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We studied the thermoelectric properties of the composite of misfit-layered compounds (BiSe); goTaSe, and
TaSe,. The x-ray diffraction pattern on the cross-sectional plane of the sintered body shows a preferred orientation
of the (00/) direction for (BiSe); g9 TaSe,/TaSe, indicating anisotropic alignment during hot pressing. Because of
the crystallographic alignment, the temperature-dependent electrical resistivity p(7"), Seebeck coefficient S(T),
and the thermal conductivity « (T") exhibit in-plane and out-of-plane anisotropic transport behavior. The Seebeck
coefficient is very low because of the coexistence of electron and hole mixing, as confirmed by the two-carrier
model. The lattice thermal conductivity «, of the covalent bonding layer (in-plane) is lower than those of the layer
with van der Waals bonding (out-of-plane) implying the existence of a charge density wave along the in-plane.
We observed a sign anomaly of the positive Hall coefficient Ry and negative Seebeck coefficient S. According
to Holstein’s small-polaron model, the sign anomaly may come from the odd number of small-polaron hopping

sites.
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I. INTRODUCTION

Recent advances on thermoelectric energy conversion
materials have mostly focused on low-dimensional nanos-
tructured systems and the design of new materials.!”> The
main objective of research on thermoelectric materials is to
increase the thermoelectric performance, which is character-
ized by the dimensionless figure of merit (ZT = S?0 T /k),
where S, o, T and « are the Seebeck coefficient, electrical
conductivity, absolute temperature, and thermal conductivity,
respectively. Two decades ago, it was proposed that ZT can
be significantly enhanced in a low-dimensional system, due to
quantum confinement and phonon scattering.>> The concept
was realized in the experiment of artificial superlattices.®
However, there have been difficulties in scaling up these
processes for applications such as thermoelectric refrigerators
or power generators.'°

In order to realize low dimensionality in bulk materials,
many efforts have been devoted to development of the
synthesis process and materials. It has been proven that
nanoparticle dispersion in a bulk composite is an effective
way to decrease thermal conductivity.'!'> As a natural low-
dimensional system, we employed the Peierls distortion in
a previous study.'® The charge density wave (CDW) is very
effective for lowering the thermal conductivity with a high
Seebeck coefficient for the following reasons. First, the Peierls
distortion is driven by the strong electron-phonon coupling in a
quasi-one-dimensional electronic system, which shows natural
nanowirelike characteristics for a high Seebeck coefficient.
Second, the phonon softening decreases the phonon energy
near the Peierls transition, and the lattice distortion (Peierls
distortion) increases disorder in the materials, which results in
low thermal conductivity. Third, when we control the electron-
phonon coupling via controlling the carrier concentration, the
energy gap can be tuned to maximize the power factor (S%0).
An increase in the power factor has been observed near the
CDW transition temperatures.'*
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Just as the Peierls distortion is a realization of one-
dimensional nanostructure, the natural superlattice is a kind
of bulk upscaling of an artificial superlattice. Misfit-layer
compounds (M X)4+,(T X»), (M = Pb, Bi, Sn, Sb, and rare-
earth elements; 7 = transition metals; X = chalcogenides; n =
1,2, 3) consist of alternate stacking layers of M X and T X,with
superlatticelike structure.'®> The multiple stacking of different
layered materials induces out-of-plane phonon blocking of the
materials, which is important for low thermal conductivity. An
anisotropic texture with preferred orientation is observed in
the x-ray diffraction analysis of the cross-sectional plane of a
sintered body in misfit-layered compounds.'®

As a natural superlattice-structured material, we synthe-
sized a composite of (BiSe); o9TaSe,/TaSe,. The reported
Seebeck coefficient of (BiSe); o9 TaSe, misfit layer compound
is low —20 1 V/K at room temperature.'” Previously, a CDW
transition was observed in TaSe, compound at 122 K.'8 We
investigated the thermoelectric properties of the composite
orthorhombic (BiSe); g9TaSe, and hexagonal TaSe,.'? Inter-
estingly, when we measured the Hall resistivity, a positive sign
of the Hall coefficient was observed, which contrasts with the
negative Seebeck coefficient. Many misfit-layered compounds
show sign mismatch in the Hall and Seebeck coefficients.'
Previous studies explained this behavior by light hole and
heavy electron transport.!” However, there has been no clear
evidence for different conduction mechanisms. We examined
the mobilities of electrons and holes in terms of a two carrier
model, and found that the sign mismatch in the Hall and
Seebeck coefficients may come from the existence of an odd
number of small-polaron hopping sites.?’

II. EXPERIMENT

The (BiSe); o9TaSe,/TaSe, composite was synthesized in
a solid-state reaction from the stoichiometric mixture of Bi
(99.999%, lump), Se (99.999%, granule), and Ta (99.9%,
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powder). The elements were sealed in an evacuated quartz
tube and heated at 773 K and 1,073 K for 12 h and 24 h,
respectively. The melted ingot was pulverized and vacuum
sealed again. The powder was heat treated at 973 K for 48
h and water quenched. The compound was pulverized again
and sintered by spark plasma sintering (SPS) under uniaxial
pressure of 50 MPa at 973 K for 5 min. The x-ray diffraction
(XRD) measurement were performed using Cu Ko radiation
(D8 Advance, Bruker) before and after SPS. The electrical
resistivity p and Seebeck coefficient S were measured using a
thermoelectric measurement system (ZEM-3, ULVAC, Japan).
The Hall resistivity p,, was measured using the five-probe
contact method under a sweeping magnetic field ranging from
1 T to 5 T using the physical property measurement system
(PPMS, Quantum Design, USA). The thermal conductivity
was obtained by the relation k = p,C,A where k, pg, C,, and A
are the thermal conductivity, sample density, specific heat, and
thermal diffusivity, respectively. The thermal diffusivity was
measured using the laser flash method (LFA-447, NETZSCH,
Germany).

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD pattern of the powder sample
of the (BiSe); g9TaSe,/TaSe, composite before spark plasma
sintering. The powder XRD pattern was almost identical to
the XRD pattern of the cross-sectional plane of the sintered
sample. The main peaks are hexagonal TaSe, and face cen-
tered orthorhombic (BiSe); g9TaSe, with crystallographical
c-axis (00/) alignment. Minor (20]) peaks are observed in
(BiSe); g9 TaSe,. The lattice parameters of (BiSe); g9 TaSe, and
the TaSe, compounds are shown in Table I, and are consistent
with other reported data.?! The preferred orientation along the
(00I)-direction has significant importance for thermoelectric
applications. From many reported papers, we argued that the
intrinsic low dimensionality such as the Peierls distortion and
charge density wave have an effect of lowering the thermal
conductivity with a high Seebeck coefficient.!>!42223 In order
to obtain low dimensionality in bulk materials, single crystals
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FIG. 1. (Color online) The power x-ray diffraction pattern of
(BiSe); g9 TaSe, /TaSe, composite.
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TABLE I. The lattice parameters of (BiSe); g9 TaSe, and TaSe;.

BiSe TaSe, TaSe,
structure orthorhombic orthorhombic hexagonal
a(A) 5.9913 5.9913 3.4563
b (A) 6.2627 3.4162 3.4563
c(A) 24.2758 24.2758 12.7648

should be grown, which are expensive, and the process is
time consuming. The texture with c-axis alignment in a bulk-
sintered ingot is important for mass production of the materials
with low-dimensional anisotropic transport properties.

Figure 2 presents the temperature-dependent anisotropic
thermoelectric properties of the (BiSe); ¢g9TaSe,/TaSe, com-
posite. The in-plane and out-of-plane electrical resistivity o(7T")
shows metallic behavior, as shown in Fig. 2(a). Due to the van
der Waals bonding along the c-axis direction of the misfit-
layered compound, the o(7T) of in-plane (~0.22 mS2-cm) is
lower than the out-of-plane (~0.47 mS2-cm) at 325 K. The
in-plane resistivity of our sample is similar to that of the
powder pelletized compacts of (BiSe); g9TaSe, presented by
Zhou et al.(~ 0.24 mS-cm at 300 K)'7 and Oosawa et al.
(~2.2 mQ-cm at 280 K).'” Because the electrical resistivity of
TaSe, is very low (~1.2 u2-cm at 280 K),>* we believe that the
dominant contribution of p(7") comes from the (BiSe); g9 TaSe,
misfit-layered compound.
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FIG. 2. (Color online) Temperature-dependent in-plane and out-
of-plane electrical resistivity p (a), Seebeck coefficient S (b) of
(BiSe); g9 TaSe, /TaSe, composite.
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The Seebeck coefficient S(T) is negative, as shown in
Fig. 2(b), indicating that the main charge carriers are electrons.
The anisotropic Seebeck coefficient S(T') shows very low
values for the in-plane (~ —7.4 uV K~!) and out-of-plane
directions (~ —12.8 uV K~!) at 325 K. The low Seebeck
coefficient may be affected by two types of carriers because
the Seebeck coefficients of electrons S, and holes S, can be
compensated for by the following equation:

§ = UeSe'i‘O—hSh’ 1)
O, + oy
where o, and o}, are the electrical conductivities of electrons
and holes, respectively.’

To confirm the possibility of electron and hole mixing,
we analyzed the Hall mobility of holes(w;) and electrons(it,)
using a two-carrier model calculated by the following

relations:?
Mh — He
Ry = "¢ 2)
7 ne(un + o)
A (H) — p(0)
L T & 3)
P p(0)
o =1/p =ne(i, + pn), 4)

where Ry, p, H, [t.n), and n are Hall coefficient, electrical
resistivity, magnetic field, Hall mobility of electron (hole), and
carrier density, respectively. Here we assumed that the carrier
densities of electron and hole are identical. The calculation
results are presented in Table II. The in-plane mobilities of
holes and electrons are slightly higher than the out-of-plane
mobilities, which is consistent with the van der Waals bonding
along the c direction. The identical mobilities of holes 1, and
electrons p, clearly shows two types of the carriers. So, it can
be understood that the cause of low Seebeck coefficient of the
(BiSe); g9 TaSe, /TaSe, composite mainly originates from the
electron-hole mixing of carriers.

The total thermal conductivity is composed of the elec-
tronic «. and the lattice thermal conductivity k. The
electronic thermal conductivity k. can be calculated by the
Wiedemann-Franz law «, = LooT where Loy, o, and T
are the Lorenz number, electrical conductivity, and absolute
temperature, respectively. In usual cases, the Lorenz number is
written as

2 2
Lo = ”-(k—B> —2.45 x 10°°WQK2. (5)
3 \e
However, the Lorenz number is incorrect in correlated metal
and many degenerated semiconductors. In order to obtain

TABLE II. The calculated parameters of in-plane and out-of-
plane Hall coefficient Ry, electronic Hall mobility u., Hall mobility
of holes p,, and Hall carrier density ny of (BiSe); osTaSe,/TaSe,
composite.

Ry He M np
at 300 K m*/C) (mm?>V~'s) mm?V's) (cm™)
in-plane 1.0x107° 454.1586 454.1587 1.1x10%!
out-of-plane 3.7x107° 417.5721 417.5719 4.3x10%
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reliable lattice thermal conductivity, we should examine
the temperature-dependent Lorenz factor by the relation as
follows:2°

L (kB >2 <<r +7/2)Frisp(m) [<r + 5/2>Fr+3/2<n>]2)

e ) \o+ 3/2)F10(n) LG +3/2)Fr12(n)

(6)

where r is the scattering parameter and n = Ep/kgT is the
reduced Fermi energy. In most cases, the scattering parameter
of acoustic phonon scattering is r = —1/2. So, prior to
calculate Lorenz factor, we should obtain the reduced Fermi
energy n by fitting the Seebeck coefficient from Fig. 2(b) as
following equation:

k 5/2)F,
Sz:l:_B((r+ [DFrq3p() ) ™
e \(r+3/2)F 1)
where F,(n) is the nth order Fermi integral,
F, Ty 8
n(’?)—/o Tten X ®)

Using the above equation, we can get the Fermi inte-
gral in terms of the reduced Fermi energy. The calculated
temperature-dependent Lorenz number is depicted in Fig. 3(a).
The in-plane Lorenz number is temperature insensitive with
a factor of 2.43 ~ 2.44 x 1078 WQ K2, which is slightly
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FIG. 3. (Color online) Temperature-dependent in-plane and out-
of-plane Lorenz factor obtained by Eqs. (6) and (7). (a) (see in the
text) and total Ky, (closed symbols) and lattice thermal conductivity
k1, (open symbols) (b) of (BiSe); o9 TaSe,/TaSe, composite.
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lower than the conventional Lorenz number Lo = 2.45 x
1078 WQK™2. The out-of-plane Lorenz number is much
lower than L and decreases with increasing temperature from
2427 x 1078 WQK 2 at 325K t0 2.412 x 1078 WQ K2 at
675 K. The anisotropic Lorenz factor indicates the different
chemical potential for different orientations of in-plane and
out-of-plane directions.

Figure 3(b) shows the total thermal conductivity o (7")
(closed symbols) and lattice thermal conductivity «(T)
(open symbols) of the (BiSe); g9 TaSe,/TaSe, composite. The
thermal conductivities are almost insensitive to temperature
throughout the temperature range from 325 K to 575 K.
The in-plane total thermal conductivity (~4.1 W m~' K~!)
is higher than the out-of-plane total thermal conductivity
(~29 W m'K™!) at 325 K. Because we obtain the
temperature-dependent anisotropic Lorenz factor, we can
obtain the lattice thermal conductivity «; by subtraction of
the electronic thermal conductivity «, as shown in Fig. 3(b)
(open symbols). Interestingly, the in-plane lattice thermal
conductivity is lower than the out-of-plane conductivity. This
behavior is not consistent with other misfit-layer compounds'®
and is contrary to our expectations, because the misfit-
layer compound has layered structure with van der Waals
bonding along the ¢ direction. It was reported that the TaSe,
compound showed a charge density wave (CDW) transition
at 122 K.'® Thus, we anticipate that phonon softening may
have participated by strong electron-phonon coupling. The
lower lattice thermal conductivity of a covalent bonding layer
than those of the van der Waals bonding layer can be enabled
by the phonon softening upon the CDW formation.'? However,
the measurement range in this case is higher than the CDW
transition temperature. The possibility of CDW formation
in the misfit-layered compound (BiSe); g9TaSe, should be
investigated in further work.

From the measurement of the Hall resistivity oy,, we
obtained the Hall coefficient Ry = p,,/H under a magnetic
field of H = 1 T as depicted in Fig. 4(a). The Hall coefficient
is positive over the entire measured temperature range, from
2 K to 200 K. Noting that the Seebeck coefficient is negative,
the positive Hall coefficient does not match with the negative
Seebeck coefficient. This unusual phenomenon was also
observed previously for (BiSe);goTaSe;'” and some other
misfit-layered compounds.'> It has been reported that the Hall
sign anomaly is due to the heavy electron and light hole
transport.!” However, there is no convincing evidence of the
argument based on the electronic band structure calculation. If
we assume the asymmetric bands from heavy electron and light
hole, it is not consistent with the significantly low Seebeck
coefficient and almost identical electron and hole mobilities
obtained by two carrier model. The almost identical electron
and hole mobilities can describe well the origin of low Seebeck
coefficient, which indicate that the heavy electron and light
hole argument is unlikely.

The sign anomaly between the Hall and Seebeck coeffi-
cients can be caused by several scenarios, such as the anoma-
lous Hall effect induced by skew scattering and side-jump,
Umklapp scattering in a high magnetic field,>” and small-
polaron transport. In the field-dependent Hall resistivity o,
measurements, we did not observe an anomalous Hall effect.
Second, the Hall coefficient sign change by the Umklapp
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FIG. 4. (Color online) Temperature-dependent Hall coefficient
Ry under a magnetic field of H = 1 T (a) and the linear fitting result
of in-plane and out-of-plane Hall mobilities in terms of the three-site
polaronic hopping model of (BiSe); g9 TaSe,/TaSe, composite.

process by intersheet scattering between Fermi surfaces is
unlikely, because the Hall sign change is field-dependent in
the case of intersheet scattering, but the sign of Ry is field
insensitive under various magnetic fields in our measurement
(not shown). The last possibility of the Hall sign anomaly is the
small-polaron transport. The electron path under a magnetic
field experiences the Aharonov-Bohm effect. In this case,
the sign of the Hall angle is determined by the sign of the
products of electronic transfer integrals J; ;4 between i and
the nearest-neighbor site i 4+ 1, according to the following

equation:>®

sign(fyan) = sign |:€"+1(—61)(—1)n 1_[ Ji,i+1:| )

i=1

where € =1 for electrons and € = —1 for holes and » is the
number of small-polaron hopping sites. For odd-number of
small-polaron hopping sites, the three-site electron hopping
between orbitals gives rise to the positive Hall sign angle.
The sign mismatch between the Hall and Seebeck coefficients
by the odd-numbered leg of small polarons was observed
in p-type manganites, where Ry is negative and S is
positive.?”
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In order to speculate on the existence of small polarons,
we examined the Hall mobility in terms of three-site hopping
(Eq. 10) and four-site hopping (Eq. 11) of polarons according
to the following equations:

han \ 2 Wy
=0 - 10
“”“(kﬂ) exp( kBT) (10)
3
hawg \ 2 1 Wy
-0 -2 11
“”(m) exp( 3kBT> (v

where wpy, Wy, and wo are the Hall mobility, hopping
activation energy, and longitudinal optical phonon frequency,
respectively. Figure 4(b) shows the fitting results of the
calculated mobilities of the in-plane and out-of-plane direc-
tions obtained by the three-site hopping polaron model. The
mobility p g from the value obtained from the two-band model
is used. The three-site hopping gives more reasonable fitting
results than those of four-site hopping from 270 K to 300 K,
as shown in Fig. 4(b). The fitted activation energy Wy of
three-site hopping is about 3.76 eV for in-plane and 4.9 eV for
out-of plane. The higher activation energy of out-of-plane is
reasonable, because of the weak van der Waals bonding along
the ¢ axis.

The interpretation of the small-polaron model can be
justified by the possible existence of a charge density wave
in the quasi-two-dimensional structure of a misfit-layered
compound. The small-polaron and charge density wave are
commonly caused by strong electron-phonon coupling. Base
on the lattice thermal conductivity «; in Fig. 3(b), the lower
lattice thermal conductivity along the in-plane than along the
out-of-plane might be due to the charge density wave. Because
the TaSe, exhibits CDW, the TaSe; layer in the misfit-layered
compound (BiSe); g9TaSe, can have strong electron-phonon
coupling. The strong electron-phonon coupling in the materials
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system can be justified by the existence of the small-polaron
transport.

IV. CONCLUSION

In summary, we have synthesized a (BiSe); g9 TaSe,/TaSe,
composite by a simple solid-state reaction with (00/) preferred
orientation. The natural texturing along the ¢ axis might have
great importance for practical thermoelectric applications of
low-dimensional electronic system, such as charge density
waves. This composite exhibits anisotropic thermoelectric
properties even in the polycrystalline materials due to the
anisotropic texture. In spite of a low Seebeck coefficient by
electron-hole mixing confirmed by two-band model, the low-
dimensional nature can be manifested in bulk polycrystalline
materials. The lower in-plane lattice thermal conductivity than
the out-of-plane lattice thermal conductivity implies the effect
of charge density wave and/or strong electron-phonon coupling
mechanism along the in-plane direction. From the Holstein’s
polaron model, the sign anomaly between Ry and S can be
successfully understood by the three-site hopping of small
polaron driven by the strong electron-phonon coupling.
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