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Two- and three-dimensional extended solids and
metallization of compressed XeF2
Minseob Kim, Mathew Debessai and Choong-Shik Yoo*

The application of pressure, internal or external, transforms molecular solids into extended solids with more itinerant
electrons to soften repulsive interatomic interactions in a tight space. Examples include insulator-to-metal transitions in
O2, Xe and I2, as well as molecular-to-non-molecular transitions in CO2 and N2. Here, we present new discoveries of novel
two- and three-dimensional extended non-molecular phases of solid XeF2 and their metallization. At ∼50 GPa, the
transparent linear insulating XeF2 transforms into a reddish two-dimensional graphite-like hexagonal layered structure of
semiconducting XeF4. Above 70 GPa, it further transforms into a black three-dimensional fluorite-like structure of the first
observed metallic XeF8 polyhedron. These simultaneously occurring molecular-to-non-molecular and insulator-to-metal
transitions of XeF2 arise from the pressure-induced delocalization of non-bonded lone-pair electrons to sp3d2 hybridization
in two-dimensional XeF4 and to p3d5 in three-dimensional XeF8 through the chemical bonding of all eight valence electrons
in Xe and, thereby, fulfilling the octet rule at high pressures.

N
oble gases with closed shell structures and high ionization
potentials are the most inert of chemical species. However,
the heavy noble gases with relatively small ionization poten-

tials, such as Kr, Xe and Rn, can form chemical compounds with
electronegative elements, as first realized in XePtF6 (ref. 1).
Because of the interesting chemical bonding in XePtF6 (ref. 2),
there have been numerous studies, both theoretical and experimen-
tal, on noble-gas compounds. These have resulted in discoveries of a
range of noble-gas compounds including noble-gas halides and
extended linear periodic polymers3–5. The most stable and most
widely investigated of these compounds are the xenon fluorides,
XeF2, XeF4 and XeF6 (refs 6–8).

XeF2, one of the most stable noble-gas fluoride compounds, is a
linear symmetric molecule with a body-centred tetragonal structure
(I4/mmm, Z¼ 2, phase I)9. Three lone-pair electrons in the equa-
torial plane evenly smear out to a torus ring and form cylindrical
symmetry with two Xe–F bonds along the axial direction, resulting
in a simple linear structure with high thermal stability6,10–12. The
nature of bonding in XeF2 can be described in terms of a three-
centred four-electron bonding, two electrons from two F atoms
and two from sp3d hybridized Xe atoms, resulting in a mixture of
covalent and ionic characters. The previously noted rather long
Xe–F bond distance 2.14 (+0.14) Å is difficult to understand in
terms of the lone pair–nucleus attraction model13. Because high
pressure could force the lone pairs to smear symmetrically around
the Xe nucleus, it was predicted that the tetragonal phase trans-
formed into a cubic fluorite (CaF2, Fm3m) structure. However,
such a transition has not been observed14.

XeF2 can be considered to be a chemically precompressed,
elemental molecular alloy of Xe and F2 (refs 15,16), which may
provide insight into metallic fluorine below 130 GPa, the pressure
at which Xe is known to metallize17,18. Note that, with the exception
of rare-gas solids, fluorine and chlorine are the only two elements
that have not been transformed to extended phases, either metallic
or polymeric, at high pressures, presumably due to their formidably
high transition pressures above 500 GPa (refs 15,19,20).

We show that linear molecular XeF2 is indeed unstable above
40–50 GPa, where it transforms into novel extended phases. With

increasing pressure, XeF2 undergoes a series of structural changes,
first transforming into a two-dimensional (2D) graphite-like layer
structure at 50 GPa, then further transforming into a three-dimen-
sional (3D) fluorite structure above 70 GPa. In addition, these non-
molecular phases go through an electronic insulator-to-metal tran-
sition that occurs continuously at pressures over 50–70 GPa. The
distinctive yet gradual colour change from transparent below
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Figure 1 | Micro-photographs of XeF2 samples at high pressures.

a, Transparent phase III at 3 GPa, typical for phases I, II, III and IV below

40 GPa. b, Yellowish phase IV at 47 GPa. c, Reddish phase IV at 53 GPa.

d, Black phase V at 74 GPa. All images are under transmitted lights. Scale

bars: 100 mm (a) and 50 mm (b–d). The sample in d is completely opaque

and that in c is nearly opaque. The samples in c and d represent the 2D and

3D extended solids, respectively.
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40 GPa to black above 70 GPa (Fig. 1) is consistent with the
observed metallization.

Figure 2 shows the pressure-induced changes in the Raman
spectra for XeF2 as well as resistance changes up to 120 GPa, illus-
trating the onset of structural and electronic phase transitions. The
Raman spectra of XeF2 below 13 GPa consist of two Raman-active
modes: an internal Ag mode for symmetric stretching with n1 at
550 cm21 and an external Eg mode for molecular libration at
260 cm21. Above 13 GPa, the Eg mode splits into two, with a
gradual increase in separation to about 22 GPa. Above 22 GPa,
there is little change. The Ag mode, on the other hand, remains a
singlet below 22–25 GPa, then splits into two with the separation
increasing as pressure increases to �50 GPa. (Details of the
Raman spectra are shown to 116 GPa in Supplementary Section A.)

Raman spectral changes above 50 GPa are quite unusual. For
example, the Eg libron becomes increasingly weak and almost disap-
pears above 50 GPa. However, a new peak that exists only within a
narrow pressure range between 50 and 67 GPa emerges in the
lower frequency �300 cm21 region. The frequency of the Ag n1
stretching mode drops abruptly, or redshifts toward a lower frequency
at �67 GPa, above which the peak becomes symmetric in a spectral
line shape. These spectral changes are also accompanied by dramatic
changes in the electronic structure, which can be noted from changes
in the observed resistance: from a typical insulator below 25 GPa, to a
semiconductor between 25 and 50 GPa, and finally to a metal above
70 GPa. In this pressure range, the sample also develops distinctive
colours. Below 40 GPa the sample is transparent, but it becomes
yellow at �50 GPa, red at �60 GPa, and black at �70 GPa (Fig. 1).
These changes in colour, Raman spectra and resistance of the
sample are reversible following pressure unloading, with a
little hysteresis.

The Raman data indicate that XeF2 undergoes several phase tran-
sitions (Fig. 2): to phase II at 7 GPa, signified by the change in the
rate of the Raman shift; to phase III at 13 GPa and phase IV at
23 GPa, evident from the splitting of the Eg and Ag modes, respect-
ively; and to phase V at �70 GPa, indicated by the discontinuous
redshift of n1. These transitions have also been confirmed by
X-ray diffraction measurements (Fig. 3).

Figure 3 plots the observed and calculated powder diffraction
patterns of XeF2 phases to 100 GPa, illustrating the structural evol-
ution from tetragonal (XeF2–I, I4/mnm) to orthorhombic phases
(II, Immm; III, Pnnm–1; IV, Pnnm–2; and V, Fmmm). The latter
two are, respectively, graphite-like 2D (above 50 GPa) and fluor-
ite-like 3D extended solids, as illustrated in Fig. 4. (The refined
crystal structures of all phases to 100 GPa are detailed in
Supplementary Section B, and their calculated electron density
maps are described in Supplementary Section C.) Below 7 GPa,
X-ray diffraction patterns are well indexed with a body-centred
tetragonal structure (I4/mmm). Above 7.0 GPa, the XeF2 undergoes
a tetragonal-to-orthorhombic distortion, evident from the splitting
of (101) and (002). The diffraction data between 7 and 15 GPa fit
well in terms of Immm with F atoms at 4e (0,0,z). The resulting
lattice parameters are a¼ 3.747(5) Å and b¼ 3.710(4) Å at
9 GPa, with little distortion (,1%) in the a–b plane, induced by
intermolecular F. . .F repulsion resulting from the elongation of
Xe–F under anisotropic compression (Fig. 5).

The X-ray diffraction patterns between 15 and 25 GPa can be
described either by the same Immm structure of phase II or by
Pnnm–1 with F atoms at 4e (0,0,z). The refined structures of the
two alternatives are nearly identical, within 0.1% for all lattice
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Figure 3 | Angle-resolved X-ray diffraction patterns of XeF2 phases to

∼100 GPa. The red curves are the difference spectra between the observed

diffraction data (black crosses) and the refined results (black solid line).

Vertical bars mark the positions of Bragg reflections. Only the strong (hkl)s

are labelled. These structures are based on refinements of the background-

corrected diffraction data for lattice parameters, peak profiles, atomic

positions and thermal factors, with some preferred orientations on the (103)

plane in phase IV and (200) in phase V, both of which represent the layers

containing Xe atoms exclusively. The X-ray wavelengths used were 0.3344 Å

for the data below 52 GPa and 0.3825 Å for those above 100 GPa. The

detailed results are summarized in Supplementary Section B.
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Figure 2 | Pressure dependence of Raman spectra of XeF2 (open red

circles) and electrical resistance (closed blue circles) as a function of

pressure. Several phase transitions are marked by dotted lines. The pressure

region between 50 and 67 GPa represents the extended nature of the XeF2

phases and simultaneously includes an insulator-to-semiconductor transition.

Note the sudden redshift of n1 at �500 cm21 at 67 GPa, arising from an

elongation of the Xe–F bond length at the onset of the phase IV (XeF4) to V

(XeF8) transition, representing a transition from semiconductor to metal.

Details of the Raman spectra are shown in Supplementary Section A.
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parameters: both show the longest intramolecular Xe–F distance,
d(Xe–F), at 1.92 Å and the shortest intermolecular d(Xe. . .F) and
d(F. . .F) at 2.84 and 2.81 Å, respectively. Similarly, the diffraction
data between 25 and 52 GPa can be described reasonably well
based on the reduced x 2 (�1.0) value, either by Pnnm–2 with F
atoms at 4g(x,y,0), or by Pnnm–1. However, Pnnm–1 fails to
match the intensity swap of (002) and (011) peaks above 48 GPa.
More importantly, the Pnnm–1 results in a continuous increase in
d(Xe–F) and a decrease in d(F. . .F) with pressure and, therefore, dis-
sociation of Xe and F2 above �50 GPa. This was not observed, even
at 100 GPa. Therefore, Pnnm–2 yields the best and physically most
meaningful results. Pnnm–1 may be a structure that arises in a small
range of pressure when XeF2 transforms from the vertically (along
the c axis) aligned Immm structure of phase II to the layered (in
the a–b plane) Pnnm–2 structure of phase IV. Note that the
Pnnm–2 is isomorphic to b-KrF2 at 280 8C (ref. 21).

In Fig. 5, the pressure dependence of the XeF2 phases are shown
in terms of the specific volumes (Fig. 5A) and lattice parameters
(inset to Fig. 5A) and intra- and intermolecular bond distances
(Fig. 5B). The phase I–II transition occurs abruptly with �4.3%
volume collapse at 7 GPa, whereas the II–III–IV transitions
occur rather smoothly without any apparent volume changes.
Note that solid XeF2 shows highly anisotropic compressibility
along the a (or b) and c axes, resulting in a pseudo-cubic structure
(that is, 2 × 2 × 1 supercell) at �50 GPa where phase IV (Pnnm–2)
becomes an extended solid as described below.

The pressure dependence of the first (and second) nearest-neigh-
bour distances, XeF1 (XeF2) and FF1, supports the above Pnnm–2
model (see Fig. 5B). Note that at �20 GPa, the fluorine atoms are
well separated from each other at d(FF1)¼ 2.8 Å, which collapses
to �1.3 Å at 52 GPa. This value compares with a typical FF bond
distance, 1.41 Å, in solid fluorine at ambient pressure22. Although
the 7% reduction in the F–F distance is quite reasonable at
52 GPa, the reversible nature of the present Raman, X-ray and resist-
ance results further rule out the possibility of F2 decomposition. At
this point, both XeF1 and XeF2 distances are �1.9 Å. This is close
enough for the formation of covalent bonds between the Xe atom
and the two adjacent F atoms, in comparison with the Xe–F bond
distance of 2.14 Å at ambient pressure9. Therefore, the structure

of phase Pnnm–2 at 52 GPa should be considered to be an extended
layer structure with a layer separation of 3.28 Å (or, c/2), as shown
in Fig. 4.

At �70 GPa, phase IV transforms to yet another extended phase
V with an orthorhombic unit cell: Fmmm with Xe at 4a(0,0,0) and F
at 8f(1/2,1/2,1/2). This is nearly a cubic fluorite-like structure with
the lattice parameters a (4.499(3) Å) ≈ b (4.514(2) Å) ≈ 1/

p
2 × c

(6.433(2) Å) at 78 GPa. In this phase, the adjacent layers of XeF4
are interconnected, with four F atoms occupying all eight tetrahedral
sites of the Pnnm–2 unit cell. Xenon atoms are coordinated with the
eight nearest fluorine atoms in XeF8 polyhedra at a Xe–F bond dis-
tance of �2.3 (+0.1) Å, which is substantially longer than that of
XeF4 in phase IV, �1.9 (+0.1) Å. Nevertheless, phase V is �2.0%
more dense than phase IV at the transition pressure 70 GPa.
Fluorine atoms, on the other hand, are fourfold coordinated with
xenon atoms in distorted tetrahedra, indicating sp3 hybridization
in the fluorine atoms. Note that the extremely large compression
of XeF2, at nearly 50% of the ambient volume (Fig. 5), is consistent

a

b

c

Figure 4 | Crystal structures of graphite-like 2D and fluorite-like 3D

extended phases. a, A 2 × 3 × 1 supercell of phase IV in Pnnm–2 at 52 GPa.

b, View along the c axis of phase IV, showing the lone-pair electrons of Xe

and F roughly overlapping. c, Unit cell of the fluorite-like 3D extended phase

V in Fmmm at 98 GPa. (See Supplementary Section D for computed electron

density maps of all phases.) Unit cells are drawn with black lines; Xe and F

are in blue and orange, respectively.
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atoms, respectively. Note that all bond distances are equal in phase V. The
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of the XeF2 phases. Data at ambient pressure (marked by an asterisk) are

taken from ref. 9. Note that the inter- (XeF1) and intra- (XeF2) bond

distances become nearly equal above 50 GPa, �1.9 Å in phase IV at

�50 GPa and �2.3 Å in phase V at �70 GPa. The sudden increase in the

XeF distance at 70 GPa is due to the increase in Xe coordination from XeF4

in phase IV to XeF8 in phase V.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.724 ARTICLES

NATURE CHEMISTRY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemistry 3

http://www.nature.com/doifinder/10.1038/nchem.724
www.nature.com/naturechemistry


© 2010 Macmillan Publishers Limited.  All rights reserved. 

 

with a large increase in the number of nearest neighbours with
increasing pressure. The Xe–F–Xe angles are 1208 between inter-
layer Xe atoms (along the c axis) and 908 between intralayer Xe
atoms (in the a–b plane), indicating an ionic nature for the Xe–F
bonds, which is prone to structural distortion and likely arises
from the p3d5 hybridization in Xe atoms rather than the sp3d5

(ref. 6). At the same density, a perfect isotropic fluorite (Fm3m)
structure would yield a slightly shorter Xe–F bond distance, for
example, 2.17 Å instead of the 2.25 Å of phase V at 98 GPa.

The formation of extended solids explains the abovementioned
unusual changes in Raman spectra above 50 GPa (Fig. 2). The
new low-frequency mode of extended phase IV, for example, is
likely the interlayer shearing mode E2g, similar to that of graphite23.
The redshift of the n1 mode at 67 GPa is due to the elongation of the
Xe–F bond length across the transition from the 2D (1.9 Å) to 3D
(2.3 Å) extended solids. The symmetric Raman lineshape of phase
V can be understood in terms of its high-symmetry, fluorite-like
structure, which contains only one first-order Raman-active Tg
mode. The splittings of the Eg in phase III and n1 modes in phase
IV represent the factor group or Davydov splittings. The increase
in the separation represents the enhanced intermolecular coupling
as pressure increases.

The present study demonstrates that linear molecular XeF2 trans-
forms to novel 2D and 3D extended solids (Fig. 4) through several
intermediary phases. The crystal structure of phase III (Pnnm–1),
for example, can be regarded as an intermediate state between the
molecular phase I (Immm) and the extended phase IV (Pnnm–2),
in which the disparity between d(Xe–F) and d(Xe. . .F) decreases
continuously with increasing pressure. The anisotropic compressi-
bility, substantially greater along the a and b axes than along the c
axis, brings the lone-pair electrons of the Xe atoms in the a–b
plane closer to the nucleus and, thus, screens off the effective
nuclear charge of Xe from the valence electron. This leads to a
reduction of the bond energy and an elongation of the Xe–F bond
distance, as observed in Fig. 5. When the pressure reaches
�23 GPa, the F atoms are closer to the Xe atoms in the upper (or
lower) layer, converting phase III into a layer structure of phase
IV with sudden collapses in F–F and Xe–F distances.

In phase IV, the ratio between d(Xe–F) and d(Xe. . .F) decreases
continuously from �2.0 at 21 GPa where XeF2 molecules are still
molecular yet strongly associated, to �1.2 at 52 GPa where it
becomes a 2D graphite-like layer structure of extended six-mem-
bered Xe2F4 rings (Fig. 4a). In the extended layer structure, each
Xe atom is coordinated with four F atoms through sp3d2 hybridiz-
ation, which leaves out two lone-pair electrons along the c-axis
direction, roughly at the centre of F–F bonds in two adjacent
layers. Note that each F atom is coordinated with two Xe atoms
and one F atom, leaving two lone-pair electrons at the position
roughly overlapping with those of the Xe atoms (Fig. 4b). Such a
repulsive interlayer interaction between the lone-pair electrons of
Xe and F atoms is responsible for the observed distortion in the
hexagons and hexagonal layers of phase IV (see Supplementary
Section C). This is the Jahn–Teller or Peierls distortion in solids,
which eventually transforms the 2D layer structure to the 3D
network and converts non-bonding electrons to bonding near the
Fermi level. This model, combined with the pressure-induced
band overlap (described in Supplementary Section D) is consistent
with the observed insulator-to-metal transition in this
pressure range.

In summary, we present the discoveries of novel 2D and 3D
extended phases of XeF2 and their metallization at high pressures,
providing fundamental insights into how closed-shell valence elec-
trons of Xe participate in chemical bonding and electronic phase
transitions. The 3D structure of phase V is the first example of a
rare-gas solid with eightfold coordination polyhedron bonds.
These transitions illustrate the following fundamental rules of

high-pressure chemistry: (i) increases in electron delocalization
from sp3d in phases I, II and III to sp3d2 in phase IV and p3d5 in
phase V; (ii) increase in the coordination number from 2 to 4 and
to 8; (iii) topological packing or densification from a 1D molecular
solid to a 2D layer and to a 3D network. Finally, the metallization of
XeF8 was found to occur at 70 GPa, well below that of Xe or F2.

Methods
XeF2 is highly reactive with most metals or thin layers of metal oxides at room
temperature. We found that XeF2 reacted with a bare Re gasket below 5 GPa, yielding
ReF4 impurities, as indicated by Raman measurements showing extra peaks at 414,
761, 827 and 1,105 cm21 at 23 GPa. It even reacted with a Au liner gasket at
�12 GPa, evident in both the Raman spectra and as black stains in the sample. In
these experiments we therefore used a Cu liner to minimize chemical reactions with
the XeF2. We found no evidence of chemical reactions in the transparent appearance
of XeF2, or in the Raman spectra or X-ray data. All the data reported here were
reversible upon pressure up- and downloadings, confirming that XeF2
remained unreacted.

Solid XeF2 (99.99%, Aldrich) was loaded into a membrane diamond anvil cell
(DAC). Two Cu-lined Re gaskets with 300- and 100-mm culet diamonds were
prepared for low pressures below 50 GPa and high pressures above 50–120 GPa
region, respectively. No pressure medium was used. A micrometre-sized ruby chip
was loaded into the cell for pressure measurements. Raman spectra of XeF2 were
obtained at room temperature using a confocal micro-Raman system, built in-house,
and an Arþ laser at 514.5 nm.

The d.c. electrical resistance of XeF2 was measured at ambient temperature in a
DAC with a 300-mm culet using 5-mm-thick copper electrodes. A fine alumina
powder mixed with epoxy was used as an electrical insulation layer between the
electrodes and the Re gasket. A 100-mm-hole sample chamber was drilled at the
centre of the insulation powder. The sample, together with a few ruby chips, was
loaded into the sample chamber. From Raman measurements, no extra peaks other
than from the sample were found, indicating that there was no chemical reaction
between the sample and the alumina powder or with the copper electrode. The four-
point resistance method was used, with an average distance between opposing
electrodes of �75 mm. A 1-mA d.c. current was applied using a Lakeshore 120 d.c.
current source with switching polarity, and the voltage was measured using a
Keithley 2000 DVM. The electrode configuration at 10 GPa pressure is shown in
Supplementary Fig. S4. According to most reported high-pressure data14,24–27,
materials with resistance values greater than 1 × 105 V are categorized as insulators,
for values between 1 × 104 and 1 × 103 V as semiconductors, and below 200 V are
considered to be metals.

Angle-resolved X-ray diffraction (ADXD) data were collected at room
temperature using the micro-focused (�10 mm) monochromatic synchrotron X-ray
system at 13IDD/GSECARS (l¼ 0.3344 Å) and 16BMD/HPCAT (l¼ 0.3825 Å)
at the Advanced Photon Source. The diffraction patterns were recorded on high-
resolution 2D image plates, and Debye–Scherrer diffraction images were converted
to 1D profiles using the Fit2D program. Rietveld refinement was then performed to
determine the crystal structure using a GSAS program.
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