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Thermal conductivity and Seebeck coefficient of 12Ca0-7Al,0; electride with a cage structure
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Thermal conductivity («) and Seebeck coefficient (@) of electron-doped light-metal oxide 12Ca0O-7Al,05
(C12A7 electride) with a subnanometer-sized cage structure are reported on single crystals with various
electron concentrations (N,). The semiconducting C12A7 electride exhibits n-type conduction with the highest
a value of =100 wV K~! at 300 K. The « exhibits an amorphouslike 72 dependence at low temperatures and
varies between 2.3 and 4.5 Wm™' K=! at 300 K. This is an order-of-magnitude lower than that of the con-
stituents, CaO (15 Wm~™' K~!) and Al,0; (30 Wm~' K~!). These properties are attributed to the cage struc-
ture, suggesting that the semiconducting electride should be regarded as a phonon glass and electron crystal
material. The thermoelectric performance of electrides evaluated by a dimensionless figure of merit (Z7) shows
an optimized value of 2 X 1073 at 300 K for the semiconducting electride with N, of 5X 10?° cm™.
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I. INTRODUCTION

The phonon glass and electron crystal (PGEC) (Ref. 1)
concept proposed by Slack has significantly improved the
strategy of material design in thermoelectrics. This class of
materials possesses good electrical properties associated with
regular atomic configurations and a low thermal conductivity
associated with amorphous nature, leading to a high dimen-
sionless figure of merit ZT= 2o/ k, where « is the Seebeck
coefficient, o is the electrical conductivity, and « is the ther-
mal conductivity, of approximately unity.>? PGEC semicon-
ductors such as skutterudites® and Ge clathrates* have a com-
mon feature in their crystal structure—a nanocage with a
large unit cell composed of heavy metal elements—which is
a prerequisite for low lattice thermal conductivity (k).

The discovery of the layer-structured cobalt oxide
Na,CoO, as a promising candidate for p-type thermoelectric
material® has evoked renewed interest in oxides because of
their potential advantages over heavy metal-based materials
such as Bi,Tes, especially in high-temperature operation,
nontoxicity, high oxidation resistance, and high thermal sta-
bility. Thus, intensive efforts have been devoted to exploring
oxides with a large ZT. These efforts led to the discovery of
n-type thermoelectric oxides: a SrTiO5 perovskite’® and its
derivatives with a natural superlattice structure.”!? In par-
ticular, two-dimensional electron-gas (2DEG) systems using
SrTiO; and TiO, showed a high potential with a ZT of 2.4 at
room temperature.!! However, although light-metal oxides
are environmentally benign and naturally abundant, few ef-
forts have been devoted to this oxide group due to its elec-
trical insulating property and high thermal conductivity.
These undesirable properties arise from the low mass of con-
stituent atoms and the high vibration frequency of chemical
bonds associated with O~ ions.

12Ca0-7AL,0; (C12A7),'? which is composed of only
light-metal elements, can be regarded as a clathrate com-
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pound due to its three dimensionally connected
subnanometer-sized cage structure (Fig. 1). Furthermore,
electrical conductivity can be imparted to C12A7 by replac-
ing “free oxygen ions” trapped in the cages with electrons as
counter anions. From a chemical viewpoint, the electron-
doped C12A7 (C12A7:¢e") is considered as an “electride”!3
in which electrons behave as anions, forming the ionic bonds
with the molecular framework. The C12A7:e” electride un-
dergoes a persistent insulator-semiconductor, metal-insulator,
and metal-superconductor transitions as electron concentra-
tion (N,) is increased.'*"!® Because of controllability in the
electrical conductivity (o) and a unique cage structure,
which has a potential to show a low kj, value, one may
expect the light-metal oxide C12A7 electride to be a PGEC
material and a good candidate for thermoelectric material.

FIG. 1. (Color online) The crystal structure of 12Ca0-7Al,05.
The gray frame indicates a cubic unit cell with the lattice constant
of 1.199 nm. The lattice framework, [Cay,Al,3044]**, are positively
charged and are composed of 12 cages. Each cage has a free space
with ~0.4 nm inner diameter. Two free oxygen ions (20°7) are
incorporated as counter anions in two of the 12 cages for maintain-
ing charge neutrality in a unit cell. When each free oxygen ion is
replaced by two electrons, electron occupancy in the cage is 4/12.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.075201

KIM et al.

In this work, we examine the intrinsic thermoelectric
transport properties including a and « of single-crystal
C12A7:e” electrides with various N,. We find that thermal
conductivity at low temperatures is amorphouslike and ZT
values reach an optimum value of 2X 107 at N, of 5
X 10% cm™.

II. EXPERIMENTAL DETAILS

Single crystalline C12A7:e" electrides were prepared by
chemical reduction treatments. The details of the synthetic
processes were described in an earlier paper.'> The N, values
of the single-crystal electrides were estimated from optical
reflectance spectra in the infrared to ultraviolet region
(450-40000 cm™'), measured at 300 K.!7 The transport pa-
rameters were measured in the temperature range from 2 to
300 K using a physical property measurement system
(Quantum Design). The electrical conductivity (o) was mea-
sured by the four-probe method using Pt electrodes. Seebeck
coefficients (@) were measured by alternately heating each
end of the sample to create a temperature difference below 1
K. The voltage induced in the sample by the temperature
gradient was measured with Chromel/Au-0.07%Fe thermo-
couples (Nilaco Co.) attached at both ends of sample with a
correction for the a of Chromel. The thermal conductivity
(k) was measured by a conventional steady-state method.
The acoustic properties were investigated by ultrasound
spectroscopy measurement as described in Ref. 18.

III. RESULTS AND DISCUSSION
A. Electrical conductivity and Seebeck coefficient

Figure 2(a) shows the temperature dependence of o for
single-crystal C12A7:e” electrides in the log-log scale with
various N.. The o—T curves are classified into three types
according to their conducting mechanisms: (i) nondegener-
ated semiconducting (A and B) with N,~ 10** cm™, (ii) de-
generated semiconducting (C and D) with 5 X 102°<N,<1
X 10?! ¢cm™3, and (iii) metallic (E and F) with N,>1
X 10! ¢cm™. Electronic transport properties with various N,
are summarized in Table I. In samples A and B, the o values
increase with temperature (positive gradient) in the whole
temperature range, showing a thermally activated conduction
with T-'4 dependence, presumably via the variable-range-
hopping (VRH). The o values of degenerated semiconduc-
tors show a small positive temperature dependence at around
RT and are almost constant at low temperatures. Such a be-
havior is attributed to the coexistence of localization and
delocalization of encaged electrons.!” With a further increase
in N,, the slopes become negative, indicating that the con-
duction becomes metallic.

Figure 3(a) shows the temperature dependence of a for
single-crystal C12A7:e” electrides with various N,. The «
values of the semiconducting samples (A-D) are negative in
a wide temperature range from 20 to 300 K. The highest
value of |a| was ~100 wV K~! at 300 K for sample A with
N, of 1X10% cm™ and the value of |a] at 300 K decreases
with an increase in N,. For a VRH semiconductor, « obeys a
T'? dependence.!® The observed T-'* dependence of o(T)
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FIG. 2. (Color online) (a) Temperature dependence of electrical
conductivity (o) for single-crystal C12A7:e” electrides in the log-
log scale with various N,. Samples A-D are semiconducting with
do/dT>0, and samples E and F are metallic conducting with
do/dT<0. The metal-insulator transition occurs at N, ~1
X 102! ¢m™3 just above the N, in sample D. (b) and (c) show that
log o is proportional not to 1/T"2 but to 1/T"* over a wide tem-
perature range, implying that conduction is controlled via a three-
dimensional variable-range-hopping mechanism without electron-
electron interactions.

and the T'"? dependence of a(T) in samples A and B shown
in Fig. 3(b) confirms the VRH conduction in these samples.

As N, increases, the temperature dependence of « be-
comes closer to a straight line and finally « of sample D in

TABLE 1. Electronic transport properties for single-crystal
C12A7:e” electrides at room temperature. Electrical conductivity
(o), Seebeck coefficient (@), mobility (u), and carrier effective
mass (m”).

N, o a *

. w m
Sample (10® cm™) (Sem™) (wV K™ (em?V='s™)  (my)

A 1 9 =90 0.41

B 2.8 20 =70 0.43

C 5 68 =50 0.81 1.5
D 9.7 127 =23 0.82 1.1
E 18 613 8 2.13

F 23 1486 10 4.11 0.82%

aThe value obtained through reflectance-spectra analysis (Ref. 17).
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FIG. 3. (Color online) (a) Temperature dependence of Seebeck
coefficient (a) for single-crystal C12A7:e” electrides with various
N.. The sign of a changes from negative on the semiconducting
side to positive on the metallic side. (b) The T'? dependence of «
demonstrates that the conduction is controlled via a variable-range-
hopping mechanism. (c) Enlarged low temperature regime for
samples A-D. Lines are drawn as a guide for the eyes.

the vicinity of metal-insulator transition (MIT) shows an al-
most linear behavior, which is typical of a metal. If there are
two components which affect a(7), i.e., semiconducting (lo-
calized states) and metallic (delocalized states) contributions,
a(T) should be dominated by the metallic contribution. This
is due to the exponential decrease in conductance of semi-
conducting components with decreasing temperature. Thus,
the linear temperature dependence of « in samples C and D
originates from the occurrence of the electron delocalization
below the MIT in sample C with N, of 5X 10*° ¢cm™. This
consideration is compatible with the result obtained through
reflectance-spectra analysis,17 which clarified the coexistence
of localized and delocalized electrons for the same N,. In
addition, the metallic conducting samples E and F exhibit
positive a values below 10 wV K~! in the whole tempera-
ture range.

Degenerated semiconducting samples C and D show
rather lower « values than that (~300 wV K=!) of heavily
Nd-doped SrTiO5 single-crystal (degenerated
semiconducting).?’ The reason for this observation may be
understood as follows: The « of degenerated semiconductors
can be expressed by Egs. (1) and (2)

_ L k| 2F,()
@=x { Folr) ”}’ =
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F fm—x" d )
n= o AX5
o T+exp(i—17)

where 7" is the reduced Fermi level, kg is the Boltzmann
constant, and F, is the Fermi-Dirac integral of order x. These
equations are based on the assumption of one parabolic
conduction-band model with acoustic phonon scattering as a
dominant carrier-scattering mechanism.?!

Then, the N, is given by

2m*kgT
N,=4m 3
h

3
) Fin(nY), (3)

where h, T, and m" are the Planck constant, absolute tem-
perature, and density-of-states effective mass, respectively.
Using the %" calculated by Eq. (1) from the measured value
of a, we evaluated the m* from Eq. (3) for degenerated semi-
conducting samples C and D. The results are summarized in
Table I. The value of m" (1.1-1.5m,) for the degenerated
CI12A7:¢e" is rather lower than that (m*=7.3-7.7m) (Ref.
20) of the Nd-doped SrTiOs. This difference originates from
the nature of conduction-band bottom between them. The
former has s-band nature leading to a wide bandwidth while
the latter has d-band nature leading to a narrow band.

The value of « in all semiconducting C12A7:e” samples
changes from negative to positive as temperature decreases
as shown in Fig. 3(c). The temperature intercept at zero «
(T =) decreases with an increase in N,. This sign change in
a(T) is a common feature of uncompensated semiconduc-
tors, such as phosphorus-doped Si, at low temperatures
where impurity band conduction is predominant.?>-2* Mono-
tonically increasing a without a maximum below 7',_, prob-
ably arises from the activation of carriers with a 7!
dependence.??

B. Thermal conductivity and dimensionless figure of merit, ZT

Figure 4 shows the temperature dependence of thermal
conductivity () of single-crystal C12A7:0%" (insulating)
and C12A7:¢e™ electride (metallic sample F) in the log-log
scale. The single-crystal « value is 2.3 Wm™' K~!' for
C12A7:0%* and 4.5 Wm™' K~! for C12A7:e” at 300 K.
These values are an order-of-magnitude lower than those of
the constituent oxides, CaO (15 Wm™' K7!) and Al,O4
(30 Wm~! K~1). Moreover, these values are lower than those
of thermoelectric oxides such as the single-crystal SrTiOj
(~11 Wm™'K™") (Ref. 7) and Na,CoO, (10-20 Wm™!
K_l).25’26

The lattice thermal conductivity (k) of the C12A7:e”
electride is calculated as follows. The total thermal conduc-
tivity (k) is the sum of an electronic contribution (k) and
a lattice contribution (k,). The kg, can be calculated using
the Wiedemann-Franz relation

Kele = LO O T, (4)

where L is Lorentz number, o is electrical conductivity, and
T is absolute temperature. For metallic C12A7:e” (samples
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FIG. 4. (Color online) Temperature dependence of thermal con-
ductivity (k) for single-crystal C12A7:0?" insulator and
C12A7:e” electride metal (Sample F) in the log-log scale. The
dashed line at low temperature is 7, which is typical for crystalline
materials. Data for CI2A7 follow a 7> dependence observed in
amorphous materials, indicating amorphouslike nature of thermal
conduction in a single crystalline C12A7 irrespective of encaged
species. Inset shows the electronic and lattice contribution of ther-
mal conductivity of the C12A7:e” electride in the log-log scale.

E and F), we used a universal Lorentz number of 2.45
X 1078 V2 K2 (=m?k%/3¢?). On the other hand, the Lorentz
number for degenerated semiconducting C12A7:e” (samples
C and D) can be expressed by Eq. (5) (Ref. 20),
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FIG. 5. Temperature dependence of elastic constants (Cij) for
single-crystal C12A7:0%". Open circles are numerically calculated
values using observed vibration resonance spectra; solid lines are
the least-squares fit using Varshni’s function. Arrows show the Ein-
stein temperature, @z~ 180 K. The same O in all C;; indicates the
phonon modes are isotopic in all crystallographic directions, con-
firming amorphouslike thermal conductivity of C12A7.
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FIG. 6. (Color online) N, dependence of thermoelectric trans-
port properties for single-crystal C12A7:e™ electrides at 300 K. The
X axis is in logarithmic scale for clarity. (a) PF in the log-log scale.
(b) Thermal conductivity. Red and gray circles show the measured
thermal conductivity and the calculated electronic thermal conduc-
tivity, respectively. The electronic thermal conductivity (k) is cal-
culated using Wiedemann-Franz relation with a universal Lorentz
number for metallic C12A7:e~ (samples E and F) and Lorentz
numbers calculated for degenerated semiconducting C12A7:e”
(samples C and D) using Eq. (5). The k. of semiconducting
CI2A7:e” showing a VRH-type conduction (samples A and B) is
also calculated using Eqgs. (1)—(5) for simplicity and the calculated
values were negligibly small (<0.5%) compared to the ki of
CI12A7:0% insulator. Orange circles show the calculated ,, on
the assumption that the «j, of C12A7:e” electrides is the same as
that of the C12A7:0?% insulator. (c) The dimensionless figure of
merit, ZT, reveals that the optimum N, for the thermoelectric prop-
erties is 5X 10?0 ¢cm™ of a degenerated semiconductor.

L= kg 3Fo(7) - Fo(77") = 4F3(")
0 6‘2 F%(n*) .

)

Here, " can be calculated from observed values of « using
Egs. (1) and (2).

Inset of Fig. 4 shows -calculated kj, for metallic
CI12A7:e” (sample F) as a function of temperature in the
log-log scale. Since the calculated value of low temperature
Kee(T) of metallic CI12A7:e” (sample F) is negligibly small,
indicating that the thermal conduction is mainly due to lattice
phonons, it is noted that the low temperature «(7) of
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CI12A7:e” electride is almost the same as the low tempera-
ture k(7). Thus, we may conclude that the low temperature
Ki(T) of the metallic C12A7:e” electride is basically the
same as the low temperature «(T) of insulating C12A7:0%".
However, the difference in « values around 300 K may be
attributed to the difference in cage geometry since each cage
in the electride is equivalent due to the delocalization of
electrons while the insulator has two types of O?~ accommo-
dating and O?> -free cages.

It is worth noting that «(7T) for both samples at low tem-
peratures is very close to 72 dependence, which is typical for
amorphous materials and is well described by the broad dis-
tribution of phonon scattering in two-level systems.?” This
temperature dependence is distinctly distinguishable from
that of conventional crystalline materials with 7° depen-
dence. Therefore, the observed small « values and the amor-
phouslike 7> dependence may be explained by a model of
two-level system. In other words, the subnanometer cage
structure of C12A7 plays a dominant role in the thermal
transport. This result is consistent with the observation that
both insulating and metallic C12A7 show the same amor-
phouslike 7? dependence irrespective of their encaged
species—localized O* ions and delocalized electrons. This
underscores that the vibrational properties of cage skeletons
in C12A7 are crucial. Consequently, the amorphouslike 72
dependence of (T) together with the semiconducting elec-
trical properties suggest that C12A7:e” is a PGEC material.

The amorphouslike thermal transport of CI12A7 is also
supported by a resonant ultrasound spectroscopy (RUS) mea-
surement. RUS is an ultrasonic technique to determine the
complete set of elastic constants (C;;) of a solid by measur-
ing the free-body resonances of the sample. From the nu-
merical calculation of C;; using measured resonance
spectra’® for a single-crystal C12A7:0%" insulator, the
acoustic Debye temperature (®p) was obtained to be 602 K,
which is in good agreement with that determined from a
heat-capacity measurement (604 K).?° Fig. 5 shows the tem-
perature dependence of elastic constants (C;;) for a single-
crystal C12A7:07" insulator. The analysis of the C;-T
curve gives information about the Einstein temperature (0 )
for respective phonon modes. The C;;(T) can be expressed in
the following equation, the so-called Varshni’s function,
which is an empirical expression to describe the elastic con-
stant of a material:>°

Cij=Cyj(0) = s/(e®FT - 1), (6)

where C;(0) is the elastic constant at 0 K and s is an adjust-
able fitting parameter representing anharmonicity. The solid
lines in Fig. 5 represent least-squares fitting results to experi-
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mental data (open circles) by Eq. (6). The obtained @ val-
ues are nearly the same (~180 K) for the respective Cj;,
indicating that the phonon vibration modes are isotropic over
all crystallographic directions as for glass states. The value
of the phonon mean free path (/,,) obtained from
=(1/3)-Cy-vpp X Ly, is 0.7 nm at 300 K. This value is ob-
tained by using the average group velocities (vy,), which is
calculated with the measured values of C;; and Cy using
relations of v, =(Cy,/p)""? and vy=(Cy/p)"?>" and specific-
heat data®? for the C12A7:0%" insulator. This small [, value
is close to the separation of neighboring cages, indicating
that the phonon migration without scattering is limited to a
separation between the nearest neighbor cages. Therefore,
the low « value of C12A7 is attributable to the inherent cage
structure.

Finally, we evaluated the thermoelectric performance of
C12A7:e" electrides, the power factor (PF=a?0), and ZT as
a function of doped N, in the logarithmic scale. Figure 6
shows that the optimum N, for electrical properties is located
around 5% 10%° cm™. The highest power factor (PF) value
(~2X10° Wm™'K2) is lower than that (~2
X107 Wm™' K=2) of heavily Nd-doped SrTiO; single
crystal.”?% This difference is mainly attributed to the low «
value originating from the rather low m* value of the present
system. From the calculation of «k, for all the electride
samples, on the assumption that the «;, is equivalent to « of
insulating C12A7:02, the highest ZT of 2 X 107 at 300 K
was obtained for sample C with N, of 5X 10%* ¢cm™,

IV. CONCLUSION

We have investigated « and « of single-crystal C12A7:e”
electrides with various N,, as well as their thermoelectric
performance. The semiconducting C12A7:e” electride ex-
hibits n-type conduction with the highest « value of
-100 wV K~' at 300 K. The «(T) of single-crystal
C12A7:0%* and C12A7:e” electride shows the amorphou-
slike 7% dependence at low temperatures and a small « val-
ues of 2.3-4.5 Wm~' K~! at 300 K. These thermal proper-
ties originate from the isotropic phonon mode of CI2A7
framework. Thus, the amorphouslike behavior of «(7T) to-
gether with the semiconducting electrical transport properties
suggests that C12A7:e” electride is a PGEC material. The
optimum ZT value is of 2 X 1073 at 300 K, which is an order-
of-magnitude lower than those of SrTiO; (0.03) and
Na,CoO, (0.07). However, we anticipate that ZT can be en-
hanced if lower k), and higher a and o are obtained by
modifying the lattice framework with heavy-mass elements
and encaged species.
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