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Thermoelectric properties of the electron-doped perovskites Sry_,Ca,Ti;_,Nb,O3
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We have investigated thermoelectric (TE) properties for single crystals of perovskites Sr;_,Ca,Ti;_,Nb,O3
for 0 < x < 0.4 and 0 < y < 0.03 below room temperature (RT). We found that SrTij 99Nbg ;O3 shows a large
power factor at low temperature (PF = 50 uW/K? cm at 100 K ~ 90 uW/K? cm at 50 K) and the largest
dimensionless TE figure-of-merit below 40 K (ZT ~ 0.07) among the ever-reported materials. Such a large
low-temperature TE response around a carrier concentration of 10?° cm™ is due to a distinct electron-phonon
interaction, which could relate to the superconducting state. We also found that the Ca?* substitution for Sr**
increases ZT at 300 K for Sr;_,Ca,Tig97Nbg 305 from 0.08 to 0.105. The enhancement of ZT around RT
originates both in a large reduction of a thermal conductivity due to an introduced randomness into the crystal
structure and in an unexpected enhancement of a Seebeck coefficient.
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I. INTRODUCTION

Technology of mutual conversion between electric and
thermal energy by using a thermoelectric (TE) property of
a material is one of the key technologies for energy and
environment problems. The TE performance of a material
is expressed by a dimensionless TE figure-of-merit ZT,'
where Z:Sz/p/czSza//c and S, p, o, k, and T are
Seebeck coefficient, electric resistivity, electric conductivity,
thermal conductivity, and absolute temperature, respectively.
The maximum efficiencies of Peltier device and TE electric
generator monotonically increase with the increase of ZT.!
However, finding a material with a large ZT value is quite
difficult! because the physical properties included in Z are
correlated with each other.

Since a good TE property was found in Na,CoO,,”
transition-metal oxides (TMOs) have been attracted and
widely investigated as a good TE material, replacing the
known TE materials, because of its abundance, stability,
and environmental benignant. Several bulk Co oxides show
good p-type TE properties [single crystal: ZT =1 ~ 2.5;°
polycrystal: ZT = 0.3 ~ 0.8 (Refs. 4 and 5)] compatible
with the TE inorganic semiconductors, and some bulk n-type
oxides, such as Zn0O,° SrTiOs,”® and CaMnOs3,’ are known to
have a potential of a good n-type TE material.

Perovskite SrTiO; with a cubic structure [Fig. 1(a)]
is one of the prototype TMOs. While SrTiOs is often
used as an oxide electronic material, it shows various un-
usual phenomena such as superconductivity,!®!'! quantum
ferroelectricity,'>!3 anomalous photoconductivity,'* and large
n-type TE response.’ In order to investigate these phenomena
in SrTiOs, the effects of various substitutions have been
widely investigated. Among them, the substitution of Ca**
for Sr’* was reported to induce structural transitions and to
dramatically affect the dielectric properties.'>'® Since the ionic
radius of the CaZt ion is much smaller than that of the Sr2* ion,
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the Ca substitution lowers the crystal symmetry from cubic to
orthorhombic ones and gives rise to a complex structural and
dielectric phase diagram of Sr;_,Ca, TiO3.!>!°

In this paper, we tried to improve the TE properties of
SrTiO; below room temperature (RT) by the Ca substitutions
for Sr in the lightly electron-doped SrTi;_y,Nb,O;. We
expected that the randomness introduced into the structure and
the lowering of the crystal symmetry by the Ca substitution
effectively reduce x and consequently increase ZT below RT.
In this study, we found that SrTig g9Nbg ¢; O3 shows the largest
ZT below 40 K among the ever-reported materials and that ZT
for Sry_,Ca, Tig.97Nbg 9303 around RT is enhanced from 0.08
to 0.105 by the Ca substitution. We will discuss the origins of
such relatively good low-T TE properties for single crystals
of the electron-doped perovskites Sri_,Ca,Ti;_,Nb,O3 for
0< x <£0.4and0 < y < 0.03 by using various experimentally
determined physical quantities.

II. EXPERIMENTAL PROCEDURE

Polycrystalline powder Sr;_,Ca, Ti;_,Nb,O3 was first pre-
pared by a solid-state reaction of starting materials of SrCOs3,
CaCO3;, TiO,, Ti, and Nb,Os. A stoichiometric mixture of the
starting materials was first ground and sintered at 1000 °C
for 12 h in air. After the pre-reaction, the obtained sample
was again ground and sintered at 1300 °C in air. Then, the
obtained powder was pressed into a rod with a size of 4-5 mm
in diameter and 50-80 mm in length and was sintered at
1350 °C for 5 h. By using the obtained polycrystalline rod,
single crystals of Sri_,Ca,Ti;_,Nb, O3 were melt-grown by a
floating zone (FZ) method at a feeding speed of 20—30 mm/h
in flow of pure Ar gas. The 3% Nb substitutions for Ti are
near the solid-solubility limit in Sr;_,Ca,TiO3 single crystal
grown by the FZ method, so in this paper we confine the
arguments to y < 0.03. To characterize the crystal, powder
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FIG. 1. (Color online) Lattice parameters for (a) SrTi;_,Nb,O3
and (b) Sry_,Ca, Ti.97Nbyg 9305 single crystals. Solid lines are guides
to the eye.

x-ray-diffraction (XRD) and energy-dispersive x-ray (EDX)
analyses measurements were carried out at RT. The p was
measured by a conventional four-probe method and the « and
S were simultaneously measured by a steady-state method.
The carrier concentration (n) at RT was determined by a
measurement of Hall coefficient (Ry) under magnetic fields
of £7 T. The specific-heat measurement was done by using a
relaxation method.
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The XRD measurements indicate that all crystals are single
phase without impurities within resolutions. Figures 1(a)
and 1(b) show the Nb (y) and Ca (x) doping dependences
of lattice parameters and volume deduced from the Rietveld
analysis of the powder XRD patterns. As shown in Fig. 1(a), the
lattice parameter (a) and volume (V') for cubic SrTi;_,Nb, O3
with a space group of Pm3m (No. 221) monotonically increase
with the increase of y. The compositions deduced from
the EDX measurements are identical to the prescribed ones
within experimental errors, and the n determined from the
measurements of Ry are almost consistent with the nominal
ones (Mpominat) (Table I). However, the n for orthorhombic
Sr;_,Ca,Tipg7Nbg 0303 is clearly smaller than the nuominal
(Table II), although the lattice parameters (a, b, and c) and
V for Sr;_,Ca,Tip97Nbg 0303 deduced on the assumption of
a space group of Pmna (No. 62) (Ref. 17) monotonically
decrease with an increase of x [Fig. 1(b)], and the EDX mea-
surements indicate the nearly nominal compositions within
experimental errors. The cations in Srj_,Ca,Tip97Nbg 0303
may be partially separated, leading to deficiencies of cations,
which may suppress the electron doping.

III. RESULTS AND DISCUSSIONS

A. Thermoelectric properties of the lightly Nb-doped SrTiO;
below room temperature

1. Large thermoelectric properties at low temperature for
SrTi;_yNb,0;

In the first place, we discuss the Nb substitution (y) depen-
dence of TE properties for single crystals of SrTi;_,Nb,Os.
Figures 2(a), 2(b), and 2(c) show temperature (") dependences
of p, §, and « for SrTi;_,Nb,O; single crystals for y <
0.03. As shown in Fig. 2(a), the p dramatically decreases
with the slight substitution of Nb>* for Ti**. The p is nearly
proportional to T2 below 100 K down to about 30 K [the inset
of Fig. 2(a)] and the T? coefficient (A) also monotonically
decreases with the increase of y (Table I), as observed in
the previous paper.” However, the p deviates from the 72
dependence at the lower temperature below 30 K.” As shown
in Fig. 2(b), the sign of S is negative and the absolute value of
S as well as p monotonically decreases with the increase of
v, indicating the electron doping by the Nb substitution. The
S shows a broad peak structure around 50 K, which becomes
more distinct as the carrier concentration (n) decreases. This

TABLE I. Carrier (electron) concentration (n) dependences of various physical quantities for SrTi;_,Nb, O3 single crystals: nyomina is the
nominal electron density, 7 is the electron density determined by the Hall measurements at 300 K, fty,; is the mobility at 300 K, A is the T2
coefficient of resistivity, y is the electronic specific-heat coefficient, 8 and § are the T3 and T° coefficients of low-T specific heat, m* is the
effective mass of electron, m, is the mass of bare electron, 7 is the Fermi temperature, and ®p, is the Debye temperature.

y M nominal n M Hall A Y ﬁ ) A/yz m*/l’Vl() TF ®D
cm™? cm™? cm/Vs Q cm/K? J/K? mol J/K3 mol J/K* mol * K K
x 1020 x 1020 x 1078 x1073 x 1073 x 1077 x 1072

0.005 0.838 0.65 6.89 8.31

0.01 1.68 1.71 6.88 3.67 1.55 4.59 2.76 1.53 2.32 271 327

0.02 3.35 2.75 8.48 2.28

0.03 5.02 5.48 6.88 1.63 2.27 4.48 2.25 0.316 2.30 593 304

*(Q em/K?2)/(J/K? mol)?
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TABLE II. Ca-doping (x) dependences of various physical quantities for Sr;_,Ca, Ti 97Nbg 0303 single crystals. The symbols are the same

as those in Table 1.

X Nnominal n MHall A Y ,B s A/VZ m*/mO TF ®D
cm™? cm™? cm/Vs Q cm/K? J/K? mol J/K3 mol J/K* mol * K K
x10% x10% x1078 x1073 x107° x1077 x1072

0 5.02 5.48 6.88 1.63 2.27 4.48 2.25 0.316 2.30 593 304

0.05 5.02 4.59 7.83 1.54

0.18 5.05 4.44 6.24 1.74 2.13 6.94 2.36 0.383 2.33 508 349

0.25 5.08 4.1 4.96

0.4 5.11 3.72 3.90 3.27

*(€2 cm/K?)/(J/K? mol)?

enhancement of S around ®p/5 [®p: Debye temperature
deduced from the specific-heat measurement (Table I)] is due
to a phonon drag effect,” which will be discussed later. On
the other hand, the « is suppressed by the slight substitution
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FIG. 2. (Color online) Temperature (7') dependences of (a) resis-
tivity (p), (b) Seebeck coefficient (5), and (c) thermal conductivity
() for SrTi;_,Nb, O3 single crystals for y < 0.03. Solid lines in (c)
denoted by «,; express electronic contributions to ¥ deduced by the
Wiedemann-Franz law.

of Nb for Ti, indicating that the « is effectively reduced
by the randomness introduced into the Ti site by the partial
substitution of Nb.

Figures 3(a) and 3(b) show T dependences of power
factors (PF = S?/p) and dimensionless TE figure-of-merits
(ZT = ST/ p«) of SrTi;_,Nb,O5 for y < 0.03. Around RT,
the PF value monotonically increases with the increase of
y and becomes about 26 £W/K? cm at 300 K for y = 0.03
[Fig. 3(a)], which is comparable to that for Bi,Te;.'® Since
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FIG. 3. (Color online) T dependences of (a) power factors (P F)
and (b) dimensionless thermoelectric figure of merits (Z7) for
SrTi;_,Nb, O; single crystals, together with those of Sry g7Lag ¢3TiO3
single crystal.
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FIG. 4. (Color online) Comparison of ZT below 300 K for
SrTi()_gng()_()103 and SI'()_gQCﬂ()_lgTi0_97Nb0_0303 with those for typical
low-T TE materials: p-type Bi,_,Sb, Te; (Ref. 18), p-type CsBiyTeg
(Ref. 18), p-type CeRhSb (Ref. 19), p-type FeSb, (Ref. 20), p-type
Ce(NiO_5Cuo_4)2Al3 (Ref 21), and n—type LaFeASOo_ggFo_“ (Ref 22)
The inset shows T dependences of P F below room temperature for
these materials.

the k is suppressed by the Nb substitution [Fig. 2(c)], the
ZT around RT largely increases with the increase of y and
becomes about 0.08 at 300 K for y = 0.03 [Fig. 3(b)].

On the other hand, at the lower temperature below 100 K,
the P F value is much enhanced around y = 0.01 and becomes
about 90 uW/K? cm at 40 K for y = 0.01, which is similar
to that observed in Sr;_,La,TiO3 (about 65 ,uW/K2 cm’ at
60 K for x = 0.014). The quite large P F' apparently originates
in the distinct phonon drag effect on S in the low-n region.
Consequently, the ZT value for SrTigg9Nbg ;O3 becomes
about 0.07 at 40 K. As shown in Fig. 4, the observed ZT
value at low temperature for SrTipg9Nbg ;O3 is the largest
value among the previously reported values below 40 K.

2. Effect of the electron-phonon interaction on the
low-temperature thermoelectric properties for SrTi,_,Nb,O3

In order to understand the good low-T TE property for
SrTip 99Nbg 01 O3, the n dependences of P F for StTi;_,Nb, O3
at each temperature are summarized in Fig. 5. While the P F
value around RT monotonically increases with the increase of
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FIG. 5. (Color online) Carrier concentration (n) dependences
of PF for SrTi;_yNb,O; single crystals and those of supercon-
ducting critical temperature (7;) for SrTiO;_s, Sr;_,La,TiO;3, and
SrTi;_yNb,O; (Ref. 23).

n, the P F value comes to be enhanced around n ~ 102° cm 2 as

the temperature decreases. The observed n dependence of P F
at the lower temperature is apparently due to the enhancement
of S by a phonon drag effect,’ i.e., a kind of electron-phonon
interaction. Therefore, it is interesting to compare the n
dependence of PF with that of the critical temperature of
superconducting transition (7,) for the lightly electron-doped
StTi03.2% As shown in Fig. 5, the n dependence of PF at
the lower temperature quite resembles the n dependence of
T,. The fact also indicates that the origin of the good low-T
TE property for the lightly Nb-doped SrTiO3 could be the
same one as that of the superconducting state, i.e., the distinct
electron-phonon interaction.

In order to clarify the origin of the good low-T TE prop-
erty further, we deduced electronic specific-heat coefficients
(y) and effective mass (m*) by measurements of specific
heat (C) and Ry. Figure 6(a) shows C/T versus T2 for
SrTi(),99Nb0_olo3 and SI‘Tio_97Nb0.0303. As shown in Fig. 6(8.),
the C for both compounds can be well fitted to the formula
C/T =y + BT? + 8T*, where the first term of the right
hand expresses the electronic specific heat, the second term
expresses the phonon contribution, and the third term perhaps
comes from the higher-order term of the phonon one. Table I
summarizes the electronic specific-heat coefficient (y), ratio
of effective mass to bare mass of electron (m*/mg), and
A/y? for SrTi;_,Nb,O;. The m* was deduced on the base
of the Boltzmann transport in a simple parabolic band with the
sixfold degeneracy [6 =2 x 3: 2 comes from the spin degree of
freedom and 3 from the orbital degree of freedom (3d tzg)].7

The observed T dependences of S for these lightly
electron-doped compounds can not be well reproduced by
the Boltzmann transport model with the constant scattering
parameter (r) of the energy- (¢-) dependent relaxation time
(t = 19€" /). Especially for y = 0.01, the r estimated at
each T as well as the P F largely increases with the decrease
of T below 100 K, as shown in the inset of Fig. 6(a), suggesting
that the relaxation time dramatically changes due to the phonon
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FIG. 6. (Color online) T' dependences of specific heat (C) for (a) '600 — 100 — 200 — 300
SrTi;_yNb,O; and (b) Sr;_,Ca,Tip97Nby 9303 single crystals. The T(K
solid lines show the results of fitting to the relation C/T =y + ®)
BT? + 8T*. The insets show temperature dependences of scattering FIG. 7. (Color online) (a) T dependences of S/T for

parameter (r) in the energy- (e-) dependent relaxation time (7 =
Toe"~1/2) of the Boltzmann transport model with a simple parabolic
band with the sixfold degeneracy deduced by using the observed
Seebeck coefficient (S), electron concentration (), and effective mass

(m™).

drag effect, while the change of r above 100 K partially comes
from the lifting of Fermi degeneracy due to the low Fermi tem-
perature (Tr) (TableI). On the other hand, the obtained m* /my
for y > 0.01 is almost constant (~2.3) with the variation of
y within experimental errors, although the phonon drag effect
becomes distinct as y decreases. Furthermore, the A/y? is
enhanced with the decrease of y, which is quite larger than the
conventional value for Kadowaki-Woods law, which may also
suggest the distinct electron-phonon interaction for y = 0.01
at low temperature.” Taking into account these results, we con-
clude that the observed distinct phonon drag effect enhances
the S not through a change of character of Fermi surface (m*),
but through a change of relaxation time of scattering.
According to the theory?* of phonon drag for a metal,
to a first approximation, the § is expressed as follows:

SrTi;_yNb, O3 for y = 0.005, 0.01, 0.02, and 0.03. The dotted lines
show the results of fitting of the high-7 regimes to the formula
S/T =u+ wT, where u and w are the coefficients of T and T2
components of S, respectively. (b) T dependences of the deduced S,
for y = 0.005, 0.01, 0.02, and 0.03. The inset shows the S, versus
T-!. S, at high temperature seem to be proportional to 7!

S =S84+ S,, where S; and S, are the diffusion and phonon
drag components, respectively. This approximation means that
the momentum transfer from phonon to electron does not affect
the electronic specific heat (C,;) mainly contributing to Sy,
i.e., it can be applied, if the electron-lattice interaction little
contributes to m*. Therefore, our above conclusion supports
the appliance of the approximation. In order to separate two
terms, we plotted the S/T versus T as shown in Fig. 7(a)
and found that the S for SrTi;_,Nb,O; is well expressed
as S=S;+ S, =uT +wT?+S,. The observed T linear
contribution (1#T') is well known as a characteristic of a metal.
We can deduce the electronic specific heat (C,;) by using the
relation S; = C,;/e where e is elementary electric charge.
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Since C,; = yT,wecangetlimy_o S;/T = y /e and estimate
the y as follows: y = eu. The estimated y are shown in
Fig. 8(a) together with those directly deduced from C,; [Table I
and Fig. 6(a)]. There is a good consistency between the y
values deduced from C,; and S,, evidencing the validity of
the analysis. On the other hand, the wT? perhaps originates in
the deviation from the 7 linearity coming from the lifting of
Fermi degeneracy due to the low T, which is supported by
the fact that the w coefficient dramatically decreases with the
increase of n as shown in Fig. 8(b).
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The residual component of S should be attributed to the
phonon drag contribution (S, ). Figure 7(b) shows the deduced
S,. The component is much enhanced with the decrease of
n and is nearly proportional to T~! in the higher T regime
[the inset of Fig. 7(b)]. These behaviors are undoubtedly
the characteristics of phonon drag effect. The estimated
contribution of phonon drag takes up about one third in the
total S for y = 0.01 at 50 K, i.e., it makes the ZT for y = 0.01
at 50 K about 2.2 times larger.

According to the theory,* the phonon drag contribution is
expressed as follows: S, ~ %%a, where Clyy is a phonon
contribution to C. The « is a probability for electron-phonon
scattering among all scattering processes. The « for a typical

: Tl 24 :

metal is e = AT where 7, and 7, are the relaxation
time of phonon-phonon and phonon-electron scatterings,
and [,, and [,, are the mean-free path of phonon-phonon

and phonon-electron scatterings. Since the phonon-phonon

scattering is dominant at high temperature, /,, < [p., 0
S, ~ %%% Furthermore, [, is nearly constant and [,,

is proportional to 7~! at high temperature, so S, o« 7! in
the high-T regime. As shown in Fig. 8(c), the S, at 50 K
for SrTi;_,Nb,Os is roughly proportional to n~%?, which are
qualitatively consistent with the above discussions (because [,
xn~1/3), By using the results of Cj, in Table I and Fig. 6(a),

the a (& l”—”) values at 50 K for y = 0.01 and 0.03 are estimated

[ pe

to be about 1073,

B. Effect of the Ca substitution for Sr on the thermoelectric
properties of Sry_,Ca,Tig97Nbg.0303

Next, on purpose to reduce k by introducing randomness
into the structure and improve the TE property, we investigated
the effect of substitution of Ca>* for Sr>* on the TE property
of SrTig.97Nbg 03 O3.

Figure 9(a) shows the T dependence of p for
Sry_,Ca,Tip97Nbg 9303 in cubic (x < 0.05) and orthorhombic
(x > 0.18) phases. The p around RT monotonically increases
with the Ca substitution, but the increase is not dramatic
even after the structural transition from cubic to orthorhombic
structures around x ~ 0.1, leading to the enhancement of TE
property by the Ca substitution. Except for x = 0.25, the p
is nearly proportional to 72 at low temperature, while the
p-T curve for x = 0.25 shows a distinct hysteresis around
110 K [the inset of Fig. 9(a)], which may relate to a structural
transition accompanying an antiferroelectric phase transition
observed in non-Nb-doped Sr;_,Ca, TiO3.'® The y deduced
by the fitting of C to the relation C/T =y + BT?* + 8T*
[Fig. 6(b)] and the m* deduced by using the y and Ry values
do not change with the Ca substitution within the experimental
errors (Table IT). The T2 coefficient A of p does not seem to
largely change with x [the inset of Fig. 9(a)], so the ratio A />
for the Ca-doped compound except for x = 0.25 also does not
largely change by the Ca substitution within the experimental
errors (Table IT), which seem to indicate an absence of dramatic
change of scattering mechanism.

However, as shown in Fig. 9(b), the |S| increases with
the increase of x. Although the deficiency of cations should
suppress the electron doping and increase the |S|, the
enhancement of S seems to be more dramatic than the
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FIG. 9. (Color online) T dependences of (a) p, (b) S, and (c) «
for Sr;_,Ca,Ti;_yNb, O3 single crystals. Solid lines in (c) denoted by
k¢ express electronic contributions to « deduced by the Wiedemann-
Franz law.

one expected from the change of n. The inset of Fig. 10
shows the n dependence of |S| at 300 K for SrTi;_,Nb,O;
and Sr;_,Ca,Tip97Nbg 303, where the n is directly deter-
mined by the Ry measurement. While the d|S| /dlogion for
SrTi;_yNb, O3 is about —197 uV/K (a solid line), which
is almost identical to the value (—(kg/e)-In10 ~ —198.4
1V /K) expected from the Boltzmann transport model with a
three-dimensional (3D) parabolic band,'’ the increase of |S|
for Sry_,Ca, Tip 97Nbg 9303 with the decrease of n seems to be
more dramatic than —(kg/e) - In 10, indicating that the m* or
the relaxation-time change with the Ca substitution.

As mentioned before, the m* estimated from y does not
change with the Ca substitution within the experimental errors
(Table II). The scattering of data of C at the lowest T is about
45 % of the C value [Fig. 6(b)] and the fitting errors are less
than +0.1%, indicating that the error of m* should be much less
than 45 %. Furthermore, the y values estimated from C are
well fitted to n'/?, as shown in Fig. 8(a), which also evidences
the high accuracy of the estimation of m*. Hence, the increase

PHYSICAL REVIEW B 85, 075112 (2012)

0.1 —mm—m——————————
o1l o & O Srl_xCaxT10-97Nb0.0303 1
r /0/ at 300 K 1
"/ 400 —— 1
0.08¢ ¥=0.005 7
I . SITi Nb O, 1
\\\ ~ —1;; lVKl
~ 006 2 N ]
. < N
N <300 " .
L3 y=0.01 "
% \.Sr, CaTi Nb O
0.04 - \\ x=04 1
y= 0.02 .\\\ x=0.25 1
[ 200} s ¢
0.02 L at 300 K $=003 ®x=0 |
10%° B 102!
L n(cm™) ]
0 M RS TR RS T RS SR SRS
0 0.2 04 0.6 0.8 1
x (Ca)

FIG. 10. (Color online) Ca-doping (x) dependence of ZT at 300
K for Sr;_,Ca, Tip.97Nbg 0303. The inset shows n dependences of ||
at 300 K for SrTi;_,Nb, O3 (solid circles) and Sr;_,Ca, Tip.97Nbg 303
(open squares).

of |S| does not seem to be fully explained by the change of
electronic state in the ground state in addition to the decrease of
n due to the suppression of electron doping by the deficiency.
The thermally excited state may be slightly modulated by the
change of Ti 3d and O 2 p hybridization? due to the structural
change, which may lead to the larger w coefficient than the
extrapolated one for non-Ca-doped compounds [Fig. 8(b)].

Another possible scenario to explain the observed system-
atic change of § is a slight (not dramatic) change of the
relaxation time of scattering with the Ca substitution due to
the change of structure and the increase of disorder originating
in the mixture of Sr and Ca ions at the A site. Actually, the r
at RT, estimated from S, n, and m™ on the assumption that the
transport properties are explained by the Boltzmann transport
model in a simplified parabolic band, seems to be enhanced
with the increase of x [the inset of Fig. 6(b)]. However, taking
into account the experimental errors, the scenario is also not a
conclusive one.

The other possible scenario is the phase separation.”® If we
assume that the sample is macroscopically separated into the
SrTi(),97Nb0_0303 (STNO) and CaTi()_97Nb(),03 03 (CTNO) clus-
ters, the observed behaviors of S may be reproduced by using
the observed physical quantities of the actually grown STNO
(n ~ 548 x 102 cm™") and CTNO (n ~ 1.96 x 10* cm™!)
single crystals and the rules for the synthesis of S in the cases of

. . iSi
series and parallel connections as follows: Sgeries = ZZKK and

Sparallel = Zi;;, where the Sgeries and Spanariel are the synthetic
S for the series and parallel connections, respectively, and the
subscript i expresses each cluster. If more than one cluster
of CTNO exists, estimating the Series and Sparanier at RT to
investigate the effect of phase separation on S, the | Sgeries| and
| Sparattel | at RT inevitably become larger than the |S| at RT for
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STNO. It is because the |S| at RT for CTNO (~278 uV/K)
is about 50% larger than that for STNO (~185 nV/K) and
the « at RT for CTNO (~4.5 W/Km) is about 42% smaller
than that for STNO (~7.8 W/Km), although the p at RT
for CTNO (~21 m£2 cm) is much larger than that for STNO
(~1.6 mQ cm).

In the actual phase separation, the series and parallel con-
nections should be randomly formed in the sample, so the total
S is synthesized by the further series and parallel combinations
Of Seeries and Sparaiiel. Although the synthetic |S] is at least
larger than that of STNO, the Ca substitution (x) dependence
of S should depend upon how the clusters grow with x. The
observed monotonic increase of | S| with x until x = 0.4 seems
to be able to be reproduced if the proportion of the number
of CTNO clusters in the number of all clusters monotonically
increases with x because the | Sparaner| monotonically increases
with the proportion. Since the actual phase-separated sample,
furthermore, is more inhomogeneous than the model com-
posed of two components, the more careful theoretical inves-
tigation is necessary to clarify if the scenario is appropriate.

On the other hand, the Ca substitution effectively re-
duces k. Figure 9(c) shows the T dependences of « for
Sr;_,Ca,Tip97Nbg0303. The x as well as o is suppressed
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by the Ca substitution. The suppression of « around RT is
monotonic and seems to be independent on the structural
transition, indicating that reduction of x mainly originates
in the randomness introduced into the structure by the
substitution of Ca for Sr.

The T dependence of PF for Sr;_,Ca,Tip97Nbg 303 is
shown in Fig. 11(a). The P F value is suppressed with the
increase of x above 0.18 and the suppression is more dramatic
at low temperature, which is mainly due to the increase
of p by the Ca substitution. However, the ZT around RT
[Fig. 11(b)] is enhanced due to the slight increase of |S| and
the large reduction of k by the Ca substitution. The observed
maximum Z7 value at RT for Sr;_,Ca, Tip ¢7Nbg (305 is about
0.105 for x = 0.18, 0.25, and 0.4 (Fig. 10), which is about
1.3 times larger than that for SrTig.97Nbg ¢3Os3. It is noted that
such an improvement of TE property has also been reported
in the electron-doped perovskite manganite Ca;_,Sr,MnOj3
(Ref. 27) similarly due to the slight increase of | S| and the large
reduction of « by the substitution at the A site. The disorder at
the A site plays a crucial role for the TE property of perovskite
TMOs, as similar to various layered Co oxides?®?° in which
the randomly distributed cations between the conducting layers
often suppress the « with keeping the low p and cause their
good TE properties.

IV. SUMMARY

In this study, we have investigated thermoelec-
tric (TE) properties for single crystals of perovskites
Sri_yCa, Ti;_yNb,O3 for 0 < x < 0.4 and 0 < y < 0.03 below
room temperature (RT). We found that StTip 99Nbg ;O3 shows
the quite large power factor (P F') at low temperature (P F =
50 uW/K? cm at 100 K ~ 90 uW/K? cm at 50 K) and the
largest dimensionless TE figure-of-merit below 40 K (ZT ~
0.07) among the ever-reported materials. Taking into account
the results of specific heat and Hall coefficient measurements,
such a large low-T TE response around a carrier concentration
of 10%° cm~3 is due to the distinct electron-phonon interaction,
which enlarges the Seebeck coefficient (S) not through an
enhancement of effective mass (m*), but through a change of
relaxation time of scattering.

On the other hand, the disorder introduced by the Ca
substitution for Sr in StrTig.97Nbg 0303 largely increases the
residual resistivity, but it slightly affects the temperature
derivative of resistivity (dp/dT) and little changes the m*.
Hence, the Ca substitution does not remarkably change the
ratio of the 7 coefficient of p (A) to 2 (A/y?) (Table II), and
it rather suppresses the P F and ZT values at low temperature.
However, it enhances the ZT at RT from 0.08 to 0.105 due
to the enhancement of S and the large reduction of thermal
conductivity (k) originating in the randomness introduced
into the crystal structure. Although the mechanism for the
enhancement of S by the A-site substitution is still an open
question, the control of disorder at the A site is a promising
way to improve the TE property for perovskite TMOs.
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