PHYSICAL REVIEW APPLIED 13, 024041 (2020)

Probing Local Pressure Environment in Anvil Cells with Nitrogen-Vacancy
(N-V7) Centers in Diamond

Kin On Ho®,! Man Yin Leung®,! Yaxin Jiang,! Kin Pong Ao®,! Wei Zhang,! King Yau Yip®,

1

Yiu Yung Pang®,! King Cho Wong®,! Swee K. Goh®,">" and Sen Yang®'2-
1Department of Physics, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, China

* Shenzhen Research Institute, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong, China

® (Received 7 October 2019; revised manuscript received 9 January 2020; accepted 24 January 2020;
published 18 February 2020)

Important discoveries have frequently been made through studies of matter under high pressure. Con-
ditions of the pressure environment are important for the interpretation of experimental results. Due to
various restrictions inside the pressure cell, detailed information relevant to the pressure environment,
such as the pressure distribution, can be hard to obtain experimentally. Here we present the study of pres-
sure distributions inside the pressure medium under different experimental conditions with N-V~ centers
in diamond particles as the sensor. These studies not only show a good spatial resolution, wide temperature
and pressure working ranges, compatibility of the existing pressure cell design with the proposed method,
but also demonstrate the usefulness to measure with these sensors as the pressure distribution is sensitive
to various factors. The method and the results will benefit many disciplines such as material research and

phase transitions in fluid dynamics.
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I. INTRODUCTION

Pressure plays an essential role in modern material
research. It provides an opportunity to change the sam-
ple properties without introducing additional chemical
inhomogeneity to the sample. For example, in the heavy
fermion intermetallic CePd;Si; and the iron-based system
BaFe;As,, superconductivity can be induced by pressure
[1,2]. Furthermore, for many systems, pressure is the only
way to reach certain quantum states. In H3S, superconduc-
tivity with a critical temperature 7. of 203 K has been
reported when it is pressurized to 155 GPa [3]. More
recently, a superconducting state with a remarkably high
T. of 250260 K has been reported in LaH(_s at around
200 GPa [4,5], as well as T, of 243 K in yttrium hydrides
[6]. In these hydrides, the stabilization of the high-T,. phase
with chemical doping has thus far not been realized. Apart
from stabilizing new quantum phases, pressure can also
be used to tune various physical phenomena, such as sur-
face plasmon resonance [7], and glass transitions [8]. Since
pressure is one of the key parameters in understanding the
physical properties of the materials, a quantitative analysis
of the pressure distribution is necessary.

Anvil-type pressure cells are commonly employed to
reach high pressures. In an anvil cell, the high pressure
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is reached via mechanically pressing two anvils towards
a tightly confined space where the sample and the pressure
medium are located, as shown in Fig. 1(c).

There are various possible selections for pressure
medium such as glycerin, methanol-ethanol, and helium.
When the pressure is below a critical value, the medium
stays in the hydrostatic condition, the pressure inside is
spatially uniform; once the pressure is above the criti-
cal value, the solidification process starts and the pressure
distribution inside becomes unavoidably inhomogeneous.
Since most of the material-characterization methods in
high-pressure instrumentations probe the response from
bulk samples, the interpretation of the results have to be
compromised without knowing the detailed distribution of
the inhomogeneous pressure. Sometimes, without knowing
the exact pressure conditions, contradictory experimental
results have been reported. For example, the superconduc-
tivity of CaFe,As, was induced under high pressure in
organic pressure media [9,10], while it was not observed
at a similar pressure range when helium was used as the
medium [11]. This discrepancy may be attributed to the
uniaxial stress components that arise from the solidifica-
tion of the pressure media [11-15].

The demanding experimental conditions to reach a high
pressure impose a great limitation on the design of the
instrument, as well as the available methods for prob-
ing pressure distribution in situ. The traditional way to
determine pressure in pressure cells is by the optical
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FIG. 1. (a) Structure of the N-J~ center. In a single crystal dia-
mond, the nitrogen substitute could replace one of the four car-
bon atoms around the vacancy, giving four possible orientations
relative to one of the four axes of the carbon bonding. (b) Sim-
plified energy structure of the N-V~ center. D = 2.87 GHz at
ambient pressure and room temperature and E is from negligible
small to several tens of MHz depending on the diamond sample.
(c) The pressure cell consists of a pair of opposing moissanite
anvils. The central hole of the gasket is 400 um with sample,
micro coil, N-V~ centers, and ruby inside. In order to probe
the local pressure, N-V~ centers are drop casted either on the
top of one anvil surface or on the surface of a dummy sample.
(d) Fluorescence microscopy setup. A plano-convex lens is used
to focus the 520-nm laser to the pressurized region. Given that
the diamond particles are very dense, so in principle, the average
effects from numerous N-V~ centers are measured. (¢) Confocal
microscopy setup. The spatial scanning is achieved by using a
galvo mirror. Using the confocal microscope the local pressure
experienced by individual N-/~ centers can be measured.

spectrum of ruby (Cr-doped Al,O3) [16,17]. The optical
spectrum of Cr’T near 694 nm contains two resonances:
R; and R,. Both resonances are sensitive to the pressure
(0.364 A/kbar) and temperature (0.068 A/K) [18]. Usually
the pressure is calibrated at room temperature. Although
in cryogenic conditions, calibration can be done by adding
a pressure-insensitive temperature sensor, it is somewhat
harder to use ruby spectroscopy due to the drop of flu-
orescence [19-24]. Spatial resolution is also limited due

to the relatively large size of ruby and hence the limited
number of ruby particles that can be placed inside the
pressure chamber. In this work, we present a systematic
study of using point defects in diamond particles as the
quantum sensor to probe the pressure distribution in pres-
sure medium with high spatial and pressure resolutions.
We also demonstrate the means of tracking the solidifi-
cation process of pressure medium in wide pressure and
temperature ranges.

The nitrogen-vacancy (N-V) center is a point defect in
diamond with a substitutional nitrogen atom and an adja-
cent lattice carbon vacancy. With an additional electron
N-V becomes N-V~, which is a spin-1 system. High-
fidelity optical initialization and spin-state readout make
the N-J~ center a good quantum sensor. Recently exten-
sive research works show that it can serve as a highly
sensitive and spatially resolved sensor for various physical
parameters such as temperature [25-29], electric field [30,
31], and magnetic field [32-35]. Its performance retains
robustness in a wide temperature range [27-29] and even
under pressure up to 60 GPa [36]. Furthermore, N-V~ cen-
ters can be used as a stress-tensor sensor [35,37]. This
motivates us to investigate the N-V~ center under pressure
and develop it to be a new type of pressure sensor.

The N-V~ center has a strong crystal field around it,
which is sensitive to the distortion of the crystal lattice. The
resulting longitudinal zero-field splitting (ZFS) D splits |0)
and |%1) states, and it is due to the first-order electron spin-
spin interaction. The origin of the pressure dependence
is the change of distances of the electron spins. This is
attributed to the global compression and additional local
structural relaxation, but is not related to the change of
the spin-density distribution on the neighbor shells [36,38].
The transverse ZFS E, which is related to the electric field
or internal strain (see Appendix for more discussions), can
further split the degenerate |£1) state to two superposi-
tion states of |X1) (eigenstates of Sy,) with an energy
difference 2E.

As shown in Fig. 1(b), the N-J~ center has its particular
electronic structure and spin-state-dependent intersystem
crossing, which leads to the optical spin initialization,
readout, and spin-state-dependent fluorescence rate. There-
fore, the electron spin resonance (ESR) can be measured
via the optically detected magnetic resonance (ODMR)
method [39]. The longitudinal ZFS D can be extracted
from the center frequency of the resonances in ODMR
spectra. From that, we can derive the pressure (details in
Sec. III).

I1. APPARATUS AND EXPERIMENTAL
PROTOCOL

The protocol of using N-V~ centers to measure pres-
sure has been proposed and demonstrated before [36]. In
that work, a piece of diamond sample was placed inside
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the high-pressure chamber of a diamond anvil cell. The
pressure dependence is found to be dD/dP = 1.458(6)
MHz/kbar. However, since bulk diamond was used, the
pressure measured was the averaged value over the sample
volume. For studying effects such as the pressure-driven
solidification process, a much higher spatial resolution is
needed. Moreover, due to the presence of the bulk sensor,
disturbance to the pressure distribution inside the medium
may not be negligible. Therefore, in this work, we use
a large quantity of nanodiamonds (ND), as opposed to
the usual case of a single ND, as spatially resolved sen-
sors inside the pressure medium, and the particle sizes
are negligible compared to the pressurized region, which
should minimize the disturbance to the actual pressure
distribution. One may also want to use implanted N-
V= centers to perform a similar study, but it is crucial
to keep in mind that the pressure felt by the implanted
N-V~ centers is dominated by the uniaxial pressure at
the tip of the anvil. Besides, one should be very careful
about the relative shift between the high-pressure cham-
ber and the implanted N-V~ centers at the tip of the anvil.
Furthermore, NDs are compatible with any kind of trans-
parent anvil, but implanted N-V~ centers work only for a
high-quality diamond anvil.

Figure 1(c) shows the schematic drawing of our pressure
cell configuration utilizing a microcoil setup [40]. This
microcoil setup has been used for the high-pressure mea-
surement of the magnetic susceptibility [40—42], nuclear
magnetic resonance [43], the de Haas-van Alphen effect
[44], and, more recently, ODMR spectra [32]. The pressure
medium is confined by a metallic gasket made of beryl-
lium copper, while two aligned moissanite anvils are used
for generating pressure. The central hole of the gasket is
400 pm, and it contains a sample, a microcoil, NDs, and a
ruby inside. To optimize the microwave (MW) throughput
as well as minimizing heating, we use a 200-um-diameter
microcoil to transmit MW for ESR measurements. In order
to probe the local pressure, NDs are drop casted either on
the top of one anvil surface all over the pressurized region
or on the surface of a dummy sample. Here we use 1- um
NDs with nitrogen concentration 3 ppm. It contains hun-
dreds of thousands of N-/~ centers inside one particle.
There are four possible N-J~ orientations in a diamond
lattice, one of which is drawn in Fig. 1(a). All those N-
V= centers in NDs are approximately evenly distributed
among these four orientations. Due to the tiny aperture
(pressure cell opening is around 4 mm) restricted by the
anvil-cell design, the effective numerical aperture (NA) is
reduced to around 0.1, which leads to an optical spatial res-
olution in the order of microns. By using NDs smaller than
this, we can reach better spatial resolutions.

Two optical setups are used in this work to mea-
sure the ODMR spectrum. Both setups use 520-nm laser
diodes to initialize and readout N-J~ center’s electron
spin states. The setup shown in Fig. 1(d) is a simple

fluorescence microscopy setup. The red fluorescence due
to the phonon side band emitted by N-V~ centers inside
the laser-illuminated spot are collected by a photodiode.
It has poorer spatial resolution compared with the confo-
cal setup. However, its performance is comparable to the
typical ruby-spectroscopy setup used in a high-pressure
community. Here, we use this setup to benchmark our
alternative method with the traditional ruby method. On
the other hand, the confocal setup shown in Fig. 1(e) has
good fluorescence collection efficiency and spatial resolu-
tion with which ODMR of N-J~ centers in individual NDs
can be measured with high contrast. The confocal setup
has rarely been used in studying pressurized media before.
Here we show the advantages of using this setup in various
scenarios.

In this work, we chose Daphne oil 7373 as the pressure
medium. As Daphne oil 7373 is one of the most widely
used and studied media, we are able to compare our alter-
native methodology with the previously reported results.
Besides, Daphne oil 7373 is known to solidify at around
20 kbar [14,15,23,45-47]. This modest critical pressure
provides a convenient platform for us to demonstrate the
power of our method to study the solidification process.

I1I. BENCHMARKING THE ODMR
SPECTROSCOPY WITH THE RUBY
SPECTROSCOPY

The structure and the simplified energy levels of N-7~
centers in diamond are shown in Figs. 1(a) and 1(b),
respectively. There are four possible N-J~ orientations
depending on the relative position of the nitrogen and
vacancy. We define the N-J~ axis as the z axis and the
relevant ground-state zero-magnetic-field Hamiltonian is
given by

Hyx =DS2 +E (82 = 52), 0]

where the longitudinal ZFS D = 2.87 GHz at ambient
pressure and room temperature. Depending on the nature
and quality of the diamond sample, the transverse ZFS E
can range from negligibly small to several tens of MHz.
In principle, the change of pressure can be derived from
the change of D. Similar to what happens in other pres-
sure sensors, the change of D can come from the change
of pressure and temperature, as both of them affect the
lattice parameters. In other systems, independent temper-
ature sensors have to be used to decouple the effect of
temperature. For N-V~ centers, it is possible to distin-
guish temperature and pressure from its spectrum. D under
certain temperature can be calibrated when there is no pres-
sure applied. In fact, at room temperature, dD/dT = —74
kHz/K and changes only slightly across a large tempera-
ture range [27-29]. Below 20 K, dD/dT is nearly 0. Thus,
ODMR spectra offers an avenue to determine the pressure
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with a much higher accuracy. In this section, we measure
dD/dP in Daphne oil 7373 and across the solidification
region.

To determine the value of dD/dP, we spread dense
1-um NDs onto one of the anvil surfaces and used the flu-
orescence microscopy setup in Fig. 1(d) to measure the
spectra at room temperature. The ruby spectra are also
measured in the similar condition to calibrate the pres-
sure. Figures 2(a) and 2(b) show the selected ODMR traces
(ruby spectra) under different pressures. For the ODMR
spectrum, the center frequency of two resonances shifts
to a higher frequency with a higher pressure, while for
the ruby spectra, the evolution of the R, peak is used to
determine the pressure. Figure 2(c) shows the longitudi-
nal ZFS D, extracted from the center frequency of the
resonances from ODMR, against the pressure. dD/dP =
1.49 £ 0.02 MHz/kbar fits perfectly over the whole pres-
sure range.

We summarize the previously reported dD/dP in
Table 1. There are discrepancies among the results from
different experiments and theories. Our results are in
good agreement with two of the experimental works
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FIG. 2. Benchmarking ODMR method with traditional ruby
method. (a),(b) Selected ODMR spectrum traces (ruby spectra)
under different pressure. For the ODMR spectra, the center fre-
quency of two resonances shifts to higher frequencies with higher
pressures, while for the ruby spectra, the evolution of the R| peak
is used to determine the pressure. Pressures reported in the leg-
end are determined by ruby spectra. (c) The longitudinal ZFS D
against the pressure. dD/dP = 1.49 MHz/kbar is perfectly linear
over the whole pressure range even after solidification. (d) The
FWHM of ODMR (black) and ruby spectra (red) against the
pressure. Both data show an increasing trend with the pressure.

TABLE 1. Summary of dD/dP for pressure sensing using
the N-V~ center. Data reported in this work are close to the
experimental data reported in Refs. [32] and [36].

dD/dp (MHz/kbar)  Pressure medium

Steele et al. [48] 1.172 £ 0.068 Daphne 7373
Doherty et al. [36] 1.458 £ 0.006 NaCl/Ne
Yip et al. [32] 1.45 Glycerol
Ivady et al. [38] 1.030 Theory
This work 1.49 £+ 0.02 Daphne 7373

[32,36]. The slight difference in values may come from
the variation in pressure calibration, such as the condi-
tions of ruby used and the potential fluctuation of the room
temperature. In these three works, four different pressure
media have been used. As expected, the value of dD/dP
is pressure medium independent. Both in this work and
in Doherty et al. [36] the value of dD/dP is measured
across the solidification region. No measurable change has
been observed. That means we can use dD/dP ~ 1.49
MHz/kbar to calibrate the pressure across the solidification
transition.

In Fig. 2(a), a strong increase of linewidth versus pres-
sure can be seen. Since we keep the same MW power, this
increase is not due to the power broadening. Furthermore,
this broadening has a strong pressure dependence. We plot
the linewidths of N-V~-center ESR spectra and ruby opti-
cal spectra versus the applied pressure in Fig. 2(d). The
increase of linewidth starts around 26 kbar. Here both spec-
tra are collected from sizable areas: the size of ruby is
around 40 pum while the laser spot size in the ODMR setup
is about 6 um in diameter. The spatially inhomogeneous
pressure distribution leads to the increase of linewidth. The
critical transition pressure of 26 kbar agrees well with a
previous report of Daphne oil 7373’s solidification tran-
sition at around 20 kbar [14,15,23,45—47]. We note again
that the slope in Fig. 2(c) does not depend on the solidifi-
cation transition. We perform two linear fits for the region
below and above 22 kbar [45], and both values are nearly
the same. As discussed above, these similar values show
that the average pressure in the pressure medium does not
get affected by the solidification process.

IV. PRESSURE-INDUCED SOLIDIFICATION AT
ROOM TEMPERATURE

Measuring the local pressure with a confocal microscopy
setup provides the resolution of around 1 um, the best spa-
tial resolutions so far, for studying inhomogeneity in the
process of solidification under pressure [32,35]. It can also
measure the position of the NDs precisely. Spatial maps of
nearly 30 NDs from confocal scans are shown in Figs. 3(a)
and 3(b).

The center of the plot is the center of the gasket hole.
The spots are the NDs, which are randomly distributed in
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FIG. 3. Pressure distribution mapped via N-V~ centers. (a),(b)
Polar plot of individual NDs with the color scale represent-
ing local pressure under average pressure 13.4 and 61.4 kbar.
The origin is defined as the center of the gasket hole. In the
range of +10%, no noticeable pressure gradient is observed
under 13.4 kbar, while an obvious pressure gradient is observed
under 61.4 kbar. Nonetheless, no circular pressure dependence is
observed. (¢),(d) ZFS D and the difference of D against the dis-
tance from the origin. The data diverge at high pressures as a
result of the linear gradient. It is clear that 61.4 kbar has a large
pressure gradient. (e),(f) Another dataset from a similar measure-
ment in a pair of anvils with a slight angular offset between two
anvil culets. (e) Pressure distribution of individual NDs with the
color scale representing local pressure at average pressure 53.6
kbar inside the gasket hole. Significantly huge pressure gradient
is observed in the range of +30%. (f) Enlarged plot of (e), show-
ing the contour plot inside the microcoil. A noticeable pressure
gradient is observed in the range of +15%.

the pressurized region. The pressure sensed by each ND is
determined by ODMR spectra with the slope chosen to be
1.49 MHz/kbar as determined in the previous section. The
average pressure is 13.4 kbar [Fig. 3(a)], 61.4 kbar [Fig.
3(b)]. The local pressure can be determined with high pre-
cision. The color in the figure shows the relative offset from

the average value. As expected, the pressure inhomogene-
ity is much higher in 61.4 kbar than 13.4 kbar, as it is in
the nonhydrostatic condition.

A pressure inhomogeneity study via the photolumines-
cence of a bulk GaAs sample with a spatial resolution of
several hundreds um was reported before [49]. Here we
present a more detailed two-dimensional (2D) map of a
pressure medium using 1- um NDs. The spatial pressure
distribution in nonhydrostatic condition can give hints on
how solidification starts. Because the gasket and anvils
are circularly symmetric, it is speculated that the pressure
distribution would follow the same symmetry. In many
works, the pressure distributions were plotted in radial
directions [17,23]. However, the pressure distribution in
Fig. 3(b) is closer to a linear dependence than a circu-
lar one. We measure the pressure distributions in a series
of pressures across the solidification transition. The local
pressure dependence on its distance to the center of the
gasket hole is plotted in Fig. 3(c). There is no obvious
sign of the circular symmetry. Furthermore, we can see
the pressure is more uniform in the center than near the
edges. This overall linear pressure distribution can come
from the way the pressure is changed: two screws on oppo-
site sides of the cell body are tightened in small steps one
after the other. This can break the circular symmetry and
give the linear gradient. We check this hypothesis with
another pressure cell with the similar design in Fig. 5, the
direction from the high-pressure region to the low-pressure
region is nearly parallel to the line joining the two screws,
as we predicted. The linear dependence can also come
from the other imperfections, for example there can be a
small angle between the culets of two anvils, which can
also explain why the pressure is more nonuniform near the
edges. This can be seen in another measurement, shown
in Figs. 3(e) and 3(f). Although great care has been taken
during pressure-cell assemblies, especially the alignment
of two anvils, a slight angular offset between two anvil
culets remains, i.e., one anvil is slightly tilted relative to
another anvil. As a result, a strong (+30%) pressure inho-
mogeneity is observed. This shows the importance of anvil
alignment. Again from this measurement, we can confirm
the two observations from the measurements in Fig. 3: the
overall linear spatial pressure distribution, more uniform
in pressure in the cell center and wider pressure differences
near the edges.

The inhomogeneous pressure distribution in solidified
media can be from a spatial stress gradient and a local
shear stress. Since the N-V~ center is a point defect with
angstrom size, using a single N-V~ center to probe the
pressure distribution would give the best resolutions in
both. Unfortunately, our current cell design is optimized
for transport but not optical measurements, which limits
our ability to do single N-V~-center ODMR measurement.
In this work, we use a single ND with a few hundreds
of thousands of N-J~ centers distributed randomly within
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1 um. This averaging effect can lead to a line-broadening
effect. It has been known that the change of linewidth
is a good indicator for the medium freezing effect. In
general, inhomogeneity due to nonhydrostatic medium can
lead to spectrum broadening in resonance-type experi-
ments. Indeed, various groups have already used linewidth
changes as such an indicator [15,23,47,50]. In the fluores-
cence microscopy measurements in the previous section,
the spatial resolution is beyond 6 um, the spectra broad-
ening shown in Fig. 2(d) are mainly due to the spatial
inhomogeneous pressure distribution. This can be verified
by examining the data in Fig. 3(d), which is the collection
of local pressure offsets relative to the average pressure in
the cell. The pressure offset distribution in Fig. 3(d) is in
agreement with the linewidth in Fig. 2(d).

The onset of the spectrum broadening can be the signa-
ture of the onset of the solidification process. Nevertheless,
we introduce three physical parameters as indicators to
determine the critical transition pressure. The first indica-
tor is the linewidth of single ND’s ODMR spectrum. The
broadening should come from the pressure spatial inho-
mogeneity within particle size. Here we use the relative
linewidth, i.e., the linewidth relative to the linewidth at
the lowest pressure, to eliminate the power broadening
effect. Motivated by Klotz et al. [51], we use the SD of the
pressure measured in various locations in the cell as the
second indicator, which shows the pressure inhomogene-
ity in the whole pressurized region. The third indicator is
the transverse ZFS E of a single ND particle, as it shows
the strain inside the particle corresponding to the local
inhomogeneity of the pressure distribution.

We measure these three quantities in four different mea-
surements in Figs. 4(a)-4(c): C-A2 (“C-A” stands for
“confocal setup and NDs on the anvil”) is the measure-
ment shown in Figs. 3(e) and 3(f), simple fluorescence
microscopy (SFM) is the measurement shown in Fig. 2, C-
Al is the one in Figs. 3(a)-3(d), C-S (stands for “confocal
setup and NDs on the sample”) is similar to C-A1 except
the NDs are drop casted on a dummy sample instead of
on an anvil. Since each time when the pressure is modified
there are permanent changes within the cell, it is important
to track the sequence of the applied pressure, as marked in
the figures as “py1, p2, . . ..” All three plots show quantitative
agreements on the pressure dependency. It is interesting
to see the similar broadening effect macroscopically(SFM)
and microscopically (C-Al). It indicates that during the
solidification process, the pressure inhomogeneity happens
in both macroscopic scale as well as submicron scale, and
with strong angular dependence as shown in the change of
strain in Fig. 4(c). Thus, our results show that N-V~ cen-
ters can be employed as a highly sensitive tool to study
pressure uniformity.

The onset critical pressure in these three methods, which
is around 28 kbar (26.2, 28, and 29.3 kbar, respectively),
are in good agreement. By carefully examining the
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FIG. 4. Pressure-driven solidification process. (a) FWHM of
spectra measured in C-Al and C-S (definition of these abbre-
viations is explained in the main text). Data of C-Al show a
gradual increase with pressure, while those of C-S have a much
larger increase. (b) SD of C-A2, C-Al, and C-S. Both data show
a significant increase at approximately 30 kbar. We can deter-
mine the onset of the critical pressure of Daphne oil 7373 being
28 kbar in C-A1 and 29.3 kbar in C-S, which is slightly higher
than the previously reported value. (c) ZFS E of C-Al and C-
S. These behaviors are similar to (a). Data of SFM are plotted
as additional information, which shows a sharp turn at 26 kbar.
(d) Temperature-pressure phase diagram of Daphne oil 7373. We
also include the previously reported results and the results of this
work.

sequence of the applied pressure, it is interesting to
notice that the pressure inhomogeneity (critical pressure)
is higher (lower) during the process of increasing pressure
from freshly prepared cell, while the opposite behavior has
been observed for the process of pressure release from
the maximum pressure. This bifurcationlike phenomenon
can be explained as the following: during the deformation
of pressure cell (especially the gasket) with an increasing
pressure, local pressure “hotspot” can be formed, which
triggers the solidification process at a lower pressure, while
after relaxing the pressure in an extensively deformed cell,
the pressure distribution can be more uniform. From this
speculation, the critical pressure measured during pressure
releasing should be closer to the true critical pressure of
the pressure medium.

The critical pressure of the solidification phase transi-
tion is a function of both the temperature and pressure. We
combine previously reported results and the results of this
work to construct the phase diagram in Fig. 4(d). For the
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data from this work, since we notice a discernible pressure
hysteresis, we add this information in the figure legend as
“up” or “down.” There are several reasons for the slight
difference in the room-temperature critical pressure among
our results and others. Since the pressure of the cell can
only be changed with a finite step, there is an intrinsic
limitation on the resolution. On the other hand, as shown
in this work, the detailed cell structure, the quality of the
cell preparation, and even the sequence of applying pres-
sure can change the pressure distribution and affect the
measured critical pressure dramatically.

V. TEMPERATURE DEPENDENCE OF THE
SOLIDIFICATION PROCESS

A large portion of the high-pressure research is taking
place in cryogenic conditions, as that is the region where
quantum effects matter. Thus, the temperature dependence
is important to be measured. From the phase diagram in
Fig. 4(d), it is clear that solidification happens for Daphne
oil 7373 in cryogenic temperatures at any pressure. Here
we perform the temperature dependency study by mount-
ing the pressure cell in the cold finger of a cryostat made
by Montana Instruments. To study the pressure depen-
dence at different temperatures, a decoupling of pressure
and temperature effects is necessary. However, calibrating
temperature in a confined device with possible tempera-
ture gradient is tricky. Usually an extra pressure insensitive
temperature sensor is used for the temperature calibration.
Fortunately for N-V~ centers, there is nearly no temper-
ature dependence of longitudinal ZFS D below 30 K.
Therefore, the change of D is purely due to the change of
pressure. We can thus compare the pressure distribution at
6—10 K with the results at room temperature.

We track more than six NDs within the pressurized
region over different pressures and temperatures. We cal-
culate both the average pressure over the whole region and
the pressure distribution. The average pressures are shown
in Fig. 5(a). The pressure in cryogenic temperature is over-
all higher than the ones measured at room temperature.
In Fig. 5(b), we plot the offsets versus average pressure.
The pressure increases by nearly 5% of the average pres-
sure. There are measurements showing pressure changes
at low temperature [14,23,45,52]. Specifically for Daphne
oil 7373, it was reported that the pressure decreased at low
temperature around 1.5 kbar in a piston cylinder clamp cell
[52]. The difference may come from the different designs
of the pressure cells. By analysing the structure of our pres-
sure cell carefully, we derive an increase of pressure in
the order of a few kbar due to the different thermal con-
traction ratios of materials used for fabricating the cell,
which fits the order of magnitude we measure. We point
out that the actual offset can also come from other fac-
tors beside thermal contraction, such as the mechanical
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FIG. 5. Change of pressure distribution with temperature.
(a) Average pressures at room temperature and low temperature.
The pressure in the x axis is measured by ruby spectra in room
temperature. The pressure in cryogenic temperature is overall
higher than the ones measured at room temperature. (b) Pressure
offsets in low temperature from room temperature. The pressure
increases by nearly 5% of the average pressure. (c),(d) Spatial
pressure distribution at different temperature of 50.8 and 7.0 kbar.
Pressure distribution changes are observed after cooling down,
even when it is already in nonhydrostatic state in room tempera-
ture as shown in (c). A photo taken from the optical axis of the
confocal setup is shown in the insert of (c). The direction from
the high-pressure region to the low-pressure region is nearly par-
allel to the line joining the two screws for applying the pressure.
On the other hand, when it is hydrostatic state at room temper-
ature, inhomogeneity rises up at low temperature as shown in
(d). No spatial pattern can be found in this scenario, it may be
because the solidification starts randomly inside the medium.

strength of the gasket. As can be seen in Fig. 5(b), the off-
set in p; is smaller than p; and p4. This is because, after the
plastic deformation under high pressure, the cell body has
less resistance to the thermal contraction at the cryogenic
temperature.

The spatial pressure distribution also changes after cool-
ing down. This happens even when it is already in nonhy-
drostatic state in room temperature as shown in Fig. 5(c).
Besides, when the cell is hydrostatic at room temperature,
inhomogeneity rises up at low temperature due to freezing
as shown in Fig. 5(d). No spatial pattern can be found in
this scenario, it may be due to the fact that the solidification
starts purely randomly inside the medium.
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FIG. 6. Pressure relaxation over time. (a) Average pressure of

ten NDs over time. We define the starting time (¢ = 0) to be the
moment we use a hydraulic press to change the cell pressure. The
pink shadow shows the estimated error bar. (b) Pressure distribu-
tion of ten NDs over time. The color of each point represents the
pressure offset from the average pressure. The X -Y axes indicate
the position of the NDs inside the pressurized region. The dashed
lines connect the same NDs over time. The measurements of the
NDs are performed one by one in the same order at different time.

VI. PRESSURE RELAXATION OVER TIME

The pressure of the cell is changed stepwise. It is impor-
tant to know the process of pressure relaxation after the
pressure suddenly changes. This process can again be mon-
itored using N-J~ centers in NDs. Here we track ten NDs
over a period of a day after we decrease the pressure
from 39.6 to 29.3 kbar at room temperature. For the mea-
surement, we take extra care to calibrate the temperature
to isolate the pressure effect from the temperature effect.
Figure 6(a) is the average pressure of ten NDs against time.
We define the starting time (¢ = 0) to be the moment when
we use a hydraulic press to change the cell pressure. We
can see that the pressure fluctuates and decreases quickly
in 5—6 h, and then slowly relaxes to the final pressure after
nearly a day. Note that the pressure measured by ruby at
the start of this pressure point and at the end also shows a
pressure decrease of 1.2 kbar. On the other hand, as shown
in Fig. 6(b), the pressure inhomogeneity is also changed
greatly in the time scale of 1 day.

VII. CONCLUSION

We present an experimental methodology and a compre-
hensive study of pressure distribution inside pressure cells
under various experimental conditions with N-V~ centers
in NDs as the quantum sensor. The pressure dependency of
the ODMR spectrum is calibrated with the traditional ruby
method and it is in good agreement with previous results.
With this calibration, we map the pressurized region by
multiple N-V~ centers with high precision and spatial res-
olution, covering wide temperature and pressure ranges.
With the capability to study the pressure environment, we
study both pressure-driven and temperature-driven solid-
ification phase transitions. We find out that the average

pressure and the pressure distribution are sensitive to
experimental details, such as the mechanical details of
the pressure cell, the sequence of applied pressure, and
the quality of the various cell components. Thus, for the
measurements in which the pressure uniformity is crucial,
for example quantum oscillations for Fermi surface map-
ping, the pressure inhomogeneity can be evaluated with
high precisions. The method we present here can give
the unique power and compatibility to make the in-situ
pressure measurements together with other experimental
probes. The protocol described in this work can also be
used to study other pressure media. Moreover, since it
is demonstrated that the N-J~ center can also be used
as an excellent magnetic field sensor in high-pressure
instrumentation [32,34,35], together with temperature and
electric field sensing ability [25-31], the N-J~ center in
these tiny diamond particles can be used as a versatile,
spatially resolved sensor for high-pressure studies. Fur-
thermore, a recent research on the 1042-nm zero phonon
line of the N-V~ center could also be adopted for a dis-
tinct approach to the low-temperature high-pressure mea-
surements [53]. Thus, N-V~-center-based sensors can be
beneficial in different research areas especially in modern
material research.
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APPENDIX: PARAMETER DERIVATION FROM
ODMR SPECTRA OF THE N-V~ CENTER

Equation (1) is a commonly used zero magnetic field
Hamiltonian of the N-V~ center, which shows the depen-
dence of pressure and temperature in the term D, and strain
and electric field in the term E. With the presence of a mag-
netic field, an extra Zeeman splitting term will show up.
From the ODMR spectrum, the ZFS D is determined as
follows:

Pr+ P
D= %7 (A1)

where Py is the right peak frequency and Py is the left peak
frequency of the ODMR spectrum. Similarly, the ZFS E is
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determined as follows:

_Pr—-P
==

E (A2)

The E term is sensitive to the local strain so it is a use-
ful indicator for the solidification process and pressure
inhomogeneity, including spatial gradient and local shear
stress.

Although this picture is widely accepted, one can have a
much detailed formulation as discussed elsewhere [31,54].
Indeed, the Hamiltonian in Eq. (1) is a simplified model.
From Barfuss’s work [54], the general spin-stress coupling
involved three terms H,q, H;1, and H;,. And the term Hq
is also related to ZFS D [54]. We assume in our case, which
is under high pressure, that the change in D is dominated
by the change in pressure and the change in £ is domi-
nated by the change in local shear stress and strain, so the
Hamiltonian is reduced to Eq. (1). The situation becomes
more complicated if one also takes into account the electric
field contribution. Depending on the quality of the dia-
mond sample, the local charge environment can differ a
lot. For instance, one possible factor of the large splitting
of the doublet is a large random electric field induced by
local environment of charges [31].

In order to have a fair comparison of the relevant param-
eters upon pressure change, we analyze our ODMR spectra
at all pressure points using two Lorentzians. This may
be tricky because in some ODMR spectra, particularly at
high pressure, the peaks merged into a single peak due
to line broadening. However, even if a single broad peak
is obtained, it has to be the result of merging two peaks.
Using two Lorentz peaks’ fitting, we can recover the two
individual peaks from the merged peak.

[1] N. D. Mathur, F. M. Grosche, S. R. Julian, I. R. Walker,
D. M. Freye, R. K. W. Haselwimmer, and G. G. Lonzarich,
Magnetically mediated superconductivity in heavy fermion
compounds, Nature 394, 39 (1998).

[2] J. Paglione and R. L. Greene, High-temperature super-
conductivity in iron-based materials, Nat. Phys. 6, 645
(2010).

[3] A.P.Drozdov, M. I. Eremets, I. A. Troyan, V. Ksenofontov,
and S. I. Shylin, Conventional superconductivity at 203
kelvin at high pressures in the sulfur hydride system, Nature
525, 73 (2015).

[4] M. Somayazulu, M. Ahart, A. K. Mishra, Z. M. Geballe,
M. Baldini, Y. Meng, V. V. Struzhkin, and R. J. Hemley,
Evidence for Superconductivity Above 260 K in Lan-
thanum Superhydride at Megabar Pressures, Phys. Rev.
Lett. 122, 027001 (2019).

[5] A. P. Drozdov, P. P. Kong, V. S. Minkov, S. P. Besedin,
M. A. Kuzovnikov, S. Mozaffari, L. Balicas, F. F. Balakirev,
D. E. Graf, V. B. Prakapenka, E. Greenberg, D. A. Knyazev,
M. Tkacz, and M. 1. Eremets, Superconductivity at 250 K

in lanthanum hydride under high pressures, Nature 569, 528
(2019).

[6] P.P.Kong, V. S. Minkov, M. A. Kuzovnikov, S. P. Besedin,
A. P. Drozdov, S. Mozaffari, L. Balicas, F. F. Balakirev, V.
B. Prakapenka, E. Greenberg, D. A. Knyazev, and M. L.
Eremets, Superconductivity up to 243 K in yttrium hydrides
under high pressure, arXiv:1909.10482 (2019).

[7] C. M.-Sanchez, J. A. Barreda-Argiieso, S. Seibt, P. Mul-
vaney, and F. Rodriguez, Effects of hydrostatic pressure on
the surface plasmon resonance of gold nanocrystals, ACS
Nano 13, 498 (2019).

[8] A. Drozd-Rzoska, S. J. Rzoska, M. Paluch, A. R. Imre,
and C. M. Roland, On the glass temperature under extreme
pressures, J. Chem. Phys. 126, 164504 (2007).

[9] M. S. Torikachvili, S. L. Bud’ko, N. Ni, and P. C. Canfield,
Pressure Induced Superconductivity in CaFe;As;, Phys.
Rev. Lett. 101, 057006 (2008).

[10] T. Park, E. Park, H. Lee, T. Klimczuk, E. D. Bauer, F. Ron-
ning, and J. D. Thompson, Pressure-induced superconduc-
tivity in CaFe,As,, J. Phys.: Condens. Matter 20, 322204
(2008).

[11] W. Yu, A. A. Aczel, T. J. Williams, S. L. Bud’ko, N. Ni,
P. C. Canfield, and G. M. Luke, Absence of superconduc-
tivity in single-phase CaFe;As; under hydrostatic pressure,
Phys. Rev. B 79, 020511 (2009).

[12] W.]. Duncan, O. P. Welzel, C. Harrison, X. F. Wang, X. H.
Chen, F. M. Grosche, and P. G. Niklowitz, High pressure
study of BaFe, As)—the role of hydrostaticity and uniaxial
stress, J. Phys.: Condens. Matter 22, 052201 (2010).

[13] H. Kotegawa, T. Kawazoe, H. Sugawara, K. Murata, and
H. Tou, Effect of uniaxial stress for pressure-induced super-
conductor SrFe;As,, J. Phys. Soc. Jpn. 78, 083702 (2009).

[14] M. S. Torikachvili, S. K. Kim, E. Colombier, S. L. Bud’ko,
and P. C. Canfield, Solidification and loss of hydrostaticity
in liquid media used for pressure measurements, Rev. Sci.
Instrum. 86, 123904 (2015).

[15] N. Tateiwaa and Y. Haga, Evaluations of pressure-
transmitting media for cryogenic experiments with dia-
mond anvil cell, Rev. Sci. Instrum. 80, 123901 (2009).

[16] R. A. Forman, G. J. Piermarini, J. D. Barnett, and S.
Block, Pressure measurement made by the utilization of
ruby sharp-line luminescence, Science 176, 284 (1972).

[17] G. J. Piermarini, S. Block, and J. D. Barnett, Hydrostatic
limits in liquids and solids to 100 kbar, J. Appl. Phys. 44,
5377 (1973).

[18] M. Eremets, High Pressure Experimental Methods (Oxford
University Press, Oxford, 1996).

[19] K. Nakano, Y. Akahama, Y. Ohishi, and H. Kawamura,
Ruby scale at low temperatures calibrated by the NaCl
gauge: Wavelength shift of ruby R1 fluorescence line at
high pressure and low temperature, Jpn. J. Appl. Phys. 39,
1249 (2000).

[20] H. Yamaoka, Y. Zekko, I. Jarrige, J.-F. Lin, N. Hiraoka,
H. Ishii, K.-D. Tsuei, and J. Mizuki, Ruby pressure scale in
a low-temperature diamond anvil cell, J. Appl. Phys. 112,
124503 (2012).

[21] L.-W. Xu, R.-Z. Che, and C.-Q. Jin, Measurement of R line
fluorescence in ruby using the diamond anvil cell at low
temperature, Chin. Phys. Lett. 17, 555 (2000).

[22] D. D. Ragan, R. Gustavsen, and D. Schiferl, Calibration
of the ruby R, and R, fluorescence shifts as a function

024041-9


https://doi.org/10.1038/27838
https://doi.org/10.1038/nphys1759
https://doi.org/10.1038/nature14964
https://doi.org/10.1103/PhysRevLett.122.027001
https://doi.org/10.1038/s41586-019-1201-8
arXiv:1909.10482
https://doi.org/10.1021/acsnano.8b07104
https://doi.org/10.1063/1.2721044
https://doi.org/10.1103/PhysRevLett.101.057006
https://doi.org/10.1088/0953-8984/20/32/322204
https://doi.org/10.1103/PhysRevB.79.020511
https://doi.org/10.1088/0953-8984/22/5/052201
https://doi.org/10.1143/JPSJ.78.083702
https://doi.org/10.1063/1.4937478
https://doi.org/10.1063/1.3265992
https://doi.org/10.1126/science.176.4032.284
https://doi.org/10.1063/1.1662159
https://doi.org/10.1143/JJAP.39.1249
https://doi.org/10.1063/1.4769305
https://doi.org/10.1088/0256-307X/17/8/004

KIN ON HO et al.

PHYS. REV. APPLIED 13, 024041 (2020)

[23]

[24]

[25]

[26]

[29]

[30]

[31]

[32]

[33]

of temperature from 0 to 600 K, J. Appl. Phys. 72, 5539
(1992).

K. Murata, K. Yokogawa, H. Yoshino, S. Klotz, P. Munsch,
A. Irizawa, M. Nishiyama, K. lizuka, T. Nanba, T. Okada,
Y. Shiraga, and S. Aoyama, Pressure transmitting medium
Daphne 7474 solidifying at 3.7 GPa at room temperature,
Rev. Sci. Instrum. 79, 085101 (2008).

J. Yen and M. Nicol, Temperature dependence of the
ruby luminescence method for measuring high pressures,
J. Appl. Phys. 72, 5535 (1992).

G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nanometre-scale
thermometry in a living cell, Nature 500, 54 (2013).

P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter,
G. Waldherr, J. Honert, T. Wolf, A. Brunner, J. H.
Shim, D. Suter, H. Sumiya, J. Isoya, and J. Wrachtrup,
High-precision nanoscale temperature sensing using single
defects in diamond, Nano Lett. 13, 2738 (2013).

V. M. Acosta, E. Bauch, M. P. Ledbetter, A. Waxman, L.-S.
Bouchard, and D. Budker, Temperature Dependence of the
Nitrogen-Vacancy Magnetic Resonance in Diamond, Phys.
Rev. Lett. 104, 070801 (2010).

X.-D. Chen, C.-H. Dong, F.-W. Sun, C.-L. Zou, J.-M. Cui,
Z.-F. Han, and G.-C. Guo, Temperature dependent energy
level shifts of nitrogen-vacancy centers in diamond, Appl.
Phys. Lett. 99, 161903 (2011).

M. W. Doherty, V. M. Acosta, A. Jarmola, M. S. J. Bar-
son, N. B. Manson, D. Budker, and L. C. L. Hollenberg,
Temperature shifts of the resonances of the NV~ center in
diamond, Phys. Rev. B 90, 041201(R) (2014).

F. Dolde, H. Fedder, M. W. Doherty, T. Nobauer, F. Rempp,
G. Balasubramanian, T. Wolf, F. Reinhard, L. C. L. Hol-
lenberg, F. Jelezko, and J. Wrachtrup, Electric-field sensing
using single diamond spins, Nat. Phys. 7, 459 (2011).

T. Mittiga, S. Hsieh, C. Zu, B. Kobrin, F. Machado, P.
Bhattacharyya, N. Z. Rui, A. Jarmola, S. Choi, D. Bud-
ker, and N. Y. Yao, Imaging the Local Charge Environment
of Nitrogen-Vacancy Centers in Diamond, Phys. Rev. Lett.
121, 246402 (2018).

K. Y. Yip, K. O. Ho, K. Y. Yu, Y. Chen, W. Zhang, S.
Kasahara, Y. Mizukami, T. Shibauchi, Y. Matsuda, S. K.
Goh, and S. Yang, Measuring magnetic field texture in cor-
related electron systems under extreme conditions, Science
366, 1355 (2019).

N. M. Nusran, K. R. Joshi, K. Cho, M. A. Tanatar, W. R.
Meier, S. L. Bud’ko, P. C. Canfield, Y. Liu, T. A. Lograsso,
and R. Prozorov, Spatially-resolved study of the Meiss-
ner effect in superconductors using NV-centers-in-diamond
optical magnetometry, New J. Phys. 20, 043010 (2018).

M. Lesik, T. Plisson, L. Toraille, J. Renaud, F. Occelli,
M. Schmidt, O. Salord, A. Delobbe, T. Debuisschert, L.
Rondin, P. Loubeyre, and J.-F. Roch, Magnetic measure-
ments on micrometer-sized samples under high pressure
using designed NV centers, Science 366, 1359 (2019).

S. Hsieh, P. Bhattacharyya, C. Zu, T. Mittiga, T. J. Smart,
F. Machado, B. Kobrin, T. O. Hohn, N. Z. Rui, M. Kamrani,
S. Chatterjee, S. Choi, M. Zaletel, V. V. Struzhkin, J. E.
Moore, V. I. Levitas, R. Jeanloz, and N. Y. Yao, Imaging
stress and magnetism at high pressures using a nanoscale
quantum sensor, Science 366, 1349 (2019).

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

024041-10

M. W. Doherty, V. V. Struzhkin, D. A. Simpson, L. P.
McGuinness, Y. Meng, A. Stacey, T. J. Karle, R. J. Hem-
ley, N. B. Manson, L. C. L. Hollenberg, and S. Prawer,
Electronic Properties and Metrology Applications of the
Diamond NV~ Center under Pressure, Phys. Rev. Lett. 112,
047601 (2014).

D. A. Broadway, B. C. Johnson, M. S. J. Barson, S. E. Lil-
lie, N. Dontschuk, D. J. McCloskey, A. Tsai, T. Teraji, D. A.
Simpson, A. Stacey, J. C. McCallum, J. E. Bradby, M. W.
Doherty, L. C. L. Hollenberg, and J.-P. Tetienne, Micro-
scopic imaging of the stress tensor in diamond using in situ
quantum sensors, Nano Lett. 19, 4543 (2019).

V. Ivady, T. Simon, J. R. Maze, I. A. Abrikosov, and
A. Gali, Pressure and temperature dependence of the zero-
field splitting in the ground state of NV centers in diamond:
A first-principles study, Phys. Rev. B 90, 235205 (2014).
A. Gruber, A. Drdbenstedt, C. Tietz, L. Fleury, J.
Wrachtrup, and C. von Borczyskowski, Scanning confo-
cal optical microscopy and magnetic resonance on single
defect centers, Science 276, 2012 (1997).

P. L. Alireza and S. R. Julian, Susceptibility measurements
at high pressures using a microcoil system in an anvil cell,
Rev. Sci. Instrum. 74, 4728 (2003).

Lina E. Klintberg, Swee K. Goh, Patricia L. Alireza,
Paul J. Saines, David A. Tompsett, Peter W. Logg, Jinhu
Yang, Bin Chen, Kazuyoshi Yoshimura, and F. Malte
Grosche, Pressure- and Composition-Induced Structural
Quantum Phase Transition in the Cubic Superconductor
(Sr, Ca)3IrsSny3, Phys. Rev. Lett. 109, 237008 (2012).

K. Y. Yip, Y. C. Chan, Q. Niu, K. Matsuura, Y. Mizukami,
S. Kasahara, Y. Matsuda, T. Shibauchi, and Swee K. Goh,
Weakening of the diamagnetic shielding in FeSe,_,S, at
high pressures, Phys. Rev. B 96, 020502(R) (2017).
Juegen Haase, Swee K. Goh, Thomas Meissner, Patricia
L. Alireza, and Damian Rybicki, High sensitivity nuclear
magnetic resonance probe for anvil cell pressure experi-
ments, Rev. Sci. Instrum. 80, 073905 (2009).

S. K. Goh, P. L. Alireza, P. D. A. Mann, A.-M. Cumber-
lidge, C. Bergemann, M. Sutherland, and Y. Maeno, High
pressure de Haas—van Alphen studies of Sr,RuQOy4 using an
anvil cell, Curr. Appl. Phys. 8, 304 (2008).

K. Yokogawa, K. Murata, H. Yoshino, and S. Aoyama,
Solidification of high-pressure medium daphne 7373,
Jpn. J. Appl. Phys. 46, 3636 (2007).

Y. Nakamura, A. Takimoto, and M. Matsui, Rheology and
nonhydrostatic pressure evaluationof solidified oils includ-
ing Daphne oils by observingmicrosphere deformation,
J. Phys.: Conf. Ser. 215, 012176 (2010).

T. Osakabe and K. Kakurai, Feasibility tests on pressure-
transmitting media for single-crystal magnetic neutron
diffraction under high pressure, Jpn. J. Appl. Phys. 47, 6544
(2008).

L. G. Steele, M. Lawson, M. Onyszczak, B. T. Bush, Z.
Mei, A. P. Dioguardi, J. King, A. Parker, A. Pines, S. T.
Weir, W. Evans, K. Visbeck, Y. K. Vohra, and N. J. Curro,
Optically detected magnetic resonance of nitrogen vacan-
cies in a diamond anvil cell using designer diamond anvils,
Appl. Phys. Lett. 111, 221903 (2017).

M. Leroux, J. Leymarie, G. Méheut, and G. Neu,
Optical spectroscopy at cryogenic temperatures using a


https://doi.org/10.1063/1.351951
https://doi.org/10.1063/1.2964117
https://doi.org/10.1063/1.351950
https://doi.org/10.1038/nature12373
https://doi.org/10.1021/nl401216y
https://doi.org/10.1103/PhysRevLett.104.070801
https://doi.org/10.1063/1.3652910
https://doi.org/10.1103/PhysRevB.90.041201
https://doi.org/10.1038/nphys1969
https://doi.org/10.1103/PhysRevLett.121.246402
https://doi.org/10.1126/science.aaw4278
https://doi.org/10.1088/1367-2630/aab47c
https://doi.org/10.1126/science.aaw4329
https://doi.org/10.1126/science.aaw4352
https://doi.org/10.1103/PhysRevLett.112.047601
https://doi.org/10.1021/acs.nanolett.9b01402
https://doi.org/10.1103/PhysRevB.90.235205
https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.1063/1.1614861
https://doi.org/10.1103/PhysRevLett.109.237008
https://doi.org/10.1103/PhysRevB.96.020502
https://doi.org/10.1063/1.3183504
https://doi.org/10.1016/j.cap.2007.10.020
https://doi.org/10.1143/JJAP.46.3636
https://doi.org/10.1088/1742-6596/215/1/012176
https://doi.org/10.1143/JJAP.47.6544
https://doi.org/10.1063/1.5004153

PROBING LOCAL PRESSURE ENVIRONMENT... PHYS. REV. APPLIED 13, 024041 (2020)

Block—Piermarini diamond-anvil cell, Rev. Sci. Instrum. a clamped pressure cell with the medium, Daphne 7373,
59, 772 (1988). Rev. Sci. Instrum. 68, 2490 (1997).

[50] R. J. Angel, M. Bujak, J. Zhao, G. D. Gattac, and S. D. [53] T. B. Biktagirov, A. N. Smirnov, V. Yu. Davydov, M. W.
Jacobsen, Effective hydrostatic limits of pressure media for Doherty, A. Alkauskas, B. C. Gibson, and V. A. Soltamov,
high-pressure crystallographic studies, J. Appl. Cryst. 40, Strain broadening of the 1042-nm zero phonon line of the
26 (2007). NV~ center in diamond: A promising spectroscopic tool for

[51] S. Klotz, J.-C. Chervin, P. Munsch, and G. L. Marc- defect tomography, Phys. Rev. B 96, 075205 (2017).
hand, Hydrostatic limits of 11 pressure transmitting media, [54] A. Barfuss, M. Kasperczyk, J. Kolbl, and P. Maletinsky,
J. Phys. D: Appl. Phys. 42, 075413 (2009). Spin-stress and spin-strain coupling in diamond-based

[52] K. Murata, H. Yoshino, H. O. Yadav, Y. Honda, and N. Shi- hybrid spin oscillator systems, Phys. Rev. B 99, 174102
rakawa, Pt resistor thermometry and pressure calibration in (2019).

024041-11


https://doi.org/10.1063/1.1139826
https://doi.org/10.1107/S0021889806045523
https://doi.org/10.1088/0022-3727/42/7/075413
https://doi.org/10.1063/1.1148145
https://doi.org/10.1103/PhysRevB.96.075205
https://doi.org/10.1103/PhysRevB.99.174102

	I. INTRODUCTION
	II. APPARATUS AND EXPERIMENTAL PROTOCOL
	III. BENCHMARKING THE ODMR SPECTROSCOPY WITH THE RUBY SPECTROSCOPY
	IV. PRESSURE-INDUCED SOLIDIFICATION AT ROOM TEMPERATURE
	V. TEMPERATURE DEPENDENCE OF THE SOLIDIFICATION PROCESS
	VI. PRESSURE RELAXATION OVER TIME
	VII. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX: PARAMETER DERIVATION FROM ODMR SPECTRA OF THE N-V- CENTER
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


