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a b s t r a c t

The electrical, magnetic and structural properties of synthetic chalcopyrite, CuFeS2, have been studied

up to 873 K using DC resistance measurements performed in-situ during neutron powder diffraction

experiments. Under ambient conditions the material adopts the accepted structural model for CuFeS2 in

the space group I4̄2d, with the magnetic moment of the Fe3þ cations aligned along [001]. The electrical

resistivity is around 0.3 O cm under ambient conditions, consistent with semiconductor character, and

decreases slightly with increase in temperature until a more abrupt fall occurs in the region 750–800 K.

This abrupt change in resistivity is accompanied by a structural transition to a cubic zinc blende

structured phase (space group F4̄3m) in which Cuþ and Fe3þ cations are disordered over the same

tetrahedral crystallographic sites and by a simultaneous loss of long-range magnetic order. The

implications of these results are discussed in the context of previous studies of the chalcopyrite system.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The most common naturally occurring ternary sulphide sys-
tem is that containing copper, iron and sulphur. Minerals within
the Cu–Fe–S system are found in nearly every geological environ-
ment and rock type and are well known from lunar and meteoritic
materials [1]. Within this ternary system, chalcopyrite, CuFeS2, is
the principal source of the world’s copper. CuFeS2 is a magnetic
semiconductor [2] and the structural prototype for a large class of
compounds of general formula ABQ2, including the important
II–IV–V2 (A¼Be, Mg, Zn, Cd; B¼C, Si, Ge, Sn and Q¼N, P, As,
Sb [3]) and I–III–VI2 (A¼Cu, Ag; B¼Ga, In; Q¼S, Se, Te [4])
materials. There has been a recent resurgence of interest in the
chalcopyrite family of materials as dilute magnetic semiconduc-
tors. The opportunity to inject spins into a non-magnetic semi-
conductor, through the introduction of magnetic centres [5,6],
offers the prospect of exploiting the correlation between charge
and spin of the electron to create spintronics devices. The capacity
to engineer band gaps has also led to interest in chalcopyrites as
candidate materials for photovoltaic devices [7–9].

CuFeS2 crystallises in the tetragonal space group I4̄2d and
adopts a superstructure of the zinc blende crystal structure with
the copper and iron cations ordered over alternate 4-coordinate
sites. The structure may be described as an array of vertex linked
CuS4 and FeS4 tetrahedra (Fig. 1). CuFeS2 is an n-type direct-band-
ll rights reserved.
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gap semiconductor. Band gaps of 0.5, 0.33 and 0.6 eV have been
determined at room temperature for naturally occurring samples
[10] and a value of 0.58 eV for thin-films grown in the laboratory
[11]. However, electrical measurements reveal a complex tem-
perature dependence to the transport properties [12]. The elec-
trical conductivity increases on heating from 195 to 223 K, then
falls, until at 573 K, a sharp increase in conductivity is observed.
It was suggested this behaviour indicates that at temperatures
below 223 K, the conductivity is dominated by extrinsic (impur-
ity) conduction, whilst at higher temperatures intrinsic conduc-
tion dominates. A second further decrease in electrical
conductivity at 773 K was reported by Boltaks and Tarnovskii
[13], although this has not been observed by other workers. On
cooling below TN¼823 K [14], CuFeS2 undergoes a transition to a
long-range antiferromagnetically ordered state. Whilst it was
initially proposed [15] that the magnetic properties indicated a
mixture of formal valence states for both copper and iron,
Mössbauer [16,17] and photoelectron spectroscopic measure-
ments [15,18] appear to confirm the formalism CuþFe3þS2 and
the presence of high-spin Fe3þ , although the alternative,
Cu2þFe2þS2, has also been proposed on the basis of X-ray
absorption data [19]. Pearce et al. [20] have suggested on the
basis of X-ray photoemission and X-ray absorption data that
assignment of formal valence states to copper sulphides may be
an oversimplification in situations where there is appreciable
covalency. There have also been several investigations of the
temperature dependence of the crystal structure of CuFeS2. A
transition from the ambient temperature tetragonal structure to a
cubic phase has been reported to occur on heating above 830 K
[21], accompanied by disordering of the Cuþ and Fe3þ cations
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Fig. 1. Polyhedral representations of (a) the chalcopyrite and (b) the zinc blende

crystal structures. In the former, tetrahedra containing Cuþ and Fe3þ , shown as

light and dark coloured polyhedra, respectively, show long-range ordering. Large

circles represent sulphide anions and small circles the transition-metal cations.
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over the tetrahedral sites. Other workers [22] have suggested that
decomposition to pyrite plus a cation-deficient zinc-blende-like
phase (Cu12Fe11S29) occurs on heating above the Néel tempera-
ture, whilst it has also been proposed that decomposition of the
sample occurs below TN [23].

Many of the investigations of chalcopyrite have been per-
formed on naturally occurring samples. The attendant problems
of uncertainties over sample composition and homogeneity,
together with the presence of impurity phases such as FeS2,
may be contributory factors to the apparent deviations between
measurements made in different laboratories on different sam-
ples. In an effort to understand the apparently conflicting reports
of the structural, magnetic and electronic behaviours of chalco-
pyrite at high temperature, we have performed a powder neutron
diffraction experiment on a synthetic sample of CuFeS2. The
sample was contained in a specially designed in-situ diffraction-
resistance cell. This cell enables the structural, magnetic and
electron-transport properties of a material to be investigated
simultaneously, eliminating any possible differences that might
arise when comparing results from samples of slightly different
stoichiometry or measurements performed under differing
conditions.
2. Experimental

CuFeS2 was synthesised by direct reaction of a stoichiometric
mixture of the pure elements (Fe, Cu and S, 99.95% Sigma-Aldrich)
in a fused silica tube evacuated to o10–4 Torr and sealed. The
sealed tube was placed in a furnace and heated at 723 K for
7 days, prior to cooling at the natural rate of the furnace. The
sample was then reground to homogenise it, prior to re-firing at
1173 K for 2 days. The sample was finally cooled to room
temperature at 25 K h�1. Following characterisation by powder
X-ray diffraction (Supplementary Information), which confirmed
the identity of the product phase, the powder was pressed into a
cylindrical pellet (radius, r¼2.5 mm; length, l¼10 mm). The
pellet was sintered in an evacuated sealed fused-silica tube for
7 days at 1146 K. This produced a mechanically robust shiny gold-
coloured ingot.

The neutron diffraction measurements were performed on the
POLARIS powder diffractometer at the ISIS facility, Rutherford
Appleton Laboratory, U.K. [24], using the backscattering detector
bank (covering scattering angles of 1301o2yo1601, giving a
d-spacing range of 0.2od(Å)o3.2, with a resolution of Dd/
d�5�10�3) and the low-angle bank (281o2yo421,
0.5od(Å)o8.3, Dd/d�10�2). The cylindrical ingot, held between
two spring-loaded platinum contacts, was contained in an in-situ

diffraction-resistance cell under an atmosphere of 0.5 bar of dry
argon. Details of the construction and operation of this cell have
been presented previously [25]. Powder neutron diffraction data
were collected over the temperature range 398–873 K in 25 K
steps. The sample temperature was allowed to equilibrate for
5 min prior to the collection of diffraction data over a period of
approximately 30 min at each temperature. At a given tempera-
ture, during the period over which the neutron diffraction data
were recorded, resistance measurements were made every 30 s.
The electrical resistance of the sample was measured by the four-
probe DC method using a Keithley series 2400 digital source
metre. The value of resistivity, r, at each temperature was
obtained by averaging the values of resistance, R, taken during
the neutron diffraction data collection and converting to resistiv-
ity using the dimensions of the ingot, according to the expression,
r¼pr2Rave/l. Analysis of the powder neutron diffraction data was
carried out by the Rietveld method implemented in the GSAS
suite of programs [26].
3. Results and discussion

The results of the neutron powder diffraction and in-situ

resistivity study of CuFeS2 are summarised in Fig. 2. The diffrac-
tion data obtained from the high-resolution backscattering detec-
tor bank (Fig. 2a) indicate the splitting of many of the Bragg
reflections at temperatures close to ambient, consistent with the
description of the chalcopyrite structure as a tetragonal super-
structure of the cubic zinc blende type (Fig. 1a). At room
temperature, all reflections, other than those arising from
boron nitride of the in-situ diffraction-resistance cell, could be
indexed on the basis of a tetragonal unit cell. At temperatures
above ca. 800 K the peak splitting disappears, resulting in a
simpler diffraction pattern that can be indexed on the basis of a
cubic unit cell.

Ambient-temperature data from the low-angle detector bank
(Fig. 2b), which accesses longer d-spacings, contain moderately
intense peaks at d¼3.74 and 4.72 Å. These may be indexed as the
(110) and (101) reflections of a tetragonal unit cell of the same
dimensions as that of the chalcopyrite structure. However, the
former is systematically absent in space group I4̄2d, whilst the
latter is predicted to have an extremely low intensity (ca. 1% of
Imax) for the chalcopyrite structural model. This suggests these
reflections are magnetic in origin and the magnetic propagation
vector k¼(0,0,0). These longer d-spacing peaks disappear on
heating above ca. 800 K, indicating the loss of long-range mag-
netic order is coincident with the transition to a cubic structure.
Electrical resistivity data (Fig. 2c) show a gradual decrease to ca.
750 K, followed by a more rapid decrease and then essentially
constant behaviour above 800 K.

Rietveld refinement using the powder diffraction data col-
lected at ambient temperature used, for the initial structural
model, the lattice parameters and atomic coordinates for the
tetragonal structure of chalcopyrite in space group I4̄2d, reported
by Hall and Stewart [27]. The neutron background was fitted
using a reciprocal interpolation function with the coefficients
included as refinable parameters, whilst the peak shape was
modelled using a convolution of a Gaussian peak shape with a
double exponential function within the GSAS software [25]. Weak
reflections originating from boron nitride components within the
sample cell were excluded where appropriate.

Simultaneous refinements using diffraction data collected
in both backscattering and low-angle detector banks were
performed, with the magnetic structure of CuFeS2 determined
by Donnay et al. [14] used as a starting model. The magnetic



Fig. 3. The magnetic structure of CuFeS2 at 293 K. Diamagnetic Cuþ and S2� ions

are omitted for clarity.

Fig. 2. A summary of the results of the in-situ neutron diffraction and electrical resistivity study of CuFeS2 as a function of temperature. A portion of the diffraction pattern

collected using (a) the backscattering and (b) low-angle detector banks is shown, together with (c) the temperature dependence of the resistivity of the sample.
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structure was described in the primitive space group P1 and the
free-ion form factor [28] for Fe3þ was used to describe the
wavelength-dependence of the magnetic scattering. The data
could be successfully fitted with localised moments associated
with the iron cation only. The mx and my components of the
magnetic moment refined to values close to zero in the early
stages of refinement and were subsequently fixed at this value,
with mz being included as a variable in the refinement. In the
resulting magnetic structure (Fig. 3), nearest-neighbour Fe3þ

cations, which share a common sulphide tetrahedral vertex, are
antiferromagnetically coupled. The Fe3þ–Fe3þ distance between
tetrahedral centres is, at ca. 3.71 Å, too long for direct exchange
through overlap of cation-based orbitals. Coupling between near-
est neighbours is therefore of the superexchange type via the
108.61 Fe–S–Fe pathway, which for high-spin d5 ions is predicted
to be antiferromagnetic in origin. This results in a magnetic
structure in which Fe3þ cations located in planes parallel to the
(001) crystallographic plane are ferromagnetically aligned with
one another and neighbouring planes of cations along the [001]
direction are antiferromagnetically coupled. The observed mag-
netic moment m(Fe) is 3.67(5) mB at 293 K. This value is inter-
mediate between the value 3.85 mB reported by Donnay et al. [14]
and 3.42(7) mB later determined by Woolley et al. [29] at the same
temperature. The magnetic moment is considerably reduced from
the spin-only value of 5 mB expected for a high-spin Fe3þ:d5

cation. This reduction in moment was behind the early suggestion
[14] of mixed valence states in CuFeS2. However, given the
spectroscopic confirmation of the presence of high-spin Fe3þ , it
would appear that the reduction in the ordered moment of iron
arises from spin-transfer from the cation as a result of the
appreciable covalency of the Fe–S interaction.

Diffraction data collected with increasing temperature reveal
that CuFeS2 adopts the tetragonal chalcopyrite structure up to
748 K, with relatively little change in the degree of the tetragonal
distortion (c/a) and no significant variations in the atomic para-
meters. The evolution of lattice parameters with temperature is
provided as Supplementary Information. Sequential Rietveld
refinement also allowed the evolution of the ordered magnetic
moment to be investigated (Fig. 4) and a magnetic ordering
temperature, TN, of 823 K may be established from the variation
of the magnetic moment with temperature. This is in excellent
agreement with the previously reported value [12] derived from
susceptibility data.
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Fig. 4. The temperature dependence of the ordered moment of Fe3þ in CuFeS2.

Table 1
Refined parameters for single-phase CuFeS2 at selected temperatures, determined

from simultaneous refinement against data collected in the backscattering and

low-angle detector banks.

293 Ka 748 Ka 823 Kb

a (Å) 5.2893(1) 5.3160(1) 5.3341(1)

c (Å) 10.4278(2) 10.4721(3) –

Cu B (Å2) 0.9(1) 3.4(2) 3.91(9)

Fe Moment (mB) 3.67(5) 2.48(4) –

B (Å2) 1.1(1) 2.4(1) 3.91(9)

S x 0.248(6) 0.246(5) –

B (Å2) 0.96(4) 3.0(1) 3.1(1)

Rwp (%) 1451 bank 4.4 3.2 2.7

351 bank 8.3 9.7 9.6

w2 2.81 1.11 1.07

a Space group I4̄2d: Cu on 4(a), (0, 0, 0); Fe on 4(b), (0, 0, 1/2); S on 8(d) (x, 1/4,

1/8).
b Space group: F4̄3m: Cu and Fe on 4(a), (0, 0, 0) each with a site-occupancy

factor of 0.5; S on 4(c) and (1/4. 1/4, 1/4) with a site-occupancy factor of 1.0.
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The powder neutron diffraction data collected at temperatures
of 773 and 798 K revealed the presence of two phases, identified
as the tetragonal chalcopyrite phase (space group: I4̄2d) and a
cubic zinc blende structured phase (space group: F4̄3m), in which
there is a statistical occupancy of the single crystallographic 4(a)
cation site by the copper and iron cations (Fig. 1a). Data at these
temperatures required both phases to be included in the refine-
ment in order to obtain a high-quality fit. Allowing the site-
occupancy factor of sulphur to refine did not produce any
statistically significant deviation from unity in either the tetra-
gonal or cubic phases, and it was subsequently fixed at this value
in all refinements using data collected at temperatures, Tr798 K.
At higher temperatures, the data could be successfully fitted using
the zinc blende structured phase alone, indicating that the loss of
magnetic order is coincident with the completion of the trans-
formation to the cubic structure. Although refinement of the site-
occupancy factor of sulphur at 823 K on heating, provides some
indication of sulphur deficiency, the parameter is strongly corre-
lated with the thermal parameter of sulphur and its absolute
value is therefore unreliable. For this reason the refined para-
meters reported in Table 1 are for the fully stoichiometric phase,
for which there is no discernable difference in the goodness-of-fit
parameters compared to the non-stoichiometric phase. Represen-
tative final observed, calculated, and difference profiles at tem-
peratures of 293 K (tetragonal phase), 748 K (immediately below
the two-phase region), 798 K (in the two phase region), and 823 K
(cubic phase) are given in Figs. 5 and 6 and the final refined
parameters for the single phase regions are presented in Table 1.
Significant bond lengths and angles are provided in Table 2.

The electrical resistivity data are consistent with semiconduct-
ing behaviour (Fig. 2c) throughout the temperature range inves-
tigated. The slight change in dr/dT in the region of 600 K is not
reflected in any structural change detectable by neutron diffrac-
tion. It may be identified with a similar decrease in resistivity at
573 K reported by Teranishi [12] and in a similar manner can be
attributed to a change from extrinsic (impurity) to intrinsic
conduction. In common with other workers, we did not observe
the increase in resistivity with rising temperature at 773 K
reported by Boltaks and Tarnovskii [13]. Instead, the data mea-
sured using the in-situ conductivity cell shows that CuFeS2

exhibits a significant decrease in resistivity, starting at around
740 K and continuing until a temperature of approximately 823 K,
above which it remains essentially independent of temperature.
We can associate this decrease in resistivity with the onset of the
cation disorder within the CuFeS2 structure, as indicated by the
two-phase region identified by the analysis of the diffraction
data: the resistivity of the fully disordered phase then remains
effectively constant once the structural phase transition is com-
plete. The origin of the decrease in resistivity is likely to lie in
changes in band structure as a result of cation disorder associated
with a change to a more symmetric structure.

The sample recovered from the diffraction-resistance cell after
cooling to room temperature from the highest temperature
reached during the experiment (873 K) was black in appearance.
Neutron diffraction data collected on cooling were well fitted by
the cubic structural model at all temperatures. No reversion to the
tetragonal structure was evident, although a plot of the cubic
lattice parameter as a function of temperature (Fig. 7) exhibits a
maximum at ca. 800 K, the region in which on heating, cubic and
tetragonal phases co-exist. The irreversible nature of the phase
transition was reflected in the irreproducibility in the resistivity
behaviour upon cooling. The origin of these observations may lie
in the loss of sulphur from the sample at the highest temperature
of 873 K reached in this investigation. Although the sample was
prepared at elevated temperatures in an evacuated sealed silica
tube (approximate volume 11 cm3), volatilization of sulphur
during synthesis is, in the absence of temperature gradients, fully
reversible on slow cooling. By contrast, the in-situ diffraction-
resistance cell has a much larger volume (ca. 500 cm3), contains a
number of components and temperature gradients are present.
Whilst it is sealed under a reduced pressure during operation,
temperature gradients result in sulphur preferentially condensing
on the cooler components, leading to irreversible removal of
sulphur from the sample at temperatures above the structural
phase transition. Furthermore, discolouration of some surfaces
suggests that sulphur vapour may also react with platinum
components under these conditions. The irreversible loss of
sulphur is supported by refinement of the site-occupancy factor
for the sulphur 4(c) site in the cubic zinc blende phase on cooling
from 873 K. The site-occupancy factors of the 4(c) site after
heating to 873 K show a significant deviation from unity to values
of ca. 0.87, albeit with the proviso concerning correlation noted
above, that is consistent with the evaporation of sulphur from the
sample pellet at high temperature. There was no evidence for
elemental sulphur in the diffraction pattern of the pellet after
cooling to room temperature, as expected if deposition on the
components of the diffraction-resistance cell has occurred. The
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Table 2

Selected bond distances (Å) and angles (1) for CuFeS2 in the tetragonal and

cubic forms.

Tetragonal phase at 293 K Cubic phase at 848 K

Cu–S 4�2.272(18) M–S 4�2.31633(3)

Fe–S 4�2.287(18) M–M 12�3.78255(4)

Fe–Fe 4�3.7136(1) S–M–S 6�109.471(1)

Cu–Fe 4�3.7136(1)

4�3.7401(1)

S–Cu–S 4�109.2(3)

2�110.0(6)

S–Fe–S 4�108.9(3)

2�110.5(6)
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Fig. 7. Variation in the cubic lattice parameter on cooling the sample in the in-situ

diffraction-resistance cell from 873 K.
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loss of sulphur at elevated temperatures is in agreement with the
observation of Frueh [30] who reported that as CuFeS2 is heated;
it loses sulphur and there is a concomitant irreversible decrease in
resistivity. It has been suggested [21] that at temperatures above
823 K, CuFeS2 undergoes decomposition to pyrite plus a disor-
dered, face-centred-cubic phase, close in composition to chalco-
pyrite. However, the diffraction data collected in the course of this
work could be successfully fitted using the cubic zinc blende
phase, even at the highest temperature, with no evidence of any
pyrite-type phase.
4. Conclusions

In conclusion, through measurements of resistivity, simulta-
neously with the collection of powder neutron diffraction data as
a function of temperature, we have investigated the relationship
between the structural, magnetic and electron-transport proper-
ties of CuFeS2 in a single experiment. The results demonstrate
that on heating the onset of cation disorder within the ordered
chalcopyrite precedes the loss of long-range antiferromagnetic
order and that at TN, complete conversion to the fully disordered
cubic zinc blende type phase occurs. Furthermore, the data reveal
that the anomaly in r(T) behaviour observed at ca. 600 K is not
structural in origin, supporting the view that it is associated with
a change from extrinsic to intrinsic conduction. By contrast
however, the reduction in resistivity that begins at 740 K appears
to be associated with the onset of the tetragonal to cubic phase
transition, as evidenced by the co-existence of tetragonal and
cubic phases at 773 and 798 K. The data also provide evidence
that the loss of sulphur at elevated temperatures can lead to
irreversibility in the structural, magnetic and electronic phase
transitions.
Acknowledgments

Erinc Engin thanks Heriot-Watt University and the STFC Centre
for Materials, Physics and Chemistry for the financial support
during his PhD studentship.
Appendix A. supplementary material

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2011.06.036.
References

[1] D.J. Vaughan, J.R. Craig, Mineral Chemistry of Metal Sulphides, Cambridge
University Press, Cambridge, 1978.

[2] T. Teranishi, K. Sato, K. Kondo, J. Phys. Soc. Jpn. 36 (1974) 1618.
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