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Miniature ceramic-anvil high-pressure cell for magnetic measurements in a
commercial superconducting quantum interference device magnetometer
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'Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Naka, Ibaraki 319-1195, Japan
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3Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

(Received 15 February 2011; accepted 20 April 2011; published online 26 May 2011)

A miniature opposed-anvil high-pressure cell has been developed for magnetic measurement in a
commercial superconducting quantum interference device magnetometer. Non-magnetic anvils made
of composite ceramic material were used to generate high-pressure with a Cu-Be gasket. We have
examined anvils with different culet sizes (1.8, 1.6, 1.4, 1.2, 1.0, 0.8, and 0.6 mm). The pressure
generated at low temperature was determined by the pressure dependence of the superconducting
transition of lead (Pb). The maximum pressure P,,, depends on the culet size of the anvil: the val-
ues of P,,, are 2.4 and 7.6 GPa for 1.8 and 0.6 mm culet anvils, respectively. We revealed that the
composite ceramic anvil has potential to generate high-pressure above 5 GPa. The background mag-
netization of the Cu-Be gasket is generally two orders of magnitude smaller than the Ni-Cr-Al gasket
for the indenter cell. The present cell can be used not only with ferromagnetic and superconducting
materials with large magnetization but also with antiferromagnetic compounds with smaller mag-
netization. The production cost of the present pressure cell is about one tenth of that of a diamond
anvil cell. The anvil alignment mechanism is not necessary in the present pressure cell because of
the strong fracture toughness (6.5 MPam'/?) of the composite ceramic anvil. The simplified pressure
cell is easy-to-use for researchers who are not familiar with high-pressure technology. Representative
results on the magnetization of superconducting MgB, and antiferromagnet CePdsAl, are reported.

© 2011 American Institute of Physics. [doi:10.1063/1.3590745]

I. INTRODUCTION

Pressure is an important parameter in condensed mat-
ter physics.! Applying pressure changes lattice parameters,
bonding angles, and overlap of the wave functions of elec-
trons in a material. Consequently, the physical properties of
the materials are changed and new physical phenomena can
be expected at high-pressures. Many experimental and theo-
retical studies have been performed on pressure-induced phe-
nomena such as the superconductor.>

Magnetization is a fundamental physical quantity that
characterizes the response of a material to applied magnetic
field. Recently, it has become possible to measure the mag-
netization of a sample easily using a commercial supercon-
ducting quantum interference (SQUID) magnetometer. Sev-
eral types of high-pressure cells have been made for use
with these magnetometers. Most pressure cells designed for
the commercial SQUID magnetometers are of piston-cylinder
type.*~' The piston-cylinder cell has adequate sample space
(~10 mm?) for precise magnetic measurements. But the max-
imum pressure is at most 1.5 GPa since the outer diame-
ter of the pressure cell is limited to less than 9 mm for
the commercial SQUID magnetometer. Opposed-anvil high-
pressure cells, such as diamond anvil (DAC) or indenter-
type cells, have been developed for commercial SQUID
magnetometers.'' !> Magnetic measurement can be done up
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to 15 GPa using the DAC. But the volume of the sample space
in the DAC is less than 0.01 mm?. It can be used for the ferro-
magnetic or superconducting compounds with large absolute
magnetization below the transition temperature. Advanced
techniques are necessary to use the DAC. The indenter-type
cell is easier to use and the volume of the sample space is
about 1 mm?>. However, the background magnetization of the
Ni-Cr-Al gasket in the indenter-type cell is quite large and the
maximum pressure is about 2.5-3.0 GPa.'*"!8

We have studied the superconductivity and the mag-
netism in the rare earth and actinide compounds where many
interesting physical phenomena have been discovered mainly
in the pressure region from 2 to 5 GPa.!” The low background
magnetization of the pressure cell is a necessary condition
for a precise measurement. In this study, a simple opposed-
anvil high-pressure cell has been developed for magnetic
measurements using the commercial SQUID magnetometer.
Non-magnetic anvils made of composite ceramic are used to
generate high-pressure above 5 GPa. The background mag-
netization of the present pressure cell is significantly smaller
than that of the indenter cell. The production cost of the
present pressure cell is about one tenth of that of a diamond
anvil cell. The present pressure cell without the anvil align-
ment mechanism is easy-to-use. Table I summarizes the fea-
tures of several miniature high-pressure cells for magnetic
measurements in the SQUID magnetometer. The details of
the present ceramic anvil high-pressure cells are described in
Secs. II and III.

© 2011 American Institute of Physics
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TABLE I. Miniature high-pressure cells for the commercial SQUID magnetometer. P, : maximum pressure

and Vsgmpie: volume of sample space.

High-pressure cell Pax (GPa) Vsample (mm?) Cost ($) Operation
Piston cylinder-type cell (Refs. 5-10) 1.0-1.5 ~10 ~103 easy
Indenter-type cell (Ref. 15) 2.5-3.0 ~1 ~10° easy
Diamond anvil cell (Refs. 11,13, and 14) ~15 ~0.01 ~104 difficult
Present ceramic anvil cell 2.4-17.5 0.015-0.57 ~103 easy

Il. HIGH-PRESSURE CELL

Figure 1 shows schematic drawings of the miniature
high-pressure cell for use with a magnetic property measure-
ment system (MPMS) from Quantum Design (USA).?® The
system is the most widely used SQUID magnetometer in the
world and can resolve magnetic moment changes as small
as 1078 emu over a wide range of temperatures and mag-
netic fields. The diameter of the inner bore of the MPMS is
only 9 mm. The present pressure cell was manufactured by
the R & D Support Co.?! The designed pressure cell for this
study is 8.7 mm in diameter and 70 mm in length. The cell
can be introduced into the MPMS system in the same way
one introduces a standard sample holder. The long cylinder

R Fees
-~ locking nut (CuBe)
A
cylinder (CuBe)
<7
composite ceramic anvil
(FCY20A Fuji Die)
70 mm CuBe gasket : lZ
i\ !
lead (Pb)
0p 5.0 mm
I piston (CuBe)
Y ’
¢ 8.7 mm

FIG. 1. (Color online) Cross-sectional views of the miniature high-pressure
cell for the commercial SQUID magnetometer. The cell is 8.7 mm in diameter
and 70 mm in length and is made up of two opposing ceramic anvils. The cell
body, piston, locking nut, and gasket are made of non-magnetic and hardened
Cu-Be alloy.

is designed to reduce the contribution from cylinder and
locknuts constructed out of a non-magnetic hardened Cu-Be
alloy (Japanese Industrial Standard No. C1720B-HT, 98%Cu-
2%Be). A Cu-Be gasket separates two opposing composite
ceramic anvils. The details of the composite ceramic anvil will
be described below. There is no conventional anvil alignment
mechanism in the cell and the anvil alignment is achieved
through precision machining of the piston and cylinder. With
this simplification, it becomes easier to assemble and use the
present pressure cell. In the small DAC for the SQUID mag-
netometer, it is somewhat difficult to align the anvils correctly
because of the smallness of anvil plate and screws for the tilt
and x-y adjustments.

The culet sizes (¢;) of the composite ceramic anvil are
0.6,0.8, 1.0, 1.2, 1.4, 1.6, and 1.8 mm. Table II summarizes
relations between the culet size of the anvil ¢; and the diam-
eter of the sample space ¢,, the initial thickness of the gasket
before loading z and the maximum pressure P,,,,. The outer
diameter of the gasket and girdle one of the anvil are 5.0 mm.
The cone angle of the anvil is 90°. As shown in Table II, the
highest pressure of 7.6 GPa was achieved when the 0.6 mm
culet anvils were used.

A sample and pressure manometer lead (Pb) were
loaded in the sample space filled with a pressure-transmitting
medium Daphne 7373.>%3 The load was applied to the pres-
sure cell through a piston and clamped by the locking nut at
room temperature. The cell was installed in the MPMS mag-
netometer and cooled down to low temperatures. In order to
obtain a uniform and symmetrical signal in the SQUID coil
system, dummy rods made of non-magnetic aluminum alloy
were attached to both upper and lower sides of the pressure
cell. The pressure at low temperatures was determined by the
pressure dependence of the superconducting transition tem-
perature in lead.”*2°

We discuss the composite ceramic anvil. Usually, a
tungsten carbide (WC) anvil is used in the opposed-anvil

TABLE II. Experimental conditions. ¢1: culet size of the ceramic anvils,
¢>: diameter of the sample space, z: initial thickness of the gasket before
loading and P,y : maximum pressure.

Culet size ¢ ¢o(mm) z (mm) Prax (GPa)
1.8 0.9 0.9 24 +0.1
1.6 0.8 0.8 25+0.1
1.4 0.7 0.7 28+0.1
1.2 0.6 0.6 34+03
1.0 0.5 0.5 42+£02
0.8 0.4 0.3 58+04
0.6 0.3 0.2 7.6+04
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high-pressure cells such as the Drickamer- and Bridgman-
type cells.! However, this is not appropriate for magnetic mea-
surement since the background magnetization of the WC anvil
is very large. In this study, the cone-shaped anvils were made
of non-magnetic composite ceramic (FCY20A) produced by
the Fuji Die company, Japan.”’ The color of the ceramic is
white. The composite ceramic is a mixture of Y,Os3-partially
stabilized zirconia (ZrO;) and alumina (Al,O3) synthesized
under high temperature and pressure. The hardness, com-
pressive, and tensile strengths of the ceramic are 1410 HV
(Vickers), 4.12 and 1.86 GPa, respectively. The composite
ceramics have the strong fracture toughness.”® The value
of the fracture toughness for the present composite ceramic
(FCY20A) is 6.5 MPa m'/2. The sapphire and cubic zirco-
nia anvils have been used in the high-pressure experiment
over 10 GPa."»?=3? These anvils, made of single crystals, are
hard but brittle. The values of the fracture toughness for the
materials are less than half of that for FCY20A.%¢ The
anvil alignment mechanism is necessary to avoid cracking of
these anvils. Meanwhile, the mechanism is not required in the
present pressure cell because of the stronger fracture tough-
ness of the ceramic anvil. It has never been broken within our
experiences. Another merit of the ceramic anvil is its inexpen-
siveness: the price of the anvil per carat (0.2 g) is about two or-
ders of magnitude smaller than that of the diamond anvil. The
non-magnetic and non-electrically conductive ceramic anvil is
appropriate for magnetic measurements under magnetic field.
Figure 2 shows the temperature dependence of the mag-
netic susceptibility in the ceramic anvil measured at 10 000 G.
In the high temperature region, M /H is negative and nearly
temperature-independent. The increase of M/H at low tem-
peratures can be ascribed to a small amount of impurities. The
small value of the magnetic susceptibility is appropriate for
magnetic measurement. The value of M/H of the ceramic
anvil is comparable to that of zirconia anvil and is two orders
of magnitude smaller than that of WC anvil.?’

4x107

M/H (emu/g)

H=10000 G

- 1 I 1 1 I 1
0 100 200
Temperature (K)

FIG. 2. (Color online) Temperature dependence of the magnetic susceptibil-
ity M/ H of the composite ceramic (FCY20A) anvil measured in a magnetic
field of 10 000 G.
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FIG. 3. (Color online) Temperature dependence of the magnetization in
magnetic field of 10 000 G for (a) the Ni-Cr-Al gasket in the indenter-type
cell and (b) the Cu-Be gasket in the present miniature pressure cell.

We compare the background magnetization of the Cu-Be
gasket in the present pressure cell with that of the Ni-Cr-Al
gasket in the indenter cell. We have prepared the indenter cell
designed similar to that in Ref. 15. The outer and inner di-
ameters, and the thickness of the Ni-Cr-Al gasket were 5.0,
1.2, and 0.9 mm, respectively. In the indenter-type cell, the
gasket was pressed by the cone part of the zirconia anvil. The
diameter of the anvil was 1.0 mm and the volume of the sam-
ple space was 0.94 mm?>. The maximum pressure of 2.50 GPa
was achieved using the gasket. The magnetization of the Ni-
Cr-Al gasket under a magnetic field of 10 000 G is shown in
Fig. 3(a). The magnetization of the Cu-Be gasket for the
present pressure cell is shown in Fig. 3(b). The outer and inner
diameters, and the thickness of the Cu-Be gasket were 5.0,
0.9, and 0.9 mm, respectively. The volume of the sample
space is 0.57 mm?>. The maximum pressure of 2.42 GPa was
achieved using this gasket with the 1.8 mm culet anvil. The
maximum pressures that can be attained using two gaskets are
similar. The magnetization of the Cu-Be gasket is about two
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orders of magnitude smaller than that of the Ni-Cr-Al gasket.
Although the volume of the sample space in the Cu-Be gas-
ket is about 60% of that of the Ni-Cr-Al gasket, the ratio of
the sample magnetization to that of the gasket is significantly
larger in the present pressure cell. Due to the smaller back-
ground magnetization, it becomes possible to measure a sam-
ple with a small magnetization, such as an antiferromagnet, as
shown later. The maximum pressure in the indenter cell could
be increased if the Ni-Cr-Al gasket with the smaller sam-
ple space were pressed by the anvil with smaller culet size.
However, the ratio of the sample magnetization to the BG one
from the gasket would become extremely smaller.

The magnetization of a sample in the pressure cell is
obtained by subtraction of the magnetization of the empty
pressure cell without the sample. In the SQUID magnetome-
ter MPMS, the magnetization is obtained automatically with
MPMS software by fitting the SQUID response to a calcu-
lated form assuming a point dipole moment. This method
is valid when the magnetization of the sample is large and
the SQUID response is close to an ideal symmetrical form.
However, when the magnetization of the sample is small and
the SQUID response is not symmetrical, the fits by the soft-
ware are misleading and can lead to false anomalies in the
temperature or magnetic field dependences of the fitted mag-
netic moment. For accurate work, the SQUID response is
collected with and without a sample and the difference sig-
nal is fitted to the calculated form using a specially written
external program.®® Figure 4(a) shows the responses of the
scaled SQUID voltage produced during the standard DC scan
of length 6 cm. The open squares represent the response of the
pressure cell with an antiferromagnetic compound CePdsAl,
at4.5 K and 1.75 GPa and the triangles that of the empty pres-
sure cell without the sample at 4.5 K and 1 bar. The measure-
ments were done in a magnetic field of 2000 G. Figure 4(b)
shows the difference of the two responses with and without
the sample. The line is the fit to the response using a follow-
ing Eq. (1),%

2
[R? 4 (Z + as)*PP?

f(2)=a +a2'Z+a3~|:

1
TR+ (A +(Z +ap)yPP

1
R (A (Z+ a4))2]3/2:|. W

Here, a;, a», a3, and a4 are fitting parameters. A and R
are the longitudinal coil separation and longitudinal radius
of the coil in the MPMS SQUID magnetometer, respectively.
The parameter a; is a constant offset voltage and the parame-
ter a, takes into account a linear electronic SQUID drift dur-
ing the data collection. The magnetization of the sample is
obtained from the value of the parameter a3 after multiplying
by the apparatus parameters. The parameter a4 is the shift of
the sample along the axis of the magnet. The magnetization of
CePdsAl, obtained using this procedure is 3.19 x 10™* emu
at 4.5 K and 1.75 GPa. The background magnetization of the
cell was estimated as —2.61 x 10~* emu, smaller than that of
the sample at the same temperature.

Rev. Sci. Instrum. 82, 053906 (2011)
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FIG. 4. (Color online) (a) Responses of the scaled SQUID voltage produced
during the standard DC scan of length 6 cm. Open squares represent the re-
sponse for the pressure cell with CePdsAl, at 4.5 K and 1.75 GPa and open
triangles does that for the empty pressure cell without the sample at 4.5 K and
1 bar. The measurements were done in a magnetic field of 2000 G. (b) Open
circles represent the difference in the response with and without the sample.
The line is the fit to the response using Eq. (1).

In Sec. III, we will show experimental data on the su-
perconductors lead (Pb) and MgB, and the antiferromagnet
CePdsAl,. When superconductors are measured, the SQUID
output response is generally close to the ideal form below the
transition temperature because the large negative magnetiza-
tion due to the Meissner effect is significantly larger than the
magnetic back ground in low magnetic field. We will show
the magnetization obtained by the MPMS software. The back-
ground magnetization was not subtracted. The magnetization
of CePdsAl, was small and it was obtained by the procedure
as given above.

lll. MEASUREMENTS AND RESULTS
A. Basic performance of the pressure cell

We measured the temperature dependence of Pb in a
magnetic field of 10 G using anvils with several culet sizes
as shown in Fig. 5. Experimental configurations, such as
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FIG. 5. (Color online) Temperature dependences of the magnetization of Pb
in magnetic field of 10 G using several anvils with the culet sizes ¢; = 1.8,
1.0, 0.8, and 0.6 mm.

the size of gasket, for each anvil are given in Table II.
Experimental data using anvils with the culet sizes 1.8, 1.0,
0.8, and 0.6 mm are shown. In these measurements, there
is only a small piece of Pb in the sample space filled with
the pressure medium Daphne 7373. At low temperatures, a

Rev. Sci. Instrum. 82, 053906 (2011)

large drop of the magnetization associated with the Meissner
effect was observed. The pressure at low temperatures was
determined from the pressure dependence of the supercon-
ducting transition temperature T, of Pb.>*~2° The value of Ty,
was determined from a peak temperature in the temperature
derivative of magnetization oM /0T shown as arrows in the
figure. As mentioned before, the absolute value of the neg-
ative magnetization of Pb in the superconducting state is
large and the SQUID output is symmetrical. The magnetiza-
tion shown in the figure is obtained from the analysis of the
SQUID output by the MPMS software. The magnetization
becomes negligibly small above T,.. The superconducting
transition temperature 7. of Pb is 7.19 K at ambient pressure
in zero magnetic field. The transition temperature decreases
with increasing pressure.’*>* When the anvils with ¢; = 1.8
mm were used, the transition temperature is 6.3 K for an ap-
plied load of 946 kgf (0.946 ton). This indicates that the pres-
sure inside the sample chamber is about 2.4 GPa. When the
anvils with the smaller culet size are used, the maximum pres-
sure becomes higher. The maximum pressure is 7.6 £ 0.4 GPa
when the 0.6 mm culet anvils were used. It is noted that the er-
ror in the pressure is estimated from the transition width AT,
of the superconducting transition.

The superconducting transition is very sharp in the lower
pressure region and becomes broader in the higher pressure
region. The solidification pressure of the pressure-medium
Daphne 7373 is about 2.4 GPa.>> The broader transition in
the higher pressure region may be due to the increase of the
non-hydrostaticity in the pressure.

Figure 6 shows relations between the applied loads at
room temperature and the pressure values at low tempera-
tures for the anvils with ¢; = 1.8, 1.6, 1.4, 1.2, 1.0, 0.8, and
0.6 mm. The pressure value increases with increasing load
and shows a tendency to saturate at higher applied load. The
maximum pressure and pressure efficiency becomes larger

T T T T I T T T T

3 ; =0.6 mm

ol 0.8 |
I 1.0 |

4+ _

, .

0 1

0 500 1000
Load at RT(kgf)

FIG. 6. (Color online) Relations between the applied forces at room temper-
ature and the pressure values at low temperatures for anvils with ¢ = 1.8,
1.6,1.4,1.2,1.0,0.8, and 0.6 mm.

T

I

Pressure at LT (GPa)
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FIG. 7. (Color online) Relations between maximum pressure and volume of
the sample space for the present pressure cell (closed circles) and indenter
cell (open square) from our study, piston-cylinder cell (open triangle) and
DAC (open circle). The data for the present cell and indenter cell are from
our study, and those for the piston cylinder and DAC are from Refs. 10 and
13, respectively.

when the anvils with the smaller culet size were used. The
maximum pressure is about 4.1 GPa for the anvil with ¢,
= 1.0 mm. We have not used the anvils with the culet size
larger than 1.8 mm since the maximum load limit for the pres-
sure cell is estimated as 1100 kgf (1.1 ton).

The maximum pressures for the 0.8 and 0.6 mm culet
anvils are 5.8 and 7.6 GPa, respectively. There values are
larger than the compressive and tensile strengths of the com-
posite ceramic FCY20A reported as 4.12 and 1.86 GPa,
respectively.”’ The anvils are surrounded by the inner wall
of the cylinder of the pressure-cell. We suppose that the mas-
sive support from the cylinder as well as the strong fracture
toughness of the anvil is important to achieve higher pressures
largely above the mechanical strength.

Figure 7 shows relations between maximum pressure and
volume of the sample space in the present pressure cell (dotted
circles), indenter cell (open square), piston-cylinder cell (open
triangle), and DAC (open circle). The data for the present cell
and indenter cell are from our study, and those for the piston
cylinder and DAC are from Refs. 10 and 13, respectively. The
volumes of the sample space in the present pressure cell are
between those of the DAC and the indenter cell. So far, the
DAC has been the only pressure cell that allows dc magne-
tization measurement at pressures above 3 GPa in the com-
mercial SQUID magnetometer. It is easier to do magnetic
measurements with the present pressure cell than with the
DAC even though the maximum pressure is limited to below
7.6 GPa. The production cost of the present pressure cell
is about one tenth of that of the diamond anvil cell. Al-
though the volume of the sample cell in the present cell is
smaller than that in the indenter cell, the smaller background

Rev. Sci. Instrum. 82, 053906 (2011)
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FIG. 8. (Color online) Temperature dependences of the magnetization of
MgB; under magnetic field of 20 G at 1 bar, 3.9, 5.0, and 6.8 GPa. The data
were obtained in the present pressure cell with the 0.6 mm culet anvils.

magnetization in the present pressure cell is advantageous for
a reliable measurement.

B. Examples of magnetization measurement
under high-pressure

MgB; is a well-known superconductor with supercon-
ducting transition temperature 7,, = 39 K at ambient
pressure.” We studied the pressure effect of the supercon-
ducting transition temperature in the present pressure cell
with the 0.6 mm culet anvils. The diameter of the sam-
ple space and the thickness of the Cu-Be gasket are 0.30
and 0.25 mm, respectively. A polycrystal sample of MgB,
was placed in the sample space filled with the pressure-
transmitting medium glycerin. Figure 8 shows the temper-
ature dependences of the magnetization in MgB, under
magnetic field of 20 G at 1 bar, 3.9, 5.0, and 6.8 GPa. The
data at 1 bar were obtained with the pressure cell where the
load was not applied. The magnetization shows the sudden
decrease due to the Meissner effect below the transition
temperature 7;. = 39 K at ambient pressure. With increas-
ing pressure, the superconducting transition temperature de-
creases. The value of T, is estimated as 32 K at 6.8 GPa.
The pressure dependence of Ty, is roughly consistent with a
previous study.*’

Next, we studied the pressure effect on the magnetic or-
dering temperature of antiferromagnet CePdsAl, with anti-
ferromagnetic transition temperature (Néel temperature) Ty
= 4.1 K at ambient pressure.*' The pressure-induced super-
conductivity was observed above 10 GPa where Ty becomes
0 K.*?> The pressure effect on the antiferromagnetic transition
temperature was studied up to 3.30 GPa with the present pres-
sure cell using the 1.6 mm culet anvils. A single crystal sam-
ple was used for the high-pressure experiment. The magnetic
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FIG. 9. (Color online) Temperature dependences of the magnetization of
CePdsAl, under magnetic field of 2000 G at (a) 1 bar with and without us-
ing the pressure cell and (b) 1 bar, 1.75, 2.96, and 3.30 GPa. The data were
obtained by the present pressure cell using anvils with ¢; = 1.6 mm.

field is applied along the magnetic easy axis (the [001] direc-
tion) in the orthorhombic crystal structure.

Since the magnetization of the antiferromagnet CePdsAl,
is small, the magnetization of the sample in the cell was ob-
tained by the procedure with Eq. (1) described before. The re-
sponse of the SQUID voltage for the empty pressure cell with-
out the sample was subtracted from that for the pressure cell
with the sample. The difference between the responses was
analyzed with Eq. (1). Open circles in Fig. 9(a) indicate the
temperature dependence of the magnetization at 1 bar where
the load was not applied to the cell. Closed circles indicate
the magnetization data at 1 bar obtained by the measurement
of only the sample in the commercial SQUID meter without
using the pressure cell. The two data are coincident, indicat-
ing the reliability of the procedure for the determination of the
magnetization.

Figure 9(b) shows the temperature dependences of the
magnetization in CePdsAl, at high-pressures in a magnetic
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field of 2000 G. The open circles, triangles, diamonds, and
squares are the magnetization data at 1 bar, 1.75, 2.96, and
3.30 GPa, respectively. At 1 bar, there is a peak in the tem-
perature dependence at 7y = 4.0 K. With increasing pres-
sure, the transition temperature shifts to higher temperatures.
The value of Ty at 3.30 GPa is 5.5 K. This is consistent with
the previous high-pressure study by the electrical resistivity
measurement.*> The closed circles in Fig. 9(b) are the data
at 1 bar after the high-pressure experiment. The measurement
was done after the load had been released from the pressure
cell. The data agrees with the one (open circles) taken before
applying load to the pressure cell. Although the Cu-Be gasket
becomes deformed during the loading process, the deforma-
tion of the gasket does not affect the background magnetiza-
tion of the pressure cell.

IV. CONCLUSION

We have developed a miniature opposed-anvil high-
pressure cell for magnetic measurements in a commercial
SQUID magnetometer. Non-magnetic anvils made of com-
posite ceramic (FCY20A, Fuji Die Co.) were used with a
Cu-Be gasket. Several anvils with different culet sizes (1.8,
1.6, 1.4, 1.2, 1.0, 0.8, and 0.6 mm) were tested. The maxi-
mum pressure P, depends on the culet size of the anvil: the
values of P, are 2.4 and 7.6 GPa for the 1.8 and 0.6 mm
culet anvils, respectively. Since the background magnetiza-
tion of the Cu-Be gasket is smaller, the present cell is ap-
plicable not only to the ferromagnetic and superconducting
materials with large magnetization but also to the antiferro-
magnetic compounds with smaller magnetization. The pro-
duction cost of the present pressure cell is about one tenth
of that of a diamond anvil cell. The simplified pressure
cell is easy-to-use for researchers who are not familiar with
high-pressure technology. Experimental results for the mag-
netization measurements of superconducting MgB, and anti-
ferromagnetic CePdsAl, were reported.

ACKNOWLEDGMENTS

This work was supported by a Grant-in-Aid for Scien-
tific Research on Innovative Areas: Heavy Electrons (Nos.
20102002, 23102726), Scientific Research S (No. 20224015),
A (No. 23246174), C (No. 22540378), Specially Promoted
Research (No. 20001004) and Osaka University Global COE
program (G10) from the Ministry of Education, Culture,
Sports, Science and Technology (MEXT) and Japan Society
of the Promotion of Science (JSPS).

IM. 1. Eremets, High-Pressure Experimental Methods (Oxford University
Press, Oxford, 1996).

2C. Buzea and K. Robble, Supercond. Sci. Technol. 18, R1 (2005).

3K. Shimizu, J. Phys.: Condens. Matter 19, 125207 (2007).

4S. Reich and T. Godin, Meas. Sci. Technol. 7, 1079 (1996).

5J. Diederichs, A. K. Gangopadhyay, and J. S. Schilling, Phys. Rev. B 54,
R9662 (1996).

0Y. Uwatoko, T. Hotta, E. Matsuoka, H. Mori, T. Ohki, J. L. Sarrao, J. D.
Thompson, N. Mori, and G. Oomi, Rev. High-Pressure Sci. Technol. 7,
1508 (1998).

7K. Kamishima, M. Hagiwara, and H. Yoshida, Rev. Sci. Instrum. 72, 1472
(2001).



053906-8 Tateiwa et al.

8], Kamarad, Z. Machatova, and Z. Arnold, Rev. Sci. Instrum. 75, 5022
(2004).

9K. V. Kmenev, S. Tancharakorn, N. Robertson, and A. Harrison, Rev. Sci.
Instrum. 77, 073905 (2006).

10y, Uwatoko, T. Fujiwara, M. Hedo, F. Tomioka, and I. Umehara, J. Phys.:
Condens. Matter 17, S1011 (2005).

ITM. Mito, M. Hitaka, T. Kawae, K. Takeda, T. Kitai, and N. Toyoshima, Jpn.
J. Appl. Phys. 40, 6641 (2001).

12K Takeda and M. Mito, J. Phys. Soc. Ipn. 71, 729 (2002).

3P, L. Alireza and G. G. Lonzarich, Rev. Sci. Instrum. 80, 023906 (2009).

14G. Giriat, W. Wang, I. P. Attfield, A. D. Huxley, and K. V. Kamenev, Rev.
Sci. Instrum. 81, 073905 (2010).

5T C. Kobayashi, H. Hidaka, H. Kotegawa, K. Fujiwara, and M. I. Eremets,
Rev. Sci. Instrum. 78, 023909 (2007).

16T, Akazawa, H. Hidaka, H. Kotegawa, T. C. Kobayashi, T. Fujiwara,
E. Yamamoto, Y. Haga, R. Settai, and Y. Onuki, J. Phys. Soc. Jpn. 73,3129
(2004).

ITH. Hidaka, H. Kotegawa, S. Fukushima, N. Wada, T. C. Kobayashi,
H. Harima, K. Fujiwara, D. Kikuchi, H. Sato, and H. Sugawara, J. Phys.
Soc. Jpn. 75, 094709 (2006).

18K Umeo, H. Yamane, H. Kubo, Y. Muro, and T. Takabatake, J. Phys.: Conf.
Ser. 200, 012215 (2010).

191, Flouquet, Progress in Low Temperature Physics, edited by W. P. Halperin
(Elsevier, Amsterdam, 2005), Vol. 15, Chap. 2.

20See  http://www.qdusa.com/ for more information on Quantum
Design Co.

21See http://www.rd-support.co.jp/index.html for more information on
R & D Support Co.

22K. Yokogawa, K. Murata, H. Yoshino, and S. Aoyama, Jpn. J. Appl. Phys.
46, 3636 (2007).

23N. Tateiwa and Y. Haga, Rev. Sci. Instrum. 80, 1250001 (2009).

Rev. Sci. Instrum. 82, 053906 (2011)

24T, E. Smith, C. W. Chu, and M. B. Maple, Cryogenics 9, 53 (1969).

2 A. Eiling and J. S. Schilling, J. Phys. F : Metal Phys. 11, 623 (1981).

26B. Bireckoven and J. Wittig, J. Phys. E: Sci. Instrum. 21, 841 (1988).

27See http://www.fujidie.co.jp for more information on Fuji Die Co.

28y, Matsumoto, K. Hirota, O. Yamaguchi, S. Inamura, H. Miyamoto,
N. Shiokawa, and K. Miyamoto, J. Am. Ceram. Soc. 76, 2677 (1993).

29D. E. Patterson and J. L. Margrave, J. Phys. Chem. 94, 1094 (1990).

303, A. Xu and E. Huang, Rev. Sci. Instrum. 65, 204 (1994).

3IT. P. Russell and G. J. Piermarini, Rev. Sci. Instrum. 68, 1835 (1997).

32N. R. Jackson, R. M. Erasmus, and G. R. Hearne, Rev. Sci. Instrum. 80,
073903 (2010).

33S. M. Wiederhorn, B. J. Hockey, and D. E. Roberts, Philos. Mag. 28, 783
(1973).

348, A. Newcomb, and R. E. Tressler, J. Am. Ceram. Soc. 77, 3030 (1994).

BR.A. Cutler, J. R. Reynolds, and A. Jones, J. Am. Ceram. Soc. 75, 2173
(1992).

368, Tekeli, A. Kayis, and M. Giirii, J. Solid State Electrochem. 12, 791
(2008).

37Y. Uwatoko, Rev. High-Pressure Sci. Technol. 11, 181 (2001).

38See  http://www.qdusa.com/sitedocs/appNotes/mpms/1014-213.pdf ~ for
more information on MPMS application note 1014-213.

39, Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu,
Nature (London) 410, 63 (2001).

403, Deemyad, J. S. Schilling, J. D. Jorgensen, and D. G. Hinks, Physica C
361, 227 (2001).

4y, Nakano, F. Honda, T. Takeuchi, K. Sugiyama, M. Hagiwara, K. Kindo,
E. Yamamoto, Y. Haga, R. Settai, H. Yamagami, and Y. Onuki, J. Phys.
Soc. Jpn. 79, 024702 (2010).

42, Honda, M.-A. Measson, Y. Nakano, N. Yoshitani, E. Yamamoto, Y.
Haga, T. Takeuchi, H. Yamagami, K. Shimizu, R. Settai, and Y. Onuki,
J. Phys. Soc. Jpn. 77, 043701 (2008).





