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Dimensional effects in the magnetoresistive properties of Fe.Co1-./Cu/Fe.Co: - three-layer magnetical-
ly ordered films obtained by layer-by-layer metal condensation followed by heat treatment in the tempera-
ture range of 300+550 K were studied experimentally and theoretically using generalized Dieny formulas
[1, 2]. It is shown that in the case when the cover layer thickness is much smaller (greater) than the base
layer thickness, the numerical value of the magnetoresistance ratio & is negligible due to shunting of the
covering layer resistance by the resistances of the base layer and the nonmagnetic layer (shunting of the
resistances of the base layer and the nonmagnetic layer by the resistance of the covering magnetic layer).
If the thickness of the base and cover layers are the same, the value of § becomes maximum due to the ab-
sence of the shunting effect. If the thickness of the non-magnetic layer increases, provided that the thick-
nesses of the base and magnetic layers of the metal do not change, the magnetoresistance ratio monoton-

ically decreases with increasing spacer thickness.
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1. INTRODUCTION

The development of modern electronics requires the
development and implementation of new functional
elements based on magnetically inhomogeneous film
materials. This stimulates intensive studies of the
physical properties of multilayer structures, granular
films, composite materials, manganites, etc. [3-6].
Structures with spin-dependent scattering of polarized
electrons in the volume of magnetic metal layers and at
conductor interfaces are of particular interest due to
their wide applications [7-10].

Multilayer film systems based on FexCoi-x ferro-
magnetic alloy and copper, in which spin-dependent
scattering of charge carriers is implemented, are widely
used as effective magnetic field sensors, in digital mag-
netoresistive memory devices, automotive electronics,
biomedical technologies, etc. Despite this, there is still
a need for further experimental and theoretical studies
of film structures that meet additional requirements
(minimum size, high sensitivity, high reproducibility of
samples, etc.). It is also important to predict the behav-
ior of the magnetoresistance of multilayer magnetically
ordered systems with a change in the metal layer
thickness. The solution of such problems is possible
only using a comprehensive approach to study the
physical properties of film systems.

The goal of this work is to experimentally and theo-
retically study the dimensional dependence of the giant
magnetoresistance (GMR) value in three-layer magnet-
ic films (sandwiches) based on FexCo1-x alloy and cop-
per using generalized Dieny formulas [1, 2].

2. METHOD AND TECHNIQUE OF
EXPERIMENT

Multilayer film systems with layer thicknesses of
1-50 nm were obtained in the vacuum chamber at a
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residual atmosphere gas pressure of 10 -4 Pa. Layer-by-
layer film condensation was carried out by metal evap-
oration from independent sources (Cu from a tungsten
ribbon, Fe.Coi-» from an electron-beam gun). The
source materials for obtaining Fe:Coi-x layers were
massive alloys of the appropriate composition.

The results of the study of the chemical composition
of the initial alloy and the obtained films showed that
they coincide within the measurement error (meas-
urement error did not exceed 2 %).

Film condensation was carried out on the substrate
at room temperature with a speed = 0.5-1 nm/s, de-
pending on the operating conditions of the evaporators.
Glass plates with pre-deposited contact pads were used
as substrates for research of the magnetoresistive prop-
erties. The construction of the manufactured substrate
holder allowed to obtain in one technological cycle two
film samples with different thickness of the nonmagnet-
ic layer (spacer) and with commensurate thicknesses of
ferromagnetic metal layers. The geometric dimensions
of the films for measuring their electrical resistance
were specified by windows in nichrome foil mechanical
masks, which were produced with high accuracy.

The film thickness was determined using a quartz
resonator with a measurement error of + 5 %.

Measurements of the longitudinal and transverse
magnetoresistance and thermomagnetic treatment of
the films were performed on a special installation un-
der conditions of ultrahigh oil-free vacuum 10-6-10-7 Pa
in a magnetic field with induction up to B =150 mT.

3. RESULTS OF EXPERIMENTAL RESEARCH

Experimental studies of the magnetoresistive prop-
erties of FexCoi-+/Cu/FexCo1-x three-layer films made
it possible to establish the effect of the thickness of
both the covering magnetic layer and the nonmagnetic
layer on the GMR value. It should be noted that nega-
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tive magnetoresistance was registered for three-layer
films unannealed and annealed at temperatures of 400
and 550 K with thickness of magnetic layers dm = 10-
30 nm and thickness of nonmagnetic Cu layers dn = 5-
15 nm for both longitudinal and transverse geometry of
measurements (Fig. 1). In the studied structures, the
change in the magnetic configuration (transition from
antiferromagnetic ordering of magnetic moments to
ferromagnetic ordering and reverse transition) oc-
curred under the influence of a relatively weak exter-
nal magnetic field. Due to the change in the magnetic
configuration, the sample resistance decreased, i.e., the
GMR effect was realized. Note that in such magnetical-
ly ordered three-layer films, there was practically no
indirect magnetic interaction between the ferromagnet-
ic layers due to the relatively large thickness of the
non-magnetic layer (d» = 5-15 nm).
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Fig. 1 - Field dependences of GMR for as-deposited (a) and
annealed at a temperature of 550 K (b) Feo2Coo.¢/Cu/Fe2Coo.s
three-layer films (dmi= dm2=20nm, dn,=7 mn). The meas-
urement temperature is 300 K

Fig. 2 shows the dependence of the GMR value on
the covering magnetic layer thickness dmz2 (the layer
condenses on the nonmagnetic layer) normalized to the
base magnetic layer thickness dm2 = const (the layer
condenses on the substrate) in Feo.5Co0.5/Cu/Feo.5Co0.5/S
three-layer films. As can be seen from Fig. 2, the de-
pendence is nonmonotonic. The reasons for such behav-
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ior will be analyzed in detail in a theoretical study of
the corresponding dimensional dependence. Here we
only note that at a small effective thickness of the cov-
ering magnetic layer (up to 5-10 nm), nonmagnetic
solid solutions can be formed, i.e., the covering magnet-
ic layer is not formed and, accordingly, the GMR effect
is not realized.
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Fig. 2 — Dependence of the GMR value on the thickness dmz of
the covering magnetic layer normalized to the base layer
thickness dm2=const of Feos5Co0.5/Cu/FeosCoos/S three-layer
film. The base layer thickness is dm1 = 25 nm, the layer thick-
ness is dn =4 nm

Fig. 3 shows  the dependence  of  the
magnetoresistance ratio § on the copper layer thickness
for as-deposited and thermostabilized
Feo.2Co0.8/Cu/Feo.2Coo.s three-layer system at 400 and
550 K. The maximum (amplitude) GMR value was
observed at the nonmagnetic layer thickness dn= 3-
8 nm, depending on the concentration of components in
the magnetic layers.
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Fig. 3 — Dependence of the magnetoresistance ratio & on the
nonmagnetic layer thickness for as-deposited (1) and annealed
at 400 K (2) and 550 K (3) Feo2Co0s/Cu/Feo2Coos/S three-layer
films (dm = dm1 = dmz = 25 nm)

It should also be noted that the effective layer
thickness at which the maximum GMR value was ob-
served depended on the heat treatment conditions. The
minimum effective copper layer thickness, at which the
isotropic dependence of magnetic resistance on induc-
tion was detected, was d» = 3-4 nm for the as-deposited
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samples. An increase in the annealing temperature
caused an increase in the minimum layer thickness to
10 nm, at which an isotropic field dependence of GMR
was observed due to an increase in the width of the
split boundaries (interfaces) between the metal layers.
The maximum GMR value at room temperature, which
was 3.5 %, was recorded for Feo.1Coo.9/Cu/Feo.1Coo.9 film
with dn =7 nm after annealing at a temperature of
550 K [11]. A further increase in the thickness of cop-
per layers led to a decrease in the magnetoresistance
caused by the scattering of charge carriers in their
volume. Oscillations of the GMR amplitude depending
on the nonmagnetic layer thickness were not recorded.
The reason for this was the large effective thickness of
Cu layers. As a result, the exchange interaction be-
tween the magnetic layers was practically absent.

4. THEORETICAL ANALYSIS OF THE
DEPENDENCE OF GMR ON COVERING
MAGNETIC LAYER THICKNESS

Quantitatively, the GMR effect [12, 13] is described
by the magnetoresistance ratio (MRR), which is deter-
mined by the change in the specific magnetoresistance

(piw(O)—pip(B)) of the sandwich as a result of its

magnetization reversal by the external magnetic field

induction B normalized to the resistance pjp(B) :

() -7(B) o)
T m® am

where pr(O) is the specific conductor resistance aver-

aged over the sandwich thickness in the absence of an
external magnetic field, i.e., when the sandwich im-
plements an antiferromagnetic configuration (the di-
rections of the spontaneous magnetization vectors M in
the magnetic layers of the metal are antiparallel),

pj(B) is the specific sample resistance averaged over

the thickness of the magnetically ordered three-layer
film in the presence of an external magnetic field, i.e.,
when a ferromagnetic configuration is implemented in
the sandwich (the directions of the spontaneous mag-
netization vectors M in the magnetic layers of the met-
al coincide).

It was experimentally and theoretically substanti-
ated that the dimensional dependences of the transport
coefficients  (conductivity, resistivity, magnetore-
sistance, etc.) on the metal layer thickness in both
nonmagnetic [14-16] and magnetic [17-20] multilayer
structures depend on the ratio between the thickness of
the layers of the conductor’s metal. Thus, in particular,
the nature of the behavior of MRR 6 depending on the

. d
change in the value of d -2 (d,, =const) de-

'm2,ml =
dml

pends on the sign of the inequality between the thick-

ness dm2 of the covering magnetic layer and the total

thickness of the nonmagnetic layer (spacer) and the

base magnetic layer, i.e., dn + dm1.
<[’

If inequalities I mjo

S S S
¢ I, (1L, are the mean free

paths of spin-polarized electrons in the j-th magnetic
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layer and in the nonmagnetic layer, respectively,
s= i(Ti) are the spin indices that determine the sign

of the projection of the electron spin on the direction of
the spontaneous magnetization vector M in the mag-

netic layer of the conductor) and [, << 1thD (D is the

mutual diffusion coefficient, ¢p is the diffusion time)
[20, 21] are observed for mean free paths of electrons

A

>+ in the transition regions between the spacer and
the magnetic layers of the metal, then the boundaries
of separation of metal layers can be modeled using
geometric planes. For this reason, the variable thick-
ness dme of the covering magnetic layer should be natu-
rally normalized to the total thickness d» + dm1. Accord-
ingly, the approximating Dieny formula [1] can be writ-
ten as [23]:

dnx‘7,nxl
1— eil+d”_ "
5(dm2,m1) ~ d ) (2)
1+ 'm2,ml
1+d, .

where dnm1 = du/dm1 is the thickness of the nonmagnet-
ic layer d» which is normalized to the thickness of the
base magnetic layer dm1.

Let us investigate formula (2) for the boundary val-
ues of the thickness dmz2. In the region of small values
of the covering magnetic layer thickness dm2 in compar-
ison with the total thickness of the spacer and the base
magnetic layer, i.e., in the inequality:

o1 <<1+d, 1, 3)
MRR 6§ increases linearly with increasing thickness of
the covering magnetic layer dmz (Fig. 2, section (0, I)):

d

5(dm2,m1) ~ % ~ dm2,m1 (1 - dn,ml) = )
_duaf, 4y v
- dml dml

and the effect, as follows from the asymptotic formula
(4), is insignificant. This is due to the fact that in the
specified range of thicknesses (3), the current in the
sandwich is shunted by the base magnetic layer and
the nonmagnetic layer. As the thickness dm2 increases,
the value of the current in the covering magnetic layer
increases, which leads to an increase in the MRR
(Fig. 2, section (I, II)). It also follows from expression
(4) that under conditions of a detected (constant) thick-
ness of the covering and base magnetic layers of the
metal, MRR decreases with increasing thickness of the
nonmagnetic layer (for more details, see the next para-
graph).
In the opposite case, in comparison with (3), the fol-
lowing inequality holds:
d

m2,m

1 >>1+ dn,m1 . B)

An asymptotic formula
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U1+ d,m
L

'm2,ml

5(d

'm2,ml

1
—(d . +d 6
dmg( ‘ml n) ( )
dimensional

correctly describes the dependence

5(dm2’m1) only in the
dom >1+d

m2,m n,ml

range of thicknesses

i.e., MRR decreases with increasing

covering magnetic layer thickness dm2 since the oppo-
site situation is observed: the resistances of the base
magnetic layer and the nonmagnetic layer are shunted
by the resistance of the covering magnetic layer (Fig. 2,
section (II, ITI). In reality, as was experimentally estab-
lished [4, 9, 24], in the specified range of thicknesses of
the covering magnetic layer, MRR 6 decreases exponen-
tially with increasing dm2 (Fig. 2, section (I, IV). Such
discrepancy between the experimental research results
and the corresponding theoretical calculations is due to
the fact that in the case of inequality (5), the covering
magnetic layer of the metal becomes thick (the mean
free path of spin-polarized charge carriers in the mag-

‘m2

netic layer [, <<d s=+ ('N/) determines the sign

of the projection of the electron spin on the direction of
spontaneous magnetization). As a result, the covering
and base magnetic layers of the metal become "inde-
pendent" in the sense that there will be no interaction
between them (charge carriers do not tunnel from one
magnetic layer to another).

Taking into account the opposite behavior of MRR
(increase in the region of small thicknesses dm2 and
decrease in the region of large values of dmz2) for the
boundary values dme, it is advisable to study expression
(2) for the presence of an extremum. To do this, we
differentiated expression (2) with respect to dmzm1 and
equated the result to zero. As a result, we obtained the
transcendental equation:

'"2-'”1}_1:0, (7)

_ s m d
1+d,
e n,ml {2 +

1+d, .

whose approximate solution is the function

d* =1+d, ;. (8)

In the case of equation (8), the value of MRR &
acquires a maximum (amplitude) value due to the lack
of the shunting effect.

5. THEORETICAL ANALYSIS OF THE
DEPENDENCE OF GMR ON NONMAGNETIC
LAYER THICKNESS

During the experimental study of MRR 6, depend-
ing on the change in the thickness of the nonmagnetic
layer d», in order to avoid the shunting effect, the
thickness of the magnetic layers is usually chosen
equal (dm1= dmz =dm). Therefore, the thickness of the
layer dn in the Dieny formula [14] should be naturally
normalized to a double magnetic layer, 1.e.:
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d,
“2d —0.5d,
e 2 e
5 (dmz,ml ) ~ = ’ (9)
1+ d, 1+O.5dn’m
2d

where dnm is the thickness of the nonmagnetic layer
normalized to the thickness of the magnetic layer.
If the inequality is met:

d, << 2dn,m , (10)

that is, when the spacer is ultrathin, the asymptotic
expression of formula (9) can be written as:

~1-—n
d

m

j~1-2 (11)

5(d

'm2,ml

that is, MRR decreases linearly with increasing thick-
ness of the nonmagnetic layer (Fig. 3, curve 3, section
{, II). This decrease is due to the fact that with in-
creasing thickness of the nonmagnetic layer, there is a
probability of scattering of spin-polarized charge carri-
ers in the volume of the nonmagnetic layer, which
leads to a decrease in the interaction between the mag-
netic layers of the metal and, as a result, to a decrease
in the amplitude of GMR.

In the opposite case, in comparison with inequality
(10), dn >> 2dn,m, 1.e., when the spacer is thick enough.
In this case, the magnetic metal layers become inde-
pendent in the sense that spin-polarized charge carri-
ers do not pass from one magnetic layer to another
through the nonmagnetic layer (in point 3, the magnet-
ic layers become independent due to the fact that the
covering layer becomes thick). Therefore, the exponent
in formula (9) asymptotically tends to zero. MRR also
goes to zero (5 — 0), and, accordingly, the GMR effect is
absent (Fig. 3, curve 3, section (II, III).

6. CONCLUSIONS

Thus, in the region of small thicknesses compared
to the thickness of the base magnetic layer, i.e., when

the inequality d,,, << (dn +dm1) is satisfied, the value

of ¢ is negligible due to shunting of the covering layer
resistance by the resistances of the base layer and the
nonmagnetic layer. In the case of the opposite inequali-
ty d,,>>(d,+d,,), ie., in the region of large thick-

nesses of the covering layer, the opposite effect is ob-
served. Namely, the shunting effect of the resistance of
the base layer and the nonmagnetic layer by the cover-
ing layer resistance. If the equality d,,, =(d, +dm1) is

fulfilled, the value of § acquires a maximum (ampli-
tude) value due to the absence of the shunting effect.

As the thickness of the nonmagnetic layer increas-
es, provided that the thickness of the base and magnet-
ic layers of the metal does not change, MRR monoton-
ically decreases.

Note that the above formulas can be used to sub-
stantiate the dimensional dependence of the transport
coefficients on the thickness of the metal layer in non-
magnetic multilayer structures.
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PoamipHi edpexkTir B MAarHiTOpe3NCTUBHUX BJIACTUBOCTAX y TPUIIAPOBUX ILIiBKAX

10.M. la6enpuux?!, [.I. Cantukos?, H.I. llymakosal, JI.B. lexrapyx3, 1.0. Hlneranii!, I1.B. OBeukiu!,
A.M. Yopmuoyc?, 10.0. Illxypmomal

L Cymevkuti Oepocasruil yHisepcumem, 8ya. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina
2 Cymcvruti deporcasrull nedaeo2iurull yHigepcumem imeni A.C. Marxapenra, 8yn. Pomencora, 87, 40002 Cymu, YVrpaina
3 Xapriscokuil HQUIOHAIBHUTL YHIGepcumem 0yO0i8HULMEA MaA APXIMEKmypl

eya. Cymcoka, 40, 61002 Xapris, Yipaina

ExcnepnMeHTaspHO 1 TEOPETHYIHO 3 BUKOPHCTAHHAM ya3araiabHeHuX dopmyst Jienwm [1, 2] mocmimxeni
po3aMipHi ederTr B MATHITOPE3UCTUBHUX BJIACTUBOCTSAX TPUIIAPOBUX MATHITOBIOPSIKOBAHUX ILIIBKAX
Fe.Co1 --/Cu/Fe;Co1 - » 0OTpUMAaHNUX METOIOM IIOIIAPOBOI KOHEHCAI] METAJIB 3 HACTYIIHOK TePMOOOPOOKO0 B
imrepBasi Temmeparyp 300+550 K. Ilokasano, 1o y BUIIagKy, KOJM TOBIIMHA ITOKPUBAIOUOTO IIAPY 3HAYHO
MeHIa (OLJIbINA) TOBIUHA 0a30BOTO IIAPy YHCI0BE 3HAYEHHSA MATHITOPE3NCTUBHOTO BITHOIIEHHSA & Mi3epHO
MaJie BHACIIIOK IIyHTYBAHHSAM OIIOPY HAKPUBHOTO IIapy OIOpaMu 0a30BOTO IIapy Ta HEMATHITHOTO IIPOIa-
PRy (UIyHTYBaHHSM OIIOPiB 6a30BOr0 IIApy Ta HEMATHITHOTO IIPOIIAPKY OMOPOM BEPXHBOTO MATHITHOIO IIa-
py). Axmoe & ToBIIMHEE 6a30BOr0 1 MOKPHUBAIYOr0 IIAPiB OAHAKOBA, TO BeJIMUUHA 6 HA0yBae MAKCUMAJILHOIO
3HAYeHHs B CUJIYy BIJACYTHOCTI epeKTy LIYHTYBaHHs. Y pa3l 301JIbIIeHHs TOBIIVHY HEMATHITHOTO IIPOIIAPKY
3a YMOBH, III0 TOBIIWHYU 6A30BOr0 TA4 MATHITHOTO IAPIB METAJIy He 3MIHIOITHCS, MarHiTOPe3UCTUBHE BIIHO-
IIIEHHSA MOHOTOHHO 3MEHIILYEThCA 31 301/IbIIeHHIM TOBIIUHM cIieiicepa.

Kirouosi ciosa: Poamipunit ederr, Maraitopesucruere BinHorenHs 6, Qopmyna ienwn, [llynrysanss omopy.
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