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Abstract

We show, by means of ab initio calculations, that amorphous zirconia progres-
sively transforms to a high-density amorphous phase with the application of pres-
sure. The average coordination number of Zr and O atoms under pressure rises
gradually to 8 and 4, respectively. The main building unit of the dense noncrys-
talline state is the eightfold-coordinated Zr atoms (62.5%). When the coordinated
modification of Zr atoms in the zirconia crystal at high pressure and temperature
conditions is considered, it can be perceived that amorphous zirconia follows a
transformation mechanism similar to the one observed at high temperature but dif-
ferent than the one detected at high pressure. The dense disordered phase is
indeed found to be locally comparable with the high-temperature tetragonal crys-
tal. Upon decompression, some high-pressure arrangements are persevered in the
model and a transformation into another amorphous state whose structure is inter-
mediate between uncompressed and dense amorphous phases is observed in the
simulations. The high-pressure amorphous structures are found to be semiconduc-

tors with a band gap smaller than that of the original model.
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most accepted mechanism is the baddeleyite - Pbca— Pnma
(cotunnite) phase transformations. In the first transforma-

Zirconia (ZrO,) polymorphs have been investigated com-
prehensively for last decades and their remarkable dielec-
tric, physical,
biocompatibility properties have been revealed. These supe-
rior properties lead to their various high tech applications,
for instance, high-temperature solid oxide fuel cell elec-
trolytes,lf microelectronics,4*6 medical devices,” den-
tistry,® catalyst® etc.

The ground state structure of ZrO, is the monoclinic
baddeleyite crystal (P2;/c) with B ~99.4°. The baddeleyite
— tetragonal (P4,/nmc) — cubic (Fm3m) transformations
are observed at 1170 and 2370°C, respectively.'®'* The
tetragonal phase has the distorted eightfold coordination of
Zr atoms while the cubic phase has the perfect eightfold
coordination of cations. At high pressures, different trans-
formation mechanisms have been proposed for ZrO, in
experimental and theoretical studies'*’ to date. Yet the

mechanical, electronic, thermal, and

tion, no coordination modification around Zr atoms is
experienced while in the second one the coordination of Zr
atoms increases from 7 to 9.

The amorphous state of ZrO, (a-ZrO,) has various
important technological applications as well.>?*>° The the-
oretical investigations based on first-principles molecular
dynamics (MD) simulations®' >* have revealed that it has a
local structure analogous to that of the baddeleyite phase.
The crystallization behavior of a-ZrO, at high temperatures
has been also experimentally explored. The picture is, how-
ever, not as clear as in the crystal. Depending on the sam-
ple properties (preparation techniques) and the temperature
applied, a structural phase transformation from a-ZrO, to
monoclinic, tetragonal (high-temperature form), tetragonal
(high-temperature form) + amorphous state, cubic + amor-
phous state etc. has been reported in various experi-
ments.>> >’ Interestingly, the transformation temperatures
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reported for the a-ZrO,—tetragonal phase change are quite
smaller than 1170°C at which point the monoclinic —
tetragonal phase transformation occurs. To our knowledge,
the response of a-ZrO, to high pressures has not been
explored in any study so far. Two types of phase transfor-
mations can be projected for a-ZrO,: a transformation to a
dense amorphous phase or to a crystalline state. The pre-
diction of a quenchable new crystal structure or a quench-
able dense noncrystalline structure with new electric and/or
mechanical properties might lead to new applications of
ZrO; in technology.

The aim of present work is, for the first time, to probe
the response of a-ZrO, to high pressure using a first princi-
ples constant pressure technique. A structural change from
a low density amorphous (LDA) phase to a high-density
amorphous (HDA) phase is perceived through our simula-
tions. The main local structure of the HDA phase is found
to be similar to that of the tetragonal crystal (high-tempera-
ture form). Upon decompression, another high-density dis-
ordered state is recovered, which has an intermediate
structure between LDA and HDA configurations.

2 | METHOD

The ab initio code, SIESTA,38 was preferred to simulate
the high-pressure behavior of a-ZrO,. The Troulier-Martins
pseudopotentials,®® the generalized gradient approxima-
tion* and the double- polarized orbitals were selected for
the simulations. The parameters (basis, pseudopotentials,
etc.) used in this study were found to be good enough to
capture high-pressure phases of the ZrO, crystal”>*” and to
generate a-ZrO,>* Our amorphous model®* was created
from the liquid state using “melt and quench” technique
and it is comparable with the other first-principles MD
models.*'** Each MD time step was set to 1.0 fs. The
model consists of 144 atoms. The isoenthalpic-isobaric
ensemble (NPH), constant pressure relaxation, was applied
to investigate the pressure-induced phase transformation of
a-ZrO,. In this ensemble the atomic positions and the sim-
ulation cell shape and size were optimized. Furthermore
during the simulations, we chose the power quenching
approach, in which the velocity components for atoms or
simulation cell were set to O when the velocities and forces
had opposite signs. Using this ensemble, in our earlier
works, we were able to reproduce or predict amorphous-to-
amorphous, amorphous-to-crystal, and crystal-to-crystal
phase changes in a wide range of materials. We need to
underline here that after full relaxation of a-ZrO, using the
NPH ensemble, we found some structural rearrangements
in the model, which yielded a slightly different coordina-
tion distribution than what we had reported in Ref. 34. The
external pressure was applied by the Parrinello and

Rahman technique*' and increased an increment of 3-
5 GPa. At each applied pressure, the structure was opti-
mized until the force tolerance was smaller than 0.01 eV/
A.

3 | RESULTS

The amorphous model is progressively densified under
pressure up to 70 GPa and its equation of state is provided
in Figure 1. The volume decreases gradually and shows a
small discontinuity at 27 and 45 GPa. These discontinuities
might denote a possible first-order like phase transforma-
tion in a-ZrO, or they might be connected with the small
size of the simulation box. Upon pressure release, the origi-
nal volume is not recovered, which may indicate the occur-
rence of irretrievable structural changes in a-ZrO,.

The local structural modification of a-ZrO, with the
application of pressure is first probed by the partial pair dis-
tribution functions (PPDFs) as illustrated in Figure 2. As
understood from the figure, the model still represents the typ-
ical characteristics of an amorphous network at the highest
pressure applied in the present work since it exhibits a strong
short-range order but no long-range order. This finding can
be inferred as the existence of a pressure-induced amor-
phous-to-amorphous phase transformation in a-ZrO,.

In order to see how the system is packed under external
pressure, the variation in the Zr—O, Zr—Zr, and O-O dis-
tances as a function of pressure is explored and offered in
Figure 3. At ambient pressure, the main Zr-O, Zr—Zr, and
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FIGURE 1 Pressure-volume relation of a-ZrO, under
compression and decompression processes
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FIGURE 2 Partial pair distribution functions (PPDF) at some
pressures. D represents decompression

O-O peaks are located at 2.12, 3.47, and 2.71 10%, respec-
tively and they are parallel to the values of 2.11, 3.50, and
2.80 A reported for a-ZrO, in the earlier investigations.®'
For the monoclinic ZrO, phase, these peaks appear at ~2.13,
3.44 and 2.74 A. When the model is subjected to the external
pressure, the position of all peaks shift gradually to lower
distances. The Zr—O bond length seems to be less sensitive
to pressure relative to the other separations. The change in
the Zr-O length is smaller than 4%. Both Zr—Zr and O-O
separations decline with almost the same degree up to
42 GPa at which point the alteration of the Zr-Zr correlation
becomes much slower, which is probably related to the for-
mation of ninefold-coordinated Zr atoms in the model at this
pressure and thereafter (see below).

Since most phase transformations are generally identified
by the modification of the coordination number, the variation
in mean coordination number of Zr and O atoms with
increasing external pressure is investigated and given in
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FIGURE 3 Variation in Zr—O, Zr—Zr and O-O distances as a
function of pressure. Zr—O, Zr—Zr, and O-O distances are normalized
to values of 2.12, 3.47, and 2.71 A, respectively

Figure 4. The first minimum of Zr—O correlation is used as a
cutoff to estimate the partial coordination numbers. At ambi-
ent pressure, the average coordination numbers of Zr and O
atoms are ~6.81 and ~3.4, respectively. As the external pres-
sure is applied progressively, the mean coordination number
begins to increase at 6 GPa, reaches a value of ~8.0 for Zr
atoms and of ~4.0 for O atoms at 51 GPa and then they
remain almost null up to 70 GPa. This observation reveals
that the structural phase transformation occurs in a wide pres-
sure range from 6 to 51 GPa in the simulation and the aver-
age coordination number of Zr and O atoms in the HDA
phase are about 8.0 and 4.0, respectively. Upon pressure
release, the partial coordination numbers slowly decrease and
have a value of 7.22 for Zr atoms and of 3.61 for O atoms,
which are distinctively higher than those of the uncom-
pressed configuration. This means that some high-pressure
formations persist in the network during the pressure release
and the dense noncrystalline system converts to another
high-density amorphous phase (labeled as a HDA?2 phase),
which is, as understood, an intermediate state between LDA
and HDA structures. This finding denotes that the LDA-to-
HDA phase transformation of a-ZrO, is irreversible.

The coordination distribution illustrated in Figure 5 can
provide valuable information about the local structure of
a-ZrO, at different pressures. At ambient condition, Zr
atoms have sixfold (~25.5%), sevenfold (~68.75%), and
eightfold (~6.25%) configurations while O atoms form two-
fold (~4%), threefold (~51%), and fourfold (~45%) configu-
rations. As the model is densified under pressure, the
number of sixfold coordination declines slowly and



DURANDURDU

ijourna!

iAmerican Ceramic Society

T T T T T T T T T T T T
& sl 1
§ i i
B1or ]
é T2 - Compression
[;q: 6. I | | an—*l Declomplressilon 7

0O 10 20 30 40 50 60 70 80

A2 T T T T T T
- i
.2 _
= i
g _
LS|
5 J
o) _
(.l) J
O 3.4 .
1 I 1 l 1 I 1 l 1 I 1 l 1 l 1
0O 10 20 30 40 50 60 70 80
Pressure (GPa)

FIGURE 4 Modification of the mean coordination number of Zr
and O atoms under pressure

becomes negligibly small after 24 GPa. On the other hand,
the sevenfold and eightfold-coordinated configurations pre-
sent a drastic change beyond 15 GPa: the amount of the
sevenfold-coordinated Zr atoms declines progressively and
the parallel to this decrease the fraction of eightfold ones
rises. After 51 GPa, both reach a constant value. The nine-
fold-coordinated clusters appear first at 30 GPa and
severely increase between 42 and 51 GPa. At 51 GPa and
thereafter, the fraction of sevenfold, eightfold and ninefold-
coordinated unites are ~18.75%, ~62.5% and ~18.75%,
respectively. When the O atoms are concerned, as
expected, the external pressure leads to the formation of
more fourfold and even fivefold (between 41 and 51 GPa)
configurations. The HDA phase at 51 GPa consists of
threefold (~13.6%), fourfold (~74%), and fivefold
(~11.5%)-coordinated O atoms. On decompression, the per-
centage of the high-pressure arrangements decreases and at
zero-pressure the HDA2 structure has sixfold (~8.33%),
sevenfold (~56.25%), and eightfold (~31.25%)-coordinated
Zr atoms and threefold (~40.6%), fourfold (~57.3%), and
fivefold (~2.1%)-coordinated O atoms. When the HDA2
structure is compared with the original network (LDA),
one can see that some high-pressure structures, in particu-
lar, the eightfold-coordinated Zr atoms persist in the amor-
phous configuration and hence the decompressed model is
partially different from the original one. It should be noted
here that the ninefold-coordinated motifs (cotunnite-like see
below) do not persevere during the decompression process;
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FIGURE 5 The coordination distribution of Zr and O atoms as a
function of pressure. A, Zr atoms on compression (B) Zr atoms on
decompression (C) O atoms on compression and (D) O atoms on
decompression

this is different from our expectation because the cotunnite
phase of ZrO, is actually quenchable to ambient condition.

In order to get additional knowledge about the short-
range order of a-ZrO, and its modification at high pres-
sures, we explore bond angle distribution functions and
demonstrate them in Figure 6. The zero-pressure LDA
model exhibits a broad distribution: the Zr—O—Zr angles
range from 70 to 170° and have 2 main peaks at ~98 and
105° while the O—Zr—O angles vary from 45 to 180° with
a main peak at ~75°. For the monoclinic phase, the Zr-O—
Zr angles are located near 102, 109, 133, and 147°, and
the O—Zr—O angles are at around 75, 88, 100, 117, 132,
140, 146, 156, and 168°. Note that the main peaks of the
monoclinic crystal at 102-109 and 75° are well captured in
the LDA model and hence they structurally resemble each
other. When the applied pressure is increased, the general
shape of the angle distributions does not change radically
and only main peaks somewhat shift to lower angles. Since
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FIGURE 7 Fraction of Zr centered Voronoi polyhedrons at
002 51 GPa
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FIGURE 6 Bond angle distribution functions at selected

pressures

the key-building units of the HDA structure are the eight-
fold-coordinated Zr atoms, we can compare the HDA phase
with the eightfold-coordinated high-temperature cubic and
tetragonal structures. The cubic crystal has the O-Zr-O
peaks at 70 and 110° with the same magnitude and a weak
O-Zr-O peak near 180° and a strong Zr-O-Zr peak at
110°. In the HDA phase, the lack of pronounced peak at
110 and 180° indicates that there is no resemblance
between these structures. On the other hand, the tetragonal
phase having the distorted eightfold coordination of Zr
atoms, high-temperature form, has the Zr—O-Zr angles at
~96, 108 (pronounced) and 120° and the O—Zr—O angles at
~70 (pronounced), 96, 103, 115, 120 and 167°. Therefore
one can see that the local structural arrangement of the
HDA phase is quite similar to that of the tetragonal crystal.
This suggestion is further supported by the Voronoi poly-
hedra analysis.** According to the analysis, at 51 GPa and
thereafter the HDA phase predominantly consists of the
Voronoi polyhedrons with the indices of <0 5 2 0> (17%),
<036 0> (15%) and <0 4 4 0> (62.5%) for Zr atoms (see
Figures 7 and 8). Here it should be noted that the indices

the cotunnite and tetragonal crystals.

We lastly investigate the effect of the external pressure
on the electronic structure of a-ZrO, by calculating electron
density of states and focusing on the variation in the
HOMO-LUMO band gap energy under hydrostatic pressure
as shown in Figure 9. The band gap energy of the a-ZrO,
model is about 3.5 eV, comparable with the previous simu-
lation estimations of 2.7-3.4 eV>'~*? but as anticipated, it is
considerably smaller than the experimental value of 4.7-
5.1 eV¥* due to the self-interaction error in (DFT)-GGA
calculations. With the application of pressure, the HOMO-
LUMO band gap decreases. Yet the change in the band
gap energy between 42 and 51 GPa is too drastic which is
probably related to a significant increase in the number of
ninefold-coordinated Zr atoms. On decompression, the
band gap energy increases and reaches a value of 3.0 eV at
zero pressure. This finding indicates a correlation between
the coordination number and band gap energy in a-ZrO,.

4 | DISCUSSION

Because the coordination number alteration takes place in a
wide pressure range from 6 to 51 GPa in a-ZrO,, we con-
clude that the LDA-to-HDA phase change is a gradual
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FIGURE 9 Variation in HOMO-LUMO band gap energy under
pressure

phase transformation and the small discontinues presented
in the pressure-volume relation are a finite size artifact. Of
course this can be clarified by experiments and additional

FIGURE 8 Ball stick representation of
Zr centered Voronoi polyhedrons (A) the
main building unit of the tetragonal phase
(the unit has the index of <0 4 4 0>), (B)
eightfold-coordinated polyhedron with the
index of <0 4 4 0> formed in a-ZrO,, (C)
sevenfold-coordinated polyhedron with the
index of < 0 5 2 0> structured in a-ZrO,
and (D) ninefold-coordinated polyhedron
with the index of <0 3 6 0> formed in a-
ZrO,. Large and small spheres are Zr and
O atoms, respectively

theoretical investigations considering large simulation cells.
Upon pressure release, the original amorphous network is
not fully recovered and a transformation into another amor-
phous state (HDA2) is obtained. Thus the pressure-induced
phase transformation of a-ZrO, is classified as an irre-
versible phase transformation. Yet we need to point out
here that ab initio MD simulations use a rather short time
scale, indicating a fast compression or decompression rate,
relative to experiments. So one might think that the fast
pressurizing/depressurizing rate is responsible for this irre-
versible amorphous-to-amorphous phase
since the fast pressurizing/depressurizing rate might not
allow enough time for the structural relaxation or arrange-
ment to take place, producing frozen states. Of course such
a scenario is possible but we need to underline here that
using the same simulation technique, in spite of the fast
compression or decompression rate, in our earlier works,
we have successfully reproduced experimentally proposed
reversible/irreversible  amorphous-to-amorphous,  amor-
phous-to-crystal, crystal-to-crystal phase transformations in
a wide range of materials. Nonetheless, additional studies,
in particular, experimental ones, are surely desirable to
clarify this issue.

In the noncrystalline state of ZrO,, the transformation
involves a coordination change from about 6.81-8. So one

transformation
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can see that this mechanism is different from that of the ZrO,
crystal because in the crystal the mechanism engages with
the coordination modifications of 7—7—9 with increasing
pressure. On the other hand, this mechanism is similar to
what has been witnessed in ZrO, at high temperature because
the HDA phase principally consists of eightfold-coordinated
Zr atoms and its short-range arrangement is mostly similar to
the main building unit of the tetragonal phase.

The persistent of the tetragonal-like eightfold-coordi-
nated Zr atoms during decompression is particularly impor-
tant because the decompressed HDA2 phase can have a
higher dielectric constant than a-ZrO, since the tetragonal
phase presents the largest dielectric constant.** Based on
our findings, here we will speculate that if a-ZrO, is pre-
pared under some pressure conditions, more tetragonal-like
configurations can be provoked in a-ZrO, and hence its
dielectric properties can be improved.

The formation of ninefold-coordinated cotunnite-like
structures might suggest that a phase transformation from
the HDA phase to the cotunnite-like very high-density
amorphous (VHDA) phase or to the contunite crystal likely
occurs in ZrO, at high pressures. Interestingly these cotun-
nite-like units in the HDA phase are found to be unquench-
able to the ambient pressure in stark contrast to the
quenchable cotunnite crystal. Additionally, the formation of
cotunnite-like configuration from tetragonal-like topology
might imply that a direct phase transformation from the
tetragonal crystal to the cotunnite type crystal can be
achievable at high temperature and pressure conditions.
Additional studies are required to validate or invalidate
both speculations.

Finally we need to stress here that due to the some con-
ditions/limitations of simulations such as absence of surface
effects because of the use of periodic boundary conditions,
fast pressurizing etc., the transformation pressures/starting
pressures observed in simulations are generally overesti-
mated. Therefore the starting and ending pressures of the
LDA-to-HDA phase transformation in experiments is antic-
ipated to be lower than ones predicted in the simulations.

5 | CONCLUSIONS

We have performed ab initio simulations to examine the
high-pressure behavior of a-ZrO, and discussed, for the
first time, a possible amorphous-to-amorphous phase
change. The phase change involves a gradual coordination
modification of Zr atoms from 6.81 to 8.0 and O atoms
from 3.4 to 4.0. Since the crystalline phase having eight-
fold-coordinated Zr atoms does not form in ZrO, under
pressure, the phase transformation mechanism of a-ZrO, is
proposed to be different from that of the crystal at high
pressure but similar to the one observed at high
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temperature. The leading packing unit of the dense non-
crystalline state is eightfold-coordinated Zr atoms (62.5%)
and is comparable to that of high-temperature tetragonal
phase. When the applied pressure is fully released, the
original structure is not recovered and instead a structural
change to another amorphous state is detected. This dense
amorphous configuration is structurally
between LDA and HDA phases. During the compression
and decompression processes, a-ZrO, remains semiconduc-
tor. Yet the uncompressed model has the largest band gap
energy relative to the other dense amorphous states. We
also speculate that a phase transformation from the HDA
state to the cotunnite-like VHDA state or to the cotunnite
crystal likely takes place in ZrO, at higher pressures.

intermediate
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