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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.
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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. Introduction

The control of transport characteristics in semiconductors under the action of an external magnetic
field is of interest from both fundamental and practical points of view [1-4]. In semiconductors with
inhomogeneous electric charge distribution, the transport characteristics depend on the degree of in-
homogeneity [5-8]. In the spectrum of electronic excitations in the forbidden zone, a finite electron
density at the chemopotential level is formed as a result of charge localisation. At weak doping, the
electron wave function remains localised. As the substitution concentration increases, delocalised
states are formed in the centre of the zone and at some critical value an infinite cluster appears, where
the electron wave functions are represented as plane waves propagating throughout the crystal [9; 10].

The electrical heterogeneity can be controlled by fluctuations in valence, concentration and tem-
perature [11-13]. For example, the thulium ion reveals a trivalent state in TmS [14; 15], an intermedi-
ate valence state in TmSe [16] and a divalent state in TmTe [17]. The electronic configuration of the
Tm** ion is chalcogen dependent. Therefore, the substitution of manganese ion in MnS and MnSe
chalcogenides with thulium ions will lead to different electron delocalisation energies. The introduc-
tion of non-stoichiometry into the TmSe system favours an increase in the valence of thulium ions to
Tm™™.

The aim of the work is to reveal the influence of chalcogen ions on the relaxation time of current
carriers, impedance characteristics and their change in a magnetic field.

2. Effect of chalcogen ion on the frequency dependence of impedance

Tm,Mn,_,S solid solutions were synthesised by flux method from polycrystalline manganese sul-
phide and thulium monosulphide [18]. Samples (MnSe),(Tmy7Se)x were obtained by solid-phase
reaction method in vacuum quartz ampoules in a single-zone resistivity furnace. The detailed synthesis
procedure is described in [19]. The X-ray diffraction study of chalcogenides gives an X-ray diagram
corresponding to the NaCl-type FCC lattice.

Impedance, impedance components respond to changes in electronic structure and local lattice de-
formation, which change the electron density distribution function. Determination of the relaxation
time of current carriers is an important characteristic for determining the mechanism of current carrier
dissipation. Relaxation can be of both activation and non-activation type [20].

Relaxation of current carriers at frequencies higher than 1 kHz is manifested at temperatures above
room temperature, so the frequency dependence of impedance without ficld and in a magnetic field
can be measured at temperatures above room temperature. Figure 1 shows the frequency dependence
of impedance Z(®) and Im(Z(w)) for Tmy¢sMngesS and (MnSe);_(Tmg765¢). When manganese is
substituted by thulium ions, the frequencies of the Im(Z(®)) maxima shift towards the high frequencies
in manganese selenide by two orders of magnitude. Regardless of the chalcogen ion, the relaxation
time changes dramatically in the vicinity of 400 K (insets in Fig. 1). Below T = 400 K in the system
there is one relaxation time in the frequency region 10>-10° Hz and the impedance components are
described in the Debye model:
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ImZ(w) = ()
where 7 is the relaxation time of current carriers; B is a parameter. A spectrum of relaxation times ap-
pears in the system above 420 K. The relaxation time depends on temperature t© = 1o.exp(E,/T) expo-
nentially with activation energy E, = 0,47 eV in (MnSe);_(Tm 7cSe)x for x = 0.05.
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Puc. 1. YacToTHbIe 3aBHCHMOCTH nMIieqanca Z (a, ¢) ¥ MEUMOH dacTu nmmenanca (b, d) ms o6pasunos TmgosMng ¢sS
(a, b), u3mepenHsIe B HyJIeBoM MarHuTHOM nosie (1, 3, 5,7, 9) u B none 8 k1D (2, 4, 6, 8, 10) npu T =300 (1, 2),
350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10), g1 o6pasmos Tmy gsMngesSe (c, d), i3MepeHHBIE B HYIEBOM

marautHoMm none (1, 3, 5,7,9) u B mosne 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 pelakcaluu T. Pe3ynbraTsl
SKCHEpPUMEHTa ONMCaHbI B pamMkax mozaenu Jlebas (cruiomHble nuHuM 11)

Fig. 1. Frequency dependences of impedance Z (a, ¢) and imaginary part of impedance (b, d) for Tmg osMng ¢5sS
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 t. The experimental results
are described within the Debye model (solid lines 11)

The impedance components from frequency in Tmgy;Mng S (Fig. 2, a) can be described in the De-
bye model with a single relaxation time, which has an activation form up to T =450 K with activation
energy E, = 0.72 eV (insert in Fig. 2, b). In (MnSe);_«(Tmg7:Se)x with x = 0.1 Im(Z(w)) is well de-
scribed in the Debye model:

Im Z () = Aor, - Bor, . @)
I+ (w7)” 1+(o1,)

with two relaxation times (Fig. 2, ¢) and with activation energy E, = 0.6 eV for 1, smaller than in
Tmo)lMl’logs.
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Puc. 2. YactoTHble 3aBUCMOCTH uMITte1anca Z (a, ¢) 1 MEHUMOH yacTtu umneaanca (b, d) s o0pasnos
Tm, ;Mny S (a, b), u3MepeHHbIe B HylneBOM MarautHoM noxe (1, 3,5, 7, 9) u B none 8 k3 (2, 4, 6, 8, 10)
opu T =300 (1, 2), 350 (3, 4), 400 (5, 6), 450 (7, 8), 500 K (9, 10), u mns o6paszuos Tm, sMngeSe (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: TemrepaTypHble 3aBUCUMOCTH BPEMEHH peJlakcalluy T. Pe3ynbTaThl SKCIIEPHUMEHTA OTMCAHbI
B pamMkax mojenu [lebas (crutomnbie nuHuun 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 Tmy ;sMn,¢Se samples (¢, 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. Magnetoimpedance
The impedance depends on the magnetic field and the chalcogen ion. Fig. 3 shows the changes in
impedance in a magnetic field calculated by the formula

AZ = (Z(®, H) - Z(o, H = 0)) / Z(o, H = 0)), 3)

where Z(w,H) is the impedance in the magnetic field and without field for Z(w, H = 0). For substitu-
tion concentrations x < 0.05, the impedance increases in the magnetic field and the magnetoimpedance
reaches a maximum of AZ = 0.35 at T =450 K for samples TmgpsMngosS and AZ = 0.56 at T =360 K.
With increasing concentration, the change of impedance in the magnetic field decreases. When heated,
the magnetoimpedance changes sign in frequency and temperature (Fig. 3, ¢, d).

The impedance in chalcogenides increases in the magnetic field and passes through a maximum
when the samples are heated. The increase in impedance is due to the change in the diagonal compo-
nent of the dielectric permittivity in the magnetic field, which is proportional to the conductivity 6(w)
= ime, impedance Z* = 1/6>+ 1 / (oC)* = 1/¢%. In an electrically inhomogeneous medium, the longitu-
dinal component of the dielectric permittivity has the form [21; 22]:
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where = pH, p is mobility, T = RC. Relative change of impedance [23]
(Z(H)-Z(0) _ () —e(H) _ P )
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and its component is satisfactorily described by this function in the region of small concentrations
(Fig. 3). As a result, from the impedance it is possible to obtain information about the electrical non-
homogeneity [24] and dielectric permittivity in the medium [25; 26].
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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 ¢sS 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 ¢4MngosSe (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, ;Mn, 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 ¢gMnyoSe (d). The experimental results are described by formula (5) (solid lines 6, 9)

4. Conclusion
In (MnSe);_«(Tmy 76Se) the prevalence of the reactive part of impedance is found, in the sulfide
TmypsMng9sS the real part of impedance predominates. With increasing concentration of manganese
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substitution by tulium, the impedance and its components increase by an order of magnitude. Charge
ordering may be formed and the capacitance increases by two orders of magnitude. Relaxation of
charge carriers is described in the Debye model. The activation character of relaxation time and activa-
tion energy are found. For small concentrations, the impedance increases in magnetic field in chalco-
genides. With increasing concentration, the magnetoimpedance changes sign in frequency and tem-
perature. The increase of impedance in the field is caused by the decrease of dielectric permittivity in
the magnetic field.
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