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Alkaline earth metal peroxides are typical examples of ionic compounds containing polyanions. We herein

report a stable BaO, phase at high pressure up to 130 GPa found via a first-principles computational structure
search and high-pressure experimental investigations. The identified monoclinic structure (space group C2/m)
can be derived by sublattice distortions of Ba atoms and peroxide groups associated with the phonon mode
softening of the lower-pressure Cmmm structure. Contrary to the previous expectation of polymerization of the
peroxide group at elevated pressure, this phase retains the peroxide group and, interestingly, exhibits an insulating
behavior demonstrating an increase of the band gap under compression. Our synchrotron x-ray diffraction
(XRD) measurements could not distinguish between Cmmm and C2/m BaO, definitively because the difference
in XRD patterns is very subtle. However, our data do not show any sign of polymerization transition up to
120 GPa. Raman spectra of the O-O peroxide vibration show a small anomaly in frequency at 110 GPa, which
is qualitatively like that predicted theoretically due to the Cmmm to C2/m phase transition, thus supporting the

predicted transformation.

DOI: 10.1103/PhysRevB.00.004100

I. INTRODUCTION

Alkaline earth metal peroxides (MO, with M = Be, Mg,
Ca, Sr, Ba) are typical examples of ionic compounds con-
taining polyanions, in which the peroxide [O-O]* group is
bound by a single O-O bond, and each O atom attracts one
electron from the metal atom in accordance with the octet
rule [1,2]. Because of the remarkable reactivity and oxidant
capacity, they have long been used in widely diversified areas
of industry and agriculture [3-5]; for example, barium perox-
ide is an exceptionally strong oxidizing agent in pyrotechnics,
bleaching, and energy storage [6-8].

Much effort has been made to uncover the structures
and properties of M0, compounds under various external
conditions for both basic scientific interests and practical ap-
plications. There was an early structural report on alkaline
earth metal [9], but only BaO, and SrO, have been syn-
thesized in pure form thus far [10]. It has been found that,
although the metal cations belong to the same group of the
periodic table, the resulting peroxides exhibit very different

“Ivjian@jlu.edu.cn
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004100-1

behaviors. Generally, the stabilities of MU0, increase as the
metal goes down the Group II. Indeed, beryllium peroxide
BeO; is unlikely to exist, while MgO, with pyrite structure
(space group Pa-3) is metastable at ambient conditions, and
it can be readily decomposed upon heating [11,12]. A recent
high-pressure experiment synthesized magnesium peroxide
MgO, at pressure above 96 GPa and 2150 K [13]. This form
of MgO; has the 74/mcm structure and may exist in the
depth of rocky planets [13]. Heavier alkaline earth metals Ca,
Sr, and Ba form peroxides with increasing stabilities, all of
which were assigned to a CaC,-type structure with the space
group of I4/mcm at ambient conditions based on early x-ray
diffraction (XRD) experiments [9,12,14,15]. However, the de-
termination of the O positions is a great challenge for XRD
measurements due to a very small scattering cross-section.
Recent theoretical studies based on global structure prediction
methods proposed ground-state structures for both CaO, and
SrO, that are more energetically favorable than the CaC,-type
structure [12,16,17]. Meanwhile, the rich pressure-induced
polymorphism of CaO, and SrO; has been proposed [16,17].

As a heavy member of the MO, group, the high-pressure
behavior of BaO, is relatively less explored. Only recent
experiment revealed a pressure-induced reversible structural

©2021 American Physical Society

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71


https://orcid.org/0000-0001-5873-4347
https://orcid.org/0000-0003-0248-1728
https://orcid.org/0000-0001-5522-0498
https://orcid.org/0000-0001-9270-2330
https://orcid.org/0000-0001-5491-747X
https://orcid.org/0000-0003-4518-925X
https://orcid.org/0000-0002-6201-9888
https://orcid.org/0000-0002-6422-8819
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.00.004100&domain=pdf&date_stamp=2021-00-00
https://doi.org/10.1103/PhysRevB.00.004100

72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
9
91
92
93
9
95
%

97

98

99
100
101
102
103
104
105
106
107
108
109
110
11
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128

129

XINYU ZHANG et al.

PHYSICAL REVIEW B 00, 004100 (2021)

transformation from the CaC,-type structure to an orthorhom-
bic Cmmm structure near 33 GPa, which is closely related to
the NaCl-to-CsCl-type transformations common for ionic AB
compounds under pressure [15]. Considering the rich high-
pressure phases of CaO, and SrO;, it is of interest to explore
the high-pressure behaviors of BaO,, which is crucial for a
systematic understanding of the alkaline earth metal perox-
ides, including the pressure-induced transitions of CaC,-type
structures.

In this paper, we report a high-pressure behavior of BaO,
based on ab initio global structure search calculations and
high-pressure experiments. Our structure search uncovered a
monoclinic phase of BaO, with space group C2/m to be stable
at pressure above ~110 GPa. Unlike the previous conjecture
that high pressure may induce a polymerization of O, units in
BaO,, leading to an AlB;-type structure with graphene-like
O sheets [15], the C2/m phase preserves the peroxide O,
groups, which show an out-of-plane distortion following the
softening of the phonon mode in the lower-pressure Cmmm
phase. The high-pressure XRD pattern of BaO, up to 130 GPa
can be indexed with the monoclinic C2/m as well as lower-
pressure Cmmm phases, while the Raman frequency of the
stretching peroxide mode shows a subtle anomaly support-
ing the theoretically predicted phase transition. The detailed
structural description is given, and the transition mechanism
is discussed.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

The search for high-pressure structures of the BaO,
compound was performed by the swarm-intelligence-based
CALYPSO method [18-21]. The key feature of this method-
ology is its capability of predicting the ground-state stable
structure of materials with only the knowledge of chemical
composition at given external conditions (for example, pres-
sure), not relying on any prior known structural information.
Its validity has been manifested by successful identification of
the ground-state structures for many systems [22-26].

The underlying energy calculations and structure optimiza-
tions were performed in the framework of density functional
theory (DFT) using the Vienna ab initio Simulation Package
[27]. The projector-augmented plane-wave [28] approach was
used to represent the ion-electron interaction with 5525 p%6s?
and 2s%2p* valence electrons for Ba and O, respectively. The
electron exchange-correlation functional was treated using
the generalized gradient approximation proposed by Perdew,
Burke, and Ernzerhof [29]. The cutoff radius of the pseu-
dopotentials of oxygen and hydrogen were 0.58 and 0.42 A,
respectively. A cutoff energy of 850 eV for the expansion of
the wave function into plane-waves and appropriate regular
Monkhorst-Pack k-point grids of 277 x 0.03 A~! were chosen
to ensure that all enthalpy calculations were well converged
to 1 meV/atom. Phonon calculations were carried out using
the frozen phonon approach as implemented in the PHONOPY
package [30]. The Visualization for Electronic and Structural
Analysis software (VESTA 3) was used for visualization and
plotting [31].

Diamond anvils with culets of 300- and 60-xm diame-
ter beveled to 300 um were used to access the 0—40 and
0-30 GPa pressure range, respectively. Rhenium foils were

laser drilled to create cavities (30 um in diameter) serving
as sample chambers. BaO, polycrystalline powder (Millipore
Sigma, >86%) was loaded in the sample chambers with no
pressure medium under nitrogen atmosphere to avoid re-
actions with moisture and carbon dioxide from the air.
Synchrotron XRD measurements were used in situ at high
pressure in the diamond anvil cells to determine the onset of
chemical and physical transformations. These were performed
at the undulator beamlines 13ID-D GSECARS and 16ID-B
HPCAT of APS (ANL) using the x-ray beam (wavelengths
A = 0.2952 and 0.4066 A, respectively) focused to approxi-
mately 4 um spot size. The offline double-sided laser-heating
system of HPCAT was used for laser heating at the highest
pressure reached of 130 GPa. Synchrotron XRD was collected
in situ at high pressure in the diamond anvil cells to determine
the onset of chemical and physical transformations. Two-
dimensional XRD patterns were integrated using the DIOPTAS
software [32]. Raman characterization of the sample was per-
formed with solid-state laser lines of 532 and 632.8 nm as
excitation sources, which were focused to the spots of 3—4
and ~5 um in diameter, respectively. The Raman spectra
of BaO, were measured concomitantly with XRD using the
offline Raman system at GSECARS [33] and in a separate
experiment at Jilin university. The pressure was estimated by
the position of the stressed diamond Raman edge [34], which
was found to show inconsistent results in concomitant XRD-
Raman experiments for the sample volume, and the Raman
frequency on the pressure increased and decreased. Thus, we
used the pressure dependence of the O-O stretching mode
determined in Jilin experiment to determine pressure in XRD
experiments.

III. RESULTS AND DISCUSSION

Structure searching calculations were performed at 0, 50,
100 and 150 GPa, respectively. Both the previous CaC,-type
and orthorhombic Cmmm structures of BaO, were well re-
produced by our calculations at 0 and 50 GPa, respectively,
validating our methodology in application to dense Ba-O sys-
tems. The tetragonal CaC,-type structure with two formula
units per unit cell (space group 14/mmm, Z = 2) can be de-
scribed as a distorted NaCl-type structure, with Ba atoms on
the Na site, and the centers of O, dumbbells occupying the
Cl site. All peroxide units are parallel to the ¢ axis pointing
to the Ba atoms. Both the Ba atoms and O, dumbbells are
six coordinated with respect to each other, forming elongated
octahedra [Fig. 1(a)]. The orthorhombic Cmmm structure
(Z =2) can be described as a distorted CsClI archetype, in
which Ba atoms and O, dumbbells form distorted cubes and
are eightfold coordinated to each other. The O, dumbbells
are aligned parallel to the b axis and form pseudohexagonal
graphenelike sheets [Fig. 1(b)]. It is speculated that, under
significant high pressure (e.g., above 100 GPa), O, dumbbells
in Cmmm structure may polymerize to graphenelike layers,
leading to an AlB,-type structure with the metallic properties
[15].

In addition to the previous known structures, our structure
searches at 100 and 150 GPa uncovered a monoclinic C2/m
structure with four formula units per unit cell [Fig. 1(c)]. The
structural parameters of this structure at 150 GPa are a =
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(@)

FIG. 1. Crystal structures of various BaO, phases: (a) the tetrag-
onal CaC,-type [4/mmm structure, (b) the orthorhombic Cmmm
structure, and (c) the monoclinic C2/m structure. The large (green)
and small (red) spheres correspond to Ba and O atoms, respectively.
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6.382A, b=5.689A, ¢ =3.190A, and 8 = 112.112° with
Baon 4 (0.280, 0, 0.039) and O on 8 j (0.064, 0.213, 0.370)
sites. Within this structure, the peroxide O, units remain
without signs of polymerization, and they still lie in parallel
to each other. The structure features eightfold coordination
of the peroxide groups and Ba atoms. Compared with the
orthorhombic Cmmm structure, O, dumbbells exhibit large
out-of-plane angular distortions, leading to highly wrinkled
O layers.

Figure 2(a) shows the calculated static enthalpies for the
four phases of BaO,. The tetragonal CaC,-type structure is
stable up to about 33 GPa, beyond which the orthorhom-
bic Cmmm structures are energetically more favored. The
transition pressure is in good agreement with the previous
experiment measurement. It is found that the proposed C2/m
structure has enthalpies almost degenerated with those of the
Cmmm structure over a wide pressure range (40-110 GPa),
within which the two structures bear similarities. Upon further
compression above 110 GPa, the C2/m structure becomes
energetically most stable up to at least 150 GPa. Furthermore,
we find that the previously proposed polymeric AlB,-type
structure does not compete well energetically with Cmmm and
C2/m phases at these conditions.

To evaluate the dynamical stability and uncover the under-
lying mechanisms for the stabilization of the C2/m structure,
we calculated the phonon dispersion curves for both the
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FIG. 2. (a) Enthalpy differences per formula unit as a function of pressure for the /4/mmm, Cmmm, AlB,-type, and predicted C2/m
structures, where the enthalpies of the Cmmm structure are chosen as the basis. The phonon dispersion curves of (b) C2/m and (c) Cmmm at
150 GPa. (d) Changes in energy as a function of the atom displacement [corresponding to the soft phonon modes both at Z (0.0, 0.0, 0.5) and
R (—0.5, 0.5, 0.5) points] with various amplitude values at 150 GPa for the Cmmm structure. Inset shows the atomic motion in the soft phonon
modes. The pink and blue arrows represent the atomic vibrational modes at the Z point and the R point of the Cmmm structure, respectively.
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Cmmm and C2/m structure at 150 GPa [Figs. 2(b) and 2(c)].
The C2/m structure is dynamically stable at 150 GPa, as
manifested by the absence of imaginary frequencies in the
whole Brillouin zone. In contrast, soft phonon modes with
imaginary frequency are found at the Z point (0.0, 0.0, 0.5)
and the R point (—0.5, 0.5, 0.5) for the Cmmm structure,
suggesting a structural instability. The soft phonon modes in
the Cmmm structure at 150 GPa are demonstrated in the inset
in Fig. 2(d). The mode at the Z point corresponds to vibrations
of Ba atoms along a axis and librations of the peroxide groups
in the ac plane, while the mode at the R point accounts for
vibrations of Ba atoms along the a/b axis and vibrations of
part of the peroxide groups in the ac plane.

We further performed frozen-phonon calculations to inves-
tigate the structural instability induced by the soft modes in
the Cmmm structure; the total energy is calculated as a func-
tion of atomic displacements along the eigenvectors of soft
modes at both Z and R points, while the rest of the structural
parameters are maintained at the values of the parent structure.
Note that the atomic displacements are created from the real
parts of the eigenvectors representing the amplitudes of vibra-
tions and the phase factors. It is clearly seen from Fig. 2(d)
that the total energy curve shows a minimum, indicating the
instability of the original Cmmm structure at 150 GPa. Based
on the eigenvectors of the two soft modes, we distorted the
original Cmmm phase and then minimized the enthalpy by
fully optimizing the lattice parameters and atomic positions,
which eventually leads to our predicted C2/m structure. This
demonstrates that the transition from orthorhombic Cmmm
structure to the lower-symmetry C2/m structure is driven by
the phonon softening at both the R and Z points.

To provide insights into the phase change at phase transi-
tion pressure, we performed synchrotron XRD measurements
at various pressures. First, we have performed the XRD mea-
surements on the pressure increase, combining them with
Raman probes. Our experiments confirmed the results of
Ref. [15] concerning the phase change at 30-50 GPa, where
the ambient CaC,-type phase of BaO, transforms reversibly
to an orthorhombic phase around 37 GPa [Figs. 3 and 4(a)].
Indeed, XRD measurements showed a drastic change and
coexistence of the two phases at 38 GPa (Fig. 3), while the
Raman spectra show the O-O band discontinuity in the same
pressure range and again the two-phase pressure coexistence
range [Fig. 4(a)]. Based on the measurements up to 130 GPa,
Cmmm BaO, appears to be stable to the highest pressure of
our experiments. However, due to the nonhydrostatic stress
generated under high pressure, the XRD peak broadening
complicates the structural determination. At the highest pres-
sures up to 130 GPa, the sample was laser heated above
2000 K to release stresses and to facilitate possible phase
transformation, which otherwise would be hindered because
of the existence of the potential barriers between very dis-
similar structures. The XRD pattern collected at 96 GPa after
the laser heating demonstrated a dramatic narrowing of the
XRD peaks that belong to the initial phase along with an
appearance of weak single crystal reflections of a second
phase [Figs. 3 and S1 in the Supplemental Material [35]].
This impurity phase can be indexed to the MnF, distorted
fluorite P-42 m structure with the following lattice parameters:
a=4.841(1) and ¢ =5.127(1) A, while DFT calculations

Re
\

A | 96 GPa

Cnmm 1 1) [ (I B I B
130 GPa

84 GPa

C2im
Cmmm | 11
AIB,-type | |

Intensity (a.u.)

\I4/mmm )| | (I [l [N I N |

2 3 4 5

q(A™h

FIG. 3. X-ray diffraction (XRD) patterns measured in the dia-
mond anvil cell experiment of this paper. The data are integrated
using DIOPTAS [32], and the background is subtracted. The patterns
presented by different colors correspond to different phases. The
pressure was increased to 130 GPa at room temperature, and then
the sample was laser heated. After this, the pressure dropped to
96 GPa, and XRD patterns were measured on the pressure release.
Ticks indicate simulated XRD peaks for different phases, and “Re”
denotes the diffraction peak of the rhenium gasket.

show that BaO; in this structure is energetically unfavorable.
Meanwhile, XRD of the major phase, which shows almost
uniform powder rings, can be indexed and refined for both
the monoclinic C2/m and orthorhombic Cmmm phases, while
a hypothetical polymeric AlB,-type phase does not fit well to
the experimental data (Fig. 3). The simulated XRD patterns of
the C2/m and Cmmm phases are similar (Fig. 3 and S2 in the
Supplemental Material [35]): minor splitting of the diffraction
peaks and a few very weak additional peaks can be seen in
the C2/m phase compared with the Cmmm phase. Therefore,
our data do not allow an unambiguous identification of these
two structures, thus making it difficult to detect the phase
transition by using this technique.

To unravel this difficulty, we conducted a separate Raman
experiment aiming to detect the transition between the C2/m
and Cmmm phases. Below 50 GPa, we have been able to
reproduce the low-pressure phase transition from /4 /mmm to
Cmmm reported previously at 34 GPa [15] by observing the
Raman peroxide mode doublet in the phase coexistence range
at around 37 GPa [Fig. 4(a)]. At higher-pressure range, we
followed the higher frequency peak corresponding to Cmmm
BaO, [Figs. 4(b) and 5(a)]. The results up to ~120 GPa show
a small kink at ~110 GPa in the pressure dependence of
the frequency of the peroxide Raman peak [Fig. 5(a)]. The
kink can be observed more clearly from the derivative of
the Raman peak position vs pressure, which demonstrates a
change in the slope at the proposed transition pressure (Fig.
S3 in the Supplemental Material [35]). This observation is like
the predicted change of the peak frequency in the theoretical
calculation for Cmmm and C2/m Raman spectra [Fig. 5(a)],
indicating a possible phase transition at ~110 GPa. The per-
sistence of the peroxide Raman band to the highest pressure
suggests that no polymerization occurs. As shown in Fig. 4(c),
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FIG. 4. Raman spectra of BaO, at various pressures. (a) The Raman spectra of the low-pressure phase transition from /4/mmm to Cmmm.
The laser excitation wavelength is A = 532nm. (b) The Raman spectra of BaO, at high-pressure range with laser excitation wavelength
A = 632.8 nm. (c) The comparison of experimental Raman spectrum with theoretical ones for different structures at 120 GPa.

the calculated Raman peak positions for C2/m and Cmmm
phases agree with the experiment data, while the Raman peak
of the polymeric AlB,-type phase is not.

Our XRD measurements determined the pressure varia-
tions in the crystal volume for BaO, in Cmmm phase up
to 130 GPa, extending the results of Ref. [15]. The results
are presented in Fig. 5(b), which include the results of mea-
surements on the pressure increase before laser heating and
on the subsequent pressure release, showing a smooth curve
that can be fitted by a single equation of state (EOS). The
P(V) data of this paper were fitted together with the data of
Ref. [15] for the Cmmm phase to the Rydberg-Vinet EOS [36],
which has been found to be one of the most accurate at very
high pressure. In addition, it gives a better determination than

1200

1100

~~
Raman Frequency (em') B

previously in Ref. [15] of the two compression parameters:
the bulk modulus (By) and its pressure derivative (B;). We
obtained the following values for the best fitted parameters:
By =253(07)GPa and B; = 4.18(6) with fixed Vy = 36 A3
(P = 33.6 GPa) that conform to the previous results under
low-pressure condition [15]. Moreover, the theoretical P(V)
data for Cmmm and C2/m phases are also in good agreement
with the experiential ones. Since the C2/m phase can be
derived by a subtle sublattice distortion of the Ba atom sub-
lattice and rotation of the peroxide groups associated with the
phonon mode softening of the lower-pressure Cmmm struc-
ture, the phase transition is close to a continuous second-order
phase transition, where no volume discontinuity is expected.
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FIG. 5. (a) Frequencies of the measured and calculated Raman modes of BaO, as a function of pressure. The solid gray triangles and
open gray circles are the data reported in Ref. [15]. Solid green and blue lines are the calculated Raman data of Cmmm and C2/m structures,
respectively. Inset shows zoomed-in experimental and theoretical dependencies at high pressures. The error bars in the Jilin experiment are
indicated when they are smaller or larger than the size of the symbols, and the error bars on the frequencies are smaller than the size of
the symbols. (b) Volume per formula unit for the orthorhombic Cmmm structure of BaO, at high pressure range in comparison with those
previously obtained at lower pressure condition. The squares and green solid line are the experimental and calculated data reported in Ref. [15].
The hexagons and solid purple triangles are the calculated volumes of Cmmm and C2/m structures, respectively. Red and blue solid circles
correspond to data in this paper measured before and after laser heating, respectively. The error bars at each data point are indicated when they
are smaller or larger than the size of the symbols. The solid line is the Vinet fit, as given in the text, with By = 253(07) GPa and B;, = 4.18(6)

by fixed Vo = 36 A> (P = 33.6 GPa).
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FIG. 6. (a) Electronic band structures (left panel) and projected density of states (right panel) of C2/m structure at 110 GPa. (b) The band

gap values of Cmmm and C2/m structures at various pressure.

To provide insights into the electronic properties of the
C2/m phase of BaO,, we calculated the electronic band
structures and the corresponding projected density of states
at various pressures up to 180 [Figs. 6(a) and S4 in the
Supplemental Material [35]]. The results show that the C2/m
phase of BaO; is insulating in its stability field (above 110
GPa). Due to the charge transfer from Ba atoms to the perox-
ide O, groups, the valence and conduction bands are mainly
derived from the O-2 p and Ba-5 d states, respectively. Figure
6(b) shows the variation of band gaps as a function of pressure
for the Cmmm and C2/m phases. Interestingly, the band gap
gradually decreases in the Cmmm phase and then increases
upon the transition to the C2/m phase, thus demonstrating the
smallest band gap in the Cmmm phase near the phase transi-
tion (110 GPa). Under compressions, the decrease of the band
gap in the Cmmm phase is a normal phenomenon, as pressure
induces an increase in the electron density and electronic ki-
netic energy that usually results in electronic band broadening
and gap closure. After the transition from the Cmmm to the
C2/m phase, however, the rearrange of the atoms would lead
to enhanced interactions between the Ba atoms and peroxide
O, groups, which is responsible for the stabilization of the
C2/m phase and induces an enlarged band gap.

IV. CONCLUSIONS

In summary, by means of first-principles calculations and
CALYPSO structure searches, we identified a monoclinic
phase of BaO, containing rotated peroxide groups with space
group C2/m, which is stable under pressure above 110 GPa.
The frozen-phonon calculations indicate that the C2/m struc-
ture can be derived by a softening of the Brillouin boundary
phonon modes of the low-pressure Cmmm structure. Elec-
tronic structure calculations suggest that the C2/m phase is
a semiconductor demonstrating an increasing band gap un-
der compression. Although our high-pressure powder XRD
measurements cannot definitively select between the lower-

pressure Cmmm and the C2/m structures up to 120 GPa, they
clearly rule out the previously proposed oxygen subsystem
polymerization. On the other hand, a small but measurable
anomaly in the pressure dependence of the peroxide Raman
band of barium peroxide at 110 GPa supports the proposed
phase transition. Contrary to the previous expectation of poly-
merization of the peroxide group at elevated pressure, our
calculations show that the previously overlooked C2/m phase
retains the peroxide group at least up to 130 GPa. The results
enrich our understanding of the crystal structures and elec-
tronic properties of alkaline earth metal peroxide compounds
at high pressure.
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