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Chapter

Quantum Physical Interpretation
of Thermoelectric Properties of
Ruthenate Pyrochlores

Sepideh Akhbarifar

Abstract

Lead- and lead-yttrium ruthenate pyrochlores were synthesized and investi-
gated for Seebeck coefficients, electrical- and thermal conductivity. Compounds
A,;B,0¢5,, with 0 <z < 0.5 were defect pyrochlores and p-type conductors. The
thermoelectric data were analyzed using quantum physical models to identify scat-
tering mechanisms underlying electrical (¢) and thermal conductivity (k) and to
understand the temperature dependence of the Seebeck effect (S). In the metal-like
lead ruthenates with different Pb:Ru ratios, ¢ (T) and the electronic thermal con-
ductivity «, (T) were governed by ‘electron impurity scattering’, the lattice thermal
conductivity k;, (T) by the 3-phonon resistive process (Umklapp scattering). In the
lead-yttrium ruthenate solid solutions (Pb(; x)YxRu;0 6 5+2)), @ metal-insulator
transition occurred at 0.2 moles of yttrium. On the metallic side (<0.2 moles Y)
‘electron impurity scattering’ prevailed. On the semiconductor/insulator side
between x = 0.2 and x = 1.0 several mechanisms were equally likely. At x > 1.5 the
Mott Variable Range Hopping mechanism was active. S (T) was discussed for
Pb-Y-Ru pyrochlores in terms of the effect of minority carrier excitation at lower-
and a broadening of the Fermi distribution at higher temperatures. The figures of
merit of all of these pyrochlores were still small (<7.3 x 1073).

Keywords: Ruthenate pyrochlores, thermoelectricity, scattering mechanisms,
metal-insulator transition, glass-like thermal conductivities

1. Introduction

The discovery of high thermoelectric performance of Na,CoO,4 [1] has triggered
renewed interest in oxide thermoelectric materials, though the figure of merit (zT)
of this and other oxides is still too small for widespread application.

Pyrochlore is an oxide mineral [(Na,Ca),Nb,O¢ (OH,F)] that forms brown to
black, glassy octahedral crystals. In natural occurrences, the A and B atom sites can
be occupied by many elements. Apart from naturally occurring compounds, over
500 compositions have been synthesized [2]. This wide-spread interest in
pyrochlores is due to their large spectrum of properties, which include electronic,
magnetic, electro-optic, piezoelectric, catalytic and more. The structure of
pyrochlores is usually described by the topology and the geometric shape of
coordination polyhedra. The structural formula is V'""A,Y'B,'VX4'VY. The roman
numerals show the coordination numbers. The crystal structure of pyrochlores is
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face-centered cubic (fcc). The space group is Fd3m, the lattice parameter is

a = 0.9-1.3 nm. There are 8 formula units in the unit cell. X is oxygen (0*") and Y
can be oxygen, hydroxyl, fluoride (0?7, OH™, F). The unit cell contains larger A
(r4 = 0.087 — 0.151 nm) and smaller B cations (rgz = 0.040 — 0.078 nm) [3]
surrounded by oxygens; in minerals by some OH™ and/or F. The B atoms are
accommodated in distorted, corner-sharing BOg octahedra. A network of BOg octa-
hedra forms the backbone of the structure [4]. The larger A atoms are located inside
of slightly distorted hexagonal rings formed by six BO¢ octahedra. The structure can
be regarded as two interpenetrating networks of B,Og and A,O’ units. The
pyrochlore structure tolerates vacancies on the A and O sites (‘defect pyrochlores’),
which can be represented by the general formula A; ,B,XsY 1. Work in this chapter
deals with synthesizing lead ruthenate derivatives and lead-yttrium ruthenate solid
solutions, measuring thermoelectric properties, and understanding the data based
on the pyrochlore structure, A- and B-site occupancy, ligand and crystal fields as
well as quantum-physical explanation of scattering mechanisms.

2. Electronic properties of ruthenate pyrochlores

Pyrochlores exhibit various electronic properties. Ruthenate pyrochlores with 44
transition elements on the B-site are of interest because their electronic properties
can change when changing the A-site atom. The electrical conductivity is affected
by the network of the corner-sharing RuOg octahedra, i.e., the B,O¢ sublattice [4].
Bi,Ru,0; and Pb,Ru,0¢ 5 show metal-like electrical conductivity to the lowest mea-
sured temperatures of a few degrees Kelvin [5, 6]. Bi;,Pt,0; is an insulator [7].
RE,;Ru,0; (rare earth RE = Pr to Lu), and Y,Ru,0; are Mott insulators with a spin-
glass ground state [5, 8, 9]. Some pyrochlores show metal-insulator transitions
(MIT), depending on temperature or pressure, for example Hg,Ru,0; and TL,Ru,0;
[10, 11]. TLRu,0; shows a MIT at 120 K [9], likely due to the formation of a spin
gap in the one dimensional Haldane chain [12]. Therefore, the electronic structure
of a pyrochlore, especially near the Fermi level (Er), must be affected by the
element on the A-site via the A-O-Ru bond and the unoccupied O’ sites. Defect
pyrochlores are cationic conductors, i.e., they are solid electrolytes. Some of them
with 4d or 54 atoms on the B-site have been used as oxygen electrodes, because of
their ionic (O%7) and electronic conductivity [4].

There are at least two factors that may contribute to the electronic properties of
Ru(IV) pyrochlores: 1) The Ru-O-Ru bond angle, which affects the Ru** t5e band
width and varies with the size of the A-site cation [13]. 2) Hybridization of unoc-
cupied states of A-site cations (e.g., Tl, Bi, and Pb) with the Ru 44 states via the
oxygen framework [14]. Changes of the Ru-O-Ru bond angle depend also on the
Ru-O bond length, which is affected by the size of A and the resulting changes in
orbital overlap and bandwidth [13, 15]. Respective studies have shown that
pyrochlores with metallic behavior have greater Ru-O-Ru bond angles than that of
insulating ruthenate pyrochlores [16]. There seem to be only small structural
changes in A,Ru,0; pyrochlores when comparing metallic and semiconducting
members. Electrical transport properties may just be positioned near the edge of
localized and itinerant electrons. This positioning at the edge of the metal-insulator
divide may help finding promising thermoelectric materials. High Seebeck coeffi-
cients are on the insulator side and potentially acceptable electrical conductivity on
the metallic side, providing a balance in properties [4, 5].

Lee et al. [13] computed the band width of Ru ¢, block bands for various
pyrochlore ruthenates using the extended Hiickel tight binding method and showed
that metallic phases have a wider bandwidth than semiconducting phases. The
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authors concluded that the metal-versus-insulator behavior of ruthenium
pyrochlores can be explained in terms of the Mott-Hubbard mechanism of electron
localization. Lee et al. [13] showed that there is a linear relationship between the
ionic radius of the A cation and the Ru~O-Ru bond angle. I used the software
ATOMS V6.4.0 to calculate the Ru-O-Ru bond angle, which is 136.24°. The ionic
radius for 8-coordinated Pb** is 0.129 nm. This is the highest bond angle and the
largest ionic radius compared with the data shown in Figure 3a in [13]. The data
confirm that Pb** follows as well the trendline established for cations on the A-site
in ruthenate pyrochlores. Based on the high bond angle of 136.24°, Pb,Ru,0¢ 5 can
be expected to fall in the group of metallic ruthenate pyrochlore phases with a high
Ru 75, band width as shown by Lee et al. in Figure 3b in [13].

Lead ruthenate Pb,Ru,0¢ 5 shows metal-like conductivity at room temperature.
The ceramic has been used as catalyst for fuel cells, organic syntheses, and charge
storage capacitors [4, 17]. As with all pyrochlores, the B atom, here Ru, is six-fold
coordinated: each Ru atom is located at the center of a slightly distorted octahedron
of equidistant oxygen atoms. Lead is VIII-coordinated with oxygen. Pb,Ru,0Og s, or
more precisely, Pb,Ru,0¢0’¢ 5 forms an ordered defect-pyrochlore structure in
which every other O’ site is empty [18]. The vacancies in the O’ sites are ordered.
Following Hsu et al. [14] discussion, the metallic behavior of lead ruthenate is most
likely due to the formation of an extended Pb 6p band overlapping with the Ru 44
band and is attributed to electron transport mainly within the octahedral network of
BOg units, the backbone of the pyrochlore structure [4, 14, 19]. The fivefold Ru 44
levels are divided into an unoccupied ¢, band (~ 2-5 eV above the Fermi energy Ey)
and a partially occupied t,, band (~ 1 eV below to 1 eV above Er). The t,, band is
broad and mainly metallic due to covalent admixture with O 2p states. The Pb 65
state is too deep (~ 8.5-10 eV below Ef) to be mixed with the Ru 44 states (the
Fermi levels are in the same partially filled Ru 4d band). However, the unoccupied
Pb 6p bands (only 5-9 eV above Ef) are close enough to mix with the Ru 44 states.

3. Quantum physical background

Following semiconductor physics, transport theory of metals, and degenerate
semiconductors (parabolic band, energy-independent scattering approximation
[20]) the Seebeck coefficient S, the electrical resistivity p [21], and the total thermal
conductivity k can be expressed as

c :% = tenu (1)

8 2k2 2/3
s=— ;hZBm*T<3£n> )
K=K, + KL, (3)

where ¢ is the charge of a carrier, # is the carrier concentration (1/m?), u the
carrier mobility (m?®/V's), and the plus or minus sign in Eq. (2) depends on the type
of charge carrier, holes (+) or electrons (—); kg is the Boltzmann constant, / is
Planck’s constant, T is the absolute temperature. The m* in Eq. (2) refers to the
effective mass of the charge carriers. Heavier carriers (higher 7*) will move more
slowly. Hence, less mobility leads to lower electrical conductivity but a higher
Seebeck coefficient (Eq. (2)). In other words, both, a smaller carrier concentration
and a higher carrier’s effective mass decrease electrical conductivity. The exact
relationship between effective mass and carrier mobility depends on the electronic
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structure of a given material, on whether the material is isotropic or anisotropic and
on scattering mechanisms [22].
The Wiedemann-Franz law (Eq. (4)) provides an expression for «, in Eq. (3):

k. = oLT = enuLT (4)

where o is the electrical conductivity, L the Lorenz number, T is the absolute
temperature. For metals and degenerate semiconductors L assumes the Sommerfeld
value of 2.44 x 10~® W'Q/K?. For non-degenerate, single parabolic band materials,
and acoustic phonon scattering conditions, L drops to 1.49 x 10~ W-Q/K? [23]. The
Wiedemann-Franz law is based on the assumption that free electrons (an electron
gas) transport heat and electricity in metals, for which the total thermal conductiv-
ity is approximately equal to k,. The value of the Lorenz number varies among
materials and depends, e.g., on band structure, on the position of the Fermi level,
and on temperature; for semiconductors L relates to the carrier concentration [24].
The Lorenz number can vary, particularly with carrier concentration, e.g., in low-
carrier concentration materials it can be about 20% lower than for metals [25].
Important deviations from the Wiedemann-Franz law are seen, e.g., in multi-band
materials [26, 27], in nanowires [28], in superconductors [29], and in the presence
of disorder [30]. The latter will be important for the materials investigated here. x
and o are always determined experimentally. An accurate determination of «, is
critical, since «;, is often calculated from the difference between « and «, (Eq. (3)).

Electronic transport processes can be analyzed using the density functional theory
(DFT), electronic band-structure calculations, and the Boltzmann transport theory
[31-33]. The Fermi-Dirac distribution function can be included in the computations
to deal with temperature effects. To get a more complete description of electron-
transport or electron scattering in a solid material, the energy (e¢) dependence of the
relaxation time of electrons near the Fermi energy is needed. To calculate the ¢ (T), S
(T), and «,(T) the Boltzmann transport equation framework is applied.

A scattering mechanism includes scattering from charge carriers and phonons.
Scattering from charge carriers includes ionized impurities, acoustic phonons, the
phonon deformation potential and scattering at crystal boundaries. Phonon scatter-
ing consists of phonon-phonon-, point-defect- and phonon-carrier scattering. To
calculate the total scattering rate as the sum of the individual contributions Eq. (5),
Mathiessen’s rule is used:

1yt 5)

Ttotal Ti

where 7; is the relaxation time for each scattering mechanism and T, is total
relaxation time. Note that because (¢) is integrated in the Boltzmann framework,
the temperature dependence of conductivity may not be the sum of the temperature
dependence of simple scattering processes. For example, if scattering process A has
a relaxation time of 74 (e) and scattering process B has a relaxation time of z5(¢),
then the total ¢ dependence will be

1 1 1
W) tale)  ta(e) ©)
ri(e) = AT ) 4 cae) @)
’CA(S)’L‘B 8)

As shown in Eq. (7), the combination of two scattering mechanism is not simply
a summation, unless other approximations apply.
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Table 1 shows that many different scattering mechanisms have been published.
Here, I provide a list of examples of scattering mechanisms of electrical-, and
thermal conductivities, as well as the Seebeck coefficient for one case. Ty is the
Fermi temperature, and Tgg is the Bloch-Griineisen temperature.

Umklapp or inharmonic scattering is present in crystalline materials at
high temperatures and is the scattering of phonons by other phonons in three-
phonon resistive processes. The significance of the process increases as the
temperature increases, i.e., when more phonons with larger wave vectors are
excited [38].

Scattering mechanism Temperature korS c
Electron-Impurity Scattering [34] T<<Tr K, x T cxT?°
Electron-Impurity Scattering [34] T> Tk Kk, & T2 cx T V2
Electron-Phonon Scattering [34] T < Tgg Kk, oxT 2 cxT
Electron-Phonon Scattering [34] Te> T > Tpg k,xTO cxT !
Electron-Phonon Scattering [34] T>Tr Ko T V2 oo T 372
Umbklapp Scattering [35] High T ko T 1 —
Low T kT
Electron-Electron Scattering [36] Low T — cxT 2
Mott Variable Range Hopping [37] Low to high T S« T"? oo e (To/TM*
Efros-Shklovskii Variable Range Hopping [37] Low to high T — oo e—(To/D
Nearest Neighbor Hopping [37] Low to high T — oo e (To/T)!
Table 1.

Scattering mechanism of electrical-, thermal conductivities, and Seebeck coefficient.

In many semiconductors that show ‘glass-like’ behavior, there is a change in the
conduction mechanism with temperature from thermally activated to ‘Variable
Range Hopping’ (VRH) conduction [39, 40]. According to Mott, electron hopping
between nearest neighbor sites is not always favored at low temperatures as the sites
may be significantly different in energy. It is possible that electrons prefer to move
to an energetically similar but more remote site. In this regime, the following
conduction law is expected for the variation of the conductivity of glass-like
disordered systems [41, 42]:

where o is the pre-exponential factor, T is a characteristic temperature. The
condition 0 < Y < 1 is fulfilled, if the VRH mechanism dominates the conduction.
Y = Y4 corresponds to a Mott VRH, if the density of states around the Fermi level can
be assumed to be constant; ¥ = 1/2 correlates with an Efros-Shklovskii VRH, if there
is a gap at the Fermi level [41, 42]; ¥ = 1 agrees with a Nearest Neighbor Hopping
(NNH) mechanism.

The most proper way to determine the accuracy of ¥ in Eq. (8) is to analyze the
electrical conductivity versus temperature by using the approach of Zabrodskii and
Zinoveva [43] as follows. Let W be defined as

dlne(T)
W(T) = In |:C“T:| 9)
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By inserting Eq. (8) into Eq. (9), W (T) can be written as Eq. (10)
WT)=IhnY+YInTo—YInT (10)

W(T) can also be used to determine metallic and insulating behavior. If the slope
of In [W(T)] vs. In T is negative, the material is an insulator. However, if the slope
is positive, the material behaves like a metal [37]. Generally, in semiconductors
(doped or un-doped) ¢(T) and S(T) have opposite temperature dependencies. In
Mott’s Variable Range Hopping the electrical conductivity depends on temperature

as o < e~ /D" and the Seebeck coefficient as S « T (@=D/(d+D " where d is the
dimensionality of the system [44]. In our work, the system is 3D; o(T) and S(T')

: /4
vary with temperature as 6 x e”™/")"" and S « T .

4. Selecting and making lead- and lead-yttrium ruthenates

Substitutions of atoms on the A- and/or B-site in pyrochlore, here Pb,Ru,0¢ s,
change the thermoelectric properties. I have selected and synthesized two sets of
ruthenate pyrochlore compounds, one with variable Pb:Ru ratio, the other consti-
tutes solid solutions of Pb- and of Y-ruthenate (Table 2). Changing the Pb:Ru ratio
changes A and B site occupancy and the defect concentrations. For example, reduc-
ing the number of Pb** ions creates more vacancies in the A,O’ sublattice and
changes the properties of the already existing oxygen vacancies, which are occupied
by Pb 6s electron lone-pairs in Pb,Ru,0g 5. Less than two Pb** ions mean less
electrons for the vacancies. Reducing Ru should affect electrical conductivity,
which is mainly due to the RuOg backbone structure of ruthenate pyrochlores.

Compounds* Stoichiometric variations

Pb 2,50 RU (2500 (6.5.2) x:0.0,-0.3,0.3,05,0.7,0.9; 0 <z < 0.5
Pb(2 ) Ru0 (6 542) x:0.2;,0<z<05

Pb 250 VxR0 (6559 x:0.0,0.1, 0.2, 0.4,1.0,15,2.0; 0 <z < 0.5

*z was not measured; z = 0, known for Pb,Ru;0¢ 5 and z = 0.5 for Y,Ru,0;.

Table 2.
Lead ruthenate derivatives and lead yttrium ruthenate solid solutions.

Partial Pb-Y substitutions have been studied and showed a transition from
metal-like electrical conductivity to semiconducting, prior to becoming an
insulating material [45]. Since Pb in Pb,Ru,O¢ 5 causes the width of the Ru z,,
block band to be fairly wide and that of yttrium to be narrower [13], then yttrium is
an interesting element when expecting property changes for partial substitutions.
Obviously, V'"'Y?* with its much smaller ionic radius than Y"'Pb** reduces the
Ru-O-Ru bond angle [13], thereby making the increasingly Y-rich compound less
metallic.

The pyrochlores were made as follows. Equally sized powders, about 10 pm in
size were cold pressed into pellets, reacted at high temperature (1173 K to >1273 K),
crushed, pressed again into pellets, sintered, cooled, and then measured. Only
Pb,Ru,0¢ 5 and Y,Ru,07 have been studied by others. The electrical conductivity of
Pb,Ru,0¢ 5 has been measured frequently, as shown in Table 3.

The results depended on the method of synthesis and fluctuated between
120 £ 30 S/cm (298 K) [46] and 4651.2 S/cm (300 K) [6]. Temperatures higher
than 598 K have also been studied [17, 47].
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Reference* Temp. Synthesis 298-300 K 323K 373K 423K 473K 523K 573K
range (K)
Tachibana 1<T Single crystal 4651 — — — — — —
et al. [6] < 300
Mayer-von 77<T Solid state 2128 — — — — — —
Kirthy [7] < 300
Takeda et al. 298 < T Solid state 631 513 479 447 417 389 251
[17] < 1173
Parrondo 298 < T Alkaline 120 4+ 30 — — — — — —
et al. [46] < 598 solution
Songand Lee 373 <T Co- — — 3490 3375 3250 3100 3150
[47] < 1073 precipitation
process

AKkhbarifar 298 < T Solid state 2137 2037 1902 1781 1702 1638 1579
et al. [48] < 598
Sleight [49] 42<T Solid state 2000 — — — — — —

< 298
Kobayashi 15<T Solid state 1000 — — — — — —
et al. [50] < 300

*Except Pervondo et al., all authors measured o(T) with DC 4-probe technique.

Table 3.
Known temperature dependences of electrical conductivity o(T) of lead ruthenate.

5. Lead ruthenate derivatives

X-ray powder diffraction measurements and phase identification were
performed. Search-match routines in JADE9 software (Materials Data. Inc.) were
used. The powder patterns were calibrated using a corundum (a-Al,O3) standard.
X-ray powder diffraction patterns of lead ruthenate (Pb,Ru,0¢s) and six deriva-
tives are shown in Figure 1. All d-spacing and intensities match the isometric
pyrochlore crystal structure. Lattice constants ao were calculated for all samples.
The lattice constant of pure lead ruthenate (ag = 1.0257 nm) was in good agreement

222
4(]0 4T0 622
i 311 331 511 Jeay 1444 o 6628 o Pb: Ru
[ Sphe L H e Aae A7 553°0%33 ARQu| pprus  1.8:2.0
WL TN W R e RPN Y e
-&JWJMLA_MMA—A—LA; PbRU-5 2.0:1.1
- ! - - 1 i : 275143
L — Y N x A A Ar ) porua  2.5:1.5
e J \ RS j) W T (- ;
J l A M\__J A Gt A h A )\_L PbRuU-1 2.0: 2.0
00-034-047 1> PbzRuz06s - Lead Ruthenium Oxide
| | ‘ ‘ L , i

10 20 30 40 50 60 70 80 90
Two-Theta (deg)

Figure 1.

X-ray diffraction patterns of lead ruthenate pyrochlorve [51] and six derivatives (below: Reference pattern
00-034-0471 of Pb,Ru,O¢ 5; " = unidentified contaminant).
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10pm Electron Image 1

Figure 2.
SEM image showing octahedral crystals of our Pb,Ru,Og ;.

with Jade reference # 00-034-0471 by Horowitz et al. [52] with a value of
1.0252 nm.

Substitutions affect a, but the isometric unit cell is maintained in all cases. A
closer look at the X-ray spectra at 20 = 28° showed that traces of unreacted RuO,
may be present, particularly in Pb:Ru = 1.7:2.3. The yield of all synthesized
pyrochlores is close to 100%.

Solid-state synthesis of pyrochlores involved a series of manipulations, which
introduced ZrO, from milling containers, SiO, and Al,O; from glass mortars and
pestles. The impurities were analyzed by semi-quantitative X-ray fluorescence and
amounted to ~ 1 wt.%. When present, unreacted RuO, amounted to ~ 1 wt.% as
well. Suggesting an overall purity of our pyrochlores of at least 98 wt.%. Figure 2
shows a secondary electron image of octahedral Pb,Ru,0g¢ 5 crystals.

5.1 Electrical- and thermal conductivity and Seebeck coefficients of lead
ruthenate derivatives

In this section I present and discuss thermoelectric properties of derivatives of
lead ruthenate (Pb(;,x)Ru.x)O6.5+2) and Pb; x)Ru,0 6 512)), Table 2). Compari-
sons are made with the published results of lead ruthenate [48].

Figure 3a shows electrical conductivity as a function of temperature for lead
ruthenate derivatives. All conductivities decrease with increasing temperature,
suggesting metal-like performance of all ceramics. The lead ruthenate derivative
with a deficiency of lead, i.e., Pb; gRu,0¢ 5., exhibits the highest electrical conduc-
tivity. The lowest conductivity was seen for the derivative with an excess of lead
and a deficiency of ruthenium, i.e., Pb, gRu; 10¢ 5.,. The oxygen content of the
derivatives was not measured.

6000 (a) Pb:Ru 1 (b) -
. §2.0:20 3 u Fb:Ru
5000 - - e 105 ¢ o [ §2.0:20
r - 2.3:17 ‘
4000 i + " a ~ 10 B 5 i o n 23:17
P~ r . - . X25:15 M x X ¥ ¢
E + % ) ; 9.5 AR n X25:15
S 3000 | x27:13 2 8 + + % o
2 s e29:11 ~ 9 ® 4 - § P
5 2000 ' : . )] ; + 029:1.1
; ¥ % +17:23 85 - . ;
1000 - x ’ i + *17:2.3
¥ § § § 1820 8 ¢ +  -18:20
0 e == = - — o 75 L 1 ' Ll L Ll i L .. ’ ' .
250 300 350 400 450 500 550 600 ’ 250 300 350 400 450 500 550 600
Temperature (K) Temperature (K)

Figure 3.
(a) Electrical conductivity and (b) Seebeck coefficients of lead ruthenate derivatives.



Quantum Physical Interpretation of Thermoelectric Properties of Ruthenate Pyrochlores
DOI: http://dx.doi.org/10.5772/intechopen.99260

Electrical conductivity is attributed essentially to transport of electrons in and
through BOg octahedra, the backbone of the pyrochlore structure [53, 54]. The Pb
65> electron lone-pair is highly localized in defect pyrochlores like lead ruthenate
with oxygen deficiency (O’ vacancies) in the sublattice. Hence, the electron lone-
pair is stereo-chemically active. This results in the formation of ordered oxygen
vacancies and the displacement of Pb closer to the vacancy [14]. In this way, the
pyrochlore structure is stabilized vis-a-vis the perovskite structure [18]. Pb may be
present in lead ruthenates in two valence states as Pb**; sRu**,Pb**( 506 5 [9].
Alternatively, Ru could be present in two valence states as Ru** and Ru™*, i.e.,
Pb,Ru**; gRu’*1 ¢Og.s. Even with some Pb** present, the pyrochlore structure would
still be sufficiently stabilized by the Pb** 65 electron lone-pair.

Removal of Ru, i.e., decreasing the overlap of the Pb 6p with the Ru 44 bond,
should result in a decreasing electrical conductivity, relative to pure lead ruthenate,
which is confirmed by the experimental results (B-site stoichiometry <2). For
charge balance reasons, it is assumed that Pb enters the B-site as Pb**, which also
means absence of some Pb 6p electrons. Decreasing Pb** on the A-sites (x = 1.7)
without substitutions increased the electrical conductivity significantly, which may
be the result of creating more oxygen vacancies and vacancies in the A,O’ sublattice.
The relatively strong increase of electrical conductivity due to increasing Ru to 2.3
at the expense of Pb to 1.7 is less easy to explain. The replacement of 2 Pb** by one
Ru** on the A site would cause an A-site vacancy, which could increase electrical
conductivity. Ru** is smaller than Pb**. This should cause rattling of Ru, which
would increase phonon scattering and thus decrease thermal conductivity. This
will be discussed further in context with thermal conductivity and scattering
mechanisms.

Figure 3b shows that the Seebeck coefficients go through a maximum near
423 K for all lead ruthenate derivatives. The dependence of the Seebeck effect on
the composition of these pyrochlores is not very pronounced. The highest and
lowest coefficients deviate from each other by about 15%, independent of temper-
ature. A surprising finding was that S(T) increased initially with increasing tem-
perature and then decreased with further increasing temperature. Since S(T) is
positive the majority of charge carriers are holes, i.e., lead ruthenate pyrochlore and
its derivatives exhibit p-type conductivity. The kind of temperature dependence of
S found for these pyrochlores has been observed in other systems as well. For
example, Y, ,Bi,Ru,0; show a broad maximum at 170 K for x = 1.6 [9], but the
authors gave no explanation. Paschen [51] observed a maximum of S(T) in a
clathrate-like material, i.e., in EusPd,(Geg, at about 120 K. The author attributed the
maximum to valence fluctuations of Eu (3" and 4"). Sidharth et al. [55] measured a
broad maximum of S(T) for tin chalcogenides, SnSe; ;Te, between 400 K and
600 K. These authors discuss their findings in terms of the influence of carrier-
phonon-, carrier-carrier scattering and conductivity-limiting bipolar conduction at
high temperature. Tse et al. [56] reported a maximum of S for Na,Sise clathrates at
x = 16 for 200 K. Certain clathrates are metallic, but their thermal conductivity
resembles that of glass-like solids, as with lead ruthenate [48] and the derivatives
studied here. Tse et al. [56] ascribed the trend of S(T') as a function of sodium
content to the band profile of the silicon framework. The rise of S(T) with increas-
ing temperature to a maximum and the decrease with further increasing tempera-
ture was qualitatively reproduced by raising the Fermi level. A maximum in the
temperature dependence of S(T) was also seen in bismuth metal thin films. For a
33 nm thick film, the maximum occurred near 425 K [57]. The authors of [57]
discussed the phenomenon by taking into account the temperature dependence of
the Fermi energy, which cannot be neglected because bismuth has a low Fermi
energy. Hence, increasing and decreasing Seebeck coefficients have been observed
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in a variety of materials and in different temperature ranges. Explanations of
respective data for different materials vary.

The Seebeck coefficient of these p-type pyrochlores is inversely proportional to the
carrier concentration (Eq. (2)). Before the onset of intra-band minority carrier (elec-
tron) excitation at lower temperatures, S(T') increases with T’ (Figure 3b), confirming
metallic behavior of all pyrochlores. At higher temperatures the Fermi distribution
broadens, which leads to an exponential increase in minority electrons, due to thermal
excitation and resulting in a reduction of the Seebeck coefficient [58]. The Seebeck
coefficient reaches a maximum, in this case at 423 K (Figure 3b) for all derivatives.

Figure 4 shows the results of thermal conductivity measurements of all lead
ruthenate pyrochlores. Thermal conductivity increases with temperature and was
found to have increased in all derivatives above that of lead ruthenate. Note that the
compounds 1.7:2.3 and 1.8:2.0 showed the highest electrical conductivities
(Figure 3a), while their thermal conductivities are least affected (Figure 4). This
will be addressed in the next section. I noticed an increase of the total thermal
conductivity with temperature in the crystalline lead ruthenate and its derivatives,
which is typical of glass-like materials. A glass-like behavior of all these pyrochlores
is likely due to an electronic contribution from an increasing concentration of
minority electrons with temperature, which also contributed to the downturn of the
Seebeck coefficients.

The presence of structural defects and a large unit cell create pronounced
anharmonicity, which lowers the thermal conductivity [59]. Pb,Ru,O¢ 5 possesses
intrinsic disorder characteristics, i.e., vacancies in the A,O’ sublattice and stereo-
chemically active 65> electron lone-pairs on Pb. Similar defects can be expected to
prevail in our derivatives. These defects cause a glass-like temperature dependence
of thermal conductivity of our lead ruthenate derivatives. This was also observed,
e.g., in chalcogenides, clathrates, and yttrium-stabilized zirconia (YSZ) [38], and
materials with intrinsic disorder [60-63]. The thermal conductivity of lead
ruthenate is close to that of vitreous silica [48], which is 1.93 W/m'K at 373 K. With
increasing temperature, the 3-phonon resistive process (Umklapp scattering) and
excitation of more phonons with larger wave vectors become increasingly impor-
tant [64], thereby lowering the lattice thermal conductivity of a crystal [59].

5 r Pb:Ru
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Figure 4.
Thermal conductivity of lead ruthenate derivatives.

5.2 Scattering mechanisms in lead ruthenate derivatives

The measured thermal conductivity « is the sum of electronic , and lattice
thermal conductivity «, (Eq. (3)). The electronic and lattice contributions are

10
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plotted in Figure 5a and b, respectively. The electronic thermal conductivity
increased with temperature and decreased with increasing Pb content. The Pb:

Ru = 1.8:2.0 and the Pb:Ru = 1.7:2.3 pyrochlores, respectively, have the highest
electronic thermal conductivities. With one exception, the lattice thermal conduc-
tivities are almost independent of temperature but vary with composition. Partial
removal of Pb from Pb,Ru,0Og 5 lowers the lattice thermal conductivity. Using the
Lorenz number of 2.44 x 108 WQ/K? for metals to calculate «, yielded negative
values for k;,, which is meaningless. To avoid this, I used 1.49 x 108 WQ/K?, which
has been applied for non-degenerate, single parabolic band materials, and acoustic
phonon scattering conditions [62].

As expected from electrical conductivities (Figure 3a), the compounds with a
lead deficiency show «, values higher than in pure lead ruthenate (Figure 5b).
However, the k;, values are the lowest of all. These compounds are presumably the
ones with the highest defect concentrations of all lead ruthenate derivatives, which
are assumed to increase phonon scattering and thus lower ;..
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Figure 5.

(a) Lattice- and (b) electronic thermal conductivity of lead ruthenate derivatives.

The electrical and thermal conductivity data of lead ruthenate derivatives have
been analyzed for underlying scattering mechanisms. The temperature dependence
of the scattering mechanisms listed in Table 1 were least-squares-fitted to the
experimental data. The goodness of the fits was analyzed by using the reduced chi-
squared statistic (x*/DOF) (Eq. (11)) and the best fit was assumed to have identified
the most likely scattering process.

Sum of squared errors

DOF (1D

x°/DOF =

where DOF is the number of degrees of freedom, which is the number of data
points minus the number of fit parameters. For all seven synthesized pyrochlores,
the best fits for o(T), k,(T), and k. (T) were T Y2, TY? and T 71, respectively. All
fits for all pyrochlores pointed at the same underlying scattering mechanisms. A
graphical representation of these dependencies can be found in [48] for pure lead
ruthenate. According to Table 1, the underlying scattering mechanism is ‘electron
impurity scattering’. Since this mechanism prevails only at T >> Ty (Table 1), the
excellent match between data and the fits suggests that the Fermi temperature T of
lead ruthenate and its derivatives is below room temperature. Other joint scaling
shapes rule out other combinations of dominant scattering mechanisms. This is
evidence that traditional electron-acoustic phonon scattering is suppressed and thus
most scattering is due to intrinsic disorder and impurities.

The lattice thermal conductivity «;,(T) of lead ruthenate and all derivatives
varies with T ~". This dependence suggests that the 3-phonon resistive process

11
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(Umklapp scattering, Table 1) is responsible for the decrease of x;,(T) in all com-
positions. This finding supports the electron-impurity scattering mechanism for
o(T) and x,(T) (Table 1) [64], because transport properties are sensitive to struc-
tural disorder such as site substitutions, vacancies and localized impurities, all of
which are present in these pyrochlores at different concentrations. These defects
can lower the thermal conductivity to glass-like behavior [59]. In this regard,
compounds with stereochemically active electron lone-pairs associated with con-
stituent atoms (here Pb** on the pyrochlores’ A-site) have attracted significant
attention. Other examples are Cu3SbSes;, AgsbSe;, and other chalcogenides. The
3-phonon resistive process will be addressed again in Section 6.2. The same causes
as here hold there for Umklapp scattering for lead-yttrium ruthenate solid solutions.
The electronic contribution «,(T) to the total thermal conductivity «(T) increased
with increasing temperature and was estimated to be about 72% at 25°C and 85%
at 300°C, respectively. The total thermal conductivity x(T) results mainly from
electronic thermal conductivity.

6. Lead yttrium ruthenate solid solutions

We have reported recently [45] on electrical conductivity and Seebeck coeffi-
cients of lead yttrium ruthenate solid solutions. The focus of that investigation was
on finding and explaining a metal insulator transition in a suite of Pb-Y ruthenate
solid solutions between the metal-like paramagnetic Pb,Ru,0¢ 5 and the antiferro-
magnetic Mott insulator Y,Ru,0;. Only 10 mol% of Pb needed to be replaced by
yttrium to reach the point of transition from a metal-like to a semiconducting
ceramic. Following the Mott-Hubbard model, yttrium opens the Mott-Hubbard gap
and fills the lower Mott-Hubbard band with localized t,, electrons thereby changing
the mechanism of electron transport [45].

In this section I report on the hitherto unknown thermal properties of lead
yttrium ruthenates and analyze these together with our previously published
measurements on electrical conductivity and the Seebeck effect [45] in terms of
quantum-physical scattering.

Structure and purity of all samples (Table 2) have been determined by X-ray
diffraction and X-ray fluorescence analysis, respectively. The X-ray diffraction
patterns of pure lead and yttrium ruthenate are known (Jade reference # 00-034-
0471, ag = 1.0252 nm and # 00-028-1456, ao = 1.0139 nm, respectively). The solid
solutions are all of isomeric structure and follow Vegard’s law, i.e., the unit cell
parameter decreases linearly with increasing concentration of Y*>* (r = 0.1019 nm),
which is smaller than Pb** (» = 0.129 nm) [45].

6.1 Thermal conductivity of lead yttrium ruthenate solid solutions

The results of thermal conductivity measurements are shown in Figure 6. Ther-
mal conductivity « increases with temperature. Pure lead ruthenate has the highest
thermal conductivity (2.35 W/m'K) of the pyrochlores at all temperatures [48]. As
the Y concentration increases, k and its temperature dependence decrease. Pure
yttrium ruthenate has the lowest thermal conductivity.

k increases with temperature up to an yttrium concentration of x = 1.0. At and
above x = 1.5, k is very low and nearly temperature independent. These pyrochlores
are insulators as indicated by low electrical conductivity as well [45]. The increase
of k with increasing T, and the low values of « are typical of glass-like behavior,
although all these pyrochlores are crystalline. As with lead ruthenate derivatives,
glass-like behavior is probably due to a contribution to k, of an increasing
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concentration of minority electrons with increasing temperature, which also
contributed to the decrease of the Seebeck coefficient for x = 0 to 1.5 [45].

Figure 6.
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Thermal conductivity of Pb- and Y-ruthenate and solid solutions.

6.2 Scattering mechanisms in lead yttrium ruthenate solid solutions

The electronic thermal conductivity k, was calculated with Eq. (4), the lattice

thermal conductivity «, with Eq. (3) and plots are shown in Figure 7a and b.

The electronic thermal conductivity «, (Figure 7a) decreases with increasing Y
content but increases with temperature. The slope of the temperature dependence
of k, decreases with increasing concentration of yttrium. Figure 7a (lower diagram)
contains the data for the two insulators Pb(, ) YyRu,0 5., withx =1.5and 2.0 on a
different scale, to show that there is still a temperature dependence of «,. Y,Ru,0,

shows the lowest electronic thermal conductivity.

The lattice thermal conductivity k;, decreases with increasing temperature for
x < 0.2 (Figure 7b). Between x = 0.4 and x = 2.0 x, becomes temperature indepen-

dent. k7, increases initially with temperature in pure lead ruthenate (x = 0).

In this section electrical- and thermal conductivity and Seebeck coefficients of
the pyrochlores Pb, ) YyRu,0(65,,) (0 <x <2, 0 <2 <0.5) will be analyzed for the

underlying scattering mechanisms. To do so, the temperature dependence of the

scattering mechanisms listed in Table 1 were fitted to the experimental data. The
goodness of all fits was analyzed by using Eq. (11), which yielded the most likely

scattering mechanisms.
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As shown in Table 1, for most scattering mechanisms at least two properties, for
example, 6(T) and «,(T) must be fitted together to show the respective temperature
dependencies. For Pb(; ) YxRu,0 5.,y with x = 0 and 0.1 the best fits of electrical
conductivity data ¢(T) and of the electronic component of thermal conductivity
k. (T) vary with T ~"?and T V2, respectively (see Figure 8a and b). According to
Table 1 the underlying scattering mechanism is ‘electron-impurity scattering’ at
T >> Ty [37]. The lattice thermal conductivity «;,(T) varies with T -1 suggesting that
the 3-phonon resistive process (Umklapp scattering, Table 1) is responsible for the
decrease of k1, (T) in the pyrochlores with x = 0 and x = 0.1 moles of yttrium. This
finding supports the electron-impurity scattering mechanism for ¢(T) and
k.(T) (Table 1) [41]. The experimental data and the least squares fits are shown in
Figure 8a—c.

For Pb(;.x)YxRu;,0¢65.,) with x = 0.2 and x = 0.4 the best fits of the electrical
conductivity data 6(T) and of the electronic component of thermal conductivity
k.(T) did not allow for an unambiguous determination of the scattering mechanism.
The goodness of two fits was practically identical. Two variations of ¢(T") and «,(T)
with temperature are equally likely: 6(T) varies with T ~*? or with T ~* and «,(T)
varies with T V/? or with T °. Based on Table 1 the underlying scattering mecha-
nisms are ‘electron-impurity scattering’ at T << Ty provided that ¢(T) varies with T
V2 and k,(T) with T Y. If 6(T) varies with T ! and «,(T) with T ° then ‘electron—
phonon scattering’ at Tgg << T << TF, is the mechanism (Table 1) [37]. The lattice
thermal conductivity «;,(T) varies with T -1 implying Umklapp scattering and
supports the electron-impurity scattering mechanism. The actual scattering process
could also be a combination of the two afore-mentioned mechanisms for which the
temperature dependence would be unknown. In principle, more information could
be obtained from an evaluation of Eq. (5), which has not been done yet. The fits for
x = 0.4 are the electron-impurity scattering as shown in Figure 8. Figure 8a—c show
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Measured (a) electrical conductivity, (b) electronic-, and (c) lattice thermal conductivity fits as a function of T
for Pb, )Y Ru,O (4.5 With x = 0, 0.1, 0.2, and 0.4 moles of Y.
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Pb (5. YxRU,0 (6.5, With x = 0, 0.1, 0.2, and 0.4 fitted with T %, T %, and T ~* for
o, K., and k., respectively.

For Pb(; ) YxRu,065,,) With x = 1.0 a clear selection of a mechanism cannot be
made. The selection criteria, i.e., best least squares fit and goodness of the fit, allow
for three scattering mechanisms. ¢(T) could vary with T 12 and k,(T) with T ¥? or
o(T) varies with T ! and «,(T) with T °. Based on Table 1 the underlying scattering
mechanism would be electron-impurity scattering at T' << T or electron-phonon
scattering at Tpg <<T <<TTF, or both (Table 1) [34]. The lattice thermal conduc-
tivity x, (T) varies with T ~" implying Umklapp scattering and supports the
electron-impurity scattering mechanism. The third possibility is that the Mott Var-
iable Range Hopping (MVRH) mechanism [20] is active, which requiresa T 12
dependence of S(T) and for 6(T) an exp(—1/T) Y dependence. Fitting T Y2 40 S(T)
yielded a satisfactory goodness of the fit. The same was the case when fitting the
exponential function to the ¢(T) data. As I mentioned for x = 0.2 and 0.4, here with
an yttrium content of 1.0 mole there could be a combination of the scattering
mechanisms for which the temperature dependence could be determined using
Eq. (5). This pyrochlore, like the ones in the previous section are in the MIT zone.
This explains why there may be more than one scattering process active. The
MVRH fitting is shown in Figure 9.

For Pb(;.4)YxRu,065.,) with x = 1.5 and 2.0 the best fits of electrical conductiv-
ity o(T) varies with exp(—1/T) Y4 and the Seebeck coefficients with T /2. As for
x = 1.0, MVRH can be suggested. Mott’s variable range hopping model describes
hopping conduction between localized states with electron energies close to the
Fermi level [41, 65, 66]. Hopping takes into account both thermally activated
hopping over an energy threshold and phonon-assisted tunneling between localized
states. For thermally activated hopping the Boltzmann factor exp(-W/kgT) applies,
where W is the energy barrier between the localized states. The electrical conduc-
tivity of the pyrochlores on the insulator side of the MIT shows thermally activated
conduction characteristics (Figure 3 in [45]). This behavior indicates transport by
the MVRH [67]. It could be due to a random potential caused by yttrium substitu-
tion [9]. Figure 9 shows fitting of Pb, ) YxRu,065.,) with x = 1.0, 1.5, 2.0 by
MVRH for ¢ and S.

The figure of merit 2T of a thermoelectric material determines its value for
practical applications. Respective values have been calculated for lead ruthenate
derivatives and for Pb-Y ruthenate solid solutions. All 2T values are still more than
two orders of magnitude below those achievable today with other ceramics. The
highest 2T for all pyrochlores studied here was 7.3 x 10> at 523 K for
Pb; 9Y01RuOg 5., Since the focus of this work was on quantum physical

(a) . (b)
50 / .
150
E4O g ‘ 1.0
%30 =%=1:0 Eloo - - X=1.
‘;20 x=15 ¢ « = X=1.5
o =20 0 - %20
10
0 q v v v - s - 0
300 350 400 450 500 550 300 350 400 450 500 550
Temperature (K) Temperature (K)
Figure 9.

Measured electrical conductivity (a) and Seebeck coefficients (b) with respective fits as a function of
temperature for Pb , )Y xRu,0 (5 5.z With x = 1.0, 1.5, and 2.0.
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interpretation of the pyrochlores’ thermoelectric properties, no effort was made yet
to search for pyrochlores with higher figures of merit.

7. Summary and conclusions

Thermoelectric properties of ceramics are determined by their crystal structure
and chemical composition. Important structural details affecting the transport
mechanisms of heat and electricity are, e.g., vacancies, impurities, lattice site occu-
pancy, lone pair electrons, and substitutions. The nature of these structural details
can determine or change scattering mechanisms that determine the thermoelectric
performance of the material. A selection of published mechanisms has been com-
piled. The way of testing these mechanisms by fitting respective mathematical
functions to experimental data and the quantitative evaluation of the fits have been
shown in this chapter, based on a large number of experimental data.

All thermoelectric properties of isomorphic lead ruthenate pyrochlores (defect
pyrochlores) with different Pb:Ru atom ratios were measured and analyzed in
quantum-physical terms to interpret transport mechanisms of thermal and electri-
cal conductivity and to understand the temperature dependence of the Seebeck
effect. All seven pyrochlores were p-type, exhibiting common features such as site
substitutions, vacancies and some impurities, to which transport mechanisms are
sensitive. Therefore, the same scattering mechanisms were seen for all pyrochlores,
specifically, electrical conductivity (T, which varied with T2, the electronic
part of thermal conductivity «,(T) varied with T"? and the lattice thermal conduc-
tivity x (T) with T . Hence, o(T) and «.(T) were governed by electron-impurity
scattering and «;,(T) by the 3-phonon resistive process (Umklapp scattering), which
supports the electron-impurity scattering mechanism. The Seebeck effect was
inversely proportional to the carrier concentration.

Measurements and quantum-physical analyses were also done with lead-yttrium
ruthenate solid solutions, which are defect pyrochlores as well. The temperature
dependence of the Seebeck coefficient was qualitatively the same as for the lead
ruthenate and derivatives. The same interpretation applies. A metal-insulator transi-
tion (MIT) occurred, if 0.2 moles of Pb were replaced by Y. The endmember
Pb,Ru,0¢ 5 shows metal-like behavior. Y,Ru,0y is an insulator. Impurity scattering
prevailed until the MIT was reached. The temperature functions of electrical con-
ductivity and electronic thermal conductivity were the same as for the lead
ruthenates. On the semiconductor/insulator side of the MIT, up to about one mole of
yttrium, several scattering processes were equally likely, e.g., electron-impurity- and
electron—phonon scattering. From one to two moles of yttrium, the Mott-Variable-
Range Hopping mechanism was active, as suggested by ¢(T) varying with
exp(—1/T) 4 Al figures of merit 2T were small, about 7.3%x10 > maximum at 523 K.

Based on these findings the following conclusions are provided:

* In previous work, glass-like thermal conductivity of Pb,Ru,0¢ 5 was found.
The same was the case here for lead ruthenate derivatives (Pb:Ru variations).
Obviously, an increasing concentration of minority electrons with
temperature, a likely explanation of glass-like behavior, is not significantly
affected by the rather large changes of the pyrochlore stoichiometry and site
occupation. Thermal conductivity increased at maximum only by a factor of
less than two.

* Significant changes of electrical conductivity were seen and can be related to
site occupancy and ion valence.
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* Seebeck coefficients of Pb,Ru,0g 5 increased slightly with temperature and

decreased after a maximum at 423 K. A remarkable insensitivity of this
temperature dependence vis-a-vis Pb:Ru changes was noticed, suggesting that
the underlying temperature dependence of the concentration of minority
electrons is little affected by Pb:Ru concentration changes.

* Mathematical analyses of the measured thermoelectric properties pointed at

the same underlying scattering mechanisms in all compounds, mainly a result
of structural defects, not of the Pb:Ru ratio.

* Introducing yttrium into the metal-like Pb,Ru,0¢ 5 changes the thermoelectric

properties more drastically than variations of the Pb:Ru ratio.

* Scattering mechanisms were affected by the metal-insulator transition (MIT).

Changes of bond angles, bond distances, and electronic structures (Mott-
Hubbard) at the MIT are likely to affect heat- and electricity transport, which
was reflected by the finding that different scattering mechanisms were active
on either side of the MIT.

* Knowledge of scattering mechanisms and their relation to structural details and

composition can provide guidance to tailor and optimize thermoelectric
properties of a material.
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