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Superconducting high-pressure phase of cesium iodide
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The evolutionary methodology for crystal structure prediction is employed to resolve a long-held puzzle in
the high-pressure crystallography of cesium iodide. Above 42 GPa, an orthorhombic Pnma structure with a
hexagonal-closed-packed 共hcp兲 stacking which resembles hcp Xe is uncovered to be stable and successfully
explains the observed diffraction patterns. At strong compression 共⬎100 GPa兲, this structure becomes metallic
via band-gap closure, and superconducting originated from the peculiar reverse electron donation from I− to
Cs+.
DOI: 10.1103/PhysRevB.79.144110

PACS number共s兲: 74.62.Fj, 61.50.Ks, 74.25.Jb

I. INTRODUCTION

Cesium iodide 共CsI兲 has long been a prototype system for
high-pressure investigations due to the wide variety of phenomena it exhibits on compressions. As the most compressible alkali halide with a smallest band gap, it is a favorable
material for the study of metallization. Contrary to most
other alkali halides, CsI has the simple CsCl structure at
ambient pressure and undergoes rather complicated transitions to low symmetric phases at high pressures. Moreover,
CsI is isoelectronic with rare-gas solid Xe, and there exists
the close similarity between CsI and Xe 共Ref. 1兲 in the x-ray
diffraction 共XRD兲 patterns and the equations of state 共EOS兲
at high pressures 共⬎100 GPa兲. Interestingly, CsI metallizes
at 115 GPa and becomes a superconductor above 180 GPa.2,3
This observation leads to the important question on the underlying mechanism of the 共super兲conductivity in the very
high-density state.4 Two relevant earlier theoretical works5,6
have explored the metallization; unfortunately, owing to the
lack of information on high-pressure crystal structures, a full
understanding of these intriguing phenomena was still not
possible.
Earlier experiments suggested that CsI first undergoes a
tetragonal7–11 distortion at 40 GPa and then transforms to an
orthorhombic structure9,10 at 56 GPa. However, it was later
shown that CsI has a continuous distortion from CsCl to
orthorhombic at 45 GPa and then to a hcp-like phase.1,12 The
most characteristic difference is the quintuplet set of diffraction patterns below 100 GPa observed by Mao and
co-workers,1,12 which cannot be fit with the tetragonal and
orthorhombic structures suggested earlier. At higher pressure, the quintuplet evolves into a triplet which is similar to
that of hcp Xe. The cubic-to-orthorhombic transition is further confirmed by a subsequent experiment13 and a theoretical calculation.14 It was suggested14 that the cubic-toorthorhombic transition is driven by the softening of an
acoustic phonon at the M point. Although these
experimental1,7–13 and theoretical14,15 studies have been devoted to understanding the pressure-induced phase transitions in CsI, its full high-pressure structural information is
1098-0121/2009/79共14兲/144110共5兲

still far from being clear and well established.
Here, we present extensive structure searches to uncover
the high-pressure structures of CsI using the developed ab
initio evolutionary algorithm.16–18 This approach has been
successful in the study of other materials at high
pressure.17–20 We have revealed an orthorhombic Pnma
structure to be stable above 42 GPa, with which all the experimental structural data up to 300 GPa are explained. At
higher densities, this structure becomes metallic and superconducting driven by the peculiar reverse electron donation
from I− to Cs+.
II. COMPUTATIONAL DETAILS

Evolutionary search of high-pressure structures in CsI
was performed with the evolutionary algorithm16–18 in conjunction with ab initio structure relaxations within the framework of density-functional theory and the projector augmented wave 共PAW兲 method21,22 as implemented in the VASP
code.23 The evolutionary algorithm employed here was designed to search for the structure possessing the lowest free
energy at given P / T conditions. The significant feature of
this methodology is the capability of predicting the stable
structure with only the knowledge of the chemical composition. The PAW potentials used here were derived using the
generalized gradient approximation 共GGA兲 共Ref. 24兲 functional and have 关Pd兴 core 共radius of 2.5 and 2.3 a.u.兲 for Cs
and I. The use of a plane-wave kinetic-energy cutoff of 380
eV was shown to give excellent convergence on the total
energies and structural parameters. Electron-phonon coupling 共EPC兲 calculations have been performed using the
pseudopotential plane-wave method and density-functional
perturbation theory25,26 as implemented in the QUANTUMESPRESSO package.27 Norm-conserving scheme was used to
generate the Perdew-Burke-Ernzerhof GGA density
functional24 pseudopotentials for Cs and I with the choices of
electronic configurations of 5s25p66s1 and 5s25p5, respectively. EPC calculation has been performed on a 4 ⫻ 4 ⫻ 4
Monkhorst-Park 共MP兲 共Ref. 28兲 q-point mesh in the first
Brillouin zone. A 14⫻ 14⫻ 14 MP k mesh is chosen to en-
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FIG. 1. 共Color online兲 共a兲 Primitive cell of orthorhombic Pnma structure. 共b兲 Top view of the Pnma structure 共2 ⫻ 1.5⫻ 2 supercell兲
along b axis. At 100 GPa, the lattice parameters of Pnma structure are a = 5.2091 Å, b = 4.9458 Å, and c = 5.9890 Å. Atoms occupy the
Wyckoff 4c sites 共x , 0.25, z兲 with x = 0.58731 and z = 0.37578 for Cs, and with x = 0.58471 and z = 0.87561 for I, respectively. The distances
of d1 and d2 denote the nearest Cs-I bond lengths between two neighboring AB layers along a and c directions, respectively. 共c兲 Simulated
interplanar spacings for Pnma CsI as a function of pressure 共solid up triangles兲 to compare with the experimental data 共open squares兲 from
Refs. 1 and 12. The lines are guides to the eyes. Below 110 GPa, the d spacings of quintuplet set of diffraction peaks were calculated from
020, 210, 002, 021, and 211, while those of triplet between 120 and 190 GPa are from 200, 020, and 210, and above 190 GPa from 210, 002,
and 211. 共d兲 Simulated XRD patterns of Pnma CsI at 50 and 150 GPa, and hcp Xe at 150 GPa shown from top to bottom panels.

III. RESULTS AND DISCUSSION

Evolutionary variable-cell simulations with 2, 3, 4, and 8
formula units 共f.u.兲 in the unit cell were performed at 5, 30,
41, 50, 100, and 300 GPa, respectively. In agreement with
experiments,1,7–13 simulations at 5 and 30 GPa reproduced
correctly the CsCl structure as most stable. An orthorhombic
structure with Pmma symmetry was found at 41 GPa. This
structure has 2 f.u./cell and is identical to that proposed by
earlier calculations.14,15 At 50, 100, and 300 GPa, an orthorhombic Pnma structure having 4 f.u./cell 关Fig. 1共a兲兴 is
found to be stable. A striking feature of this modification is
that Cs and I atoms are packed in an hcp-like structure 关Fig.
1共b兲兴 with the stacking order along crystallographic b axis to
be ABAB. . .. The pattern of Cs-I ordering is nontrivial and
displays clear geometrical frustration. At 100 GPa, the enthalpy of this hcp-like structure is 136.5 meV/f.u. lower than
that of Pmma structure. The Cs-Cs bond lengths 共3.009 Å兲
are nearly equal to those of I-I bonds 共3.008 Å兲 within the
pseudohexagons. The Cs-I bond length varies slightly from
2.988 to 3.012 Å within pseudohexagonal plane, close to the
planar Xe-Xe distance 共3.044 Å兲 in hcp Xe at the same
pressure.29 The distance between two neighboring A planes
is 4.964 Å 关Fig. 1共b兲兴 and corresponds nicely to the c-lattice

parameter of 4.994 Å in hcp Xe.29 Moreover, geometric optimization of a model constructed by replacing Cs and I with
Xe in Pnma structure arrived at the high-pressure hcp phase
of Xe. However, the orthorhombic Pnma phase is characterized by two different nearest Cs-I bond lengths of d1 and d2
关Figs. 1共a兲 and 2兴 to make it distinct with hcp structure. At 50
GPa, d1 共3.182 Å兲 is smaller than d2 共3.244 Å兲 by about
0.062 Å. With increasing pressure d1 and d2 converges
gradually. Specifically, the difference between d1 and d2 decreases to 0.019 Å at 110 GPa and 0.002 Å at 170 GPa
关Fig. 2兴. As d1 and d2 converges with pressure 关Fig. 2兴, the
Pnma structure resembles more with hcp. Enthalpy curves
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FIG. 2. 共Color online兲 Pressure dependence of the nearest Cs-I
bond lengths 共d1 and d2兲 between two neighboring AB layers.
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FIG. 4. 共a兲 Pressure dependence of theoretical band gaps in
Pnma CsI 共open squares兲. The solid line is a linear fit. The open
circles and solid up triangles are the experimental data from Refs. 7
and 31, respectively. Electronic band plots along high-symmetry
directions of Pnma CsI at 共b兲 50 and 共c兲 120 GPa, respectively.
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FIG. 3. 共Color online兲 共a兲 Enthalpies 共relative to the CsCl
phase兲 of Pmma 共solid squares兲, Pnma 共solid up triangles兲,
P4 / mmm 共solid circles兲, and Pmmm 共from Ref. 6, solid right triangles兲 structures as a function of pressures. Structural optimizations were performed with a stringent energy convergence tolerance
of 1 ⫻ 10−5 eV. Particular care has been taken to ensure the static
total-energy convergence. Specifically, the plane-wave cutoff of 380
eV was used for all structures, and the k point sets for CsCl, Pmma,
Pnma, P4 / mmm, and Pmmm are chosen to be 8 ⫻ 8 ⫻ 8, 12⫻ 12
⫻ 12, 8 ⫻ 8 ⫻ 8, 12⫻ 12⫻ 12, and 14⫻ 14⫻ 14, respectively. Note
that the enthalpies of P4 / mmm and Pmmm structures are nearly
identical. It is not surprising since the stacking order of Cs and I
atoms in these two structures are rather similar. 共b兲 Theoretical
equation of states of CsCl 共solid line兲, Pmma 共dashed line兲, and
Pnma 共dash-dotted line兲 structures of CsI. The solid squares and
open up triangles are the measured data for CsI from Refs. 1, 12,
and 13. The open stars are the experimental data for solid Xe from
Ref. 30.

for various structures are shown in Fig. 3共a兲. The transformation of CsCl → Pmma is predicted at 39.5 GPa, in good
agreement with experiments1,12,13 and earlier theoretical
calculations.14,15 However, Pmma structure is only stable in
a very narrow pressure region of 39.5–42 GPa, above which
Pnma structure becomes favorable and remains to be stable
up to at least 300 GPa. Lattice dynamics calculations with no
imaginary phonon frequencies support the dynamic stability
of Pmma and Pnma structures over the pressure range studied here.
The pressure dependence of interplanar spacings of the
XRD peaks at low diffraction angle 共⬍30°兲 in Pnma structure is plotted in Fig. 1共c兲 to compare with the experimental
data.1,12 Because of the small Miller indices and large d spacing, this region is critical for structure assignment. Remarkably, all the experimental data in the pressure range of 50–
300 GPa are successfully explained by the current structural
model. Specifically, the diffraction peaks of Pnma structure
at low pressures 关Fig. 1共d兲兴 exhibits a quintuplet feature at
low diffraction angle, consistent with experimental observa-

tions which characterize an orthorhombic structure. With increasing pressure, the two double peaks of the quintuplet
eventually merged together into two single peaks of a triplet
关Fig. 1共d兲兴. This triplet represents an hcp-like structure as
suggested by Mao and co-workers.1,12 Note that the evolution of the quintuplet into the triplet at about 110 GPa 关Fig.
1共c兲兴 is closely related to the convergence of d1 and d2 关Fig.
2兴 as there is no such clear change in other nearest Cs-I
separations in Pnma structure. EOS calculations 关Fig. 3共b兲兴
for the transition sequence of CsCl → Pmma → Pnma revealed an excellent agreement with experiments.1,12,13 These
two phase transitions can be both characterized as first order
but with very small volume reduction of 0.7% and 1.3%,
respectively. This explains the nearly continuous experimental EOS data. The experimental data30 of hcp Xe are also
presented in Fig. 3共b兲 for comparison. Interestingly, we
found that above 75 GPa, the compression behavior of Pnma
CsI is nearly identical to that in hcp Xe. This fact is consistent with the experimental observation.1
The pressure dependence on the band gap of Pnma CsI is
compared with the optical experimental data7,31 in Fig. 4共a兲.
Extrapolation of the band-gap energy to zero value yields a
metallization pressure of 103 GPa, in excellent agreement
with 115 GPa obtained from direct electrical transport
measurements.3 The slightly smaller metallization pressure
in theory is not unexpected due to the well-known band-gap
underestimation by density-functional theory. The metallization of Pnma CsI occurs via indirect band-gap closure along
the Z-⌫ and ⌫-Y directions 关Figs. 4共b兲 and 4共c兲兴, which is
apparently contrasted to previous results of direct band-gap
closure at the ⌫ point in Refs. 5 and 6. This big discrepancy
is understandable since these earlier studies5,6 did not adopt
the appropriate high-pressure structure: Aidun et al.5 simply
took the zero-pressure CsCl structure and Satpathy et al.6
used the orthorhombic Pmmm structure, whose enthalpy is
much higher than the Pnma structure above 42 GPa 关Fig.
3共a兲兴. As a result, the metallization pressure of 65 GPa predicted by Satpathy et al.6 is too small to compare with the
experimental data 共115 GPa兲.3 Band-gap closure of Pnma
CsI between I 5p and Cs 5d bands results in a peculiar reverse electron donation from I− to Cs+, and the formation of
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FIG. 5. 共Color online兲 Fermi surfaces of Pnma CsI at 共a兲 160
and 共b兲 180 GPa, respectively.

several electron and hole Fermi-surface pockets 关Figs. 4共b兲
and 4共c兲兴. With the pressure increasing, this intriguing I−
→ Cs+ charge transfer becomes more significant and consequently, the Fermi surface at 180 GPa turns to be particularly
rich and complex in comparison with that at 160 GPa due to
a dramatic increase in the electron donation from I− to Cs+
关Fig. 5兴. These additional Fermi sheets suggest that more
electrons are involved in the EPC necessary for superconducting. This correlates nicely with the experimental observation of superconductivity only at very high pressure
共⬃180 GPa兲.2 The electronic band 关Figs. 4共b兲 and 4共c兲兴
crossing Fermi level along the Z-⌫ direction is highly dispersive while it is quite flat 共flatband refers to a section of a
band within a narrow energy window centered at the Fermi
level where the group velocities of the electrons approach
zero兲 along ⌫-Y and ⌫-X. These electronic features apparently satisfy the “flatband-steep band” scenario, which has
been suggested to be a favorable condition for the occurrence
of superconductivity.32
Figure 6 shows the phonon density of states 共DOS兲 and
Eliashberg spectral function ␣2F共兲 共Ref. 33兲 for Pnma CsI
at 180 GPa. It is found that ␣2F共兲 is strongly localized
within a narrow vibrational region of 4.5–8 THz, where the
integrated EPC  is 0.1667 constituting 64% of the total ,
0.2618. This suggests a strong anisotropic EPC behavior in
Pnma structure and resembles that in hcp Xe.29 With increasing pressure to 216 GPa,  was reduced to be 0.257. The
superconducting critical temperature 共Tc兲 can be estimated
from the Allen-Dynes modified McMillan equation34 Tc
log
共1+兲
= 1.2
exp关− −1.04共1+0.62兲
兴, where log is the logarithmic aver*
age frequency calculated directly from the phonon spectrum
and ⴱ is the Coulomb pseudopotential. log is obtained to be
285.13 K at 180 GPa and 313.83 K at 216 GPa. Using a ⴱ
of 0.1, the estimated Tc is 0.03 K at 180 GPa but is reduced
to be 0.025 K at 216 GPa. This naturally explains the experimental observation2 of Tc reduction with pressure. The projected phonon DOSs for Cs and I atoms are nearly identical
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FIG. 6. 共Color online兲 The calculated phonon density of states
共solid line兲, Eliashberg spectral function ␣2F共兲 共dashed line兲, and
the electron-phonon integral 共兲 共dotted line兲 of Pnma CsI at 180
GPa.

showing that both atoms contribute equally to the EPC. Owing to the small difference in the atomic mass of Cs, I, and
Xe atoms, EPC mechanism of Pnma CsI and hcp Xe may be
viewed as nearly equal. Indeed, the estimated Tc is 0.04 K at
215 GPa for hcp Xe.29 However, the estimated Tc in CsI is
noticeably smaller than the experimental value2 共e.g., at 216
GPa, theoretical value of 0.025 K vs experimental value of
1.3 K兲. It is noteworthy that conventional one band theory
共i.e., averaging of coupling strengths兲 adopted in this theory
might be insufficient to describe the transition temperature
for an anisotropic EPC system.35 Perhaps, a more accurate
theoretical method is needed in order to reproduce the experimental Tc.
IV. CONCLUSIONS

In summary, we have employed the evolutionary algorithm to predict the high-pressure crystal structures of CsI. A
high-pressure orthorhombic Pnma structure has been uncovered to be stable above 40 GPa and exist at least up to 300
GPa. Within the Pnma structure, the experimental XRD data
and the converged EOS of CsI and Xe above 100 GPa are
well understood. We further discovered that Pnma CsI metallizes as a result of indirect band overlap. This creates a
peculiar reverse electron donation from I− to Cs+, responsible
for the superconductivity in CsI at 180 GPa.
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