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In this study, we focused on the effect of pressure on the crystal structures of dioxides of group 14 elements,
i.e. SiO,, GeO,, and CO,. Systematic searches for their crystal structures using the artificial force induced
reaction method generated 219 and 147, 102 and 63, and 148 and 76 structures for SiO,, GeO,, and

CO,, respectively, at 1 and 10° atm. At 1 atm, cristobalite-like, quartz, anatase-like, and stishovite were
Received 15th April 2020 table structures for SiO, and GeO,. At 10° atm, structures of stishovite and CaCl, t lativel
Accepted 3rd June 2020 stable structures for SiO, and GeO,. atm, structures of stishovite and CaCl, type were relatively
stable for SiO, and GeO,. At 1 atm of CO,, molecular crystals were the most stable, whereas, quartz-like

DOI: 10.1039/d0ra03359f and cristobalite-like structures were obtained as stable structures at 10° atm. We discuss these pressure
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Introduction

The pressure inside the Earth ranges from 1 atm (=100 kPa) to
3.6 million atm (=360 GPa).' Unusual crystal structures, which
cannot be synthesized under ambient pressure, sometimes
appear in ultrahigh pressure environments, and it is interesting
from chemical and geological viewpoints.

Oxygen and silicon are the two most abundant elements in
the Earth's crust, and silicon dioxide (also known as silica) SiO,
is the most abundant chemical composition in the crust.”
Therefore, SiO, is an important composition in the field of
mineralogy. As seen in a SiO, phase diagram,* SiO, has various
polymorphs, and their stabilities depend on temperature and
pressure. Under normal pressure (1 atm), SiO, crystals tend to
form a three-dimensional network structure composed of
tetrahedral SiO, with 4-fold-coordinated Si atoms such as
quartz*® and cristobalite.*” In ultrahigh pressure environments
(10° to 10° atm), on the other hand, the crystal structures which
contain 6-fold-coordinated Si atoms such as stishovite (rutile-
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dependent structural variations systematically using the obtained structural dataset.

type)® and CaCl,-type® become dominant. Furthermore, o-PbO,-
type and pyrite-type SiO, crystals appear as post-stishovite
phases at pressures above 10° atm.'*"!

Germanium dioxide (GeO,) is a chemical analogue of SiO,
and several polymorphs have been reported. GeO, has similar
properties to SiO, with respect to temperature and pressure.*> At
1 atm, GeO, can exist in a quartz-like 4-fold-coordinated struc-
ture or in a rutile-type 6-fold-coordinated structure.*® It is re-
ported that GeO, can form PbO,-type and pyrite-type®
structures under ultrahigh pressure.

It is well known that carbon dioxide (CO,) crystal exists as
a molecular crystal (such as dry ice) under normal pressure.
Over the past two decades, however, it has been clarified
experimentally that CO, can form non-molecular crystal struc-
tures like SiO, crystals under ultrahigh pressure (>10° atm).
Phases I (dry ice), IL,*® III,"” IV,*®*® and VII*® have been reported
as molecular CO, crystal phases, while phases V (tridymite-like>*
and cristobalite-like*?), VI,>* and VIII** have been reported as
non-molecular CO, crystal phases.

Previous theoretical studies have successfully reproduced
properties of known crystal phases and proposed unidentified
crystal structures of AO, (A = C, Si, or Ge) under ultrahigh
pressure.**** These theoretical predictions were made by
stochastic trials including genetic algorithms, or by geometry
optimization or MD simulation starting from a known structure
or an intuitive initial guess. Since a stable structure in an
ultrahigh pressure environment might be completely different
from that under normal pressure, especially in the case of CO,,
it is not easy to comprehensively collect all polymorphs of AO,.
Therefore, to this system, an application of a systematic search
method which can obtain fully unbiased results without relying
on any previous knowledge or human intuition would be
beneficial.

This journal is © The Royal Society of Chemistry 2020
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We have developed a single component artificial force
induced reaction (SC-AFIR) method as an automated reaction
path search method for molecular systems.*® The SC-AFIR
method computes approximate reaction paths called AFIR
paths starting from a stable structure to the other stable
structures systematically without needing any arbitrary input
like collective variables. By applying the SC-AFIR method to
newly found stable structures one after another, a so-called
reaction path network on which all stable structures are
linked through there interconversion pathways can be gener-
ated automatically. The SC-AFIR method is available not only in
molecular systems but also in crystalline systems by adopting
the periodic boundary conditions (PBC/SC-AFIR),* where the
PBC/SC-AFIR method computes AFIR paths for phase transi-
tions between stable crystalline phases.

In this study, by using the PBC/SC-AFIR method, we theo-
retically explored AO, (A = C, Si, or Ge) crystal structures at 1
and 10° atm respectively. The stable structures (crystal phases)
at each pressure and their properties, as the enthalpies and
volumes, were discussed. Furthermore, changes of the stability
of each crystal structure depending on pressure were discussed,
by performing re-optimization of the obtained structures by the
systematic searches at 1, 1 x 10%,3 x 10% 6 x 10° and 1 x 10°
atm. Using the resultant structural data, similarities and
differences among the dioxides of group 14 elements were
discussed. Moreover, through these applications, the perfor-
mance of the PBC/SC-AFIR method was demonstrated.

Methods

The density functional theory (DFT) calculation with the Per-
dew-Burke-Ernzerhof (PBE) functional and the DZP basis set
implemented in SIESTA 4.0 program*” was used for calculating
the potential energy and its gradient. The pseudopotentials
were prepared using the parameters in the GGA pseudopoten-
tial database;*® the non-relativistic pseudopotential which
includes the nonlinear core correction (NLCC) was applied to
a silicon atom, but the nonrelativistic pseudopotential without
NLCC was applied to a carbon or an oxygen atom. For germa-
nium atom, the relativistic pseudopotential with NLCC was
used. The Fermi-Dirac function was used for the electron
smearing (the Gaussian smearing), and the electronic temper-
ature was set to 300 K. The spin state was not fixed. The Mon-
khorst-Pack grid, which decides k-point sampling, and the
mesh cutoff were set to 2 x 2 x 2 and 100 Ry., respectively.
The systematic explorations of the crystal structures were
performed by using the PBC/SC-AFIR method*® implemented in
the GRRM program.* In the method, the artificial force, which
was defined by the AFIR function, was added between two
systematically chosen fragments in the given system, and then
structural deformations were induced systematically. The AFIR
method is available not only in isolated molecular systems but
also periodic systems. Here, the SC-AFIR algorithm was used,
and the model collision energy parameter y was set to
1000.0 k] mol™*. The all atoms in the unit cell were chosen as
the target in the SC-AFIR algorithm. No symmetrical restrictions
were considered. In this study, compositions A,0, and A;O¢ (A
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= C, Si, or Ge) in a unit cell were taken into account. Eight initial
structures were randomly generated for each composition. A
search was terminated if the last 3n AFIR paths did not update
the set of the lowest n equilibrium (EQ) structures (n is the
number of atoms in the unit cell). All obtained EQs in the A,0,
and A;Og unit cells were extended to generate structures in the
AgO;, unit cell and reoptimized in the AsO;, unit cell to obtain
the final dataset in the AgO;, unit cell. Therefore, all structures
presented below are optimized structures in the A¢O;, unit cell.
To consider pressure effect, the structure searches and further
geometry optimizations were performed on the function of the
enthalpy E + PV rather than the electronic (potential) energy E,
where P is the pressure and V is the volume.** In this study, 1 or
10° atm was applied as the constant values of P in the structure
searches. All obtained structures are available in the ESL¥

Results and discussion

At 1 atm, 219, 102, and 148 equilibrium (EQ) structures were
obtained by our systematic searches for CO,, SiO,, and GeO,,
respectively. Fig. 1 shows relatively stable structures among the
obtained EQ structures at 1 atm. The EQ structures were labeled
in ascending order (from zero) of the enthalpy, and the value of
enthalpy is the relative to the lowest enthalpy structure in each
composition. The lowest enthalpy structure of CO, (EQ-CO, 0,
Fig. 1(a)), which was obtained under 1 atm, was a molecular
crystal known as phase III. Many patterns with different orien-
tations and densities were obtained, and they were lying at the
low enthalpy region (~0.23 eV/CO,). Molecular crystal struc-
tures containing 1,3-dioxetanedione and 1,2-dioxetanedione
were also found (EQ-CO, 174, Fig. 1(b)). Linear CO, chain crystal
structures were appeared as the non-molecular crystals of CO,,
even under 1 atm (EQ-CO, 182, Fig. 1(c)). In the case of SiO,, the
lowest enthalpy structure was a cristobalite-like structure,
which had a tetrahedral SiO, network (EQ-SiO, 0, Fig. 1(d)). The
second lowest enthalpy structure was rutile-type structure,
stishovite (EQ-SiO, 1, Fig. 1(e)). Stishovite has an octahedral
SiOg network. The structure of quartz was obtained as the third
most stable structure (EQ-SiO, 6, Fig. 1(f)). Note that the
structures, such as a-cristobalite, tridymite, and coesite, could
not be described by the small unit cells adopted during the
searches. In the case of GeO,, the lowest enthalpy structure was
a six-coordinated CaCl,-type structure (EQ-GeO, 0, Fig. 1(g)),
and the second lowest enthalpy structure was rutile-type struc-
ture (EQ-GeO, 1, Fig. 1(h)). At 1 atm, their enthalpies were
almost same. The anatase-type structure (EQ-GeO, 3, Fig. 1(i))
was obtained as the third lowest enthalpy structure. Four-
coordinated crystal structures such as quartz-like and
cristobalite-like structures were also found, however, the
stability of these structures was different from in the case of
SiO,. At 1 atm, the relative enthalpy of 4-fold-coordinated GeO,
crystal structures was higher than 6-fold structures.

Under 10° atm, 147, 63, and 76 EQ structures were obtained
for CO,, Si0,, and GeO, respectively. Relatively stable structures
among the obtained EQ structures at 10° atm are shown in
Fig. 2. The EQs obtained at 10° atm are labeled with a prime
symbol. The enthalpy values are relative to the most stable EQ of
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(a) EQ-CO, 0

0.00 eV*
25.40 A3+
(1.73 g/cm3)

(d) EQ-SiO, 0

(b) EQ-CO, 174

0.53 eV*
23.22 A%
(1.90 g/cm3)

(e) EQ-SiO, 1
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(c) EQ-CO, 182

20.01 A3+
(2.00 g/cm3)

(f) EQ-SiO, 6

0.00 eV*
44.99 A%
(2.22 g/cmd)

(9) EQ-GeO, 0

0.02 eV~
24.80 A3~
(4.02 g/lcm?)

(h) EQ-GeO, 1

0.15 eV~
37.43 A3+
(2.66 g/cm?)

(i) EQ-GeO, 3

° Q, ¥
0.00 eV* 0.05 eV* 0.15 eV
30.57 A3+ 30.47 A3+ 34.42 A3

(5.68 g/cm?3)

(5.70 glcm?)

(5.05 g/cm3)

Fig. 1 Relatively stable structures among the obtained crystal structures at 1 atm. (a) CO, molecular, (b) non-CO, molecular, (c) planar CO,
chain, (d) 4-fold cristobalite-like, (e) 6-fold stishovite-like, (f) 4-fold quartz, (g) 6-fold CaCl,-type, (h) 6-fold rutile-type, (i) 6-fold anatase-type,

*Per AO, (A = C, Si, or Ge) unit.

each composition at 10° atm. All structures obtained at 10° atm
had smaller volumes per unit composition, higher densities,
and higher enthalpies than those obtained at 1 atm, because
10° atm of pressure corresponds to 0.6325 eV A~>. This means if
EQ-CO, 0 (25.40 A*/CO,), which is stable at 1 atm, was put under
10° atm, then the PV term of the enthalpy increased by 16.07 eV/
CO,. The larger volume unit cell, the PV term of the enthalpy
becomes much larger. For CO,, the lowest enthalpy EQ struc-
ture under 10° atm was a 4-fold-coordinated cristobalite-like
structure (EQ’-CO, 0, Fig. 2(a)). This structure was similar to
the most stable EQ structure in SiO, at 1 atm, but its density is

22158 | RSC Adv, 2020, 10, 22156-22163

higher than the case of SiO,. The second lowest enthalpy
structure was a layered CO, structure with 4-coordinated CO,
(EQ-CO, 5, Fig. 2(b)). Such layered structures were also
observed in SiO, and GeO, at 1 atm. The quartz-like structure
was also obtained as the third lowest enthalpy structure (EQ'-
CO, 7, Fig. 2(c)). The lowest enthalpy structure of SiO, under 10°
atm was a 6-fold-coordinated CaCl,-type structure (EQ’-SiO, 0,
Fig. 2(d)). The a-PbO,-like structure (EQ’-SiO, 4, Fig. 2(e)) was
also stable. The anatase-type structure was obtained, but it had
relatively high enthalpy (EQ'-SiO, 18, Fig. 2(f)). In contrast to the
case of 1 atm, the stishovite structure was not found in 6-fold-

This journal is © The Royal Society of Chemistry 2020
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(a) EQ, 'C02 0

(b) EQ’-CO, 5
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(c) EQ'-CO, 7

Rele

12.72 eV* 13.49 eV* 13.56 eV*
16.50 A3* 16.14 A3* 16.35 A3*
(4.43 g/cm?3) (4.53 g/cm?) (4.47 g/lcm3)

(d) EQ-SiO, 0

(e) EQ’-SiO, 4
4

(f) EQ’-SiO, 18

>
é |
13.58 eV* 13.84 eV* 14.62 eV*
19.37 A3* 19.24 A3* 20.46 A3*

(5.10 g/cm?)

(9) EQ’-GeO, 0

16.02 eV*
22.29 A3
(7.79 g/lcm?)

(5.19 g/lcm?)

(h) EQ’-GeO, 1

16.06 eV*
22.01 A3
(7.89 g/cm?)

(4.88 g/lcm?)

(i) EQ-GeO, 2

16.24 eV*
22.83 A3
(7.61 g/lcm?)

Fig. 2 Relatively stable structures among the obtained crystal structures at 10° atm. (a) 4-fold coordinated 3D-network (cristobalite-like), (b)
layered CO,, (c) 4-fold coordinated 3D-network (quartz-like), (d) 6-fold CaCly-type, (e) 6-fold a-PbO,-like, (f) 6-fold anatase-type, (g) 7-fold
coordinated, (h) 6-fold pyrite-like, (i) 6-fold CaCl,-type. *Per AO, (A = C, Si, or Ge) unit.

coordinated structures, and any 4-fold-coordinated structures
as well. The lowest enthalpy EQ structure in GeO, under 10° atm
was a 7-fold-coordinated structure which has distorted
augmented triangular prism structure (EQ’-GeO, 0, Fig. 2(g)).
The 6-fold pyrite-like (EQ'-GeO, 1, Fig. 2(h)) and CaCl,-type (EQ'-
GeO, 2, Fig. 2(i)) structures were appeared as the second and the
third lowest enthalpy structures at 10° atm. The o-PbO,-like
structure (16.43 €V/GeO,) was also stable (EQ’-GeO, 4).

For the group 14 dioxide systems, many crystalline phases
have been reported both experimentally and theoretically.***
Previous theoretical studies have been done by various ways

This journal is © The Royal Society of Chemistry 2020

including applications of sophisticated stochastic methods
such as USPEX (Universal Structure Predictor: Evolutionary
Xtallography),*> CALYPSO (Crystal structure AnaLYsis by
Particle Swarm Optimization),*”® and SSW (Stochastic Surface
Walking).** To the best of our knowledge, our systematic
structure searches generated all known crystal structure types at
~1 or ~10° atm that can be expressed within the A,0, and A;O¢
unit cells (A = C, Si, or Ge). Structures missed by our searches
can be categorized into two types: (A) structures that cannot be
expressed within the A,0, and A;Og unit cells and (B) structures
that are stable only under higher pressure than 10° atm. As

RSC Adv, 2020, 10, 22156-22163 | 22159
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Fig. 3 Scatter plot of relative enthalpies against volumes for obtained
AO, (A= C, Si, or Ge) structures at 1 atm (circles, @) and 10® atm (cross
marks, x). In figure (a), colors represent CO, molecular (pink), non-
CO, molecular (light green), linear CO, chain (purple), 2D-layered
(light blue), and 4-fold-coordinated 3D-network (blown) structures,
respectively. In figure (b) and (c), colors represent types of structures:
4-fold-coordinated (blue), 5-fold-coordinated (green), 6-fold-coor-
dinated (red), 7-fold-coordinated (black), and O-O bonded (gray)
structures, respectively. The relative enthalpy of the most stable
structure at 10% atm is higher by 12.72 eV/CO,, 13.58 eV/SiO,, 16.02
eV/GeO, than at 1 atm, respectively.
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already noted above, some stable SiO, crystals such as a-cris-
tobalite, tridymite, and coesite fall into the category (A). The
exact a-PbO,-type'® and pyrite-type* structures also fall into the
category (A). The post-pyrite phases such as cotunnite-type and
Fe,P-type reported for SiO, (ref. 35 and 39) and 6-fold-
coordinated crystal structures of CO, (ref. 30) discovered at
higher pressure conditions fall into the category (B). This does
not mean the PBC/SC-AFIR method cannot find these structures
with any computational setting. These were missed just because
of the computational settings, i.e. the unit cell sizes and the
pressure, adopted in this study. It should also be noted that our
searches yielded a number of unreported metastable structures
for each composition. Among structures described above, the
crystal structures of CO, containing 1,3-dioxetanedione and 1,2-
dioxetanedione found at 1 atm and 4-fold-coordinated and 6-
fold-coordinated layered structures of the three compositions
are those newly found by our searches. Also, the 7-fold-
coordinated structure of GeO, taking distorted augmented
triangular prism frame found at 10° atm is a newly found
relatively stable structure. These results demonstrated useful-
ness of the PBC/SC-AFIR method in exploration of unknown
crystal structures under an arbitrary pressure.

Fig. 3 displays the enthalpy-volume distributions of the ob-
tained EQ structures, where the EQ structures obtained under 1
and 10° atm were plotted with circles and with cross marks,
respectively. The values of enthalpy are relative to that of the
lowest EQ structure at each pressure. In Figure 3(a), 173 of 219
EQ structures were classified as the CO, molecular crystal
taking different molecular arrangements, which was repre-
sented by “dry ice” and they were lying at the low enthalpy
region (~0.23 eV/CO,). In the region of smaller volume and
higher enthalpy, other dioxetanedione molecule crystal and
linear CO, chain crystal structures distribute at 1 atm. Under
10° atm, only one EQ structure, which was located at 2.61 eV/
CO,, corresponded to the molecular crystal, and it contained
linear CO, molecules. Most of EQ structures have dense 3D
network structure at 10° atm, and molecular crystals become
thermodynamically unfavorable. SiO, crystals acquire 4-fold-
coordinated three-dimensional network structures and 6-fold-
coordinated rutile-type structures under 1 atm, and they show
wide distribution of volume. Under 1 atm, various densities of
SiO, crystal structures exist in thermodynamically stable region.
On the other hand, at 10° atm, only post-stishovite phases, 6-
fold-coordinated CaCl,-type, and a-PbO,-like structures are
relatively stable. These structures are obtained in GeO, at 1 atm.
Although GeO, shows similar behavior to SiO,, the relative
enthalpy of 4-fold-coordinated structure is higher than that of 6-
fold-coordinated structure at 1 atm. Under 10° atm, 7-fold-
coordinated structures appear and high dense 6-fold-
coordinated structures such as pyrite-like, CaCl,-type, and o-
PbO,-like are relatively stable.

For all compositions, the ultrahigh pressure makes the
volume of crystal structure to small, and this causes reducing
the number of EQ structures and the volume variation of
structures. As a result, the density of crystal increases and the
more highly coordinated structures become stable. For
example, in the case of CO,, the EQ structures which were

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Trends in the relative stability of structure for pressure in the
range of 1 atm to 10° atm relative to the most stable structure under 1
atm are shown in (a) CO,, (b) SiO,, (c) GeO,.

obtained at 10° atm were located between 12.7-18 eV/CO,
region relative to at 1 atm, because 10° atm of pressure corre-
sponds to 0.6325 eV A%, as described above. The relative
enthalpy of the most stable structure at 10° atm is higher by
12.72 eV/CO,, 13.58 €eV/SiO,, 16.02 eV/GeO, than at 1 atm,
respectively. So that the lower density structure such as
molecular crystal almost disappeared at 10° atm.

In addition, the changes of the relative enthalpy from 1 atm
to 10® atm were investigated by further structural optimization
calculations with different pressures for the EQ structures ob-
tained by the searches. The re-optimizations of the EQ struc-
tures obtained under 1 atm were performed by gradually
increasing the pressure to 1 x 10°, 3 x 10%, 6 x 10°, and, 1 x
10° atm, while the re-optimizations of the EQ structures

This journal is © The Royal Society of Chemistry 2020
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structure under each pressure are shown in (a) CO,, (b) SiO,, (c) GeOs.

obtained under 10° atm were carried out by decreasing the
pressure vice versa. The newly obtained lists of EQ structures at
each pressure were merged. The trends in the relative stability
of structure for pressure in the range of 1 to 10° atm are shown
in Fig. 4. For better understanding of these trends, the changes
of the relative enthalpy relative to the most stable EQ at each
pressure are also shown in Fig. 5. In the case of CO,, the dry ice
crystal has the most stable structure at 1 atm, but at 3 x 10°
atm, the relative enthalpy is similar to that of linear CO, chain
crystal, and at 6 x 10> atm, the linear CO, chain crystal has the
most stable structure. At 1 x 10° atm, both molecular and linear
CO, crystals become unstable, and the structure with 3D
network structures become relatively stable. Such plots of rela-
tive enthalpy change show the transition of stable crystal pha-
ses. For SiO,, at 1 atm, 4-fold-coordinated crystal structures

RSC Adv, 2020, 10, 22156-22163 | 22161


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03359f

Open Access Article. Published on 09 June 2020. Downloaded on 6/22/2026 12:03:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

such as cristobalite-like are relatively stable, and the stishovite
is also stable. It changes to the denser CaCl, structure as the
pressure increases, and the CaCl,-type structure was stable even
at 10° atm. In the 6-fold-coordinated crystal phases, the anatase-
type crystal, which has a sparse three-dimensional structure,
becomes relatively unstable with increasing pressure, and the
dense pyrite-like structure becomes relatively stable. The
behavior of 6-fold-coordinated GeO, crystals is similar to that of
SiO,. At low pressure, the CaCl,-type structure is relatively
stable, as is the case with SiO,, but at high pressure, the pyrite-
type structure and the 7-fold-coordinated structure are relatively
stable.

Under ultrahigh pressure, CO, has crystal phases similar to
SiO, under atmospheric pressure. Also, SiO, in ultrahigh pres-
sure has crystal phases similar to GeO, under atmospheric
pressure. This means that crystals of dioxide of a group 14
element exhibit similar properties to those of the next heavier
element among the same group by applying ultrahigh pressure.
Because a heavier element has a larger atomic radius than
a lighter element, it can form structures of higher coordination.
Under high pressure, more stable (lower enthalpy) structures
should have smaller volume, and the effect of the atomic radius
is strongly reflected in the trends of relative stability of crystal
structures.

Finally, we summarize limitations of the present study. One
is the A,0, and A3;O¢ unit cells adopted in the automated
searches. Due to the small unit cells, some known crystal phases
that need a larger unit cell are excluded from the obtained
crystal structure data. Second is the lack of the thermal effects
on the stability. Third is computational errors arisen from
computational parameters such as DFT functional and orbital
basis functions adopted in this study. Due to the second and
third limitations, the stability order among crystal structures
discussed above may differ from those by the more accurate
calculations taking account of the thermal effects. However, for
all the in total >1000 crystal structures obtained over five
different pressure conditions, it will take huge computational
costs to perform accurate calculations taking account of the
thermal effects. Although such calculations may be done for
a few specific structures, it is beyond the scope of this paper
which aimed to survey the overall trends in structural changes
depending on pressure in different group 14 dioxide crystals.

Conclusions

In this study, unbiased searches for crystal structures of diox-
ides of group 14 elements, SiO,, GeO,, and CO, were performed
using the PBC/SC-AFIR method. A number of crystal structures
including known structures have been obtained by our
systematic searches. Moreover, some unreported structural
phases were predicted as output of the present searches. These
results encourage further applications of the PBC/SC-AFIR
method to similar targets.

Using the obtained structural data list, we focused on the
effect of pressure on the crystal structures. The results of crystal
structural searches under the ambient pressure and ultrahigh
pressure were successfully compared by considering the
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enthalpy. Comparisons were also made among the three diox-
ides, and structural similarity in crystal structures at different
pressures was discussed. These results suggest that crystals of
dioxide of a group 14 element shows similar properties to those
of the next heavier element among the same group by applying
ultrahigh pressure. This means that under ultrahigh pressure,
CO, has crystal phases similar to SiO, under atmospheric
pressure, and under ultrahigh pressure, SiO, has crystal phases
similar to GeO, under atmospheric pressure.
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