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We performed high-pressure in situ angle dispersive X-ray diffraction (ADXRD) experiments combined
with CALYPSO methodology and band structure calculations on Cu,Se up to 42.1 GPa at room temper-
ature, and four phases were identified. The initial low-pressure phase is assigned to the previously
proposed monoclinic structure (space group C2/c). Phase II (space group C2/m) and phase III (space group
C2/m) emerged at 3.3 GPa. Moreover, a bulk metallic phase IV (space group Pca2;) emerged at 7.4 GPa.

We find that, unexpectedly, semimetallic phase IIl probably experiences a pressure-induced electronic
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topological transition (ETT) to another semimetallic state at about 20.0—25.0 GPa. Our results show that
pressure plays a dramatic role in tuning CujSe's crystal structures and electronic states.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Copper selenide as an important member of the transition metal
chalcogenides (TMCs) has received heightened attention for
various interesting properties. Recently, thanks to the extremely
low thermal conductivity, thermoelectric figure of merit ZT value of
1.5 was achieved in the superionic Cuy.4Se at 1000 K [1,2]. More-
over, by utilizing critical electron and phonon scattering, a dramatic
ZT value of 2.3 was shown in iodine-doped CuySe at 400 K [3].
Additionally, the recent transport property measurements exhibi-
ted the extraordinary weak anti-localization type of magnetore-
sistance in Cu;Se at liquid nitrogen temperatures, which confirmed
the existence of a possible CDW state at low temperature [4]. It is
known that CupSe is an indirect band-gap semiconductor
(Eg~1.25—1.5 eV) under ambient conditions [5]. Moreover, at about
400K, it experiences a reversible second-order structural transition
to a superionic state with simple antifluorite structure (space group
Fm-3m) [6—13]. However, the room-temperature crystal structure
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of Cu,Se remains controversial. Therefore, many structural models
were theoretically proposed, including several monoclinic struc-
tures with space group P21/c and C2/c, respectively [3,4,14].

Pressure can provide the cleanest route to tune the crystalline
structures and physical properties of the TMCs. For examples,
pressure-induced ETT, a modification of the topology of the Fermi
surface, can result in pronounced increase of thermoelectric
properties in these compounds [15—24]. Besides, pressure signifi-
cantly raises the superconducting transition temperature T, in
almost established CDW compounds [25—36]. Furthermore, several
members of chalcogenides, such as a-Bi,Ses, a-BisTes, a-SbyTes, §-
Ag,Te and (-Ag,Se, have been theoretically proposed and experi-
mentally exhibited as three-dimensional topological insulators
(TIs) [37—45]. In addition, Murray et al. reported that Cu,Se un-
dergoes a structural transition at about 4.0 GPa, while the structure
of the high-pressure phase is still unknown [46]. Therefore, it is
important to explore the crystalline structures and intriguing
physical properties of Cu,Se upon pressure.

Here, we report the pressure-induced phase transition sequence
for Cu;Se by in-situ high-pressure ADXRD measurements, using a
diamond anvil cell (DAC), in conjunction with first-principles
calculations.
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2. Experimental details

In our experiments, polycrystalline CuSe samples were pre-
pared following the recipes described elsewhere [47]. In situ high-
pressure ADXRD data was collected at the beamline BL15U1 of the
Shanghai Synchrotron Radiation Facility (SSRF) with a wavelength
of 0.6199 A. The ADXRD experiments were conducted up to 42 GPa
using methanol-ethanol-water (16:3:1) mixture, so considerable
non-hydrostatic conditions are expected above 20—25 GPa. The
integration to conventional 26-intensity data was carried out with
the FIT2D software [48]. Rietveld refinements were performed
using the GSAS-EXPGUI package [49,50].

To determine high-pressure structures, we used a global mini-
mization of free energy surfaces merging ab initio total-energy
calculations via CALYPSO methodology [51]. 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 [52] and the
generalized gradient approximation (GGA) [53] is implemented on
a projector augmented wave (PAW) basis [54,55]. The PAW method
based upon the frozen core approximation with 3d'%4s! and 4s%4p*
electrons as valence for Cu and Se, respectively, was adopted. In
order to obtain very well converged energies, a 4 x 4 x 4 grid of
special k-points was employed for the integration over the Brillouin
zone (BZ) with a kinetic energy cutoff of 300 eV, ensuring conver-
gence of the total energy within 10~ meV/atom. In order to
compare with experimental results, the structures were fully
relaxed in the theoretical calculations at different pressures.
Additionally, the electronic band structures and density of states
(DOS) were calculated with the lattice parameters directly taken
from the Rietveld refinement.

3. Results and discussion

As shown in Fig. 1, the first pressure-induced structural transi-
tion occurred at about 3.3 GPa and completed at 4.1 GPa. Fig. 2a
clearly illustrates that a good fitting result was obtained, when the
theoretically proposed monoclinic structure (space group C2/c) was
used to carry out Rietveld refinement of 0.8 GPa [3]. Therefore, the
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Fig.1. Angle dispersive X-ray powder diffraction patterns of Cu,Se under high pressure
at room temperature. Diamonds, arrows and asterisks represent new diffraction peaks
for phase II, phase IIl and phase IV, respectively.
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Fig. 2. Rietveld refinement results of (a) 0.8, (b) 4.9, (c¢) 25.0 and (d) 42.1 GPa,
respectively.

initial low-pressure phase of Cu,Se is assigned to the monoclinic
structure reported by Liu et al. [3]. The experimental crystallo-
graphic information of CuySe at 0.3, 0.8 and 2.0 GPa, respectively,
are shown in the Supplementary Material. To solve the crystal
structure of the first high-pressure phase, the structure prediction
via CALYPSO methodology was performed at 4.9 GPa [51]. Finally,
the best fitting of 4.9 GPa was achieved by the combination of two
phases. Here, phase Il has a monoclinic structure with space group
C2/m, which was solved by the previously proposed lowest-energy
structure of CuyTe at ambient conditions [14]. Phase III is assigned
to the most stable structure (space group C2/m) proposed by
CALYPSO methodology at 4.9 GPa. The related theoretical crystal-
lographic information was collected in the Supplementary material.
Fig. 2b shows the Rietveld refinement of 4.9 GPa by the coexistence
of phase II and phase III. The relative experimental results of Riet-
veld refinement were reported in the Supplementary Material.
Similarly, the high-pressure study of Ag,Se by Zhao et al. reports
that to fully match the experimental XRD patterns, a metastable C2/
m phase needs to be added into the Rietveld refinements, which
may be due to the kinetic factors or deviatoric stresses from the
quasi-hydrostatic pressure conditions [44]. As observed in Fig. 1, a
pressure-induced structural transition started at 7.4 GPa, where
new peaks appeared. Moreover, the analysis of ADXRD patterns
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Fig. 3. Structural models of Cu,Se for all phases.

revealed that phase Il disappeared at 10.0 GPa; phase IIl and phase
IV were coexisted up to 42.1 GPa, the highest pressure in this study,
which may be due to the non-hydrostatic pressure conditions
above 20—25 GPa. Besides, the decompression experiments show
that the structural phase transitions are reversible. Phase IV is
solved to be an orthorhombic structure with space group Pca2;,
through the CALYPSO methodology performed at 42.1 GPa. The
related theoretical crystallographic information was located in the
Supplementary material. The Rietveld refinement profile of 25.0
and 42.1 GPa was shown in Fig. 2c and d, respectively. The relative
experimental results of Rietveld refinement were collected in the
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Supplementary material.

As observed in Fig. S1, the previous study proposed that the
initial phase of Cu,Se is constructed from stacking layers structure
under ambient conditions [3]. Up to 2.0 GPa, the layers were all
connected by the formation of Cu3—Se1 ionic-covalent bonds. As
shown in Fig. 3, phase II is built up of unique tunnel structures
along b direction at 4.9 GPa. These tunnels may provide channels
for the transfer of the photogenerated electrons and holes, pre-
venting their excessive recombination and enabling more free
carries to participate in the photodecomposition process [56]. At
49 GPa, phase III contains one-dimensional chains along b
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Fig. 4. Lattice parameters of (a) initial phase, (c) phase II, (e) phase III, and (h) phase IV, respectively. Angle (8 of (b) initial phase, (d) phase II, and (f) phase III, respectively. Errors
given by the GSAS EXPGUI package are smaller than the marker sizes. Empty symbols represent the theoretical values. (g) Calculated lattice parameter ratio of phase III (from 15.0 to
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represent the theoretical values.

direction that are linked together along the c direction via Se atoms
(see Fig. 3 and Fig. S2). The chain features rhombus (Cu2—Cul—
Cu2—Cul) clusters which are connected together with Se atoms.
For phase III, up to 25.0 GPa, Cu2—Cu2 and Cul—Sel bonds also
formed within the chains, see Fig. 3 and Fig. S2. As shown in Fig. 3,
there is a sheet of Cul atoms network in the center of the cell for
phase IV.

As shown in Fig. 4a, b and c directions are more compressible
than a direction in the initial phase, due to the weak Cu—Se bonds
along b and c directions. As observed in Fig. 4e, c direction in phase
Il is more compressible, due to the weak Cul—Sel interactions
between the chains (see Fig. 3 and Fig. S2). Kinetic factors or
deviatoric stresses may be responsible for the deviation between
our theoretical angles and experimental ones for phase III (as

shown in Fig. 4f). Besides, we find that the compressibility of
calculated lattice parameter ratio of phase IIl undergoes intense
fluctuation at about 20.0—25.0 GPa (see Fig. 4g), which may be
attributed to a pressure-induced ETT. As shown in Fig. 4h, b and ¢
directions in phase IV is more compressible, associated with the
weak Cul—Cul interactions in bc plane.

Fig. 5 shows the volume per formula unit as a function of
pressure for all phases. These P-V data are fitted to the usual Birch-
Murnaghan (BM) equation of state (EOS) [57]. Here, first-pressure
derivative By were fixed at 4 for all the phases. We obtained
By = 33.5(8) GPa and Vj = 50.07(5) A3 for the initial low-pressure
phase. The lower By is likely related to the high compressibility of
b and c directions. The compression behavior of phase II is deter-
mined by the following characteristic parameters: By = 52.0(7) GPa,
Vo = 48.02(6) A3. As shown in Fig. 5, the compressibility behaviors
is described by By = 135.9(8) GPa (Vp = 44.84(2) A%) for phase III,
and By = 157.7(4) GPa (V, = 38.72(2) A3) for phase IV. There is an
obvious volume collapse between phase Il and phase IV, which
suggests a possible pressure-induced first-order phase transition.
Besides, our theoretical calculations of unit cell volume compare
not well with experimental ones in phase IV, which may be due to
the non-hydrostatic pressure conditions.

In order to determine the electronic band structures for all
phases and a possible pressure-induced ETT at about
20.0—25.0 GPa, we carried out first-principles calculations. The
previous study has reported that CuySe is an indirect band-gap
semiconductor (Eg~1.25—1.5 eV) at ambient pressure [5]. As
shown in Fig. 6a, indeed, the initial low-pressure phase is an indi-
rect band-gap semiconductor (Eg = 0.05 eV) at 0.3 GPa, with
conduction-band minimum (CBM) at I' point and valence-band
maximum (VBM) located between I' and Z point. Given the
underestimated theoretical band-gap, the calculated result was
acceptable. As observed in Fig. 6b, the initial low-pressure phase is
an indirect band-gap semiconductor (Eg = 0.06 eV) at 2.0 GPa, but
the VBM located at V point. The significant electron band dispersion
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Fig. 6. Calculated band structures of Cu,Se for (a) initial phase at 0.3 GPa, (b) initial phase at 2.0 GPa, (c) phase II at 4.9 GPa, (d) phase IIl at 4.9 GPa, (e) phase III at 25.0 GPa, and (f)

phase IV at 25.0 GPa, respectively.
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is observed along the Z-I'-A symmetry line (see Fig. 6a and b).
Because mixed carrier transport (electrons and holes) suppresses
the Seebeck coefficient, it is necessary to select one type of carrier
transport (electron or hole) [58]. Thus, the significant electron band
dispersion in the initial phase may lead to a dramatic Seebeck co-
efficient by the contribution of single carrier (electrons) transport
[59]. As shown in Fig. S3, the partial electron density of state (PDOS)
and sum DOS results of 2.0 GPa indicate that VBM is mostly
dominated by the contributions of Cu-3d and Se-4p states. As
observed in Fig. 6¢, phase Il is an indirect band-gap semiconductor
(Eg = 0.17 eV) at 4.9 GPa, with CBM at I' point and VBM at V point.
Fig. S4 shows that the VBM of phase II is mostly composed by Cul-
3d, Cu2-3d and Sel-4p electrons. At 4.9 GPa, phase Il shows a
semimetallic band structure with four hole bands through the
Fermi level at A point, I'-Z and Z-V directions, respectively, see
Fig. 6d. 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 [60]. As observed in Fig. Ge, the
electronic structure of phase IIl at 25.0 GPa is similar to that of
4.9 GPa, but there are six hole bands through the Fermi level,
located at L point, A point, Z point and I'-Z-V direction, respectively.
Given this evolution in the number of hole bands crossing over the
Fermi level, the above mentioned pressure-induced ETT in phase III
appears reasonable. Apart from the direct observation of the
changes at the Fermi surface by means of angle-resolved photo-
electron spectroscopy, transport measurements have also been
used as one of the most convincing ways to detect ETTs [15—23,60].
As shown in Fig. 6f, there is a large band overlap in the band
structure of phase IV, which indicates a bulk metal state.

4. Conclusions

In summary, we studied the high-pressure behaviors of Cu,Se
up to 42.1 GPa at room temperature through ADXRD measurements
and first-principles calculations. The pressure-induced structural
transition sequence is identified. The initial low-pressure phase
(space group C2/c) transformed to phase II (space group C2/m) and
semimetallic phase III (space group C2/m) at 3.3 GPa; and then
reconstructed to bulk metallic phase IV (space group Pca2;) at
74 GPa. The compressional behaviors of all phases were
determined.
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