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a b s t r a c t

The structural phase transition and electrical properties of Cu2S have been investigated by X-ray
diffraction and electrical resistance measurements at pressures up to 41.3 GPa in diamond anvil cell. A
new high pressure phase is found above 22.3 GPa, which probably has a tetragonal structure. It is
observed that the electrical resistance exhibits an insulating behavior at high pressures and low tem-
perature. After the pressure is released, the high pressure phase transforms back to original monoclinic
phase. This study sheds light on the electrical transport properties of Cu2S, as well as to improve our
understanding of its high pressure phase transition behavior.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Over the past few decades, copper sulfides have attracted much
attention due to the rich phases, complex structures and excellently
tunable properties [1e10]. Cu2-xS (0� x� 1) has been known for an
important P-type semiconductor [4], and it has been extensively
investigated for its structural complexity and potential applications
in battery solar cells [5], electrodes [6], switching [7], photo-
catalysis [10], sensing devices [11], superionic materials [12], etc.
Extensive efforts have been carried out to investigate the structural
behavior and properties of Cu2-xS.

Cu2S provides an intriguing and representative example for
investigating various questions in condensed matter physics [13],
which is helpful to the understanding of the functional and quan-
tummaterials. It is a fast ionic conductor [14] with highly mobile Cu
ions. Especially, Cu2S has the high thermoelectric performance and
the maximum zT value of 1.7 at 1000 K [8]. Stoichiometric Cu2S
exhibits a monoclinic phase with space group P21/c [15]. It is of
great interest to study the structural phase transitions of Cu2S
als Physics, Institute of Solid
031, China.
[16e19]. Recently, it has attracted considerable interest due to
structural fluctuations in Cu2S [20,21]. Tao et al. [22] reported that
the concurrent pumping and probing of Cu2S nanoplates using an
electron beam can directly manipulate the transition, and this new
structure manipulation method is in a controlled and reversible
fashion.

High-pressure is a powerful tuning parameter that has been
used to modify the crystal structure and tune the band structures
and properties of materials [23e28]. To our knowledge, there are
only two high pressure studies on Cu2S, and it is found that Cu2S
undergoes a series of phase transitions under high-pressure. Wang
et al. [29] found that Cu2S nanowires undergo two high pressure
phase transitions (original monoclinic phase-high pressure mono-
clinic phase-hexagonal phase) at 2.4 GPa and 4.4 GPa, respectively.
Recently, Santamaria-Perez et al. [30] carried out high-pressure X-
ray diffraction measurements on bulk Cu2S up to 30 GPa, two
different high-pressure monoclinic phases were found at 3.2 and
7.4 GPa, respectively. Above 26 GPa, a third pressure-induced
transition occurs in Cu2S. However, the crystal structure of this
new high pressure phase remains unknown. On the other hand, the
structure of Cu2S is unclear when the pressure is released to
ambient conditions. It is an interesting and fundamental scientific
question to find out whether the new high pressure phase can be
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Fig. 1. Crystal structure of Cu2S at ambient conditions. Blue and yellow circles repre-
sent Cu and S atoms, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Synchrotron X-ray diffraction patterns of Cu2S during the compression from
ambient conditions to 41.3 GPa (l¼ 0.6199 Å) and decompression.
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preserved in Cu2S.
Motivated by the novel phase transition and unique properties

change by the application of high-pressure, how the properties of
Cu2S can be tuned by pressure is also an interesting question.
However, there is no research on the electrical properties of copper
sulfides at high pressures. In addition, exploring the electrical
properties of Cu2S is a matter of interest in band-gap engineering
and functional materials designing. Therefore, we focus on the
pressure effect on electrical behavior of Cu2S.

Herein, we present the results of the structural phase transition
and electrical transport properties on Cu2S studied by the combi-
nation of synchrotron X-ray diffraction and in-situ high-pressure
electrical resistance measurement in the diamond anvil cell. A
new pressure-induced phase transition on Cu2S is found above
22.8 GPa. And the electrical properties of Cu2S under high-pressure
are explored.

2. Experimental details

The Cu2S samples were prepared by directly melting the ele-
ments Cu and S in sealed silica tubes under vacuum. Details of the
synthesis are given elsewhere [8]. High-pressure experiments were
carried out by using a diamond anvil cell (DAC) with a culet size of
300 mm. The T301 stainless steel gasket was preindented to 50 mm,
and then a center hole of 100 mm diameter was drilled as the
sample chamber. This chamber was filled with a small amount of
samples and a tiny ruby chip. Silicon oil was loaded together with
samples as a pressure transmitting medium in high-pressure X-ray
diffraction (XRD) experiments. The in situ high-pressure XRD ex-
periments were carried out up to 41.3 GPa using angle dispersive X-
ray diffraction (ADXD) (l¼ 0.6199 Å) at the Beijing Synchrotron
Radiation Facility (BSRF). The sample-to-detector distance and the
image plate orientation angles were calibrated using CeO2 stan-
dards. All of our XRD patterns were integrated to give one-
dimensional powder diffraction patterns using the FIT2D program
[31], yielding one-dimensional intensity versus diffraction angle 2q
patterns. High pressure electrical resistance measurements were
performed by using quasi-four-probe method in a DAC with anvils
of 300 mm culet. The platinum foil was used as electrode probe, and
a thin BN layer acted as an electric insulator between the electrodes
leads and the metal gasket. The samples were placed in the
chamber without any pressure transmitting medium. Pressure was
gauged by means of ruby fluorescence method in our experiments
[32].

3. Results and discussion

At ambient conditions, Cu2S crystallizes in monoclinic phase
with a space group P21/c [13]. In the monoclinic form, the sulfur
lattice frame is a distorted hexagonal, whereas the copper atoms
partially occupy the lattice sites and are organized in a complex
fashion, forming a 144-atoms unit cell [13], the crystal structure is
shown in Fig. 1.

The pressure evolution of the angle-dispersive powder X-ray
diffraction data of Cu2S is shown in Fig. 2. A typical XRD pattern of
Cu2S collected at 1.0 GPa is indexed to the monoclinic phase (JCPDF
Card no. 23596) with a space group P21/c. With increasing pressure,
all the diffraction peaks shift to larger angles, indicating a pressure-
induced reduction of d-spacing or shrinkage of the lattice param-
eters. Upon compression, there are several changes in the XRD
patterns. At around 3.8 GPa, it can clearly be seen that the shape
and intensity of the peaks are distinct from low pressure patterns.
As shown in Fig. 2, some peaks disappear and several new peaks
appear, indicating that a phase transition from original monoclinic
phase (phase I) to phase II occurs at 3.8 GPa. Upon further
compression, there are several obvious changes in the XRD patterns
in the number, intensity and shape of the peaks, suggesting that a
phase transition takes place at 10.0 GPa (phase III). When the
pressure increased to 22.8 GPa, obvious changes in the diffraction
are observed at this pressure. Some peaks of phase III disappear, the
changes suggest that Cu2S undergoes a phase transition (phase IV).
The diffraction peaks of the new high pressure phase (phase IV) can
be stable up to the highest pressure of 41.3 GPa that we have per-
formed. Upon decompression, the high pressure phase IV of Cu2S
can persist down to 6.0 GPa. This is in good agreement with the
previous result [30]. There is no XRD data were collected below
5.3 GPa in their experiment, so when the pressure is back to
ambient pressure, how the structure change is not clear. In our
study, when the pressure is released to ambient conditions, Cu2S
transforms back to the initial monoclinic structure (as shown on the
top of Fig. 2).

The Pawley refinement of Cu2S was used to obtain the structural
parameters. The background, zero shift, and lattice parameters
were refined. Fig. 3 shows the refinement of XRD pattern of Cu2S at
19.8 GPa with the Rwp¼ 2.8% and Rp¼ 2.2%, respectively. The fitting
results show that the diffraction patterns of phase II and phase III
could be clearly indexed using the different monoclinic structures



Fig. 3. The Pawley refinement of the diffraction pattern of Cu2S at 19.8 GPa. Black, red
and blue symbols represent experimental, calculated, and differences, respectively.
Green bars are marked at the positions of diffraction peaks. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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which were reported in previous results [30]. The structural pa-
rameters are shown in Table 1. The high pressure phase II and III are
both the monoclinic structure but with the different space group
[30]. The phase transition behavior of Cu2S below ~20 GPa is in
agreement with previous report [30], but it is different from Cu2S
nanomaterial [29]. Above ~20 GPa, Cu2S undergoes a new phase
transition to phase IV in this study. However, influence of non
hydrostaticity [33,34], the diffraction peaks become broad and
weak with the increasing pressure. We attempted to determine the
structure of phase IV, and found that the X-ray diffraction of phase
IV can be indexed to tetragonal phase. We also tried to deduce the
fine structure of this phase but it is not successful due to the
overlapping and broad diffraction peaks.

The lattice parameters of Cu2S upon compression as a function
of pressure are depicted in Fig. 4. The lattice parameters a, b and c
are decreased with the increasing pressures. At 3.8 GPa and
10.0 GPa, the lattice parameters were changed accompanying the
structural phase transitions. The variation of relative lattice pa-
rameters is shown in Fig. 4. The normalized lattice parameters
indicate that Cu2S shows an anisotropic compressibility. The pres-
sure dependence of the unit cell volume is shown in Fig. 5. It can be
clearly seen that the unit-cell volume decreases with pressures in
both the low and high pressure regions. By fitting the third-order
Birch-Murnaghan equation of state [35],

P ¼ 3K0
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where K0 is the isothermal bulk modulus, V0 is the volume per
formula unit at ambient pressure, and V is the volume per formula
unit at pressure P given in GPa. A fit to the P-V curve yields a bulk
Table 1
Unit cell for the three different monoclinic phases of Cu2S.

Phase Crystal a (Å) b (Å)

Phase I monoclinic 15.2450 11.8224
Phase II monoclinic 10.3702 6.7947
Phase III monoclinic 6.940 6.685
modulus K0¼ 44 (5) GPa and its pressure derivative K0
0¼ 4 for the

original low-pressure monoclinic phase, and the ambient pressure
volume V0¼ 46.6 (0.3) Å3. The fit to the P-V data yields the bulk
modulus K0¼ 553.1 (8) GPa, 89 (8) GPa, the pressure derivatives
K0

0¼ 3, 6, and the volume V0¼ 45.8 (0.6) Å3,42.9 (0.4) Å3for the
high pressure phase II and phase III, respectively.

The fitting results show that the diffraction patterns of phase II
and phase III could be clearly indexed using the different mono-
clinic structures which were reported in previous results [30]. The
structural parameters are shown in Table 1. The high pressure
phase II and III are both the monoclinic structure but with the
different space group [30]. The phase transition behavior of Cu2S
below ~20 GPa is in agreement with previous report [30], but it is
different from Cu2S nanomaterial [29]. Above ~20 GPa, Cu2S un-
dergoes a new phase transition to phase IV in our study. We
attempted to determine the structure of phase IV, and found that
the X-ray diffraction of phase IV can be indexed to tetragonal phase.
We also tried to deduce the fine structure of this phase but it is not
successful due to the overlapping and broad diffraction peaks. The
compression behavior of Cu2S is similar as the previous result [30].
It is important to note that the value of K0 obtained from original
monoclinic phase (P21/c) is smaller than the obtained K0 in high
pressure phases, suggesting the harder bonds at high-pressure
phases. Our results clearly show that, as expected, Cu2S become
more incompressible with increasing pressure, but the variation of
K0 is not so pronounced. The percentage of volume decrease during
the phase transitions are about 2.5% and 4.1%, respectively. This is in
good agreement with the previous reports [29,30].

Fig. 6 displays the electrical resistance of Cu2S at various pres-
sures and room temperature. During compression, several discon-
tinuities are observed from the electrical resistance at ~4.1 GPa,
~7.8 GPa and ~18.8 GPa. Especially, when the pressure exceeds
18.8 GPa, resistivity shows a clear increasing trend with increasing
pressure. These changes suggest that the structural phase transi-
tions take place in Cu2S. Upon decompression, the resistance is
decreased from 50 GPa to 6.9 GPa. Below 6.9 GPa, the resistance
become to increase, which may be inferred that the high pressure
phase IV persist to 6.9 GPa, and then it transforms to the original
monoclinic phase. Both the XRD results and electrical properties
provide consistent evidence for the pressure-induced phase
transitions.

The electrical resistance of Cu2S at high pressures and low
temperature are plotted in Fig. 7. At ambient pressure, the resis-
tance of Cu2S increases with the low temperature down to about
4 K. The result indicates that Cu2S exhibits an insulating behavior
with the decreasing temperature. Upon compression, the low-
temperature resistance of Cu2S is increased. It is observed that
Cu2S still shows the insulating behavior at low temperature until
the highest pressure ~41.9 GPa in this study. Compared to Cu2Se,
the resistance behavior of Cu2S shows the obviously different
behavior [36]. Chi et al. found that a possible charge density wave
(CDW) transition occurs in Cu2Se at ambient pressure and low
temperature [36,37]. The origin of this different electrical transport
behavior is not clear. Further theoretical and experimental efforts
are needed to explore the properties and transformation
mechanisms.
c (Å) b (�) Pressure (GPa)

13.3965 116.4188 1.6 GPa
7.4428 100.45 3.8 GPa
6.702 93.2 10.0 GPa



Fig. 4. Lattice parameters of Cu2S under high pressure. Insets: Variation of relative
lattice parameters a/a0, b/b0 and c/c0 for Cu2S.

Fig. 5. Plot of pressure-volume data of Cu2S.

Fig. 6. Pressure dependence electrical resistance of Cu2S during compression and
decompression at room temperature.

Fig. 7. Temperature dependence of the electrical resistance of Cu2S at selected
pressures.

Fig. 8. Pressure dependence of the activation energy of Cu2S.
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To understand the deeper insight into the electrical transport
behavior of Cu2S under compression, the carrier transport activa-
tion energy can be deduced from the temperature-dependent
resistance curve. It was found that the In R vs. 1/T curves of Cu2S
match well with the Arrhenius forum. Hence, we can estimate Et in
the 50e100 K range from Arrhenius equation [38]:

InRf
Et

2kBT

where R is the resistance, kB is Boltzmann's constant, Et is the
activation energy of the carrier, and T is the temperature. From
Fig. 8, it can be clearly seen that there are three kinks at 3.5 GP,
9.1 GPa and 21.9 GPa, which are influenced by the structural phase
transitions. It is generally known the pressure effect on the energy
barriers to the charge transport can be expressed by the change of
Et vs pressure. In addition, the positive slope above 21.9 GPa sug-
gests that the carrier transport becomes harder and the carrier
concentration decreases with increasing pressure.
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4. Conclusions

In summary, we have investigated the structural phase transi-
tion and electrical transport properties of Cu2S by combined syn-
chrotron X-ray diffraction and the electrical resistance
measurement. It is found that two structural phase transitions
occur at 3.8 GPa and 10.0 GPa from the monoclinic P21/c phase to
high pressure monoclinic phases. Upon further compression, a new
phase transition takes place at 22.8 GPa, it is proposed that the high
pressure phase maybe has a tetragonal structure. The electrical
resistance results indicate that Cu2S represents the insulating
behavior at high pressures and low temperature.
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