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This report features the work of Chao-Hung Du and his 
collaborators published in Phys. Rev. Mater. 8, 054404 (2024). 
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Inelastic Neutron Scattering Reveals Strong Electron–Phonon 
Interactions Driving Ultrahigh zT Values
Through inelastic neutron scattering, strong electron–phonon interactions in Sb–Bi codoped GeTe crystals are revealed, 
unlock ultrahigh zT values. This breakthrough redefines thermoelectric innovation and accelerates the development of 
materials such as PbTe, SnTe, and SnSe. 

Imagine a world where we can recover and utilize heat that would normally be lost. This includes the heat produced by 
automobile engines, the warmth radiating from industrial machines, and even the heat generated during physical exercise. 

The possibility of turning this heat into usable electricity could radically change how we consume energy. This is the promise 
of thermoelectric materials, which have the remarkable ability to convert thermal energy into electrical energy.1 The range of 
potential applications is extensive—everything from making vehicles more fuel-efficient to developing more energy-efficient 
homes and appliances.

A significant advancement in the understanding and improvement of thermoelectric materials was achieved through the 
research conducted by Yang-Yuan Chen and his team at the Institute of Physics, Academia Sinica. By utilizing the powerful 
SIKA Cold Neutron Triple-axis Spectrometer at the Australian Nuclear Science and Technology Organisation (ANSTO),2 
Chen and his team discovered a novel mechanism in thermoelectric materials: the presence of ultrahigh zT, which serves as 
a figure of merit for thermoelectric performance driven by strong electron–phonon (EP) interactions and a low-dimensional 
Fermi surface. These discoveries offer new possibilities for enhancing thermoelectric performance, paving the way for 
applications that may revolutionize how we capture and use energy in our everyday lives.

Thermoelectric materials are designed to capture heat and convert it into electrical energy. However, they face a challenge: 
the heat usually travels through the material in a way that reduces its efficiency in generating electricity. The zT value is a key 
metric that indicates the efficiency of a thermoelectric material; the higher the zT, the better the material can convert heat 
into electrical power. By studying the intricate interactions between electrons (which carry electricity) and phonons (which 
transport heat), Chen’s team identified a method to develop a material with an exceptionally high zT, enabling it to convert 
heat into electricity with remarkable efficiency.

The discovery is based on EP interactions, which occur at the atomic level, as shown in Figs. 1(a) and 1(b). In many 
thermoelectric materials, heat dissipates too quickly because of weak coupling between electrons and phonons. However, 
in the materials studied by Chen’s team, the strong EP interaction allows efficient electrical conduction while maintaining 
a temperature gradient that drives the thermoelectric process. Such as behavior leads to an ultrahigh zT, which is a game-
changer in the thermoelectric field.
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Moreover, Chen and his team found that the low-dimensional Fermi surface of the material—essentially, the arrangement of 
the electrons within the material—further enhances its thermoelectric properties. A low-dimensional Fermi surface allows 
electrons to travel with less resistance, which in turn improves the material’s ability to generate electrical energy from heat, 
as shown in Figs. 1 (c) and 1(d). This is a crucial insight for developing new thermoelectric materials suitable for real-world 
applications.

Further investigation into Sb–Bi codoped GeTe by Chen’s team, using the SIKA Cold Neutron Triple-axis Spectrometer, 
revealed even more remarkable findings as shown in Figs. 1(e) and 1(f). They found a strong Kohn anomaly in the phonon 
dispersion of this material, which indicates the strong electron-phonon interaction. This anomaly occurs when the Fermi 
surfaces of the material exhibit significant nesting, which implies that the two parallel Fermi surfaces overlap significantly. 
This nesting enhances the EP interactions, which are crucial for thermoelectric efficiency. The Sb–Bi codoped GeTe 
material exhibited a distinctive Kohn anomaly that was absent in the pristine GeTe, suggesting that codoping with Sb and Bi 
strengthens the EP interaction, thereby improving the material’s thermoelectric properties.

The Kohn anomaly plays a pivotal role in enhancing the thermoelectric efficiency of materials. In Sb–Bi codoped GeTe, the 
anomaly occurs because the Fermi level is slightly below the D  maximum of the material, resulting in an electronic structure 
that behaves in a one-dimensional manner. This feature allows electrons to move more efficiently along a single axis, which 
contributes to improved thermoelectric performance. The strong EP interactions in Sb–Bi codoped GeTe result in superior 
heat-to-electricity conversion, leading to a material with a higher zT value.

Fig. 1:	 Relationship between phonon dispersion and density of states. (a) Phonon excitation 
spectra measured in constant-Q scans along the crystallographic [HH0] direction at 610 
K, with H = 0.3 represented by filled triangles and H = 0.5 represented by open circles. (b) 
Phonon dispersion of (Ge₀.₈₆Sb₀.₀₈Bi₀.₀₆)Te at 610 K, measured along the crystallographic 
[110] direction. (c) Calculated Fermi surface of p-type GeTe at the Fermi energy, Ex₀. (d) 
The two corresponding 2D cross-sections (C1 and C2) of the Fermi surface. The short 
green arrows and the long red arrows indicate the wave vector difference Dk between the 
initial and final states due to the electronic transition in the [110] direction (G-F direction). 
Images of (c) and (d) were prepared using FermiSurfer. (e) Phonon dispersion of pristine 
GeTe at 300 K. (f) Phonon dispersion of Sb–Bi codoped GeTe at 300 K. [Reproduced from 
Ref. 3]

How does this discovery impact 
our daily lives? Consider the 
substantial energy we waste. In the 
modern world, nearly everyone has 
experienced some form of energy loss, 
whether from excessive heat in homes, 
industries, or vehicles. For example, 
in a typical car engine, a considerable 
portion of the energy from the fuel 
is lost as heat. Imagine if a car could 
capture even a small portion of 
that wasted heat and convert it into 
electricity to power its electronic 
systems or improve fuel efficiency. 
Thermoelectric materials with 
ultrahigh zT values could facilitate 
this, creating more efficient vehicles 
that require less fuel and produce 
lower emissions.

Similarly, industries generate 
enormous amounts of heat during 
the production processes. Factories 
could use thermoelectric materials to 
capture and convert this waste heat 
into usable electricity, thus powering 
their operations or reducing the 
need for external energy sources. 
This approach could lead to more 
sustainable manufacturing practices, 
reduce energy consumption, and 
lower costs for businesses, ultimately 
benefiting consumers as well. 
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Thermoelectric materials have the potential to revolutionize energy consumption in our daily lives. In household appliances 
such as refrigerators, air conditioners, and heating systems, these materials could recycle heat generated during their 
operation, either by directly converting it into electricity or by improving efficiency. This advancement would enhance energy 
efficiency of everyday appliances, reduce reliance on external power sources, and lower electricity expenses.

In the renewable-energy sector, thermoelectric materials with ultrahigh zT values could also play a vital role. Although solar 
panels are proficient at capturing sunlight, they frequently lose excess heat. By integrating thermoelectric materials into solar 
panels, we could recover and convert this wasted heat into additional electricity, further boosting the overall efficiency of 
solar energy systems.

The research conducted by Chen’s team, supported by the advanced technology of the SIKA Cold Neutron Triple-axis 
Spectrometer, paves the way for the development of more efficient thermoelectric materials. By understanding how electrons 
and phonons interact on a microscopic level, we are progressing toward a future where energy is used more efficiently, 
waste is minimized, and a greater number of devices can be powered by everyday heat. The implications of this research 
are profound, offering the potential to improve energy efficiency across transportation, industrial production, and daily 
appliances, all while contributing to a more sustainable and energy-conscious society. (Reported by Chun-Ming Wu)

This report features the work of Yang-Yuan Chen and his collaborators published in Energy Environ. Sci. 17, 1904 (2024).
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