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High-pressure in situ angle dispersive X-ray diffraction (ADXRD) measurements were performed on the
charge-density-wave (CDW) material InsSes up to 48.8 GPa. Pressure-induced structural changes were
observed at 7.0 and 34.2 GPa, respectively. Using the CALYPSO methodology, the first high-pressure
phase was solved as an exotic Pca2; structure. The compressional behaviors of the initial Pnnm and
the Pca2; phases were all determined. Combined with first-principle calculations, we find that, unex-
pectedly, the Pnnm phase probably experiences twice electronic topological transitions (ETTs), from the
initial possible CDW state to a semimetallic state at about 2.3 GPa and then back to a possible CDW state
at around 3.5 GPa, which was uncovered for the first time in CDW systems. In the both possible CDW
states, pressure provokes a decrease of band-gap. The observation of a bulk metallic state was ascribed to
structural transition to the Pca2; phase. Besides, based on electronic band structure calculations, the
thermoelectric property of the Pnnm phase under compression was discussed. Our results show that
pressure play a dramatic role in tuning InsSes's structure and transport properties.

Thermoelectric property

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

For decades, more and more attention is being focused on the
CDW materials induced by quasi-one-dimensional lattice distor-
tion (Peierls distortion) [1—3]. Because the occurrences of CDW
order is well established in essentially all underdoped cuprates
high-temperature superconductors (HTSCs) [4—18]. In addition,
since CDW materials have been used as model systems for the
understanding of the interplay among electrons, phonons and spins
in strongly coupled electron—Ilattice systems [19].

It is known that the orthorhombic lattice structure (space group
Pnnm) of IngSes is a CDW material under ambient conditions
[20—22]. It contains quasi-two-dimensional layers stacked with
weak interaction of van der Waals type along a direction, as seen in
Fig. 1. Within the layer, (In1-In2-In3)°* multivalent clusters are
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connected with Se atoms by ionic-covalent bond, forming In-Se-In
zigzag chains along the c axis [21,23]. IngSes has been thought to be
suitable for fabrication of infrared optical fiber and nanowires
[24—26], and applications of photovoltaic advices [27—-29].
Furthermore, recently, excellent thermoelectric figure of merit ZT
value of 1.48 at 705 K was achieved in single crystalline InsSes_y,
due to its extremely low thermal conductivity [20].

Pressure was recognized to be the cleanest method for tuning
crystalline structures and the physical properties of these CDW
compounds. For examples, pressure significantly raises the super-
conducting transition temperature T, in almost established CDW
compounds [30—42]. However, the precise nature of the CDW and
its relationship with superconductivity is unclear [1,43]. Moreover,
in particular, pressure-induced ETT, a modification of the topology
of the Fermi surface, can result in significant enhancements of
thermoelectric properties in strongly correlated systems [44—52].
Besides, Schwarz et al. reported that InsSe3 undergoes a structural
transition at 8.8 GPa, while the structure of the high-pressure phase
is still unknown [53]. Therefore, it is important to explore the
structure and transport properties of InsSes by applying pressure,
in order to find a better candidate for thermoelectric devices and
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Fig. 1. Schematic representation of the Pnnm and Pca2; phases.

offer a platform for the exploration of novel superconductors.

Here, we report on the possible pressure-induced ETTs and
structural transitions in InsSes, for the first time, by in-situ high-
pressure ADXRD measurements, using a diamond anvil cell (DAC),
in conjunction with first-principles calculations.

2. Experimental details

In our experiments, purity IngSes powder was provided by Yang
et al. [54]. Pressure was generated by a symmetric DAC with 300 pm
diamond culet size. The powder was loaded in a 120 um diameter
hole drilled in the T-301 stainless steel gasket and chips of ruby
were added as pressure calibrator [55]. A methanol-ethanol-water
(16:3:1) mixture was employed as the pressure transmitting me-
dium. In situ high-pressure ADXRD experiments were performed at
the beamline X17C of the National Synchrotron Light Source (NSLS)
using a monochromatic wavelength of 0.4095 A. The average
acquisition time was 300 s. The integration to conventional 26-in-
tensity data was carried out with the FIT2D software [56]. Rietveld
refinements were performed using the GSAS-EXPGUI package
[57,58].

We performed structure prediction through a global minimi-
zation of free energy surfaces merging ab initio total-energy cal-
culations via CALYPSO methodology [59]. For the first-principles
calculations, the density functional theory with the Perdew-Burke-
Ernzerhof exchange-correlation as implemented in the Vienna Ab
initio Simulation Package (VASP) code [60] and the generalized
gradient approximation (GGA) [61] is implemented on a projector
augmented wave (PAW) basis [62,63]. The PAW method based upon
the frozen core approximation with 5s25p! and 4s%4p* electrons as
valence for In and Se, respectively, was adopted. Integration in the
Brillouin zone was performed using special k points generated with
4 x 4 x 4 mesh parameter grids. Convergence tests give a kinetic
energy cutoff as 300 eV, ensuring convergence of the total energy
within 10~ meV/atom. The lattice parameters were directly taken
from the Rietveld refinement. The theoretical atomic positions are
electronically relaxed based on the experimental atomic positions.

3. Results and discussion

The selected ADXRD patterns are shown in Fig. 2 and S1. It can
be seen that the first and second pressure-induced structural
transitions of InsSes started at about 7.0 and 34.2 GPa, respectively,
where new peaks appeared. Decompression experiment shows
that structural transition was irreversible, see Fig. 2. As can be seen
in Fig. 3a and b, Rietveld refinements of ADXRD patterns clearly
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Fig. 2. Angle dispersive X-ray powder diffraction patterns of InsSe; under high pres-
sure at room temperature. Arrow and asterisk represent new diffraction peaks.

illustrate that the initial Pnnm phase is still stable at 5.1 GPa. The
detailed refinement results, such as lattice parameters and atomic
coordinates, are shown in the Supplementary Material. Fig. 2
clearly illustrates that the first structural transition is not
completed up to 13.0 GPa. To solve the crystal structure of the first
high-pressure phase, the structure prediction via CALYPSO meth-
odology was performed [59] and the best fitting was achieved for
an exotic orthorhombic structure (space group Pca21). Fig. 3c shows
the Rietveld refinement for the Pca2; phase at 20.2 GPa, which has a
good fitting with the ADXRD pattern. The relative experimental
results of Rietveld refinement were located in the Supplementary
Material.

During the compression process from 1.1 to 3.5 GPa, the (In1-
In2-In3) clusters show nearly straight at 2.3 GPa, which leads to
the quasi-two-dimensional layers all connected by the formation of
In2-Se3 bonds at that pressure (see Fig. S2). The detailed bond
lengths in Pnnm structure are located in Supplementary Material.
The schematic representation of the Pca2; phase of In4Ses is located
in Fig. 1 and S3. It is indicated that the Pca2; structure is built up of
stacking a-c plane layers of rhombus network of In1 atoms along b
axis. Between two close In1 atoms layers, the warped b-c plane
network layers consisting of In-Se ionic-covalent bonds are piled
along a direction.

The evolution of the cell parameters in Pnnm phase is presented
in Fig. 4. The contraction of the lattice parameters is anisotropic. It
can be seen that a direction are more compressible than b and c
directions, which is due to the weak intermolecular bond along a
direction and strong covalent-ionic interactions within the warped
b-c plane layers. For the overlapping diffraction peaks in the pres-
sure region of mixed phases, it is difficult to identify the peak po-
sitions exactly. Therefore, we only display the lattice parameters of
the Pca2; phase at above 13.0 GPa.

The volume per four formula units as a function of pressure is
shown in Fig. S4. These P-V data are fitted to the usual Birch-
Murnaghan (BM) equation of state (EOS) [64]. By fixing first-
pressure derivative By = 4, we obtained By of 47.2(8) GPa and
Vo = 77516(4) A for the Pnnm phase. The lower By is likely
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Fig. 3. Rietveld refinement results of (a) 2.3, (b) 5.1 and (c) 20.2 GPa, respectively.
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Fig. 4. (a) cell parameters of Pnnm phase, (b) lattice parameters of the Pca2; phase.
Errors given by the GSAS EXPGUI package are smaller than the marker sizes.

originating from the high compressibility of a direction. The
compression behavior of the Pca2; phase is determined by the
following characteristic parameters: By = 64.8(3) GPa,

Vo = 685.72(4) A3 and B) fixed to 4 (see Fig. S4).

In order to determine the electronic band structures of InsSes at
different pressures, we carried out first-principles calculations. As
shown in Fig. 5a, the Pnnm phase is a direct band-gap semi-
conductor (Eg = 0.30 eV) at ambient pressure, with the conduction-
band minimum (CBM) and valence-band maximum (VBM) located
at I" point. The significant hole band dispersion is observed along
the I'-Y symmetry line, indicating that the hole conduction path is
mainly along the a direction. From Fig. 5b, the electronic structure
of the Pnnm phase at 1.1 GPa is similar to that of ambient pressure,
but the band-gap decreases to 0.17 eV. The partial electron density
of state (PDOS) and sum DOS results of 1.1 GPa indicate that VBM is
mostly dominated by the contributions of In4-s, Se3-p, Se2-p and
Sel-p states, as shown in Fig. S5a. The ETT is a consequence of a
topological change in the Fermi surface related to the passage of an
extremum of the electron energy band (equivalent to the van Hove
peak in the density of states) through the Fermi level [65]. Fig. 5¢
indicates, at 2.3 GPa, the Pnnm phase shows a semimetallic band
structure with the hole band along I'-X symmetry line, which in-
duces the hole transport along the b direction. The crossing of
bands probably causes a pressure-induced ETT in Pnnm phase. As
shown in Fig. S5b, the bands crossing states are mainly composed
by Sel, In4 and In2 electrons. At 3.5 GPa, the Pnnm phase becomes
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Fig. 5. Calculated band structures of InsSes for (a) ambient pressure, (b) 1.1 GPa, (c) 2.3 GPa, (d) 3.5 GPa, (e) 5.1 GPa and (f) the Pca2, phase, respectively.

an indirect band-gap semiconductor with CBM at around Z point
(C)and VBM at around I' point (V), Eg = 0.17 eV, as shown in Fig. 5d.
Fig. S5c shows the VBM of 3.5 GPa is mostly due to the contribu-
tions of In4-s, Se2-p and Se3-p states. Due to the opening-up of
band-gap at 3.5 GPa, the Pnnm phase experiences a possible
pressure-induced ETT once more. Because it is not obvious that
quasi-one-dimensional Fermi surface nesting conditions related
with CDW instability may be conserved in the whole range of
stability of the low pressure phase. So, the semiconducting state
which appears above 3.5 GPa may contain CDW but maybe not. As
the crystal structure does not change and stay anisotropic, CDW is
possible. Note that a sudden increase in CDW order was observed
previously in TaS, and TaSe, at pressure, due to the lock-in transi-
tion from incommensurate CDW to commensurate CDW [40,66].
The possible CDW — semimetal » CDW transition was uncovered
for the first time in the CDW system studies. As shown in Fig. 5e, by
the raised pressure, the band-gap reduces to 0.04 eV at 5.1 GPa. The
large band overlap was observed in the band structures of the Pca24
phase, which shows the Pca2; phase is a bulk metal state, see Fig. 5f.

Besides, due to the ETTs are shown to strongly influence the
thermoelectrical properties in compounds, we would like to
discuss about the thermoelectrical property of the Pnnm phase
after ETTs [44—52]. It is worth mentioning that although there is
low thermal conductivity in a CDW system, it is crucial to select one
type of carrier transport (electron or hole) to achieve a high ther-
mopower, because mixed carrier transport (electrons and holes)
suppresses the Seebeck coefficient [20]. At 5.1 GPa, due to the CBM
and the second CBM is very close in energy, see Fig. 5e, the phonon-
assisted intervalley scattering of electron was dramatically
enhanced. The anisotropic transport of carriers and electron's
intervalley scattering phenomenon can prevent the electron-hole
compensation effect in Seebeck coefficients [22]. Thus, a consid-
erable increase in Seebeck coefficient was expected by the contri-
bution of single carrier (holes) transport. Furthermore, due to the
low band-gap at above 5.1 GPa, a remarkable increase of carrier
concentration and electrical conductivity can be obtained.

Therefore, an improvement of the ZT value can be expected in the
Pnnm phase after ETTs.

Apart from the direct observation of the changes at the Fermi
surface by means of angle-resolved photoelectron spectroscopy,
transport measurements have also been used as one of the most
convincing ways to detect ETTs [44—52,65]. However, the present in
situ high-pressure temperature dependence of resistance mea-
surement technique cannot provide the extremely exact carrier
activation energy of the sample not easy to be loaded full of the
pressure calibrator. Therefore, it is need to develop the in situ high-
pressure transport measurement technique for the rather sticky
sample, such as InsSes. Finally, the following techniques can pro-
vide useful information on the changes of the CDW state in the
Pnnm phase under pressure, such as, scanning tunneling micro-
scope (STM), X-ray resonant scattering (XRS) and X-ray photon
correlation spectroscopy (XPCS) measurements. On the other hand,
the superconductivity study of the Pnnm phase could be helpful for
identifying the unsettled mechanism and finding new materials
with higher critical temperature by using the chemical pressure.

4. Conclusions

In summary, we have investigated the structural transitions of
InsSes up to 48.8 GPa at room temperature by ADXRD measure-
ments. IngSes undergoes twice phase transitions at about 7.0 and
34.2 GPa, respectively. The first high-pressure phase was assigned
to the Pca2; structure. Moreover, by means of first-principle cal-
culations, we proposed that the Pnnm phase undergoes twice
possible ETTs, from CDW state to a semimetallic state at about
2.3 GPa and then back to a possible CDW state at around 3.5 GPa. A
pressure-induced metallization was attributed to the first struc-
tural transition. Besides, a decrease of the electron-hole compen-
sation effect in Seebeck coefficient was proposed in the Pnnm phase
upon compression, which can lead to a considerable increase in the
ZT value.
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