Review of
Scientific Instruments

ARTICLE scitation.orgljournal/rsi

Fabrication and evaluation via nuclear
quadrupole resonance of a palm cubic-anvil

pressure cell

Cite as: Rev. Sci. Instrum. 91, 073907 (2020); doi: 10.1063/5.0012015

Submitted: 27 April 2020 + Accepted: 26 June 2020 -
Published Online: 14 July 2020

o ®

Satoshi Nakagawa,' Jun Gochi,” Takanori Kuwayama,' Shoko Nagasaki,” Teruo Takahashi,' Jinguang Cheng,’

Yoshiya Uwatoko,” "' and Naoki Fujiwara'®

AFFILIATIONS

TGraduate School of Human and Environmental Studies, Kyoto University, Nihonmatsu, Sakyo-Ku, Kyoto 606-8501, Japan
2|SSP University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa 277-8581, Japan
“Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences,

Beijing 100190, China

2 Author to whom correspondence should be addressed: fujiwara.naoki.7e@kyoto-u.acjp

ABSTRACT

A “palm” cubic-anvil pressure cell (PCAC) having an outer diameter of 60 mm, the smallest cubic-anvil cell to date, was fabricated to insert in
a large-bore superconducting magnet. The pressure cell has a sample space of ¢ 2.5 x 1.5 mm?, which is fairly large for a pressure cell that can
reach a high pressure above 4 GPa. Pressure homogeneity was monitored from the * Cu nuclear-quadrupole-resonance linewidth of Cu; O up
to 6.7 GPa. The linewidth first increased with increasing pressure up to 4 GPa and then saturated above 4 GPa. The pressure homogeneity was
better than that of a piston-cylinder pressure cell. The PCAC is advantageous because a large sample space and high pressure homogeneity

are secured even at high pressures.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012015

I. INTRODUCTION

In the field of strongly correlated electron systems, one of
the most intriguing topics is the quantum critical-phase transition.
Unlike a conventional thermally induced phase transition, this phase
transition is driven via quantum fluctuations at zero temperature,
leading to an unconventional ground state even at finite tempera-
tures. The quantum-phase transition is usually achieved by changing
non-thermal tuning parameters, such as doping level and pressure.
Compared with the former, the latter is advantageous as the for-
mer can induce local disturbance around the dopant. To date, not
a few novel pressure-induced or enhanced phenomena, including
superconductivity, have been discovered in d- or f-electron systems.
Among them, Fe-based compounds are interesting because of their
high T, under pressure.” However, they have been investigated
mainly by using resistivity measurements. A small sample is suffi-
cient for resistivity measurements, which allows one to measure at
significantly high pressures. For other techniques requiring a large

volume, there is always a trade-off between high pressure and large
sample space. To date, a variety of pressure cells have been devel-
oped, depending on experimental techniques and target materials.’
For example, piston-cylinder,” opposed-anvil,” '’ cubic-anvil,"" and
diamond-anvil cells'* '® have been used for nuclear magnetic reso-
nance (NMR) and nuclear quadrupole resonance (NQR). The first
three types of cells were often used in studying the strongly corre-
lated electron systems. However, the diamond-anvil cell has been
available only for detecting strong 'H or "°F signals because of its
tiny sample space, although it can generate the highest pressure
among them.

At low pressures, a piston-cylinder cell has been most widely
used for various experiments because it contains a large sample
space. Its typical size is ¢ 4 x 10 mm? or larger at the initial setup. A
conventional hybrid tungsten-carbide (WC) piston-cylinder cell can
generate 2.7 GPa-3 GPa. To date, pressures have reached 4 GPa for
a hybrid NiCrAl piston-cylinder cell.” This pressure cell can gener-
ate 4.6 GPa under a steady load,"” although the height of the sample
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space is strongly suppressed. For a clamp-type cell, where the loading
force is locked by the nut to maintain pressure, the pressure usu-
ally decreases 10% after releasing the load. This NiCrAl pressure cell
is powerful for the pressure-induced phenomena appearing above
3 GPa. In fact, it has been successfully applied to the following phe-
nomena via NMR/NQR measurements: (1) pressure-induced super-
conductivity appearing above 3 GPa in the telephone-number com-
pound, Sr,Ca;aCuzsOa1,'® and (2) the antiferromagnetic quantum
critical point appearing at 4 GPa in the heavily hydrogen-doped
Fe-based compound, LaFeAsO;_H, (x > 0.5).19

At high pressures between 4 GPa and 15 GPa and larger, both
opposed- and cubic-anvil cells are available. However, their sam-
ple spaces are considerably smaller than that of a piston-cylinder
cell. A typical size is ¢2 in diameter and 1.0 mm-1.5 mm in length
at the initial setup. The opposed-anvil cell is very compact in size
and can be inserted into a superconducting magnet. In contrast to
the opposed-anvil cell, the cubic-anvil cell is quite large and is not
available for measurements under a magnetic field. In fact, the cubic-
anvil cell has been used mainly for resistivity or alternating-current
(AC) susceptibility (y) and recently for neutron-scattering measure-
ments at zero field.”’ As a disadvantage of the opposed-anvil cells,
they require technical skills during the initial setup. Furthermore,
the height of the cylindrical sample space becomes significantly short
at high pressures for the opposed-anvil cell.

To downsize the cubic-anvil cell, several trials have been
accomplished thus far. (1) A mini cubic-anvil cell with ¢94 guide
blocks was used for ®*Cu-NQR measurements on CuO.'! (2)
A “palm” cubic-anvil cell (PCAC) having ¢80 guide blocks was
recently developed as a clamp-type cell and applied to resistivity and
AC-y measurements. In this pressure cell, pressure rises to 17 GPa
by using an “integrated-fin” gasket for 2.5-mm square-top anvils.”’

In this work, we fabricated the smallest PCAC to date using ¢60
NiCrAl guide blocks and investigated pressure homogeneity from
the **Cu-NQR linewidth of Cu,0.

Il. PCAC
A. Design of a small PCAC

Figure 1(a) shows a sectional view of the clamp-type PCAC, and
Fig. 1(b) is a bird’s-eye view of three WC anvils mounted on the ¢$60
NiCrAl guide block. Figure 1(c) shows a photo of the NiCrAl guide
blocks and CuBe sleeves. The size of the outer CuBe body is ¢80
x 143 mm?, and the total length of the PCAC is 159 mm. The upper
and lower WC anvils having 4.0-mm square tops are directly fitted in
the guide blocks. The other four WC anvils are fitted in the NiCrAl
sliding blocks covered with Teflon sheets. The six anvils move simul-
taneously toward the center cube gasket when the uniaxial load is
imposed on the NiCrAl guide blocks. As shown in Fig. 2(a), we
prepare the upper and lower pyrophyllite gaskets, a Teflon capsule,
and a Teflon cap. The Teflon capsule placed on the lower pyrophyl-
lite gasket is shown in Fig. 2(b). A single coil wound around Cu,O
power samples is inserted into the Teflon capsule for NQR measure-
ments. In this work, we use a mixture of fluorinert FC-70 and FC-77
(1:1 by volume) as the pressure-transmitting medium. The assem-
bly of the coil and samples are filled with the mixture of fluorinert
in the Teflon capsule [see Fig. 2(c)]. The Teflon cap is placed on the
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FIG. 1. (a) Sectional view of a “palm” cubic-anvil cell (PCAC) with $60 NiCrAl guide
blocks. (b) A bird’s-eye view of three WC anvils and a pyrophyllite cube mounted
on the lower NiCrAl guide block. (c) Photos of the NiCrAl guide blocks and CuBe
sleeves.

capsule to avoid leakage of the mixture. Placing another pyrophyllite
gasket on them, the two combined gaskets form a 6.0-mm cube. The
leads of the Cu coil are taken out through the gap between the anvils.
The cube is sandwiched with six WC anvils, as shown in Fig. 1(a).
Figure 1(b) shows the pyrophyllite cube and the three WC anvils
mounted on the lower NiCrAl guide block. Notably, the setup is very
easy and is free of epoxy gluing.

B. Size dependence of Teflon capsules

The resistivity of Bi was measured up to 85 ton at room tem-
perature, as shown in the inset of Fig. 3. The results were almost the
same as those of the ¢80 guide blocks. A ¢2.0 capsule having a ¢1.5
sample space is sufficient for carrying out resistivity measurements,
as shown in the inset of Fig. 2(c). However, one of our purposes is
to enlarge the sample space for other measurements, such as NQR.
To investigate the influence of the size, we measured the resistivity
for ¢2.0, ¢2.5, and ¢3.0 capsules having ¢1.5, ¢2.0, and ¢2.5 sample
spaces, respectively. The results were nearly the same as those shown
in the main panel of Fig. 3. Therefore, a large-size Teflon capsule is
convenient for other experimental techniques. Hereafter, we use a
¢3.0 Teflon capsule for the NQR measurements.
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FIG. 2. (a) Photos of the upper and lower pyrophyllite gaskets, a Teflon capsule, and a Teflon cap. (b) A bird’s-eye view of a ¢3.0 Teflon capsule mounted on a 6.0-mm square
pyrophyllite gasket. An NQR coil wrapped around powder samples of Cu,0 is inserted into the capsule. (c) Overview of the ¢3.0 Teflon capsule on the gasket. The inner
diameter of the capsule is ¢2.5. The samples and coil were immersed into the pressure-transmitting medium, i.e., a mixture of fluorinert FC-70 and FC-77 (1:1 by volume).

The inset shows the ¢2.0 Teflon capsule used for the resistivity measurements.

C. Pressure calibration
1. Ruby fluorescence

For piston-cylinder, diamond-anvil, and a type of opposed-
anvil’ cells, the ruby-fluorescence measurement is a very powerful
pressure-calibration method because it does not require any sweeps
of physical parameters and in situ measurement is possible. The ruby
fixed atop the optical fiber is inserted into the sample space for a
piston-cylinder cell. In the ruby-fluorescence measurements below
20 GPa, the shift of the R1 line (AA) is proportional to pressure, "’

P(GPa) = 2.74AA(nm). (1)

We used Eq. (1) to determine the values of pressure for each
NQR spectrum in Fig. 7 as described later.

2. %cu NQR

Since the standard ruby calibration is not possible for cubic-
anvil cells, & Cu-NQR measurements on Cu,O serve as a pressure-
calibration method, provided an NMR spectrometer is available.”’
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FIG. 3. Resistivity of Bi measured using the PCAC with the ¢60 guide blocks.
Teflon capsules having 2.0-mm, 2.5-mm, and 3.0-mm outer diameters are used
for the measurements. The inset shows the resistivity for the 3.0-mm diameter
capsule up to 85 ton.

This method is convenient because it can be operated at room
temperature without a magnet, unlike NMR measurements. The
NQR frequency (v) corresponding to the nuclear transition between
%,:t% > |§,i% > shows a linear relation with pressure [see
Eq. (2)]. For I = %, v is expressed as v = equ/Zh, where Q is
the nuclear quadrupole moment and g is the electric field gradient
(EFG) at a nuclear site. The EFG is determined by the surround-
ing ions, and it is proportional to the inverse of the volume.” The
linear relation implies that the compressibility of Cu,O is pressure
independent.

For a NiCrAl piston-cylinder cell, v and AA are in a linear rela-
tion up to 3.0 GPa from in situ measurements,” and therefore, v
shows a linear relation with pressure as

v(MHz) = 26.0 + 0.33P(GPa). (2)

The P dependence of v is consistent with that obtained for the
opposed-anvil cell up to 8.8 GPa.” Hereafter, we use Eq. (2) to
determine the pressure for the present PCAC.

ll. RESULTS OF ®*Cu-NQR MEASUREMENTS
OF Cu;0

Figure 4 shows the “*Cu-NQR spectra of Cu,O measured at
room temperature with a conventional pulsed-NMR spectrometer
and the ¢60 PCAC. The spectra were obtained using the fast Fourier
transform of the spin-echo signal following a sequence of two radio-
frequency pulses. We applied pressure to the PCAC mounted on
a 100-ton conventional oil press. The coil having a 1.94-mm outer
diameter and a 1.5-mm length was made using a ¢0.07 Cu wire
and was placed into the ¢3.0 Teflon capsule. We measured the
NQR spectra up to 6.74 GPa. The values of pressure for each spec-
trum were calculated from Eq. (2). The values would increase at
low temperatures since we used the clamp-type pressure cell. For
the similar PCAC with larger guide blocks,”' the pressure difference
between room temperature and low temperature is within 2 GPa,
and thus, a similar pressure difference is expected for the present
PCAC.

Figures 5 and 6 show the load dependence of v and the half
linewidth at half maximum, respectively. The linewidth is pro-
portional to the pressure inhomogeneity, as seen from Eq. (2).
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FIG. 4. 83Cu-NQR spectra of Cu,O measured with the PCAC at room temperature. peak structure above 2 GPa. We performed the measurements twice,

The values of pressure for each spectrum were calculated using Eq. (2).
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FIG. 5. Load dependence of the NQR frequency (v) for the NQR spectra shown in
Fig. 4. The curve is a guide to the eye. 1.0 GPa
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We measured the spectra using a mixture of FC-70 and FC-77 (1:1
by volume) for comparison with the PCAC. Figure 7 shows the FIG. 7. ®*Cu-NQR spectra of Cu,0 measured at room temperature with a NiCrAl

piston-cylinder cell. The values of pressure for each spectrum were determined

63
results of the "’Cu-NQR spectra of Cu,O. The values of pressure from Eq. (1).

for each spectrum were determined from in situ ruby-fluorescence
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FIG. 8. Pressure dependence of the half width at half maximum for the NQR spec-
tra shown in Fig. 7. The curve is a guide to the eye. Pressure was calibrated using
the in situ ruby-fluorescence measurements. The arrow indicates the solidification
of the pressure-transmitting medium (a mixture of fluorinert FC-70 and FC-7).

and the structure was reproducible. We fitted the data using a single
Gaussian function for the spectra below 2 GPa. At pressures above
2 GPa, it is not certain whether the Gaussian fitting with two com-
ponents makes sense because we do not know the grounds why the
spectra at high pressures should have double peaks. Therefore, we
estimated the linewidth at pressures below 2 GPa. The half width
at half maximum is also shown in Fig. 8. As shown by the arrow,
the linewidth was almost the same below 0.8 GPa, implying that
the pressure-transmitting medium maintained a liquid state and
high hydrostaticity. However, the mixture began to solidify above
0.8 GPa.”® It became a sherbet-like mixture of solid and liquid states,

O Cubic-anvil cell
+ O Piston-cylinder cell 4

Linewidth (kHz)

0||||I|||||||||I|||||||||I||||||||

0 2 4 6
Pressure (GPa)

FIG. 9. Half width at half maximum of $3Cu-NQR spectra of Cu,O measured using
the PCAC (black open circles) and NiCrAl piston-cylinder cell (blue open circles).
The curve is a guide to the eye. The arrow indicates the pressure where the mixture
of fluorinert FC-70 and FC-77 begins to solidify.
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and its inhomogeneity is increased with increasing pressure. Unlike
the piston-cylinder cell, the anomaly at 0.8 GPa was absent or neg-
ligibly small for the PCAC (Fig. 9), suggesting high hydrostaticity
even at high pressures. The effect of the mixed state depended on
how the load was applied to the pressure cells. Pressure application
from multiple directions would suppress the inhomogeneity much
more effectively than uniaxial pressure application. At the present
stage, it is not certain whether the PCAC is free from the effect of
solidification. In the present measurements, we demonstrated that
high hydrostaticity is realized even at high pressures by using the
PCAC. To investigate whether further high hydrostaticity is possi-
ble or not, NQR measurements using a highly hydrostatic medium
(e.g., Daphne 7474°") would be needed.

V. CONCLUSION

We fabricated a PCAC having a diameter of 60 mm, the small-
est cubic-anvil cell to date, which allowed us to measure physical
properties under a magnetic field utilizing a superconducting mag-
net with a large-bore sample space greater than 100 mm. In this
pressure cell, a large sample space having ¢ 2.5 x 1.5 mm? was
secured. The size was fairly large for a pressure cell that can reach
a high pressure above 4 GPa. The pressure homogeneity was bet-
ter than that of the piston-cylinder cell. This pressure cell opens a
new avenue for studying the pressure-induced quantum phenom-
ena with the microscopic probes such as NMR or NQR at elevated
pressure ranges.
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