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In this study, collective excitations of liquid indium are studied just above the melting point at different
pressures (1.7 GPa, 240 ◦C; 3.0 GPa, 300 ◦C; 4.0 GPa, 360 ◦C). The pressures and temperatures are achieved
by the use of an externally heated diamond anvil cell. Clear evidence for the existence of propagating
modes is observed from the dynamical structure factor at constant momentum transfer (Q) up to about
18 nm−1. The reason for the observed high elastic-scattering background is identified, and its effects on
the determination of elastic properties such as viscosity are discussed.
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1. Introduction

Measurement of physical properties of solids or liquids under pressure at high temperatures is
important in understanding the behavior of planetary materials. It is clear that any new method-
ology development will contribute greatly in solving some of the puzzles related to the structure
of the Earth and other terrestrial planets, whether this interest originates from a condensed matter
physics, mineral physics, or geological viewpoints.

Among the physical properties, the atomic structure is addressed by X-ray diffraction, and
great progress has been made in the last two decades in incorporating specially designed diamond
anvil cells (DAC) to synchrotron radiation beamlines. A combination of laser heating and resistive
heating has expanded our knowledge of the phase diagram and equation of state for many minerals
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and alloys at elevated temperatures and pressures reflecting the conditions in the lower mantle,
down to the mantle-core boundary [1].

However, the progress in measuring thermo-elastic properties using various inelastic X-ray scat-
tering (IXS) techniques under such extreme conditions has lagged behind; only in the last few years
has significant progress been made. Among these attempts, one can mention direct measurement
of the phonon density of states with nuclear resonant IXS (NRIXS) [2] or phonon-dispersion rela-
tions with momentum-resolved IXS [3–5]. While the measurement of lattice dynamics is relevant
to solids, knowledge of viscosity and thermal conductivity are equally relevant and significant to
our understanding of the liquid core, as well as the accurate determination of the melting boundary
for iron-alloys under core conditions.

The momentum-resolved IXS measures the momentum transfer of the (Q)-dependent energy
position, excitation width, and the intensity of Brillouin and Rayleigh peaks. The strength of
the Rayleigh (elastic) line is due to the presence of entropy fluctuations in a pure liquid and/or
concentration fluctuations and overdamped sound modes, while the Q dependence of the width
of the central line is related to thermal conductivity and viscosity. Similarly, the intensity of the
Brillouin lines is due to the presence of sustained pressure fluctuations, while the position is
related to sound velocity; and the Q-dependence of the width is related to dynamic viscosity.
Furthermore, the detailed balance between Stokes and anti-Stokes lines is a good measure of the
temperature of the sample, directly measured at the intersection of the X-ray beam and the laser
beam [6].

Momentum-resolved IXS has been successfully used in extracting the velocity of sound and
viscosity of liquids at ambient pressure and temperature in water [7], alkali metal liquids [8],
metal-ammonia solutions [9], and more; see the review article by Scopigno [10]. The regime
of very high temperatures exceeding 1500 K was studied for liquid sapphire [11], silicon
[12], and titanium [13] by combining the levitation method and the momentum-resolved IXS
method. Momentum-resolved IXS measurements of liquids under high pressure and at ele-
vated temperatures are relatively new and more challenging. These challenges are related to
the restricted sample environment as well as to signal detection. Momentum-resolved IXS
spectra of liquid phosphorus under pressure and temperature were presented to illustrate the
potential use of the Paris-Edinburgh large-volume press device [14]. This paper proposes a
two-slit collimator system for rejecting parasitic signals coming from the complex sample
environment. This slit system, together with a collimator between the detector slit and the
analyzer, is a standard setup at sector 3, as will be discussed in Section 3 below. However,
more progress is needed in combining heating, DAC, and momentum-resolved IXS techniques
simultaneously.

2. Technique

Due to improvements in the source brilliance of third-generation synchrotron radiation sources,
coupled with the use of perfect crystal optics for monochromatization of the incident beam
and analysis of scattered radiation [15,16], the momentum-resolved IXS technique with few-
meV energy resolution has become an important method in condensed matter spectroscopy.
Momentum-resolved IXS allows us to study collective excitations as a function of energy and
momentum transfer for single crystals, polycrystalline samples, disordered systems, and liquids.
The technique is non-destructive and probes the bulk properties of a given structure. It is suitable
for a wide range of parameters, e.g., temperature, pressure, and chemical doping.

In principle, the momentum-resolved IXS technique is complementary to inelastic neutron scat-
tering for studying the dynamics in condensed matter physics on mesoscopic-length scales. The
main advantages compared with neutron scattering are unlimited access to the energy-momentum
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space (no kinematic restriction), a purely coherent cross-section, and small beam size on the order
of millimeters. Integration of microfocusing optics allows an even smaller beam size of several
micrometers [10], which will benefit high-pressure studies.

The kinematic restrictions of neutron scattering prevent reaching acoustic modes over a certain
range of wave vector Q and sound velocities larger than 1500 ms−1. In crystals, the translational
symmetry of the lattice enables the study of collective excitations in higher Brillouin zones;
therefore, the kinematic restriction in the small-Q region can be overcome. However, this is not
possible for liquids and disordered systems that have a sound velocity larger than 1500 ms−1, since
there is no translational symmetry. The momentum-resolved IXS does not have the kinematic
restrictions of neutron scattering; therefore, it is particularly suited to study liquids with high
sound velocities [11].

In contrast to Raman and Brillouin spectroscopies, which are limited to studying phonons
around the zone center (Q∼0), momentum-resolved IXS can probe phonons in the entire Brillouin
zone, providing information on elastic moduli and elastic anisotropy [4] for single crystals. On the
other hand, experiments on polycrystalline samples yield orientationally averaged longitudinal
acoustic velocity and bulk properties [17]. Combined with seismic waves and ultrasound mea-
surements, momentum-resolved IXS measurements will provide new insights into geophysically
relevant materials.

The spectrometer used for the momentum-resolved IXS technique is state of the art in terms
of achievable resolution and intensity in third generation synchrotron facilities. There are five
unique spectrometers currently around the world. These are located at the European Synchrotron
Radiation Facility (ESRF) in France [18], the Advanced Photon Source (APS) in USA [19], and
the Super Photon ring (Spring-8) in Japan [20]. The spectrometers at the ESRF and Spring-8
use a backscattering monochromator to scan the incident energy, whereas the spectrometers at
the APS use an in-line monochromator to scan the incident energy [21,22]. As a consequence, the
spectrometers at the APS are built in a forward direction, which allows relatively easy integration
into a standard beamline design and makes the spectrometers more conducive to incorporate com-
plicated sample environments like levitation heating [11]. Moreover, the in-line monochromator
provides the enhanced capabilities of scanning the incident energy.

In general, the liquid dynamical structure factor can be described within the framework of
generalized hydrodynamics [23,24] using the memory function approach. It is written as

S(Q, ω)

S(Q)
= 1

π
Re

[
1

iω + v2
TQ2/(iω + M)

]
, (1)

where vT is the isothermal sound velocity, ω is the energy of the excitation, and M is the mem-
ory function that is responsible for the relaxation process. Different types of memory functions
were used in the literature to explain the experimental momentum-resolved IXS spectra, e.g.,
three-exponential-decay functions accounting for thermal, structural, and microscopic relaxation
processes [25] or a Maxwell-type frequency-dependent viscosity with a small non-relaxing part
[11]. Detailed information on the dynamical properties of liquids can be found in the recent review
article [10].

3. Experiment

The experiment was performed at the Advanced Photon Source beamline 3-ID, and the setup is
shown in Figure 1. The synchrotron beam of 21.657 keV is produced by two 2.4-m-long undu-
lators with a 2.7-cm magnetic period. As a premonochromator, water-cooled diamond crystals
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178 A. Alatas et al.

Figure 1. Schematic view of the spectrometer developed at beamline 3-ID. The beam comes from an undulator (A)
and premonochromator (C), then passes through the high-resolution monochromator (D) and focusing mirror (E) before
it illuminates the sample (G). The scattered intensity is focused by an analyzer (I) into the detector (J). The ionization
chamber (F) is used to monitor the incident flux on the sample. The slit systems that determine the source size are (B)
and (H). The momentum resolution is determined by an additional slit in front of the analyzer that has a slit opening of
4 × 10 cm2 (H ×V).

are used to reduce the bandwidth to 1.4 eV. The beam is further monochromatized by a cryo-
genically cooled six-crystal in-line monochromator [22]. The energy transmitted through this
high-resolution monochromator has an energy width of ∼1.2 meV. The requirements for very high-
energy-resolution optics and the basic principles of such instrumentation are discussed elsewhere
[19,21,22,26]. The spectrometer works in the horizontal scattering geometry with a horizontally
polarized radiation. The beam is focused 0.25 × 0.25 mm2 on the sample by a Pd-coated toroidal
mirror. Then the scattered beam is collected by the analyzer for energy selection located 6m from
the sample. Currently, four analyzers separated by 3.3 nm−1 in the reciprocal space are used at
sector 3. The typical horizontal momentum resolution is ±0.36 nm−1, determined by a 4 cm slit
in front of the analyzer. The maximum scattering angle is 18◦, which corresponds to a maximum
momentum transfer of 34 nm−1. This arrangement allows spectra to be collected simultaneously at
four different momentum points. The energy-resolution function of the spectrometer is experimen-
tally determined from a Plexiglass sample at its first static structure maximum. The resolution
function was parameterized by a pseudo-Voigt function. The overall energy resolution of the
four-analyzer spectrometer is between 2.1–2.3 meV full-width at half-maximum. The resolution
is constant over the measured momentum-transfer range within the experimental error ±0.1 meV.

An externally heated DAC (DXR-7, Diacell) is used in this study. The heating of the sample
is achieved by inserting four cartridge heaters into the cell body, providing uniform temperature
distribution inside the cell. Diamond anvils with 800 μm culet diameter are used. A rhenium
gasket is pre-indented to about 100 μm thickness. A 300 μm-diameter hole was drilled in the
gasket. Indium powder (99.9999%) together with a small amount of NaCl chips and ruby are
loaded into the hole for pressure measurement. From the NaCl diffraction lines, the pressure is
determined during the measurement with the use of an image plate detector.

Melting and solidification of the indium sample inside the DAC are observed by the change in
the structure factor. The results are shown in Figure 2. The thin black line is the static structure
factor of the sample at room temperature. It shows the Bragg peaks of the indium and NaCl.
Upon melting, as seen by the thick black line, Bragg peaks from indium have disappeared, and
the static structure factor is dominated by a broad peak centered around 23 nm−1. After cooling
below the melting temperature (dashed lines), the static structure factor changes back to the room
temperature static structure factor curve, but the Bragg reflections from indium are lost. This is
due to the growth of single-crystal domains in the sample. During the experiments, the static
structure factor S(Q) was measured every 24 hours to verify the quality of the sample and the
pressure from the NaCl lines, in addition, to measurements made with the image plate detector.
For the 1.7 and 3.0 GPa data sets, we did not observe any changes in the S(Q) scans, ensuring
that the sample was intact in the DAC. On the other hand, S(Q) scans taken at 4.0 GPa started to
show some changes very close to the end of the experiment. Further investigation was done at
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High Pressure Research 179

Figure 2. S(Q) scans for powder sample at RT (thin line), liquid sample (thick line), and solid sample at high temperatures
(dashed line). Inset shows the melting (circle) and solidification (dashed line) of the sample observed by the change in
the structure factor intensities at Q = 23 nm−1 as a function of temperature at 4 GPa.

room temperature by rocking the sample ±20◦ during the S(Q) scan. It showed an extra Bragg
peak compared with the starting material, indicating a change in the composition of the sample.
This was also verified by the electron microscope measurement. These data were not included in
the evaluation.

The energy scans are shown in Figure 3 as a function of momentum transfers up to 16.15 nm−1

for three different pressure points. Energy scans are achieved by changing the incident energy
by rotating the in-line multi-Bragg diffracting high-resolution monochromator crystal, while the

Figure 3. Energy scans for three different pressures as a function of momentum transfer.
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energies of the excitations are selected by the fixed energy of the analyzers. In these measurements,
intensities are normalized to the incoming flux on the sample. The total flux on the sample was
4.5 × 109 photons/s−1/1.2 meV.

4. Results and discussion

Since the energy spectra at low momentum transfer points are dominated by the elastic background
as will be discussed below, we did not attempt to analyze data according to Equation (1) to extract
thermo elastic quantities. Instead, energy positions and excitation widths were extracted with
the damped harmonic oscillator (DHO) model. Dispersion relations and widths are shown in
Figure 4. The measured longitudinal sound velocities of the liquid indium at 1.7 and 3.0 GPa do
not change significantly within the error bars (2625 ± 60 ms−1 at 1.7 GPa and 2610 ± 60 ms−1

at 3.0 GPa). For 4.0 GPa, a 10% increase in the sound velocity (2895 ± 60 ms−1) is observed.
Sound velocities at 1.7 and 3.0 GPa are about 15% higher than the adiabatic sound velocity [27]
and about 10% higher than the longitudinal sound velocity at ambient pressure [25]. Damping
can also be explained quantitatively with the mode coupling theory [13], by using S(Q) data from
Waseda [28] at ambient pressure and 170 ◦C.

The relative change in sound velocity as a function of pressure for different materials can be
scaled as the ratio of applied pressure to bulk modulus. For example, in the earlier work of Shaw
and Caldwell [29], a change of sound velocity as a function of pressure was reported for alkali
metals of Na, K, Rb, and Cs. In the absence of electronic transitions, there is a positive monotonic
dependence of sound velocity with pressure. The relative change in sound velocity of liquid alkali
metals at pressures corresponding to 10% of their solid bulk modulus varies between 14% and
21% [29]. Similarly, we find a 12% change in the sound velocity of liquid indium at 4 GPa,
corresponding to 10% of its solid bulk modulus. In order to make an exact comparison, correct
values of the temperature-dependent bulk modulus would be needed to scale the applied pressure
with the material’s compressibility. Such a baseline would enable us to determine anomalies due
to electronic or structural phase transitions taking place in the liquid state.

Figure 4. Dispersion of the collective excitations for different pressures and temperatures. Circles, squares, and triangles
represent the data for 1.7 GPa, 240 ◦C, 3.0 GPa, 300 ◦C, and 4.0 GPa, 360 ◦C, respectively. From the slope of the dispersion
curves, longitudinal sound velocities are calculated as 2625 ± 60 ms−1 at 1.7 GPa, 2610 ± 60 ms−1 at 3.0 GPa, and
2895 ± 60 ms−1 at 4.0 GPa. The width of the excitations are also included in the figure together with mode coupling
fitting using S(Q) data obtained from Waseda [28].
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Figure 5. Energy scans for liquid (circles) and hot-solid (squares) indium at two different Q points. Solid lines are fitted
to data. Liquid data at 6.29 nm−1 are vertically shifted for clarity.

Energy scans were also performed for the hot solid sample just below the melting point to
determine background scattering at each momentum transfer point. These are shown in Figure 5
for two momentum points at 6.29 and 25.15 nm−1. Their fitting parameters are given in Table 1. At
6.29 nm−1, both liquid and hot solid energy spectra show almost the same strength for elastic peaks
compared with the relatively low elastic background level for the liquid at 25.15 nm−1. At this
point, comprehension of how much of the elastic peak comes from the surrounding environment
of the sample especially from diamonds is necessary. This is important since the scattering volume
includes a 2 mm thick diamond for momentum transfers up to 34 nm−1. This scattering volume is
defined by the incident beam size and the 2 mm detector slits located 12 cm away from the sample,
as shown in Figure 6 for two different scattering angles (2◦ and 15◦). A rhenium gasket blocks
the scattering from the diamond located on the upstream side. On the other hand, the diamond
located on downstream side contributes to the scattering volume even at 15◦.

The momentum-resolved IXS technique can be used to measure the longitudinal viscosity in
liquids, which is difficult to access with traditional contact measurements for viscosity. Since
the viscosity is related to the inverse of the width of the central peak within the visco-elastic
theory (at finite frequencies and wave vectors) [10,11,13], it is very important that the elastic

Table 1. Fitting parameters for spectra at 6.29 and 25.15 nm−1. Integrated intensity, width, and position of the peaks
are represented by I,�, and ω, respectively. Central and side peaks are represented by the subscripts 0 and s.

Liquid at 6.29 nm−1 Solid at 6.29 nm−1 Liquid at 25.15 nm−1 Solid at 25.15 nm−1

Total monitor counts 18.5 Million/200 s 9.3 Million/100 s 3.7 Million/40 s 1.8 Million/20 s

I0(×10−5) 4.66 ± 0.125 3.65 ± 0.129 286 ± 1.27 10.1 ± 6.92
�0(meV) 1.33 ± 0.08 1.28 ± 0.1 0.7 ± 0.009 1.92 ± 0.9
ω0(meV) −0.28 ± 0.05 −0.38 ± 0.06 0.013 ± 0.009 −0.2 ± 0.06

Is (×10−5) 0.21 ± 0.016 0.183 ± 0.014 1.06 ± 0.23
�s(meV) 1.53 ± 0.2 0.61 ± 0.15 0.78 ± 0.22
ωs(meV) 10.4 ± 0.12 10.4 ± 0.1 3.46 ± 0.08
χ2 0.77 1.00 1.81 0.87
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182 A. Alatas et al.

Figure 6. The scattering volume as seen by the 2 mm slits located at 120 mm away from sample for two scattering
angles at 2◦ and 15◦. Inset figures are magnified for clear views of the sample environment. Scattering volume is defined
by the cross section of the incident beam and scattering as seen by the analyzer restricted by the detector pinhole and the
rhenium gasket. The dashed lines on the diamond represent the proposed perforated diamonds that will reduce scattering
from the diamond.

background from diamond scattering is properly subtracted. To reduce the elastic background from
the diamond scattering, one can use perforated diamonds, which would minimize the scattering
volume occupied by the diamond (as shown in Figure 6 with dashed lines), and use a collimator
between the cell and the detector slit. The collimator will allow only those scattered beams that
have the correct scattering angle and will better define the scattering volume. Another way to
overcome this problem is the use of a Paris-Edinburgh-type multi-anvil cell, although this also
has its own limitations as explained in [14]. This type of cell can be applied to materials with
low-Z elements, which would increase the absorption length.

IXS is a very promising technique for studying thermo-elastic properties of liquids under pres-
sure relevant to geophysical science. We have demonstrated the feasibility of such experiments,
identified the problems related to the experimental setup and data analysis, and discussed ways
to overcome these problems.
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