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Abstract

Waveform and differential travel-time (DTT) of various PKP phases have been utilized to
study the velocity variations at the core-mantle boundary (CMB) and the inner-core bound-

ary (ICB). The spatial concentration of events and stations, and the significant variations

in PKPab-PKPdf DTT and waveform of PKPab, indicate localized sharp lateral variation
of velocity at the CMB as supported by simulations. Modeling of DTT’s among PKiKP,
PKIKP and PKP-B-diffracted (Bg;f¢) phases, and waveform of Bg; sy supports that the
ratio of relative velocity variations of S- and P-wave at the CMB is larger than 2, and
that hemispheric P-wave velocity variations exist at the top of the inner core, and that D”
structure is related to the ICB via core dynamics.

The equation of state of stishovite is obtained by direct shock wave loading up to 235
GPa as Kgr = 306 + 5 GPa and K(/)T = 5.0 £+ 0.2 where Ky is ambient bulk modulus
and K(/)T its pressure derivative. Phase diagram of silica (including melting curve) up to
megabar pressure regime is established based on molecular dynamics (MD) simulations and
dynamic and static experiments. Calculations show that perovskite is thermodynamically
stable relative to the stishovite and periclase assemblage at lower mantle conditions. A de-
tailed and quantitative examination is conducted on the thermodynamics and phase change
mechanisms (including amorphization) that occur upon shock wave loading and unloading
of silica. The systematics of maximum undercooling and superheating, are established by
incorporating normalized energy barrier for nucleation and heating (cooling) rate, and val-
idated at the atomic level with systematic MD simulations. By considering superheating
in shock wave experiments, high-pressure melting curves for silica, alkali halides and tran-
sition metals are constructed based on the Lindemann law and the In2 rule for the entropy

of melting.
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Preface

What makes a crystal interesting is its defects and impurities;

What makes the Earth’s interior intriguing is its heterogeneities.

A perfect crystal without any defect or impurity, and a perfect spherical layered
Earth without any lateral variations, may be aesthetically favored. But heterogeneity
is ubiquitous. It is heterogeneity that makes the physical world function in a chaotic
order, and induces interesting diversities. For instances, line defect (dislocation)
allows metals to deform plastically, an advantage serving human being since the very
beginning of the civilization. The captivating appearance of the Earth’s surface is
created by the driving forces mostly due to the chemical and thermal heterogeneities
inside. Investigations of the seismic, chemical and thermal heterogeneities in the
Earth’s deep interior are crucial to our understanding of the evolution of terrestrial
planets. (The first-order compositional and thermal models of the Earth are still
under debate though.)

Seismic techniques mostly involve travel time (¢) and waveform of various seis-
mic phases, e.g., PKP triplications. To construct a chemical model of the Earth
requires knowledge of the physical properties (e.g., thermodynamic phase changes) of
candidate minerals at the pressure (P) and temperature (7') comparable to those in
the Earth’s interior. Thermodynamic and seismic phase changes are due to distinct
physics but related. Seismic phase change is defined as appearance (or disappearance)
of a seismic phase (arrival) due to the changes in velocity-density model (M) for a
given source-receiver pair. Although van der Waals (vdW) equation of state (EOS)
is not applicable to the condensed matters inside the Earth, its g — P (g = Gibbs free

energy) triplication (Figure 1) can help the understanding of seismic phase changes
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Figure 1: Isothermal g — P triplication for a vdW EOS normalized by values at
the critical point (P,,T,,V,) and T = 0.97,. ad and de, db and cd are stable and
metastable gas and liquid, respectively. bc is unstable and physically prohibited for
a vdW system. ¢(P) and ¢(A), and their first and second derivatives, are analogous
to each other.

related to seismic triplication t — A (A = epicenter distance). Analogy between g — P
and t — A triplications has been established [Luo, 2000] as g <> t, P <> A, T <> M,
V < p, and K7 <> Kjy, where V is volume, and bulk modulus K7 = —VOP/oV|r, p
is ray parameter, and seismic stiffness Ky = —pdA/dp|yr. g — P triplication occurs
at T' < T, where T, refers to the critical point for a vdW system, and ¢ — A triplica-
tion can be induced by large spatial variations in M. Catastrophes occur at caustics
in both triplications. The thermodynamic phase changes, and elastic properties of
Earth materials are manifested in the behavior of seismic phases.

The vast diversity of geophysical phenomena can be attributed to P, T" and heat
production in the Earth’s interior, and the thermodynamic, elastic (and plastic) and
transport properties of its constituents. The static and dynamic behavior of the Earth
are governed by a few physical (quantum, Newtonian and statistical) laws spanning

a colossal range of temporal (from femtosecond to geological time) and spatial (from
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atomic spacing ~ A to continuum) scales. Quantum mechanics, statistical mechanics
and classical thermodynamics, and the conservation laws of mass, momentum, and
energy are the physics connecting seismic observations, chemical composition, heat
balance and dynamic evolution of the Earth.

This dissertation is by no means intended to construct a complete integrated pic-
ture of the Earth, which certainly requires the long-term joint efforts from several
scientific communities. A few attempts have been made toward understanding the
Earth’s interior [Luo et al., 2001, 2002a, ¢, d, e, f; Luo and Ahrens, 2003a; Luo et al.,
2003a; Luo and Ahrens, 2003b; Luo et al., 2003b], and a large portion of my re-
search is included in this thesis. Chapters 1-2 investigate the heterogeneities near
the core-mantle boundary (CMB) and inner-core boundary (ICB) with PKP phases.
Chapters 3-5 discuss the static and dynamic behavior of silica under high pressures.
Results from static and dynamic experiments, molecular dynamics simulations and
thermodynamic calculations are included. The systematics of maximum superheat-
ing and undercooling and the implications to high-pressure melting of geophysically

important minerals, are presented in Chapter 6.



Chapter 1

Evidence for a Sharp Lateral Variation of Velocity
at Core-mantle Boundary from Multipathed
PKPab

Abstract

Rapid changes in differential travel times between the various PKP branches have
been attributed to strong lateral velocity variations at the base of the mantle. Dif-
ferential time PKPab-df residuals showing jumps of up to 2 seconds for paths only
100 km apart have been reported. Such extreme changes in travel times for signals
with comparable wavelengths suggest ray bifurcation with multi-paths containing
slow and fast contributions to PKPab. Here we report on some well-documented
normal and multipathed PKPab phases along with rapidly varying differential time
residuals observed for Fiji-Tonga events with paths sampling the northern edge of
the mid-Pacific large slow structure (LSS) beneath Hawaii. Systematic analyses of
these data with 2-D models suggest the presence of a ridge-shaped structure at the
core-mantle boundary containing abrupt reductions of P-wave velocity of up to 10%.
This narrow ultralow velocity zone (ULVZ) is located at the boundary between a large
scale low velocity and high velocity structure, corroborating recent dynamic models
which propose that ULVZs preferentially occur at the boundary between hot and cold

mantle domains and could be related to plume activity at Hawaii.



1.1 Introduction

PKP triplication phases (PKPab, PKPbc and PKPdf) are due to velocity discon-
tinuities at core-mantle boundary (CMB) and inner-core boundary (ICB). PKPab
(outer-core) grazes the CMB at a large incident angle before entering the core while
PKPdf (inner-core) penetrates CMB structures more steeply (Figure 1.1). The ray-
paths of PKPab and PKPdf approach each other near the receiver which makes their
differential behavior less sensitive to the complex surface variations. At deeper depths
these raypaths separate and become less symmetric in the sense that PKPab piercing
points cluster on the receiver side and have more aperture on the source side at CMB
and vise versa for PKPdf. Since small changes in CMB velocity structure can perturb
PKPab path effectively, its travel time and waveform become sensitive to structure at
CMB. Thus, the differential characteristics of these two PKP phases have been used
to study the core-mantle boundary and inner-core structures, e.g., Creager [1992],
Breger et al. [1999], Song and Helmberger [1997] and McSweeny et al. [1997]. In this
work, we utilize 2-D waveform modeling technique to explain the variations in wave-
form and differential time residuals between PKPab and PKPdf observed by a dense
broadband array (NARS) in Spain. The modeling results are presented with possible

implications.



Figure 1.1: Raypaths for PKPab (purple) and PKPdf (blue) for different epicenter
distances, plotted on an S tomography model [Grand et al., 1997]. The cross section
is chosen along Fiji-to-Spain great circle path direction. CMB indicates the core-
mantle boundary, and ICB the inner-core boundary. Note that the piercing points
for PKPab cover a wider range at CMB on the source side than on the receiver side
and vise versa for PKPdf. The color scale is 4% (S velocity) with red being slow
and blue fast relative to PREM [Dziewonski and Anderson, 1981].
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Figure 1.2: Map of seismic stations in NARS array (this study) and WWSSN (PTO,
TOL and MAL) used by Song and Helmberger [1995]. Stations indicated as circled

inverse triangles recorded multipathed PKPab phases (complex waveforms).

The

cross-correlation coefficients between PKPab and PKPdf for Event 1 and 3 are shown

in the upper-left corner. Refer to Figure 1.3.
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Figure 1.3: Seismic recordings at NARS array from three Fiji events (860616, 880719
and 860526) aligned on PKPdf. The focal depths are 565, 90 and 538 km for Event
1-3, respectively. Dashed lines are PKPab arrivals predicted by PREM. Note that
the PKPab phase at NE14 for Event 1 is delayed relative to PKPdf as are those at
NE13, 14, 17, 22 and 23 for Event 2, and that PKPab at NE14 for Event 1 and those
for Event 3 are multipathed or distorted. Great circle paths are blue, green and red
for Event 1-3, respectively, in Figures 1.4 and 1.5.



Figure 1.4: The great circle paths of event-receiver pairs and piercing points of PKPab
and PKPdf at the CMB, plotted on an S tomography model Ritsema et al. [1999]
for the lowermost mantle. Blue represents Event 1, green Event 2 and red Event
3. The color scale is £2.5%. Red indicates slow and blue fast velocities relative
to PREM. Stars indicate epicenters, black triangles receivers, solid lines great circle
paths, squares piercing points of PKPdf at the CMB, other symbols indicate PKPab
piercing points at the CMB and observed characteristics of PKPab relative to PREM:
(1) dot denotes normal differential time and waveform; (2) inverse triangle denotes
positive PKP(ab-df) residual with normal waveform and (3) asterisk denotes multi-
pathed or distorted PKPab.

1.2 Observation

A useful technique for systematically determining the differential times has been pro-
posed by Shearer and Toy [1991], where one uses the observed waveform directly
to estimate the differential time. The PKPab phase should be ideally phase-shifted
by 90° or Hilbert-transformed since it is a maximum travel time phase [Choy and
Richards, 1975]. One such data set analyzed with this method was addressed by
Song and Helmberger [1993]. They found that one of the most anomalous differential
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Figure 1.5: Portions of the great circle paths on the source side. The color scale is
+4%. The dashed line is a schematic drawing of the southern boundary of the ULVZ
causing the waveform complexity and PKP(ab-df) residual variations (see text). Note
that the blue patches are Hawaiian islands. Notations are same as in Figure 1.4. The
numbers correspond to receivers at the NARS array discussed in Figure 1.2.
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times observed occurred at station TOL in Spain from Fiji-Tonga events (Figure 1.2).
Helffrich and Sacks [1994] suggested that this feature could be caused by diffraction
of a slab near the source but this is disputed by Song and Helmberger [1997], who
argue against this interpretation in that anomalous differential times are independent
of source depth. Song and Helmberger [1995] analyzed a seismic record section which
displays rapidly changing differential behavior at neighboring stations, PTO, TOL
and MAL and found that PKP(ab-df) residuals for MAL are consistently 2 seconds
larger than those for PTO and TOL. These rapid changes in differential travel times
are also apparent in NARS observations (NE stations in Figure 1.2). Some exam-
ples of PKP observations recorded by this temporary broadband array are shown in
Figure 1.3, aligned on PKPdf. The dotted lines indicate the PKPab arrivals pre-
dicted by PREM. The PKPab phase arrives about 2 seconds late relative to PREM
at NE14 for Event 1 as determined by waveform correlation, although its wave shape
is somewhat complex. This result is in agreement with the earlier studies with PTO,
TOL and MAL and with observations in column 2 for Event 2 in Figure 1.3, where
again PKPab observations in western Iberia (NE21) arrive early relative to south-
eastern stations (NE14 and NE22). Event 3 is recorded by most of the same stations
but displays a much more complex PKPab as is apparent in column 3 of Figure 1.3
and in their cross-correlation coefficients in Figure 1.2. This result suggests that the
crustal structure near the receiver is probably not the dominant cause of the observed
features in seismograms since it is common to all the events. Note that PKPdf is rel-
atively simple and a check of the focal mechanism (CMT) indicates that both PKPdf
and PKPab are well-away from nodal planes. Thus, the source properties should be
relatively stable and it becomes difficult to explain the rapid changes in PKPab wave-
form compared to PKPdf, e.g., NE10 to NE17. Although strong azimuthal variation
in receiver effects cannot be completely eliminated, we will attempt to explain this
feature as a propagation distortion caused by a deep localized structure.

Because PKPab is sensitive to structure in the lowermost mantle, the variations
in data are expected to be associated with variations of structure near the CMB.

The great circle paths for these event-station pairs are plotted against a tomography
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model [Ritsema et al., 1999] with the piercing points of PKPab and PKPdf at the
CMB (Figure 1.4). The region where PKPab hitpoints at CMB cluster on the source
side is displayed in Figure 1.5. The dashed line separates the early and normal PKPab
arrivals (dots) from the late (triangles and blue asterisk) and complex PKPab arrivals
(red and blue asterisks). The transition is about 1-3 degrees spatially, so the lateral
variation of the CMB structure must be rapid. Although the piercing points of PKPab
at the CMB move a few degrees spatially on the source side along the great circle
path, they remain nearly identical on the receiver side (Figure 1.1). And, since Events
1 and 3 are both deep and less susceptible to slabs, we attribute this dramatic change
to rapid lateral variation at the CMB near the transition zone structure from slow to
fast (Figure 1.5). Data show that waveform and differential time residuals vary along
great circle path direction and azimuthally, suggesting a 3-D structure near the CMB

to account for the observed features.

1.3 Modeling

Could tomographic models predict these observed features? Due to the limited data
coverage and relatively poor resolution of P tomography for the lowermost mantle,
we scale the shear wave models [Grand et al., 1997] into P models to model the
waveforms by assuming dinV,/dIinV, = k as utilized by many investigators (e.g.,
Breger et al. [2000]). For the case of k = 1, significant differential time changes can
be produced without obvious waveform changes (Figure 1.6). Assuming k& = 2, a more
commonly used value, predicts even smaller effects. Thus, the relative smoothness
of such tomographic models cannot produce the observed waveform complexities but
help to explain the observed differential time variation.

The synthetics presented in Figure 1.6 were generated by a code based on gen-
eralized ray theory (GRT) modified to correct for laterally varying structures by Ni
et al. [2000]. The procedure begins by tracing rays through a radially symmetric
1-D Earth model. Then the 2-D tomographic velocity variations are added and the

rays regenerated to satisfy Snell’s law. This approximation is roughly equivalent to
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Figure 1.6: Comparison of 1-D (PREM) synthetics with those based on the model
modified from an S tomography model [Grand et al., 1997| where dinV;/dInV, =1
was used to convert S model to P. Synthetics along great circle paths similar to those
in the data show travel time changes and relatively simple PKPab waveforms. The
synthetics are aligned on PKPdf.
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Figure 1.7: (a) Shows how GRT synthetics are constructed for a 1-D layered model
where the bottom trace is the complete synthetic for Event 3 at distance of 162°.
Each trace (except bottom trace which is the complete sum) represents the sum of
the generalized ray contributions from 5 consecutive layers of the model (PREM). The
main contribution to PKPab is from the traces labeled with 1-8. Trace 4 is nearest
to the PKPab geometrical ray contribution. (b) is a 2-D model used to produce
multipathed PKPab. The velocity contrast is -11% relative to PREM. (c) shows the
changes of traces 1-8 and PKPab synthetic of 162° from 2-D model in (b) with respect
to PREM. (d) is the synthetic PKPab profile for 2-D model in (b) from 158° to 163°.
The number at the right side is the cross-correlation coefficient between PKPab and
PKPdf of the synthetics and the number on the left side is the epicenter distance.
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applying a local stretching methodology for mapping a complex structure into a lo-
calized layered model where the model is ray-parameter dependent |Helmberger et al.,
1996|. Contributions from individual layers are computed with the Cagniard-deHoop
method and summed to produce a synthetic seismogram. Figure 1.7a displays the
basic interaction of these ray-packets in constructing the motion. Each trace con-
tains the sum of contributions from 5 even thinner layers. These individual traces are
displayed sequentially from the inner-core (bottom) to the CMB (top). The sum of
these bundles is used to construct the bottom synthetic with the main PKP phases
labeled. Note that the PKPdf pulse comes from the inner-core while the PKPab pulse
is produced by a delicate interference of the last arriving bundles (maximum travel
time phase). The roughness in the final summation is caused by the intrinsic layered
structure [Helmberger, 1973].

Tomographic models that have been smoothed by their construction typically
produce small shifts in timing as displayed in Figure 1.6, with minor distortions
of principal phases. The main energy forming the PKPab phase is produced from
bundles of rays sampling a depth zone of about 50 km, centered roughly on the
geometric ray as can be deduced from Figure 1.7a. This beam of rays spread out
near the CMB due to the nonlinear behavior of the sine-function describing Snell’s
law (Figure 1.8). It consequently thins back down traveling upward to the surface.
For the distance of 162°, the beam covers about 300 km horizontally at the CMB but
narrows back down approaching the source and receiver, roughly 5 km at a depth of
700 km. Thus, the easy way to split this packet of rays is to place an anomaly in the
beam near the CMB. A thin lens-like structure produces a stronger impact above the
CMB than below because of the alignment with raypath. By varying the anomaly’s
geometry, dimension, location and velocity contrast relative to PREM, synthetics with
multipathed PKPab can be obtained. A particularly effective structure (Figure 1.7b)
proves to be an ultralow velocity zone (ULVZ) [Wen and Helmberger, 1998b| with
height of 55 km, width of 165km, velocity decrease of 11% located where the PKPab
geometric ray pierces the CMB structure.

Figure 1.7c displays the individual wavelet changes relative to the reference model
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Figure 1.8: Display of a few raypaths adjacent to the geometric ray (4) described
in Figure 1.7 that contribute to PKPab (depth 538km, epicenter distance 162°).
Small shifts in their arrival times can cause waveform distortions. Thus the fine-scale
velocity variations traversed by ray 3 and 4 but not ray 5 or the reverse can cause
distortions. Note that it is particularly difficult for ray 3, 4 and 5 to encounter very
different structure in the upper-mantle (say, 700 km depth) since they are separated
by only a few kilometers. The most efficient location is near the CMB or in the
fluid core although the latter is probably quite homogeneous. While the synthetics
generated here are for 2-D, it is easy to see how 3-D structures positioned at the CMB
could produce a complex wavefield.
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at layers with dominant contributions to PKPab. Note that about half of the pulse is
shifted back (trace 4) by about 1.5 seconds which is primarily causing the waveform
complexity. Other models with thicker structures but with smaller velocity drops
or thinner structures with still stronger velocity drops are possible as long as they
can produce a few seconds of timing shifts. The shape displayed here is chosen to
be roughly compatible with previous ULVZ studies [Wen and Helmberger, 1998a].
Figure 1.7d shows a profile of PKPab waveform changes from 158° to 163° epicenter
distance with the same focal depth and radiation pattern as Event 3. This means that
for the same azimuth, multipathed PKPab will occur at greater epicenter distance
for this 2-D anomaly. Perhaps, this explains why the multipathed PKPab occurs at
NE13, NE14 and NE17 for Event 3 but not as apparent at NE10 and NE11 for Event
1 in the same azimuth. The cross-correlation coefficients of the synthetics decrease as
the mutlipathed PKPab develops (Figure 1.7d) which is consistent with observations.
Multipathed PKPab can occur at smaller epicenter distances with corresponding ge-
ometry, dimension and velocity deficits by positioning the anomaly nearer the source.
This could be the reason why the multipathed PKPab appears at NE10 and NE16
for Event 3 but not at NE16 for Event 1 as displayed in Figure 1.5. Thus we propose
a 3-D ULVZ with a boundary schematically depicted as a dashed line in Figure 1.5 to
account for the anomalies observed in the data (travel time, complex waveform and
the reduced cross-correlation coefficient). The width of the ULVZ (in great circle path
direction) is 150-300 km, height 50-100 km, and velocity deficit of 8-12%. However,
due to limited data coverage, the detailed structure for this region remains uncertain
but this anomaly could easily pass beneath Hawaii. The 3-D effect may complicate
the waveform and also cause uncertainties in waveform modeling.

Suppose that source complexities contributed to complexities in PKPab waveform
for Event 3. For a worst case, we assume that a specific source produces normal
PKPdf but a double-pulse PKPab at NE16 for Event 3. Synthetics are then obtained
for other stations for Event 3 by assuming PKPdf of NE16 as the source for PKPdf
synthesis, and the Hilbert transform of PKPab at NE16 as the source for PKPab

synthesis. As we can see from Figure 1.9 (Data and 1-D), complicated sources cannot
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Figure 1.9: Comparison of the complicated PKPab observations for Event 3 against
1-D and 2-D synthetics. The source time function for synthetics is the top trace
in the data column. The 2-D structure is the same as Figure 1.7b. The match at
the top is produced primarily by construction (see text). The 1-D synthetics do
not change shape with epicenter distances as expected. The 2-D synthetics become
quite complicated as the interaction between the periodicities (of source and structure
anomaly) changes with epicenter distance. They do not fit the data exactly since
waveform depends on the choice of source and structure, but adding the complexity
caused by the 2-D structure produces some of the observed attributes.
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explain the differences between the records at the various stations. However, adding
complexities produced by the 2-D structure along with double-pulse type source (2-
D in Figure 1.9) starts to produce the rapid variations observed. Since this ULVZ
structure could be quite complex and 3-D in nature, we might expect the data to be
produced by some-type of interference pattern. If this is the case, we would need a

dense array of stations to obtain an accurate structural representation.

1.4 Discussion and Conclusion

The tomographic studies discussed here (Figure 1.4 and 1.5) indicate that a rather
large slow structure (LSS) exists at the CMB beneath the mid-Pacific. This structure
extends upward to the upper-mantle with shear velocity reductions of up to 2% and
seems to have an anomalous high-density region near the bottom [Ishii and Tromp,
1999|. It appears that the entire region is sitting on a slow basal layer with variable
thickness |[Wysession et al., 1998; Mori and Helmberger, 1995; Garnero and Helm-
berger, 1995]. Adding an extra slow layer at the CMB and/or simply inflating the
predicted P-velocity from S-wave tomography can significantly reduce the observed
variance in PKP(ab-df) as demonstrated by Song and Helmberger [1997] and Breger
et al. [2000]. Note that our results in Figure 1.6 improve the relative timing between
PKPab and PKPdf in agreement with the above travel time studies. However, the
position of this LSS as determined from tomography appears to be somewhat uncer-
tain as deduced by comparing proposed models such as Grand et al. [1997], Ritsema
et al. [1997], Liu et al. [1994], Li and Romanowicz [1996], and Masters et al. [1996].
They mostly agree that the northern edge is near the dotted line in Figure 1.5. A
particularly sharp boundary along this edge is displayed by Wysession [1996] which
could be associated with 200 m.yr. subduction indicated by Richards and Engebre-
ston [1992]. This suggests that the relatively cold and fast slab material is adjacent
to the LSS, probably near the dotted boundary displayed in Figure 1.5. Similarly,
Breger and Romanowicz [1998] report on a sharp jump in S wave velocity structure

of up to 10% along the northern edge to explain the differential times in S, SKS
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Figure 1.10: Stages of growth of a large slow structure (LSS). TBL is the thermal
boundary layer at the CMB. The preexistent LSS is hot and dense. As the relatively
cold slab flows due to the negative buoyancy, a thick zone composed of partially
melted slab and core sediments [Buffett et al., 2000] forms between the slab and the
LSS, and a ULVZ develops at its base. Differentiation of this hot material could
rain out dense components thus enlarging the bottom half of the LSS. The lighter
components would rise and possibly form a plume too narrow to be seen by present
techniques. We suppose that this process would be episodic, perhaps occurring in
relatively short periods of geological time as suggested by Thompson and Tackley
[1998| and Brandon et al. [1999].

and SKKS. And, Russell and Lay [1999] found S wave velocity and anisotropy het-
erogeneity at the CMB with ScS waves sampling the region near Hawaiian plume.
But the southern boundary is more complex in nature as denoted by the above au-
thors. However, several studies report on strong anomalies near this transition region
[Wen and Helmberger, 1998a, b; Vidale and Hedlin, 1998]. The study by Wen and
Helmberger [1998b] invokes a Gaussian-shaped feature not unlike the one derived
above(Figure 1.7b) to explain broadband PKP precursors located near the edge.
Thus, it appears that ULVZs occur not directly beneath the LSS but near edges
or transitions. Note that a similar result is developed for the great African anomaly

[Helmberger et al., 2000; Ni and Helmberger, 2001]. Recent dynamic models [Sidorin
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et al., 1998; Tan and Gurnis, 2000] suggest that ULVZ may preferentially occur on
the boundary between hot and cold regimes at the CMB. A variety of mechanisms
(squeezing effect, small scale convection and chemical heterogeneity etc.) could cause
a hot zone developed between the slab and the LSS (Figure 1.10). In this scheme,
the zone is composed of partially melted slab and core sediments gathered at the top
of the CMB (rich in core content [Buffett et al., 2000]) with a possible ULVZ at its
base and could develop into an upwelling. The dense components of this upwelling
could differentiate and sink and enlarge the preexistent LSS [Zhang and Yuen, 1997,
Thompson and Tackley, 1998|. A possible upwelling formed in this way could be
rich in core content and hence provide the unique geochemistry observed at Hawaii
[Brandon et al., 1999].

In conclusion, we present evidence for an ultra-low velocity zone located along the
northern edge of the large-scale mid-Pacific low velocity structure. This discovery
is primarily based on the multi-path behavior of the PKPab observations sampling
this particular transitional region. These features can be explained by introducing
extreme changes in velocity as demonstrated by the 2-D modeling. The occurrence of
this ULVZ at the transition of a large scale slow-to-fast structure suggests a physical
connection between mantle downwelling and upwelling processes evident in recent

dynamic models and may be related to plume activity at Hawaii.
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Chapter 2

Relationship of D” Structure with the Velocity
Variations near the Inner-core Boundary

Abstract

Variations in regional differential times between PKiKP (i) and PKIKP (/) have
been attributed to hemispheric P-velocity variations of about 1% in the upper 100 km
of the inner-core (referred to as HIC). The top of the inner-core appears relatively fast
beneath Asia where D” is also fast. An alternative interpretation could be the lateral
variation in P velocity at the lowermost outer core (HOC) producing the same differ-
ential times. To resolve this issue, we introduce the diffracted PKP phase near the
B caustic (Bg;sf) in the range of 139-145° epicenter distances, and the corresponding
differential times between Bg;;s and PKiKP and PKIKP as observed on broadband
arrays. Due to the long-wavelength nature of Bg;sr, we scaled the S-wave tomog-
raphy model with k values (k = dinV;,/dinV),) to obtain large-scale P-wave velocity
structure in the lower mantle as proposed by earlier studies. Waveform synthetics of
Byiss constructed with small £’s predict complex waveforms not commonly observed,
confirming the validity of large scaling factor k. With P-velocity in lower mantle
constrained at large scale, the extra travel-time constraint imposed by Bg;fs helps to
resolve the HOC-HIC issue. Our preliminary results suggest k > 2 for the lowermost
mantle and support HIC hypothesis. An important implication is that there appears
to be a relationship of D” velocity structures with the structures near the inner-core

boundary via core dynamics.
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2.1 Introduction

The structure near the inner-core boundary (ICB) is important for constraining the
seismic, dynamic and mineral-physical interpretations concerned with the deep Earth.
This region presents challenges to seismologists because it lies beneath the complex D”
which complicates conventional seismic methods. Therefore, most studies have em-
ployed differential times between neighboring phases (e.g., Choy and Cormier [1983];
Cormier and Choy [1986]) to lessen the impact of passing through the laterally varying
core-mantle boundary (CMB) structure. The paths for PKIKP and PKiKP remain
remarkably similar when crossing the CMB and, thus, their differential times (d;r)
can be used efficiently to study this important boundary (ICB) [Niu and Wen, 2001].
They found conclusive evidence for regional variation (roughly hemispherical) of +0.5
seconds in ¢§;; residuals relative to PREM [Dziewonski and Anderson, 1981] predic-
tions which they interpreted as 0.8% variations in P wave velocity at the top 100 km
of the inner-core with the eastern hemisphere (40°E-180°E) faster than the western
(180°W-40°E), similar to the study by Kaneshima [1996]. Seismologically, the inter-
pretation of §;; itself is not unique since the variation could occur in either the fluid
outer core or the solid inner-core. With a seismic array, Bg;rs can be observed along
with ¢ and I in seismograms. By;ss is the diffracted PKP arrivals in the shadow zone
of P wave, due to the major solid-liquid boundary (CMB), and thus long-wavelength
in nature. The introduction of By s supplies one more independent differential time,
d;p (i — Baigs) or 01 (I — Byifs), which can help constrain the interpretation of d;;
given the knowledge of the lower mantle, or vise versa. To address this issue, we
analyze recordings from three broadband arrays with respect to these hemispheric
differences and discuss the tradeoffs between the lower mantle, outer- and inner-core

heterogeneities, and the possible geophysical implications.
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Figure 2.1: The great circle paths for event-array pairs plotted on an S tomography
model for the lowermost mantle layer [Ritsema et al., 1999]. Color scale is £2.5%
with blue being faster and red slower relative to PREM. Stars indicate events and
triangles seismic arrays (GA, MM and TB). GA: German array; MM: MOMA array
and TB: Trinet and Berkeley network. Black dots indicate the piercing points of
PKIKP (I) and PKiKP (i) at the CMB, the green segments the regions sampled by
Bygiss at the CMB, and the red segments the inner-core sampled by PKIKP. Three
events are: 20001002 (dep. = 10 km, mag. = 6.6), 19951105 (dep. = 58 km, mag. =
6.3) and 19940504 (dep. = 213 km, mag. = 5.8).



25
2.2 The observation and interpretation

We begin by reviewing some typical examples of the hemispheric nature of the obser-
vations as displayed in Figures 2.1 and 2.2. The observations at the German array
(GA, Figure 2.2a) [Thomas, 1999| sample the eastern hemisphere where the §;; resid-
uals are usually found to be positive relative to PREM and the mantle velocity at the
CMB is relatively fast above the inner core as shown in the map view. These data
can be contrasted with those observed at the MOMA array (MM, Figure 2.2b), where
the 0;; residuals are negative as predicted and the CMB is relatively slow. Both of
these velocity record sections display a well-developed PKP caustic (near 144°) and
B-diffractions at smaller distances. Since this phase (Bgss) is relatively long-period,
it is more pronounced in displacement as shown in the observed Trinet-Berkeley (TB)
profile (Figure 2.2c). These three record sections all show clear Bgff, I and i arrivals
except that in the TB recordings ¢ is not resolved due to the long-duration source
time function. The differential time ¢;; residuals (R;;) relative to PREM for GA
and MM are distinct, positive R;; for GA and negative for MM, consistent with the
hemispherical observations [Niu and Wen, 2001], except that the inner-core region
sampled by MM path is close to the transition which is not well resolved by former
studies.

The most reasonable interpretation of §;; variation is the structure near the ICB,
due to the fact that the raypaths of ¢ and I phases differ the most near the ICB. Thus
R;; is most sensitive to the bottom of the outer core or the top of the inner-core or
the ICB itself. This point is illustrated in Figure 2.3a. If the P velocity of the top 80
km of the inner-core is 0.8% faster than PREM (Figure 2.3b), R;; becomes about 0.5
s. Keeping the inner-core unchanged but decreasing the P velocity of the bottom 50
km of the outer core by 0.9% (Figure 2.3c), results in comparable R;;. If we increase
the radius of the inner-core by 15 km instead (Figure 2.3d), R;; becomes slightly
positive. Thus for the case of R;; > 0, increasing the velocity at the top of inner-core
is equivalent to decreasing velocity at the bottom of the outer core except for minor

waveform (e.g., amplitude ratio) changes, while it is less efficient by changing the
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Travel time (second)

Figure 2.2: Record sections at GA, MM and TB. Bysr, I and 4 phases are picked
along the solid lines. The dashed lines are PREM predictions for I and By, s relative
to 2. The 9;; residual is positive for GA where the CMB is relatively fast above the
sampled ICB, and negative for MM where the CMB is relatively slow. The dotted
curves in TB section are PREM synthetics. Note that the TB record section is in
displacement where it is difficult to separate I from i.
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radius of the inner-core. The topography of ICB could also change d;;, e.g., a 15
km difference in topography for ¢ and I could cause negative change of 0.3 s in R;;
(insert, Figure 2.3e). If the velocity above or below ICB or ICB topography changes
in the opposite direction, R;; will change sign accordingly. Different changes in the
amplitude of velocity relative to PREM produce proportional changes in travel time
residuals.

In short, the d;; result itself cannot rule out the possibility of the bottom fluid
core being responsible for the anomalies of R;;. Another important piece of infor-
mation is the Bg¢¢, which is easily identified in these dense broadband array record
sections, providing rather accurate picks of the arrival time of Bgs¢. Thus we have
one more independent differential time, d;5 or d;p besides d;7, which can help clarify
the interpretation of ¢;;. Figure 2.3a shows the relationships between Byg;sr, I and
1. The differential times can be obtained by measuring the separation between the
maximum-amplitude peaks [Niu and Wen, 2001|, either in velocity or in displace-
ment seismograms where By;¢; is more pronounced. The corresponding residuals are
obtained by subtracting PREM predictions from data (Figure 2.3e). The average R;;
for GA is about 0.4 s and that for MM is -0.3 s, which are close to the hemispheric
results of other data sets [Niu and Wen, 2001]. R;p for GA is about -0.4 s, 0.7 s for
MM and about 0 for TB. R;p for GA is almost zero and 0.35 s for MM. Of these
three residuals, only two are independent. Unfortunately, we don’t gain directly from
Byisf, because although we obtain one more independent differential time, we also
introduce one more unknown, namely the lowermost mantle (D”), which could affect
0; and drp.

The scale-length of the region sampled by By at the CMB (500 — 1000 km) is
comparable to the resolution of tomography models. Due to the lack of a satisfactory
P-wave tomographic model, some studies [Dziewonski and Woodhouse, 1987; Ritsema
and van Heijst, 2000; Robertson and Woodhouse, 1995; Masters et al., 2000] proposed
to obtain P-wave model by scaling S-wave tomography models which have constraints
from SKS and ScS. The scaling factor k& = dinV;/dinV,, is proposed to be close

to or larger than 2 by various studies. First we will explore the k£ dependence of
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Figure 2.3: (a) Schematic raypaths (upper portion) of PKIKP (I), PKiKP (i) and
Bairs (non-geometric ray) and travel time curve t—A (lower portion) of PKP near the
B caustic. The d;; is the differential time PKiKP-PKIKP and so on. (b, ¢, d) Synthetic
sections with a focal depth of 600 km using the WKM method [Ni et al., 2000].
Dashed curves are PREM synthetics and solid ones are for modified PREM. Note the
d;; changes when: (b) The P velocity of the top 70 km of the inner-core is increased
by 0.8%, (c¢) The P velocity of the bottom of the fluid core is decreased by 0.9%,
and (d) The radius of the inner-core is increased by 15 km. (insert) A simulation of
laterally varying ICB. If PKIKP and PKiKP hit the ICB at different depth (keeping
the piercing points of PKIKP fixed) due to the ICB topography, PKIKP remains the
same while PKiKP arrives earlier so that the §;; decreases. (e) The measurement of
the differential time residuals (relative to PREM) in the corresponding record sections
as function of epicenter distances. The ¢;;’s at GA and MM are typical of those found
by Niu and Wen [2001].
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Figure 2.4: (a) Great circle paths for event (20001002) - station (TB) pairs, plotted
on an S tomographic model on the source side with a sharp lateral transition at CMB
sampled by Bgrs (green segment). Other notations same as Figure 2.1. (b) 2-D
waveform modeling of By, s¢ with different & values along the TB tomographic cross-
section at distance of 141°. Note that the distortion of Bg¢s waveform when k < 2
caused by the rapid transitions from slow-to-normal structure while the recordings
appear PREM-like (Figure 2.2¢).
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Figure 2.5: (a) Recordings at MM overlaid by PREM synthetics (dotted curve) aligned
on PKiKP. These synthetics were produced with a WKM code [Ni et al., 2000]. Solid
lines are arrival picks in data and dashed lines PREM arrivals. (b) Dotted curves are
PREM synthetics aligned on PKiKP, and solid curves are those from a converted S
model [Grand et al., 1997] with £ = 1 and 2 labeled accordingly. The dashed lines
are PREM arrivals and solid line is for £ = 1.
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Bgiss waveform. The waveform of Bg;ss is fairly simple in the array observations
(Figure 2.1) due to its long wavelength nature. To distort Bgss requires strong
velocity variation over a large scale traversed by the bundle of rays at the lowermost
mantle as in Figure 2.4. The entry segment of By s is distinct in that it crosses a
sharp boundary from slow to normal (Figure 2.4a). Numerical experiments on the
waveform of Bysy were conducted along the tomographic cross section for TB by
varying k values (Figure 2.4b). The waveform modeling places lower bound of 2 on
k (P velocity jump is less than 2% crossing the boundary) to match the PREM-like
waveform as observed in the TB section. Smaller k values (larger P-velocity changes)
begin to produce waveform complications as in Figure 2.4b which are not observed
(Figure 2.2). In the global study, the cases are statistically rare where most of the
By segment is in low or ultra-low velocity zone (ULVZ). In other cases where the
S variations are small, the P variations are expected to be small too, so that D” will
have small effect on By, s¢-related differential times . Thus it is reasonable to assume
a large k. This is consistent with earlier studies where S wave tomographic models
can be used to predict large scale P-velocity.

Essentially, the mantle effect on travel time can be estimated by computing travel
times from scaled S tomography models. For conceptual purpose, we take MM section
as an example to compute the 2-D synthetics and analyze the differential time changes
(Figure 2.5). This tomographic model is similar to that shown in Figure 2.1. For MM,
the rays mostly sample the fast regions at the CMB and thus the synthetic phases
arrive earlier than those from PREM depending on k (Figure 2.5). If £k = 2, the
predicted R;p is about 0.5 s which is similar to the observations. This result suggests
that the fluid core is normal (otherwise the fluid core would change i, thus R;5) and
the inner-core is slow, favoring the HIC interpretation if no ULVZ’s have been sampled
by ¢ or I. If £ =1, the synthetic §;5 prediction from the tomographic model is over 1
second and PKiKP needs to move forward and thus favors the HOC interpretation.

The analyses for GA is similar except that these paths sample the slow D” and
Byis slows down. Since the observed R;p is almost zero, we need to delay 7 to match

the delay of Bg;ss for small k£ values. For example, k = 2 needs to invoke the HOC
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interpretation since R;p = -0.4 s from the tomographic prediction. But large k values
(the P velocity is close to PREM) yield small R;p which suggests a normal fluid core
and attribute the R;; to a fast inner-core (HIC). In this case, a large k (k > 2) favors
the HIC interpretation.

The waveform study places lower bound of 2 on k, comparable to former studies
(e.g., k = 2.5 [Robertson and Woodhouse, 1995|; k = 2 [Dziewonski and Woodhouse,
1987]). Thus we can constrain that the large-scale P velocity at the lower mantle has
small variations. Accordingly, the above travel-time anomalies are readily attributed

to the inner-core, thus favor the HIC hypothesis.

2.3 Discussion

The proposed method to interpret d,; with Bg;¢s depends on data quality and avail-
ability of broadband data from simple events. To the first order, especially for a
global study, constraining interpretation of ¢;; with tomographic models is viable.
An accurate P tomography model for the lowermost mantle is essential. On the other
hand, the differential times involving By ¢y would help constrain the lowermost man-
tle. A practical use could be determining the scaling factor (k) between S and P
tomographic models.

In this pilot study, we found that B¢ waveforms appear to be quite simple and
favor large k values with lower bound of 2. Our results from combining these Bgy;ss
phases with ¢;; measurements of broadband array recordings support the HIC hy-
pothesis. Arguments concerning the ICB topography and variations in the outer core
seem unlikely as discussed by Cormier and Choy [1986] and Niu and Wen [2001]. The
cause of the ¢§;; scatter is not clear but could be due to short-wave length structures
in D” which usually give rise to PKP precursors.

In conclusion, we found that the top of the inner-core is fast beneath fast D”
(Asia) and slow beneath slow D” (Pacific). These lowermost mantle structures could
be dynamically related to the structures at the top of the inner-core. One interpreta-

tion is that the temperature variations and heat transfer process at the CMB could
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affect the ICB through some complex dynamics as suggested by Sumita and Olson
[1999].
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to this work.
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Chapter 3

Direct Shock-Wave Loading of Stishovite to 235
GPa: Implications for Perovskite Stability at the
Lower Mantle Conditions

Abstract

Pure stishovite and coesite samples with zero porosity and dimensions appropri-
ate for planar shock wave experiments have been synthesized with multi-anvil high-
pressure techniques. The equation of state of stishovite is obtained by direct shock
wave loading up to 235 GPa: Ky = 306 + 5 GPa and K(/)T = 5.0 £ 0.2 where Kyr
is ambient bulk modulus and Ky, is its pressure derivative. The Hugoniots (shock
equations of state) for stishovite, coesite and quartz achieve widely differing internal
energy states at equal volume and therefore allow us to determine the Griineisen
parameter of stishovite. On the basis of the resulting P — V — T equation of state
for stishovite and previous studies on other phases on the MgO-SiO, binary, the
breakdown reaction of MgSiOs-perovskite to MgO and SiOs was calculated. Our cal-
culations show that perovskite is thermodynamically stable relative to the stishovite
and periclase assemblage at lower mantle conditions. We obtain similar results for
a range of models, despite the appreciable differences among these experiment-based

thermodynamic parameters.

3.1 Introduction

SiO, is an abundant oxide component of the Earth’s mantle, and its thermochemi-

cal and mechanical properties are crucial to our understanding of the Earth’s deep
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interior. Although SiO, is thought to exist only in compounds with other oxide com-
ponents in the mantle, the properties of the pure end member are needed to verify
the thermodynamic stability of SiOo-bearing phases. The polymorphs of silica have
been the subject of extensive experimental and theoretical studies with various tech-
niques, including ab initio and molecular dynamics modeling [Karki et al., 1997; Luo
et al., 2002¢c] and diamond anvil cell (DAC) [Hemley et al., 2000; Panero et al., 2001
Andrault et al., 1998, 2002; Ono, 2001] and shock wave experiments [ Wackerle, 1962;
Al’tshuler et al., 1965; Podurets et al., 1981; Marsh, 1980; Furnish and Ito, 1995].
The high pressure polymorph of silica, stishovite, is particularly important due to its
implications for the Earth’s lower mantle, and its possible engineering applications as
the hardest oxide known [Leger et al., 1996]. Shock wave loading is a unique tool for
studying thermal and mechanical properties in that shock-loaded materials are com-
pressed and heated simultaneously. Thus, the equation of state (EOS) and thermal
parameters such as, the Griineisen parameter, can be obtained. A previous effort at
direct shock wave loading on stishovite [Furnish and Ito, 1995] was undermined by
sample impurity and porosity due to the challenges in synthesizing large specimens
of stishovite with conventional multi-anvil techniques. Here we report our work on
the synthesis and direct shock wave loading of pure polycrystalline stishovite, and

the geophysical implications.

3.2 Static synthesis and dynamic loading of coesite
and stishovite

To avoid edge effects and ensure accuracy in planar shock-wave measurements with
streak camera diagnostics (the camera used can record 80-100 ns shock propagation
times with ~1% precision), the minimum required dimensions of a disk-shaped sam-
ple are ~1 mm in thickness and ~3 mm in diameter. This presents a challenge for the
synthesis of stishovite, which requires pressures above ~10 GPa. Typical dimensions

of the recovered sample in multi-anvil cells that reach 10 GPa are ~1.5 mm in diam-
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eter [Rubie, 1999]. A new technique was adopted to radically simplify the assembly
to maximize space: the ZrO, insulator, LaCrOjs heater, MgO spacer, and sample
capsule typically used in modern multi-anvil experiments were dispensed with and
only a Re foil was used as both heating element and sample container. The starting
material is a cylinder of pure silica glass. The stishovite samples were synthesized at
nominal conditions of 14 GPa and 1000°C using 14 mm sintered MgO octahedra, 8
mm truncation-edge-length tungsten carbide anvils and pyrophyllite gaskets. The re-
covered samples are well-shaped cylinders with bulk density (pg) of 4.314:0.04 g/cm?,
diameter of ~4 mm and thickness of ~2.5 mm. These samples are pure stishovite
with zero porosity as evidenced by density measurement, optical microscopy and
X-ray diffraction pattern. A typical synthesized stishovite sample is shown in Fig-
ure 3.1. The Hugoniot of coesite shocked into the stishovite regime was previously
determined up to 112 GPa [Podurets et al., 1981] and can serve as a reference state
for measurements on stishovite if verified and extended to higher pressure. There-
fore we also synthesized pure coesite samples for shock-wave loading with a cubic
multi-anvil device at approximately 4 GPa and 900°C. The final bulk density (po) of
these samples is 2.9240.03 g/cm?. The synthesized coesite and stishovite samples are
sectioned into disks of ~1 mm thickness and polished for shock-wave experiments.
Planar shock-wave experiments were conducted on a two-stage light gas gun with
projectile velocity (us,) measured by flash X-rays and shock-wave velocity (Ug) by
streak camera, from which the particle velocity (u,), pressure (P) and specific volume
(V) at shocked states are determined with the impedance match method [McQueeen,
1991]. The results are listed in Table 3.1. Figure 3.2 shows the Ug — u, relationships
for coesite and stishovite. The new coesite data are in agreement with the previous
study [Podurets et al., 1981]. A linear fit to both coesite data sets in the high pressure

(stishovite or post-stishovite) regime gives

Us(km/s) = 2.52 + 1.70u,; pp = 2.92 + 0.03(g/cm?) (3.1)
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Figure 3.1: A typical stishovite sample (WWO073, insert) synthesized using the multi-
anvil techniques detailed in the text, with the (hkl) labeled XRD peaks (Cu Ka)
matching the reference data (JCPDS-International Center for Diffraction Data, 1992)

A linear fit to the shock-wave data starting from stishovite yields
Us(km/s) = 9.08 + 1.23u,; p = 4.31 % 0.04(g/cm®) (3.2)

Hugoniots centered at stishovite, coesite and quartz are shown in Figure 3.3 (the
fused quartz data are scattered and not included). Although post-stishovite phases
could have formed on the stishovite principal Hugoniot, we observed no direct evidence
for such a transition. This could be due to the pressure range over which we conducted
the experiments, sluggish kinetics at low shock temperature resulting from the low
compressibility of stishovite, or the relatively small changes in structure and energy
attending phase transition. In other words, it could be stishovite or post-stishovite
phase on the stishovite Hugoniot. For comparison, it is proposed that a post-stishovite
phase exists on the principal quartz and coesite Hugoniots [Akins and Ahrens, 2002].
This could be explained by the temperature differences between quartz (or coesite)

and stishovite Hugoniots.
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Table 3.1: shock-wave experiment parameters for coesite and stishovite. Numbers in
parentheses denote uncertainties in the last 1 or 2 digits.

Shot  Flyer-driver Ufp 00 Us Up P p
# material  (km/s) (g/cm?) (km/s) (km/s)  (GPa) (g/cm?)
Stishovite
329 Ta 6.18 4.33 13.89(15) 3.92(1) 235.7(2.4) 6.03(10)
331 Al1100 5.73 4.26 11.63(12) 2.06(1) 102.2(1.2) 5.18(5)
332 Ta 4.84 4.32 12.76(14) 3.05(1) 168.1(1.7) 5.67(8)
333 Ta 5.36 4.30 13.30(14) 3.38(1) 193.6(2.0) 5.76(9)
Coesite
325 Ta 4.99 2.94 8.90(9) 3.78(1) 98.8(1.0) 5.10(11)
329 Ta 6.18 291 10.37(12) 4.61(1) 139.3(1.4) 5.24(13)
331 Al1100 5.73 2.94 7.62(7)  2.99(1) 67.0(0.6) 4.84(9)
332 Ta 4.84 2.92 8.82(9) 3.66(1) 94.4(1.0) 4.99(10)
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Figure 3.2: Planar shock-wave experiments on coesite and stishovite. Stishovite ex-
periments were conducted at high pressures above the Hugoniot elastic limit. The
Us —wu,, relationships are shown as dotted line for stishovite and dashed line for coesite
in high pressure (HP) regime.
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Figure 3.3: shock-wave data of silica in P—V space. Quartz data are from [ Wackerle,
1962; Al’tshuler et al., 1965; Marsh, 1980]. Hugoniots for quartz, coesite and stishovite
have initial density of 2.65, 2.92 and 4.31 g/cm?® respectively.
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At high pressures, where all three Hugoniots are in the stishovite-type phase,
the internal energy and pressure differences at fixed volume allow estimation of the
Griineisen parameter () of stishovite by finite difference, assuming the Mie-Griineisen
equation of state, i.e., v = V(OP/OE)y, where F is internal energy. The Hugoniots
in the stishovite/post-stishovite regime for quartz and coesite are obtained by fitting
to the available data (Figure 3.4). The Griineisen parameter for stishovite, v(V), is

obtained from the quartz-stishovite and coesite-stishovite Hugoniot pairs. Fitting to
v =7(V/V0)% 70 = 1.35 (3.3)

yields ¢ = 2.6 + 0.2, where Vj is the ambient specific volume and 7, the ambient
Griineisen parameter | Watanabe, 1982]. The functional form of v(V') follows Ander-
son [1995] and McQueeen [1991]|. In the absence of experimental constraints it is
common to assume ¢ = 1. The Griineisen parameter of stishovite at lower mantle
conditions has not previously been determined from experiments. Thus, our result
obtained directly from shock-wave experiments provides an important constraint on
thermodynamic calculations and geotherm modeling [Stacey, 1992]. The Griineisen
parameter of stishovite also allows the determination of the Anderson-Griineisen pa-
rameter as oy = 6.6 (given K(/,T determined next), which provides a basis for extrap-
olation of thermal expansivity of stishovite to high pressures [Anderson, 1995; Birch,
1952].

To construct the equation of state of stishovite to high pressures, we correct the
shock-wave data to a 300 K isotherm by subtracting the thermal pressure from the
shocked state at fixed volume. This pressure correction is obtained by calculating the
temperatures along the Hugoniot and the pressure difference between the Hugoniot
and 300 K isotherm assuming the Mie-Griineisen equation of state [McQueeen, 1991],
given our new value for the Griineisen parameter. Figure 3.4 shows the 300 K isotherm
obtained by jointly fitting the corrected shock-wave data and recent lower pressure
DAC data [Hemley et al., 2000; Panero et al., 2001; Andrault et al., 2002] to the Vinet
equation of state [Vinet et al., 1989]. The fit yields Kor = 30645 GPa and Ky, =
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Figure 3.4: The 300 K isotherm and Hugoniot of stishovite at 0 - 250 GPa. Solid
curve is the Vinet universal EOS fit to the corrected shock-wave data and low pressure
DAC data at 300 K [Hemley et al., 2000; Panero et al., 2001; Andrault et al., 2002].
The data in Andrault et al. [1998] were corrected in Andrault et al. [2002]. The shock
data points on the Hugoniot and on the isotherm have the same error bars in volume,
and the pressure error bars are within the symbol size.
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5.040.2 in the range of 0-250 GPa, comparable to previous studies at lower pressures
[Panero et al., 2001; Andrault et al., 2002; Li et al., 1996]. Although a previous
study on stishovite [Andrault et al., 1998| proposed an appreciably denser and softer
stishovite EOS up to 120 GPa, the data have been revised and reinterpreted along
with the new data below 60 GPa [Andrault et al., 2002]. Given the uncertainties
in pressure calibration in DAC and those in volume determination in shock-wave

experiments, all these data sets are in reasonable agreement (Figure 3.4).

3.3 Discussion and conclusion

The breakdown of MgSiOs-perovskite at lower mantle conditions has been a sub-
ject of extensive investigation and debate [Meade et al., 1995; Sazena et al., 1996;
Serghiou et al., 1998; Mao et al., 1997; Shim et al., 2001]. We tackled this issue based
on the Gibbs free energy of perovskite relative to that of the assemblage of periclase
and stishovite. As previous studies did not predict dramatic structural and ener-
getic changes of perovskite and stishovite under lower mantle conditions, we assume
that perovskite as well as stishovite can be described with a single set of EOS and
thermodynamic parameters. Our new results for stishovite, along with recent studies
on MgSiOs-perovskite [Sazena et al., 1999], allow a more precise calculation of phase
equilibria of the perovskite (denoted as Pv), periclase (Pe) and stishovite (St) system,

i.e., the Gibbs free energy and volume of the reaction
MgSiO3 (Pv) > MgO (Pe) + SiO, (St)

The thermodynamic parameters we used are from Fei et al. [1990] and Fei [1995]
unless stated otherwise. Using our new results on stishovite and a recent study
on MgSiOs-perovskite (model 1 in Sazena et al. [1999]) (denoted as Model 1), we
computed the Gibbs free energy and specific volume for each phase at 300-3700 K
and 0-150 GPa, from which the Gibbs free energy and volume of reactions (AG and
AV respectively) were obtained. We adopted a widely used method to compute
these reactions (e.g., Song and Ahrens [1994]). Figure 3.5a shows that for 300-3700
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Figure 3.5: Gibbs free energy and volume of reaction Pv = Pe + St for Model 1 (a,
b) and Model 2 (c, d).

K isotherms, perovskite has lower Gibbs free energy than the assemblage of stishovite
and periclase at pressures higher than 25-31.5 GPa. Thus for any reasonable geotherm
[Brown and Shankland, 1981], perovskite is thermodynamically stable relative to the
assemblage of stishovite and periclase at lower mantle pressures. Besides the lower
Gibbs free energy, perovskite also has smaller molar volume than the Pe-St assemblage
by 0.5 cm?/mol (Figure 3.5b), i.e., perovskite is about 2% denser than its oxide
counterparts at lower mantle conditions. This implies that the relative stability of
MgSiOs-perovskite increases to higher pressures.

To explore the sensitivity of this calculation to the choice of thermodynamic pa-
rameters, we conducted similar calculations with alternative parameters for St and
Pv. The parameters of Model 2 (i.e., not using our EOS and dr for stishovite) from
Fei et al. [1990] and Fei [1995] yielded results as shown in Figure 3.5¢-d. We con-
clude that Pv is stable with respect to the assemblage of St and Pe. We also examined
Model 3 (Andrault et al. [1998] for St and Fei et al. [1990] for Pv), Model 4 (this work
for St and Fei et al. [1990] for Pv) and Model 5 (this work for St and model 2 in



44

Sazena et al. [1999] for Pv). All these models predict similar results. This is signifi-
cant if we consider the appreciable differences among the parameters in the reported
different models, such as Kj, K(')T, 07, thermal expansivity and specific heat, e.g.,
for stishovite, K7 varies from 291 to 314 GPa and K(')T from 4.3 to 6. Although it
was shown that the decomposition of perovskite is possible if the EOS parameters of
stishovite are chosen specifically to obtain this result with Ky < 3.5 [Pankov et al.,
1996], the present experimental results exclude this possibility. Our calculations ap-
ply strictly only to the rutile structure of SiOy and orthorhombic structure of MgSiO3
at depths of 670-2300 km [Ono, 2001; Shim et al., 2001], but a large AG accumulates
over their stability regime. Hence, although both stishovite [Hemley et al., 2000; An-
drault et al., 2002] and perovskite [Shim et al., 2001] phases may invert to slightly
denser forms in the lowermost mantle, we do not expect the oxides to become stable
relative to MgSiO3 phases within the mantle pressure regime (i.e., up to 136 GPa).

Detailed investigation of the stability of perovskite relative to the oxide assem-
blage in the real lower mantle requires consideration of the influence of other com-
ponents; most importantly Fe, FeO, CaO and Al,O3. CaO enters the separate phase
Ca-perovskite. Al,O3 substitutes into Mg-perovskite and expands its stability field
relative to Pe and St. Although FeO substitutes into both Pe and Pv and can
shift the equilibrium either way, a recent study did not observe different behavior
of (MgopoFeq1)SiO3 perovskite at lower mantle conditions [Shim et al., 2001]. At
the core-mantle boundary (as opposed to within the bulk of the lower mantle), the
involvement of metallic Fe in the reaction of (Mg, Fe)-perovskite, magnesiowiistite
and stishovite-type phases could induce the decomposition of (Mg, Fe)-perovskite
to mixed oxides and the sequestration of Fe into the outer core [Song and Ahrens,
1994]. These reactions could be expected to contribute to the anomalous seismic ob-
servations in the D” region [Knittle and Jeanloz, 1991|. In natural multicomponent
assemblages, however, stishovite and its higher pressure CaCl; and a-PbO; forms
remain essentially pure SiOs, so experiments on the EOS and thermal properties
of SiO, remain directly relevant to calculating stability relations in the presence of

other components. Unless experiments reveal dramatically different thermochemi-
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cal and mechanical parameters for the poorly known higher pressure polymorphs,
we expect the thermodynamic stability of perovskite or its related structures relative

to the oxide assemblage through the lower mantle except at the core-mantle boundary.
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Chapter 4

Molecular Dynamics Modeling of Stishovite

Abstract

A Morse-stretch potential charge equilibrium force field (MS-Q FF) for silica sys-
tem has been employed to simulate the thermodynamics of stishovite with molecular
dynamics (MD) method. The equation of state (EOS), thermal expansivity and melt-
ing curve of stishovite have been obtained. This simple force field yielded results in
accord with the static and dynamic experiments. The stishovite melting simulation
appears to validate the interpretation of superheating of the solid along the Hugoniot
in the shock melting experiments. MD simulations show that the thermal expansivity
of stishovite at lowermost mantle conditions is a weak function of temperature. The
phase diagram of silica up to mega bar regime is proposed based on the experimen-
tal and theoretical studies. The related physical and geophysical implications are

addressed.

4.1 Introduction

Silica is important not only as a main constituent of the Earth and other terrestrial
planets but also as a model system to study the fundamental physics of material
properties, such as phase changes and interatomic potentials. Stishovite-type phase is
geophysically important due to its wide range of stability in the mantle, the possible
chemical reactions of silicates with liquid Fe at the core-mantle boundary (CMB)

[Knittle and Jeanloz, 1991] and its presence in impact craters [Chao et al., 1962] and
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meteorites [ElGoresy et al., 2000]. To interpret the seismic structure of the Earth
in terms of chemical composition, and understand the transport processes (e.g., heat
and mass) associated with the issues such as Earth dynamics and evolution, the
knowledge of thermodynamics of SiO, as an end number of the MgO-SiO, system is
crucial. Various experimental studies such as diamond-anvil cell (DAC) and shock
wave experiments have shown that silica undergoes polymorphic phase changes and
amorphization when subjected to high pressure (P) and temperature (T') [Hemley
et al., 1994], but its properties at P, T conditions of the Earth’s interior and during
impact are not well constrained. Complementary to experiments, first-principle and
molecular dynamics (MD) methods have been applied to the silica system (e.g., Cohen
[1994]; Belonoshko and Dubrovinsky [1995]; Karki et al. [1997]), while the latter has
the advantage to handle longer dynamic simulations and larger system sizes required
by processes such as phase changes. One interesting challenge in MD modeling is to
develop simple theories that accurately describe interatomic interactions and hence
material properties. The Morse-stretch potential charge equilibrium force field (MS-
Q FF) has been developed to predict the phase changes in ionic insulators such as
minerals and ceramics. The proposed MS-Q FF for silica system describes both the
4-fold and 6-fold coordinated systems, silica glass and pressure-induced phase changes
| Demiralp et al., 1999]. In this paper, we will apply the MS-Q FF for silica to simulate
the equation of state, thermal expansivity and melting of stishovite and discuss the

possible physical and geophysical implications.

4.2 MDD simulation method

Molecular dynamics methods utilize a parameterized analytical force field obtained
by fitting to either experimental or first-principle results, from which the atomic
motions are calculated from Newtonian physics and thermodynamic properties from
statistical mechanics [Cygan, 2001; Allen and Tildesley, 1987; Frenkel and Smit, 1996;
Strachan et al., 1999]. Various potentials for SiO, system have been proposed (e.g.,

Belonoshko and Dubrovinsky [1995]) and cross-checking is necessary. The application
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of MS-Q FF to silica describes well the general behavior of SiOy system [Demiralp
et al., 1999| despite of its simplicity. The MS-Q FF includes nonelectrostatic (Morse-
stretch potential) and electrostatic (evaluated from instantaneous charge equilibrium)
contributions.
The nonelectrostatic interactions are represented by a simple two-body Morse-

stretch (MS) potential
U@J]\_JS(RQ) _ Do[e—v(l—Ri;‘/Ro) _ 26%(1—Rij/Ro)] (4'1)

where R;; is the interatomic distance and the MS parameters Dy, Ry and «y for Si-Si,
0-0 and Si-O were optimized from experimental results and listed in Table 4.1. The
electrostatic contribution to force field is evaluated from the charges on the atoms of
the instantaneous configuration, i.e., the charges are not fixed during dynamics. For
different geometric configuration, the charge equilibrium (QEq) procedure is applied
to compute charges by requiring that the chemical potential x4 be equal on all A
atoms (similar for B) [Demiralp et al., 1999; Rappe and Goddard, 1991]. xa is a
function of the charges (@Q;) on all the atoms of the system and the distance Rap

between A and B:

Xa(Q1, - Qn) = X% + J94Qa + > Jan(Rap)Qs (4.2)
B#A

and Jap(R) is described as a shielded Coulomb potential for a normalized ns Slater
orbital with the orbital exponent given by R4 and Rp, the atomic radii at the standard
state [Rappe and Goddard, 1991]. The atomic parameters x°, J° R4 and Rp for Si
and O are listed in Table 4.1. Thus, the electrostatic contribution can be evaluated

from the charges by QEq procedure at each time step of the dynamics.
Given the MS-Q FF, classical molecular dynamics can be employed to simulate
the mechanical and thermodynamic properties of materials subjected to various P

and 7" with different statistical ensembles [Frenkel and Smit, 1996].
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Table 4.1: MS-Q force field parameters for SiOy [Demiralp et al., 1999|

Morse-Stretch parameters: Ro(A) Dy (kcal/mol) v

0-0 3.7835 0.5363 10.4112
Si-Si 3.4103 0.2956 11.7139
Si-O 1.6148 45.9970 8.8022
QEq parameters for O and Si:  x° (eV) JO (eV) R (A)
@) 8.741 13.364 0.669
Si 4.168 6.974 1.176

4.3 Simulation results

4.3.1 Equation of state of stishovite

The isothermal equation of state for stishovite is calculated with isothermal-isobaric
MD (NPT ensemble) with a Hoover thermostat [Hoover, 1985] and a Rahman-
Parinello barostat [Parrinello and Rahman, 1981]. In NPT MD simulations, the
Coulombic interactions were evaluated using Ewald summation with real space cut-
offs 5-8 A and reciprocal space cutoffs 0.8-0.5 1 / A while the Morse interactions were
truncated at R=0.9 A. The integration time step was 1 fs. As pointed out before,
the atomic charges depend on the instantaneous configuration of the system and were
updated every 50 time steps. For 300 K isotherm, we conducted a continuous NPT
run with progressive pressure increase on a super-cell of 672 atoms (4 x 4 x 7 = 112
unit cells) with 3-D periodic boundaries. The loading rate is 0.25 GPa/ps in the
range of 0-100 GPa and 1 GPa/ps in the range of 100-220 GPa. For a 20-ps run at
each pressure, the first 6 ps were taken as thermalization and the remaining 14 ps
for statistical averages of lattice parameters and volume. The results are shown in
Figure 4.1. At given P, the density difference between MD and DAC results [Hemley
et al., 2000; Panero et al., 2001] up to 55 GPa is within 1%. The MD simulation
points were fitted to Vinet universal EOS [ Vinet et al., 1989; Cohen et al., 2000]

P(z) = 3K1o(1 — a:)a:_Zexp[g(K/To —1)(1 — 2 (4.3)
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Figure 4.1: The 300 K isotherms of stishovite from NPT MD simulation and diamond-
anvil cell (DAC) experiment. V; is the ambient specific volume (46.61 A3 per unit
cell). The MD results are fitted to Vinet EOS (K79=291 GPa and K5,=>5.2) and the
3rd order Birch-Murnagham EOS (BM3, K70=296 GPa and Ky,=4.9). (insert) The
300 K and 800 K isotherms from MD simulations.

and the 3rd order Birch-Murnagham (BM3) EOS [Birch, 1978|

P(f) = 8Kof (1 + 251+ 2 (Kpy — )] (4.4

where P is pressure, the Eulerian strain f = 1[(V/Vo) %% — 1], z = (V/V,)'/3, Vi,
K7y and K"iro are the ambient volume, isothermal bulk modulus and its pressure
derivative. The values of Kry and Kr, fitted to Vinet EOS and BM3 EOS are very
similar and close to experimental results (Table 4.2). Similarly, the 800 K isotherm
is also obtained (Figure 4.1 insert and Table 4.2) and we can see the softening of the
bulk modulus when T is increased from 300 K to 800 K.

We calculated the elastic constants C;; of stishovite with the MS-Q FF using
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Table 4.2: EOS parameters for stishovite (P = 0).(a) Vinet fit; (b) BM3 fit; (c)
Weidner et al. [1982]; (d) Equivalent volume converted from reported density; (e) Li
et al. [1996]; (f) Panero et al. [2001]; (g) Hemley et al. [1994] and references therein;
(h) Corrected to 300 K, Luo et al. [2002d].

%o (A | Ko (GPa) Ko

This work, 300 K 46.611 | 291.143.2% 296.443.7° | 5.240.1%; 4.940.1°
This work, 800 K 47.987 | 222.043.8%; 225.644.4° | 6.1£0.2%; 5.84:0.2°

Brillouin scat.¢, 300 K | 46.581¢ 313+4 -
Ultrasonic®, 300 K - 305+5 5.3+0.1
DACY, 300 K - 312.943.4 4.8+0.2
DACY, 300 K 46.615 298+8 3.98+0.46
Shock wave” 46.366 306+5 5.0+0.2

Table 4.3: Elastic constants of stishovite (P = 0). { Karki et al. [1997]; 1 Weidner
et al. [1982].

C;; (GPa) | This Work | ab initio’ | Brillouin scatteringt
Chy 478.7 462 453+4
Css 748.0 734 T76+£5
Cu 208.6 255 25242
Ces 157.9 324 302+3
Cla 135.9 210 21145
Cis 220.2 195 203+4
K 306.2 312 316+4
u 191.5 996 92043

analytical second derivatives of the energy with respect to strain at zero temperature
and pressure. Table 4.3 compares our calculated values with ab initio [Karki et al.,
1997] and experimental results |Weidner et al., 1982]. The C;;’s from the MS-Q
force field, ab initio calculations and Brillouin scattering are in reasonable agreement.
The bulk modulus (K) and shear modulus (i) were obtained from the stiffness and
compliance matrices with Voigt-Reuss-Hill method Hill [1952].

From Figure 4.1, Tables 4.2 and 4.3, we can see that the MS-Q force field for silica

accurately predicts the equation of state of stishovite.
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4.3.2 Thermal expansivity of stishovite

While the direct measurement of thermal expansivity is nontrivial, thermal expan-
sivity a can becalculated from MD simulations. To calculate a(P), we performed
NPT MD simulations at P = 0 GPa and P = 120 GPa, the latter pressure chosen
to address the lowermost mantle conditions. The system size is 672 atoms and the
heating rate is 2 K/ps. For each T, the first 5 ps were used for thermalization and
the last 20 ps for calculating the statistical average of lattice parameters. The linear

(cy) and volume expansivity () can be computed with

10X

X = Xa—T|P (4.5)

«

where X is either a lattice parameter or volume (V).

Figure 4.2a shows the lattice parameters along P = 0 isobar from MD simula-
tions as well as experimental data for comparison. While the lattice parameter c
from MD is slightly smaller than that from the experiment, the corresponding linear
expansivities (a.) agree. Along a and b axis, MD simulations yielded larger lattice
parameters and linear expansivities. Hence, there is a factor of 2 difference in the vol-
ume thermal expansivity for P=0 at 300 K between MD simulation and experiments,
and larger at higher temperatures (Figure 4.2b). This could be due to the overesti-
mated anharmonicity in the force field, or the experimental uncertainties caused by
the metastability of stishovite at zero pressure. Similarly, the volume thermal expan-
sivity at P = 120 GPa is obtained as a weak function of temperature (Figure 4.2c).
At higher pressures, the anharmonicity is less pronounced and the estimation of ay

at P = 120 GPa is reasonable.

4.3.3 The melting curve of stishovite

Stishovite melting at high pressures has been investigated with techniques such as
shock temperature measurements [Lyzenga et al., 1983| and diamond-anvil cell ex-

periments [Shen and Lazor, 1995]. It is still challenging to determine the phase
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Figure 4.2: (a) Comparison of stishovite lattice parameter as a function of 7" from MD
(this work) with experimental work at 0 GPa [Endo et al., 1986]. (b) The volume
thermal expansivity of stishovite at 0 GPa from this work and experiments [Endo
et al., 1986; Ito et al., 1974]. (c) The volume thermal expansivity of stishovite at
120 GPa from this work and the calculations for the lower mantle based on seismic
observations (asterisk, Brown and Shankland [1981]).

diagram at high pressures from static and dynamic experiments. Complementary
to experiments, molecular dynamics simulations have been employed to tackle this
issue [Belonoshko and Dubrovinsky, 1995 but uncertainties remain. Accurate deter-
mination of a phase boundary by MD simulations is non-trivial. There are several
methods employed to serve this end: single- and two-phase methods [Belonoshko
and Dubrovinsky, 1995; Morris et al., 1994], the thermodynamic integration method
[Frenkel and Smit, 1996] and integration of the Clausius-Clapeyron equation [Stra-
chan et al., 1999]. Each method has its own disadvantages and advantages. In this
study, we will explore single- and two-phase simulations.

Continuous MD single-phase simulations were conducted on a system of 112 unit
cells (672 atoms) with NPT ensemble at different pressures. For each run, the 3-D
periodic boundary conditions were applied. The heating and cooling rates were in the

range of 12.5—40 K/ps with finer rates at high temperatures. The run time is 20 ps

and volume is obtained from the last 15 ps of the single-phase dynamics. Figure 4.3 is
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Table 4.4: Melting point of stishovite. ¢ Two-phase simulation; { Single-phase simu-
lation, with uncertainties between 250-500 K; § Calculated from single-phase simula-
tion.

P (GPa)| T (K) | T (K) | AHT (eV) | AVT (A®) [ dT/dP¥ (K/GPa)
20 | 31254125 | 3625 3.20 7.3901 50.5
40 | 41254125 | 4500 3.51 4.2025 33.6
60 | 46254125 | 5500 3.34 2.4743 25.4
80 | 49004125 | 6000 3.16 1.4176 16.8
120 | 5437.5£75 | 7000 3.52 0.7523 9.3

a typical example (P = 120 GPa) of single-phase simulation. The volume per unit cell
increases steadily during heating until 7000 K, where a sharp increase of the slope
(dV/dT) occurs, indicating the initiation of melting, i.e., the melting temperature
T,, at 120 GPa is 7000 K. Above 7500 K, the liquid volume increases steadily. The
cooling of the system from 8000 K is conducted at the same rate as the heating. The
heating-cooling is reversible above 7500 K. Below 7500 K, the hysteresis effect appears:
The liquid doesn’t solidify, instead, decreases its volume steadily. The liquid could
crystallize eventually at lower temperatures and thus a hysteresis loop may form.
The corresponding enthalpy of the same system during the heating-cooling process
is shown in Figure 4.3b, where a similar hysteresis effect is observed as expected.
The slope of the melting curve at certain pressure, d1'/dP, can be obtained from
the differences of specific volume (V') and enthalpy (H) between solid and liquid at

temperatures near T}, using the Clausius-Clapeyron equation:

dar TAV
— = 4.6
dpP AH (4.6)
By repeating the same procedure at different pressures, we obtained the melting
point and the melting curve slope (dT/dP) at pressures 20-120 GPa from single-
phase simulation (Table 4.4). Decreasing d7T'/dP indicates that the melting curve
flattens with the increasing pressure.

Single-phase simulation could lead to hysteresis effect as in Figure 4.3, i.e., super-

heating of solid and undercooling of liquid due to the existence of kinetics during the
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Figure 4.3: Single-phase simulations of stishovite melting at 120 GPa. (a) The unit
cell (2 SiO, formulae) volume (V') and (b) the corresponding enthalpy (H) during the
heating-cooling process.

simulation [Allen and Tildesley, 1987; Strachan et al., 1999], especially at high pres-
sures. Thus, the melting point 7;,, could be overestimated seriously at high pressures
we are interested in. The superheating could be circumvented by the thermodynamic
integration method [Frenkel and Smit, 1996] or two-phase simulation technique [Be-
lonoshko and Dubrovinsky, 1995; Morris et al., 1994]. The latter is simpler in physics
as well as in computation and widely used. The two-phase simulation models are
constructed by combining the solid and liquid models at the same pressure and tem-
perature from the single-phase simulations. Nucleation could be a problem if one
tries to crystallize (or melt) the single-phase liquid (or solid), but the two-phase sim-
ulation has the advantage that the planar initial solid-liquid interface corresponds to
an infinite nucleation, much larger than the required critical radius.

To construct the starting model for the two-phase simulation, stishovite liquid
and solid models at the same P and T from the single-phase simulations were placed
into a supercell with 3-D periodic boundaries. The system size is 672 x 2 atoms, twice
that for single-phase simulations. One concern in combining solid and liquid models is

the solid-liquid interface: While the total free energy of the two-phase system should
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be minimum, the internal pressure should remain unchanged when adjusting the
interface thickness to minimize the energy. The tradeoff between interface thickness
and the corresponding internal pressure changes complicates the simulation: The
internal pressure could vary by appreciable amount with the interface thickness thus
the melting temperature could be over- or underestimated if the pressure change is
not relaxed. When constructing the two-phase model, the interface thickness was
adjusted to keep internal pressure equal to the nominal pressure. This issue could be
bypassed with a larger system.

With the two-phase model constructed at certain temperature and fixed pressure,
NPT MD runs were conducted to bracket the melting point by varying 7. If the
temperature is higher than the melting temperature, 7;,,, the two-phase system should
become liquid eventually and the opposite when T' < T,,,. If the NPT run is conducted
at T,,, the system should remain unchanged. Thus the melting point is bracketed.
There are several ways to determine if the system is melted, crystallized or remains
unchanged. One is the direct visualization by plotting the two-phase model. The
temperature effect on the system can also be obtained from potential energy and radial
distribution function (RDF). Figure 4.4 shows the potential energy (PE) dynamics
of a two-phase system at 40 GPa simulated at different temperatures. At T' = 4250
K, PE increases with time, suggesting that the solid is melting thus 7}, < 4250 K.
The opposite is for "= 4000 K. At T' = 4125 K, PE remains almost constant for the
20 ps run, suggesting the T, is close to 4125 K. Melting and crystallizing can also
be identified from the long range order manifested in RDFs. RDF is the spherically
averaged distribution of interatomic vector lengths and can be computed from the
trajectory file data. Figure 4.5a shows the RDFs of all the Si and O atoms in solid
(solid line) and in liquid (dashed line) at the beginning of the two-phase NPT run
(t = 0 ps) at 40 GPa and 4000 K. The 1st peak is Si-O and 2nd Si-Si. The solid
RDF has distinct peaks up to the cutoff distance (9 A) due to the long-range order
of crystalline solid, while the liquid RDF has only the first two peaks and lacks long-
range order as expected. When this two-phase model evolves from £ = 0 ps to t = 20

ps, long-range order becomes apparent in the liquid half of the two-phase system,
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Figure 4.4: The dynamics of the potential energy (PE) of the two-phase system
(P = 40 GPa) at different temperatures. The energy is for 2 SiO, formulae.

suggesting that at 4000 K the liquid crystallizes. Within 20 ps, the liquid reaches a
RDF similar to the solid portion (Figure 4.5b). Thus we found that at 40 GPa, the
melting temperature T}, > 4000 K. The opposite happens for T" = 4500 K where the
solid loses its long range order and melts, i.e., T;,, <4500 K (Figure 4.5¢-d). Thus T,
is bracketed between 4000 K and 4500 K.

By repeating the above procedure, the melting temperature T,,, at certain pressure
can be bracketed, in our case, with variations less than 125 K. The melting points for
stishovite at five different pressures are shown in Table 4.4. By comparing the melting
temperatures 7, from the single- and two-phase simulations, we found that the latter
yielded lower T}, by 500-1500 K. At high pressure, the difference is more pronounced.
The melting curve flattening from the two-phase simulations is consistent with the
Clausius-Clapeyron slope changes from the single-phase simulations.

Figure 4.6 shows our MD results (closed and open circles) along with the results
from static and dynamic experiments and former MD simulations on stishovite. The

single-phase simulations yielded results close to the DAC results [Shen and Lazor,
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Figure 4.5: Snapshots of the radial distribution functions (RDF) for the atoms origi-
nally existing as liquid and solid respectively in the two-phase system at 40 GPa and
different temperatures. (a) 7= 4000 K, 0 ps; (b) T = 4000 K, 20 ps; (c¢) T" = 4500
K, 0 ps and (d) T = 4500 K, 20 ps.
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1995] at 20 and 40 GPa, but significantly higher results above 40 GPa than those from
shock wave experiment [Lyzenga et al., 1983| and former MD modeling [Belonoshko
and Dubrovinsky, 1995]. This indicates that single-phase simulation could lead to
more pronounced superheating at high pressures. But at low pressures, single-phase
simulation might produce reasonable results. Our two-phase simulation results are in
reasonably good agreement with former DAC and shock-melting studies, except at
20 GPa where the large slope of melting curve makes the simulation more sensitive
to the interface effect discussed above. Comparing with former MD simulation, our
two-phase simulation results are lower and closer to experiments except at 20 GPa.

The melting curve of stishovite is proposed based on our MD simulations and
former DAC and shock wave experiment results from 20 to 120 GPa. The phase
boundaries for silica at low pressures are established based on former static experi-
ments [Jackson, 1976; Kanzaki, 1990; Zhang et al., 1993]. Thus, the phase diagram of
the silica system has been extended to the mega bar regime with sound experimental

and theoretical bases.

4.4 Discussion

The MD simulations of the melting curve of stishovite with MS-Q FF are in general
agreement with static and dynamic experiments. One significance is that it appears
to validate the interpretation of superheating of solid along the Hugoniots from shock
melting experiments (Figure 4.6 insert, the dashed portion above the solid line) on
fused quartz and quartz proposed by Lyzenga et al. [1983]. Superheating of shocked
solid might be also common to iron [Brown and McQueen, 1986] and other materials.
The first liquid states on the Hugoniot (stars, Figure 4.6) are close to the solidus.
The silica phase diagram and equation of state will help constrain the interpre-
tation of the seismic structure in terms of the chemical composition of the Earth’s
interior, such as the chemical reactions at the core-mantle boundary which might give
rise to the lateral heterogeneity at D” [Knittle and Jeanloz, 1991]. In particular, the
possibility that the ultra-low velocity zone (ULVZ, [Garnero and Helmberger, 1995;
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Figure 4.6: The melting curve of stishovite and phase diagram of silica system
from this work and previous experimental and theoretical studies [Belonoshko and
Dubrovinsky, 1995; Lyzenga et al., 1983; Shen and Lazor, 1995; Jackson, 1976; Kan-
zaki, 1990; Zhang et al., 1993]. Q: quartz; C: coesite; S: stishovite and FQ: fused
quartz. (insert) Dashed lines are shock temperature measurement of shocked fused
quartz and quartz [Lyzenga et al., 1983]. The sharp drop of temperature indicates
the melting of stishovite. The portion of Hugoniots above the melting curve (solid
line) is the superheated stishovite solid.
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Luo et al., 2001]) at the CMB is caused by partial melting [Garnero and Helmberger,
1995| demands that we develop a basis for modeling melting relations under such
conditions. This will require melting curves and EOS data for solids and liquids in
the MgO-SiO,-FeO-Fe system, at least.

Although most cosmochemical models call for a perovskite plus magnesiowustite
lower mantle, physical data permit considerable free silica. Thus, e.g., it has been
shown that the mean atomic weight p is constant and close to 21 throughout the
lower mantle [Watt et al., 1975]. For silica, p is 20. Seismic results show that the
thermal expansivity in the lowermost mantle is close to 1x107°/K (e.g., at 2671 km
depth and 2405 K [Brown and Shankland, 1981]), close to our simulations at 120
GPa (about 2671 km depth in the Earth, Figure 4.2c). Our results have shown that
at lower mantle condition, thermal expansivity of stishovite is a weak function of
temperature, which may be true more generally for lower mantle phases and for the
bulk lower mantle. The knowledge of thermal expansivity can help to constrain other
important parameters such as the Griineisen parameter and Rayleigh number.

It is significant that a simple force field, the MS-Q FF for silica system, leads to
results in accord with previous experimental and theoretical studies considering the
fact that this force field describes the whole silica system with complex polymorphic
phase changes. But discrepancies exist. This MS-Q force field predicts the CaCl,
transition at ~130 GPa and a-PbO, transition at ~102 GPa from energy minimiza-
tion simulations. While the latter transition pressure is in good agreement with ab
initio results (compared to 98 GPa [Karki et al., 1997]), our force field overestimates
the free energy of the CaCl, phase leading to a high transition pressure compared
with previous results (~50 GPa) from experiments and ab initio calculations [Karki
et al., 1997; Kingma et al., 1995]. This could be due to the simplicity of the potential
which fails to accurately describe the subtle structural and energetic differences be-
tween the rutile and CaCly structure. Although our potential predicts the transition
to the orthorhombic structure at too high a pressure, the high-pressure melting tem-
perature calculations remain relevant since stishovite and the higher pressure phases

have similar properties. ab initio calculations [Karki et al., 1997, 2001] and experi-
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mental results [Kingma et al., 1995] show that the shear modulus is only significantly
reduced at the CaCl, transition pressure (~50 GPa). The comparison between elastic
constants for rutile, orthorhombic and columbite (a-PbO,) as a function of pressure

show the same trend across the different phases except in a narrow pressure region

around ~50 GPa [Karki et al., 1997].

4.5 Conclusion

We have applied a Morse-stretch charge equilibrium force field for silica system to
stishovite and obtained equation of state, thermal expansivity and melting curve of
stishovite. The simulations are in general agreement with previous experimental and
theoretical studies, and confirm extrapolation using standard EOS formulisms. The
thermal expansivity of silica at lowermost mantle conditions is a weak function of
temperature. The stishovite melting simulation appears to validate the interpreta-
tion of superheating of the solid along Hugoniot. The EOS and phase diagram of
silica will help to constrain the interpretation of the seismic observations and geody-

namic modeling of the mantle.
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Chapter 5

Polymorphism, Superheating and Amorphization
of Silica upon Shock Wave Loading and Release

Abstract

We present a detailed and quantitative examination of the thermodynamics and phase
change mechanisms (including amorphization) that occur upon shock wave loading
and unloading of silica. We apply Debye-Griineisen theory to calculate both the
Hugoniot of quartz and isentropic release paths. Quartz converts to stishovite (or
a stishovite-like phase) between 15 and 46 GPa, and persistence of the solid phase
above its liquidus (i.e., superheating) is confirmed between 77 and 110 GPa. Cal-
culations compare favorably to measurements of shock and post-shock temperatures.
For silica, the method of measuring post-shock temperature is insensitive to predict-
ing whether phase transitions actually occur during release. Measurements of release
states in pressure-particle velocity space are compared to computed frozen-phase re-
lease paths. This suggests transformation of a stishovite-like phase to lower density
phases including quartz, liquid, or dense amorphous glass. Transformations to liquid
or glass occur upon release from peak pressure of 26 GPa and above. The isentropic
release assumption appears to be approximately valid. A shock pressure-temperature
scale relating metamorphism of silica in shock-loaded quartz is proposed. Neither
recovery of coesite nor substantial quantities of crystalline stishovite-like phases upon
shock loading of quartz is predicted. Trace amounts of crystalline stishovite-like

phases from shock loading between 15 and 26 GPa are expected.
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5.1 Introduction

Silica is of great interest for geophysics and condensed-matter physics. It is a pro-
totype system for understanding the fundamental physics of phase changes, and an
end member of silicates believed to be important constituents of the terrestrial plan-
ets [Hemley et al., 1994]. The phase change mechanisms and kinetics upon dynamic
loading and subsequent release in laboratory impact and intense laser irradiation ex-
periments are also of particular interest. Shock wave loading and unloading are asso-
ciated with interesting phenomena such as polymorphism, superheating, amorphiza-
tion upon compression and decompression, and shear melting. Models of material
behavior under dynamic loading/unloading are also required for interpreting the ef-
fect of natural planetary impacts, yet the existing quartz shock pressure-temperature
(P —T) scale [Stiffler, 1971] was based on earlier calculations [ Wackerle, 1962] that
did not take the quartz-stishovite transition into account. A complete description
of the thermodynamic states of quartz upon shock wave loading and release is not
well established, despite considerable efforts [Grady et al., 1974; Podurets et al., 1976;
Chhabildas and Grady, 1984; Chhabildas and Miller, 1985; Swegle, 1990; Langenhorst
et al., 1992; Akins and Ahrens, 2002]. The accuracy of post-shock temperature mea-
surements [Boslough, 1988], and the validity of the isentropic assumption for convert-
ing measured pressure-particle velocity (P — u,) data into pressure-volume (P — V)
paths [Podurets et al., 1976] along release adiabats involving phase changes [Swegle,
1990], have been controversial.

Silica polymorphs have been extensively investigated with dynamic techniques,
and the shock wave equations of state (Hugoniots) of fused quartz, a-quartz, coesite
and stishovite are well defined [ Wackerle, 1962; Al’tshuler et al., 1965; Trunin et al.,
1971; Podurets et al., 1981; Marsh, 1980; Luo et al., 2002d]. Shock temperature
measurements [Lyzenga et al., 1983] on fused quartz and on quartz extended the
melting curve of silica beyond the pressure-temperature range of existing diamond-
anvil cell experiments (e.g., Shen and Lazor [1995]). The phase diagram of silica

has been established up to megabar regime based on the joint efforts from static
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and dynamic experiments, and theoretical simulations such as ab initio [Karki et al.,
1997] and molecular dynamics techniques [Luo et al., 2002c|. The unloading paths
of shocked quartz were carefully measured in P — u, space but have not been fully
utilized [Podurets et al., 1976]. These advances in knowledge of the equation of state
and other thermodynamic properties of silica (especially stishovite) now permit a
detailed quantitative examination of thermodynamic state and mechanisms of phase
changes upon shock wave loading and unloading, as well as post-shock temperature
measurement and isentropic release assumption.

We begin by reviewing the methodology of calculating both Hugoniot states and
release isentropes in both single-phase and mixed-phase states using Debye-Griineisen
theory. For release, we examine the frozen and non-frozen phase release paths and
their relation to the equilibrium phase diagram of silica and measurements of P — u,,
upon release. Based on calculated thermodynamic states and phase assemblages upon
shock loading and unloading, we discuss superheating, melting, polymorphism and
amorphization in silica. We also evaluate the validity of the isentropic assumption for
mixed-phase and reacting release paths. Finally we establish a revised shock P — T

scale for impact events involving quartz.

5.2 Thermodynamics of quartz upon shock wave

loading and release

5.2.1 Formulation for single-phase properties

To determine the complete thermodynamic state upon shock wave loading (Hugo-
niot) and release paths, we will adopt classical Debye-Griineisen theory. The detailed
derivations can be found in the literature [Morse, 1964; Swegle, 1990]. For the con-
venience of the reader and because of some typographical errors in previous work, we
will briefly review the physics and list the equations needed. For non-metal materials
under the pressure and temperature conditions of interest, we need only consider the

lattice contribution to specific heat (Cy) and neglect electronic contribution. The
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Griineisen parameter () is assumed to be an explicit function of volume V' only

(specific volume V' = 1/p where p is density). From Debye theory,

0. 30/T

Cyv(T,V) = Cvm[‘lD(f) - 69/117_1} (5.1)

where

3 ey —1

D(z) = > /0 " vy (5.2)

is the Debye function. C,, is the Dulong-Petit high temperature limit of Cy, i.e.,
normally 3R per gram-atom for solids where R is the gas constant. 6 is Debye’s

temperature at corresponding V', and is related to T-independent v as

ATV) = (V) = 2 53
Thus, given v(V),
(V) = 0()eap{~ | ’VS’)dv} (5.4)

where subscript 0 denotes the reference state, normally standard temperature and
pressure (STP). By thermodynamic integration, we can obtain entropy S, P, and

internal energy E as

_ e OT
S(T,V) = S(T0, Vo) + Conm(51D(3) = DI - In(—5)} (655)
’YCvm 0 90
P(T.Y) = P, V) + 2C2ID(]) - D () (5.6
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E(T,V) = E(Ty, Vi) — / " (T 0o+ cm[%A(e, ) + TD(%)] (5.7)
where
_ 0T .
A(0,T) = T[D(%) e 4D(;—O)} (5.8)

The expressions for enthalpy H, Helmholtz free energy F' and Gibbs free energy G can
be readily obtained from the definitions H = E4+ PV, F = E—-TS and G = F+ PV.
Thus, given two of the thermodynamic quantities, for a single-phase the complete
thermodynamic state can be determined.

P(T,,V), (V) and associated parameters are assumed to be known a priori. The
cold pressure P(Tp, V) is most available at Ty = 300 K, in the form of finite-strain
Birch-Murnaghan or Vinet universal equation of state (EOS) [Cohen et al., 2000].
For third-order Birch-Murnaghan EOS,

P(f) = 8Krof (L+ 2031+ 5 (K — 4)1] (59)

where the Eulerian strain f = 1[(V/V;)~%3—1], K7o and K, are the ambient isother-

1
2
mal bulk modulus and its pressure derivative respectively. A common expression for

(V) is
v/ = (V/Vo)? (5.10)

although it could be written in a more general form to accommodate cases of extreme
compression and expansion [Swegle, 1990]. The reference values Sy and Ey at STP
for various phases of SiO, are available in the literature [Robie et al., 1978; Sazena
et al., 1993; Malcolm, 1998]. Ey for quartz is arbitrarily chosen as 0, and other phases
are referenced to quartz. The Debye temperature at STP, 6y, can be determined from

elastic constants (acoustic 0) [Anderson, 1963] or fitting to specific heat Cy (thermal
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Figure 5.1: Entropy (S) of quartz and stishovite as a function of temperature (7°)
at ambient pressure. Symbols, Sazena et al. [1993]; solid curves, calculations from
Debye-Griineisen theory.

6). In our calculations, the latter value is adopted. With the fitted values of 8y [Swe-
gle, 1990], we calculated entropy as a function of temperature at ambient pressure
for quartz and stishovite (Figure 5.1). The values from the Debye-Griineisen theory
are in good agreement with tabulated handbook values [Robie et al., 1978; Sazena
et al., 1993]. We take this as indication that the Debye-Griineisen theory, though ap-
proximate, is adequate for our purposes. Table 5.1 lists the input parameters needed
for the calculation of complete thermodynamic states of quartz and stishovite. We
also included static yield strength Y of quartz. The strength effect of quartz at high
pressures is still under debate, and we will correct the measured peak stress (o)
for strength. Note that this correction is not crucial, as it will not affect the results
significantly. Because of the apparently subtle thermo-mechanical and energetic dif-
ferences between stishovite and post-stishovite phases, we will make no distinction

between these two [Luo et al., 2002¢| in the shock loading/unloading calculations.
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5.2.2 Treatment of two-phase aggregates

If phase change occurs along the Hugoniot or during release, we will assume that
only a maximum of two phases are present at any time. We further assume that
the assemblage of the parent and new phases maintains a series of states in (possibly
metastable) thermal and mechanical equilibrium, i.e., T and P are common to both
phases. Then in the case of a mixture of phase 1 and 2, the total internal energy,

specific volume, and entropy are given by

E=(1-\NE|+ \E, (5.11)
V=(1-X\Vi+ AV, (5.12)
S=(1—=XS +AS (5.13)

where A is the mass fraction of phase 2. For each phase i=1, 2, S; = S;(P,T),
E; = E;(P,T) and V; = V;(P, T) satisfy Equations 5.5, 5.6 and 5.7 with appropriate
parameters (Table 5.1). For mixtures of two phases, we now need to specify three
independent variables to constrain the complete state of the system. For Hugoniot
state calculations we take P, ' and V from the Rankine-Hugoniot conservation equa-
tions and solve Equations 5.5, 5.11, 5.12 and 5.13 iteratively to obtain 7', S, and .
For frozen-phase release calculations we take fixed P, S, and A, in which case we
can solve to obtain 7" and V. Finally, for release paths where we have obtained a
P — V path as explained below, we can relax the assumption of fixed A and at fixed
P, S, and V we solve to obtain 7" and A. Thus the complete thermodynamic state

on mixed-phase Hugoniots and certain release paths can be resolved.
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5.2.3 Shock wave loading

The Hugoniot of quartz has been previously determined | Wackerle, 1962; Al’tshuler
et al., 1965; Trunin et al., 1971; Marsh, 1980] as shown in Figure 5.2, which is assumed
to be hydrostatic, and fitted to analytical form for later calculations. We interpret
segment M; M, as a mixed-phase regime (quartz and stishovite). Segments QM
and MsS are regarded as pure quartz and stishovite phases respectively. The exact
locations of M; and My can be resolved from the value of A. Using P, V and F on
the fitted Hugoniot, we solved simultaneously for shock temperature 7" and the mass
fraction of stishovite A; total shock state entropy S then follows from Equation 5.13.
Table 5.2 lists thermodynamic parameters of shock states at several pressures along
the principal Hugoniot of quartz.

The mass fraction of stishovite, A, starts to increase at 15 GPa and reaches ~1 at
46 GPa (Figure 5.3), thus the mixed phase regime of quartz and stishovite, M; Mo,
is 15 — 46 GPa. Along the Hugoniot, as the mass fraction of stishovite becomes
appreciable around 23 GPa, Ty (H denotes Hugoniot) increases steeply due to the
large decrease of the total volume and concomitant increase in the internal energy.
At higher pressures above 23 GPa, Ty increases steadily through the mixed-phase
and pure stishovite regimes (Figure 5.4). This is consistent with the observation that
the shock-front instability develops at about 23 GPa [Zhugin et al., 1999]. The shock
temperature was independently measured in the range of 70 — 110 GPa [Lyzenga
et al., 1983]. The calculation agrees closely with experiment except calculated values
are higher (about 6 — 8% with experimental errors considered) at pressures of ~ 100
GPa and above. This could be due to high-temperature heat capacities greater than
the 3R limit assumed by Debye theory, although larger (V') could partly offset this
effect at higher pressures. Stishovite remains the sole Hugoniot state phase up to
110 GPa; comparison to the phase diagram of silica (and stishovite melting curve)
obtained from experiments and molecular dynamics simulations [Luo et al., 2002c]|
(Figure 5.4) make it clear that superheating does exist between 77 — 110 GPa along
the Hugoniot of quartz. Beyond about 110 GPa, stishovite melts as demonstrated by
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Figure 5.2: Principal Hugoniot of quartz. Data are from Wackerle [1962], Trunin
et al. [1971] and Marsh [1980]. Segments QM;, MM, and MsS are regimes of pure

quartz, mixed-phase of quartz and stishovite, and pure stishvoite respectively. The

300 K isotherms of quartz and stishvoite are from Swegle [1990] and Luo et al. [2002d].
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Figure 5.3: Quartz-stishovite transformation: mass fraction of stishovite A\ vs. P
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of calculation. From the mass fractions on loading path (circles), the mixed-phase
regime on Hugoniot is 15 — 46 GPa. Release paths H;R (diamonds) and H;BR
(squares) follow the corresponding P — V' paths in Figure 5.6a respectively (also see
text).

shock temperature [Lyzenga et al., 1983] and sound speed measurements [Chhabildas

and Miller, 1985].

5.2.4 Release

The high-pressure phases produced upon shock wave loading, stishovite or post-
stishovite phases, could in principle transform into low pressure/density phases such
as quartz and coesite, or become melted or amorphized during release from the peak-
state pressure and temperature, depending on the kinetics involved. We make a
distinction between the state when the sample is recovered and examined (recovery
state, ambient pressure and temperature) and the post-shock state (ambient pressure

and high temperature, denoted as R), because significant phase changes could have



74

Table 5.2: Shock and post-shock temperature of shocked quartz: measurement and
calculation. Subscript H denotes Hugoniot, and R post-shock (ambient pressure). a:
Lyzenga et al. [1983]; b: Boslough [1988]; and c¢: calculation with Debye-Griineisen
theory at given volume. Ty, is obtained assuming frozen-phase release. oy, the
experimental uniaxial stress is corrected to hydrostatic stress (pressure) Py with
PH =0g — %Y

o Py Pg Vi TE TS Ty T% Sy

(GPa) (GPa) (GPa) (cm’/g)  (K) K) &) (K) (J/K/g

75.9 73.0 73.6  0.2065  4440+40 4425 - 3279 3.365

85.9 83.0 83.3  0.2042 4850£130 5090 3660 3589  3.527

92.5 89.6 90.3  0.2025 5430£120 5535 3920 3756  3.621

99.3 96.4 97.3  0.2009 5630£140 6000 4000 3906  3.712

107.8 1049 106.0 0.1990 5900+200 6585 - 4048  3.817

109.7 106.8 107.6  0.1987 6100190 6715 - 4074 3.839

occurred during cooling over a time period much longer than the shock loading or
unloading duration. Thus, the recovered phases are not necessarily the same as those
on the release paths.

The post-shock state can be readily calculated if we assume that no phase changes
(frozen-phase) occur upon release and that the release is isentropic. It is not impos-
sible that such a frozen path actually occurs, provided appropriate kinetics. At the
peak Hugoniot state, the entropy S and phase proportions A\ are obtained from the
mixed-phase equations in the previous section (e.g., Table 5.2 and Figure 5.3) and
these values of S and X are held fixed along the release path to define a frozen-phase
isentropic path. Thus at any pressure P along the frozen release path we solve for T’
and V as described above. The whole frozen release P — V' — T' paths from certain
peak pressures, including post-shock temperature (Tg), were calculated. Based on
the shock temperature recordings of Lyzenga et al. [1983], Boslough [1988] obtained
temperatures released from several shock states which were interpreted as post-shock
temperatures. Our calculations closely agree with Boslough’s results (Table 5.1 and
Figures 5.4).

Whether phase changes occur upon release can possibly be resolved from well-

measured release paths. One common method to determine release states is to mea-
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Figure 5.4: Phase diagram of silica [Luo et al., 2002c|, calculated quartz-Hugoniot
temperature (circles), measured shock temperature (filled and open triangles)
[Lyzenga et al., 1983] and post-shock temperature (inverted triangles, correspond-
ing to shock temperatures denoted as filled triangles respectively) [Boslough, 1988|.
Dashed curves are frozen-phase release isentropes. Q: quartz, C: coesite and S:
stishovite. Hy, Hs and H3 denote three typical states on Hugoniot. (insert) Same as
the full figure except that: Long dashed curves are fictitious extension (metastable) of
melting curve of quartz (EQ), coesite (EC) and stishovite (ES). Dotted line denotes
the room temperature static compression path, where quartz and coesite become
amorphous at 25 — 35 GPa [Hemley et al., 1988].
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sure the particle velocity of the shock states achieved when the shock passes from
the sample into a series of buffer materials of lower impedance than the sample (e.g.,
polycarbonate, polystyrene, compressed Ar) as well as the free surface velocity of the
sample material. By shock loading the sample to the same peak pressure and then
unloading adiabatically against a series of such lower impedance buffer materials, a
sequence of release states in the P — u, plane is obtained. Figure 5.5 shows three
release paths unloaded from shock states Hy, Hy and Hs [Podurets et al., 1976]. In
order to transform from the P — u, to the P — V plane, we assume that the release
path is an isentrope. If phase changes occur on release (non-frozen release), this
isentropic assumption is under debate [Podurets et al., 1976]. Although independent
verification of the isentropic assumption is not available, the assumption itself does
not violate any thermodynamic laws. We will assume release to be isentropic in the
following discussion.

For isentropic flow, the Riemann invariant [Zel’dovich and Raizer, 2002] is

dpP
Jr=uy £ | — 5.14
=t [ (5.14)
where C' is speed of sound (C? = % |s). Thus the volume increase AV along release

isentrope
Va d
AV:—/ s duy, (5.15)

can be obtained from the release path in the P — u, plane. In some cases, only u,
at the free surface and peak shock state are known (point H and R in Figure 5.5
insert) possibly with a few intermediate states (e.g., B). It can be shown by a
variational method |[Lyzenga and Ahrens, 1978] that the final volume calculated from
Equation 5.15 using a piece-wise linear fit to a discrete series of P — wu, points is
a minimum estimate of the true release volume. P — u, measurements via other
techniques such as reverberation and release-wave profile [Chhabildas and Miller,

1985] agree with the P — u, results from the buffer method [Podurets et al., 1976].
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The measured P — u, paths [Podurets et al., 1976] were fitted to analytical form
(Figure 5.5), and mapped to P — V space as shown in Figure 5.6.

We may now compare the release paths inferred from conversion of P — u, data
with the isentropic frozen-phase releases. In P—V space (Figure 5.6), the release paths
converted from measured P —u, can be divided into an initial high-pressure segment
that remains close to the frozen-phase calculation followed by a low-pressure segment
beginning near ~ 30 GPa that deviates considerably towards higher volume. This
indicates that stishovite transforms to lower density phases. The post-shock density
pr released from low (H;) and high (H3) pressure are 2.29 and 2.14 g/cm?® respectively
(both close to glass density at STP 2.20 g/cm?). In the case of intermediate pressure
Hs, pg is considerably denser (3.01 g/cm?, Table 5.3). This result could be due to
differences in the identities and proportions of the phases that form upon release from

these three states, or perhaps to differing degrees of relaxation if a glassy phase is
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Figure 5.6: Principal Hugoniot of quartz (dotted curves), calculated frozen-release
paths (long dashed curves), release paths converted from P — u, measurement [Po-
durets et al., 1976] (solid curves) from shock states Hy (a), Hy (c) and Hj (d), shown
in P — V. For frozen release, the post-shock volume Vz, H; < Hy < Hs. For
converted release path from P — w,, Hy < Hy < Hs. In (a), B denotes a speculated
stishovite-quartz transition point, and H{BR is an approximation to solid curve H R.
The corresponding P — T paths for H; are shown in (b) with Hugoniot (dotted curve).
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Table 5.3: Post-shock (P = 0) temperature for isentropic releases from typical peak
shock states. s and m denote frozen and non-frozen release respectively. For non-
frozen case, phase changes of stishovite (S) to quartz (Q) and liquid (L) are considered.
Vg is obtained from P — u, measurement (Figure 5.6), and X is the mass fraction of
stishovite and estimated with handbook values at ambient pressure.
Shock Su Trs Phase Vr A Tgm
State (J/K/g) (K) Trans. (cm?/g) (K)
H, 2768 2200 S—Q 0.4372 0 1990
H, 2768 2200 S—L  0.4372 0 1850
H, 3.324 3200 S—L 03320 0.53 3110
H; 3.543 3617 S—L  0.4676 0 3273

involved. The production of lower density, higher entropy phases such as quartz and
glass (or melt) during release does not necessarily mean that the final temperature is
significantly lower than that from frozen phase release, because the entropy of fusion
of silica is small and the smaller vy of low density phases would partly offset the
temperature decrease induced by endothermic phase transition and volume expansion.
Indeed the differences between Tx estimated for frozen-phase releases and releases
with phase transitions are in the range 100 — 350 K (Table 5.3), or comparable to the
error in post-shock temperature measurements.

Amorphous phases are readily recovered from shocked quartz (e.g., Wackerle
[1962]), but this does not necessarily imply significant amorphous material at the
post-shock state R, since amorphization or melting might occur afterwards. However,
the appreciable decrease in density shown in P — V paths converted from measured
P — u, paths clearly demonstrates such phase changes do occur along release paths
(Figure 5.6, Table 5.3). The thermodynamic paths upon frozen-phase release are dif-
ferent for Hy, Hy and Hs, i.e., different phase changes are supposed to be triggered
at distinct equilibrium phase boundaries (Figure 5.4). Along frozen release path Hi,
stishovite remains stable until it crosses the coesite-stishovite boundary at 12 GPa
and other phase boundaries below 5 GPa, thus we might expect to see the transition
of stishovite to coesite, G-quartz and liquid in sequence. For Hs, stishovite remains

stable until the liquid-solid phase boundary is crossed at 16 GPa, where stishovite
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may melt. The release from Hj is different in that the shock state (as well as the
whole frozen release path) is superheated; thus melting could occur at any point on
the release path. The P — V paths converted from P — u, [Podurets et al., 1976
assuming isentropic release (H;R, i=1, 2 and 3, Figure 5.6a, ¢ and d) in fact differ
significantly both from the frozen-phase release calculations (H; R’ in Figure 5.6) and
from these predicted thermodynamic equilibrium paths. The deviations are signif-
icant even when we take into account the errors in estimation of the release paths
(about 6%, according to Chhabildas and Grady [1984]). On release from H;, for ex-
ample, (Figure 5.6a) the phase should remain stishovite until 12 GPa yet H; R begins
to deviate from Hy, R’ at about 30 GPa and is significantly different by 20 GPa. Like-
wise, release from H, deviates from the frozen phase path before encountering any
phase boundaries (Figure 5.6¢). The most plausible explanation for this curious be-
havior, if the P —V paths converted from P —u, are accurate, is that non-hydrostatic
stresses may displace the equilibrium boundaries to higher pressure (e.g., Simha and
Truskinovsky [1994]). Release from Hj, on the other hand, deviates in the sense
that a phase transition is delayed relative to crossing the equilibrium boundary (Fig-
ure 5.6d), which can be explained by the kinetics of superheating of crystalline phases
in liquid stability fields [Luo et al., 2002b]. There is also the possibility of artifacts
resulting from fitting smooth curves through series of discrete P — u, points that are
not densely sampled enough to capture sharp changes in slope at phase boundaries,
though such breaks are not obvious in the P — u, data (Figure 5.5).

Since the data suggest that phase transitions do occur during release, we formulate
a method for computing isentropic release with phase changes. We assume that
the total entropy of the system is conserved and that the phases share a common
temperature at each pressure. The alternative model of allowing each phase to release
along its own isentropic P — T is negligibly different as shown later. Given S held
constant from the peak state and V on the P — V release path, the mass fraction A
and T on the release path can be solved as described above. This calculation differs
from the frozen-phase release calculations, where we used the same equations but

held A constant and solved for V'; here, by contrast, we take V' as given and compute
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For release from Hi, stishovite might invert to quartz, amorphize or melt. Let us
first assume that only the stishovite-quartz transition occurs. We take the P—V path
H, R literally and calculate the release P —T path and mass fraction of stishovite (\),
as shown in Figure 5.6b and Figure 5.3. Another possibility is that the phase change
runs rapidly once it nucleates and that the P —u, data give an overly smoothed view
of the transition, so we also calculate a two-step P — V' path that approximates Hi R
(solid line) with H; BR (Figure 5.6a) and redo the calculation for 7" and X (Figure 5.6b
and Figure 5.3). There are only minor differences in temperature paths for these two
cases; the estimated post-shock temperature for release to quartz is 1990 K using
the Debye-Griineisen model. At ambient pressure, tabulated data on heat capacity
and entropy are available as well, and in this case the same temperature, 1990 K
for quartz at 1 bar with the specific entropy of the H; Hugoniot state. The differ-
ence between this value for T and the post-shock temperature for the frozen-phase
stishovite release from Hy, 2200 K, is comparable to the uncertainty in temperature
measurement. In other words, the P —u, data clearly constrain the presence of phase
changes on release but the post-shock temperature data do not.

Release from H, and Hj clearly involve crossing of the melting curve rather than
formation of quartz. We need to consider whether this is best described as a melt-
ing process or an amorphization. In either case, stishovite loses its long-range order.
Whether we describe states as liquid or amorphous depends on whether the disor-
dered structure can continue to relax and maintain equilibrium configurations during
release. This issue is conventionally addressed for relaxation of shear stresses by as-
suming a Maxwell-like viscoelastic rheology characterized by a shear modulus G and
a temperature-dependent shear viscosity 7(7), in which case the characteristic relax-
ation time 7 is given by 7 = n(T)/G. For silicate liquids, G is on the order of 10
Pa. This viscosity describes shear relaxation but it is thought to approximate volume
relaxation behavior as well. Thus if we know the viscosity of the amorphous phase
as a function of temperature, then for any given timescale of interest we can find a

critical temperature T, above which the system maintains relaxed states throughout
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the process and is deemed a liquid; otherwise, its density will be history-dependent
and it is glass-like or simply amorphous. In this latter, unrelaxed case, there is the
possibility of recovering a dense amorphous silica phase. At ambient pressure, the
n — T relationship of pure SiOs, a strong liquid, can be described by an Arrhenius
relationship [Richet and Bottinga, 1995],

logn = -7+ A(%Oél) (5.16)
where constant A ~ 2.67, and 7 is in Pa-s. For the buffer method, the measured
P — u, is an instantaneous value, and the release time-scale involved is 1079 — 108
seconds. This is also the time-scale over which release measurements probe the state of
disordered stishovite. This indicates a critical temperature 7, ~ 3100 K. If the release
time is larger, T, will be even lower. In the case of Hy and Hj, Tk of frozen release
is higher than T, thus we describe the phase transition experienced by stishovite
during release as melting and expect that the phase at the post-shock state will be
low-density silica liquid. However we cannot rule out unrelaxed decompression of a
dense amorphous state during release because the above development makes several
assumptions including a weak pressure-dependence of n — T' relationship, a constant
shear modulus, and a similarity between volume and shear relaxation.

Because the equation of state and thermodynamics of liquid silica at high P and
T are poorly constrained, a meaningful and rigorous calculation of the complete re-
lease paths involving mixtures of stishovite/liquid or stishovite/glass will be left open.
Entropy, heat capacity C, and thermal expansivities for stishovite and silica liquid
at ambient pressure, however, are documented [Malcolm, 1998; Sazena et al., 1993;
Navrotsky, 1994], and the above argument about relaxation time suggests that the
liquid phase at the post-shock states released from Hs and Hj will be relaxed to low-
pressure properties. Considering only the post-shock states at ambient pressure, then,
knowledge of the entropy (presumed equal to shock state entropy) and the release vol-
ume Vg allow an estimate of the phase proportions and post-shock temperature after

release from HyR and H3R (Table 5.3). In H, case, the mass fraction of stishovite is
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0.53, and temperatures for frozen and non-frozen release differ by only 90 K. In Hj
case, stishovite transforms into liquid totally, and the post-shock temperature esti-
mates are 3617 K and 3273 K for frozen and non-frozen release respectively. Finally,
if we now consider the possibility that the volume increase seen on release from H;
is an amorphization rather than an inversion to quartz, the estimate of Tx from low-
pressure properties of ordinary silica liquid suggests Tr = 1840 K (compared to 1990
K for inversion to quartz and 2200 K for frozen-phase stishovite). This is below the
estimate of T}, for relaxed behavior and so the liquid properties may not be appro-
priate. Nevertheless, it seems clear that in all cases, Tk estimates allowing for phase
transitions during unloading are only 100 — 350 K lower than those for frozen release.
Hence without direct measurement of the phases present at release state we can still
conclude that the post-shock temperatures inferred by [Boslough, 1988| are approxi-
mately correct. Thus it appears to validate the methodology of measuring post-shock
temperature [Boslough, 1988|. This also suggests that melting in SiOy upon release
is best resolved from volume instead of temperature, because the entropy of fusion is

too small to give a clear signal of Tk.

5.3 Discussion

5.3.1 Superheating

In general, in studies of the kinetics of melting and freezing, it is straightforward to
achieve undercooled liquid states but extremely challenging to obtain solids super-
heated above their congruent melting temperatures, mostly because of heterogeneous
nucleation on grain boundaries and other sites. In shock loaded samples, however,
temperatures can be increased by ~ 10° K on a ms time-scale, corresponding to a
heating rate of 102 K/s. The sample is heated internally as the shock front passes,
and hence superheating is limited by homogeneous nucleation. Shock temperature
measurements on fused quartz and quartz [Lyzenga et al., 1983] and sound speed

measurements |Chhabildas and Miller, 1985] clearly demonstrate the persistence of
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stishovite above its melting curve and hence superheating upon shock loading. On
the principal Hugoniot centered on quartz, the maximum superheating (7" —1,,) /Ty,
(where T, is equilibrium melting temperature) is about 0.22 at ~110 GPa. If we
examine the frozen release path with respect to the equilibrium phase boundary, the
whole release path for H3 is superheated. In the case of Hs, stishovite remains stable
until the release path crosses the liquid-stishovite phase boundary at about 16 GPa,
where stishovite becomes superheated. As shown in Figure 5.6¢c-d, volume increases
sharply below ~ 20 GPa along both release paths HyR and H3zR. This could be
associated with the sharp drop of T, of stishovite beginning at 20 GPa (Figure 5.4),
which gives rise to a rapid increase in the superheating ratio along these release paths
below 20 GPa. In the case of Hj, superheating is about 0.1 at the shock state and
increases to about 0.3 at 15 GPa, which appears to be similar to the homogeneous
nucleation-limited maximum superheating in silica [Luo et al., 2002b]. Based on the
large volume attained by Hj3 upon release there appears to be sufficient time after
nucleation occurs for the stishovite to melt completely. The case of Hy is different
in that the release state appears to be only partially molten despite being in the
stability field of liquid. The explanation may lie in the very short time interval after
the pressure (~2 GPa) at which the H, path achieves large superheating relative to

its liquidus.

5.3.2 Polymorphism

Polymorphism upon shock loading and unloading mainly involves quartz-stishovite
transition and related mechanisms. During loading quartz transforms directly into
stishovite (surpassing coesite) and the mixed-phase (quartz and stishovite) regime
on the Hugoniot (15 — 46 GPa) lies at higher pressure than the equilibrium bound-
ary. The rarity of recovered coesite in laboratory experiments on shocked quartz
suggests that the forward and backward transitions between quartz and coesite are
kinetically too sluggish to proceed during short shock durations [Wackerle, 1962].

The same may be true of the inverse transition of stishovite to coesite. But the de-
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layed onset of transition to stishovite upon loading implies that a special mechanism
is needed to explain the common occurence of this transition during shock loading.
For quartz-stishovite transition, Tan and Ahrens [1990| proposed a combination of
shear-band melting of quartz and recrystallization (progressive bond-bending model)
as the quartz-stishovite transformation mechanism. The shear melting model follows
Grady [1980] who suggested that heterogeneous strain concentrates deformation into
narrow shear zones that can attain much higher temperature than that of the bulk
sample. Stishovite is then thought to nucleate and grow from melt within the heated
zones. Yet, since the heating mechanism depends on concentrating the deformation
into a small fraction of the sample volume, it is unclear that a large mass fraction of
the sample can be converted by such a mechanism until the bulk shock temperature
begins to approach the melting curve. Hence this mechanism may explain minor con-
version to stishovite but has difficulty explaining bulk transformation into stishovite
near the high end of the mixed phase regime. The occurrence of lamellar features
upon recovery can be explained by shear melting.

An alternative (probably dominant) mechanism, a displacive martensitic transi-
tion from quartz to stishovite induced by uniform shear stress in the shocked sample,
was suggested by Podurets et al. [1976]. But the exact displacive quartz-stishovite
transformation mechanism remains controversial, and the stress field in shock sample
could be complicated. We speculate that the presence of non-hydrostatic stress could
shift the phase boundary [Simha and Truskinovsky, 1994] toward higher pressures
relative to the hydrostatic equilibrium. This mechanism can explain the occurrence
of the quartz-stishovite transition when quartz-coesite is not observed, its occurrence
at higher pressure than expected, and its ability to achieve bulk transformation to
stishovite well below the melting curve. We also note that this may explain the curi-
ous observation that upon release from H; and H,, the reverse transformation seems
to occur before the phase boundary is crossed, which the model of kinetic delay of
a phase transition (until a certain driving force is developed due to overpressure or
underpressure) cannot explain. That is, since displacive transitions are in general

reversible, the back transition may be taking place under non-hydrostatic but equi-
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librium conditions. Hence we prefer the model of displacive martensitic transition of

quartz to stishovite, perhaps with a minor role for shear melting.

5.3.3 Amorphization

There have been numerous observations of formation of amorphous phases upon com-
pression and decompression at low temperature, sometimes termed cold melting. A
similar mechanism has been proposed for the increase in density by formation of
a dense amorphous phase through the mixed phase regime (15 — 46 GPa) along the
principal Hugoniot of quartz studies (see Sharma and Sikka [1996] for a review) which
we are here attributing to formation of crystalline stishovite.

Proposals for the mechanism of cold melting [Hemley et al., 1988; Richet and
Gillet, 1997] involve the relative transformation kinetics of solid-solid phase changes
and solid-amorphous changes. That is, although crystal I persists metastably in the
stability field of crystal II, upon crossing of the metastable extension of the melting
curve of crystal I the amorphization process may be kinetically easier than the solid-
solid transition. Ice and silica are two classical examples of pressure induced amor-
phization. Hexagonal HyO ice (I},) transforms into high density amorphous ice (hda)
at about 1 GPa and 77 K [Mishima et al., 1984]. Hemley et al. [1988] demonstrated
that at room temperature, crystalline silica (quartz or coesite) becomes amorphous
between 25 — 35 GPa. The insert to Figure 5.4 illustrates the process and its relation-
ship to metastable melting curves with silica as an example. With static compression
at room temperature (the dotted arrow), quartz and coesite are expected to trans-
form to stishovite beginning at below 10 GPa. Instead, the low pressure solid persists
to 25 — 35 GPa and then amorphizes. This is the pressure range where the fictitious
melting temperatures on the metastable extensions of the melting curves of quartz
(EQ) and coesite (EC) may cross below 300 K. Thus, quartz and coesite transform
to dense amorphous silica instead of stishovite. The underlying assumption is that
amorphization of quartz and coesite are kinetically favored relative to transition to

stishovite, at the time-scale of static experiments. During shock compression, how-



87

ever, there are several factors that may kinetically favor solid-solid transition. First,
the present calculation shows that at 25 — 35 GPa, the temperature is in the range of
850 — 1900 K, where transition kinetics should be much faster than at 300 K. Second,
the non-hydrostatic stress conditions may allow a displacive martensitic transition
mechanism at the shock front. In part the notion that shock compression forms a
dense amorphous phase is based on recovery experiments, but recovered amorphous
material may well have formed during or after release. The excellent match between
the Hugoniot equation of state of silica and static high pressure data on stishovite
argue instead for crystalline stishovite on the Hugoniot [Luo et al., 2002d], and this
is kinetically plausible.

Based on logic similar to that invoked for cold pressure-induced amorphization,
Richet [1988] proposed the possibility of amorphization upon decompression across
metastable extensions of the melting curves of high pressure phases. As shown in the
insert to Figure 5.4, we drew a fictitious metastable extension of stishovite melting
(ES) into the low pressure regime which intersects the T-axis at about 900 K. Thus, if
the post-shock temperature is higher than 900 K, stishovite could transform to a dense
amorphous phase (diaplectic glass) upon release [Skinner and Fahey, 1963]. Similar
behavior is observed on decompression of other silicates such as CaSiO3 perovskite
[Liu and Ringwood, 1975]. This may be part of the reason that stishovite is rarely
recovered. Even though we argue that stishovite does form at the shock state, in
order to be recovered it would have to survive amorphization, inversion to quartz,

and ordinary thermal melting during release and cooling.

5.3.4 Isentropic assumption upon release

In the above discussion of release from shock states, we assumed isentropic paths. This
assumption produced sensible results, e.g., the calculated post-shock temperature
agrees with measurement and, as we will see below, is consistent with recovery results.
But we do not have independent verification. Thus, it is necessary to examine the

maximum entropy production possible as shown in the following cases.
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First we compare the frozen-phase release of a two-phase aggregate in which the
phases maintain thermal equilibrium to the case where each phase follows its own
isentrope and then they return to thermal equilibrium at 1 bar. We will take release
from Py = 35.8 GPa (Sy = 2.393 J/K/g, Ty = 1900 K, mass fraction of stishovite
Ag = 0.82) as a typical example. If as above we assume that quartz and stishovite
maintain thermal equilibrium upon release, then T = 1710 K is common to both
phases. Now we let quartz and stishovite release separately and isentropically from
the shock state with specific entropy of each phase and mass fractions fixed, and the
post shock temperatures are different (1466 K and 1772 K for quartz and stishovite
respectively). If the system returns to thermal equilibrium at P = 0, the maximum
entropy production for this adiabatic isobaric process will be the isenthalpic case.
The total enthalpy of the system can be readily calculated at post-shock state. If we
assume that mass fractions of the phases at final state continue to remain constant,
we obtain 7T, = 1720 K (compared to Tg = 1710 K) and the entropy production is
negligible.

If in the above case we let the phase proportions change as well during the isen-
thalpic step at ambient pressure, the maximum entropy is produced when the mass
fraction of quartz goes to 1, which corresponds to 7, = 2240 K and a significant
entropy increase of 22% relative to Sy. This is an extreme case since we delayed the
phase transition all the way to ambient pressure, but it implies that phase transitions
that occur during release but with finite driving force could significantly increase the
entropy. We presently lack a formalism for rigorously evaluating such cases because
the Riemann invariant formulation, Equation 5.15 above, assumes isentropic flow and
is no longer applicable. Despite this uncertainty, however, our calculations based on
isentropic assumption appear to yield reasonable results. Thus, we regard release
involving phase changes as a quasi-isentropic process, and isentropic assumption is at

least acceptable to first order.
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5.4 A pressure-temperature scale

The principal Hugoniot of quartz can be divided into distinct regimes of pressure based
on the phases present at peak shock state: 0—15 GPa, quartz; 15—46 GPa, mixture of
quartz and stishovite; 46 — 77 GPa, stishovite; 77 — 110 GPa, superheated metastable
stishovite; > 110 GPa, melt. Here we use our calculations of temperature and phases
at post-shock states calculated by frozen-phase isentropic release to predict recovery
products that will survive after cooling to ambient temperature, assuming cooling
slow enough to avoid quenching of the post-shock phases, as shown in Figure 5.7. At
ambient pressure, stishovite become amorphous as low as 800 — 950 K [Skinner and
Fahey, 1963; Brazhkin et al., 1991], the release temperature corresponding to peak
shock pressure of ~26 GPa. Quartz melts metastably at 1700 K (expected upon
release from peak shock pressure of 35 GPa). Thus, given the mass fractions of quartz
and stishovite at peak-shock state, the post-shock temperature from frozen release
and phase stability, we divide peak-shock pressure into four regimes (Figure 5.7),
distinct from the five shock-state regimes: (I) Py = 0 — 15 GPa, Tx = 300 — 450 K
and Recovery = quartz. Along Hugoniot, no quartz transforms into either coesite or
stishovite, due to sluggish quartz-coesite transformation rate and low temperatures.
Thus, only quartz will be recovered. (II) Py = 15 — 26 GPa, T = 450 — 900 K, and
Recovery = quartz+trace stishovite. Stishovite with mass fraction of up to 0.25 is
produced on Hugoniot, and T is lower than 900 K. Stishovite will not amorphize, but
the back-transformation to quartz is fast. Thus, only trace stishovite will be recovered.
(III) Py = 26—36 GPa, Tr = 900—1700 K, and Recovery = quartz-+dense amorphous
glass. In this case, significant stishovite (A = 0.25 — 0.8) is produced at shock state.
Even if stishovite did not invert to quartz, it would amorphize with density higher
than ordinary silica glass. Quartz will not melt metastably or transform to tridymite
due to slow kinetics. Thus only quartz and dense amorphous glass can be recovered.
The latter could be diaplectic glass. (IV) Py > 36 GPa, Tx > 1700 K and Recovery
= ordinary glass. Both stishovite and quartz (no matter what the mass fraction is at

post-shock state) will melt and ordinary glass formed from silica melt is the only phase
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in recovery. We summarized in Table 5.4 the above results as a pressure-temperature
scale for impact events involving quartz.

In the above discussion, we assumed frozen-phase release which is not necessarily
true for all pressures. We already demonstrated that Tk from non-frozen phase release
is slightly lower than Tg in frozen release (Table 5.3), and it will not change our results.
The above analysis indicates that shock recovery of a large fraction of stishovite
is essentially impossible, as predicted by Skinner and Fahey [1963], although some
stishovite can be recovered by special experiment design (e.g., Kleeman and Ahrens
[1973]). Shear melting related phenomena (e.g., lamellar features) could be present
in low pressure recovery (e.g., case II and III), but they are not dominant and are
second order features. To first order, we can apply the pressure-temperature scale
from frozen-phase release to impact events involving quartz. Interestingly, despite
careful consideration here of the kinetics and stability of many possible phases, our
results are not dramatically different from Stéffler [1971] based on earlier calculations
of shock and post-shock temperature [Wackerle, 1962]. As shown next, predictions
with our scale (Table 5.4 and Figure 5.7) agree well with recovery experiments.

Many recovery experiments have been conducted on silica. Recovered material
from quartz shock loaded to 60 GPa is amorphous with density of ordinary silica
|[DeCarli and Jamieson, 1959|, indicating glass formed from melting as predicted
by our calculation. At 35 GPa, recovered material has density of 2.64 g/cm?® and
broadened X-ray peaks of a-quartz [DeCarli and Jamieson, 1959], consistent with
a small fraction of dense amorphous silica. Similarly, DeCarli and Milton [1965]
recovered predominantly quartz with minor short-range-order (SRO) (possibly due
to minor shear melting) and trace stishovite at 14 — 16 GPa (at 16 GPa, we predict
2% stishovite is formed at shock). From 25 GPa Wackerle [1962] recovered essentially
quartz, and from about 50 GPa, ordinary glass with density 2.2 g/cm?.

This work demonstrates that the phases recovered are not necessarily the same as
those at post-shock state or peak shock state. While the shock state and release path
are constrained with confidence, the phase changes between recovery and post-shock

state are not. This part of the process depends on size-dependent sample-environment
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interaction, particularly heat conduction to the surroundings. For example, the tem-
perature of the post-shock state upon release of shocked quartz from Py = 70 GPa
suggests complete post-shock melting and recovery of ordinary glass. However, there
is a narrow range near our example Hy where the post-shock state includes stishovite
which might, with a rapid enough quench, be recoverable. Furthermore, in the inter-
pretation of recovered samples from natural impacts, porosity and impurities such as

water content need also be taken into account.

5.5 Conclusion

We computed the thermodynamic states along the principal Hugoniot (including
mixed-phase regime) of quartz and frozen-phase release paths based on classical
Debye-Griineisen theory, and quantified the phases, mass fractions and tempera-
tures. Along the Hugoniot, direct conversion to stishovite in the range 15 — 46 GPa
is preferred over any pressure-induced amorphization mechanism. Superheating of
stishovite along the Hugoniot between 77 — 110 GPa is confirmed. Comparison to the
phase diagram of silica shows that the frozen release paths may enter the stability
fields of quartz or liquid, and cross the metastable (cold) melting curve of stishovite,
suggesting that releases may not maintain frozen phase assemblages. This is sup-
ported by P — V release paths converted from measurements on P — u, assuming
isentropic release. Shock temperature and post-shock temperature calculations with
frozen or non-frozen release yielded values in accord with shock and post-shock tem-
perature measurements. This validates the method of measuring post-shock tempera-
ture but shows the poor sensitivity of such measurements to phase transitions during
decompression compared to volume information, at least for silica. The isentropic
assumption appears yield useful first order results even for non-frozen release.

The phase proportions in the computed Hugoniot states and the frozen-phase
release temperatures provide an appropriate pressure-temperature scale for impact
events involving quartz. It is necessary to distinguish recovered phases and phases

produced upon shock loading and unloading. The proposed scale is consistent with
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previous shock recovery experiments and demonstrate that while recovery of trace
quantities of stishovite is straightforward, the recovery of high-purity bulk stishovite

from shock loading on quartz does not occur without special quenching mechanisms.
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Chapter 6

Maximum Superheating and Undercooling:
Systematics, Molecular Dynamics Simulations,
Dynamic Experiments and Applications to
High-Pressure Melting

Abstract

The maximum (or minimum) temperature (7.) achievable in superheated solid
(or undercooled liquid), depends on material property [ inherently and heating (or
cooling) rates (Q)). [ is the dimensionless energy barrier for nucleation of melt (or
crystal), defined as 8 = 16773,/ (3kT,, AH?) where 7, is solid-liquid interfacial energy,
AH,, heat of fusion, T}, melting temperature and k Boltzmann’s constant. The
systematics of maximum superheating and undercooling (6. = T./T,,) are established
phenomenologically as 3 = (Ay — blogQ)0.(1 — 0.)%, where Ay = 59.39, b = 2.33 and
@ is in K/s. For a considerable number of elements and compounds investigated,
varies between 0.2 —8.2, corresponding to maximum superheating 6. = 1.06—1.35 and
1.08—1.43 at @ ~ 1 and 10'? K/s, respectively. Such systematics predict that a liquid
with certain § can not crystallize at cooling rates higher than a critical value. The
largest possible maximum undercooling (6. = 1/3) is achievable by increasing cooling
rate. Systematic molecular dynamics (MD) simulations (Q ~ 10'2 K/s) at ambient
and high pressures are conducted on close-packed metals with Sutton-Chen many-
body potentials. The maximum superheating and undercooling resolved from single-
and two-phase simulations, are self-consistent with regard to the 8,—3—() systematics

for superheating and undercooling. The systematics are also in accord with previous
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MD melting simulations on other materials (e.g., silica, Ta and e-Fe) described by
different force fields such as Morse-stretch charge equilibrium and embedded-atom-
method potentials. Thus, the 6. — 3 — @) systematics for maximum superheating and
undercooling are validated at the level of interatomic interactions. Upon ultrafast
heating, the inherent kinetics of melting may give rise to significant superheating.
We demonstrate that the amount of superheating achieved in dynamic experiments
(Q ~ 10" K/s) such as planar shock-wave loading and intense laser irradiation,
agrees with the superheating systematics. We apply the shock-induced superheating
to deriving the high-pressure melting parameters of geophysically important materials

based on Lindemann’s law and the [n2 rule for entropy of melting.

6.1 Introduction

Melting of crystals and crystallization of liquids are of scientific and technological
significances. Metastable superheating and undercooling, are inherent in melting and
freezing processes. A fundamental issue of immediate theoretical and experimental
interests is to what extent a solid can be superheated and a liquid undercooled.
Tremendous undercooling experiments have been conducted to probe the maximum
undercooling on elements and compounds [Kelton, 1991|, and appreciable amount of
undercooling has been observed as homogeneous nucleation of crystals in liquids is
more attainable experimentally. On the other hand, superheating has been observed
in very few cases by special experimental designs [Uhlmann, 1980], due to the fact
that heterogeneous nucleation is dominant in most melting experiments with low
heating rates. Heterogeneous nucleation of melt is favored at sites with free surfaces,
defects and impurities which significantly lower the energy barriers for nucleation.
Predicting the maximum superheating is particularly challenging due to a paucity in
experimental data.

High-pressure melting in experiments employing static (e.g., diamond-anvil cell)
and dynamic (e.g., planar shock-wave loading) techniques is of great interest. Shock-

state sound-speed and temperature measurements on metals, alkali halides and sili-
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cates have demonstrated unambiguously special melting behavior distinct from equi-
librium melting, and superheating has been utilized to interpret the sharp drop in
temperature on Hugoniot [Lyzenga et al., 1983; Boness and Brown, 1993; Yoo et al.,
1993|. The apparent superheating in ultrafast dynamic loading, indicates the impor-
tant role of heating rates in achieving superheating. Besides probing the fundamental
limit of superheating and undercooling, the present study is also motivated by the
issues as to the interpretation of temperature measurements in shock melting exper-
iments [Lyzenga et al., 1983; Boness and Brown, 1993; Yoo et al., 1993; Dai et al.,
2001], and whether the striking discrepancies between the melting temperatures ob-
tained from shock-wave loading and recent much lower diamond-anvil cell (DAC)
results [Errandonea et al., 2001] for transition metals such as Fe, V, Mo, W, and Ta,
can be simply attributed to the effect of superheating.

The earliest work on the criteria for melting include Lindemann’s criterion [Linde-
mann, 1910 and Born (shear) instability [Born, 1939; Wang et al., 1997]. Previously,
there were a few theoretical attempts in defining the limit of superheating. Catas-
trophic theories proffered involve the catastrophe of entropy [Fecht and Johnson,
1983, rigidity and volume [Tallon, 1989] upon melting. Other efforts to describe su-
perheating utilized kinetic nucleation theory [Lu and Li, 1998; Rethfeld et al., 2002].
Yet, a systematic and realistic description (either phenomenological or first-principles)
of the limit of superheating and undercooling was not available. A recent develop-
ment on superheating systematics relates superheating to well-defined undercooling
parameters and the systematics of energy barrier for nucleation, and incorporates
heating rates [Luo and Ahrens, 2003a]. In this work, we extend our previous efforts
to present detailed treatment on the systematics of maximum undercooling and su-
perheating, molecular dynamics (MD) simulations of superheating and undercooling,

dynamic melting experiments and physical implications.
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6.2 Systematics of maximum undercooling and su-

perheating

We start with classical theory of homogeneous nucleation. The reason for the choice
of homogeneous as opposed to heterogeneous nucleation is 2-fold: heterogeneous nu-
cleation theory is difficult to implement in a systematic study because it requires
detailed information such as characteristics of heterogeneous nucleants that are not
available in general, and by careful experimental design, heterogeneous nucleation
can be circumvented as demonstrated by undercooling and superheating experiments
[Kelton, 1991; Uhlmann, 1980]. On the other hand, given possible heterogeneous
nucleation in reality, homogeneous nucleation theory supplies an upper bound to the
maximum undercooling and superheating. For steady-state homogeneous nucleation
of crystal (e.g., in liquid metals), the time for nuclei growth is negligible compared
to that required for nucleation [Singh and Holz, 1983], thus only the nucleation as-
pects will be concerned. Indeed, catastrophic increase in nucleation rate near the
maximum undercooling (superheating) dominates the process of creating or breaking
the long-range order. Given the inherent complications and poor understanding of
nucleation from first principles, our discussion based on classical nucleation theory
is phenomenological in nature, but we can gain physical insights into superheating
and undercooling and make sensible predictions. There are various treatments of nu-
cleation [Turnbull, 1956; Christian, 1965; Walton, 1969; Motorin and Musher, 1984;
Kelton, 1991; Shao and Spaepen, 1996] and they share a common form for steady-state

nucleation rate per unit volume [

I = M(m, Terp{~ 52 4(6)) (6.1)

where M is a function of material properties m and temperature T', AG., is the criti-
cal Gibbs free energy for nucleation, & Boltzmann’s constant, and g(¢) a geometrical
factor depending on wetting angle ¢ of a heterogeneous nucleant. g(¢) = 1 for ho-

mogeneous nucleation, the case assumed in the following discussions. Consider a



99
spherical liquid nucleus of critical radius within a superheated crystal lattice (similar
for nucleation of crystal from an undercooled liquid), the critical nucleation energy
AG. = 16773, /(3AG?) where 4 is the solid-liquid interfacial energy, and AGy; the
Gibbs free energy difference per unit volume between solid and liquid state, approxi-
mated as AH,,(T'—T,,)/T,, where AH,, is heat of fusion and T,,, melting temperature
(assuming heat capacities of liquid and solid are approximately equal [ Turnbull, 1952;
Kelton, 1991]). The temperature dependence of M-term in I is negligible compared
to that of the exponential term involving AG,, thus M can be regarded as a constant
|Kelton, 1991; Porter and Easterling, 1981], I,. We define the energy barrier for

nucleation, (3, as a dimensionless quantity,

1672,

5(’Vsl7AHmaTm) = m (6-2)

and introduce reduced temperature, § = T/T,,. Thus I = I f(f3,6) with

F(3.6) = expl~ 7 (63

The prefactor Iy can be obtained experimentally or theoretically. This functional
form applies to both melting and freezing cases. Nucleation is essentially controlled
by f(8,0), i.e., by the dimensionless energy barrier § at given temperature. The
form of f(5,0) is simple but it does reflect the fundamental physics of nucleation
(Figure 6.1). During superheating (# > 1) of solids, f (i.e., normalized nucleation
rate) increases with temperature monotonically, as the mobility of atoms and the
chemical driving force for melt nucleation both increase with 7". On the other hand,
during undercooling of liquids, the chemical driving force induced by undercooling is
partly offset by the decrease in mobility, thus we have a maximum for f at § = 1/3.
Although diffusion process is not explicitly included in f, it is well accounted for by
the functional form of f.

Note that f(3,0), § and 6 are all dimensionless, allowing direct meaningful com-

parison of these quantities for different materials. (3 is characteristic of material itself,
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AGH:)

0=T/T,

Figure 6.1: f(0,6) vs. reduced temperature 6 for different values of 5. Each curve is
labeled with the adopted value of 3. UC denotes undercooling and SH superheating.
0. is the critical temperature of maximum superheating, schematically obtained by
drawing a tangent to f at f = fo (dashed line) and intersecting -axis.
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depending on v, AH,, and T,,. To estimate the value of 3, we start with a hard
sphere system (hss) due to its simplicity and theoretical significance. Let the diameter
of hard sphere be o. The solid-liquid interfacial energy for a hard sphere system (")
[Davidchack and Laird, 2000] is shown to be 0.61kT /o2 Heat of fusion [Hoover and
Ree, 1968] for a hss, AH"* = 1.16kT. Thus, 3 ~ 0.77 for a hard sphere system. We
may expect for a real system, the value of 3 is of similar magnitude. For a real system,
st ~ 0.1 J/m? T, ~ 10* K and AH,, ~ 10° J/m3 yield 8 ~ 1.2. Undercooling ex-
periments with homogeneous nucleation have been well documented in the literature
(e.g., for elements [Kelton, 1991; Shao and Spaepen, 1996|) (Table 6.1). The elements
studied include transition metals, simple metals and semiconductors in the 3rd-6th
row of the periodic table. Elements are simple by themselves, and their physical prop-
erties vary dramatically due to the variations in electronic structure. Their character
may be regarded as typical of materials. Given T,,,, AH,, and vy (Figure 6.2), values
of (@ for these elements are readily calculated as shown in Figures. 6.2-6.3. Transition
metals (Group IVB-IIB) have relatively constant value of § with an average close to
2, except for Hg (§ = 6.30). Group ITA-VIA elements have significantly higher values
of §, with maximum at Ga (5 = 8.15) except for Al (5 = 1.47) and Se which has the
lowest 3 = 0.20. This does reflects the periodic variations in electronic structure in
a general sense. To explore the systematics of material property 3 given T,,, AH,,
and v (indexed as 1-3 respectively in Figure 6.2), we calculate the cross-correlation
coefficients among these parameters (Table 6.2). As R;; = 0.81 —0.97 (4,5 = 1,2, 3),
T, AH,, and 7, vary with atomic number Z in similar manners. In particular,
Ry = 0.97 for v, and AH,,. This indicates that compared to T,,, AH,, is a better
indicator of v, which is difficult to measure. R;; ~ 1 also implies that these three
parameters can be attributed to the same physics, e.g., binding energy although it is
more directly related to heat of vaporization. ~y4 increases with 7, and AH,,. Thus,
although (3 is sensitive to v, variation in  induced by that in ~y4 could be offset by
those in T, and AH,,. It is demonstrated that v,/(AH,,V) ~ constant for a vari-
ety of elements and compounds [Kelton, 1991; Uhlmann, 1980]. The gram-interfacial

energy v, = vV SNX ? where V is molar volume and N4 Avogadro’s number. As
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AH,, =T,AS,, where AS,, is the entropy of fusion, thus § o< AS,,V, and should
vary in a narrow range for different materials. Similar argument can be made with
Vst ¢ AH,,/a* where a? is the effective atomic surface area | Walton, 1969]. Using the
same arguments, 5 of most solids under high pressures (e.g., megabar under shock
compression) should be of the same order as at ambient pressure. Cross-correlating
B (indexed as 4 in Figure 6.2) to T,,, AH,, and 74, yields negative values between
—0.57 and —0.38 (Table 6.2).

Given the systematics of (3, next we explore the relationship of T,,,, AH,,, 74 and
[ to the maximum undercooling and superheating, denoted as 6. = T./T,, where T,
is the highest (lowest) temperature in superheated solid (undercooled liquid). The
maximum undercooling is also referred to as ©~ = 1 — 6, and superheating as O =
0.—1. The cooling rate @ ~ 1 K/sis typical in conventional undercooling experiments,
and the experimental values of ©, (subscript s refers to @ ~ 1 K/s, and ns to
10'? K/s) for elements and calculated © (discussed next) are plotted in Figure 6.2

(indexed as 5 and 6, respectively). ©; and ©f increase with 3 as cross-correlation

s

yields Ry5 = 0.98 and Ry = 0.96 (Table 6.2). On the contrary, ©; (©7) correlates
poorly with any of v, T,, and AH,,. This makes perfect sense because the nucleation
rate I depends on all of these three parameters. Thus, § as an integral part of ~y,
T,, and AH,, best describes the nucleation rate and fully represents variations in the
maximum undercooling and superheating. It also contends conventional wisdom that
material with low T, should have smaller maximum superheating (undercooling).
The extreme counter examples are Ga and Hg, which have low 7}, (303 and 234 K,
respectively) but high ©; (0.57 and 0.38). Indeed, relative to vy and AH,,, 1), is
better anti-correlated with ©~ and (: most low-T,, materials have high values of (3
and O (Figure 6.2). But this should not be over-interpreted, as Roy = —0.57 which
is far way from —1. Thus the best parameter for study nucleation of melt (crystal),
is #. The physical meaning of  is inherent in its relation to vy, 15, and AH,,, in
turn whose physics dwells on nucleation theory. Simply, (3 is an integral of these three
parameters.

In contrary to undercooling experiments with @ ~ 1 K/s, few experiments have
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Table 6.2: Cross-correlation coefficient R;;. T,,,, AH,p,, 751, 5, ©~ and ©F are indexed
as 1 — 6, respectively (also see Figure 6.2).

Rig Ri3 Rys Ry Roy Rsw Rys Rye Rse

0.81 0.84 0.97 -0.57 -0.46 -0.38 0.98 0.96 0.98

achieved appreciable superheating at heating rates of ~1 K/s, as heterogeneous nu-
cleation is dominant at such low heating rates due to surface melting and the effect of
defects such as grain boundaries. It would be of great interest to predict the maximum
undercooling and superheating under various cooling (heating) rates, say, Q@ ~ 102
K/s. Given the 3 systematics and experimental values of O, next we will develop a
(-dependent scheme to predict undercooling and superheating under typical cooling
and heating rates.

For steady-state homogeneous nucleation of crystal in liquid (melt in crystal), the
probability [Kelton, 1991] z for a given amount of parent phase of volume v containing

no new phase under certain cooling (heating) rate @ is

Ty [*

r = exrp{+ 0
Oc

£(8,6)d6} (6.4)

where + refers to superheating and — to undercooling. The parameters for under-
cooling experiments at @@ ~ 1 K/s, such as 74, AH,,, T,, (thus ), z and v can
be regarded as equal to those for superheating and undercooling at different heating
(cooling) rates. Further, we assume Ij is roughly the same for undercooling and su-
perheating case. Thus, the maximum superheating and undercooling under any @,
can be calculated from experimental value of ©,. For example, superheating O at

any heating rate () can be solved from

1(1+6+) 1 1
. /1 75,00 = /( £(6,0)d6 (6.5)

1-65)

where Qg = 1 K/s. Similarly, undercooling ©~ under other cooling rates @, can be

8

readily calculated. Thus for a given material with § and ©}, we can predict the
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maximum superheating and undercooling at any heating (cooling) rates (Table 6.1).
Figure 6.4 shows experimental value of the maximum undercooling (0. = 1 — O,
circles) and calculated maximum superheating 6. = 1 + ©f (diamonds) at @ = 1
K /s for elements. Note that heating (cooling) rates such as 1 and 10'* K/s should be
regarded as typical but exact, as a factor of 10 in @ would yield negligible changes
0. (except for high-3 elements such as Ga upon undercooling), due to the functional
form of f((3,0). In the case of calculating maximum undercooling at high cooling
rates, ©~ might be 1 (i.e., T. = 0). For instances, ©~ = 1 for Ga at Q = 10° K/s,
and for Bi, Ga, Pb, Sn and Te at Q = 10'* K/s. ©~ = 1 indicates that under such
cooling rates, these liquids cannot solidify as crystals.

In the absence of first-principles formulations relating material property (3, heating
(cooling) rate @ and maximum superheating (undercooling) 6, as obtained above, we

fit these parameters to an analytical form,

where A is a fitting constant depending on (). Separate fittings for undercooling and
superheating cases yield similar A, indicating that this functional form describes both
superheating and undercooling with a single A(Q). Such fittings to both superheating
and undercooling yield A(Q) = 58.8523, 45.4269 and 31.5746 for 1 K/s, 10® and 102
K/s respectively and plotted in Figure 6.4. While its exact physical meaning is not
clear, A could be regarded as defining a relative characteristic time scale for nucleation
at various heating (cooling) rates. Similar fittings have been conducted at various @,

and A is found to linearly depend on log@. Thus we can rewrite Eq. (6.6) as

ﬁ = (AO - blogQ)ec(gc - 1)2 (67)

where Ay = 59.39284 and b = 2.33395, and @ is in K/s. Eq. (6.7) is referred to as
the 6. — 0 — @ systematics for maximum superheating and undercooling.

There are some important features in the 6, —  — @ systematics [Eq. (6.7) and
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Figure 6.4: Maximum superheating-undercooling systematics for elements: 3 = (Ag—
blogQ)0.(1 —6,)?. Circles are experimental value of undercooling at cooling rate Q ~
1 K/s, and diamonds are calculated superheating at @ ~ 1 K/s. Solid curves are plots
with @ = 1, 10% and 10'* K/s, respectively. Dotted curves denote the undercooling
portions for §, = 0 — % The elements inside the arrow is Ti, Al, Au, Cu, Hf, Cd, Pd,
Ag, Co, Pt, Ta, Rh, Zr, Mn, Si, Sb, Ni, In and Fe in (-increasing order.
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Figure 6.4]. The functional form for 6, — 8 — @ implies that f(53,0.) = exp|—A(Q)]
and can be regarded as a universal constant at certain (). This is in some sense
similar to assuming universal constant [Lu and Li, 1998] for I = 1 cm™3s™' if I,
does not vary much for different materials. Nucleation rate near 6. dominates the
nucleation process during undercooling and superheating. As shown in Figure 6.4,
there is an asymmetry of the maximum superheating and undercooling 6, (relative to
0. = 1) at the same @), i.e., for a material with certain 3, it can achieve larger amount
of maximum undercooling than maximum superheating. This makes sense in that a
critical value of nucleation rate I, is more achievable for melting than freezing because
of the difference in T'. The increase of maximum superheating induced by increasing
@ is less pronounced than undercooling case, e.g., for Al, ©} — ©F = 0.07 while
0,,—0; = 0.11. Increasing ) does not significantly increase maximum superheating:
a change in Q from 1 to 10'2 K/s only yields a change of less than 10% in .. The
maximum ©F < 0.5 even at Q = 10'? K/s. But increasing heating rate does serve as
an important practical approach to achieving superheating as shown next. There is
a maximum of  at #, = 1/3 for any cooling rate, say, Bmne: = 8.72, 6.73 and 4.68 at
1, 10° and 10'? K/s respectively. This simply means that materials with 3 > Bnqs
cannot crystallize under cooling rates larger than corresponding ). The physical
cause can be traced back to the tradeoff between increasing chemical driving force
for crystallization and decreasing atomic mobility while reducing temperature. The
maximum possible undercooling for any material at any cooling rate is ©~ = 2/3. The
largest ©; achieved is 0.57 for Ga. Possibly, there could exist an unknown element
with § = 8.72 such that ©, = 0.67. Increasing cooling rate may induce ©~ = 2/3,
e.g., such undercooling may be achieved for Ga at Q ~ 10? K/s. Materials with
B > Bae = %(Ao — blogQ) will not crystallize at given cooling rate @, and possibly
liquids become glassified or stay as liquid, as the glass transformation temperature
could be higher or lower than 6. | Weinberg, 1986].

Previously, theories involving catastrophe in entropy [Fecht and Johnson, 1983,
rigidity and volume [Tallon, 1989] predicted a wide range [Lu and Li, 1998 (©F =
0.3 — 2.0) of maximum superheating. Other efforts [Lu and Li, 1998; Rethfeld et al.,
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3571 or a critical volume. Mostly

2002] to describe superheating assumed I =1 cm™
heating rates were not considered. We have established the 6. — 5 — (@ systematics [Eq.
(6.7) and Figure 6.4] based on undercooling experiments and homogeneous nucleation
theory, and incorporated the effect of heating (cooling) rates. Maximum superheat-
ing at @ = 1 K/s predicted from Eq. (6.7) is slightly lower than those from Lu and
Li [1998] (Table 6.3). I = 1 cm 3s™! is a reasonable first-order value at low Q. A
direct application of the systematics is that given measured maximum undercooling
and superheating, we can determine 3 and predict maximum superheating and under-
cooling at other heating (cooling) rates. The knowledge of 3 also allows an evaluation
of v given AH,, and T,, which are in general available. Systematic undercooling
experiments were conducted on alkali halides [ Walton, 1969]. The interfacial energy
and maximum undercooling and superheating at typical cooling (heating) rates, are
obtained (Table 6.4). For example, the maximum superheating achievable for CsBr at
10" K/s, is 0.20. Similarly, given superheating measurement on silicates [Uhlmann,
1980], we predict vy and maximum undercooling and superheating under various @
(Table 6.4).

Thus we have established the 6. — f — @ systematics [Eq. (6.7) and Figure 6.4

based on undercooling experiments and homogeneous nucleation theory.

6.3 Molecular dynamics simulations of superheat-
ing and undercooling

Molecular dynamics simulation is an important tool to study melting and freez-
ing processes under various pressures. Microscopic examination of the melting and
freezing process is also allowed from real-time trajectories. It has long been rec-
ognized that temperature hysteresis exists in MD simulations of bulk crystal with
three-dimensional boundaries [Allen and Tildesley, 1987; Jin and Lu, 1998; Stran-
chan et al., 1999; Luo et al., 2002c]. But a systematic and quantitative examination

of both superheating and undercooling in MD simulations, is not available. It is of
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Table 6.4: Undercooling and superheating of alkali halides and silicates. a: ©, from
Walton [1969], and b: ©F from Uhlmann [1980].
T v AHpn B O O O O
(K) (J/m?) (kJ/mol)
Alkali halides *

CsBr 909  0.066 23.58 1.56 0.18 0.26 0.15 0.20
CsCl 919  0.051 15.06 1.41 0.17 0.24 0.14 0.19
CsF 955  0.046 10.25 1.27 0.16 0.23 0.14 0.18
Csl 894  0.069 24.66 240 0.23 034 0.19 0.25
KBr 1003  0.063 20.92 1.27 0.16 0.23 0.14 0.18
KCl 1049  0.082 26.82 1.27 0.16 0.23 0.14 0.18
KI 959  0.047 17.15 1.27 0.16 0.23 0.14 0.18
LiBr 820  0.046 12.13 0.63 0.11 0.15 0.10 0.13
LiCl 887  0.086 13.39 205 0.21 031 0.17 0.23
LiF 1115 0.124 9.87 2.056 0.21 031 0.17 0.23
NaBr 1028  0.088 25.69 1.27 0.16 0.23 0.14 0.18
NaCl 1074 0.112 30.21 1.27 0.16 0.23 0.14 0.18
NaF 1261  0.206 29.29 222 0.22 032 0.18 0.24
RbCl 988  0.057 18.41 1.27 0.16 0.23 0.14 0.18

Silicates ®
NaAlSizOg 1371  0.088 63.00 1.52 0.18 0.25 0.15 0.20
Si0, 1700 0.106 9.40 5.01 0.37 1.00 0.26 0.34
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particular interest whether both superheating and undercooling in MD simulations
are consistent with the superheating-undercooling systematics, 7.e., the phenomeno-
logical superheating-undercooling systematics [Eq. (6.7)] can be validated from the
level of interatomic interactions. The heating (cooling) rate typical in conventional
MD simulations, is on the order of 10'* K/s, comparable to light-gas gun shock-
wave experiments and intense laser irradiation (see next section), thus melting and
freezing simulations with MD could elucidate our understanding of superheating and
undercooling in ultrafast heating (cooling) experiments.

A supercell with three-dimensional periodic boundaries, is subjected to step-by-
step heating at constant pressure P (e.g., with isothermal-isobaric statistical ensemble
NPT where N is the total number of atoms in the supercell) until it melts, then the
system is cooled down step by step until it refreezes. A hysteresis is obtained by
such a stepped heating-cooling process. The melting temperature determined from
“heat-until-it-melts” process (single-phase melting temperature, T} ,,,) is higher than
the equilibrium 7}, as superheating is part of the hysteresis. On the other hand, the
crystallization temperature from “cool-until-it-refreezes” (single-phase crystallization
temperature, 77 .) is lower than 7;,,. To quantify the amount of superheating and un-
dercooling, we need to find the equilibrium melting temperature 7,,. Given a specific
force field (FF) describing interatomic interactions, T, can be determined by such
techniques as thermodynamic integration of free energy [Frenkel and Smit, 1996] and
solid-liquid coexisting phase simulations [Morris et al., 1994]. The latter is a natural
choice for our purpose. Superheating and undercooling can be attributed to the nucle-
ation process (overcoming the energy barrier for nucleation), and are circumventable
by constructing a solid-liquid coexisting system (two-phase simulation) with planar
solid-liquid interface. Nucleation problem of either solid or liquid and associated su-
perheating or undercooling are avoided [Morris et al., 1994]. Thus we can determine
the equilibrium melting temperature (two-phase simulation, 75,,) for the specific
system with assigned FF. In this way, we can quantify the amount of the maximum
superheating (0%, = T1,,/Tym» — 1) and undercooling (0, =1 — T ./T5,,) for the

system. In this work, we conduct single- and two-phase simulations of melting and re-
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freezing of close-packed metals. These simulations along with previous work, allow us
to systematically examine superheating and undercooling behavior for elements and
compounds described with different potentials against the superheating-undercooling
systematics developed. The pressure effect on superheating is also addressed.

To simulate the close-packed (fec and hep) metals, we adopt Sutton-Chen many
body potential (SC) [Sutton and Chen, 1990] with quantum corrections (qSC) [Kimura
et al., 1998]. For SC FF, the total potential energy of the system, Uy, is

Ui = 3 el3 5V ) = el (6.5)

i g
The pair potential

a
Viry) =(—)" (6.9)

Tij
accounts for the repulsion between the atoms ¢ and j where r;; is the separation

between them. The many-body cohesion is accounted for with the local electron

density on atom ¢
pr=2 ()" (6.10)

The parameters (a, €, ¢, m, n) were obtained by optimization to best fit the empirical
values including lattice parameter, cohesive energy, elastic constants and bulk mod-
ulus, phonon vibration frequencies, vacancy formation energy, surface energy, and
equation of state. The quantum effect (e.g., zero-point vibrational energy) was also
included in optimization [Kimura et al., 1998]. The parameters of such qSC force
field for close-packed metals are listed in Table 6.5.

Given force field, we construct a supercell of 864 atoms (6 x 6 x 6) for each fcc
metal and 1024 atoms (8 x 8 x 8) for Be with three-dimensional periodic boundaries.
MD calculations are conducted with an NPT ensemble using a Hoover thermostat

[Hoover, 1985] and a Rahman-Parrinello barostat [Parrinello and Rahman, 1981].
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Table 6.5: The qSC FF for close-packed metals [Kimura et al., 1998].

a(A)  €(1072eV) c m n
Be 3.18863 0.18207 222.34769 6 13
Al 4.03230 0.90144 5497923 5 9
Ni  3.51570 0.73767 84.74500 5 10
Cu 3.60300 0.57921 84.84300 5 10
Rh 3.79840 0.24612 305.49900 5 13
Pd 3.88130 0.32864 148.20500 6 12
Ag 4.06910 0.39450 96.52400 6 11
Ir  3.83440 0.37674 22481500 6 13
Pt 3.91630 0.97894 71.33600 7 11
Au 4.06510 0.78052 53.568100 8 11
Pb  4.94950 0.55772 45.88200 7 10
2.8 —— . — 12 —— : —
(a) Al O Heating (b) Pb O Heating
g A Cooling { [ A Cooling 1
~ 11+
& 26F .
L2
&
> 10
8 241 -
A 9F :
T2,m
2.2 1 1 1
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T (K)

500
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Figure 6.5: Typical single- and two-phase molecular dynamics simulations of the melt-
ing and refreezing behavior: density vs. 7. A complete hysteresis of density forms
during continuous heating-cooling process for Al (a), while for Pb (b) liquid becomes
vitrified upon cooling. T} ,, and T} . are the single-phase melting and freezing tem-
perature at superheated and undercooled state, respectively. T5,, is the equilibrium
melting temperature from two-phase simulations.
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' und'ercoolling

O

Figure 6.6: Deduced energy barrier 4 vs. maximum undercooling and superheating
achieved (6.) in MD simulations for fcc metals and Be (hep). Open symbols are for Al
at P =0,20,40, 60,80 and 100 GPa, and filled symbols for other elements simulated
with qSC force field. Solid curve is the plot of 8 = (4y — blogQ)f.(6. — 1)? with
Q = 10" K/s. The dashed curve is the best fit of simulations to the same functional
form as the superheating-undercooling systematics.
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Table 6.6: Single- and two-phase MD simulations of melting and refreezing of metals
at P = 0. a: Calculated from the superheating-undercooling systematics and © .
b: Simulated with embedded-atom-method force field based on quantum mechanics
calculations [Stranchan et al., 2001].
T Tie Tom Tem AH,, Vst ¢ O 4
K) K (K) (K) (kj/mol) (J/m?)
Be 1600 900 1350 1560 15.55 0.053  0.33 - 019 -
Al 1100 650 925 933 9.08 0.108 0.30 0.25 0.19 0.20
Ni 1700 1000 1375 1728 13.55 0.085 0.28 0.36 0.24 0.26
Cu 1350 750 1070 1356 10.80 0.086 0.30 0.24 0.21 0.19
Rh 2700 1600 2125 2239  25.56 0.081 0.25 0.30 0.27 0.23
Pd 1850 1000 1475 1825 16.28 0.096 0.32 0.27 0.25 0.21
Ag 1200 650 1000 1234 10.78 0.104 0.25 0.27 0.20 0.21
Ir 3400 1750 2740 2683  31.76 0.071  0.36 - 024 -
Pt 2450 1300 1925 2042  20.93 0.096 0.32 0.28 0.27 0.21
Au 1400 600 1075 1336 12.38 0.130 0.44 0.25 0.30 0.20
Pb 700 - 575 601 5.93 0.203  wvitri. 1.00 0.22 0.37
Ta® 3650 - 3150 3253  24.70 0.074 - 0.30 0.15 0.23

67_15 @;d 97—:3

The system is subjected to stepped heating and cooling at a rate of 5 K/ps (5 x 102
K/s). At the end of each heating and cooling step, physical properties such as P,
density (or specific volume V') and T are calculated statistically. Thus a plot of density
vs. T at constant P can be obtained from NPT runs, from which temperatures
at the first-order phase transition (melting and freezing, T} ,, and Tj.) are readily
recognized. Figure 6.5a is a typical example (Al) of the melting-refreezing hysteresis:
the system undergoes superheating before melting and undercooling before refreezing.
To find the equilibrium melting temperature for the system with the prescribed force
fields, we construct a two-phase system with solid and liquid models at a common
temperature from single-phase simulations. For the two-phase system, we conduct
NPT runs at different temperatures: if T' > T,,, the system melts and T is reduced,
and vice versa. Thus the equilibrium melting temperature of the two-phase system
(Ty,,) is bracketed within a range of 25 K.

From MD simulations, we obtained T ,,, T1 . and T ,, at given pressure, thus we
can quantify the maximum superheating (67 ;) and undercooling (6, ;) achieved for

a material with the specific force field. Superheating and undercooling achieved at



118

ambient pressure are summarized in Table 6.6. O}, and ©_ , vary in the range of
0.19 — 0.30 and 0.25 — 0.44 (except Pb), respectively. These values of ©F  and O,
are comparable to the predictions of the superheating-undercooling systematics (O
and O ) at similar heating (cooling) rate (Q ~ 10'2 K/s) for the real systems. It is
interesting for undercooling of Pb in MD simulations. From Figure 6.5b and radial
distribution function calculation, it is clear that Pb liquid becomes vitrified rather
than crystallized. This appears to be predicted by the systematics: at cooling rate
of ~10'? K/s [Eq. (6.7) and Figure 6.4], a solid with 3 > 4.7 [e.g., B(Pb)= 5.87]
does not crystallize. High-pressure melting, for example, melting under pressures
comparable to shock-wave loading, is of particular interest. Here we explore the
pressure effect on superheating and undercooling. Single- and two-phase simulations
are conducted on Al at 0, 20, 40, 60, 80 and 100 GPa (Table 6.7). ©F, and O_,
for P = 0 — 100 GPa lies between 0.19 — 0.25 and 0.30 — 0.48, respectively. There
is no obvious pressure-dependence for superheating and undercooling in the case of
Al. This seems to support the weak pressure-dependence of § as argued in preceding
section. Previously, two-phase simulation technique has been employed to simulated
the superheating behavior of other materials described with different force fields. For
example, quantum-mechanics based embedded-atom-method (EAM) force field was
applied to Ta (bec) and ©F, = 0.15 was obtained [Stranchan et al., 2001] (Table
6.6). Simulations with an EAM force field for e-Fe (hcp) yielded T, ~ 8600 K,
Tom ~ 7100 K and O, ~ 0.21 [Belonoshko et al., 2000], close to the prediction
©F = 0.23 if § = 3.11 is assumed. For silica’s high-pressure phase, stishovite with
Morse-stretch-charge-equilibrium FF, ©F = 0.28 was achieved at 120 GPa [Luo
et al., 2002c|.

The above comparison between MD simulations and the superheating-undercooling
systematics assumed that the force fields utilized in MD simulations accurately de-
scribe the real systems, and this is not necessarily the case. The equilibrium melting
temperature from MD simulations (75 ,,) deviates from the experimental counterpart
(Te,n) at ambient pressure for some metals (Table 6.6). As the only exception, the

undercooled Pb liquid does not refreeze in MD simulations while ©F ,(Pb)= 0.22 indi-
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Table 6.7: Pressure-dependence of superheating and undercooling in MD simulations
on Al

P (GPa) Tim (K) Ti.(K) Tom (K) ©7, O,

md

0 1100 650 925 0.19 0.30
20 2400 1150 1925 0.25 0.40
40 3400 1700 2750 0.23 0.38
60 4200 2200 3425 0.23 0.36
80 5000 2800 4125 0.21 0.32
100 5800 3200 4675 0.24 0.32

cates that the liquid should freezes with ©_ , = 0.29 according to the systematics [Eq.
(6.7)]. Such discrepancies imply that the force fields we employed do not necessarily
represent all the behavior of real systems.

To check whether MD simulations are consistent with the superheating-undercooling
systematics, it is not appropriate to compare MD simulations directly with real sys-
tems, although they are certainly in reasonable accord. It is not our purpose in
this work to develop force field and check its accuracy, instead, we regard the sys-
tems investigated as self-consistent and examine MD simulation’s consistency with
the superheating-undercooling systematics. To serve this purpose, it would be ideal
if vg were calculated from MD simulations. In that case, § for a specific system
under certain P and T conditions can be obtained directly as AH,, and T,, can be
readily calculated from MD, and superheating and undercooling achieved in MD can
be compared directly with the systematics. As vy ~ 0.01 —0.1 J/m? in order of mag-
nitude, the contribution from solid-liquid interfaces to the total energy of the system,
is negligible. Thus current two-phase technique is not appropriate for simulating =y
and its calculation is left open. An alternative way to check the consistency is to
take advantage of both ©F , an © .. Suppose that the maximum undercooling (or
superheating) can be described by the systematics [Eq. (6.7)]. Given O , (or O} ),
material property 3 of a system with prescribed force field can be obtained from the
systematics. If 3 is obtained from ©_ , (Figure 6.6), the predicted superheating (©;)
at comparable heating rate Q ~ 10'2 K/s, can be checked against simulation results.

Both ©_ , and ©F , along with 3 (from O ,) are fitted to the same functional form
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as the systematics, and we find the excellent agreement between the fitting (dashed
curve) and the systematics (Figure 6.6). Note that results at both ambient pressure
and high pressures for Al are included in Figure 6.6. Thus, both superheating and un-
dercooling achieved in MD simulations with prescribed force fields are self-consistent
with regard to the superheating-undercooling systematics developed from undercool-
ing experiments. The abnormal behavior of undercooled Pb is the only exception
which does not comply with the systematics, possibly due to an ill-posed force field,
or other causes to be investigated.

We have demonstrated the excellent agreement between MD simulations and the
superheating-undercooling systematics. A direct application is to predict the inter-
facial energy 7y. Heat of fusion (AH,,) can be obtained from the enthalpy (H)
difference between solid and liquid from single-phase simulations, 7T;,, from two-phase

simulations and 8 from either © , or ©7 ., thus v can be derived (Table 6.6).

6.4 Superheating in ultrafast dynamic experiments

While there is a vast amount of undercooling data in literature, experiments with
appreciable superheating are scanty. This is especially true for conventional heating
experiments with @ ~ 1 K/s, where heterogeneous nucleation is dominant due to the
effect of free surfaces and defects such as grain boundaries. In shock-wave loading such
as planar impact experiments, the shock-wave front thickness is of nanosecond order,
temperature increase during shock of 10° K order, and Q ~ 102 K/s. Solid is heated
inside as shock front advances and surface melting is suppressed. The long-range
order of shocked solid can persist as temperature rises faster than the rearrangement
of atoms for melting. The kinetics inherent in solid-liquid transition may play an
important role at the time scale of shock-wave front, thus induce superheating.
Figure 6.7 is a schematic showing the two distinct types of melting behavior upon
shock-wave loading: equilibrium and non-equilibrium melting. The T'— P Hugoniot
may follow the equilibrium path, abcd where bc coincides with melting curve, i.e.,

shocked solid melts along the equilibrium phase boundary. If Hugoniot follows abc’cd,
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T —

Figure 6.7: Schematic of equilibrium and non-equilibrium melting upon shock-wave
loading. MC is the equilibrium melting curve and assumed to have positive dT,,/dP
slope. The T'— P Hugoniot may follow the equilibrium path, abcd where be coincides
with MC, 7.e., shocked solid melts along the equilibrium phase boundary. If Hugoniot
follows abc’cd, shocked solid is superheated metastably to a maximum 7" (¢’) then
melts. Superheating on Hugoniot, ©F, = T.. /T, — 1.

shocked solid is superheated metastably to a maximum 7" (solid Hugoniot ends at /)
then melts. The onset of liquid Hugoniot is ideally located on the equilibrium melting
curve. Thus, the amount of superheating near the transition pressure P. on Hugoniot,
©f =T, /T. — 1. The reason for the preconception of equilibrium melting is 2-fold:
equilibrium thermodynamics is chosen for convenience, and more importantly, the
pioneering shock temperature measurements on NaCl [Kormer, 1965] demonstrate a
two-point plateau between 50—60 GPa (Figure 6.8), thus appear to lend experimental
support to the equilibrium interpretation. As shown in the following analysis of static
and dynamic melting experiments, superheating-melting upon shock loading seems
to be a dominant feature in shock melting experiments.

Major techniques employed to detect shock melting are sound-speed and temper-
ature measurements at shock state. Sound speed at shock states drops from longi-

tudinal to bulk sound speed due to the loss of rigidity when solid melts. Similarly,
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Figure 6.8: Shock temperature [Kormer, 1965; Ahrens et al., 1982; Boness, 1991] and
DAC melting point measurements on NaCl [Boehler et al., 1997b].

shock temperature drops as solid melts due to latent heat. Other techniques such
as transient electron diffraction are important diagnostics to detect melting from the
loss of long-range order of shocked crystal. Melting might not be recognizable in
pressure-density Hugoniot as density change due to melting at high pressures, may
be small. Changes in the slope of shock velocity—particle velocity relationship may
serve as a complement to other techniques. Temperature and crystal structure mea-
surements are most decisive, while data in the structure measurement are scanty due
to technical challenges.

Shock melting experiment have been conducted on alkali halides (NaCl, CsBr and
KBr), silicates (fused quartz, quartz and forsterite), and transition metals (Fe, V, Mo,
Ta). Alkali halides are advantageous in the studying melting behavior for its optical
transparency and relatively low melting temperatures upon shock-wave loading. Thus
the P — T conditions are accessible for DAC study. Simultaneous measurement of

sound speed and temperature on CsBr and KBr [Boness and Brown, 1993| are shown
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in Figures 6.9-6.10. Simultaneous drop in sound speed and temperature at ~38 GPa
(CsBr) and ~29 GPa (KBr) signals melting. The amount of superheating is estimated
to be 0.16 and 0.20 for CsBr and KBr, respectively. If we assume the energy barrier
(G of the high-pressure B2 phases of CsBr and KBr to be the ambient values, the
superheating systematics predict superheating (©,) of 0.20 and 0.18, respectively,
with @ = 10'? K/s (Table 6.8). (P.,T.) is assumed to locate on the equilibrium
melting curve, and it coincides with the DAC results [Boehler et al., 1997a] for KBr.
We also construct Lindemann melting curve (discussed in next section) integrated
from (P,.,T.). The static data agree almost exactly with the Lindemann curve. For
NaCl, we interpret the shock-wave data [Kormer, 1965 as non-equilibrium melting
(Figure 5), and the estimated superheating agrees with the superheating systematics.
The constructed Lindemann curve also agrees exactly with DAC results. Thus, by
considering superheating, we resolved one point (P,,T.) on the melting curve.

Similar features have been observed in sound speed and/or temperature measure-
ment on fused quartz, quartz [Lyzenga et al., 1983; McQueen, 1992] (Figure 6.11a and
6.12), forsterite [Holland and Ahrens, 1997| (Figure 6.11b), Fe [Brown and McQueen,
1982; Williams et al., 1987; Yoo et al., 1993| (Figure 6.13), V [Dai et al., 2001] (Fig-
ure 6.14), Mo [Hizson et al., 1989] (Figure 6.15) and Ta [Shaner et al., 1984] (Figure
6.16). If available, the superheating achieved is compared to the predictions of the
superheating systematics (Table 6.8). The superheating of forsterite achieved is es-
timated to be 0.63 much higher than any material predicted from the superheating
systematics. This could be due to complicated chemistry including phase changes
and decomposition.

Intense laser irradiation experiments have been conducted on Al [Williamson
et al., 1984, Pb(111) [Herman and Elsayed-Ali, 1992], Bi(1000) [Murphy et al., 1993]
and GaAs [Fabricius et al., 1986], and significant amount of superheating comparable
to the predictions of the superheating systematics has been observed (Table 6.8).

The shock melting experiments demonstrate a common feature of superheating
with sharp drops in temperature, a behavior deviating from equilibrium melting.

The amount of superheating is comparable to the superheating systematics if we
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Figure 6.9: Shock-state sound speed and temperature measurements on CsBr [Boness
and Brown, 1993]. Solid curves are guides for the eye. The thin dashed line denotes
the onset of melting.

locate (P.,T,) on the equilibrium melting curve. Thus, such an interpretation of
shock melting experiments is reasonable, and an important point on the high-pressure
melting curve, (P.,T,) can be resolved.

Heating rates are comparable to 102 K/s in intense laser irradiation, depending
on energy deposited, irradiation time and material properties. In laser irradiation
experiments, real-time crystal structure information can be obtained from transient
electron diffraction, and temperature from calibration, mass spectometry or inferred.
Significant superheating has been observed |Williamson et al., 1984; Herman and

FElsayed-Ali, 1992; Murphy et al., 1993; Fabricius et al., 1986] in laser irradiated Al,
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Figure 6.10: Shock-state sound speed and temperature [Boness and Brown, 1993],
and DAC melting point measurements [Boehler et al., 1997a] on KBr. Solid curves
are guides for the eye. The thin dashed line denotes the onset of melting.
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Figure 6.11: Shock temperature measurement on fused quartz and quartz (a, Lyzenga
et al. [1983]) and forsterite (b, Holland and Ahrens [1997]). The DAC measurement
on silica melting curve is also shown in (a). The silica Lindemann MC plotted is from
shocked fused quartz, and that from shocked quartz is about 150 K lower.
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Figure 6.12: Sound speed measurement on shocked fused quartz and quartz [Mc-
Queen, 1992; Chhabildas and Miller, 1985]. Lines are for guide of eye. The vertical
dotted lines at ~ 70 and 110 GPa indicate shock melting [McQueen, 1992].

Pb(111), Bi(0001) and GaAs (Table 6.8).

Superheating-melting behavior appears to be the dominant feature in shock melt-
ing experiments (including laser irradiation). We compare the observed superheating
to the prediction of the superheating systematics at @ ~ 102 K/s, and the agreement
is significant (Table 6.8). We assumed that  remains the same at high pressures (thus
solid-solid phase changes or chemical decomposition may occur) for planar impact ex-
periments. Shock loading on Mg,;SiO4 demonstrates unusual superheating [Holland
and Ahrens, 1997] larger than the prediction for Ga (0.43) at similar heating rate. The
result could have been complicated by phase change and decomposition at high pres-
sures. Pressure was assumed to be 0 in laser irradiation experiments. Uncertainties
in determining temperature could also contribute to the estimation of superheating.
Despite of these uncertainties, it is clear that solids can be superheated substantially
beyond the equilibrium melting point by ultrafast heating, and the amount of super-

heating is comparable to the superheating systematics. The significance of heating
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Figure 6.13: Shock-state sound speed [Brown and McQueen, 1982| and temperature
[ Yoo et al., 1993; Williams et al., 1987], and DAC melting point measurements on Fe
[Boehler, 1993|. The dotted curve is the speculated melting curve connecting e—iron
and the possible unknown new phase.
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Figure 6.15: Shock-state sound speed measurement on Mo [Hizson et al., 1989] and
calculated P — T Hugoniots for Mo and W [Hizson and Fritz, 1992]. DAC melting
curves of Mo and W [Errandonea et al., 2001] are extrapolated to higher pressures.

12000 — T T T T T T 7.5
| Ta
v
10000 140
.. N
8000 solid o) liquid %
g 5 159 2
<~ L o]
= 6000 §
[ 460 =
4000F . g
L — DAC (Errandonea et al., 2001) &
5.5
2000~ O Sound speed measurement
AV Calculated bounds of T
o ——t———— 5
0 100 200 300 400 500

P (GPa)

Figure 6.16: Shock-state sound speed measurement on Ta, and upper and lower
bound of calculated shock temperature [Shaner et al., 1984]. DAC melting curves of
Ta [Errandonea et al., 2001] are extrapolated to higher pressures.
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rates lies in that ultrafast heating is crucial to achieving superheating.

The high-pressure melting behavior of transition metals have been investigated
systematically [Errandonea et al., 2001] with laser-heated diamond-anvil cell tech-
niques. The slope of melting curve dT,,/dP for transition metals become nearly zero
at ~100 GPa. If such behavior were valid at shock pressures (200 — 400 GPa) for
metals such as Fe, V, Ta, W and Mo, the induced superheating (0}, ~ 0.7 — 2.0)
in shock-wave loading [ Yoo et al., 1993; Dai et al., 2001; Shaner et al., 1984; Hizson
et al., 1989; Hizson and Fritz, 1992] would be far beyond the predictions of super-
heating systematics even when uncertainties are taken into account. This is unlikely
thus caution should be imposed as we extrapolate low pressure static data to high

pressures.

6.5 Applications to high-pressure melting

In the preceding discussion, we have observed that significant amount of superheat-
ing has been achieved in ultrafast shock-wave loading on metals, alkali halides and
silicates. With superheating systematics, shock melting experiments resolve one im-
portant point, (P, T.), on the high-pressure melting curve (figure 6.7). Next we de-
duce other important thermodynamic parameters of melting, such as melting curve,
changes in entropy and volume upon melting at high pressures. In the absence of
first-principles theories, the Lindemann law and the In2 rule (systematics of entropy

of melting) are adopted.

6.5.1 The [n2 rule for entropy of melting

First we briefly examine the validity of the In2 rule. Previously, efforts have been
made to establish the systematics of entropy of melting [Oriani, 1951; Stishov, 1975;
Tallon and Robinson, 1982; Poirier, 1991]. The entropy of melting per mole atoms,
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AS,,, can be written as

AS,, = ASp + ASy (611)

where ASy is the entropy of fusion associated with volume and vibrational changes,
and ASp the entropy of disorder [Oriani, 1951]. Later, a In2 rule was proposed
|Stishov, 1975; Tallon and Robinson, 1982| for simple atomic and some binary and

ternary substances, as

ASy, = Rin2 + aKAV,, (6.12)

where R is the gas constant, a thermal expansivity of volume, K bulk modulus, and
AV, volume change upon melting. Comparing Egs. 11 and 12 yields that ASp is
essentially RIn2, although Oriani tried different way to quantify disordering upon
melting [Oriani, 1951]. The [n2 rule was justified for simple atomic system with a
simple cell model [Stishov, 1975] and by calculating topological entropy [Rivier and
Duffy, 1982].

The [n2 rule has been checked against limited data and the universality is not
well justified. We take the entropies for elements (Table 6.9) [Oriani, 1951] and plot
AS,, vs. ASy. As shown in Figure 14, the In2 rule applies as expected. Note that
there are exceptions, e.g., Ga (not plotted). The behavior of silicates is of particular
interest. For the five silicates investigated (Table 6.10) [Poirier, 1991|, the data
points of forsterite, fayalite, pyrope and enstatite cluster around the In2 line, except
quartz for which ASp is essentially 0 (Figure 14). Appreciable amount of data for
alkali halides was documented (Table 6.11) [Jackson, 1977] which allow us to examine
the behavior of alkali halides. KX (X = F, Cl, Br and I) agrees with the In2 rule,
while LiX has 0 or negative ASp. The values of ASp for NaX lie between [n2 and

0 line (Figure 14). It is not surprising if we consider the possible large differences in



134

' ) ) ) >
A metals N 1
O silicates
O alkali halides
2k x=0
> & Lix
g (@)
3 _
In2
quartz
a
0 " 1 " 1 " 1 "
0 0.5 1.0 1.5 2.0

ASy (R)

Figure 6.17: The In2 rule of entropy of melting: AS,, vs. ASy for metals, silicates
and alkali halides. Refer to Table 6.9-6.11. Solid lines have slopes of 1 and intercepts
of RIn2 (x =1) and 0 (z = 0) respectively. X denotes F, Cl, Br and 1.

disordering upon melting. Instead of a strict In2 rule, we propose that

AS,, = zRIn2 + a KAV, (6.13)

where 0 < z < 1, although by eliminating large uncertainties in calculating ASy
(e.g., NaX), data points could cluster near the x = 1 and = = 0 lines. The structure-
dependence of x, should be investigated in a fundamental way and is an important
issue to be resolved.

For the materials investigated in shock melting experiments (essentially, melting
of high-pressure phases of Fe, V, KBr, CsBr, NaCl and silica), we suppose that [n2

rule applies (z = 1) as there is no apparent contradiction.
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6.5.2 High-pressure melting parameters based on the Linde-

mann law and [n2 rule

Now we deduce the parameters of high-pressure melting which are implied by the
previously discussed shock temperature, and sound speed data for elements, alkali
halides and minerals.

Alternatively, Eq. 6.13 can be written as

A
AS,, = Rln2 + 'ycv% (6.14)

where 7 is the Griineisen parameter and Cy the specific heat per mole atom. Both
Egs. 12 and 14 will be used for evaluating AS,, with either vCy or aK. AS,, is

related to AV, via the Clausius-Clapeyron equation

a7,
AV, = —2AS,, 1
Vi 7P S (6.15)

The slope dT,,/dP along melting curve can be calculated using the Lindemann law
[Stacey and Irvine, 1977
dinT,, 2y

o= (6.16)

Since in most of the materials of interest (Table 6.12), melting of a high-pressure
phase occurs, we require the Griineisen parameter and equation of state (EOS) of the
high-pressure phase. We thus employ in most cases the bulk modulus that is derived
from the principal Hugoniot centered at the zero-pressure density of the metastable
high-pressure phase, and assume Murnaghan EOS [Poirier, 1991]. A shock-wave
EOS, can be described by a linear shock velocity (Us) - particle velocity (u,) relation

Us = Cy + su, (6.17)

where Cy and s are parameters. The bulk modulus K, = pyCZ, and its pressure
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derivative, K(') = 4s — 1. Subscript 0 denotes ambient pressure. The Griineisen

parameter, -y, is assumed to be volume dependent only

V) = 05" (6.19

where 7y = (162s% — 360s + 215)/18s [Jeanloz and Grover, 1987]. Given a reference
state (P,, T,) resolved from shock melting experiments (Table 6.12), the melting curve
can be calculated by integrating Clausius-Clapeyron equation. The Lindemann melt-
ing curves are plotted in Figures 6.8-6.13. AS,, and AV, at certain pressure, e.g., P,
can be readily calculated as shown in Table 6.12.

The Lindemann melting curves constructed via the above procedures demonstrate
self-consistency and good agreement with DAC experiments with laser-heating tech-
niques. The two Lindemann curves for stishovite obtained from fused and crystal
quartz agree closely within 150 K. The Lindemann curve from fused quartz also
agrees with the DAC data [Shen and Lazor, 1995] at 25 — 40 GPa. There is excellent
agreement between DAC experiments [Boehler et al., 1997a, b] and Lindemann curves
from shock-wave results for KBr and NaCl. Other tests of shock-induced melting data
for porous metals and minerals should be conducted when there are sufficient data.

The above comparison illustrates the encouraging convergence between static and
dynamic data. We must be aware of the fact that significant discrepancies exist for
transition metals. A factor could alleviate the discrepancy: shock melting pressures
are significantly higher than those achieved by conventional DAC-melting experi-
ments, thus a comparison requires large extrapolation of the DAC melting curve to
higher pressures. In other words, extrapolation could be problematic as phase changes
could occur at higher pressures beyond DAC’s reach. This could be especially true
for Fe: although controversial, a possible phase chance near 200 GPa [Brown, 2001]
could steepen the melting curve, thus bring the convergence of static and dynamic
experiments. The bottom line is that given the uncertainties in shock temperature
measurements and ( variations at high pressures, an incautious extrapolation of DAC

melting curve appears to be incompatible with superheating systematics, as transition
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metals cannot be superheated by 0.7 — 2.07}, (Figures 6.13-6.16).

6.6 Concluding remarks

Catastrophic nucleation near the maximum superheating and undercooling (6.) dom-
inates nucleation process. Such a catastrophe is free-energy-based and we can regard
it as a kinetic limit. Previous efforts in MD simulations attempted to relate thermo-
dynamic superheating to Lindemann’s criterion and Born (shear) instability [Phillpot
et al., 1989; Jin et al., 2001; Wang et al., 1997]. In MD simulations of a Lennard-
Jones fcc system, superheating of © , ~ 0.20 corresponds to Lindemann’s parameter
dr, ~ 0.22 (fractional root-mean-square displacement) and near zero shear moduli of
bulk system [Jin et al., 2001]. It is not surprising that both criteria are satisfied at
the kinetic limit. We have validated the systematics of kinetic limit for melting and
freezing at atomic level. But a universal relationship between kinetic limit, Linde-
mann’s criterion and Born instability, needs to be established and quantified from
first principles.

The maximum superheating and undercooling (6.), depend on material property
B inherently and heating (or cooling) process (i.e., Q) externally. The 6, — 5 — Q
systematics for maximum superheating and undercooling are established as 6, = (Ag—
blogQ)6.(1 —0.)?, based on classical nucleation theory and undercooling experiments.
Such systematics are validated at the level of interatomic interactions with systematic
molecular dynamics simulations on superheating and undercooling. Heating rate
is crucial to achieving appreciable superheating experimentally. We demonstrate
that superheating achieved in ultrafast dynamic experiments such as planar shock-
wave loading and intense laser irradiation, agrees the predictions of the . — 3 — @
systematics.

We examined the shock superheating-melting data on silicates, alkali halides and
metals against the superheating systematics, and validate the method of resolving
equilibrium melting point (FP,.,7.) on Hugoniots. The agreement between shock-

induced superheating and the superheating systematics indicates that the assumption
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of homogeneous nucleation of melt upon shock-wave loading of single crystals, is vi-
able.

We modified the In2 rule for disordering entropy of melting as ASp = zRIn2.
x = 0 for quartz and lithium halides at ambient pressure. z is taken to be 1 for
the high-pressure phases investigated. With (P.,T.) resolved from shock-wave ex-
periments, the melting curves at high pressures, entropy and volume changes upon
melting were obtained for stishovite, KBr, CsBr, NaCl (B2 phases), Fe and V based
on the Lindemann law and [n2 rule. The volume change (AV,,/V) upon melting at
high pressure, varies between 0.85 — 1.83% for the materials investigated, thus AS,,
is close to RIn2 due to the small changes in volume. For alkali halides and silica,
the values for (P,,T,) and corresponding Lindemann melting curves, are in excellent
agreement with the DAC results. For transition metals, significant discrepancies exist
between shock-wave results and the extrapolation of DAC data. Given the uncertain-
ties in shock temperature measurement and pressure-induced changes in (3, assuming
the extrapolated DAC melting curve predicts superheating of ©F, = 0.7 — 2.0 for Fe,
V, Mo, W and Ta far beyond the predictions of superheating systematics, thus it is
not valid to extrapolate DAC results to the pressure range of shock melting for tran-
sition metals. Possible high-pressure solid-solid phase change thus a change in slope
dT,,/dP could reconcile these discrepancies. For melting of Fe, this work suggests
that Fe melts at ~ 270 GPa upon shock melting, and equilibrium 7, is ~6277 K at
330 GPa, and supports the view that a possible solid-solid phase change occurs at
~200 GPa as previously suggested (e.g., Brown [2001]).
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