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The equations of state and band-gap closures for PbCl2 and SnCl2 were studied using both experimental
and theoretical methods. We measured the volume of both materials to a maximum pressure of 70 GPa using
synchrotron-based angle-dispersive powder x-ray diffraction. The lattice parameters for both compounds showed
anomalous changes between 16–32 GPa, providing evidence of a phase transition from the cotunnite structure
to the related Co2Si structure, in contrast to the postcotunnite structure as previously suggested. First-principles
calculations confirm this finding and predict a second phase transition to a Co2Si-like structure between 75–
110 GPa in PbCl2 and 60–75 GPa in SnCl2. Band gaps were measured under compression to ∼70 GPa for
PbCl2 and ∼66 GPa for SnCl2 and calculated up to 200 GPa for PbCl2 and 120 GPa for SnCl2. We find an
excellent agreement between our experimental and theoretical results when using the Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional, which suggests that this functional could reliably be used to calculate the band gap of
similar AX2 compounds. Experimental and calculated band-gap results show discontinuous decreases in the band
gap corresponding to phase changes to higher-coordinated crystal structures, giving insight into the relationship
between interatomic geometry and metallicity.

DOI: 10.1103/PhysRevB.107.134113

I. INTRODUCTION

Understanding the relationship between atomic structure
and electronic properties at high pressure is a long-standing
pursuit in the fields of condensed-matter and high energy-
density physics, as well as in planetary and materials sciences,
with the discovery of materials having technologically im-
portant properties (e.g., ferroelectrics, superconductors) being
among the motivations [1–3]. Compression can transform
materials to the metallic state by way of both classical
(electrostatic repulsion) and quantum (Pauli exclusion) ef-
fects favoring delocalized electron states with increased
density [4,5]. However, it is unclear how changing local
atomic-packing structure (e.g., coordination number) affects
metallicity, as a material transforms to more highly co-
ordinated structures under compression. Nevertheless, we
recognize that most simple metals crystallize in close-packed
structures (coordination number = 12) at ambient conditions
[6].

Numerous studies of insulator-to-metal transitions under
pressure have focused on the AX2 family of compounds,
which draw interest from a range of fields due to their
planetary and technological importance and diversity in bond-
ing character (e.g., halides, oxides, intermetallic) [7–19].
Of particular interest is SiO2, the archetypical rock-forming
compound, whose presence is expected in the deep inte-
riors of giant (H2 + He), “icy” (molecular species, along
with H2 and He), and large-terrestrial (e.g., “super-Earth”)
planets [12,14,20].

The highest-pressure observations of AX2 compounds
(SiO2, CaF2) document the insulator-to-metal transition un-

der dynamic compression, in which elevated temperatures
melt the sample prior to metallization [20,21]. Notably, in
at least some of these compounds (e.g., SiO2, AuGa2),
nearest-neighbor coordination increases under compression
while in the fluid state, follows the trend displayed in solid-
state structures on compression [22–24]. However, the short
timescales and fluid samples of these make typical methods of
quantifying the interatomic geometry (e.g., x-ray diffraction)
challenging, motivating the study of analog compounds that
already have highly coordinated cations at ambient conditions
to document the relationship between band-gap closure and
interatomic geometry.

AX2 compounds, despite their diversity in bonding char-
acter, typically follow a sequence of predictable structural
transitions on compression, with cation coordination increas-
ing at each step (Fig. 1) [7–19]. This sequence is considered
well established up to the ninefold-coordinated cotunnite
phase. High-pressure studies of AX2 compounds that crystal-
lize in the cotunnite phase at ambient conditions (e.g., PbCl2

and SnCl2) thus allow us to extend our understanding of the
role of interatomic geometry on electronic and other material
properties beyond the established regime.

In this study, we characterize the crystal structures, equa-
tions of state, and band gaps of PbCl2 and SnCl2 to pressures
of over 70 GPa and compare our measurements with the
results of ab initio electronic structure calculations. Given
that metallization (e.g., band-gap closure) is notoriously
challenging to predict using first-principles calculations, ex-
periments can be used to check theory, which—-to the degree
that it is thereby validated—-can provide fruitful predic-
tions of material properties at pressure-temperature conditions

2469-9950/2023/107(13)/134113(15) 134113-1 ©2023 American Physical Society



T. J. SMART et al. PHYSICAL REVIEW B 107, 134113 (2023)

CN Structure

4

6

8

9

10

11

Rutile

Pyrite

Fluorite
or

Cotunnite

Co
2
Si 

Ni
2
In

Co
2
Si-like

PbO
2
, SnO

2
,

       ZrO
2
 

 

BaF
2
, ThO

2
, 

CeO
2
, AuGa

2
, 

AuIn
2
, AuAl

2

��PbO
2

Fe
2
P

��Quartz

 I
4
/mmm

or

or

   PbCl
2
, SnCl

2 

(Present Work)

“Post-Cotunnite”,

SiO
2

PbF
2

or

TiO
2

FIG. 1. Crystal-structural sequence of AX2 compounds at am-
bient conditions and high pressures. Figure after Leger et al. [4].
Cation coordination number (CN) of the cation is shown on the
left, next to the structure name. Several AX2 compounds are shown
with arrows noting experimentally determined high-pressure phases
[7–19]. Dashed arrows denote structures calculated from first prin-
ciples, and blue color indicates that metallization is expected for the
high-pressure phase. Several compounds (e.g., GeO2, Na2Te, HgF2,
BaCl2, BaI2, BaBr2), and the effects of temperature are omitted for
clarity.

that are not accessible with current experimental techniques
[25,26].

II. METHODS

A. High-pressure experiments

Polycrystalline PbCl2 and SnCl2 (Sigma-Aldrich >99%
purity, with natural isotopic ratios) were ground to
micrometer-sized grains and loaded into symmetric-type
diamond-anvil cells, leaving ∼30% void space to allow room
for the pressure medium. Diamond anvils had a culet size of
200 µm, and rhenium gaskets preindented to ∼30-µm thick-
ness and drilled with 80-µm diameter holes were used. Ruby
spheres of �5-µm diameter were placed inside the sample
chamber and ruby fluorescence was used to determine the
pressure [27].

All experiments were conducted at room temperature: this
is substantially above the Debye temperatures of these ma-
terials, as estimated from their ambient-pressure vibrational
spectra [28,29], and hence the presence of different isotopes
is not expected to affect their high-pressure transitions at room
temperature.

Samples were loaded in either a neon pressure medium,
or a 16:3:1 methanol:ethanol:water pressure medium. SnCl2

is hygroscopic, so it was loaded in a dry argon atmosphere.
Midinfrared spectra were collected to affirm minimal water
content of SnCl2 samples before all high-pressure experi-
ments.

The band gap (absorption edge) was measured through
visible and near-infrared spectroscopy. In all experiments
a background measurement was collected using a fully as-
sembled but empty diamond cell and the background was
subtracted from the spectra. Optical absorption spectra were
collected on a Horiba LabRam HR Evolution Raman spec-
trometer, with a white light source being used to collect
spectra from 400–800 nm (3.1–1.55 eV). Near-infrared spec-
tra were collected using an evacuated Bruker Vertex 70v FTIR
equipped with a tungsten source, InSb detector, and CaF2

beam splitter [30]. Spectra were collected from 14 000 to
8500 cm−1 (714.3 to 1176.5 nm, 1.74 to 1.05 eV) with a
resolution of 4 cm−1 (0.2–0.6 nm across this frequency range).
As a note, though the sensor resolution is on the meV scale,
we observe band-gap closure in our samples on the scale
of eV over tens of GPa, indicating that the true resolution
of absorption-edge measurements is controlled by the reso-
lution of our pressure measurements and is on the scale of
∼0.1 eV. No pressure medium was used in the experiments
to measure the band gap under pressure, and the pressure
gradients in these experiments are large. However, because
of the spatial resolution of our instrument and the sharpness
of the absorption edge of our samples, we do not anticipate
that nonhydrostatic conditions adversely affect our band-gap
determinations.

Angular-dispersive synchrotron x-ray diffraction experi-
ments were performed at beamline 12.2.2 at the Advanced
Light Source (Lawrence Berkeley National Laboratory),
using a monochromatic x-ray beam with λ = 0.4959 Å
(25 keV). A Mar345 detector collected diffracted x rays at
331.4 (±0.1) mm. Detector distance and orientation were cal-
ibrated using a LaB6 standard, and the diffraction images were
radially integrated using the programs FIT2D [31] or DIOPTAS

[32].
We carried out Rietveld refinements using the General

Structure Analysis System (GSAS) [33] LARSON program, with
starting atom positions chosen from the outputs of ab initio

density-functional theory described in the following section.
After fitting the background, the data were refined for lattice
parameters. Pseudo-Voigt functions are used for the fitting of
diffraction-peak profiles in the Rietveld refinements.

B. Theoretical calculations

All calculations were performed using the density-
functional theory-based Vienna Ab initio Simulation Package
VASP code, employing the projector augmented-wave method
[33–37]. The potentials were generated using valence con-
figurations of 4d10 5s2 5p2 for Sn, 5d10 6s2 6p2 for Pb,
and 3s2 3p5 for Cl. Scalar relativistic effects were accounted
for. However, spin-orbit coupling was only included in the
calculations for PbCl2 phases because it was found to have
a negligible effect on the results of calculations for SnCl2

phases. Computations were performed using both the local-
density approximation (LDA) and Perdew-Burke-Ernzerhof
(PBE) formulation of the generalized gradient approxima-
tion (GGA) [38,39]. The LDA and GGA give reasonable
estimates of structural parameters, but underestimate band
gaps (e.g., Xiao et al., 2011) [40], due to their inherently
incomplete cancellation of self-interaction [25,26]. In view
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of this, additional band-gap calculations were performed us-
ing the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional,
which incorporates a fraction of exact exchange to alleviate
the self-interaction error, on structures optimized using the
PBE functional [41]. The HSE06 hybrid functional predicts
band gaps that are in much better agreement with experimen-
tal measurements, but has a high computational cost, making
it unsuitable for geometry optimizations in the present work
[40,42]. HSE06 was chosen out of the popular hybrid density
functionals, because it is shown to be the most accurate in
calculating the band gaps of semiconductors [42].

For geometry optimization calculations, the kinetic-energy
cutoff for the plane-wave expansion was 600 eV, and
Brillouin-zone sampling was performed using a 6 × 4 ×

8 k-point grid [43]. These settings ensured calculated volumes
were converged to within 0.05 Å3, and enthalpies to within 1
meV per atom.

For LDA and PBE band-gap calculations, the kinetic-
energy cutoff for the plane-wave expansion was 600 eV, and
Brillouin-zone sampling was performed using an 11 × 7 × 15
k-point grid [43]. These settings ensured that calculated band
gaps were converged to within about 0.05 eV or less. Due
to the high computational cost associated with hybrid func-
tional calculations, for HSE06 band-gap and density of states
calculations, Brillouin-zone sampling was performed using
a 5 × 3 × 7 k-point grid [43]. Convergence tests for LDA
and PBE suggest that using this smaller k-point grid leads to
overestimates of the band gap of up to 0.05 eV for SnCl2 and
0.2 eV for PbCl2.

It is well known that LDA underestimates pressure, and
PBE overestimates pressure. Because of this, a pressure cor-
rection was estimated using the method of Oganov et al. [44],
but without a thermal pressure term (this is likely negligible
at ambient temperature for these calculations performed at
0 K). The calculated pressure shifts [PbCl2: +2 GPa (LDA),
−2 GPa (PBE); SnCl2: +2 GPa (LDA), −1 GPa (PBE)] move
the isothermal compression curves to higher or lower pres-
sure, bringing them in better accord with experimental values.

III. RESULTS AND DISCUSSION

A. X-ray diffraction results

X-ray diffraction data were collected on compression and
decompression to 71 GPa in both PbCl2 and SnCl2 (Fig. 2;
example diffraction patterns shown in Appendix A, Figs. 6
and 7). Rietveld refinements of the diffraction patterns for
both compounds document an isosymmetric phase transition
from the cotunnite structure (orthorhombic Pnma, ninefold
coordination) to the Co2Si structure (orthorhombic Pnma, ten-
fold coordination) between 17 and 35 GPa for PbCl2 and 17
to 33 GPa for SnCl2, supporting a prior theoretical prediction
[45] (see Fig. 4 for structural diagrams). These findings are
consistent with structural transitions documented in other AX2

compounds such as PbF2, BaCl2, and BaBr2 [9,13], and the
gradual nature of the transition is fully compatible with the
close topological relationship between the cotunnite structure
and the Co2Si structure [46].

Measured lattice parameters provide a greater insight into
the structural transition that occurs over a relatively large
pressure range for both materials. The cotunnite-to-Co2Si
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FIG. 2. Pressure-volume data for PbCl2 (top) and SnCl2 (bot-
tom). Data shown in black or hollow circles were taken using
neon pressure medium. Pink triangles not data taken using 16:3:1
methanol:ethanol:water pressure medium, and gray triangles are
previous results from Leger et al. [10].The pressure range for the
transformation from cotunnite to Co2Si structures, between 17 and
35 GPa for PbCl2 and 17 and 33 GPa for SnCl2, is shown by the gray
box between dashed lines as it is for Figs. 3 and 8 . Data collected
on compression and decompression are distinguished by closed and
open circles, respectively.

transition in these materials is characterized by an anomalous
shift in relative length of lattice parameters (Fig. 3) [47]. This
occurs between 17 and 35 GPa for PbCl2 and between 17 and
33 GPa for SnCl2. In these regions we observe anisotropic
compressibility of the unit cell, with a strong compression
along the a axis, a reduced compression along c-, and ex-
tension along b-, which has been reported to occur in other
AX2 compounds that transform from the cotunnite structure
to the Co2Si structure under compression (e.g., PbF2, CeO2,
and ThO2) [13,18]. While we were not able to collect data on
decompression in the pressure range of this phase transition
in SnCl2, in PbCl2 the transition is observed to be reversible
with minor hysteresis.
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FIG. 3. Lattice parameters vs pressure from experiments and theory are presented for PbCl2 (a) and SnCl2 (b). Lattice parameters
normalized against ambient-pressure values are presented as a function of pressure for PbCl2 (c) and SnCl2 (d). Lattice parameters show a
gradual change in slope between 21 and 25 GPa for PbCl2 and between 17 and 33 GPa for SnCl2, contrasting with previous work that showed
a sharp transition [gray triangles in (a) and (b)]. We infer a gradual change in phase (“transition zone”), consistent with findings for other AX2

compounds as the materials shift from the cotunnite to Co2Si structure. We mark these transition zones with gray boxes, whose boundaries are
defined by the observed shifts in lattice parameters (gray boxes with dashed black lines). The experimentally observed compression of the a

and c axes and extension of the b axis is reflected in calculations. Upon further compression, LDA and PBE calculations predict a distortion of
the Co2Si lattice, seen here as a slight contraction of the b axis and extension of the c axis between 75 and 110 GPa in PbCl2 and between 60
and 75 GPa in SnCl2, shown by the gray box between dotted lines in (c) and (d).

The strong compression of the a axis relative to the b- and c

axes is emphasized when we normalize the lattice parameters
against their respective initial lengths [Figs. 3(c) and 3(d)].
The pressure range of the phase transition is marked by the
gray shading between dashed lines, with a smooth transition in
PbCl2 that is complete by 33 GPa, and a sudden shift in SnCl2

at 33 GPa. Due to the non-negligible pressure gradients, we
attribute this more sudden shift between phases to be a result
of nonhydrostatic stresses.

Previous experiments by Leger et al. [10] did not exhibit
these continuous trends in lattice parameters or the presence
of an intermediate phase and had strong hysteresis on de-
compression (gray triangles, Figs. 2 and 3). This difference
is likely associated with the more nonhydrostatic stress en-
vironments within the samples of their experiments, as these

had no pressure medium for SnCl2 and silicone grease for
PbCl2. Because of the contrast in the nature of the transition
(abrupt in the previous experiments and with an intermediate
zone of transformation in ours), we do not preclude that the
transition from the cotunnite to the Co2Si structure can be
driven (enhanced) by nonhydrostatic stresses.

Density-functional theory calculations agree well with ex-
perimental data, with compression of the a axis and extension
of the b axis reproduced by the calculations, albeit at pressures
∼10 GPa lower than experimentally observed (Figs. 2 and
3). Between 75 and 110 GPa in PbCl2 and 60 and 75 GPa
in SnCl2, PBE and LDA functionals predict another shift
in structure from the tenfold-coordinated Co2Si structure to
an 11-fold–coordinated Co2Si-like phase (structure shown in
Fig. 4). This phase shares the same space group as the Co2Si

134113-4



EQUATION OF STATE, PHASE TRANSITIONS, … PHYSICAL REVIEW B 107, 134113 (2023)

(a)

(d)

(b) (c)

FIG. 4. Structural diagrams of the cotunnite, Co2Si, and Co2Si-to-Co2Si-like phases, with the Pb, Sn cations shown in black and chlorine
shown in green. (a)–(c) show ball-and-stick models of the cotunnite, Co2Si, and Co2Si-like structures, respectively, with arrows indicating
the atomic motion that leads to bonds in subsequent phases. (d) Change in electron density in the (010) plane as a function of pressure.
A bond forms between Pb and Cl at 24 GPa, indicative of a transformation from the ninefold-coordinated cotunnite structure (a) to the
tenfold-coordinated Co2Si structure (b). For SnCl2, formation of an analogous Sn-Cl bond is observed at about 28 GPa. On further compression
the lattice continues to become more ideally packed, and (Pb,Sn)-Cl bonds form. This Co2Si-like structure is predicted by DFT to occur at 120
GPa in PbCl2 and 80 GPa in SnCl2. Figures were produced using VESTA3 [50].

structure (Pnma), but the rows of atoms become increasingly
collinear and orthogonal to one another, as the anion sublattice
begins to approach a close-packed array. The transition is
characterized by a subtle extension of the c axis and com-
pression of the b axis, which has pronounced expression in
the normalized lattice parameters plots [Figs. 3(c) and 3(d),
gray shading between dotted lines]. As has been previously
noted [12], the ninefold cation coordination of the cotunnite
structure is incompatible with close packing of the anion
framework. Indeed, the cotunnite structure can be viewed as
comprising interlinked (MX2)n polymeric chains [48]. The
sequential transitions can then be viewed as a progression
from a phase characterized by high cation coordination but
an inefficiently packed anion sublattice (anions coordinated
in trigonal prisms) to a phase with both higher-cation coor-
dination and far more efficiently packed anions [Fig. 4(d)].
The transition sequence is a higher-coordination analog to

the structural shifts in the SiO2-system at lower pressures, in
which a polymeric low-pressure phase (quartz, with corner-
linked SiO4 tetrahedra) converts to the close-packed and more
highly coordinated rutile structure.

Structural rearrangements from the cotunnite to Co2Si and
then to Co2Si-like phases are shown in Fig. 4; the formation
of bonds between Pb or Sn and Cl is indicated by the red
and black arrows. Electron density maps [Fig. 4(d)] show
that formation of the first bond (shown by the red and black
arrow) occurs at 24 GPa in PbCl2 and at 28 GPa in SnCl2

(not shown), similar pressures to observations of analogous
bonds forming in PbF2 by Stan et al. [13]. Further com-
pression leads to a tightly packed arrangement, with atoms
forming an increasingly square lattice within each layer in the
(010) plane, until the structure becomes 11-fold–coordinated
(Co2Si-like structure) at 110 GPa in PbCl2 and at 75 GPa
in SnCl2.
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TABLE I. Comparison of our equations of state with previous work by Leger et al. [10]. Zero-pressure volume V0, bulk modulus K0, and
pressure derivative K ′

0
for the high-pressure phases (Co2Si and Co2Si-like) are determined through third-order Birch-Murnaghan equations

of state by fitting normalized pressure to Eulerian strain (G vs g) [49] (see Appendix B, Fig. 8 for details). The volume V0 for the ambient
pressure cotunnite phase is obtained from our x-ray diffraction data via Rietveld refinement and are fixed in these fits. Equations of state for
the Co2Si-like structure are determined from outputs from PBE calculations. Bold lettering indicates values that were fixed in our fits.

Cotunnite structure Co2Si structure Co2Si-like structure

Reference V0 K0 K′
0 V0 K0 K′

0 V0 K0 K′
0

PbCl2 313.06 ± 0.05 46.7 ± 4.4 4.8 ± 1.2 300(20) 47.2 ± 3.2 4.0 ± 1.0 286(3) 59.2 ± 0.3 4.0 ± 0
This study
SnCl2 318.03 ± 0.05 27.9 ± 2.1 6.3 ± 0.5 292(43) 41.1 ± 3.7 4.0 ± 0.2 290(8) 43.7 ± 0.1 4.0 ± 0
This study
PbCl2 313.072 34 ± 1 7.4 ± 6 273.91 95 ± 10 4.3 ± 5
Ref. [10]
SnCl2 317.853 31 ± 2 4.9 ± 8 263.81 91 ± 10 4.0

Ref. [10]

We fit our pressure-volume data with a third-order Birch-
Murnaghan equation of state (EOS), and the obtained
parameters are shown in Table I. EOSs previously reported
[10] were determined assuming a single phase, and we obtain
similar results when we fit our data in this way. However,
when we fit our high- and low-pressure phases separately,
we find the high-pressure phase to have higher V0 and lower
bulk modulus K0 than previously reported (fits shown in
Appendix B, Fig. 8).

B. Band-gap measurements

Representative absorption-edge spectra, collected between
30 and 70 GPa for PbCl2 and between 20 and 66 GPa for
SnCl2, show good agreement with theory (Fig. 5 and Ap-
pendix D; see Fig. 10 and Table II). Of the three functionals
used, as expected HSE06 agrees best with the experimental
data, overestimating the band gap by only 0.2 eV, which is
due to an incomplete convergence with respect to k-point
sampling.

For PbCl2 and SnCl2 we observe three distinct regions
in the theoretically calculated band gaps with compression.
Discontinuities in the band gap vs volume plots, and shal-
lowing slope in the band gap vs volume plots are attributed
to changes in PbCl2 and SnCl2 as they transform from the
cotunnite to Co2Si phase (gray box with dashed lines) and
from the Co2Si to Co2Si-like phase (gray boxes with dotted
lines). Experimental data for SnCl2 follow this trend, closely
following values calculated by the HSE06 functional, at pres-
sures and volumes coinciding with the calculated structural
changes [Fig. 5(b) and 5(d)].

When the experimental PbCl2 data are extrapolated to zero
band gap, we predict band closure at 206 ± 24 GPa, which
agrees with HSE06 calculated band-gap closure at 200 GPa.
When we extrapolate the experimental SnCl2 data for the
Co2Si-like phase (between 51 and 66 GPa) to zero band gap,
we predict band closure at 125 ± 9 GPa versus 120 GPa
predicted by HSE06. If, however, we extrapolate the entire
SnCl2 experimental dataset to zero band gap, we predict band
closure at 97 ± 6 GPa, representing a 20-GPa discrepancy
between experiments and HSE06.

The lower metallization pressure of SnCl2 relative to PbCl2

differs from the typical trend of metallization pressures de-
creasing along isoelectronic series down the periodic table to
heavier, more electron-rich compounds. This trend, which is
also found in band-structure calculations of other compounds
[51,52], does not predict the relative band-gap closure pres-
sures of the two compounds examined here. This apparent
inversion of metallization pressure is likely generated by the
relativistic down-shift and associated localization of the 6s

lone pair in Pb relative to the somewhat more delocalized
5s lone pair in Sn. Indeed, portions of the Pb 6s states are
among the deepest in the valence band at all pressures, and
the 5s states of Sn systematically contribute substantially
more to the density of states at the top of the valence band
relative to the 6s states in PbCl2 (see Appendix E, Fig. 11).
Comparable lowering of the band gap of SnO relative to PbO
via this “inert lone pair” has been extensively documented at
ambient pressures [53,54], and we demonstrate here that this
6s localization persists to high pressures in the chlorides of
these elements.

We observe a dramatic increase in slope in the band gap
vs volume plot at high compression (Fig. 5, bottom panels).
During compression of the initial cotunnite phase in both
compounds, we observe a small reduction in band energy pre-
dicted by HSE06 calculations (5 and 14% of ambient pressure
band gap for PbCl2 and SnCl2, respectively), despite a sig-
nificant change in unit-cell volume (roughly 50% of the total
volume closure of the materials, with total volume closure
Vtot = V0 − Vband closure). At the onset of the transition be-
tween ninefold-coordinated cotunnite and tenfold-coordinated
Co2Si structures, we observe a large (>20%) reduction in
the band gap in both compounds, despite small reductions in
unit-cell volume (∼14% of Vtot). This transition is also accom-
panied by a shift in the cation coordination around the anions,
from 4 and 5 for the two different Cl sites in the cotunnite
structure toward 5 and 6 in the Co2Si structure (as illustrated
by the Pb-Cl bond formation in Fig. 4). Upon further com-
pression in the Co2Si region, the slope becomes steeper, with
small changes in the unit-cell volumes (∼3% Vtot) producing
large decreases in the band gap. We find a significant drop in
band gap at the expected Co2Si-to-Co2Si-like phase boundary
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Co2Si Cotunnite
Phase

Cotunnite
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Co2Si-like Co2Si-like
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Co2Si
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Phase

Co2Si
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Phase
Co2Si-like

Phase

Cotunnite
Phase

Cotunnite
Phase

HSE06

Nara and Adachi 2011

(a) (b)

(c) (d)

FIG. 5. Band gap as a function of pressure (top panels) and as a function of volume (bottom panels) from experiment and theory for PbCl2

(left) and SnCl2 (right). Zero-pressure band gaps were obtained from Sobolev et al. [55] for PbCl2 and Nara and Adachi [56] for SnCl2. The
gray box with dashed lines shows the pressure range for the transition from the ninefold-coordinated cotunnite to the tenfold-coordinated
Co2Si structure, and the gray box with dotted lines shows the pressure range for phase transformation from the Co2Si structure to the 11-
fold–coordinated Co2Si-like structure, as labeled in Figs. 2 and 3. For both PbCl2 and SnCl2, HSE06 fits the data better than either LDA
or PBE, albeit with a small overestimation of band gap. (Top) Extrapolation of our experimental data yields band-gap closing pressures of
206 ± 24 GPa for PbCl2 and 97 ± 6 GPa for SnCl2, in reasonable agreement with theory (200 and 120 GPa, respectively). (Bottom) Volumes
for the experimental points are calculated using the equations-of-state model from our compression data. Around 230 Å3 the slope steepens,
corresponding to the emergence of the Co2Si phase and the increase in coordination number in the crystal structure. Extrapolation of our
experimental data to band-gap closure yields a closure volume of 131 ± 21 Å3 for PbCl2 and 150 ± 5 Å3 in SnCl2, in excellent agreement with
theory (135 and 146 Å3, respectively).

around 170 Å3, and the SnCl2 data show discontinuities corre-
sponding to the expected phase boundaries in agreement with
the calculated HSE06 results.

The observed steepening of band gap with unit-cell vol-
ume is likely due to the additive effects of compression
and changes in interatomic geometry. Under compression,
increased electron orbital overlap broadens the valence-
and conduction bands, reducing band gaps. Interatomic ge-
ometry can further increase electronic orbital overlap as
pressure-induced changes in crystal structures force neigh-

boring orbitals into proximity of each other. Recent work
shows the tunability of band gaps with cation-anion bond
angles, finding that the band gap decreases as the crystal
structure becomes more squarelike, in which electron orbitals
are forced into overlapping configurations [57–59]. This is
consistent with our observations on PbCl2 and SnCl2, in
which we observe discontinuous down-shifts in the band gap
across the transformation from cotunnite to the progressively
more close-packed–like Co2Si and Co2Si-like structures
(Fig. 4).
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Phrased another way, the increased shift in band gap
with respect to volume at high compressions has a
straightforward physical explanation: the approach to close
packing of these materials as they progress through the two
phase transitions, coupled with the concomitant increases
in both cation and anion coordination, enhances the over-
lap between the cation conduction (mostly Pb 6p and Sn
5p) and anion valence (mostly Cl 3p) bonding states (see
Appendix E, Fig. 11). For larger volumes (lower pressures)
within the cotunnite structure, the inefficient packing of the
anion framework within this quasipolymeric structure leads
to a larger band gap; as the packing becomes more efficient,
the rate of band-gap decrease is notably enhanced.

IV. CONCLUSIONS

Static compression experiments to over 70 GPa and the-
oretical simulations to 200 GPa for PbCl2 and 120 GPa for
SnCl2 show evidence of a continuous transition from the nine-
fold coordinated cotunnite structure to the tenfold coordinated
Co2Si structure between 17 and 35 GPa in both PbCl2 and
SnCl2. Upon further compression, density functionals predict
the transition to an 11-fold–coordinated Co2Si-like phase be-
tween 75 and 110 GPa in PbCl2 and 60 and 80 GPa in SnCl2,
remaining the stable phase through the pressure range of our
calculations.

Using equations of state validated by experiments, we cal-
culate band-gap closure using the LDA, PBE, and HSE06
functionals. The hybrid functional HSE06 agrees best with our
experimental data, confirming the superiority of HSE06 for
calculating the electronic band structure of AX2 compounds.

Our work shows the relationship between changing in-
teratomic geometry and the closing of the band gap under
high pressure, with applications for other AX2 compounds in
both fluid and solid states, which have been demonstrated to
transition from low to high coordination number upon com-
pression [7–19,22,23]. In particular, our results illustrate that
the general pattern of phase transitions in AX2 compounds
from structures that can be viewed as polymeric to those
characterized by close-packed anion packing recurs as cation
coordination numbers increase under compression. In the

particular case of cotunnite relative to the postcotunnite
phases, a distorted but highly coordinated cation environment
and complex prismatic anion coordination form a structure
that can be viewed as composed of interlinked polymeric
chains, which under compression converges on a phase that
approaches close packing. Our band-gap measurements and
calculations confirm that such a close-packed anion frame-
work, coupled with high cation coordination numbers, is
associated with the metallization of AX2 oxides [14]. These
results are of special interest for SiO2, a major component
of rocky planets that is predicted to exist in the cotunnite
phase at pressures corresponding to super-Earth interiors [12].
Previous work investigating the band structure of SiO2 at
these conditions predicts metallization in the I4/mmm phase
near 1.4 TPa, though these calculations were performed using
traditional density functionals, motivating the use of hybrid
functionals like HSE06 to better constrain the high-pressure
band structures [19]. Prediction of metallic SiO2 could inform
us of its potential to influence the dynamics and chemical
partitioning in the deep cores of giant planets.
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APPENDIX A: X-RAY DIFFRACTION PATTERNS

X-ray diffraction patterns collected at the Advanced Light Source synchrotron.

PbCl2 70 GPa CompressionPbCl2 24 GPa CompressionPbCl2 1 GPa Compression

SnCl2 70 GPa CompressionSnCl2 29 GPa CompressionSnCl2 1 GPa Compression

FIG. 6. Raw x-ray diffraction data for PbCl2 (top) and SnCl2 (bottom). Patterns for the cotunnite phase (left), transitional phase (middle),
and Co2Si phase (right) are shown for each compound.
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FIG. 7. X-ray diffraction patterns for PbCl2 (left) and SnCl2 (right). Both observed (black) and patterns calculated with Rietveld refinement
(dashed red) are shown.

APPENDIX B: FITS FOR EQUATIONS OF STATE

Weighted least-squares fits of the Eulerian strain vs normalized strain for the low pressure phase (f vs. F) and effective strain
vs normalized strain high pressure phase (g vs. G).
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FIG. 8. Eulerian strain vs normalized strain (F vs f ) (cotunnite phase, top) and effective strain vs normalized strain (G vs g) (Co2Si phase,
middle and Co2Si-like phase, bottom) are shown for PbCl2 (left) and SnCl2 (right). F vs f plots were used to determine the equations of state
for the low-pressure phases, while G vs g was used for high-pressure phases [47]. Data from the phase-transition zone fit neither equation of
state and were thus omitted. A weighted least-squares fit was applied to each dataset (red lines) and 95% confidence intervals are shown (red
shading).
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FIG. 9. Lattice parameter ratios of PbCl2 (left) and SnCl2 (right). Borders that define the phases follow Stan et al. [13]. Circles are data
from this study, with solid circles indicating data taken on compression and empty circles those taken on decompression. Data from Leger
et al. [10] are plotted as gray triangles. Calculated lattice ratios are shown as the solid (LDA) and dashed-dotted (PBE) curves.

APPENDIX C: USING RATIOS OF THE LATTICE PARAMETERS TO DETERMINE PHASE CHANGES

The transformation between the cotunnite and Co2Si structures is characterized by a shift in the ratios of lattice parameters
and a change in coordination from nine- to tenfold. Jeitschko [47] and Leger et al. [8] show that the a/c and (a + c)/b ratios
distinguish between phases with orthorhombic (Pnma) symmetry. These ratios were later updated by Stan et al. [13], who
show that for the cotunnite structure a/c = 0.8–0.9 and (a + c)/b = 3.3–4.0, and for Co2Si a/c = 0.7–0.78 and (a + c)/b =

2.90–3.56. When our data are plotted using these ratios, we see a clear distinction between the cotunnite and Co2Si phases
(Fig. 9). Points that fall between the two phases are between 17 and 27 GPa for PbCl2 and 17 and 33 GPa for SnCl2. LDA and
PBE calculations follow experimental data closely over the pressure range of our experiments. Here, the shift to the distorted
Co2Si-like phase is seen as a strong inflection point toward higher (a + c)/b values near (a + c)/b = 3.2.

APPENDIX D: ABSORPTION EDGE SPECTROSCOPY WITH PRESSURE

Examples of raw band-gap data collected using FTIR spectroscopy (Fig. 10), and all band gap data are shown (Table II).

FIG. 10. Representative high-pressure spectra of the absorption edge of PbCl2 (a) and SnCl2 (b). No exciton peaks are resolved within
these experiments. These spectra show that the energy of the band gap decreases as pressure increases. Spectra are stacked for clarity.
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TABLE II. Absorption edge Experimental Data: Pressures, Unit Cell Volume, and Band gaps. Experimental data for absorption-edge
measurements: Measured pressures and volumes are shown with their values in the first column and confidence bands in the second column.
Pressures were determined using the standard ruby fluorescence technique, and volumes were determined using the experimentally determined
equations of state. At larger band gaps (3.1–1.55 eV) the Horiba LabRam HR Evolution was used and at lower band gaps (1.74–1.05 eV) the
Bruker Vertex 70v FTIR spectrometer was used. The Horiba detects the middle of the absorption edge, and the Bruker detects the very bottom
of the absorption edge, introducing an instrument-induced discontinuity in the pressure-band gap and volume-band gap trends. The band gaps
of the infrared data were adjusted by comparing the last visible-light measurement and first IR measurement (62 and 64.3 GPa for PbCl2 and
38.7 and 40.9 GPa for SnCl2) to make a correction assuming the band shape remains the same. This results in an upshift in the IR data of 0.3
eV in both compounds. Measured and adjusted band-gap values are shown.

Pressure (GPa) Volume (Å3) Measured band gap (eV) Adjusted band gap (eV)

PbCl2 29.57 3.11 299.20 0.15 2.65 −

32.78 3.5 292.50 0.10 2.56 −

34.99 3.24 216.69 4.27 2.44 −

36.9 3.4 212.48 4.41 2.37 −

38.7 3.69 209.78 3.85 2.32 −

40.16 3.97 207.57 3.86 2.24 −

38.7 4.55 205.57 4.02 2.27 −

47.3 3.81 204.0 4.19 2.13 −

52.27 4.05 205.57 4.96 2.03 −

55.07 3.36 197.04 3.46 1.97 −

58.56 5.03 192.75 3.34 1.92 −

62 7.2 190.50 2.64 1.72 −

62 6.05 187.84 3.72 1.78 −

64.3 6.33 185.37 5.05 1.45 1.75
66.4 6.99 185.37 4.24 1.44 1.74
69.5 7.25 183.79 4.28 1.40 1.7
54.16 6.59 182.40 4.58 2.04 −

48.55 5.21 180.42 4.53 2.17 −

41.23 5.17 191.23 5.27 2.32 −

32.02 4.22 195.92 4.62 2.55 −

SnCl2 20.48 1.45 219.86 2.79 2.75 −

22.63 2.33 215.84 4.16 2.72 −

29.72 2.81 204.48 3.99 2.34 −

33.08 3.01 199.89 3.89 2.18 −

36.61 3.12 195.49 3.68 2.06 −

38.68 3.98 193.1 4.47 1.95 1.9
41.2 4.12 190.33 4.36 1.6 1.76
40.9 4.27 190.65 4.55 1.46 1.66
45.24 4.3 186.21 4.16 1.36 1.56
48.4 4.85 183.23 4.4 1.26 1.52
51.2 4.71 180.74 4.04 1.22 1.23
59.4 5.93 174.17 4.39 0.93 1.17
63.1 5.81 171.49 4.04 0.87 1.14
65.9 6.21 169.58 4.13 0.84 1.25
54.4 7.82 178.061 6.34 0.95 1.35
51.1 7.01 180.83 6.04 1.05 1.58
47.2 6.87 184.34 6.4 1.28 1.66
43.2 5.99 188.24 6.08 1.36 1.74
40.5 5.21 191.08 5.61 1.44 −

36 5.4 196.23 6.5 1.91 −

21.3 3.02 218.29 5.67 2.53

APPENDIX E: DENSITY OF STATES CALCULATIONS

The partial density of states for PbCl2 and SnCl2 calculated using the HSE06 exchange-correlation functional shows that the
valence band has primarily Cl 3p and Pb, Sn 6s character. The unoccupied conduction band has mainly Pb, Sn 6p and diminished
Cl 3p character. All bands broaden with increasing pressure, as band gap reduces from about 4 eV at ambient pressure in each
PbCl2 and SnCl2 to closure.

134113-12



EQUATION OF STATE, PHASE TRANSITIONS, … PHYSICAL REVIEW B 107, 134113 (2023)

D
O

S
 (

st
at

es
/a

to
m

/e
V

)

E-E  (eV)f

4

FIG. 11. Calculated density of states (DOS) for PbCl2 at 0, 60, 120, and 200 GPa (left) and SnCl2 at 0, 40, 80, and 120 GPa (right) using
HSE06 density functional. Ambient-pressure DOS (top panels) show a clear distinction between s and p orbitals in Pb, Sn, and Cl, with an
energy gap of around 4 eV. We observe a broadening of all states to higher pressure (downward panels).
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APPENDIX F: EXPERIMENTAL DATA

The full data set acquired from x-ray diffraction is shown (Table III).

TABLE III. Experimental Data: Pressures, Unit Cell Volume, and Lattice parameters. Experimental data: Measured pressures, volumes,
and lattice parameters for SnCl2 and PbCl2 on compression and decompression. The determined value for each measured parameter is shown
in the first column, and the confidence band is shown in the second column. Volumes and lattice parameters were obtained though Rietveld
refinement of our x-ray diffraction data. At each pressure step we measured pressure in several locations determined using the standard ruby
fluorescence technique [27]. Pressures reported are the median pressure, and the error bars represent the total range of deviation from median
pressure for a given pressure step.

Pressure (GPa) Volume (Å3) a(Å) b(Å) c(Å)

PbCl2 1.6 0.2 299.20 0.15 7.556 0.001 4.412 0.001 8.973 0.005
8.3 2.6 292.50 0.10 7.459 0.002 7.000 0.004 8.935 0.004
10.8 2.3 286.85 0.15 7.358 0.002 4.369 0.005 8.937 0.006
14.6 2.6 277.10 0.13 7.319 0.002 4.244 0.004 8.920 0.005
17.4 3.0 242.80 0.10 6.813 0.011 4.203 0.006 8.478 0.002
21.8 2.4 234.31 0.10 6.707 0.001 4.162 0.001 8.394 0.001
24.8 3.0 229.70 0.15 6.602 0.001 4.150 0.001 8.383 0.002
30.3 4.0 215.33 0.10 6.419 0.001 4.002 0.002 8.383 0.003
32.6 4.6 201.92 0.10 5.709 0.002 4.262 0.001 8.300 0.000
36.1 0.3 203.70 0.10 5.770 0.002 4.241 0.001 8.325 0.003
41.0 2.6 195.60 0.10 5.770 0.004 4.187 0.002 8.096 0.004
45.1 2.0 181.70 0.13 5.455 0.004 4.066 0.004 8.191 0.004
51.7 1.6 176.99 0.04 5.392 0.002 4.030 0.003 8.145 0.002
57.0 1.4 174.82 0.05 5.365 0.002 4.015 0.004 8.117 0.003
63.0 3.0 172.32 0.06 5.321 0.002 4.021 0.004 8.053 0.003
71.0 2.0 168.40 0.20 5.300 0.006 3.984 0.007 7.973 0.007
67.1 1.8 176.70 0.10 5.556 0.005 4.047 0.003 7.859 0.003
58.3 0.7 174.92 0.10 5.486 0.002 4.051 0.000 7.870 0.000
50.7 2.1 182.70 0.02 5.618 0.001 4.104 0.001 7.923 0.002
46.0 0.6 185.82 0.30 5.770 0.005 4.203 0.007 7.926 0.005
42.0 1.6 190.40 0.11 5.632 0.005 4.243 0.004 7.966 0.004

SnCl2 1.6 0.2 299.20 0.15 7.556 0.001 4.412 0.001 8.973 0.005
8.3 2.6 292.50 0.10 7.459 0.002 7.000 0.004 8.935 0.004
10.8 2.3 286.85 0.15 7.358 0.002 4.369 0.005 8.937 0.006
14.6 2.6 277.10 0.13 7.319 0.002 4.244 0.004 8.920 0.005
17.4 3.0 242.80 0.10 6.813 0.011 4.203 0.006 8.478 0.002
21.8 2.4 234.31 0.10 6.707 0.001 4.162 0.001 8.394 0.001
24.8 3.0 229.70 0.15 6.602 0.001 4.150 0.001 8.383 0.002
30.3 4.0 215.33 0.10 6.419 0.001 4.002 0.002 8.383 0.003
32.6 2.6 201.92 0.10 5.709 0.002 4.262 0.001 8.300 0.000
36.1 0.3 203.70 0.10 5.770 0.002 4.241 0.001 8.325 0.003
41.0 2.6 195.60 0.10 5.770 0.004 4.187 0.002 8.096 0.004
45.1 2.0 181.70 0.13 5.455 0.004 4.066 0.004 8.191 0.004
51.7 1.6 176.99 0.04 5.392 0.002 4.030 0.003 8.145 0.002
57.0 1.4 174.82 0.05 5.365 0.002 4.015 0.004 8.117 0.003
63.0 3.0 172.32 0.06 5.321 0.002 4.021 0.004 8.053 0.003
71.0 2.0 168.40 0.20 5.300 0.006 3.984 0.007 7.973 0.007
67.1 1.8 176.70 0.10 5.556 0.005 4.047 0.003 7.859 0.003
58.3 0.7 174.92 0.10 5.486 0.002 4.051 0.000 7.870 0.000
50.7 2.1 182.70 0.02 5.618 0.001 4.104 0.001 7.923 0.002
46.0 0.6 185.82 0.30 5.770 0.005 4.203 0.007 7.926 0.005
42.0 1.6 190.40 0.11 5.632 0.005 4.243 0.004 7.966 0.004
0.0 0.0 318.03 0.05 7.623 0.002 4.476 0.003 9.322 0.006
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