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TOPICAL REVIEW — Synergetic Extreme Condition User Facility: Breakthroughs and opportunities for the research

of physical science
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We will build a cubic anvil cell (CAC) apparatus for high-pressure and low-temperature physical property measure-
ments in the synergic extreme condition user facility (SECUF). In this article, we first introduce the operating principle, the
development history, and the current status of the CAC apparatus, and subsequently describe the design plan and technical
targets for the CAC in SECUF. We will demonstrate the unique advantages of CAC, i.e., excellent pressure homogeneity
and large hydrostatic pressure capacity, by summarizing our recent research progresses using CAC. Finally, we conclude
by providing some perspectives on the applications of CAC in the related research fields.

Keywords: cubic anvil cell, high-pressure measurements, temperature—pressure phase diagram, strongly cor-

related electron systems
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1. Introduction

Recently, research interest has grown in condensed mat-
ter physics to explore novel emergent phenomena under high-
pressure (HP) conditions. One celebrated example is the re-
cent discovery of superconductivity (SC) with a record-high
transition temperature of 203 K when pressurizing sulfur hy-
dride to above 150 GPa.[!! The importance of HP is evidenced
by the following aspects: first, pressure (P) is one of the fun-
damental thermodynamic parameters like temperature (7') that
control the states of matter. It was predicted that condensed
matters would on average undergo five phase transformations
upon compression to 100 GPa. As such, the application of
HP provides an effective means to access many new states of
matter and can thus expand the universe of matters substan-
tially. Next, pressure can effectively reduce the interatomic
distances, enlarge the orbital overlap integral, and strengthen
the electron transfer, and thus tip the balance of competing
interactions in strongly correlated electron systems. In this re-
gard, HP is one of the key tuning parameters to realize the
quantum critical point, which has been considered as a univer-
sal phenomenon for many difficult problems in modern con-
densed matter physics.?) Consequently, the application of HP
would allow one to disentangle the key factors governing the
physical properties of interest. It can not only give a critical
check on some theoretical proposals but also provide impor-
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tant implications for practical applications. For example, the
observation of positive pressure effect on the superconduct-
ing transition temperature (7;) would prompt one to further
enhance 7; at the ambient pressure via substituting smaller
species, or the chemical pressure.>! With the advances of HP
techniques, researchers have thus focused more on in sifu mea-
surements of physical properties under HP conditions.

As many intriguing phenomena in condensed matter
physics typically occur at low temperatures, it is necessary
to combine HP techniques with a cryostat and/or magnet.
Currently, piston cylinder cell (PCC)*>! and diamond anvil
cell (DAC)!®7 are widely used for high-pressure and low-
temperature (HPLT) physical property measurements. The
PCC can provide an excellent hydrostatic pressure condition
and offer a relatively large sample space suitable for vari-
ous physical property measurements. However, its maximum
pressure of ~ 3 GPa is insufficient for many studies pertain-
ing to condensed matters with a bulk modulus on the order
of ~ 100 GPa.
above 300 GPa, and is exceptionally powerful in combination

In contrast, the DAC can reach pressures

with synchrotron x-ray-based techniques owing to its trans-
parent character. However, the sample space is very limited,
thereby causing it difficult to measure the physical properties
that require electrical contacts. Consequently, a solid or no-
pressure transmitting medium is typically utilized when mea-
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suring the resistivity with DAC.[® This will inevitably intro-
duce a strong pressure inhomogeneity and shear strain, and
thus hides the intrinsic pressure responses.

Among the various HP techniques, the cubic anvil cell
(CAC)!'01 stands out as an excellent supplementary that can
solve the above-mentioned shortcomings of PCC and DAC. It
can reach hydrostatic pressures up to 15 GPa with a relatively
large sample space exceeding 1 mm?>. Given the merits of ex-
cellent pressure homogeneity and large pressure capacity, we
will build a CAC apparatus in the synergic extreme condition
user facility (SECUF). In Section 2, we first introduce briefly
the operation principle, development history, and current sta-
tus of the CAC apparatus, and subsequently describe our de-
sign plan and technical targets for the CAC to be built in the
SECUF. In Section 3, we demonstrate the unique advantages
of CAC by summarizing our recent research progresses using
CAC. Finally, we conclude by presenting some perspectives
on the possible applications of CAC in the related research
fields.

2. Cubic anvil cell

Because the CAC has to be placed in a cryostat and/or
magnet, the design of CAC involves some special require-
ments. In the following, we describe briefly its operating prin-
ciple, development history, and current status.

2.1. Operating principle

As illustrated in Fig. 1(a), the core part of the CAC
consists of six anvils converging onto a central cubic gas-
ket from three orthogonal directions; the synchronized move-
ment of these six anvils is driven by a pair of guide blocks
that convert the applied uniaxial loading force to a three-
axis compression.!!’! In the center of the cubic gasket (see
Fig. 1(b)), the sample of interest is hung by electrical leads
in a Teflon capsule filled with a liquid pressure-transmitting
medium (PTM). In comparison with the opposed-anvil-type
HP devices such as DAC, such a three-axis compression ge-
ometry together with the adoption of liquid PTM can ensure
an excellent pressure homogeneity inside the Teflon capsule.
This is very important to obtain intrinsic pressure responses.
Because all PTMs will be solidified under HPLT conditions,
we should minimize its influence by warming up the CAC to
room temperature before increasing to a higher pressure.

Currently, most CACs employ 4 mmx4 mm square-top
anvils and a 6 mm-edge-length cubic gasket together with the
Teflon capsule with an outer diameter of 2 mm (see Fig. 1(b)).
These dimensions of the anvil/gasket/Teflon capsule have been
proven to be reliable in terms of the pressure efficiency and the
surviving rate of electrical leads over the past 30 years. Under
these conditions mentioned above, the maximum pressure can
reach approximately 8 GPa using the tungsten-carbide (WC)

anvils.[10]

gilt

I.LD=1.5 mm

cubic gasket

Teflon cell

sample

Fig. 1. (color online) (a) Illustration of the operation principle of the CAC in which six anvils converge onto the cubic gasket from
three orthogonal directions. (b) Sample configuration in the cubic gasket with the typical dimensions of a gasket and Teflon capsule

used for the 4 mm anvils.

2.2. Development history and current status

The CAC apparatus for in situ HPLT measurements was
originally developed by N. Mori in the 1990s at the Institute
for Solid State Physics (ISSP), University of Tokyo. A detailed
description of the CAC apparatus can be found elsewhere. ']
As shown in Fig. 2(a), this apparatus is featured by a spe-
cially designed top-loading HP cryostat fitted in a 250-ton hy-
draulic press, which is used to maintain a constant loading
force over the CAC device placed inside the cryostat. The
low-temperature environment is realized by filling the cryo-

stat with liquid nitrogen and helium, and the lowest tempera-

ture of ~ 1.5 K can be achieved using a high-speed vacuum
pump. The development of such a CAC apparatus with excel-
lent hydrostatic pressure condition enabled Mori et al. to ob-
tain remarkably distinct results from others; for instance, the
complete suppression of the Verwey transition around 8 GPa
for Fe304,!'!! and the observation of SC at 14.2 K around
7 GPa in B’-(BEDT-FFT),ICl,.["?! Such CAC apparatus has
been successfully operated over 30 years and remains in use
in the ISSP and other institutions in Japan.

However, the massive cell body of the conventional CAC

apparatus prevents an efficient cooling to well below 2 K and

077403-2



Chin. Phys. B Vol. 27, No. 7 (2018) 077403

also renders it difficult to integrate with a strong magnetic
field. These issues were overcome by the recent development
“palm”-sized CAC.[13
The operation principle is almost identical to the conventional

by Y. Uwatoko using a clamp-type,

type, except that the applied loading force is locked by tight-
ening the nut of the beryllium-copper clamp cell, which can
sustain a maximum loading force of 100 ton for the current
design. As illustrated in Figs. 2(c) and 2(d), the weight of the
guide block and WC anvil are reduced remarkably to be, re-
spectively, 1/16 and 1/7.5 of the conventional type, albeit the

$80

1.4 kg 248 kg

0.148 kg

pressure capacity remains nearly unchanged, i.e., ~ 9 GPa for
the 4 mm WC anvils. Such a miniature palm CAC has been
subsequently integrated with a >He refrigerator equipped with
a five-Tesla magnet (see Fig. 2(b)), thus enabling the combina-
tion of multiple extreme conditions including hydrostatic pres-
sures up to ~ 9 GPa, the lowest temperatures down to 0.5 K,
and the magnetic field up to 5 T.["* These developments were
crucial for the discovery of pressure-induced heavy-fermion
SC in the nonmagnetic quadrupolar system PrTipAlyy with a
maximum 7; = 1.1 K at around 9 GPa.[!9]

12

1.1 kg

Fig. 2. (color online) (a) Conventional CAC apparatus with a liquid *He cryostat combined with 250-ton hydraulic press used in the ISSP,
University of Tokyo. (b) Palm CAC with a top-loading *He cryostat used in the ISSP, University of Tokyo, comparison of the (c) guild block
and (d) WC anvil for the palm CAC and the conventional CAC. (e) Schematic drawing of the integrated-fin gasket.

To further increase the pressure capacity of the palm
CAC, we designed an integrated-fin gasket (see Fig. 2(e)),
which shows great improvements in terms of the pressure ef-
ficiency and the success rate for the HPLT experiments. By
using such a gasket made from MgO and the WC anvils of
2.5-mm square top, we successfully generated pressures over
15 GPa at both room and cryogenic temperatures.!'®! Very re-
cently, the palm CAC has been successfully integrated into
a cryogen-free dilution refrigerator with a superconducting
magnet, achieving the following multiple extreme conditions:
Poax = 15 GPa, Thin = 10 mK, and Bax = 8 T, in the ISSP,
University of Tokyo. These improvements are indispensable

for many unsolved issues in heavy fermion physics.

2.3. CAC to be built in SECUF

Given the excellent pressure homogeneity and large hy-
drostatic pressure capacity, a CAC apparatus has been ap-
proved in the SECUF project. We shall follow the most recent
developments of the CAC in the ISSP, University of Tokyo
and aim to achieve the state-of-the-art technical targets. We
will employ the palm CAC with the integrated-fin gasket and
2.5-mm WC anvils to reach the maximum hydrostatic pres-
sure of 15 GPa. We shall integrate the palm CAC with two
different cryostats for different research purposes: (i) a lig-
uid “He sample-in-vapor cryostat equipped with a 9 T room-
temperature (RT) bore cryogen-free superconducting magnet
for routine HPLT measurements from RT down to 1.5 K under
9T; (i) a cryogen-free He/*He dilution refrigerator equipped
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with 12 T cold-bore superconducting magnet for ultralow tem-
perature studies. We will perform the following physical prop-
erty measurements: electrical resistivity, magnetoresistance
and Hall resistivity, dielectric constant, ac magnetic suscep-
tibility, and ac specific heat.

3. Recent research progresses with CAC

By taking advantage of the CAC apparatus, we have re-
cently obtained some important results in the research of un-
conventional SC. In the following, we present three examples
to demonstrate the critical role of CAC.

3.1. Discovery of pressure-induced SC in MnP

One of the common features of unconventional supercon-
ducting systems such as the heavy-fermion, high-T;. cuprate
and iron-pnictide superconductors is that SC emerges on the
border of long-range magnetically ordered state. The close
proximity of SC to a magnetic instability suggests that the
critical spin fluctuations would be crucial for mediating the
Cooper pairs. In addition to doping charge carriers, the ap-
plication of HP is an effective approach for searching novel
classes of unconventional superconductors near the magnetic
quantum critical point (QCP). After we discovered SC with
T. =~ 2 K in CrAs by suppressing its helimagnetic order via
the application of hydrostatic pressure of ~ 1 GPa,!!”! we ex-
plored the pressure-induced SC in MnP by following the sim-
ilar strategy. '8!

At the ambient pressure, MnP is an itinerant-electron he-
limagnet with an orthorhombic B31-type structure similar as
CrAs. In the absence of magnetic field, MnP undergoes two
successive magnetic transitions upon cooling:!'! a transition
from the paramagnetic (PM) to ferromagnetic (FM) state at
T. = 291 K, and subsequently the second transition to a dou-
ble helical state at T ~ 50 K.['"1 Earlier HP studies on MnP
have revealed that both T, and T; decrease with pressure, but
the highest hydrostatic pressure of ~ 3 GPa in the previous
studies was far from the magnetic QCP.[?"]

Figure 3 displays the T—P phase diagram of MnP con-
structed based on measurements of resistivity and ac mag-
netic susceptibility up to 11 GPa by using the palm CAC.[!8]
As shown, both Ty and 7. decrease with pressure and 75 is
suppressed completely around 1.4 GPa. Above 3 GPa, the
FM transition at 7; changes to a new-type antiferromagnetic
(AFM) order marked as Tp,, which was later confirmed to be
also a helical magnetic order with the propagation vector along
the b-axis.>!! Surprisingly, SC emerges below Ty ~ 1 K near
the critical pressure of P, ~ 8 GPa where the long-range AFM
order at Ty, just vanishes. Because the majority of the den-
sity of states near the Fermi level for MnP is attributed to
the Mn-3d states, this discovery renders MnP the first Mn-
based superconductor, and the close proximity of SC to a

magnetic instability suggests an unconventional pairing mech-
anism. Moreover, the detailed analysis of the normal-state
transport properties evidenced non-Fermi liquid behavior and
the dramatic enhancement in the quasiparticles effective mass
near P, associated with the magnetic quantum fluctuations. '8!
The discovery of the first Mn-based superconductor dispels
the general wisdom about Mn’s antagonism to SC and has
thus opened a new avenue for investigating more Mn-based

superconductors. ??]

T (K)

0 2 4

6 8 10
P (GPa)

Fig. 3. (color online) 7—P phase diagram of MnP. PM: paramagnetic,
FM: ferromagnetic, AFM: antiferromagnetic, SC: superconductivity;
T.: PM-FM transition temperature, 73: FM—Screw transition temper-
ature, T*: FM-AFM transition temperature, 7p,: PM—AFM transition
temperature, Ty.: superconducting transition temperature. This figure is
reproduced from Ref. [18] .

3.2. Dome-shaped magnetic order and high- 7. SC in FeSe
under pressure

Among the iron-based superconductors, the structurally
simplest B-FeSe and its derived materials have attracted
tremendous attention recently owing to its peculiar electronic
properties and the great tunability of 7;.12>?*1 At the am-
bient pressure, FeSe undergoes a tetragonal-to-orthorhombic
structural transition at 7y = 90 K, below which it develops
a significant electronic anisotropy or nematicity. Unlike the
iron-pnictides superconductors, however, no magnetic order
appears within the nematic phase of FeSe, and the SC with
T. = 9 K occurs without chemical doping or HP. Meanwhile,
it was found that HP can induce a static magnetic order at Tj,
around 1 GPal®! and promote a high-7, SC with a T, of up
to 37 K around 7 GPa.!?] These facts render FeSe an ideal
platform to study the interplay of SC with magnetism and ne-
maticity.

Despite the extensive HP investigations on FeSe, unfortu-
nately, all previous studies failed to construct a completed 7—
P phase diagram for FeSe owing to technical limitations; i.e.,
the PCC with a maximum pressure of ~ 3 GPa is insufficient
to reach the highest 7, around 7 GPa,!?’! whereas the presence
of significant pressure inhomogeneity in the DAC with a solid
pressure medium hinders the evolution tracking of the nematic
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5.1 In contrast, the excellent hydrostatic-

and magnetic order
ity and large pressure capacity render CAC an ideal choice for
this study.

By performing HP resistivity and ac magnetic suscepti-
bility up to 15 GPa with the palm CAC on high-quality FeSe
single crystals, we constructed its most comprehensive T—P
phase diagram!?3! (see Fig. 4), which maps out the explicit
evolutions with the pressure of T, T¢, and T,. As shown, we
uncovered a previously unknown dome-shaped T;,(P), having
two end points situated on the boundaries separating the three
plateaus of T (P).
linking intimately the sudden enhancement of T to 38 K to

Our results provide compelling evidence

the suppression of the long-rang magnetic order. The fact that
the optimal T is achieved when the long-range antiferromag-
netic order just vanishes is reminiscent of the situations shown
frequently in the FeAs-based superconductors.

100 T T T T T
l P
Piston cylinder cell (PCC)
O ® &+ Clamp-type cubic anvil cell (CAC)

80 _c( = Constant loading CAC
O T,
60 F € 1
3 ©
o™ ° °
40 INematic v LK) o C. 7]
. SDW
° &
S
20 Cggmae® .
0 T).‘W‘L’l 1 1 1 1
0 2 4 6 8 10

P (GPa)

Fig. 4. (color online) T—P phase diagram of FeSe. T for the tetrago-
nal to orthorhombic structural transition, Ty, for the antiferromagnetic
or SDW transition, T; for the superconducting transition. This figure is
reproduced from Ref. [28].

Previous studies on the FeSe-derived high-7. (> 30 K)
superconductors, including A Fe;_,Se; (A = K, Cs, Rb, TI),
(Li,Fe)OHFeSe, and monolayer FeSe film, have shown a dis-
tinct Fermi surface (FS) topology consisting of only electron
pockets near the Fermi level.??! In contrast, the FS of FeAs-
based superconductors typically consists of hole and electron
pockets near the Brillouin zone center and corners, respec-
tively. Thus, the distinct FS topology between FeAs- and
FeSe-based materials has challenged the current theories on
a unified understanding of the mechanism of iron-based su-
perconductors.

In contrast to the electron-doping approaches, the appli-
cation of HP does not introduce extra electron carriers, yet
can still enhance the T; of bulk FeSe to ~ 38 K near 6 GPa.
To understand the mechanism of pressure-induced high-7;. SC
in FeSe, it is important to obtain the information about the
evolution of FS under HP—a regime in which angle-resolved
photoemission spectroscopy experiments are impractical, and

where quantum oscillation measurements are challenging. Al-
ternatively, we measured the Hall effect under hydrostatic
pressures up to 8.8 GPa with the CAC to gain further insights
into the electronic structure evolution of FeSe at HP.[?"]

As shown in Fig. 5, our results demonstrate that the elec-
trical transport properties of FeSe at HPs with 7" = 38.3 K
are dominated by the hole carriers, which is in contrast with
the known FeSe-derived high-T; superconductors that are typ-
ically heavily electron-doped. In addition, we observed an en-
hancement in the Hall coefficient Ry near the critical pressure
where the optimal T is realized with a simultaneous suppres-
sion of the long-range magnetic order. This implies a strong
reconstruction of the FS due to the magnetic order, consistent
with the ordering pattern driven by interband scattering. More
importantly, our results show a continuous path to high-7;. SC
in chalcogenides without electron doping. Our results consti-
tute a significant step forward in presenting a unified picture
on the current understanding of iron-based high-7;. supercon-
ductors, specifically by demonstrating that high 7 in FeSe can
be achieved with an electronic structure and other characteris-
tics similar to the FeAs-based high-7; superconductors.

200;

150

T (K)

100 o

Ry(10¢ m¥C)

15

P (GPa)

Fig. 5. (color online) T—P phase diagram of FeSe superimposed by
a contour plot of Hall coefficient Ry. This figure is reproduced from
Ref. [29].

3.3. Reemergence of high-7; SC in (Li,Fe)OHFeSe under
pressure

Although the bulk FeSe displays a relatively low 7. =
8.5 K within the nonmagnetic nematic phase below 7y = 90 K,
a high-7; SC with T, above 30-40 K have been successfully
achieved via intercalating some alkali—metal ions, ammonia,
or organic molecules in between the adjacent FeSe layers, such
as in AFe,_,Se; (A = K, Rb, Cs, T1),13% A,(NH3),FeSe, !
and (Li, Fe)OHFeSe.3?! We refer these high-7; superconduc-
tors derived directly from FeSe as the SC-I phase. The super-
conducting mechanism for these SC-I phases has been sub-
jected to extensive investigations, and the observed common
FS topology consisting of only electron pockets in the Bril-
louin zone corners suggests that the electron doping plays an
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essential role for achieving a high Tt, in agreement with the
gate-voltage regulation experiments on the FeSe flakes. 33!

Starting from the SC-I phase in A Fe;_,Se;, it was re-
ported that pressure can induce the sudden reemergence of
a second superconducting phase (denoted as SC-II hereafter)
with a higher T, of up to 48.7 K above ~ 10 GPa.[*¥ A similar
SC-II phase has also been observed in Csp 4(NH3),FeSe un-
der HP.?3! Although the reemergence of the SC-II phase with
a higher T; is intriguing and a different pairing symmetry has
been proposed theoretically,*® the intrinsic superconducting-
and normal-state properties have been poorly characterized
thus far owing to some sample and technical difficulties. For
example, AFe;_,Se; superconductors are prone to phase sep-
aration accompanied by the intergrowth of the antiferromag-
netic insulating A,Fe4Ses phase. Moreover, HP techniques ca-
pable of both large pressure capacity and good hydrostaticity
are required to obtain reliable superconducting- and normal-
state properties. Therefore, these complexities have hampered
the proper understanding of the intriguing SC-II phase of these
FeSe-derived materials.

To approach this intriguing problem, we focus on the re-
cently discovered (Li;_,Fe,)OHFeSe, 32! which is free from
phase separation, relatively stable in air, and more importantly,
can be obtained in high-quality single crystals via a specially
designed hydrothermal ion-exchange method.!*”! Using the
palm CAC, we recently performed detailed magnetotransport
measurements on (Li;_Fe,)OHFeSe single crystals under hy-

drostatic pressures up to 12.5 GPa.[?8

T (K)

P (GP:

Fig. 6. (color online). 7T—P phase diagram of (Li,Fe)OHFeSe. SC-I
and SC-II represents two distinct superconducting regions. The con-
tour color plot of the normal-state resistivity exponent ¢ illustrates a
sharp transition of the normal state from the Fermi liquid for SC-I to
the non-Fermi liquid for the SC-II phase. This figure is reproduced
from Ref. [38].

The primary results are summarized in Fig. 6. We found
that the ambient-pressure SC-I phase is suppressed gradually
by increasing pressure to P, =5 GPa, above which a new SC-
II phase with a higher T; over 50 K emerges gradually. More
importantly, our high-precision resistivity data enabled us to
uncover a sharp transition of the normal state from a Fermi lig-

uid for SC-I to a non-Fermi liquid for the SC-II phase. In ad-
dition, the reemergence of a higher 7. SC-II phase is found to
accompany with a concurrent enhancement in the electron car-
rier density. Such information was unavailable in the previous
HP studies on the FeSe-derived high-T, superconductors.33-34]
The present work thus provides positive correlations between
the high-7;. SC in SC-II with an FS reconstruction, which is
not induced by a structural transition, as confirmed by our HP

structural study. 38

4. Conclusion and perspectives

In summary, the CAC apparatus has some unique advan-
tages over other HP techniques for low-temperature physical
property measurements. First, the three-axis compression ge-
ometry together with the sample in liquid medium ensures ex-
cellent pressure homogeneity, and thus allows one to obtain
the intrinsic pressure effects. Next, the CAC can reach a high
hydrostatic pressure up to 15 GPa, which is an important pres-
sure range to alter the ground states of condensed matters hav-
ing a bulk modulus on the order of 100 GPa. In addition, the
sample space of the CAC is relatively large to facilitate the ac-
curate measurements of different physical properties such as
resistivity, magnetic susceptibility, and ac specific heat.

Given the excellent hydrostatic pressure condition and
large pressure capacity, we plan to build a CAC apparatus in
the SECUF project and aim to achieve the state-of-the-art tech-
nical targets, i.e., the highest hydrostatic pressure of 15 GPa,
the lowest temperature of <50 mK, and the strongest magnetic
field of 12 T. Under these multiple extreme conditions, we will
be able to perform the following measurements: electrical re-
sistivity, magnetoresistance and Hall resistivity, dielectric con-
stant, ac magnetic susceptibility, and ac specific heat.

Upon completion, the CAC apparatus will be open to both
domestic and overseas users for collaborative research in dif-
ferent subjects. The CAC is especially useful in the field of
strongly correlated electron systems: it can be used to tune the
competing interactions to realize different ground states, !
to explore exotic phenomena such as unconventional SC as-
sociated with pressure-induced QCP,['7-18] and to manipulate
the metal—insulator transition or other phase transitions.!:40]
In the emergent field of topological materials, the CAC can
also be employed to engineer the band gap size or the band
topology to access different topological states,/*'*?1 or even
to realize topological phase transitions. 3]
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