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The influence of substrate material on the magnetoresistive, magneto-optical properties and diffusion
processes in Co(30 nm)/Fe(30 nm)/S was investigated. The samples were built on amorphous SiO2/Si substrate and MgO(100) crystal and then were annealed up to 300, 500 and 800 °С. Control of the crystal
structure and sample elemental composition was held by the low-energy electron diffraction (LEED) and
energy dispersive X-ray analysis (EDX). After that magnetoresistive properties (MR) and magneto-optical
Kerr effect (MOKE) were investigated and diffusion profiles were built with the help of secondary ion mass
spectroscopy (SIMS).
It was stated that during oriented growth of film system on MgO(100) crystal the considerable magnetic anisotropy is observed. It appears in increase of coercive force (BC) in two times and significant variation
of magnetoresistance at different turn angles. AFM investigations showed that surface roughness of
Au(2 nm)/Co(30 nm)/Fe(30 nm)/MgO film system is four times lower than of the sample on amorphous substrate (non-annealed). Besides the diffusion processes in systems that were built on MgO monocrystal proceed less intensive than in the case of SiO2/Si.
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1. INTRODUCTION
The structures based on nanosized film systems are
widely used as an element base of microelectronics. They
have found an application in sensors (of pressure, position, current, magnetic field), biosensors, hard disc read
heads, spin transistors, etc. Modern recording devices
widely use soft magnetic materials with specified anisotropy and high saturation field [1]. From this point of
view, Fe/Co-based multilayer structures have obtained
a wide spread, since their magnetic characteristics can
be changed by annealing or ion beam treatment [2].
Moreover, material and structural state of a substrate
influence the sample properties that determines the film
growth mechanisms. Therefore, the aim of the present
paper is to establish the correlation between magnetooptical and magnetoresistive properties and diffusion
processes in Fe/Co/S system and annealing temperature
and substrate material.
2. EXPERIMENTAL TECHNIQUE
Film system based on Fe and Co was deposited in
vacuum 7 × 10–8 Pa. MgO(100) crystal and SiO2/Si were
used as the substrates in order to realize the directional
film growth and growth on amorphous substrate, respectively. Magnesium oxide crystal was chosen due to
the fact that it allows to realize epitaxial growth of Fe,
since for Fe(100)||MgO(100) orientation the difference
between the lattice parameters is not more than 3,8%:
a = 2,87 Å for the bcc-Fe and a = 2,98 Å for the fcc-MgO
(between Mg or O atoms, since lattice is of the NaCl type)
[3]. In this case, zero-defect epitaxy with elastic mismatch
compensation takes place [4]. Moreover, Fe/Co system
based on MgO at certain deposition conditions can have
unique magnetic properties and be used for magnetic
*

recording [5, 6], be the base for formation of the electron spin-filter [7], etc.
For loading into vacuum chamber, substrates were
cleaned by ultrasound in acetone and isopropanol, and
then they were annealed in vacuum 10–8 Pa at 570 °С
during 60 min. Deposition rates of Co and Fe atoms
were equal to ω = 0,15 and 0,12 nm/min, respectively,
that provided epitaxial growth. Fe films were deposited
on heated up to 180 °С substrate; at this temperature
islands have the minimum roughness [8]. After sputtering of Fe layer, samples were annealed at 450 °С
during 20 min. In this case, the bcc-Fe lattice, but not
the tetragonal lattice [3], is formed even in the thinnest
layers (thickness to 1 nm).
Quality control of MgO substrate cleaning and Fe
epitaxial growth were carried out by using the lowenergy electron diffraction (LEED) (Fig. 1).
Presence of reflexes in Fig. 1 indicates the atomically clean surface [9]. Moreover, Fig. 1a confirms the fact
that MgO has the NaCl type lattice, and Fig. 1b corresponds to the bcc-Fe. If compare ratios of Mg/Fe lattice
parameters for one energy value (for example, 131 eV),
then deviation of our experimental data of the LEEDinvestigations from the calculated ones is about @ 7%
(1,47 un. – calculated [3] and 1,57 un – experimental
data). This difference can be explained by different operating modes of the Wehnelt cylinder and lens of the
LEED-system when obtaining images from MgO and Fe
surface [9]. Moreover, one should take into account that
LEED-images for Fe films were obtained at the thickness of d @ 30 nm, and misfit dislocations appear in this
case and Fe layer is not pseudomorphous any more [4].
Thickness of the samples was controlled by quartz
resonator. After preparation of the film systems, they
were deposited by Au layer with d @ 2 nm to prevent air
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Fig. 1 – LEED-image from the MgO(100) substrate at the energy
of 165 eV (a) and schematic representation of the MgO crystal
structure (lattice of the NaCl type) (b) in the plane containing
direction [100]; LEED-image from Fe(30 nm)/MgO(100) film at
the energy of 106 eV (c) and image of the bcc-Fe crystal structure
in the plane containing direction [100] (d)
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oxidation. Annealing of the samples in vacuum 10–8 Pa
at 300, 500, and 800 °С took place then. Samples were
held during 30 min at each temperature.
Presence of impurities in the obtained samples was
checked on by the energy-dispersion X-ray spectroscopy
(EDX) using add-on WINEDS High Performance X-ray
Microanalysis at РЕМ JSM-6400. In Fig. 2 we present
the obtained spectra for Au(2)/Co(30)/Fe(30)/MgO and
Au(2)/Co(30)/ Fe(30)/SiO2/Si systems.

As seen from Fig. 2, spectra do not have additional
peaks except Fe, Co, Au, Si, Mg, and O that implies the
purity of the obtained samples.
Control of the surface structure was performed by
the atomic-force microscope (AFM) of SIScan Company,
which allowed to determine the surface roughness, obtain distributions of inhomogeneities by sizes, and 3Dimages of a part of the sample interface.
Then magnetic characteristics of unannealed systems and annealed ones to the temperatures of 300, 500,
and 800 °С were studied. The MOKE investigations were
carried out at different turn angles of the samples in its
plane, MR was fixed at the turn relative to the axis
which is parallel to the sample surface (in the range of
0-90°). In both cases two measurement geometries were
used: longitudinal and perpendicular ones for MOKE,
and longitudinal and transverse geometries for MR. The
necessity of such investigations is conditioned by the
problems of discovery of magnetic anisotropy. Moreover,
visualization of remagnetization of system domains by
using MOKE-microscopy was done.
The SIMS investigations were carried out to define
the substrate influence on the diffusion processes; this
allowed to obtain diffusion profiles. The etching rate was
sufficiently low (0,5 nm/min) that maximally decreased
the influence of the ion-stimulated diffusion (ISD).
3. ANALYSIS OF THE OBTAINED RESULTS
In Fig. 3 we represent the AFM-images in the mode
of surface topology of the samples grown on MgO(100)
monocrystal and SiO2/Si amorphous substrate.
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Fig. 3 – AFM-images in the topology mode for the following
systems without annealing: Au(2)/Co(30)/Fe(30)/MgO (a) and
Au(2)/Co(30)/Fe(30)/SiO2/Si (b)
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Fig. 2 – The EDX spectra for Au(2)/Co(30)/Fe(30)/MgO (a) and
Au(2)/Co(30)/Fe(30)/SiO2/Si (b) systems

As seen from Fig. 3, roughness of the system, which
is directionally grown, is approximately four times less.
This is confirmed by the calculations of the root-meansquare (rms) deviations of irregularity s. s @ 1,4 nm is
the rms for Au(2)/Co(30)/Fe(30)/MgO and 4,6 nm – for
Au(2)/Co(30)/Fe(30)/SiO2/Si. The average size of islands
is equal to 140 nm for substrate-monocrystal (Fig. 1a)
and ≈ 210 nm – for amorphous substrate (Fig. 1b).
During annealing of the Au(2)/Co(30)/Fe(30)/SiO2/Si
system up to 300 °C, the surface roughness considerably decreased (s @ 1,2 nm) that can be explained by the
surface diffusion of atoms. At further increase in the
temperature up to 500 °C and 800 °C, the average size
of islands increased (Fig. 4). By the calculations based
on the represented profiles it was 70 nm at 300 °C and
200 nm at 800 °C.
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Fig. 4 – The AFM-images and surface profiles of the system
Au(2)/Co(30)/Fe(30)/SiO2/Si at annealing up to 300 °C (a, c) and
800 °C (b, d)

Investigations of the magnetoresistance have shown
that system epitaxially grown on MgO(100) substrate
displays anisotropy at different turn angles of the samples with respect to the magnetic field. This occurs during both the transition from the perpendicular geometry to the longitudinal one and to the transverse geometry (Fig. 5a,b). Samples obtained on amorphous substrate have constant dependences (Fig. c,d).
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Fig. 5 – Dependences of the MR on the turn angle of the sample for the following systems: Au(2)/Co(30)/Fe(30)/MgO (a, b)
and Au(2)/Co(30)/Fe(30)/SiO2/Si (c, d) at the transition from
the perpendicular geometry (a, c) to the longitudinal one (b, d)

After annealing of the samples up to 300 °С, the
magnetoresistance of Au(2)/Co(30)/Fe(30)/MgO system
sharply decreases, especially this is evident at the transition from the perpendicular to the longitudinal geometry (Fig. 6a,b). In Au(2)/Co(30)/Fe(30)/SiO2/Si system,
inversely, magnetoresistive properties remain and MR
is changed insignificantly (Fig. c,d).
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Fig. 6 – Dependences of the MR on the turn angle of the sample for the following systems: Au(2)/Co(30)/Fe(30)/MgO (a, b)
and Au(2)/Co(30)/Fe(30)/SiO2/Si (c, d) annealed up to 300 °С at
the transition from the perpendicular to the transverse (a, c)
and from the perpendicular to the longitudinal geometry (b, d)

But at annealing up to 500 °С, magnetoresistance
disappears completely in Au(2)/Co(30)/Fe(30)/SiO2/Si
system at two measurement geometries, too.
In Fig. 7 we represent the magneto-optical dependences at the longitudinal measurement geometry for
Au(2)/Co(30)/Fe(30)/MgO and Au(2)/Co(30)/Fe(30)/SiO2/Si
systems (Fig. 7a,b). Manifestation of the magnetic anisotropy in the case of the directed growth of the sample
on MgO(100) monocrystal is clearly seen in this figure.
In Fig. 7c,d in polar coordinates we show the dependences of the coercive force (Bc) on the turn angle of the
sample relative to the axis perpendicular to the sample
surface. It is seen that for a system on MgO substrate,
the external view of this dependence is considerably
changed after annealing up to 300 °С that indicates the
presence of the diffusion processes. Moreover, just after
annealing to this temperature, magnetoresistance of
Au(2)/Co(30)/Fe(30)/MgO structure significantly decreases (Fig. 6a,b) that can also imply the formation of an
intermediate layer due to diffusion. As it is known, the
sample with Fe(100)||MgO(100) orientation possesses
anisotropy which is appeared during the sample turn by
45° that is confirmed by Fig. 7c (two-fold increase in the
coercive force is observed along these directions).
Co films and Fe/Co systems have uniaxial anisotropy
even if they are grown on amorphous substrates [10, 1,
2]. Therefore, a sample on SiO2/Si also exhibits magnetic
anisotropy.
Dependences of the coercive force on the turn angle
for Au(2)/Co(30)/Fe(30)/SiO2/Si system are not changed
significantly in shape at annealing up to 300 °С. This
can imply a small intensity of phase transformations
[11]. Moreover, constant magnetoresistive properties at
the annealing temperature of 300 °С in comparison with
initial ones confirm the above mentioned statement.
Probably, in Au(2)/Co(30)/Fe(30)/SiO2/Si system diffusion processes are more intensive during condensation.
Therefore, the value of magnetoresistance for this sample is considerably less than for the system on monocrystal substrate (Fig. 5): MR ≈ 0,3% and 0,4% in the
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case of SiO2/Si substrate and MR ≈ 0,4% and 0,7% for
MgO substrate, respectively, for the transition from the
perpendicular to the transverse and to the longitudinal
geometry. Further annealing up to 300 °С does not lead
to the intense diffusion processes but promotes healing
of defects and decrease in the layer roughness that, in
turn, makes easier the propagation of domain walls and
leads to the decrease in the coercive force [12]. In this
case, the crystallite size is not changed significantly [11]
that is confirmed by the AFM-image (Fig. 4a).

B, mT

Angle, deg.

– 10 mT

3 mT

3,2 mT

– 10 mT

3,2 mT

3,4 mT

– 10 mT

5,2 mT

6,2 mT

3,4 mT

7 mT

6,6 mT

7,5 mT

B, mT

b

Temperature, °С

Temperature, °С

Bc, mT

a

Bc, mT

SiO2/Si system, total remagnetization at the sample rotation by 45° occurs at 7 mT (Fig. 8a), and at the sample
rotation by 90° – at 3,4 mT (Fig. 8b). Obtained results
imply almost a two-fold difference in Bc at these turn
angles (see Fig. 7c).
As for Au(2)/Co(30)/Fe(30)/MgO system after annealing up to 800 °С, the results of the Kerr microscopy
have shown the total remagnetization at 7,5 mT that
completely corresponds to the dependence represented
in Fig. 7d.

c

d

Fig. 7 – Magneto-optical dependences at the longitudinal measurement geometry for the systems Au(2)/Co(30)/Fe(30)/MgO (a)
and Au(2)/Co(30)/Fe(30)/SiO2/Si after annealing up to 500 °С
(b) at different turn angles of the sample; dependences of the
coercive force on the turn angle in polar coordinates at different
annealing temperatures for Au(2)/Co(30)/Fe(30)/MgO (c) and
Au(2)/Co(30)/Fe(30)/SiO2/Si (d)

Further annealing up to 500 °С changes the behavior of the dependence of the coercive force on the turn
angle (anisotropy disappears) (Fig. 7d) and leads to the
decrease in the value of Bc. Most likely, these phenomena are caused by the formation of solid solution with
introduction of Co nanogranules in the sample interior.
Moreover, exactly in this moment MR completely disappears in both geometries (Fig. 7).
During annealing up to 800 °С, coercive force rapidly
increases. This can be explained by the increase in the
average size of Co granules. The AFM-image (Fig. 4b)
confirms this assumption. Thus, during annealing of
Au(2)/Co(30)/Fe(30)/SiO2/Si system, coercive force firstly
decreases and after 500 °С it rapidly increases. The
authors of the work [11] point that based on the external view of the MR and MOKE dependences we can
judge the presence of one or another structural state of
the system. Typical view of the dependences of the Kerr
turn on the magnetic field induction for the system
Au(2)/Co(30)/Fe(30)/SiO2/Si without and after annealing (up to 800 °С) indicates the presence of multilayer
structure and granular solid solution, respectively.
Dependences of the coercive force on the turn angles
of the samples were confirmed using the MOKE-microscopy which allows to visualize the processes of domain
remagnetization [13] (Fig. 8). For Au(2)/Co(30)/Fe(30)/

Fig. 8 – Images of the MOKE-microscopy in the longitudinal
geometry for Au(2)/Co(30)/Fe(30)/MgO system at the sample
rotation by 45° (a), 90° (b) and for Au(2)/Co(30)/Fe(30)/SiO 2/Si
system after annealing up to 800 °С at the rotation by 45° (c)

Diffusion profiles (Fig. 9) which allowed to estimate
the effective coefficients of atomic diffusion in film systems were obtained based on the investigations by the
SIMS method. Dependences represented in Fig. 9a-e indicate different intensity of the diffusion processes for
systems on MgO(100) and SiO2/Si substrates and influence of the Kirkendall effect on the interface shift [14]
in both cases. Estimation of the influence of the condensation-stimulated (CSD) and the ion-stimulated (ISD)
diffusion on the diffusion profiles was performed using
the following correlation:
2

Dk = lk t k ,

(1)

where lk is the length of the diffusion path of atoms; tk
is the time of condensation [15, 16].
Calculation of the effective coefficients of thermal
diffusion (TD) was realized as follows:

D òä = Dl t ò = (l ò - l k)2 t ò ,

(2)

where lm is the length of the diffusion path of atoms in
the case of TD; tm is the annealing time of the system.
It is seen from Fig. 9a,b that in both systems during
condensation diffusion of atoms of the upper layer (Co)
to the lower one is more intensive than in the opposite
direction. Moreover, intensity of the diffusion processes
(in both directions) for the system grown directionally
on MgO(100) substrate is slightly lower in comparison
with Au(2)/Co(30)/Fe(30)/SiO2/Si system (Table 1). This
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Table 1 – Effective coefficients of diffusion of atoms in Au(2)/Co(30)/Fe(30)/MgO and Au(2)/Co(30)/Fe(30)/SiO2/Si film systems

CSD,
CSD + ISD

Diffusion
vapor

Substrate

l, nm

Fe ® Co
Co ® Fe
Fe ® Co
Co ® Fe

MgO(100)
SiO2/Si

24
27
27
30

Dc∙1019,
m2/s
21,3
33,8
27,0
41,7

TD
Тann = 300 °C
Dtd∙1019,
l, nm
(Dt∙1019) m2/s
17
0,27
30
0,05
24
0,05
30
5,00

explains larger MR values in Au(2)/Co(30)/Fe(30)/MgO
system in comparison with the sample on amorphous
substrate (see Fig. 5). After annealing up to 300 °С, the
effective diffusion coefficient decreases almost by two
orders of magnitude that indicates the beginning of the
diffusion in the grain interior. At the temperature of
Tann = 500 °С in Au(2)/Co(30)/Fe(30)/SiO2/Si system one
can observe a complete mixing of atoms that leads to
the MR disappearance in both geometries.
I/I0

I/I0

I MP

I MP

d, nm

a
I/I0

I MP

b
I/I0

S

I MP

d, nm

c

d, nm

I/I0

S

d

d, nm

S

Тann = 500 °C
Dt∙1019,
l, nm
m2/s
–
–
–
–
30
5
30
5

Тann = 800 °C
Dt∙1019,
l, nm
m2/s
–
–
–
–
30
5
30
5

Thus, substrate material significantly influences the
diffusion processes in the system and, correspondingly,
its magnetic properties. However, obtained values of
the effective diffusion coefficients can be slightly overrated because of the presence of the ISD effect.
4. CONCLUSIONS
It is established in the work that substrate material,
its structural state significantly influence the magnetoresistive, magneto-optical properties and the diffusion
processes in film systems. Namely, at the directional
growth on MgO(100) monocrystal Au(2)/Co(30)/Fe(30)/
MgO system displays considerable anisotropy of the
magnetoresistance and coercive force (there is a 2-fold
increase in Bc at the sample rotation by 45°). In both
measurement geometries MR is slightly higher than for
Au(2)/Co(30)/Fe(30)/SiO2/Si system that is explained by
the lower intensity of the diffusion processes during
condensation. At annealing up to 300 °С MR of the
directionally grown sample almost disappears. For the
system on amorphous substrate such phenomenon is
observed during annealing up to 500 °С.
At different annealing temperatures of Au(2)/Co(30)/
Fe(30)/SiO2/Si system, coercive force at first decreases,
and after 500 °С it starts to rapidly increase. This can
be explained by the formation of solid solution with Co
nanogranules whose size increases at annealing up to
800 °С that leads to the growth of Bc.
Moreover, in unannealed state system which was
condensed on amorphous substrate has four times more
roughness than at condensation on monocrystal.
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