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Hccnedyromes xanvkozenuobl map2anyad, nepcneKmughble 01 U320MmoeGieHUs mepmoIiemenmos. Hsme-
paemcsi mok 8 unmepagane memnepamyp 80-500 K u ¢ omcymcmeue neuine2o HanpsdiceHus, KOmopuli
Modcem Obimb 6b136aH cpaduenmom memnepamypol (mepmoI/[C), usmenenuem sneKmpuieckoli NOAAPU3a-
yuu (MUPOINEKMPUYECKUll MoK), 803HUKHOBEHUEM PA3HOCMU NOMEHYUanos npu degopmayuu obpasya
(nbe3021eKmpudeckuti moK) uiu MmMepmOINeKMPOHHOU IMUCCUEU (TNEPMOIMUCCUOHHBIIL TOK). Hatioenvl
memMnepamypubl AHOMAAULE MOKA U UX CEA3b C MEPMOIMUCCUOHHBIM TMOKOM U MOKOM noaapuzayuu. Usme-
HeHue 2NeKMpUiecKoll NoaApu3ayuu o memnepamype vizoeem nupodiekmpudeckui mox. Komnencayusa
U3OBIMOYHO20 INEKMPUUECKO20 3apa0a npugeoem K JOKANbHOU deKmpuyeckoll noaapuzayuy. Yacmuunas
OdeKkomneHcayus 8vl308em 0Opa306anue IeKmpuuecko2o nois 6 oopasye. Onpedenenvl Kpumuyeckue mem-
nepamypbl UCUE3HOBEHUs INEKMPULECKOU NOAApU3aYUY O PA3HLIX KOHyenmpayuu. B obracmu xonyen-
mpayuy nPOMeKaHus UOHO08 MY No peulemke YCMaHo8ieH aKkmusayuoHHbIll Xapakmep mepmodIMucci-
OHHO20 MOoKa U HalloeHa dHepeusi akxmueayuu. IluposrekmputecKuti MoK uUMeenm MeHbUIO 8eIUYUHY NO
CPABHEHUIO C MEPMOIMUCCUOHHBIM MOKOM. Mexanusm moxa obycnosnen smuccueli 2NeKmpoHos ¢ 21yO0Kux
JI08YUIEK, U MeMNepamypbl. MAKCUMYMO8 MEPMOIMUCCUOHHO20 MOKA KOPPEerupyiom ¢ memnepamypamu
ucuesnosenua UK noznowenus. Bvluuciena niomnocmos 31eKmpuiecko20 moxa u ee 8eiuduna om muna
3aMeweHH020 peOK03eMeNbHO20 INEMEHMA.

Kniouesvie cnosa: noxynpoeooHuxu, mepmosImMucCUOHHbIN MOK, NUPOITEKIMPULECKUL MOK.
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Manganese chalcogenides, which are promising for the manufacture of thermoelements, are being stud-
ied. The current is measured in the temperature range of 80-500 K, in the absence of external voltage,
which can be caused by a temperature gradient (thermopower), a change in electrical polarization (py-
roelectric current), piezoelectric current (when the sample is deformed, a potential difference arises) or
thermionic emission (thermal emission current) . Temperatures of current anomalies and their relationship
with thermionic current and polarization current are found. A change in electrical polarization with tem-
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perature will cause a pyroelectric current. Compensation for excess electrical charge will result in local
electrical polarization. Partial decompensation will cause the formation of an electric field in the sample.
The critical temperatures for the disappearance of electric polarization were determined for different con-
centrations. In the region of concentration of thulium ions flowing through the lattice, the activation nature
of the thermionic current was established and the activation energy was found. The pyroelectric current
has a smaller value compared to the thermionic current. The current mechanism is determined by the emis-
sion of electrons from deep traps and the temperatures of the maximum thermionic current correlate with
the temperatures at which IR absorption disappears. The electric current density and its value depend on
the type of substituted rare earth element are calculated.

Keywords: semiconductors, thermal emission current, pyroelectric current.

Introduction

Electric energy storage devices are used in the aerospace industry. Rechargeable batteries and su-
percapacitors are mainly used [1-3]. To manufacture supercapacitors, it is necessary to use a material
with a high dielectric constant, which depends on the electric polarization [4—8]. Semiconductors with
migration and dipole polarization can be applied in capacitors [9—11]. Another aspect consists of alter-
native energy sources, the conversion of thermal energy into electrical energy [12—15].

Nonstoichiometric replacement of manganese ions with thulium forms electrically inhomogeneous
states in the sample [16—17]. Hybridization of the wave functions of cations is accompanied by the
participation of a chalcogen ion, which will lead to a charge gap. The excess charge on Tm3+ is com-
pensated by the displacement of anions and free current carriers. Electric polarization with a p-n junc-
tion occurs at the interface between TmSe nanoregions. When phonons are absorbed by electrons in
the region of the p-n junction, a thermionic current will arise.

As promising materials, we consider chalcogenides, a number of which are used for the manufac-
ture of thermoelements [ 18-20]. We consider manganese chalcogenides substituted with 3d elements
as current sources.

Pyroelectric current in thulium-substituted manganese selenide

A current in the absence of an external voltage can be caused by a temperature gradient (ther-
moEMF), a change in electrical polarization (pyroelectric current), the appearance of a potential dif-
ference when the sample is deformed (piezoelectric current), or thermionic emission (thermionic cur-
rent).

Chalcogenides with variable valence have unique properties — transport, magnetic and thermoelec-
tric [21-23]. A change in the valence of the ion changes the electronic structure and leads to lattice
deformation [24]. Valence changes both with temperature and with increasing pressure [25]. Compen-
sation for excess electrical charge will lead to local electrical polarization. Partial decompensation will
cause the formation of an electric field in the sample and dipole polarization. A change in electric po-
larization with temperature will cause a pyroelectric current j, = (dP/dT) (dT/dt). The current in zero
electric field has the form:

dP
=cE, +—, 1
J nE (1)
where ¢ — sample conductivity; £;, — internal electric field.

The current in zero electric field was measured on a 6517B/E electrometer and is presented
in Fig. 1, a for Tmy 0sMnggsSe. When heated, the current changes sign at 110 K from negative to posi-
tive. The current passes through a maximum at 220 K, reaches a minimum at 285 K, and increases

sharply above room temperature. Integrating the current will give polarization P ~ I jdT , the relative

value of which is shown in Fig. 1, b. Electric polarization in this sample disappears in the range
of 220240 K.
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Puc. 1. TemnepaTypHasi 3aBUCUMOCTb IIUPOTOKA (@) U OTHOCHTEJILHOE M3MEHEHHE NOJIsipu3aiui (6)
qutst Tmg psMny osSe. BeraBka: TemneparypHas 3aBUCMMOCTb MUPOTOKA ULt Tmg g4Mng 95Se

Fig. 1. Temperature dependence of the pyrocurrent (a) and relative change in polarization (b) for Tmg ¢4Mng ¢sSe.
Inset: Temperature dependence of the pyrocurrent for Tmgo,MnggsSe

Let us highlight two temperature ranges up to 240 K, where the current is caused by a change in
polarization and above this temperature a thermionic current appears.

With increasing concentration, the current exhibits a maximum at 480 K in TmgosMng¢Se, which is
associated with electrical polarization (Fig. 2). It is possible to form dipole polarization at low tem-
peratures, which disappears when heated and migration polarization appears. The pyroelectric current
reaches a value of 10 nA, current density j = 0.2 pA/cm’.
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Fig. 2. Temperature dependence of the pyrocurrent (a) and relative change
in polarization (b) for TmysMngoSe

In the case of replacement of manganese ions with thulium in the concentration region where thu-
lium ions flow through the lattice, the current changes sign above room temperature and has two small
maxima at T =110 and 280 K (Fig. 3).

At high temperatures, the current density is j = 0.05 mA/cm’. In the free electron gas model j = env,
the electron concentration increases exponentially with heating n = ngexp(—AE/T). The current is well
described by the exponential dependence depicted in Fig. 3, b, with activation energy AE = 0.82 eV.
The wave functions of electrons on thulium ions are interrupted and form an impurity subband. As a
result of thermal fluctuations, electrons move from the impurity subband to the conduction band and
an electric current appears in the electric field of defects.
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Fig. 3. Temperature dependence of the current (a) and exponential dependence of the current
on the inverse temperature (b) for Tmgy,Mn, gSe.
Inset: Temperature dependence of the current for Tm,,MnggSe

Thermionic current in manganese sulfide substituted with thulium

Let us consider how the chalcogen anion affects the current in a zero field and what causes it. Fig.
4 shows the temperature dependence of the current for Tm,Mn,_,S solid solutions with x = 0.05; 0.15
in the temperature range 80-380 K. The maximum current value is achieved at temperatures of 320 K
for x = 0.05 and 355 K for x = 0.15. These maxima are due to the emission of electrons from deep
traps, and the temperatures of the thermionic current maxima correlate with the temperatures at which
IR absorption disappears at the frequency ol = 3116 cm™ [26].

For a composition with x = 0.15, the sign of the thermoEMF changes at T = 350 K, which is possibly
caused by an increase in the thermionic current. It is possible that at this temperature the dissociation of
vibronic states formed by the strong interaction of electrons and vibration modes of the octahedron occurs.

0
0,0
-1
< 02 <
— N =
-0,4
-3
T T T T -0,6
100 200 300 400
T,K

Puc. 4. TemnepaTypHast 3aBUCUMOCTb TEPMO3MHUCCHOHHOTO TOKA
i oopasuoB TmMn, S ¢ x = 0,05 (Z); 0,15 (2)

Fig. 4. Temperature dependence of the thermionic current
for samples Tm,Mn,_,S with x = 0.05 (7); 0.15 (2)

The replacement of manganese by ions of variable valence causes local deformation of the lattice,
which is accompanied by a change in the magnitude of the ion charge. How will the current change in
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a zero external electric field when replacing manganese with a rare earth ion with constant valence, for
example, holmium. In Fig. 5 the current for Hoy;Mny,S is given. The current magnitude decreases
compared to the current in Tm,Mn;_S with x = 0.05; 0.15, there is an additional maximum at 205 K
and a sharp peak at 348 K. Substitution with holmium enhances the electrical heterogeneity, the excess
charge is compensated by holes and creates a charge density wave. As a result, a potential difference
and an internal electric field E;, arise on the surface of the sample. A change in electrical polarization
induces a pyrocurrent j, = dP/dt. The polarization obtained by integrating the current is shown
in Fig. 5, b. When heated, P(T) has an anomaly at 200 K and disappears above T =350 K.
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Fig. 5. Temperature dependence of the current (@) and relative change
in polarization (b) for Hoy ;Mng oS

Polarization occurs due to the displacement of sulfur ions from octahedral positions; the angle be-
tween the bonds of magnetic ions and the ligand changes, affecting the magnitude of the exchange
field. As a result, this will cause a change in magnetic characteristics.

Conclusion

Anomalies in the temperature dependence of the current in a zero external field make it possible to
distinguish the emission current and the pyrocurrent caused by electric polarization. A pyroelectric
current was found in selenide solid solutions below the percolation concentration, as well as upon sub-
stitution with holmium ions. In manganese sulfides replaced by thulium, deep traps are formed, which
are a source of thermionic current.
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TPEBOBAHHUA K O®POPMJIEHUIO CTATEN

®aiiel co cTaThell MPUHUMAIOTCS TI0 JIEKTPOHHOM TouTe vestnik@sibsau.ru.

DaexkrpoHHas komus. Ctatbs Habupaercs B nmporpamme Microsoft Office Word 2003 (pacmmpenne
umenu ¢aiiia DOC)!

O0beMm crarbu: 5-20 cTpaHull (BKIIFOYAsk PUCYHKH, TaOIUIBI 1 OMOIHOTpaUeCKue CChUIKH), KPaTKoe
cooOmienue — 4-5 crpanull, 0030pHas cTaThs — 10 20 CTpaHwUI.

Iapamerpsbl crpanunbl. @opmar A4 (210x297). [ons: npaBoe 1 eBoe — 2 ¢M, BEpXHee U HIDKHee — 2,5 CM.

Texcr. lpudt Times New Roman 11. [Toxzaronosku: mpudt Times New Roman 11 bold.

Me:kcTpOUYHbIi MHTEPBAJ — OJMHAPHBIM, MEKOYKBEHHBI M MEXIYCIOBHBIA MHTEPBaJl — HOPMalb-
HBIH, IEPEHOC CJIOB HE JIOITYCKAETCSI.

A03aunblii oreryn pasen 0,5 cm.

He nmomyckaercs (!) HaOupaTh TEKCThI MPOMHUCHBIMU (3arfIaBHBIMK) OYKBAMH M JKHPHBIM MIPUPTOM
(kpoMe Ha3BaHUsI), a TAKKE Pa3MeIIaTh BCE YKa3aHHBIC JIEMEHTHI B paMKaX M HMUTHPOBATb O(OPMIICHHS
Habopa, BEIITOIHIEMOTO B KypHAJIE.

Cratbsl JOIDKHA COACPIKATH MIPEIMET, TEMY, IeTb PabOThI; METO MIIM METOIOJIOTHIO IIPOBEICHNUS pado-
TBI; PE3YJBTATHI PAOOTHI; 00IACTh MIPUMEHEHHSI PE3YJIHTATOB; BEIBOEI.

CTpaHUIBI HE HyMEPYIOTCSL.

CTPYKTYPA CTATHMU:

1. Uupexce YK mpenmiecTByeT Ha3BaHHUIO CTATbU, COOTBETCTBYET 3aSBJIICHHON TEME U MPOCTABIISIETCS
B BEPXHEM JIEBOM YTIIy JIUCTA.

2. Ha3Banue ctaTbu: He Oosee 15 coB. AGOpeBUATYphI M COKpAIlCHUS B HA3BAHUH HE JOMYCKAIOTCA.

3. ABtopsl. Maunmanst u Gpamuivst. KoaudecTBO aBTOPOB OJTHOM CTaThH He Ooliee MATH. ABTOpP UMEET
MPaBO MyOJIUKOBATHCS B BBITYCKE OJMH pa3, BTOPOH B COABTOPCTBE.

4. Apdunuauns aBTopa npu myOJMKANMM: Ha3BaHNWE W aJPEC OPraHU3alWU, a TAKXKE IIIEKTPOHHAS
[oYTa aBTOpa-KoppecroHaeHTa. Eciin aBTOpOB HECKONBKO, Y KaKIO0H (haMIIIMK M COOTBETCTBYIOIIEH opra-
HU3AIMU TIPOCTABIsIeTCs U(BPOBON BepXHUM nHIEKC. ECiii Bce aBTOPBI CTaThy pabOTAIOT B OJJHOM OpraHu-
3allid, OHA YKa3bIBaeTCs OJIUH pas.

5. Aunoranusi: MuHUMYM 230-250 ciioB (cilemyeT OpUeHTUPOBATLCS Ha 00BEM aHIIOS3BIYHOW aHHO-
tanuu). CTpyKTypa aHHOTalWU: LIeJb UCCIIEIOBAHUS, METO/IbI, PE3Y/bTaThl, 3aKitoueHue. Kypcusom.

6. KiroueBnle ciioBa: He Oonee 5—7 ciioB wiu cioBocoueranuil. Kypcusom.

7. HazBaHue cTaTbU Ha aHIJIMICKOM SI3bIKE.

8. ABTOpBI Ha aHTJINHCKOM SI3BIKE.

9. Appunnanus aBTOpa Ha AHTJIMICKOM SI3BIKE.

10. AHHOTAIMA HA aHTJINIHCKOM SI3BIKE.

11. KimroueBsie cioBa (Keywords) Ha aHTJIHHACKOM SI3bIKE.

12. OcHOBHOI1 TEKCT CTPOUTCS IO CICAYIOIIEH CXEME U COACPIKUT 00sI3aTENbHBIC TTOI3arOJIOBKH:

— BBenenue.
— TemaTHyeckue MOA3aroJI0BKHU 110 OCHOBHOM 4acTH TEKCTA.
— 3akJIl04yeHue.

13. BaarogapHocTH (€Ciiv €CTh YKa3aHUE HA HCTOYHUKY (PMHAHCUPOBAHUS, TPAHTEI).

14. Acknowledgements (bnaromaprocTu JyOJUPYIOTCS Ha aHTIIMICKOM SI3BIKE).

15. bubdanorpadgudeckne ccbUIKH. buOmuorpaguyeckne CChUIKM IOJDKHBI COAEPKATh HE MeEHee
15 ucrounukoB! bubmuorpaduyeckue cchuiku odopmisttoTest Ha pycckom sizbike o I'OCT P 7.0.5-2008.
CCBUIKM Ha HCTOYHUKH PACCTABIIIIOTCS IO TEKCTY B KBAaJPAaTHBIX CKOOKaX B MOPSAIKE HyMEpaluu o Mepe
LUTUPOBAHMUS.

16. References. buGnuorpaduueckre CCBUIKA B pOMaHCKOM alipaBuTe O(GOPMIIIOTCS 110 TPEOOBAHUSM,
MpeJICTaBJICHHBIM Ha caiite. Mcmonb3yeTcs cuctema tpanciutepanuu BGN (translit.net)

17. CBenenusi 00 aBTOpax Ha PyCCKOM H aHIVIMHCKOM si3bIKax. B cBexenmsx ykaspiBaercs @.1.0.
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