT OF THE PROBLEM. GENERAL
EXPRESSION FOR THE MAGNETORESIS-
TIVE RATIO AND ITS ANALYSIS

The giant magnetoresistance effect [6, 7] in a mag-
netically ordered three-layer film is usually quantified
by the magnetoresistive ratio 8§, which is determined by

the change in the specific resistance (;TW(O)—;D(H))
of the sandwich as a result of its remagnetization by an
external magnetic field of intensity H, normalized to
the resistance p, (H ) :

5= Pap (g)_;p(H) _ @(0) 1.
Py (H) Py (H)

®

Here, ZP(O) is the specific resistance of the con-

ductor averaged over the thickness of the sandwich in
the absence of an external magnetic field, i.e., when the
sandwich exhibits an antiferromagnetic configuration
(the directions of the spontaneous magnetization vec-
tors M in the magnetic layers of the metal are antipar-

allel), ;p(H ) — the sample’s specific resistance aver-

aged over the thickness of the magnetically ordered
three-layer film in the presence of an external magnetic
field, i.e., when the sandwich exhibits a ferromagnetic
configuration (the directions of the spontaneous mag-
netization vectors M in the metal’s magnetic layers
coincide).

Consider a three-layer magnetically ordered film
consisting of magnetic metal layers with thicknesses

JJ. NANO- ELECTRON. PHYS. 18, 02034 (2026)

d

mj

(j=1,2) separated by a non-magnetic spacer with

a thickness d». Let us assume that for the mean free
lS

path lengths I, ; of electrons in the transition regions

between the non-magnetic spacer and the magnetic
metal layers (interfaces), the following inequalities

hold: I, <<} ,,L, (I ;,l, — mean free path lengths of

int j mj*‘n
spin-polarized electrons in j-magnetic layer and in the
non-magnetic interlayer, respectively), s= i(?i) -

spin indices that determine the sign of the projection of
the electron spin onto the direction of the spontaneous
magnetization vector M in the magnetic layers of the

<< ./DtD (D — mutual diffusion coef-

ficient, tp — diffusion time) [8, 9]. In this case, the tran-
sition regions of the metal can be modeled as geometric
planes, such that the thickness of the sandwich will be
equalto d=d,,+d,+d,,,.

It is well known that the GMR effect is observed
when interactions occur between the magnetic layers of
the metal via spin-polarized charge carriers. However,
this is possible only when the interlayer in the sand-
wich is coarse-grained, i.e., when the following inequal-
ln

sandwich and [,

& is the
L 1-R

n n

ity holds: g, <<d, /[, [10], where S, =

grain boundary parameter, [ is the mean free path of
charge carriers in the non-magnetic layer, L. is the
average width of the crystallites in the spacer plane,
and R is the probability of diffuse scattering of charge
carriers at grain boundaries [11].

Assuming that the dominant mechanism of the gi-
ant magnetoresistance effect is asymmetric spin-
dependent scattering of charge carriers in the volume
of the magnetic layers, the magnetoresistive ratio
(MRR) (1) can be written in the form [12]:

(aml _1)(0‘m2 _1) ptnz,ml d,omi

o= " " — — =
aml (1 + P m2,ml dmZ,ml + P n,ml dn,ml)(l + P m2,ml dmZ,ml + P n,ml dn,ml)
(aml _1)(am2 _1) s
d , Ao 1 < f 1+ 05 1% )s 2,
aml (1+ p;,mldn,ml)(l + pr;,mldn,ml) e zm ) 511'( P e 1) ( a)
- — z 1+ p;,m dn,m
(aml 1)(06m2 : 1) 1- s:i( 1 1) Ay < {—I—[ (1 " pfl,mldn,ml), .6
am2dm2,m1 Z (1 + p‘n,mldn,ml) dm2,m1 s=%
pi‘ S — prSL dn + — .
In equations (2a) and (2b): a,;=—" ,(j :1,2) - ness of dmj§ Pom G = e P, = p, » — the resis-

er pml ‘ml

mj

asymmetry parameters describing the asymmetry in
the scattering of spin-polarized electrons within the

volume of  the metal’s magnetic layers;
S, d C .
P B— p,:2 d—’”z . Py; — the resistivity s-spin

ml ““ml

channel in a magnetic layer of the metal with a thick-

tivity of the non-magnetic interlayer (spacer) with a
thickness of dnx.

It follows from equations (2a) and (2b) that, in the
region of small values of the thickness of the top mag-
netic layer, the resistances of the base magnetic layer
and the non-magnetic interlayer act as shunt re-
sistances for the resistance of the top magnetic layer,
and the magnitude of the GMR effect is negligible (see
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formula (2a)). This effect is also negligible in the region
of large values of the magnetic overcoat layer thick-
ness, since in this case the resistances of the magnetic
overcoat layer and the spacer act as shunt resistances
for the resistance of the base magnetic layer (see equa-
tion (2b)).

If the following equality holds:

sy = [ T1(1+ P} i) - 3)

s=%

i.e., when the thicknesses of the top and base magnetic
layers are comparable in order of magnitude
(d ,~d ) the shunting effect will be absent and the

‘m! ‘ml

MRV 6 (1) reaches its maximum value, which is equal
to:

5max _ (aml —1)(0.’,"2 _1) (4)

2
(\/aml (1 + pr;,mldn,ml) + \/am2 (1 + Pyt @t ))

The resulting formula is significantly simplified
when the non-magnetic layer is ultrathin, i.e., the ine-
qualitie d, <<d,, ; hold (in the limiting case, we can
assume that d, =0). In this case, formula (4) takes the

form:

_ (@ —1)(et,5—1) 5)

(Vo )

3. CALCULATION OF ELECTRON TRANSPORT
PARAMETERS IN “SYMMETRICAL” SEND-
VICHES F, _,/S/F, ., WITH AN ULTRA-THIN

LAYER

max

In the case of a "symmetric" sandwich of the type
F, .| /SIE, _,,the magnetic layers of the sample are of
the same type (ocm1 =a,, :am), and equation (5) re-

duces to the well-known equation:

s o)

max
4a,,

©)

A similar result is obtained in the case where the
interaction of spin-polarized charge carriers with the
external boundaries (ferromagnet—-medium, ferromag-
net—substrate) of the sandwich and with the bounda-
ries separating the metal layers does not lead to the
scattering of spin-polarized electrons. In this case, tak-
ing into account the spin polarization of the charge
carriers, the following generalized equalities hold [5,

13]: ¢} =1, P;+Q;" =1, (jii:1,2) (for a sandwich
with the ap configuration), qj =1, ij +Q; =1 (for a
conductor with the p configuration). Here, q;f is the

probability of specular reflection of a spin-polarized
electron j — by the outer boundary of the sample (Fuchs

specularity parameter [14]), P; and @; — the probabil-

Ji
ity of reflection of spin-polarized electrons by the sam-
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ple interface and their passage into the adjacent con-
ductor layer without scattering, respectively.
To calculate the parameter ¢, , which determines

the asymmetry in the scattering of spin-polarized elec-
trons within the magnetic layers, we rewrite formula
(6) as the equation:

ay, —2(1+20,

e ) O +1=0. @

Next, using the example of a "symmetric" sandwich
structure Co/Cu/Co, we will demonstrate that in
this structure, the majority (effective) charge carri-
ers are those whose spin direction coincides with the
direction of the magnetization vector. It is well known
that the presence of interfaces between magnetic and
non-magnetic metals, which have different band struc-
tures, leads to the formation of a potential jump at the
sandwich interfaces and, as a result, to a decrease in
the probability of electrons passing through the inter-
faces. Since the band structure of a ferromagnetic met-
al is spin-dependent, the probability of a charge carrier
passing through the interface depends on the direction
of its spin relative to the direction of the local magneti-
zation vector. A comparison of the band structure Cu
with the minority subband Co indicates a significant
mismatch between them, as a result of which minority
charge carriers will, with a high probability, be scat-
tered at the sandwich interfaces [13, 14-16]. At the
same time, the band structure of Cu almost coincides
with that of the majority subband of Co, and majority
electrons pass through the interfaces of the three-layer
film practically unimpeded [13, 14-16] and are effective
carriers responsible for the effect (the concept of “ineffi-
ciency” [17]).

Solving equation (7) with respect to «,, , taking into

account the above, namely that the inequality «,, >1
holds, we obtain the following formula for calculating
the volume asymmetry parameter:

@y =1+ 2O+ B (O +1) ) ®)

and, accordingly, using the experimentally measured
value &, when studying the dependence of the MRR

on the thickness of the covering ferromagnetic metal
layer, the volume asymmetry parameter can be calcu-
lated.

To determine the specific resistance of a “symmet-
ric’ magnetically ordered sandwich and the specific
resistances of the two spin conduction channels in the
magnetic metal layers, we will use the “ £ -model”, ac-

X

cording to which the specific resistance of the two spin
channels is equal to [15]:

s _ 2p
S m s 9
Pn=13 5 ©)
PP
where p, =—"-"— and p; are the total specific
Pmt Pm

resistance of the sample and the specific resistances
s-spin channel in the ferromagnetic layer, respectively.
The phenomenological parameter S, can clearly be
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referred to as the channel asymmetry parameter, i.e.,
the parameter that determines the difference in the
specific resistances of the two spin channels in the fer-
romagnet.

By expanding formula (9), we find the relationship
between the parameters g, and «,,

B =—"—, (10)

a, +1
or between the parameters ¢, and g, :

o :1+/3m
m 1_ﬂm

1n

Taking into account formula (8), the parameter £,

takes the form:

LN L (Srmax +1)

m:1+5 \/max max

\/ max max

Knowing the channel difference parameter of the
specific resistances S, and the total resistance of the

12)

1+5

magnetic metal p, , we can calculate the specific re-
sistances of the two spin channels. To do this, we sub-
stitute expression (12) into formula (9), and for the spe-
cific resistances of each spin channel, we obtain the
following formulas:

+ 1+6,, 415 o, 1
&_2 + x T max( max+ ) _1+L (13)

P 14280+ 2B (O a,’

&:2(1+5max+ e (0

max max
Pm

+1))51+am, (14)

from which it follows that the difference between the
two spin channels will be equal to:

Aoy _ P =P _
pm pm

(1 B+ B B +1)) (G + 5max(5max”)) a5)

=4 142600+ 246 s (G + -

+1))=a2—1

max max max

Ezim(& + B (8

4. CALCULATION OF ELECTRON TRANSPORT
PARAMETERS IN “ASYMMETRICAL” SAND-

WICHES F, _,/S/F, , WITH AN ULTRA-
THIN LAYER

If electrons are the major charge carriers in the
metal’s magnetic layers, with their spin directions co-
inciding with the direction of the magnetization vec-
tors, but the magnetic layers are made of different fer-
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romagnetic materials, then the amplitude value of the
MRR will be determined by formula (5). In this case,
the number of problem parameters must be reduced. To
do this, in formula (6), we must substitute «,, - o,

and equate the result to formula (6), yielding:

(aeff _1)2 (aml _1)(am2 _1) ) (16)

W (fap o)

Solving equation (16) with respect to ., taking

into account that the volume asymmetry parameter is
greater than one, the effective parameter o, , which
describes the asymmetry in the scattering of charge
carriers within the volume of the metal’s magnetic lay-
ers, can be written as:

e =1+ X
' ( Py + “m2)2 .an

x{ 1+ 0t,10,5 + (@ =1) (@ —1)}

In this case, the amplitude numerical value of the
MRR for “asymmetric” sandwiches will be determined
by the following formula:

off _ (aeff _1)2 (18)

max
daq

from which the quantity . can be expressed in

terms of the experimentally measured quantity é';gx :

Qg = 1+2 (5§gx + \'551@")( (5;§x )) . (19)

Comparing formulas (17) and (19), we obtain an
equation for the parameters ¢,, and ¢,, of the volu-

metric asymmetry in the sandwich:

(aml _1)(am2 _1) y

(\/“71*@)2 . (20)
x{ 1+ \/amlamz 4—\/(01,”1 Qs 1)} =0

To determine the parameters «,,

5eff 5eff (é-eff " 1) _

max max max

and « two ex-

m2
periments must be conducted sequentially to establish

the dependence of the MRR on the thickness d,, in
“symmetric” and “asymmetric”

the “symmetric” sandwich F,

sandwiches. First, in
.1/ SIF, measure the

dependence of the MRR on the thickness d,,,

mine .,

m>1
deter-

and calculate the parameter ¢,; using
formula (8). Next, while retaining the same base fer-
romagnetic layer, deposit a non-magnetic interlayer
and a top magnetic layer made of a different ferromag-
netic material. Having obtained an “asymmetric”

sandwich, investigate the dependence of MRR on
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thickness d,,, and determine o Substitute the

max *

found values ¢,, and 5 into the equation with re-

max
spect to «,,,, and from the resulting equation, the pa-
rameter ¢,, can be determined.

To determine the specific resistances of the two spin
channels and the difference between them in the
“asymmetric” sandwich, we will again use the
“B-model.” Since the sandwich is “asymmetric,” we
must first find the effective parameter B . To do this,

equation (16), using formula (11), must be expressed in
terms of the parameters S, B,,,and S, and writ-

ten as a quadratic equation in S , whose solution can

be given as:

1 f 4
ﬂeff —2B{1+ 1—32},

1= BB+ (1*[’7311)(1*:8512)
2ﬂm1 m2

@1

=2+

Next, we need to express the right-hand side of
equation (18) in terms of S, , solve the resulting equa-

tion for S, and set the result equal to equation (21),

yielding:

€l eff 4
1+ 1+85T 125 {Q—Bl+ /1—B2}=0. (22)

To find the parameters of channel asymmetry and
the specific resistances of the spin channels, we must
first find &,  for the “symmetric” sandwich and calcu-

late B, = S,, using formula (12), then find 5 for the

max

“asymmetric” one. Substituting the found values S,

and 63;{ into formula (22), we obtain an equation from

which we find the parameter g, , . Knowing the param-
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Teoperuuro, 3 BAKOPUCTAHHIM JIBOCTPYMOBOI [1] 1 peaucTopHOI MomeJteit [2, 3] mocrimxeHi po3MipHi (3a-
JIEKHOCT1 MATHITOPE3UCTUBHOIO BIJHOIIEHHS BIJl TOBIUHU d2 HAKPUBHOTO MATHITHOIO Iapy) edexru rira-
HTCBKOI'0 MATHITOONIOPY B «cuMerpuaroMy» F, . 1/S/F, .1 ta «aecumerpuaromy» F,1.1/S/Fy2. 1 cenasiuax. [lo-
KAa3aHo, IO B 00J1aCTIX MaInX (BEJIMKHUX) 3HAYEHD TOBIIUHY d2 HAKPUBHOTO MATHITHOIO IIAPY Y IIOPIBHSHHI
3 TOBIIMHOI d1 6a30BOr0 MarHITHOIO IIapy e(geKT IiraHTChKOro MarHiToornopy misepHo masuii. Ile o6ymos-
JIEHO THM, II0 Y pa3l BUKOHAHHS HepiBHocTed de << d1 (d2 >> d1) 3a3HavYeHUH eeKT MaINY BHACIIIIOK IIIyH-
TYBaHHSI OIOPY BEPXHBOro mapy (omopy 6a30BOro mapy) ormopamu 6a30BOr0 MArHITHOTO IIapy Ta HEMAarHiT-
HOTO MPOIIApKY (0IIopaMu HAKPHBHOTO IIApy 1 crmeiicepa). ¥ pasi BiACyTHOCTI edeKTy IMyHTYBAHHS, TOOTO
KOJIM TOBIIWHA HAKPUBHOIO MATHITHOIO IIapy 30iraerbcs 3 CyMapHOK TOBIIMHOI IIPOIIAPKY Ta 0Ga30BOTO
MAarHITHOTO IIapy, BeJMINHA MarHiTOPe3UCTUBHO BITHONIEHHS HA0YBae MAKCUMAJIFHOIO 3HAYEHHS.

IIpoBeneni aHaMITHYHI PO3paxyHKN IapaMeTPIB eJIeKTPOHHOIO CIIIH-IIOISIPU30BAHHOIO TPAHCIIOPTY SIK B
«cumerpuaHOMY» F, . 1/S/F, . 1, Tak 1 B «<HeCUMETPUIHOMY» F o1+ 1/S/F 2 . 1 MATHITOBIIOPAIKOBAHUX CEHABIUAX 3
YIIBTPATOHKUMHY IPOIIAPKAMHU.
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