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Abstract. A full study of the electronic structures of FeCr2S4 and Fe0.5Cu0.5Cr2S4 is reported
based on x-ray photoelectron spectra (valence band and core levels), x-ray emission spectra (Fe Lα,
Cu Lα, Cr Lα, S Kβ1,3 and S L2,3) and ab initio TB-LMTO band structure calculations. In the
valence band of FeCr2S4, the Fe 3d states are found to be more localized than the Cr 3d states,
which dominate at the Fermi level. In Fe0.5Cu0.5Cr2S4, the distribution of Cr 3d (Cr3+) states is
unchanged and the Cu ions were found to be in the Cu+ state.

1. Introduction

The discovery of colossal magnetoresistance (CMR) in Fe0.5Cu0.5Cr2S4 and FeCr2S4 [1] has
rekindled significant interest in Cr-based thiospinels, in particular their fundamental structural,
electronic and magnetic properties [2] and band description. FeCr2S4 and CuCr2S4 form a
series of solid solutions, whose basic electrical and magnetic properties were studied 30 years
ago [3, 4]. The tetrahedral (Fe,Cu) and octahedral (Cr) sites in these thiospinels have opposed
magnetic moments below Tc, giving rise to ferrimagnetic materials except for CuCr2S4, which
is ferromagnetic. With respect to electrical properties, FeCr2S4 and Fe0.5Cu0.5Cr2S4 show p-
and n-type semiconducting behaviour, respectively, while CuCr2S4 is metallic [4]. Given the
CMR characteristics of both FeCr2S4 and Fe0.5Cu0.5Cr2S4, the influence of the charge carriers
(their nature and concentration) on electrical and magnetic properties is of primary interest.

The nominal ionic composition of FeCr2S4 is well established as Fe2+Cr3+
2 S2−

4 . For
CuCr2S4 two different models have been proposed by Lotgering et al [4, 5] and Goodenough
[6]. The first model claimed that the Cu should be monovalent, whereas the second claimed
that Cu should be divalent. The substitution of Cu for Fe leads to a more complex situation
with several possible electronic models, which depend on whether Cu enters as Cu+ or Cu2+

ions. Unfortunately, this question remains so far unresolved. Whereas the introduction of Cu2+

would have no major impact on the charge distribution, various charge balance mechanisms
are possible following the replacement of Fe2+ by Cu+. For example, additional holes may
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reside on Fe (giving Fe3+), Cr (giving Cr4+) or S (giving S−). These possibilities have been the
focus of several previous discussions [3, 4] as has been recently discussed by Min Sik Park et al
[7], who reported band structure calculations for this system. In order to check the validity of
the possible models, a full study of the x-ray photoelectron (XPS) and x-ray emission (XES)
spectra of FeCr2S4 and Fe0.5Cu0.5Cr2S4 has been performed, and the implications compared
with the results from ab initio TB-LMTO band structure calculations. In contrast to the data
presented by Min Sik Park et al [7], which were based on an averaged structural model, the
present calculations for Fe0.5Cu0.5Cr2S4 were performed on the correct structure with fully
ordered Fe and Cu on the tetrahedral sites.

2. Experimental and calculation details

Single crystals of FeCr2S4 and Fe0.5Cu0.5Cr2S4 and polycrystalline Fe0.5Cu0.5Cr2S4 samples
were used. Single phase FeCr2S4 and Fe0.5Cu0.5Cr2S4 polycrystals obtained from a solid state
reaction of the elements were placed in a quartz ampoule (20 mm i.d. and 15 cm long) together
with the transport agent (150–250 mg CrCl3). Once evacuated, the ampoule was heated in a
two zone furnace at 800–850 ◦C for pure and 900–950 ◦C for Cu substituted crystals. After
15–25 days octahedral (maximum size = 4 mm) and platelike (maximum size = 6 mm) single
crystals were formed.

Magnetic properties of the samples were studied using a PAR 4500 vibrating sample
magnetometer and magnetic fields of up to 1.6 T.

S L2,3 x-ray emission spectra (valence 3s, 3d → 2p transition) of FeCr2S4 and
Fe0.5Cu0.5Cr2S4 were measured with an ultrasoft x-ray spectrometer [8] with high spatial
(�S = 4–5 µm) and energy (�E = 0.4 eV) resolution using electron excitation. For the
analysis of the x-radiation, a diffraction grating was used (N = 600 lines mm−1; R = 2 m).
The accelerating voltage on the x-ray tube was 4 keV and the anode current was 0.13 mA.

The Fe Lα, Cr Lα, and Cu Lα x-ray emission spectra (valence 3d, 4s → 2p3/2

transition) were obtained by electron excitation and measured on a RSM-500-type x-ray
vacuum spectrometer with a diffraction grating (N = 600 lines mm−1; R = 6 m). The
spectra were recorded in the second order of reflection by a secondary electron multiplier with
a CsI photocathode. The instrumental resolution was ∼0.35–0.40 eV for Fe Lα, Cr Lα and
Cu Lα spectra. The x-ray tube was operated at 4 keV and 0.4 mA.

The S Kβ1 x-ray emission spectrum (valence 3p → 1s transition) was measured using
a fluorescent Johan-type vacuum spectrometer with position-sensitive detector [9]. The Pd
L x-radiation from a sealed x-ray tube was used for the excitation of the fluorescent S Kβ1

spectra. A quartz (1010) single crystal, curved to R = 1400 mm, was used to disperse the
radiation. X-rays were generated at 25 keV/50 mA and the spectra measured with an energy
resolution of ∼0.25 eV.

XPS measurements on FeCr2S4 and Fe0.5Cu0.5Cr2S4 were performed using a Physical
Electronics PHI 5600 ci spectrometer (monochromatized Al Kα radiation with a 0.3 eV
FWHM). The energy resolution of the analyser was 1.5% of the pass energy. The energy
resolution was estimated to be better than 0.35 eV for the XPS measurements and the pressure
in the vacuum chamber during the measurements was below 5×10−9 mbar. The samples were
cleaved in situ under ultra-high vacuum prior to the XPS measurements. All the investigations
were performed at room temperature on the freshly cleaved surfaces. The XPS spectra were
calibrated using gold foil to obtain photoelectrons from the Au 4f7/2 subshell (binding energy
84.0 eV).

Band structure calculations were performed using the first-principles tight-binding linear
muffin-tin orbitals method (TB-LMTO) [10–12]. The space group of FeCr2S4 is Fd3m with
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eight formula units per unit cell. Structural details for the calculations were obtained from
Rietveld refinement based on x-ray powder diffraction data: a = 9.9944(4) Å, Fe in 8a sites,
Cr in 16d sites and S in 32e positions with x = 0.2584(3). A full description of the structure
will be presented elsewhere [13].

The calculations were based on the primitive cell containing two formula units, with
additional empty spheres being introduced in the 16c and 48f (with x = 0.891) positions
of the space group, resulting in a total of 30 sites for the calculations. In Fe0.5Cu0.5Cr2S4,
the tetrahedral cations (Fe and Cu) have been found to be ordered [2], giving a symmetry
reduction to the space group F 4̄3m. The structural data used have been previously reported [2]:
a = 9.9071(1) Å, Fe in 4a sites, Cu in 4d, Cr in 16e with x = 0.3749(3). The ordering splits
the sulphur positions into two inequivalent groups, S1 (16e) with x = 0.1317(1) and S2 (16e)
with x = 0.6148(1). Additional empty spheres were again introduced at 16e (x = 0.875), 24f
(x = 0.248) and 24g (x = 0.999) to provide 30 sites in all. The radii adopted for the space-
filling atomic spheres were 2.502 (Fe), 2.656 (Cr) and 2.390 (S) au for FeCr2S4, and 2.473 (Fe,
Cu), 2.553 (Cr), 2.378 (S1) and 2.439 (S2) for Fe0.5Cu0.5Cr2S4. Slightly smaller radii were used
for the empty spheres. The local-density approximation for the exchange correlation after von
Barth and Hedin [14] was used in the calculations, and non-local corrections after Langreth and
Mehl [15, 16] were included. The density of states was calculated by the tetrahedron method
with the 12 × 12 × 12 divisions of the full Brillouin zone.

3. Results and discussion

3.1. Structural and magnetic properties

X-ray diffraction revealed the single phase spinel structure of the samples. The ferrimagnetic
transition temperatures for the samples were determined from magnetization data (figures 1(a)
and (b)) measured in low fields and found to be 348(1) K in Fe0.5Cu0.5Cr2S4 and 168(0.5) K in
FeCr2S4. Both transition temperatures are in satisfactory agreement with previously published
values of 340 K [1] and 349(5) K [17] for Fe0.5Cu0.5Cr2S4 and 180 K [1] for FeCr2S4.

Magnetic moments for the magnetically ordered structures of Fe0.5Cu0.5Cr2S4 and
FeCr2S4 at 10 K, as have been obtained from neutron diffraction data [13] are µ(Fe) =
3.1(1) µB, µ(Cr) = 2.87(6) µB and µ(Fe) = 3.89(8) µB, µ(Cr) = 2.71(5) µB, respectively.

3.2. XPS and XES spectra

Cu 2p and S 2p XPS spectra are shown in figure 2. Since the Cu 2p binding energy of
Fe0.5Cu0.5Cr2S4 is closer to that in Cu9O5 (nonstoichiometric Cu2O) and CuFeO2 than to
that of CuO18, it can be concluded that the oxidation state of Cu in Fe0.5Cu0.5Cr2S4 is close
to Cu+. A characteristic feature of XPS 2p spectra of Cu2+ compounds is the presence of a
high energy satellite structure that is found, for example in CuO and high-Tc superconducting
cuprates [18, 19]. As seen from figure 2, this structure is absent in the XPS Cu 2p spectra of
Fe0.5Cu0.5Cr2S4. Moreover, no exchange splitting was observed for the Cu 3s state, indicating
a 3d10 configuration of the Cu+ ion [20].

The Fe oxidation state in FeCr2S4 was determined from XPS measurements on a good
quality single crystal and was found to be close to Fe2+ (figure 3). The introduction of Cu+

into the structure should lead to the appearance of the Fe3+ signals in the Fe 2p XPS spectrum.
For Fe0.5Cu0.5Cr2S4, both polycrystals and single crystals, the Fe 2p spectra are identical
and they are very similar to the FeCr2S4 (Fe2+) spectrum. This could be explained by a
charge transfer from the S2− to the Fe3+ ions during the photoemission excitation process
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(a)

(b)

Figure 1. Magnetization versus temperature for the single crystals Fe0.5Cu0.5Cr2S4 (a) and
FeCr2S4 (b).

such that photoemission would then imply a Fe2+S− state. In the ground state no significant
charge transfer is found. Magnetic measurements showed the existence of the Fe3+ ions [2].
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Figure 2. Main panel: Cu 2p XPS spectra in Fe0.5Cu0.5Cr2S4 and other Cu-containing compounds;
inset: S 2p XPS spectra in Fe0.5Cu0.5Cr2S4 and FeCr2S4.

The S 2p3/2,1/2 XPS spectra of polycrystalline Fe0.5Cu0.5Cr2S4 (figure 2) show some differences
with respect to the spectrum of FeCr2S4, which could be attributed to the appearance of an
additional weak S 2p3/2,1/2 doublet, with an energetic position very close to that of FeS2 (S−).
However, these states are most likely induced by defects. The spectra of crystalline material
show no additional S− features because of the delocalized nature of the S states.

These findings therefore imply that the introduction of Cu into FeCr2S4 mainly affects the
Fe and S ions, but does not cause significant changes to the distribution of the Cr 3d (Cr3+)
states.

XPS valence bands (VBs) of FeCr2S4 and Fe0.5Cu0.5Cr2S4 measured in the range 0–16 eV
are shown in figure 4. These spectra are normalized to the integrated intensity of the S 3s band,
which is usually located at 11–16 eV in transition metal sulphides [21, 22]. According to
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Figure 3. Fe 2p XPS spectra in Fe0.5Cu0.5Cr2S4 and FeCr2S4.

our analysis of the electronic structure of CuS, FeS2, CuFeS2 [22] and CuV2S4 [21], the
energy difference between the S 3s and S 3p bands is ∼9 eV. The spectral feature of the XPS
VBs of FeCr2S4 and Fe0.5Cu0.5Cr2S4 at ∼4 eV can therefore be attributed to the S 3p band.
Since the Cr 3d states are expected to be less localized than the Fe 3d states in FeCr2S4 and
Fe0.5Cu0.5Cr2S4, the features at about 1–1.5 and ∼6 eV can be assigned to the Cr 3d and Fe 3d
states, respectively. The difference between the XPS VBs of FeCr2S4 and Fe0.5Cu0.5Cr2S4 is
consistent with the presence of Cu 3d states located at ∼2 eV. The magnitude of the contribution
from these states can be related to the large photoionization cross sections of Cu 3d states with
respect to those of Cr 3d, Fe 3d, S 3p and S 3s states [23].

Fe Lα, Cr Lα, Cu Lα XES spectra (valence 3d4s → 2p3/2 transition) were recorded
in order to estimate directly the contributions from the Fe 3d, Cr 3d and Cu 3d states to the
VBs of both compounds. These measurements provide information primarily on the transition
metal 3d partial density of states (DOS) in the valence band. In addition, S L2,3 (3s3d → 2p
transition) and S Kβ1,3 (3p → 1s transition) spectra were measured in order to probe the
S 3s3d and S 3p occupied DOS, respectively. The energy scales of all XES spectra relative to
the Fermi level were calibrated using the binding energies of relevant initial (core-level) states
determined by XPS. Figures 5(a) and (b) show the XES spectra compared with the XPS VB
spectra. The XPS VB and XES spectra are clearly consistent: the feature of the XPS VBs at
∼1–1.5 eV is close to the intensity maximum of the Cr Lα XES, while the features at 2, 4, 6
and 13 eV are close to the maxima of the Cu Lα, S Kβ1,3, Fe Lα and S L2,3 XES, respectively.

3.3. Band structure calculations

In a recent calculation by Min Sik Park et al [7], the electronic structure of both compounds has
been calculated in the local density approximation (LDA) as well as in the LDA +U approach.
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Figure 4. XPS VB spectra of FeCr2S4 and Fe0.5Cu0.5Cr2S4.

Only the LDA +U results for the density of states were reported [7], but, due to quite moderate
values of on-site Coulomb interaction parameters used, one can note a reasonable agreement
with our results, obtained in the LDA with gradient corrections. The main effect of an inclusion
of on-site Coulomb correlation in the LDA+U method is the lowering of the energy of affected
occupied bands and raising the energy of empty bands, which may result in a gap opening at
the Fermi level. However, the thiospinel materials under consideration do not provide a clean
choice of localized states where such treatment of correlation effects would be physically well
justified. The search for correlation parameters at Fe, Cr and Cu sites simultaneously is hardly
possible within a self-contained scheme, so that the LDA + U treatment in this case remains
rather an ad hoc tool for obtaining a semiconducting behaviour, that was not a concern of
our study. In agreement with the LDA result mentioned in [7], we found FeCr2S4 to be half-
metallic, with a (tiny) band gap in the majority-spin states. Fe0.5Cu0.5Cr2S4, contrary to the
result of [7], was not found to be an insulator according to the LDA calculation—most probably
due to different structures used in both calculations. Min Sik Park et al [7] apparently used
the cubic spinel structure in their calculation, and the study of the Fe0.5Cu0.5Cr2S4 material
presumed some periodic distribution of Fe and Cu atoms over tetrahedral sites, not explicitly
specified in the publication. In the present calculation, we used the crystal structure data as
specified above, that differs from the standard spinel structure. Most importantly, the ordering
of Fe and Cu sites has been properly taken into account. As a result, we found Fe0.5Cu0.5Cr2S4

to be a half-metal, similarly to FeCr2S4. But in contrast to the latter system, a pseudogap
is seen in the minority-spin channel, which increases the chances of this material becoming
semiconducting (due to additional structure distortion, or correlation effects).

Our calculated total densities of states for both systems are shown in figure 6. The shaded
part represents occupied states, that can be compared with the XPS data. The broadening
of calculated DOS with the half-width parameter 0.25 eV (that roughly corresponds to the
spectrometer resolution and with photoionization cross-sections of individual atoms [23] taken
into account) is shown as a thick line. The agreement between the position of major features in
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(a)

(b)

Figure 5. Comparison of XPS VB with XES spectra of constituents for the single crystals:
FeCr2S4 (a) and Fe0.5Cu0.5Cr2S4 (b).
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Figure 6. Calculated total densities of states for FeCr2S4 and Fe0.5Cu0.5Cr2S4. The occupied
DOS broadened with the half-width of 0.25 eV is shown by a thick line.

the measured XPS spectra (figures 5(a) and (b)) and calculated DOS (figure 6), with partial spin-
resolved DOS as shown in figure 7 taken into account, allows identification of the composition
of the valence band without ambiguity. An important difference between the XPS data for the
two materials is the presence of a step (resembling a Fermi edge) near the bottom of the valence
band in FeCr2S4, which is completely missing in Fe0.5Cu0.5Cr2S4. From the analysis of the
partial DOS shown in figure 7, the origin of this feature can be clearly traced to the minority-
spin state of Fe. The energy position of the peak in the photoemission spectrum associated
with S 3s states is reproduced in the calculation with much better accuracy than is typical for
a similar feature in oxides, due to lower localization of the S 3s state as compared to the O 2s.

In Fe0.5Cu0.5Cr2S4, the sulphur atoms in two crystallographically inequivalent positions
(S1 being bonded to Fe and Cr whereas S2 to Cu and Cr) exhibit slightly different DOS
distribution related to their 3s states. However, in the energy region shown in figure 7 the
difference between their 3p DOS distribution is quite small, so that merely an average DOS at
the S site is shown. For both systems, the feature in the valence-band photoemission spectrum
at the binding energy of ∼6 eV can be clearly associated with majority-spin Fe 3d states (where
a large exchange splitting, associated with a magnetic moment of ∼3.00 µB, is present). The
magnetic moments at Cr sites are antiparallel to the Fe moments and also anomalously large
(2.75 µB), in agreement with measured neutron diffraction values as mentioned above.

Equally good agreement holds for the Fe0.5Cu0.5Cr2S4 system. There is no clear effect
on the partial Fe 3d and Cr 3d states related to the presence of copper. The Cu 3d states
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Figure 7. Calculated spin-resolved partial densities of states for FeCr2S4 and Fe0.5Cu0.5Cr2S4.

are not affected by magnetic splitting and remain relatively well localized, contributing to the
photoelectron spectrum mostly near the binding energies 2–3 eV.

Due to the higher energy position of the Cr 3d states and smaller exchange splitting than
for the Fe 3d, the Cr 3d states contribute to the photoelectron spectrum mainly in the binding
energy region of 1–2 eV.

The identification of the features in the valence-band XPS, consistent with the band
structure calculation results, is also supported by the x-ray emission data discussed above.

4. Conclusions

A full study of the electronic structure of Fe1−xCuxCr2S4 (x = 0 and 0.5), including
measurements of x-ray emission and photoelectron spectra and first principles band structure
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calculations, has revealed that in FeCr2S4 the valence band comprises Fe 3d, Cr 3d and S 3p
states. The VB states below the Fermi level are dominated by the Cr 3d contribution, but there
are minority-spin Fe 3d states that produce a clear Fermi step in the photoelectron spectrum.
Otherwise, Fe 3d and S 4p states are represented at slightly lower energies. The substitution
of Cu for Fe results in the introduction of Cu+ ions. The band structure calculations based
on the correct ordered distribution of Fe and Cu on the tetrahedral sites yields different DOS
for the two distinct S species. The valence band of Fe0.5Cu0.5Cr2S4 appears similar to that of
FeCr2S4, but there is an additional contribution from the Cu 3d states just below the Cr 3d
states. This study has therefore provided new information about the band description of these
important materials, and has resolved many of the questions raised by earlier studies [3, 4, 7].
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