Properties of the solid solution (Cdy ¢9Zn0.31);AS;
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Abstract
Recent studies of Cd;As; have revealed the topological aspect of its electrical properties. At the
same time, the attention of researchers is attracted by the study of the properties of solid solu-
tions of the Dirac semimetal Cd;As,. The modified Bridgeman method was used to obtain single
crystals of (Cdg9Zng31)3As,. It has been established that the studied sample crystallizes 1in space
group P4,/nmc with lattice parameters a = 8.78 A, b = 12.42 A. We have investigated the electri-
cal conductivity 1n the temperature range from 10 to 300 K and in a magnetic field of 1 T, and
determined the temperature dependences of the concentration and mobility of charge carriers. It
has been established that 1n the temperature range from 10 to 33 K, hopping conduction with a
variable length of the Mott-type hoping takes place, and 1ts micro parameters have been deter-

mined.
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1.Introduction

Among topological materials, the narrow-gap semiconductor cadmium arsenide (Cd;As,) with an
inverted structure of energy bands and the highest carrier mobility among semiconductors and sem-
imetals (largely exceeding 10* cm?®/(V-s) at the room temperature) is distinguished by its chemical
stability, low toxicity, and good manufacturability [1,2]. Cd;As, was believed to manifest an invert-
ed band structure due to the spin-orbital coupling (SOC) [3]. The 3D Dirac cones of Cd;As, have
been observed 1n angle-resolved photoemission spectroscopy (ARPES) [2,4,5]. At low Zn content
vapor phase synthesized (Cd;_«Zn,);As, (CZA) single crystals are demonstrated the Dirac semimet-
al phase [6 - 8]. Within 0.3<x< 0.5 composition region a transition from an inverted band structure
1s expected, accompanied by a transition from a topological phase to a trivial band semiconductor

2. Experiment
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Fig. 1. The spectrum of EDX from the surface of (Cd,
~Z1ny)3As; corresponds to the composition (x=0.31)
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010 to 300K, and the Hall effect in a magnetic

Fig.2. Powder diffraction pattern of the (Cd;.

Zny)3As, sample.

The modified Bridgman method was used to
obtain CZA single crystals. Stoichiometric
amounts of Cd;As, and Zn3;As, binary compounds
were placed 1n a graphitized and evacuated quartz
ampoule. The CZA melt was slowly cooled from
the melting temperature of 838°C at a rate of 5°C/
h 1n the furnace temperature gradient.

The composition of the samples and their ho-
mogeneity were controlled by powder x-ray dif-
fraction and energy dispersive x-ray spectroscopy
(EDX). X-ray phase analysis (XPA) of the sample
was performed using a GBC EMMA X-ray dif-
fractometer (Cu Ka radiation, L = 1.5401 A) at the
room temperature. It has been established that the
studied sample crystallizes in space group P4,/
nmc with lattice parameters a = 8.78 A, b = 12.42
A [9]. To study the composition and distribution of
elements on the surface, we used a JSM-6610LV
(Jeol) scanning electron microscope (SEM) with
an X-Max" (Oxford Instruments) energy disper-
sive X-ray spectroscopy (EDX) attachment.

Figure 1 shows the EDX spectrum from the
surface of the (Cd;. Zny);As, sample. Figure 2
shows the powder diffraction pattern of the (Cd;.
ZNy)3As, sample.

Samples for the study of electrical con-

ductivity by the six-probe method were par-
allelepipeds 1.35%x0.67x0.50mm. The tem-
perature dependence of electrical conductivi-
ty was studied 1n the temperature range from

field 1T.

The results of the study of the temperature dependence of the resistivity of a solid solution single crys-
tal (Cdy.¢9 Zng31)3AS; are shown in Figure 3. In the inset to Figure 3, the section corresponding to the vari-
able range of the hopping conductivity according to Mott 1s highlighted.

3. Results and discussions

As the temperature decreases from 320 K, the resistivity decreases from 2-10~ Q-cm at 300 K to a mini-
mum of 5-10™ Q-cm at 30 K, and then gradually increases. This behavior is typical of the Anderson tran-
sition [10]. The study of the Hall Effect in a magnetic field of 1 T made 1t possible to calculate the Hall
coefficient RH, the concentration and mobility of charge carriers. At a temperature of 10 K, the concen-
tration of charge carriers was equal to 2.81-10'" cm™, decreasing with increasing temperature to 30 K cor-
responding to the metal-insulator transition. Above 30 K, an activation increase in the concentration of
charge carriers was observed, which is typical for impurity semiconductors up to a value of 3.05-10"" cm’
>. The mobility of charge carriers, m, exhibits behavior characteristic of semiconductors, increasing with
decreasing temperature. The value of mobility 1s maxi-
mum at the metal-dielectric transition point at a tem-
perature of 30 K and is 4.51:104 cm” V' s™. A further
decrease 1in temperature leads to a decrease 1n mobility
to 4.16-10" cm” V' s™ at a temperature of 10 K. The
mechanisms of charge carrier scattering were evaluat-

ed.

At low temperatures, in the temperature range from
10 to 30 K, scattering by 1onized impurity atoms and
mobility m~T>* prevail. In the temperature range from
| | | 30 to 300 K, scattering by thermal vibrations of the
0 100 200 300 crystal lattice, u~T"%, predominates. In the inset to

1, K Fig.3 a linear section of the temperature dependence of
the resistivity in the temperature range from 10 to 33 K,
corresponding to the mechanism of hopping conduction
by the states of the impurity band, is distinguished. Hop-
ping conductivity is described by the universal equation
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Fig. 3. Temperature dependence of the re-
sistivity of (Cdg ¢9Zng 31)3As, solid solution
single crystal. The temperature range 10-
33 K on the Fig. 3. insert corresponding to
Mott variable range. hopping conductivity. ~ [10-12]: o(T) = DT™ exp (T?ﬂ)p

where D 1s a constant coefficient, T, 1s the characteristic temperature, and the parameters m and p depend
on the mechanism of hopping conduction. We have determined the values of the parameters m=1/4 and p
= 1/4, which indicates the predominance of the mechanism of hopping conduction with a variable range
hop according to Mott. Calculating the microparameters, the following obtained values of the coefficients
were used: the characteristic temperature of the hopping conductivity Ty = 28.60 K; hopping conduction
onset temperature Ty = 28.44; coefficient D = 8.488-10™. For hopping conduction with a variable hop
length, the following values of microparameters were obtained: Coulomb gap width 1n the density of lo-
calized states A = 0.43 meV; acceptor zone width W = 2.45 meV; the value of the density of localized
states outside the parabolic gap g =2.93-10"" cm™ meV™'; charge carrier localization radius a = 307 A.

4. Conclusions

Single crystals of (Cdg g9Zng 31)3AS, solid solutions were obtained by the modified Bridgman method. The
sample composition and the element distribution was controlled using JSM -6610LV (Jeol) scanning
electron microscope (SEM) with an X-MaxN (Oxford Instruments) energy dispersive X-ray spectroscopy
(EDX) attachment.

It has been established that the studied sample crystallizes in space group P4,/nmc with lattice parameters
a=2Q8.78 A, b=12.42 A. We have investigated the electrical conductivity in the temperature range from
10 to 300 K and 1n a magnetic field of 1 T, and determined the temperature dependences of the concentra-
tion and mobility of charge carriers. It has been established that in the temperature range from 10 to 33 K,
hopping conduction with a variable range of the Mott-type hop takes place, and its micro parameters have
been determined.
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JKCNEepUMeHT
MonyyeHune kepammnuecknx obpasuoB LaysS5rysMn; Fe,O; 1 ucciienopanue MeXaHu3MOB JIEKTPONPOBOIHOCTH

Kepamuueckue o0pasubl Lag sSrgsMngoFeg 103 u Lag sSrg sMnO3;  ObUIM mONy4YeHBI ¢ HPUMEHEHHUEM CTaHIApPTHOM TBEpAo(a3HOM peakluu. 1 CHHTe3a UCII0JIb30BaINCh UCXOAHbIe MaTepuansl La,03, MnO,, Fe,0; u SrCO3. CMecu NOpoIKoB HCXOIHBIX MaTepHAIOB OTKUTAJINCh HA BO3AYXE IIf
MEXYTOYHBIM U3MeIbdeHHEM. [1oydeHHBIA NOPOIIOK IpeccoBaiics B Ta0neTku noa AaBieHueM 2000 kr/cM2, 3aTeM TaOJIETKH OTXKUTAIUCh Ha Bo3ayxe npu temneparype 1360°C B TeueHue 22 4yacoB. B cOOTBETCTBHUM ¢ pe3ynbTaraMy PEHTI€HO()Aa30BOI0 aHAIM3a ObLJIO YCTAHOBJICHO, BCE 00PA3IIbI CC
Laj sSro sMnOs; R-3c, hexagonal , a =5.473408 , b=5.473408 , ¢ = 13.345732; LajsSrosMngyoFey 03 R-3c, hexagonal, a=5.477067,b=5.477067, c = 13.353921;

M3MepeHus 3JIEKTPOIIPOBOJHOCTH M MAarHETOCOIIPOTUBIICHUS OBLIIM TPOBEACHBI HA ABTOMATU3MPOBAHHOM YCTaHOBKE 3aMKkHyTOro nukia (Mini Cryogen Free Measurements System (Cryogenic Ltd, UK)) B uaTepaiie temmneparyp 20 + 300 K 1 B MmaruutHoM niose 10 1 To. I[TomydeHHble TemMnepa
HETOCOIPOTUBIICHUs KepaMUueCcKuxX o0pasnoB Lay sSrysMnOs u Lag sSrgsMngoFeq ;05 (eMm. Fig. 1 (Abstract) u Puc. 3) cylmecTBeHHO OTIMYanyuch OT UCCIEN0BAaHHBIX paHee 00pa3nos Lag 7Sty sMn; Fe, O3 ¢ conepxanuem xenesa 0.03 <y <0.25 [3]. B 00oux uccienosanHbix 00pasnax HaOIOqal
BpPEMs KaK B CUCTEME TBEPABIX pacTBOPOB Lag 751y 3sMn,; Fe, O3 Habmronancs 3¢ (EeKT KonoccanbHOr0 MarHeTOCONPOTUBIICHHUS (IIOAABJICHHS CONIPOTUBIICHHs 00pa3lia BHEIIHUM II0JIEM). JIeTupoBaHue XKeJIe30M IPUBOAWIO K POCTY YACIBHOIO COIPOTUBIICHUS, COIPOBOXKIAIOIIEECS IIPEBPALLEHUEM M
BalIMOHHYO Iipu y= (0.235.

Jl1a kepamudeckux 00pa3noB Lag sSrgsMnO3;  ObUIM yCTaHOBJIEHBI TEMIIEpATyPHBIC AUATA30HbBI U TUIT IPHIKKOBOW MPOBOJUMOCTH, YKa3aHO COMPOTUBIICHUE Py U dHEprusa aktuBauuu Ea, (cMm. Tomuiyl)
Kak BugHO u3 cpaBHeHus puc. 4,puc. 5, puc. 6 u Fig 1 u (Abstract) nerupoBanue 10% Fe npuBoauT K CHIILBHOMY U3MEHEHUIO TEMIIEPATypPHOM 3aBUCUMOCTH COPOTHUBJICHUS B HYJIEBOM U MarHuTHOM nosie 1T, JlerupoBaHue kejie30M MPUBEIO K MCYE3HOBEHUIO HU3KOTEMIIEPATYPHOTO Y4aCTKa MPhI
BOJMMOCTH C IEPEMEHHOM JJIMHHOM NpblKKa 110 [IKII0BCKOMY —2(pOoC CMECTHIICS B 00J1€€ BBICOKME TEMIIECPATYPHI.



Discussion

The analysis of the experimental neutron diffraction patterns Lay,Cag3Mng sFep sO; sample (see Fig.3) indicates on the formation of antiferromagnetic long-range ordering G-type [10]. In the AFM phase of G-type direction of the magnetic moment of each Mn 10n opposite to the direction of tl
parently from Fig. 3, in the samples with decreasing temperature there is an increase in the peak intensity at the interplanar spacing d = 4.45 A which indicates the formation of antiferromagnetic ordering of the G-type. Analysis of the temperature dependence of the average magnetic moments of ic
tion temperature 1n the AFM state of the G-type 1s 350 K for Lay;,Cag3Mng sFeq505. The magnetic moments of one Mn / Fe ion accounted 0.9 uB at 10 K. Throughout the temperature range 10 ~ 300 K has not been detected appearance additional contribution to the intensity of the nuclear peaks a
ferromagnetism in manganite perovskites [11].Thus, from a comparison of the results of the analysis of experimental neutron diffraction patterns and temperature dependence of the magnetization, M (T) Lay;Cag3MngsFeysO; sample we conclude that the antiferromagnetic long-range ordering G-
perature in 350 K . With decreasing temperature there 1s an increase in the neutron diffraction patterns peak intensity the AFM state of the G-type and simultaneously the temperature dependence of the magnetization, M (T) suggests the frustration of magnetic ground state and the existence of a sp:



