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Amorphous boron gasket in diamond anvil cell research
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Recent advances in high-pressure diamond anvil cell experiments include high-energy synchrotron
x-ray techniques as well as new cell designs and gasketing procedures. The success of high-pressure
experiments usually depends on a well-prepared sample, in which the gasket plays an important
role. Various gasket materials such as diamond, beryllium, rhenium, and stainless steel have been
used. Here we introduce amorphous boron as another gasket material in high-pressure diamond
anvil cell experiments. We have applied the boron gasket for laser-heating x-ray diffraction, radial
x-ray diffraction, nuclear resonant inelastic x-ray scattering, and inelastic x-ray scattering. The high
shear strength of the amorphous boron maximizes the thickness of the sample chamber and
increases the pressure homogeneity, improving the quality of high-pressure data. Use of amorphous
boron avoids unwanted x-ray diffraction peaks and reduces the absorption of incident and x rays
exiting the gasket material. The high quality of the diffraction patterns makes it possible to refine the
cell parameters with powder x-ray diffraction data under high pressure and high temperature. The
reactivity of boron prevents its use at high temperatures, however. When heated, boron may also
react with the specimen to produce unwanted phases. The relatively porous boron starting material
at ambient conditions also poses some challenges for sample preparation. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1621065#
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I. INTRODUCTION

Recent high-pressure studies using diamond anvil c
~DACs! provide rich insights into the physical and chemic
properties of materials under extreme pressure and temp
ture conditions. The use of high-energy synchrotron x-
sources, the development of new gaskets, and new desig
DACs are accelerating advances in this area of research.1,2 A
low-Z material, beryllium, has been successfully used a
gasket material since it allows flexible access of x rays
tering and exiting the DAC axially and radially; such studi
have led to discoveries of diverse phenomena under extr
conditions.3–5 Sample quality under extreme condition
plays an important role for the success of high-pressure
periments, in which the selection of gasket material is a
factor. Rhenium is commonly used as a gasket material
cause of its high strength, inertness, and ease of use.
high Z metal, however, rhenium strongly absorbs the in
dent and exiting x rays and can contribute significantly
diffracted x rays, preventing its use in many x-ray spect
scopic studies. Beryllium, a lowZ element with low x-ray
absorption, has served as a useful gasket in high-pres
x-ray spectroscopic studies in a DAC.3–5 The capability of
measuring signals from soft x-ray energies exploits the en
mous potential of studying x-ray spectroscopies in
DAC.1–5 However, since the shear strength of Be is re
tively low, the thickness of the sample decreases significa
with increasing pressure, posing a practical limitation
ultrahigh-pressure x-ray spectroscopic research. Moreo
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many laboratories restrict the use of Be gaskets because
particles of Be inhaled in the drilling process can cause c
cer. Diamond, the hardest material known, has also b
used as a gasket material in DAC experiments to increase
thickness of the sample, thereby improving the data qua
in high-pressure experiments.6,7 Although diamond, with
atomic number six, has very low x-ray absorption at ha
x-ray energies, its absorption for soft x rays below 10 keV
still very high. The strong diamond powder can produce p
on the diamond culets that degrade performance.

A stiff yet light gasket material is therefore ideal fo
various high-pressure x-ray measurements. The gasket th
ness depends only on the size of the diamond culet and
shear strength of the gasket materials, while the x-ray
sorption mainly depends on the atomic number. Therefo
amorphous boron is a good candidate gasket material
cause of its high shear strength and low x-ray absorption
fact, amorphous boron has been used as a sample cham
large-volume high-pressure experiments because it is v
transparent to x rays and has a low thermal conductivity8,9

Here we discuss and summarize the use of amorphous b
as a gasket material in high-pressure DAC experiments.
application of the gasket in x-ray diffraction,10 in situ x-ray
diffraction in a laser-heated DAC,11,12 radial x-ray
diffraction,13 nuclear resonant inelastic x-ray scatteri
~NRIXS!, and inelastic x-ray scattering~IXS! is addressed in
detail, and the possibility of using boron gaskets in oth
high-pressure experiments is also discussed.

II. GASKET AND SAMPLE PREPARATION

Because amorphous boron by itself is too porous to e
ily use as a gasket material, amorphous boron~Alfa Aesar;
il:
2 © 2003 American Institute of Physics
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99% pure; part No. 11337! was mixed with epoxy~Epoxy
Technology; part No. 353ND!. Different mixing ratios of bo-
ron and epoxy were tested in this study, and the mixture
4:1 ~boron:epoxy! by weight was found to give the mos
satisfactory results.10–12 The two materials were well mixed
with acetone in a mortar and then dried. The mixture w
used as a gasket insert in the drilled hole of a metal ga
such as Re, Be, or stainless steel. The metal gasket was
indented to a specific thickness, depending on the size o
culet, and then a hole slightly smaller than the culet w
drilled. The hole was filled with the boron–epoxy mixtu
and compressed. Subsequently, another hole of 100mm was
drilled and used as the sample chamber~Figs. 1 and 2!. For
laser-heating experiments, a sandwich sample configura
consisting of dried NaCl or Al2O3 as the thermal insulato
and pressure medium on both sides of the sample,
used11,12 ~Fig. 3!.

The boron–epoxy mixture was also used to make
whole boron gasket, in which the powder mixture was co
pressed in a press to make a gasket at GSECARS, Adva
Photon Source.13 The size and shape of the gasket are sim
to that of a Be gasket. After curing at 400 K for 1 h in a
vacuum oven, the center part of the boron gasket was pr
dented to the desired thickness of approximately 30mm. A
hole of 100mm was drilled and used as the sample chamb
The amorphous boron may transform to crystalline boro
the gasket is cured at higher temperature,14 resulting in back-
ground diffraction from the crystalline boron gasket.

III. APPLICATIONS AND DISCUSSION

The amorphous boron gasket has been applied to var
high-pressure DAC experiments:in situ x-ray diffraction in
the laser-heated DAC,10–12radial x-ray diffraction,13 NRIXS,
and IXS. The amorphous boron provides higher strength

FIG. 1. Photo of Al2O3 and Pt samples~12:1 by weight! at 136 GPa~center
bright part of the picture!. Both transmitted and reflected light sources we
used. Beveled diamonds with an inner culet of 150mm and an outer culet of
300 mm were used. Amorphous boron was used as an inner, insert g
and rhenium metal was used as an outer gasket to confine the amor
boron. The sample chamber was originally about 100mm in diameter, and
its shape was still well preserved up to 136 GPa. Good x-ray diffrac
patterns were collected without interference from diffraction peaks from
gasket material.
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creates a deeper sample chamber, giving stronger x-ray
fraction from a thicker sample and better laser-heating sp
due to thicker thermal insulating layers. Moreover, use of
light and amorphous boron minimizes the x-ray absorpt
by the gasket material and avoids unwanted x-ray diffract
peaks from the gasket.10–12The amorphous boron gasket als
provides better hydrostatic conditions in the sample cham
as revealed by the ruby fluorescence peaks15 and radial x-ray
diffraction measurements4,16 ~Fig. 4!, because of the highe
shear strength of boron. As shown in Fig. 4, the rubyR1 and
R2 fluorescence peaks at approximately 55 GPa are wel
solved from each other with the use of the boron gask
whereas the two peaks would normally overlap each ot
without the use of a pressure medium at such a pressure~i.e.,
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n
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FIG. 2. Photo of a Fe0.85Si0.15 sample at approximately 55 GPa~center
bright part of the picture; approximately 40mm in diameter!. Reflected
illumination was used. Flat diamonds with a culet of 250mm were used.
Amorphous boron was used as a gasket insert~about 100mm in diameter!
and a beryllium gasket was used as an outer, confining gasket. A small
of 50 mm was drilled into the inserted boron gasket and used as the sa
chamber. This sample configuration has the advantage of the high s
strength of boron and the low x-ray absorption of Be. The sample was u
for NRIXS experiments and radial x-ray diffraction experiments~see Fig. 6!.

FIG. 3. Schematic of the sandwiched sample configuration with amorph
boron as a gasket insert and metal Re as a confining gasket in a diam
anvil cell. Beveled diamonds with an inner culet of 150mm and an outer
culet of 300mm were used as an example here. The rhenium was pr
dented to a thickness of 30mm and then a hole of 220mm diameter was
drilled into it. An amorphous boron and epoxy mixture~4:1 by weight! was
then inserted and compressed into the hole. Another hole of 100mm was
drilled and used as a sample chamber. Dried NaCl was used as the th
insulator and pressure medium on both sides of the sample.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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a sample in a Re, Be, or stainless steel gasket only!. Since
the nonhydrostatic effect on the peak broadening has b
minimized, x-ray diffraction peaks can be better resolv
The shape of the sample chamber with an boron gaske
serted is still well preserved even at 136 GPa after m
laser-heating cycles~Fig. 1!; this lengthens the lifetime of the
sample. Good x-ray diffraction patterns of magnesiowu¨stites
and Al2O3 are obtained up to 102 GPa and 2550 K and 1
GPa and 2800 K, respectively, without any interference fr
diffraction peaks due to the gasket material and backgro
noise~Fig. 5!.12 The high quality of the diffraction pattern
makes it possible to refine the cell parameters with pow
x-ray diffraction data under high pressure and high tempe
ture ~Fig. 5!.12 Amorphous boron with boron nitride~BN!
seats has been used to study the structure of amorphous
to 67 GPa.10 The use of an x-ray transparent BN seat with
amorphous boron gasket insert makes it possible to cor
the x-ray absorption and to subtract the background in st
tural investigation of amorphous materials in a DAC.10 Al-
though boron also has a high melting point and relativ
high shear strength at high temperature, care must be t
in using the boron gasket in externally heated DAC exp
ments because of its high reactivity and possible crystall
tion at high temperature.14

Radial x-ray diffraction experiments with a Be or boro

FIG. 4. Ruby fluorescence peaks at approximately 55 GPa using amorp
boron as an insert gasket. Three ruby fluorescence spectra~numbered ac-
cording to the wavelength of theR1 peak! are taken from three ruby chip
within a region 50mm in diameter. The rubyR1 and R2 peaks are well
resolved from each other. The standard deviation of the measured pre
of three small ruby chips is 1.3 GPa~1s!. The rubyR1 andR2 peaks tend to
overlap under nonhydrostatic conditions~without any pressure medium! at
around 55 GPa; the use of a stiffer boron gasket reduces the nonhydro
conditions in the sample chamber.
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gasket in a DAC have been used to study the elasticity
plasticity of materials.4,16 Nonhydrostatic stress is essenti
and is deliberately produced in the sample without the us
any pressure medium.4,16 The differential stress (t) is

t5s32s1 , ~1!

wheres3 ands1 are axial and radial stress, respectively.
polychromatic x-ray beam is commonly passed through
Be gasket radially, and energy-dispersive x-ray diffracti
patterns are collected at various steps ofc ~the angle be-
tween the diamond cell stress axis and the diffracting pl
normal!. Thed spacing varies linearly with cos2 c,

d~hkl!5dP~hkl!@11~123 cos2 c!Q~hkl!#, ~2!

where the interceptdp(hkl) represents thed spacing under
hydrostatic pressure and the slopeQ(hkl) is the lattice strain
under the uniaxial stress condition.4,16 Shifts in d spacing as
a function ofc can be explained in terms of elastic deform
tion under stress, whereas the variations in intensities are
to the crystal alignment deduced during plas
deformation.16 The radial x-ray diffraction patterns o
hexagonal-close-packed~hcp! Fe0.85Si0.15 were collected at
approximately 59 GPa in a Be gasket and at 55 GPa i
boron gasket insert with a Be confining gasket~Fig. 6!. The
x-ray diffraction spectra of hcp Fe0.85Si0.15 in the Be gasket
are similar to those of hcp Fe@Fig. 6~a!#.4 At low c, high
intensities are observed for hcp~002! and low intensities for
hcp ~100!; at highc the opposite is true. The hcp-Fe0.85Si0.15

sample in a boron gasket displays a different intensity dis
bution @Fig. 6~b!#; the highest intensity is observed for hc
~002! at c510° and for hcp~100! at c560°. Shifts ind
spacings as a function ofc @the slopeQ(hkl) in Eq. ~2!# in
the two samples are also different, indicating the differen
in differential stress (t) conditions and plastic deformatio

us

ure

atic

FIG. 5. LeBail crystal structure refinement, performed using the GSAS p
gram, of the x-ray diffraction pattern of (Mg0.39Fe0.61)O collected in anin
situ laser-heated DAC experiment at about 102 GPa and 1500 (6150) K

~Ref. 12!. The space groups of (Mg0.39Fe0.61)O and NaCl areFm3̄m and

Pm3̄m, respectively.3: Original x-ray diffraction pattern; vertical solid
lines and dashed lines: diffraction peaks of (Mg0.39Fe0.61)O and NaCl, re-
spectively; gray curve: background; horizontal solid curve~diff !: difference
in calculated diffraction pattern and original x-ray diffraction pattern af
background subtraction.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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caused by the gasket materials.16 Therefore, use of amor
phous boron complicates interpretation of the preferred
entation and rheology of the sample.

In practice, it is not desirable to use a Be gasket

FIG. 6. Radial x-ray diffraction patterns of hcp Fe0.85Si0.15 as a function of
c ~the angle between the diamond cell stress axis and the diffracting p
normal!. ~a! hcp Fe0.85Si0.15 in a Be gasket.~b! hcp Fe0.85Si0.15 in an amor-
phous boron gasket insert and a Be outer confining gasket~see Fig. 2!.
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radial x-ray diffraction with a monochromatic x-ray beam
because diffraction of the crystalline Be contributes sign
cantly to the signal at the detector. The amorphous bo
gasket, on the other hand, allows incoming and diffracte
rays to pass through, that is, the whole diffraction ring can
collected using an area detector.13,17 We have successfully
compressed Fe0.9Ni0.1 and Fe0.85Si0.15 alloys to approxi-
mately 60 GPa in a boron gasket. The technique has
been used to study the elasticity and rheology of MgO to
GPa.13 However, caution should be taken in interpretation
the data, because the essential condition, differential str
in such experiments is different than that using a Be gas

The Be gasket is commonly used in NRIXS in a DA
because of its relatively low x-ray absorption above
keV.1,18 The thickness of the sample decreases significa
with increasing pressure due to the relatively low sh
strength of the Be gasket. The relatively low shear stren
of the Be gasket causes a reduction in sample thickn
NRIXS signals origin only from particular isotopes such
57Fe with 14.413 keV x rays, and the materials surround
the sample do not contribute to the detected signals.18 We
used the amorphous boron as a gasket insert in a Be gask
a high-pressure NRIXS study of a Fe0.85Si0.15 alloy to 55
GPa~Fig. 2!. Such sample configuration is found to be ve
useful because it takes advantage of the high shear stre
of boron and the low x-ray absorption of Be. Hence, t
thickness of the sample is increased with minimum x-r
absorption, and the nonhydrostatic conditions in the sam
chamber are reduced~Fig. 4!. This enables NRIXS experi
ments to reach higher pressures with shorter counting ti
and higher signal intensity, which were difficult to achie
previously with thin samples in Be gaskets.

We have also used the boron gasket insert for hi
resolution IXS on hcp Fe at 75 GPa at BL35XU, SPring
Although using a boron gasket insert increases the sam
thickness, the amorphous boron, unfortunately, contribu
substantial background, and hinders observation of the
gitudinal and transverse acoustic phonons of Fe.19 Such
problems may be prevented with use of a crystalline bo
gasket such asb-boron,20 which should have distinct phono
peaks at high pressures. Boron gaskets should also be u
in IXS for measuring electronic excitations in the study
electronic structures.1

High-resolution x-ray emission spectroscopy has be
used to study the magnetic moment of transition metal m
oxides such as FeO and~MgFe!O in a DAC.5,21 The emis-
sion spectrum of high-spin Fe is characterized by a m
peakKb1,3 with an energy of 7058 eV and a satellite pe
Kb8 with an energy of 7045 eV. To reduce the loss of x ra
due to absorption by diamond anvils, the incident and em
ted x rays were passed through the Be gasket.5 Moreover,
perforated anvils were used to reduce the large x-ray atte
ation of the diamond anvils in the study of x-ray absorpti
fine structure~XAFS!.22,23 The increase of sample thicknes
allowed by using an insert boron gasket with a Be confin
gasket would result in better signal intensity and shorter c
lection times in these experiments.

In summary, the advantages of using amorphous bo
gaskets are~1! a deeper sample chamber due to the h

ne
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strength of the gasket, thus giving stronger x-ray diffract
from a thicker sample;~2! better laser-heating properties du
to thicker thermal insulating layers;~3! a reduction in x-ray
diffraction peaks from the gasket material;~4! better hydro-
static conditions in the sample chamber;~5! minimum x-ray
absorption from the gasket material. The reactivity of bor
prevents its use at high temperatures, however. When he
boron may also react with the specimen and produce
wanted phases. The relatively porous boron starting mate
at ambient conditions also poses some challenges for sa
preparation.
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