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ABSTRACT: Temperature-dependent switching between p- and n-
type conduction is a newly observed phenomenon in very few Ag-
based semiconductors, which may promote fascinating applications in
modern electronics. Pressure, as an efficient external stimulus that has
driven collective phenomena such as spin-crossover and Mott
transition, is also expected to initialize a conduction-type switching
in transition metal-based semiconductors. Herein, we report the
observation of a pressure-driven dramatic switching between p- and
n-type conduction in chalcopyrite CuFeS2 associated with a structural
phase transition. Under compression around 8 GPa, CuFeS2
undergoes a phase transition with symmetry breakdown from space
group I-42d to space group I-4 accompanying with a remarkable
volume shrinkage of the FeS4 tetrahedra. A high-to-low spin-
crossover of Fe2+ (S = 2 to S = 0) is manifested along with this
phase transition. Instead of pressure-driven metallization, a surprising semiconductor-to-semiconductor transition is observed
associated with the structural and electronic transformations. Significantly, both photocurrent and Hall coefficient
measurements confirm that CuFeS2 undergoes a reversible pressure-driven p−n conduction type switching accompanying
with the structural phase transition. The absence of cationic charge transfer between copper and iron during the phase transition
is confirmed by both X-ray absorption near-edge spectra (Cu/Fe, K-edge) and total-fluorescence-yield X-ray absorption spectra
(Fe, K-edge) results, and the valence distribution maintains Cu2+Fe2+S2 in the high-pressure phase. The observation of an
abrupt pressure-driven p−n conduction type switching in a transition metal-based semiconductor paves the way to novel
pressure-responsive switching devices.

■ INTRODUCTION

Materials with phase change or physical property change
abilities are some of the most promising candidates for switch
or memory applications.1,2 A case in point is the Ge−Sb−Te
phase change alloys, which are already widely employed in
rewriteable optical storage products such as compact disks
(CD), digital versatile disks (DVD), and Blu-ray disks for
nonvolatile electronic memory.3,4 These materials crucially
exhibit dramatic optical and electric changes between the two
states and also several other physical/chemical properties such
as high phase transition speed and good chemical stability for
industrial applications.2 Recently, an emerging class of
inorganic semiconductors with fascinating switching ability
between p- and n-type conduction upon temperature change
has been discovered, which shows great potential in transistor
or memory applications.5 To date, such temperature-depend-
ent p−n switching materials are limited in only a few Ag-based
compounds: AgCuS,6 AgBiSe2,

7 Ag10Te4Br3,
8 and their

derivatives.9,10 All of them show dramatic and reversible p−
n-type conduction switching upon heating as evidenced by the

Seebeck coefficient analyses. Although temperature-dependent
p−n switching always occurs accompanying with structural
phase transitions in the above-mentioned materials, the
underlying mechanism unfortunately is not clear yet and
there is no guidance for future exploration of p−n switching
semiconductors.
Pressure, as an alternative external stimulus as temperature,

has been manifested to be an efficient tool to modify the
structure and physical properties of functional materials in the
past two decades.11 From the situation that collective pressure-
driven switching between bistable states such as spin-
crossover,12−15 piezochromism,16,17 and insulator-to-metal
transition have been realized similar as those upon temperature
variation, pressure-driven p−n switching should not be an
exception. Actually, pressure-induced p−n switching has been
observed in several distinct systems including elements (Si, Ge,
Sn, Sc, Mn),18−20 metal chalcogenides (Bi2Te3, ZrSe3),
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and transition metal oxides (Ti2O3, Mn2O3).
23,24 In situ

thermoelectric power measurement results show that all of
these materials undergo a gradual conduction-type reversal on
the scale of several to tens of GPa. Innovative applications of
pressure-driven p−n switching materials are suggested such as
the fabrication of single-component n−p or n−p−n junctions
by applied stress. However, if compared with the temperature-
dependent counterparts,5 the pressure-driven p−n switching
materials are still far away from meeting the requirements of
practical applications. A reversible and abrupt conduction-type
change within a narrow pressure interval is required.2

Inspired by the temperature-driven switching between p-
and n-type conduction in AgCuS, AgBiSe2, and Ag10Te4Br3, a
possible route to an abrupt conduction -type crossover is to
introduce an incidental structural transformation.6−8 In other
words, a dramatic p−n switching should occur as a result of the
intrinsic property change between the low-pressure and the
high-pressure phases rather than the stress effect only. In this
article, we report the progress of our pursuit of pressure-driven
p−n switching materials in pressure-driven spin-crossover
systems. Through comprehensive in situ characterization
under high pressure, we demonstrate that the chalcopyrite
CuFeS2 is a novel p−n switching material under high pressure.
The conduction behavior of CuFeS2 is studied associated with
the crystal structure evolution, the spin-crossover of iron, the
semiconductor-to-semiconductor transition, and a possible
intermetallic charge transfer process.

■ EXPERIMENTAL DETAILS
Characterization of Pristine Materials. High-quality CuFeS2

single crystals were obtained from a natural core in Jiangxi Province,
China. The composition analysis was performed by energy-dispersive
spectra (EDS) using a Quanta 250 FEG FEI Scanning Electron
Microscope (SEM). The phase purity was confirmed by X-ray
diffraction (XRD) at room temperature and ambient pressure using a
Bruker D8 Advance diffractometer with a Cu Kα source.
In Situ High-Pressure Characterization. A symmetrical

diamond anvil cell (DAC) was used to generate high pressure up
to 40 GPa. Rhenium gaskets were preindented to 40−50 μm in
thickness, and holes of about 150 μm diameter were laser drilled to
serve as the sample chambers. For the in situ powder XRD
measurements, a well-grinded and precompressed CuFeS2 pallet was
loaded in the chamber and silicone oil was used as the pressure
transmitting medium (PTM). The pressures were determined by the
ruby fluorescence method.25 The XRD patterns were collected at
beamline 16 BM-D at the Advanced Phonon Source (APS), Argonne
National Laboratory (ANL), and the 4W2 High Pressure Station in
the Beijing Synchrotron Radiation Facility (BSRF). Focused
monochromatic X-ray beams with about 20 μm in diameter and
wavelengths of 0.3066 and 0.6199 Å were used for the diffraction
experiments at the APS and BSRF, respectively. The diffraction data
were recorded by a MAR345 image plate at the APS and a Pilatus
detector at the BSRF. High-purity CeO2 powder was used as the
standard for calibration.
The high-pressure X-ray emission spectra (XES) and total-

fluorescence-yield X-ray absorption spectra (TFY-XAS) experiments
on the Fe K-edge were conducted at beamline 16 ID-D at the APS. In
these measurements, Be gaskets were used and silicone oil served as
PTM. X-ray absorption near-edge spectra (XANES) at both the Fe
and the Cu K-edge were collected at beamline 20 ID-C, APS, ANL.
No PTM was used to ensure the uniform thickness, and nanodiamond
anvils were used to avoid the diamond diffraction glitches.
In situ high-pressure resistance measurements were performed

using the four-point-probe method with a 2182A nanovoltmeter, a
Keithley 6221 current source, and a 7001 switch system. The Hall
coefficient was measured using a Physical Property Measurement

System (PPMS, Quantum Design). In situ high-pressure photocurrent
measurements were performed using a Zennium electrochemical
workstation (Zahner) and a 50 W Xe lamp as the light source.26

The total energy calculations were performed using the projector
augment wave method (PAW) as implemented in Vienna ab initio
Simulation Package (VASP).27 The Perdew−Burke−Ernzerhof (PBE)
was treated as the exchange-correlation potential within the
generalized gradient approximation (GGA).28 The structure models
are described in the following text.

Data Analyses. The powder XRD patterns were integrated with
the Dioptas program.29 Lattice parameter refinements were performed
by using the FULLPROF program.30 The quantitative analyses of the
XES data were conducted following the IAD method.31

■ RESULTS AND DISCUSSION

Chalcopyrite (CuFeS2) is a common mineral representing
most of the world supplies of copper. From the viewpoint of
structural chemistry, CuFeS2 adopts a tetragonal zincblende-
type structure with FeS4 and CuS4 tetrahedra connecting in a
corner-sharing manner. CuFeS2 is an antiferromagnetic
semiconductor. Different from its simple appearance, CuFeS2
indeed exhibits unusual electrical and magnetic properties,
which are still not well understood yet. Even more surprisingly,
there are debates on the valences of iron and copper in CuFeS2
at ambient conditions because of the incongruous results from
different techniques such as magnetic susceptibility, neutron
scattering, Mössbauer spectroscopy, and XANES.32−36 Under
high pressure, the structural and property behaviors of CuFeS2
are also controversial. Pitt et al.37 reported two phase
transitions at 2.8 and 7 GPa respectively, the latter of which
was assigned transforming to the NaCl-type structure
accompanying with a semiconductor-to-metal transition.
However, subsequent studies only observed the second phase
transition around 7 GPa.38,39 Kobayashi et al. believed that it
was a pressure-induced amorphization rather than phase
transition.40 In this work, we only report our experimental
results and do not wish to unify all of the disputes.

Pressure-Induced Phase Transition. High-quality single
crystals with elemental proportion of CuFe0.99S2 were used for
all of the studies in this work (Figure S1). Ambient CuFeS2
crystallizes in a tetragonal structure with space group I-42d.
Under compression, a phase transition occurs evidently around
8 GPa (Figure S2). After careful analyses, we prefer to choose
the tetragonal space group I-4 for the high-pressure phase
rather than the previously proposed NaCl-type (P4/mmm) or
β-Sn-type structure (P-4m2).37,38 Figure 1 shows the lattice

Figure 1. (a) Cell volumes as a function of applied pressure for the
low-pressure (LP) and high-pressure (HP) phases of CuFeS2. (b) Cell
parameters of CuFeS2 as a function of applied pressure.
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volume and cell parameter evolutions of CuFeS2 as a function
of pressure. The phase transition around 8 GPa occurs
accompanying with a volume collapse of about 8.3%, which is
very possible due to the spin-crossover of transition metal ions.
The low-pressure phase of CuFeS2 is relatively soft (B0 = 42.9
GPa), and the high-pressure phase is a little harder (B0 = 78.0
GPa). The large volume collapse is mainly from the shrinkage
along the c axis, indicating abruptly shortened Fe−Fe and Cu−
Cu distances across the phase transition. CuFeS2 returns to the
original structure after pressure release (Figure S3).
Figure 2 shows the structure of CuFeS2 at ambient pressure

and possible structures at high-pressure conditions. The
structure model with space group I-4 is more reasonable
than the previously proposed NaCl- and β-Sn-type models37,38

due to the following reasons: (1) I-4 is the maximal
nonisomorphic subgroup of I-42d; (2) the coordinates of the
8g position in the I-4 model is totally released to (x, y, z) to
allow the shrinkage of the FeS4 tetrahedra alone, which
corresponds well to the pressure-induced spin-crossover of
Fe2+; (3) the coordination manner and bond angles are
unreliable and far from a regular tetrahedron (109°28′); (4)
the I-4 model fits the experimental XRD patterns well (Figure
S4), while the other two do not. Table 1 provides the refined

crystal data and atomic positions of the ambient and high-
pressure phases of CuFeS2 at 8.2 GPa, respectively. The serious
broadening of the XRD patterns of the high-pressure phase can
also be explained by the not-well-fixed 8g position in the I-4
structure under inhomogeneous pressure effect. Moreover,
total energy calculations based on these structure models also

support the choice of I-4 structure since it has the lowest
formation energy above 8 GPa (Figure 2e).

Pressure-Driven Spin-Crossover of Fe2+ and the
Semiconductor-to-Semiconductor Transition. The large
volume collapse of about 8.3% during the phase transition of
CuFeS2 is expected to be associated with pressure-driven spin-
crossover of Fe2+. Figure 3 presents the Fe Kβ XES spectra of

CuFeS2 under compression up to 16.2 GPa. Since Kβ

emissions are determined by the state interactions between
the 3p core hole and the partially filled 3d shell electrons, one
can distinguish the high-to-low-spin transition qualitatively
from the vanishing of the satellite Kβ′ peak and the position of
Kβ1,3.

41 Below 7.3 GPa, well-defined Kβ′ peaks are observed for
CuFeS2, indicating a high-spin state of Fe

2+ with S = 2. The Kβ′
peak decreases abruptly with increasing pressure beyond 7.3
GPa, and the Kβ1,3 peak shifts to lower energy correspondingly.
This evidence indicates the occurrence of pressure-driven spin-
crossover of Fe2+ along with the structural phase transition.
Quantitative analysis results using the IAD method31 are
shown in Figure 3b. The IAD value changes from the high-spin
level of S = 2 to the low-spin level of S = 0 is evidenced around
7 GPa, indicating a complete collapse of the Fe2+ moments in
CuFeS2. According to crystal-field theory, a pressure-induced
spin-crossover is governed by the magnitude of the crystal-field
splitting energy (Δ = 10Dq) and the Hund’s intra-atomic
exchange energy (J). Thus, the XES results point to the
collapse of the FeS4 tetrahedra during the pressure-induced
phase transition, which also supports the choice of the I-4
structure model.

Figure 2. Crystal structures for (a) the ambient phase of CuFeS2 with space group I-42d, (b) the proposed high-pressure phase of CuFeS2 with
space group I-4, (c) the β-Sn-type structure with space group P-4m2, and (d) the NaCl-type structure with space group P4/mmm. (e) Total energy
diagram for the proposed high-pressure polymorphs of CuFeS2 as a function of applied pressure with the ambient I-42d structure as a reference.

Table 1. Crystal Data and Fractional Atomic Coordinates of
the Ambient and High-Pressure Phases of CuFeS2 at 8.2
GPa

0 GPa, space group I-42d, a = 5.246(3) Å, c = 10.626(6) Å

atoms Wyckoff x y z

Cu 4a 0 0 0
Fe 4b 0 0 0.5
S 8d 0 0 0.5

8.2 GPa, space group I-4, a = 5.019(6) Å, c = 9.493(8) Å

atoms Wyckoff x y z

Fe1 2a 0 0 0
Cu1 2b 0 0 0.5
Fe2 2c 0 0.5 0.25
Cu2 2d 0 0.5 0.75
S 8g 0.2225 0.2496 0.1255

Figure 3. Fe spin states probed with in situ high-pressure XES
method. (a) Fe Kβ XES of CuFeS2 as a function of applied pressures.
(b) IAD values at high pressure obtained relative to the ambient
spectra of CuFeS2. Dashed line is drawn as a guide to the eye and not
a fit to the data.
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Figure 4 shows the electric resistance of CuFeS2 as a
function of pressure and temperature. Along with the pressure

increases to approximately 7 GPa, the resistance curves drop
quickly by about 2 orders of magnitude, indicating an
electronic configuration transformation along with the
pressure-induced structural phase transition. The tendencies
of the R−T plots indicate a semiconductor-to-semiconductor
transition along with the resistance dropping. In most cases,
transition metal chalcogenides undergo a semiconductor-to-
metal transition upon compression, especially when structural
phase transition and spin-crossover of the transition metal ions
occur at the same time. A surprising pressure-driven electronic
configuration reconstruction provides an unprecedented
opportunity for realizing controllable switch in a single-
component semiconductor.
Pressure-Driven p−n Conduction Switching. One of

the most important purposes of this work is pursuing dramatic
pressure-driven p−n switching phenomenon. Besides the
thermoelectric power (Seebeck coefficient) measurement, the
photocurrent and Hall coefficient are also direct character-
ization methods to detect the carrier type and concentration of
a semiconductor under high pressure.26,42 The setup within the
DAC is the same as that described previously.26 Figure 5a
displays the photocurrent measurement results of CuFeS2 as a
function of pressure. The response to white light irradiation

(Xe lamp) is evident along with light on and off, and the
reversal of the photocurrent direction indicates an n-type to p-
type conduction transition. Quantitative analysis result shows a
dramatic n−p switching around 8 GPa (Figure 5b). The
photocurrent reversal is manifested reversible with a hysteresis
of about 3 GPa, consistent with the structure analysis results.
The pressure-driven switching between n- and p-type
conduction of CuFeS2 is also confirmed by in situ Hall
coefficient measurements (Figure 5c and 5d). A tendency
overturn of the Hall resistance occurs around 9 GPa, and the
derived Hall coefficient shows a similar profile with those from
the photocurrent measurements. There is an abrupt jump of
the Hall coefficient by 1 order of magnitude at 5.0 GPa, which
is often observed in the temperature-dependent p−n switching,
but we are not sure if it is an intrinsic behavior of CuFeS2
under high pressure. Moreover, the little divergence of the
transition pressure (7−9 GPa) can be attributed to the
different sample conditions for pressure calibration, e.g., with
or without PTM.

Absence of Charge Transfer between Cu2+ and Fe2+.
Pressure-induced cationic valence exchange between Cu and
Fe has been observed in delafossite CuFeO2.

43 In the case of
CuFeS2, it is highly expected that the pressure-driven structure
transition, spin-crossover, and p−n switching are associated
with a cationic charge transfer. Figure 6 displays the XAENS
and TFY-XAS results of CuFeS2 under high pressure. As we
known, a XAS profile can reflect both the chemical
environment and the valence of a specific element in a given
structure, and the latter is characteristically determined by the
position of the absorption edge. First, we demonstrate that the
valence of Cu and Fe at ambient conditions is Cu2+Fe2+S2 in
our sample, compared to Fe, FeS, and Fe2O3 standards from
both the XAENS and the TFY-XAS signals. Then, despite the
changes of both profiles around the K-edge of Cu and Fe
before and after the phase transition (especially for the white
lines), no evident shift of the K-edge is observed for both Cu
and Fe. Thus, we conclude that there is no cationic charge
transfer along with the phase transition around 8 GPa in our
CuFeS2 sample. Fourier-transformed profiles for the coordi-
nation environments of Fe and Cu confirm the simultaneous
shrinkage of the FeS4 tetrahedra and a slight expansion of the
CuS4 tetrahedra (Figure 6c and 6d). The different charge
distribution and valence-change behavior of CuFeO2 and
CuFeS2 under both ambient and high-pressure conditions may
be attributed to the relative electronegativity of the ligands and
also the formation history of the materials.

Figure 4. Electric resistances of CuFeS2 as a function of pressure.
(Inset) Temperature dependence of the resistance of CuFeS2 under
compression. Near 7 GPa, the electric resistance drops sharply with
about 2 orders of magnitude at room temperature while the R−T
curves confirm the remaining semiconductor behavior up to 16.2
GPa.

Figure 5. (a) Photocurrent, (b) photocurrent amplitude and direction, (c) normalized Hall resistance, and (d) derived Hall coefficient of CuFeS2
as a function of pressure. Dashed lines in panels b and d are drawn as a guide to the eye and not a fit to the data.
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■ CONCLUSION
In summary, we report a pressure-driven reversible switching
between p- and n-type conduction in CuFeS2 associated with a
dramatic structural phase transition and a spin-crossover of
Fe2+. Symmetry breakdown from space group I-42d to I-4
occurs along with the phase transition, and remarkable volume
shrinkage of the FeS4 tetrahedra is observed. Electric transport
measurements confirm a semiconductor-to-semiconductor
transition instead of a pressure-driven metallization for
traditional semiconductors. The pressure-driven p−n type
conduction switching is evidenced in both photocurrent and
Hall coefficient measurements. We also confirm the absence of
cationic valence exchange between copper and iron during the
phase transition by XANES on both the K-edges of Cu and Fe
and TFY-XAS on the Fe K-edge. We believe the discovery of
the abrupt pressure-driven switching between p- and n-type
conduction in magnetic semiconductors open a new door to
pressure-responsive switching materials.
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