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Seismic observations suggest that the uppermost region of Earth’s
liquid outer core is buoyant, with slower velocities than the bulk
outer core. One possible mechanism for the formation of a stably
stratified layer is immiscibility in molten iron alloy systems, which
has yet to be demonstrated at core pressures. We find immisci-
bility between liquid Fe-Si and Fe-Si-O persisting to at least 140
GPa through a combination of laser-heated diamond-anvil cell
experiments and first-principles molecular dynamics simulations.
High-pressure immiscibility in the Fe-Si-O system may explain a
stratified layer atop the outer core, complicate differentiation and
evolution of the deep Earth, and affect the structure and intensity
of Earth’s magnetic field. Our results support silicon and oxy-
gen as coexisting light elements in the core and suggest that
SiO2 does not crystallize out of molten Fe-Si-O at the core-mantle
boundary.
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S ilicon, oxygen, sulfur, carbon, and hydrogen have long been
proposed as light element candidates that make up the ∼10%

density deficit between iron and the iron–light element mix-
ture that composes Earth’s outer core (1, 2). Silicon has long
been a favorable candidate due to its high solubility in iron in a
wide range of pressure and temperature conditions (e.g., ref. 3)
and geochemical arguments (4). Oxygen is a likely light element
candidate because it is the most abundant element in the bulk
silicate Earth and partitions strongly into liquid iron (5). Addi-
tionally, first-principles computations suggest that the presence
of oxygen is required to produce densities and compressional
wave velocities matching those of the outer core (6).

Despite the lines of evidence favoring silicon and oxygen in
the core, a recent experimental study observed that SiO2 crystal-
lizes out of molten Fe-Si-O alloys at high pressures until either
all of the silicon or oxygen is exhausted in the melt (7). This
would imply that silicon and oxygen cannot coexist in the liq-
uid outer core and hence cannot both be major light elements in
the outer core. Based on those experiments, it was speculated
that SiO2 crystallizes out of nearly the entire Fe-Si-O ternary
system at core–mantle boundary (CMB) thermodynamic condi-
tions. However, no other evidence, experimental or otherwise,
supports SiO2 crystallization to be thermodynamically favorable
in the Fe-Si-O system at high pressures.

We investigated molten Fe-Si-O alloys between 13 GPa and 78
GPa at temperatures up to 4,000 K in a laser-heated diamond-
anvil cell (LHDAC) (SI Appendix, Fig. S1). We performed ex
situ textural and chemical analyses to identify whether quenched
melt blebs were composed of immiscible Fe-Si and Fe-Si-O
or a single Fe-Si-O composition. We performed first-principles
molecular dynamics (FPMD) simulations on the Fe-Si-O system
at conditions relevant to our experiments to confirm immiscibil-
ity between liquid Fe-Si and Fe-Si-O. We also performed FPMD
simulations at outer core pressures to extrapolate the experimen-
tal results and to reproduce the closure of the miscibility gap with
temperature.

We used Fe-Si-O alloys of 0.5–3 wt% O and 8–9 wt% Si (SI
Appendix, Table S1). These compositions fit well within pre-
dictions for core composition based on recent metal–silicate

equilibration in a deep magma ocean (8) and on modeling
of accretion and differentiation (9). The composition also lies
within the range predicted for SiO2 crystallization used in a
previous study (7).

We find that the molten Fe-Si-O alloys exhibit two-phase
immiscibility up to at least 78 GPa. The miscibility gap is temper-
ature dependent, and the transition from two immiscible liquids
to one miscible liquid is apparent in quenched texture (Fig. 1).
Nearly all of the oxygen partitions into one phase forming an
Fe-Si-O melt, and the second phase is an Fe-Si melt (Fig. 2).
The resulting microstructure in quenched samples takes one
of two forms: a dispersed microstructure (Fig. 1C) when the
melt is quenched from a temperature high enough so that the
Fe-Si and Fe-Si-O melts are miscible (Fig. 3) or an egg-type
core microstructure (Fig. 1D) (10) when the melt is quenched
in the immiscible region (Fig. 3). The dispersed microstructure
is characteristic of spinodal decomposition (11). Fig. 1 shows
the evolution of quenched texture with temperature. The Fe-
9wt%Si-3wt%O sample was heated in four spots. Spot 1 was
heated to a peak temperature below the melting curve of Fe-
Si9wt% (12). Spots 2 and 3 were heated above the melting curve
to peak temperatures of 2,850 K and 2,840 K, respectively, and
exhibit two immiscible liquids: an Fe-Si core and an Fe-Si-O
shell (Fig. 1 B and D). Spot 4 was heated to a peak temper-
ature of 3,100 K and shows quenched exsolution texture from
miscible phases (Fig. 1C). This temperature-dependent evolu-
tion of quenched texture and composition is evident throughout
the pressure range we investigate, 13–78 GPa. We found two
immiscible liquids in samples whether they were heated using a
salt or using a noble gas for thermal insulation. Samples melted
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Fig. 1. (A and B) SEM image using (A) secondary electrons and (B) back-
scattered electrons of an Fe-9wt%Si-3wt%O sample, FeSi913(s3, s4) heated
at 31 GPa in four spots at different temperatures. (C) Spot 4: Dispersed
microstructure is observed at high temperatures exceeding 2,870 K after
being quenched from miscible melts. (D) Spot 3: Egg-type core microstruc-
ture is observed. The inner region contains an oxygen-depleted Fe-Si melt,
and the shell contains an oxygen-enriched Fe-Si-O melt. (E and F) Tempera-
ture maps for (E) spot 4 and (F) spot 3. Contours of varied texture are shown
in corresponding temperature maps.

using noble gas Ar as insulation show a much smoother and more
elevated melt bleb; however, when polished in cross-section, the
egg-type core microstructure is evident (SI Appendix, Fig. S2).
The quenched Fe-Si and Fe-Si-O molten regions show homo-
geneous compositions in their respective regions, indicating fast
diffusion times of equilibration characteristic of the liquid state.
In separate melting experiments on oxidized stoichiometric FeSi,
we observed a similar phenomenon to the SiO2 formation in
ref. 7. A pronounced gradient of silicon moving toward the
melt spot and iron moving away from the hotspot suggests
this may be an artifact caused by Soret diffusion (SI Appendix,
Fig. S3).

Our observations are consistent with multianvil experiments
on ternary iron–light element systems wherein quenching from
miscible conditions results in micrometer-level chemical hetero-
geneity, whereas quenching from immiscible conditions results
in chemical heterogeneity on the 10- to 100-µm level and egg-
type core structures (13). Compositional differences between
two liquids cause an interfacial tension gradient so that the
droplets move toward an area with lower interfacial energy
under Marangoni motion (14). The driving force for separa-
tion in the LHDAC is a temperature gradient, which is typical
of LHDAC experiments (i.e., ref. 15) (Fig. 1 E and F). Liq-
uid phase separation is common in complex metal alloy sys-

tems at room pressure (16, 17) but is less well documented
at high pressures. High-pressure immiscibility has been pre-
viously observed in the Fe-FeO (18) binary system. Adding
a ternary component increases likelihood of phase separation
(19), and immiscibility has been observed at room pressure in
the Fe-Si-S (13, 19), Fe-O-S (18), Fe-C-S (19), and Fe-Si-O
systems (20), which are all relevant mixtures when considering
Earth’s core.

While immiscibility in fluids, such as hydrogen and helium
(21) or hydrocarbons (22), has been investigated at high pres-
sures using a DAC, to our knowledge, immiscibility in iron
alloy systems has not. High-pressure metal immiscibility stud-
ies have been limited to conditions achievable by large-volume
experiments. The sulfur-containing systems Fe-O-S and Fe-S-
Si have miscibility gaps that narrow significantly with pressure
and close by 21 GPa and 15 GPa, respectively (18, 23). How-
ever, the miscibility gap in the Fe-FeO system remains roughly
constant over the 15- to 21-GPa range explored (18). The
Fe-Si-O system appears to behave similarly to that of the Fe-
FeO at high pressures, with a roughly constant miscibility gap
over the 13- to 78-GPa pressure range we investigate experi-
mentally. Since there is no liquid immiscibility in the Fe-FeSi
system, we infer that a small amount of O induces immis-
cibility in the Fe-Si-O system. The Fe-Si-O liquid ternary at
room pressure exhibits four regions: (i) coexisting metallic liq-
uid and solid SiO2; (ii) coexisting metallic liquid, oxygen-rich
liquid, and solid SiO2; (iii) immiscible metallic liquid and oxygen-
rich liquid; and (iv) a single Fe-Si-O liquid composition (19).
Our results suggest that the top of the outer core may lie
in the region with immiscible metallic liquid and oxygen-rich
liquid.

We performed FPMD simulations on the Fe-Si-O system at
core conditions to test the behavior of silicon and oxygen in
molten iron (SI Appendix, Table S1). We examined the Fe-
8wt%Si-2wt%O system at a pressure condition similar to that
in our experiments (52–53 GPa) at 3,000 K and 6,000 K and a
pressure condition in the shallow outer core (140–144 GPa) at
4,500 K and 8,000 K and found liquid phase separation between
Fe-Si and Fe-Si-O as observed in our experiments. While no
absolute measure exists for defining immiscible alloys in ab ini-
tio simulations, we use three indirect, distinct metrics to infer
immiscibility: atom trajectories, oxygen clustering, and the evolu-
tion of atom–atom coordination numbers. When taken together,
the metrics suggest immiscibility occurs at low temperatures
above melting, while the miscibility gap is overcome at high
temperatures.

Fig. 2. SEM image using secondary electrons of hotspot FeSi918s3 for an Fe-
9wt%Si-3wt%O sample heated with KBr at 52 GPa. EDS composition maps
show distribution of iron, silicon, and oxygen. Quenched textures reveal sep-
aration into a liquid shell rich in silicon and oxygen and a liquid central
region depleted in silicon and oxygen (SI Appendix, Table S3).
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Fig. 3. Experimental results for observed miscibility regions in an Fe-
9wt%Si-3wt%O alloy based on textural evolution of the melt spot. Dia-
monds represent the perimeter temperatures which enclose the dispersed
microstructure texture indicating miscibility (white) and egg-type core
microstructure texture indicating immiscibility (black), respectively. White
circles (dispersed microstructure) and black circles (egg-type core microstruc-
ture) represent maximum temperatures recorded in the melt regimes and
allow for tighter bounds on the miscibility closure curve. The gray dashed-
dotted line is the melting curve of Fe-9wt%Si from an independent study
(12). Sample details can be found in SI Appendix, Table S2.

One gauge of the relative miscibility with temperature is the
tendency for oxygen atoms to cluster with each other, forming
distinct Fe-Si-O domains and leaving regions with only Fe-Si
(Fig. 4). At 53 GPa and 3,000 K, oxygen trajectories leave sig-
nificant void spaces in the simulation cell, but at 6,000 K, the
oxygen fills the simulation cell (SI Appendix, Fig. S4). The cluster-
ing activity can be also understood in terms of the oxygen–oxygen

coordination. At 3,000 K, about 80% of the oxygen atoms (that
is, 11 of a total of 14 oxygen atoms in this simulated system)
are coordinated with each other via O-Fe/Si bonding, with the
majority being in two-, three-, and fourfold states (SI Appendix,
Fig. S5). These coordinated oxygen atoms together can repre-
sent one or more clusters, which can be identified and counted
over the entire simulation duration. Our cluster analysis shows
that six or more oxygen atoms cluster over 50% of the time in
the melt. However, such recognizable clusters are almost absent
at 6,000 K, consistent with low abundances of two- and three-
fold coordination species. A similar phenomenon is seen at 144
GPa at 4,500 K when oxygen tends to cluster, but at 8,000 K,
oxygen explores the simulation cell more evenly and forms no
clusters of six or more atoms. As temperature increases, the
Fe-Si-O composition thus becomes more dilute in O as the com-
positions of the Fe-Si and Fe-Si-O liquids evolve toward a single
liquid such that the amount of oxygen atoms coordinated with
two or more oxygen atoms decreases (Fig. 4 and SI Appendix,
Fig. S5).

It is relevant to note that both Fe-Si-O and Fe-Si domains are
prevalent in the melt at all conditions. Our structural analysis
shows that an oxygen atom which is bonded with a silicon atom is
always bonded with one or more iron atoms. All silicon atoms are
highly coordinated with iron atoms, but only about one-fourth
of them are also bonded with oxygen (SI Appendix, Figs. S6 and
S7). The remaining area includes only Fe-Si bonding, indicating
oxygen-free Fe-Si domains. As discussed in the previous para-
graph, these Fe-Si-O and Fe-Si domains tend to cover extended
distinct volumes, thereby implying liquid phase separation at
modest temperatures above melting (Fig. 4). Notably, none of
the silicon atoms are more than threefold coordinated with oxy-
gen and hence not characteristic of solid SiO2 or liquid SiO2 at
core conditions (24, 25) (SI Appendix, Figs. S6 and S7), consis-
tent with the inability to crystallize SiO2 out of metallic melt in
our experiments.
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Fig. 4. Visualization snapshots (Left) and oxygen trajectories (Center) of the simulated Fe158Si28O14 system (8 wt% Si, 2 wt% O) at two conditions. (Right)
Plots compare the O-O coordination distributions between low and high temperatures at two pressures.
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We also performed simulations in a near-equal molar ratio
Fe-Si-O system (Fe-27wt%Si-16wt%O) to demonstrate that the
phenomenon of liquid phase separation holds for other Fe-Si-O
compositions, and the phase separation is more pronounced with
increasing concentrations of Si and O (SI Appendix, Figs. S8–
S10). The overall coordination numbers are larger than that
of the Fe-8wt%Si-2wt%O system for all atom pairs due to the
increased abundance of Si and O relative to Fe. Even so, the
average O-O coordination number also decreases with increas-
ing temperature for the near-equal ratio of the Fe-Si-O system,
indicative of miscibility gap closure. Additionally, the Si-O coor-
dination for the near-equal ratio of the Fe-Si-O system exhibits
∼8% sixfold coordination at 4,000 K and 125 GPa, but less
than 1% at 6,000 K at 146 GPa, indicating that silicon and
oxygen are not saturated in the melt and therefore solid SiO2 will
not precipitate. Rather than observing domains of Fe-Si-O and
Fe-Si, the Fe-27wt%Si-16wt%O system exhibits liquid domains
of Fe-Si, Fe-Si-O, and Si-O at modest temperatures above
melting, reminiscent of the complex ambient-pressure Fe-Si-O
ternary (20).

A stratified layer at the top of Earth’s outer core, dubbed the
E’ layer, has been predicted for several decades based on robust
seismic observations of low compressional wave velocities com-
pared with the bulk of the outer core (26). Speculations about
the thickness of the layer vary widely, ranging from 2 km to
800 km thick (27–29) due to strong tradeoffs with density con-
trasts. Stability of the layer implies that it is less dense than
the bulk of the outer core. The means of formation of a stably
stratified layer are widely debated and range from barodiffu-
sion of light elements from inner core solidification (30), to a
layer enriched in mantle material through chemical reactions at
the core–mantle boundary (31), to an impactor core that did
not fully mix with Earth’s protocore and became stratified (32).
Thermodynamic modeling of the liquid Fe-O-S system suggested
immiscibility persists at core pressures, but was discounted as
a mechanism for generating the E’ layer due to a nonobser-
vation of internal reflections below the CMB (27). Since then,
there have been more robust measurements from body wave
seismology of E’ as an anomalously slow region (26, 29, 33–
35). It should be noted that a recent seismological normal mode
analysis, by allowing deviations from existing global seismic mod-
els, suggested that an anomalously slow region is not needed
to explain the seismic profile through the outer core (36), but
the study also does not preclude the existence of a layered
outer core.

Minor density contrasts between the E’ layer and the bulk
outer core are enough to stably stratify the layer (30, 37), but sim-
ply enriching the amount of light elements in the E’ layer cannot
explain its anomalously low velocity. Simultaneously satisfying
low density and low seismic velocities requires invoking other
mechanisms, such as having different light elements present in
the E’ layer compared with the bulk outer core (38). Immis-
cibility in Fe-Si-O may provide separation into a bulk outer
core and a buoyant, slow stratified layer. However, we see that
silicon partitions evenly or slightly more into the oxygen-rich
liquid (SI Appendix, Table S3), which would lead to a strati-
fied layer that is enriched overall in light elements and hence
with velocities higher than the bulk outer core. Thus, another
light element species which partitions favorably into the oxygen-
depleted liquid phase is required to satisfy a slow layer atop
the core.

If immiscibility persists to core pressures as suggested by
experimental evidence and extrapolated by first-principles calcu-
lations, the miscibility gap dictates the evolution of layers in the
core as it cools (Figs. 3 and 5). Three different scenarios are pos-
sible as the system moves to high pressures >136 GPa deep in the
core and are illustrated in Fig. 5. (i) The geotherm lies entirely
in the miscible regime, and the core liquid is a homogeneous

mixture of Fe-Si-O (Fig. 5A). This example uses a representa-
tive endmember hot core geotherm (39) before nucleation of
the inner core. (ii) The geotherm intersects the miscibility clo-
sure curve within the core (Fig. 5B). In this case, the Fe-Si and
Fe-Si-O will demix first from the bottom of the core. The Fe-
Si-O from deep within the core will buoyantly rise and remix
with Fe-Si-O as it crosses back into the stability region at the
top of the core, enriching the uppermost layer of Fe-Si-O. This
process of demixing and remixing continues until all of the oxy-
gen is concentrated in the stratified layer or until the geotherm
stabilizes in the immiscible regime. In this regime, the thickness
of the stratified layer is subject to growth and reduction during
dynamic demixing and remixing which is represented by a flexible
layer boundary in Fig. 5B. (iii) The geotherm lies entirely in the
immiscible regime, and the core remains as two separate layers
of Fe-Si and Fe-Si-O (Fig. 5C). This example uses a “cold” core
geotherm in which our melting curve is extrapolated using the
melting temperature of pure iron to pin the inner-core boundary
(ICB) temperature [note the extrapolated melting curves of pure
iron and Fe-Si9wt% are indistinguishable at these pressures (12,
40)]. This cold core geotherm is not the lower bound for a core
geotherm in general, but it is the cold endmember for our case of
an of Fe-Si-O outer core which has a high melting temperature.
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Fig. 5. Curves extrapolated to the present-day liquid core region from the
core–mantle boundary (2,891 km) to the inner-core boundary (5,150 km)
and corresponding schematic core structure. (A) A hot geotherm which falls
entirely in the range of Fe-Si-O miscibility would suggest a homogeneous
molten core. (B) An intermediate geotherm that intersects the miscibility
closure curve would suggest a fully molten core with the interior portion
composed of immiscible Fe-Si + Fe-Si-O and an outer portion of miscible
Fe-Si-O. The dashed circle represents a temporally changing depth that cor-
responds to the intersection of the geotherm with the miscibility closure
where there will be demixing and remixing (represented by blue and red
arrows, respectively) between the layers. (C) A cold geotherm which falls
entirely in the range of Fe-Si/Fe-Si-O immiscibility and intersects the melting
curve at the ICB such that the inner core exists at its present size.
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Because the core geotherm cooled over time, thermal evolution
of the core may also cause the geotherm to traverse back and
forth through the different regimes temporally. When inner-core
crystallization initiates and begins to preferentially incorporate
some light elements in the solid, the process of demixing may be
further complicated.

The thickness of the resulting stratified layer depends on the
initial silicon and oxygen content of the core and on which of
the three scenarios is realized. For instance, for an initial com-
position with 6 wt% silicon and 1 wt% oxygen that matches
the density from Preliminary Reference Earth Model (PREM)
at the core–mantle boundary (38, 41), a core like in scenario 3

(Fig. 5C) wherein K liq
Si =

x
layer
Si

xbulk
Si

=1 and K liq
O =

x
layer
O

xbulk
O

=10 results

in a 700-km-thick stratified layer that has an ∼1.7% density
contrast compared with the bulk outer core (SI Appendix). The
strong partitioning of oxygen into the buoyant layer results
in large density contrasts >3% for core oxygen budgets of
>2%. Such strong density contrasts would lead to strong reflec-
tions off the bottom layer boundary which are not observed
seismically.

Immiscibility in the Fe-Si-O system simultaneously provides
new constraints on outer core composition and may explain
a stratified layer atop the outer core. Earth’s magnetic field
is generated in the liquid outer core and is sensitive to com-
positional differences (42), so time-dependent demixing and
remixing caused by immiscibility present in iron alloy liquids
may explain variations in paleomagnetic field intensities. Further
studies of immiscibility in molten alloys at high pressures will
shine light upon the composition and structure of Earth’s core
and planetary cores more generally.

Materials and Methods
Samples. Fe-Si9wt% powder (Goodfellow; FE166012, 99.9% purity) or stoi-
chiometric FeSi powder (Alfa Aesar; 14019, 99.9% purity) was pressed into
a thin foil 5–10 µm thick. The foil represents a single grain ∼15 µm in
diameter.

High-Pressure and High-Temperature Experiments. We used LHDACs
equipped with 300-µm or 200-µm culets for experiments performed
between 13–50 GPa and 50–78 GPa, respectively (SI Appendix, Fig. S1).
The sample foils were loaded into preindented rhenium gaskets 15–30 µm
thick using double-sided stepped anvils (43). Either KBr or Ar was used
as a pressure-transmitting medium and as an insulation medium. In
the salt-insulated experiments, 5- to 10-µm discs of KBr (Intl. Crystal
Laboratories; 99.95% purity) were loaded above and below the metal foil,
and the assembly was dried in an oven at 400 K for at least 1 h before
compression. In the noble gas-insulated experiments, 5–10 µm of liquid
Ar was loaded cryogenically above and below the metal foil. Pressure was
measured before and after heating using the Raman edge shift of diamond
(44). Pressures reported in Fig. 3 represent pressure after quenching from
high temperature, and error bars represent a combination of change in
pressure from before heating and pressure gradients in the DAC. We did
not account for thermal pressure.

Samples were subjected to single-sided ramp heating (45) with a
1,070-nm fiber continuous wave laser (SPI 100 W CWM). Each sample was
annealed at a low laser power for 2 s, ramped to a peak power in 1 s, and
held at the peak power for 1 s before the laser was shut off. A 2D tem-
perature map was measured at the peak temperature using the four-color
method (46). We ascribed a temperature error of 100 K to our reported peak
temperatures (SI Appendix, Table S2) which includes measurement error
stemming from calibrations and corrections, spatial resolution of melt bleb

texture and corresponding temperature map, differences between multi-
ple measurements, and error due to Wien fitting. Details on temperature
measurement and accuracy can be found in ref. 46. Melting-point data
(Fig. 3) were confirmed by the integration of hundreds of pixels on mul-
tiple spots for a given sample, yielding standard deviations of 10–50 K
which are included in the aforementioned error analysis. Care was taken
to include only data that did not experience runaway heating that can
occur at temperatures near the melting point of KBr (SI Appendix, Fig. S11)
(47, 48).

Chemical Analyses. Recovered samples were analyzed by a scanning electron
microscope (SEM) (Phillips XL-30 ESEM) and an electron probe microan-
alyzer (EPMA) (JEOL JXA-8530F) in the Yale University Department of
Geology & Geophysics. To investigate the compositions of the quenched
melts and unheated starting alloys, samples were interrogated both in
map view and in cross-section. We used the focused ion beam (FIB) to
cut the samples in cross-section (45) and samples were coated with car-
bon and analyzed by energy- or wavelength-dispersive spectroscopy (EDS
or WDS) to determine chemical composition. The EPMA is equipped with
five wavelength-dispersive spectrometers using layered diffracting elements
(LDE1), thallium acid pthalate (TAP), pentaerythritol (PET), and lithium
fluoride (LIF) diffracting crystals. Fe and Re were referenced to metal stan-
dards and Si and O to oxides. Analytical conditions were 10 kV, giving an
approximate analytical volume of 1 µm3, a 15-nA beam current, and a beam
spot size of 1 µm. X-ray counts were acquired on peak for 20 s or 22 s and
off peak for the same total times. Small melt volumes prevented acquisition
of robust quantitative WDS measurements within different melt regions for
most samples. Attempts to do so are shown in SI Appendix, Table S3.

The unheated starting material in quenched samples using KBr as insula-
tion has an oxygen content of ∼3 wt% as measured by WDS (SI Appendix,
Tables S1–S3). The Ar provides a more oxygen-poor environment than KBr
does, and quenched samples have an oxygen content of <1 wt% as mea-
sured by WDS (SI Appendix, Tables S1 and S3). The source of oxygen is likely
from air contamination. While oxidation initially affects the surface of the
metal foil, annealing the sample at a low laser power for ∼10 s overcomes
diffusion timescales and allows for homogenization of the starting mate-
rial. Recovered samples showed no reaction with the insulation media or the
Re gasket.

First-Principles Molecular Dynamics Simulations. FPMD simulations were car-
ried out using the VASP software (49) in the NVT-canonical ensemble
(with temperature controlled with a Nosé thermostat) with periodic bound-
ary conditions. The projector augmented wave potentials (50, 51) were
used together with the generalized gradient approximation (GGA) of the
exchange-correlation potential (52). The plane-wave basis set cutoff used
was 400 eV, which resulted in Pulay stress of ∼1–4 GPa. Brillouin zone sam-
pling was performed only at the Gamma point. We ran simulations for
6.6–20 ps with a time step of 1 fs. We simulated the Fe-Si-O system for two
compositions: Fe158Si28O14 and Fe88Si84O84 (SI Appendix). In each case, the
system was initially melted and thermalized at 8,000 K or 6,000 K and then
subsequently quenched down to desired lower temperatures. The calculated
radial distribution functions (RDFs) show the presence of short-range order
but no long-range disorder as expected for a liquid state (SI Appendix, Fig.
S12). The detailed structural analysis was performed using the visualization
system of ref. 53.
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