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Fig. 1. Lattice dynamics and energy materials: (a) Lattice vibrations and phonon dispersion; (b) thermoelectric materials and trans-

port properties”); (c) barocaloric effect and phase transition entropy changel®; (d) solid-state electrolyte and ionic diffusion!!; (e) solar

cell and lattice vibrations in perovskites!!.
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Fig. 2. Overview of neutron scattering technology: (a) Neutron is a neutral particle with a magnetic moment; (b) the interactions of

neutrons, electrons and X-rays with matter; (c) neutron and X-ray cross sections for some typical elements!*’*¥; (d) the energy

range spanned by the elastic, quasi-elastic and inelastic neutron scattering technologies and the typical physical contents in the

energy rangel’?.
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Fig. 3. Neutron diffraction spectrometers: (a), (b) Structure and measurement principle of a neutron diffraction spectrometer based
on a continuous neutron source. (c), (d) Structure of a neutron diffraction spectrometer based on a pulsed neutron source and its
time-distance diagram or measurement principle, the formats of the Bragg function for these two kinds of diffractometers are differ-
ent and their variables are marked with purple color. The blue line in the figure represents the flight path of broadband neutrons,
and other colors represent the flight paths of monochromatic neutrons. (e) The neutron total scattering and pair distribution func-
tion principle, through the Fourier transform of the structure factor S(Q), the real space distribution, G(r), could be measured.
(f) Comparison of atomic scattering factor, @), f(Q) for X-ray decays rapidly with momentum transfer @, while f{Q) for neutron
remains almost unchanged, so neutron diffraction is more easily to obtain Bragg diffraction peaks at large @, the momentum trans-

fer @ can be obtained by subtract scattered neutron wavevector k from the incident neutron wavevector k, Q = k — k-
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Fig. 4. Inelastic neutron scattering spectrometer: (a) Schematic diagram of a triple-axis spectrometer based on a continuous neut-
ron source, which has three independently rotating axis, corresponding to the monochromator, the sample stage, and the analyzer.
(b) Two methods for a three-axis spectrometer to scan a dispersion, constant-energy scan and constant-momentum scan. (c) Schem-
atic diagram of a direct-geometry inelastic neutron scattering time-of-flight spectrometer based on a pulsed neutron source. (d) The
time-distance diagram or measurement principle of a direct geometry inelastic spectrometer, a bunch of single-energy neutrons are
selected by a monochromatic chopper from the pulsed white beam. Then the single-energy neutrons will be inelastically scattered by
the sample and their energy and speed will become larger or smaller; the neutron energy after scattering can be determined by the
neutron flight time through a fixed distance between the sample and the detector; combined with the angle of the scattered neut-
ron and the neutron energy before scattering, the energy transfer and momentum transfer during the inelastic scattering process can
be determined. (e) Schematic diagram of an indirect geometry inelastic neutron scattering time-of-flight spectrometer based on a
pulsed neutron source. (f) The “time-distance flight diagram” and working principle of the indirect geometry inelastic spectrometer,
this type of spectrometer does not have a monochromator before the sample, but a monochromator analyzer is placed after the
sample; the blue line in the figure represents the flight path of broadband neutrons, and other colors represent the flight paths of
monochromatic neutrons.

Yo7 i) RO, — 3 Z A EASCIR AT LA h 2250 Cy/ Cs Xof Fh ) e e sl A 37 7 PR 1)/ \ A T =22 T

S(Q) o< exp (—Q* (u?) /3) A ik 1051, Y 5L U 1Y
JESE (half width at half maximum, HWHM) Sz it
TP B SRR ERS[R], AR HWHM 53l & 408 ith
2 nl LU SE B 79 O AN [R) J7 =X, R B B 9 1
fY Fick B89, 3" HUH 25 ) 2 — % 2089 Chudley-
Elliott BRI HH 2§ HAT— % 70 A1 75 XY Hall-
Ross B AI4E (18] 5(b)) 0L 11 B 5Pk HICH 58 BE 5 5
IS i B8 22 1] 4 LU (R B A S IR AE 4l f PR 1
(elastic incoherent structure factor, EISF) |53~
B33 2l (8 BRISUTLAT A G, 4 e DY v R

T 1) Cubic A (& 5(c))mL

4) HoAth A 3 B AR . A DU 4 (A S SR AR
D7, BR TR HOREOR, o ] IR A AR LG L
#F (Brillouin light scattering, BLS)[™7 qE 5 {4
X B HLS) (inelastic X-ray scattering, IXS)[7
NP0 PR TSR (four-dimensional electron
energy-loss spectroscopy, 4D-EELS)[™ 4§, 7EFE 5
il 8 J7 T8, A B T X R B R i R
DL B3 3 A AR R B IR RARDN, A B 2R
o S LA . TE AAR Bl ) 2 SRAE N S D5 T, BLS

012801-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 1 (2025) 012801

(b) 6 - - (c) 1.0
(a) @ ; . Translational Fick — Cy or Cs
10F qr ‘1tl}rllct10n 5 diffusion model — Totrahedral
stic |4 i L :
2 Elastic q Xltrumental Singwi-Sjolander 0.8 F — Cubic
= .
5 — Full fit resolution % 4t model — Isotropic
£ 1} Lorentzian S =z . : - 0.6
= L EISF = = 3 Chudley-Elliot model %
5 ¢ [ Ap/(Ap+Aq) § Hall-Ross 2 .l
Q; D = ot model
v 0.2
1 .
0 . L L 0 . . : N
0 0.2 0.6 0.8 1.0 0 1 2 3 4 5 6
QZ/A—2 Q/A*l

Bl 5 st RO BRI T TR (2) MERLEE P EUR B LA, — IR AR B 6 pRBCE B 0SB R R AR 0 B
3 IV ET 2 1 2 0 i 3R 10 DA B B R 4, B R TET R Ap 5 TN RR A+ Aq Z2 18] A LU A 3 3R AR T 45 49 PR ¥ EISFIOY; (b)
B HECRS 1 24 785 98 1 Bl A R I 2k T DU TR T8 1 B T RIOBE B 99 (c) BISF 5N [ JLAAT BRI Y 43— i e A 2 (701

Fig. 5. Data analysis methods for QENS data: (a) A general discomposing of a QENS spectrum, comprising an elastic part

described by a é-function convoluted with instrumental resolution and a quasielastic part described with a Lorentzian profile, the
ratio of the elastic area, Ag, to the total area, Ap+Aq, defines the elastic incoherent structure factor (EISF)); (b) the @-depend-

ent width of QENS signal can be used to study different ionic diffusion models!®; (c) molecular rotation models under different geo-

metric confinements and corresponding EISF profiles!™ .
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Fig. 6. Superionic thermoelectric materials and ultra-low lattice thermal conductivity: (a) Schematic diagram of the crystal struc-

ture of superionic thermoelectric materials, comprising a rigid sublattice and a liquid-like sublatticel®; (b) lattice thermal conductiv-

ity of several main superionic thermoelectric materials and a comparison with that for other typical thermoelectric materials®;
(¢)-(e) the attempts to demonstrate the validity of the liquid-phonon models for the ultralow lattice thermal conductivity through
specific heat measurements and inelastic neutron scattering measurements on powder samples!?32452 .
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Fig. 7. Lattice dynamics and ultra-low lattice thermal conductivity of AggSnSeg argyrodite compounds®!: (a), (b) TA phonons along

the [00!] direction in the (440) Brillouin zone of the AggSnSeq single crystal samples measured on the cold neutron spectrometer
AMATERAS at J-PARC at 300 K and 450 K, respectively; (c)—(e) Dynamic structure factors S(Q, E) of the AggSnSe; powder
samples at 8 K, 50 K and 100 K; (f) the peaks in the phonon density of states become broad quickly with increasing temperature.
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Fig. 8. Ion diffusion and lattice dynamics of solid-state electrolytes: (a) Schematic diagram of ion diffusion channels and diffusion
barriers in NagZr,Si,PO 5 (b) schematic diagram of the effect of lattice softening on hopping of ions!'*”; (c) relationship between
low-frequency phonon center energies measured by INS and ion diffusion activation energies in LISICON and olivine-type solid-state
electrolytes!'; (d) paddle wheel model of Na* ion transport in 7-NagPO, compounds, i.e., the rotation of [PO4* polyanion tetrahed-

ron drives the migration of Na* ions/'0!.
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Fig. 9. Lattice dynamics and coupling of sublattices during the superionic phase transition of AggSnSeg?!: (a), (b) Experimental
data of [4 4 0.3] and [4 4 0.6] TA phonon modes at 300 K and 450 K measured on the AMATERAS spectrometer at the J-PARC
spallation neutron source in Japan, respectively; (c), (d) dynamical structure factors, S(Q, E), of AggSnSeq polycrystalline samples
at 300 K and 410 K, respectively, measured on the TOFTOF direct-geometry spectrometer at the FRM II neutron source in Ger-
many; (e) dynamical structure factor curves obtained by integrating S(Q, E) over the momentum @ range of [2.0, 2.4] A '; (f) phon-
on energy, phonon width and QENS broadening obtained by fitting the curve in panel (e) with the damped harmonic oscillator
(DHO) and Lorentz profiles; (g) comparison of the orthorhombic structure (O) and cubic structure (C) at 300 K and 400 K ob-
tained on the D9 single-crystal neutron diffractometer at the ILL neutron source in France; (h), (i) the changes in the atomic dis-
placement |L| and isotropic atomic displacement parameters, U, of Se atoms at positions A, B, and C during the superionic phase
transition obtained by analyzing in situ XRD patterns, A corresponds to Seb in the low-7 phase and Sel in the high- T phase, and B
corresponds to Se4 in the low-T phase and Se2 in the high- 7 phase, respectively.
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Fig. 10. Plastic-crystal phase transition and lattice dynamics in NH,I barocaloric materiall®: (a) Dynamic structure factors, S(Q,

zh
%

E), in three different phases measured by INS; (b) quasielastic broadening in different phases obtained by integrating S(Q, E) in (a)
over a certain () range; (c) softening and broadening processes of the phonon DOSs with temperature; (d) crystal structures in the

three different phases and possible orientations of the [NH,] tetrahedron.
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Fig. 11. Relationship between lattice vibration and energy band in CsPbBr;*: (a) Diffuse scattering signal in the (H, K, L = 0.5)
plane in the high-temperature cubic phase at 433 K, the upper half of the data is obtained from XRD, and the lower half is from
neutron data; (b) S(Q, E) along the I*M-R-I" direction in the high-temperature phase at 419 K, where the phonons have overdamp-
ing behavior along the M-R direction at the Brillouin zone boundary; (¢) Pb-Br-Pb angle distribution obtained by molecular
dynamics simulation and its relationship with the energy band gap.
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Fig. 12. Magneto-structural transitions in MnCoGe-based magnetocaloric materials: (a) Response of the Mn magnetic sublattice and
Co-Ge skeleton sublattice in the Mny ¢5NijsCoGe compound to an applied magnetic field obtained by in situ neutron diffraction

experiments!'™; (b) magnetic structural phase diagram of the Mn(Co; ,Ni,)Ge compound with Ni content or valence electron
number (Co: 3d4s?, Ni: 3d®4s?) and temperature!'*.
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Abstract

Lattice dynamics play a crucial role in understanding the physical mechanisms of cutting-edge energy

materials. Many excellent energy materials have complex multiple-sublattice structures, with intricate lattice

dynamics, and the underlying mechanisms are difficult to understand. Neutron scattering technologies, which

are known for their high energy and momentum resolution, are powerful tools for simultaneously characterizing

material structure and complex lattice dynamics. In recent years, neutron scattering techniques have made

significant contributions to the study of energy materials, shedding light on their physical mechanisms. Starting
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from the basic properties of neutrons and double differential scattering cross sections, this review paper provides
a detailed introduction to the working principles, spectrometer structures, and functions of several neutron
scattering techniques commonly used in energy materials research, including neutron diffraction and neutron
total scattering, which characterize material structures, and quasi-elastic neutron scattering and inelastic
neutron scattering, which characterize lattice dynamics. Then, this review paper presents significant research
progress in the field of energy materials utilizing neutron scattering as a primary characterization method.

1) In the case of AggSnSe; superionic thermoelectric materials, single crystal inelastic neutron scattering
experiments have revealed that the “liquid-like phonon model” is not the primary contributor to ultra-low
lattice thermal conductivity. Instead, extreme phonon anharmonic scattering is identified as a key factor based
on the special temperature dependence of phonon linewidth.

2) Analysis of quasi-elastic and inelastic neutron scattering spectra reveals the changes in the correlation
between framework and Ag™ sublattices during the superionic phase transition of AggSnSes; compounds. Further
investigations using neutron diffraction and molecular dynamics simulations reveal a new mechanism of
superionic phase transition and ion diffusion, primarily governed by weakly bonded Se atoms.

3) Research on NH,I compounds demonstrates a strong coupling between molecular orientation rotation
and lattice vibration, and the strengthening of phonon anharmonicity with temperature rising can decouple this
interaction and induce plastic phase transition. This phenomenon results in a significant configuration entropy
change, showing its potential applications in barocaloric refrigeration.

4) In the CsPbBrsy perovskite photovoltaic materials, inelastic neutron scattering uncovers low-energy
phonon damping of the [PbBrg] sublattice, influencing electron-phonon coupling and the band edge electronic
state. This special anharmonic vibration of the [PbBrg| sublattice prolongs the lifetime of hot carriers, affecting
the material's electronic properties.

5) In MnCoGe magnetic refrigeration materials, in-situ neutron diffraction experiments highlight the role of
valence electron transfer between sublattices in changing crystal structural stability and magnetic interactions.
This process triggers a transformation from a ferromagnetic to an incommensurate spiral antiferromagnetic
structure, expanding our understanding of magnetic phase transition regulation.

These examples underscore the interdependence between lattice dynamics and other degrees of freedom in
energy conversion and storage materials, such as sublattices, charge, and spin. Through these typical examples,
this review paper can provide a reference for further exploring and understanding the energy materials and

lattice dynamics.
Keywords: neutron scattering, thermoelectric materials, solid-state electrolytes, Caloric effects
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