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Size effects in the magnetoresistive properties of the magnetically ordered 

‘symmetric’ Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S sandwiches obtained by the layer-by-
layer metal condensation with the subsequent heat treatment in the tempera-
ture range of (3–5)102

 K are studied experimentally and theoretically using 

the generalized Dieny formulas [1, 2]. At small (large) thickness values of the 

covering magnetic layer in comparison with the total thickness of the inter-
faces, non-magnetic interlayer, and basic magnetic layer, the numerical val-
ue of the magnetoresistance ratio  is negligible due to the shunting of the 

covering-layer resistance by the resistance of the basic magnetic layer, non-
magnetic layer, and interfaces (resistance shunting of the basic layer, non-
magnetic interlayer, and interfaces by the covering magnetic-layer re-
sistance). In the absence of the shunting effect, i.e., when the covering mag-
netic-layer thickness coincides with the thickness of the interfaces, interlay-
er, and basic magnetic layer, the value  in a ‘symmetric’ three-layered film 

acquires its maximum value. In the case of an increase in the non-magnetic-
layer thickness (interface thickness between the basic magnetic layer and the 

spacer), provided that the magnetic-layer thickness of the metal and the in-
terfaces (magnetic-layer thickness of the metal, spacer, and interface be-
tween the overlapping magnetic layer and the interlayer) do not change, the 

magnetoresistance ratio decreases monotonically with an increase in the 
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spacer (interface) thickness due to an increase in the scattering probability of 

the majority charge carriers within their volumes that leads to a decrease in 

the interplay between the magnetic layers due to the spin-polarized charge 

carriers and, as a result, to a decrease in the magnetoresistance ratio in a 

‘symmetric’ magnetically-ordered sandwich. 

Розмірні ефекти в магнеторезистивних властивостях магнетовпорядко-
ваних «симетричних» сандвічів Fe0,8Ni0,2/Cu/Fe0,8Ni0,2/S, одержаних ме-
тодом пошарової конденсації металу з подальшим термічним оброблен-
ням у діяпазоні температур (3–5)102

 К, було досліджено експеримента-
льно та теоретично з використанням узагальнених формул Дьєні [1, 2]. За 

малих (великих) значень товщини покривного магнетного шару порівня-
но із загальною товщиною міжфазних поверхонь немагнетного прошарку 

та базового магнетного шару числове значення коефіцієнта магнетоопору 

 є незначним через шунтування опору покривного шару опором базового 

магнетного шару, немагнетного шару та міжфазних поверхонь (шунту-
вання опору базового шару, немагнетного прошарку та міжфазних повер-
хонь опором покривного магнетного шару). За відсутности ефекту шунту-
вання, тобто коли товщина покривного магнетного шару збігається з тов-
щиною інтерфейсів, проміжного шару й основного магнетного шару, зна-
чення  у «симетричній» тришаровій плівці набуває свого максимального 

значення. Ó разі збільшення товщини немагнетного шару (товщини інте-
рфейсу між основним магнетним шаром і спейсером), за умови, що тов-
щина магнетного шару металу та внутрішніх інтерфейсів (товщина маг-
нетного шару металу, спейсера й інтерфейсу між перекривальним магне-
тним шаром і проміжним шаром) не змінюються, відношення магнетоо-
пору монотонно зменшується зі збільшенням товщини спейсера (внутрі-
шнього інтерфейсу) через збільшення ймовірности розсіяння основних 

носіїв заряду в їхніх об’ємах, що приводить до зменшення взаємочину 

між магнетними шарами за рахунок спін-поляризованих носіїв заряду й, 

як наслідок, до зменшення відношення магнетоопору в «симетричному» 

магнетовпорядкованому сандвічі. 
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ing effect, interfaces, basic and covering magnetic layers, interlayer. 
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1. INTRODUCTION 

The development of modern micro- and nanoelectronics requires the 

development and introduction of the new functional elements based on 

the magnetically inhomogeneous film materials. These materials also 
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include three-layered and multilayered nanocrystalline structures ob-
tained using the latest technologies, namely, periodic systems consist-
ing of the alternately applied layers of various materials, in particular, 
the ferromagnetic and non-magnetic metals [3–10]. The interest in the 

study of the three- and multilayered films is due to the fact that they 

exhibit effects, which cannot be realized in the homogeneous film con-
ductors [11, 12]. Structures, where the spin-dependent scattering of 

charge carriers is observed in the volume of magnetic metal layers and 

at the interfaces of a multilayered conductor, due to their wide appli-
cation, are of particular interest [4–12]. 
 Despite a significant number of experimental and theoretical 
studies of the film materials with the spin-dependent scattering of 
electrons, a number of questions remain unsolved. Thus, there is a 
need to develop and test the simple theoretical models of size ef-
fects in the magnetoresistive properties in the magnetically inho-
mogeneous structures. The development of theoretical models can 
solve the problem of predicting the behaviour of magnetoresistance 
values in the multilayered magnetically ordered systems with 
changes in the thickness of the metal magnetic layer, non-magnetic 
interlayer, and interfaces. The solution of such problems is possible, 
only if a comprehensive approach to the study of the physical prop-
erties of film systems is used. 
 The goal of this work is to study experimentally and theoretically 
the size dependence of the giant magnetoresistance (GMR) in the 
‘symmetric’ magnetically ordered three-layered films (sandwiches) 
based on a ferromagnetic Fe0.8Ni0.2 alloy and a non-magnetic copper 
interlayer using generalized Dieny formulas [1, 2]. 

2. METHODS AND TECHNIQUES OF EXPERIMENT 

Multilayered film systems with a layer thickness of 1–50 nm were 
obtained in a vacuum chamber at a residual atmospheric gas pres-
sure of 10

4 Pa. Alternating film condensation was carried out as a 
result of the metal evaporation from the independent sources. The 
starting materials for obtaining Fe0.8Ni0.2 layers were massive alloys 
of the corresponding composition. 
 The study results of the chemical composition of the original al-
loy and the obtained films show that they coincide within the meas-
urement error that did not exceed 2%. 
 Film condensation was carried out at room temperature of the 
substrate with a speed 0.5–1 nm/s depending on the evaporation 
modes. Layer thickness was controlled during the film condensation 
by a quartz resonator with an accuracy of 10%. An industrial reso-
nator of the РГ-08 type was used for this. The ultrathin-layers’ 
thickness was calculated by the condensation time at a known con-
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densation rate. The effective thickness of such layers was deter-
mined with an error of 10–15%. 
 The measurements of longitudinal and transverse magnetore-
sistance, as well as the thermomagnetic film processing, were car-
ried out in a device under the conditions of ultrahigh oil-free vacu-
um at a residual atmospheric gas pressure of 10

6–10
7 Pa in a 

magnetic field with induction up to B0.2 T. 

2. RESULTS OF EXPERIMENTAL RESEARCH 

The conducted experimental studies of the field dependence of the 
magnetoresistance in the magnetically ordered three-layered 
Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S films made it possible to establish the na-
ture of the magnetoresistive effect (Fig. 1). As can be seen in Fig. 1, 
the field dependence of magnetoresistance for the samples with the 
magnetic layer thickness dm20–30 nm and the nonmagnetic Сu-
interlayer thickness dn5–15 nm are isotropic in nature. As a re-
sult of this, the mechanism of asymmetric spin-dependent electron 
scattering in the volume of the magnetic metal layers is implement-

 

Fig. 1. Dependence of the longitudinal (||) and transverse () magnetore-
sistance ratio  on the induction of the magnetic field В for a ‘symmetric’ 
three-layered structure Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S with dF20 nm, dN6 
nm (a—as-deposited film; b—Тann400 K; c—Тann550 K; d—Тann700 
K). Measurement temperature is of 300 K. 
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ed (the giant magnetoresistance effect). In the investigated struc-
tures, a change in the magnetic configuration, i.e., the transition 
from the antiferromagnetic interaction to the ferromagnetic inter-
action, occurs under the influence of a relatively weak external 
magnetic field. As a result of the change in the magnetic configura-
tion, the sample resistance decreases, i.e., the GMR effect is real-
ized. It is also worth noting that the sample annealing at a temper-
ature of 700 K does not lead to a change in the character of the iso-
tropic field dependence of magnetoresistance, except for a change in 
the amplitude of the effect and an expansion of the magnetoresis-
tive loops. The reason to preserve the isotropic nature of magneto-
resistance is to preserve the individuality of individual layers even 
during the high-temperature annealing (Тann700 K) that is espe-
cially important for the applied usage. 
 Figure 2 shows the dependence of the magnetoresistance ratio value 

(MRR) on the magnetic covering-layer thickness dm2 (the layer con-
denses on the non-magnetic interlayer) normalized to the basic mag-
netic-layer thickness dm1const (the layer condenses on the substrate) 
in the three-layered ‘symmetrical’ Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S films. The 
specified dependence has a non-monotonic character, and the rea-
sons for this behaviour are analysed in detail in the theoretical 
analysis of the corresponding size dependence (see subsection 3). At 
the same time, we note that, with the extremely small covering 
magnetic layer thickness (up to 5–10 nm), magnetic solid solutions 
are not formed and, accordingly, the magnetic covering layer is not 
formed. As a result, the giant magnetoresistance effect is not ob-

 

Fig. 2. Dependence of the magnetoresistance ratio  (1) on the covering 
magnetic-layer thickness dm2 normalized to the thickness dm1const of the 
basic-layer thickness dm1const of a three-layered Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S 
film annealed at a temperature of 700 K. The basic magnetic-layer thick-
ness is dm120 nm and the non-magnetic-interlayer thickness is dn6 nm. 
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served in the ‘symmetrical’ sandwich. 
 Figure 3 shows the dependence of magnetoresistance ratio  (1) on 

the copper-layer thickness normalized to the magnetic layer thickness 

dmconst of a three-layered Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S film 

(dmdm1dm220 nm) annealed at a temperature of 700 K. The max-
imum MRR value is observed at the minimum non-magnetic-layer 

thickness dn  6 nm, at which the sample remains structurally solid. 
 A further increase in the copper-layer thickness leads to a de-
crease in the MRR, caused by an increase in the probability of the 
spin-polarized charge carriers scattering in the interlayer volume. 
As a result, it leads to a decrease in the interaction between the 
magnetic layers and a disappearance of the GMR effect. 

3. THEORETICAL ANALYSIS OF THE DIMENSIONAL 
DEPENDENCE OF MRR ON THE THICKNESS 
OF THE COVERING MAGNETIC LAYER 

The effect of giant magnetoresistance [11, 12] in a magnetically or-
dered three-layer film is quantitatively described by the magnetore-
sistance ratio , which is determined by the change in the specific 
resistance ( (0) ( ))ap p B    of the sandwich as a result of its remag-
netization by the external magnetic field by induction B, normal-
ized to the resistance ( )p B : 

 ( (0) ( )) ( ) (0) ( ) 1ap p p ap pB B B          . (1) 

 

Fig. 3. Dependence of the magnetoresistance ratio  on the non-magnetic-

layer thickness normalized to the thickness dmconst of the magnetically 

ordered sandwich Fe0.8Ni0.2/Cu/Fe0.8Ni0.2/S (dmdm1dm220 nm) annealed 

at a temperature of 700 K. 
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Here, (0)ap  is the specific resistivity of a conductor averaged over 
the sandwich thickness in the absence of an external magnetic field, 
i.e., when the antiferromagnetic configuration is implemented in the 
sandwich (directions of the spontaneous magnetization vectors M in 
the magnetic-metal layers are antiparallel); ( )p B  is the specific re-
sistivity of a sample averaged over the thickness of a magnetically 
ordered three-layered film in the presence of an external magnetic 
field, i.e., when a ferromagnetic configuration is realized in the 
sandwich (directions of the spontaneous magnetization vectors M in 
the magnetic metal coincide). 
 It is experimentally and theoretically substantiated that the di-
mensional dependence of transport coefficients (conductivity, spe-
cific resistivity, magnetoresistance, etc.) on the metal layer thick-
ness, both in the non-magnetic [13–15] and in the magnetic [16–19] 
multilayered structures, depends on the ratio between the thickness 
of the metal conductor layers. Thus, in particular, the nature of 
MRR  behaviour depending on the change in thickness dm2 of the 
covering magnetic layer normalized to the thickness dm1 of the basic 
magnetic layer, i.e., on 2, 1 2 1m m m md d d  (dm1const), depends on the 
inequality sign between thickness dm2 and total thickness 2di of the 
interfaces, thickness dn of a non-magnetic layer, and thickness dm1, 
i.e., on dm1dn2di. 
 In this case, if, for the lengths of free path electrons 

s

ijl  (j1, 2) 
in the transition regions between the spacer and the metal magnetic 
layers, the inequalities ,

s s s

ij mj nl l l  are fulfilled ( ,
s s

mj nl l —the lengths 
of free path spin-polarized electrons in the j magnetic layer and in 
the non-magnetic layer, respectively, ( )s    —the spin indices, 
which determine the projection sign of the electron spin on the di-
rection of the spontaneous magnetization vector M in the magnetic 
conductor layer) and 1/2

( )
s

ij Dl Dt  (D—diffusion coefficient, tD—
diffusion time) [20, 21], then, the separation boundaries of the 
metal layers can be modelled by the metal layers with a thickness di. 
Then, thickness dm2 of the covering magnetic layer is naturally 
normalized to the total thickness dm1dn2di and, accordingly, the 
approximating Dieny formula [1] can be written as follows: 

 

2, 1

, 1 , 1

2, 1
2, 1

, 1 , 1

1 exp
1 2

( )

1
1 2

m m

n m i m

m m
m m

n m i m

d

d d
d

d

d d

 
  

   


 

, (2) 

where dn,m1dn/dm1 and di,m1di/dm1 are thickness dn of the non-
magnetic layer and thickness di of the separation boundary between 
the magnetic layer and the spacer, respectively, normalized to 
thickness dm1 of the basic magnetic layer. 
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 Let us investigate formula (2) for the boundary values of thick-
ness dm2 of the magnetic layer. In the area of small values of thick-
ness dm2 of the covering layer compared to the total thickness of the 
interfaces, spacer and basic magnetic layer, i.e., when the inequality 

 2, 1 , 1 , 1
1 2m m n m i md d d   , (3) 

holds, the magnetoresistance ratio  increases linearly with an in-
crease in thickness dm2 of the covering magnetic layer (Fig. 2): 

 2, 1

2, 1 2, 1 , 1 , 1

, 1 , 1

( ) (1 2 )
1 2

m m

m m m m n m i m

n m i m

d
d d d d

d d
    

 
, (4) 

and the giant magnetoresistance effect, as follows from the asymp-
totic formula (4), is insignificant. This is due to the fact that, in 
the indicated thickness interval (3) of the covering magnetic layer, 
its resistance is shunted by the basic magnetic layer, interfaces, and 
non-magnetic interlayer. As thickness dm2 increases, the current 
value in the covering magnetic layer increases that leads to an in-
crease in the MRR (Fig. 2). It also follows from expression (4) that, 
if the thickness of the covering and basic magnetic-metal layers is 
fixed (unchanged), the MRR value decreases linearly with the in-
creasing thickness of the non-magnetic layer (interface thickness di) 
(for more details, see subsection 4 and 5). 
 In the case of fulfilment of the opposite inequality compared to 
expression (3), 

 2, 1 , 1 , 1
1 2m m n m i md d d   , (5) 

the asymptotic formula for (dm2,m1): 

 , 1 , 1 1
2, 1

2, 1 2

1 2 2
( )

n m i m m n i
m m

m m m

d d d d d
d

d d

   
  , (6) 

only if inequality dm2,m11dn,m12di,m1, correctly describes the 
size dependence (dm2,m1), i.e., the MRR decreases. This is due to the 
fact that, with an increase in thickness dm2 of the covering layer, 
the opposite situation is observed, namely, the resistance of the 
basic magnetic layer, non-magnetic layer, and interfaces are shunt-
ed by the resistance of the covering magnetic layer (Fig. 2). In fact, 
as experimentally established [4, 8, 23, 24], in the specified region 
of thickness of the covering magnetic layer, the magnetoresistance 
ratio  decreases exponentially with the increasing value of dm2. 
Such a discrepancy between the results of experimental studies and 
the corresponding theoretical calculations is due to the fact that, in 
the case of performing a ‘strong’ inequality (5), the covering mag-
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netic-metal layer becomes thick, i.e., the length of free path 
2

s

ml  of 
the spin-polarized charge carriers becomes significantly less than 
thickness dm2 of the covering magnetic layer 

2 2
( )

s

m ml d . As a con-
sequence, the covering and basic magnetic-metal layers become ‘in-
dependent’ in the sense that there will be no interaction between 
them through the spin-polarized charge carriers (electrons do not 
pass from one magnetic layer to another) and, as a result, the giant 
magnetoresistance effect will not be observed. 
 Considering the opposite behaviour of the MRR  (increase in the 
area of small thickness dm2, decrease in the area of large values dm2) 
for the boundary values of dm2, it is advisable to investigate expres-
sion (2) for the presence of an extremum. In other words, we will 
find thickness dm2, at which the GMR effect will be either maxi-
mum or minimum. To do this, we differentiate expression (2) by 
dm2,m1 and equate the obtained result to zero. As a result, we get the 
transcendental equation: 

 

2, 1

, 1 , 11 2 2, 1

, 1 , 1

2 1 0
1 2

m m

n m i m

d

d d m m

n m i m

d
e

d d


 


     

, (7) 

whose approximate solution is as follows: 

 
2, 1 , 1 , 1

1.146(1 2 )
m m

extr

n m i md d d   . (8) 

 If equality (8) is fulfilled, the MRR  value acquires an extreme 
value, and according to the sign of the second derivative with re-
spect to dm2,m1 from the MRR (2), 
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2
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2, 1
2, 1

, 1 , 1

2 1 2
1 2

1
1 2

m m

n m i m

d

d d m m

n m i m

m m
m m

n m i m

d
e

d dd

dd d

d d


 

  
        

 


    

, (9) 

at the extreme thickness (8), 

 
2, 1

2

2

2, 1

( ) 0.148
m m

extr

m m

d
d

dd


  , (10) 

we can confirm that the magnetoresistance ratio (2) reaches its 
maximum (amplitude) value. 
 Analysing expression (8), we see that, when equality dm1const is 
fulfilled, an increase in either the interlayer thickness, dn, or the 
interface thickness, di, or both dn and di values, leads to a shift of 
the magnetoresistance ratio maximum towards the larger values of 
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thickness dm2 of the covering magnetic-metal layer. At the same 
time, an increase in thickness dm1 of the basic magnetic layer, under 
the condition that the thicknesses di and dn are constant, shifts the 
MRR maximum towards the smaller values dm2. 

4. THEORETICAL ANALYSIS OF MRR DEPENDENCE ON NON-
MAGNETIC-LAYER THICKNESS 

In the experimental study of the magnetoresistance ratio  depend-
ing on the change in the non-magnetic-interlayer thickness dn, in 
order to avoid the shunting effect, the magnetic layer thicknesses 
are usually chosen to be equal to each other (dm1dm2dm). There-
fore, it is natural to normalize the interlayer thickness dn in the 
Dieny formula [1, 2] by twice the magnetic layer thickness and 
twice the interface thickness, i.e., the MRR can be written in the 
following form: 

 

,

,

,
,

,

exp
2(1 )

( )

1
2(1 )

n m

i m

n m
n m

i m

d

d
d

d

d

 
 

  




, (11) 

where dn,m is the non-magnetic-layer thickness dn normalized to the 
magnetic-layer thickness dm, and di,m—the interface thickness di 
normalized to the thickness dm. 
 In case of the inequality fulfilment as follows: 

 , ,
2(1 )n m i md d  , (12) 

formula (11) can be presented approximately in the form 

 ,

,

,

( ) 1
1

n m

n m

i m

d
d

d
  


, (13) 

i.e., MRR (dn,m) decreases linearly with the increasing non-magnetic 
layer thickness (Fig. 3). This decrease is due to the fact that, with 
an increase in the non-magnetic-layer thickness, the probability of 
the spin-polarized charge-carriers’ scattering in the volume of the 
non-magnetic layer increases. It leads to a decrease in the interac-
tion between the magnetic-metal layers through the spin-polarized 
charge carriers and, as a result, to a decrease in the giant magneto-
resistance value. 
 In the case of the opposite, in comparison with (12), inequality 
dn,m2(1di,m), i.e., when the spacer is thick enough, the magnetic 
metal layers become independent in the sense that the spin-
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polarized charge carriers do not pass from one magnetic layer to 
another through a non-magnetic interlayer. Therefore, in formula 
(11), the exponent will asymptotically go to zero, the MRR  will 
also go to zero (0) and, accordingly, the giant magnetore-
sistance effect will be absent due to the lack of interaction between 
the magnetic layers due to the spin-polarized charge carriers. 

5. THEORETICAL ANALYSIS OF MRR DEPENDENCE 
ON INTERFACE THICKNESS 

In the case of an experimental study of the magnetoresistance-ratio 
() dependence on the interface thickness, the following should be 
done. After obtaining a two-layered film comprising a basic magnet-
ic layer (deposited on a substrate) and the non-magnetic interlayer, 
the obtained sample should be diffusion-annealed over a certain pe-
riod of time. Subsequently, the spacer should be coated with a cov-
ering magnetic layer, and the resistance of the resulting sandwich 
should be measured in the antiparallel and parallel sample configu-
rations. 
 By increasing the time of diffusion annealing, it is possible to 
obtain the separation boundaries of different thickness di1 between 
the non-magnetic layer and the basic magnetic layer. This allows us 
to study the MRR dependence on the interface thickness di1, provid-
ed that the interface thickness di2 between the overlaying magnetic 
layer and the interlayer does not change (di2const). 
 Within the limits of this model, assuming that the magnetic met-
al layer thicknesses in the magnetically ordered sandwich coincide 
again, the MRR (di1,i2) can be written in the following form: 

 

1, 2

, 2 , 2

1, 2
1, 2

, 2 , 2

exp
1 2

( )

1
1 2

i i

m i n i

i i
i i

m i n i

d

d d
d

d

d d

  
 

    


 

, (14) 

where di1,i2di1/di2 is the interface thickness di1 between the basic 
magnetic layer and the non-magnetic interlayer normalized to the 
thickness di2const, dm,i2dm/di2, and dn,i2dn/di2, the magnetic-
metal layer thickness dm and the non-magnetic-interlayer thickness 
dn are normalized to the interface di2 thickness, respectively. 
 If the inequality 

 1, 2 , 2 , 2
1 2i i m i n id d d    (15) 

is met, formula (14) can be written approximately as follows: 
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 1, 2

1, 2

, 2 , 2

2
( ) 1

1 2

i i

i i

m i n i

d
d

d d
  

 
, (16) 

i.e., the MRR decreases linearly with an increase in the interface 
thickness di1. This decrease is caused, as in the case of an increase 
in the layer thickness, by the fact that, with an increase in the in-
terface thickness, the interaction between the magnetic-metal layers 
through the spin-polarized electrons decreases and, as a result, this 
leads to a decrease in the giant magnetoresistance value. 
 In the case of the opposite, in comparison with inequality (15), 
inequality di1,i212dm,i2dn,i2, i.e., when the interface is thick 
enough, the magnetic-metal layers become independent. For this 
reason, in formula (14), the exponent will asymptotically go to zero. 
As a result, the MRR (di1,i2) will also go to zero (0), and the 
GMR effect will be absent due to the lack of interaction between the 
magnetic layers due to the spin-polarized charge carriers. 

6. CONCLUSIONS 

Thus, it was established experimentally and theoretically that the 
effect the giant magnetoresistance effect in a magnetically ordered 
‘symmetrical’ three-layered film in the region of small thickness dm2 
of the covering magnetic layer, in comparison with the thickness of 
the basic magnetic layer, interlayer, and interfaces, i.e., when ine-
quality dm2,m1dn,m12di,m1 is fulfilled, is negligible due to the re-
sistance shunting of the covering layer by the resistance of the 
basic layer, interfaces, and non-magnetic layer. 
 In the case of implementation of the opposite inequality 
dm2,m11dn,m12di,m1, i.e., in the area of large thickness of the 
covering layer, the opposite effect is observed, namely the effect of 
resistance shunting of the basic layer, non-magnetic interlayer, and 
interfaces by the resistance of the covering magnetic layer and, ac-
cordingly, the value of the MRR will also be very small. 
 If equality dm2,m11.146(1dn,m12di,m1) is fulfilled, the MRR  
acquires a maximum value due to the absence of the shunting effect 
that shifts towards the larger values of thickness dm2 with an in-
crease in thickness dn of the interlayer and thickness di of the inter-
faces, provided that dm1const. In the case of an increase in thick-
ness dm1, under the condition of constant values di and dn, the max-
imum MRR shifts towards the smaller values of thickness dm2. 
 With an increase in the non-magnetic-interlayer thickness dn (in-
terface thickness dn), provided that the thickness of the basic and 
magnetic-metal layers, the interface thickness di (layer thickness dn 
and interface thickness di2) do not change, the magnetoresistance 
ratio monotonically decreases due to a decrease in the interaction 
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between the magnetic-metal layers due to the spin-polarized charge 
carriers. 
 Note that the above formulas can be used to substantiate the size 
dependence of the MRR on the metal-layer thickness in the mag-
netically ordered multilayer structures. 
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