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Amnoranisi. JlocniDKeHO €NEeKTpUYHI Ta MarHiTHI BiacTHUBOCTI 1N;Se;, iHTepkanpoBaHuMX Mimmo 3a gormomororo EITP
CreKTpiB. PO3MISHYTO MOXJIMBOCTI BHKOPUCTaHHS CEHCOPIB MAarHiTHOrO IOJII HAa OCHOBI CTPYKTYp INnSe s BusBieHHS
OpOHBOBaHHX BIHCHKOBMX TPAHCIIOPTHUX 3aco0iB. JIOCHI/UKEHO BIUIMB METAJEBHX JOMIIIOK Ha IIapyBaTy CTPYKTYPY
HAITiBIIPOBIJTHUKOBOTO MaTepiayly IIOAO CHJIBHOTO KOBAJICHTHOTO 3B'S3Ky BCEPEAMHI IIapiB, a TaKOX CIaOKOro BaH-AEp-
BAaaJbCOBOrO 3B’ A3Ky B MikIIapoBomy npocropi. IIpoananizoBaHo cnexkrpu EINP mnst kpucranma In,Se; 3 nomimkamu Cu 3a
kimMHatHOi Temrieparypu. Criexrpu EIIP mokasyrots, mo HasiBHiCTE CU BHOCHTB iCTOTHI 3MiHM B CTPYKTYpY 1NsSes. Lle moxke Oyrn
TIOB’ sI3aHO 3 MOTPSIUISIHHAM BUIBHUX HOCIIB 3apsily B IacTKH, BBeieHI roctboBiM CU, sIKi BIUIMBAIOTh HA HECHIApPEHI EIEKTPOHH,
noB’si3aHi 3 aromamu In abo Se. Bceranosieno, mo Bmict CU € BakiIuBUM (akTOPOM BIUIMBY Ha BIATYK CTpyKTyp: InSe mo
MEPEXPECHHX EJIEKTPOMArHiTHOr0O Ta MarHiTHuX noiiB y crekrpax EITP. g ¢akrop Hecnapenux enekrpoHiB y NiylngSes sriguo 3i
CIIEKTPAIILHUMU XapaKTepucTHKamMy, HaOyBaB 3HaueHHs 2,017. Lle 3HaueHHs1, K 3’ ICOBaHO, JISKHUTH Y Mexkax 1 % TO4YHOCTI 11070
cranapTHoro 3Ha4eHHs O = 2,0023. HasBrictes CU pu3BOUTH 10 TEHASHIIT BUCXiqHOrO Xapakrepy criekrpa EIIP, 30iibmryroun
BIZIYK CHCTEMH 3i 3pocTaHHsAM MarHiHoro noist. Ockinbku HasiBHiCTH CU cripuumHse crienudiuni (He 30BCIM 3p0o3yMisi) MiKoBi
3HaueHHs y cnekrpax EIIP, B okoni 3nauens 3400 ["ayc, siki 3pocTaroTh 31 30UIBIIEHHSM X, JUISL JOCITI/DKEHHS IIUX CTPYKTYP
HeoOXimui jgomaTkoBi mocmimpkendss EITP, Ttaki sik: a) kyroBi EIIP-mocimijukeHHs UIsi PI3HMX Opi€HTAmiid 3paskiB 1010
PajioyacTOTHOrO TOJsS i MarHiTHOrO MOMiB, Tak, 100 MokHa Oynao moOyayBaTu TeH30p ¢; 0) 3'siCyBaHHS TEMIICPaTYpHOI
3anexnocti curaairy EITP Bix kKiMHaTHUX TemIiepatyp 10 TeMIepaTypH piIkoro azory.

KuouoBi ciioBa: mapyBaTHii HaliBIPOBIJHUK, MAarHITHUN CEHCOp, IHTEPKAAIIS, €JIeKTPOHHO-TIApaMarHiTHUH pe30HaHC
(ETIP).

Annotation. The EPR studies of electrical and magnetic properties of 1n,Se; intercalated by copper are outlined in this
article. Possibilities of using magnetic field sensors based on InSe structures for revealing the armour military vehicles are
discussed. The impact of metal impurities on the layered structure of the semiconductor materia as referred to the strong coval ent
bond within the layers as well as the weak van-der-Wads bond in the interlayer space is studied. EPR spectra for In;Se; crystal
with the impurities of Cu a room temperature are andyzed.

Key words: layered semiconductor, magnetic sensor, intercalation, electron paramagneticrresonance (EPR).

perturbation to the ones along the layers. It leads to
strong anisotropy of the properties of these structures [4,
5]. The discovery of single-atomic layer graphene [6]
has led to a surge of interest in other anisotropic crystals
with strong in-plane bonds and weak, van der Wads
like, inter-layer coupling. A variety of two-dimensional
(2D) crystals with high crystalline quality and stable
properties under ambient conditions have been
investigated recently. Interest in these systems is
motivated partly by the possibility of combining them

I ntroduction

Magnetic sensors aong with their major
congtituents such as magnetoresistive structures can be
employed for security and military applications such as
detection, discrimination and localization  of
ferromagnetic and conducting objects, navigation,
position tracking and antitheft systems [1]. Magnetic
sensors are utilized as key elementsin plenty of security
and military systems. Modern sensor types such as AMR

(Anisotropic MagnetoResistors), GMR (Giant Magneto-
Resistance), SDT (Spin-Dependent Tundlling) and GMI
(Giant Magneto-Impedance) sensors are developed to
complement the conventional sensors such as fluxgates,
induction coils and resonance magnetometers|[2]. InSeis
a typical layered semiconductor materia from A3B6
group, that can be employed for optical detectors in
visible and near infrared spectrum region. In quantum
electronics these dtructures can be applied for the
creation of the high- efficient photovoltaic converters,
gas sensors and thermoel ectric transducer, as well as the
effective THz laser radiation sources [3]. InSe structure
can be considered as quasi two-dimensional (2D) [1]. In-
Se atoms form layers with strong covalent bonds, while
interlayer space is filled with a weak Van-der-Waals
bond, so processes across the layers can beregarded as a

with graphene aiming the creation of 2D electronic
devices, eg., fied effect transistors with high on-off
switching ratios and memory cells [7]. In recent work
these materials were shown to possess magnetoresistive
properties and were proved to be useful for magnetic
sensors[4, 5, 8, 9]. Nowadays sensitive magnetic sensors
are utilized in plenty of technical systems, including
modern anti-tank missiles to identify the center of the
target area and a minimal armor region. Materials based
on magnetoresistive structures are resistant to extreme
temperatures, and ionizing radiation, so they are
promisng for use in guidance systems of modern
microprocessor warheads [10]. Magnetic sensors
numerically register these perturbations (anomaies) of
the background magnetic field of the Earth, and modern
methods of digita processing of analog signals allow a
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relatively accurate determination of the mass, direction
and speed of the above mentioned objects [10]. Over the
past 30 years magnetoresistive structures boost their
share role on sensor technology sector of the market of
weaponry. Magnetoresistive structures — objects that
have the ability to ater their current-voltage
characteristics depending on changes in the external
magnetic field. Sensors based on magneto-resistive
structures are highly sensitive to the magnetic field
deviations (10™°T a temperatures of liquid helium, and
10T at room temperature) [11]. This property is
applied to a wide field of military technologies, such as:
navigation, detection of submarines, missile guidance to
the target, etc. InSe is one of the materials susceptible to
a giant magneto resistive effect [12] which makes it
useful for magnetic sensors. The explanation of this
phenomenon is based on a quantum-mechanical theory
and is throroughly described in [12]. Electron
paramagnetic resonance (EPR) or €eectron spin
resonance (ESR) spectroscopy is a method for studying
materials with unpaired eectrons. The basic concepts of
EPR are anadlogous to those of nuclear magnetic
resonance (NMR), but it is e ectron spinsthat are excited
instead of the spins of atomic nuclel. EPR spectroscopy
is particularly useful for studying metal complexes or
organic radicals [13]. On the other hand EPR
spectroscopy is one of the most powerful methods used
for studying the structure and determining the identity of
paramagnetic centers or radicals via the g—value and the
hyperfine coupling (HFCC) coefficient because the
nuclei are near the unpaired eectron. The HFCC of a
given nucleus in a radica is highly sensitive to its
chemical environment. Hence, HFCC can be used to
determine the spin-density distribution of the radical and
also to deduce valuable information about the identity
and sructure of the radica. However, theg-value
depends on the spin distribution throughout the radical;
thus, it can be significantly affected by intermolecular
interactions. Extraction of this information from
experimental spectra is not always straightforward, and
therefore, quantum-chemical calculations are frequently
needed [14].

The purpose of the article

1. To investigate the EPR spectra of Cuyln,Se;
gructure in the X-band range as a function of
temperature and Cu content x. 2. To determine the g
factor of the unpaired eectrons in this structure. 3. To
investigate the gain or loss of the angular momentum by
the unpaired electrons in Cu,InsSe; structure with the
subseguent change in the value of its g-factor, causing it
to differ from standard ge.

Presenting main material

The unique possihilities of change of the
ferromagnetic  properties of a hybrid system
ferromagnetic-semiconductor by the optica and
electrical methods cause today heightened interest [15].
Such changes may outline the basis, in particular, for
making of the modern functional units of spintronics. As
the effect of the influence of semiconductor on a
ferromagnetic is more marked for the thin ferromagnetic
film, there arises a problem of reception of the
semiconductor  structures  with minimally possible
thickness of the alternating magnetoactive layers [16].
Intercalation of different by their properties foreign
atoms, in particular metallic atoms of the iron transition
group into the structure of the layered crystal expands
the range of new compounds with unique properties. The
appearance of even a small concentration of magnetic
impuritiesin the InSe crystal may significantly affect the
electrical, magnetic and optica properties of the crystal.
Lattice, in its turn, will affect the magnetic moment of
the intercalant leading to anomalous kinetic and
magnetic properties of such structures [17]. For example,
the introduction of the element of 3d-iron group in the
TiSe, matrix leads to the formation of Ti-M-Ti covalent
centers. In the case of M, TiSe;, (where M are the metal
atoms of Ni, Co, Ag) intercalation is accompanied by a
decrease in the lattice constant along the anisotropy axis
[18]. The covaent centers of In-M-In in the NiyInSe
structure can act as traps for free charge carriers, on the
one hand, and as centers of lattice distortion on the other.
Since the introduction of metal atoms of 3d-iron group
into the matrix of the layered semiconductor crystals
significantly affects their properties, the magnetization
can be assumed to be an important factor regulating the
above mentioned effects under the influence of an
external magnetic field [17, 18]. The influence of metal
atoms of 3d-iron group on the matrix of semiconductor
layered crystals was studied in details in [4]. Some
peculiarities of the behavior of In,Se; doped by metallic
impurities have been discussed in [5 8, 9]. To
investigate the effect of metallic impurities on the
layered 1n,Se; structure EPR spectra are outlined in the
Figures below. EPR spectra have been measured at the
Center for Microelectronics and Nanotechnology of the
University of Rzeszow. EPR measurements were
performed in the X-band on Bruker multifrequency and
multiresonance FT-EPR ELEXSYS E580 spectrometer.
The temperature of the samples was controlled in the
range of 95-300 K using the Bruker liquid N gas flow
cryostat with 41131 VT digital controller. Experimental
setup in detail isdescribed in [19].
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Fig. 1. EPR spectra of 1n,Se; with Cu 15 % as compared
to thepure In;Se;
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Fig. 2. EPR spectra of 1n,Se; with Cu 15 % as compared
to the pure InySe; with Cu 10 %
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Fig. 3. EPR spectra of In,Se; with Cu 3 % as compared
to In;Se; with Cu 1 %

Fig. 1 shows a strong spike for 1n;Se; (Cu 15 %) for
3400 Gauss region of EPR spectra, in contrast to the
pure In,Ses.

As it can be seen from Fig. 2 the spike in 3400
Gauss region weakens as copper content decreases.

Fig. 3 shows that even small contents of Cu make
the upward trend of the EPR spectra as opposed to the
pure In,Se; where the downward trend (see Fig. 1) has
been observed. Small spikes at 3400 Gauss are already
present at Cu 1 % and Cu 3 % lines.

Conclusions

EPR spectra demonstrate that the presence of Cu
makes considerable changes to the EPR spectra of 1n,Se;
structure. This may be due to the traps for charge carriers
introduced by the guest Cu which make an impact on the
unpaired electrons associated with In or Se atoms. The
content of Cu is proved to be a significant factor for
affecting the spikes at EPR spectra. g factor of the
unpaired electrons was calculated to be 2,017. This
value is shown to be within 1 % margin of the standard
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0e = 2,0023 value. Presence of Cu causes an upward
trend of the EPR spectra resulting in a sgnal intensity
increase with the rise of the magnetic field. Since the
presence of Cu causes a spike in the EPR spectra which
grows with the increasing x further EPR studies have to
be carried out: a) angular EPR studies for various
orientations of the samples in respect to RF and
magnetic field so that g tensor could be constructed; b)
temperature dependence of the EPR signal ranging from
room conditions down to liquid nitrogen ones.
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