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polycrystalline misfit layered compounds on (Gd,Dy;_,S).NbS, example
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The lattice disorder of different architecture and dimensions influence on the thermoelectric properties (Seebeck

coefficient S, resistivity p, total thermal conductivity ki,, power factor S/p, figure of merit ZT) of the
polycrystalline ternary sulfides MTS; was studied. The high-temperature misfit layered compounds (MS);NbS,
(MS is GdxDy; xS solid solutions) were chosen as objects of the study. The variation of gadolinium concentration
along the series X = 0.0, 0.1, 0.2, 0.5, 1.0 allowed one to alter the short-range and the long-range order of the
crystal lattice and to study their effect on thermoelectric parameters of (GdxDy;—xS),NbS,. At low concentration
of X = 0.1 the crystallite size increases, cause the deformation stresses decrease and, thereby, leads to an abnormal
changes of S, p, kit values and ZT decrease. An increase of the gadolinium concentration (X = 0.2—0.5) alters
the electronic structure and the interatomic bonding character of the incommensurate subsystems [GdxDy;—xS] and
[NbBS,]. In this case, S and p values remains practically unaffected, while the thermal conductivity value decreases
by 40% and ZT increases by 2 times. The nature of this phenomenon and the anisotropy of the thermoelectric

properties were discussed.
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1. Introduction
The considerably increased demand for energy consump-
tion stimulates researchers to develop new effective con-
verter of heat to electric energy. Recovering electric energy
from the waste heat loss using thermoelectric materials is
considered as one of the most promising method to save
the world energy resources [1]. Efficiency of thermoelectric
materials is evaluated by the figure of merit:
ZT =S -0 - T /kiots (1)
where S is Seebeck coefficient, o = 1/p is electrical
conductivity, ki is total thermal conductivity. The search for
highly-efficient, cost-effective thermoelectric materials with
a high value of ZT is the main problem in the development
and application of thermoelectric converters [2-9]. Often
the achievement of high ZT wvalue is impeded by the
opposite change in parameters S, o and growth of thermal
conductivity kit with a change in the chemical composition
of materials and an increase in their operating tempera-
ture [10]. One of promising solutions of the problem of
high ZT achievement is the independent control of electric
charges and phonons transfer. The phonon glass-electron
crystal (PGEC) concept seems to be a promising strategy
to develop thermoelectric materials with high ZT, where
the guest (phonon glass) sublattice provides for scattering
of phonons and, as a consequence, low ki, but at the

188

misfit layers compounds, thermoelectric properties, lattice disorder, solid solution, crystallite

same time an optimum ratio of S and o is kept in the
host sublattice (electron crystal) [11-13].

Compounds with layer sulfides MTS; (where M = Pb, Bi,
Sn, Sb, rare earth elements; T=Ti, V, Cr, Nb, Ta) misfit
by one of structural parameters (a; # a;) of sublattices
are considered as potential high-temperature thermoelectric
materials [14]. These compounds allow realizing the PGEC
strategy. The lattices of the Cdl, ,sandwich layer type
of the TS;-host forms a high mobility of charge carriers.
The intercalated lattice of NaCl ,double” layer type of
the MS-guest and its boundary with the sandwich layer
disturb the short-range order and are responsible for the
scattering of phonons. For example, value of ZT of the
(La;;xS)1.14NDbS; system was improved with a change in
concentration of La. An increase in the grain size with
increase in the structural order in a sample with x = 0.05
have resulted in an increase in power factor (PF) and ZT
up to 30% [15]. Regardless, it was found that introduction
of Gd** paramagnetic rare earth ions results in lowering
of kit in p-Dy,S; sesquisulfides. Total thermal conductivity
of y-Dyo.8Gdg.2S1.5—y was by 20—25% lower as compared
with -Gd;S3 and by 8% lower than that of y-Dy,S; [16].
Thus, it is interesting to study the layer sulfide compounds
with intercalated layers [LnS] (Ln=Ilanthanides) [9,14,17]
represented by [GdxDy;_xS] solid solutions as a guest
sublattice in combination with [NbS,] sublattice as a host.

Since an increase in the ZT parameter requires reduction
of thermal conductivity, then it is clear that polycrystal
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ceramic thermoelectric materials should be considered more
promising, than single-crystal materials due to the increased
defectiveness and, as a consequence, the increased scatter-
ing of phonons [18-20]. In [21] a significant effect of surface
defects on thermoelectric parameters was shown and, in
particular, it caused a decrease in thermal conductivity
of SnSe(Na,In)-based ceramic materials. Only the grains
of microstructure with sizes of about 40 um were taken
into consideration. However, as it was found in [20], a
nanostructured ceramic material with a size of crystallites
of 2—80nm has lower thermal conductivities at high
temperatures. This is explained by the larger specific
area of semicoherent boundaries of crystallites and, as
a consequence, the considerably higher concentration of
defects in the crystal lattice, by ~ 5 orders, than for
the boundaries of microstructure grains [22]. In addition,
ceramic materials are more manufacturable and cheaper
products in the case of wide spreading of thermoelectric
converters in the industry and household usage. A typical
feature of layer compound ceramics is a set of different
types of defects of the long-range and short-range order of
the lattice [19,20,23]. These defects include: disordering of
solid solutions, cation substitutions, defects of modulated
boundaries of misfit lattices, boundaries of crystallites
(semicoherent boundaries). A set of such defects provides
an opportunity of comparative analysis of the effect of these
defects on thermoelectric parameters of materials. Tem-
perature dependencies of thermoelectric and other physical
parameters of (GdyDy;_xS);NbS; compounds were con-
sidered earlier [24,25]. However, the effects of ceramic
nanostructure and solid solution composition of the guest
sublattice (GdxDy;_xS) on thermoelectric parameters S, p,
Kot Were not analyzed in detail. We have failed to find such
an analysis in the literature for other misfit layer compounds
as well.

The goal of this work is to study the disturbances of short-
range and long-range orders of the crystal lattice arising on
the modulated interfaces between misfit sublattices and on
crystallite boundaries of ceramic polycrystal materials based
on (GdyDy;_xS);NbS; compounds with solid solutions in
one of the sublattices when their composition is changed,
as well as to analyze the mechanisms of charges and heat
transfer, which is connected directly to the optimization of
thermoelectric parameters S, p, ki, and increase in the ZT
quality factor.

2. Experiment

(DyS)1.22NbSy, (GdS)1.20NbS;, (Gdo.1Dy0.98)121NbS,,
(Gdo.2Dyo.8S)1.21NbSy, (Gdo.5Dyo.55)1.21NDS, and
(GdS)o.60NbS, misfit layer compounds were synthesized.
We used Gd,O;, Dy;03;, and NbyOs as reagents (all
with a purity of 99.99%, by Sibmetalltorg). Details of
the experiment and characteristics of samples are reported
in the work of [25], which is continued in this study.
Seebeck coefficients and resitivity of sintered samples were
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measured by the simultaneous use of the temperature-
differential and the four-probe methods, respectively,
on a ZEM-3 system (by Ulvac-Riko, Japan). The total
thermal conductivity (ki) of each sintered sample was
calculated by the ratio of ki = DCpd, where d, D and
C, — density, thermal conductivity of the sintered sample,
and heat capacity of material, respectively. The thermal
conductivity was measured on a LFA 457 MicroFlash
laser flash system (by Netzsch, Germany) in the range
from 300 to 973K at an Ar flux of 100ml - min~'. The
heat capacity was determined by indirect method using
a LFA 457 instrument with a Pyroceram 9606 reference.
Since the Gd, Dy, Nb sulfide-based compounds under
study are high-temperature compounds, we analyzed their
properties from the point of view of their application as
high-temperature thermoelectric materials. Therefore, this
work presents the results of analysis of S, p and (S*/p)
dependencies on the composition of XGd solid solution
of the [GdxDy;_xS] sublattice mainly for a temperature
of 873K and partially, for comparison, for a temperature
of 300K, where it is necessary. In the temperature range
of 300 < T < 873K, thermoelectric parameters S, p and
Kot had intermediate values and no qualitative features
of their change with the composition of [GdyDy;_xS]
sublattice were found. Therefore, the consideration of these
parameters was omitted.

3. Results and discussion

3.1. XRD-analysis

Fig. 1 shows x-ray patterns of powders of (DyS);.22NbS,,
(Gdo.1Dy0.9S)1.21NDbS,, (Gdp.2Dy0.8S)1.21NDbS,,
(Gd(),SDij S) 1,21Nb82, and (GdS) 1,2()Nb82 layer
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Figure 1. XRD-powder patterns of sintered sam-
ples:  (DyS)i»2NbS, — 7, (GdoiDyo9S)1.21NbS, — 2,
(Gdo.2Dyo.8S)1.21NbS;  — 3, (Gdo.sDyo.5S)1.21NbS; — 4,

(GdS)1.20NbS; — 5 and (GdS)p.soNbS, — 6. Plane (006) is
marked with asterisk.
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Figure 2. The dependence of change in the position of diffraction
peak maximum at 26 ~ 43 deg on the composition of XGd. The
index of (028) plane is corrected in relation to the data reported
in [29] taking into account the ICSD international database (ICSD
Ne 75444).

compounds. All synthesized compounds with (GdyDy;_xS)
have the same crystal structure as reference compounds
(DyS)l_zszSZ and (GdS)l,zoNbSQ [17,26*28].

Diffraction peaks of (GdyDy;_xS),NbS; compounds shift
toward smaller 20 angles by 0.15—0.25 deg with an increase
in the concentration of XGd up to x =1 [29,30], which
is related to the smaller radius of Dy** ions (0.105nm)
as compared with Gd** (0.115nm) with the coordination
number of cations equal to 6 [31]. No changes were
observed in positions of diffraction peaks with a change
in X in the range of 0.0—0.1 and in some cases up to
0.2 for angles 20 ~ 15.90, 23.90, 32.10, 40.00, 40.50,
and 49.00deg. At XGd > 0.2 peaks had a monotonous
shift toward lower 26 for (GdS);NbS;. These features
are related to the redistribution of cations over modulated
interfaces of sublattices [GdxDy;_xS] and [NbS;] and over
boundaries of crystallites [14,29,30].  There are three
possible causes for the absence of shift of diffraction
peaks in the region of low concentrations of Gd** ions
(x =0.0-0.2):

— some diffraction peaks are related to the more stable
sublattice of the sandwich [NbS,], because Ln** ions are
not included in this sublattice [14],

— Gd** ions are positioned in a disordered manner over
misfit modulated guest—host interfaces of (001) sublattices,

— Gd** ions are surface-active ions and anisotropically
localized on crystallite boundaries along appropriate planes
(hkl). Their concentration inside crystallites is less than that
set by the composition (GdxDy;_x).

Only the dependence of 20 = f(x) at 20 ~ 43.00deg
is described by the Vegard’s law (Fig. 2) with a squared
regression coefficient of R> =0.979 in the whole range
of x and, hence, the corresponding diffraction peak can

probably be considered as related to the [LnS] sublattice.
No peak is observed at 260 = 43.00deg in Fig. 1 due to the
low intensity, however it is shown in the table of obtained
diffraction patterns.

Fig. 3 shows two projections of the (028) plane in the
orthorhombic layer structure of [Gdy 9s7S| sublattice of the
compound with [CrS;] sandwich close to the structural
analogue of the layer compound with [NbS,] [14]. In the
(DyS)1.22NbS; compound, the unit cell of the [DyS] sub-
lattice is monoclinic [14]. Parameters of the unit cell (UC)
a; = 5.4126 A, by = 5.6722A and ¢, = 22.2794 A almost
completely coincide with those for the orthorhombic cell
of the [GdS] sublattice in the (GdS);27CrS; related com-
pound (a; = 5.4541 A, b; = 5.8098 A and ¢, = 21.461A).
However, an insignificant difference of 0.319° can be noted
in B angles (see ICSD 75444). Thus, it can be taken that
the (028) plane for the investigated compounds has nearly
identical orientation in relation to a, b, ¢ vectors, as well as
for (GdS);.27CrS,. We have failed to find a closer structural
analogue in the ICSD database.

The (028) plane intersects the (006) basal plane along the
row of cations of the [GdxDy;_«S| sublattice with a shift
along the a axis. Thus, it can be assumed that interstitial
Gd>* ions at a low concentration replaces the Dy** ions
in positions of the highest bond energy (coherent positions)
with S>~ ions of the [NbS,] sublattice. These are the posi-
tions, that are the most ordered on the guest—host interface,
because they obey the structure of misfit layer compounds
defined by the modulation parameter g = a;/a, [17], where
a; and a, — parameters of the UC of sublattices.

Thus, the analysis of the change in positions of diffraction
peaks indicates that there is a trend to form a solid solution
in the [GdxDy;_xS] subsystem. However, these solid
solutions are strongly disordered.

3.2. Morphological and structural disordering
of crystallites

In addition to above-mentioned structural features of
misfit layer compounds, other defects exist in the ceramic
samples as well, such as: vacancies, dislocations, and
deformation centers caused by the presence of semicoherent
boundaries of crystallites [24,32-34]. These boundaries are
characterized by small tilt angles of crystal lattices in relation
to each other with formation of edge dislocations (Fig. 4).

Based on X-ray patterns, effective values of coherent
scattering regions were calculated (CSRy_w) equivalent
to the sizes of crystallites (Dy_w) after the deformation
component is deduced. For this purpose we used the
Williamson—Hall plot analysis method [35,36] (Fig. 5,a).
Knowing Dp_w, we determined the specific area of
crystallite boundaries (S;) (specific area of boundaries per
1cm?) in the isometric approximation of prismatic crystal-
lites. The formation of these boundaries is accompanied
with formation of a network of dislocations. Dislocations
are energy-strong defects that deform the lattice [36-38].
The deformations decrease in inverse proportion to the
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Figure 4. Semicoherent boundaries with edge dislocations between neighbor crystallites — (a), equivalent electric circuit diagram of

crystallite — (b).

distance r from the dislocation (1/r). The number of atoms
per unit area of crystallite boundaries is ~ 2 - 10" cm™2. It
is known that deformation stresses decrease by an order
of magnitude at a distance of 10 atomic layers [37,38].
Thus, a semicoherent boundary and 5 atomic layers parallel
to it on both sides are severely disturbed. Then the
number of deformed centers of the lattice N, related
to the presence of semicoherent boundaries of crystal-
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lites can be determined using the following relationship
Ng = 2-104S,. With Dy_w =90nm N, achieves a
value of 1.3-10*' ecm™3 [29]. Fig. 5 shows dependencies
of crystallite sizes and specific concentration of deformed
centers of the crystallite lattice on the composition of the
solid solution sublattice (GdxDy;_xS). Compounds with a
composition of (Gdy.1Dyo.0S)1.21NbS, are characterized by
the presence of anomalous changes Nq;.
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Figure 5. Dependencies of Dy—w — (@) and Ner —

It is clear that values of N, are quite high and have
specific dependencies on the composition of the XGd solid
solution and are inversely proportional to the change Dy_w.

3.3. Features of the change in electric parameters
of ceramic samples

In accordance with the nature of uniaxial compression
of powders of layer compounds, the developed planes of
lamellar crystallites and grain boundaries (of aggregated
crystallites) are oriented with some deviation in the plane of
pressure [14,39]. In this case this plane is the (006) plane.
Indices in and out used are referred to physical parameters
in the directions parallel (in-plane) and perpendicular
(out-of-plane) to the plane of pressure during formation
of the ceramic samples. Fig. 6,a, b, ¢ shows dependencies
of Sn, Souts Pins Pou> and (S2/p)in, (S*/P)out on the
composition of XGd solid solution of [GdxDy;_xS] sublattice
in ceramic samples of layer compounds in question for
temperatures of 873 and 300K. As can be seen, the
anisotropy of these parameters is clearly manifested.

For the samples of compounds with the [NbS;], two-
layer sandwich, the anisotropy of these parameters is weakly
manifested. As it was shown, in this case the long-
range and short-range orders of the structure were relatively
severe disordered according to the data of XRD, which also
follows from the analysis of the data of Raman scattering
spectroscopy of light [29].

For the sample of (Gdy 5Dy 5S)121NdS, the Seebeck
coefficient S, increases from ~ 30,uV-K_1 at 300K to
~ 77uV -K~! at 873K, and py, increases from ~ 6 u<Q - m
at 300K to ~ 17uQ2-m at 873 K. Sign of S is positive,
that confirms the semiconductor conductivity of p-type. All
samples demonstrate anisotropic S and p in the whole range
of XGd compositions. Values of S and p are almost constant
with increase in the concentration of XxGd. However,

.
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(b) on xGd (insert: densities of the compounds under study).

with a low concentration of XGd = 0.1 anomalous changes
in the investigated parameters are observed S, > S, at
temperatures of 873 and 300K. For single crystals of
degenerate semiconductors (parabolic band, approximation
of inelastic scattering), including the misfit compounds,
value of Sis defined by equation (2) [10]:

8-m>-m ki T ,a\2/3
S= B (= 2
3pt - h? (3n) ’ (2)

where kg — Boltzmann constant, m* — effective mass of
charge carrier, T — temperature in Kelvin degrees, h —
Planck constant, pt — hole charge, N — concentration of
charge carriers. This relationship should be used with care
to determine m* in different direction of anisotropic crystal
structures. For example, this relationship was used in [15]
to determine the ratio of effective masses M, and ny;,, of
holes from the ratio of experimental values of S, > Syt
for ceramic anisotropic materials. As a result, the follow-
ing relationship was obtained: M ~ 2ny,, at S, > Sou.
However, for an estimate like this it is necessary to take
into account the anisotropy of physical properties of layer
materials, such as (LnS),NbS,, and features of the internal
morphology of ceramic samples. First, for intercalated
anisotropic structures with a thickness of layers of [LnS]
and [NbS;] sublattices at the level of a few atomic distances
there is no data on the ratio of lengths and times of free
paths of charge carriers, as well as on their mobilities, and
quantum-mechanical calculations have yielded contradictory
conclusions on the presence or absence of anisotropy of
the electron structure of bands [15,40] in in-plane and
out-of-plane directions of the structure. It is clear that
such calculations do not take into account a number of
defects of short-range and long-range orders of the lattice
of real polycrystal samples. Second, the packing of layer
crystallites in polycrystal ceramic materials has little, yet
noticeable deviations from the C crystallographic direction
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Figure 6. Seebeck coefficients S in (in-plane) and (out-of-plane) directions — (a), resitivity p — (b), thermoelectric power factor

S*/p — (c) as a function of content of XGd in (GdxDy;_xS),NbS; at room temperature and at 873 K.

of crystallites [15], which will cause a partial superposition
of projections of in and out components of crystallite param-
eters on in-plane and out-of-plane directions of the ceramic
sample in general, making difficult physical interpretation
of these parameters [10,40]. Also, the interpretation of
results becomes difficult because nothing is known about
the complexity of the structure of electron bands in these
directions [41]. Third, there is no information about values
of effective masses of charge carriers on the boundaries of
contacting crystallites in in- and out-of-directions. Thus,
the most likely is that the values obtained in the above-
mentioned studies are superpositions of projections of M
and mg,, of charges in layer compounds on the temperature
gradient direction under consideration in the sample. Hence,
the values of M and mj, determined in the above-
mentioned and similar works on the calculation of effective
masses of charge carriers using equation (2) can not be used
to explain the nature of charge carriers transfer in the field of
temperature gradient for the pressed ceramics of misfit layer
compounds. Traditionally, the effective masses of carriers

3 Physics of the Solid State, 2023, Vol. 65, No. 2

are measured by the method of cyclotron resonance on
single crystals and other spectroscopic methods.

At x = 0.1 an anomalous change in both the S and the p
takes place. S, decreases from ~ 73 to ~ 65uV-K™!,
while py, increases from ~ 15 at X =0 to ~ 19uQ2-m
(at 873K). However, poy decreases, which correlates
with the increase in crystallinity of samples. The increase
in crystallinity of the (Gdo1DyoS)121NbS, lattice is
confirmed by a decrease in specific area S of crystallite
boundaries and, respectively, a decrease in concentration
of deformation centers of the lattice (Fig. 5,b). It follows
therefrom that gadolinium is a surface-active substance (SA)
and a promoter of crystallite growth. At a low concentration
in the system gadolinium is concentrated near semicoherent
boundaries of crystallites. The phenomenon of atomic
SA impurities concentrating near crystallite boundaries
was demonstrated many times before [18 and others].
Moreover, cations of the Gd**3+ impurity replace the
Dy(23)* cations in positions adjacent to cation vacancies of
[Vby), because volume of the Gd>*3)* ion is greater than
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that of the Dy>*3) ion. The presence of cation vacancies
[Vin] is a normal phenomenon for (LnS),NbS, [15,42]
misfit layer compounds and inherent to solid solutions in
general, especially on crystallites boundaries. As a result,
the content of gadolinium ions in the volume of crystallites
appears to be less than it is defined by the stoichiometry
of the solid solution based on the concentration of initial
reagents. This is reflected in the unchanged position of
some reflections on x-ray patterns through to compositions
of XGd > 0.2 [29]. The electron and phonon structures of
the under-study misfit layer compounds with solid solutions
in the [Ln(1)xLn(2);_xS] guest sublattice at XGd from 0.0
to 0.1 change quite noticeably. Indeed, we observed it by an
anomalous decrease in the bandgap on diffusion reflection
spectra and by a change in RSS spectra (Raman scattering
spectra) [29]. In addition, it is found that with substitution
of Dy?+3+ jons by Gd?+*3+ ions in the [GdxDy; «S]
sublattice, distances between atoms of Dy and atoms of S
of [NbS,] sandwiches decrease in accordance with the
results of EXAFS-spectroscopy [29]. Also, anomalies in
the electron structure were observed with a change in the
stoichiometry of (LaxS);.14NbS, misfit compounds with
x =0.95, 1.00, 1.05 [15]. These effects are explained by
the change in concentration of charge carriers, i.e. holes,
the limited motion of holes in double layers of [LnS], the
anomalous scattering of charge carriers on the modulated
interfaces between the layers of [GdxDy;_x] and [NbS;] of
sublattices due to the occurrence of anharmonicity of the
lattice [14,22,43].

With an increase in concentration of XGd from 0.1 to
> 0.2 the Dy®>*3* jons are replaced by Gd+3+ ions
in the [GdxDy;_xS] sublattice in non-coherent nodes of
modulated interface between the layers of sublattices
forming a solid solution close to the ordered one.
Indeed, the majority of x-ray reflections (hkl) are shifted
monotonously and in a manner close to the Vegard’s law
toward their position in the structure of (GdS);NbS,
compound. At the same time the short-range and long-
range orders on the interface between [GdyDy;_xS] and
[NbBS;] sublattices increase up to X = 0.2 and then remain
unchanged in the range of xGd =0.2—0.5 (Fig. 5,b).
These effects are accompanied with an increase in Sy, Sout,
and poyt, and for XxGd > 0.2 the S and p parameters remain
almost constant, except for Syy.

The resitivity of the crystallite of misfit layer compounds,
taking into account the change in solid solution composition
in the [GdyDy;_xS] sublattice, can be represented by
developing the model proposed for single crystals [44-48]
as follows:

Perout ~ P[Gd,DyS],out + O[NbS2],0ut>

Pecrjin ~ (pres + Pph + p,u,eff) [Gd,DyS],in
X P|NbS2],in / [(pres + PPh + P eff)[Gd,DyS]in T p[NbS2],in} )
PNbS2,inout = 1/NP™ tnjn,outs 3)

where pigapys) and pPnpsy — resitivitys of layers of
[GdDy;_x| and [NbS;| sublattices, p.s — temperature-

independent resitivity due to lattice defects, ppy, — scattering
of charges on phonons, p, . — scattering of charges on
local magnetic moments. The last term is low in the
range of XGd = 0.2—-0.5, because the effective magnetic
moment u.g of the compounds in question is low and almost
constant [29], N — number of charge carriers, p* — charge
of carriers, u, — mobility of holes, ponpsy) remains almost
constant since Ln3* ions do not implant into the [NbS,]
sandwich. ppy can increase slightly according to the Raman
scattering spectra in the range of XGd = 0.2—0.5 as the
density of phonon states increases and the symmetry of
terms becomes disturbed. In addition, Presin and Presout
of [NDbS;] layers remain nearly constant with a change in
XGd, because almost equal number of electrons of Gd
ions (0.82e-/Nb) and (0.83e-/Nb) of Dy ions transit to
the band d,, of Nb*t ion of the electrically conductive
[NbS;] sandwich in accordance with [45,46]. Since sizes
of Dy** and Gd*' ions are close to each other [31], all
terms of resitivitys of [Gd, DyS] should be almost constant in
equations (3) in the range of X = 0.2—0.5. It was obtained
experimentally for the single crystal, that pij, < pou [44]
due to the effect of the structural anisotropy. In our case, for
polycrystal samples a lower ratio of pi, < pout (Fig. 6,b) was
obtained. At the same time, an anomaly of absolute values
of pin and poyt occurs at a low concentration of XxGd = 0.1.
These effects are related to the above-mentioned noticeable
deviations of orientation of crystallites and their aggregates
in the ceramic sample from the crystallographic axis ¢ and
to the changes in concentration of lattice defects with a
change in specific area of crystallite boundaries.

The resitivity pi, of the (GdS)oeNbS, compound
with double [NbS,], layer remains almost unchanged,

SO Din, (GdS)osoNbS2 ~ Pin,(GdS); Nbs2.  Similar results were
obtained on single crystals at ~ 300K [14,44]. On the

other hand, pou,(Gas), xNbs2 18 higher than oy, (Gds), gNbs2
due to the higher number of semicoherent boundaries of
[GdS]—[NbS;] per unit length of the sample.

Equations (3) are referred to single crystal or, in our
case, to the volume part of one crystallite. In the
case of polycrystal samples, it is necessary to take into
account the charge transfer along the boundaries and
normal to the boundaries of crystallites in the direction
of temperature gradient. The analysis of this complex
process is based on the equivalent electric circuit diagram
of one crystallite (Fig. 4,b) taking into account surface
phenomena in the case of charge transfer in the direction of
temperature gradient, which is described by the following
equations:

Rei = Refii + Ri—2;
Refti = Ralioy,i - Rss;i/ (Ratioyi + Ress;i)s
Eei = / f [Salioy,i (T), Sss,i(T)]dT
AT;
4 / fS1_ai(T)ldT 4)

AT*
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where: R.;; — resistance of the i-th crystallite parallel to
the direction of temperature gradient AT, Regin — total
resistance of the volumetric part of crystallite and its side
boundaries Rgs; parallel to the temperature gradient AT;,
R(1—2),; — resistance of the layer at the semicoherent
boundary (1—2) of adjacent crystallites normal to the
temperature gradient AT*, Raney; — resistance caused
by the scattering of charge carriers on the lattice and
defects, Rgs — resistance of layers of semicoherent side
boundaries parallel to AT;, E; — thermo-emf (EMP) at the
i-th crystallite in the regions of temperature gradients AT;
and AT, Saioyi(T), Sssi(T) and S;_»;(T) — temperature
dependencies of Seebeck coefficients for the crystallite
volume, side boundaries, and the layer of semicoherent
boundary (1—2), respectively, in the direction parallel to
AT.  Raloyi>, Rssj, and Rj_»;, essentially the internal
resistances of EMP sources, are connected in parallel/in
series and at certain ratios depending on temperature
conditions can couple each other. It is clear, that when
evaluating the thermoelectric figure of merit of a material
by equation (1), the resistivity of crystallite p.; can be
taken as Ry - lerj, Where | being length of the crystallite
in the direction of AT;, since lj > h;j_»;, where hj_,; is
thickness of the deformed layer of the adjacent crystallites
boundary. This will be true also for the whole homogeneous
real sample in the case of the same chemical and phase
compositions of crystallites and their mean sizes equal to
each other.

f [SAlloy,i(T), SSS,i(T)] and f [Slfz,i(T)] functions are com-
plex, currently not described, their form being dependent
on the concentration of charge carriers ny, their effective
masses My, and structure of electron bands in the
appropriate regions of the crystallite (volume, boundaries).
To evaluate ZT, the value of S i can be taken as E.i/AT,
since AT, > A/T*.

Thus, it is necessary to emphasize that to solve suc-
cessfully the material engineering problem of effective
thermoelectric ceramic materials creation, a theoretical
analysis and experimental verifications of the form of
f[SAlloy,i(T), SSS,i(T)] and f[Sl,z,i(T)] functions, RAlloy,i,
Rssi, and Rj_,; parameters and their temperature depen-
dencies are needed for the required temperature range
of application of the thermoelectric materials, which are
promising by their preliminary parameters. At the same
time, of course, it is necessary to take into account features
of temperature dependencies of i, ke (heat transfer by
charge carriers drift) and «j, (heat transfer by phonons of
real lattice taking into account the effect of defects of the
short-range and long-range orders) parameters.

The following effects can occur in different thermoelectric
materials on semicoherent boundaries of crystallites and
their surfaces, which are especially significant for certain
compositions and structures of materials, that must be taken
into account for polycrystal ceramic samples [47,48]:

— formation of Tamm and Shockley surface states with
a concentration of up to 10'2—10'3cm=2, as well as on
defects and impurities of SAs,
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— occurrence of a spatial charge region on boundaries
of neighbor crystallites with sufficient chemical or structural
heterogeneity, when barrier layers can be formed and R;_)
can increase,

— co-existence of surface states with different relax-
ation times: fast 10712—107% s, intermediate 10~°—10"3s,
slow > 1073 s,

— occurrence of a barrier layer between neighbor crys-
tallites in the direction of temperature gradient can form a
capacitance reactance of C(15); (see Fig. 4,b), overcoming
of which will be related to a heat emission, tunnel currents,
or a diffusion transfer,

— with low concentrations of one of components, for
example XGd =0.1 in our case, the above-mentioned
effects can have an anomalous change due to the increased
concentration of this component on boundaries of crystal-
lites as a surface-active substance (SA),

— occurrence of a band-bending on boundaries of crys-
tallites in a semiconductor.

At the same time mobility of charges can change by an
order of magnitude, as well as the following can change:
relationships of Rajey < Rss or Rajey > Rss, as well as
enriched or inverted layers can arise with corresponding
values of Sgg; at the same time boundaries of opposite
conductivity type can be formed. For example, this phe-
nomenon is recorded on single crystal Si and Ge diodes [49],
and these materials are widely used as thermoelectrics as
well [20,50,51]. The anisotropy of conductivity with a
change in sign of the S parameter was also observed for
layer compounds [52].

The power factor (PF) changes with increase in the
concentration of XGd. Absolute values (S?/p) for all
studied compounds in the in-plane direction of samples are
higher than in the out-of-plane direction. PF at x =0.1
is the lowest, and at X = 0.0 and 0.5 it is the highest for
the investigated compounds. PF for the (GdS)sNbS;
compound is very low and almost the same for the in-plane
and out-of-plane directions. Since the power factor S?/p
is considerably higher for the in-plane direction, it is
reasonable to consider the nature of thermo-emf (EMP)
formation and charge transfer in the polycrystal ceramic
materials in the field of temperature gradient for this
direction, bearing in mind the goal to produce a material
with improved thermoelectric efficiency.

3.4. Change in the thermal conductivity

Dependencies of ki, on concentration of XGd are shown
in Fig. 7,a. Behavior of these dependencies repeats the
behavior of the CSR = f (x) dependence (Fig. 5,a) with an
anomalous change at X =0.1. At the same time the
sequence of shift of the ki.in dependence on temperature
with a change in composition is disturbed significantly
for the sample with x =0.1 (Fig. 7,b). The degree of
long-range and short-range orders for the (GdS);0NbS;
compound (Fig. 5,a,b) is considerably higher than that
for the (GdS)peNbS, compound due to the fact that
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without Dy>*3)* ions the crystallites have larger sizes
and disappears the disturbance of modulation of sublat-
tice boundaries by parameters of unit cells a; and a,
(the alternating modulation wave), which is typical for
(GdxDy;_«S) disordered solid solutions. As a result, the
thermal conductivity xioin increases. However, the presence
of a larger quantity of misfit modulated boundaries per
unit volume between the [GdS] layer and the [NbS;] single
sandwich limits the increase in Ko in.

For the (GdS)o.coNbS, two-layer compound the num-
ber of lattice defects increases (Fig. 5,b), which is
confirmed by a significant curving of the baseline in
the Raman spectrum [29].  However, the volumet-
ric density of modulated boundaries of sublattices is
lower and therefore Kooy is considerably increased, and
Ktot,out, (GdS)o.oNbS; > Ktot,out, (GdS); 0NbS,- 1he comparison be-
tween (GdS);120NbS; and two-layer (GdS)o.coNbS, com-
pounds has shown the difference between Kioin, (Gds), NS,
and Kot in, (GdS)o.oNbS,» When the temperature increases from

300 to 873 K. In addition, the anisotropy of Kio, (Gds), ,NbS,
is higher than that of ki (Gas),eNbs, (Fig. 7,a).

In the general case Kiot = Kiat + Kn, Where ki — thermal
conductivity of the lattice, and x, — thermal conductivity
due to the drift of charge carriers (holes). In [25,50,53,54]
values of k, were calculated for polycrystal samples using
the Wiedemann—Franz law: xk, =L -T -p_l, where L —
Lorentz number (2.44-10~8W.Q-K™2?). However, the
use of the above-mentioned Lorentz number is justified
for materials with certain properties. This number was
derived theoretically for metals with free electrons within
the framework of free gas model [54]. Then, with significant
corrections, it was applied to semiconductors with parabolic
bands [55]. At the same time, it was noted that the
occurrence of boundaries within the main body of a sample
introduces a significant uncertainty in the use of the Lorentz
number. This matters, when there are a complex structure
of bands and a complex energy dependence of the surface
states relaxation time, as well as in the case of occurrence
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of interband transitions or degeneracy removal at high
temperatures [40,41,56,57].

It is known [58], that for an analog of the investi-
gated misfit layer compounds, for example, (LaS); 14NbS,,
at 300K the concentration of charge carriers is about
10 ecm=3 — the semiconductor is degenerated. If we
take into consideration, that for nanostructured samples the
conductivity can be limited by surface states on boundaries
of crystallites, then it is clear that for (GdxDy;_xS),NbS;
compounds the use of classic Lorentz number for free
electrons remains questionable.

To overcome these uncertainties, the following empirical
expression was used:

L = 1.5 + exp(—|S|/116) (6)

[23,54]. The use of this number has resulted in minor errors
for some materials, including polycrystal ceramics [18,54].
However, for the compounds with solid solution lattices
(alloys) the error in values of L can be as high as 25%.
In addition, for materials with S> 50uV - K~! the error
in determining the value of L by equation (6) proposed
in [57,59] can be 40%. In our case S> 50uV-K~!
at T > 700K. If we take into consideration the above-
mentioned surface and boundary changes in the chemical
composition of crystallites in semiconductor ceramic poly-
crystal materials, then the use of the parabolic model as a
prerequisite of operability of some above-mentioned options
of L evaluation is not sufficiently justified [52,60).

Another variant of determining the lattice thermal con-
ductivity of nanostructured materials i,y in relation to
the thermal conductivity of the material without phonon
scattering on defects with crystallites of macroscopic size x,
is represented by the ki = (k0/3)(3ler/lpn) function, where
I being crystallite size and lp, being length of free path of
phonons [57], does not have a sufficiently clear justification
for compounds with modulated boundaries of sublattices.

Thus, the use of equation: ki = Kiat + K to evaluate
Kt and kp using known models of the Lorentz num-
ber selection in our and similar cases will result in a
misinterpretation of the mechanisms of phonon scatter-
ing on the lattice and heat transfer by charge carri-
ers. However, it can be assumed that kpo. is very
small because at 873K Oout, (Gds)oeNdS; = Lout, (GdS); 20NdS,
and  Kioout, (GdS)osNbS; > Kiotout, (GdS), oNbS,- At the same
time, since at 873K pin (Gds),eNbS; ™ Pin, (GdS), xNbS,s and
Ktot,in(GdS), o NbS; > Ktot,in(GdS), ,NbS,» it can be assumed that
Knin 1s small, but bigger than poy. Thus, the main
mechanism of thermal conductivity is defined by the
disturbances of short-range and long-range orders of the
lattice and misfitting of lattice parameters of the [GdS] and
[NbBS;] subsystems.

Fig. 7,c shows dependencies of thermoelectric figure of
merit (ZT) on the composition of investigated compounds.
As before, we shall consider the change in these parameters
with the change on composition XGd mainly at 873 K. As
can be seen, values of ZT, are considerably higher than
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those of ZT,y. In coordinates of ZT —x, the dependence
is mirror opposite to the CSR = f(x) dependence that
characterize the disturbance of the long-range order of
the crystal lattice (Fig. 5). Intervals of changes in Sj
and pj, parameters with a change in concentration XxGd
are considerably less than those for an/pin and Kot in-
In addition, the form of S /pi = f(x) and ZT = f(x)
dependencies is similar to that of the N, = f (X) function.

All the considered effects give grounds to assume that the
thermoelectric figure of merit ZT of pressed sintered misfit
layer compounds (GdyxDy;_«S);NbS, is mainly defined
by values of thermal conductivity and Seebeck coefficient.
The highest values of ZT are achieved for samples with
solid solutions (GdxDy;_xS)1.21NbS; at x =0.2 and 0.5
(Fig. 7,b). For the (GdS)oeNbS; two-layer compound
values of ZT are considerably lower and lie at a level of
out-of-plane values for the (GdS);2NbS; compound due
to the increased thermal conductivity.

4. Conclusion

Using (GdyDy;_xS);NbS, high-temperature compounds
at temperatures of 300 and 873 K as an example, it is shown
that a change in the composition of solid solution of the
guest sublattice by replacement of one type of rare earth
element ions by another — [GdxDy;_«S] allows controlling
the disturbance of the short-range order of the crystal
lattice due to the formation of a solution with different
degree of disordering and long-range order due to a change
in nanomorphology of crystallites. In the region of low
concentrations (X = 0.1), the Gd** ions are concentrated
as a SA on boundaries of crystallites and distributed mainly
in the (028) plane forming a solid solution [Gdy1Dyo ¢S]
in this plane, which is close to an ordered solution. The
Gd** ions concentrated on boundaries of crystallites are a
SA and a promoter of the accelerated growth of crystallites.
This is confirmed by an increase in size of Dy_w crystallites
and a decrease in deformation stresses at X = 0.1. At the
same time the degree of long-range order of the lattice
increases. As a result, an anomalous change is observed
in the thermoelectric parameters: Sj and py, decrease
by ~ 10%, while Kioin increases by ~ 25%, and ZT
decreases by almost 2 times. In fact, the ZT changes in
a similar way to the change in concentration of deformation
centers N, on semicoherent boundaries of crystallites.
With a decrease in size of crystallites in the interval of
concentrations of XGd = 0.1—-0.5, the short-range order of
the lattice of intercalated layer [GdxDy;_xS] and the long-
range order of the crystal lattice of compounds with misfit
structure in general are disturbed. At the same time, the
phonon structure of the investigated compounds becomes
significantly more complex. This results in a decrease in
thermal conductivity kiorin, but causes insignificant changes
in S, and pjy, along the (006) basal plane. At the same
time ZT increases up to 0.13 at 873 K. Thus, to increase
values of ZT, it is necessary to decrease sizes of crystallites.
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This is achieved through replacement of Dy** ions by Gd**
ions in the whole volume of the sublattice of [GdyDy;_xS]
solid solution with an excess concentration of SA of Gd**
ions on boundaries of crystallites. It is noted, that to
successfully improve efficiency of thermoelectric polycrystal
ceramic materials, it is necessary to take into account
crystal-chemical changes on boundaries of crystallites [47]
and variations of modulated interfaces of sublattices [52,61],
as well as the changes in electron structures related to
them. To understand the nature of formation of thermo-
emf and mechanisms of charges and heat transfer, including
the heat transfer by charges, additional theoretical analyses
of the effect of surface electron processes on boundaries of
crystallites in polycrystal ceramic materials are needed.

The described scientific statements for
(GdxDy;_xS)1.21NbS; compounds can be extended to
other related nanostructured materials based on misfit layer
compounds MTS; (M =Pb, Bi, Sn, Sb, rare earth elements
and T=Ti, V, Cr, Nb, Ta) [14,17,18,28,30], and other layer
compounds. It seems, that this study is a development of
studies [21,61], where the effect of grain sizes, which are
aggregates of crystallites, on the thermoelectric parameters
of materials is considered.
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