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Structural investigation of amorphous materials at high pressures
using the diamond anvil cell
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A modified diamond anvil cellDAC) is used for structural studies of amorphous materials at high
pressures using a monochromatic synchrotron x-ray beam. The DAC modification in¢ludes

use of x-ray transparent seats for a large angular opening for x-ray scattering2)arioe
introduction of a boron gasket insert to increase the sample thickness and to minimize the gasket—
hole deformation. A procedure for absorption correction and background subtraction in DAC
experiments is described, together with an optimization process for obtaining accurate data of the
structure factor and the corresponding pair distribution function. Data for amorphous iron at 67 GPa
are presented for demonstration. It is shown that quantitative structural data can be determined for
amorphous materials at very high pressures using the DAC. The apparatus should be also useful for
structural studies of liquids at high pressures. 2@03 American Institute of Physics.
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I. INTRODUCTION multislit system for spatial collimatiof The combination of
an area detector with collimation slits results in accurate

The study of the structure of noncrystalline materials atscattering intensities and an effective reduction of the back-
high pressure has been a long-standing goal in high-pressuggound signal, making it an effective tool for studying the
research. It is of great importance in materials science angtructure of noncrystalline materials at extreme conditions
geophysics, because information on the structure of liquidsvith large volume presses. It is desirable to have a similar
or amorphous materials provides a basis for investigatingnultichannel slit system for spatial collimation in experi-
numerous macroscopic physical properties such as viscositypents with the diamond anvil celDAC), with which much
and self-diffusiont, electrical resistivityy compressibilityy  higher pressures can be reached. On the other hand, because
and thermal expansidtThere are growing numbers of struc- the anvil materials in the DAC are single crystals, it is found
tural studies of noncrystalline materials at high pressure antb be possible, even without spatial collimation, to measure
high temperature. Novel and interesting phenomena havihe scattering from noncrystalline samples with a proper
been reported, e.g., the observation of first-order phase trabackground subtraction. Eggettal® used a monochromatic
sitions in liquid phosphordsand liquid GeSg.® x-ray beam and reported high-quality data on structure fac-

Liquids and amorphous materials exhibit weak diffusetors of liquids (argon and waterin a DAC. Shenet al*°
x-ray scattering, which leads to major difficulties in high- reported the results of structural studies of amorphous mate-
pressure experiments due to the small sample volume and thial at high pressures with the ADS technique. In this article,
relatively large background scattering from sample containwe describe a modified DAC suitable for structural studies of
ers in high-pressure instruments. With the development ofioncrystalline materials at very high pressures. A procedure
synchrotron sources, significant progress has been made for absorption correction and background subtraction is pre-
structural studies of noncrystalline materials at high pressented in detail. An analysis process is demonstrated using
sures. The brilliant synchrotron beam makes it possible t@ur data for amorphous iron collected at 67 GPa. Although
measure the weak diffuse scattering from small highthe present discussion is focused on amorphous solids, it
pressure samples. To reduce the background signal, energitould be applicable to structural studies of liquids as well.
dispersive scatterinEDS) has often been used, with careful
spatial collimation of the scattered signals.The EDS || DIAMOND ANVIL CELL
method involves data collection at severalahgles and in- o ) ) o
tensity normalization to the x-ray source spectrum, which A Symmetric diamond anvil C_éﬁ IS uzsed_. Originally de-
extends the measurement time and could degrade the acctjgned for laser heating exp,e“me']ﬂi this cell has an
racy in intensity. Angle dispersive scatteriiyDS) has the X"y opening of 60Fig. 1). Itis compact, with dimensions
intrinsic advantage of obtaining accurate intensity informa-2PProximately 45 mm in diameter and 35 mm in length, yet

tion, and has been applied in large volume presses with Bressures in the Mbar range have been rea&ﬂéb!.'he cell
has been applied to many research areas, suichsits laser

~ heating'? radial diffraction’* and high-resolution emission
dAuthor to whom correspondence should be addressed; electronic ma"s'pectroscop&s
shen@cars.uchicago.edu ’

YAlso at Department of Geophysical Sciences, University of Chicago, Chi- TU”_QSten carbideéWC)_seats are Qenera”y used as the
cago, IL 60637. supporting bases for the diamond anvils. In general, a conical
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FIG. 1. Symmetrical diamond anvil cebee Ref. 1L The BN seat is used Lo e fe ] et L
for large x-ray scattering angle. The enlarged view is the sample configura- : : 26=13.5°
tion. A hole slightly larger than the culet is drilled and then filled with the i
boron epoxy. Another smaller hole is drilled at the center of the boron epoxy 50
for sample loading. This configuration results in an increase of the sample
thickness and minimum deformation of the metallic gasket hole at high
pressures.

aperture is machined in the WC seat for analytical access tc 0 20 40 60 80 100
the sample located between the two anvil culets. The desigr. Energy, keV
of the C(_)mcal aperture is mainly determlr?Ed by two faCtorS:FIG. 2. Accessible momentum transfer with various scattering angles as a
the applied force needed to reach the desired pressure and ffction of x-ray energy. X-ray energies for DAC experiments are, typically,
required access opening to the sample for radiation, includn the range of 25-45 ke\Q,,, larger than 80 nm' is usually required.
ing visible and x ray. In principle, knowing the mechanical
properties of the WC seat, it is possible to predict an optimal
design with the help of techniques such as finite-elementot large enough to have reasonal@ecoverage. For an
modeling. In practice, we are not aware of any such simulaepening with @ of 30° (as in this study, Fig. )1 x-ray ener-
tion, and the aperture size and shape are mostly determinggles larger than 30 keV are required. At the energy of 37.44
from experience. Typically, an aperture size at the diamondeV (A=0.3311 A, a typical energy used at the GSECARS
side is determined by the desired pressure range and the sigector for DAC experiment®Q,,., extends to 98 nm'.
of the anvil. The aperture opening angle is determined by the The enlarged view in Fig. 1 is the sample configuration
required visible optical access to the sample, taking into acin the DAC. The new feature introduced is the use of amor-
count the refractive index of diamond. For example, for aphous boron epoxy. The boron epoxy was prepared by mix-
cell that can go routinely to Mbar pressures, a small hole ofng amorphous borortAlfa) with epoxy (Epo-tek in 4:1
less than 1.2 mm is used. With a typical anvil thickness ofratio by weight. There are two major advantages of using
2.5 mm, the full visible optical opening is70°; while the  boron epoxy: increased sample thickness and minimum de-
full opening for x ray is only 27°. In the normal case that theformation of the metallic gasket at high pressures, for a
incident x ray is parallel to the loading axis, the x-ray dif- proper background reference.
fraction angle(26) is limited to 13.5°. In x-ray scattering experiments with the DAC, the
To increase the opening angle, x-ray transparent matersample signal-to-anvil-background ratio may be improved by
als have been introduced. Beryllium seats are widely usethcreasing the sample thickness and/or decreasing the thick-
for single-crystal studie’$ Boron seats were used for ultra- ness of the diamond anvilsHowever, decreasing the anvil
high-pressure single-crystal stddyand for x-ray scattering thickness is generally not favored because the achievable
of liquids® Here, we use boron nitridéBN) as the seat ma- pressure range will then be reduced. Therefore, increasing
terial. BN is the second hardest mateliaéxt to diamongi  the sample thickness with the use of boron gasket inserts is a
and is x-ray transparent, with an absorption coefficient comeritical factor for obtaining measurable x-ray scattering of
parable to that of diamond. For example, at the energy odmorphous materials at ultrahigh pressures.

37.44 keV, the absorption coefficient is 0.2139%m{0.2157 The other advantage of using boron gasket inserts is in
cn¥/g for diamond.*® Such BN seats are now commercially background subtraction. Because of the large scattering from
available. diamond anvils, a measurement of the scattering from the

A large scattering opening, and thus the momentumempty cell(without the sample, but with all the rest of the
transferQ=4ar sin6/\, is essential for structural studies of parts of the DAC identical to that used for high-pressure data
noncrystalline materials. Figure 2 shows the maximum mo<ollection is necessary. Among these parts, the most critical
mentum transfer as a function of the x-ray energy with vari-item is the metallic gasket, generally made of hgmate-
ous access opening angles. The typical energy range used faals (e.g., rhenium Since the metallic gasket hole serves as
DAC study is also shown. In general, a maximum momen-an aperture for the scattering from the first diamond, great
tum transfer Q.0 Of more than 80 nm! is required to  care must be taken in collecting the background data with
avoid introducing significant truncations effelftson the respect to the location, shape, and size of the “aperture.” If
structure of noncrystalline materials. As shown in Fig. 2, amtno boron epoxy were inserted, the metallic gasket hole
access opening with@of 13.5°(in the case of WC sedtss  would inevitably deform at high pressures. Consequently, it
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range to 100 nm' is about 0.5% for an iron sample with a
thickness of 30um at 37.44 keV. Therefore, the self-
absorption of the sample is generally neglected.

B. Background subtraction

Proper background subtraction is a challenge in struc-
tural studies of noncrystalline materials with DAC experi-
ments. Scattering from diamond anvils is relatively large and
includes Compton scattering and thermal diffuse scattering
(TDS). Occasionally, Bragg diffraction spots from diamonds
may be recorded, which can be easily removed by masking
the image in the integration process. Removing the Compton
scattering and TDS may be made experimentally with a
proper background measurement. Because TDS is strongly
dependent on temperature, it is necessary to have a back-
ground measurement for each sample temperature. Two
methods may be applied to obtain the background reference.
One is the empty cell reference, i.e., a background scattering
without the sample in the same cell with the same gasket as
those used for high-pressure data collection. As mentioned

above, the use of boron gasket inserts helps to preserve a
FIG. 3. Calculated transmission function from geometry of the diamonddasket with a hole size and shape almost identical to those at
anvil and the BN seat. The sample self-absorption effect is also shown. high pressures, providing a proper reference with the empty
cell method. The other method is to obtain a background

would be impossible to have an identical aperture for aeference from a corresponding crystalline sample of the
proper reference. By introducing amorphous boganother ~ noncrystalline material. This method becomes particularly
x-ray transparent materialén the gasket, as shown in the practical and easy when measurements are made near freez-
enlargement in Fig. 1, the large metallic hole outside théng points crossing a melting curvé!
culet area is only weakly affected at high pressures, and the Having obtained a reference background, it is found that
deformation should happen mainly in the boron-filled areafactor b in Eq. (1) is often not unity. This could be due to
This results in a metallic aperture close to that used in highvariations in incident beam intensity, detector temperature,
pressure data collection, thus providing a good backgroundnd other time-dependent factors. For the DAC shown in
reference. Fig. 1, sample scattering atf2angles larger than 30° is
blocked by the cell body. This provides a way of determining
the factorb, by constraining the sample scattering signal to
be zero in this regioriFig. 4).

The observed data can be expressed by the sum of the
sample scattering and the background scattering:

1°°7Q) =a(Q)1**™Q) - bI™HQ), @ After obtaining the sample scattering®™{Q) with
wherea(Q) is the absorption factor, which is a function of proper absorption and background corrections, the rest of the
the scattering angle, arlis the background correction fac- data analysis is similar to most noncrystalline scattering ex-
tor. The polarization correction was applied in the imageperiments. The description of the atomic distribution in non-
process with the software FIT21.To extract the sample crystalline materials usually employs the concepts of the
scattering from the observed da&(Q) andb need to be structure factor and the pair distribution function in atomic
determined. units.

By introducing a normalization factdy, the total scat-
tering from the samplé*®™{Q) can be expressed in atomic

The transmission facta(Q) is dependent o® (or the  units by the coherent scattering(Q), incoherent scatter-
scattering angle and can be calculated from the cell geom-ing 1'™°(Q), and the multiple scattering™(Q):*°
etry and materials involved. Since the absolute absorption is ;
included in the normalization process, it is fRalependence NISETRQ) =1°9(Q) + 1™ Q) +1™(Q). 2
that is important. As shown in Fig. 3, the transmission can béhe incoherent scatteringCcompton scatteringcontribution
divided into three zones. The first is the absorption of thecan be computed using the analytic formuasMultiple
diamond anvil; the second is the absorption of the anvil andcattering is generally neglected in x-ray scattering studies.
the beveled part of the BN seat; and the third zone is th&he normalization factorN is determined by using the
absorption of the anvil and the BN seat. The sample selfKrogh—Moe—Norman method. By definition, the structure
absorption is usually small for thin DAC samples50 um)  factor is obtained from the coherent scatterin§(Q)
at high pressures. For example, change in absorption@ver =1°Q)/f?(Q), wheref(Q) is the atomic scattering factor.

IIl. DATA ANALYSIS

C. Normalization

A. Absorption correction
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FIG. 5. Iteration evolutions of the structure facts)(Q) (top) and the
. . . L distribution functionF ;,(r) (bottom) from the data for amorphous iron at
_The Fou_”er tran_Sformatlon (@[S(Q) — 1] is the distri- 67 GPa.F)(r) show(s) oscillations in the smallvegion due to errors in
bution functionF(r) in real space: S(Q) (see Ref. 214 Note that these oscillations converge after a few itera-
tions. TheS(Q) values in the high® region become noisy due to the weight
F(r)=4mrn(r)— 4mrng of atomic scatterind(Q). It is shown that thes&(Q) values at highQ are
effectively corrected with iterations.

2 Qmax )
= Q[S(Q)—1]sin(rQ)dQ, ()
2 Qmax
wheren(r) is the density function of atomic number at dis- Fai(r)= —f Q[S((Q)—1]sin(rQ)dQ, (5)
tancer, andn, is the average atomic number density of the mJo
sample. FromF(r), the pair distribution functiorg(r) is AF (D =F () +4mrng  (1<rp 6)
1 1 min/ s

obtained by the definitiong(r)=n(r)/ng.
where i denotes the iteration number. An improved
Sii+1)(Q) can then be obtained by applying the inverse Fou-
D. Optimization rier transformation ofAF )(r):

Kaplow et al?* showed thaf (r) exhibits sharp oscilla- 1 (min
tions in the smalk-region arising from a normalization error. Si+1(Q)=SiH(Q)— Q fo AF i) (r)sin(rQ)dr.  (7)
Errors inF(r) from scattering factors are also apparent in the
small+ region and decrease with increasm@he oscillation ~ This iteration process was found to be effective in analyzing
in F(r) in the smallf region is unphysical and can be re- the amorphous iron sample at high pressdfesn illustra-
moved by an optimization procedure. The optimization pro-tion is shown in Fig. 5 for the data at 67 GPa.
cedure should result in an improved structure factor. Several While spurious oscillations in the distribution function
iterations may be necessary before a fisaD) andg(r) is  F(r) at small values ofr can be effectively removed by
obtained. applying the above optimization procediFgg. 5), it is nec-

Since the atoms do not approach each other within thessary to perform a reliability check for the correc&q).
atomic core diametem(r) should be zero in this region. We make use of two criteriafl) in the smallQ region,
Therefore, from Eq(3) we have limg_oS(Q)=3S(0)=nekgTB, wherekg is the Boltzmann

F(r)=—4mrng (r<r..) @ constant,8 is the isothermal compressibility, ard is the

0 min/> absolute temperatur€) the correcte®(Q) must agree with

wherer i, is a value close to the atomic radius. From Eg.the observed data within experimental errors.
(4), Kaplow et al?* and Eggeret al® proposed a refinement Truncation of the experimental data@f, . is a limiting
procedure forS(Q) andg(r). Following their approaches, factor. This is especially true for high-pressure studies be-
we established an iterative procedure for analyzing amoreause of the limited scattering angle available due to high-
phous scattering data. According to E¢®.and(4), we have  pressure instruments. The differencesF(r) are plotted
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FIG. 6. Difference inF(r) at various termination values from that @,y _
of 95 nmi L. Oscillations appear with a period ofr2Q.. Large errors FIG. 7. Structure facto(Q) of amorphous iron at 67 GPa. Data for amor-

arising from termination are in the vicinity of the first dominant peak. E’hOUSR“'fonzgt ambient pressure and of liquid iron are shown for comparison
see Ref.

with variousQ,,. values(Fig. 6). Clear oscillations can be E. Example: Structure of an amorphous iron at 67
observed with an approximate period 0# /X, It should GPa
be noted that the greatest oscillation occurs in the vicinity of Experiments on amorphous irdnhwere performed at the
the first peak, where it holds the most critical information 13BM-D at the Advanced Photon Source. A monochromatic
(Fig. 6). However, it is found that at values @, larger  beam of 37.44 keV was used and the x-ray scattering re-
than 85 nm* errors caused by the truncating are signifi- corded with an area detect@ruker-2K. The structure fac-
cantly reduced. As suggested by Kaplewal,?* a reliability  tor and the pair distribution function of the amorphous iron
check for the proper value d®., should be actually the sample at 67 GPa are shown in Figs. 7 arfd @spectively,
first step before all other optimization procedures. Insuffi-together with the data at ambient pressure and those of liquid
cient Q range can cause inaccurate dateéFifr) and in the iron for comparison. Detail structural analysis of the amor-
pair distribution functiong(r), especially in the critical re- phous iron is reported elsewhéfeThe Q,,,., value of 86.6
gion around the first peak. nm ! is used to deriveg(r) for both 67 GPa and ambient
An interactive data visualizatiodDL) procedure was pressure. It is found that with increasing pressure the peak
written for the above numerical analysis, a program whichheight of S(Q) (Fig. 7) remains essentially the same, al-
allows online analysis of the raw data. The initial informa- though the peak position shifts to a higi@rvalue. Similar
tion required arg1) the incoherent scatterind'*°(Q) and  features were found ig(r) in real space. The peak height in
the atomic scattering factdi(Q) of the sample(2) the ab-

sorption functiona(Q) from a specific cell, and3) the av- 3, ; | ’

erage atomic density, of the sample at corresponding l R ——
pressure-temperature conditions. While informatitn and o5 L N R amorphous-Fe 0 GPa | |
(2) can be obtained or calculated, data on the atomic density [ - liquid-Fe

ny are scarce, particularly at extreme conditions. Recently,
using large volume press&sdensities of molten materials
have been determined by the fallitigr floating ball tech-
nique. With the DAC, Eggeret al® estimated the density of -
fluids (argon and watgrfrom the liquid structure factors 5
measured up to 1.1 GPa. Shenal?® introduced a method

for density determination at high pressures in a DAC based
on absorption of a monochromatic x-ray beam. It is desirable 05 -
to experimentally determin@g at high pressures. If not
available,ny of an amorphous material may be estimated 0 -/
from data at ambient pressure and then by assuming the
same bulk compression as that of the corresponding crystal -05 ‘ L L *

line phase. It is found that peak positions in b&Q) and 0 02 04 08 08 !
g(r) are not sensitive to the initial input values if. For r,nm

example, Chang'nglo by 5% _Iead_s to negligibl¢less than FIG. 8. Corresponding pair distribution functig{r) at 67 GPa together
0.029% change in peak positions in bo8{Q) andg(r). with the data at ambient pressure and of liquid iteee Ref. 28
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