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Pyrochlore lattice system as a high-performance energy conversion material
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We studied thermoelectric properties of pyrochlore-lattice systems with
transition metal atoms, which are expected to show high thermoelectric performance due to the
geometrical frustration, multiple degrees of freedom, and rattling effects. We focused on the
b-pyrochlore oxide CsW206 and found that this compound has large thermoelectric power as a metallic
system and very small thermal conductivity probably coming from the rattling effect. We also found
that Ta4SiTe4 and Nb4SiTe4, where one-dimensional chains form a triangular lattice, show excellent
thermoelectric performance exceeding the practical level at low temperatures.



1960 Bi 2T€3

15%
B
CsW;06 1(@)
CSWzOe 5d0'5
W5.5+
CSWzOe 5d
Cs*
O1s

W55+
(pyrochlore)
do5: do + gt
CsW;05 §+f
’ toq Orbitals

CsW,0¢ (b)
MSiTe,

M4SiTe4 (M = Ta, Nb)
MSiTe, MSiTe, Te

2(a)
MSiTe, 2(b)
2.M,SiTe, (M =Ta, Nb) (a)
(b)
CsW,0¢ R. J. Cava
3:1:3 Cs W0, WOs WO,

600 ° C 600 °C 24 h
CSWzOe CSWzOe



Cs, WO, CSWZOG
500° C  15min CsW,0¢
CSWzoe
3 100 K 1w
mm CsW,06 1(b) CsW,06
TasSiTes Nb,SiTe,
Ta Nb Te 2 Si
20 mg  TeCl,
600 ° C 24 h 1150 ° C 96 h
10 pym mm 2(b)
TasS i Tey Nb4S i Tes
3(a) CsW.04
p 105 E T T 3
T = 216 K JEW0s Ay, ]
10" gsintered sample %, E
300 K 3mQ cm £ 10° 1 CsW,0, E
g 102 .. single crystal -
T 0'F E
10%&' \ | . | 'é
(b)
CSW,0 x 2007 ]
s CsW,04 CsW,04
3(b) -400fsingle crystal sintered -
CsW,0s S . _samples
; T ; T ;
(©
T —~ 15-Ca,Ta,06F~
'~
e | CsW,04
3(b) ; 10 CsW,0q single crystal
£ intered [
= st sintere ﬂ];amru)]es
215 K I 1
-50 p VK* % 100 200 300
T (K)
3. Cs\t/)VZO6 (@
(&
|S] =160 p Vv ®) ©
K—l
CSWzoe K
3(c) CsW04
CazTazoeF
100 K 300 K
CSWzoe
CSWzOe Cs*
CsW,0s 300K
8mWem?! K' 17 mw cm? K?
4 TasSiTe, (Ta1_XMOX)4Si (TE1_ySby)4
2
TasSiTe,
100-200 K 2 mQ cm -400 p V K?
80 p W emt K2 2

50K



220-280 K 170 p w 1000 : —— .
cmt K2 Nb.SiTe, (a) Ta;\Mo,),Si(Te;.,Shy),
- 100 /lc =

Ta,SiTe,
70 y Wemt 10 ]
K2 Ta,SiTe,

p (MQ cm)

Bi 2TE3
Sb2T93 BizSE3 Ta48iTe4
Nb4SiTE4

1:1 100

(Tao_sNb0_5)4SiTE4 50 v W cm?t K2 -200
-300

-400
-500
-600

S (W K™Y

TasSiTe, NbsSiTe, 200

100

P (UW em KD

0 100 200 300
TK)
4. Ta,SiTe,, (Ta,Mo,),Si(Te,.
vShy), (@) , (0)
, (© .

R. J. Cava, R. S. Roth, T. Siegrist, B. Hessen, J. J. Krajewski, and W. F. Peck, Jr_,
Css.sW1s04s and CsW.04: Members of a New Homologous Series of Cesium Tungsten Oxides,
Journal of Solid State Chemistry 103, 359 (1993).

D. Hirai, M. Bremholm, J. M. Allred, J. Krizan, L. M. Schoop, Q. Huang, J. Tao, and
R. J. Cava, Spontaneous Formation of Zigzag Chains at the Metal-Insulator Transition
in the B -Pyrochlore CsW.0s, Physical Review Letters 110, 166402 (2013).

M. E. Badding, R. L. Gitzendanner, R. P. Ziebarth, and F. J. DiSalvo, Electrical and
Magnetic Properties of Tantalum Silicon Telluride and Isostructural Compounds,
Materials Research Bulletin 29, 327-336 (1994).

M. Gen, D. Nakamura, Y. Okamoto, and S. Takeyama, Ultra-High Magnetic Field Magnetic
Phases up to 130 T in a Breathing Pyrochlore Antiferromagnet LilnCr.0s, Journal of
Magnetism and Magnetic Materials 473, 387-393 (2019), . DOlI:
10.1016/j - jmmm.2018.10.088

Y. Okamoto, T. Wada, Y. Yamakawa, T. Inohara, and K. Takenaka, Large Thermoelectric
Power Factor in One-Dimensional Telluride Nb,SiTe, and Substituted Compounds, Applied
Physics Letters 112, 173905 (2018), . DOI: 10.1063/1.5023427

Y. Okamoto, M. Mori, N. Katayama, A. Miyake, M. Tokunaga, A. Matsuo, Koichi Kindo,
and Koshi Takenaka, Magnetic and Structural Properties of A-Site Ordered Chromium
Spinel Sulfides: Alternating Antiferromagnetic and Ferromagnetic Interactions in the
Breathing Pyrochlore Lattice, Journal of the Physical Society of Japan 87,
034709(1-8) (2018), . DOI: 10.7566/JPSJ.87.034709

Y. Tanaka, R. Wawrzynczak, M. D. Le, T. Guidi, Y. Okamoto, T. Yajima, Z. Hiroi, M.
Takigawa, and G. J. Nilsen, Inelastic Neutron Scattering Study of the Spin Dynamics
in the Breathing Pyrochlore System LiGag.gs1No.0sCrs0s, Journal of the Physical Society
of Japan 87, 073710(1-4) (2018), . DOI:10.7566/JPSJ.87.073710



R. Wawrzynczak, Y. Tanaka, M. Yoshida, Y. Okamoto, P. Manuel, N. Casati, Z. Hiroli,
M. Takigawa, and G. J. Nilsen, Classical Spin Nematic Transition in LiGao.o51No.05Cr40g,
Physical Review Letters 119, 087201(1-5) (2017), . Dol:
10.1103/PhysRevLett.119.087201

T. Inohara, Y. Okamoto, Y. Yamakawa, A. Yamakage, and K. Takenaka, Large
Thermoelectric Power Factor at Low Temperatures in One-Dimensional Telluride Ta,SiTe,,
Applied Physics Letters 110, 183901(1-5) (2017), . DOI: 10.1063/1.4982623

Y. Okamoto, D. Nakamura, A. Miyake, S. Takeyama, M. Tokunaga, A.Matsuo, K. Kindo,
and Z. Hiroi, Magnetic Transitions under Ultrahigh Magnetic Fields of up to 130 T
in the Breathing Pyrochlore Antiferromagnet LilInCr,Os, Physical Review B 95,
134438(1-5) (2017), . DOI:10.1103/PhysRevB.95.134438¥%

Y. Okamoto, A. Sakamaki, and K. Takenaka, Thermoelectric Properties of Antiperovskite
Calcium Oxides CasPbO and CasSnO, Journal of Applied Physics 119, 205106(1-5) (2016),
. DOI:10.1063/1.4952393

B CsW,0¢
2018 12 28

Y. Okamoto, A-Site Ordered Cr Spinel Sulfides: Alternating Antiferromagnetic and
Ferromagnetic Interactions in the Breathing Pyrochlore Lattice, The 2nd Asia-Pacific
Workshop on Quantum Magnetism, Bangalore, India, December 6th, 2018.

Cr
2018 11 1

Y. Okamoto, Crystal Growth of 5d Transition Metal Compounds: [ -Pyrochlore Oxide
CsW-0¢ and One-Dimensional Telluride Ta.SiTes, International Workshop on New Materials
and Crystal Growth, Awaji, Hyogo, Japan, June 29th, 2018

TasSiTe, Nb,SiTe, 3
2018 6 12

Y. Okamoto, T. Wada, Y. Yoshikawa, T. Inohara, Y. Yamakawa, A. Yamakage, and K.
Takenaka, One-Dimensional Telluride Ta,SiTe, as a High-Performance Thermoelectric
Material, The 6th Toyota RIKEN International Workshop 2017, Nagoya, Japan, November
11th, 2017.

Y. Okamoto, H. Amano, K. Niki, R. Mitoka, N. Katayama, H. Sawa, Y. Nakamura, H. Kishida,
and K. Takenaka, Phase Transition in 3 -Pyrochlore Oxide CsW.0s, International

Workshop on Multipole Physics and Related Phenomena, Hachimantai, Japan, September
28th, 2017.

1 TasSiTe, 2017 2017 9
24

30 2017 9 20
B CsW,0¢

2017

B CsW,0¢



2016 8 31

Y. Okamoto, M. Mori, A. Miyake, M. Tokunaga, A. Matsuo, K. Kindo, Z. Hiroi, and K.
Takenaka, High-Field magnetization of Spin-3/2 Breathing Pyrochlore
Antiferromagnets, Highly Frustrated Magnetism 2016, Taipei, Taiwan, Sep. 8th, 2016.

O
2016-251335
2016
O
o

Koshi Takenaka

Youichi Yamakawa

Hiroshi Sawa



