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Tetragonal high-pressure phase of Inl predicted from first principles
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Ab initio particle swarm optimization algorithm for crystal structural prediction was employed to
uncover the high-pressure crystal structure of indium iodide (Inl). We have predicted one tetragonal
high-pressure phase for Inl with P4/nmm symmetry, which is energetically much superior to the
previously proposed CsCl-type structure. The P4/nmm-Inl possesses alternative stacking of double I and
In layers. The arrangement of adjacent I and In layers of P4/nmm-Inl is similar to that of the CsCl-type

Inl structure. The calculated electronic density of states supports a metallic character for this tetragonal

Swarm optimization algorithm
High pressure transition
First principles

phase that is similar to the high-pressure behavior of IIA-VIB families. Furthermore, the phase
transition path from the ambient pressure TlI-Inl —P4/nmm-Inl has been discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Indium halides have attracted much attention due to their
unique physical and chemical properties in fundamental science
and technological applications, such as high volatility at reasonably
low temperatures, fast recombination rates fairly low dissociation
energies, etc. [1-4]. One of indium halides, Inl, is a promising
semiconductor for radiation detector. The high atomic number of
In and I, along with high density, give the Inl detector a higher
photon stopping power (attenuation coefficient) compared to Ge
and comparable to that of CdTe. The resistivity of Inl was reported to
be very high, ~10'! Q cm, at room temperature with a mobility life-
time product for electron ~7 x 10~> cm?/V. Another major advan-
tage of Inl is that both In and I are less toxic compared to other
compound semiconductors used for fabrication of solid state detec-
tor such as CdTe (Cd), Hgl, (Hg), and GaAs (As) [5-7].

Materials under high pressure exhibit rich transition behavior,
which gives us broadened views into the essence of atomic
binding in solids while greatly challenging our instinctive under-
standing. At ambient pressure, Inl crystallizes in the base-center
orthorhombic structure of TII-type (space group Cmcm) [8],
which differs from that of the well investigated cubic thallium
halides. However, the high-pressure behaviors of Inl are rarely
studied, and there is lack of confirmed reports on the existence of
pressure-induced phase transitions. Recently, Becker and Beck
[9,10] have investigated the high-pressure phase transitions of
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TlI-type compounds including Inl by density functional theory (DFT)
calculations. They proposed a however CsCl-type phase as the
candidate structure at high pressure on account of its low Madelung
energy, which becomes dominant in determining structures at small
volumes. They determined this new high-pressure structure by
energy calculations of different known possible structures. This
procedure may miss some unexpected yet more stable structures.
Accordingly, this question is open until the convincing proof is
provided. The peculiarity and the absence of characterized high-
pressure phase of Inl prompted our endeavor to investigate its
structural behavior at high pressure.

Here, we extensively explored the crystal structures of Inl over
a wide range of pressures (0-60 GPa) using a specifically devel-
oped particle swarm optimization (PSO) algorithm for crystal
structure prediction [11,12]. This methodology has been success-
ful in correctly predicting crystal structures for various systems
including elements and compounds at high pressure [13-16],
unbiased by any known information. We found one layer-like
tetragonal P4/nmm structure, which is energetically more prefer-
able than the previously proposed CsCl-type structure. The phase
transition path from the TIlI-type —P4/nmm structure has also
been discussed.

2. Computational details

Our PSO methodology on crystal structural prediction has been
implemented in CALYPSO (Crystal structure AnaLYsis by Particle
Swarm Optimization) code [12] at 0 GPa, 25 GPa, and 60 GPa with
1-4 formula units (f.u.) per simulation cell. The underlying
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ab initio structural relaxations and electronic calculations were
carried out using DFT within the Perdew-Burke-Ernzerhof
exchange-correlation as implemented in the VASP code [17-19].
The all-electron projector augmented wave method [20] was
adopted with 5s25p> and 4d'°5s25p! treated as valence electrons
for I and In, respectively. The energy cutoff 400 eV and appro-
priate Monkhorst-Pack k meshes [21] were chosen to ensure that
enthalpy calculations are well converged to better than 1 meV/
atom. The phonon calculations were carried out using a supercell
approach as implemented in the PHONOPY code [22].

3. Results and discussion

At 0 GPa, our simulations with the only input of chemical
composition of In:I=1:1 predicted the most stable structure to be
orthorhombic TlI-type phase, in complete agreement with experi-
ments. The TlI-Inl contains four f.u. per unit cell, and the I ions are
fivefold coordinated and the In ions are sevenfold coordinated.
Fig. 1a presents the crystal structure of the orthorhombic mod-
ification of TlI projected on the bc-plane. Along the c-direction one
can recognize zigzag chains of In-I sticks resembling the structure
of trans-polyacetylene with In and I ions at the sites of C and H,
respectively. Moreover, in order to provide some insight into the
pressure behavior of TlI-Inl according to Ref. [9], the pressure
dependences of the TII-Inl lattice constants are plotted in Fig. 2,
along with the experimental data and other theoretical results [9].
Strikingly, the calculated results are in agreement with these
experimental data and theoretical values, indicating the reliability
of our calculations.

The success in the prediction of TlI-type structure gives us
confidence to further explore the high-pressure phases of Inl. For
higher pressure at 20 GPa and 60 GPa, a new stable tetragonal
P4/nmm phase having 2 f.u./cell (Fig. 1b) was discovered for Inl.
At 20 GPa, the optimized lattice parameters of P4/nmm-Inl are
a=3.497 A and c=7.771 A, with I and In atoms occupying 2c (0, 0,
0.1534) and 2¢ (0, 0, 0.6177) positions, respectively. This P4/nmm
structure possesses alternative stacking of double I and In layers,
and the coordination number of I and In ions increased up to 13.
Each I ion is surrounded by five In ions and eight I ions (Fig. 1d),
and each In ion is surrounded by five I ions and eight In ions
(Fig. 1e), resulting in a similar polyhedron structure. We have
performed the calculations on the phonon dispersion curves of
P4/nmm-Inl and CsCl-Inl at 60 and 30 GPa, respectively. As
shown in Fig. 3a, no imaginary phonon frequency was detected
in the whole Brillouin zone for P4/nmm-Inl, indicating its dyna-
mical stability. For CsCl-Inl shown in Fig. 3b, however, it is clearly
seen that the phonon spectrum shows a large imaginary fre-
quency at M point, signaling its structural instability.

a

To determine the phase transition pressure, we have plotted
out the enthalpy curves of the P4/nmm-Inl relative to the
ambient-pressure TlI-Inl (Cmcm-Inl) in Fig. 4a, and the CsCl-Inl
was also considered for comparison. It is confirmed that the
TlI-InI transforms to the predicted P4/nmm structure above 17 GPa,
and thus the CsCl-Inl can be ruled out as existing. Meanwhile, the
calculated volumes as a function of pressure for TII-Inl and P4/
nmm-Inl are also shown in Fig. 4b. The results suggest that TII-
Inl - P4/nmm-Inl phase transition is first-order with clear volume
drops of 5.9%, which can be easy detected in further experiment.
Furthermore, the thermodynamic stability of P4/nmm-Inl at high
pressure with respect to decomposition is quantified in terms of
the formation enthalpy, AHy=Hi, —H;—Hi,. The AHy is the for-
mation enthalpy, the orthorhombic I (space group: Cmca) and
tetragonal In (space group: 14/mmm) are chosen as the reference
phases. The obtained results have demonstrated the structural
stability of P4/nmm-Inl against the decomposition into the
mixture I and In up to 50 GPa.

Since Cmcm is a subgroup of P4/nmm, it is essential to
investigate the relations between these two structures, which
can help us to understand the mechanism of the Cmcm-Inl — P4/
nmm-Inl transition. In fact, as shown in Fig. 5(a) and (c), both
Cmcm and P4/nmm are layer-like structures with the stacking
order KLKL... and NN'MM'NN'... The transition path can be
understood qualitatively as follows: for Cmcm structure, the I
and In atoms in K layers are frozen, while the I and In atoms in L
layers moved as a whole along b direction in ab planes during
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Fig. 2. Pressure dependences of lattice constants for TlI-Inl, together with the
experimental data and other theoretical values.

Fig. 1. Crystal structures of Inl for TlI-type (a), P4/nmm (b), and CsCl-type (c). The large and small spheres represent I and In atoms, respectively.
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Fig. 4. The calculated enthalpies per f.u. of the P4/nmm-Inl relative to Cmcm-Inl as a function of pressure (a) and the calculated volumes as a function of pressure for
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Fig. 3. Phonon dispersion curves of P4/nmm-Inl at 30 GPa (a) and those of CsCl-Inl at 60 GPa (b).
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Fig. 5. The Cmcm-Inl viewed along the c-axis (a), the intermediate phase viewed along the c-axis, showing the arrangement of double I and In layers (b), and the P4/nmm-
Inl viewed along the b-axis (c). Arrows in (a) indicate the displacements of I and In atoms in L layers related to the Cmcm-Inl— intermediate phase, and arrows in
(c) indicate the displacements of I and In atoms in M’ and N’ layers related to the P4/nmm-Inl — intermediate phase.
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Fig. 6. Total and partial densities of states of TII-Inl at 0 GPa (a) and P4/nmm-InlI at 25 GPa (b). The vertical dashed line denotes the Fermi level at zero.

Fig. 7. Contours of ELF of TII-Inl on the (00 1) plane at 0 GPa (a) and those of P4/nmm-Inl on the (0 0 1) plane at 25 GPa (b).

compression (by the arrows in Fig. 5a). Such atomic displacements
result in an alternative stacking of double I and In layers along b
axis, named intermediate phase, as illustrated in Fig. 5b. Obviously,
for the P4/nmm structure, the displacement of I atoms in M’ layers
and In atoms in N’ layers along a direction (by the arrows in Fig. 5c)
can also form the same arrangements of I and In atoms to those of
the intermediate phase. Accordingly, the Cmcm-Inl— P4/nmm-Inl
transition path can be connected by this intermediate phase.
Atomic displacements are always accompanied by a striking
change of properties, especially electronic properties. Therefore,
the total and site projected electronic densities of states (DOS) of
TII-Inl and P4/nmm-Inl were calculated at ambient pressure and
25 GPa. As expected (Fig. 6a), the TlI-Inl is a semiconductor
characterized by an energy gap of ~1.38 eV, which agrees well
with previous reports [8-9,23]. From inspection of its partial DOS
curves, we could see three groups of states, depicted as I, II, and III
in the valence band region. Part II is mainly dominated by I-5p
states mixed with slight contributions of In-5p states. Part I and
part III are characterized by a mixture of In-5s and I-5p states. The
admixture of In* 5p states can be seen in peaks of Il and III of DOS
curve of TII-Inl. Conclusively, the DOS curves of TII-Inl are in
agreement with a predominantly ionic description and weak
covalent interactions. Compared to the TlI-Inl, P4/nmm-Inl exhi-
bits clear metallic behavior by evidence of the finite electronic
DOS at the Fermi level (Fig. 6b). The increased overlap of different
peaks leads to a large interaction between neighbors, and thus to

a larger bandwidth and a smaller DOS. In addition, the ionic nature
of the two structures is demonstrated by the corresponding Electro-
nic Localization Function (ELF) [24-25] analysis, as depicted in Fig. 7.
One can note I-In ionic bonds with nearly identical I-In ionic “point
attractors” at ELF=0.229 for TII-Inl on the (001) plane and
ELF=0.263 for P4/nmm-Inl on the (0 0 1) plane.

4. Conclusions

In summary, we have found that the experimental TII-Inl
transforms to a tetragonal metallic P4/nmm structure at 17 GPa,
using particle swarm optimization algorithm for crystal structural
prediction. This finding rules out the earlier belief of the TII-Inl —
CsCI-Inl high-pressure transition. The stability of P4/nmm-Inl is
justified by the enthalpy calculations, and its dynamical stability
has been confirmed by the phonon calculations. The phase
transition path of TlI-Inl—P4/nmm-Inl has been identified as
the displacement of I and In layers under compression.
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