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Abstract

A thermal pyrolysis method has been developed to synthesize the tetragonal phase of chalcopyrite magnetic semiconductor CuFeS2

nanoparticles. All nanoparticles have the same anisotropic brick-like shape, and the “bricks” are self-organized in a certain orientation,
creating well-ordered nanocomposites. High-resolution transmission electron microscopy and electron diffraction data show that every
nanobrick is a single crystal with a layered atomic structure and characteristic dimensions of about 5 nm � 20 nm in plane. Magnetic
measurements support the antiferromagnetic spin structure and reveal the appearance of a small ferromagnetic component below
60 K. Magnetic anomalies observed in the zero-field cooled magnetization curves at low temperatures may be related to an appearance
of magnetic moment at the Cu ion site. The Mössbauer spectra show that only about 50% of Fe atoms are in the magnetically ordered
a-phase of chalcopyrite. The remaining Fe is non-magnetic and may be located either in the c-phase of chalcopyrite or in isocubanite.
Crown Copyright � 2013 Published by Elsevier Ltd. on behalf of Acta Materialia Inc. All rights reserved.
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1. Introduction

Ternary chalcogenide compounds have recently attracted
great attention due to their important physical and chemical
properties and promising potential applications in solar
power engineering and spintronics [1–12]. Chalcopyrites
compounds such as CuAlS2, CuInSe2, CuGaSe2, CuInS2

and CuFeS2 are typical representatives of the ternary chalco-
genide family. They are semiconductors with a very broad
band gap distribution from 3.5 to 0.6 eV [13]. They have
been intensively studied and polycrystalline thin films of
some of these compounds are utilized in solar cells [14]. Uti-
lizing the semiconductor nanocomposites in solar cells can
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reduce their cost and improve their efficiency to the value
for bulk materials. An efficiency of 18.2% for solar cells made
of nanostructured silicon has been reported, which is close to
the value of commercially available crystalline silicon devices
[15]. Nanocrystals of chalcopyrite CuFeS2 have recently
attracted the attention of scientists. Thin films [16], nano-
wires [17], nanorods and spherical particles [18] and nano-
crystals [19–21] have been synthesized to investigate the
properties of this compound in view of possible applications
in photovoltaics, thermoelectric and spintronic devices. It
was found that nanoparticles have a larger band gap
(1.2 eV) than that of bulk chalcopyrite (0.6 eV) and this fea-
ture depends on size [21]. Comparing the thermoelectric
properties of nanosized chalcopyrite with those of bulk mate-
rial, a significant increase in the power factor and a tremen-
dous reduction of thermal conductivity has been observed,
thus enhancing the efficiency of thermoelectric materials (fig-
ure of merit) by 77 times [21].
alf of Acta Materialia Inc. All rights reserved.
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Special attention has been focused on the development
of new methods for preparing nanocrystalline composites
which are expected to have important properties as build-
ing blocks for many novel functional materials [17,22–
24]. Different approaches to the growth of nanostructured
Cu-containing chalcogenides have been reported [25],
many of them based on solvothermal reactions leading to
the formation of powders. Nanocrystals of the semicon-
ducting chalcopyrite CuFeS2 have been synthesized, utiliz-
ing a facile solution-based method [20]. Depending on the
choice of precursors and synthesis conditions, the nano-
crystals exhibit either a spherical (12 nm) or pyramidal
morphology (30 nm). The larger size pyramidal nanoparti-
cles exhibit a band gap (0.52 eV) close to the bulk, whereas
a larger band gap (0.95 eV) was obtained for the smaller
spherical particles. Because of the very broad absorption
characteristics and tunable band gap, the CuFeS2 nanopar-
ticles are potentially useful for the fabrication of solar cells.

Bulk CuFeS2 compound is a magnetic semiconductor
with a chalcopyrite structure [26–30]. It has a very small
optical energy gap (0.5–0.6 eV) [30] and a very high Néel
temperature (TN = 823 K) [26–28]. The crystal lattice of
CuFeS2 is tetragonal with parameters a = 5.29 Å and
c = 10.41 Å, and space group I42d [31]. Metallic atoms
Cu and Fe have almost perfect tetrahedral coordination
with four neighboring sulfur ions. Alternating metal Fe
and Cu layers are separated by the sulfur layers. It is
known that at least two ionic states, Cu1+ Fe3+(S2�)2 and
Cu2+ Fe2+(S2�)2 are possible in chalcopyrite [31,32]. How-
ever the relationship between the ionic states and the mag-
netic and electric properties of CuFeS2 is not clearly
understood.

In the present paper, a thermal pyrolysis route was
developed to synthesize chalcopyrite nanoparticles. X-ray
diffraction (XRD), high-resolution transmission electron
microscopy (HRTEM), electron diffraction, magnetic and
Mössbauer spectroscopy measurements were used for char-
acterization of the obtained nanocomposites.

2. Sample preparation and characterization techniques

In a typical process for CuFeS2 nanocomposite prepara-
tion, 1 mmol of copper acetate monohydrate (Cu(CO
OCH3)2�H2O), 1 mmol of iron acetate (Fe(COOCH3)2),
3 mmol of sulfur powder, and 10 g of octadecylamine
(ODA) were put into a three-necked flask equipped with
an inlet of argon gas, condenser, magnetic stirrer, thermo-
couple and heating mantle. The mixture was heated up to
Table 1
Some details of the synthesis of the CuFeS2 nanocomposites.

Sample name Composition Reaction scheme

CFS112A CuFeS2 C + F + S + ODA! 100 �C,
CFS112B CuFeS2 C + F + S + ODA! 100 �C,

C = Cu(COOCH3)2�H2O, F = Fe(CH3COO)2, S = sulfur powders, ODA =
the nanoparticles obtained from the XRD data.
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100 �C after which 1 ml of trioctylphosphine (TOP) was
added into the mixture. After 10 min of magnetic stirring,
the system was heated further to 240 �C (or 320 �C) and
maintained at this temperature for 1 h for nanoparticle
growth and crystallization. The reaction temperature was
adjusted to obtain size-controlled CuFeS2 nanocomposites.
After the reaction the resulting CuFeS2 nanocomposites
were collected via centrifugation and rinsed with a solvent
(composed of toluene and methanol) at 70 �C several times
to remove the ODA. Then the compound was dried in a
vacuum at 70 �C for 6 h. The reaction conditions are
shown in Table 1.

The crystal structure and phase purity of the samples were
examined by powder XRD (Mutiflex MF2100, Rigaku Co.
Ltd.). The morphology and microstructure of the particles
were characterized by HRTEM (Tecnai G2 F20, FEG-
TEM, Philips Co. Ltd.) and electron diffraction. Magnetic
measurements were performed using a superconducting
quantum interference device (SQUID-VSM, MPMS, Quan-
tum Design) in applied fields up to 7 T. For measurements of
the zero-field-cooled (ZFC) and field-cooled (FC) tempera-
ture dependence of magnetization, the samples were first
cooled at zero field from 300 to 5 K and then the magnetiza-
tion was measured in a field of 50 Oe by heating the sample
from 5 to 300 K. After that the samples were cooled from
300 to 5 K maintaining the same field. Then the FC curves
were recorded with increasing temperature.

Mössbauer spectroscopy was applied to examine the
phase composition, structural and magnetic properties of
the nanoparticles. The 57Fe-Mössbauer spectra were
recorded at room temperature in transmission geometry
with a standard spectrometer operating in the constant
acceleration regimes. The gamma-ray source 57Co(Rh)
was at room temperature and the isomer shifts were mea-
sured relative to metal iron (a-Fe).

3. Results and discussion

3.1. XRD and electron microscopy data

The crystal structure and phase purity of the samples
were examined using powder XRD. As shown in Fig. 1,
all reflections can be readily indexed to the tetragonal
phase of chalcopyrite CuFeS2. We found that the CuFeS2

particle size could be controlled via the relative concentra-
tion of the iron and sulfur sources, the reaction time and
reaction temperatures. Details of the process for the
selected samples are described and summarized in Table 1.
Crystal structure d (nm)

+TOP, 10 min! 240 �C, 1 h Tetragonal 4.7
+TOP, 10 min! 320 �C, 1 h Tetragonal 37

octadecylamine, TOP = trioctylphosphine, and d is the average size of
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Fig. 1. XRD patterns of CuFeS2 nanoparticles with crystallite size 4.7 and
37 nm. All reflections can be indexed to the chalcopyrite phase CuFeS2

with tetragonal cell.
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An estimation of the crystallite size by Scherrer’s formula
of peak broadening [33] gives for two samples average crys-
tallite sizes of 4.7 and 37 nm.

The particle shape and size were examined by HRTEM.
The HRTEM images (Fig. 2a,b) show that all nanoparti-
cles have the same anisotropic shape of “bricks” which
are self-organized in a certain orientation, creating well-
ordered nanocomposites. The characteristic length of
nanobricks is about 20–25 nm and their height is about
5–6 nm. Every brick particle is separated from its neigh-
bors by intercalations which are supposed to be the
Fig. 2. The high-resolution transmission electron microscopy images (a and b)
sample) showing the self-organized nanobricks. The single-crystal structure ca
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octadecylamine surfactant (Fig. 2b). The distance between
the brick particles is about 3–3.5 nm.

It should be noted that the particle size can differ sub-
stantially from the sizes of the crystallites, which may be
due to the presence of amorphous layers between the crys-
tallites and/or by aggregation of the crystallites. We found
that the size of single nanobricks is nearly the same in the
particles prepared at different conditions but the character
of the brick’s aggregation is different. Fig. 2b clearly shows
that each nanobrick is a single crystal with a layered atomic
structure. The layered structure is shown by the black and
white stripes oriented along the length of the brick. Each
black and white stripe is about 3 Å wide (see insert in
Fig. 2b). The electron diffraction pattern (Fig. 2c) supports
the crystalline nature of the nanobricks and indicates the
body-centered tetragonal lattice of chalcopyrite CuFeS2.
The calculated interplanar distances are 3.08 Å (11 2),
1.90 Å (220) and 1.87 Å (204). It is established that the
nanobricks are self-packed normal to the (112) plane with
the long axis of bricks in this plane. As is shown in the
enlarged section of Fig. 2b, the lattice spacing of 3.08 Å
between two adjacent lattice planes corresponds to that
of (112) crystal planes in CuFeS2.

The nearly monodisperse CuFeS2 nanobricks were syn-
thesized by rapid pyrolysis of raw materials
and the electron diffraction pattern (c) of the CuFeS2 nanoparticles (4.7 nm
n be seen in HRTEM images with enlarged scale (b).
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Fig. 3. The applied field dependences of magnetization and hysteresis loops at different temperatures (a) and temperature dependences of the ZFC and FC
magnetization (b), recorded in an applied magnetic field of 50 Oe, for the CuFeS2 nanoparticles 37 and 4.7 nm in size.

Fig. 4. Temperature dependences of coercive field Hc for the 4.7 and
37 nm size nanoparticles.
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(Cu(COOCH3)2�H2O, Fe(COOCH3)2 and sulfur powder)
in the presence of a surfactant mixture composed of
ODA and TOP. The effect of the ODA surfactant is notice-
able in many ways: (i) it is responsible for their uniform
anisotropic growth into bricks; (ii) it stabilizes the nanob-
ricks; and (iii) it defines the lateral spacing between the
nanobricks. TEM images (Fig. 2a and b) reveal the forma-
tion of aligned CuFeS2 nanobrick arrays via the face-
to-face and edge-to-edge formation when the nanobricks
are capped by ODA ligands.

In a colloidal system, attractive forces between nano-
crystals, such as van der Waals and dipole–dipole interac-
tions, may influence the structural organization behavior
of the system. The dipole–dipole interaction is a ubiquitous
driving force available for self-assembly, particularly in the
case of nanocrystals with non-spherical symmetry, i.e. the
surfaces are not covered by the same crystallographic facets
[34]. The polarity difference between crystallographic facets
on nanocrystals may create a dipole within the nanocrys-
tals. Moreover, different crystallographic facets should dis-
play a different affinity for coupling with different
functional ligands. Thus, the ligand population on nano-
crystal surfaces can be expected to be anisotropic rather
than isotropic. In our case, the anisotropic capping on
nanobricks can be used to enhance the dipole–dipole inter-
actions between nanobricks for the orientational “self-
organization”.

3.2. Magnetic measurements

Magnetization curves M(H) of the 4.7 and 37 nm size
samples reveal antiferromagnetic behavior at temperatures
between 70 and 300 K (Fig. 3a). At fixed magnetic fields,
the magnetization increases with lowering temperature,
Please cite this article in press as: Lyubutin IS et al. Synthesis, struc
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especially in the case of the 4.7 nm size sample (Fig. 3a).
This is consistent with the more disordered state of the
4.7 nm size sample, as follows from the XRD data. At 50
and 5 K hysteresis is observed in the M(H) curves of both
samples, indicating the appearance of a small ferromag-
netic component. The coercivity is larger in the 37 nm size
sample, indicating the higher magnetic crystalline anisot-
ropy of well-elongated nanobricks. Fig. 4 shows the tem-
perature dependence of coercive field Hc for the 4.7 and
37 nm size nanoparticles. At low temperature, 5 K, the
Hc value is 1.6 and 2.3 kOe for the 4.7 and 37 nm size par-
ticles, respectively. With increasing temperature, the Hc

(4.7 nm) value decreases and reaches almost zero at room
temperature. Meanwhile, the Hc (37 nm) value first
increases, showing a maximum of 4.9 kOe at about
160 K, and then decreases to 2.1 kOe at room temperature
(Fig. 4). The temperature behavior of Hc (4.7 nm) is also
tural and magnetic properties of self-organized single-crystalline
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Fig. 5. The room temperature 57Fe-Mössbauer spectra of the 4.7 nm (a)
and 37 nm (b) chalcopyrite CuFeS2 nanoparticles The spectra fitting to
magnetic and nonmagnetic components attributed to nonequivalent iron
sites are shown by solid lines.
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not uniform, and shows a maximum at 100 K that is less
pronounced than the Hc (37 nm) maximum.

The temperature dependences of the FC and ZFC mag-
netizations are shown in Fig. 3b. The ZFC and FC curves
measured in the low field of Hext = 50 Oe are split below
Tint � 300 K, implying an appearance of magnetic interac-
tions between nanoparticles [35]. The ZFC curve of the
37 nm sample displays a maximum at TB � 20 K. In the
4.7 nm sample, the ZFC magnetization behavior is more
complicated. As temperature is lowered from 300 K, the
magnetization decreases down to nearly zero at 120 K,
then it increases, reaching a maximum at about 60 K,
and goes down again to a zero value at the lowest temper-
ature of 5 K. The FC curve also has an anomalous bend
near 120 K (Fig. 3b).

As illustrated in the TEM images, the nanobricks are
well separated from each other by nonmagnetic interca-
lated compound (ODA). The maximum in the ZFC curves
observed at blocking temperature TB � 20 and TB � 60 K
for the 37 and 4.7 nm samples, respectively, may be related
to the superparamagnetic properties of the CuFeS2 nano-
particles. This behavior is typical for systems of magnetic
moments which undergo a spin blocking (or frozen) effect.
Above TB, particles are in a superparamagnetic state,
whereas below TB, thermal fluctuations of magnetic
moments are blocked by magnetic anisotropy. As we show
below, Mössbauer spectra indicate superparamagnetic
behavior of small particles, and some fraction of super-
paramagnetic state is observed in all samples synthesized,
which may be caused by the particle separation and also
by size distribution.

On the other hand, anomalous behavior in the tempera-
ture dependence of the magnetic susceptibility v(T) has
been found in the bulk chalcopyrite CuFeS2 at tempera-
tures between 60 and 90 K [12]. It is explained by the mag-
netic phase transition caused by spin ordering of Cu atoms
from the paramagnetic to the antiferromagnetic state. A
remarkable increase in susceptibility v(T) and magnetiza-
tion M(T), and anomalous heat capacity, has been recently
found in bulk CuFeS2 at T < 100 K [36]. It is explained by
the presence of non-interacting ferromagnetic clusters
appearing due to disordering of Fe and Cu atoms in the
metal sublattice of chalcopyrite, leading to phase inhomo-
geneity of the crystal lattice.

3.3. Mössbauer spectroscopy data

At room temperature the 57Fe-Mössbauer spectra of
CuFeS2 nanoparticles consists of a six-line magnetic hyper-
fine component and a central doublet non-magnetic com-
ponent (Fig. 5a and b). This indicates that some of the
Fe ions are in the magnetically ordered state (about 45%
of total Fe in both the 4.7 and 37 nm size samples), and
the other part is in the paramagnetic state (about 55%).
A similar non-magnetic component was observed in
CuFeS2 nanorods synthesized by a hydrothermal reaction
Please cite this article in press as: Lyubutin IS et al. Synthesis, struc
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[37], and was explained by presence of an amorphous phase
in the product.

The resonance lines of the magnetic component in the
4.7 nm sample have slight asymmetry with broadening in
the inner side of lines (Fig. 5a). The magnetic spectra can
be made to fit to two components with the magnetic hyper-
fine fields Hhf = 34.54 (28%) and 31.54 (17%) T. The iso-
mer shift d of both magnetic components is almost the
same d = (0.23–0.24) mm s�1 and the quadrupole shifts e
are near zero. The hyperfine parameters of the magnetic
component with Hhf = 34.54 T completely coincide with
the parameters for the bulk [38–41] and nanorod chalcopy-
rite [17,37].

In the 37 nm sample the line broadening of the magnetic
component is much higher than in the 4.7 nm sample
(Fig. 5b), and the value of magnetic fields Hhf is spread from
33 to 28 T while d � 0.28 mm s�1 and e �0.04 mm s�1. The
line broadening and some distribution of the Hhf values can
be connected with a particle size distribution, and with the
superparamagnetic behavior of small particles. An absence
of quadrupole splitting shows zero electric field gradient at
Fe sites in chalcopyrite, thus suggesting a highly symmetric
surrounding of Fe atoms by S2� ions.

The relatively low isomer shift d and magnetic field Hhf

values of the magnetic Mössbauer components in our
nanoparticles are characteristic of high-spin ferric Fe3+

ions in the tetrahedral sites of chalcopyrite with strong
Fe–S covalency. The isomer shift value for chalcopyrite
tural and magnetic properties of self-organized single-crystalline
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nanoparticles is smaller than the d value for high-spin Fe3+

ions in oxides. This implies a partial delocalization of 3d

electrons in the semiconducting compound CuFeS2. In gen-
eral, the isomer shift in iron sulfides is less than in oxides
(both for Fe2+ and Fe3+ ions) due to the stronger covalence
of the Fe–S bonds as compared with the Fe–O bonds
[42,43]. A decrease in d indicates an increase in the s-elec-
tron density at the Fe nuclei. This is explained by delocal-
ization of 3d electrons, which are involved in bonding and
hence less effectively shield the nucleus from the 4s elec-
trons [43,44]. It seems that 3d electrons of Cu can also be
partly delocalized. A strong p–d hybridization between S
and metal ions (both Fe and Cu) was revealed by X-ray
absorption near edge structure measurements [45]. This
indicates that an intermediate state between the
Cu1+Fe3+S2�

2 and Cu2+Fe2+S2�
2 electronic configuration

of CuFeS2 may be realized [32,46], which leads to appear-
ance of a magnetic moment at the Cu ions [12]. Such an
effect can explain the anomalies of magnetization observed
in our magnetic measurements at low temperatures. This is
also consistent with small values of the magnetic field Hhf

and isomer shift d obtained from the Mössbauer data.
The paramagnetic part of the Mössbauer spectra can be

fit to two quadrupole doublets with close values of quadru-
pole splitting e � 0.20–0.25 mm s�1 and different isomer
shifts d � 0.025 and 0.807 mm s�1. These parameters are
typical of the Fe3+ and Fe2+ states, respectively. It can be
suggested that the paramagnetic Mössbauer lines relate
to the isocubanite phase CuFe2S3, which has both ferric
and ferrous ions in tetrahedral sulfur sites and is nonmag-
netic at room temperature. The crystal structure of isocu-
banite, which is a cubic polymorph of cubanite, is very
similar to the chalcopyrite structure and both these phases
may appear in the synthesis process. Isocubanite shows
very strong lines in its XRD pattern which match well with
the X-ray lines of chalcopyrite [47,48] and only Mössbauer
parameters can distinguish between these phases. In our
studies, we succeeded in synthesizing a pure phase of isoc-
ubanite nanoparticles by a method similar to the thermal
pyrolysis route of chalcopyrite and these findings will be
published elsewhere soon.

On the other hand, it is known that chalcopyrite CuFeS2

can exist in three phases: a-CuFeS2 is tetragonal with
a = 5.25 and c = 10.32 Å; b-CuFeS2 is cubic with
a = 10.06 Å; and c-CuFeS2 is tetragonal with a = 10.58
and c = 5.37 Å [28,31,45]. The a-phase is antiferromag-
netic, the b-phase is ferromagnetic and the c-phase is non-
magnetic down to 78 K [46,49]. It is possible that the non-
magnetic doublet components in our samples correspond
to the c-phase of chalcopyrite.

4. Summary

A thermal pyrolysis route has been developed to synthe-
size the tetragonal phase of chalcopyrite CuFeS2 nanopar-
ticles. The nanoparticles are single crystals and have a
brick-like morphology. The “bricks” are self-organized
Please cite this article in press as: Lyubutin IS et al. Synthesis, struc
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normal to the (112) crystal plane with the brick’s long axis
in this plane, thus creating well-ordered anisotropic nano-
composites. HRTEM and electron diffraction data clearly
show that every nanobrick is a single crystal with a layered
atomic structure. The characteristic dimension of nanob-
ricks is about 5 nm � 20 nm in plane. Magnetic measure-
ments support the antiferromagnetic spin structure and
reveal the appearance of a small ferromagnetic component
below 60 K. This correlates with the anomalous behavior
of the magnetic susceptibility found in bulk chalcopyrite,
which was explained by the magnetic ordering of Cu atoms
[12]. On the other hand, the low-temperature anomalies in
susceptibility, magnetization and heat capacity were also
explained by the existence of non-interacting ferromagnetic
clusters appearing due to the disordering of Fe and Cu
atoms in the chalcopyrite crystal lattice [36]. The maximum
in the ZFC curves observed at low temperatures may be
related to the superparamagnetic properties of the CuFeS2

nanoparticles. The Mössbauer spectra of the nanobricks
show that only about 50% of the Fe atoms are in the mag-
netic a-phase of chalcopyrite. The remaining Fe is non-
magnetic and may be located either in the c-phase of
chalcopyrite or in isocubanite. The presence of Fe in the
intercalating compound separating the single-crystal
nanobricks is also not excluded.

Recently, brick-like nanoparticles of chalcostibite
CuSbS2 have been synthesized [50] using a hot-injection
method with coordinating solvents. In contrast to our syn-
thesis method, the CuSbS2 nanobricks were randomly ori-
ented and do not form ordered composites. It was shown
that the CuSbS2 nanobricks possess a band gap of
1.40 eV. About 5–15% of the visible light can be converted
to electron and hole pairs in a photoelectrochemical cell
using the CuSbS2 nanobrick-electrode, which demonstrates
the potential application of such nanobricks in the field of
solar energy conversion.
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