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In the paper, the magnetoresistive properties of low entropy nanoscale film materials based on Fe and
Pd or Pt as components of high-entropy film alloys are studied. The samples were formed by the method of
layer-by-layer condensation followed by annealing, which made it possible to obtain systems with an atomic
ordering in which the effects of anisotropic (AMR) and giant (GMR) magnetoresistance can be realized. Stud-
ies of magnetoresistive properties were carried out in three measurement geometries. The thickness of indi-
vidual layers of film materials was selected in such a way that, in accordance with the state diagrams of Fe-
Pd and Fe-Pt for bulk samples, the FesPd or FesPt phases; FePd or FePt and FePds or FePts were stabilized
in the film systems, which is confirmed by electronographic studies. In this film alloys we observed abnor-
mally small (from 1.9 to 2.2 units) values of the strain coefficient at deformation up to 2 % and GMR signs
with a small amplitude from 0.1 to 0.4 %. It was established that film alloys based on Fe and Pd or Pt can
be used as sensitive elements of flexible magnetic field sensors, as they are thermally stable in a wide tem-
perature range.

Keywords: Low entropy materials, Film alloys based on Fe and Pd or Pt, Processes of ordering atoms,
Abnormally low sensitivity to deformation, Magnetoresistance.
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1. INTRODUCTION

The development of flexible electronics involves the
transition to new electronic devices and systems, such as,
for instance, small-sized and light-weight multifunctional
sensors, electronic devices of storage and displaying infor-
mation, photovoltaic panels and reconfigurable antennas,
flexible biological electronic implants, printed power bat-
teries and accumulators. Distinctive features of flexible
electronic devices are transparency, thermal stability, low
sensitivity to deformations, elasticity. Multicomponent
film alloys (including and high entropy film alloys - HEA)
are formed on the basis of ferromagnetic and noble met-
als. For example, a single-phase fcc solid solution is
formed on the basis of Pt, Pd, Rh, Ir, Cu, and Ni metal
atoms, which has high stability after annealing [1]. It was
established that the alloy is uniformly deformed up to
~30 % with a high strength limit — 1839 MPa.

The main directions of the development of flexible
electronics is the search for new materials for sensitive
elements, as well as the adaptation of known and the de-
velopment of new unique methods of forming thin-film
functional elements based on metals (see, for example, [2-
4]). We [5] established the reason for the realization of na-
noscale thickness in film materials of abnormally small
values of the strain coefficient (SC), which is understood
as values of SC that are smaller than a certain limit value,
which corresponds to Poisson's ratio 4 = 0.5. Low sensi-
tivity to deformation is one of the main requirements for
elements of flexible electronics.

The low-entropy film alloy considered in the work is a
component of HEA obtained by the method of layer-by-
layer condensation with subsequent thermal annealing
(see, for example, [6]). The study of low-entropy
components of HEA 1is important, since diffusion
processes that destroy the interface are possible during
layer-by-layer condensation. This will provide more
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meaningful information about physical processes in HEA.

Abnormally small SC values were experimentally ob-
served by us for single-layer Pd and Pt films and two-com-
ponent film alloys based on Fe and Pd or Pt (SC = 1.5-2.6
at a thickness of 10-80 nm) and by other researchers for
nichrome films [6] (1.5-2.2 units at d = 5-60 nm) and invar
films [7] (2.0-0.9 units at d = 20-110 nm).

It should be noted that ordered alloys based on ferro-
magnetic and noble metals, such as, for instance, FePd
and FePt, exhibit perpendicular magnetic anisotropy un-
der certain conditions, due to which they become candi-
dates for the creation of new superdense magnetic record-
ing carriers with a perpendicular orientation and ele-
ments of magnetic field sensors. In addition, Pd atoms
have a high paramagnetic susceptibility and a giant mag-
netic moment up to 10us, being non-magnetic in com-
pounds with Fe and Co [8, 9].

The properties of FePd and FePt films can be con-
trolled by the magnetic field and temperature [10], which
enables their wide application in sensor electronics [11].

The purpose of the work was to study the magnetore-
sistive (magnetoresistance, including giant magnetore-
sistance) properties of nanoscale film materials based on
Fe and Pd or Pt with a low coefficient of strain sensitivity
in terms of their application as elements of flexible elec-
tronics.

2. METHODOLOGY AND TECHNIQUE OF THE
EXPERIMENT

The samples were formed by the method of layer-by-
layer condensation with the heat treatment, which made
it possible to obtain systems with an atomic arrange-
ment of atoms in which the effects of anisotropic (AMR)
and giant (GMR) magnetoresistance can be obtained. Si
plates with a natural oxide layer were used as sub-
strates to reduce or avoid the influence of the substrate
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material on the structure of film materials. The resistiv-
ity of the samples was (1-3)-10 -7 Om-'m, which would
suggest the sufficient purity of the obtained samples and
the minimal influence of impurity atoms on the magne-
toresistive properties. The thickness of the films was
monitored by the in situ quartz resonator method (accu-
racy 10 %).

Strain properties of metal films on teflon substrates
were investigated using a deformation device con-
structed on the basis of a micrometer (Fig. 1).

Fig. 1 — The scheme of the deformation device for CS measure-
ment: 1 — substrate; 2 — moving rod; 3 — micrometric scale; 4 —
microscrew; 5 — slider; 6 — longitudinal guide of the slider

Longitudinal deformation is determined by the ratio:
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IO

1

where [o is the length of the film before deformation; Al
is the absolute elongation of the film, which was deter-
mined by the indicators of the microscrew. The dimen-
sions of the film were kept constant (length /= 15 mm,
width a =5 mm).

The deformation dependences of AR/R(0) on the lon-
gitudinal strain & were constructed for seven defor-
mation cycles of "loading-unloading" to determine the
coefficient of longitudinal strain sensitivity in the region
of elastic and plastic deformation in the Ag interval,.
The calculation of the value of the average coefficient of
longitudinal SC was carried out by the tangent of the
angle of inclination of the deformation dependences (fig-
ure 2) or by averaging the instantaneous values of SC
over the entire deformation interval.

The study of the strain properties of films in the de-
formation interval Ag, = (0-2)% (Fig. 2) was carried out

using an automated system, which made it possible to
perform a large number of deformation cycles in static
and dynamic modes of operation at a deformation rate
from 0 to 0.1 %/s.

The average and instantaneous strain coefficients
were determined by the ratios:

, SC
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where R(&) 1s the resistance of the film during the & de-
formation; R(0) is the resistance of the undeformed sam-
ple.

The measurement results indicate a low value of the
strain sensitivity coefficient for FePd films (from 1.8 to
2.2 units) with a film thickness from 20 to 50 nm.

Research of magnetoresistive properties was carried
out in three measurement geometries, which on all de-
pendencies have the following designations: parallel

(o,|]), transverse (D,+) and perpendicular (A,-L). The
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value of MO was determined by the ratio
MR = [R(B) — R(0)]/R(0),

where R(B) and R(0) is the resistance of the film with a
applied field and without a field.

If, under the influence of an external magnetic field,
the electrical resistance of the film decreased, the inequal-
ity was fulfilled AR/R(0) < 0, and the field dependence R
had an isotropic character, then we confirm that signs of
GMR are observed in such systems.

3. EXPERIMENTAL RESULTS

The thickness of the individual layers of the film ma-
terials was selected in such a way that, in accordance
with the state diagrams of Fe—Pd and Fe—Pt for massive
samples, different phases should be stabilized in the film
systems depending on the concentration of Pd and Pt at-
oms and temperature. In the process of annealing in
multilayers based on Fe and Pd or Pt, the following
phases are formed: FesPd or FesPt (is a phase L12; cpa <
50 at. % and cpt = 14-30 at.%); FePd or FePt (is a phase
L1o; cpa = 50-60 at. % and cpt = 30-60 at. %) and FePds
or FePts (is a phase L11; cpa= 65-90 at. % and cpt= 60-80
at. %). Electronographic research indicate that the
phase composition of thermostabilized samples corre-
sponds to the predicted one.
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Fig. 2 — The deformation dependences for FePd/S films (30 nm)
in the range of deformations (a) (0-1) % and (b) (0-2 %).
S — substrate

Based on the results of studies of the crystal struc-
ture and solid-phase reactions, we proposed a scheme of
the process of formation of a disordered s.s. in the pro-
cess of condensation and post-condensation aging and
transition to the ordered phase after annealing.

It has been established that in film systems based on
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Fe and Pd or Pt due to the high diffusion mobility of at-
oms, caused by condensation-stimulated diffusion and
the small thicknesses of individual layers that were set
in advance, a s.s. is formed in the process of condensa-
tion, blurring of structural interfaces occurs, and so-
called magnetic interfaces become an additional scatter-
ing mechanisms. At the same time, electrons are scat-
tered not on the actual boundaries of the separation of
layers, but on the magnetic moments of atoms of ferro-
magnetic and nonmagnetic metals.

In multilayers formed on the basis of Fe and Pd or
Pt, additional mechanisms of electron scattering have a
significant influence on their properties: structural (in
the case of preserving the individuality of individual lay-
ers) or magnetic (in the case of solid solution formation)
interfaces. In the second case, the spin-dependent scat-
tering of electrons (SDSE) can be realized and the sys-
tem will have antiferromagnetic ordering.

In Fig. 3 typical field dependences of MR are shown,
on which GMR are observed, on the example of FePd
film alloys formed based on  multilayers
[Pd(1.1)/Fe(0.9 nm)]./S (n = 3; 5; 10). The largest MR val-
ues (0.10-0.25 %) for newly condensed film materials are
observed in the parallel measurement geometry, which
is connected with a change in the trajectory of electron
movement under the Lorentz force, when electrons,
moving along a helicoid trajectory, are scattered not only
at grain boundaries in the sample, but also between the
metal layers. After thermal annealing of the samples to
780 K, the MR increases from 0.2 to 0.4 % (Fig.3 b, d)
and peaks that arise in the process of remagnetization
and correspond to the coercivity field can be observed on
the dependences.

The increase of MR after annealing can be explained
by some physical processes: an increase in the average
size of crystallites, activation of diffusion processes and
the processes of formation of an ordered hct-FePd phase,
diffusion of Pd atoms into Fe layers, and an increase of
spin-orbital interaction influence, which leads to an in-
crease in ferromagnetic properties of the system after
the annealing.

In the case when, under the influence of tempera-
ture, the formation of an ordered L1o structure occurs in
the system, the MR values for perpendicular and trans-
verse measurement geometries have greater values
than for parallel ones.

A feature of the typical field dependences of MR for
FesPt film alloys is the fact that the magnetoresistive hys-
teresis loops in the three measurement geometries indicate
the presence of the GMR effect with a relatively small am-
plitude (up to 0.1%). With a gradual increase in the concen-
tration of Pt atoms from 15 to 45 at. %, the amplitude of the
effect increases slightly at first and then GMR 1is trans-
formed into AMR. In FePt film alloys the GMR effect with
an amplitude of 0.20 to 0.45 % is observed.
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As a conclusion, film alloys of FePd and FePt (Llo
phase) and FesPd and FesPt (11 phase) can be effective
as sensitive elements of flexible sensor electronics, since
the L1lo and L1: phases are thermally stable up to 1570 K
[12], low sensitive to deformations, and the GMR or
AMR effects occurs in them with weak magnetic fields
(upto1T).

4. CONCLUSIONS

1. In film alloys FePd, FePt, FesPd and FesPt, abnor-
mally small (from 1.9 to 2.2 units) values of the coeffi-
cient of strain sensitivity are observed at deformations
up to 2%.

2. The dependence of magnetoresistance on the in-
duction of an external magnetic field in films based on
Fe and Pd or Pt in parallel, perpendicular, and trans-
verse measurement geometries has an isotropic charac-
ter, and its value, as the value of the resistance, mono-
tonically decreases with increasing of induction.

3. In FePd and FePt film alloys with a thickness of
20 to 50 nm, signs of GMR are observed, and the MR
increases a bit due to ordering processes and recrystalli-
zation processes; the MR value 1s (0.1-0.4) %.

4. Film alloys based on Fe and Pd or Pt can be used
as sensitive elements of flexible magnetic field sensors,
since FePd and FePt (LL1o phase) and FesPd and FesPt
(11 phase) are thermally stable in a wide range of tem-
peratures.
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Jedopmaniiiui Ta MaraiTope3nCTUBHI BJIACTUBOCTI HU3bKOEHTPOMINHUX
¢dpyurnionanmpaux marepianis ua ocuosi Fe i Pd aco Pt

JI.B. Oguonsopens, J0.M. [llabensunk, H.I. [llymakora, O.0. I1aceko, JI.I. ToscTikos,
JI.C. Hazapenxo, O.0. Kapmiienko

Cymcvrull deporcasruti yrnisepcumem, 8yJi. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yrpaina

VY crarTi HaBeeH] pe3yIbTaTH JOCIPKeHb MATHITOPE3UCTUBHUX BJIACTHBOCTEM HU3HKOEHTPOIMMHIX HAa-
HOPO3MIPHUX IUTIBKOBHX Marepiamis Ha ocHoBl Fe Ta Pd abo Pt sax ckiraoBux BHCOKOEHTPOINIMHUX IIJTIBKOBHIX
cruraBiB. 3pa3ku GOPMYBAIUCS METOLOM HOIIAPOBOI KOHAEHCALIIT 3 HACTYITHOI TePMOOGPOKOIO, 110 JO3BOJIMIIO
OTPUMATH CHCTEMH 3 ATOMHUM YIIOPAIKYBAHHAM, B AKUX peaniayloThea edektr aHisorporrHoro (AMP) i rira-
urcsroro (CMO) maruitoonopy. JlocmiaxeHHA TPOBOIUINCA B TPHOX T'€OMETPIAX BUMIpOBaHHA. TOBIIUHY OK-
peMHuX IIapiB IJIIBKOBUX MATEPIaIiB IMA0HMpasId TAKMM YMHOM, 100 BIAMIOBIZHO A0 miarpam craHy Fe-Pd ta
Fe-Pt nyis MacuBHMX 3pasKiB B INTIBKOBHX CHCTEMAaX CTAOLII3yBAJIMCH CTIMKI B IITMPOKOMY 1HTEPBAJIL TeMIIe-
paryp dasu FePd a6o FePt i FePds a6o FePts, o migreepmzxero exekTpoHOrpadiyHUME TOCTIZKEeHHAMA. Y
TAKKX CILIABAX CIHOCTEPIraJiues aHOMAaJIbHO MaJi (Big 1,9 1o 2,2 oauHUIE) 3HAYEHHS KoeiIlieHTa TeH309yT-
nuBocti mpu medopmariii 10 2 % ta osHaku I'MO 3 masono ammutitymowo Bix 0,1 mo 0,4 %. YceraHOoBIEHO, IO
waiBKOBI criaBu Ha ocHOBI Fe 1 Pd a6o Pt MoskyTh OyTi BUKOpHCTAH] K UyTINBl €JIEMEHTH THYIKUX JaTINKIB
MAaTHITHOTO TI0JIA 3 IMUPOKUM POOOYMM JT1aa30HOM TEMIIePaTyp.

Knrouori ciosa: Husproentpomiiiai marepiasu, [1aiskosi cimasu Ha ocHosl Fe ta Pd a6o Pt, ITportecu Boo-
PAIKYBaHHA aTOMiB, AHOMAJIBHO HU3BKHI KoedillieHT TeH304yTauBocTi, MaruiToorrip.
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