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Abstract
Multilayered metallic nanostructures are promising for the fabrication of spin valves based on the giant magnetore-
sistive effect and for studies of the nature of topological magnetism, aimed at the development of new nanoscale data 
storage and transfer devices, e.g. those based on magnetic skyrmions. It is still an important task to develop methods 
of synthesis and configuration of thin-film nanostructures and control of spin textures in those nanostructures under 
electric and spin currents generated as a result of the spin Hall effect in external electric fields. Thin-film polycrystal-
line ferromagnetic / heavy metal Ru(10nm)/Co(0,8)/Ru(2), Ru(10)/Co(0,8)/Ru(2)/W(4), Pt(5)/Co(0,8)/MgO(2)/Pt(2) 
and Pt(15)/Co(0,8)/MgO(2)/Pt(2) nanostructures have been synthesized using magnetron sputtering. Electric contacts 
and Hall structures with different conductive bridge thicknesses have been synthesized on the specimens using elec-
tron beam photolithography. Experimental vibration magnetometric data have been utilized to calculate magnetic pa-
rameters of the specimens, i.e., saturation magnetization, magnetic anisotropy energy and field and coercive force as 
functions of ferromagnetic and heavy metal layer types. The domain structure of the specimens has been studied using 
Kerr microscopy. The electrical resistivity has been simulated and the critical current and current density of the nano-
structures have been assessed. We show that all the film specimens exhibit perpendicular magnetic anisotropy and can 
be used in the studies of current-induced phenomena and spin moment transfer processes in nanostructures.
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1. Introduction

Multilayered films with ultrathin ferromagnetic metal 
layers exhibit unique magnetic and transport properties 
and have for a long time been attracting the attention of 
researchers due to the possibility of developing magnetic 

field sensing devices on their basis [1–3]. The synthesis 
of magnetic nanostructures requires understanding the 
processes occurring therein and the fundamental origins 
of their magnetic behavior, as well as high engineering 
capabilities and well-developed methods of synthe-
sizing specimens with required functional properties. 
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For example, varying the nanostructure growth process 
and geometry, number and thickness of layers and sub-
strate parameters, one can control the magnetostatic en-
ergy and effective magnetic anisotropy of the growing 
nanostructures and change the orientation of their easy 
and hard magnetization axes [4–10], finally obtaining the 
required mciromagnetic configuration and general mag-
netic behavior. Study of the domain structure and remag-
netization mechanisms in magnetic nanostructures is also 
of practical interest. For example, the effect of domain 
boundary movement in nanomaterials is widely used for 
the development of new types of non-volatile magnet-
ic memory and logical devices [11, 12]. Studies at the 
nexus of topological magnetism and spintronics (spin-or-
bitronics and skyrmionics) open new technological op-
portunities for the development of UHF and THz ultra-
fast nanoscale data transfer and processing devices with 
controlled losses and noise [13–15]. Thus, a fundamental 
task of spintronics and its new branch spin-orbitronics is 
to study the nature of topological magnetism in collin-
ear and non-collinear spin systems with strong spin-or-
bit coupling, over the discovery of magnetic skyrmions 
that can be stabilized in ferromagnetic media at room 
temperature. The most interesting results were obtained 
for heavy metal (HM = Pt, W, Ta etc.) / ferromagnetic 
(FM = Co, CoFe etc.) metallic nanostructures having per-
pendicular anisotropy and strong Dzyaloshinskii–Moriya 
interaction [16–21]. An important task of spintronics is 
to develop methods of controlling the spin textures in 
thin-film HM/FM nanostructures affected by polarized 
and pure spin currents caused by the spin Hall effect in 
the HM layer and by external magnetic fields (e.g. UHF) 
for the goal-oriented generation of individual static and 
dynamic magnetic skyrmions [19–24]. However, despite 

the large number of publications on the topic it is still not 
completely clear which materials or structures are opti-
mum for the practical applications in this field. Further-
more, studies of the transport properties and spin moment 
transfer processes in metallic nanostructures require com-
plex-geometry specimens with various types of current 
contacts, e.g. Hall bridges, thus imposing limitations on 
the research capabilities.

Presented below are our new synthesis method and 
experimental results for synthesized and calibrated thin-
film magnetic HM (Ru, Pt, W) / FM (Co) Hall contact 
nanostructures. The saturation magnetization, perpendic-
ular magnetic anisotropy, domain structure and critical 
currents of the films were assessed based on the experi-
mental Kerr microscopy, magnetic and electrical data. We 
show that the specimens can be used for studying spin 
transport properties.

2. Experimental

Polycrystalline films were synthesized on one side of pol-
ished thermally oxidized silicon substrates Si(675mm)/
SiO2(500nm) (Si-mat Co., Korea) in an Omicron ultra-
high-vacuum plant (Fig. 1a) equipped with four magne-
tron sputtering sources. The film compositions and layer 
thicknesses are presented below.

Specimen 
number Composition

1 Ru(10nm)/Co(0.8nm)/Ru(2nm)
2 Ru(10nm)/Co(0.8nm)/Ru(2nm)/W(4nm)
3 Pt(5nm)/Co(0.8nm)/MgO(2nm)/Pt(2nm)
4 Pt(15nm)/Co(0.8nm)/MgO(2nm)/Pt(2nm)

Figure 1. Nanostructure synthesis equipment: (a) Omicron ul-
trahigh-vacuum plant with four magnetron sputtering sources; 
(b) Suss Microtec MJB4 contact photolithography system

a

b
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Specimen were placed on a rotating HM holder for 
the deposition of films having uniform and isotropic 
thicknesses and compositions. The base pressure in the 
chamber was 1.33·10-6 Pa. Metallic layers (Pt, W, Co, 
Ru) were sputtered in direct current (DC) mode at an Ar 
gas pressure of 0.4 Pa and a 22 W power. The deposition 
rates were monitored for different layers with a quartz 
thickness gage: VPt = 0.05 nm/s, VMgO = 0.02 nm/s, 
VW = 0.015 nm/s and VRu = 0.018 nm/s. Then a photo-
resist layer was applied for further photolithographic 
stripping to form the protective template of a Hall contact 
structure (see below). The sputtering rate was calibrated 
with a NTEGRA Aura atomic force microscope (AFM). 
To this end, single-layered films of each material used 
with thicknesses of approx. 50 nm were synthesized. 
Some sections of the films were deposited on weakly 
adhesive domestic alcohol marker substrates and sub-
sequently mechanically removed from the substrates so 
as to produce a step for further high-accuracy film thick-
nesses measurements. Furthermore, for each composition 
the mean-square surface roughness was assessed to be 
approx. 0.3 nm.

The structure of the specimens was studied using X-ray 
diffraction on a D8 Advance diffractometer in CuKα radi-
ation. The studies showed that all the experimental spec-
imens were polycrystalline and contained small fractions 
of amorphous structure.

Measurements of current-induced spin transport re-
quired Hall bridge structures with variable width (with 
narrowed sections) be formed on the specimens. The 
20.5 and 0.7 mm narrow sections were synthesized us-
ing electron beam lithography on the basis of a Scios 
2Dual Beam electron microscope with a Raith attachment 
(10 kV accelerating voltage, 0.4 nA beam current and 
30 nm beam diameter). The printing was accomplished 
at a 180× magnification, i.e., the exposed field area was 
1×1 mm2, the exposure step being 16 nm. The photo-
resist was Micro Chem PMMAA2, the irradiation dose 
being 125 mC/cm2. A photoresist film was applied at a 
3000 rpm speed and baked at 453.15 K for 1 min. The 
photoresist film thickness was approx. 300 nm. Ion beam 
etching was conducted with an Oxford PlasmaLab 80Plus 
system. Unprocessed film sections were stripped off by 
plasma etching from the entire specimen surfaces except 
the areas protected by the photoresist template. The base 
pressure in the chamber was 1·10-3 Pa, the Ar gas pres-
sure was 0.7 Pa, the plasma generator power was 400 W 
and the etching time was 3 min.

Electric contact templates were printed on a Suss 
Microtec MJB4 contact photolithographic system 
(Fig. 1b). FP-2514 positive photoresist from FRAST-M 
Co. was used for exposure. The photoresist was applied 
at a 3000 rpm speed and baked at 368.15 K for 1 min. 
The photoresist film thickness was ~1.5 mm. Following 
photoresist stripping in acetone, Hall structures with 
200 long and 20 mm wide conductors were formed on the 
specimen surface. Electric contacts were formed by coat-
ing the specimens with another photoresist layer in which 

electric contact pads were formed by photolithography. 
The surface adhesion of the electric microcontacts was 
improved by applying a Ti/Au layer in a custom-made 
thermal deposition plant. A current of ~30 A was se-
quentially passed through heating coils inside which 
a titanium and gold weighed dose was placed. Titanium 
was initially deposited from solid state for 20 s to form a 
5–15 nm thick film for gold adhesion improvement. The 
Au weighed dose was sputtered completely: sputtering of 
a 70 mg gold dose produced a ~60 nm thick film on the 
specimen surface. The sputtering chamber had an exhaust 
cart with a turbomolecular vacuum pump developing a 
pressure of ~0,1·10-3 Pa.

As a result, single-layered films and Hall-shaped con-
tact film structures were synthesized. The final film struc-
ture specimens formed on a silicon chip (substrate) had 
4×4 mm2 dimensions and were then separated using ul-
trasonic welding with ~20 mm diam. aluminum wires to 
form a wedge-to-wedge arrangement. The welded contact 
diameter was ~60 mm. Thus, each chip specimen con-
tained nine Hall-type structures having different conduc-
tive contact thicknesses (Type 1: 20 mm, Type 2: 5 mm 
and Type 3: 2 mm, see Fig. 2). Each Hall-type structure 
had six contacts: two at the edges of the current conductor 
and four transverse contacts for measuring the longitu-
dinal and lateral potential drops under bias. Thin copper 
wires were soldered to the chip leads for easy connection.

3. Results and discussion

The magnetic properties (magnetization state, coercive 
force, magnetic anisotropy energy etc.) were studied for 
continuous films using vibration magnetometry (Lake 
Shore 7401VSM) in up to 3 T fields at 78–800 K. The 
magnetometer holder allowed measuring the specimen 
orientation relative to the magnetic field direction. Hys-
teresis loops were taken for each film in the easy magne-
tization axis (EMA) direction which for all the test spec-
imens was perpendicular to the film plane, and along the 

 

  

 

 

     

    

 

 

   

   

   

 

Figure 2. Schematic of final on-chip specimen with nine Hall 
contact film structures
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hard magnetization direction, i.e., within the film plane. 
The former curves were used for calculating the satura-
tion magnetization and the coercive force, and the latter 
ones, for determining the magnetic anisotropy energy.

Figure 3a shows a typical magnetic hysteresis loop 
for a continuous film with field applied along the easy 
magnetization axis, i.e., perpendicularly to the film. The 
loop exhibits four typical points: the positive and nega-
tive magnetic inductions Bс at which the magnetization 
is zero and the positive and negative magnetizations M. 
The mean magnetic induction Вс characterizes the coer-
cive force and the mean magnetic moment M0 shows the 
saturation magnetization. The saturation magnetization 
Ms, i.e., the specific magnetic moment per unit volume, is 
calculated based on the accurate measurement of the film 
surface area S on a specimen photograph superimposed 
with millimeter grid paper. Knowing the magnetic layer 

thickness tF one can calculate the saturation magnetiza-
tion Ms using the following formula:

	 (1)

Figure 3b shows a typical magnetization curve for a 
continuous film measured perpendicular to the EMA, i.e., 
within the film plane. Since the magnetic moment can be 
measured with a higher accuracy upon remagnetization 
along the EMA, the curve was reduced to the units of Mn, 
and the saturation magnetization Ms for the calculation 
was taken from the previous calculation. The area be-
tween the coordination axis and the magnetization curve 
is proportional to the magnetic anisotropy energy which 
can be thus calculated using the following formula [25]:

	 (2)

Table 1. Magnetic and electrical characteristics of heavy metal/ferromagnetic multilayered samples

Parameter
Specimen # (Composition)

#1 #2 #3 #4
(Ru/Co/Ru) (Ru/Co/Ru/W) (Pt(5)/Co/MgO/Pt) (Pt(15)/Co/MgO/Pt)

Ms (106 A/m) 0.51 0.49 0.80 0.87
Ha (mT) 450 150 600 590
Ku (105 J/m3) 0.43 0.13 1.67 1.77
HС (mT) 2.9 2.2 74 75
ρ (10-7 Ohm·m) 5.1 12.0 4.7 4.6
I (mA) (for different structures):
   Type 1 25 25 22 60
   Type 2 5 5 4 12
   Type 3 0.5 0.5 0.3 0.6
Note. Ha: anisotropy field; Hс: coercive force; ρ: electrical resistivity; I: critical current for different types of Hall structures.

ba

Figure 3. (a) Magnetic hysteresis loop for continuous film with magnetic field perpendicular to the film plane and (b) half of hys-
teresis loop for continuous film with magnetic field within the film plane
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The field at which the magnetization is saturated in the 
plane was accepted as the anisotropy field Ba. The latter 
parameter was subsequently used for analysis of magnet-
ic anisotropy in the film.

The EMA direction for all the test specimens was per-
pendicular to the film plane, i.e., the specimens had per-
pendicular magnetic anisotropy which meets the require-
ments. The hysteresis loop width, the coercive force and 
the anisotropy and magnetization fields are controlled by 

the parameters of the structures, primarily, by the thick-
nesses and combination of the layers. The minimum 
hysteresis loop width and hence coercive force were ob-
tained for the Ru/Co specimens (Specimens 1 and 2, see 
Table 1). For the Pt/Co structures (Specimens 3 and 4) 
the above parameters were almost one order of magni-
tude higher, the hysteresis loop being almost rectangu-
lar. Additional deposition of a top nonmagnetic metallic 
W layer onto the Ru/Co film did not affect the saturation 

Figure 4. Magnetic hysteresis loop for magnetic field orientation (a–d) perpendicular and (e–h) along the film plane: (a, e) Ru/Co/
Ru; (b, f) Ru/Co/Ru/W; (c, g) Pt(5)/Co/MgO/Pt; (d, h) Pt(15)/Co/MgO/Pt

a dcb

e hgf

Figure 5. Magnetooptic Kerr microscopy of test films: (a, b) Ru/Co/Ru; (c, d) Ru/Co/Ru/W (the typical scale of the structure in the 
drawings is indicated by red numbers); (e, f) Pt(5)/Co/MgO/Pt; (g, h) Pt(15)/Co/MgO/Pt. (a, c, e, g) continuous films in demagne-
tized state; (b, d, f, h) Hall-shaped films with and without field

b

hf

da c

e g
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magnetization and the coercive force of Specimen 2 but 
substantially reduced the anisotropy field and magnetic 
anisotropy energy (Fig. 4).

The remagnetization processes were visualized and 
the domain sizes in the continuous film specimens and 
the contact structure specimens were assessed from Kerr 
microscopy data (Evico Magnetics). The microscope al-
lowed visualization of magnetization switching in the test 
objects (domains) sized up to 800 nm. The Kerr micro-
scope specimen holder had two electric magnets for si-
multaneous generation of two magnetic fields, i.e., within 
(±400 mT) and perpendicularly (±120 mT) to the film 
plane. Figure 5 illustrates the magnetic structure of the 
film in a demagnetized state and the Hall structure-shaped 
films with and without an external magnetic field.

The specific electrical resistivity of the test contact 
nanostructures was ~10-7 Ohm·m (Table 1). The critical 
current in the structures was 0.5 to 60 mA. The differenc-
es in the electrical resistivities and in the critical currents 
(above which the Hall bridge is destroyed) for the Hall 
contact films originates, along with the different compo-
sitions and structure configuration, from the fact that cur-
rents in those systems pass not only through the HM layer 
but also through the FM one and other auxiliary films. 
One should therefore take into account shunting in the de-
sign of the test structures for studying various current-in-
duced processes. Nevertheless, simple Kirchhoff rule as-
sessments yield a maximum current density of ~1011 A/
m2 for the narrow structure section. This suggests that the 
required magnitude of current-induced effects (Oersted 
fields) on the magnetic structure of ferromagnetic mate-
rials is achievable [26, 27] and one can therefore use the 

test specimens for both the spintronics and spin-orbitron-
ics applications.

4. Conclusion

Multilayered polycrystalline HM/FM Ru(10)/Co(0,8)/
Ru(2), Ru(10)/Co(0,8)/Ru(2)/W(4), Pt(5)/Co(0,8)/
MgO(2)/Pt(2) and Pt(15)/Co(0,8)/MgO(2)/Pt(2) metal-
lic structures were synthesized using magnetron sputter-
ing. Analysis of the magnetic properties of the structures 
showed that the specimens exhibit perpendicular mag-
netic anisotropy and low-field domain structure switch-
ing. Different configurations of Hall contact structures 
were synthesized using lithographic techniques with Hall 
bridge thicknesses of 0.7–2 mm. The critical current and 
current density of the structures were assessed. The syn-
thesized specimens can be used for studies of current-in-
duced effects on the magnetic structure of ferromagnetic 
materials and the formation of different topological spin 
textures, as well as for the electric control of spins in 
HM/FM structures. Results of such experiments are in-
dispensable for the improvement of strong spin-orbital 
interaction structure technologies.
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