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Composite materials can often exhibit properties that are not typical for their individual components. New properties of such
materials are of both physical and practical interest. In this article, the improper magnetoresistive and piezoresistive properties
of new composite materials of the composition polyethylene/graphite/manganite La _Sr,,MnO, have been experimentally
studied. The components of these materials are low density polyethylene, natural large-size graphite crystal, and manganite
La, _Sr, .MnO,. The samples were examined by X-ray diffraction and electron microscopy. We also determined the magnitude
of the magnetoresistive effect of the synthesized samples in a magnetic field up to 15 kOe in the geometry of the current along
the field and perpendicular to the magnetic field strength. Investigations of extrinsic piezoresistive properties were carried
out under the influence of uniaxial pressure up to 275 kPa, applied parallel to the direction of the current, in the region of
elastic deformation. X-ray structural analysis showed an increase in the degree of crystallinity of the polyethylene matrix
from 55% before synthesis to 90% after synthesis. Depending on the ratio of the components, these composites exhibit either
positive or negative magnetoresistive effect. Thus, in the composite 15% polyethylene/55% graphite/30% La,_Sr, . MnO,,
the most significant positive magnetoresistive response of about 7.5% due to the diamagnetism of graphite, in a constant
magnetic field H=15 kOe is achieved. The largest values of extrinsic negative piezoresistivity, reaching 45% at a uniaxial
pressure of 275 kPa, are observed in the samples containing polyethylene and one of the conductive phases, namely graphite
or manganite. Polyethylene/La Sr .MnO, composites synthesized near the percolation threshold exhibit a small negative
magnetoresistive effect (2%) in a field of 15 kOe, associated with spin-dependent electron tunneling of La _Sr, ,MnO.,.
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KoMmosniyonnble MaTepyuanbl 4acTO MOTYT HPOABIATb CBOJCTBA, HETUIIMYHbBIE [ MX OTHEIbHBIX KOMIIOHEHTOB.
HoBble cBOJICTBa TaKMX MaTepyanoB MPENCTAB/IAIOT KaK (QU3NIeCKMil, TaK U IPaKTUYeCKUil MHTepec. B maHHOI cTaTbe
9KCIIEPMMEHTA/IbHO JMCC/ICNOBAHbl HECOOCTBEHHBle MarHUTOPE3UCTUBHBIE VI IIbe30PEe3VCTMBHBIC CBOJCTBA HOBBIX
KOMITO3MIIMOHHBIX MaTePUa/ioB COCTaBa MonuatuieH/rpadut/manrannt La  Sr, MnO,. KommoneHTaMu 3TUX MaTepuanos
ABNIAIOTCA: MONUITUIEH HU3KOI TINIOTHOCTM, HPUPOFHBIN KPYIHOKPUCTANNNIECKMil rpaduT u manranut La Sr, MnO..
OO6pasLbl UCCIefOBaIN METORAMM PEeHTIeHOBCKOI IM(paKIny U 9IeKTPOHHON MUKpocKomyn. Takke ObUIM ONpefie/ieHbl
BEJIMYMHBI MarHUTOPE3UCTUBHOIO 9(pdekra CUHTe3VPOBAHHBIX 00paslloB B MarHMTHOM Iole jo 15 kO B reomerpun
TOK BJO/Ib IIOJIS1 M IIE€PIEHAMKYIAPHO HAIPSHKEHHOCTU MAarHMTHOrO IojdA. IIpoBefeHBbl McCIefoBaHMA HecOOCTBEHHBIX
Nbe30PEe3NCTUBHBIX CBOJMCTB IIPY BO3JEIICTBMM OJHOOCHOTO HaBineHusA o 275 klla, NMpumIoKeHHOrO IapaniebHO Hall-
PaBIeHMIO TOKa, B 00/acTy ynpyroit feopmanyu. PeHTTeHOCTPYKTYpPHBII aHa/IN3 MOKasal yBeIMdeHNe CTeIleHU KpUC-
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TaJ/UIMYHOCTY TIOIM3TUIEHOBOM MaTpuIbl ¢ 55% nepen cunTe3oM 1o 90% mnocie cuHTesa. B 3aBUCHMOCTI OT COOTHOIIEHUSA
KOMIIOHEHTOB 3TV KOMIIO3UTBHI TIPOSIBIIAIOT MO0 HOIOKUTENbHYI0, MO0 OTPUIATENIbHYI0 MarHUTOPE3UCTUBHOCTD. Tak,
B Komrniosute 15% nonuatunena/55% rpadura/30% La, Sr, . MnO, focturaercs Hanbosnee 3HAYUTENbHBII MONTOKUTENbHBII
MAarHUTOPe3UCTUBHBIN OTK/INK HOpsfiKa 7.5% u3-3a AMaMarHeTnsma rpadura B MOCTOSHHOM MarHUTHOM mone H=15 k3.
Hanbonbiume 3HaueHMs HeCOOCTBEHHOI OTpPUIIATENTbHON Ibe30Pe3UCTUBHOCTH, AocTuramomue 45% Mpy OZHOOCHOM
masneHyn 275 xIla, Habmofa0TCs y 06pasiioB, COep>KallX MOMMITUIEH U OFHY U3 IPOBOAAIINX (a3, a UMEHHO rpaduT
wu Manraunt. Kommnosurst nommatunen/La St . MnO,, cuHTesupoBaHHbIe BOMM3U MOPOTa MEPKONAINMN, IEMOHCTPUPYIOT
HeOOJIbIIYI0 OTPUIATENIbHYI0 MarHUTOPE3UCTUBHOCTh (2%) B mone 15 xOe, CBA3aHHYIO CO CIMH-3aBUCUMBIM TyHHe-

nupoBaHueM 9neKTpoHos La Sr, MnO.,.

KnroueBbie cmoBa: KOMITO3UT, IIOINSTUIIEH, Ib€30PE3NCTUBHOCTD, MATHUTOPE3NCTNBHOCTD.

1. Introduction

Manufacturing of novel functional composites with a few
responsesin external fields is of interest from physical and
application points of view. It is known [1-8] that such
composites can often exhibit properties that are not typical for
their individual components. In [1, 2], polyethylene/graphite
composites with extrinsic piezoresistivity were synthesized.
In these composites, the elastic properties and conductivity
of the components, graphite (C) and polymer, differ [9,10]
to a large extent. Researchers actively synthesize so-called
magnetic elastomers, i.e., organic materials filled with
magnetic particles, and these composites are sensitive to a
magnetic field [3]. Such composites exhibit magnetoresistive
properties due to the ordering of dispersed ferromagnetic
particles in a magnetic field [3]. In [4, 5], due to the presence
of elastic organic additives in the composites, the desired
property is enhanced — this is sensitivity to external
pressure and fields. In [6], composites consisting of low-
density polyethylene (LDPE) and manganite La Sr . MnO,
(LSMO) are synthesized near the percolation threshold and
exhibit both extrinsic piezoresistivity (ca. 17% at a pressure
of 270 kPa) and negative magnetoresistivity of the tunnel
type of ca. 2-3% in an external constant magnetic field
H=15kOe. In the LDPE/LSMO composite, the ferromagnet
La _Sr,,MnO, is used, and this component exhibits a high
spin polarization of electrons, but at a ferromagnet —
paramagnet phase transition at the temperature T'=363 K [7].
Itis important to note that the sign of the two aforementioned
effects is negative: when a magnetic field or pressure is
acting, the electrical resistance of the composite decreases.
It should be added that the LSMO/C samples described in
[8] have a considerable positive magnetoresistive effect (up
to 15%) in the external constant magnetic field H=15 kOe.
However, such composites do not exhibit remarkable elastic
properties thereto.

The purpose of this work was to experimentally study
the magnetoresistive and piezoresistive properties of
polyethylene/manganite LSMO composites. In this regard,
one of the tasks of this work was the synthesis of composites
with both types of magnetoresistive effect (positive or
negative) depending on the proportion of components:
LDPE, C, and LSMO. The second task of the present work was
the synthesis of composites that combine improper negative
piezoresistivity and positive magnetorestivity, at specific
fractions of two or three of aforementioned components, and
the study on the physical properties of these composites.

2. Results and discussion

For this, a number of polyethylene-graphite-manganite
composite samples have been synthesized using the
technology described in our work [6]. In this case, the
polyethylene content remained at the level of 15 mass %,
near the percolation threshold [6]. Hereby, the fraction ratio
of the conducting phases (C+LSMO) undergoes changes.

Table 1 shows the composition of the synthesized samples
and their corresponding numbers in our work.

In Fig. 1 we show the microstructure of one of the
15% LDPE/55% C/30% LSMO composite samples. The
present microstructure contains amorphous polyethylene
agglomerates (marked by arrows in places) and graphite
particles and LSMO particles (3-5 pm). The average size of
graphite particles is 30 -40 pm, and these particles (LSMO
and C) are observed as dark areas along with bright areas
(LDPE).

A fragment of the X-ray diffraction pattern of the
15% LDPE/55% C/30% LSMO sample is shown in Fig. 2, and
our results on the X-ray structural study on the synthesized
samples are shown in Table S1 (Supplementary material).

The accuracy of measurement of the cell parameters was
+0.0005 A. Dimensions of coherent scattering regions (D) are
estimated according to the Scherrer’s formula [11]:

D=\/BcosH, (1)

where A is the wavelength of incident radiation,  — half
width at height of reflection X-ray diffraction, 0 is the
diffraction angle, in our case using the Bregg-Brentano
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Fig. 1. Microstructure of a 15% LDPE/55% C/30% LSMO sample.
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Table 1. Composition and numbers of samples.

Sample number Sample composition Mass fraction of LDPE, % Mass fraction of C, % Mass fraction of LSMO, %
1 15% LDPE/85% C 15 85 0
2 15% LDPE/80% C/5% LSMO 15 80 5
3 15% LDPE/78% C/7% LSMO 15 78 7
4 15% LDPE/75% C/10% LSMO 15 75 10
5 15% LDPE/70% C/15% LSMO 15 70 15
6 15% LDPE/65% C/20% LSMO 15 65 20
7 15% LDPE/60% C/25% LSMO 15 60 25
8 15% LDPE/55% C/30% LSMO 15 55 30
9 15% LDPE/45% C/40% LSMO 15 45 40
10 15% LDPE/35% C/50% LSMO 15 35 50
11 15% LDPE/25% C/60% LSMO 15 25 60
12 15% LDPE/15% C/70% LSMO 15 15 70
13 15% LDPE/5% C/80% LSMO 15 5 80
14 15% LDPE/2% C/83% LSMO 15 2 83
15 15% LDPE/85% LSMO 15 0 85
16 LSMO 0 0 100
s 002)C x5
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Fig. 2. Fragment of the X-ray diffraction pattern of a 15% LDPE/55% C/30% LSMO sample.

method, 0 corresponds to the angle of rotation of the sample,
or half of the angle of rotation of the counter. The method
of Hermans-Weidinger [12] is used to estimate degree of
crystallinity of polyethylene. Manganite and graphite are in
the polycrystalline phase and therefore, for them, the degree
of crystallinity can be taken as 100%.

The X-ray diffraction data of the prepared composite
samples indicate the existence of a graphite texture in them,
the flat particles of which are located mainly along the surface
of the samples. This fact is consistent with the data of the work
[9] wherein the authors synthesized polypropylene/graphite
composites. In our experiments, after the synthesis of samples
at T=433 K, recrystallization of polyethylene was revealed.
In this case, the values of the coherent scattering regions
(D) of polyethylene increase, and crystallization effect of
polyethylene increases.

Our measurements of the electrical resistance of the
obtained composite samples under an uniaxial mechanical
pressure are carried out by the two-electrode method at
a constant current on a calibrated setup with an accuracy
of 0.5 kPa. The measurement geometry means that the
current flows along the pressure direction. For one of the
85% C/15%LDPE samples, the measurement results are
shown in Fig. 3. Electrical resistance to pressure dependencies
for other compositions are given in Fig. S1 (Supplementary
material).

Piezoresistivity PR of the sample is calculated by the
following formula:

PR={(R(0) - R(P))/R(0)}-100%, 2)

where R(0) is the electrical resistance of the sample to direct
current in the absence of external pressure (in addition
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Fig. 3. Pressure dependence of the electrical resistance of the
85% C/15% LDPE sample, PR =45%.
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to atmospheric), R(P) is the resistance when the uniaxial
pressure P is applied.

Aslight hysteresisis observed in the R(P) dependences (see
Fig. 3), despite the fact [2] that the resistance measurements
were performed one minute after each pressure change on
the sample. After the termination of the pressure action, the
sample returned to its original state.

Magnetoresistivity MR of the sample is calculated using
the formula

MR ={(R(H)-R(0))/R(0)}-100%, (3)

where R(0) is the resistance of the sample at H=0, R(H) is
the resistance of this sample in the external magnetic field H.

The most interesting dependence of the magnitudes and
sign of MR from Eq. 3 at H=15 kOe on the fraction of LSMO
is shown in Fig. 4.

At the same time, for all samples, except for pure ceramic
LSMO, which is specially noted in Fig. 4, the mass fraction of
LDPE was 15%. The ratio of the content of C and manganite
changed. The highest values of MR with the positive sign are
observed in the 15% LDPE/55% C/30% LSMO samples, and
this is accounted for by the influence of diamagnetism of large-
size graphite particles in these samples. According to the results
in [7, 8], diamagnetism of graphite plays an important role in
the scattering of spin-polarized electrons in a magnetic field
with significant crystallite sizes (1-50 um), and with a large
number of graphite-manganite contacts. In LSMO manganite
crystals at room temperature, there is a high spin polarization
of electrons, that is, those charge carriers that have the direction
of the spin along the field, “up’, prevail [7]. Other directions
of the carrier spin are suppressed. Therefore, LSMO/C
contacts, which are abundant at certain ratios of components
(polyethylene, manganite, and graphite) apparently near
concentrations of 15% LDPE/55% C/30% LSMO play the role
of a spin filter [8]. In this case, the local diamagnetic fields
of graphite atoms, which are directed against the external
magnetic field, scatter polarized electrons with spin “up’
emerging from the ferromagnetic LSMO particles, which leads
to a spin flip. Further transport of charge carriers (through
LSMO crystallites) is largely suppressed. A similar effect is
observed in the Fe,O,/SrTiO,/LSMO heterostructure [13].

Composite samples with a graphite content of less than
5% had a negative sign of MR, as follows from our studies.
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Fig. 4. Extrinsic magnetoresistivity depending on the fraction of
components in 15% LDPE/X% C/Y% LSMO at H=15 kOe.

Fig. 4 shows some compositions with negative tunnel-type
MR: e.g. the 15%LDPE/85%LSMO composite exhibits
MR=2.5%, and pure LSMO manganite is characterized by
MR=2%. Additionally, magnetoresistivity of a number of
samples is given in Fig. S2 (Supplementary material).

A significant anisotropy of the magnetoresistivity of
the synthesized composites is also emphasized. Values of
the sample resistances measured in the magnetic field H
perpendicular to the current and in the H field oriented parallel
to the current direction differ significantly. For instance, this
difference for the 15% LDPE/55% C/30% LSMO composite
reaches 60%. This fact is associated with the above-noted
texture of graphite particles, and such a texture was also
observed in work [9].

The manifestation of extrinsic piezoresistivity in the
studied three-component composites with different fractions
of components is illustrated by Fig. 5. We note that samples
with a high content of one of the conductive components are
characterized by significant PR from Eq. 2.

As can be seen (Fig. 5), the piezoresistive response in
composites is minimal for samples with practically equal
fractions of different-sized particles of C and LSMO of
different densities.
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Fig. 5. Extrinsic piezoresistivity depending on the fraction of
components in 15% LDPE/X% C/Y% LSMO composites at pressure
of 275 kPa and at X+0...80% and Y+0...85%. 15% LDPE/85% C
not shown in figure, PR =45%.
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3. Conclusions

Thus, in the present study, we have synthesized and investigated
novel functional composites of the polyethylene-graphite-
manganite composition, which change their electrical resistance
when exposed to both uniaxial pressure and magnetic fields.

The study of the behavior of the spin-dependent current
of charge carriers in these composites in a constant magnetic
field H=15 kOe, depending on the mass fractions of three
components near the percolation threshold, have shown
that the 15%LDPE/55% C/30% LSMO composite exhibits
the highest positive magnetoresistive response by 7.5%.
Samples with a graphite content near 5% mass fraction have
magnetoresistivity values close to zero. This is due to the
compensation of the tunnel effect and diamagnetic scattering
of charge carriers in a magnetic field.

Samples with a C content of less than 5 mass % are
characterized by negative MR due to spin-dependent
tunneling of LSMO electrons through the finest layers of the
insulator. The maximum value of negative isotropic tunneling
MR (about 2%) in a magnetic field H=15 kOe is related to
the 15%LDPE/85%LSMO sample. The 15% LDPE/85% C,
15% LDPE/80% C/5%LSMO and 15% LDPE/85% LSMO
samples exhibit extrinsic piezoresistivity, and its value
is, respectively, ca. 45%, 30% and 22% at a pressure of
275 kPa. It should be noted that the composites of the
polyethylene/graphite/manganite composition studied in
this work are mechanically more stable, in contrast to the
pressed graphite-manganite composites [8].

Due to the unique combination of the studied
characteristics, novel composites manufactured by us can be
successfully applied as multifunctional sensors to be exploited
in external magnetic and pressure fields.

Supplementary material. The online version of this paper
contains supplementary material available free of charge at the
journal's Web site (lettersonmaterials.com).
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