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THERMODYNAMICS OF THE POINT DEFECTS IN THE METALLIC
PHASE OF THE SAMARIUM MONOSULPHIDE

I.V. GORICHOK, M.O. SHEVCHUK, V.M. BOYCHUK

Abstract. The equilibrial values of the vacancy concentration of chalcogen and antistructural
samarium atoms in metallic phase of SmS were calculated by minimization the crystal
thermodynamic potential. It was determined that the dominant defects are Smj at the
concentration of samarium 50,5-54 at. % and at the temperature of T=300-400 K. Also the
concentration of negatively charged sulfur vacancies I~ is less on 1-2 points. The concentric
dependence of samarium monosulphide density was explained using this offered model.
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1. INTRODUCTION

Samarium monosulphide is a promising material for using it in many branches of electronics that is
conditioned by the complex of unique qualities [1-3]. In particular it concerns the huge tensoresistive
effect, isomorphic phase transition of the I kind semiconductor-metal at the low pressure and also the
appearance of electric power at steady warming of this sample under the condition of absent external
temperature gradients [1-3].

The wide spectrum of properties is caused by the peculiarities of the material energetic structure
and first of all by the presence of crystal of low energetic band formed by the metal atoms 4f-electrons
at band gap [1, 2]. Point defects have a great influence on electrical properties of SmS whose
concentration can reach to ~ 10! cm® due to wide zone of compound homogeneity displaced to
direction of the samarium surplus. Accordingly to the researches [3, 5, 8] in crystals with samarium
surplus the dominant defects are antisite samarium SmS atoms that form shallow donor levels with
ionization energy 0,045eV in crystal band gap. Also sulphur vacancies can be formed in samarium
monosulphide [6], that are considered to be shallow acceptors accordingly to [7]. But their predominant
zone or their quantitative correlation between the Vs and Sms concentrations are not expressly
established.

The main aim of this work is determination of dependence species, charge state and concentration
of dominant point defects on the degree of nonstoichiometry in the samarium monosulfide crystals.
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2. METHOD OF CALCULATION

Concentrations of point defects in crystal at the temperature T can be determined by minimization
of free energy F [8]. Taking into account the fact that all defects and samarium f-electrons are ionized in
metallic phase and that the holes concentration is lesser than the concentration of electrons and point
defects we can present the crystal thermodynamic potential as:

F=Fy+ (EV; + Fvib,VS‘)[Vs_] + (ESm;f + Fvib,Sm;')[Sm;] + (ng + ng)p — TSy 1)

where F; — free energy that is independent on defects, E — energy of point defects forming (vacancy or

antisite atom); F,;, — free vibrational energy of defect; [D] — defect concentration; ny,ng — electron’

concentration in s- and d-zone of conduction [9], Sy , — configuration entropy of anion sublattice.
Energies of single ionized donor and acceptor defects are determined according to the formula:

E,=Ey—¢&, Ei =E+g, )

Eo — energy of neutral defect forming, E1 — energy of formed defect ionization.
Change of the free vibrational energy of crystal at vacancy forming [10]:

Fp=— {3kT In (TT—G) - kT} +x-3kTIn (wﬁ) 3)
and at the forming of antisite defect:
F,;, = x-3kT In (wﬁo) (4)

x — the amount of atoms that changed frequency of their vibrations from w, to w Entropy was
determined using the Boltzmann law

Ska = kIn(Wyq) )
where W), , — thermodynamic probability:
N!
Wia = Gosoprmion ©)

where N — concentration of sites in anionic sublattice.
Concentrations of electrons in s- and d- zone of conductions can be determined using the formula:

pH=AEc

anskT ) ael T (7)

271:mdkT

ns = ( yoaelir, ng = (
where the coefficients a and b — amendments that include degree of carrier degenerations and they
are calculated by approximation of Fermi integral; u - chemical potential of electrons, mg, my — effective
electron mass in s and d zones respectively; AE, — distance between bottoms of s and d zones.
Chemical potential of electrons is determined from the equation of electroneutrality. Taking into
account that density of the states in d-zone depends on the carrier concentration we can get:

6
dE
Zy; Vs + Zgms [SmE] + N = N s - aexp (b ) + (NC 0) ( ) exp(—2b k_TC) a? eXp(Zb%

105
(8)
Therefore
_ —le (—B+\/B A+4-AZ ) )
where:

2

6
A= (Nco) = 05) exp(—2 kT
B = NC,S a
77 = ZVS— [vel+ ZSm;r [SmI]+ N

Electrons concentration in s-zone is lesser than in d-zone and that’s why we get:
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= 3ein(2) = ) - Lk @

Free energy of crystal is:

F = Fy+ (Eyz + Fyipy )V 1 + (Esmz + Fuipsmg ) [SmI] + ZZ%len (%Z)
—kT(NInN — [V IIn[V"] = [Smg]In[Smg] — (N — [V57] = [Sm]) In(N — [Ii7] = [Sm3]))
(11)
By minimizing (11) we get the equilibrial values of defects concentrations.
Thus it is important to include the condition:
[Smi] + V] = Xsm (12)
When Na >» Smy + V;~ we get analytical expression for the determining of defects’ concentrations.
It's ne cessary for this to calculate the sulphur vacancy concentration from the condition (12) as a
function of antisite defects concentration and to substitute it into (11). Differentiating (11) on the
concentration of antisite defects and equating this expression to zero we can get:

XSm

Ecot + Fyipsmt) — (By= + Foipy-)  Zgmt — Zy-
(Sms mb,SmslzT (Vs va,VS)_I_ SmSZb Vs)(l_l_ln(%)))

[Sms] =

1+ exp(
(13)

This formula is correct for rather narrow interval of defects concentration that's why we get the
results in this investigation by the minimizing of the thermodynamical potential (11). The method of
random disturbance was used for the searching function minimum (11) and the penalty function
method was used to take into account the condition (12).

Energies of neutral defects forming according to (8) were accepted equal Eo(Vs)=10.69 eV,
Ey(Smg) = 6,24 eV. Antisite defect was considered to be shallow donor with energy of ionizing 0,045 eV
[3], and sulphur vacancy as shallow acceptor with energy of ionizing Ey, + (=0.1) eV [7]. The density was
determined by the formula:

4
p=—Mgm + [sm (M — Ms) + %Ms — [vi]Ms (14)

3. RESULTS AND DISCUSSION

As you can see on the picture (Fig. 1, a) with the growth of super stoichiometric samarium content
concentration of sulphur vacancies and antisite samarium atoms is increasing. But concentration
growth of the antisite samarium atoms is slower. Such character of correlation change between point
defects determines non-linearity concentration dependence of samarium monosulphide density
(Fig. 1, b): at the low content of surplus samarium the increase of density is caused by the increase of
antisite defects concentration; and vacancy concentration does not significantly influence on this
change; at the subsequent increase of Sm content concentration of sulphur vacancies becomes the same
as concentration of antisite defects and the density increase of SmS is slowing.

In comparison with semiconducting phase of SmS, which defective subsystem is reported in [8], the
concentration of sulphur vacancies V™ is rather higher in metal phase. Such effect can be explained that
the chalcogen vacancies, forming vacant levels near the valence band top, are traps for the free
electrons that go down from the bottom of the conductivity zone on the localized levels Vs, and
predetermine increase according to the module of crystal free energy on the one level of the band gap
width (area ~ 2,3 eV). Substantial increase of electrons concentration that takes place at isomorphic
phase transition semiconductor-metal promotes the sulphur vacancies appearance because it causes to
the considerable winning in complete crystal's energy.

It should be mentioned that the change of vibrations frequency of atoms near defects was accepted
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as one in calculation. For the antisite defects Sm{ as it is showed in [8], such supposition is correct but
for sulphur vacancies — the situation is more complicated: exactness of the theoretical methods of
calculating w/wois insufficient for using calculated numerical values at the modeling, and experimental
determination of this value has different difficulties. But as far as calculation curve o (Xsm) (Fig.1 b)
satisfactorily describes experimental data it should be supposed that real value w/wo for sulphus

vacancy is indeed close to one.
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Fig. 1. Dependences of the electron concentrations n, point defects (1-Sm, 2 - V) (a)

and density p (b) on content of Sm in metal phase of samarium monosulphide.

4. CONCLUSIONS

1. Using the method based on the minimization of thermodynamical potential of crystal as function
of defects concentration, dependences of the sulphur vacancies and antisite samarium atoms
concentration in the area of homogeneity were calculated.

2. It was investigated that at the concentration of the superstoichometrical samarium 0,5-4.0 at% the
predominant type of defects is antisite samarium atoms and the concentration of sulphur vacancy is on
1-2 points lower.
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3. Non-lineal growth of the SmS density with the increase of samarium atoms amount in the range
~ 0,5 to 4,0 at% Sm was explained on the base of the obtained dependences of the point defect
concentration on chemical composition of crystals.
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lopivox L.B. Illeuyk M.O., boitayk B.M. Tepmoaumnamika TOUKOBMX Ae(eKTiB y MeTaaiuHin ¢asi
MOHocyabdiay camapiio. 2Kyphaa Ipuxapnamcoxozo yrisepcumemy imeni Bacurs Cmeganuxa, 3 (1) (2016), 65—
70.

MiniMisalli€lo TepMOAMHaMIiYHOTO IIOTeHIlialdy KpucTada BU3HAUYeHO PiBHOBakKHI 3HaueHH:
KOHLIeHTpaLiii BaKaHCill cyzu;d)ypy Ta aHTUCTPYKTYPHUX aTOMIB camMapilo y MeTaAiyHin cl>a3i MOHocyAL(l)iAy
camapiio SmS. BcraHosaeHo, 1110 Ipy BMICTi aToMiB MeTaay y crioayiii 50,5-54 at. % sa Ttemmneparyp 300-400 K
AomiHyounMu  gedpekraMyu € OAHOKpPATHO IIO3UTMBHO IOHI30BaHI aHTUCTPYKTYpHi Jedexktn Smi, a
KOHIIEHTpallisl HeTaTMBHO 3apsAKeHMX BakaHCit cyasdypy Vi~ € Ha 1-2 mopsaxm Huokdyoo. Ha ocHoBi
3aIIpOIIOHOBAHOI MOJeAi AeeKTHOI IACHCTeMM IIOJCHEHO MOHOTOHHY 3aA€KHICTb TYCTMHM caMapiii
MOHOCyAbdiay Bia BMicTy caMapilo.

Karo4aoBsi caosa: MOHocyAquiA caMapilo, TOYKOBI A,ecl)eKTI/I.



