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The paper presents experimental results concerning the structural-phase state, diffusion processes and
magnetoresistive properties of three-layer films Coq - »Cri/Cu/Co/substrate (S) with Cr concentration in the
upper layer up to 30 at. %. It is shown that the phase composition of both as-deposited and thermostabilized
at the temperature of 700 K film samples with the layer thickness of 1+30 nm corresponds to a(Co), f.c.c.(Cu)
and a(Co:-.Cry). Studies of diffusion processes have shown that in the systems Cog —)Cr»/Cu/Co/S the individ-
uality of the layers is largely preserved both in the as-deposited state and after annealing at T, = 700 K with
the penetration of Cr atoms through the Cu layer. It was found that for as-deposited and annealed at temper-
atures of 400 and 550 K films Coq - »Cri/Cu/Co/S with cc: < 30 at. % in the upper layer, dr = 20+30 nm and
dx = 3+15 nm there is an atypical character of the behavior of the field dependences of the magnetoresistance
is due to the different values of the spin asymmetry coefficients of the ferromagnetic layers a
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1. INTRODUCTION

At the present stage of the development of materials
science, the results of studies of the physical properties
of magnetically inhomogeneous film materials are of
great interest. Layered structures [1-3], or high-entropy
alloys [4] in which spin-dependent electron scattering
(SDES) can be realized deserve special attention. This
is due to both the study of the features of SDES and the
possibility of creating functional elements with im-
proved operational characteristics [5-8].

A significant amount of experimental and theoreti-
cal results have been accumulated in the study of the
phenomenon of giant magnetoresistance (GMR). It has
been shown theoretically that inversion (sign reversal)
of the GMR effect is possible provided that the spin
asymmetry in electron scattering is opposite in adjacent
ferromagnetic layers [9]. Therefore, the aim of this work
was to study the features of the magnetoresistive prop-
erties of the asymmetric three-layer structures
Co1 - xCrx/Cu/Col/substrate (S) with Cr concentration in
the upper layer of x < 30 at. %.

2. EXPERIMENTAL DETAILS

Three-layer films based on the Cou-»Crx
(x <30 at. %), Co, and Cu were obtained in a vacuum
chamber at a residual atmosphere gas pressure of 10 -4
Pa. The Co-Cr film alloy was obtained by simultaneous
evaporation of metals from independent sources (Cr —
from a tungsten tape, Co—by an electron beam gun).
Three-layer structures were formed by the method of
layer-by-layer deposition. The films thickness was de-
termined using a quartz resonator with a measurement
error of £ 5 %.

The study of the crystal structure and phase compo-
sition of the films was performed by electron microscop-
ic and electronographic methods (Transmission Elec-
tron Microscope ITEM-125K (SELMI, Ukraine).
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The longitudinal and transverse magnetoresistance
(magnetic field in the plane of the film) and the ther-
momagnetic treatment of the films were measured in a
special setup under ultra-high oil-free vacuum
10-6+10-7 Pa in a magnetic field with induction up to
B =200 mT. The value of the longitudinal and trans-
verse magnetoresistance of the film samples was calcu-
lated by (1):

[R(B) — R(Bo)l/R(B.), (1)

where R(B) is resistance of the sample in a magnetic
field with induction B and R(Bc) is resistance of the
sample in the field of coercive force of the Be.

3. RESULTS AND DISCUSSION

Let’s first consider the structural and phase state of
recently deposited and thermally stabilized three-layer
films at a temperature of 700 K. Based on the electron
microscopic and diffraction studies, it was found that
the as-deposited films have a fine-crystalline structure
(grain size less than 10 nm) (Fig. 1a). For these as-
deposited samples, wide diffraction rings, obviously
belonging to the f.c.c.(Cu), a(Co), h.c.p. a(Co-Cr) phases,
are electronically detected (Fig. 1b, Table 1). Conse-
quently, during the formation of the coating layer, a
solid solution of chromium in cobalt Co (Cr) is formed,
and this phase has a h.c.p. lattice. This statement is
confirmed by the results of [10, 11] according to which
the formation of solid solutions in the Co-Cr system
fulfills the size criterion (the maximum difference in
atomic radii is 2.4 %) and the proximity of electronega-
tivity (1.7 for Co and 1.6 for Cr). In addition, according
to the phase diagram of the Co-Cr system [12] (Fig. 2)
at the concentration Cr x <30 at. %, a ferromagnetic
solid solution based on h.c.p. lattice was formed.

After annealing at a temperature of 700 K, in the
Co1 - »Crx/Cu/Co/S films the same phases are present as
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in the just deposited samples: a(Co), f.c.c.(Cu), a(Co-Cr)
(Fig. 1d). The width of the diffraction maxima after
annealing decreases significantly, but the lines of the
a(Co) phases and solid solution a(Co-Cr) as a result of
close interplanar distances, the electron diffraction
patterns are not separated.
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Fig. 1 - Crystal structure and electrograms of as-deposited (a, b)
and annealed at a temperature of 700 K (¢, d) Coaq-»Cr/Cu/Co
film system (x = 20 at. %, dco-cr = 25 nm, dcu = 10 nm, dco = 25 nm)
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Fig. 2 — State diagram of the Co-Cr system [10] ¢/ and &P are
solid solutions based on h.c.p.(Co) with ferromagnetic and
paramagnetic properties, respectively; y/ and y» are solid
solutions based on f.c.c.(Co) with ferromagnetic and paramag-
netic properties, respectively

It should be noted that the authors of [13, 14]
showed the metastable (s.s.) h.c.p.(Co-Cr) solid solution
with a lattice parameter a=0.355-0.362 nm in Co/Cu
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films after annealing at Ta> 600 K. This Co-Cu solid
solution partially decomposes upon cooling to 300 K
with the release of a(Co) particles. In the case of the
Co(1 - »Crx/Cu/Co/S system, the formation of Co-Cu solid
solution was not detected in the electron diffraction
patterns, possibly due to the relatively large thickness
of the Co layer (dco = 20-30 nm) and the small thickness
of the copper layer (dco=2-10 nm). The average grain
size in annealed films, compared to as-deposited, in-
creases by about 5-10 times, depending on the thickness
of the layers (Fig. 1a, c).

Table 1 — Deciphering of electrograms from as-deposited and
annealed in high vacuum to 7.=700K Coq-CrdsCu/Co
(x =20 at. %, dco-c: = 25 nm, dco = 10 nm, dc, = 25 nm) film system

As-deposited Annealed to 700 K
No| & |nk|  Phase  |No| ¥ |nki|  Phase
nm nm
h.c.p-Co,
1 10.216[100/h.c.p-s.s. 1 0.217] 100 [P-¢-P-Co.
h.c.p-s.s. Co-Cr
Co-Cr
2 10.207]111ff.c.c.-Cu 2 10.205| 111 [f.c.c.-Cu
h.c.p-Co, h.c.p-Co,
3 [0-191 101h.c.p-s.s. Co-Cr 3 [0.190 101 h.c.p-s.s. Co-Cr
4 |0.182/200ff.c.c.-Cu 4 (0.177| 200 ff.c.c.-Cu
h.c.p-Co, h.c.p-Co,
5 0'148102h.c.p-s.s. Co-Cr 5 [0.146 102 |h.c.p-s.s. Co-Cr
110fh.c.p-Co,
6 10.126] h.c.p-s.s. Co-Cr, | 6 0.127| 220 [f.c.c.-Cu
220[f.c.c.-Cu
311f.c.c.—Cu, 110 fh.c.p-Co,
7 10.107 h.c.p-Co, 7 10.125| h.c.p-s.s. Co-Cr
201
h.c.p-s.s. Co-Cr
f.c.c. - Cu
8 8 10.107 21 h.cp - Co, hcp -
201
s.s. Co-Cr
ci/coi
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Fig. 3 - Diffusion profiles for three-layer films of Coq - »Cri/Cu/Co
(x =20 at. %, dco-cr = 25 nm, dcu = 10 nm, dco = 25 nm) in as-de-
posited (a) and annealed to 700 K (b) state (¢—Co, &—Cu, A—Cr)
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As a result of a layer-by-layer analysis of the com-
ponents of these systems (Fig. 3a), it was found that the
just deposited samples obtained at room temperature,
irrespective of the thickness of the layers, have a small
region of mutual diffusion. The formation of this region
can be associated with condensation-stimulated diffu-
sion and diffusion along the intergranular borders (see,
for example, [15, 16]).

Annealing of samples with layer thickness
dco = 20-30 nm, dco-cr = 20-30 nm and dcu=5-15 nm at
temperature Ta = 700 K leads only to insignificant fur-
ther interpenetration of Co and Cu atoms (Fig. 3b).
Although it should be noted that the diffusion of Cr
atoms during annealing is much more intense. For
annealed films, Cr atoms penetrate through the Cu
layer and subsequent interaction of Co and Cr atoms in
the Co base layer occurs.

Consider the results of a study of the magnetoresistive
properties of three-layer films. For Coq -xCrx/Cu/Co/S
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as-deposited (Fig. 4a) and annealed films at tempera-
tures of 550 K (Fig.4b) and 700 K (Fig.4c) with
x <30 at. %, dr=20-30 nm, dn=3-10 nm, atypical be-
havior of the field dependences of the magnetore-
sistance is observed (for anisotropic and giant magneto-
resistance) (Fig. 4a, b, d) [17, 18]. As the induction of
the external magnetic field decreases from the satura-
tion field Bs to 0, the value of the electrical resistance
first increases slightly and then sharply decreases.
Then, after changing the direction of the external mag-
netic field, the resistance reaches its minimum value
and increases sharply, reaching its maximum value
with a further increase in the magnetic field induction.
A further increase in the magnetic field induction leads
to a sharp decrease in the magnetoresistance. Note that
it is impossible to explain the course of the field de-
pendences of the magnetoresistance by the superposi-
tion of spin-dependent electron scattering and spin-
orbit interaction.
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Fig. 4 — Dependence of the longitudinal MR on the induction of an external magnetic field for the as-deposited (a) and annealed
Ta=550K (b,d) and 700 K (¢) Coq-»Crd/Cu/Co (x=20 at. %, dco-cr =20 nm, dcu=5nm, dc,=20 nm) film system (f,b,c —

temperature measurement is 293 K; d — 120 K)

Normally, the influence of anisotropic magnetore-
sistance in structures with spin-dependent scattering
of conduction electrons manifests itself in different
values of magnetoresistance in fields large beyond the
saturation field for transverse and longitudinal meas-
urement geometries. The reason for the appearance of
additional minima in the field dependences of magne-
toresistance, in our opinion, may be different values of
the spin asymmetry coefficients of the ferromagnetic
layers a (a< 1 for Co-Cr alloy and a> 1 for Co film).
The value of the magnetoresistance at room tempera-
ture is 0.3-0.5 % for just deposited samples, and 1-2 %
for annealed samples at a temperature of 550 K. With a
decrease in the measurement temperature to 120 K
(Fig. 4d), the nature of the field dependences of the
magnetoresistance does not change significantly.

The abnormal behavior of the field dependences

disappears for films with dcu = 5-15 nm after annealing
at a temperature of 550 and 700 K, depending on the
Cr content. So, at the concentration of Cr x = 5-10 at. %
transition to typical field dependences occurs at a tem-
perature of 700 K (Fig. 4c). Moreover, at dcu = 5-10 nm,
typical anisotropic character of magnetoresistance is
recorded. At dcu = 10-15 nm, isotropic field dependenc-
es are observed which are typical for GMR. For sam-
ples with the concentration of Cr x = 15-30 at. % in the
covering layer, the transition to typical isotropic field
dependences occurs at a temperature of 550 K. The
dependence of the annealing temperature after which
the anomalous behavior of the field dependences of the
magnetoresistance on the Cr content disappears, in our
opinion, is due to the different intensity of diffusion of
Cr atoms in the base Co layer and the formation in it
solid solution Co-Cr. The cause of the anisotropic char-
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acter of magnetoresistance is the destruction of the
structural integrity of the copper interlayer.

4. CONCLUSIONS

As-deposited films Coq -»Cri/Cu/Co with the con-
centration of Cr in the upper layer x = 5-30 at. % con-
sist of h.c.p.(Co), h.c.p.(Co-Cr) and f.c.c.(Cu). After an-
nealing at a temperature of 700 K, the change in phase
composition is not electronographically recorded.

The results of the study of diffusion processes
showed that in systems Coq - »Crx/Cu/Co/S the individ-
uality of the layers is largely preserved both in the as-
deposited state and after annealing at 72 = 700 K. For
annealed films, Cr atoms penetrate through the Cu
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layer and subsequent mutual diffusion of Co and Cr
atoms in the base layer.

For just deposited and annealed to 400 and 550 K
films Coa-»Cri/Cu/Co/S with x< 30 at. %, dr=20-
30 nm, dn = 3-10 nm the atypical character of behavior
of field dependences of magnetoresistance caused by
various values of coefficients of spin asymmetry of
ferromagnetic layers is observed « (a<1 for Co-Cr
alloy and «> 1 for Co film).
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CTpyKTypHi i MArHITOPE3UCTUBHI BJIACTUBOCTI
TpUMIapPOBUX IUIiIBKOBUX CTPYKTYP Coa-xCrx/Cu/Co

0.B. Besnigerol, C.0. Henmiikol2, 10.0. llIxypmomal, 10.M. lllabenpuunk!

1 Cymcvruil depacasHull yHisepcumem, 8yi. Pumcvrozo-Kopcakxosa, 2, 40007 Cymu, Yrpaina
2 Institute of Physics, Johannes Gutenberg University Mainz, 7, Staudingerweg, 55128 Mainz, Germany

B po6ori pencraBieni excuepuMeHTaIBHI Pe3yJIBTATH CTOCOBHO CTPYKTYPHO-(PA30BOro craHy, audyaii-
HHUX IIPOIIECIB TA MATHITOPE3UCTUBHUX BJIACTUBOCTEH TpuimapoBux mwiiBok Co - x»Cry/Cu/Co/migrmaaka (I1) 3
rourierTparieio Cr y Bepxabomy mmapi 10 30 at. %. [lokasaHo, 1m0 (a3oBuii CKIIa ] SK CBISKOCKOHIEHCOBAHIX
Tak 1 TepmocradimizoBanux npu Temueparypi 700 K mmiBroBux 3paskiB 3 ToBmmHOD0 mmapis (1+30) HM Bin-
mosigae a(Co), I'ITK (Cu) ta a(Co1-+Cry). Jocmimxenus nudysiifHAX IIPOIIECIB MOKA3AJIH, 10 y CHCTEMAaX
Co(1-»Crxy/Cuw/Co/Il B 3mauHiit Mipi 30epiraeTbCs 1HAUBIAYATBHICTD IIAPIB K B HEBIAMAJIEHOMY CTaHi, TaK 1
micss BIAmaToBaHHS TP Trinm = 700 K 3 mponukuenusm atomis Cr yepes mpomraporx Cu. Beramorseno, 1o
JIJISI CBIAKOCKOHIEHCOBAHUX Ta Bianaigenux 3a temrepatyp 400 ta 550 K mmisox Co —xCrx/Cu/Co/Il 3 ccr < 30
aT. % y BepxuboMy 1mmapi, dr = 20-30 HM Ta dx = 3-15 HM CIIOCTEpPIraeThCsi HETUIIOBUI XapaKTep MOBEIIHKN
TOJIbOBHUX 3AJIEKHOCTEM MATHITOOIOPY OOYMOBJICHHH PISHUMH 3HAYECHHS KOe(iIlleHTIB CIIIHOBOI acHMeTpil

depoMaruiTHEX 1MIAPIB Q.

Kmiouosi cnosa: Judysisa, ArisoTpormHuii Marditoorip, ['iranTcbKmMii MarHITOOIIIP.
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