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In this paper, the investigation of the crystal structure and electrophysical properties of Co/Ru/Co/Sub three-
layer film systems with a Ru layer thickness dru = 5-20 nm has been carried out. It is shown that for both as-
deposited and annealed at 800 K thin-film samples the phase composition corresponds to hcp-Co + hep-Ru. The
dependence of resistivity and temperature coefficient of resistance as a function of dru was received. It was
demonstrated that the change in the resistivity value during the first cycle of heat treatment stays more significant
than more Ru layer thickness. The value of temperature coefficient of resistance has an order of 10~ and growth

from 5.05-10 to 6.42.10~* K-* within the dru range 0-20 nm.
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Introduction

Nowadays, a lot of different types of spin-valve
structures (SVs) were created [1-3]. Such structures are
promising for application as functional elements of
electronic devices [4-7]. One of the necessary conditions
at the formation of SVs is the stability of magnetic and
non-magnetic layers. Traditional application of Cu [8], Ag
[9], or Au [10] as a non-magnetic layer for separation
magnetic layers (Co, Fe, Ni, or their alloys) has some
problems. These are intensive diffusion between layers,
destruction of interfaces, and solid solution formation. As
a result, magnetic layers lose the ability to focus
magnetization and the structure ceases to function as a
spin-valve [8, 10-12]. The solution to this problem may be
the use of additional thin buffer layers between the
working layers [13, 14]. Also, reliable separation of the Co
or NiFeCuMo layer can be achieved through the use of Ru
layers with an effective thickness of 0.2 to 3 nm [15, 16].
Besides, thin-film systems based on Co and Ru have stable
magnetic properties and can be used as a synthetical
antiferromagnetic layer in the spin-valve structures [17].

Resistivity is one of the base parameters which affect
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the electronic, strain, magnetic, etc. properties of thin-film
systems [18-21]. So, the resistivity (conductivity) of thin-
film materials with a polycrystalline structure is widely
analyses theoretically and experimentally [22-24].

In this paper, we investigated -electrophysical
properties of Co/Ru/Co/Sub three-layer film systems with
the purpose to establish a general trend of the influence of
Ru layer thickness on the resistivity and temperature
coefficient of resistance of the tree-layer system. It allows
selecting a more thermally stable system for SVs
formation.

I. Experimental Procedure

Co thin-film with a thickness d=40 nm and
Co(20)/Ru(dry)/Co(20)/Sub three-layer film systems with
the thickness of Ru in the range of d =5-20 nm were
sputtered by electron-beam evaporation on the glass-
ceramic substrate at room temperature. The base chamber
pressure was 10~* Pa. The deposition rate was 1.0 nm/s. At
such condensation conditions, all samples have
nanocrystalline structure and do not contain impurities
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phases like oxides or carbides [25, 26].

For stabilization electrophysical properties, the
investigated samples were annealed during two cycles
“heating <> cooling” up to the annealing temperature
(Tann) 0f 800 K. The annealing was performed in a vacuum
chamber at 10 Pa. The measurement of resistivity is
carried out in current in plane geometry. The value of
temperature coefficient of resistance (TCR) has been
calculated on the base of temperature dependences of
resistivity by the equation: g = (1/pin)-(Ap/AT), where pin
is the initial value of resistivity, AT =5 K.

Crystalline  structures of the samples were
investigated by transmission electron microscopy (TEM-
125K).

I1. Results and discussion

The detail analysis of crystal structure of thin-film
systems based on Co and Ru and pure Ru thin films were
performed in Ref. [25, 26]. It was demonstrated that the
diffraction patterns from Co/Ru/Co/Sub three-layer film
systems in as-deposited state consist of a combination of
a two hexagonal close-packed (hcp) crystal structures with
lattice constants a =0.270 nm, ¢ =0.429 nm (hcp-Ru),
and a =0.251 nm, ¢ = 0.407 nm (hcp-Co). The following
annealing process appears to crystallization of the Ru and
Co layers, diffraction rings become sharper, and
meanwhile the phase state of the total system doesn’t
change (Fig. 1(a)).

Figures 1(b)-(c) show the alteration of crystal
structures of the Co(20)/Ru(10)/Co(20)/Sub three-layer
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thin-film system during annealing up to 800 K. For
samples Co(20)/Ru(10)/Co(20)/Sub in as-deposited state,
the average grain size is ranged from 5 to 7 nm (Fig. 1(b)).
After annealing the average grain size grows to 28-30 nm.
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Fig. 1. Diffractions pattern (a) and bright-field TEM
images for Co(20)/Ru(10)/Co(20)/Sub three-layer thin-
film system after deposition (b) and heat treatment at
800 K (a, ¢) (SF is stacking fault).

At the electrophysical properties investigation of
three-layer film systems, additional research of pure
Co(40)/Sub was done. It allows to analyses how the
change of the Ru interlayer affects the resistivity and TCR
of investigated systems. The results of these investigations
are presented in Fig. 2. Note the general peculiarities of
the temperature of resistivity. At the stabilization process,
the irreversible change of resistivity of the pure Co thin-
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Fig. 2. Temperature dependences of resistitivity and temperature coefficient of resistance (in the insert) for
Co(40)/Sub thin-film (a) and Co(20)/Ru(dr.)/Co/Sub three-layer film systems at the thickness of Ru interlayer
dru =5 nm (b), 10 nm (c) and 20 nm (d).
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Table 1
Experimental and calculation data of TCR for Co/Ru/Co three-layer thin-film systems.
Sample Co(20)/Ru(5)/Co(20) | Co(20)/Ru(10)/Co(20) | Co(20)/Ru(20)/Co(20)
Bexp: 103, K1 5.20 5.48 6.42
Beaic' 103, K1 5.09 5.34 6.18
AB = (Bexp — Pealc) 103, Kt 0.11 0.14 0.24
Pow = Pt o, 2.11 2.55 3.74
ﬂexp

film and Co/Ru/Co/Sub film systems is observed. It is a
result of healing defects and recrystallization processes.
At the second cycle of heat treatment, the typical for the
metal thin film temperature dependence of resistivity is
observed [23, 25]. Namely, the value of resistivity grows
at the increase of temperature by the linear low. Besides,
the change in the resistivity value during the first cycle of
heat treatment stays more significant than more dry. The
resulting dependence p(dry) is presented in Fig. 3(a). So,
the adding of Ru interlayer with a thickness of 5 nm leads
to an insignificant decrease of resistivity value. At the
same time, the following increase of Ru interlayer
thickness up to 20 nm causes the fall of p in order.
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Fig. 3. The resistivity (a) and temperature coefficient of
resistance (b) as a function of the Ru interlayer thickness
for Co(20)/Ru(dru)/Co/Sub at dry = 0-20 nm.

The temperature dependences of TCR are presented
in the insert of Fig. 2. Itis evidence the decrease of  value
during annealing for all investigated samples. It is fully in
agreement with the TCR concept. The value of g~ 1/p.
Note, the value of temperature coefficient of resistance has
an order of 10* and growth from 5.05.10™ to
6.42-10~* K~* within the dr, range 0-20 nm (Fig. 3(b)).

From a practical point of view, it is advisable to
implement a procedure for predicting the electrophysical
properties of thin-film systems. Investigations of phase
state and diffusion profiles of Co/Ru/Sub and Ru/Co/Sub
systems presented in Ref. [25] showed that before and
after annealing, the individuality of the layers remains. So,
for the prediction of TCR value, the macroscopic model
[27] was used. The peculiarity of this model is next. It does
not take into account the influence of the microscopic
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parameters, like the mean free path, mean grain size. In
the frame of the macroscopic model, the main equation for
TCR can be written in the form:

Ao 05 (o +
B=P+B,+ B~ (B )
dy0,05 + 0,005 + 30,0,

G (BL+Bs)+dspip5 (Bt o)
di o5 + Ay o105 + A3 01,

where S;, pi and d; are the TCR, resistivity and thickness
for i-layer.

The calculation results presented in Table 1.

The analysis of experimental and calculation data
confirm that the macroscopic model satisfactorily
describes the experimental results and can be used for the
prediction of TCR value for Co/Ru/Co/Sub three-layer
film systems. A certain difference in the obtained data can
be explained by the insignificant diffusion processes at the
interfaces. It causes the change in interface scattering of
charge carriers. One more reason is the influence of
thermal macro stresses.

Conclusions

The metallic behavior of temperature dependence of
resistivity with a positive TCR value was observed for
Co(20)/Ru(dry)/Co/Sub  three-layer  film  systems
regardless of the Ru layer thickness. The increasing of Ru
interlayer thickness from 5 to 20 nm leads to a fall in
order. At the same time, the TCR value has an order of
10~* and grows from 5.05-10~ to 6.42-10* K~ at the dry
increase. The analysis of experimental and calculation
data in the frame of the macroscopic model confirms that
this model can be used for the TCR values prediction.
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BniiuB TOBIIMHY NPoMiskHOTo mapy RU Ha ejieKTpo(i3uyHi BJaCTHUBOCTI
TpuIIapoBoi mwiIiBkoBoi cucremu Co/Ru/Co

Cymcokuil depoicagnuii ynisepcumem, Cymu, Ykpaina, a.logvinov@aph.sumdu.edu.ua

VY nmaHiit po6oTi OynH MpoBeneHI TOCTIHKEHHS CTPYKTYPHO-()a30BOT0 CTaHy Ta eNeKTPO(iI3SHIHUK BIACTHBOCTEH
TPHUIIAPOBHUX IUTiBKOBHX cucteM CO/RU/Co/Sub npu 3mini ToBmuHu mwapy Ru, dru = 5-20 HM. Byno moka3saHo, 1o sik
y CBIXKO CKOHJICHCOBAaHOMY CTaHi, Tak i micis BimnamoBanHs 10 800 K, ¢asorwuii cran cucremu Biamosimae I'TIII-
Co + T'IIIT-Ru. Bynu oTpuMaHi 3aJIe)KHOCTI MUTOMOTO OMIOPY Ta TEMIIEpaTypHOro koediuieHTy onopy sk GpyHkiii dru.
INoka3zaHo, 1110 3MiHa BEJIMYMHU ITUTOMOTO ONOPY Ha MEPLIOMY LUKJIi TEPMOOOPOOKH CTa€ TUM OUIBII CHIIBHOIO, YUM
6inblre ToBmMHA mwapy RuU. Benmuuuna TemneparypHoro koedilieHTy onopy mae mnopsgok 107 Ta 36inbmyeTses 3
5,05-10 510 6,42-10* K™ ipu 3mini ToBmunM dry B ianasoni 0-20 HM.

KorouoBi cioBa: TpumapoBa IDTIBKOBa CHCTeMa, IMOLIAPOBAa KOHJEHCAIis, €JNeKTPO(i3W4Hi BIACTUBOCTI,
MMUTOMHH OTIip, TEPMIYHUH KOSPILi€HT OMopy.
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