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Effect of Annealing on the Structural-phase State and Magnetoresistance of Three-layer
Film Systems Based on Ni and V as well as Ni and Ag or Au
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The structural-phase state and magnetoresistive properties of three-layer film systems based on Ni and V
and Ni and Au or Ag of the total thickness of d = 25-55 nm with the constant spacer thickness of ds=5 nm
are studied. The influence of annealing temperatures from 300 to 600-700 K and the total thickness of the
sample on the magnetoresistance value and behavior of the magnetoresistive dependences are experimen-
tally tested. It is established that in the specified annealing temperature range the Ni/Ag/Ni film systems
maintain negative isotropic magnetoresistance; Ni/Au/Ni samples have anisotropic magnetoresistance, and
magnetoresistance of Ni/V/Ni film system is very sensitive to changes in the total thickness of the sample,
i.e. it can have both the isotropic and anisotropic magnetoresistance.

Keywords: Structural-phase state, Magnetoresistance, Three-layer film system, Annealing.

DOI: 10.21272/jnep.8(1).01018

1. INTRODUCTION

Physical properties of different magnetic nanostruc-
tures take one of the leading places in modern scientific
research in the field of solid state physics. Discovery of
the giant magnetoresistance (GMR) effect in certain hete-
rostructures [1-7] followed by the improvement of their
electrical and magnetic characteristics allowed to reach
significant values of the magnetoresistance at room tem-
perature in weak magnetic fields [8-10]. Currently, the
GMR effect is widely used in data processing and stor-
age devises [11-13], spinners [14] and sensors [15, 16].

All the mentioned fields of application of thin-film
elements require such a selection of the system compo-
nents, at which roughness of the interface is minimal.
The authors of [17, 18] studied the questions about the
interface structure in metal systems based on Ni and V
and Co and Cu and their electrophysical properties. The
authors of [19] investigated the interface structure of
Ag/Ni multilayers with low mutual solubility deposited
by the ion beam in gaseous media (Ar) or by magnetron
sputtering on different substrates. According to the data
of [17-19], one can conclude that the behavior of the state
diagrams of bulk samples cannot guarantee that the mul-
tilayer film system has stable and qualitative (with low
roughness) interfaces. In spite of the fact that stability
of the characteristics of film systems, such as magneto-
resistance, is extremely important from the point of view
of their practical application, then each thin-film system
requires an additional study.

Three-layer spin-valve structures, in which the GMR
and magnetoresistive effects are observed [20-25], are of
great scientific interest. Usually, the composition of such
structures includes, at least, two ferromagnetic layers
separated by an ultrathin sublayer of a non-magnetic
metal with high conductivity (spacer). A spacer prevents
the direct exchange interaction of ferromagnetic layers.
In this work, layers of 3d-ferromagnetic metal Ni were
separated by the layer of non-ferromagnetic transition
metal V, Ag or Au. On an example of Ni/V/Ni, Ni/Ag/Ni
or Ni/Au/Ni three-layer film systems, we performed the
experimental study of the magnetoresistive properties in
combination with the establishment of the phase state
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and impact of annealing. The investigation results will
give the possibility to predict and control the operating
characteristics of thin-film elements of the devices in the
conditions of the size effect manifestation and influence
of temperatures and magnetic fields.

2. EXPERIMENTAL

Ni, V, Ag, Au thin films and Ni/Au/Ni, Ni/Ag/Ni and
Ni/VIN three-layer systems were manufactured by the
thermal evaporation method in vacuum of 10-3-10-4 Pa.
The amorphous glass ceramic plates served as the sub-
strates for the magnetoresistive studies. Layer-by-layer
deposition of the materials was performed from two eva-
porators on the substrate at the temperature of 300 K.
Thicknesses of individual layers were determined by the
quartz resonator method. The samples were annealed in
the temperature range from 300 to 600-700 K.

Magnetoresistance (MR) of the studied samples was
measured at room temperature by the automated comp-
lex using the four-point scheme. This complex allows to
automatically fix MR changes in thin-film systems in the
longitudinal, transverse, and perpendicular measurement
geometries. The MR values of film systems were calcu-
lated by the relation (AR/Rs) = (R(B) — Rs)/Rs, where R(B)
and Rs are the sample resistance for the specified mag-
netic and saturation fields, respectively.

The electron microscopic and the electron diffraction
investigations were carried out using TEM-125 K. The
electron diffraction patterns of film materials were inter-
preted by the standard technique [26] using the refer-
ence of Al film. Calculation of the interplanar distances
and determination of the lattice parameters were con-
ducted with the accuracy of + 0.001 nm by the ratios for
crystals of the cubic syngony.

3. RESULTS AND DISCUSSION
3.1 Structural-phase state

The state diagram of the system based on Ni and V
in the high-temperature part is rather complicated and
is characterized by the presence of a number of inter-
mediate phases (V2Ni, VNis, VNiz, and VzNi). Eutectics
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and a number of solid solutions (s.s.) take also place in
the Ni-V system. The lattice parameter increases from
0.3528 to 0.3625 nm in the s.s. based on the Ni lattice
depending on the V content (concentration from 2.57 to
41.92 wt. %) [27]. Thus, the active phase formation pro-
cesses, which will also influence the magnetoresistive
properties of the samples, should be expected in the film
systems. Based on the data of electron microscopic study,
the phase composition in Ni(40 nm)/V(5 nm)/Ni(10 nm)
three-layer film systems in the unannealed state corre-
sponds to the bce-V + fee-s.s. (Ni, V) (Fig. 1a). The ave-
rage parameters of the bcc-V and fce-s.s. (Ni, V) lattices
have the values a (V) = 0.303-0.304 nm and & (Ni) = 0.352-
0.353 nm, which are close to the lattice parameters of
single-layer films and bulk samples ao (V) = 0.3039 nm
and ao (Ni) = 0.3523 nm [26]. Analysis of the micrographs
showed that the films in the unannealed state are finely
divided with the average crystallite size of 15-20 nm.

Annealing in the 300 K < Tann < 600 K temperature
range does not usually cause changes in the phase com-
position of the samples and significant recrystallization
processes. However, the lines corresponding to the fcc-
VOx with @ =0.408 nm (Fig. 1b), where x ~ 1 (based on
the dependence of the lattice parameter on the oxygen
concentration) appear on the diffraction patterns of the
samples of some Ni(40 nm)/V(5 nm)/Ni(10 nm) film sys-
tems [28]. The study of diffusion processes performed in
[29] agrees well with the data of phase composition. In
the film systems annealed in the 600 K < Tann <700 K
range, one can observe an increase in the lattice param-
eter of Ni up to the values a (Ni) = 0.353-0.354 nm that
can be explained by the formation of the fcc-s.s. (Ni, V)
with the average crystallites size of 25-30 nm based on
the Ni crystal lattice. The content of vanadium atoms
was equal to 4-10 wt. %. The estimation was carried out
according to the dependence of the lattice parameter of
s.s. (Ni-V) on the V concentration [27].

The state diagram of Au-Ni [27] shows that Au and
Ni atoms have unlimited solubility in the liquid and, at
high temperatures, in the solid states. Alloys of the Au-
Ni system have the fcc-lattice. With increasing Ni frac-
tion up to 37-46 wt. %, there occurs a decrease in tempe-
ratures of the crystallization start, and the minimum
caused by the intersection of the liquidus and solidus
curves at 1220 K appears on the diagram [27]. Decom-
position of a homogeneous s.s. to a mixture of s.s. based
on Au and Ni takes place when the alloy is cooled below
1100 K. Besides, components of the chosen system have
the same crystal lattices, whose parameters significantly
differ from each other and are equal to 0.4078 nm and
0.3523 nm for Au and Ni, respectively [27].

In the work, it is confirmed by the electron diffraction
analysis that as-deposited Ni/Au(5 nm)/Ni samples of the
total thickness of d = 25-55 nm mostly do not preserve
the individuality of separate layers. Two groups of lines
corresponding to the fcc-Au (@ (Au) = 0.408 nm) and fcc-
s.s. (Ni, Au) (@ (Ni) = 0.355 nm) are seen on the electron
diffraction patterns. The films based on Ni and Au in
the unannealed state are finely divided with the average
size of crystallites of 5-10 nm, respectively. Annealing at
600 K does not cause the structural phase changes, and
the samples remain biphasic. As seen from Fig. 1c, two
sets of lines corresponding to the electron diffraction on
the fcc-lattices of pure Au and fcc-s.s. (Ni, Au) hold. The
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formation of a s.s. (@ = 0.360-0.361 nm) during the film
deposition process was also fixed for Ni(5 nm)/Au(5 nm)/
Ni(40 nm) samples, and in this case the sample can be
considered biphasic fcc-Au + fcc-s.s. (Ni, Au). The lattice
parameter increases from 0.3593 to 0.4035 nm in a s.s.
based on Ni depending on the Au content in it (concen-
tration from 10 to 90 wt. %) [27]. Thus, content of gold
atoms in such s.s. was approximately equal to 15 wt. %.

Annealing of the Ni/Au(5 nm)/Ni samples in the tem-
perature range of 300-700 K causes the convergence of
Au and Ni lines that implies the formation of s.s. based
on the components of the film system.

As the state diagram shows, Ag-Ni system is simple
monotectic one. The maximum solubility of Ag in Ni is
~ 1 wt. % and decreases with decreasing temperature [30].
Two sets of lines corresponding to the fcc-Ni and fcc-Ag
with the average lattice parameters @ (Ni) = 0.353 nm
and @ (Ag) = 0.407 nm are present on the electron dif-
fraction patterns of the as-deposited Ni/Ag(5 nm)/Ni film
systems of the total thickness of d = 25-55 nm.

The average size of crystallites for the film systems
based on Ni, Ag is equal to 30-40 nm. As Fig. 1d shows,
annealing of the samples in the 300 K < Tann <600 K
temperature range does not cause changes in the phase
composition of the film system, but the reflexes become
clearer that indicates an insignificant increase in the
crystallites sizes. With further annealing in the tempe-
rature range of 600 K < Tann <700 K, the film system
retains the biphasic fcc-Ni + fcc-Ag composition with the
lattice parameters, which are close to the tabulated data
for bulk samples [26].

3.2 Magnetoresistive properties

The magnetoresistive measurements of several sets
of unannealed and annealed in the temperature range
from 300 to 600-700 K Ni/V/Ni, Ni/Au/Ni, and Ni/Ag/Ni
film systems of the total thickness of d = 25-55 nm with
the constant spacer thickness of ds =5 nm (Table 1) are
performed in the present work. Thus, for one series of
the samples with fixed thicknesses of the base Ni layer
(d1 = 40-45 nm) and spacer (ds =5 nm), thickness of free
Ni layer dz2 was constant (d2 = 10 nm), and for another
series — varied in the range from 5 to 20 nm. The study
of the influence on the MR value of the decrease in the
total thickness of a three-layer sample at the constant
spacer thickness (Table 1) was additionally carried out.
In Fig. 2 we present the dependences of the longitudinal
and transverse MR for unannealed film systems with
the Ni layer thickness of d2 = 10 nm and different spacer
materials. The analysis of the obtained data showed that
isotropic MR of different magnitudes and opposite sign
is observed for unannealed Ni/V/Ni and Ni/Ag/Ni film
systems with d2=10 nm (Fig. 2). Thus, the maximum
value of AR/Rs in the longitudinal geometry is equal to
0.16 % for the Ni(10)/V(5)/Ni(40) sample, and 0.57 % —
for the Ni(10)/Ag(5)/Ni(40) sample, which is almost 4.5
times more in the absolute value (Fig. 2a). The feature of
these dependences is the absence of clearly pronounced
peaks that can indicate separate reversal of Ni layers.
In our case, probably, due to different thicknesses of Ni
layers (di1 =40 nm, dz=10 nm) they have different co-
ercivity that is confirmed by the blurring of the peaks.
The same loops are observed for asymmetric structures,
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Fig. 1 — Diffraction pattern and crystal structure of the Ni(10)/V(5)/Ni(40)/Sub film system of as-deposited (a) and annealed to
600 K (b) and Ni(10)/Au(5)/Ni(40)/Sub (c) and Ni(10)/Ag(5)/Ni(40)/Sub (d) annealed to 600 K; Sub is the substrate, thickness in nm
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Fig. 2 — Field dependences of the longitudinal (a) and perpendicular (b) MR for the Ni(40)/Ag(5)/Ni(10) (o), Ni(40)/V(5)/Ni(10) (A),
and Ni(40)/Au(5)/Ni(10) (o) film systems

Table 1 - MR of unannealed and annealed film systems in two measurement geometries

(AR/Rs)max, %
No samples (nm) Longitudinal Perpendicular
300 K 600 K 300 K 600 K
1 Ni(5)/Au(5)/Ni(15)/Sub -0.12 -0.12 0.35 0.36
2 Ni(10)/Au(5)/Ni(15)/Sub| —0.12 -0.15 0.29 0.24
3 Ni(10)/Au(5)/Ni(40)/Sub| -0.14 -0.15 0.61 0.65
4 Ni(20)/Au(5)/Ni(20)/Sub| —0.06 —0.06 0.22 0.24
5 Ni(20)/Au(5)/Ni(30)/Sub| —0.11 -0.13 0.30 0.32
6 Ni(5)/Ag(5)/Ni(45)/Sub -0.42 -0.44 —0.10 -0.13
7 Ni(10)/Ag(5)/Ni(40)/Sub| —-0.57 -0.64 —0.06 —0.06
8 Ni(10)/V(5)/Ni(40)/Sub 0.16 0.16 0.06 0.051
9 Ni(10)/V(5)/Ni(45)/Sub 0.12 0.14 0.07 0.08
which are associated by the authors of [20] with the im- Anisotropic MR, whose magnitude and sign depend on

plementation of a stable antiferromagnetic distribution the mutual orientation of the current in the sample and
of the magnetization of ferromagnetic layers in a certain the external magnetic field, is observed for the Ni/Au/Ni
domain of the external magnetic field. system. The largest (in absolute value) values of AR/Rs
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for similar samples were observed in the perpendicular
geometry and were equal to 0.6 % (Fig. 2b). Peaks of the
magnetoresistive loops of the Ni/Au/Ni system are clear
and are formed in a narrow range of the magnetic field
(AB=10-20 mT) that implies synchronism of the reversal
processes of both Ni layers. It can be assumed that due
to the formation of a s.s. during condensation, the inter-
faces are blurred, and the antiparallel orientation of the
magnetization in the adjacent Ni layers does not occur.
Such film system can be represented as the three-layer
Ni/Au + s.s. (Ni, Au)/Ni one. Moreover, the realization of
the two-layer s.s. (Au-Ni)/Ni system, which is reversed
as a whole, is also possible. Formation of s.s. causes an
increase in the spacer resistance and is necessarily ref-
lected on the behavior of the MR loops. Thus, the MR va-
lue of the Ni/Au/Ni samples decreases several times in
the transition from the perpendicular to the transverse
measurement geometry. For example, the MR decreas-
es almost 5 times and is equal to 0.11 % for the Ni(10)/
Au(5)/Ni(40) system. Such a sharp change in the MR va-
lue in the perpendicular geometry relative to the trans-
verse one can be explained by “driving” of the electric
current into the ferromagnet layers due to the increase
in the spacer resistivity because of the formation of a
s.s. Annealing of the samples at the temperature of 600-
700 K leads to an insignificant increase in the MR, but
the behavior of the loops remains (Fig. 3a).

For another series of the samples, where d2 varied in
the range from 5 to 20 nm, it is seen that when the up-
per layer thickness approaches the bottom layer thick-
ness, the magnetoresistive loops have a slightly different
view: increase or decrease in the resistance occurs in a
narrow range of the magnetic field (AB =5-10 mT), and
the narrow sharp maxima are observed. As noted above,
this indicates the simultaneous reversal of both layers
that is proper for symmetric structures composed of two
identical layers with the same coercivity. The upper and
lower magnetic layers, in this case, are switched simul-
taneously at one value of the external magnetic field.

The decrease in the total thickness of three-layer sa-
mples of the total thickness of d = 25-55 nm at constant
spacer thickness (ds =5 nm) differently affects the MR
of three-layer Ni/V/Ni, Ni/Au/Ni, and Ni/Ag/Ni systems.
For example, one can consider film systems with the same
total thickness d = 30 nm and identical thicknesses of the
corresponding layers.
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Thus, for the three-layer Ni(10)/V(5)/Ni(15) system,
isotropy of the field dependences does not remain, and
MR decreases to 0.05-0.08 %, while MR isotropy remains
in the Ni(10)/Ag(5)/Ni(15) samples. Annealing of both
samples at the temperature of 600-700 K does not inf-
luence the behavior of the dependences and MR value.
Anisotropic MR remains in the Ni(10)/Au(5)/Ni(15) film
system, but annealing at 700 K leads to changes in the
behavior of the field dependences (Fig. 3b). Comparing
the dependences of MR for the Ni(10)/Au(5)/Ni(40) (total
thickness d = 55 nm) and Ni(10)/Au(5)/Ni(15) (total thick-
ness d =30 nm) systems, shown in Fig. 3, one can see
that peaks lose their distinct character that indicates in
favor of separate switching of Ni layers. The MR value
substantially decreases to 0.36 %. But the common thing
for both samples is that the perpendicular MR exceeds
several times the longitudinal and transverse ones.

4. CONCLUSIONS

1. The electron diffraction studies of the structural-
phase composition of three-layer film systems based on
Ni and V and Ni and Au (or Ag) of the total thickness of
25-55 nm (spacer thickness ds =5 nm) indicate the dif-
ferent behavior of its dependence on the heat treatment
regime. The film systems obtained by the thermal evapo-
ration method in vacuum at the substrate temperature
of Tsu» = 300 K have the following phase composition:
bce-V + fee-s.s. (Ni, V) with the average lattice parame-
ter of a s.s. of 0.352-0.353 nm; fcc-Au + fce-s.s. (Ni, Au)
with the average lattice parameter of a s.s based on Ni
of 0.360-0.361 nm; fcc-Ni + fcc-Ag with the lattice para-
meters close to the tabulated values of bulk samples. The
films based on Ni and V, Ni and Au in the unannealed
state are finely divided with the average size of crystal-
lites of 15-20 nm and 5-10 nm, respectively. Thermal
annealing of the samples based on Ni and V, Ni and Au
in the temperature range from 300 to 600-700 K causes
the increase in the lattice parameter by 0.2-0.3 % and in
the crystallites size by 30-40 %. As-deposited film sys-
tems based on Ni and Ag have the average size of crys-
tallites of 30-40 nm, which increases during thermal an-
nealing by 20-25 %. The structural-phase composition and
lattice parameters of Ni and Ag remain constant with
thermal annealing in the temperature range from 300
to 600-700 K.
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Fig. 3 — Field dependences of the MR of Ni/(40)/Au(5)/Ni(10) (a) and Ni(15)/Au(5)/Ni (10) (b) film systems annealed to 700 K for
three measurement geometries: longitudinal (o); transverse (A); perpendicular (o)
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2. The Ni/V/Ni and Ni/Ag/Ni film systems of the total
thickness of 55 nm (ds =5 nm) have isotropic MR with
the largest value in the parallel measurement geometry,
but of the opposite sign. With decreasing total thickness
of the Ni/V/Ni system to 30 nm, MR becomes anisotropic
with the maximum value in the perpendicular measure-
ment geometry. Annealing of the Ni/V/Ni and Ni/Ag/Ni
samples at 600-700 K does not affect the behavior of the
loops and MR magnitude.

3. The Ni/Au/Ni film systems have anisotropic MR.
The maximum values of the MR are observed in the per-
pendicular measurement geometry and equal to 0.1 % for
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