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SPECIAL TOPIC — Structures and properties of materials under high pressure

Pressure distribution imaging through wide-field
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Non-hydrostatic stress plays a significant role in shaping the properties of materials under compression. High-pressure
effects such as yielding deformation, phase transitions, and volume contraction can alter the pressure distribution within
the pressure chamber. However, due to the inherent size limitation of the diamond anvil cell (DAC), in situ high-pressure
studies usually assume a hydrostatic environment, equaling the pressure of samples to a pressure calibrator inside the cham-
ber. Accurately imaging pressure distribution within the DAC chamber remains challenging, particularly as the material
undergoes phase transitions. Here, we present a method for mapping pressure distribution with high spatial resolution
using wide-field optically detected magnetic resonance (ODMR) of nanodiamonds. The pressure gradients during the high-
pressure transition of zinc oxide (ZnO) were compared using both the multiple rubies technique and wide-field ODMR.
The latter technique demonstrated superior spatial resolution, easier operation, and more detailed information. These re-
sults highlight the potential of wide-field ODMR as a powerful tool for precise pressure sensing, particularly in studies

involving non-hydrostatic pressure conditions.

Keywords: optically detected magnetic resonance (ODMR), high-pressure, phase transition, ZnO
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1. Introduction

Pressure, as an independent thermodynamic parameter,
has proven to be an effective and clean stimulus for tuning
the structural and electronic configurations of materials. High-
pressure techniques have revealed many unusual and impor-
tant phenomena, including pressure-induced phase transitions,
novel emission states, superconductivity and the synthesis of
metastable materials.!!~*! Benefiting from the good applicabil-
ity of various optical and electronic characterization systems,
the diamond anvil cell (DAC) has been the most widely used
equipment for pressure generation and in sifu measurement.
However, uniaxial compression in DAC introduces consid-
erable radial pressure gradient without pressure transmitting
medium (PTM),!*%] or other non-hydrostatic pressure condi-
tions due to the solidification of PTM and the squeezing of
polycrystal grains.[”:8] Nevertheless, it is reported that non-
hydrostatic pressure drastically changes the mechanism and

[9-15

kinetics of phase transitions, ] facilitating the transition of
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sp? union carbon to sp> diamond, ['?! reducing the conversion
potential barrier between h-BN and w-BN,!'%! triggering the
aggregation of semiconductor quantum dots and the formation
of nano chains, superlattices or other nanostructures, !~ or
even inducing superconductivity and a transition from fragility
to elasticity of diamond.>*2%2!1 Phase transition, morphol-
ogy alteration and the accompanied redistribution of pressure,
or even further pressure loading would change the pressure
distribution in the DAC chamber.??! Thus, precise pressure
calibration still plays a critical role in ensuring the accuracy of
in situ research under non-hydrostatic pressure.

Current in situ pressure calibration methods face limita-
tions due to the bulky nature of existing calibrators. Fluores-
cent ruby and equations of state (EOS) methods, for exam-
ple, are restricted by their spatial resolution and inadequate for
non-hydrostatic pressure research. >3 The negatively charged
nitrogen-vacancy (NV) center, i.e., a point defect in the di-
amond lattice, consists of a substitutional nitrogen atom, an
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adjacent carbon vacancy, and a captured electron.>*] The NV
center has a triplet ground and excited state, as well as two sin-
glet metastable states, and the spin levels of the ground state
are separated in frequency by a so-called zero-field-splitting
Dgs. Upon excitation by a laser with e.g., 532 nm wave-
length, the NV centers can decay via spin-preserved radiative
channels, or spin-inverted non-radiative channels, which en-
ables spin initialization and readout by optical means. Com-
bining further with microwave absorption of the NV spin,
the electron spin resonance spectrum can be measured with
the so-called optically detected magnetic resonance (ODMR)
technique. It was observed that the experimentally extracted
Dy from the ODMR spectrum was sensitive to local environ-
ment, such as magnetic field, electric field, strain, and tem-
perature. The superb spatial resolution and robust optical in-
terface sustain extreme pressure, providing a simple and effi-
cient method for sensing local perturbations under high pres-
sure. Dgys was shown to increase linearly with pressure with
a slope of 14.6 MHz/GPa up to 130 GPa,'?>?%! and was used
to reconstruct the stress-tensor with high spatial resolution. [*7]
Shallow implanted NV centers on the surface of the diamond
anvil were also used to probe the magnetization of Fe particles
and the Meissner effect of a superconductor, and to construct
the full stress tensor on the culet surface, 2839 but this stress
in the anvil exhibited aberration with the pressure inside the
chamber. Multiple micrometer-sized diamond particles with
NV centers have been placed inside the DAC chamber to com-
pare various pressures point by point during the solidification
of Daphne oil 7373 under compression. [*!] However, the scan-
ning process requires considerable time, which significantly
limits its practical application in time-sensitive experiments.
It is therefore important to explore fast methods for pressure
imaging inside the pressure chamber and compare the pres-
sure distribution during the phase transition processes of the
sample.

In this work, a feasible pressure imaging method was real-
ized through wide-field ODMR spectra of spread NV nanodi-
amonds inside the DAC chamber. To ensure effective sensing
under high pressure, the NV nanodiamonds were character-
ized in detail. A wide-field ODMR setup was built to enable
the in situ pressure imaging under compression. The pressure
distribution evolution during the high-pressure phase transi-
tion of ZnO was systematically monitored with NV nanodia-
monds and multiple rubies, respectively, and a distinct pres-
sure gradient reversal following the phase transition was re-
vealed. Compared with conventional multiple-ruby technique,
the wide-field ODMR pressure imaging method demonstrates
superior performance in terms of operational feasibility, spa-
tial resolution, and measurement accuracy. This innovative
approach provides a reliable solution for precise visualiza-
tion of pressure distribution and its dynamic evolution within

the DAC chamber, offering promising potential for advancing
non-hydrostatic pressure-related research.

2. Methods
2.1. Materials

Nanodiamonds with an NV center density of ~ 2 ppm
were purchased from Adamas Nanotechnologies. The ZnO
nanocrystals were synthesized via a hydrothermal process. A
0.9 M zinc acetate solution was prepared by dissolving 2.00 g
of Zn(OAc);,-2H,0 in 10 ml of ethanol and stirring for 30 min
at room temperature. After the stirring period, a suspension
was obtained after stirring. Then, the solution was transferred
to a stainless-steel autoclave in a 25 ml Teflon vessel and
heated at 200 °C for several minutes. The sample was then
automatically cooled down to room temperature. Afterward,
the precipitate was collected by centrifugation at 7000 rpm for
5 min and washed with ethanol three times to wash off impu-
rities. Before each centrifugation, the as-prepared sample was
sonicated for 15 minutes. Subsequently, the white precipitate
was dried in a blast oven at 60 °C overnight.

2.2. Characterizations

The scanning electron microscope (SEM) image of the
samples was acquired by JEOL JSM-6700F field-emission
scanning electron microscope. The x-ray diffraction (XRD)
was recorded with Cu Ko radiation (D8 Discover, Bruker,
Germany). The in situ high-pressure Raman spectra were de-
tected using a home-built Raman spectrometer. A single-mode
diode pumped solid state (DPSS) laser with a wavelength of
532 nm (CNI MSL-III-532 100 mW) was employed for exci-
tation. A razor-edge Raman filter (Semrock LP02-532RE-25)
was used to reflect the laser light. A long working distance ob-
jective (Olympus SLMPLN 20X) was used for the excitation
and collection of the scattered light, the residual laser light was
filtered with another razor-edge Raman filter (Semrock LP02-
532RE-25). The Raman light was then imaged onto a charge-
coupled device (CCD) camera (Princeton Instruments PIXIS
256) embedded in a monochromator (Princeton Instruments
SP 2500i), a grating of 1200 groove/mm offering a resolution
of 1em™!.

The photoluminescence (PL) experiments with 355 nm
excitation were performed using a home-built PL microscope
(BX-53 Olympus). A single-mode DPSS laser (CNI UV-F-
355 10 mW) provided excitation. Fluorescence was collected
through a 10x UV Plan apochromatic objective, spectrally
separated by a dichroic mirror (Semrock Di01-R355-25x36),
and filtered with a 355 nm long-pass filter (Semrock BLPO1-
355R-25). The PL was imaged onto a CCD camera (Princeton
Instruments PIXIS 256) within a monochromator (Princeton
Instruments SP 2500i) equipped with a 300 groove/mm grat-
ing.
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PL experiments with 532 nm excitation were similarly
conducted using the same microscope. Excitation was pro-
vided by a DPSS laser (CNI MSL-III-532 100 mW). Fluores-
cence collection and filtering were analogous to the 355 nm
setup, using a 10x UV Plan apochromatic objective, dichroic
mirror (Semrock Di01-R532-25x36), and a 532 nm long-pass
filter (Semrock BLPO1-532R-25).
by the same CCD camera and monochromator system with

The signal was detected

a 300 groove/mm grating.

PL decay measurements used the BX-53 microscope with
excitation from a 378 nm picosecond pulsed diode laser (NKT
Photonics PIL0O37-FS). Fluorescence was collected through a
10x UV plan apochromatic objective and directed into a grat-
ing spectrometer (SP-2400i SOL) coupled to a PMT (Hama-
matsu PMH-100) connected to a photon-counting card (BH
SP-150). A 1 nm spectral resolution was achieved with a
200 pm slit.

2.3. High-pressure generation

The DAC was made of nonmagnetic beryllium copper
alloy. Pressure was generated from a pair of anvils of Ila
type diamond, with 500 um culets, and high-pressure condi-
tions were provided by the DAC. The sample chamber was a
150-pum-diameter hole drilled at the center of the pre-indented
T301 gasket with a thickness of approximately 60 pum. The
standard ruby fluorescence technique was applied to calibrate
the pressure during compression.

2.4. High-pressure ODMR

The wide-field ODMR under pressure was conducted
with a home-built ODMR system. A single-mode DPSS laser
with a wavelength of 532 nm (CNI MSL-III-532 100 mW) was
employed for excitation. A plano-convex lens with 100 mm
focal length before the objective was used to acquire wide-
field laser illumination, a long working distance objective
(Olympus SLMPLN 20X) was used for the excitation and col-
lection of the PL light of NV nanodiamonds, a black-and-
white digital camera (MER3-506-58G3M-P) embedded in a
microscope (BX-53 Olympus) was used to collect the PL light
and track the PL contrast. A long working distance objective
is used to focus the green laser beam onto the DAC culet, and
to collect the NV center fluorescence signals. A single-chip
microcomputer (STM32) was used to generate a microwave
sweep, and a power amplifier amplified the microwave to
20 dBm.

To carry out the ODMR measurement under high pres-
sure, a beryllium-copper DAC with a pair of low-fluorescence
diamond anvils and an integrated platinum microwave antenna
was used and placed at the corner of the DAC chamber, which
was further connected to the external microwave cable. The
high-pressure sample chamber was enclosed by two diamond

anvils and a beryllium-copper gasket. We used c-BN pow-
der mixed with epoxy to insulate the platinum wire from the
beryllium-copper gasket. The T1, T2, and Rabi oscillation
of NV nanodiamonds were measured with a diamond single
quantum spin spectrometer (CIQTEK Diamond II).

All the experiments were carried out at ambient tempera-
ture.

3. Results

To establish the suitability of NV nanodiamonds as re-
liable pressure sensors under extremely high-pressure condi-
tions, a comprehensive characterization of their fundamen-
tal physical and optical properties was conducted first.[?]
Figure 1(a) presents a scanning electron microscopy (SEM)
image illustrating the morphological characteristics of the
nanodiamonds. The micrograph reveals particles with well-
defined shapes, flat surfaces, and uniform grain sizes. Ac-
cording to statistical analysis of the grain size distribu-
tion (Fig. 1(b)), the NV diamonds exhibit grain size from
500 nm to 1.2 um, with an average grain diameter of
723 nm. The sub-micron dimensions, approaching the op-
tical diffraction limit, enable exceptional spatial resolution
in pressure sensing. The XRD pattern in Fig. 1(c) ex-
hibits distinct (111), (220), and (311) diffraction peaks,
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Fig. 1. Characterization of the NV nanodiamonds. Typical SEM image
(a) and the corresponding grain size distribution (b) of the NV nanodi-
amonds. XRD pattern (c) and Raman spectrum (d) of the NV nanodia-
monds. (e) Photoluminescence (PL) spectrum of the NV nanodiamonds
under 355 nm and 532 nm laser excitation. (f) PL decay of the NV nan-
odiamonds, monitored at 575 nm and 637 nm, respectively.
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confirming the high crystallinity.**! Furthermore, Raman
spectroscopic analysis reveals a pure sp> hybridized phase,
as evidenced by a sharp peak with a full width at half
maximum of 6.4 cm~! and the absence of any sp? charac-

[34] These structural characteristics guarantee

teristic signals.
exceptional stability of the NV nanodiamonds under pres-
sure, in both physical and chemical properties. Under dual-
wavelength laser excitation at 355 nm and 532 nm, the NV
nanodiamonds demonstrate distinct PL spectral characteris-
tics, which are attributed to the selective excitation of the neu-
tral and negatively charged NV centers. Notably, only the lat-
ter exhibits radiative emission over 600 nm exclusively under
green light (532 nm) excitation. Furthermore, time-resolved
PL measurements reveal a wavelength-dependent lifetime pro-
longation, with the PL lifetime increasing from 12.3 ns at
575 nm to 13.0 ns at 685 nm.

As illustrated in Fig. 2(a), the NV center consists of a sub-
stitutional nitrogen atom adjacent to a carbon vacancy in the
diamond lattice. When an additional electron is captured, the

neutral NV center transforms into the negatively charged NV
center, which has a triplet ground and excited state, and two
singlet metastable states (not shown).?>! Upon excitation by a
laser with, e.g., 532 nm wavelength, the NV centers can decay
via spin-preserved radiative channels, or spin-inverted non-
radiative channels, which enables high-fidelity optical spin-
state initialization and readout.*®) Upon microwave excita-
tion, the |0) state can be resonantly excited to the | £ 1) states,
and the fluorescence from the NV centers becomes reduced.
By varying the microwave frequency, one can obtain the so-
called ODMR spectra, as shown in Fig. 2(b).

spectra, one can extract a zero-field splitting around Dgs =
137

From these
2.87 GHz, consistent with previous reports.*’l Extensive re-
search has demonstrated that the zero-field splitting parameter
Dy, exhibits remarkable sensitivity to local environmental per-
turbations, establishing N'V centers as versatile quantum sen-

sors of magnetic fields, temperatures, pressures, and electric
fields. [28-30.38,39]
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Fig. 2. Schematic illustration of the optically detected magnetic resonance (ODMR) in the NV center and the coherent quantum control of NV
centers. (a) Structure and energy-level scheme of the NV center in diamond. (b) ODMR spectra of the NV nanodiamonds under microwave
excitation at different power levels. (c) Rabi oscillations of the NV nanodiamonds under ambient pressure. Typical (d) spin relaxation signal,

and (e) spin echo signal under ambient pressure.

To establish the robustness of quantum spin properties for
sensing applications under extreme conditions, we systemat-
ically characterized the spin dynamics of nanodiamonds in-
side the diamond anvil at ambient pressure. To this end, we
first align the external magnetic field of 50 Gauss along one
NV axis, and confirm the alignment through the ODMR spec-
trum. Then, we tune the microwave field to be resonant with
the |0) — |+ 1), and apply the laser, microwave, and read-
out pulse to carry out the Rabi oscillation experiment, a mi-

crowave power of 10 dBm and a laser intensity of 3 mW are

applied, respectively. Here, the fluorescence is detected by
a single-photon detector after properly attenuating the strong
fluorescence with a neutral density filter. The Rabi oscilla-
tion shown in Fig. 2(c) demonstrates the coherent control of
spins with a 7/2 time of 53.01 ns. With this time, we carry
out the Hahn echo experiment with the pulse sequences, and
obtain the results shown in Fig. 2(d). By fitting the curve
with an exponential function, we obtain a long coherence time
of 26 0.6 ps. In addition, we also carry out the relaxom-

etry experiment and obtain a spin-lattice relaxation time of
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202 4+2.2 s (Fig. 2(e)). This observation aligns with the pre-
viously characterized crystallinity and clean surface morphol-
ogy, suggesting promising potential for sensing applications
under high pressure.

Subsequently, we performed continuous wave ODMR
measurements under compression. Figures 3(a) and 3(b) dis-
play the PL contrast as a function of microwave frequency,
along with the extracted pressure-dependent resonance peak
positions. The ODMR spectra exhibit slight splitting due to
the variation of the local strain, and this is most pronounced
with low microwave and laser power. Following commonly

(23] the resonance peaks are

used methods reported previously,
analyzed using a dual-Lorentzian fitting model to extract the

midpoint frequency between the two sub-peaks as the Dy,

which reveals a linear dependence on pressure

dDygs
dpP

=14.14+0.34 (MHz-GPa™'). (1

This increment under pressure originates from the shrinking
of the distance between the atoms due to both the macroscopic
compression of the diamond lattice and local structural distor-
tions at the NV defect site.[*”! The slope is marginally smaller
than previously reported results, which is likely due to the ab-

[26.31.41.42] The sensitivity

sence of a PTM in the present study.
of the nanodiamond-based pressure sensor was further eval-
vated. As shown in Fig. 3(c), a noise-limited sensitivity of
0.045 GPa-Hz'/? is extracted from a time series consisting of
50 consecutive measurements under 1.0 GPa pressure, demon-

strating excellent sensor performance.

Frequency (MHz)
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a b ® 0.2
'E (@) 7 = (b) - Resonance peak %’) ()
=] T 3.19 — Linear fitting = gq4mr= 0.045 GPa-Hz!/2
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Fig. 3. ODMR spectra under high pressure. (a) ODMR spectra of NV centers in nanodiamonds under various pressures. (b) The NV zero-field
splitting Dy as a function of pressure. (c) Time series of pressure sensing demonstrates a noise floor of 0.045 GPa-Hz!/2, monitored at 1.0 GPa.

The pressure distribution and its evolution under non-
hydrostatic conditions remain poorly understood, particularly
during high-pressure phase transition processes. To investi-
gate variations in pressure distribution during a phase transi-
tion, ZnO, undergoing a hexagonal-to-cubic transition under
pressure, was selected. The volume contraction of the unit cell
during this phase transition leads to changes in the pressure
distribution within the DAC chamber. Given the morphologi-
cal diversity of ZnO, it provides an adjustable stress environ-
ment under compression. Numerous studies have reported in-
triguing stress-dependent optoelectrical properties of ZnO, in-
cluding piezoelectric-assisted low-threshold lasing and novel
stress-induced self-trapped exciton emission.[*3] In this study,
we focus on ZnO to investigate its pressure distribution and
evolution under varying pressure conditions, and no PTM was
used.

The high-pressure phase transition was confirmed
through in situ Raman spectroscopy. As shown in Fig. 4(a),
ZnO exhibits Raman eigenmodes E, (low), E, (high), and
A; (TO) at 101 cm_l, 437 cm™!, and 576 cm™ !, respec-
tively. Under compression, all Raman peaks shift linearly up
to 7.0 GPa, where their weakening and disappearance mark the
onset of the wurtzite to rocksalt structural (B1 phase) transi-
tion, in excellent agreement with the previous report. 44 Upon

further compression, new broad bands emerge at 150 cm ™!

and 562 cm™!, indicating the completation of the phase tran-
sition to the B1 phase.[434°]

To assess the pressure distribution within the DAC cham-
ber, we applied the traditional multiple-ruby PL-mapping
method, and loaded a total of 18 rubies inside the DAC cham-
ber. The rubies are indicated by gray circles in the optical
image (Fig. 4(c)) and appear as black dots in the PL mapping
image (Fig. 4(d)). The emission spectra of these rubies were
collected to extract pressure information, summarized in ex-
tended Fig. S1 and Table S1. The pressure in the chamber is
represented as the average pressure of 18 rubies (P,y,). Using
the ruby with the lowest pressure as a reference, the pressure
differences (AP) of the other rubies under compression are il-
lustrated in the calculated images (Figs. 4(e)—4(k)). A slight
AP difference is observed at 1.0 GPa (Fig. 4(e)), which in-
creases at 4.2 GPa, revealing a positive pressure gradient (Pgra)
from the chamber’s center toward the edge, as indicated by the
colored arrows (Figs. 4(f) and 4(g)). With further compres-
sion to 7.8 GPa, the Pg;, decreases, evidenced by an increased
AP at the chamber center, likely due to changes in the unit
cell volume of ZnO and stress redistribution during the phase
transition.??! The reversal of the Pg, is completed at 8.5 GPa,
leading to a further increase in the negative Pgr, as pressure
rises to 14.0 GPa. The average pressure at varying radii as a
function of the radius is depicted in Fig. 4(1) and summarized
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in Fig. 4(m). Initially, the pressure distribution is nearly uni-
form, with a zero Pgra. AS compression progresses, a positive
Pgra develops until the phase transition triggers stress redis-
tribution, which reduces the positive Pgr,. Notably, the com-
pleted phase transition reverses the Pg;, orientation, ultimately

spatial resolution and acquisition speed.

resulting in a negative Pg;, reaching —38 GPa/mm. However,
the ruby PL-mapping method, employing a scan step of 3 um
and an exposure time of 0.5 s per point, requires approximately
2 hours for imaging, and shows inherent limitations in both
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Fig. 4. Pressure distribution monitored with the ruby PL-mapping method. (a) Raman spectra of ZnO under selected pressures. (b) Raman peak
positions as functions of pressure. (c) A microscopic image of the DAC pressure chamber containing ZnO powder and 18 rubies, marked with gray
circles. (d) PL-mapping image of 18 rubies inside the DAC pressure chamber, monitored at 694 nm. (e)—(k) Images of the pressure difference (AP) of
18 rubies inside the DAC chamber. Gradual color arrows from green to red indicate the pressure gradient. All the scale bars of (d)—(e) are the same as
(c), and are omitted for a brevity. (1) Schematic illustration of the average pressure at varying radii and (m) corresponding average pressure as functions
of the radius under selected pressures, as well as the linear fitting lines. Gradual colored arrows from blue to red serve only as indicators.
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As pressure calibrators, the nanodiamonds provide signif-
icantly higher spatial resolution than rubies. Particularly under

wide-field laser illumination, the operation of nanodiamonds
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can be facilitated without the need for successive positioning
and readout of the PL spectrum from rubies, enabling a fast

and directed imaging scheme for pressure sensing. The exper-
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iments are performed as shown by the micrographs taken from
a monochrome camera shown in Fig. 5(a), nanodiamond clus-
ters (bright white spots) inside the DAC chamber are illumi-
nated with a wide-field 532 nm laser (translucent green area),
and a platinum filament acts as the microwave antenna. The
resulting fluorescence image (Fig. 5(b)) and intensity contrast
of nanodiamonds under microwave sweep are captured and the
resonance absorption peaks are extracted, allowing the calcu-
lation of pressure values for each nanodiamond from Eq. (1).
A ruby located at the reverse side of the DAC chamber serves
as a pressure reference.

In wide-field ODMR experiments, the spatial resolu-
tion is limited by the largest of the nanodiamond size (av-
erage 723 nm), the imaging objective’s optical resolution
(1.7 pm per the Rayleigh criterion), and the camera pixel size
(2.74 um, with a theoretical Nyquist limit of 73 nm). Con-
sequently, the system’s resolution is ultimately constrained to
1.7 pm, while the camera’s direct imaging of pressure distri-
bution reduces the total imaging time to 15 minutes, offering
a remarkable improvements over ruby-based methods.

In Figs. 5(c)-5(h), due to slight deformation of the gasket
under pressure, the ZnO nanocrystal powder exhibits mobility,
while the nanodiamonds may be partially embedded or reap-
pear upon compression. Thus, the automatically selected nan-
odiamonds show randomness to a certain extent. Neverthe-
less, the nanodiamonds previously uniformly dispersed con-
sistently reflect the pressure distributions under compression.
When the pressure is initially loaded to 0.2 GPa, its distribu-
tion inside the chamber is nearly uniform, with a AP less than
0.27 GPa (Fig. 5(c)). A prominent Pg, appears at 1.0 GPa,
as seen in Fig. 5(d), and the nanodiamonds in the top-left cor-
ner of the chamber agglomerate near the antenna, displaying a
AP near 1.0 GPa. A positive Pgy, is observed from the cham-
ber center to the edge, indicated by the colored arrows, which
is similar to the phenomenon noted with rubies but provides
much higher spatial resolution and prompt data acquisition.
It continues to increase until reaching 4.0 GPa (Fig. 5(e)), at
which point AP extends to 2.8 GPa, and begins to decrease at
5.5 GPa (Fig. 5(f)), when AP slightly drops to 2.5 GPa, and
subsequently reverts to a negative Pgr, at 9.2 GPa, coinciding
with the completion of the high-pressure phase transition.

In Fig. 5(1), the average pressure at specific radii as a
function of radius is presented under selected pressures, de-
rived from the nanodiamonds. This illustrates a similar trend
of reversed Pgr, reaching —19 GPa/mm at 9.2 GPa. Notably,
compared with the Pg;, obtained from rubies, the Pg;, obtained
from the nanodiamonds provides more robust and detailed in-
formation due to their higher spatial resolution and increased

number of sensing units.

4. Conclusion

In summary, we identified NV nanodiamonds as an ideal
candidate for quantum pressure sensing inside the DAC cham-
ber. Through comprehensive characterization, we confirmed

their effectiveness under extreme conditions. By employ-

ing wide-field laser illumination and PL contrast tracking of
dispersed NV nanodiamonds during a microwave sweep, we
successfully achieved in situ pressure distribution imaging
using wide-field ODMR. This technique enabled us to ob-
serve the pressure distribution and its evolution during the
high-pressure phase transition of ZnO, revealing a unique
orientation-reversed pressure gradient inside the chamber.
This in situ imaging approach offers excellent performance,
with high spatial resolution, sensitivity, and practical ease of
use.
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