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Abstract—The dimensionless thermoelectric figure of merit and magnetic field production ability of “natu-
ral” nanostructures—layered ternary alloys (TA) of the family [(Ge, Sn, Pb)(Te, Se)],, [(Bi,Sb),(Te,Se)3],,,
with non-isovalent cationic substitution (Ge, Sn, Pb <> Bi, Sb) are investigated. In the transition from binary
alloys (BA) to TA, we observed the formation of the phase “phonon glass—electronic crystal” (PGEC) and
its subsequent degeneracy, accompanied by sharp increase in the carrier densities in the samples. As a result,
the size ZT of samples went down, and the size X substantially increased, which speaks in the work to forma-
tion of a degenerated PGEC phase under non-isovalent cationic substitution in the samples. Comparison
with known thermoelectric materials (TEMs) (metals, semimetals, and semiconductors) used for production
of magnetic fields H in contours of short-circuited TC has shown that the investigated TA forms a new class
of TEMs for magnetic field production with raised values of parameters X and Y.
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INTRODUCTION

Presently, direct transformation of thermal energy
into electric energy is performed using various ther-
moelectric transformers (TET): generators, coolers,
and heaters. Active elements of TET are represented by
thermocouples (TC), which consist of branches of hole
(p-type) and electron (n-type) conductivity forming a
p—n transition. Manufacturing of p- and n-branches
involves various metallic, semimetallic, and semicon-
ducting thermoelectric materials (TEM) [1—3].

The efficiency of TEM operation is defined by the
parameter of dimensionless thermoelectric figure of
merit Z7, which defines the efficiency of transforma-
tion of energy 1 in TET

27 = 4L = 29T (1)

K K
where A= 0’G is a parameter of thermoelectric power;
o is the differential thermo-EMF; 6 = p~! is the spe-
cific electrical conductivity; p is the specific electrical
resistance; K = K,;, + X, is the specific thermal conduc-
tivity; K, and Kk, are the electron and phonon (lattice)

components of thermal conductivity, respectively; and
T'is the absolute temperature [4].

The principle of universality of parameter Z7T is
maintained for most operating regimes of TET (regime
of maximum power W, .., regime of maximum effi-
ciency Max €tc.). An exception is regime of maximum
current /.., which is used for obtaining magnetic
fields in contours of short-circuited TC [5]. According
to [5], in 7, regime, the efficiency of transformation
of thermal flux into electric current Q — [ for small
temperature differences A, is described by the “current
coefficient” (CC)

q pxk+0’T 1+ZT 1+ZT

where j = I/S and g = Q/2.5 are the densities of electric
current / and thermal flux Q through TC, respectively;
§=S§,=38, 8,and §, are the cross section of the p-

(2

and n-legs; Y= o] 0_Zja parameter of magnetic field

production ability of TEM; o. = o, and o = |o.,| are for
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Fig. 1. Seebeck experiment on the observation of thermo-
electricity (1821). Thermocouple legs: K—Cu; B—Bi.
(Here sn is the magnetic needle; N and S are geographical
“north” and “south”) [6].

Qol
Ty

Fig. 2. Construction of thermocouple based on metallic
materials for obtaining strong magnetic fields H in high-

temperature plasma flows (/> 10° A, H> 107 A/m) [5].

Fig. 3. Equivalent circuit of the short-circuited thermo-
couple. Notation: R', R, and RIT, R2T are electrical and

thermal resistances of the legs, R,-T is inner thermal resis-
tance of heater, Oy and Q; are input and output heat flows,
and E'= 0AT] is the electrical voltage of the thermocouple.

Circuits of thermocouple: (/) electric, (2) thermal.

materials of p- and n-type of conductivity; and o =
o, — o, is for TC as a whole. The 1, regime takes a
special place in thermoelectricity (TE) and its applica-
tions. It is related to the first observation of TE phe-
nomenon in TC Bi/Cu and Sb/Cu (T. Seebeck, 1821)
(Fig. 1) [6] as well as to obtainment of unprecedented
magnetic fields (H to 10° A/m and greater) in fluxes of
high-temperature plasma (Fig. 2) [5, 7-9]. The
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advantage of TC in obtaining magnetic fields H over
permanent magnets and electromagnets is connected
with the absence of the Curie temperature in TC and
external source of current, respectively [7, 8].

Equivalent circuit of a short-circuited TC operat-
ing in [, regime is presented in Fig. 3. Passing of
thermal flux Q by heat chain of TC (2) (Fig. 3) causes
appearance of current / in its electric circuit (1). In
turn, the magnetic field of current H 1 /appears in the
contour of TC, whose value depend on shape of the
contour, its area .S, and the number of windings N
(Fig. 3) [10]. The electric current of TC is equal to

((X’P — an)ATi
Polp y Puln
S S

P n

I =

the absolute value of the magnetic field in the center of
TC for a rectangular contour is

2 2,1/2
. =8N@ b))
4rab

where /, and /, are the height of branches, a and b are
the sides of the rectangle, and AT = (T, — T}) and
AT, = (T; — T)) are the initial and operating tempera-
ture differences [10]. Attainment of the [, regime
requires optimization of electric

3
Sp opt ﬁplp
and thermal circuits of TC

Kn — KP
L,

P

consisting of n- and p-branches connected to each
other sequentially and in parallel, respectively (Fig. 3).
At the same time, for agreement with internal thermal

resistance of heater R, , the total thermal resistance of

TC is selected in accordance with Lenz’s law
R'R

#} , (3)

R +R)
which provides maximum thermal pressure Q,A7; on
branches (Fig. 3) [4, 11—13].

Expressions (1) and (2) imply that high values of
ZT do not guarantee high values of parameter X of
TEM. In [5] it was noted that, in view of parameter X,
some metal alloys may exceed semiconductors with
ZT greater by an order of magnitude, especially in the
domain of high temperatures [6]. Reduction of
parameter X in TEM with high values of ZT is con-
nected with the effect of the Le Chatelier—Braun prin-
ciple, which leads to decreasing AT, owing to Peltier
effect taking place during flow of current 7 in short-
circuit TC [4, 9]. In this way, creation of TE sources of
I and H requires special optimization of TEM with

R =+2z1) 2[
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respect to parameter X, which is different from stan-
dard optimization with respect to parameter Z7T'[1, 5].

Earlier a series of new physical phenomena [14—
16] (selective disordering of cation and (or) anion sub-
lattices causing simultaneous amorphous behavior of
lattice thermal conductivity K, and electrical conduc-
tivity ¢) was observed in narrow-gap semiconducting
materials—layered ternary alloys (TA) of family [(Ge,
Sn’ Pb)(Tea Se)]m [(Bla Sb)2(Tease)3]n (m’ n= 03 19 2’ )
with non-isovalent cationic substitution (Ge, Sn, Pb <>
Bi, Sb). TA are also characterized by “concentration
collapse” (CC)—sharp increment of concentration of
electrons (holes) n(p) = 10" = (2—5) x 10?° cm3 as
compared with binary alloys (BA) (m, n =0) [16]. The
mentioned phenomena in TA do not occur for isova-
lent replacement Ge <> Pb <» Sn and Bi <> Sb [16].
Such phenomena were explained by formation of
phase “phonon glass—electronic crystal” (PGEC) in
TA [17]:

-t R @
a a
and its degeneration (PGEC — phonon glass—elec-
tronic glass) [14—16]:

1 - 7\/ph ~ £’ (5)
a a
2 \I/3
where A, = 3Kpn and A, = Vg (1) = h(?”f_znj e
N e

the mean free paths of phonons and electrons in the
samples, a ~ 0.3 nm is the shortest interatomic dis-
tance, V' ~ 3000 m/s is characteristic value of sonic

mol

speed in solid bodies, C = is the heat capacity of

unit volume, C,,, is the molar heat capacity, d is the
density, M is the molecular mass, vy is the Fermi

velocity, (t) = T,E "2 s the average relaxation time of
electrons with respect to energy E, r is a scattering
parameter, T, is a factor which does not depend on

3/2
energy, 7 is the concentration of carriers, N = (m—j
mC
is the number of extrema in the zone, m,, my, and | are
effective masses of conductivity, state density, and
mobility of electrons, and e is the elementary charge)
[18, 19].

Earlier two TA, of the researched family
(GeTe),,(Bi,Te;), and PbBi,(Te,_,Se,)s .5, which
belong to the degenerated phase of PGEC (expres-
sion (5)), showed increased values of magnetic field
production coefficients X and Y. As a result the alloys
turned out to be promising TEM, which are appropri-
ate for obtaining large magnetic fields H in contours of
short-circuited thermocouples [ 14, 15].

The aim of this work is to (1) search for new TEM
with high values of coefficients X and Y among other
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TA of the family; (2) explain high values of magnetic
field production ability of TA, which are reached in
degenerated PGEC phase of TA; (3) determine the
place of researched TA among other groups of TEM
(metals, semimetals, and semiconductors) with mag-
netic field production.

EXPERIMENTAL

In the investigations, we used layered polycrys-
talline ternary alloys (TA): 1—(GeTe),,(Bi,Tes),;
2—(GeTe),,(Sb,Tes),;  3—(SnTe),(BiyTe;),; 4—
(PbTe),(Bi,Te;),; 5—(PbSe),(Bi,Se;),; and 6—
(PbTe),,(Sb,Tes),, with trigonal (1—4, 6) or mono-
clinic (5) symmetry (Table 1) [14—16]. Alloys were
synthesized from high-purity components (content of
the main substance not less than 99.999 at %) in vac-
uum quartz ampules at temperature 7= 1020—1190 K,
which were then cooled to 770 K at rate of 4 K/min.
The obtained samples were burned at temperature of
770 K for 200—400 h and then annealed in water with
ice. After annealing, the average size of crystalline
grain constituted 50—100 pm.

X-ray studies [ 14, 15] showed that the obtained lay-
ered TA represent natural nanostructures with discrete
nanospectrum § = §;; &,, which appears sponta-
neously during crystallization of TA and maintains its
stability in the whole temperature interval up to tem-
perature of melting of compounds (7;,, ~ 900 K). Here
€, = 1-3 nm is the thickness of layer packets; &, = 2—
20 nm is the period of superstructures forming in TS
depending on their content (m, n). Nanospectra § =
€,; &, of the researched family of TA partially superim-
pose on one another and together cover the interval
A& = 1-20 nm, which is the most interesting for ther-
moelectric applications of materials [18].

Thermoelectric parameters o, ¢, and K of alloys
were measured by a stationary method on the facilities
of the Ioffe PTI Laboratory (St. Petersburg) for tem-
perature difference AT < 10 K using samples with sizes
of 7 x 7 x 15 mm? with accuracy of 3, 3, and ~10%,
respectively. In this work we determined the following:
the type of conductivity of samples by sign of o; con-
centration of current carriers in samples from mea-

surements of Hall coefficient Ry = A performed on

the basis of the difference frequency Fceurrent I=02A
of frequency f; = 72 Hz, magnetic field with induction
B =0.5T with frequency f, = 50 Hz) on both samples
with size of 1.5 X 5 x 15 mm? with accuracy of ~2%
(here Ay ~ 1 is the Hall factor, and » the concentration
of current carriers); Hall mobility of current carriers in
samples from the correlation W, , = Ro; thermal con-
ductivity of crystalline lattice k,;, = K — K, from exper-
imental quantities K and ¢ (Table 1), and using the
Lorentz formula x, = L7c (L = 2.45 x 10~ (W Q/K?
is the Lorentz number corresponding to case of strong
10
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Table 1. Crystal structure and thermoelectric properties of the alloys of the family [(Ge, Sn, Pb)Te],, [(Bi, Sb),(Te,Se);],
(T'=300K) [14—16]

No. | st | AT [/ | ousgem | 10 e < 10z | vy oy
1 | GeTe (0)? 3.0 55 500 77 41 0.01 0.36 0.36
2 | GeyBiyTe),? 2.73 77 940 11.0 5.8 0.15 6.58 5.71
3 | GegBi,Te;? 2.67 74 970 12.0 7.3 0.13 5.98 5.28
4 | Ge,Bi,Te,y 2.61 72 720 7.0 6.3 0.16 7.41 6.38
5 | GegBi,Teq? 2.29 67 750 11.0 5.4 0.09 4.57 4.18
6 | GesBi,Teg” 1.64 69 740 9.0 5.5 0.12 5.67 5.08
7 | Ge,B,Te,? 1.54 56 580 4.0 3.7 0.14 8.12 7.15
8 | Ge;Bi,Teg? 1.47 53 530 9.0 4.6 0.05 3.12 2.97
9 | Ge,Bi,Tes" 0.99 57 700 8.0 5.1 0.09 4.99 4.60
10 | GeBi,Te,? 0.53 ~56 775 12.0 6.3 0.06 3.62 3.41
11 | Ge,,Bi,Teg 0.56 ~100 128 5 4 0.08 2.56 2.38
12 | GeBi,Te,® 0.8 —66 1070 14.1 6.3 0.10 5.01 4.56
13 | GeBigTe,? 1.2 —65 920 14.4 7.6 0.08 4.15 3.84
14 | GeBigTe —62 920 13.0 0.08 4.39 4.06
15 | GeBijTe 6 —16 255 9.0 0.00 0.45 0.45
16 | Ge,Bi, Te,, 2.70 -75 1200 12.7 7.9 0.16 7.09 6.11
17 | Bi,Tes? 0.1 240 800 19.2 12.8 0.72 10.00 5.81
18 | GesSb,Teg" 37 261 36 0.00 0.27 0.27
19 | Ge,Sb,Te,* 43 44 1620 10.8 0.09 6.60 6.07
20 | Ge,Sb,Teg? 2.93 34 2910 27 5.7 0.04 3.66 3.53
21 | Ge,Sb,Tes" 4.28 30.6 3420 30.0 5.0 0.03 3.49 3.38
22 | GeSb,Te,? 3.39 33 2801 33 12.4 0.03 2.80 2.73
23 | GeSb,Te," 3.43 34.5 3420 37.0 12.0 0.03 3.19 3.09
24 | GeSbgTe,,? 2.7 37 1300 22.2 10.4 0.02 2.17 2.12
25 | GeSbgTe 3 3.2 25 1630 30.0 12.7 0.01 1.36 1.34
26 |Sb2Te3? 1.0 80 1000 50 13.1 0.04 1.60 1.54
27 | SnTe® 3.0 15 500 61 29.0 0.00 0.12 | 0.12
28 | Sn,Bi,Tes’ 30 1750

29 | SnBi,Teg 80 800 75 3.5 0.20 8.53 7.08
30 |SnBi,Te;’ -20 521 12.0 8.2 0.01 0.87 | 0.86
31 | SnBigTe,,? 110 250 7.0 4.5 0.13 3.93 | 3.48
32 | PbTe* 0.1 150 300 20 20.1 0.10 2.25 | 2.04
33 | PbyBiTe;s? —61 352 6.1 0.06 3.52 3.31
34 PbsBi,Te,,* -28 454 12.1 0.01 1.05 1.04
35 | PbBi,Te, 2.0 ~56 775 12.0 6.3 0.06 3.62 3.41
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Table 1. (Contd.)

No | andsrmemeor s | @V o sjem | ST St S
36 | Pb,BigTe,? 1.55 —40 1300 16.0 5.95 0.04 3.25 3.13
37 | PbBi,Te,° 2.4 —54 1483 18.0 6.0 0.07 4.45 4.15
38 | PbBigTe,,? 2.2 —47 870 12.7 7.2 0.05 3.22 3.08
39 | PbBigTe,5? 2.7 —38 1064 15.3 7.3 0.03 2.64 2.57
40 | PbSe* 0.04 150 400 16 16.1 0.17 3.75 | 3.21
41 | Pb;Bi,Seg —74 184 6.8 0.04 2.00 1.92
42 | PbsBigSe, ¢ 0.86 —28 454 6.4 7.2 0.02 1.99 1.95
43 | PbBi,Se,? -32 330 9.4 0.01 L2 | L1
44 | PbsBi;Se,s? 1.15 —27 375 10.1 5.9 0.01 1.00 0.99
45 | PbBi,Se,* -28 1320 18.8 0.02 1.97 1.93
46 | PbsBigSes,? 1.19 —52 256 13.4 4.9 0.02 0.99 0.98
47 Bi,Se;? 0.2 —80 2000 15.5 16.6 0.25 10.32 8.27
48 | PbSb,Te,? 1 35 306 22.4 0.01 0.48 0.48

* Spatial groups of symmetry: (a) R3m; (b) P3my; (c) Fm3m; (d) P2;/m [22]. n, p—concentration of current carriers; o.—differential
thermo-EMF; 6—specific electrical conductivity; k—specific thermal conductivity; p—specific resistance; K,,—phonon (lattice) compo-
nent of thermal conductivity; Z7—thermoelectric quality; X—coefficient of current; Y—parameter of magnetic field production ability.

Fermi degeneration of electrons (holes) Le >4, Epis

0
the energy of the Fermi level, and k;, is the Boltzmann
constant) [2].

The width of the band gap of TA E, was estimated
by Vergard’s law from the correlation

E - mE; + nE:
g b
m+n

using known values E, and E, of BA [20, 21]. The
energy of the Fermi level £ counted from the edges of
the zones of conductivity and valent for samples of #n-
and p-type conductivity, respectively, was determined
by the method of thermo-EMEF for the case of acoustic
scattering of electrons in samples (» = 0). The effective
masses of state density

2 .23

my _ h(3n"n)

my 2E:m,

were computed on the basis of the found values of i, p,
and Ex (h = 1.0542 x 10% erg/s is the Planck con-
stant, and m, = 9.1 x 10728 g is the mass of electron)
[2]. Correlations (4) and (5) were used as conditions of
PGEC phase formation and its degeneration.

INORGANIC MATERIALS: APPLIED RESEARCH Vol

RESULTS OF INVESTIGATIONS

Tables 1 and 2 present the results of investigations for
thermoelectric properties and zone structure of BA and
TA of family [(Ge, Sn, Pb)Te],[(Bi, Sb),(Te,Se),],.
Figures 4—6 show results of statistical processing of the
obtained data. Dashes in Figs. 4—6 show parameters of
“mother” BA (Bi,Te;) (crosses); dots correspond to
statistical linear trends (SLT) (basic tendencies) of the
studied dependences with respect to kinetic and zone
parameters of TA.

The dependences of parameters n, p, and Z7 on the
content of BA and TA are presented in Figs. 4 and 5. It
can be seen in Fig. 4 that values of #n and p increase by
~10—27 times during transition BA — TA (shown with
arrows) and exceed values optimal for reaching
(ZT)ax Of TEM (11, p)op ~ 1 % 10% cm™ for 7= 300 K
[1, 23]. At the same time, the value ZT of TA decreases
by 4—10 times as compared with Bi, Te; (Fig. 5) [2, 24].
In turn, the magnetic field production coefficients of
BA and TA vary in wide ranges: Y= 0.12—10.32 1/V
and X=0.12—8.27 1/V;, their average values for TA are

Y ~3.621/Vand X ~ 3.22 1/V (Table 1, Fig. 6). In
addition, the largest values of parameter X were observed
for TA of the following groups: 1—X ~4.251/V;4—X ~
2.84 1/V; 5—X ~ 2.84 1/V. The best parameters

among all the studied TA of the family belong to sam-
pleS p—Ge4Bi2Te7 (X ~ 7.15 I/V), n‘GezBiloTe” (X ~
10
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Table 2. Band parameters and mean free paths of phonons and electrons (holes) of the alloys [(Ge, Sn, Pb)Te],, [(Bi,
Sb),(Te,Se)s],, (7= 300 K)

No. Content E,eV| EpeV mgy/m W, cm?/(V's) Aon/a Ao/a Tnas K| Xinax> 1/V
1 o-GeTe 0.1 0.13 0.90 124 8.88 21.20 300 0.36
2 GegBi,Te, 0.11 0.08 1.36 22 1.38 1.12 300 5.71
3 GegBiyTey 0.11 0.09 1.15 23 1.76 1.16 300 5.28
4 |Ge,BiTey, 0.11 0.10 1.10 17 1.53 0.85 300 6.38
5 GegBi,Teq 0.11 0.11 0.91 20 1.33 0.96 300 4.18
6 Ge;Bi,Teg 0.11 0.08 1.00 28 1.37 1.20 300 5.08
7 Ge,Bi,Te, 0.11 0.12 0.63 24 0.94 1.01 300 7.15
8 Ge;3Bi,Teg 0.12 0.12 0.58 23 1.19 0.95 310 3.07
9 Ge,Bi,Tes 0.13 0.12 0.48 44 1.35 1.60 320 4.8

10 Ge,,Bi,Te, 0.13 0.07 0.55 15 1.09 0.45 330 3.71

11 GeBi,Tey 0.13 0.12 0.31 24 1.72 0.71 330 2.68

12 GeBi,Te, 0.14 0.11 0.45 24 1.74 0.81 340 4.96

13 GeBigTe, 0.15 0.09 0.70 48 2.10 1.86 350 4.24

14 |GeBigTeys 0.15 0.1 350 4.56

15 GeBiTe 0.15 0.18 350 0.95

16 |Ge,Bi, Te, 0.14 0.09 1.27 28 2.18 1.42 340 6.61

17 |Bi,Tes 0.16 | —0.02 0.79 510 3.50 8.70 360 6.41

18 | GesSb,Teg 0.14 340 0.67

19 |Ge,Sb,Te, 0.14 0.13 111 340 6.47

20 | Ge;Sb,Teg 0.15 0.15 0.76 62 1.34 3.22 350 4.03

21 | Ge,Sb,Tes 0.16 0.16 0.94 50 119 2.95 360 3.98

22 GeSb,Tey 0.20 0.15 0.84 52 3.02 2.84 400 3.73

23 GeSb,Te, 0.23 0.15 0.84 62 2.96 3.39 500 5.09

24 | GeSbTey 0.23 0.14 0.75 30 2.57 1.52 500 412

25 | GeSbyTeys 0.26 0.17 0.72 32 3.15 1.71 520 3.54

26 |Sb,Te; 0.3 0.07 0.75 312 3.27 11.37 500 3.54

27 |snTe 0.2 0.19 0.62 300 814 | 1572 400 112

28 Sn,Bi,Tes 0.19 0.16 390 0.9

29 SnBi,Te, 0.16 0.07 0.84 360 7.68

30 [SnBi,Te, 0.17 0.18 1.89 370 1.56

31 SnBigTe 0.17 0.05 1.02 370 4.18

32 PbTe 0.32 0.03 0.47 840 5.44 18.72 510 4.14

33 | PboBi,Te,s 0.29 0.11 500 5.31

34 Pb;BigTe 4 0.26 0.16 520 3.24

35 PbBi,Te, 0.24 0.12 0.75 24 1.70 1.10 510 5.51

36 Pb,BigTey; 0.22 0.14 0.55 39 1.61 1.64 490 5.03

37 PbBi,Te, 0.21 0.12 0.82 28 1.63 1.36 450 5.65

38 PbBigTe,, 0.20 0.13 0.72 25 1.96 1.18 400 4.08

39 PbBigTe; 0.19 0.14 0.75 24 1.99 1.21 390 3.47

40 PbSe 0.29 0.03 0.26 1045 3.77 17.21 500 5.21

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 10 No. 5 2019
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Table 2. (Contd.)
No. Content E,eV| EpeV mgy/my i, cm?/(V's) Aon/a A/a Tnaxs K| Xpax> 1/V
41 Pb;Bi,Seq 0.29 0.09 500 3.92
42 Pb;BigSe 4, 0.27 0.16 0.32 33 1.22 1.14 520 4.15
43 PbBi,Sey 0.24 0.15 510 3.21
44 Pb;Bil,Se,; 0.24 0.16 0.38 20 0.85 0.76 510 3.09
45 PbBi,Se- 0.23 0.16 500 3.93
46 PbsBisSes, 0.22 0.12 0.51 13 0.65 0.50 500 2.98
47 Bi,Se; 0.18 0.07 0.28 600 3.81 12.86 380 9.07
48 PbSb,Te, 0.31 0.15 510 2.58

Eg—width of the band gap; Eg—Fermi energy; my/my—effective mass of density of states; L—mobility of electrons.

6.11 1/V), and p-SnBi,Te, (X~ 7.08 1/V) (T = 300 K)
(Table 1).

Analysis of dependences Y, X = f(ZT) obtained for
TA of the family showed the presence of SLT ¥, X~ ZT
(dash) (Figs. 6¢ and 6d). The mentioned dependences
are described by functions (1) and (2) taking correla-
tion ZT << 1 observed in TA into account (Table 1, Fig. 5).
At the same time, the values of parameter Y for all TA
do not exceed the corresponding values for Bi,Te;
(Fig. 6¢); however, for some TA, we have X(TC) >
X(Bi,Te,) (Fig. 6d), which is described by formula (2)
taking correlation Z7(TC) <€ ZT(Bi,Te;) into account
(Table 1, Fig. 5). In this case, the wide scatter with
respect to the content of parameters X, Y= f[n/(n + m)]
of TA (Figs. 6a and 6d) is explained by differences of
zone structure, degree of degeneration of PGEC

phase, and degree of Fermi degeneration of samples
(Table 1) [24].

10
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Fig. 4. Dependence of the carrier density #(p) on the com-
position of the TA. (/) (GeTe),, (Bi,Te3),; (2) (GeTe),,
(Sb,yTes),; (3) (SnTe),, (BiyTes)n; (4) (PbTe),, (Bi,Tes),;
(5) (PbSe),, (BiySes),,; (6) (PbSe),, (SbySe3),,. Conductivity
type: p—1I (for n/(n + m) <0.5), 2, 3; n—1 (for n/(n + m) >
0.5), 4, 5(T =300 K).
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Table 2 presents the computation of zone parame-
ters and mean free paths of phonons and electrons
(holes) in TA of the family. It can be seen that all the
studied TA represent narrow-gap semiconductors with
Fermi energy Ey > 0, which belongs to the valence
band (p-type) or conduction band (n-type). As a
result, Fermi degeneration of current carriers in TA

turns out to be strong even at room temperature & ~

4—7. Figure 7 presents schemes of zone (band) storuc—
ture (BS) of TA (d) as compared with BS of metals (a),
semimetals like Bi (b), and narrow-gap semiconduc-
tors like Bi,Te; (¢). According to Table 2, all the stud-
ied TA except strong Fermi degeneration belong to the
PGEC phase, which is also close to degeneration
already at room temperature (PGEC — “phonon
glass—electron glass”) (formulas (4) and (5)).

Table 3 and Fig. 8 present SLT results for depen-
dences dX/dB on kinetic and zone parameters of TA

Fig. 5. Dependences of the dimensionless thermoelectric
figure of merit Z7 on the composition of the TA (7= 300 K).
For notation, see Fig. 4.
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Fig. 6. Dependences of the magnetic field production ability coefficients ¥'and X on the composition (a, b) and the thermoelec-
tric figure of merit Z7 on Y and X of TA (c, d) (T = 300 K). For notation, see Fig. 4.

(B=0,0, X, K W, W/ Ky, Ep, m/my) (Tables 1 and 2).
The obtained characteristics of TA (Table 3) had vari-
ous signs and values. Positive signs of SLT of X by
parameters B = Q, G, K, K, W, W/ K, Ep, m/m are
typical of dimensionless thermoelectric quality Z7 of
TEM [1] and are explained by dependence Y ~ ZT
(formula (2)). In turn, negative values of SLT of Xwith
respect to parameters B = A /o, and «./o correspond
to formation of PGEC phase in TA; at the same time,
small values of coefficient dX/dB (B = A./o) point to

Fig. 7. Schemes of the band structure of the metals (a),
semimetals of type Bi (b), semiconductors of type Bi,Te;
(¢), and investigated TA ones (d). Dotted lines show the
positions of the Fermi level (the boundary energy £y at 7> 0)
relative to the conduction (n) and valence (p) bands.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 10

strong degeneration of PGEC phase in samples (for-
mula (5)).

The signs of SLT of X with respect to parameters
B = E,, n, p were also negative, which is explained by
growth of temperature of the maximum of parameter
X — Thax = T(X = Xo) With growth of E, as well as
possible exceeding of optimal values of parameters #, p.
Thus maximum values of Xand Y at room temperature
were reached firstly in TA with small values of £, and
n, p (Table 1). On the other hand for TA with increased
values of E,, parameters Xand Y had lowered values at
room temperature, but they increased with growth of
temperature [15]. The maximum values X, and Y.,
reached in these alloys in the zone of high tempera-
tures were estimated using empirical dependences
Tmax :f(Eg) [17] and Xmax = CXSOO K (Tmax — 300 K) for
C ~0.01 (VK)~![15], respectively. The results of esti-
mates of 7. ,, and X, are presented in Table 2. It can
be seen that increment of £, causes additional growth
of parameter X,,,, of TA and shifting toward the inter-
val of high temperatures. As a result, according to the
estimate, 29 samples of 48 may reach high values of
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Table 3. Statistical line trends of the magnetic field production ability coefficient X of the TA studied

MAGNETIC FIELD PRODUCTION ABILITIES

1047

1 B n(p), cm*/V a, K/(V? x 1079 o, cm/(VS) K, (cm K)/(V? A)
dX/dB —5.5x% 102! 0.06 —0.0003 —0.08

2 B Kjae> (cm K)/(V? A) n, s/cm? N/Kiae» I/(cm’ K) E, eV/V
dX/dB —0.05 0.01 0.11 —13.6

3 B Ep, eV/V m/mgy, 1/V Aon/a, 1/V A/a, 1/V
dX/dB —37.5 1.0 —0.21 —0.017

X = 4 in the temperature range 7' = 300—500 K,

erally does not strongly change the value of parameter

which is of practical interest (Table 2).

The performed estimates show that increased val-
ues of X, in TA (Tables 1 and 2) are due to decreased
values of K, and ZT and increased concentration of
carriers n, p in samples typical of degenerated PGEC
phase [11—13]. The general pattern of phenomena
accompanying transition BA — TA and formation of
PGEC phase in samples is explained qualitatively in
Fig. 9 [18, 23]. Curve 3 in Fig. 9 corresponds to the
known concentration dependence ZT = f(n, p) with
maximum for n, p ~ 10! cm~3 obtained by numerous
authors [1, 23] taking the curvature of dependences o,
o, and KX = f(n, p) into account (Fig. 9, curves 2, 7, §).
At the same time, maxima of 4 and Y obtained by the
same method turn out to be shifted toward larger
concentrations of current carriers n(p) (Fig. 9,
curves 4 and 5) [18, 23]. The transition crystal —
PGEC under condition A, = const does not change
the value of parameter 4 (curve 4); however, it leads to
increasing (Z7),,., and Y., by absolute value as well as
to shifting of maxima toward smaller n, p (Fig. 9,
curves 3 — I and 6 — 5). In turn, degeneration of
PEGC phase simultaneously decreases the values of
ZTand Y (Fig. 9, curves [ — 12, 5— 11), which gen-

X, 1/V (@)
10 - m/ x 30 5
v 2A 4e 6
8 - y 2
n '
L o R
.......... n '
T .’
4 L ..: A
l-:l _.....-A A. g A A A
2+ 5-5..........9 o
' 0 AT
ol " A A

0.05 0.10 0.15 0.20 0.25 0.30 0.35
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Xy (correlation (2)).

It is necessary to note that growth of n, p in TA of
the family (Tables 1 and 2) occurs spontaneously as a
result of development of concentration instability of
crystals (CC) (Fig. 9, curve 3 — 6). In addition forma-
tion of PGEC phase (A,,/0. — 1) and its degeneration
(/o0 = 1) causes decrement of k., (Fig. 9, curves 9 —
10) and ZT (curves 3 — 1 — 12), which correspond-
ingly increases the magnetic field production coeffi-
cient X of TA (Tables 1 and 2).

DISCUSSION

In this work we searched for new TEM with high
values of magnetic field production coefficients X and
Y among 48 layered TA—“natural” nanostructures of
family [(Ge, Sn, Pb)(Te, Se)l,[(Bi,Sb),(Te,Se);],
with non-isovalent cationic substitution (Ge, Sn, Pb <>
Bi, Sb). Alloys p-Ge,Bi, Te; (X~ 7.15 1/V), n-Ge,Bi, Te,;
(X~ 6.11 1/V), and p-SnBi,Te, (X~ 7.08 1/V) showed
the best characteristics at room temperature (7'= 300 K).
It was shown that 29 of 48 samples studied in the work
may reach values X,,,, = 4 with growth of temperature
within the range 7'= 300—500 K, which is of practical
interest (Table 2).

X, 1/V (b)
10 |
8§ 1 © .
..... , =
6 F Mgt
: ~N\"""»..___ =
4l E . _____ n IIIA \ "
2+ i oo A
P v
0 Aot/
0.1 1 10

n,p, 10720 cm=3

Fig. 8. Dependences of the magnetic field production ability coefficient X: (a) on the band gap Eg, (b) carrier density n(p) of the

TA (T= 300 K). For notation, see Fig. 4.

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 10

No.5 2019



1048

1(;20 ]021
n(p), cm™>

10Il9

Fig. 9. Dependences of main characteristics of TEMs on
the carrier density n(p) in the samples (7= 300 K). (/, 3,
I2ZT; (2) 0); (H A= o’c; (5,6, 11) Y=o00/x; (7, 12) C;
(&) x=x + K; (9, 10) x.. Curves 2, 3, 4, 6—9—crystals;
1, 5—phase PGEC; 11, 12—degenerated phase PGEC
[18, 23].

It was established that the increase in values of X,,,,,
in TA of family (Tables 1 and 2) is connected with
decreased values of k,,, and ZT'and increased concen-
trations of carriers #, p in samples typical of degener-
ated PGEC phase [11—13]. In addition, the reason for
degeneration of PGEC phase in TA of the studied

family was established—disordering of cation sublat-

KORZHUEV et al.

tices and formation of mixed cation layers with non-
isovalent replacements (Ge, Sn, Pb <> Bi, Sb), which
lead to simultaneous strong scattering of phonons and
electrons in samples [14, 15]. As a result, selective
scattering of phonons (strong) and electrons (weak)
typical of PGEC phase is violated and “amorphous-
like” behavior for both thermal conductivity of crys-
talline lattice K, and electrical conductivity ¢ of sam-
ples is observed simultaneously in degenerated PGEC
phase of TA [14, 15].

The described mechanisms of growth of parame-
ters X and Y were not known earlier, which allows
assigning the studied TA to a new group of TEM for
magnetic field production—narrow-gap semiconduc-
tors belonging to degenerated PGEC phase [24].

Table 4 presents the electrophysical and thermal
properties as well as zone parameters and limited
operating temperature 7,,,, of various groups of TEM
(metals and alloys, semimetals, and semiconductors)
with magnetic field production in comparison with
PGEC samples [25—27]. Parameters A,,/a and A./a
for samples (Table 4) were computed by the same
methodology as for TA [19].

Materials (Table 4) differ with respect to zone
structure (Fig. 7) and their closeness to PGEC phase
(correlations (4) and (5)); correspondingly, the mech-
anisms of growth of parameters X and Y, as well as
operating intervals of temperatures in them, differ sig-

Table 4. Electrophysical, thermal and band parameters, and the limiting operating temperature 7,,,, of various groups of
TEM with magnetic field production abilities (7= 300 K) [25—27]

Groups of TEM with magnetic field production abilities
semiconductors
Parameter of TEM metals and alloys semimetals
traditional PGEC
Cu Constantan®*| Copel** Bi Bi,Te, GeTet GeyBi,Te,
o, UWW/K 1.83 =35 —40 —80 240 55 56
G, S/cm 5.8 x10° | 2.08 x 10* | 2.15x 10* | 9.34 x 10° 800 500 580
x % 103, W/(cm K) 4010 210 242 79 19.2 77 4.0
Kpp X 103, W/(cm K) ~30 ~64 85 10.6 12.8 41 3.7
ZT 0.0001 0.04 0.04 0.23 0.72 0.01 0.14
Y, 1/V 0.26 3.47 3.55 9.46 10 0.36 8.12
X, 1/V 0.26 3.34 3.41 7.71 5.81 0.36 7.15
n,cm™3 8.5 x 10% ~10%2 ~10%2 4.107 ~10" 3x10%° | 1.54 x 102
Ep, eV 6.6 ~1.6 ~1.6 0.003 —0.02 0.13 0.12
u, cm?/(Vs) 58 12.5 13.4 1.46 x 10° 510 124 24
Ao/a 164 17.8 19 7.1 x 103 8.7 21 1.01
Aon/a 2.4 52 70 1.12 3.5 8.9 0.94
Tr:axs K 1200 1273 1200 473 ~ 500 ~900" ~ 550

*54 Cr; 45 Ni; 1 Mn; **44(Ni + Co); 1 Mn; 55 Cu; *cubic phase B-GeTe.
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nificantly. In this way, high values of Xand Y of a num-
ber of metals and alloys (chromel, alumel, constantan,
and others) are connected with high values of oc and G,
which are defined by the complicated shape of Fermi
surface, high values of n, p, and low values of ZT
(Table 4). At the same time, for metals with low values
of o (such as Cu), we have X ~ Y~ 0 (Table 4), which
points to their complete uselessness as TEM with
active magnetic field production [14, 26]. Such metals
possessing high values of ¢ are widely used as auxiliary
materials for creating current contours in short-circuit
TC, including TC with increased number of current
windings (N > 1) (Figs. 1, 2) [9].

Comparison of metallic and semiconducting TEM
(Table 4) shows that metals are second to semiconduc-
tors like Bi,Te; in values of X and Y at room tempera-
ture. At the same time, metallic TEM have signifi-

cantly higher operating temperature 7..,. ~ 1200 K

max

than narrow-band semiconductors and semimetals
(T, <600 K) (Table 4), which allows using them for

signmficantly large temperature differences A7. Integral
EMF of metallic thermocouples for large AT is com-

puted by the Avenarius formula (1865)

E=@—-t)[b+ct +1,)]

6
=a(t, - 1)+ Bt — 1), ©
where o = o, — o, o, and o, are the Seebeck coeffi-
cients of thermocouple and branches of p-type and
n-type of conductivity, ¢, > ¢, are the temperatures of
the hot and cold and hot junctions of TC, and b, ¢, and
B are coefficients differing for various materials [15, 28].

According to formula (6), an increase in EMF E
with growth of temperature (B > 0) (thermocouples
Ni, Ir, Au—Fe) or attainment of the maximum with
subsequent decrease and change of sign (§ < 0) (ther-
mocouples Cu—Fe, Mo—Fe, and others) is observed
in metallic TC depending on the value of coefficient 3
[11]. As a result, only in the last case, the operating
interval of metallic thermocouples turns out to be lim-
ited. On the other hand, in the case of narrow-gap
semiconductors and semimetals, there are more sig-
nificant limits of operating interval of temperatures AT
connected with development of self-conductivity and
in a number of cases even with low temperature of
melting of samples (such as Bi) (Table 4). Thus metal-
lic TEM are primarily used in the domain of high tem-
peratures (Fig. 2), and semiconductors and semimet-
als are used near room temperature [5, 27].

According to Table 4, the highest values of param-
eter Y~ ZT are observed in degenerated semiconduc-
tors such as Bi,Te; with high thermoelectric quality
(ZT ~ 1, T= 300 K). At the same time, owing to high
values of ZT, parameter X of Bi,Te; significantly
decreases (Y < X); as a result, it becomes second to that
of a number of studied TA (Table 4). The transition
BA — TA also causes expansion of the operating tem-

INORGANIC MATERIALS: APPLIED RESEARCH  Vol. 10
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perature interval of TEM due to growth of E, of sam-
ples (Table 2). In addition, the studied TA of family
have one more essential advantage as compared with
alloys such as Bi,Te;. Owing to low x,;,, the condition
of agreement of thermal resistances of thermocouple
with internal thermal resistance of heater (3) is ful-
filled in TA at lower height of branches. This allows
significant saving of expenses on expensive TEM (up
to 5 times and more) during production of TC [18, 28].

Semimetals such as Bi with electron spectrum
transient from metals to semiconductors (so called
“Dirac cone”) are especially distinguished among
TEM with magnetic field production (Table 4, Fig. 7b)
[29, 30]. According to Table 4, high values of Xand Y
of semimetals (such as Bi)are defined by high values of
parameters o. and [ as well as low values of K con-
nected with peculiarities of BS and large atomic mass
(M = 238.98 g) as well as layered structure of crystals
(Table 4) [26]. Since the concentration of current car-
riers in semimetals such as Bi is significantly less than
optimal (Fig. 9), high values of X and Y in them are
reached by means of spontaneous formation of PGEC
phase in samples (1 ~ A,,/a < A./a) (Table 4). In this
way, the mechanisms of growth of Xand Yin semime-
tals (such as Bi) and TA turn out to be similar. The
parameter of “quality” of PGEC phase in semimetals
such as Bi reach an unprecedented value A./A, ~ 635
(Table 4). Thus, it is a small wonder that T. Seebeck
discovered thermoelectricity on TC with branches
from Bi [6].

According to [29, 30] special BS (like “Dirac
cone”) (Fig. 7b) may characterize not only Bi but also
surface layers of a number of its compounds—so-
called “topological insulators,” which, in particular,
include TA of the family (Table 1). Thus further
increase in parameters X and Y of semiconducting
TEM with magnetic field production may be con-
nected with either optimization of the degree of
degeneration of PGEC phase and Fermi degeneration
of current carriers or the use of the contribution of sur-
face states to the properties of semiconducting films.

CONCLUSIONS

1. A new class of thermoelectric materials (TEM)
of “natural” nanostructures with magnetic field pro-
duction is discovered—layered ternary alloys of family
[(Ge, Sn, Pb)(Te, Se)],, [(Bi,Sb),(Te,Se),], with non-
isovalent cationic substitution.

2. It is shown that high magnetic field production
ability of ternary alloys of the family (X from 6—8 1/V) is
due to formation of degenerated phase “phonon glass—
electronic crystal” (PGEC) in alloys with high concen-
tration of current carriers p, n > 10%° cm~3 and low ther-
mal conductivity ¥ = (4—6) X 10> W/(cm K) and
thermoelectric quality Z7T ~ 0.1.

3. The operating interval of temperatures of ternary
alloys (7'~ 300—700 K) turns out to be significantly

No.5 2019
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expanded as compared with Bi,Te; (T ~ 200—400 K)
owing to increase in the width of the band gap E,. At
the same time, low thermal conductivity K of ternary
alloys as compared with Bi,Te; allows significant saving
of expenses on expensive semiconducting materials (up
to 5 times and more) during the process of required
agreement of thermal resistances of TC and heater.
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