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Figure 1 Schématic diagram of the in-situ high-pressure ultrafast pump-probe experimental system. The pump pulse and the
probe pulse passing through the delay line are collinearly focused on the sample inside the DAC. A balanced detector records

the transient reflectivity variation. The 532 nm continuous-wave laser and spectrometer are employed for in-situ pressure
calibration via ruby fluorescence, while white light and a CCD camera are used for sample imaging.[8!
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Figure 2 Schematic illustration of two commonly used models for nonequilibriumyrelaxation analysis. (a) Two-temperature
model: The pump energy is first deposited into the electronic subsystem andithen‘transferred to the lattice via the electron—
lattice coupling constant G. The decay rate of the electron temperature is proportional to the second moment of the
Eliashberg spectral function A{®?). (b) Phonon-bottleneck picture: Quasipartieles récombine across the energy gap A and emit
high-frequency phonons. These high-frequency phonons re-exciteiquasiparticles, giving rise to the Rothwarf-Taylor
bottleneck, such that the relaxation time carrieslinformation about the energy gap.
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Figure 3 Lattice structure (a), energy level structure (b), and external magneti
NV centers. (a) The NV center consists of a substitutional nitrogen ato ) an
ground and excited states are spin triplets. Electrons in the excited st ith m==1 tend to non-radiatively decay to the
ground state via singlet-state intersystem crossing, and the resultin, rescenee intensity difference serves as the physical
basis for NV-center quantum-state readout via ODMR. (c) T evels of NV spins undergo Zeeman splitting as a
function of the magnetic fie g the NV axis.[0]
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Figure 4 Two approaches for integrating diamond NV centers with DACs. (a) Microdiamond grains containing NV centers
are loaded into the sample chamber.[?] (b) NV centers are implanted into the shallow layer of the diamond anvil culet.[2¢]
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Figure 5 Pressure evolution of the amplitude ratio Agey/Ags 0f SIOW and fast components and the fast relaxation time Tg,g.
Tt Shows a maximum at about 3 GPa, corresponding te the €lectronic topological transition within the R-3m phase. The
jumps at 11.5, 18.9, and 28 GPa correspond to the R-3m>C2/m, C2/m—C2/c structural phase transitions and the appearance
of the high-pressure 14/mmm phase, respectively. (3]
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Figure 6 Probing charge transfer, coherent phonons, and electron—phonon coupling via high-pressure ultrafast spectroscopy.
(a) Mixed-valence Au(I)/Au(Ill) and single-valence Au(Il) structures of CsyAu,lg, and the three-pulse measurement scheme:

the green pulse prepares the intervalene¢ charge-transfer excited state, the blue pulse excites coherent phonons, and the red
pulse probes the reflectivity change; Ag.and t denote the delays between the first two pulses and the last two pulses,
respectively. [33]1(b) Fast Fourier transform (FFT) spectra of coherent oscillations under different pressures. 31 (¢) FFT
spectra at 3.5 GPa for differentpump fluences; both pressure application and enhanced photoexcitation induce phonon
softening and broadening’ 33%(d)*Transient reflectivity change AR/R of 2H-TaS2 at various pressures, with the inset
comparing the early-time dynamicsjat 0 and 12 GPa. [34] (e) Pressure dependence of the second moment of the Eliashberg
spectral function A,(?) (ted, left axis) and AN(0) (blue, right axis), where N(0) is the electronic density of states at the
Fermi level. B34
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Figure 8 High-pressure superconductivity in Ruddlesden“Popper (R-P) bilayer nickelate La3Ni207. (a)(b) The single-crystal
sample exhibits a pronounced resistance drop starting at 18.5 GPa, with T.° near 80 KBI; (¢)(d) Weak superconducting
diamagnetic signals of the single-crystal sample 3#2; (The inset in panel (d) shows the AC susceptibility measurement of a
standard superconducting vanadium sample). (e)*Superconductivity in R-P bilayer nickelate La;Ni,O; exists only within a
narrow range of oxygen content [“2(TheRef 68, Ref. 38 and Ref. 53 in panel (e) are reference numbers in the original paper
[42)).
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Figure 9 In-situ measurements of the superconducting Meissner effect in La;Ni,O7_s and La2PrNi207. [45] (a)45 Confocal
fluorescence scanning image of the La,PrNi,O; sample; (b) Magnetic imaging after zero-field cooling to 7 K upon
application of an external magnetic field. The blue regions exhibit magnetic fields lower than the applied field, corresponding
to typical diamagnetic regions; (c) Temperature dependence of the local magnetic field at representative positions: A0 is the
reference point outside the sample, A1 lies on the sample and shows obvious diamagnetism at low temperatures, and A2 is at
the sample edge where local field enhancement is observed at low temperature; (d) Comparison of superconducting
diamagnetic signals from different samples and pressure-transmitting media under the same magnetic field.
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Figure 10 Effects of megabar extreme conditions on the spin properties of NV centers. [2] (a) Influence of pressure on the
ground-state energy levels of NV centers; (b) Schematic illustration of stress on shallow NV centers near the culet of (100)-
cut and (111)-cut anvils; (¢) Zero-field ODMR spectra of shallow NV centers in a (111)-cut anvil under different pressures

[241; (d)—(f) Pressure dependence of the zero-field splitting parameter D: microdiamonds in pressure-transmitting medium 21,
shallow NV centers in (100)-cut (221 and (111)-cut 24 anvils.
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Two Novel High-Pressure Probing Techniques: High-Pressure Ultrafast
Spectroscopy and Quantum Sensing with Nitrogen-Vacancy Centers in
Diamond

MENG Yanghao, WEN Junyan, YU Xiaohui
(Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Pressure is a fundamental thermodynamic parameter for tuning the’€lectronic structure and
interactions in quantum materials. However, the enclosed geometry of diamend.anvil cells has long
constrained in-situ measurement capabilities under high pressure. In/recent, years, two emerging
technologies—high-pressure ultrafast spectroscopy and quantum sensing with‘\nitrogén-vacancy centers in
diamond—have overcome this limitation in the temporal and spatial dimehsions; Tespectively. The former
utilizes femtosecond pump-probe measurements of quasiparticle (relaXation and coherent collective
excitations to identify structural phase transitions and electronic topological transitions under pressure, and
to quantitatively extract density wave gaps, superconducting gapspand-electron-phonon coupling strengths.
The latter integrates atomic-scale spin probes with diamond_anvil cells to achieve micrometer-scale in-situ
imaging of magnetic fields and stress, providing highly sensitive-and spatially resolved detection means for
magnetic phase transitions and superconducting transitions under high pressure. This article systematically
introduces the experimental principles, analytical jimethods, /and representative applications of both
techniques, and discusses their synergistic prospects(in the’study of high-pressure quantum materials.
Keywords: high pressure; ultrafast spectroscopy; diathgnd nitrogen-vacancy center; quantum sensing;
superconductivity



