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The electrophysical and magnetoresistive properties of permalloy NigoFezo (Py) and PyssAgss and PyesAuss
thin films prepared by the electron-beam sputtering are presented. The effect of the addition of a third element (Ag
or Au) on the resistivity, temperature coefficient of resistivity and magnetoresistance of permalloy films has been
described. The structural, electrophysical and magnetoresistive properties of the investigated samples showed a

strong dependence on the annealing temperature.
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Introduction

Permalloy (NigoFex) film is attracting increasing
attention for its applications in spintronic devices,
particularly magnetic sensors [1, 2]. This is due to its
favorable properties such as high permeability and low
coercive field [3-5]. This makes it a promising choice as a
soft magnetic material. Permalloy with noble metal
impurities is a system that exhibits giant
magnetoresistance. In  this scenario, the giant
magnetoresistance value depends on various factors,
including the preparation method, thin film system
composition, matrix properties, heat treatment conditions,
substrate material, and so on [6, 7]. Resistivity is also a
fundamental parameter influencing electronic, magnetic,
and other properties of thin films [8-10]. In addition, the
thermal stability of these materials remains an important
area of research [11, 12].

This report presents an experimental investigation of
the structure, electro- and magnetoresistive properties of
three types of structures composed of permalloy (Py) thin
films prepared by electron-beam evaporation. The focus
of the study is on the incorporation of non-magnetic (Ag
and Au) third elements at a concentration of 36 at.%. This
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concentration was deliberately chosen because the film
systems based on permalloy and metals such as Au or Cu
are characterised by maximum GMR values at
concentrations close to 30 at.% [13, 14].

I. Experimental detail

Three series of samples with thickness of 45 nm were
prepared: samples of A type are thin permalloy (Py) films
with composition NigoFezo; samples of B type are PyssAgss
thin films; samples of C type are PyssAuss thin films. The
samples of A type were deposited on amorphous glass-
ceramic substrate by electron-beam sputtering at room
temperature (RT) using 79 NM (79 -80 wt.% nikell,
2-5wt% molybdenum, 13-16wt.% iron) in HV
chamber with a base pressure of 10 Pa. The samples of B
and C types were received by co-evaporation technique
using permalloy 79NM and Ag or Au independent sources
respectively. The thickness of each layer was monitored in
real time using the built-in quartz-based thickness monitor
with an accuracy of 10 %.

The samples elemental compositional were
determined using an energy-dispersive X-ray (EDX)
detector (Oxford Instruments) of scanning electron
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microscope (SEO-SEM Inspect S50-B). The EDX method
allowed us to verify the concentration of components after
deposition. The deviation of the concentration over the
volume of the films is not more 1 at. %. Calculated data
correspond to EDX-results, which revealed the material
composition of the sputtered films: A type is 80 at.%
nickel and 20 at.% iron; B type — 48 at.% nickel, 16 at.%
ironand at.% silver; C type — 48 at.% nickel, 16 at.% iron
and 36 at.% gold.

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

A four-point probe instrument was used to measure
the resistance values of the samples in automated mode.
All samples were annealed in a vacuum chamber at
104 Pa through two cycles of “heating <> cooling”. The
annealing temperature (Tann) was 500 and 700 K
respectively. The resistivity value was calculated
considering the total thickness of the samples. The value
of the temperature coefficient of resistivity (TCR) was
calculated from temperature dependence of the resistivity
by the equation: £ = (1/pin)-(Ap/AT), where pin is the initial
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value of the resistivity, AT = Tann — RT.

The magnetoresistive properties were measured using
software-hardware complex with  current-in-plane
geometries in an external magnetic field in the range from
0 to 500 mT at room temperature. The measuring current
was | =1 mA. The value of transverse magnetoresistance
(TMR) and longitudinal magnetoresistance (LMR) has
been calculated by equation MR = (R(B) — R(Bo))/R(Bo),
where R(B) is the current value of resistance in the
magnetic field B; R(By) is the resistance of the sample in
the field of the Bq.

I1. Results and discussion

The studies of crystal structure and phase state for
samples of type A, B and C were carried out for the correct
analysis of their electro- and magnetoresistive properties.

Figure 1 shows the bright-field TEM images and
diffraction patterns for the investigated samples before
and after annealing up to 700 K. The phase state of the
NigoFezo thin film (A-type sample) corresponds to the

fee-NisFe

Fig. 1. Bright-field TEM images (2, 4) and diffraction patterns (1, 2) for Py (A-type) (a), PyssAgss (B-type) (b)
and PyssAuss (C-type) (c) thin films after deposition (1, 2) and after annealing up to 700 K.
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face-centred cubic (fcc) NisFe and remained unchanged
after annealing up to 700 K (Figure 1,a, positions 1 and 3).
The crystal structure (Figure 1a, positions 2 and 4) is
typical of ferromagnetic metals, namely a highly dispersed
labyrinthine structure [15]. After the addition of Ag (or
Au) the phase state of the thin film samples becomes two-
phase. In the case of the B-type sample, it corresponds to
fcc-NisFe+fcc-Ag (Figure 1b, position 1). In the case of
C-type sample, it corresponds to fcc-NisFe+fcc-Au
(Figure 1,c, position 1). The annealing process does not
affect on the phase state of the B and C type thin films. It
stayed unchanged (Figs. 1,b and 1,c, position 3). B and C
types of samples have a nanoscale structure after
condensation (Figs. 1,b and 1c, position 2). The analysis
of bright-field TEM images of PyssAgss and PyssAuss thin
films after annealing up to 700 K structure (Figs. 1,b and
1c, position 4) revealed the stognation of Ag (or Au) grain
growth as a result of their isolation in the ferromagnetic
matrix. These results were consistent with our previous
works [16, 17].

Only when their behaviour is predictable and stable
can thin films be used to miniaturise electronic devices.
Therefore, from a practical point of view, it is important
to understand the changes in resistivity of nanostructured
thin film systems during annealing. Another important
characteristic of thin film functional elements is the
temperature coefficient of resistance. For the efficient
operation of electronic circuits, functional elements
should have adequate stability against temperature
variations. It should also be noted that it is possible to
understand the mechanisms of electron scattering in
magnetic thin film systems by studying their
electrophysical properties. Additional information for
interpreting magnetotransport properties can be obtained
from this.

Table 1 shows calculated values of resistivity and
TCR for permalloy and permalloy based thin films after
deposition and after annealing to 500 K and 700 K
respectively.

Table 1.
Calculated values of resistivity and TCR for permalloy
and permalloy-based thin films

5, 107 Ohm-m £,10°K ™
500 | 700 | 500 | 700
300K | S¢ " " K
Py
10.78 | 6.83 | 596 | 3.00 | 1.60
(A-type)
Pyes\Gss | 5a9 | 197 | 1.76 | 220 | 2.00
(B-type)
PyeshUss | 470 | 291 | 201 | 1.27 | 1.02
(C-type)

We received that the values of resistivity of Py thin
film is 10.78-107 Ohm-m. The adding of Ag or Au leads
to decrease of resistivity to 5.80-107 Ohm-m and
4.74-107 Ohm-m, respectively. For type A, B and C
samples, annealing to 500 K causes an irreversible
reduction in resistivity. The main reasons for the reduction
in resistivity are the healing of defect healing and grain
size growth. Growth at annealing temperatures up to
700 K results in a further reduction in resistivity, but not
as significant. This indicates that the electrophysical
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Fig. 2. Temperature dependences of resistivity for thin
films of Py (A-type), PyssAgss (B-type) and PyesAuss
(C-type) thin films.

properties stabilized. Figure 2 shows the temperature
dependence of the resistivity for the second cooling cycle
for thin films of Py (A-type), Py64Ag36 (B-type) and
Py64Au36 (C-type) thin films. The metallic mode of
conductivity is observed for all samples. As a result, the
temperature coefficient of resistance has a positive value
(Table 1). A TCR order of 10 K is typical for the
permalloy thin films [4], noble metal [18] and thin film
systems based on permalloy and noble metal [17].

Figure 3 shows typical magnetoresistive curves for as-
deposited and annealed at 500 K and 700 K samples: Py,
PyssAgss and PyesAuss. The results of the transverse
magnetoresistance (TMR) and longitudinal
magnetoresistance (LMR) calculations are summarized in
Table 2.

The study of MR curves for A-type samples allows us
to conclude that the value of the magnetoresistance of thin
permalloy films depends on the geometries studied and the
annealing temperature. For as-deposited samples (300 K),
the MR(B) curves partially overlap in both geometries, so
that a hysteretic behaviour of the magnetoresistance is
observed. This is an indication of the anisotropic nature of
magnetoresistance. The magnitude of magnetoresistance
is relatively small (LMR =0.14 %, TMR =0.13 %),
which is consistent with the data obtained in Refs [4, 19].
Annealing the films up to 500 K does not change the shape
of the curves and results in an insignificant increase in the
magnitude of the LMR and TMR. At the same time,
increasing the annealing temperature up to 700 K results
in a twofold increase in the magnitude of the LMR and
TMR. This is due to changes in the crystal structure of the
samples. The anisotropic nature of the magnetoresistance
is retained after annealing to 700 K, which is typical of
films of ferromagnetic alloys.

Analysis of the MR(B) curves for B-type samples
shows that the addition of Ag changes the shape of the
curves. LMR(B) and TMR(B) curves have no hysteresis
and show a linear decrease of MR at fields up to 500 mT.
Therefore, we have an isotropic character of the
magnetoresistance  (LMR =TMR =0.38 %).  After
annealing at 500 K and 700 K, the value of isotropic
magnetoresistance increases up to 0.63 % and 0.80 %,
respectively. One of the reasons for this increased MR
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Fig. 3. Field dependence of transverse (a, c, €) and longitudinal (b, d, f) magnetoresistance for thin films of Py

(A-type), PyssAgss (B-type) and PyssAuss (C-type) thin films after deposition (a, b)

and annealing to 500 K (c, d) and 700 K (g, f).

Table 2.
Calculated values of magnetoresistance for permalloy and permalloy-based thin films
TMR, % LMR, %
300 K 500 K 700 K 300 K 500 K 700 K
Py (A-type) 0.14 0.22 0.40 0.13 0.14 0.38

PyssAgss (B-type) 0.38 0.63 0.8 0.38 0.63 0.79

PysaAuss (C-type) 0.21 0.22 0.12 0.21 0.22 0.10
effect is that the magnetic grains become larger, creating scattering.
more ferromagnetic regions in the microstructure. This
enhances the probability of spin dependent electron ]

Conclusion

scattering and hence the magnitude of the MR effect.

The study of the magnetoresistive properties of C-
type samples showed that the PygsAuss thin film alloy also
exhibits isotropic magnetoresistance. But their magnitude
in 1.7 times smaller. No increase in the magnitude of the
effect is observed after annealing to 500 K. By increasing
the annealing temperature up to 700 K, the isotropy of the
magnetoresistance  has  completely  disappeared.
Anisotropic magnetoresistance behaviour observed. Grain
growth during annealing increases the probability of the
electron-phonon scattering process, prevents electron
transfer from one ferromagnetic grain to another. This
reduced the probability of spin-dependent electron
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In summary, we have studied the structure, electro-
and magnetoresistive properties of three types of
structures composed of permalloy thin films prepared by
electron-beam evaporation. The metallic behaviour of the
temperature dependence of resistance with a positive TCR
value was observed regardless of the addition of Ag or Aul.
At the same time, studies of the magnetoresistive
properties show that the nature and magnitude of the MR
effect depends on the composition of the samples and the
heat treatment conditions.
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Cymcewkuil depacasnuil ynieepcumem, m. Cymu, Yxpaina, i.pazuha@aph.sumdu.edu.ua

VY poGoTi mpezacTaBieHi eNeKTpO}i3MYHI Ta MAarHITOPE3UCTHBHI BIIACTUBOCTI TOHKUX IUTIBOK HEPMaJIOlO
NigoFezo (Py) i PyssAgss i PysaAUss, OTpEMaHHX METOIOM EJICKTPOHHO-TIPOMEHEBOTO OcapkeHHs. ONKcaHo BIUIMB
JIOaBaHHs TPEThOTo eneMeHTa (Ag abo Au) Ha MUTOMUI OMip, TeMIEePaTypHUH KOe(illi€HT MUTOMOTO OTOpYy Ta
MAarHIiTOOIIIp TUTiBOK mepManoro. CTpyKTYpHi, e1eKTpoQi3udHi Ta MATHITOPE3UCTUBHI BIACTUBOCTI OCIIIKYBaHIX
3pa3KiB OKa3ali CHIbHY 3aJI€XKHICTh BiJl TEMIIEPaTypH BiMaIlOBaHHS.

KarouoBi cioBa: QepomarHiTHuI cruiaB, OJaropoJHui MeTan, NUTOMHH OMip, BiAMaTIOBaHHS,
TeMIIepaTypHUH KOe(ilieHT OIopy, MarHiTOOMip.
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