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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 + hcp-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 104 and growth 

from 5.05104 to 6.42104 K1 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 

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(dRu)/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 104 Pа. 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) of 800 K. The annealing was performed in a vacuum 

chamber at 104 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: β = (1/ρin)·(Δρ/ΔТ), where ρin 

is the initial value of resistivity, ΔТ = 5 К. 

Crystalline structures of the samples were 

investigated by transmission electron microscopy (TEM-

125K). 

II. 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, c = 0.429 nm (hcp-Ru), 

and a = 0.251 nm, с = 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 

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. 

 

 
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, c) (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-

 
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(dRu)/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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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 dRu. The 

resulting dependence (dRu) 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  in order. 
 

 
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 dRu = 0-20 nm. 
 

The temperature dependences of TCR are presented 

in the insert of Fig. 2. It is evidence the decrease of β value 

during annealing for all investigated samples. It is fully in 

agreement with the TCR concept. The value of β ~ 1/. 

Note, the value of temperature coefficient of resistance has 

an order of 104 and growth from 5.05104 to  

6.42104 K1 within the dRu 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 

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: 
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where βі, ρi and di 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 Со/Ru/Со/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(dRu)/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 

104 and grows from 5.05104 to 6.42104 K1 at the dRu 

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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Table 1 

Experimental and calculation data of TCR for Со/Ru/Со three-layer thin-film systems. 

Sample Со(20)/Ru(5)/Со(20) Со(20)/Ru(10)/Со(20) Со(20)/Ru(20)/Со(20) 

βexp·103, К1  5.20 5.48 6.42 

βcalc·103, К1 5.09 5.34 6.18 

Δβ = (βexp  βcalc)·103, К1 0.11 0.14 0.24 

exp

exp

,%
calc 





  

2.11 2.55 3.74 
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У даній роботі були проведені дослідження структурно-фазового стану та електрофізичних властивостей 

тришарових плівкових систем Co/Ru/Co/Sub при зміні товщини шару Ru, dRu = 5-20 нм. Було показано, що як 

у свіжо сконденсованому стані, так і після відпалювання до 800 К, фазовий стан системи відповідає ГЩП-

Co + ГЩП-Ru. Були отримані залежності питомого опору та температурного коефіцієнту опору як функції dRu. 

Показано, що зміна величини питомого опору на першому циклі термообробки стає тим більш сильною, чим 

більше товщина шару Ru. Величина температурного коефіцієнту опору має порядок 104 та збільшується з 

5,05104 до 6,42104 K1 при зміні товщини dRu в діапазоні 0-20 нм. 

Ключові слова:  тришарова плівкова система, пошарова конденсація, електрофізичні властивості, 

питомий опір, термічний коефіцієнт опору. 
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