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Understanding the nature of phonon transport in solids and exploring the
way to minimize the thermal conductivity are important in many fields, in-
cluding the development of efficient thermoelectric materials. For a long
time, the contribution of optical phonons to the lattice thermal conductivity
is considered to be very small and negligible. Until recent decade, a series of
studies have shown that, for some materials with special electronic config- 0'—?—1‘ ﬁ— o
uration, optical phonons can dramatically affect the lattice thermal conduct- . i N _3
ivity. Specifically, in these materials, part of their cations would be off-cen-
tering from their equilibrium positions and lead to the local distortion of the
coordination structure. This off-centering behavior would introduce some
low-frequency optical phonons, which can couple with the acoustic phon-
ons and cause additional phonon scattering, thus, it is very effective to sup- 4
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press the lattice thermal conductivity. This perspective clarifies the lattice dynamics of off-centering behavior and illus-
trates how this off-centering behavior could lead to the acoustic-optical phonon coupling. This paper also demonstrates
the off-centering behavior can be introduced into a material by using the lone pair element doping and the weak sd> or-
bital hybridization, and proposes a strategy to design materials with low thermal conductivity based on this.

nderstanding the nature of phonon transport in
solids and the means to tune the thermal conduct-
ivity have been of great importance in both the sci-
ence and industrial fields, particularly for thermoelectricity,
where the performance of material is inversely proportional
to its thermal conductivity'-3. Generally, the thermal con-
ductivity of a crystalline solid includes the lattice contribution
(lattice thermal conductivity, k) and the electronic contribu-
tion (electronic thermal conductivity, x,)®. For most of the
semiconductors, the dominant contribution of thermal con-
ductivity is the x, which is usually associated with the atomic
lattice and its dynamicsBl. Thus, understanding the impact of
the lattice dynamics on the thermal transport is crucial for
designing materials with tunable thermal conductivity that
can be used in many applications(,
It is known that the lattice thermal conductivity of a solid
can be described as:

] Wmax 2
KL = 3 jo Csvg‘rdw 1)

where C; is the spectral heat capacity, v, is the group velocity,
and t is the phonon relaxation time.l”! Comparing with the heat
capacity and group velocity, the phonon relaxation time is easy
to regulate. Thus far, in the field of thermoelectric materials, re-
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ducing the phonon relaxation time has been considered as the
most effective approach to suppress the thermal conductivity.
The relaxation time expresses the time intervals between phon-
on collisions, and it is used to estimate the intensity of phonon
scattering®®. For a solid material, its phonon relaxation time usu-
ally includes various types of phonon scattering, and the basic
scattering mechanisms are the grain boundary scattering, point
defect scattering and Umklapp scattering™. In the past decades,
many strategies have been developed to suppress the thermal
conductivity via enhancing the phonon scattering to impede
the flow of phonons. For example, introducing nanostructures
to enhance the grain boundary scattering'%'", forming solid
solutions to intensify the point defect scattering!'?, or tuning
chemical bonding and anharmonicity to increase the Umklapp
scattering!3!. Except for the basic scattering mechanismes, in re-
cent years, many new-type of phonon scatterings have been
proposed and demonstrated as important factor to regulate the
thermal conductivity. Such as the vacancy scattering!¥, intersti-
tial atom scattering!'”, dislocation scattering!'?, electron-phon-
on scattering!'” and acoustic-optical phonon scattering!'®, to
name but a few. Among these, the acoustic-optical phonon
scattering could be the most intriguing one.

Generally, comparing with the acoustic phonon, the phon-
on dispersion of optical mode is extremely flat for most of the
materials. Therefore, the group velocity of optical phonons is
very small, and their contribution to the lattice thermal con-
ductivity is negligible('9l. Besides, the phonon vibration fre-
quency of optical mode is usually much higher than that of
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the acoustic mode, the large energy difference makes the in-
teraction of optical phonon and acoustic phonon to be diffi-
cult, see Fig.1. Thus, optical phonon is usually excluded from
the heat transport model in the classical theory. However, re-
cent studies shown the optical phonon does in fact have sig-
nificant influence on the lattice thermal conductivity, one way
is through directly conducting the heat in the materials. The-
oretical studies have reported over 20% of the lattice thermal
conductivities for PbSe, PbTe, and CoSbj; are actually contrib-
uted by the optical phonons!29. For some special materials,
such as the BaSnS,, the optical phonons are even dominant in
the heat transport, which contributes over 68% of the lattice
thermal conductivity!2%l, Besides, optical phonons could have
significant impact on the heat transport through a more com-
mon way — the acoustic-optical phonon scattering.

Recent studies shown that, for some materials with soft lat-
tice or weak chemical bonding, some of their optical phon-
ons could have the extremely low vibration frequency, which
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sit very close to the acoustic phonons. These low frequency
optical phonons can involve in the phonon scattering pro-
cesses and cause additional scattering with the acoustic
phonons. The avoided crossing phenomenon observed in the
phonon dispersion is the characteristic feature of the acous-
tic-optical phonon coupling, see Fig.1. Current studies shown
the weak chemical bonding is the key to bring in the acoustic-
optical phonon coupling in materials, and one common way
to weaken the chemical bonding is through the off-centered
atom. A representative case here is the lead chalcogenides.
For a long time, PbTe were believed to adopt the ideal, undis-
torted rock-salt structure at all temperatures. Until decade
ago, Bozin, Kanatzidis and Billinge had observed a local sym-
metry breaking in the PbTe, which, upon warming, evolves
continuously from an undistorted ground state to a locally
distorted state while retaining average crystallographic sym-
metry2'l, This unusual lattice dynamics also called emphanis-
is or off-centering behavior, it is caused by the lone pair elec-
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Fig. 1 The schematic diagram shows the phonon dispersion for the usual case and the acoustic-optical (A-O) phonon coupling case. Usually,
the optical modes have much higher frequency than that of the acoustic modes, and the interaction between these phonons is weak. In the A-
O phonon coupling case, part of the optical phonons has the extremely low frequency, which sit very close to the acoustic mode and cause the
strong interaction between these phonons. The avoided crossing phenomenon is the characteristic feature of the A-O phonon coupling.
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Fig. 2 The schematic diagram illuminates the concepts of thermal vibration, phase transition and off-centering behavior. The thermal vibra-
tion is a general effect and indicates all atoms in the crystal are dynamic variation caused by thermal energy. The phase transition indicates the
atoms in the lattice move from their high energy positions to another low energy positions, their new equilibrium positions are equivalent in
crystallography, and this driven by the energy and results in the global crystal symmetry breaking. However, for the off-centering behavior, the
moving atoms are dynamically off-centered, and move incoherently in different directions. In this case, the local symmetry is broken, but the
crystal structure still retains the original crystallographic symmetry on average.
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tron of Pb2+ and results in its ferroelectric instability.

Hereon, to avoid any confusion of the off-centering behavi-
or with the thermal vibration or phase transition, it is neces-
sary to clarify the difference of these ideas. The schematic dia-
gram in Fig. 2 illuminates the concepts of thermal vibration,
phase transition and off-centering behavior. The normal
thermal vibration implies all atomic movement in the crystal
are dynamic variation, which is driven by thermal energy and
the vibration amplitude increases with rising temperature.
But the equilibrium positions of the atoms are always at the
lattice centers, this is a general effect in all materials. For a tra-
ditional phase transition, when it happens, all involved atoms
in the lattice would move from their high energy positions to
another low energy positions. The atoms move toward the
same direction and their equilibrium positions are equivalent
in crystallography. This results in the global crystal symmetry
breaking and the phase transition. However, in the off-center-
ing case, the moving atoms are dynamically off-centered, and
move incoherently in different directions. Therefore, their
equilibrium positions are different, and the local structure is
distorted, which is regarded as local symmetry breaking.
However, on average, the crystal structure still retains the ori-
ginal crystallographic symmetry, so there is no phase trans-
ition happening.

The finding of off-centering behavior inspires researcher to
further investigate the lattice dynamics and the thermal con-
ductivity of PbTe. Researchers then realized this locally distor-
ted state of PbTe could actually introduce some low fre-
quency optical phonons in the material?2. Further study
identified a strong anharmonic coupling between the low fre-
quency transverse optical modes and the longitudinal acous-
tic modes in PbTe via the inelastic neutron scattering meas-
urements and the theoretical computationsi23. And the
acoustic-optical phonon coupling is verified as the key to the
low thermal conductivity of PbTe.

After the discovery of emphanisis in PbTe, similar behavi-
ors and acoustic-optical phonon coupling effect have been
identified in more and more low thermal conductivity materi-
als, such as the PbQ[2425], ShQ (Q = S, Se, Te)i28), rock-salt
AgSbSe,7], cubic halide perovskites28] and more recently,
the AgGaTe,[?%. Among these materials, the off-centering be-
havior of AgGaTe, is unexpected and the most unique one.
Before the discovery of AgGaTe,, it has been believed that the
off-centering behavior occurs only through the actions of the
ns? lone pair of electrons associated with main-group metals
and octahedral coordination environments such as Pb2+, Sn2t,
and Sb3+. Significantly, in the AgGaTe,, the mechanism does
not involve ns2 lone pairs, and it is the first example of off-
centering being observed in a tetrahedral diamondoid com-
pound??l. Researchers found the local structure of Ag in Ag-
GaTe, is distorted, and the perfect tetrahedral geometry in
reality is an average of off-centering distortions occurring in a
dynamic fashion. This off-centering behavior is electronic in
origin, deriving from the relativistic idiosyncrasies of Ag,
which results in weakened sd3 orbital hybridization. This
drives Ag off its tetrahedral center and results in strong
acoustic—optical phonon scattering and an ultralow thermal
conductivity.

Since this effect is caused by the special electronic config-
uration of Ag, this implies the off-centering behavior is expec-
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ted to be observed in other silver diamondoid compounds.
Thus, introducing the Ag into the tetrahedral compounds
could also be an effective way to induce the off-centering be-
havior and suppress the thermal conductivity. In fact, the Ag-
derived acoustic-optical phonon scattering has been ob-
served in the Cu,,Ag,InTe,B% and Cu,_Ag,GaTe,3" alloy, and
this has been considered as the root cause of the low thermal
conductivity and high thermoelectric performance for these
diamondoid compounds. On the other hand, based on the
case of PbTe, another way to introduce the off-centering be-
havior into a material could be the lone pair element doping,
one successful case is the In* doped CuFeS,B2. At this point,
these findings offer a strategy for designing systems with ul-
tralow thermal conductivity by inducing the off-centering be-
havior and acoustic-optical phonon coupling effect.

m ACKNOWLEDGEMENTS

This work was primarily supported by a grant from the U.S.
Department of Energy, Office of Science, and Office of Basic
Energy Sciences under Award Number DE-SC0014520.

m CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Q. Yan, M. G. Kanatzidis, Nat. Mater., 2022, 21, 503

Q. Bingchao, Z. Li-Dong, Materials Lab, 2022, 1, 220004

F. Yuting, T. Gangjian, Materials Lab, 2022, 1, 220008

J.He, T. M. Tritt, Science, 2017, 357, eaak9997

W. G. Zeier, A. Zevalkink, Z. M. Gibbs, G. Hautier, M. G. Kanatzidis,

G. J. Snyder, Angew. Chem. Int. Ed., 2016, 55, 6826

L. Dongrui, Q. Bingchao, Z. Li-Dong, Materials Lab, 2022, 1,

220006

7. R.Hanus, M. T. Agne, A. J. E. Rettie, Z. Chen, G. Tan, D. Y. Chung,
M. G. Kanatzidis, Y. Pei, P. W. Voorhees, G. J. Snyder, Adv. Mater.,
2019, 31,e1900108

8. Z.Chen, X.Zhang, Y. Pei, Adv. Mater., 2018, 30, e1705617

J. Callaway, H. C. von Baeyer, Phys. Rev., 1960, 120, 1149

10. B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D.
Wang, A. Muto, D. Vashaee, X. Chen, J. Liu, M. S. Dresselhaus, G.
Chen, Z. Ren, Science, 2008, 320, 634

11. Z.Fudong, W. Di, H. Jiaging, Materials Lab, 2022, 1,220012

12. B. Yu, M. Zebarjadi, H. Wang, K. Lukas, H. Wang, D. Wang, C.
Opeil, M. Dresselhaus, G. Chen, Z. Ren, Nano Lett., 2012, 12,2077

13. H. Xie, X. Su, X. Zhang, S. Hao, T. P. Bailey, C. C. Stoumpos, A. P.
Douvalis, X. Hu, C. Wolverton, V. P. Dravid, C. Uher, X. Tang, M. G.
Kanatzidis, J. Am. Chem. Soc., 2019, 141, 10905

14. G.Tan, S. Hao, R. C. Hanus, X. Zhang, S. Anand, T. P. Bailey, A. J. E.
Rettie, X. Su, C. Uher, V. P. Dravid, G. J. Snyder, C. Wolverton, M.
G. Kanatzidis, ACS Energy Lett., 2018, 3, 705

15. Y. Xiao, Y. Wu, P. Nan, H. Dong, Z. Chen, Z. Chen, H. Gu, B. Ge, W.
Li, Y. Pei, Chem., 2020, 6, 523

16. M.Hong, T. C. Chasapis, Z. G. Chen, L. Yang, M. G. Kanatzidis, G. J.
Snyder, J. Zou, ACS nano, 2016, 10,4719

17. C. Fuy, S. Bai, Y. Liu, Y. Tang, L. Chen, X. Zhao, T. Zhu, Nat. Com-
mun., 2015, 6, 8144

18. H. Xie, S. Hao, S. Cai, T. P. Bailey, C. Uher, C. Wolverton, V. P.
Dravid, M. G. Kanatzidis, Energy Environ. Sci., 2020, 13, 3693

19. T. M. Tritt, Thermal conductivity: theory, properties, and applica-

tions, Springer Science & Business Media, Germany, 2005.

arLd =

o

©

Materials Lab 2023, 2, 220051


https://doi.org/10.1038/s41563-021-01109-w
https://doi.org/10.54227/mlab.20220004
https://doi.org/10.54227/mlab.20220008
https://doi.org/10.1126/science.aak9997
https://doi.org/10.1002/anie.201508381
https://doi.org/10.54227/mlab.20220006
https://doi.org/10.1002/adma.201900108
https://doi.org/10.1002/adma.201705617
https://doi.org/10.1103/PhysRev.120.1149
https://doi.org/10.1126/science.1156446
https://doi.org/10.54227/mlab.20220012
https://doi.org/10.1021/nl3003045
https://doi.org/10.1021/jacs.9b05072
https://doi.org/10.1021/acsenergylett.8b00137
https://doi.org/10.1016/j.chempr.2020.01.002
https://doi.org/10.1021/acsnano.6b01156
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1038/ncomms9144
https://doi.org/10.1039/D0EE02323J

Materials LAS

DOI: 10.54227/mlab.20220051

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Materials Lab 2023, 2, 220051

Z.Li, H. Xie, S. Hao, Y. Xia, X. Su, M. G. Kanatzidis, C. Wolverton, X.
Tang, Phys. Rev. B, 2021, 104, 245209

E. S. Bozin, C. D. Malliakas, P. Souvatzis, T. Proffen, N. A. Spaldin,
M. G. Kanatzidis, S. J. L. Billinge, Science, 2010, 330, 1660

Y. Zhang, X. Ke, P. R. Kent, J. Yang, C. Chen, Phys. Rev. Lett., 2011,
107,175503

O. Delaire, J. Ma, K. Marty, A. F. May, M. A. McGuire, M. H. Du, D. J.
Singh, A. Podlesnyak, G. Ehlers, M. D. Lumsden, B. C. Sales, Nat.
Mater., 2011,10,614

Z.-Z. Luo, S. Hao, X. Zhang, X. Hua, S. Cai, G. Tan, T. P. Bailey, R.
Ma, C. Uher, C. Wolverton, V. P. Dravid, Q. Yan, M. G. Kanatzidis,
Energy Environ. Sci., 2018, 11, 3220

S. Cai, S. Hao, Z-Z. Luo, X. Li, I. Hadar, T. P. Bailey, X. Hu, C. Uher,
Y.-Y. Hu, C. Wolverton, V. P. Dravid, M. G. Kanatzidis, Energy En-
viron. Sci., 2020, 13, 200

K. R. Knox, E. S. Bozin, C. D. Malliakas, M. G. Kanatzidis, S. J. L.
Billinge, Phys. Rev. B, 2014, 89, 014102

M. Dutta, M. V. D. Prasad, J. Pandey, A. Soni, U. V. Waghmare, K.
Biswas, Angew. Chem. Int. Ed., 2022, 134, €202200071

H. Xie, S. Hao, J. Bao, T. J. Slade, G. J. Snyder, C. Wolverton, M. G.
Kanatzidis, J. Am. Chem. Soc., 2020, 142, 9553

H. Xie, E. S. Bozin, Z. Li, M. Abeykoon, S. Banerjee, J. P. Male, G. J.
Snyder, C. Wolverton, S. J. L. Billinge, M. G. Kanatzidis, Adv.
Mater., 2022, 34, €2202255

H. Xie, S. Hao, T. P. Bailey, S. Cai, Y. Zhang, T. J. Slade, G. J. Snyder,
V. P. Dravid, C. Uher, C. Wolverton, M. G. Kanatzidis, J. Am. Chem.

31.

32.

Soc., 2021, 143,5978
H. Xie, Y. Liu, Y. Zhang, S. Hao, Z. Li, M. Cheng, S. Cai, G. J. Snyder,
C. Wolverton, C. Uher, V. P. Dravid, M. G. Kanatzidis, J. Am. Chem.
Soc.,2022,144,9113
H. Xie, X. Su, S. Hao, C. Zhang, Z. Zhang, W. Liu, Y. Yan, C. Wolver-
ton, X. Tang, M. G. Kanatzidis, J. Am. Chem. Soc., 2019, 141, 18900

©2023 The Authors. Materials Lab is published by Lab Academic
Press. This is an open access article under the terms of the Creat-
ive Commons Attribution License, which permits use, distribu-
tion and reproduction in any medium, provided the original
work is properly cited.

Biography

Hongyao Xie is now a postdoctoral re-
search fellow at Northwestern University,
Evanston. He received his Ph.D. degree
from Wuhan University of Technology,
China, in 2018. His research focuses on the
electron and phonon transport behaviors in
semiconductor.

220051 (Page 4 of 4)


https://doi.org/10.1103/PhysRevB.104.245209
https://doi.org/10.1126/science.1192759
https://doi.org/10.1103/PhysRevLett.107.175503
https://doi.org/10.1038/nmat3035
https://doi.org/10.1038/nmat3035
https://doi.org/10.1039/C8EE01755G
https://doi.org/10.1039/C9EE03087E
https://doi.org/10.1039/C9EE03087E
https://doi.org/10.1039/C9EE03087E
https://doi.org/10.1103/PhysRevB.89.014102
https://doi.org/10.1002/anie.202200071
https://doi.org/10.1021/jacs.0c03427
https://doi.org/10.1002/adma.202202255
https://doi.org/10.1002/adma.202202255
https://doi.org/10.1021/jacs.1c01801
https://doi.org/10.1021/jacs.1c01801
https://doi.org/10.1021/jacs.2c02726
https://doi.org/10.1021/jacs.2c02726
https://doi.org/10.1021/jacs.9b10983

	■  ACKNOWLEDGEMENTS
	■  CONFLICT OF INTEREST
	REFERENCES

