
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

www.rsc.org/pccp

PCCP

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Calcium peroxide from ambient to high pressures†

Joseph R. Nelson,∗a Richard J. Needs,a and Chris J. Pickardb

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

First published on the web Xth XXXXXXXXXX 20XX

DOI: 10.1039/b000000x

Structures of calcium peroxide (CaO2) are investigated in the pressure range 0-200 GPa using the ab initio random structure

searching (AIRSS) method and density functional theory (DFT) calculations. At 0 GPa, there are several CaO 2 structures very

close in enthalpy, with the ground-state structure dependent on the choice of exchange-correlation functional. Further stable

structures for CaO2 with C2/c, I4/mcm and P21/c symmetries emerge at pressures below 40 GPa. These phases are thermody-

namically stable against decomposition into CaO and O2. The stability of CaO2 with respect to decomposition increases with

pressure, with peak stability occurring at the CaO B1-B2 phase transition at 65 GPa. Phonon calculations using the quasihar-

monic approximation show that CaO2 is a stable oxide of calcium at mantle temperatures and pressures, highlighting a possible

role for CaO2 in planetary geochemistry. We sketch the phase diagram for CaO2, and find at least five new stable phases in the

pressure/temperature ranges 0 ≤ P ≤ 60 GPa, 0 ≤ T ≤ 600 K, including two new candidates for the zero-pressure ground state

structure.

1 Introduction

The typical oxide formed by calcium metal is calcium oxide,

CaO, having Ca and O in +2 and -2 oxidation states respec-

tively. Calcium and oxygen can also combine to form calcium

peroxide, CaO2, a compound which enjoys a variety of uses in

industry and agriculture. Calcium peroxide is used as a source

of chemically bound but easily evolved oxygen in fertilisers,

for oxygenation and disinfection of water, and in soil remedi-

ation.1,2

At ambient pressure bulk calcium peroxide decomposes at a

temperature of about 620 K. 2,3 Early X-ray diffraction (XRD)

experiments assigned a tetragonal ‘calcium carbide’ structure

of space group I4/mmm to CaO2.
4 This same structure was

already known to be formed by heavier alkaline earth metal

peroxides. 5,6 Recently, Zhao et al.7 used an adaptive genetic

algorithm and density functional theory (DFT) calculations to

search for structures of CaO2, finding a new orthorhombic

ground state structure of Pna21 symmetry, which is calculated

to be close to thermodynamic stability at zero pressure and

temperature. The simulated XRD pattern from this structure

is in good agreement with the available experimental data. 7

Thermodynamic stability in this case means stability against
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decomposition via

CaO2 −→ CaO+
1

2
O2. (1)

We are interested in the stabilities of structures of CaO2

from zero pressure up to 200 GPa, and temperatures up to

1000 K. Calcium and oxygen have high abundances in the

Earth’s crust and mantle and, because they also have high

cosmic abundances, stable compounds formed from these el-

ements at high pressures are key (exo)-planetary building

blocks. Understanding the structures of such compounds al-

lows insight into the composition of planetary interiors, in-

cluding exoplanets. To date, almost no work has been per-

formed investigating CaO2 as a stable oxide of calcium at high

pressures. Some previous work has explored the effect of low

pressures (<10 GPa) on the bond lengths and lattice param-

eters of I4/mmm-CaO2.
5 We therefore employ DFT calcula-

tions to explore the behaviour of CaO2 at pressures in the GPa

range. DFT calculations provide an excellent avenue for in-

vestigating materials properties under pressure, both at pres-

sures accessible to diamond anvil cells 8 and at terapascal pres-

sures.9,10 To explore the stability of CaO2, we search for new

crystal structures of this compound at a variety of pressures in

the range 0-200 GPa.

2 Methods

Density functional theory calculations are performed using the

CASTEP plane-wave pseudopotential code. 11 Ultrasoft pseu-

dopotentials 12 generated with the CASTEP code are used for

both calcium and oxygen, with core states 1s22s22p6 and 1s2,
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respectively. We use the Perdew-Burke-Ernzerhof (PBE) 13

form of the exchange-correlation functional with a plane-

wave basis cutoff of 800 eV. A k-point sampling density

of 2π × 0.03 Å−1 is used for our CaO and CaO2 phases.

For our oxygen phases, we use a denser k-point sampling

of 2π × 0.02 Å−1. Bulk modulii are calculated by fitting

static lattice pressure-volume data to the third-order Birch-

Murnaghan equation of state.

The electronic density of states is calculated using the OP-

TADOS code.14–16 Calculations of phonon frequencies are per-

formed with the CASTEP code and a finite-displacement super-

cell method, using the quasiharmonic approximation. 17,18

To search for new phases of CaO2, we use the ab initio

random structure searching (AIRSS) technique. 19 AIRSS pro-

ceeds by generating random starting structures containing a

given number of formula units. Of these, structures which

have lattice parameters giving reasonable bond lengths and

cell volumes at a particular pressure are then relaxed to an

enthalpy minimum, and the lowest enthalpy structures are se-

lected for refinement. AIRSS has proved to be a very powerful

tool in predicting new structures, several of which have subse-

quently been found experimentally. AIRSS searches have for

example uncovered high pressure phases of silane, 20 and cor-

rectly predicted high pressure metallic phases in aluminium

hydrides. 21

In this study, we perform structure searching at pressures of

0, 10, 20, 50, 100, 150 and 200 GPa. The bulk (about 60%)

of our searches use cells with 2 or 4 formula units of CaO2,

and we have also performed searches with cells containing 1,

3, 5, 6 and 8 formula units. Not all combinations of pressures

and formula unit numbers are searched; further detailed infor-

mation on the AIRSS searches is given as ESI.† In total, we

relax over 25,000 structures in our CaO2 searches. We supple-

ment our AIRSS searches by calculating the enthalpies of five

known alkaline earth metal peroxide structures taken from the

Inorganic Crystal Structure Database (ICSD), 22 and other au-

thors.7,23,24 The relevant alkaline earth metal is replaced with

calcium where appropriate.

2.1 CaO

CaO undergoes a transition from the rocksalt (Fm3̄m) to the

CsCl (Pm3̄m) structure (the B1-B2 transition) around 60-65

GPa. Diamond-anvil-cell experiments indicate a transition

pressure of 60±2 GPa at room temperature, 25 while DFT cal-

culations give a transition pressure of 65-66 GPa. 26,27 We find

a pressure of 65 GPa in the present study, and we therefore use

the Fm3̄m rocksalt structure below 65 GPa and the CsCl struc-

ture at higher pressures. The bulk modulus of Fm3̄m-CaO has

been measured to be 104.9 GPa, 28 while our static-lattice DFT

calculations give a value of 108.5 GPa. To exclude the possi-

bility that CaO might have a different, more stable structure

(other than Fm3̄m or Pm3̄m) over the pressure range 0-200

GPa, we also perform AIRSS on CaO at pressures of 50, 100

and 200 GPa. We do not find any new low-enthalpy structures

for CaO at these pressures.

2.2 Solid oxygen

Structure searching over the pressure range 0-200 GPa has al-

ready been performed for solid oxygen, 29,30 and we use the

lowest enthalpy structures found therein. We also examine

the enthalpies of the experimentally-determined α and δ oxy-

gen phases at low pressures. 31 Choosing the lowest-enthalpy

oxygen structure at each pressure, we find that δ -O2 is sta-

ble between 0 and 1.2 GPa, after which an insulating phase

with space group Cmcm
31 is stable up to 41 GPa. A phase

of symmetry C2/m30 then becomes stable, remaining so up

to 200 GPa. Our spin-polarised calculations show no discern-

able difference in enthalpy between a δ -O2 phase with antifer-

romagnetic spin ordering, and the experimentally-determined

ferromagnetic spin-ordering for δ -O2.
32

These results are not in accord with low-temperature exper-

iments on solid oxygen, which predict α-O2 to be stable be-

tween 0 and about 5 GPa, δ -O2 to be stable between about 5

and 10 GPa, followed by the ‘ε-O2’ phase between 10 and 96

GPa, with a further isostructural phase transition around 100

GPa.33–35 Our DFT calculations do not yield α-O2; optimis-

ing its structure at low pressures simply gives the δ -O2 struc-

ture. The aforementionedC2/m oxygen phase is however very

similar in structure to ε-O2 (which is also of C2/m symme-

try), and is within 50 meV/f.u. of that phase in enthalpy over

the pressure range 0-200 GPa. Any higher enthalpy structure

for oxygen over the pressure range being explored here would

only increase the calculated stability of CaO2, so we proceed

with the lowest enthalpy DFT phases for oxygen.

3 Results

3.1 Structure searching and static lattice results

Our structure searching is carried out by minimising the en-

thalpy at a given pressure within the static-lattice approxima-

tion. We discuss these results first before presenting our cal-

culations of the Gibbs free energy.

Fig. 1 shows the enthalpy-pressure curves for nine phases

of CaO2. The first five of these, labelled with their space

group symmetries I4/mmm, Pa3, Pna21, Cmmm and I4/mcm
in Fig. 1, are known alkaline earth metal peroxide structures

as mentioned in Sec. 2. The other four, with space group sym-

metries C2/c and P21/c, are new CaO2 structures. These are

the lowest-enthalpy phases that turned up during our AIRSS

searches. The dotted line in Fig. 1 shows the enthalpy of

CaO+ 1
2
O2, calculated using the lowest-enthalpy phases of
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CaO and O2 at each pressure. Any CaO2 phase below this

dotted line is stable against decomposition in the manner of

Eq. (1).

We find the following sequence of phase transitions for

CaO2 by considering the lowest enthalpy structure at each

pressure:

C2/c-I
1.8 GPa−−−−−−→ Pna21

2.0 GPa−−−−−−→C2/c-II

27.6 GPa−−−−−−→ I4/mcm
37.9 GPa−−−−−−→ P21/c-L,

with the transition pressures between each structure as indi-

cated by the arrows. The P21/c-L phase is then predicted to

be stable up to at least 200 GPa.

At 0 GPa, our structure searching reveals a number of CaO2

phases which are very close (within 10 meV/f.u.) in enthalpy.

Within the present approximations (DFT with PBE exchange-

correlation), a phase of C2/c symmetry (‘C2/c-I’) is lowest
in enthalpy at 0 GPa. This phase is 8.4 meV/f.u. lower in en-

thalpy than the proposed Pna21-symmetry ground state struc-

ture of Zhao et al.,7 which we note also turned up in our

AIRSS searches. Our searches also uncover a second C2/c-
symmetry phase (‘C2/c-II’) which is slightly higher in en-

thalpy than Pna21 at 0 GPa. The enthalpies of these three

phases at low pressures are shown in more detail in the left-

hand panel of Fig. 1.

We find that the calculated XRD patterns for the C2/c-
I, C2/c-II and Pna21 structures share many similar features

with available experimental data, 23 although this XRD data is

best fitted by the Pna21 structure. The XRD patterns are pro-

vided as ESI.† The enthalpy differences between the C2/c-I,
-II and Pna21 phases at 0 GPa are dependent on the choice of

exchange-correlation functional. In Table 1, we show the en-

thalpies of the Pna21 andC2/c-II phases relative to theC2/c-I
phase using a variety of different functionals. We find differ-

ences in calculated equilibrium volumes as well: for C2/c-
I at 0 GPa, the LDA gives a volume of 35.8 Å3/f.u., while

the PBE functional gives 39.1 Å3/f.u. The LDA typically

overbinds in DFT calculations, with PBE instead underbind-

ing, so these two volumes likely bracket the true volume of

the C2/c-I phase at 0 GPa. Given that dP/dV is about -2.3

GPa/Å3 for this phase at 0 GPa, this volume difference (due

to functional choice) corresponds to a pressure uncertainty in

the neighbourhood of ±3 GPa. In light of this uncertainty,

C2/c-I,C2/c-II and Pna21 are all reasonable candidates for

the structure of CaO2 at 0 GPa.

TheC2/c-I, -II and Pna21 phases exhibit very similar struc-

tures. Looking down the b-axis of each phase, calcium atoms

form a nearly-hexagonal motif, and we note that the mono-

clinic angle β is close to 120◦ forC2/c-I and C2/c-II. For the
C2/c-I and -II phases, the peroxide ion axes are almost copla-

nar, as can be seen in Fig. 2. In C2/c-II, the axes of peroxide

Table 1 Enthalpies of the C2/c-II and Pna21 phases of CaO 2 at 0

GPa, in meV per unit of CaO 2, relative to the C2/c-I phase using
different exchange-correlation functionals

Functional LDA PBE PBESOL PW91 WC

C2/c-I 0.0 0.0 0.0 0.0 0.0

Pna21 0.1 8.4 2.9 8.7 3.5

C2/c-II -16.3 12.2 -4.1 12.0 -2.7

Fig. 2 2x2x2 slabs of the C2/c-I (left) and C2/c-II (right)
structures, viewed almost down the b-axis. Both structures are very

similar, with Ca atoms forming an almost-hexagonal motif when

viewed from this angle. Green atoms correspond to Ca atoms, while

red and blue correspond to O atoms. All O atoms in peroxide ions

with parallel O-O axes are given the same colour.

ions in the same plane are parallel, while in C2/c-I, they al-

ternate in orientation in the same plane. We use red and blue

colouring in Fig. 2 to show peroxide ions with parallel axes.

We provide as ESI† further discussion and illustrations of the

C2/c-I, -II and Pna21 phases, to highlight their similarities

and differences.

AIRSS searches also reveal a second phase for CaO2 with

P21/c symmetry (‘P21/c-H’). As can be seen in the right-

hand panel of Fig. 1, our static-lattice calculations show that

this is not a stable phase for CaO2 over the pressure range 0-

200 GPa. However around 38 GPa, the enthalpy of this phase

lies within 10 meV/f.u. of the I4/mcm and P21/c-L phases,

opening up the possibility this phase could become stable once

we take temperature into account. We consider this further in

Sec. 3.4. The I4/mcm phase reported here is also predicted

for MgO2 above 53 GPa.
24

We provide lattice parameters and bulk modulii for the

C2/c-I, C2/c-II, I4/mcm, P21/c-H and P21/c-L phases at 0,

20, 30 and 50 GPa in Table 2.
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Fig. 1 Static lattice enthalpies, in eV per unit of CaO 2, of calcium peroxide phases in the pressure range 0-5 GPa ( left) and 0-200 GPa ( right).

Enthalpies are given relative to the I4/mmm phase of CaO 2. C2/c-I, C2/c-II, P21/c-H and P21/c-L are new structures of CaO 2 found using

AIRSS. The left-hand plot highlights the enthalpy differences between the Pna21 and two C2/c phases at low pressures; C2/c-I is the
lowest-enthalpy structure at 0 GPa from our searches. The arrow and box in the right-hand figure indicate the scope of the left-hand figure.

Structures of CaO 2 below the dotted line are thermodynamically stable against decomposition into CaO and O 2.

Table 2 Structures of the C2/c-I, C2/c-II, I4/mcm, P21/c-H and P21/c-L phases of CaO 2

Pressure Lattice parameters Atomic coordinates Wyckoff

(GPa) Space group (Å, deg.) Atom x y z site B0 (GPa)

0 C2/c (#15)a (I) a=7.041 b=3.685 c=6.820 Ca 0.0000 0.6399 0.2500 4e 87

α=90.0 β=117.8 γ=90.0 O 0.2548 0.1404 0.4119 8f

20 C2/c (#15)a (II) a=6.829 b=3.403 c=6.407 Ca 0.0000 0.3413 0.2500 4e 89

α=90.0 β=118.8 γ=90.0 O 0.1661 0.1553 0.0252 8f

30 I4/mcm (#140) a=4.521 b=4.521 c=5.745 Ca 0.0000 0.0000 0.2500 4a 114

α=90.0 β=90.0 γ=90.0 O 0.1143 0.6143 0.0000 8h

30 P21/c-H (#14)b a=6.590 b=4.842 c=3.795 Ca 0.0611 0.7628 0.2781 4e 93

α=90.0 β=105.2 γ=90.0 O 0.1301 0.2714 0.3087 4e

O 0.2446 0.4378 0.1012 4e

50 P21/c-L (#14)b a=4.223 b=4.279 c=5.949 Ca 0.0613 0.5133 0.2539 4e 110

α=90.0 β=98.7 γ=90.0 O 0.0820 0.0235 0.4019 4e

O 0.1224 0.1182 0.0089 4e
a
C12/c1 - International Tables, Volume A: unique axis b, cell choice 1.

b
P121/a1 - International Tables, Volume A: unique axis b, cell choice 3.
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3.2 Bonding and electronic structure

The bandstructure of the P21/c-L phase at 50 GPa is shown in

Fig. 3. The insulating nature of this phase is evident, with a

calculated thermal bandgap of 2.4 eV and optical bandgap of

2.5 eV. These will be underestimates of the true bandgap ow-

ing to the use of the PBE functional. The lowest set of 4 bands

is comprised almost entirely of Ca 3s orbitals. Above this, we

find a central peak flanked by two smaller sidepeaks in the to-

tal density of states. The central peak is built from 12 bands

and is largely Ca 3p orbitals, while the two sidepeaks contain

4 bands apiece and are dominated by O 2s orbitals. Thus, we

have a splitting of the O 2s orbital energy levels, possibly aris-

ing from the covalent bonding present in the peroxide [O-O]−
ion. Above this, and just below the HOMO (highest occupied

molecular orbital), are 20 bands which arise largely from O

2p orbitals. The first orbitals above the Fermi level consist of

(unoccupied) O 2p orbitals, followed by a dense band of Ca

3d orbitals. An almost identical pattern of bonding and elec-

tronic density of states are found in our other low-enthalpy

phases. The bandstructures of the C2/c-I, C2/c-II, I4/mcm
and P21/c-H phases at 0, 20, 30 and 30 GPa respectively are

provided in the ESI.†
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Fig. 3 Bandstructure and electronic density of states of the P21/c-L
phase at 50 GPa. The density of states is shown projected onto the s,

p and d angular momentum channels. We calculate a thermal

bandgap of 2.4 eV, and an optical bandgap of 2.5 eV. The Fermi

level is shown as a black dashed line.

Fig. 4 shows the corresponding phonon band structure and

density of states for P21/c-L at 50 GPa. The lack of imag-

inary phonon frequencies indicates the stability of this par-

ticular phase. The distinctly separate high frequency bands

around 930 - 1000 cm−1 in Fig. 4 correspond to phonon modes

that stretch the O-O covalent bond in the peroxide ions. Two

distinct peroxide bond lengths are found in the ions of this

Γ A E Z D Γ B C Y Γ
0

200

400

600

800

1000

ω
 (c

m
-1

)

Fig. 4 Phonon dispersion relations and density of states for

P21/c-L CaO2 at 50 GPa.

structure: 1.44 Å and 1.46 Å, which splits these higher fre-

quency bands. These peroxide O-O bond lengths are some-

what longer those found in molecular oxygen, which has an

O-O bond length of 1.207 Å23 at ambient conditions, and the

bond length inC2/m oxygen at 50 GPa, which we calculate as

1.20 Å. These longer O-O bond lengths are however typical of

crystalline ionic peroxides. 5 As with the electronic bandstruc-

tures, further phonon bandstructures for the C2/c-I, C2/c-II,
I4/mcm and P21/c-H phases are given in the ESI.†

3.3 Stability of CaO2

As can be seen in Fig. 1, our low-enthalpy phases for CaO2

show remarkable stability against decomposition as pressure

increases. We predict CaO2 to be most stable at the B1-B2

CaO phase transition pressure of 65 GPa. There, the decom-

position enthalpy (Eq. (1)) of CaO2 is +0.64 eV/unit of CaO2

(+62 kJ/mol).

One implication of the stability of CaO2 is that it may be

preferentially formed over CaO in an oxygen-rich environ-

ment under pressure, through the reverse of Eq. (1). For ex-

ample, the pressure in the Earth’s lower mantle, at a depth

of around 1550 km, is about 65 GPa, 25 close to our pre-

dicted peak stability pressure for CaO2. The formation of

MgO2 in this way has also been discussed, 24 although much

higher pressures (>116 GPa) are needed before MgO2 is

stable against decomposition, whereas CaO2 is stable from

around 0 GPa. The mantle temperature in the Earth at 65 GPa

is in the neighbourhood of 2500 K, and our phonon calcula-

tions show that under these conditions, �G = +0.54 eV/f.u.

for the reaction of Eq. (1). Hence, CaO2 is a thermodynam-

ically stable oxide at temperatures and pressures encountered

in planetary interiors.
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Fig. 5 T-P phase diagram of CaO 2 as calculated using the

quasiharmonic approximation and our lowest-enthalpy structures.

Reactions of the form X+O2 →Y for species X and Y , such

as the reverse of Eq. (1), are known as redox buffers. Such re-

actions are key in determining planetary mantle compositions.

In the Earth’s mantle, there are a number of such buffers, usu-

ally involving the further oxidation of iron and nickel com-

pounds, such as Fe3O4 + 1
4
O2 −→ 3

2
Fe2O3 and Ni + 1

2
O2

−→ NiO. The natural formation of CaO2 by further oxida-

tion of CaO in Earth’s mantle, while energetically favourable

at high pressures and temperatures, would also need to com-

pete against the further oxidation of other such compounds.

The average CaO content in the Earth’s mantle is about 3%, 28

though exoplanet mantles offer a rich variety of alternative

compositions.

We highlight the fact that the pressures at which these

different CaO2 phases are predicted to become stable are

amenable to experimental study in diamond anvil cells. Very

few pressure-induced phase transitions for A[B2] compounds

are experimentally known, 36 although at least one example

already occurs among the alkaline earth metal peroxides, in

BaO2.
36 Equivalently, it would be interesting to test the reac-

tivity of CaO and O2 under conditions of excess oxygen, as

our results suggest that CaO and O2 are reactive at high pres-

sures. The formation of CaO2 may require laser heating in a

diamond anvil cell to overcome the likely high potential bar-

riers between phases. High pressure phases of CaO2 could be

recoverable at lower pressures, although possibly not at ambi-

ent or zero pressure.

3.4 Lattice dynamics

In addition to our static-lattice calculations, we calculate the

phonon free energies of our lowest-enthalpy CaO2 phases,

namely those with Pna21, C2/c-I/II, I4/mcm, P21/c-H and

P21/c-L symmetries. We encounter no imaginary phonon fre-

quencies over the pressure ranges relevant to these phases, in-

dicating that they are dynamically stable. The relevant ther-

modynamic potential is now the Gibbs free energy, which in-

cludes the phonon pressure. Selecting the lowest Gibbs free

energy structure from these six structures gives rise to the

T-P phase diagram given in Fig. 5. We note that the upper-

left (low-P, high-T) part of the phase diagram is representative

only, because at ambient pressures CaO2 decomposes at tem-

peratures around 620 K. 2,3

We find that the small enthalpy difference between the

I4/mcm and P21/c-H phases seen in our static-lattice calcu-

lations (Fig. 1) closes with increasing temperature, and we

see the emergence of P21/c-H as a stable phase for CaO2

at 37.7 GPa and for T > 281 K. The free energy difference

between the I4/mcm and P21/c-H phases does remain quite

small however, around 20 meV per CaO2 unit at the most over

the temperature range 0-1000 K.

At room temperature (300 K), we therefore predict a differ-

ent sequence of phase transitions than those given in Sec. 3.1

for our static-lattice calculations. We find that, with PBE

exchange-correlation:

C2/c-I
2.2 GPa−−−−−−→ Pna21

2.6 GPa−−−−−−→C2/c-II
28.3 GPa−−−−−−→ I4/mcm

37.4 GPa−−−−−−→ P21/c-H
37.9 GPa−−−−−−→ P21/c-L,

with the arrows labelled by the predicted transition pressures.

We also provide the equation of state for CaO2 for our static

lattice calculations and at 300 K with our phonon calculations

in the ESI.†

The phase diagram of Fig. 5 does not extend all the way

to 200 GPa. However, we expect P21/c-L to continue to be

the most stable phase at high pressures. This is because our

structure searching results (which use static-lattice enthalpies)

show that the next most stable structure for CaO2 over the

pressure range 100-200 GPa is at least 45 meV per unit of

CaO2 higher in enthalpy. This was not the case at low pres-

sures, where our searches reveal quite a few structures (such as

P21/c-H) that are close to becoming stable and may therefore

do so at high temperatures.

4 Conclusions

Structural changes in CaO2 under pressure have been ex-

plored over the pressure range 0-200 GPa at temperatures up

to 1000 K. CaO2 remains insulating up to pressures of at least

200 GPa. Structure searching and DFT calculations reveal
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six stable phases for CaO2 over these pressure and temper-

ature ranges, of which five are reported for the first time in

this study. Calculations of the phonon frequencies of these

new structures confirms their dynamical stability. The lowest-

enthalpy phase of CaO2 at 0 GPa is dependent on the choice

of DFT exchange-correlation functional. At pressures above

40 GPa, a phase of P21/c symmetry (‘P21/c-L’) emerges for

CaO2 which is predicted to be stable up to 200 GPa, and at

mantle pressures and temperatures. CaO2 is a very stable ox-

ide of calcium at high pressures, and may be a constituent of

exoplanet mantles. The pressures at which these CaO2 phases

become stable are readily attainable in diamond anvil cells.
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