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Pressure-induced changes of the structure and properties of monoclinic a-chalcocite Cu,S
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The high-pressure behavior of monoclinic (P2, /c) a-chalcocite, Cu,S, was investigated at ambient temperature
by single-crystal x-ray diffraction, electrical resistance measurements, and optical absorption spectroscopy up to
16 GPa. The experiments were complemented by density-functional-theory-based calculations. Single-crystal
x-ray diffraction data show that monoclinic «-chalcocite undergoes two pressure-induced first-order phase
transitions at ~3.1 and ~7.1 GPa. The crystal structure of the first high-pressure polymorph, HP1, was solved
and refined in space group P2,/c with a = 10.312(4)A, b=6.7373)A, c = 7.305(1)/0%, and 8 = 100.17(2)°
at 6.2(3) GPa. The crystal structure of the second high-pressure polymorph, HP2, was solved and refined in space
group P2, /c witha = 6.731(4) A, b = 6.689(2) A, ¢ = 6.967(8) A, and B = 93.18(3)° at 7.9(4) GPa. Electrical
resistance measurements upon compression and optical absorption experiments upon decompression show that
the structural changes in a-chalcocite are accompanied by changes of the electrical and optical properties. Upon
pressure release, the band gap E, of a-chalcocite (1.24 eV at ambient conditions) widens across the first structural
phase transition, going from 1.24 eV at 2.2 GPa («¢-chalcocite) to 1.35 eV at 2.6 GPa (HP1), and closes significantly
across the second phase transition, going from 1.32 eV at4.4 GPa (HP1) t0 0.87 eV at4.9 GPa (HP2). The electrical
resistance shows similar behavior: its highest value is for the first high-pressure polymorph (HP1), and its lowest
value is for the second high-pressure polymorph (HP2) of «-chalcocite. These results are interpreted on the basis

of calculated electronic band structures.
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I. INTRODUCTION

Monoclinic a-chalcocite [1], Cu,S, is one of the dominant
mineral phases in copper ores and has been investigated
extensively for the last 100 years due to its outstanding physical
properties, such as ion conductivity at elevated temperatures
[2], fast switchable phase transitions [3], and semiconductivity
[2]. Its optical band gap of about 1.2 eV [4-6] makes «-
chalcocite, in principle, suitable for applications as an absorber
material in solar cells. The ubiquity of copper sulfide together
with its low cost and nontoxicity made Cu,S-based solar cells
one of the most intensively studied systems [7]. Unfortunately,
the limited phase stability of «-chalcocite has prevented
Cu,S-based solar cells from being produced commercially
on a large industrial scale [8,9]. In the recent course of the
rapidly growing research on nanocrystalline materials copper
sulfides have attracted renewed interest [10]. Nanoparticles
of tetragonal copper sulfide [11], Cu,S, a high-pressure,
high-temperature polymorph of monoclinic a-chalcocite, were
found to exhibit an extended phase stability after doping with
iron [12]. According to Machani et al. [12], nanoparticles
of tetragonal copper sulfide exhibit optical properties similar
to those of monoclinic «-chalcocite, drawing attention to
nonambient phases of copper sulfides in general. However,
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a recently described temperature-induced phase transition of
tetragonal copper sulfide at moderately low temperatures [13]
might be disadvantageous for applications in solar cells.

Nevertheless, it now is intriguing to further investigate the
high-pressure behavior of Cu,S, as pressure-induced phase
transitions have already been reported, and hence, it is worth-
while to explore whether or not high-pressure phases may be
suitable for energy-conversion applications.

The first attempts to describe the crystal structure of «-
chalcocite at ambient conditions were published by Buerger
and Buerger [14], who employed an orthorhombic unit cell
witha = 11.92A, b = 27.84 A, and ¢ = 13.44 A. Later, this
structural model was replaced by a monoclinic model (space
group: P2;/c) by Evans [1] which was further refined again
by Evans [15] with a = 15.246(4) A, b = 11.884(2) A, ¢ =
13.494(3) 10\, and B = 116.35(1)°. According to the mon-
oclinic model the structure of a-chalcocite is based on a
hexagonal close packing of sulfur with copper dominantly
in trigonal planar and distorted tetrahedral coordination, as
shown in Fig. 1. Early high-pressure, high-temperature studies
of Cu, S published by Skinner [16] and Seifert [17] showed that
atelevated temperatures and pressures between 0.5 GPa/373 K
and 9 GPa/737 K tetragonal copper sulfide, Cu,S, is the
only polymorph that can be recovered metastably at ambient
conditions. The first in situ high-pressure x-ray diffraction
experiments at ambient temperature on Cu,S were performed

©2018 American Physical Society
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FIG. 1. Structural properties of «-chalcocite [a = 15.1882(6) A,
b=1185114)A, ¢ = 13.465(2) A, and B = 116.263(5)°] at am-
bient conditions evaluated by single-crystal x-ray diffraction [21]
based on the structural model by Evans [15]. (a) View along the
crystallographic axis b. Blue: copper; yellow: sulfur; green lines:
indication of the distorted hexagonal close packing of sulfur. (b)
Trigonal planar coordination of copper in «t-chalcocite: typical values
for Cu-S distances and angles. (c) Fourfold coordination of copper in
a-chalcocite showing a distorted tetrahedral character: typical values
for Cu-S distances and angles.

by Hinze and Neuhaus [18] using a diamond “squeezer,”
in which a very large pressure gradient across the sample
results from the almost solely uniaxial compression. The
authors found three pressure-induced phase transitions up
to 10 GPa accompanied by a disproportion of Cu,S into
CuS; and copper. Further in situ high-pressure powder x-ray
diffraction experiments at ambient temperature and quasihy-
drostatic conditions were carried out by Wang et al. [19]
and Santamaria-Pérez er al. [20] in diamond-anvil cells up
to about 20 and 30 GPa, respectively. Both studies show
that monoclinic a-chalcocite, Cu,S, undergoes two reversible
pressure-induced phase transitions up to 10 GPa, transforming
into high-pressure polymorphs HP1 and HP2, respectively.
For the two new polymorphs Santamaria-Pérez et al. [20] and
Wang et al. [19] proposed different unit cells but were not able
to solve the structures from the powder data (see Supplemental
Material [21] for a brief comparison of the unit cells). In
the present high-pressure study we employed single crystals
of monoclinic «-chalcocite instead of powder samples. This
allowed us to solve the crystal structures.

II. EXPERIMENTAL DETAILS

X-ray diffraction experiments and optical absorption mea-
surements on «-chalcocite, Cu,S, were performed on natural
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FIG. 2. Powder x-ray diffraction pattern of «-chalcocite, Cu,S, at
ambient conditions and Rietveld refinement based on structural data
published by Evans [15] (A = 1.5406 A). Black crosses: measured
data; red line: simulated pattern; green line: background; blue line:
residuals; blue tick marks: calculated reflection positions.

single crystals (~50 x 50 x 10 um?) from Wolfach (Ger-
many). The chemical composition of the natural copper sulfide
samples was determined by energy-dispersive x-ray spec-
troscopy using a scanning electron microscope (Phenom ProX,
Phenom-World), equipped with an energy-dispersive detector.
The chemical analysis of the natural samples shows that there is
no chemical impurity in the natural single crystals [21] above
our experimental sensitivity of about 0.5 wt %. In order to
perform electrical resistance measurements at high pressure
we also produced a-chalcocite in powder form by a synthesis
from the elements (copper: 99.99%, ChemPUR, Karlsruhe;
sulfur: 99.99%, Sigma-Aldrich, Missouri) in evacuated silica
tubes at 900 K. The product of the synthesis in the silica
tubes consisted of a homogeneous opaque powder. The pow-
der samples were characterized by powder x-ray diffraction
using an X-PertPro diffractometer equipped with a linear
position-sensitive detector from PANalytical (PIXcel*?) and a
Johannson monochromator (Ge 111) using Cu K & radiation.
The powder was applied on a silicon single-crystal plate. Data
were collected with a step width of 0.003° between 10° and
90° and a total measurement time of about 14 h. The Rietveld
refinements [22] were performed by employing GSAS [23]
with the EXPGUI [24] package. The high quality of the powder
x-ray diffraction pattern of the product at ambient conditions
allowed a successful Rietveld refinement based on structural
data for a-chalcocite published by Evans [15], as shown in
Fig. 2 (see Supplemental Material [21] for the details of the
refinement).

High-pressure experiments were carried out in Boehler-
Almax-type diamond-anvil cells [25] using neon or a mixture
of methanol and ethanol (4:1) as a quasihydrostatic pressure-
transmitting medium. The pressure was determined by the shift
of the ruby luminescence based on the calibration established
by Mao et al. [26].

Single-crystal x-ray diffraction at ambient conditions was
performed using an Xcalibur3 four-circle diffractometer from
Rigaku (formerly Oxford Diffraction) equipped with graphite-
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FIG. 3. Experimental setup for four-wire electrical resistance
measurements in a diamond-anvil cell. Four gold wires are connected
to an a-chalcocite sample embedded in a mixture of epoxy resin and
aluminium oxide surrounded by a tungsten gasket.

monochromatized Mo K« radiation and a charge-coupled-
device camera (Sapphire3). The samples were mounted on
the goniometer head at a distance of 42 mm to the detector.
Single-crystal synchrotron x-ray diffraction was performed as

a function of pressure in diamond-anvil cells at the Extreme
Conditions Beamline P02.2 [27] at PETRA III, DESY, Ham-
burg, Germany, with a wavelength of 0.2904 A, a spot size of
~8 x 4 umz, and a distance of ~400 mm between the sample
and the detector. The data were collected using a PerkinElmer
XRD 1621 flat-panel detector while rotating the sample by
0.5° in w. Indexing, data reduction, and empirical absorption
correction were performed using the CRYSALIS **° software
from Rigaku (formerly Agilent) [28]. Structure solutions and
structural refinements were performed using SUPERFLIP [29]
and JANA2006 [30], respectively.

The electrical properties of a-chalcocite, Cu,S, were deter-
mined as a function of pressure up to ~10 GPa by four-wire
resistance measurements in a diamond-anvil cell. Four gold
wires were used to establish contact between the multimeter
(DMM7510, Keithley) and «-chalcocite, as shown in Fig. 3.
The wires and the sample were insulated from the tungsten
gasket by a mixture of epoxy resin and aluminum oxide,
which also acted as the pressure-transmitting medium. At each
pressure step 1000 resistance measurements were performed.
Possible errors due to thermoelectric effects were avoided by
alternating the direction of the excitation current.

Optical absorption measurements were performed in a
custom-built confocal system equipped with two Cassegrain
objectives and a halogen lamp. The spectrometers used were
a near-infrared (NIR) StellarNet equipped with an InGaAs

TABLEI. Parameters and results of single-crystal x-ray diffraction data collections, data reductions, and crystal structure refinements based

on F.Inobs/all, obs = I > 30, w = 1/[0>(F) + 0.0001(F)?].

Phase
a-chalcocite HP1 HP2
Crystal data

Chemical formula Cu,S Cu,S Cu,S
Cell parameters

aA) 15.1882(6) 10.312(4) 6.731(4)

b (A) 11.8511(4) 6.737(3) 6.689(2)

c (A) 13.465(5) 7.305(1) 6.967(8)

B(©) 116.263(8) 100.17(2) 93.18(3)

Vv (A3) 2173.5(1) 499.5(1) 313.2(1)

VA 48 12 8
Space group P2,/c P2,/c P2,/c
o (g/cm?) 5.8365(1) 6.2370(1) 6.7825(1)

Data collection
Temperature (K) 293(5) 293(5) 293(5)
Pressure (GPa) 0.0001 6.2(3) 7.9(4)
A (A) 0.71073 0.2904 0.2904
Sinbp /A A 0.6921 1.0746 1.0694
Reflection range -20< < 19 -20< < 20 —13< h< 13
—-16< k< 16 —11< k<9 —12< k< 13
18 1< 18 —-15< 1< 15 -6 1< 4
No. of reflections obs/all 12632/33203 3027/3635 1415/1720
Unique reflections obs/all 272475292 1754/1974 719/877
Ry, obs/all 0.050/0.087 0.023/0.027 0.031/0.031
Refinement

No. of parameters 333 91 50
R, obs/all 0.040/0.1212 0.047/0.051 0.080/0.091
wR, obs/all 0.034/0.048 0.065/0.066 0.102/0.103
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detector for the NIR part and an OCEAN HR4000 for the
visible-NIR region.

III. COMPUTATIONAL DETAILS

First-principles calculations were carried out within the
framework of density-functional theory (DFT) [31] using the
generalized gradient approximation Perdew-Burke-Ernzerhof
[32] functional and the pseudopotential method using the
CASTEP [33] simulation package. On-the-fly ultrasoft pseu-
dopotentials from the CASTEP database were employed in
conjunction with plane waves up to a kinetic-energy cutoff of
450 eV. A Monkhorst-Pack [34] grid was used for Brillouin-

zone integrations with a distance of <0.025 AA between grid
points. Convergence criteria included an energy change of
<5 x 1077 eV /atom for self-consistent field cycles, a maximal
force of <0.01 eV/A, and a maximal component of the stress
tensor <0.02 GPa.

IV. RESULTS AND DISCUSSION

A. Single-crystal x-ray diffraction

At ambient conditions the structure of «-chalcocite was
solved and refined in space group P2;/c based on single-
crystal x-ray diffraction data (Fig. 1) with a = 15.1882(6) A,
b=11.85114)A, c = 13.465(2) A, and g = 116.263(5)°, in
accordance with the structural model published by Evans [15].
The anisotropic thermal displacement parameters were refined
successfully for all 38 atomic sites (Table I and Supplemental
Material [21]). Due to unusually high values for the anisotropic
displacement parameters in one direction of two copper posi-
tions (Cu23, Cu24) disorder was assumed, and therefore, these
copper sites were split (Cu23, Cu23’, Cu24, Cu24’). The site
occupation factors and the anisotropic thermal displacement
parameters for these four copper sites were refined successfully
[21]. The unusually high values of the displacement parameters
at these two sites were also mentioned by Evans [15], but
according to the author neither a splitting of the atomic
sites nor a refinement in a lower-symmetry space group led
to a physically acceptable model. Structural solutions and
refinements in space groups with lower symmetry (Pc, P2;)
were unsuccessful in the scope of the present work as well.

The structure of a-chalcocite is based on a distorted hexago-
nal close packing of sulfur with 26 symmetrically independent
Wyckoff positions (4e) for copper and 12 symmetrically
independent Wyckoff positions (4e) for sulfur (Fig. 1). Four
of the copper positions have a site occupation factor close to
0.5 and belong to the small disordered part of the structure. In
a single unit cell 92 of the 96 copper atoms are coordinated
trigonal planar by three sulfur atoms with Cu-S distances of
about 2.3 A. Sixty of those copper atoms are coordinated by
a fourth sulfur atom at a distance >3.0 A towards a highly
distorted tetrahedral coordination, as shown in Fig. 1(c). The
remaining four copper atoms in the unit cell are in nearly linear
coordination, with Cu-S distances of about 2.3 A but with
a third sulfur atom at a distance >3.0 A towards a distorted
trigonal planar coordination.

At pressures above ~3 GPa the reflections of the copper sul-
fide samples were indexed with a smaller monoclinic unit cell

with a = 10.312(4) A, b = 6.737(3) A, ¢ = 7.305(1) A, and
B = 100.17(2)° [6.2(3) GPa]. The structure of this first high-
pressure polymorph of a-chalcocite, HP1, was first solved
at different pressures [4.6(2) and 6.2(3) GPa] in the noncen-
trosymmetric space group P2; with 14 Wyckoff positions for
copper (2a) and 6 for sulfur (2a). After the first refinements of
the atomic positions and the anisotropic displacement parame-
ters, two copper positions showed unusually high values for the
displacement parameters in one direction and were therefore
split into four positions with refined site occupation factors of
nearly 0.5. The program PLATON [35] was used to search for any
missed symmetry. The program suggested a model based on
space group P2;/c, including two split positions for copper
with a site occupation factor of 0.5, resulting in a structural
model similar to that before with space group P2;. Looking at
the systematic extinction, no reflection violates the extinction
rules of space group P2;. However, as only one unique
reflection out of 1754 violates the extinction rules of P2, /c, we
have chosen the structural model based on space group P2 /c.
The atomic positions and anisotropic displacement parameters
for this model were refined successfully at different pressures
(Table I and Supplemental Material [21]). The structure is
based on a distorted hexagonal close packing of sulfur as shown
in Fig. 4(a) with seven Wyckoff positions (4e) for copper
and three positions (4e) for sulfur with structural properties
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FIG. 4. Structural properties of the first high-pressure polymorph
of «-chalcocite, HP1, at 6.2(3) GPa evaluated by single-crystal x-ray
diffraction [a = 10.312(4) A, b = 6.737(3) A, ¢ = 7.305(1) A, and
B = 100.17(2)°]. (a) Unit cell of HP1. Blue: copper; yellow: sulfur;
green lines: indication of the distorted hexagonal close packing of
sulfur. (b) Trigonal planar coordination of copper in HP1: typical
values for Cu-S distances and angles. (c) Fourfold coordination of
copper in HP1 showing a distorted tetrahedral character: typical values
for Cu-S distances and angles.

134111-4



PRESSURE-INDUCED CHANGES OF THE STRUCTURE AND ...

PHYSICAL REVIEW B 97, 134111 (2018)

m

2-278(5) i

(&
s A

2.484(3) A
0

¢

A

87.0(2)°

v (919C o

3)
2-324(6) A '1:5\3\

o 115.0(2)°
e
(b) o

FIG. 5. Structural properties of the second high-pressure phase
of a-chalcocite, HP2, at 9.6(5) GPa evaluated by single-
crystal x-ray diffraction [a = 6.7127(6) A, b = 6.6764(8) A, ¢ =
6.9661(9) A, and B =93.17(2)°]. (a) Trigonal planar coordination of
copper in HP2. (b) Fourfold coordination of copper in HP2 showing
a distorted tetrahedral character: typical values for Cu-S distances
and angles. (c) View along the crystallographic axis a. Blue: copper;
yellow: sulfur.

similar to those of a-chalcocite. In one unit cell 14 of the 24
copper atoms are coordinated trigonal planar, as pictured in
Fig. 4(b). Eight copper atoms are coordinated by four sulfur
atoms forming a distorted tetrahedral environment [Fig. 4(c)].
With copper-copper and sulfur-sulfur distances larger than 2.5
and 3 A, respectively, the structure fits well into the scheme of
copper sulfide structures [1,15,36,37].

At 7.9(4) GPa the reflections of the samples were indexed
with yet another monoclinic unit cell with a = 6.7313(5) A,
b =6.6978(6) A, c = 6.958(6) A, and B = 93.08(2)°, indicat-
ing that a structural phase transition from monoclinic HP1 to
monoclinic HP2 takes place between 6.2(3) and 7.9(4) GPa.
The structure was solved at different pressures [7.9(4), 9.6(5),
11(1), 16(1) GPa] in space group P2;/c with four Wyckoff
positions for copper (4¢) and two for sulfur (4e). The atomic
positions and thermal displacement parameters were refined
successfully (Table I and Supplemental Material [21]). As
shown in Fig. 5 in one unit cell four copper atoms are coordi-
nated trigonal planar by sulfur, four copper atoms are fourfold
coordinated towards a distorted tetrahedral environment, and
eight copper atoms are in a distorted tetrahedral coordination
with a fifth sulfur atom at a distance longer than 3 A towards
a strongly distorted fivefold coordination. The copper-copper
distances and the sulfur-sulfur distances are larger than 2.5 and
3A, respectively, similar to the distances in other copper sulfide
structures [1,15,36,37] and in agreement with the polymorphs
at lower pressure.

The lattice parameters of our structural models for the
two high-pressure polymorphs (HP1, HP2) of monoclinic
a-chalcocite are in good agreement with the lattice parameters
Santamaria-Pérez er al. [20] derived from tentative indexa-
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FIG. 6. Volume per formula unit of Cu,S as a function of pressure
up to 26 GPa. Red pentagons: single-crystal x-ray diffraction data
using a mixture of methanol and ethanol (4:1) as the pressure-
transmitting medium; blue squares: single-crystal x-ray diffraction
data using neon as the pressure-transmitting medium; black circles:
data points published by Santamaria-Pérez er al. [20]; black lines:
equations of state for the ambient phase and the high-pressure phases,
HP1 and HP2, published by Santamaria-Pérez et al. [20]; green dot-
dashed lines: transition pressures evaluated by high-pressure single-
crystal x-ray diffraction experiments; black dashed lines: transition
pressures evaluated by Santamaria-Pérez et al. [20] using powder
x-ray diffraction.

tions of powder x-ray diffraction data (see the Supplemental
Material [21] for a direct comparison). In Fig. 6 the volume
per formula unit of Cu,S is given as a function of pressure
based on the data from the present work and the data from
Santamaria-Pérez et al. [20]. A similar behavior of the pressure
dependence of the volume is observed in the present study
and in the work by Santamaria-Pérez et al. [20], showing a
larger volume collapse across the second pressure-induced
phase transition around 7 GPa (~5%) in comparison to the
collapse across the first transition at around 3 GPa (~3%). The
volume collapses across the transitions indicate that both phase
transitions are of first order.

B. Structural relations

In all three polymorphs («-chalcocite, HP1, HP2) the
sulfur-sulfur and copper-copper distances are larger than 3.5
and 2.5 A, respectively. This is a general feature of copper
sulfides at ambient pressures [1,15,36,37] which seems to
be valid for elevated pressures as well. The copper-sulfur
distances for the trigonal planar coordination and the distorted
tetrahedral coordination are displayed as a function of pressure
in Figs. 7(a) and 7(b), respectively.

Atambient conditions the structure of a-chalcocite, Cu,S, is
based on a hexagonal close packing of sulfur. Within this sulfur
sublattice most of the copper atoms are coordinated by three
sulfur atoms in a slightly distorted trigonal planar environment
with copper-sulfur distances between 2.2 and 2.4 A [Fig. 7(a)].
Some of these copper atoms are coordinated by a fourth sulfur
atom at a distance between 2.8 and 3.4 A, forming a strongly
distorted tetrahedral coordination [Fig. 7(b)]. These structural
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FIG. 7. Copper-sulfur distances as a function of pressure for (a)
copper in the trigonal planar coordination and (b) copper in fourfold
coordination. Blue triangles: copper-sulfur distances for the trigonal
planar environment; blue dots: copper-sulfur distances between the
copper atom in trigonal coordination and the fourth sulfur atom
towards a distorted tetrahedral environment; green dot-dashed lines:
transition pressures evaluated by high-pressure single-crystal x-ray
diffraction experiments; black dashed lines: transition pressures eval-
uated by Santamaria-Pérez et al. [20] using powder x-ray diffraction.

features are also found in the first high-pressure polymorph,
HP1. On an increase in pressure, the fourth sulfur atom moves
closer to the planar coordinated copper, thus reducing the
distortion of the distorted tetrahedral environment. In addition,
a distorted planar coordination of copper is present with two
nearly equidistant copper-sulfur distances of about 2.3 A and
a third sulfur in an elongated distance of about 2.7 A. In
comparison to the polymorphs at lower pressure the structure
of HP2 is not based on a hexagonal close packing of sulfur.
Furthermore, the distorted fourfold coordination of copper
replaces the trigonal planar coordination as the dominant
coordination in the structure, with an additional trend towards
strongly distorted five- and sixfold coordinations.

The crystal structure of a-chalcocite can be described using
a simplified model in which only the sheets of sulfur atoms

LS

FIG. 8. Simplified structural models of (a) «-chalcocite and (b)
HP1 accounting for only the copper atoms within the sulfur layers of
the distorted hexagonal close packing. The view is orthogonal to the
sulfur layers.

forming a distorted hexagonal close packing with copper in
threefold coordination within these layers are considered. In
Fig. 8(a) such a simplified model is shown with the viewing
direction orthogonal to the layers of sulfur. The crystal struc-
ture of HP1 is also based on a hexagonal close packing of
sulfur, and it is possible to describe it in the same simplified
way as the structure of «-chalcocite. In a first approximation
the simplified model of the structure of HP1 is related to the
simplified model of «a-chalcocite by a rotation of about 43°
around the b axis, as pictured in Fig. 8(b).

C. Electrical resistance

The pressure dependence of the electrical resistance of «-
chalcocite under compression is shown in Fig. 9. The resistance
of a-chalcocite is independent of pressure and does not change
significantly up to a pressure of about 3 GPa, where the

121+ : /.'/’.‘-.:\ :
1 L]
1 .’ \‘ 1
11} : L
X . :
® 1 00-071070"+‘”0’/ ?
T :
09} chalcocite | HP1 e HP2
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| e
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FIG. 9. Changes of the electrical resistance of Cu,S as a function
of pressure using a mixture of Al,O5; and epoxy resin as the pressure-
transmitting medium in a diamond-anvil cell. Blue dots: measured
data (error bars are smaller than symbol size); green dot-dashed lines:
transition pressures evaluated by high-pressure single-crystal x-ray
diffraction experiments; black dashed lines: transition pressures eval-
uated by Santamaria-Pérez et al. [20] using powder x-ray diffraction.
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FIG. 10. (a) Absorption spectra of Cu,S at different pressures
on pressure release from 9.5 GPa to ambient pressure. The energy
dependence of (hva)? and the extrapolation of the linear portion
intercepting the energy axis are shown for (b) a-chalcocite at 1 atm,
(c) HP1 at 3.9(2) GPa, and (d) HP2 at 9.5(5) GPa.

first pressure-induced structural phase transition takes place
according to our high-pressure single-crystal x-ray diffraction
experiments. Above 3 GPa the electrical resistance gradually
increases as a function of pressure. At pressures around 7 GPa,
where the second pressure-induced structural phase transition
occurs, a sudden drop in the electrical resistance is observed,
with a subsequent stabilization upon further compression up
to ~10 GPa.

Considering that Cu,S shows p-type conduction, the
pressure-induced increase in the resistance in HP1 and the drop
observed during the formation of HP2 indicate that the struc-
tural phase transitions also involve changes at the top of the
valence band of the different polymorphs that might influence
the optical properties of the different polymorphs of Cu,S.

D. Optical absorption

Figure 10(a) shows selected absorption spectra at high
pressure of Cu,S. The data collection was performed on
pressure release with the same sample and loading employed
to carry out the single-crystal x-ray diffraction experiment in
which a mixture of methanol and ethanol was used. Therefore,
our starting pressure was 9.5(5) GPa.

As pressure decreases from 9.5(5) GPa, the absorption edge
shifts to lower energies while keeping the same shape up to
4.9(2) GPa, when it abruptly widens around 0.45 eV, changing
its shape. This abrupt change at ~4.7 GPa, related to an
increase in the band gap, is observed 2.5 GPa below the HP1 to
HP?2 phase transition as a result of the hysteresis shown by this
first-order phase transition. In HP1 the band gap decreases with
decreasing pressure up to 2.2(1) GPa, when the absorption edge

T
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1.3 : _'
[~0 meV/GPa : .
oo oo o :
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FIG. 11. Pressure dependence of the band gap E, on pressure
release. Blue dots: values extracted from the analysis of the spectra
shown in Fig. 10; red solid lines: linear fits to the data; black
dashed lines: transition pressures obtained in the optical absorption
experiment on pressure release; green dot-dashed lines: transition
pressures evaluated by high-pressure single-crystal x-ray diffraction
experiments on pressure increase.

drops again, changing its shape. This second abrupt change
is related to the HP1 to «-chalcocite back transformation
and is observed on pressure release at a pressure 0.5 GPa
below the value obtained on pressure increase. This indicates
its first-order character. In this case the phase transition also
involves a volume change which, however, is much smaller
than in the HP1 to HP2 phase transition (Fig. 6). Below 2.4 GPa
the absorption edge is almost pressure independent.

In order to determine the nature of the transition of the
band gap of each phase we plotted the absorption coefficient of
each phase either as (h var)? (direct) or (hva)!/? (indirect) as a
function of energy [38,39] and selected from both plots the one
with alonger linear range. The best fits are shown in Figs. 10(b),
10(c) and 10(d). We found a direct band gap for «-chalcocite,
HP1, and HP2. After this analysis the value of the band gap
E, was obtained from each spectrum as the intercept of the
high-energy linear part of (hva)® with the energy axis. We
also plotted In(«) as a function of energy for the three phases,
observing that different from the tetragonal [13] polymorph of
Cu,S, in our case the absorption edge cannot be explained with
an Urbach tail [40].

The pressure dependence of the band gap E, is shown in
Fig. 11. The behavior of the absorption edge shown in Fig. 10
is reflected in the determined band gap E, obtained according
to the analysis explained above for each phase as illustrated
in Figs. 10(b), 10(c) and 10(d). E, is pressure independent
in the «-chalcocite phase up to 2.2(1) GPa, when the phase
transition occurs, with E, widening from 1.24 to 1.35 eV in
HP1. E, shifts at 25 meV /GPa in HP1 up to 4.4(2) GPa, when
it collapses from 1.41 to 0.87 eV at 4.9(2) GPa because of the
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TABLE II. Lattice parameters of the three polymorphs (P2,/c) of Cu,S from single-crystal x-ray diffraction (exp.) and DFT-based

calculations (calc.).

p (GPa) a(A) b (A) c (A) B ) v (A"
a-chalcocite (exp.) 0.0001 15.1882(6) 11.8511(4) 13.465(5) 116.263(8) 2173.5(1)
«-chalcocite (calc.) 0 15.233 11.962 13.438 116.22 2196.8
HP1 (exp.) 6.2(3) 10.312(4) 6.737(3) 7.305(1) 100.17(2) 499.5(1)
HP1 (calc.) 6.2 10.3350 6.8039 7.3048 100.79 504.6
HP2 (exp.) 8.6(5) 6.712(4) 6.6905(6) 6.977(2) 93.27(5) 312.7(2)
HP2 (calc.) 8.6 6.6946 6.664 7.0217 93.83 312.56

structural transition of HP1 to HP2. In HP2 E, increases at
17 meV /GPa.

E. Calculations

In Table II the lattice parameters of the three polymorphs
of Cu,S (a-chalcocite, HP1, HP2) derived from single-crystal
diffraction experiments are given in comparison to the val-
ues obtained from our DFT-based calculations. For all three
polymorphs the deviation of the calculated lattice parameters
from the experimental values is <1%, indicating that our
calculations model the three polymorphs well.

The calculated band structures of the three polymorphs are
presented in Fig. 12. As observed in other phases of Cu,S [13]
or Cu,0 [41] and in the three electronic band structures shown
in Fig. 12, in this compound the top of the valence band has a
marked Cu d character, while the lowest part of the conduction
band is mainly contributed by the Cu s orbitals. Hence, the top
of the valence band shows low dispersion, while the bottom
of the conduction band, with the d electrons having a larger
effective mass m} than the s electrons, is characterized by
a large dispersion. A close inspection of the electronic band
structures shows that the band gaps of the o-chalcocite and the
HP2 phases are direct at I", and the band gap of HP1 is indirect.
In particular, the indirect band gap of HP1 occurs between the
B and the I" points of the Brillouin zone. However, in HP1 the
difference between the indirect BI" transition and the direct
one at I" is only 0.05 eV, and therefore, most likely, that is the
transition that we are experimentally observing. Regarding the
calculated values of the band gaps, in the case of @-chalcocite,
the calculated value is 0.3 eV at ambient pressure, 0.9 eV

below the observed experimental value. Considering that DFT
calculations generally underestimate the band gap and that the
ground states are accurately determined in our calculations,
we assume such an underestimation also for HP1 and HP2.
This assumption would provide calculated values of 1.5 eV at
6.2 GPa and 0.92 eV at 8.6 GPa, in good agreement with the
obtained experimental values.

Another conclusion that can be drawn from the calculated
electronic band structures is related to the observed pressure
dependence of the resistance shown in Fig. 9. From our
resistance measurements no information can be obtained on
the density of holes or their mobility in the three polymorphs.
However, we can infer some information from the calculated
top of the valence bands. In intrinsic semiconductors such
as ours conductivity occurs due to hydrogenic impurities.
Thus, since Cu,S is a p-type semiconductor and considering
the k- p model and a parabolic valence band at the top
of the valence band at I', the mobility of the holes depends
on the effective mass mj, which increases with a decrease in
the band dispersion. Therefore, a possible explanation for the
increase in the resistance in HP1 compared to «-chalcocite
might be a decrease in the dispersion of the top of the valence
band. With respect to the decrease in resistance in the HP2
phase, apart from considering the abrupt collapse of 0.45
eV suffered by the band gap, which indicates a tendency to
metalization, we also observe a change at the top of the valence
band. Whereas the top of the valence band of a-chalcocite and
HP1 are not degenerated at I, in the case of HP2 the uppermost
partof the valence band at I is doubly degenerated. This double
degeneration necessarily implies an increase in the density of
states. Since the number of holes at the top of the valence band

Energy (eV)
Energy (eV)

Energy (eV)

FIG. 12. Electronic band structure of the (a) ambient pressure phase of a-chalcocite, (b) its first high-pressure phase (HP1; 6.2 GPa), and
(c) its second high-pressure phase (HP2; 8.6 GPa) from the DFT-based calculations.
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P} is proportional to the density of states [42], the resistivity
and therefore the resistance of HP2 drastically reduce with
respect to those of a-chalcocite and HP1.

V. CONCLUSIONS

In this study we have investigated the high-pressure behav-
ior of monoclinic a-chalcocite, Cu,S, using single-crystal x-
ray diffraction, electrical resistance measurements, and optical
absorption spectroscopy. Previous studies on «e-chalcocite have
shown that at ambient temperature this compound undergoes
two pressure-induced structural phase transitions at 2.4 and
4.4 GPa, according to Wang ef al. [19], and at 3.2 and 7.4
GPa, according to Santamaria-Pérez et al. [20]. The transition
pressures derived from the experimental results of the present
study (x-ray diffraction on compression: ~3.1 and ~7.1 GPa;
optical absorption on decompression: ~2.2 and ~4.7 GPa) are
slightly different from the pressures obtained in the earlier stud-
ies, which might arise from different grain sizes of the samples,
different pressure-transmitting media, different experimental
techniques, and the hysteresis upon compression and decom-
pression. Wang et al. [19] and Santamaria-Pérez et al. [20]
derived different unit-cell parameters for the two high-pressure
polymorphs (HP1 and HP2) of monoclinic a-chalcocite. Our
solutions and refinements of the crystal structures of HP1 and
HP2 at different pressures agree with the cells proposed by
Santamaria-Pérez et al. [20] (see the Supplemental Material
[21] for a brief comparison between the lattice parameters
from previous works and the present study). HP1 crystallizes
in space group P2,/c witha = 10.312(4) A, b = 6.737(3) A,
¢ =7.305(1)A, and B = 100.17(2)° at 6.2(3) GPa, and HP2
crystallizes in space group P2,/c with a = 6.731(4) A, b =
6.689(2) A, ¢ = 6.967(8) A, and 8 = 93.18(3)° at 7.9(4) GPa.
Solving the crystal structures of the high-pressure polymorphs
of a-chalcocite, HP1 and HP2, has allowed us to perform
calculations of their electronic band structures on the basis
of which we have been able to interpret our resistance and

optical absorption edge experiments. We have found that all
the polymorphs present a direct band gap at zone center I'
which is pressure independent in the a-chalcocite phase and
increases under compression at 25 and 17 meV /GPa for HP1
and HP2, respectively. The collapse of the band gap of 0.45 eV
observed in the HP1 to HP2 phase transition is concomitant
with a resistance drop of 42% interpreted as being due to an
increase in the number of holes P, at the uppermost part of the
valence band as a result of a double degeneration of the band
in HP2.

Based on the work by Ruehle [43] the theoretical maximum
of the conversion efficiency of a single-junction solar cell
(Shockley-Queisser limit [44]) under standard solar-cell test
conditions is obtained for a band gap of ~1.4 eV. Our study
shows that the band gap of «-chalcocite (~1.2 eV at ambient
conditions) can be tuned towards a value of ~1.4 eV by a
pressure-induced phase transition around 3 GPa.
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