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Ynpasnenue mpancnopmuvimu xapaxmepucmuxamu noo Oeucmeuem MASHUMHO20 NOs AGISemcs
NEePCNEeKMUBHbIM ¢ MOYKU 3PEHUs. CO30AHU OAMYUKO8 MASHUMHO20 MO YCMOUYUBHIX K pPAOUuayull.
Hccnedyemes umnedanc u e2o KOMIOHEHMbl 8 MYAUll MAP2AHYEBOM XAIbKO2EHUOe 68 UHIMePSane YaCnom
10°-10° I y. Haiidoena obracms memnepamyp ¢ Npesarupyiouum 6K1A00M pPeaKxmueHoOU U akmueHol yac-
met umneoanca. Komnonenmor umneoanca onucvléaiomesi 6 mooenu [lebas. Ilpu samewenuu mapeanya
UOHAMU TYIUSL YACHOMbL MAKCUMYMO8 MHUMOU KOMHOHEHMbl UMNEOAHCA CMEWaroncst 8 CHOPOHY 6blCOo-
KUX yacmom 8 cejenuoe mapeanya na 08a nopsaoka. C pocmom KOHYeHmpayuu 3ameujerus UOHAMU MYusl
6 CeNeHUdax HatloeHo 08a 8PeMeHU PelaKcayuu no cpasHeruro ¢ cyrvguoamu. Hatioen axmueayuonmwvili
Xapaxkmep 8peMeHU PelaKcayuu, SHepeust AKmueayuy on KOHYEHMpayuu UoH08 Myaus. Ycmanoseneno yge-
JUYeHUe UMNeOaHCa 8 MASHUMHOM Hojle 8 001acmu MAIbIX KOHYEeHMPAyull U CMeHAa 3HAKA UMReOaHCcd No
memnepamype 015 6OIbULUX KOHYeHmpayull. MazHumoumneoanc 6 XaibKo2eHuoax npoxooum uepes MaK-
CUMYM NpU HAcpesanuu 00pazyos. Yeenuuenue uMneoanca 6 MacHUMHOM NoJjie 00YCl06TIeHO U3MEHEHUEeM
OUA2OHATILHOU KOMIOHEHMbl OUINEKMPULECKOL NPOHUYAEMOCHU 8 MAZHUMHOM Noje, KOMopas nponop-
yuonanvha nposooumocmu Ilonosxcumenvhoe 3naueHue MASHUMOUMNEOAHCA ONUCHIBACMCS 6 MOOeiu
INEKMPUYECKU HeOOHOPOOHOU cpedbl. M3 uMnedanca MOodJICHO NOAYYUMb UHGOPMAayuro 06 INeKMpudecKkoll
HEOOHOPOOHOCHU MAMEPUANA.

Kniouegvie cnosa: nomynposooHuxu, masHumoumneoauc, mooens Jleoas.

Magnetoimpedance in thulium manganese chalcogenide
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Control of transport characteristics under the influence of a magnetic field is promising from the point
of view of creating magnetic field sensors resistant to radiation. The impedance and its components in thu-
lium manganese chalcogenide in the frequency range of 10°—10° Hz are studied. The temperature range
with a prevailing contribution of the reactive and active parts of the impedance is found. The impedance
components are described in the Debye model. When manganese is replaced by thulium ions, the frequen-
cies of the maxima of the imaginary component of the impedance shift toward high frequencies in manga-
nese selenide by two orders of magnitude. With an increase in the concentration of substitution by thulium
ions in selenides, two relaxation times are found, compared with sulfides. The activation nature of the
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relaxation time, the activation energy from the concentration of thulium ions are found. An increase in im-
pedance in a magnetic field in the region of low concentrations and a change in the sign of the impedance
with temperature for high concentrations are established. Magnetoimpedance in chalcogenides passes
through a maximum when heating the samples. The increase in impedance in a magnetic field is due to
a change in the diagonal component of the permittivity in a magnetic field, which is proportional to the
conductivity. A positive value of magnetoimpedance is described in the model of an electrically inhomoge-
neous medium. From the impedance, information can be obtained about the electrical inhomogeneity of the
material.

Keywords: semiconductors, magnetoimpedance, Debye model.

1. Benenue

VYnpasieHue TpaHCIIOPTHBIMU XapaKTEPUCTUKAMU B IIOJYIIPOBOJHHUKAX 0] IEHCTBUEM BHELIHETO
MarHUTHOTO IOJISI IIPEACTABISIET HHTEPEC Kak ¢ QyHAaMEHTAIBbHOM, TaK U C MPAKTHIECKOW TOUKH 3pe-
Hus [1-4]. B momxynpoBogHUKAaX ¢ HEOAHOPOIHBIM PACIIPEICIICHHEM JJIEKTPUICCKOTO 3apsiaa TpaHC-
MOPTHBIE XapaKTEPUCTUKHU 3aBHUCAT OT CTENIEHN HEOJHOPOJHOCTH [5—8]. B criekTpe 3eKTpOHHBIX BO3-
Oy)XIeHHH B 3alpelieHHON 30He 00pa3yeTcsi KOHEUHasl AJIEKTPOHHAs IUIOTHOCTh HA YPOBHE XHMIIO-
TEHIMana B pe3ysibTaTe JOoKanu3auuu 3apsaga. [Ipu cmabom JerupoBaHMU BOJIHOBask (DYHKIHS DIEK-
TpOHa ocTaeTcs JoKanu3oBaHHONH. C pOCTOM KOHLIEHTPALUHU 3aMEICHHS B LIEHTPE 30HBI (POPMUPYIOT-
csl ICTIOKAIM30BaHHBIE COCTOSHHUSA M NPH HEKOTOPOM KPUTUYECKOM 3HAUYEHHH BO3HUKAET OECKOHEY-
HBIA KJIACTEP, IPU KOTOPOM BOJHOBBIE (PYHKLHUH DJIEKTPOHA MPEACTABISIOT B BHUIE IJIOCKMX BOJIH,
pacnpocTpaHsIoIMXCs 1Mo BceMy Kpuctamty [9; 10].

PerynupoBathb 35eKTpUYECKyI0 HEOJHOPOAHOCTH MOXKHO 32 CUET (IIyKTyallud BaJICHTHOCTH, KOH-
ueHTpauuu u temneparypsl [11-13]. Hanpumep, non Tynus oOHapy>KHWBaeT TPEXBaJCHTHOE COCTOS-
Hue B TmS [14; 15], cocTosHMEe TPOMEXYTOYHOU BajeHTHOCTU B TmSe [16] u AByXBaJeHTHOE CO-
crosrue B TmTe [17]. DnexTponnas koudurypamus nona Tm>™® 3aBucHT oT XanbkoreHa. Ilostomy
3aMelIeHNe HOHA MapraHiia B XxaJlbkoreHnuaax MnS nu MnSe nonamu Tynust IpUBEIET K pa3HOM dHEp-
THH JeJIOKaIN3alliu 3JIEKTPOHOB. BBenenue B cucteMmy TmSe HecTeXnoMeTpuu criocoOCTBYET yBEIH-
YEHHMIO BANICHTHOCTH HOHOB Ty/us 10 Tm®",

Lenb paboThl — BBIIBUTH BIUSHHE HOHOB XaJbKOT'€HA HA BPEMs pellakcalliid HOCUTENEH ToKa, UM-
MeJaHCHBIE XapaKTEPUCTUKN U UX U3MEHEHHE B MAarHUTHOM TIOJIE.

2. Biusinue noHa XajabKOreHa Ha YaCTOTHYIO 3aBHCHMOCThH UMIIEIaHCa

Teepupie pactBopel Tm,Mn;_ S cHHTE3UPOBaIN (QIIFOCOBBIM METOIOM M3 IOJIMKPUCTAIIINISCKOTO
cyneduna Mapranna 1 MoHocynbpuna Tymus [18]. O6pasmsr (MnSe), «(Tmy6Se), momydeHs! MeTo-
oM TBepaoda3HOW peaki B BAKyYMHPOBAHHBIX KBapIIEBBIX aMITyJlaX B OJHO30HHOHM TeYW COIPO-
tuBiieHus. [logpoOHO MeToMMKa cuHTe3a onrcaHa B [19]. PeHTreHOCTpYyKTypHOE UCCIEI0BaHUE Xallh-
KOT'CHH/IOB JIacT peHTreHorpammy, cooTBeTcTByIomIyI0 I TIK-pemrerke tuma NaCl.

Nmneganc, KOMIIOHEHTHl MMITEJ]aHCA PEarupyIOT Ha W3MEHEHHWE 3JIEKTPOHHON CTPYKTYpPHI M JIO-
KaJIbHOM JeopMaliy penieTky, KOTOpble MEHSIOT (PYHKIHIO pacIpesieNieHUs] SEKTPOHHOW TUIOTHO-
ctu. OnpeneneHne BpeMeHH peJlakcallii HOCHUTENeH TOKa SBISIETCS BaKHOM XapaKTEepHCTHUKOM ompe-
JIeJIEHUs] MeXaHNW3Ma JTUCCHTIAIUN HOCUTeNlel Toka. Penmakcaruist MOXXeT MMeTh KaK aKTHBAIlMOHHBIH,
Tak u 0e3aKTUBAMOHHEIN THTI [20].

Penakcarust Hocuteneil Toka Ha 4acToTax Bhimie 1 K[l MpOSBISICTCS MPH TEMIIEpaTypax BBIIIE
KOMHATHOH, TIOPTOMY 3aBUCUMOCTH UMIIEaHCA OT YACTOTHI O€3 IMOJISI ' B MAarHUTOM II0JIE U3MEPUM
MpU TeMIepaTypax BhIllle KOMHaTHOW. Ha puc. 1 mpuBeneHbl 4acTOTHBIC 3aBHCHMOCTH HMIIEIAaHCA
Z(®) 1 Im(Z(w)) ns TmygpsMngesS 1 (MnSe); «(Tmg 76Se). [Ipu 3ameniennn Maprania MOHAMH Ty-
JIUSL 9acTOTHI MakCUMyMOB Im(Z(®)) cMemarTcs B CTOPOHY BBICOKHMX YacTOT B CEJICHHJIE MapraHiia
Ha JiBa Mmopsijka. He3aBUCHMO OT MOHA XaabKOTEHA BPEeMs PelIaKCaIlUi PE3KO MEHSIETCS B OKPECTHOCTH
400 K (BcraBku Ha puc. 1). Hmwke T = 400 K B cucteme cymiecTByeT 0HO BpeMs peslakcalii B 00-
nact gactor 10°—10° I’y ¥ KOMITOHEHTBI MMIIEIAHCA ONMCHIBAIOTCS B MOJIEIH Jebas:
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Bort
1+ (01)* ’

ImZ(w) = ()
rJe T — BpeMs pelakcanuu Hocutenel Toka; B — mapamerp. Boime 420 K B cucteme mosiBisercs
CIIEKTp BpEMEH peJjakcauuu. Bpems penakcanuu OT TeMIIEpaTypbl 3aBUCUT 3KCIOHEHIIMAIBHO
T = 19.exp(Ey/T) ¢ anepruei akrusanuu E, = 0,47 5B B (MnSe),_«(Tmg 76Se), a1 x = 0,05.
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Puc. 1. YacToTHbIe 3aBHCHMOCTH nMIieqanca Z (a, ¢) 1 MEUMOH dacTu nmmenanca (b, d) mns o6pasnos TmgosMng ¢sS
(a, b), u3mepenHsIe B HyJIeBoM MarHuTHOM nosie (1, 3, 5,7, 9) u B mone 8 k1D (2, 4, 6, 8, 10) mpu T =300 (1, 2),
350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10), g1 o6pasmos Tmy gsMng9sSe (c, d), I3MepeHHBIE B HYIEBOM

marautHoM noze (1, 3,5, 7,9) u B mozne 12 k3 (2, 4, 6, 8, 10) mpu T =300 (1, 2), 330 (3, 4), 360 (5, 6),
390 (7, 8),420 K (9, 10). BecraBku: TemnepaTypHbIe 3aBUCUMOCTH BPEMEHHU pelakcaluy T. Pe3ynbraTsl
SKCHEPUMEHTa ONMCaHbI B pamMkax mozaenu Jlebas (cruiomHble nuHuu 11)

Fig. 1. Frequency dependences of impedance Z (a, ¢) and imaginary part of impedance (b, d) for Tmg osMng ¢5S
samples (a, b) measured in zero magnetic field (1, 3, 5, 7, 9) and in a field of 8 kOe (2, 4, 6, 8, 10) at T =300 (1, 2),
350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10) and for Tmy 4MngsSe samples (¢, d) measured in zero
magnetic field (1, 3, 5, 7, 9) and in a field of 12 kOe (2, 4, 6, 8, 10) at T =300 (1, 2), 330 (3, 4), 360 (5, 6),

390 (7, 8), 420 K (9, 10). Inserts: temperature dependences of the relaxation time 1. The experimental results
are described within the Debye model (solid lines 11)

KomnonenTts! uMiienanca ot 4yactotsl B Tmg ;Mng oS (puc. 2, a) moxHO onucaTth B Mozenu Jebas
C OJTHMM BPEMEHEM peJlaKcallii, KOTopoe uMeeT akTuBarnoHHbIH Bua 10 T = 450 K ¢ sneprueit aktu-
Bauuu E, = 0,72 5B (BcTtaBka Ha puc. 2, b). B (MnSe),_«(Tmg 765¢)x ¢ x = 0,1 Im(Z(®)) xopomo omnu-
chIBaeTCs B Mojenu JleOas:
Ao, Bort,

tmZ(o) =17 01 1+(0n,)

)

C IByMsl BPEMEHAMM peslakcauuu (puc. 2, ¢) u ¢ sHepruei akrusauuu E, = 0,6 5B 114 1, MeHble,
4€M B TmO,anogs.
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Puc. 2. YacToTHBIC 3aBUCMOCTH MMITe1aHca Z (a, ¢) ¥ MHUMOU YacTu umneaanca (b, d) mis o0pas3inos
Tmy;Mng S (a, b), n3meperHsIe B HyneBoM MarauTHoM mone (1, 3,5, 7, 9) u B mone 8 k3 (2, 4, 6, 8, 10)
npu T =300 (1, 2), 350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10), i ms1 o6pasmos TmygsMngeSe (c, d),

HU3MepeHHbIe B HyJieBoM MarHuTHOM noe (1, 3,5,7,9, 11, 13, 15) u B mone 12 xO (2, 4, 6, 8, 10, 12, 14, 16)
npu T =300 (1, 2), 310 (3, 4), 320 (5, 6), 330 (7, 8), 360 (9, 10), 390 (11, 12), 420 (13, 14),450 K
(15, 16). BcraBku: TeMiiepaTypHbie 3aBUCHMOCTH BPEMEHH pelakcaluy T. Pe3ynbTaThl 9KCIIEPUMEHTA OMUCAHBI
B pamkax mojenu Jlebas (cruromnsie nuauu 11, 17)

Fig. 2. Frequency dependences of impedance Z (a, ¢) and imaginary part of impedance (b, d) for Tm, ;Mn, oS
samples (a, b) measured in zero magnetic field (1, 3, 5, 7, 9) and in a field of 8 kOe (2, 4, 6, 8, 10) at T =300 (1, 2),
350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10) and for Tm, sMny¢Se samples (c, d) measured in zero
magnetic field (1, 3,5,7,9, 11, 13, 15) and in a field of 12 kOe (2, 4, 6, 8, 10, 12, 14, 16) at T =300 (1, 2),
310 (3, 4), 320 (5, 6), 330 (7, 8), 360 (9, 10), 390 (11, 12),420 (13, 14), 450 K (15, 16).

Inserts: temperature dependences of the relaxation time t. The experimental results are described within
the Debye model (solid lines 11, 17)

3. MarauronMmeaanc
HMHCI{&HC 3aBHUCHUT OT MAr"tvuTHOI'O I10JII U MOHA XaJIBKOI'CHA. Ha pI/IC. 3 HpI/IBeI[eHI:I N3MCHCHMUSL

UMIIeJaHCca B MAarHUTHOM I10JI€, BEIYUCICHHBIM MO (opMyJie
AZ = (Z(o, H) - Z(0, H=0)) / Z(0, H=0)), )

rae Z(w,H) nmmenanc B MarHuTHOM 1ojie u 6e3 mons it Z(w, H = 0). [l KoHIeHTpariil 3amMerie-
Hus X < 0,05 umMmenaHnc yBenTu4MBaeTCss B MAarHUTHOM I10JIE 1 MAarHATOMMITEJJAHC TOCTUTAET MaKCH-
myMma AZ = 0,35 mpu T = 450 K ans o6pazunos TmgesMngesS 1 AZ = 0,56 mpu T = 360 K. C poctom
KOHIIEHTpAIMH W3MEHEHHE MMIIeJaHca B MAarHUTHOM II0Jie yMeHbInaercs. [Ipu HarpeBaHum MarHuTo-
MMITeJTAHC MEHSET 3HaK 10 9acToTe U Temmeparype (puc. 3, ¢, d).

Hmnenanc B XalbKOT€HHUJaX YBEITUYNBACTCSI B MATHUTHOM IT0JIE ¥ TIPOXOJIUT Yepe3 MAaKCUMYM IPH
HarpeBaHUHM O00pa3IoB. YBeNWYCHHE HWMIIEaHca OOYCIOBIEHO M3MEHEHHEM IHaroHaJbHONW KOMIIO-
HEHTBHI IMAIEKTPUIECKON MPOHUIIAEMOCTH B MarHUTHOM IT0JIe, KOTOpasi MPOMOPIHOHATIFHA TPOBOIH-
MocTH 6(0) = ine, mmnenanc Z° = 1/6°+ 1 / (0C)* = 1/¢>. B a1eKTpHuecKr HEOTHOPOIHOI Cpeie mpo-
JIOJIbHAsI KOMITIOHEHTA JIU3JIEKTPUUECKON MPOHUIIAeMOCTH uMeeT Buja [21; 22]:
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rae = uH, p — mogBmxHOCTH, T = RC. OTHOCHTENEHOE H3MEHEHNE MITeanca [23 ]
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U €ro KOMIIOHEHT yIOBJIECTBOPUTEIBHO OMUCHIBACTCS 3TOW (PyHKIHMEH B 00JIACTH MalIbIX KOHLEHTpa-
uuit (puc. 3). B pesynpraTe U3 uMmnenaHca MOKHO HOIXYYUTh HHPOPMALMIO 00 3JIEKTPUYECKON HEOoa-
HOPOAHOCTH [24] 1 AMANEKTpUYECKON IPOHULIAEMOCTH B cpefe [25; 26].

a . . . - b . . . -
0,4 . 2
.. -3
—_ —v—4 —_
B —+-5] &
N ‘ —s] =
3 0.2 1z
N \ N
T : T
3 M eaa B v 8
N 0,0 / 'f ;\:irp:%}r’**:fi?f::: B 1o N
s ’
/‘
o«
-0,2 . . . . 0,2
102 10° 10* 10° 10° 102
0,6
0,4
G
N
= 0,2
&
N
I 0,0
&
N
-0,2
-0,1 . : : : : 0,4 :
102 10° 10* 10° 10° 102 10°
o, Hz o, Hz

Puc. 3. Marauroumnenanc B MmarautHoM nosie H = 8 kO npu Temnieparypax T =300 (1), 350 (2), 400 (3),
450 (4), 500K (5) nns o6pasuos Tmy osMng osS (a); B MarautHOM nosie H = 12 kO npu temneparypax T =300 (1),
330 (2), 360 (3), 390 (4), 420 K (5) ansa Tmyg o4Mny 9sSe (b); B MarautHOM none H = 8 kO npu Temneparypax
T =300 (1), 350 (2),400 (3), 450 (4), 550 K (5) s o6pa3noB Tmy ;Mng oS (c); B MArHUTHOM II0JIE
H =12 kD npu remneparypax T =300 (1), 310 (2), 320 (3), 330 (4), 360 (5), 390 (6), 420 (7),

450 K (8) ms TmgpsMny 9Se (d). Pe3ynbraTsl sxcniepumMenTa onucansl GopMyioi (5) (criiouHsle 1uHuu 6, 9)

Fig. 3. Magnetoimpedance in a magnetic field of H = 8 kOe at temperatures T =300 (1), 350 (2), 400 (3),
450 (4), 500 K (5) for TmgosMng 9sS samples (a); in a magnetic field of H = 12 kOe at temperatures T = 300 (1),
330 (2), 360 (3), 390 (4), 420 K (5) for Tmy ¢4MnygsSe (b); in a magnetic field of H = 8 kOe at temperatures
T =300 (1), 350 (2), 400 (3), 450 (4), 550 K (5) for Tm, ;Mng oS samples (c); in a magnetic field
H = 12 kOe at temperatures T =300 (1), 310 (2), 320 (3), 330 (4), 360 (5), 390 (6), 420 (7),

450 K (8) for Tmg ogMngoSe (d). The experimental results are described by formula (5) (solid lines 6, 9)

4. 3akjoueHue
B (MnSe); «(Tmy76Se), HalizeHO NpeBaJupOBaHUE PEAKTUBHON 4acTH HMMIIEAAHCa, B Cyibduue
TmypsMng9sS peobnanaer peanpHas yacTe umnenanca. C pocToM KOHIEHTpAlMU 3aMEIEHHs Map-
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rafHma TyJlIueM UMIEeNaHC M ero KOMIIOHEHTHI YBEJIMYMBAIOTCSA Ha MOpsSAoK. Bo3aMoxkHO oOpa3oBaHue
3apsA0BOTO YIIOPSAJOUYEHHS W YBEIWUCHHEe eMKOCTH Ha JBa mopsaka. Pemakcamus HocuTenei 3apsua
ommchkiBaeTcss B Monenu Jlebas. HaiimeH akTHBAIMOHHBIM XapaKTep BPEMEHH pellaKCalldd M SHEPTHS
akTuBanuy. J{J1s MajgbIX KOHIIEHTpAIMK UMIIEaHC YBETHYMBACTCS B MATHUTHOM II0JIE B XaJIbKOTEHHUIaX.
C pocTOM KOHIIEHTPAllMd MarHUTOWMIIEAHC MEHSET 3HAK 10 YacTOTE W TeMIlepaType. YBelInueHHe
MMIIETaHCa B TI0JI€ BEI3BAHO YMEHBIIEHHUEM TUAJIEKTPUUECKON MPOHUIIAEMOCTH B MATHUTHOM IIOJIE.
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