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Abstract First-principles molecular dynamics simula-
tions of complex material systems such as geophysically
relevant oxide and silicate liquids produce massive
amounts of time-varying three-dimensional data for the
atomic configurations. Given the high accuracy of these
data, it is desirable to extract as much information
hidden in the data as possible. In this paper, we elabo-
rate on our recently proposed scheme to support inter-
active visualization at space—time multiresolution of the
atomistic simulation data. Instead of just focusing on
direct rendering of the given data, additional data
(containing more quantitative and qualitative informa-
tion) that usually have to be extracted by some other
means are extracted and rendered on the fly. This allows
us to gain better insight into the global as well as local
spatio-temporal behavior of the data in the context of
bonding, radial distribution, atomic coordination, clus-
tering, structural stability and distortion, and diffusion.
We illustrate such visualization for the simulation data
on the liquid phases of MgO and MgSiOs—the two
most abundant components of Earth’s mantle. Our
analysis shows that the structure and dynamics of both
liquids change substantially with compression, with no
discernible effects of temperature in most cases.
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Introduction

In recent years, visualization has taken on an increased
importance in better understanding of various types of
data of substantial geophysical significance. One
important class of data is related to computer modeling
of Earth forming materials. Current trends in such
computational studies demand visualization along three
major directions: first, ever-larger sets of data are pro-
duced by large-scale simulations. The challenge is simply
how to graphically render such massive datasets (Shar-
ma et al. 2003). Second, a wide range of properties
including structure, elasticity, rheology and melting of
materials are now simulated on a routine basis. The
challenge is how to fulfill different domain-specific
requirements within single visualization framework
(Humphrey et al. 1996; Kokaji 2003; Li 2005). Third,
the simulation methods of common practice range from
those based on empirical or simplified interatomic force
models, to sophisticated quantum mechanical compu-
tations producing outputs with different levels of accu-
racy. In particular, the first principles molecular
dynamics (FPMD) algorithm based on interatomic
interactions derived within the quantum mechanical
framework can typically deal with several tens to a few
hundreds of atoms with relatively high accuracy
(Chelikowsky et al. 2001; Trave et al. 2002; Alfe 2005;
Stixrude and Karki 2005; Karki et al. 2006). The chal-
lenge is how to extract as much information as possible
from such highly accurate datasets (Kokaji 1999, 2003).

One can find a huge amount of work related to
atomistic (molecular) visualization for which numerous
applications, both commercial and public domain, cur-
rently exist. The common examples include Molscript
(Kraulis 1991), VMD (Humphrey et al. 1996), Xcrys-
Den (Kokaji 1999, 2003), Atomsviewer (Sharma et al.
2003), CrystalMaker (http://www.crystalmaker.com)
and amiraMol (http://www.amiravis.com/mol) com-
mercial packages, and numerous other public domain
systems such as Aviz, gOpenMol, VASP DataViewer,
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PyMD, etc. Most systems exploit 3D graphics supported
by desktop computers but some also support immersive
and interactive visualization requiring specialized re-
sources such as Immersadesk and CAVE. In general, the
existing visualization systems share many features (e.g.,
Li 2005).

We have recently initiated the development of an
effective—efficient scheme for the visualization of the
atomistic simulation data at space—time multiresolution
(Bhattarai and Karki 2006). The proposed scheme deals
with the atomic positional data as a function of time. It
is believed to represent a more complete visualization
than what currently exist and to allow us to extract de-
tailed quantitative and qualitative (structural and
dynamical) information hidden in the data of high
accuracy such as those produced by FPMD simulations.
The aim of this paper is twofold: first is to present the
essence of the proposed visualization scheme by working
with important examples, and second is to report a de-
tailed analysis of the structural and dynamic properties
of the liquid phases of MgO and MgSiOs;—the most
abundant phases of Earth’s mantle, by visualizing recent
FPMD simulation data (Stixrude and Karki 2005; Karki
et al. 2006). To the best of our knowledge, no such
systematic visual analysis has previously been reported,
particularly, in the context of Earth’s materials studies.
It is also relevant to mention the fact that deep Earth
materials are usually studied over a wide range of
pressure and temperature conditions—characteristics of
Earth’s interior. As such, the high-pressure and high-
temperature properties of these materials are governed
by substantial structural and dynamical changes at
atomic scale.

The paper is organized as follows: it first describes the
nature of the simulation datasets used for visualization.
The space-time multiresolution (STMR) atomistic
visualization scheme is then presented. The simulated
liquid data for MgO and MgSiO; are visualized in de-
tails. Finally, the paper contains conclusions.

Simulation data

In the past, first-principles simulations of Earth mate-
rials were mostly performed for crystalline systems in
which the symmetry constrains the simulation size (often
unit cells with periodic boundary conditions are used) as
well as the atomic configuration (a few free positional
parameters need to be considered explicitly). For
example, MgO in its conventional simple cubic structure
requires only eight atoms whose positions are fixed by
the cubic symmetry. Now due to the rapid advances in
the computational resources/capabilities, simulations of
disordered systems such as liquids and defective crystals
are increasingly becoming common and precise. Such
simulations require much larger atomic systems and the
crystal symmetry is violated partially or completely. For
example, the data for the liquid MgO used in this study

were obtained for a system of 216 atoms so that a dis-
crete set of 648 (positional) degrees of freedom need to
be explicitly taken into account. Unlike a perfect crys-
talline phase, the atomic positions of a liquid phase are
strongly correlated but without any long-range order.
Even the short-range (local) order is temporal to a great
extent and transient fluctuations are expected to occur.
As such, the liquid simulation can be treated according
to the Ergodic hypothesis. Visualization of the highly
correlated data at different resolutions of length and
time allows us to gain insight into the complex structural
and dynamical nature of the liquid state.

In FPMD, or more generally, in any molecular
dynamics simulation, a system is initially defined by a
group of properties that represent atomic positions,
atomic types, and constraints that have to be satisfied
(e.g., Allen and Tildesley 1987). Let A be the collection
of {R, S, C} describing the system. Here, R = {r; €X c
R} (X demarcates the simulation box) is the set of the
atomic positions in the system, which can be considered
as discrete degrees of freedom. T = {s €Types} is the set
of the atomic types (for instance, Mg, Si and O atoms
for silicate liquid). C is the set of constraints that has to
be satisfied by the system. For example, the FPMD
simulation based on canonical NVT ensemble, the
number of atoms in the supercell (N), the volume (V),
and the temperature (7) are fixed. As the simulation
progresses, a new system configuration is generated.
Collection of A’s over a given simulation time duration
describes the system dynamics, i.e., D = {4,]0 <t < .
In essence, FPMD computes the trajectories, i.e., posi-
tions {r; | i=1, ..., N} as a function of time ¢, of all the
atoms by numerically integrating the Newton’s equa-
tions of motion:

dzl",‘

mi@ =F,
where m; is the mass of atom i and F; = }_,, fi; is the

force on atom i due to all other atoms. In FPMD, these
interatomic forces are derived from a fully self-consis-
tent solution of the electronic structure problem within
density functional theory (Hohenberg and Kohn 1964;
Kohn and Sham 1965). Unlike the methods based on
empirical or simplified potential models, such quantum
mechanical method is computationally very intensive.
The simulation data considered here were generated
for two geophysically important phases—liquid MgO
and MgSiO; by a parallel FPMD program called VASP
(Kresse and Furthmuller 1996), which was executed on
Supermike Linux Cluster at Louisiana State University
using 32-128 processors (http://www.cct.Isu.edu). The
data are three-dimensional and time-dependent in the
nature. They represent the snapshots of atomic config-
urations at different instants of time. For instance, liquid
MgO data from simulation using a supercell of 216 atoms
for 3 ps contain 3,000 time points each of which, in turn,
contains 216 positional data. Two sets of MgO liquid
data corresponding to two conditions of ¥1=26.96 A®,



T1=3,000 K (condition VI1T1) and V2=14.33 A%,
72=9,000 K (condition V27T2) are visualized. The sili-
cate data are for an 80-atom supercell and duration of
3 ps. Three sets of the silicate data corresponding to three
conditions of ¥1=64.60 A’>, T1=3,000 K (condition
VIT1); V2=4522 A3, T2=4,000 K (condition V272)
and 73=32.30 A*, T3=6,000 K (condition V3 T3) are
visualized.

Atomistic visualization scheme

We approach the atomistic visualization problem along
three lines: first is to analyze the spatial proximity of
individual atoms to each other, and their collective ten-
dency to form a structure. Given single atomic configu-
ration dataset produced at some particular FPMD step,
information about bonding, correlation, coordination
and clustering is explored with generation and subsequent
rendering of various types of additional data. Second is to
analyze temporal proximity of atoms, which determines
the dynamical behavior of the system. Atomic positions
are rendered as a function of time and a variety of atomic
displacement data are generated and visualized. Third is
to integrate the two types of analyses to visualize how the
proximity relationships among the atoms (spatial infor-
mation) vary over time (temporal proximity). All spatio-
characterization properties can be animated to have an
instantaneous view of the dynamics. Moreover, the sim-
ulation data represent an ensemble so it is also preferable
to visualize the time-averaged and finite-time-span
behavior of the atomic structure and movement.

The proposed space—time multiresolution visualiza-
tion model consists of several modules to support the
three-types of analyses mentioned in previous paragraph
(Fig. 1). These modules are broadly put into two cate-
gories, namely, complete data rendering and local/ex-
tracted data rendering. Implementation is done in a
modular fashion using C, OpenGL and GLUT (Shreiner
et al. 2004; http://www.opengl.org), and GLUI (http://
www.cs.unc.edu/~rademach/glui). The input data rep-
resenting a position—time series are first read into the
memory and kept there throughout the visualization
process. The additional data are generated on the fly and
they are represented with specific data-structures (e.g.,
adjacency list representation for graphs) and dynamic
memory allocation. It was shown that the interactive
frame rates are achievable for the system sizes consisting
of a few hundred atoms (Bhattarai and Karki 2006) in
ordinary computing environment such as PC desktops.

Complete data rendering
Animation
Animation is used for a rapid navigation through the

data to have a quick overview of the spatio-temporal
behavior of the system. The atoms are rendered as

User Interface

Complete Data LocalExtracted Data
Rendering Rendering
Animation > RDF and SF
Pathlines ¢ Coordination
and Bonding
Color Mapped ¢ NN and CN clusters
Dimension
A 4
¢ Atomic Movement
A 4
Module Specific Data Structure and
Algorithm

:

Position-Time Series Data

Fig. 1 Various visualization modules and their relationship among
each other

spheres at their respective positions in 3D space at a
given time. In this ball representation, the radius and
color differentiate atomic types: green, blue and red
spheres denote Mg, Si and O atoms, respectively.
Animation is supported in ball-stick (with length-en-
coded bonds) and polyhedral (distortion-encoded
polyhedra) representations and also with several other
rendering modules, which are described later. All rele-
vant properties are computed and rendered instanta-
neously for every time step so it’s crucial to ensure that
computations are done fast enough to maintain inter-
activity.

Figure 2 shows snapshots of bonding and polyhedral
structure in liquid oxide and silicate during the anima-
tion: bonds are shown between any two unlike atoms,
whose separation falls between rgrart and ryn, Which
are, respectively, the starting point and the minimum
after the first peak of the Mg-O radial distribution
function (see the subsection radial distribution func-
tion). Variation in the length (r) of a given bond is
quantified using:

e (r — rsTART)
(rMIN - VSTART)

which varies from 0 (when the atoms are separated by
the minimum distance) to 1 (when the atoms are sepa-
rated by the maximum distance). The cation coordina-
tion polyhedron such as SiO, can be regarded as the
fundamental structural unit. The degree of polyhedral
distortion is characterized by using the following two
parameters (Robinson et al. 1971; Thomas 1989):
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Fig. 2 Snapshot of the bond-
length variation (4g) for oxide
(left) and of quadratic
elongation (4p) for silicate
(right). Note that min = 0.0
and max = 1.0 for Az and
min = 1.0 and max = 1.04 for
).p

quadratic elongation, Ap = iw
’ = n
' " (0; — 0o)°
bond-angle vz — Wi —Y%)
ond-angle variance, ¢ Z —

i=1

Here [y and 6, are bond lengths and angles in a reg-
ular polyhedron, e.g., an octahedron, n=6 and 0y=90°.
The bond length distribution and polyhedral distortion
are visualized using the color-map scheme (Table 1)
based on the corner values of the red—green—blue (RGB)
color cube. For a given quantity (Q), we divide the range
from its minimum (min) to maximum (max) values into
eight equal intervals of size d=(max— min)/8 so that we
have the recursive relation given by Q;,=Q;;+d with
Qo=min. In the case of bond-length, min = 0.0 and
max = 1.0 so d=0.125. This color-map table is used to
represent several other quantities derived later.

Pathlines

The complete trajectories of all or selected atoms are
displayed as pathlines by connecting the successive
positions for each atom by line segments. As an atom
moves within the supercell satisfying the periodic
boundary conditions, its path is traced using a color-
coded line. The pixel color at a given position for a given

Table 1 Eight colors with their red, green and blue components are
used to represent eight values (intervals) of a given quantity. The
case of bond-length variation is shown here

Color (RGB) Quantity (Q) Mg

Black 000 min <0<0, 0.000 - 0.125
Red 100 0/<0<0; 0.125-0.250
Yellow 110 0.<0<0; 0.250 - 0.375
Green 010 0:<0<0y 0.375 - 0.500
Cyan 011 0,<0<0s 0.500— 0.625
Blue 001 05<0<0s 0.625 — 0.750
Magenta 101 0s<0<0Q; 0.750 - 0.875
White 111 07< 0 <max 0.875 — 1.000

atom is varied according to the elapsed time or the
distance traveled by the atom relative to some reference
position. Here, we track the movement of silicon and
oxygen atoms of two SiO, units in the silicate liquid
during the simulation period of 2 ps (Fig. 3). Pathlines
for oxygen atoms belonging to one polyhedron have
entirely blue pathlines, indicating the stability of the
corresponding Si—O bonds over the duration of the
simulation. Another polyhedron from the same simula-
tion shows substantial red portions of oxygen trajecto-
ries, showing that Si—O bonds of this polyhedron are
broken, and the O atoms join other polyhedra. Also note
that the Si atom of the tetrahedron has moved very little
(yellow pathlines), compared to the Si atom of the
octahedron.

Color-mapped dimension

In the color-mapped dimension scheme, a four-dimen-
sional space—time representation is reduced to a two-
dimensional representation. A given atomic 3D position
or displacement is mapped to a color value with red-
component representing the x-coordinate, green-com-
ponent representing the y-coordinate and blue-compo-
nent representing the z-coordinate. The vertical and
horizontal screen axes are used to represent the con-
stituent atoms and simulation time, respectively. The
pixel color at s;, which is the screen coordinate for ith
atom at jth simulation step, is given by

Cyj = color [ryj, g, by,
where color components are given by

riy =(0.5+ fxy = x7])s 955 = (0.5+ /[y —»7])
and b,’j = (05 —|—f[Z,'j — Z?])

Here f'is a scaling factor, x;, y;, z; define the 3D
position of the ith atom at the jth timestep, and X2, y,-o,
z define the reference position of ith atom (such as
crystalline or initial position or null). The individual
pixels displayed on the screen thus represent individual
4D space—time data points. Unlike the direct 3D particle
rendering, the reduced-2D representation does not suffer
from any occlusion. Figure 4 shows the displacement of



Fig. 3 Pathlines for two Si

polyhedra. Yellow lines are for
Si atoms. The blue portion of
the pathline contains those
positions of O atoms, which are
within r¢ from the Si atom
whereas the red portion means
the O atoms are at greater
distances

atoms relative to the crystalline positions during the
solid-to-liquid phase transition in a 64-atom MgO su-
percell.

Local/extracted data rendering
Radial distribution function

We compute the radial distribution function (RDF),
g(r), which determines the average density of atoms at a
distance r from a specified atom. It thus represents an
effective way of describing the average structure of dis-
ordered molecular systems such as liquids (Allen and
Tildesley 1987). The RDF can be expressed as

PN (0, r

g(l") = p(2)7

where p = N/V is the density of a system of volume V'
and N atoms, and p?”" (0, r) is the probability that an
atom is at r when there is another atom at the origin.
The information such as the positions of the first peak
(rpeak), the first minimum (rypn), and the distance
averaged over the first peak in g(r) out to the first min-
imum, rayg are used in various structural analysis
modules. Also relevant is the window size of rgonp de-
fined as (rMIN — rSTART)- The RDF of ]lquld MgO
exhibits large fluctuations at small distances and
approaches unity at larger distances indicating the
short-range order and long-range disorder characteristic

Fig. 4 Color-mapped dimension representation. Gray region on the
left is the solid phase whereas the brighter color region on the right
is the liquid phase. Atoms are grouped together vertically, with
32 Mg in the lower half and 32 O atoms in the upper half

=

of the liquid state (Fig. 5). The structural factor (SF) is
calculated by taking the Fourier transform of RDF.

Coordination environment

The simplest and most common parameter, which
characterizes the local structural information, is the
coordination number. The average coordination num-
ber, which indicates the average number of particles of
species o around a particle of species f§ within a sphere of
radius r¢, is simply an integral over the corresponding
radial distribution function:

rc

Cyp = 4npxﬂ/ 7o (r)dr.
0

Here, p is the number density and xg is the concen-
tration (Ng/N) of atoms of type 8. Since we are inter-
ested only in the nearest neighbors, the cutoff distance is
often taken to be the first minimum (ryqy) of the
corresponding radial distribution function. FPMD sim-
ulations (Stixrude and Karki 2005; Karki et al. 2006)
show that the average Mg—O and Si—O coordination

Fig. 5 Mg-O partial RDF (the vertical axis) for the liquid MgO as
a function of distance, r (the horizontal axis). The green and red
lines, respectively, show the maximum and minimum. The blue line
is for a given time step. The yellow line is the averaged RDF for
which the start, peak and minimum positions are indicated



Fig. 6 Visualization of coordination using sphere (red: fourfold)
and polyhedron (green: sixfold)

numbers increase smoothly and nearly linearly with
compression, with no discernible influence of tempera-
ture. With increasing compression, Cyggo of liquid MgO
increases from 5 at low pressure and exceeds 7 at pres-
sures above 150 GPa. Similarly, Cyg0 and Csio for the
silicate liquid increase from 4 and 6, respectively, at low
pressure to 6 and 8, respectively, at high pressure. We
visualize the coordination environment as a function of
space (per atom basis) in the form of simple sphere or
polyhedral representation (Fig. 6) to gain insight into
contribution of different types of coordination. The
color-map (Table 1) is used to encode the local coordi-
nation number; black, red, yellow, green, cyan, blue,
magenta and white represent coordination numbers
<3,4,5,6,7,8,9, and 210, respectively.

Cluster analysis

Atomic clusters and their internal structures are ex-
tracted and rendered to obtain further insight into the
local structure of a given system. If we can traverse
through a group of atoms following a path from one
atom to another atom such that the distance between
any two consecutive atoms on the path are within a
specified cutoff distance, then we say they are related in
some fashion. For instance, one can extract a cluster
(Fig. 7, left), which connects successive nearest neighbor
atoms (Jarvis and Patrick 1973). Let n;={1 < j < ng
d(i, j) £ rc} be the set of the nearest neighbors of the
atom i. Now, the NN cluster structure formed by the
atom i can be defined as i U k, where k is recursively
defined as {k €n; v k en; 3 ; €K}. Common-neighbor
(CN) analysis is another important approach to

Fig. 7 Nearest-neighbor (NVN)
and common-neighbor (CN)
clusters

L

understand the cluster internal structure (Blaisten-
Barojas 1984; Honeycutt and Andersen 1987). It repre-
sents a way of decomposing the RDF according to the
environment of the pairs. A pair is considered bonded if
they are within the cutoff distance (r¢) of each other. To
facilitate the CN cluster analysis, we represent a given
atomic system as a graph G=(V, E), where the atoms
are the vertices, V, and the distance between two verti-
ces, Vi and V>, is the weight for the edge, E, between
those two atoms. The graph is stored in the form of an
adjacency list. A set of common neighbors for atom i
and atom j is given by:

CNy = {k : d(i.k) < re Ad(j,k) < rc}

from which we can extract the clusters with different
number of common neighbors. Figure 7 (right) shows a
single 3-CN cluster in which two green spheres (Mg
atoms) and one top red sphere (O atom) are three
common neighbors for the remaining pair of the red
spheres (O atoms).

Spheres of atomic movement

Various sets of displacement data are generated to
characterize the extent and pattern of the atomic
movement during simulation. In general, displacements
are defined as

fori=1,2,...... ,N

Ar; = rlf — r?,
Here, r/ and r are the positions of ith atom in a
given (at a particular time) and reference configuration,
respectively. The data may represent differences of a
given atomic configuration (r;) from the initial (+/~°) or
previous (r/ ~ %) or next (r/*%') configuration. The
reference configuration can be the crystalline configu-
ration (r™°%) as well. The other relevant differences

Nsteps

Nsteps

are those involving the mean positions ¢; =

taken over the whole simulation period, where nsfe_ps is
the number of simulation steps, p/; is position of ith atom
at jth simulation step.

All these data represent discrete vector data, which
are rendered using spheres and lines (Fig. 8). The mag-
nitude of the vector is represented by the size of the
sphere placed at each atomic site (p;) in 3D space:



Fig. 8 Sphere-and-line representation of atomic displacement

r';:f|Ar,~|—|—a,

where fis the scaling factor and « is the minimum radius
given to each sphere. The direction is represented by a
line segment, which points away from the surface of the
sphere:

line (|Ari|pia |Ari\pi + lArl> s

|AI",‘|
where Ar; is the orientation vector, p; is the center of the
sphere, and / is the length of the line. In the case, where
we are interested at the farthest positions the atoms
reach during the whole simulation period from the mean

positions, the centroid spheres are drawn at ¢;’s with the
radii defined by r; = max {d(c;,p])}.

J= i hsteps

Visualization results for liquid data

In this section, we present a detailed visualization of the
simulation data for liquid MgO and MgSiO3 to under-
stand the effects of pressure and temperature on their
structural and dynamical behavior. In particular, we
focus on atomic coordination, cluster structure and
diffusion pattern.

Fig. 9 Spatial distribution of
Mg-O coordination number.
Left, low compression
(condition V1T1); right, high
compression (condition V272)

Liquid MgO

We visualize the atomic coordination environment of
liquid MgO using the data for 216-atom supercell at two
conditions (V171) and (V272) using the coordination-
encoded spheres (Fig. 9). Visualization implies that the
coordination is not uniform throughout the system and
relative contributions of different types (which range
from threefold to ninefold) of coordination vary to some
extent over the time. Out of 108 Mg atoms, there are 4
three- (black), 37 four- (red), 49 five- (yellow), 17 six-
(green) and 1 seven- (cyan) fold coordinated Mg atoms
at low compression (condition V1T1). At high com-
pression (condition V272), there are 1 four- (red), 15
five- (yellow), 31 six- (green), 36 seven- (cyan), 19 eight-
(blue) and 6 nine- (magenta) fold coordinated Mg
atoms. Compression is shown to suppress the low Cye0
contributions (three-, four- and fivefold coordination)
and enhance high Cye0 contributions (six-, seven- and
eightfold coordination).

To understand cluster structure, we extract/visualize
the common neighbor (CN) clusters as a function of the
cutoff distance (r¢) (Fig. 10). In a 216-atom crystalline
MgO supercell of dimension L, the minimum Mg-O
distance is L/6, and the minimum O-O and Mg-Mg
distances both are (V 2/6)L. For r¢ > L/6 and < (V 2/
6)L, there exist pairs only with two common neighbors.
When r¢o 2 (\/ 2/6)L, higher-order clusters with 2, 3, 4, 6,
and 8 common neighbors exist. In the liquid state,
however, the largest number of common neighbors an
atomic pair under consideration can have varies gradu-
ally from two to eight or higher value as the cutoff dis-
tance increases from 0.175 L to 0.25 L, as shown in
Fig. 10. A similar trend is observed at condition V272
except that the largest number of the common neighbors
is, on average, less by one than that at condition V171.
Note that the position of the first minimum of the total
RDF is 0.177 L at low compression so the relevant
clusters contain mostly 2 and 3 common neighbors. On
the other hand, ryn is 0.264 L at high compression so
the relevant clusters contain as high as 9 common
neighbors.
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Fig. 10 Distance dependence of
common neighbor clusters:
0.175 (top left), 0.200 (top right)
0.225 (bottom left) and 0.250
(bottom right) at condition
V1T1

Liquid MgSiO;

Spatial variation of Si—-O and Mg—O coordination in the
silicate liquid is visualized. At low compression (condi-
tion T1V1), the MgSiO; liquid shows mostly fourfold
Si—O coordination, which is characteristic to the corre-
sponding crystalline pyroxene phase. Visualization out-
put reveals that there are 15 red (fourfold) and 1 yellow
(fivefold) polygons (Fig. 11, left). Note that there is a
total of 16 Si-polyhedra. However, the liquid structure
lacks the elements of longer ranged order seen in the
crystal and isolated polyhedra exist. With increasing
compression, the number of fourfold coordination de-
creases whereas the number of five- and sixfold coordi-
nation increases. At medium compression (condition
V27T2), the average value is about 5, compared to the
value of 4.5 for majority—a high-pressure crystalline
polymorph of the silicate. Three types of Si—O coordi-

nation (four-, five- and sixfold) exist in almost equal
amount; the snapshot showing 6 red, 6 yellow and 4
green polyhedra (Fig. 11, center). Note that the contri-
bution of fivefold coordination reaches its maximum at
this compression. At high compression (condition
V3T3), the Si—O coordination is mostly six-fold, which is
characteristic of perovskite and post-perovskite phases
(Horiuchi et al. 1987, Murakami et al. 2004; Oganov
and Ono 2004). The liquid shows a few non-six-fold
including both five- and sevenfold coordinated silicon
atoms. Visualization snapshot shows 12 green (sixfold),
1 yellow (fivefold) and 3 cyan (sevenfold) polyhedra
(Fig. 11, right). It also reveals that no polyhedron exists
in isolation. However, there is no complete 3D frame-
work of corner sharing octahedra as in the crystalline
phase in which every octahedron shares its all corners
with six other octahedra. Despite the absence of a
complete corner-sharing, some polyhedra in the liquid

Fig. 11 Polyhedral representation of Si-O coordination environment in the silicate liquid at low (V171), medium (V272) and high (V373)

compression from left to right



share edges and even faces with each other. In this sense,
the liquid structure seems to be much more densely
packed.

The cation coordination polyhedron such as SiO,, can
be regarded as the fundamental unit in characterizing
the atomic structure in response to temperature, pres-
sure and composition. Figure 12 visualizes polyhedral
distortion using the quadratic elongation parameter for
the silicate liquid at three conditions (V17T1, V272 and
V3T3). The individual polyhedra show different degrees
of distortion as shown by their colors. At low and
medium compression (V171 and V272), most polyhedra
(black and red colored) show weak distortions whereas
at high compression (V373), there are relatively few
black and red colored polyhedra.

Mg-O coordination environment in silicate liquid
also shows a similar trend (Fig. 13). At low compression,

9

the coordination contains contributions from four-, five-
and sixfold coordination. At medium compression, the
contributions are from seven-, eight- and ninefold
coordination, with the number of sevenfold coordinated
Mg atoms being the maximum. Finally, at high com-
pression, the number of cyan spheres (sevenfold) de-
creases whereas that of blue (eightfold) and magenta
(ninefold) spheres increases. One can also see one or two
white spheres (tenfold).

The NN clusters for the silicate liquid at condition
V2T2 are extracted with three cutoff distances of rpgak,
ravg and rypn obtained from the partial Si-O RDF
function (Fig. 14). With rpgax and ravg, individual
clusters are small consisting of only one Si atom and
some O atoms. For the cutoff distance lying between
ravg, and ryn, larger clusters consisting of more than
one Si atoms are found. Finally, there is a single NN

Fig. 12 Visualization of the quadratic elongation (Ap) for liquid silicate at low (V171), medium (V272) and high (V373) compression

from left to right. Note that min = 1.0 and max = 1.04 for /p

Fig. 13 Sphere representation of Mg—O coordination environment in the silicate liquid at low (V171), medium (¥272) and high (V373)

compression from left to right

Fig. 14 Nearest-neighbor (NN) clusters in silicate liquid using rpeax (lef?), ravg (center) and ryn (right) at condition V272
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Fig. 15 Diffusion spheres for liquid silicate at medium compression (condition V272). Left: instantaneous displacement pattern (scaling
factor = 20), center: displacement pattern over 500 time steps (scaling factor = 0.4), right: centroid spheres over 2000 time steps (scaling

factor = 0.2)

cluster for rymn, which contains not only Si—O bonds
but also contains some Mg—O, Mg-Si and O-O pairs.

Diffusion is an important dynamical phenomenon for
a liquid phase. Simulations have shown that for both
liquids temperature systematically enhances diffusion
whereas pressure systematically suppresses it. Atomic
diffusion pattern is explored by visualizing three types of
displacement data (Fig. 15). They are instantaneous
(positional differences between the present and previous
steps), finite-time (positional differences between 2,500
and 3,000 steps) and maximum (differences between
farthest and mean positions) displacement data. Visu-
alization reveals that diffusion is not uniform through-
out the system (i.e., among the constituent atoms of the
same or different types). The spheres have different sizes
and the lines showing the direction of atomic displace-
ments are oriented along different directions. The red
spheres (O atoms) are on average larger than the green
(Mg atoms) and blue (Si atoms) spheres; and the blue
spheres are the smallest ones. This means that the O
atoms diffuse most among the three elements. Variation
in the size of the centroid spheres is systematically much
smaller than that of the instantaneous and finite-time
spheres.

Conclusions

We have presented an efficient visualization scheme to
interactively explore the atomistic simulation data for
the detailed spatio-temporal information for the struc-
ture and dynamics of two geophysically relevant liquids,
MgO and MgSiO;. Our application-based visualization
approach integrates several existing rendering and
graph-theory techniques to fulfill the specific needs im-
posed by the sophisticated material modeling/simulation
data. It deals with the original and on-the-fly-extracted
data to understand the tendency of the atoms to form
local structures and their stability over the time. In many
cases, the physical relevance (atomic arrangement) needs
to be rendered correctly, whereas, in other cases, only
the information needs to be graphically rendered.
Exploratory visual analysis of the liquid data has shown
that the liquid structure is highly sensitive to compres-

sion: both Mg-O and Si-O coordination exhibit very
complex environment with relative contributions of
different types of coordination varying with compres-
sion. The cluster structure is shown to be strongly
dependent on the cutoff distance used and to become
increasingly more complex as compression increases.
Finally, visualization reveals that the diffusion pattern in
these liquids is highly non-uniform among the compo-
nent atoms.
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