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A high-pressure study of PbCO3 by XRD and Raman spectroscopy *
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Abstract: The pressure-induced phase transitions of PbCO3 are studied using synchrotron radiation in a diamond

anvil cell at room temperature. The XRD measurement indicates that PbCO3 with an initial phase of aragonite-type

structure undergoes two phase transitions at ∼7.8 GPa and ∼15.7 GPa§respectively. The higher-pressure phase

appearing at ∼15.7 GPa is stable up to 51.8 GPa. The two phase transitions are further confirmed by Raman

scattering up to 23.3 GPa. During the decompression process, the high-pressure phases of PbCO3 are gradually

recovered to the starting aragonite-type structure, but exhibit some hysteresis. The bulk modulus B0 of the aragonite-

type structure is obtained to be 63±(3) GPa by fitting the volume-pressure data to the Birch–Murnaghan equation

of states with B
′

0 fixed to 4.
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1 Introduction

PbCO3 has been widely studied because of its techno-
logical and industrial applications. For example, PbCO3

is a candidate material used for a high density and high
rate gamma ray radiation detectors [1]. It could be also
used as positive paste material for lead acid batteries [2]
and combustion catalysts [3]. In addition, as one of the
most abundant carbonate minerals in the Earth′s man-
tle, PbCO3 plays an important part in its carbon cycle.
Therefore, it is important to explore the physical behav-
iors, especially the phase transitions, of PbCO3 under
high pressure.

Under ambient conditions, PbCO3 has an aragonite-
type structure with a space group of Pmcn and Z=4 [4–
6], which is called the PbCO3-. phase. The pressure-
induced phase transitions of PbCO3 were studied by Ra-
man and IR spectroscopy. However, the previous results
are still controversial. For example, Lin et al. observed
a phase transition starting at ∼17 GPa and completed
at ∼21 GPa by using Raman spectroscopy [7]. This new
phase was also observed below 4 GPa and at 1000 ℃

by using X-ray diffraction and was confirmed to have
an orthorhombic structure with a space group of P2122
and Z=16 [8]. On the other hand, Catalli et al. stud-
ied the PbCO3 by using IR spectroscopy up to 41 GPa.

However, they observed only a trigonal structure with
space group P−31c and Z=2 [9] at ∼15 GPa. More re-
cently, two pressure-induced phase transitions were ob-
served, respectively, at ∼8 and ∼16 GPa by Minch [10].
This phase transition occurring at 8 GPa was never ob-
served in earlier studies. In order to confirm the above
phase transitions, high-pressure X-ray diffraction and
Raman spectra are used to observe the phase transitions
of PbCO3 up to 51.8 GPa and 23.3 GPa, respectively, in
this paper.

2 Experiments

A commercially available PbCO3 sample (purity of
99.999%) was purchased from Alfa Aesar. The structure
of the sample was confirmed by X-ray diffraction under
ambient conditions and only a single phase of aragonite-
type was found. In our high-pressure X-ray diffraction
experiment, PbCO3 powder with a ruby chip was loaded
into a 100-µm-diameter hole which was drilled through
the center of a pre-indented 35-µm-thick T-301 stain-
less steel gasket. Silicone oil was used as a pressure-
transmitting medium. The sample pressure was cali-
brated by the frequency shift of the ruby R1 lumines-
cence line [11]. In situ angle dispersive X-ray diffraction
(ADXD) experiments under high pressure were carried
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out at the 4W2 Beamline of the Beijing Synchrotron Ra-
diation Facility (BSRF) with a wavelength of 0.6199 Å.
The X-ray diffraction patterns were collected by an im-
age plate detector (MAR345) and the two-dimensional
diffraction patterns were integrated using the program
FIT2D to yield one-dimensional plots of X-ray intensity
as a function of d-spacing [12].

The Raman spectra were measured in a backscatter-
ing configuration by using a confocal Raman spectrom-
etry system. The 488 nm Ar+ laser line was used for
excitation with a focused beam of 2–3 µm in diameter
on the samples. Raman signals were dispersed by a Spec-
trapro 500i spectrograph equipped with a 1800 gr/mm
grating and detected by using a liquid-cooled charge-
coupled-device (CCD) camera. The Raman frequency
calibration was carried out by using a standard Ne lamp
with known line-spectral peak frequencies. In the Raman
spectra, the positions of the Raman peaks were fitted by
using a Lorentzian profile.

3 Results and discussion

Figure 1 shows the typical X-ray diffraction patterns
of PbCO3 under high pressure. The X-ray diffraction
pattern at 3.1 GPa can be indexed as an aragonite-
type structure and is labeled as the PbCO3-. phase,
as shown in Fig. 1(a). With pressure increasing, the
X-ray diffraction peaks shift to higher angles and be-
come broader, which leads to the overlapping of some
peaks. However, no new diffraction peak appears on
the X-ray diffraction patterns up to 7.8 GPa, indicat-
ing that PbCO3 keeps the aragonite-type structure be-
low ∼7.8 GPa. At about 7.8 GPa, a new peak (marked

with an arrow) appears at 2θ of 7.6◦ (d=4.68Å), suggest-
ing the onset of a phase transition of PbCO3. The new
phase appearing at 7.8 GPa is in agreement with Minch’s
results, but was not observed by Lin and Catalli et al.
This new phase is labeled as the PbCO3-/ phase but
we fail to solve its structure due to the lack of enough
new peaks. Above 7.8 GPa, the diffraction peaks of the
PbCO3-. phase still exist but their relative intensities
become weaker. PbCO3-. and PbCO3-/ phases coex-
ist in the pressure range of 7.8–15.7 GPa. Above 15.7
GPa, five new peaks can be observed at 2θ of 9.7, 12.5,
12.8, 13.7 and 16.9◦, respectively, as marked by the ar-
rows in Fig. 1(c). However, the five new peaks can not be
reasonably indexed. With the pressure increasing, these
new peaks become stronger, which implies that PbCO3

undergoes another phase transition at 15.7 GPa. This
new phase was also reported in earlier studies and is la-
beled the PbCO3-0 phase here. Upon compression to
21.7 GPa, another peak (marked with an arrow) appears
at 2θ of 7.8◦ (d=4.56Å) as shown in Fig. 1(b). This new
peak can be attributed to the PbCO3-0 phase accord-
ing to Liu’s point of view [7]. But the first new peak
appearing at 7.8 GPa disappears as the pressure reaches
21.7 GPa, which means that the PbCO3-/ phase disap-
pears. With the pressure further increasing to the high-
est pressure (51.8 GPa), there is no observable new phase
except for the peak-position shifts of the existent phase.

The pressure dependence of the d-spacing is shown
in Fig. 2. It can be found that the new and discon-
tinuous d-spacings occur at ∼7.8 GPa (Fig. 2(b)) and
∼15.7 GPa (Fig. 2(c)), respectively. This indicates that
the PbCO3 indeed undergoes phase transitions in these
pressure ranges.

Fig. 1. (a) Representative XRD patterns of PbCO3 at different pressures, the peak marked with ∗ at 3.1 GPa is
from gasket; (b) enlarged patterns in the angle range of 6.9◦–8.4◦; (c) enlarged patterns in the angle range of
12◦–17◦.
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Fig. 2. (a) The pressure dependence of d-spacing; (b) The enlarged patterns in the pressure range of 5.2–9.1 GPa;
and (c) The enlarged patterns in the pressure range of 12–18 GPa.

The diffraction patterns during the decompression
process are shown in Fig. 3. When the pressure is de-
compressed to 0.3 GPa, the pattern can be well indexed
as the PbCO3-. phase, for except a faint peak marked
by the arrow belonging to the high-pressure structure.

Fig. 3. Angle-dispersive XRD patterns of PbCO3

for decompression.

The structure was refined by using the
GASA+EXPGUI program based on the Le-Bail method
[13] for this pattern and the result is shown in Fig. 4. The
lattice parameters obtained by the structural refinement
for the quenched phase are a=5.147(5) Å, b=8.501(2) Å
and c=6.120(3) Å, which agrees well with the aragonite-
structure [4]. It suggests that the phase transition is
reversible and the high-pressure PbCO3-/ and PbCO3-
0 are kinetically unstable under ambient conditions.

Fig. 4. Le Bail refinement of the XRD pattern of
PbCO3 at pressure of 0.3 GPa after decompres-
sion. The symbols, the upper solid line, and the
lower solid line represent the observed and calcu-
lated patterns and their differences, respectively.
The rows of vertical bars indicate the expected
positions of diffraction peaks.

Fig. 5. Compressibility of the normalized lattice
parameters of the PbCO3-. phase.

038001-3



Chinese Physics C Vol. 37, No. 3 (2013) 038001

Figure 5 shows the pressure dependence of the nor-
malized lattice parameters of the PbCO3-. phase. The
relative changes along the a-axis, b-axis and c-axis are
0.72(3)%, 1.78(3)% and 3.26(4)%, respectively. Obvi-
ously, it is more compressible along the c-axis.

The pressure dependence of the unit-cell volume for
the PbCO3-. phase is shown in Fig. 6. The P–V data
are fitted to the third-order Birch-Murnaghan equation
of the state [14]§
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where B0 is the bulk modulus at ambient pressure, B′

0

is the pressure derivative of B0, and V0 is the volume
at ambient pressure. The least-squares fitting yields val-
ues of B0=63 (3) GPa and V0=67.1(2) Å3 with B′

0 fixed
at 4.

Fig. 6. The pressure dependence of the unit cell
of every formula for the PbCO3-. phase. The
compression curve is obtained by fitting the data
to the third-order Brich-Murnaghan equation of
state. The solid and hollow squares show the
data from compression and decompression, re-
spectively.

In order to confirm the phase transitions observed in
the X-ray diffraction, the Raman experiment was per-
formed under high pressure. As shown in Fig. 7(a),
parts of Raman peaks in the range of 600–1600 cm−1

are clearly observed. In Fig. 7(b), different numbers de-
note different Raman peaks with assignments labeled on
the left or right side. The new peaks are shown by the
arrows. The initial Raman spectrum was measured at
2.4 GPa. All the observed frequencies in this study have
been well assigned and agree well with the previous stud-
ies [10, 15, 16]. At about 7.0 GPa, the B3g mode (in-
plane band of CO2−

3 groups) at 671 cm−1 and the A1g

mode (in-plane band of CO2−
3 groups) at 675 cm−1 coa-

lesce into a broad peak. Some new peaks which appear
at 10.4 GPa are indicated by arrows in Fig. 7(a). Accord-
ing to the previous study [10], the new peaks indicate the
formation of the PbCO3-/ phase. The transformation
pressure from PbCO3-. to PbCO3-/ is slightly higher
than that in the X-ray diffraction. This difference could
be due to different hydrostatic environments in the two
experiments. Another possible reason is that the new
Raman peak is too weak to be observed below 10.4 GPa.

At the pressure of 15.9 GPa, another new peak ap-
pears at 840 cm−1, indicating a phase transition from
PbCO3-/ to PbCO3-0. These results agree with those
obtained from the X-ray diffraction.

As shown in Fig. 7(b), the A1g mode at 839.2 cm−1

exhibits softening behavior. It has a negative linear shift
of −1.64(9) cm−1/GPa. The negative shift usually ap-
pears in carbonate minerals [4, 10] and is caused by the
out-of-plane bending vibrations. In addition, the X-ray
diffraction (Fig. 5) demonstrates that there is an en-
hanced compressibility along the c-axis with increasing
pressure. Therefore, we think that the interaction be-
tween the oxygen anions and carbons in the neighboring
layers is strengthened.

Fig. 7. (a) The representative Raman spectra
of PbCO3 at different pressures in the 600–
1600 cm−1 frequency regions¶(b) Pressure-
induced mode shifts of the out-of-plane (ν2) and
in-plane (ν4) bending of CO2−

3 groups: 1 B3g (ν4-
in-plane), 2 A1g (ν4-in-plane), 3 B2g (ν4-in-plane),
4 B1g (ν4-in-plane), 5 A1g (ν2-out-of-plane), 6 A1g

(ν1-symmetric C-O stretching of CO2−
3 groups), 7

(ν3-symmetric C-O stretching of CO2−
3 groups).
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4 Conclusion

The X-ray diffraction experiment shows that the
aragonite-type PbCO3 (PbCO3-.) could undergo two
phase transitions. The transformation from PbCO3-.
to PbCO3-II and to PbCO3-0 occurs at ∼7.8 GPa and
∼15.7 GPa, respectively. The high-pressure phases of
PbCO3 are recovered to the PbCO3-. phase when the
pressure is released. These results are in good agree-
ment with Minch’s Raman measurements. Two phase

transitions are also observed at 10.4 GPa and 15.9 GPa
in Raman spectroscopy.

The bulk moduli and its first pressure derivative of
PbCO3-. phase are obtained by fitting the P -V data
to the third-order Birch-Murnaghan equation of state:
Bo=63±(3) GPa when fixed B′

0= 4. The negative shift
of the ν2–out-of-plane band of CO2−

3 groups is related to
the largest compression along the c-axis.

This work was performed at the 4W2 Beamline at the

BSRF.
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