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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 preparati®d®03©American
Institute of Physics.[DOI: 10.1063/1.1621065

I. INTRODUCTION many laboratories restrict the use of Be gaskets because dust
. . . ) ) articles of Be inhaled in the drilling process can cause can-
Recent hlgh-_pre_ssu_re S“_Jd'es using d_|amond anvil _Cellger. Diamond, the hardest material known, has also been
(DACs) provide rich insights into the physical and chemical used as a gasket material in DAC experiments to increase the

properties. ef materials under extreme pressure and tempergiickness of the sample, thereby improving the data quality
ture conditions. The use of high-energy synchrotron x-ray high-pressure experimerfté. Although diamond, with

sources, the development of new gaskets, and new designs gf .\ imber six, has very low x-ray absorption at hard
DACs are accelerating advances in this area of resérah. x-ray energies, its absorption for soft x rays below 10 keV is

low-Z materla_\l, beryIIu_Jm, has beep successfully used as &iill very high. The strong diamond powder can produce pits
gasket material since it allows flexible access of x rays €Ny the diamond culets that degrade performance

tering and exiting the DAC axially and radially; such studies A stiff yet light gasket material is therefore ideal for

have led to discoveries of diverse phenomena under extreme, .o \o high-pressure x-ray measurements. The gasket thick-
conditions”™® Sample quality under extreme  conditions ness depends only on the size of the diamond culet and the
plays an important role for the success of high-pressure exgq o strength of the gasket materials, while the x-ray ab-
periments, iq Whi_ch the selection of gasket material is a ke%orption mainly depends on the atomic number. Therefore,
factor. Rhenlum IS common]y used as a gasket material beémorphous boron is a good candidate gasket material be-
cause of its high strength, mertness, and ease of use. A,Sc%use of its high shear strength and low x-ray absorption. In
high Z metal_,_ however, rhenium strongly abserbe_the InCI'fact, amorphous boron has been used as a sample chamber in
dent and exiting x rays and can contribute significantly tolarge-volume high-pressure experiments because it is very
diffracted x rays, preventing its use in many x-ray SpeCtiOyangparent to x rays and has a low thermal conductivity.
scopic studies. Beryllium, a low element with low x-ray  pere \ye discuss and summarize the use of amorphous boron

absorption, has served as a useflfal?C%asket I high-pressue 5 asket material in high-pressure DAC experiments. The
x-ray spectroscopic studies in a DAC: The capability of g 5jication of the gasket in x-ray diffractidfin situ x-ray

measuring signals from soft x-ray energies exploits the eNOl5iftraction in a laser-heated DAE!2 radial x-ray

mous potential of studying x-ray spectroscopies in Aiffraction® nuclear resonant inelastic X-ray scattering

1-5 ; ;
[_)AC' However, since the shear strength of B'e IS rela'(NRIXS), and inelastic x-ray scatteringXS) is addressed in
tively low, the thickness of the sample decreases &gmﬁcantl&eta"’ and the possibility of using boron gaskets in other

with increasing pressure, posing a practical limitation inhigh-pressure experiments is also discussed
ultrahigh-pressure x-ray spectroscopic research. Moreover,
Il. GASKET AND SAMPLE PREPARATION

3Author to whom correspondence should be addressed; electronic mail: Because amorphous beron by itself is too porous to eas-
jlin@gl.ciw.edu ily use as a gasket material, amorphous bopélfa Aesar;
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FIG. 1. Photo of AJO; and Pt sample&l2:1 by weight at 136 GP4dcenter

bright part of the picture Both transmitted and reflected light sources were FIG. 2. Photo of a RgssSipa1s Sample at approximately 55 GRaenter
used. Beveled diamonds with an inner culet of 150 and an outer culet of ~ bright part of the picture; approximately 40m in diamete). Reflected

300 um were used. Amorphous boron was used as an inner, insert gask#tumination was used. Flat diamonds with a culet of 260 were used.

and rhenium metal was used as an outer gasket to confine the amorphofg10rphous boron was used as a gasket ingbut 100um in diameter
boron. The sample chamber was originally about 10@ in diameter, and ~ and a beryllium gasket was used as an outer, confining gasket. A small hole
its shape was still well preserved up to 136 GPa. Good x-ray diffractionof 50 um was drilled into the inserted boron gasket and used as the sample

patterns were collected without interference from diffraction peaks from thechamber. This sample configuration has the advantage of the high shear
gasket material. strength of boron and the low x-ray absorption of Be. The sample was used

for NRIXS experiments and radial x-ray diffraction experime(sese Fig. 6.

99% pure; part No. 1133Avas mixed with epoxyEpoxy
Technology; part No. 353ND Different mixing ratios of bo-  creates a deeper sample chamber, giving stronger x-ray dif-
ron and epoxy were tested in this study, and the mixture ofraction from a thicker sample and better laser-heating spots
4:1 (boron:epoxy by weight was found to give the most due to thicker thermal insulating layers. Moreover, use of the
satisfactory result{>~*2The two materials were well mixed light and amorphous boron minimizes the x-ray absorption
with acetone in a mortar and then dried. The mixture wady the gasket material and avoids unwanted x-ray diffraction
used as a gasket insert in the drilled hole of a metal gasketeaks from the gaskét-**The amorphous boron gasket also
such as Re, Be, or stainless steel. The metal gasket was pigrovides better hydrostatic conditions in the sample chamber
indented to a specific thickness, depending on the size of thas revealed by the ruby fluorescence p&aiad radial x-ray
culet, and then a hole slightly smaller than the culet wadliffraction measuremerft$® (Fig. 4), because of the higher
drilled. The hole was filled with the boron—epoxy mixture shear strength of boron. As shown in Fig. 4, the rigayand
and compressed. Subsequently, another hole ofi@d@vas R, fluorescence peaks at approximately 55 GPa are well re-
drilled and used as the sample chamii&gs. 1 and 2 For  solved from each other with the use of the boron gasket,
laser-heating experiments, a sandwich sample configuratiowhereas the two peaks would normally overlap each other
consisting of dried NaCl or AD; as the thermal insulator Wwithout the use of a pressure medium at such a pregsarge
and pressure medium on both sides of the sample, was
used**2 (Fig. 3.

The boron—epoxy mixture was also used to make a
whole boron gasket, in which the powder mixture was com-
pressed in a press to make a gasket at GSECARS, Advance

Beveled diamond

Photon Sourcé® The size and shape of the gasket are similar NacT

to that of a Be gasket. After curing at 400 Krfé h in a Re gasket oron i Boro Re gasket

vacuum oven, the center part of the boron gasket was prein i

dented to the desired thickness of approximatelyu3@. A 4 R

hole of 100um was drilled and used as the sample chamber. ) 300 pm i

The amorphous boron may transform to crystalline boron if Beveled diamond

the gasket is cured at higher temperattfnesulting in back-

ground diffraction from the crystalline boron gasket. FIG. 3. Schematic of the sandwiched sample configuration with amorphous
boron as a gasket insert and metal Re as a confining gasket in a diamond

11l. APPLICATIONS AND DISCUSSION anvil cell. Beveled diamonds with an inner culet of 1ath and an outer

culet of 300um were used as an example here. The rhenium was prein-
The amorphous boron gasket has been applied to variowgented to a thickness of 30m and then a hole of 22@m diameter was
high—pressure DAC experimenﬁs;[ situ x-ray diffraction in drllleq into it. An amorphous bor_on and epoxy mixtyrel by weighj was
E-12adial diffraction3 NRIXS then inserted and compressed into the hole. Another hole ofyhdGvas
the laser-heated DAC, *“radial x-ray diffractior, » drilled and used as a sample chamber. Dried NaCl was used as the thermal

and IXS. The amorphous boron provides higher strength anisulator and pressure medium on both sides of the sample.
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FIG. 5. LeBail crystal structure refinement, performed using the GSAS pro-
gram, of the x-ray diffraction pattern of (Ngd~&) 1) O collected in arin
| situ laser-heated DAC experiment at about 102 GPa and 150160) K
(Ref. 12. The space groups of (Mgdes)O and NaCl areFm3m and
Pm3m, respectively.x: Original x-ray diffraction pattern; vertical solid
lines and dashed lines: diffraction peaks of (Mgdreys)O and NacCl, re-
: . . spectively; gray curve: background; horizontal solid cuf@if): difference
700 705 710 715 720 in calculated diffraction pattern and original x-ray diffraction pattern after

background subtraction.
Wavelength (nm)

FIG. 4. Ruby fluorescence peaks at approximately 55 GPa using amorpho@asket in a DAC have been used to study the elasticity and
boron as an insert gasket. Three ruby fluorescence speutrabered ac-  plasticity of materialé:'® Nonhydrostatic stress is essential
cording to the wavelength of the; peak are taken from three ruby chips and is deliberately produced in the sample without the use of

within a region 50um in diameter. The rubyr; and R, peaks are well . 6 . . .
resolved from each other. The standard deviation of the measured pressﬁ@y pressure mediufir® The differential StrESStI 1S

of three small ruby chips is 1.3 GR&or). The rubyR; andR, peaks tend to
overlap under nonhydrostatic conditiofgithout any pressure mediynat

around 55 GPa; the use of a stiffer boron gasket reduces the nonhydrostatic . . .
conditions in the sample chamber. whereo; and o, are axial and radial stress, respectively. A

polychromatic x-ray beam is commonly passed through the
Be gasket radially, and energy-dispersive x-ray diffraction
a sample in a Re, Be, or stainless steel gasket)oSijpce  Patterns are collected at various stepsyofthe angle be-
the nonhydrostatic effect on the peak broadening has bedWeen the diamond cell stress axis and the diffracting plane
minimized, x-ray diffraction peaks can be better resolvednorma). Thed spacing varies linearly with cég,
The shape of the sample chamber with an boron gasket in- _ _
serted is still well preserved even at 136 GPa after many d(hkh) =de(hkD[1+ (13 cos $)Q(hkD], @
laser-heating cycle@ig. 1); this lengthens the lifetime of the where the intercepd,(hkl) represents the spacing under
sample. Good x-ray diffraction patterns of magnesistitas  hydrostatic pressure and the sldpénkl) is the lattice strain
and ALOj; are obtained up to 102 GPa and 2550 K and 13@under the uniaxial stress conditiéf® Shifts ind spacing as
GPa and 2800 K, respectively, without any interference froma function ofis can be explained in terms of elastic deforma-
diffraction peaks due to the gasket material and backgrountion under stress, whereas the variations in intensities are due
noise (Fig. 5).12 The high quality of the diffraction patterns to the crystal alignment deduced during plastic
makes it possible to refine the cell parameters with powdedeformation'® The radial x-ray diffraction patterns of
x-ray diffraction data under high pressure and high temperahexagonal-close-packegicp Fe, gsSig 15 were collected at
ture (Fig. 5.1 Amorphous boron with boron nitridéBN)  approximately 59 GPa in a Be gasket and at 55 GPa in a
seats has been used to study the structure of amorphous irboron gasket insert with a Be confining gaskeiy. 6). The
to 67 GPa The use of an x-ray transparent BN seat with anx-ray diffraction spectra of hcp gsSiy 15 in the Be gasket
amorphous boron gasket insert makes it possible to correare similar to those of hcp FiéFig. 6@)].% At low ¢, high
the x-ray absorption and to subtract the background in strudntensities are observed for h¢p02 and low intensities for
tural investigation of amorphous materials in a DACAI- hcp (100); at high ¢ the opposite is true. The hcp-=&Siy 15
though boron also has a high melting point and relativelysample in a boron gasket displays a different intensity distri-
high shear strength at high temperature, care must be takdmtion [Fig. 6b)]; the highest intensity is observed for hcp
in using the boron gasket in externally heated DAC experi{002 at =10° and for hcp(100 at =60°. Shifts ind
ments because of its high reactivity and possible crystallizaspacings as a function af [the slopeQ(hkl) in Eq. (2)] in
tion at high temperatur¥'. the two samples are also different, indicating the difference
Radial x-ray diffraction experiments with a Be or boron in differential stresst) conditions and plastic deformation

t=03— 09, 1)
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Fe . Si ._at 59 GPa in Be gasket radial x-ray diffraction with a monochromatic x-ray beam,
0.85~ 0.15 . . . , S
AT EEET T because diffraction of the crystalline Be contributes signifi-

g 3 cantly to the signal at the detector. The amorphous boron
Y gasket, on the other hand, allows incoming and diffracted x

rays to pass through, that is, the whole diffraction ring can be
collected using an area detectdt’ We have successfully
compressed RgNip,; and Fe@gsSip 15 alloys to approxi-
mately 60 GPa in a boron gasket. The technique has also
been used to study the elasticity and rheology of MgO to 47
GPal® However, caution should be taken in interpretation of
the data, because the essential condition, differential stress,
in such experiments is different than that using a Be gasket.
The Be gasket is commonly used in NRIXS in a DAC
because of its relatively low x-ray absorption above 6
keV}18 The thickness of the sample decreases significantly
with increasing pressure due to the relatively low shear
strength of the Be gasket. The relatively low shear strength
of the Be gasket causes a reduction in sample thickness.
NRIXS signals origin only from particular isotopes such as
SFe with 14.413 keV x rays, and the materials surrounding
the sample do not contribute to the detected sighalse
used the amorphous boron as a gasket insert in a Be gasket in

Be gasket

hep(102
Aﬁ‘(’ézm )

25 30 35 40 45 50 55 60 65 a hig(h—preisure hNRIXSlstudyf of ad_—'gﬁ;SiO_1f5 allgy tc;) 55
GPa(Fig. 2). Such sample configuration is found to be ver
Energy (keV 9 . P 9 , y
gy ( ) useful because it takes advantage of the high shear strength
(a) of boron and the low x-ray absorption of Be. Hence, the

thickness of the sample is increased with minimum x-ray
absorption, and the nonhydrostatic conditions in the sample
chamber are reducedFig. 4). This enables NRIXS experi-

Fe, 451, 5 at 55 GPa in Be+B gasket

T

§§f§ g g g§8.% ments to reach higher pressures with shorter counting times
E%t T OF 3 v and higher signal intensity, which were difficult to achieve
~2 = == previously with thin samples in Be gaskets.
y=80° We have also used the boron gasket insert for high-
resolution IXS on hcp Fe at 75 GPa at BL35XU, SPring-8.
\ A y=70° Although using a boron gasket insert increases the sample
Uﬂ v=60° thickness, the amorphous boron, unfortunately, contributes

substantial background, and hinders observation of the lon-
gitudinal and transverse acoustic phonons of'f&uch
problems may be prevented with use of a crystalline boron
gasket such ag-boron?° which should have distinct phonon
peaks at high pressures. Boron gaskets should also be useful
in IXS for measuring electronic excitations in the study of
electronic structures.

High-resolution x-ray emission spectroscopy has been
used to study the magnetic moment of transition metal mon-
oxides such as FeO aritgFe)O in a DAC>?! The emis-
sion spectrum of high-spin Fe is characterized by a main

2530 | 3540 | 45 | 505560 | ‘65 peakK 3, 3 with an energy of 7058 eV and a satellite peak
Energy (keV) KB’ with an energy of 7045 eV. To reduce the loss of x rays
() due to absorption by diamond anvils, the incident and emit-

FIG. 6. Radial x-ray diffraction patterns of hcp J=&Sij 15 as a function of ted x rays Wer.e passed throth the Be ga%lMt)reover,
¢ (the angle between the diamond cell stress axis and the diffracting pIanQerforatecj anvils were used to reduce the Iarge x-ray attenu-

norma). (a) hcp Fg gsSig15in a Be gasket(b) hep Fg gSip15in an amor-  ation of the diamond anvils in the study of x-ray absorption
phous boron gasket insert and a Be outer confining gdsket Fig. 2 fine structure(XAFS).?>23The increase of sample thickness
allowed by using an insert boron gasket with a Be confining
caused by the gasket materisisTherefore, use of amor- gasket would result in better signal intensity and shorter col-
phous boron complicates interpretation of the preferred orilection times in these experiments.
entation and rheology of the sample. In summary, the advantages of using amorphous boron
In practice, it is not desirable to use a Be gasket forgaskets arg1) a deeper sample chamber due to the high
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