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a b s t r a c t

The high-pressure, room temperature behavior of otavite (CdCO3) was investigated by angle-dispersive
synchrotron radiation powder diffraction up to 40 GPa, Raman spectroscopy up to 23 GPa and quantum
mechanical calculations based on density functional theory. The calcite-type structure of CdCO3 is stable
up to at least ∼19 GPa as shown by Raman spectroscopy. The compression mechanism was obtained
vailable online 25 September 2010
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from structure refinements against the diffraction data. The quantum mechanical calculations propose a
calcite–aragonite phase transition to occur at about 30 GPa. The existence of a pressure-induced phase
transition is supported by the Raman and diffraction experiments. Evidence for the transformation is
given by broadening of X-ray reflections and external Raman bands starting from about 19 GPa in both
experiments.
-ray diffraction
ptical spectroscopy

. Introduction

Otavite, CdCO3, is a representative of carbonates with calcite-
ype structure [1]. It is the principal natural resource for mining Cd,
hich finds its main application in the production of Ni–Cd batter-

es [2]. At ambient conditions, cadmium carbonate crystallizes in
he trigonal space group R-3c with cell parameters a = 4.923(3) Å,
= 16.287(6) Å [3] in the hexagonal setting. The cadmium ions
ccupy Wyckoff position 2b (0, 0, 0) and are octahedrally coor-
inated by oxygen (Fig. 1). The CO3 group is planar, with carbon
ccupying Wyckoff position 2a (0, 0, 1/4) and oxygen the 6f (x, 0,
/4) position. Otavite is isostructural with calcium carbonate and
he ionic radius of Cd2+ (0.95 Å) differs only slightly from that of
a2+ (1.00 Å) [4]. Therefore, it may be expected, that otavite would
ave a high-pressure behavior similar to calcium carbonate. How-

ver, Cd2+ has a significantly different electron configuration than
a2+, which biases the high-pressure behavior of otavite.

Room temperature in-situ X-ray diffraction experiments in a
ulti-anvil cell were performed to determine the bulk modulus
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(B0) of the complete set of calcite-type carbonates in the pressure
range 0–8.1 GPa [5]. For otavite, values of B0 = 97(1) and 98(1) GPa
were obtained in two experimental runs. Generally, the compress-
ibility of the calcite-type carbonates was found to depend on the
cation which mainly biases the character of compressibility along
the a-axis. Compressibilities of the a-axis decrease in the following
order: s element carbonates (MgCO3, CaCO3), 3d transition metal
carbonates (NiCO3, MnCO3, CoCO3, FeCO3) and 4d transition metal
carbonate (CdCO3). No influence of the type of cation on the stabil-
ity of the calcite structure type up to 8 GPa at ambient temperature
was reported by Zhang and Reeder [5], since they did not observe
phase transitions for the compounds investigated, except for cal-
cite, which showed a phase transition to the calcite-II structure at
2 GPa.

A pT-induced phase transition in CdCO3 to an aragonite-type
structure was reported by Liu and Lin [6] for samples quenched
from 18 to 25 GPa and ≈1000 ◦C. From X-ray diffraction of the
quenched sample, the lattice parameters of the proposed aragonite-
type CdCO3 were determined to be a = 4.489(3) Å, b = 7.822(3) Å,

c = 5.713(4) Å at ambient conditions.

The aim of this investigation was to show, using Cd2+, that the
complex electron configuration of d transition metals sets their
high-pressure behavior apart from the pressure-homologous rule
[7], according to which isostructural compounds containing dif-

dx.doi.org/10.1016/j.jallcom.2010.08.090
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:robert.minch@fh-kiel.de
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Fig. 1. Crystal structure of CdCO3, projected along the c-axis. Cd atoms (big white
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discontinuity in the evolution of the lattice parameters nor in that
pheres) are at the center of octahedra (light-gray), coordinated by oxygen (small
lack spheres). The CO3 groups (black triangles with the C atom (small white sphere)
t the center) are planar.

erent cations undergo similar phase transitions but at different
ressures. Additionally, we wanted to prove, whether otavite has
he previously documented calcite–aragonite phase transition [6].
uch type of transition has not been published up to now for other d
ransition metal carbonates with calcite structure at ambient con-
itions. It was demonstrated for FeCO3 and MnCO3 that the calcite
tructure is stable for each of those carbonates up to 50 GPa at
00 K and up to 47 GPa with heating to 2000 K [8]. Recently, Ono
9] found a phase transition in MnCO3 from calcite-type to a new
igh-pressure polymorph. The diffraction pattern could be indexed
ith an orthorhombic unit cell, however, the cell parameters of the
ew cell are inconsistent with those of an aragonite-type structure.

The increasing availability of in-situ high-pressure facilities
timulated the unimpaired interest in systematic work on car-
onates during the past few years [10–14]. As part of our
omprehensive investigation of the crystal chemistry of carbonates
15–16], we have studied the high-pressure behavior of CdCO3 in
itu. Herein, we present results obtained from synchrotron pow-
er diffraction up to 40 GPa, Raman spectroscopy up to 23 GPa and
ensity functional theory (DFT) calculations.

. Experimental methods

.1. High-pressure powder diffraction

Commercial, extra pure CdCO3 was used for the experiments (99.999%, Alfa
esar). High-pressure X-ray powder diffraction experiments up to 40 GPa were car-
ied out at beamline X17C at the National Synchrotron Light Source (Brookhaven
ational Lab., USA) using the in situ high-pressure angle-dispersive X-ray diffrac-

ion system and a standard diamond anvil cell. The beamline optics consisted of a Si
3 3 1) double-crystal monochromator and Kirkpatrick/Baez mirrors which provide a
eam size at the sample of 25 × 30 �m2. High-pressure patterns up to ∼40 GPa were
ollected at a wavelength of 0.4066 Å using a MAR165 CCD detector. The exposure
ime per image was about 40 min.

Diamonds with 300 �m culet size were used. A Rhenium gasket was pre-
ndented to a thickness of about 40 �m with a sample chamber of 100 �m diameter.
he sample and a number of ruby chips for pressure calibration were loaded into the
ample chamber. The Mao pressure scale was applied for pressure determination
y the ruby fluorescence method [17]. Neon was used as the pressure transmitting
edium.

Geometry parameters for the radial integration of the two-dimensional diffrac-
ion data were determined from a CeO2 [18] sample. The two-dimensional

iffraction patterns were integrated and transformed into standard one-
imensional powder patterns using the software FIT2D [19]. The Rietveld method
20] within the TOPAS suite of programs [21] was used to determine lattice and
tructural parameters. The background was described by a tenth order polynomial
nd the peak profiles were modelled with a pseudo-Voigt function [22].
ompounds 508 (2010) 251–257

The preferred orientation of the gasket material Rhenium was accounted for
by using the March-Dollase correction [23]. Lattice parameters of CdCO3 and the x-
coordinate of the oxygen atom were the refinable structural parameters. Structure
refinements were performed with the parameters unconstrained with an exception
of the geometry of the carbonate group that was constrained using a C–O bond
length of 1.28(1) Å and O–C–O angles 120(1)◦ . Because of the well-known fact of
systematically too small e.s.d.’s from Rietveld refinements, errors for the refined
unit cell were corrected by an estimated SCOR value of 3 [24]. All �2 values from
the Rietveld refinement are around 1. The unit cell volume V0 at a pressure of 0 GPa,
the bulk modulus B0 and its pressure derivative B0

′ were determined from fits of a
third-order Birch–Murnaghan equation-of-state to the measured cell volumes [25].

2.2. High-pressure spectroscopy

Raman spectra in the wave number range 150–1800 cm−1 were collected using
a DILOR spectrometer with a 514.5 nm Ar+ ion laser as the excitation light source.
The scattered light was collected in backscattering geometry using a liquid nitrogen
cooled CCD detector with a resolution of ±2 cm−1. The ambient pressure spectrum of
otavite was measured using standard Raman spectroscopy technique without using
a DAC. The high-pressure Raman spectra were obtained using a BGI-type DAC [26],
a 25× microscope objective, and three accumulations with 600 s integration time.

Ultra-low fluorescence 16-sided type Ia diamonds with 300 �m culet size were
used. The pressure was determined by the ruby fluorescence method following the
Mao pressure scale [17] with Neon as the pressure transmitting medium. A Rhenium
gasket was pre-indented and a hole with a diameter of 150 �m was drilled at the
center that served as sample chamber. Both, the Raman spectra and the ruby fluo-
rescence, were measured from the same illuminated area in the cell. The pressure
uncertainty is estimated to be 0.1 GPa. The positions of the Raman peaks and their
full width at half maximum were determined by fitting Lorentzian functions using
the OPUS v5.5 software (Bruker, 2004).

2.3. Computational details

The quantum mechanical calculations described here are based on density
functional theory (DFT). The Perdew–Burke–Ernzerhof-version of the generalized
gradient approximation (GGA) was used [27]. For the calculations academic and
commercial versions of the CASTEP program were employed [28–30]. Ultrasoft pseu-
dopotentials were used with maximum cut-off energy of the plane waves of 380 eV.
In addition to the cut-off energy, one further parameter determines the quality of the
calculations, namely the density of points with which the Brillouin zone is sampled.
Here, a Monkhorst and Pack grid [31] was chosen so that the spacing between the
k-points was <0.035 Å−1. Full geometry optimisations were performed at pressures
up to 40 GPa where all structural parameters not fixed by space group symmetry
were simultaneously optimized for a given pressure. The remaining stress after the
final self-consistency cycle was less than 0.02 GPa, residual forces were less than
0.01 eV/Å. The calculations were performed in the athermal limit, i.e., temperature
effects and zero-point motions are neglected.

3. Results and discussion

3.1. High-pressure powder diffraction

The pressure-induced changes in the powder diffraction pat-
terns are shown in Fig. 2. As a representative example, Fig. 3 shows
the observed and calculated diffraction patterns resulting from
the structure refinement against data collected at 18.3(2) GPa. All
reflections were indexed by assigning them to otavite, Ne or Re.
The reflection positions of CdCO3 shift continuously with increas-
ing pressure as shown in Fig. 2. It is also seen that the peak profiles
of the CdCO3 broaden significantly with the increasing pressure
(Fig. 2).

The pressure dependence of the lattice parameters and unit cell
volume obtained from the refinements of the powder diffraction
data are shown in Fig. 4 in form of normalized lattice parameters
a/a0, c/c0 and the unit cell volume V/V0. The compression of CdCO3
is highly anisotropic. In the pressure range up to 10.4(2) GPa the
linear compressibility along the a axis (ka = 0.0010(1) GPa−1) is six
times smaller than along the c-axis (kc = 0.0057(1) GPa−1). In the
limit of our experimental resolution there is neither a significant
of the volume (Fig. 4). This indicates that no major change of the
compression mechanism occurs up to 40 GPa.

Bulk compressibility data obtained from fits of a third-order
Birch–Murnaghan equation-of-state to the unit cell volume are:
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known [34]. A symmetry analysis showed that five Raman active
bands for CdCO3 (1A1g (�1), 4Eg (�3, �4, �13, �14)) are allowed [35].

−1
ig. 2. Pressure dependence of diffraction patterns of CdCO3 from 4.87(5) GPa to 40
iller indices are given above for the reflections of Ne and below for the CdCO3 and

0 = 342(1) Å3, B0 = 101(3) GPa, B0
′ = 2.1(3). The small value of the

0
′ is well-known for carbonates with a highly anisotropic com-

ression mechanism. For example, for aragonitic CaCO3 [32]
nd BaCO3 [33], B0

′ = 2.7(7) and B0
′ = 1.9(4), respectively, were

eported.
The changes of lattice parameters with pressure were affected

ue to changes in the bond lengths and distances, because all atoms
n otavite are on special positions (2b, 2a, 6f). Only the oxygen x-
oordinate may vary. The structure refinements were performed
t first with constrained CO3

2− groups to partly compensate the
ow scattering power of oxygen and carbon compared to cadmium
nd then repeated without constraints. In both cases, the C–O bonds

1.28(2) Å) and O–C–O angles (120(1)◦) remain nearly constant dur-
ng pressure increase. Therefore, all data shown were obtained with
reely refineable oxygen atoms of the CO3

2− - group. The changes of
he x-coordinate of the oxygen atoms from 0.259(2) at 4.87(5) GPa

ig. 3. Rietveld refinement of a powder diffraction pattern of otavite at 18.3(2) GPa.
bserved and calculated intensities are shown by the circles and the line, respec-

ively. At the bottom of the figure the difference curve is shown. Tick marks denote
eflection positions for CdCO3 (upper row) and Rhenium gasket (lower row).
GPa. An arbitrary intensity offset was applied to the diffraction patterns for clarity.
et (Re).

to 0.26(2) at 40.2(5) GPa are not relevant and are within range of
the estimated standard deviation.

The experimentally determined normalized Cd–O bond lengths
for all pressures are presented in Fig. 5. Up to 40 GPa Cd–O distances
decrease by 9.5(1)% compared to ambient conditions.

3.2. High-pressure Raman spectroscopy

The Raman spectrum of CdCO3 at ambient conditions is well-
We observed three bands in the frequency range 150–1800 cm
assigned to internal vibrations of the CO3

2− group: �1 – symmet-

Fig. 4. Evolution of the normalized lattice parameters: a/a0 (triangles), c/c0

(squares), and the unit cell volume V/V0 (circle) with pressure. Open symbols repre-
sent data from the ab initio calculations, closed symbols show experimental values. If
not shown, the error bars for both the pressure and lattice parameters correspond to
the size of the symbols. The lines are fits of a third-order Birch–Murnaghan equation-
of-state to the experimental (solid line) and obtained by our DFT calculations (dotted
line) unit cell volumes.
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mined evolution of normalized lattice parameters and volume
shows a good agreement up to ∼20 GPa (Fig. 4). At higher pressures,
significant differences appear with the theoretical model predicting
54 R. Minch et al. / Journal of Alloys

ic C–O stretching (1088 cm−1); �3 – asymmetric C–O stretching
1393 cm−1); �4 – in-plane band of the CO3

2− groups (716 cm−1);
he first overtone A1g + Eg (1722 cm−1) and two bands assigned to
ranslations and librations of the CO3

2− group relative to the Cd
toms: �13 (275 cm−1), �14 (165 cm−1).

Raman spectra of CdCO3 as function of pressure up to
3.1(1) GPa are shown in Fig. 6. The behavior of the bands with vary-

ng pressure is very similar, namely, with one exception, all bands
hift monotonously to higher wave numbers with increasing pres-
ure. The intensity of the �14 band (Fig. 6a), associated with lattice
ibration parallel to the c-axis, decreases and the band becomes
roader. Raman shifts of band positions as function of pressure up
o 23.1(1) GPa are shown in Fig. 7. Only for v1 – assigned to the
ymmetric vibration of the CO3 group, shows a slight change of the
lope at approximately 15 GPa. The behavior of all modes is given
uantitatively in Table 1. Fig. 8 shows the quantitative evaluation of
he full width at the half maximum (FWHM) of the �13 and v1 bands
ith pressure. Significant broadening of the v13 mode, which corre-

ponds to low frequency vibrations, was observed above ∼19 GPa.
he FWHM is not shown for the �14 band due to the low intensity
nd strong broadening of this mode with pressure, which made the
etermination of its exact width difficult.

.3. Computational results

The evolution of the theoretical obtained lattice parameters and
nit cell volume with pressure is presented together with experi-
ental data in Fig. 4. It clearly shows the anisotropic compression

ehavior of CdCO3. In the pressure range from ambient to 10 GPa
he linear compressibility along the a axis (ka = 0.0012 GPa−1) is six

−1

Sij =

⎛
⎜⎜⎜⎜⎝

0.0089998 −0.
− 0.0025598 0.0
−0.0045832 −0.
imes smaller than along the c-axis (kc = 0.007 GPa ).
The Cd–O bond lengths derived from the ab initio calculations

re shown in Fig. 5 in combination with experimental data and
how only a slight change with pressure. According to the DFT cal-
ulations, pressure up to 40 GPa causes shortening of the Cd–O bond

ig. 5. Comparison of normalized calculated (open symbols) and experimentally
btained (filled symbols) normalized bond lengths Cd–O. The size of the symbols
orresponds to errors in pressure.
ompounds 508 (2010) 251–257

by about 7.5% and highly anisotropic compression along the c-axis.
The bulk volume reduction is 24.6% at 40 GPa. The C–O bond lengths
remain constant at about 1.28 Å.

The bulk modulus B0 = 1/[3(S11 + 2S12)] = 85.9 GPa was deter-
mined from the elastic compliance tensor

598 −0.0045832
998 −0.0045832
832 0.0175520

0.0327052
0.0327052

0.0231191

⎞
⎟⎟⎟⎟⎠

The fit of a third-order Birch–Murnaghan equation-of-state
to the calculated unit cell volumes gives: V0 = 362.4(1) Å3,
B0 = 89.1(9) GPa, B0

′ = 3.39(5).
The pressure dependence of the difference of the molar

enthalpies of otavite in the calcite-type structure and for a hypo-
thetic aragonite-type structure is shown in Fig. 9. The negative
enthalpy difference �H between calcite- and aragonite-type indi-
cates a higher stability of the aragonite structure at high pressures.
The pressure of the assumed calcite- to aragonite-type phase tran-
sition is ∼30 GPa.

3.4. Discussion

The lattice parameters for calcite-type CdCO3 obtained from
the ab initio calculations are in agreement with experimental data
from the literature [3]. The observed differences between both
methods are denoted in Table 2. Furthermore, the lattice param-
eters of aragonite-type CdCO3 and its unit cell volume at ambient
conditions [6] are in good agreement with data at the same condi-
tions obtained from our quantum mechanical calculations as well
(Table 2).

The comparison of the experimentally and theoretically deter-
a stronger anisotropy of the compression.

Table 1
Comparison of the dv/dp values of CdCO3 modes in the investigated pressure range.
Estimated standard deviations of the linear fits are given in parentheses.

Mode Pressure range (GPa) dv/dp (cm−1/GPa)

v14 0–23 2.17(8)
v13 0–23 3.83(2)
v3 and v4 0–23 1.44(4)
v1 0–15 3.12(9)

15–23 1.54(7)

Table 2
Comparison of lattice parameters of CdCO3 in different structure-types (calcite and
aragonite) obtained by different authors and using different methods at ambient
conditions.

Borodin et al. [3] DFT calc., this work Difference in %

CdCO3 calcite
a = 4.923(3) Å a = 5.006 Å 1.74
c = 16.287(6) Å c = 16.6274 Å 2.08
V = 341.85(4) Å3 V = 362.61 Å3 6.07

Liu and Lin [6] DFT calc., this work

CdCO3 aragonite
a = 4.989(3) Å a = 5.151 Å, 3.2
b = 7.822(3) Å b = 7.531 Å 3.84
c = 5.713(4) Å c = 5.893 Å 3.15
V = 222.9(1) Å3 V = 228.62 Å3 2.57
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ig. 6. Raman spectra of CdCO3 as function of pressure in the range 0–23.1(1) GPa:
c) �1, �3 – symmetric and asymmetric C–O stretching, respectively, diamond signal
rrows denote signals (around 770 cm−1 and 1560 cm−1) which appear by using a D

or clarity.

The bulk volume reduction in both cases is of the same order
f magnitude (24%). The difference in the compression of the Cd–O
onds at 40 GPa between experiment (9.5%) and the calculation

7.8%) is small (Fig. 5). Linear compressibilities, bulk modulus, and
0 obtained for CdCO3 (calcite-type) in this work and in the earlier
ublished paper [5] are in good agreement (Table 3).

The pressure behavior of CdCO3 is highly anisotropic, with com-
ression along the c-axis (Fig. 4) being approximately six times

ig. 7. Pressure-induced mode shifts of CdCO3 on compression: (a) lattice modes: v13 (�

roup; (d) v3 – asymmetric vibrations of the CO3 group. The size of the symbols correspon
tice modes �13 (275 cm−1), �14 (165 cm−1), (b) �4 – in-plane band of CO3
2− groups,

d 1350 cm−1. The ambient pressure spectrum has been collected without diamond.
eir position does not change with increasing pressure. Spectra are vertically offset

stronger than along the a-axis (Table 3). This is related to the short-
ening of the Cd–O bond lengths (Fig. 5), which was identified as
the main structural compression mechanism. The CO3

2− groups

remain unchanged during pressure increase in both, experiment
and quantum mechanical calculation, and are hence not shown in
Fig. 5.

The spectroscopic results are in agreement with the X-ray data.
They indicate that the calcite-type structure of CdCO3 is stable up to

), v14 (�); (b) v4 – in-plane band of CO3 group; (c) v1 – symmetric vibration of CO3

ds to errors in Raman shift and pressure in figures (a) and (d).
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Fig. 8. Evalution of the FWHM of the external v13 (filled circles) and internal v1

(filled triangels) Raman modes as function of pressure. The inset highlights the
FWHM of the (0 1 2) X-ray reflection as function of pressure. The size of the symbols
corresponds to errors in pressure.
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ig. 9. Pressure dependence of the molar enthalpy difference between calcite and
ragonite-type CdCO3 is shown by the dashed line. PT is the obtained transition
ressure.

9 GPa. At pressures exceeding 19 GPa, a strong broadening of the
ow frequency Raman bands (v13, v14) and of the X-ray diffraction
eaks is observed (Figs. 2, 6a and 8). Interestingly, the ab initio cal-

ulations predict a calcite–aragonite-type transition at a pressure
f pT = 30 GPa (Fig. 9). The quantitative evaluation of the FWHM of
aman modes (v13, v1) and, exemplary, of the diffraction peak (0 1 2)
Fig. 8, inset) are presented in Fig. 8. While the FWHM of the CdCO3

able 3
omparison of linear compressibilities, bulk moduli and V0 for CdCO3 (calcite).

Zhang and Reeder [5] X-ray, this work DFT calc., this work

V0 = 342.50(5) Å3 V0 = 342(1) Å3 V0 = 362.4(1) Å3

B0 = 97(1) GPa B0 = 101(3) GPa B0 = 89.1(9) GPa
B′ = 2.1(3) B′ = 3.39(5)

ka = 0.00128(4) GPa−1, ka = 0.0010(1) GPa−1, ka = 0.0012 GPa−1

kc = 0.00651(9) GPa−1. kc = 0.0057(1) GPa−1. kc = 0.007 GPa−1
ompounds 508 (2010) 251–257

X-ray diffraction peak and v13 Raman bands show a broadening
above about 19 GPa with increasing pressure, the v1 mode, which
is associated with symmetric C–O stretching in the CO3 groups,
remains sharp. Possible explanations for these findings are:

(i) A possible calcite-type to aragonite-type transition or a transi-
tion to an unknown high-pressure phase in CdCO3 would lead to
broadening or splitting of external Raman bands (v13, v14) and
X-ray reflections. The observed broadening of the latter may
be related to insufficient resolution of the X-ray experiment
preventing a clear detection of a possible splitting of reflex-
ions (Figs. 2 and 8 inset). The broadening of the low frequency
Raman modes (Fig. 8) suggests changes in the long range order
of the structure. This may be seen as equivalent to a symmetry
change that supports our proposal of a phase transition. Because
a calcite-type to aragonite-type transition in carbonates does
not affect the symmetry of the CO3 groups, the FWHM of the v1
mode remains almost constant (Fig. 8).

(ii) An alternative explanation for the peak broadening would
be the existence of non-hydrostatic conditions in the sample
chamber. It is well-known that in high-pressure experi-
ments such conditions may be responsible for asymmetric
peak shapes, splitting, and/or broadening of diffraction lines
[36]. Furthermore, the equation-of-state may be biased by
non-hydrostatic stresses. Non-hydrostatic stresses may either
promote [37], or suppress [38] phase transformation or even
cause the sample to become amorphous [39].

Unfortunately, it is very difficult to quantify the stress state of
a non-hydrostatic pressure medium. It should be noted, however,
that the high-pressure behavior of Neon as a pressure transmit-
ting medium is very well-known [40–44]. Recently, Klotz et al. [45]
estimated that, while the first signs of non-hydrostaticity of Ne may
appear at 15 GPa, pressure gradients are less than 0.2 GPa at 30 GPa
and 0.3 GPa at 40 GPa. Consequently, Ne may be considered to be
at least quasi-hydrostatic at all conditions of our experiments, and
thus with only little influence on the obtained spectra and diffrac-
tion patterns.

In general, non-hydrostatic conditions should affect all com-
pounds in the sample chamber similarly. However, only strong
broadening of CdCO3 X-ray reflections is observed, whereas the
Neon peaks remain sharp (Fig. 2). In the Raman measurements
only the external modes are affected, while the internal v1 band
remains sharp (Figs. 6 and 8). Therefore, the observed broadening
is considered inherent to CdCO3 and only negligibly related to the
experimental conditions.

Of course, it cannot be excluded that the peak profiles are
simultaneously affected by both effects, a phase transition and
non-hydrostaticity. Nonetheless, we are in favour of relating the
observed broadening of signals in our experiments to a phase tran-
sition in CdCO3.

It is worth mentioning that our diffraction data collected above
19 GPa cannot be fitted with the aragonitic cell parameters for
CdCO3 as suggested by Lin and Liu [6]. Also, diffraction patterns
collected above 30 GPa cannot be fitted with the aragonite-type
structure model obtained in our quantum mechanical calculations
for 30 GPa. The modelled aragonite diffraction pattern for CdCO3
at 30 GPa has a very strong reflection (−1 1 1) at the 2� = 7.18◦,
which definitely does not exist in our measured X-ray data (Fig. 2).
This may suggest an even more complicated pT phase diagram

for CdCO3. It was recently found for aragonite-type carbonates
[12,16,46] that their phase diagrams are more complex than
assumed. Also, it could support the theory that no calcite- arago-
nite phase transitions for carbonates with d transition metal cations
exist in the investigated pressure range.
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. Conclusions

The stability of CdCO3 up to 19 GPa and the change in the behav-
or of external modes above 19 GPa, that proposes the change of
he symmetry, were determined using Raman spectroscopy. The
lastic behavior of CdCO3 was investigated up to 40 GPa using
-ray diffraction. Bulk moduli and linear compressibilities were
etermined experimentally and compared with results from DFT
alculations. The values obtained by both methods show good
greement with literature [6].

In contrast to our DFT calculations, which suggest a
alcite–aragonite-type phase transition in CdCO3 at 30 GPa,
ur experimental data propose a phase transition to occur at

lower pressure in unknown structure. Thus, the consistent
roadening of the FWHM of the low frequency Raman mode
v13) and the diffraction peaks suggests that a phase transition
ccurs in CdCO3 at or above ∼19 GPa (Fig. 8). However, it is not a
alcite–aragonite-type phase transition in CdCO3.

Despite having almost the same size of the cation, CdCO3 and
aCO3 seem to behave substantially differently at high pressures.
he considerably higher pressure stability of otavite with respect
o calcite, where the calcite to CaCO3-II transformation occurs at
.5 GPa [47], can be attributed only to the significantly different
lectron configuration of Cd2+ and Ca2+. Hence, we conclude that
he pressure homologue rule does not necessarily hold for cations
ith different valence spheres (s vs. d orbitals).

Further in-situ pT experiments with improved resolution are
eeded to unambiguously elucidate the structural behavior of
tavite at extreme conditions.
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