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1. Methods

1.1. Sample material

We used hydrothermal synthesis to obtain BaCO3 single
crystals, derived from an approach for other carbonates.1

The crystals were grown using barium chloride dihydrate
(BaCl2 · 2H2O) and ammonium bicarbonate (NH4HCO3)
as starting materials according to the reaction:

BaCl2 · 2H2O+2NH4HCO3 →
BaCO3 ↓ +2NH4Cl + CO2 ↑ +3H2O

(1)

First, 1.5 mmol of analytical grade BaCl2 · 2H2O (99.99%
purity, Merck, Darmstadt, Germany) was dissolved in
12.5 ml bidistilled water under magnetic stirring at ambi-
ent temperature. In addition, 1 mmol of ammonium bi-
carbonate, NH4HCO3 (99.99% purity, Merck, Darmstadt,
Germany) was dissolved separately in 25 ml bidistilled
water. Afterwards, the resulting solutions were mixed
under magnetic stirring at room temperature and the
resulting suspension transferred into a 60 ml Teflon cup.
The Teflon cup was filled up to 50% of its volume. It
was placed in a stainless steel autoclave and heated up
to 503(1) K in two hours. The temperature was kept for
24 h. Afterwards, the oven was cooled down in two steps:
First from 503(1) K to 453(1) K in 48 h and secondly from
453(1) K to 300(1) K in 24 h. The precipitate was obtained
by vacuum filtration, washed with distilled water, and
dried in an oven at 333(1) K. We obtained colorless crys-
tals with different crystal habits up to a size of 200 µm.

The CO2 gas for the gas-jet was used as purchased
(Nippon gases, purity ≥ 99.995%).

1.2. High-pressure experiments

The high-pressure experiments were carried out using
Boehler-Almax type diamond anvil cells (DACs) with
350 µm culet size and diamonds with 70◦ opening an-
gle.2 We used Re-gaskets which were pre-indented to a
thickness of ≈ 45 µm. Gasket-holes with 140 µm diame-
ter were drilled by a custom-built laser setup. A BaCO3
crystal with dimensions of ≈ 80× 40× 30 µm3 and a
ruby chip for pressure determination were placed in the
gasket hole. In addition, a piece of pure Re-metal with
a diameter of ≈ 10 µm was placed in the gasket hole for
the alignment of the X-ray beam. The pressure was de-
termined by measuring the shift of the ruby fluorescence

and we assume an error of 6% due to non-hydrostatic
conditions.3

CO2 dry-ice was directly condensed into the gasket hole
using a custom-built cryogenic loading system (see Spahr
et al. 4) derived from an earlier concept.5 The DAC was
opened and placed on a liquid nitrogen cooled Cu-holder.
It was cooled down to ≈ 100 K and Ar (10 l min−1) was
used as a purge-gas to avoid the precipitation of H2O ice.
We used a small nozzle to align a CO2 gas jet with 5 l
min−1 directly on the gap between upper diamond and
the gasket. The precipitation of the CO2 in the gasket hole
was monitored by an optical microscope and a camera.
After a sufficient amount of CO2 was gathered in the
gasket hole, the DAC was tightly closed.

1.3. Raman spectroscopy and laser heating
High-pressure Raman spectroscopy and the double-

sided laser-heating in DACs were performed using
a custom-built set-up.6 Raman spectroscopy was per-
formed with an Oxxius LCX-532S Nd:YAG laser (λ =
532.14 nm) in combination with a Princeton Instruments
ACTON SpectraPro (SP-2356) spectrograph equipped
with a Pixis 256E CCD camera. Applying a laser power of
250 mW on the sample, the spot size of the Raman laser
was ≈ 6 µm. Raman maps were measured on a grid with
a step-size of 6 µm and the background was corrected
using the software package Fityk.7

Double-sided laser-heating was performed using a Co-
herent Diamond K-250 pulsed CO2 laser (λ = 10600 nm).
The laser power was adjusted to achieve a coupling of
the laser to the sample from both sides (1–3 W) and
the focusing on the sample results in a heating area of
≈ 30× 30 µm2. The highest temperature achieved dur-
ing the laser heating in the different experiments ranged
from Tmax ≈ 1000(200) K to Tmax ≈ 3500(400) K. The
temperatures were determined by the two-color pyrome-
ter method, employing Planck and Wien fits.8 The heating
time was relatively long (≈ 30− 90 min). It is well es-
tablished that laser-heating in DACs always suffers from
large temperature gradients and the actual temperature is
strongly dependent on the coupling of the laser with the
sample, especially at lower temperatures. We estimate an
uncertainty of at least ±10% of the nominal temperature
in the laser-heated region depending on the focus of the
laser beam, based on typical 2D temperature-gradient
determination experiments performed in DACs.9
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1.4. Single crystal synchrotron X-ray diffraction
Single crystal synchrotron X-ray diffraction was car-

ried out at PETRA III (DESY) in Hamburg, Germany, at
the extreme conditions beamline P02.2.10 The beam size
on the sample was 1.9 (H) × 1.9 (V) µm2 (FWHM), fo-
cused by Kirkpatrick Baez mirrors. The diffraction data
were collected using a Perkin Elmer XRD1621 detector,
a wavelength of 0.2901 Å (42.7 keV) and a detector to
sample distance of 396 mm, calibrated from the powder
diffraction of a CeO2 standard and using the software
DIOPTAS.11 We rotated the DAC by ±35◦ around the
axes perpendicular to the beam while collecting frames
in 0.2◦ steps with 0.5 s acquisition time per frame. The
diffractometer/detector geometry was calibrated using
diffraction data collected from a single crystal of enstatite
(MgSiO3) in a DAC. Before the single crystal data collec-
tion, the synchrotron X-ray beam was adjusted on the
small Re-piece to ensure a very good positioning and fo-
cusing of the beam. Afterwards, the beam was moved to
the area where the sample was identified by Raman spec-
troscopy. After the data collection, the reflections were
indexed and integrated employing CrysAlisPRO (version
41.122a).12 The structure solution and refinement were
performed using the software package JANA2006 employ-
ing SHELXT for the crystal structure determination.13,14

1.5. Density functional theory-based calculations
First-principles calculations were carried out within the

framework of density functional theory (DFT), employing
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and the plane wave/pseudopotential approach
implemented in the CASTEP simulation package.15–17

“On the fly” norm-conserving or ultrasoft pseudopoten-
tials generated using the descriptors in the CASTEP data
base were employed in conjunction with plane waves
up to a kinetic energy cutoff of 1020 eV or 630 eV, for
norm-conserving and ultrasoft pseudopotentials, respec-
tively. The accuracy of the pseudopotentials is well estab-
lished.18 A Monkhorst-Pack grid was used for Brillouin
zone integrations.19 We used a distance between grid
points of <0.023 Å−1. Convergence criteria for geometry
optimization included an energy change of <5 × 10−6

eV atom−1 between steps, a maximal force of <0.008 eV
Å−1 and a maximal component of the stress tensor <0.02
GPa. Phonon frequencies were obtained from density
functional perturbation theory (DFPT) calculations.20,21

Raman intensities were computed using DFPT with the
“2n + 1” theorem approach.22

We used the “virtual crystal approximation” (VCA) to
model the Ba-disorder employing ultrasoft pseudopoten-
tials.23 The VCA neglects local relaxations but allows an
efficient calculation of structural parameters.
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2. Results

2.1. Raman spectroscopy

We used Raman spectroscopy at ambient conditions
to confirm that the hydrothermally synthesized Ba[CO3]
crystals were single phase without impurities. The ex-
perimental Raman spectrum is accurately reproduced by
the theoretical Raman spectrum obtained from DFT cal-
culations for Ba[CO3]-I with aragonite structure-type and
Pmcn space group symmetry (Fig. S 1 a). No unexpected
Raman modes can be observed in the experimental data.

Figure S 1: (a) Experimental Raman spectra for Ba[CO3]-I
(blue) compared to DFT-based calculations (black) in aragonite
structure-type (Pmcn) at 0 GPa. (b) Raman spectra for CO2-III
at 30(2) GPa. (c) Raman spectra for Ba[CO3]-IV (post-aragonite
structure-type, Pmmn) with peaks of CO2-III (+) at 30(2) GPa.
(d) Raman spectrum of Ba[C2O5] after laser heating the Ba[CO3]
+ CO2 mixture at 30(2) GPa to 1500(200) K. Peaks of Ba[CO3]-
IV are marked by a circle (◦) and of CO2-V by an asterisk (∗),
respectively. The shifts of the calculated Raman spectra were
rescaled by 3%.

After cryogenic CO2 loading and compression to the
target pressure of 30 GPa, the edge of the Ba[CO3] crystal
was heated to 1500(200) K. In the unheated areas or the re-
gions which had only been exposed to slightly increased
temperatures, CO2-III and Ba[CO3]-IV are present in the
gasket hole of the DAC. The experimental Raman spectra
of CO2-III and Ba[CO3]-IV are in very good agreement
with the Raman spectra from the DFT-based calculations
at 30 GPa (Fig. S 1 b, c). In contrast, in the directly laser-
heated area on the edge of the Ba[CO3] crystal several
new Raman modes can be observed. Figure S 1d shows
the Raman spectrum of Ba[C2O5] with minor peaks of
CO2 and Ba[CO3] after the long heating procedure. In
addition to CO2-V, it is possible that metastable CO2-IV
is also present in the Raman spectrum at lower wavenum-
bers.24,25 Unfortunately, no theoretical Raman spectrum
for Ba[C2O5] could be calculated as the computational
effort is too high for a structure with a large unit cell and
a positional Ba-disorder.

In addition, we measured Raman spectroscopy during
decompression of the DAC (Fig. S 2). We found that
the characteristic Raman modes of the new Ba[C2O5]
phase can be observed at least down to 5(1) GPa without
significant changes, other than a slight shift of the peak
positions to lower wavenumbers. Hence, we assume that
Ba[C2O5] is not undergoing a phase transition in the
examined pressure range (5–30 GPa).

Figure S 2: Experimental Raman spectra of Ba[C2O5] measured
during decompression at ambient temperature from 30(2) GPa
to 5(1) GPa after the reaction of the Ba[CO3] + CO2 mixture at
30(2) GPa and 1500(200) K. Peaks of Ba[CO3]-IV are marked by
a circle (◦) and of CO2-V by an asterisk (∗), respectively.

2.2. Single crystal synchrotron X-ray diffraction at 30 GPa
After the identification of a new phase by Raman spec-

troscopy, the subsequent synchrotron X-ray diffraction
was performed in the region where mainly Raman modes
of this new phase have been observed in the DACs. The
crystal structure of Ba[C2O5] was obtained by single crys-
tal X-ray diffraction. Our experimental diffraction data
show a very high quality even though they were mea-
sured in a DAC at 30(2) GPa and the measured crystal
was part of a multi-grain reaction product. Fig. S 3 a
shows an unwarped image of the raw-experimental data
after processing of the (h0l) area in CrysAlis. The reflec-
tions scatter strongly up to a high resolution in reciprocal
space (≤ 0.6 Å−1) and several reflections can be identi-
fied at high angles. Except for the very strong reflections
of the diamonds, only some weaker reflections of other
phases are present apart from the expected reflection po-
sitions of Ba[C2O5] in the (h0l) area. Projections of the
reciprocal space show the distribution of reflections and
the effect of the shading of diffracted beams due to the
DAC in Fig. S 3 b after data reduction. Nevertheless, the
coverage of the reciprocal space is satisfactory for DAC
experiments and the amount of obtained reflections is
very high due to the high X-ray energy, see Table S 1.

First, the crystal structure was solved in the hexagonal
space group P6/m (No. 175) with Z = 12. In a second
step, the experimental data were processed in the triclinic
space group P1̄ (No. 2) with Z = 12 and we observed a
slight deviation from the ideal hexagonal angles. After
the refinement of both structures, there was no signifi-
cant difference between both models and both R-values
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were very low (RP1̄ = 3.3% and RP6/m = 3.4%). This
is supported by the PLATON/checkCIF program, which
suggests P6/m as a new space group with a 100% fit
of 6-fold axis by testing the triclinic structural model.26

Table S 1 lists the crystallographic parameters of Ba[C2O5]
valid for 30(2) GPa in space group P6/m in comparison to
DFT calculations using VCA. The unit cell parameters of
the experimental and theoretical structural model match
within the expected errors.

Figure S 3: (a) Unwarped image of the raw-experimental data
after data reduction. The (h0l) area is shown. Other reflections
are due to other phases present in the sample chamber. (b)
Schematic depiction of the reflections in reciprocal space using
the Ewald-Explorer in CrysAlis after data reduction and later
used for the refinement. Projections of the reciprocal space are
shown along b∗ (top) and c∗ (bottom).

The displacement parameters of the barium, carbon
and oxygen atoms were refined anisotropically without

any constraints or restraints. The reflection to parame-
ter ratio of 15:1 allows a reliable structure solution and
refinement.

Table S 1: Structural parameters of disordered Ba[C2O5] at
30(2) GPa from single crystal structure solution (ambient tem-
perature) in hexagonal space group P6/m in comparison to
theoretical data derived from DFT calculations (athermal limit)
using VCA .

Single Crystal DFT

Crystal data
Crystal system Hexagonal Hexagonal
Space group P6/m P6/m
Chemical formula Ba[C2O5] Ba[C2O5]
s.o. f (Ba4/Ba5) 0.90(1)/0.10(1) 0.90/0.10
Mr 241.4
a (Å) 14.9484(7) 14.856
b (Å) 14.9484(7) 14.856
c (Å) 4.8464(2) 4.8310
α (◦) 90.0 90.0
β (◦) 90.0 90.0
γ (◦) 120.0 120.0
V (Å3) 937.86(7) 923.36
Z 12 12

Data collection -
F000 1296 -
θ range (◦) 1.70–18.08 -
measured reflections 4537 -
independent reflections 1949 -
reflections I > 2σ(I) 1463 -
Rint 0.026 -

-
Refinement -
R[F > 2σ(F)], wR(F) 0.034, 0.036 -
No. of reflections 1463 -
No. of parameters 94 -
No. of restraints 0 -
No. of constraints 2 -
∆ρmax, ∆ρmin (e Å−3) 1.47, -1.79 -

We observed a barium disorder in channels running
along the c-axis. Fig. S 4 a shows a y− z Fourier map
(Fobs) for x = 0 along the channel. Two barium positions
(0,0,0 and 0,0,0.5) could be identified, but the electron
density on the 0,0,0 position is much smaller than on
the 0,0,0.5 position. We refined the site occupation fac-
tor for the 0,0,0 and 0,0,0.5 barium atoms. An indepen-
dent refinement results in one position at 0,0,0.5 with a
high s.o. f = 0.87(1) and one at 0,0,0 with a with low
s.o. f = 0.08(1). Within the experimental uncertainties
the total occupation is ≈ 100%. Hence, we introduced a
corresponding constraint for the total occupancy of the Ba
atoms in the channel, resulting in s.o. f = 0.90(1) for the
0,0,0.5 position and s.o. f = 0.10(1) for the 0,0,0 position.
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The weaker 0,0,0 Ba position becomes more pro-
nounced in the difference Fourier map (Fobs − Fcalc) after
adding first only a barium atom on the 0,0,0.5 position
(Fig. S 4 b). With respect to the difference Fourier map it
seems possible that other Ba positions with a very small
site occupation factor may be present in the channel along
the [001] direction but had not been resolved from our
diffraction data (Fig. S 4 c). Adding further Ba atoms
in the channel does not result in a significantly reduced
residual electron density (∆ρ) or an improved R-value.
For the DFT calculations with VCA, we used site occupa-
tion factors of 0.90 and 0.10, respectively.

Figure S 4: (a) Fourier map (Fobs) showing the two barium
positions (0,0,0 and 0,0,0.5) along the [001] direction for x = 0.
(b) Difference Fourier map (Fobs − Fcalc) after adding a Ba atom
at the 0,0,0.5 position, but not at 0,0,0 position. (c) Difference
Fourier map after adding Ba atoms with partial occupancies on
0,0,0.5 and 0,0,0. The maximum of each map (e−/Å3) is shown.

Figure S 5 shows the different coordination polyhedra
of the Ba atoms with the surrounding oxygen atoms in
Ba[C2O5]. The coordination numbers differ between 12
and 15. Ba1, Ba2 and Ba3 are in first approximation spher-
ically coordinated while Ba4 and Ba5 are coordinated by
a hexagonal prism of 12 oxygen atoms.

Figure S 5: Coordination polyhedra of different Ba atoms
with surrounding oxygen atoms in Ba[C2O5] with different
coordination numbers (CN). (a) Ba1: CN = 15, (b) Ba2: CN = 12,
(c) Ba3: CN = 13 and (d) Ba4/Ba5: CN = 12.

2.3. VCA calculations on Ba[C2O5]
The theoretical bulk modulus of Ba[C2O5] between

5 GPa and 50 GPa was derived from DFT-based calcula-
tions using VCA. A 3rd-order Birch-Murnaghan equation
of states (EOS) was fitted to unit cell volume obtained
by the calculations between 5 GPa and 50 GPa using the
software EOSFit7-GUI (Fig. S 6).27–29

Figure S 6: Birch-Murnaghan EOS fitted to the unit cell volume
of Ba[C2O5] between 5 GPa and 50 GPa obtained by DFT-based
calculations using VCA in comparison to the experimental data
at 5(1) GPa and 30(2) GPa. Error-bars of the experimental unit
cell volumes are smaller than the symbol-size.
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The experimentally obtained unit cell volumes from
the single crystal structure refinements at 5(1) GPa and
30(2) GPa are shown for comparison. The theoretical bulk
modulus of Ba[C2O5] is K0 = 36(1) GPa with Kp = 5.8(1),
which is consistent with the DFT data for Pb[C2O5] (K0 =
36(3) GPa, Kp = 5.9(3)) and Sr[C2O5] (K0 = 40(3) GPa,
Kp = 5.4(2)) obtained in a similar pressure range.4

Figure S 7: C–O–C angle in the two symmetrically indepen-
dent [C2O5]2–-groups of Ba[C2O5] between 5 GPa and 50 GPa
from VCA calculations in comparison to experimental data at
5(1) GPa and 30(2) GPa.

We used the VCA calculations on Ba[C2O5] to follow
the evolution of the C–O–C angle in the pressure range be-
tween 5 GPa and 50 GPa. The C–O–C angle in both sym-
metrically independent [C2O5]2–-groups increases slightly
with decreasing pressure (Fig. S 7). This is in good agree-
ment with the experimentally obtained data at 5(1) GPa
and 30(2) GPa. Furthermore, the difference between the
C–O–C angles in the [C2O5]2–-groups increases at lower
pressure.

Figure S 8: C–O distance in the two symmetrically independent
[C2O5]2–-groups (black and blue lines) of Ba[C2O5] between
5 GPa and 50 GPa from VCA calculations in comparison to DFT
data of Sr[C2O5] at 30 GPa.30

Figure S 8 shows the C–O distances in both [C2O5]2–-
groups of Ba[C2O5]. In contrast to the C–O–C angle,
they remain approximately constant between 5 GPa and
50 GPa. The C–O distances to the terminal oxygen atoms

are significantly smaller than to the shared ones and in
good agreement with the DFT data of Sr[C2O5] at 30 GPa.
In Ba[C2O5] two noticeably different C–O distances to the
shared oxygen atoms can be observed in agreement with
the experimental data, while in Sr[C2O5] their difference
is very small.

2.4. Single crystal synchrotron X-ray diffraction at 5 GPa

We used the hexagonal structural model of Ba[C2O5]
determined at 30(2) GPa as a starting model to refine
single crystal X-ray diffraction data obtained at 5(1) GPa.
Table S 2 lists the experimental data refined in space
group P6/m.

Table S 2: Structural parameters of disordered Ba[C2O5] at
5(1) GPa from single crystal structure solution (ambient tem-
perature) in hexagonal space group P6/m in comparison to
theoretical data derived from DFT calculations (athermal limit)
on Ba[C2O5] using VCA.

Single Crystal DFT

Crystal data
Crystal system Hexagonal Hexagonal
Space group P6/m P6/m
Chemical formula Ba[C2O5] Ba[C2O5]
s.o. f (Ba4/Ba5) 0.88(2)/0.12(2) 0.90/0.10
Mr 241.4 241.35
a (Å) 15.917(5) 15.832
b (Å) 15.917(5) 15.832
c (Å) 5.172(2) 5.3141
α (◦) 90.0 90.0
β (◦) 90.0 90.0
γ (◦) 120.0 120.0
V (Å3) 1134.8(7) 1153.52
Z 12 12

Data collection -
F000 1296 -
θ range (◦) 1.60–17.62 -
measured reflections 6015 -
independent reflections 2413 -
reflections I > 2σ(I) 1008 -
Rint 0.057 -

-
Refinement -
R[F > 2σ(F)], wR(F) 0.114, 0.087 -
No. of reflections 1008 -
No. of parameters 54 -
No. of restraints 0 -
No. of constraints 2 -
∆ρmax, ∆ρmin (e Å−3) 3.69, -2.31 -

The reflection intensity was significantly lower at 5 GPa,
in contrast to the diffraction data 30 GPa. The atomic pa-
rameters were refined analogously to described above, but
the displacement parameters of the carbon and oxygen
atoms were refined isotropically to reduce the number
of free parameters, as access to the reciprocal space is
limited by the DAC, which typically shadows more than
60% of the reflections. The total occupancy of the Ba
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atoms in the channel was constraint to one. The resulting
site occupation factors are similar to the refinement at
30(2) GPa (s.o. f = 0.88(2) and s.o. f = 0.12(2)). Hence,
the obtained chemical composition is Ba[C2O5] within the
experimental uncertainties. Theoretical crystallographic
data on Ba[C2O5] from DFT calculations had been ob-
tained using VCA with site occupation factors of 0.90 and
0.10, respectively. We observed no significant difference
between the structural models at 5(1) GPa and 30(2) GPa
except an increase in the lattice parameters and the unit
cell volume with decreasing pressure. Therefore, we as-
sume that there is no phase transition in this pressure
range.
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