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An amorphous CdOmodel is densified up to a theoretical pressure of 200 GPa. A continues phase transformation
from a low-density amorphous (LDA) phase to a high-density amorphous (HDA) phase is observed through the
simulation. Associatedwith the phase transformation, the average coordination raises progressively from ~5.5 to
~7.0. The sevenfold coordination is the most abundant motifs in the HDA state. Therefore its short-range order
differs principally from that of the known CdO crystals. Upon pressure release, an amorphous state being inter-
mediate between the LDA structure and the HDA phase is recovered with a mean coordination number of 5.9.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

High-pressure research is one of important fields in Materials Sci-
ence, Condensed Matter Physics and Geological Science. Materials un-
dergo structural phase transformations to densely packed states at
significantly high pressure [1–7]. Accompanied by phase transforma-
tions, their physical, chemical, mechanical and electronic properties
can be altered [1–7].

During compression, structurally ordered materials exhibit crystal-
to-crystal phase modifications [1–7] or crystal-to-amorphous phase
transformations so called pressure-induced amorphization [8–11]. In-
deed pressure-induced phase changes in most crystalline materials
under hydrostatic condition and at room temperature have been well
established. Nonetheless new transformation mechanisms and hence
novel high-pressure phases could be uncovered at different tempera-
ture and pressure environments [12–15]. For the case of amorphous
systems, the situation is little complex because they are thermodynam-
ically metastable. In amorphous materials, amorphous-to-crystal [16–
20] or amorphous-to-amorphous phase transitions [20–28] have been
shown to occur with increasing pressure. Later ones are one of current
interests of the high pressure community and are commonly observed
in open structured amorphous systems (mostly tetrahedrally coordi-
nated) [21–28]. Yet recent experimental investigations have exposed
that such a phase transformation can occur in more closed packed ma-
terials as well, for example, metallic glasses [29–30]. The characteristic
of amorphous-to-amorphous phase transformations in the tetrahedral
materials and metallic glasses appears to be complicated and different
[31–32].
At ambient condition, CdO has the NaCl-type crystal and it trans-
forms to a CsCl-type structure at around 90 GPa [33] with the applica-
tion of pressure. Consequently its structure and high-pressure
behavior are substantially different from the other II–VI semiconductors
although its electronic structure is someway analogous to that of the
semiconductors [34].

In the present work, we explore, for the first time, the high-pressure
behavior of amorphous CdO (a-CdO), an intermediatematerial between
open structured tetrahedral amorphous networks and more closed
packedmetallic glasses. Studying a-CdO can be beneficial to understand
not only the high-pressure behavior of other octahedrally coordinated
amorphous systemsbut also a phase transformation froma sixfold coor-
dinated high density amorphous (HDA) phase to a very high density
amorphous (VHDA) proposed for some materials as well [35]. Our sim-
ulation reveals that a-CdO continuously transforms from a low density
amorphous (LDA) phase to a HDA phase between 15 and 70 GPa but
the local structure of HDA phase is different than that of the high-pres-
sure phase of CdO crystal because the average coordination number of
the HDA state is roughly 7.

2. Method

Weperformed ab initio simulations using the density functional the-
ory (DFT) code SIESTA [36]. We used the pseudopotentials constructed
using Troullier andMartins scheme [37], the GGA of Perdew, Burke, and
Ernzerhof [38] and the double-ξ plus polarized orbitals. All calculations
were done at Γ point. The amorphous model was created by using the
melt and quench method and the NPT ensemble and consisted of 216
atoms with periodic boundary conditions (see Ref. [39] for more infor-
mation). In the present work, however, all simulations were performed
within the NPH ensemble that was effectively employed to explore
pressure induced phase transformations in various amorphous and
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Fig. 2. Partial pair distribution functions (PPDFs) during the compression.
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crystalline systems including CdO crystal [40]. In this ensemble both the
atomic positions and the simulation cell shape and size were optimized
such that themaximum forcewas smaller than 0.01 eV/Å3.We used the
Parrinello and Rahman approach [41] to control pressure and increased
it progressively with an increment of 5, 10 and 20 GPa.

3. Results

The amorphous model was gradually compressed to 200 GPa be-
cause in our preceding work on the CdO crystal using the same simula-
tion technique, a phase alteration from the NaCl type crystal to a CsCl
type crystal was observed at 150–175 GPa (see Ref. [40] for more infor-
mation). Fig. 1 exhibits the pressure-volume relation of the crystal and
amorphous phases on compression and of the amorphous state on de-
compression from 200 GPa. As perceived from the figure, the volume
of a-CdO changes smoothly except a small fluctuation between 10 and
15 GPa. This fluctuationmight be coupled with the finite size of the sys-
tem or might exemplify a first order-like phase transformation at this
pressure. Upon pressure release from 200 GPa, themodel did not return
its initial volume (density), demonstrating the occurrence of a pressure-
induced densification in a-CdO.

We next probe the partial pair distribution functions (PPDFs) pro-
vided in Fig. 2 to have comprehensive information about the local struc-
tural changes induced by pressure. Several important conclusions can
be straightforwardly inferred from the PPDFs analysis. i) The system re-
mains amorphous at the highest pressure researched. This means that
a-CdO undergoes an amorphous-to-amorphous phase transformation.
The ball and stick representation of the model produced by the VESTA
program [42] at preferred pressures is shown in Fig. 3. ii) The system
preserves chemical order during the entire pressure treatment. iii) The
average Cd\\O bond length has a trend to decrease with increasing
pressure as shown in Fig. 4 in spite of an increase in the coordination
number. This is indeed different than our expectationbecause to accom-
modate extra O or Cd atoms into the first coordination shell, the Cd\\O
distances are anticipated to elongate.

Fig. 5 shows the average coordination number and the coordination
distribution of Cd and O atoms as a function of pressure. The coordina-
tion number is estimated using the first minimum of the Cd\\O correla-
tion function. The mean coordination number rises severely from ~5.5
to ~7.0 between 15 GPa and 70 GPa. Beyond 70 GPa, the amendment
in the average coordination number is not substantial, implying that
the amorphous-to-amorphous phase transformation happens between
15 and 70 GPa in CdO. As understood from the coordination distribu-
tion, the model consists of different coordination environments at
Fig. 1. Pressure-volume relation of the NaCl type CdO (c-CdO) on compression and of a-
CdO on compression and decompression. A phase transformation from the NaCl type
crystal to a CsCl type crystal occurred at 150–175 GPa in our MD simulation Ref. [40].
each applied pressure. At ambient condition, the fivefold and sixfold co-
ordinated configurations (~47%) are the most privilege motifs. As the
external pressure is increased, the fraction of the fivefold coordination
gradually decreases and vanishes at 70 GPa. On the other hand, the pro-
portion of the sixfold coordination initially grows and reaches a maxi-
mum value of about 65% at 25 GPa for O atoms and 45 GPa for Cd
atoms. After these pressures, their fraction decreases noticeably and be-
comes roughly 25% beyond 70 GPa. The amount of the sevenfold-coor-
dinated configurations significantly increases between 15 GPa and
70 GPa and more than half of the atoms are sevenfold coordinated at
70 GPa. The eightfold coordination becomes visible above 60 GPa with
a fraction of ~20%.

During the pressure release, a dramatic decline in the average coor-
dination number takes place below 30 GPa but the initial coordination
number is not recovered. The decompressed model involves fivefold
(24%), sixfold (61%) and sevenfold (16%) coordinated configurations
and it appears that these distributions are considerably different than
those (47%, 47% and 2%) of the uncompressed model. Note the
persistence of nonnegligible amount of the high-pressure sevenfold co-
ordination in the decompressed network. On the basis of these observa-
tions, we propose that decompressed model is an intermediate state
between the LDA and HDA states and the LDA-HDA phase change is
irreversible.

We also consider the influence of pressure on the electronic proper-
ties of a-CdO. The computed electron density of states of a-CdO at cer-
tain pressures and the NaCl- and CsCl-type crystals at zero pressure is
given in Fig. 6. For the fully relaxed a-CdOmodel using the NPH ensem-
ble, the HOMO-LUMO band gap is predicted to be about 1.35 eV at am-
bient pressure. As seen from Fig. 6, the band gap of a-CdO fluctuates up
to 70GPa at which point it begins to decrease but themetallization does
not occur at the highest pressure achieved in the present study. From a
linear fit of the band gap above 70 GPa, the metallization is roughly es-
timated to happen at a theoretical pressure of 370 GPa if and only if the
pressure-induced structural changes proceed in this manner. This pre-
diction is somehow similar to what has been proposed for the crystal-
line CdO. Namely the pressure-induced metallization is expected to
occur much beyond the NaCl-to-CsCl transition pressure according to
the full potential linear muffin-tin orbital (FP-LMTO) method [43]. The
band gap of the decompressed amorphous system is ~1.36 eV.



Fig. 3.Ball and stick representation of a-CdO at (a) zeroGPa (b) 70 GPa on compression (c) 200 (GPa) on compression and (d) zeroGPa ondecompression. Cd andO atoms are represented
by large and small spheres, respectively.
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4. Discussion

It is clear from Fig. 1 that a-CdO is more compressible than the RS
crystal. Such an observation is indeed anticipated because the a-CdO
model has structural defects i.e., angular distortions, coordination de-
fects and bond-length disorder, in a contrast to the crystal, which lead
to a more compressible behavior in a-CdO. Yet one unexpected result
Fig. 4. Variation of Cd\\O bond distance under pressure.
Fig. 5.Modification of mean coordination number and coordination distribution of Cd and
O atoms as a function of pressure.



Fig. 6. (a) Electron density of states of a-CdO at some pressures and the NaCl- and CsCl-
type crystals at zero pressure. (b) Variation of band gap energy of a-CdO under pressure.
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is that although a-CdO transforms to a denser state than the CsCl state
beyond 160 GPa, its average coordination does not reach eight.

The present work proposes the existence of a pressure induced
amorphous-to-amorphous phase change in CdO. This phase transfor-
mation is inferred as a gradual phase transformation since the coordina-
tionmodification occurs over a wide pressure range. On the basis of the
modification in the coordination number, one can see that the phase
transformation starts at 15 GPa and completes at 70 GPa in the simula-
tions since there is apparently no substantial variation in the coordina-
tion number above 70 GPa. In experiments, however, the starting and
completion pressures are expected to be lower than these values be-
cause they are generally overestimated due to the various limitations
(the size effect, time scale, surface effects etc.) in the dynamical
simulations.

Perhaps the most interesting observation is the formation of the
dominated sevenfold coordinated clusters in the HDA phase and the
persistence of some of them upon pressure release. Such sevenfold-co-
ordinated motifs do not form in the crystal at high pressures. Conse-
quently the HDA phase is proposed to be locally different from the
known CdO crystals.

Generally the average coordination number of the HDA phase of tet-
rahedrally coordinated materials nearly parallels to that of their high-
pressure crystalline polymorph. However this is not the case for CdO.
At higher pressures, a transformation into an eightfold coordinated
amorphous state or into a CsCl type phase is likely to occur in CdO.

5. Conclusions

Pressure-induced densification of an a-CdO model is investigated
using an ab initio technique. An irreversible phase change to a HDA
structure is predicted through the simulation. During the phase change,
themean coordination increases from ~5.5 to ~7.0. The HDA phase con-
sists of differently coordinated configurations and the sevenfold coordi-
nation is the most privilege ones. Consequently the local structural
arrangement in the HDA phase differs from that of the known CdO
crystals.
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