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Abstract High-pressure-induced structural phase transitions constitute a crucial pathway for discovering new phases
and understanding material behaviors under extreme conditions. However, the transition pathways, intermediate
states, and dynamics have long remained in a "black box", necessitation in situ probing techniques for elucidation.
This article reviews the recent progress in in situ probing techniques and mechanistic studies of structural phase tran-
sitions in high-pressure solid-state chemistry. First, the principles and applicable scopes of in situ characterization
methods are introduced according to information levels, including X-ray diffraction, neutron diffraction, X-ray
absorption fine structure, pair distribution function, Raman spectroscopy, infrared spectroscopy, ultraviolet-visible
absorption spectroscopy, fluorescence spectroscopy, and second harmonic generation. Emerging directions such as
ultrafast time-resolved techniques and machine-learning-assisted data analysis are also discussed. Second, using
displacive phase transitions (SrTiO,) , reconstructive phase transitions (graphite-diamond, Co,P,0,), pressure-induced
amorphization (ice), isostructural phase transitions (Ce) , and order-disorder phase transitions (IMMH PbBr,) as rep-
resentative examples, we demonstrate how in situ techniques reveal the microscopic mechanisms of pressure-driven
structural evolution. Finally, current bottlenecks in time resolution and data interpretation are summarized, and

future directions including multi-technique integration, ultrafast probing, and machine learning are prospected.
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TEWFFE R BORAZ iy B b, TR 7 RAEFOR A% O B AR 7E 4 W JEfili (Diamond anvil cell,
DAC) 5 i 2 BN B, 2N | BRI b8 3 5 3K s i s bk . ML {5 B2 AN 6], ]
WA BRI 2 s KA P A5 PRI [ X S 2eAii it (XRD) F1 b 541755 (Neutron diffraction) |, JaylsliZ
55 TC A5 B 555 200 [ X5 2 R SORS A 25 #4) , X-ray absorption fine structure (XAFS) FXF 43 A1 bR £ 3 #r
(Pair distribution function, PDF) | | k224 5 9= 205 B0 [ $7 2 56 5% (Raman spectroscopy ) MILL AT
(IR spectroscopy ) | VA Sz i 25 44 55 627 i [ — ¥R (Second harmonic generation, SHG) | ¢ Y661
(Photoluminescence spectroscopy ) Fll LLAN-AT LSO 1 (UV-Vis absorption spectroscopy) 1. AU
FET XS/ R, SR ZRNE TR ROLO6HE . AR TR B K IR A 4128 BRI 8 5
s N JRIRE , FETE 2 EORIB A 5 AR NN AR Y & e 5 1] .

1.1 KEAF: R XRD 5HF4T5

KA 7 2850 27 AL 1 v AR R HEAT S 1 ks S8 5 AL i e 2 DA SR A
NI EE R 3M5 B, . XRD A SR AR IR E A PR AN AR . XRD X H %85 BE Uk, fE K
FEHIE M S A 2 B R AR Th TSI ROT R MRSt s, HeEiE g, fEm R Tl Ay
BORAN XRD X5 (W1 0, H, Li) XA FF A ER I A 2

Ji A3 8 He XRD S2F ] DAC BFFE SR KRR G54 fie LA T-B . 7R s DAC SE5eH, [m] 5 4R 5 X 5
LN HA SR m L G/ NFIRE 0 T8 A RE A0, C RO I AL 8 He XRD I E 0GR . A XRD HoR
TEZRYIASFE TR B , RS C R R R REOR, s 5 XRD . B 2 ki XRD L &k
1B A EXRD e FERE T U XRD, AT 205158 T80 . 2250 . GAOK b 23R S A AR it 1) 254 i
e KOS 53A13 pREC(PDF ) 7341,

I SRARAN A T B S EIG , AT LR R R ) 5 R G AR A AR BT AR A A% 5 AR R
I EIRZE Rietveld AEE )5, PUREHHH4E SISO 25 M RFRE I ) ROTAE . W], inH XRD $idfiid nf
PRACARAR 7 5 HT AT REAOAS Y | AR AR AR A0 R B IS AT S R, A&l 1 TR, FEXT Co,P,04
BYBIEGE I, S BT IR BRI, R LAE B HORH BT S A s L e R BT DA i
Bl 7£2.90(5) GPa [k ) nl LIS A BIRE b AL T PSS SOIRAS , W HAE 10. 3(1) GPa MIFRH
HH R 2 H AR R S, THE 210, 5(1) GPalby, J& T TEAHRYIESE 2 TH 2K . 145 53R W] Co,P,0, HYAH
ST DX RIAL B, FLAFE R 0 AR AE X, Ot n] WA 78 i T B A BUAR S, FEARAS i R rh R 2
vellRsh J1oERe

5 XRD BAL, A AT HORTE R BOH AR S 58 vh G AN ABERT. 5 XRD AL,
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Fig. 1 Determination of phase transitions during compression using high-pressure XRD™!

(A, B) The crystal structure of the ambient-pressure phase of Co,P,0,(A), and the high-pressure phase of Co,P,0,(B). The CoOj
and CoOy polyhedra are shown in blue and the VO, tetrahedra are shown in grey. The red circles represent the oxygen atoms. The
unit-cell is represented with black solid lines. (C) Rietveld refinement profiles of powder XRD patterns measured in Co,P,0; at
selected pressures. Pressures are given in the figure with the uncertainties given between brackets. The black circles are the experi-
mental data, and the red (black) lines are the refinements (residuals). Vertical black (red) ticks are the calculated positions of the
reflections of the low (high) -pressure phase. The Cu peaks used to measure pressure are indicated. Black (red) asterisks are the
peaks of the low (high)-pressure phase discussed in the text.

Copyright 2024, the Royal Society of Chemistry.
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Fig. 2 HB symmetrization within the natrochalcite structure at 1. 6 GPa revealed by a single-crystal neutron
diffraction experiment(A), difference Fourier map calculated using the model without the hydrogen atom
H(4B) refined against neutron data at 1. 6 GPa(B), bird’s eye view of the difference Fourier map(C), and
structural model of natrochalcite along the Y-direction at 1. 6 GPa with symmetric HB(D)"®

(B) Hydrogen has a negative scattering factor, so the missing H atom is recognized as a negative distribution.
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Fig.3 Pressure dependence of unit cell volume of CeO, at ambient temperature from angle-dispersive
XRD(A) and pressure-dependent K-edge XANES spectra of CeO,(B)™
(A) Inset: gas-loading image for the 130 GPa experiment, with ruby and sample indicated (scale bar included) ;
(B) comparison of XANES spectra at 32 GPa and ambient pressure. Insets in both panels show the corresponding
derivative curves, indicating the energy shifts of the edge features.
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Fig. 4 Structural characterizations of W, Mn B, samples by W L.-edge EXAFS spectroscopy under pressure'’!
(A, B) Fourier-transform magnitudes of the EXAFS for W 4 Mn, ,,B,(A) and W ,,Mn, ,B,(B) under compression; (C) evolution of the
best-fit bond disorder oy, ;s (D) W—B bond distance as a function of pressure for W, , ,Mn, ,B, and W (,Mn, B, solid solutions as
compared to pure WB,.

Copyright 2025, Elsevier B. V..
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Fig.5 PDF characterization of pressure-induced grain size evolution in nanocrystalline Au(20 nm)
and Pt(50 nm) under quasi-hydrostatic conditions
(A) Red line shows the reduction in nano-particle size due to compression using the EOS for Au/Pt; (B, C) the
open circles indicate data obtained on pressure release.

Copyright 2016, the authors.
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Fig. 6 CsPbBr, partial PDFs for Pb-Pb(A), Pb-Br(B), Pb-Cs(C), and Br-Br(D) atomic pairs at 0, 0. 8, 1. 6, 2. 0,
3.4, and 5. 0 GPa and angular distributions for Br-Pb-Br(E) and Pb-Br-Pb(F) bond angles at 0, 1. 6, 2. 0,
3.4, and 5. 0 GPa""
Data has been normalized to unit area and divided by siné.
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Fig.7 Various characterizations of Py-FeCl,*"

(A) Comparison of Raman spectra; (B) analysis of observed characteristic peak shifts; (C) far-IR spectra; (D) analysis of observed
characteristic peak during compression cycle from 0 to 9 GPa; (E) compression cycle of 2,4, 6-triphenylpyrylium tetrachloroferrate
from 0 to 9 GPa pressure range. (F—H)XRD patterns of pyrylium FeCl,: (F) during the compression cycle; vertical bars indicate
peak positions of previously reported orthorhombic crystal structure of pyrylium FeCl,; (G) during the decompression step and (H)
comparison of XRD spectra before and after the compression-decompression cycle from 0 to 9 GPa.

Copyright 2024, the authors.
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Fig. 8 SHG signal reflecting changes in crystal symmetry
(A) SHG intensity of BiOIO, powders as a function of pressuremr‘ (B) Pressure dependence of the SHG intensity of powder NH,Cl
during compression and de(tompressiunm]. (C) Pressure dependence of the SHG intensity of CsMnO3(IOS)[25].
(A) Copyright 2021, Wiley-VCH GmbH; (B) Copyright 2024, American Chemical Society; (C) Copyright 2024, the Royal Society
of Chemistry and the Chinese Chemical Society.
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Fig. 9 High-pressure tuning of the band gap for AgSePh crystals"”
(A) Absorption spectra for AgSePh as a function of pressure. Purple arrows indicate the evolution of the abhsorption edge upon
compression. (B) Optical micrographs of AgSePh single crystal under different pressures. (C) Pressure-dependent band gap of
AgSePh. The error bars were obtained from the Tauc plot of the absorption spectra. (D) The electronic band structure for
AgSePh with P2,/c space group.
Copyright 2025, the authors.
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Fig. 10 Ultrafast time-resolved techniques and machine-learning-assisted data analysis
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(A) Principle of pump-probe technique. (B) High pressure PL dynamics testing setup'’. (C) An overview of the methodological
procedure. Training and validation datasets are taken from molecular dynamics simulations and artificially perturbed structures
(with extensive sampling for SiO,). The trained DG-CNN/PointNet models are evaluated on a holdout set. (D) Shock compression
of amorphous silica. Structural evolution in an initially amorphous SiO, sample which is subjected to shock loading. Phase fractions
as a function of time show the phase fractions during this transformation. Representative snapshots show the classification of the oxy-

gen sublattice of these structures by PTM(RMSD=0. 2)"%,
(A, B) Copyright 2023, TOP Publishing Ltd.; (C, D) Copyright 2024, the authors.
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Fig. 11 Investigation of displacive phase transitions using high-pressure characterization

techniques and DFT calculations™'

(A) Pressure dependencies of the SrTiO, crystal Raman bands. (B) X-ray diffraction patterns of SrTiO,. (C) The D-F maps on the
(001) plane of the TiO, octahedron in the cubic phase at ambient conditions shows the d-p-r hybridization between t,, electron of
Ti(3d) and px electron of O(2p). The octahedron has the m3m site symmetry. Dotted lines show the d-p-7 hybridization. The right
figure presents a schematic drawing of ,, orbit of Ti and p orbit of O. The circles indicates the d-p- hybridization.

Copyright 2018, 10P Publishing Ltd.
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Fig. 12 Investigation of pressure-induced amorphization of ice'”

(A) Phase diagram showing the stable phases of the ice-water system. The dashed line represents the metastable extension of
the melting line of the polymorph I,. (B, C) Intermolecular partial radial distribution functions of HDA and LDA at 80 K(B)
and of VHDA and HDA at 80 K(C). (D) Neutron diffraction patterns showing the gradual transformation from I, to HDA with
increasing pressure at 7=130 K and 7=30 K.
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Fig. 13 Isostructural phase transition of cerium™”
(A) A plot of the intensity ratio between the [311 17 and [ZOOL reflections as a function of pressure, recorded during
decompression of polycrystalline Ce metal. (B) Synchrotron radiation X-ray diffraction patterns acquired along the
[001] direction of single crystalline Ce metal at 318 K. Three different pressures are shown on the left: (a) 0. 32 GPa
(y-Ce), 0. 61 GPa(a- and y-Ce) and 1. 19 GPa(a-Ce).
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Fig. 14 Order-disorder phase transition of IMMH PbBr *
(A) Crystal structure of IMMH PbBr, at 295 K showing corrugated octahedral layers, ordered IM* cations located at interlayer

space, and 3-fold disordered MH}+ cation located at intralayer sites. (B, C) Raman spectra of IMMH, PbBr, for compression run
in the 3400—2900 cm™ (B) and 1270—950 ¢m™ (C) wavenumber range. (D—G) Pressure dependence of PL intensity (D—F)

and energy(G) for IMMH, PbBr,.
Copyright 2024, The Authors.
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Table 1 Summary of in-situ high-pressure characterization techniques

Technique Probe Length scale Sample requirement Ref.
XRD Lattice parameters, space group, phase transition Long-range Crystalline( powder/ [1]
pathway single crystal )
Neutron diffraction Light atom positions, magnetic structure, lattice Long-range Crystalline (large volume (8]
dynamics required)
XANES Valence state, spin state, orbital occupancy, Electronic+local Crystalline/amorphous [12]
symmelry structure
EXAFS Bond lengths, coordination numbers, disorder Local atomic Crystalline/amorphous [13]
(Debye-Waller factor) configuration
PDF Atomic pair distances, bond lengths, coordination Short-to-medium Crystalline/amorphous/ [15]
numbers, disorder range liquid
Raman spectroscopy Vibrational modes, symmetry, phase precursors Lattice vibration Crystalline/amorphous/ [17]
(soft modes) liquid
IR spectroscopy Polar bond vibration, hydrogen bonds, MIT Lattice vibration+ Crystalline/amorphous/ [21]
electronic liquid
SHG Inversion symmetry, isostructural transitions, Symmetry+ Non-centrosymmetric [23]
molecular orientation electronic crystals
Photoluminescence Defect states, exciton behavior, local electronic Electronic Crystalline/amorphous [27]
states
UV-Vis absorption Band gap, exciton features, metallization Electronic Crystalline/amorphous/ [30]
liquid
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