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Abstract of the Dissertation
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The interior of the earth has always been of great interest to geoscientists. Due to
the inaccessibility of samples from deep earth, we have been relying upon other scientific
methods and procedures to explore the earth’s interior. Cosmochemical and geochemical

studies of samples from shallow earth suggest that the core is mainly consisted of Fe, Ni,



and one or more lighter elements. Previous investigations from seismic data and mineral
physics data indicate that the outer core’s density is about 6% to 10% less than that of
pure Fe at the outer core’s pressure and temperature conditions, and thus there must be a
significant amount of a light element or various kinds of light elements existing in the
outer core. The light element candidates in the outer core include C, H, O, S, Si, and the
caused density variation might play a critical role in the liquid outer core convection.
Using the x-ray absorption radiograph system, we have successfully measured the density
of liquid phase FeS at 1673K and up to 5.6GPa in pressure. Our self-developed
absorption image fitting program has proved to be reliable in determining the density of
liquid FeS. The 15.4 GPa isothermal bulk modulus of liquid FeS at 1673K derived from
the density compression curve provides information in constraining the sulfur content in
the liquid outer core, which is one of the strong light element candidates that might be
responsible for the density deficit in the outer core. To further understand the liquid
behavior under extreme condition, we used the pair distribution function (PDF) method
to study the structure of an elemental liquid - gallium and its atomic structure change due
to compression. Diffuse scattering data were collected over the whole pressure range of
liquid state (0.1-2GPa) at ambient temperature. The PDF results show that the first
nearest neighbor peak position did not change with pressure increasing, while the farther
peaks positions in the intermediate distance range decreased with pressure increasing.
This leads to a conclusion of the possible existence of “locally rigid units” in the liquid.

With the addition of a series of reverse Monte Carlo modeling of the liquid structure, we



have observed that the coordination number in the local rigid unit increases with pressure.
The bulk modulus of liquid gallium derived from the volume compression curve at

ambient temperature is 12.1(6) GPa.
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Chapter 1

Introduction

The interior of the earth has always been of great interest to geoscientists. Current
drilling technique allows us to probe the earth no deeper than 12km from the surface. Due
to the inaccessibility of samples from deep earth, we have been relying upon other
scientific methods and procedures to explore the earth’s interior. Geochemistry and
geophysics studies have provided information of the composition and structure of the
earth’s interior. And based on abrupt changes in physical properties observed by seismic
observations, the interior of the earth has been structurally divided into different layers.

Rise of temperature and pressure in the Earth’s interior makes the center of the
Earth consist of a solid inner core and a liquid outer core. It is believed that the core is

responsible for the generation of Earth’s magnetic field. Convection of the fluid in the



liquid outer core and its dynamics is therefore crucial for understanding the magnetic
field. Due to the high thermal conductivity of the liquid in the outer core, the liquid
convection in the outer core has been suggested to be maintained by the chemical
composition variation, eg. a buoyancy-driven convection. As a result, the chemical
composition and the density of the liquid outer core become critical information in
understanding the driven force of the convection.

The outer core that starts at depth 2900 km is still far out of modern mechanical
and material technique’s reach and its precise composition remains unclear. The only
direct detection of the earth’s deep interior is via seismic waves. The Preliminary
Reference Earth Model (PREM) [Dziewonski and Anderson, 1981] derived from seismic
observation has since been the main reference for studying the physical properties of the
earth’s interior. On the other hand, high pressure and high temperature mineral physics
experimental study look at the earth’s interior microscopically. Performing precise lab
experiments, we simulate the earth in a much smaller scale and with simplified chemical
composition in contrast to the real earth condition. Combined with seismic observations,
these mineral physics studies help constrain the chemical composition and physical
properties of the inaccessible earth interior.

Cosmochemical and geochemical studies of samples from shallow earth suggest
that the core is mainly consisted of Fe, Ni, and one or more lighter elements
[McDonough, 2003]. Previous investigations from seismic data and mineral physics data

indicate that the outer core’s density is about 6% to 10% less than that of pure Fe at the



outer core’s pressure and temperature conditions [Birch, 1952; McQueen & Marsh, 1966;
Jeanloz, 1979; Brett, 1984] and thus there must be a significant amount of a light element
or various light elements existing in the outer core [Birch, 1964]. This density variation
might play a critical role in the liquid outer core convection. The possible light element
candidates that might have significant effect on the density of the core are C, H, O, S, Si
[Poirier, 1994; Hillgren et al., 2000]. Among them, sulfur has been suggested as one of
the strong candidate due to its abundance, and it plays an important role in the outer core
density deficit [Ganapathy and Anders, 1974; Ahrens, 1979; Brown et al., 1984; Ahrens
and Jeanloz, 1987]. In order to understand the cause of the density deficit, the density
study of liquid phase iron-sulfur alloys (Fe-Xwt%S) will help us constrain the choices of
light element candidates and their amount in the liquid outer core.

Density is a material’s physical property related to its atomic structure
(arrangement). High pressure and high temperature density of a crystalline material can
be derived from traditional x-ray Bragg diffraction analysis. However, due to the lack of
atomic long-range ordering in non-crystalline materials (ex. glass, liquid), traditional x-
ray diffraction is no longer able to tell us the structural/density information of the
material. The essential data to establish equation of state of liquid is unobtainable via this
widely used detection method. Therefore, other methods to measure liquid density under
high pressure and high temperature have been developed. In the case of liquid FeS
density measurement, Sanloup et al. [2000] determined liquid Fe-Xwt%S (X=10, 20, 27)

densities by applying synchrotron x-ray to acquire absorption images. Experiments using



the sink-and-float method with various density markers to determine the density of liquid
Fe-Xwt%S alloy have been performed by [Secco et al., 2002; Balog et al., 2003, Nishida
et al., 2008]. In our studies, we used monochromatic synchrotron x-ray to collect sample
absorption images, and derived the density of liquid FeS by our own developed two-
dimensional absorption image intensity fitting program. The bulk modulus of liquid FeS
obtained from our measurements was discussed and further combined with other Fe-
Xwt%S studies to look at the bulk modulus change of Fe-Xwt%S as a function of sulfur
content. We believe this result will be able to serve as a constraint for determining the
possible amount of sulfur existing in the liquid outer core.

Possible structure changes with pressure in liquid Fe-S alloys had been reported by
others [Morard et al., 2007]. It is therefore necessary to investigate the structure of liquid
Fe-S alloys and its change under extreme conditions. The x-ray absorption study of
physical properties of liquid FeS under high pressure and high temperature tells us
information of the material as a whole. Since non-crystalline materials do not show
characteristic Bragg diffraction peaks under x-ray investigation due to their lack of long-
range ordering. The structure studies of liquids have therefore been limited, and had been
restricted to investigating their local atomic arrangements. In order to understand the
local structure of the non-crystalline material and its change with pressure, we have
applied total x-ray scattering and pair distribution function (PDF) method to study the
local atomic structure and the physical properties of a liquid phase. Information that we

can derive from the PDF includes probabilities of finding atom pairs separated by



distance r, short-range structure, intermediate-range structure, and average coordination
number of the material. And due to the difficulties of studying the structure of non-
crystalline materials using traditional x-ray diffraction technique, the PDF method has
become a very important and useful method in liquid structures investigations.

To further understand the liquid structure, a complete structure modeling is
required in order to study the material structure in a three-dimensional space. Rietveld
refinement is well known for its convenience in analyzing structures of crystalline
materials. For structure modeling of disordered materials (liquid, amorphous, etc), the
reverse Monte Carlo (RMC) method [McGreevy, 2001] is a powerful and widely
accepted modeling method. The structural configurations created from the model helps us
understand the structure of disordered material. It also provides information that can help
us further determine various physical properties of the study material.

We picked gallium as our PDF study material due to its simple chemical
composition and low melting point. The atomic arrangements of liquid gallium and its
liquid structure change with pressure were accomplished by a series of Reverse Monte
Carlo modeling. This series of gallium PDF and RMC investigation methods can be
furthered applied to the structure and physical properties studies of other earth-related
materials and topics, especially for those studies that are targeting on liquid phases. For
example, studying sulfur as a light element in the outer core. Besides density and physical

properties derived from the x-ray absorption method, the liquid phase Fe-S alloy



investigation will greatly benefit from the additional information provided by the PDF
and RMC methods.

Chapter 2 is the detailed description of the density measurement and the equation
of state study of liquid phase FeS under high pressure and high temperature. The data
collection was performed at Beamline X17B at the National Synchrotron Light Source at
Brookhaven National Laboratory. The x-ray absorption image analysis program
developed by our group [Chen et al., 2005] has been tested and proved to be a reliable
method to determine density numbers of liquid phase materials. Designed particularly for
our multianvil high pressure and high temperature experimental setup, this program has
been applied to this series of density measurement of liquid phase FeS. This chapter,
titled Compressibility of liquid FeS by radiograph imaging by Yu and Chen is submitted
to Geophysical Research Letters.

In Chapter 3, I present the work on pair distribution function study and the local
atomic structure modeling of liquid phase gallium under pressure. The result is the first
part of a series of x-ray total scattering experiments on liquid phase gallium. Since it was
the first x-ray total scattering experiment using a diamond anvil cell setup at Beamline
X17B at the National Synchrotron Light Source at Brookhaven National Laboratory, it
was considered a pioneer experiment at that beamline. The technical development and
experimental result titled High pressure and high temperature pair distribution function
study of liquid gallium: clusters in liquid by Yu, Ehm, Chen, Guo, Luo, and Parise was

presented at the 2007 NSLS/CFN User’s Meeting and won the Best Poster Award. This



chapter, titled Pair distribution function study on compression of liquid gallium by Yu,

Ehm, Chen, Guo, Luo, and Parise has been submitted to Physical Review Letters.
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Chapter 2

Compressibility of liquid FeS by

radiograph imaging

2.1. Abstract.

Using the x-ray absorption radiograph system attached to the X17 beamline at
the National Synchrotron Light Source at the Brookhaven National Laboratory, we
have successfully measured the density of liquid phase FeS at 1673K and up to
5.6GPa in pressure. We applied the second-order Birch-Murnaghan equation of state
to calculate the bulk modulus based on our experimentally measured density data.
By fixing K’ at 4, the 15 (3) GPa isothermal bulk modulus of liquid FeS at 1673K
was derived from the density compression curve. This provides information in

constraining the sulfur content in the liquid outer core. Combining our bulk modulus

10



result with those from other Fe-Xwt%S alloys studies we suggest an exponential

trend line for the liquid Fe-S alloy bulk modulus change with sulfur content.

11



2.2. Introduction

Studies of geophysics and geochemistry provide information about the
composition and the structure of the Earth’s core. Investigations of meteorites reveal
that iron makes up bulk of the Earth’s core. Meanwhile, seismic observations and
mineral physics experimental data indicate that the density of the outer core is about
6% to 10% less than that of pure Fe at the outer core’s pressure and temperature
conditions (Birch, 1952; McQueen & Marsh, 1966; Jeanloz, 1979; Brett, 1984). The
uncertainties in the density deficit are mainly caused by the uncertainties in the
estimated core temperature, and also due to the limited experimental studies on the
equation of state of iron at high temperatures (Li & Fei, 2003). From the mineral
physics point of view, properties of light element—iron alloy are critical for
determining the candidate element in the core to account for the density deficit. The
density deficit indicates that a significant amount of a light element or a combination
of several light elements must exist in the outer core as suggested by Birch (1964).
The proposed light element candidates that might have significant effect on the
density of the core are C, H, O, S, and Si (Poirier, 1994; Hillgren et al., 2000).
Among them, sulfur has been suggested the one relatively abundant, and it plays an
important role in the outer core density deficit (Ganapathy and Anders, 1974; Ahrens,

1979; Brown et al., 1984; Ahrens and Jeanloz, 1987). Ahrens (1979) has suggested
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that the amount of sulfur in the core is about 9~12wt%. Brown et al. (1984) have
proposed that the amount of sulfur in the core reaches 10+4 wt%, which is close to
the 11+2 wt% result suggested by Ahrens and Jeanloz (1987).

Studies of Fe-S alloys that focused on planetary related problems started in the
70s. A pioneer study was Ahrens’ work using the shockwave method to probe the
density of natural Fe-S materials (Ahrens, 1979). Brown et al. (1984), and Ahrens
and Jeanloz (1987) used shockwave as well to study the equation of state of FeS at
high pressures and high temperatures. By investigating solid phase FeS, Fei et al. in
1995 calculated a liquid state FeS density compression curve at 2173K by applying
the thermal pressure based on known parameters from solid state FeS. Although the
compression data of the liquid state FeS in Fei et al.’s study was not directly from
melt density measurements, it presented the first attempt to derive the EOS for FeS
melt from static compression. In 2000, Sanloup et al. (Sanloup et al., 2000) reported
density measurement data of liquid phase Fe-S alloys by applying x-ray absorption
techniques. They used the large volume high pressure apparatus and a
monochromatic x-ray beam source (58KeV) at the European Synchrotron Radiation
Facility (ESRF). The experimental setup includes a sapphire sphere sitting inside the
FeS powder as the reference material. They had successfully measured the density of
Fe-10wt%S, Fe-20wt%S, and Fe-27wt%S within the pressure range of 1.5-6.2GPa.

The quenched sink-float technique is another popular method used to

determine the density of a liquid phase material. Secco et al. (2002), Balog et al.
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(2003), and Nishida et al. (2008) measured the density of liquid Fe-Xwt%S alloys in
a large volume press. The sink-float technique was applied to their experiments,
which they fabricated composite spheres (Pt or WC core + Al,O3 mantle) with
various densities and placed them in the center of the sample. After the sample
melted, the spheres (density markers) with different density numbers showed float,
sink, and in some cases, neutral buoyancy behavior caused by the density contrast
between the density markers and the liquid phase sample. They were then able to
determine the upper and lower density boundary of the liquid material.

Studying the physical properties of liquid phase Fe-Xwt%S (X=0~36) alloys
by applying newly developed high pressure and high temperature techniques will
help us understand the role of sulfur in the liquid outer core and its impact to the
density deficit of the core. The material investigated in this study was FeS (36wt%S).
The experiment was conducted using an x-ray radiograph system installed at the
National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory

(BNL). Density measurement of liquid FeS has been accomplished at 1673K in

temperature and at various pressures up to 5.6GPa. We have derived a 4.28g/cm®
zero pressure density and an isothermal bulk modulus of 15 (3) GPa at 1673K for

liquid Fes.

2.3. Experimental Method
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2.3.1. Radiograph Imaging Method

The radiograph system (Figure 2.1) at Beamline X17B2, NSLS at the
Brookhaven National Laboratory is an add-on system attached to the in situ x-ray
beamline setup. It includes a YAG crystal as a fluorescent screen, an optical mirror,
a long working distance focusing magnification lens, a charge-coupled device (CCD)
camera, and a video camera. The monochromatic x-ray beam with energy of 39.7
KeV penetrates through the sample and impinges on the fluorescent screen, where a
visible sample image based on the intensity of the transmitted x-ray beam is
generated. The contrast of the image is a final result of the density difference, the
mass absorption difference, and the thickness difference between the sample and the
cell assembly parts. The CCD camera captures the visible image frame by frame,
while the video camera can record the image signal continuously. Therefore, the
radiograph imaging system setup is capable of recording in situ experimental images
under high pressure and high temperature for both static and dynamic experimental
conditions.

The x-ray absorption method following the Beer-Lambert Law is applied to
this study due to x-ray diffraction method’s incapability of detecting structures of
liquid phases. When a monochromatic x-ray beam (incident intensity= ly) passes
through a plane-parallel layer of homogeneous, isotropic material of thickness | (cm),

with surfaces normal to the beam direction and large enough to cover the total beam
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cross-section, the number of Al of x-ray photons which are absorbed in a given
thickness Al is proportional to the incident intensity lo:
— Al proportional to 1,Al ...................... (1)
The linear absorption coefficient is the fraction of photons absorbed per unit
thickness. Equation (1) becomes:

—Al=al Al o )
or

—dl =aldl 3)

Integrate Equation (3) from the surface (I =0) to a depth | gives the relation of

the transmitted x-ray beam intensity I(l) at depth I:

the intensity of the transmitted x-ray beam (1) is:

The above equation (Compton & Allison, 1935) defines the linear absorption
coefficient & (cm™) for the primary beam. Since the intensity reduction of the
incident beam is determined by the quantity of matter traversed by the primary beam,
the thickness of the material penetrated by the beam is often expressed on a mass
basis, in gram per square centimeter (g/cm?), and consequently the mass absorption

coefficient o/p (cm?/g) is defined, where p (g/cm®) is the density of the absorption
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material. The mass absorption coefficient o/ p will be presented as p in the later part

of the chapter. Equation (4) may then be written as:

(04
l—led—1pr e
=1y =1y =1y (5)

The mass absorption coefficient « (wavelength dependent) can be calculated

from the equations based on atomic descriptions (Henke et al., 1993):

H A Ta e (6)
o, =2xIxAxf, ()

L: mass absorption coefficient (cm?/g)
Na: Avogadro’s number
A: atomic weight (g/atom)
o,; atomic absorption cross section (cm?/atom)
ro: classical electron radius (2.818 x107"*cm)
A. wavelength (Angstrom)
f,: atomic scattering factor component (dimensionless)
The Beer-Lambert Law shown in Equation (5) is related to three factors: the
mass absorption coefficient of the material p (cm?/g), the density of the material p
(g/cm®), and the total travel path length | (cm) that the incident beam penetrates
through. By applying this method to the experiment, the density of liquid FeS can be
constrained by other known parameters in the equation.
Consider the case where only the material, in this case FeS, with an unknown

density is sitting inside the sample chamber. During the experiment, we can measure

both the incident and transmitted x-ray beam intensities I and lo. z, the wavelength-
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dependent mass absorption coefficient of the material at the specific wavelength is a
known parameter. However, under high pressure and temperature the precise
dimension of the sample along the beam direction is not measurable. That is, we do
not know the total travel length of the x-ray beam inside the material. Therefore
generating two unknowns in one equation (Equation 5), one unknown is the x-ray
beam travel length inside the sample I, and the other one is the liquid sample density
p. Relationship between the brightness of the radiograph and the x-ray intensity is
presented in Figure 2.2.

To solve this problem, we added a reference material embedded in the sample.
A reference material has well known physical properties, for example, the equation
of state of the reference material is well known. The simplest and most practical
shape of a reference material would be a sphere, as the dimension of a sphere
changes continuously in space, and it remains its spherical shape under the
experimental pressure and temperature condition. For our specific experimental
setup, the sphere sits in the powder sample and the two materials were packed inside
a cylindrical sample chamber as shown in Figure 2.3b, the modified Beer-Lambert

Law equation in this case is then presented as:
B(X y) =1 (X y) Ke—[/lFeSPFeS(D(XxY)"(XnY))+HA|203PA|203|(XnY)+/lopodo]
’ - 10 ’
D 1
D(x,y) = 2((70)2 - x*)?

1(x,Y) = 2[r* = (x = X)* = (¥ = ¥o)*I?

18



X & y: coordinates with origin on the cylindrical axis of sample
chamber

Xo & Yo: center of the Al,O3 sphere

B(x,y): brightness

lo(X,y): X-ray beam intensity before hitting the cell

K: coefficient of x-ray intensity to radiograph brightness conversion
(the radiograph is a 16-bit grayscale image)

4. mass absorption coefficient

p. density

Do: diameter of the cylindrical sample chamber

r: radius of the Al,O3 sphere

do: average x-ray path length in the surrounding materials

For any vertical line penetrating the cell (x= constant):

B(XC ) y) — Ce_[ﬂFespFes (DC_I(XC’y))+’uA'203pA|203|(Xc 3%)

In the equation, ures, tai0s Can be derived based on the composition of the
materials. pai0; at a specific pressure and temperature condition is calculated from
the thermal equation of state of corundum. pres can then be acquired by fitting the

brightness (intensity of transmitted beam) data across the whole sphere profile into

the above equation.

2.3.2. Experimental Setup

Figure 2.3a illustrates the cell assembly of the liquid density measurement
experiment. The Al,O3 single crystal reference sphere (0.5mm in diameter) was
embedded in the center of the FeS powder. Along with a thin cylindrical sodium
chloride piece, all the parts were then loaded into the corundum sample chamber.

Sodium chloride served as the pressure calibrant following the NaCl equation of
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state by Decker (1971). The pressure was generated by SAM85, a DIA-Type large
volume multi-anvil press (Figure 2.4). High temperature (1673K) was provided by
the graphite cylinder heater, which surrounds the entire sample chamber. The electric
power was conducted through platinum wires and foils which have direct contact
with the tungsten carbide anvil and the graphite heater. The temperature was
measured by a W3%Re-W25%Re type thermal couple. The thermal couple wire tip
goes through the cell material, the heater, and then touches the outside wall of the
sample chamber. Therefore, provides reading of the sample temperature. No pressure
correction was applied to the W-Re thermal couple emf due to the negligible effect.
A boron epoxy cube with 6mm edge length was used as the pressure-transmitting
medium. The advantage of applying boron epoxy as the pressure medium for
holding the sample chamber is that it is transparent to x-ray, which gives us a clear
view of the material inside the sample chamber.

The brightness variation on the radiograph image is proportional to the x-ray
intensity variation, which was caused by the x-ray absorption difference between the
sample and the reference sphere. Therefore, to confirm the linear relation between
the brightness of the absorption image and the x-ray intensity is important. Chen et
al. (2005) demonstrated the good linear correspondence between the Xx-ray
absorption and the x-ray intensity using a step-absorber with identical thickness for
each step (Figure 2.5). Figure 2.6 shows the image brightness and x-ray intensity that

fit into a straight line (R>=0.9999). The x-ray beam uniformity across the sample will
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also affect the accuracy of the experiment. An image of the incident x-ray beam
without the sample is collected before the experiment to confirm the intensity
uniformity.

Before the melting temperature, the radiograph system yields a maximum 1%
difference in measured density comparing with the data collected by the traditional
x-ray diffraction method (Chen et al., 2005). X-ray absorption and diffraction data
are collected simultaneously, so the disappearance of the diffraction peaks tells us

when the sample has turned into liquid phase.

2.3.3. Absorption Image Analysis
Figure 2.7 is a radiograph of the sample chamber acquired by the charge-
coupled device (CCD) camera. The radiograph image clearly shows the corundum
reference sphere (bright circle) sitting inside the FeS sample powder (dark area). The
image is a final result of the monochromatic x-ray beam penetrating through
materials with different densities, mass absorption coefficients, and thicknesses (x-
ray penetrating path lengths). A square area along the edge of the sphere is then
selected out of the full image where we need for brightness fitting and further
density analysis.
Previously, the density of the liquid material had been determined by
taking a one- dimensional vertical slice of the radiograph. The density is then

derived by fitting the brightness curve along the reference sphere. Figure 2.8a shows
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a measured brightness from a linear scan across the corundum reference sphere.
Figure 2.8b shows both the calculated and the measured brightness curve across the
corundum reference sphere. By analyzing several brightness curves at various
positions along the sphere, the density of the liquid can be derived. Now, instead of
picking a 1-dimensional cross section for the fitting process each time, we have
developed a 2-dimensional brightness fitting program (Chen et al., 2005) from the
modified Beer-Lambert Law.

A non-linear regression was used to fit the entire reference sphere area in
order to determine the melt densities at various temperatures and pressures. An
example of the fitting result is shown in Figure 2.8c. The blue points are the
measured data, and the red ones are the calculated data points that best fit the
observation. This provides a complete coverage of the fitting area taking account of
the whole reference sphere, therefore, generating an objective fitting result while
comparing with an arbitrary single slice result picked on our own. Another
advantage is one can save a lot of time while not having to analyze the data slice by
slice but taking care of one whole image at once. However, the tradeoff is a larger
density difference between the maximum and the minimum fitted density while
analyzing poor quality images, for example, using an imperfectly spherical reference
sphere. In this study, the uncertainty of the derived liquid FeS density is statistically

estimated to be 2%.
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2.4. Results and Discussion

Using an x-ray radiograph system installed at the synchrotron, Stony Brook
University has developed an improved in-situ liquid phase density measurement
system combined with a large volume press. Chen et al. (2005) have used the system

to study the melting volume of FeS up to 4GPa and 1573K. This study has reached
5.6GPa in pressure and 1673K in temperature. Combined with our newly developed

two-dimensional radiograph brightness fitting method, the uncertainty of the derived
liquid FeS density is statistically estimated to be 2%. By applying the second-order
Birch-Murnaghan equation of state (Angel, 2000) to fit our density data, we have
derived a 4.28g/cm? zero pressure density and an isothermal bulk modulus of 15 (3)
GPa at 1673K (assuming K’=4) for liquid FeS (36wt%S). We have also acquired the
FeS liquid density from the same experimental data set by using the old-fashion one-
dimensional slice fitting process as described in Chen et al.’s (2005) study. We
picked 5 vertical slices from the reference sphere along the horizontal direction. The
density values were determined by a non-linear regression fitting of the brightness of
each slice/curve. The fitted liquid density result compared with the newly developed
two-dimensional fitting result is smaller than 1.4%, assuring us the reliability of our
new two-dimension image fitting program.

In Figure 2.9, the derived liquid density compression curve is plotted together

with results from previous liquid Fe-S alloy studies for comparison purpose. The
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liquid FeS (Fe-36wt%S) density derived from this work show lower density values
comparing with the Fe-10wt%S liquid density data (Sanloup et al., 2000; Balog et
al., 2003) due to the larger sulfur content in FeS. Although the two Fe-10wt%S
studies both focused on the same liquid material, there is discrepancy between Balog
et al.’s (2003) result and Sanloup et al.’s (2000), especially at the lower pressure
range (P<5GPa). There is space for improvement of liquid density measurement and
our method provides information to constrain the liquid density of Fe-10wt%S at
high pressure and high temperature. Also from our study, the FeS composition has a
steeper density compression curve slope than the Fe-10wt%S alloy. That is, the
lower the sulfur content, the smaller effect pressure has on the density change. To
understand the liquid Fe-S alloy density change as a function of pressure and
temperature, more information collected from various compositions of Fe-Xwt%S
(X=0~36), and also from a broader and higher pressure and temperature range is
necessary to better constrain the physical properties of liquid Fe-S alloys. We also
compared our density result with Nishida et al.’s (2008) FeS density result derived
from the sink-float method at 4GPa and 1923K. At the same pressure, the calculated
density from our density compression curve is 5.13 g/cm®. This value is 0.26 g/cm®
larger than their measured upper limit of liquid FeS density at 1673K, if assuming
dp/dT= 0.0008 (Nagamori, 1969). The results are comparable considering the

estimated 2~3% statistic error from each of these two methods.
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From the second-order Birch-Murnaghan equation of state, our study derived
an isothermal bulk modulus Kot= 15 (3) GPa at 1673K (assuming K’=4) for liquid
FeS (Fe-36wt%S). This value is comparable with rough estimation of FeS bulk
modulus result (17GPa) that was suggested by Nishida et al. (2008). This value falls
into the big picture describing the Fe-S alloy bulk modulus (Kqt) change with the
change of weight percentage of sulfur content at 1650K that was proposed by
Sanloup et al. in 2000 (Figure 2.10). Based on their liquid density measurements
plus other data from previous studies, they have suggested that within the 0~27wt%
sulfur content range (Owt%, 10wt%, 20wt%, 27wt% by Hixon et al., 1990 and
Sanloup et al., 2000), there is a 2.5GPa decrease in bulk modulus for every 1wt%
increase of sulfur in the system at 1650K. This linear relation leads to a negative
bulk modulus value after reaching ~32 weight % of sulfur. Our derived bulk
modulus for Fe-36wt%S is higher than the projected value that Sanloup et al.’s
(2000) trend line has predicted. Although the experimental temperature of our data
point (1673K) is not exactly the same as the one in Sanloup et al., 2000 (1650K)
study, a 23K difference in temperature is believed to have a minor impact on the
bulk modulus if assuming that (0K/0T)p of the liquid FeS is similar to that of liquid
iron (-0.0104 GPa/K) (Hixson et al., 1990). With the addition of liquid FeS bulk
modulus derived from this study, here we include the sulfur content of 100 wt%
(Tsuchiya, 1994) and fitted available liquid Fe-S alloy bulk moduli experimental

data from this study and previous studies. The generated exponential trend line
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between pure Fe and pure S fits all the data points with R*= 0.9231. Assuming the
liquid outer core content is Fe mixed with 10wt%S. Then calculated from these two
trend lines, the bulk moduli will have a 34.5% (this study) and a 31.3% drop
(Sanloup et al., 2000) respectively from pure iron. Also plotted in Figure 2.10 are
two trend lines representing ideal mixing of Fe and S (dotted line) and the fractional
atomic percentage Fe-S alloy bulk modulus (dashed line) calculated by applying the
values from the two end members:
Kre-s = Kre* Xret Ksuitur™Xsuifur

Where Kge: pure iron bulk modulus at 1650K (80GPa, Hixon, 1990), Ksuiur:
pure sulfur bulk modulus at 673K (1.57GPa, graphically picked from Tsuchiya,
1994), Xge and Xsyiryr: atomic ratio of iron and sulfur in the alloy. Both the ideal
mixing trend line and the fractional atomic percentage trend line are quite different
from the fitted trend line derived from experimental data, indicating a non-ideal
mixing of iron and sulfur in Fe-S alloys. The applied 1.57GPa isothermal bulk
modulus of liquid sulfur at 673K (Tsuchiya, 1994) is the highest temperature result

that was found in the literature. This value is directly used here as an approximation.
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Figure 2.1 The radiograph system at Beamline X17B2.
IS an add-on system attached to the in situ x-ray
beamline setup. It includes a YAG crystal, an optical
mirror, focusing-magnification lenses, and a CCD
camera. The monochromatic x-ray beam penetrates
through the sample and impinges on the fluorescent
screen, where a visible sample image based on the
intensity of the transmitted x-ray beam is generated.
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Figure 2.2 Equations and cartoon figures showing the
intensity relationship between the penetrated and incident
beams. Top: Beam penetrating one homogeneous material.
Bottom: Beam penetrating two different materials (sample
and reference sphere). R is the density of the material, m is
the mass absorption coefficient of the material, and | is the
x-ray beam path length inside the sample.
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Figure 2.3 The detailed cell assembly setup for the large volume multi-anvil
press experiment is shown in 2.3a. 2.3b shows the parameters of the FeS
sample and the Al,O3 reference sphere that were used in the modified Beer-
Lambert Law equation.

33



Anvil

Sample Cell

DIA-type Cubic Anvil Apparatus
"SAM 85"

SAM TEAM:
Jiuhua Chen
Mike Vaughan

Don Weidner after J. Chen-1/95

Figure 2.4 lllustration of the DIA-type large volume multi-
anvil press used to generate pressure in this experiment.
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Figure 2.5 Radiograph image of the step-absorber
consisting of copper foils (Figure 2.5a). Comparison of
observed brightness and calculated x-ray intensity through
the step absorber (Figure 2.5b). (Chen et al., 2005)
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Figure 2.6 The relation of the measured brightness and the
calculated intensity forms a linear fit (R>=0.9999). (Chen et al.,
2005)
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Figure 2.7 A radiograph image recorded by the CCD
camera. It clearly shows the corundum reference
sphere (bright circle) sitting inside the FeS sample
powder (dark area). The square shape outlines the area
of data points that we used for density fitting analysis.
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Figure 2.8 Brightness (intensity) fitting process improvements. 2.8a is a
single slice of the measured sphere image. 2.8b shows the 1-dimensional
fitting result using a single slice of the sphere image. 2.8c is the fitted

result by applying the lately developed 2-dimensional image fitting
method.
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Figure 2.9 Isothermal density compression curves
from different liquid Fe-Xwt%S alloy studies.
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Figure 2.10 The effect of sulfur content on the Fe-Xwt%S alloy
isothermal bulk modulus change at 1650K. The figure is modified
from the Sanloup et al., 2000 report. The generated exponential trend
line between pure Fe (Fe-Owt%S) (Hixon et al., 1990) and pure S
(Fe-100wt%S) (Tsuchiya, 1994) fits all the data points with R? =
0.9231. The linear trend line (dotted line) represents ideal mixing of
Fe and S and the polynomial trend line (dashed line) shows the
atomic fractional bulk moduli of Fe-S alloy that were calculated
based on the values from the two end members.
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Chapter 3

Pair Distribution Function Study on Compression

of Liquid Gallium

3.1 Abstract

Integrating a hydrothermal diamond anvil cell (HDAC) and focused high energy
x-ray beam from the superconductor wiggler X17 beamline at the National Synchrotron
Light Source (NSLS) at the Brookhaven National Laboratory (BNL), we have
successfully collected high quality total x-ray scattering data of liquid gallium. The
experiments were conducted at a pressure range from 0.1GPa up to 2GPa at ambient
temperature. For the first time, pair distribution functions (PDF) for liquid gallium at high
pressure were derived up to 10 A. Liquid gallium structure has been studied by x-ray

absorption [Di Cicco & Filipponi, 1993; Wei et al., 2000; Comez et al., 2001], x-ray
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diffraction studies [Waseda & Suzuki, 1972], and molecular dynamics simulation [Tsay,
1993; Hui et al., 2002]. These previous reports have focused on the 1% nearest neighbor
structure, which tells us little about the atomic arrangement outside the first shell in non-
crystalline materials. This study focuses on the structure of liquid gallium and the atomic
structure change due to compression. The PDF results show that the observed atomic
distance of the first nearest neighbor at 2.78 A (first G(r) peak and its shoulder at the
higher Q position) is consistent with previous studies by x-ray absorption [2.76 A, Comez
et al., 2001]. We have also observed that the first nearest neighbor peak position did not
change with pressure increasing, while the farther peaks positions in the intermediate
distance range decreased with pressure increasing. This leads to a conclusion of the
possible existence of “locally rigid units” in the liquid. With the addition of reverse
Monte Carlo modeling, we have observed that the coordination number in the local rigid
unit increases with pressure. The bulk modulus of liquid gallium derived from the volume

compression curve at ambient temperature (300K) is 12.1(6) GPa.

3.2 Introduction

Although long-range atomic ordering vanishes in a noncrystalline material, atoms
still trend to arrange in an ordered fashion within a few tenths of a nanometer in such
materials like liquids and glasses [Waseda, 1980]. Recently, there have been increasingly

experimental evidences that liquids may go through first-order transitions under pressure
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due to the change of such short range ordering in even elemental melts [Katayama, 1996;
Brazhkin, 1997; Glosli, 1999; Tanaka, 2000; Katayama, 2000; Katayama, 2001;
Funamori, 2002(a); Funamori, 2002(b); Katayama, 2003]. However, the compression
mechanism in liquid state of simple elements is insufficiently studied. Because of lacking
the long-range ordering, liquid may reduce its volume in a different way from solid when
subject to pressure. For example, compression in solids is always uniform along a given
direction (uniform along all directions in an isotropic case). But in liquids, there are a
number of elements in the Il A, IV A, V A, and VI A groups which do not show uniform
compression [Katayama and Tsuji, 2003], i.e. bond length ratio of first nearest neighbors
and second nearest neighbors varies as a function of pressure. Here we report a high-
energy x-ray diffuse scattering study on liquid gallium (purity 99.999%) at high pressures
up to 2 GPa and at a constant temperature of 300 K. The derived liquid gallium pair
distribution functions — PDF, G(r), indicate that the distance between the nearest
neighbors (the first G(r) peak and a small shoulder peak at high-r side) does not change
upon compression whereas distances of higher order nearest neighbors show significant
shortening. This observation leads to a speculation of local dense-packed rigid unit

(cluster) in the liquid.

3.3 Pair Distribution Function

The Pair Distribution Function (PDF) method is a very powerful tool while

helping us investigate atomic structures of non-crystalline material. The information that
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we can derive from the PDF (Figure 3.1) includes probabilities of finding atom pairs
separated by distance r, short-range structure, intermediate-range structure, and average
coordination number of the material. Due to the lack of long range ordered structures in
amorphous and liquid materials, it has been difficult to investigate the structure of non-
crystalline materials using traditional x-ray diffraction technique. Alternative methods
like X-ray absorption (XAS) has been developed and widely used to study the near
atomic structure of liquid gallium [Di Cicco & Filipponi, 1993; Wei et al., 2000; Comez
et al., 2001a, 2001b]. Their reports have been focused on the 1% nearest neighbor
structure, which tell us little about the atomic arrangement outside the first shell in non-
crystalline materials. However, with the recent development of the pair distribution
functions (PDF) combined with x-ray scattering, we can now study the short to
intermediate range structure of a non-crystalline material. Combined with high pressure
apparatus, the liquid structure change with pressure can be detected.

According to the equation Q= 4=rsin(0)/A. Where Q is the magnitude of the wave
vector, 260 is the x-ray beam diffraction angle, and A is the wavelength of the incident x-
ray beam. In order to get better quality data of the first peak of the G(r), a greater number
in Q is required (observed maximum wavevector Qmax) [Parise et al., 2005]. Plus, for a
high quality liquid PDF, a Quax of at least 10 A™ is necessary [Ehm et al., 2007]. There
are two ways to increase the Qumax Value while setting up the experiment. One is to create
a large opening angle on the x-ray beam downstream side of the diamond anvil cell

where the x-ray beam exits the sample. In this study, we used a diamond anvil cell with a
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20 =30°, which gives us a total opening of 60° in front of the area detector. The other
way to achieve a high Quax is to detect the sample using an x-ray beam with a shorter
wavelength, that is, higher energy. In this study, the energy of the incident
monochromatic x-ray beam was set at 80KeV, which is 0.1549A in wavelength. With this

particular experimental setup, we were able to reach Quax~ 20A™.

3.4 Experimental Method

The phase diagram of gallium [Bosio, 1978] shows that the liquid phase exists
between the pressure range of 0.1GPa and 2GPa at room temperature (29 °C) (Figure 3.3).
The stable pressure range of the liquid phase widens with the increase of temperature,
providing an easily accessible pressure and temperature range for the experimental
instruments.

Due to the need of such a high energy x-ray beam, the experiment was conducted
using a hydrothermal diamond anvil cell (HDAC) and focused 80keV x-ray beam
generated from the superconductor wiggler beamline X17B3 at the National Synchrotron
Light Source (NSLS) at the Brookhaven National Laboratory (BNL). The DAC has a 60°
opening for diffracted beams, which allows the data collection up to 20 A™ in Q value (Q
= 4zrsin(0)/A). The high energy monochromatic x-ray beam was generated by a bent Laue
monochromator, which contains two Si (111) crystals. Two sets of slits (horizontal
direction and vertical direction) narrow the incident beam size down to 100 um by 100

pm. The total x-ray scattering signal was collected using a MAR345 image plate detector
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(Mar Research). The HDAC was used in the experiment to generate the pressure up to
2GPa. The liquid gallium sample along with a small piece of pressed sodium chloride
piece was loaded into the rhenium gasket hole (250 um in diameter). Sodium chloride
acts as the pressure calibrant, it also serves as a standard for determining the sample-to-
detector distance and the detector tilt angle correction for the experiment.

Liquid gallium shows very weak x-ray scattering signal. Therefore, to ensure the
collection of enough statistics of the weak diffusive scattering signal from the liquid, we
collected 20 frames of 5-minute spectra for each data point. The short collection time can
also avoid overexposure of Bragg peaks and Compton scattering from the diamond anvils
that generates unwanted signal resulting in relatively strong marks in our collected
spectrum.

The background signal of the empty HDAC at the experimental temperature was
collected before loading the sample. Diffuse scattering data from the liquid gallium at
300K were collected as a function of pressure until it solidifies. Figure 3.4 shows the
collected total x-ray scattering patterns of a recrystallized solid phase gallium (Figure
3.4a) and a liquid phase gallium (Figure 3.4b). The characteristic diffraction spots of the
solid phase gallium are not observed after reaching the melting point. During the x-ray
image processing, the unwanted Bragg peaks shown in the collected patterns that were
generated from the diamond anvils were masked off from the images and then integrated

by using the fit2d software [Hammersley, 1996, 1997]. The collected x-ray total
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scattering patterns were then analyzed by using the software program PDFgetX2 that was

developed by Qiu et al. [2004] for pair distribution function study.

3.5 Results and Discussion

Figure 3.5 shows an S(Q)-1 function after normalization. The normalization
process plays a critical part that will affect the results and quality of the pair distribution
function G(r). Although the total scattering data was collected up to 20 A™ in Q, the data
was cut at a Max Q ~13 A in order to achieve the best normalization.

Figure 3.6 illustrates the observed structure factors, S(Q), of the collected liquid
gallium data at different pressures. Four to five maximums can be recognized in the Q
range up to 12 A™. The first S(Q) peak and the shoulder peak at the larger Q value side
have also been observed by previous x-ray absorption spectroscopy (XAS) studies [Di
Cicco & Filipponi, 1993; Wei et al., 2000; Comez et al., 2001] and x-ray diffraction
studies [Waseda & Suzuki, 1972]. However, for the first time, our experiments reveal the
higher order of nearest neighbor distance at high pressures. The representative derived
G(r) and the change of peak locations of the G(r) as a function of pressure is shown in
Figure 3.7. The broad but yet distinctive peaks indicate where the near-neighbor atoms
are located in the local atomic structure. The tail accounts for the intermediate-range
correlations. The PDF is obtained from the total scattering data via a sine Fourier

transform of the normalized scattering intensity S(Q). Therefore, what Figure 3.7 shows
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is the information of the atomic structure in real space. The horizontal axis represents the
distance between any gallium atom and the center gallium atom, and the vertical axis is
the G(r). Comez et al. [2001] reported the position of the first G(r) peak at high pressures
and discovered that “no detectable distance (position) changes are found”. The liquid
gallium first-nearest neighbor distance that we observed at ambient pressure (2.78 A) is
consistent with those reported by Comez et al. [2001] and Di Cicco and Filipponi’s
[1993], which were determined by x-ray absorption spectroscopy. We also found that
within the liquid gallium stable pressure range, this nearest interatomic distance does not
change with pressure as illustrated in the Figure 3.7 inset. The same is true for the
shoulder peak at 3.25 A. Nevertheless, the third peak position decreases notably by an
amount of 0.6%, and the fourth peak position decreases even more significantly by 1.5%
with pressure increasing from 0.27 GPa to 1.97 GPa. This indicates a locally dense-
packed rigid unit existing in liquid gallium. Volume reduction due to compression is
mainly a result of shortening of bonds beyond the dense-packed unit (i.e. between the
third and the fourth nearest neighbors).

Katayama and Tsuji [2003] reviewed the compressions of elemental liquids. They
characterized the compression behavior using nearest neighbor distance (ri/r.%) vs.
(V/IVo)'®, where V is the molar volume, 0 indicates ambient pressure and ry/r;° =
(V/Vo)'® represents a uniform compression. They realized that a group of elemental
liquids (i.e. alkali metals: Na, K, Rb, Ce) show uniform compressions whereas others (i.e.

Ga, Si, Ge, B, Se, Te, I) do not. While these liquids deviate from uniform compression in

48



different ways, Bi shows the same characteristic as Ga that the first nearest neighbor
distance is almost constant under pressure. Yaoita et al. [1990] attribute this behavior to
an increase of coordination number in response to pressure. However, PDF of the gallium
liquid shows a very distinct feature that Bi and other liquids do not have: a shoulder peak
overlapping with the first G(r) peak at a slightly larger distance, and both peaks do not
change their positions with pressure. A simple hard-sphere-like model [Waseda, 1980]
cannot fully explain this feature. Tsay [1993] performed a series of molecular-dynamics
calculation of liquid gallium structure and gave a structural model ascribing the S(Q)
anomalies observed in supercooled gallium liquid or amorphous gallium to the presence
of clusters containing different types of atomic bonded pairs (1201-type, 1311-type, and
1301-type). The unchanged interatomic distances features in the compression data for the
nearest neighbor distances that was observed in our experiment supports Tsay’s cluster
concept, that these various atomic bonded pairs may show characteristics of a local

dense-packed rigid unit.

3.6 Atomic Structure Modeling

Since liquid or amorphous materials lack periodically long-range atomic
arrangement, and due to their disordered nature, to build a unique structure model for
liquid or amorphous materials from experimental results or theoretical calculations is
almost impossible [Brown et al., 1995]. However, models that correspond to

characteristic properties of the liquid are useful for one to understand liquid behaviors.
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The pair distribution function provides a one-dimensional picture of the liquid structure.
But a complete structure modeling is required in order to study the material structure in a
three-dimensional space. Similar to Rietveld refinement in analyzing structures of
crystalline materials, for noncrystalline materials (liquid, amorphous, etc), the reverse
Monte Carlo (RMC) method [McGreevy, 2001] is a powerful and widely accepted
modeling method. The structural configurations created from the model helps us
understand the structure of disordered material. It also provides information that can help
us further determine various physical properties of the study material. We used the
program package WInNFLP to perform the reverse Monte Carlo modeling. We have tried
modeling with various numbers of atoms in the system. With too small a number of
atoms, we ended up with an unfulfilled fitting result between the RMC model and the
experimental observation. Yet, an unreasonably great amount of atoms in the system will
take up too much computing power and time in order to run the whole modeling process.
An optimized number of atoms (5000) were included in the modeling. The modeling
result fits remarkably well with the observed data, as shown in Figure 3.8 for comparison
of the calculated (open circles) and the experimentally derived (solid line) structure factor
S(Q) at 0.27GPa.

The average coordination number of the liquid structure is derived from the RMC
modeling result (Figure 3.8 inset). The value of the coordination number increases as a
function of pressure, approaching the coordination number of the center atom in an ideal

icosahedron which contains the three types of atomic pairs reported by Tsay [1993]. The
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rate of the coordination number increase (6.1% GPa™) in gallium liquid is less significant
than that in Bi liquid (11.4% GPa™). Therefore, the alternative way for the liquid
structure to reflect the volume decrease (density increase) due to compression is to
decrease the distances between the local dense-packed rigid units.

The density of liquid gallium at ambient condition that we used as a starting
reference for liquid structure modeling is 6.095 g/cm®. This was measured at 29.8°C
under room pressure by Hoather [1936]. At high pressure, various density values were
applied as input parameters in the RMC modeling. We then calculated the square
summation of the intensity difference between the experimental S(Q) and the S(Q) that
was generated from the RMC modeling, covering a range from 2 to 11 A™. The sample
density is determined by finding the least square summation using a 2™ order polynomial
fitting of the square summation vs. input density. The error of the derived density at each
pressure point is smaller than 1.7%. The S(Q) RMC modeling result shows a 9.9%
density increase when the pressure was raised from ambient to 1.97GPa. This density
change is greater than that directly estimated using the shortening of the 4™ peak (4.4%),
indicating that the compression may be accommodated by a combination of inter-cluster
distance shortening and coordination number increasing. Using the 2™ order Birch-
Murnaghan equation of state (K’=4), we derived the isothermal bulk modulus K=12.1(6)
GPa of liquid gallium at 300K. Figure 3.9 illustrates the experimentally observed V/V,
change with pressure in this study. Also shown in the same figure is a data point

graphically picked up from the figure reported by Gromnitskaya et al. [2007] at 285K for
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comparison. Our data is about 3.3% lower than that by Gromnitskaya et al. As no
experimental uncertainty of the volume measurement is given in their data, the difference

of 3% may be acceptable.

3.7 Summary

High pressure x-ray total scattering experiments in a hydrothermal diamond anvil
cell has been performed at Beamline X17B3 at the NSLS. This study was able to detect
the local atomic structure of liquid gallium up to 10 A in distance and valuable
information from liquid materials at high pressure has been derived. The physical
properties change of liquid gallium under pressure has also been discussed. Based on the
experimental observation, existence of atomic locally-ordered-units in liquid gallium is
suggested. The possible structure geometry of the locally-ordered-unit may look like a
distorted icosahedron with a 10- to 11-gallium-atom-shell surrounding one single gallium
atom located inside the distorted icosahedron. There is still space for improvement of the
collected data quality. Since the liquid structure is built upon the statistic average of the
atom positions, increasing the number of frames collected for each pressure and
temperature condition will improve the statistics and give us better quality images.
However, this is restricted by the limited assigned beam time at the synchrotron light
source. Applying perforated diamonds will reduce the relatively strong bright spots in the

images generated by Bragg peaks of the single crystal diamond anvils. Or we could
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prevent the unwanted bright spots by physically blocking the scattering signal in front of

the detector by applying small lead pieces on the imaging plate surface.
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Figure 3.1 The Pair Distribution Function (PDF) provides
information of probabilities of finding atom pairs separated by
distance r, short-range structure, intermediate-range structure, and
average coordination number of the material.
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Figure 3.2 Pair distribution function extends the atomic structure
study range beyond the first nearest neighbor. Providing structure
information of both the first nearest neighbor and intermediate
range atomic arrangements.
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Figure 3.4 shows the collected total x-ray scattering patterns of a
recrystallized solid phase gallium (Figure 3.4a) and a liquid phase
gallium (Figure 3.4b). The characteristic diffraction spots of the solid
phase gallium are not observed after reaching the melting point.

60



Q[S(Q)-1]

QA"

Ehm et a/, 2007

Figure 3.5 The normalized S(Q).

61



[£+]
o
o

Temperature (K)

/ 250

S(Q)

| 1.97 GPa

1 |

1 A 0.27 GPa

2 4 6 8 10 12

Figure 3.6 From the structure factor of liquid gallium, we see four maximums
extending up to Q=12 A™ from the total elastic scattering by the high
energy (~80KeV) synchrotron x-ray. The phase diagram of gallium
(Bosio, 1978) shows that the liquid phase exists within the pressure
range of 0.1GPa and 2GPa at room temperature. The solid circles
show the pressure and temperature condition of the data points
acquired for this experiment.
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Figure 3.7 The PDF is obtained from the total scattering data via a sine Fourier transform
of the normalized scattering intensity S(Q). Therefore, the G(r) shows atomic
structure information in real space. The first large peak and its shoulder at 2.78
A (#1) and 3.25 A (#2) represent the distorted local dense-packed rigid unit.
The tail accounts for the intermediate-range correlations. The inset illustrates
the peak positions change with pressure. Peak #1 and #2 did not change with
pressure but the third peak position decreased by an amount of 0.6%, and the
fourth peak position decreased 1.5% with pressure increasing. This
phenomenon is unusual for compression of hard spheres.
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Figure 3.8 The Reverse Monte Carlo modeling result of the experimentally observed S(Q)
at 0.27GPa. The total number of atoms applied in the modeling process is 5000.
The Reverse Monte Carlo modeling result (open circles) agrees well with the
experimental observation (solid line). The coordination number linearly
increases with pressure. This reflects the reduction of the distortion of the
locally ordered unit.
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Figure 3.9 Shown is the fitted 2" order Birch-Murnaghan equation of state volume

compression curve of liquid gallium derived from the RMC modeling result.
The calculated isothermal bulk modulus at 300K is 12.1(6) GPa for liquid
gallium. For comparison, the triangle shape single data point result is
graphically picked from previous ultrasonic measurements study of liquid
gallium by Gromnitskaya et al. [2007].
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Chapter 4

Exploration for future work and summary

4.1 Exploration For Future Work
4.1.1 FeS Density Measurement

The accurate densities of liquid phase iron alloys are demanding for
understanding the outer core. The experimental pressure range for melt density
measurement in a large volume multi-anvil press is technically limited (in-situ ~10 GPa,
ex-situ ~20GPa). Large extrapolations (to 130~330GPa) are needed in order to apply the
equation of state results to the core condition. Even a small data uncertainty within the
experimental pressure range will result in significant error in such a large extrapolation.
Extending the pressure range for in situ liquid density measurements is essential for

ultimately resolving the core composition issue. Therefore the immediate future work is
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study melt density of Fe-S system at high pressure. Measuring liquid material density
using a diamond anvil cell was first explored by Shen et al. (2001). Our preliminary
experiments of measuring FeS liquid density in a diamond anvil cell have been
performed at the Advanced Light Source. The high temperature was provided by a laser
heating system. Figure 4.1 shows the image of the sample setup in the diamond anvil cell
under a microscope. The x-ray absorption image of the sample is also shown. Two holes
were drilled on the same gasket, each 120 um in diameter. One hole was filled with fine
Al,O3; powder as a sample thickness measurement. The other hole included FeS sample
surrounded by fine Al,O3; powder. Thin layers of Al,O3; powder were loaded between the
diamond anvil culets and the sample for thermal insulation. This experiment setup has
potential to produce high pressure liquid density data. However, there do exist
experimental details that need to be addressed. One of them is the determination of the
sample thickness between the top and bottom thermal insulation layers. One way to
minimize the thickness error is by coating the diamond culets with hard MgO or Al,O3
layers which have been proved effective (Andrault and Fiquet, 2001). Figure 4.2 shows
the size comparison of the two sample holes at ambient pressure and under high pressure.
The hole that contained the sample was not densely packed as the pure Al,O3 powder
hole. Therefore, the diameter of the sample hole becomes smaller under pressure. A 4GPa
difference in pressure between the two chambers was observed by the ruby scale at about

7.1GPa sample pressure. Continuation of technical development in this area is needed.
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Even within the current large volume pressure range, more experimental data on
Fe-Xwt%S system with a finer sulfur content variation, e.g. at 5wt%S step, are needed to
minimize the uncertainty in the sulfur content influence on bulk modulus. Exploring
influence of other light elements (e.g. C, H, O, Si) using the technique we have developed
in large volume press is another future work for a better understanding of the composition

of Earth’s core.

4.1.2 Structural Study

In addition to the large data stretching in the pressure extrapolation, another
significant error in the melt density at the core conditions may come from possible
pressure-induced local structural change in the Fe-S system. Variation of local atomic
arrangement may alter the bulk modulus i.e. equation of state of the system. Our ultimate
goal of PDF study is to investigate influence of pressure on the short-range ordering in
liquid Fe-S system. In addition to ambient temperature pair distribution function study of
liquid gallium, high pressure and high temperature x-ray total scattering data of liquid
gallium has been collected up to 200°C (Figure 4.3). The high temperature G(r)s show
similar major features as observed at ambient temperature (Figure 4.4). However the data
quality of G(r) at 100°C is poor. We looked at the G(r)’s 4 major peak positions and their
changes with pressure at different temperature conditions (Figure 4.5). The position of
Peak #1 remains unchanged at ambient temperature, 100°C, and 200°C. Peak #3 and #4

decrease with pressure. Peak #2 increases at 100°C but decreases at 200°C, showing an
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inconsistent position change between different temperature conditions. Reason is unclear,
but possibly due to the large error that was generated from the poor quality G(r) at 100°C.
Further investigation is needed. The calculated interatomic distance change with
temperature at 1GPa and 4GPa is illustrated in Figure 4.6. Except Peak #2, the 3 other
interatomic distances are not affected by temperature within the 200°C temperature range.
Temperature seems to have a stronger effect on peak positions at lower pressure.
Although the temperatures we reached in these experiments are far below the
melting temperature of FeS, we have gained experience on high temperature diffuse
scattering data collection and processing. The future work in this area is to establish an
experimental routine for PDF study using laser heated DAC, and to study pressure
influence on local structure of Fe-S melt system. Bright synchrotron x-rays at Advanced

Photon Source may be required for such experiments.

4.2 Summary

Density measurement of liquid phase FeS under high pressure and high
temperature has been performed using radiography technique combined with x-ray
synchrotron. The absorption image analyzed by our self-developed program provides
reliable density results. The -1.8GPa/wt% bulk modulus versus sulfur content relationship
proposed by our study is different from previous studies (Sanloup et al., 2000). If 10wt%

sulfur is responsible for the density deficit between pure iron and the liquid outer core,
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the impact of these two trends will differ the sulfur content of the liquid outer core by
3wt%. More detailed density measurements and equation of state studies of different Fe-
Xwt%S alloys are required to further confirm the trend.

In order to understand liquid density change with pressure and temperature, it is
important to look at the liquid structure. In chapter 3, the atomic structure of a simple
composition liquid --- gallium was investigated up to 12A. This study helps us
understand liquid structure with simple composition and its behavior under pressure.
Most liquid gallium structure studies were limited at the first nearest neighbor. We have
extended the atomic structure study beyond this range. The technique could be applied to
multi-element materials and our ultimate goal is to study the liquid structure of earth
materials. Since earth materials are generally complicated in composition, the
investigation of the atomic structure of a simple element does shed light on an
experimental procedure to detect multi-element liquid structure farther than the first
nearest neighbor distance.

Almost all the experiments that have contributed to this dissertation were
performed at the National Synchrotron Light Source at the Brookhaven National
Laboratory. Nowadays, many high pressure and high temperature mineral physics
experiments and studies of the interior of the earth strongly benefit and rely on
synchrotron x-ray. Future study direction will keep taking advantage of the light sources,
and focus on applying synchrotron x-ray to earth related materials in order to help us

better understand our planet.
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ruby powder FeS+ ruby powder

Figure 4.1 shows the image of the gasket and the samples in the
diamond anvil cell. Two holes were drilled on the same gasket, each
120 um in diameter. The left hole was filled with fine Al,O3 powder
as a sample thickness measurement. The other hole included FeS
sample (darker part) surrounded by fine Al,O3; powder.
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Figure 4.2 The size comparison of the two gasket holes at ambient
pressure and under high pressure. The hole that contains the sample (right
hand side) was not densely packed as the pure Al,O; powder hole (left
hand side). Therefore, the diameter of the sample hole becomes smaller
under pressure. A 4GPa difference in pressure between the two chambers
was observed by the ruby scale. The x-ray absorption intensity profile
along the yellow line is shown at the very bottom.
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Figure 4.3 High pressure and high temperature Xx-ray total
scattering data of liquid gallium has been collected up to 200°C.
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Figure 4.4 This figure shows the final PDF G(r) results of liquid gallium collected
at ambient temperature (Figure 4.4a), 100°C (Figure 4.4b), and 200°C (Figure 4.4c)
at various pressure conditions up to 5.28GPa. The broad but distinctive peaks show
where the near-neighbor atoms are located in the local atomic structure. The tail
accounts for the medium and long-range correlations. The high temperature G(r)s
show similar major features as observed at ambient temperature.
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Figure 4.5 The position of Peak #1 remains unchanged at ambient temperature (Figure
4.5a), 100°C (Figure 4.5b), and 200°C (Figure 4.5c). Peak #3 and #4 decrease with
pressure. Peak #2 increases at 100°C but decreases at 200°C, showing an inconsistent
position change between different temperature conditions. Reason is unclear, but possibly
due to the large error that was generated from the poor quality G(r) at 100°C. Further
investigation is needed.
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Figure 4.6 The calculated interatomic distance change with temperature at
1GPa and 4GPa. Except Peak #2, the 3 other interatomic distances are not
affected by temperature within the 200°C temperature range. Temperature has
a stronger effect on peak position change at 1GPa.
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