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Annomayus. DneKmpoHUKa 6 KOCMUHECKUX annapamax, MUKpocxemvl 6 60pmosbix KOMNbIOmMepax coe-
JIaHbL U3 NOYNPOBOOHUK08. Ha oxonozemuoll opbume paduayus yeeaudueaemcs, 0CO6EHHO 8 nepuoo coi-
HEYHbIX GCHbIUUEK 803PACMAEnt NOMOK BbICOKOIHEP2EMUYECKUX YACUY U 2AMMA-U3IyYyeHus. mo npugo-
oum K 0eghekmam 6 noaynPoBOOHUKOBHIX MPAHIUCHOPAX U 8bIX00Y U3 CMPOSL JeKMPOHHBIX npubopos. Ilo-
9MOMY AKMYANbHOU CMAHOGUMCS 3A0a4a 3aMeHbl NOAeGbIX MPAH3UCMOPO8 CRUHMPOHUKOU, 8 KOMOPOU
UCNOMBL3YEemCsl CHUHO8AsL CIeNneHb c80000bl dnekmpona. Pecynuposams mpancnopmuule Xapakmepucmuxu
noo Oeticmeuem MAZHUMHO20 NOJISL MONCHO HA CYIb@UOax mapeanya, sameujenno2o camapuem. Hccaedo-
8a1ACH NPOBOOUMOCTb 0OPA3YA HA MATIOM MOKE 8 MASHUMHOM NOJle, KOMOPoe NPUKIAObLEALoCh NOO YeIOM
K MOKY U yeon mensnca 6 unmepsane 0-360°. be3 macHumHo2o nojsa nposoouUMOCmy 0CMAemcs nOCMOosH-
nou. [lpu exmoueHuu MAzHUMHO20 NONSA U BPAWEHUU HAOIO0AemCcs USMEHEHUe NPOBOOUMOCHIL.
B macnumnom none npogooumocme ymeHvuiaemes u 0ocmueaen MUHUMYMA 6 ONpeOdesieHHOM UHMEPBaie
yenos. Ilpu nazpesanuu npogooOUMOCHb YMEHbUIACMCSL 8 MACHUMHOM NOJe U 00cmuzaem 00H020 NOPSOKA
6 OKDeCmHOCmU MASHUMHO20 Gaz06020 nepexooa. Hszmepenvl onbm-amnephvie XapaKmepucmuKu
Sm.Mn; S ¢ xonyenmpayuer x = 0,1 6e3 macnumuozo nors H = 0 kD u 6 maenumnom noae H = 12 k3,
HANPAasieHHOM N0 MOKY U NePREeHOUKYTIAPHO MOKY. 3a6UcuMOCmb MOKA OM HANPSIHCeHUsl HeTUHeuHAs U
CBA3AHA C IEKMPUYECKU HEOOHOPOOHBIMU COCMOSHUAMU 6 0bpasye. M3 60ibm-amMnepHvLx Xapakmepucmux
HalioeHa 3a8UCUMOCTb USMEHEHUs NPOBOOUMOCIU 8 MASHUMHOM NOJIe OM MOKA (HANpAXCeHus) u memne-
pamypul. MaxcumanbHoe ymeHbuleHue npogoouMocmu 8 macHumuom noiae Haudeno npu 200 K. Buuwe
KOMHAMHOU MeMnepamypul nPo8oOUMOCHb YMEHbUIACMCS HA HECKOAbKO NPOYEHMO8 3a cuen X0IN08CKO20
sxnaoa. Haepes u ysenuuenue moxa npueoosm k ymeHvuteHuto macnumonposooumocmu. Cpagrerue 08yx
MEMOOUK UBMEPEHUsL NPOBOOUMOCIU 8 MASHUMHOM NOJE YKA3bI6ACM, YMO Pe2yiuposanue nposoouUMocmu
MASHUMHBIM NOJIEM 3A6UCUIM OM 8EIUNUHbL MOKA, HA KOMOPOM NPOBOOUMCS USMEPEHUE NPOBOOUMOCTIU.

Kniouegvie cnosa: nomynpoeooHuxu, npogoouMocms, MasHUMoNpo8oOUMOCHb.
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Abstract. Spacecraft electronics and onboard computer microchips are made of semiconductors. Radia-
tion increases in near-Earth orbit, especially during solar flares, where the flux of high-energy particles
and gamma radiation increases. This leads to defects in semiconductor transistors and failure of electronic
devices. Therefore, replacing field-effect transistors with spintronics, which utilises the spin degree of free-
dom of electrons, is becoming a pressing issue. Transport characteristics can be controlled by a magnetic
field using samarium-substituted manganese sulfides. The conductivity of a sample was studied at low cur-
rent in a magnetic field applied at an angle to the current, varying from 0° to 360°. Without a magnetic
field, the conductivity remains constant. When a magnetic field is applied and the sample rotates, a change
in conductivity is observed. In a magnetic field, conductivity decreases and reaches a minimum within a
certain angular range. Upon heating, conductivity decreases in a magnetic field and reaches one order of
magnitude near the magnetic phase transition. The current-voltage characteristics of Sm,Mn;_ S
with the concentration of x = 0.1 were measured without a magnetic field of H = 0 kOe and in the magnetic
field of H = 12 kOe, directed along the current and perpendicular to the current. The dependence of cur-
rent on voltage is nonlinear and is associated with electrically inhomogeneous states in the sample. From
the current-voltage characteristics, the dependence of the change in conductivity in a magnetic field on the
current (voltage) and temperature was found. The maximum decrease in conductivity in a magnetic field
was found at 200 K. Above room temperature, conductivity decreases by several percent due to the Hall
effect. Heating and increasing current lead to a decrease in magnetoconductivity. The comparison of the
two methods for measuring conductivity in a magnetic field indicates that the regulation of conductivity by
a magnetic field depends on the current value at which the conductivity is measured.

Keywords: semiconductors, conductivity, magnetoconductivity.

Introduction

Electronics in spacecraft controls life support, navigation, communications, power supply and pay-
load management systems. Microchips in on-board computers are made of semiconductors. The elec-
tron charge is used to record and read information in field-effect transistors. In near-Earth orbit, radia-
tion levels increase; there is a rise in the flux of high-energy particles and gamma radiation, in particu-
lar, during solar flares [1; 2]. This leads to defects in semiconductor transistors and the failure of elec-
tronic devices. Consequently, there is a pressing need to replace field-effect transistors with spintron-
ics, which utilises the electron’s spin degree of freedom.

Transport characteristics can be manipulated under the influence of a magnetic field [3-6]. The
Nobel Prize was awarded for the magnetoresistance effect (the change in resistance under the influ-
ence of an external magnetic field) [7; 8]. There are several mechanisms of magnetoresistance in sem-
iconductors [9; 10]. Depending on the material, conductivity can either increase or decrease in a mag-
netic field. Under the influence of a magnetic field, the magnetic structure changes and, as a result of
exchange interactions with localised spins, the mobility of charge carriers changes. For example, in
manganites, the magnetoresistance increases in the vicinity of the magnetic phase transition and de-
creases in antiferromagnets in the vicinity of the Néel temperature [11; 12]. This is due to the forma-
tion of ferromagnetic droplets (ferrons) in weakly doped antiferromagnets and ferromagnetic spin po-
larons in paramagnets [13; 14]. In the paramagnetic region, a change in the sign of the magnetoresis-
tance with respect to the magnetic field is possible in the two-band model, when, under the influence
of a magnetic field, the ratio of the occupancies of the conduction band and the impurity band changes
[15]. In the absence of magnetic order, the rearrangement of the electronic structure may be induced
by orbital magnetic moments [16—18].

Transport characteristics can be controlled by means of elastic deformations; this field is within the
scope of straintronics [19]. Particular attention has been paid to straintronics in magnetic materials due to
the significant reduction in energy consumption during the recording and reading of information. These
materials are the most resistant to radiation exposure, as deformation is less dependent on defects. Under
the influence of mechanical deformations, the band structure of a semiconductor is modified as a result
of the interaction between an elastic calibration field and fermions [20]. This is most clearly observed in
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quasi-two-dimensional chalcogenide materials such as MoS, [21], PdS, [22]. Another mechanism in
straintronics involves heterostructures comprising a magnetic layer, the anisotropy of which is deter-
mined by the deformation of the substrate. As the substrate deforms, the anisotropy changes and, conse-
quently, so does the direction of the electron spin. In this case, the switching energy of straintronic mem-
ory devices will be less than 1 kJ [23].

In manganese chalcogenides substituted with rare-earth elements of variable valence, the position
of the 4f level relative to the conduction band can be varied and transport characteristics adjusted
through electron-lattice interactions [24-26]. The magnetic structure in semiconductors also depends
on spin-phonon interactions; at certain interaction parameters, a gap appears in the spin excitation
spectrum and the type of magnetic order changes [27; 28]. In samarium sulfide, the electronic structure
is highly sensitive to external pressure [29-31].

The aim of this work is to establish whether the conductivity of samarium-substituted manganese sul-
fide can be modulated by an external magnetic field at different current levels.

Materials and methods

The SmMn,_,S samples were prepared by the solid-state synthesis. The crystal structure of the syn-
thesised samples was investigated at room temperature on a DRON-3 X-ray diffractometer using Cuk,,
radiation in ‘point-by-point’ data acquisition mode. According to the X-ray diffraction analysis, the
lattice type is face-centred cubic (FCC), corresponding to NaCl (Fig. 1).

A cuboid-shaped sample measuring 2x3x5 mm was placed between copper plates (2), which were
insulated from the cryostat insert by mica /. The sample, fitted with the copper contacts 2, was held in
place by the steel spring 3, as shown in Fig. 2. A magnetic field was applied at an angle to the current;
the angle varied within the range 0-360° (Fig. 2).
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Fig. 2. The scheme of the experimental cell

Fig. 1. X-ray diffraction pattern
of the SmMn,_,S solid solution with x = 0.1

Magnetic conductivity was determined from the current-voltage characteristics measured at fixed
temperatures on a cuboid-shaped sample with ohmic contacts in the temperature range 80—400 K, in
magnetic fields up to 12 kOe. The electrical resistance was measured using an Agilent 34410A in-
strument.

Results and Discussion

Let us determine the effect of the magnetic field on conductivity from the angular dependence of
conductivity on the magnetic field, the rotation frequency of which is 0.02 Hz. Figure 3 shows the de-
pendence G(a) for three values of the magnetic field: H= 0. 6 and 12 kOe. Conductivity remains con-
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stant in the absence of a magnetic field. When the magnetic field is applied and rotation is initiated, a
change in conductivity is observed. In the magnetic field, conductivity decreases and reaches a mini-
mum in the angular ranges 50-140° and 220-300°. Upon heating, the change in conductivity (G(H)-
G(0))/G(0) increases from 20 % at 80 K, 62 % at 100 K, 148 % at 120 K, 1067 % at 140 K and 647 %
at 160 K. The conductivity decreases by an order of magnitude in the vicinity of the magnetic phase
transition at T N = 140 K [32]. In the field of 12 kOe, the conductivity varies more significantly than
in the field of H = 6 kOe.

The giant magnetoconductivity effect may be attributed to two factors. When the magnetic field ro-
tates, an induced EMF g;,(max) = ©BS is induced in the copper plates acting as contacts, where o is the
frequency of the alternating magnetic field, B is magnetic flux density, and S is the area. The order of
magnitude of g,(max) ~ 1 uV if the magnetic flux density is perpendicular to the plane of the contacts,
and tends towards zero when the flux density is directed along the surface of the sample. The resistance of
the sample varies with temperature within the range 10°-10* Q, and the measurement current is 10 A;
therefore, the voltage drop across the sample is four orders of magnitude greater than the induced EMF.
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Fig. 3. Conductivity versus the rotation angle of the magnetic field in the Sm,Mn,_,S
sample with a concentration of x = 0.1 without a magnetic field H = 0 (/) and in magnetic fields
H=12kOe (2), H=6kOe (3) at T= 80 K (a); 100 K (b); 120 K (c); 140 K (d); 160 K (e)

The second mechanism may be related to the magnetostriction of the steel spring. The difference
between the longitudinal and transverse magnetostriction of the spring may cause a change in the
pressure on the copper plate and in the electrical resistance. In order to exclude dynamic processes,
let us measure the current-voltage characteristics both in the absence of a magnetic field and in a
magnetic field at different orientations.
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Fig. 4. I-V characteristic in Sm,Mn, ,S sample with a concentration of x = 0.1:
a — without a magnetic field H=0 (7, 4, 7, 10) and in a magnetic field H = 12 kOe for 270° (2, 5, 8, 11)
and for 360° (3,6, 9, 12)at T=80K (/, 2, 3), 120K (4, 5, 6), 160 K (7, 8, 9),200 K (10, 11, 12);
b — without a magnetic field H=0 (7, 3,5, 7,9, 11, 13, 15) and in a magnetic field H = 12 kOe for 270° (2, 6, 10, 14)
and for 360° (4, 8, 12, 16) at T=240K (1, 2, 3, 4),280 K (5, 6, 7, 8), 320K (9, 10, 11, 12),390 K (13, 14, 15, 16)

Figure 4 shows current-voltage characteristics in an Sm,Mn;_,S sample with a concentration of x =
0.1, both in the absence of a magnetic field (H = 0) and in the magnetic field of H = 12 kOe, directed
along the current and perpendicular to the current. The current-voltage relation is not linear. This slight
non-linearity is due to the electrically inhomogeneous state of the sample. From the current-voltage
characteristics, a relationship was determined between the change in conductivity in a magnetic field
and the voltage of the external electric field, as shown in Fig. 5.

Anisotropy in magnetic conductivity has been observed from the current-voltage characteristics.
Conductivity increases in the magnetic field when the field is directed perpendicular to the current,
and depends on the current or voltage in the magnetically ordered region. Conductivity decreases in
the magnetic field parallel to the current, and there is a tendency for magnetic conductivity to decrease
as the current increases. As the voltage increases, the magnetic conductivity decreases by 30 % at 80 K
and 100 K, and by 7 % at 120 K. In Sm:Mn,_,S, within the antiferromagnetic region, the influence of
the magnetic field on conductivity tends to disappear as the current increases. Above the Néel tem-
perature, conductivity increases in the magnetic field within the range 140 K < T < 190 K, regardless
of the direction of the magnetic field, but the anisotropy of the quantity (G(H)-G(0))/G(0) is main-
tained. Heating the sample above 190 K reduces the conductivity in the magnetic field, with the
change reaching its maximum at 200 K. Thus, conductivity decreases by 250 % at 200 K, by 150 % at
220 K, and by 96 % at 240 K. Above room temperature, conductivity decreases by a few per cent due
to the Hall effect. In the temperature range around 220 K, the anisotropy of magnetoconductivity at a
current of 1 mA virtually disappears. Heating and an increase in current lead to a decrease in magneto-
conductivity. It is possible that there is a critical current at which the dependence of conductivity on
the magnetic field disappears.
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Fig. 5. Magnetoconductivity in the field H = 12 kOe depending on the electric voltage in the Sm,Mn, S samples
with the concentration of x = 0.1 for 0° (/, 3, 5, 7) and 90° (2, 4, 6, 8) at T=80 K (1, 2), 100 K (3, 4), 120 K (3, 6) (a);
at T=140K (Z, 2), 160 K (3, 4), 180 K (5, 6) (b); at T =200 K ({, 2), 220 K (3, 4), 240 K (5, 6),
280K (7,8) (c); at T=320K (/, 2),360 K (3, 4), 390 K (5, 6) (d)

The comparison of the two methods for measuring conductivity in a magnetic field indicates that mag-
netic conductivity depends on the magnitude of the current at which the conductivity measurement is taken.
At a low current of 10 pA, the conductivity decreases by an order of magnitude in the vicinity of the Néel
temperature; if the current is increased by two orders of magnitude, the maximum decrease in conductivity
is reached at 200 K.

Conclusion

In the samarium-substituted manganese sulfide Sm,Mn, S, the change in conductivity in a mag-
netic field depends on the direction of the field relative to the electric current. In the vicinity of the
Néel temperature, the conductivity decreases by an order of magnitude at a weak current in the mag-
netic field of 12 kOe. Weak non-linearity in the current-voltage characteristics has been observed in
Sm,Mn,,S. A temperature range has been identified in which the anisotropy of conductivity in a mag-
netic field relative to the direction of the current is at its maximum. The dependence of magnetocon-
ductivity on the current magnitude and a tendency for it to disappear at high currents have been estab-
lished. The effect of the magnetic field on conductivity decreases sharply in the room-temperature
range and amounts to a few per cent.
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