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ABSTRACT: We have conducted high-pressure measurements on
the CuCr2O4 and CuCr2Se4 spinels to unravel the structural
systematics of these materials under compression. Our studies have
revealed diverse structural behavior in these two compounds. In
particular, CuCr2O4 retains its ambient-pressure I41/amd structure up
to 50 GPa. Close inspection of the lattice and interatomic parameters
reveals a compressibility change near 23 GPa, which is accompanied
by an expansion of the apical Cr−O bond distances. We speculate
that an outer Cr3+ 3d orbital reorientation might be at play in this
system, manifesting as the change in compressibility at that pressure
point. On the other hand, CuCr2Se4 undergoes a structural
transformation from the starting Fd3 ̅m phase toward a monoclinic
structure initiated at ∼8 GPa and completed at ∼20 GPa. This high-
pressure behavior resembles that of ZnCr2Se4, and it appears that,
unlike similar chalcogenide Cr spinels, steric effects take a leading role in this pressure-induced Fd3 ̅m → monoclinic transition.
Close comparison of our results with the reported literature yields significant insights behind the pressure-induced structural
systematics of this important family of materials, thus both allowing for the careful manipulation of the structural/physical
properties of these systems by strain and promoting our understanding of similar pressure-induced effects in relevant systems.

1. INTRODUCTION

The series of Cr-bearing compounds with stoichiometry
A2+Cr3+2X

2−
4 (A2+ = Mn−Zn, Cd, Hg; X2− = O, S, Se)

crystallize in three diverse structures at ambient conditions,
depending on the constituent elements A and X.1−3 The
majority of the Cr-bearing oxide members of this series adopt
either a cubic spinel phase (space group (SG) Fd3̅m, Z = 8,
Figure 1) or a tetragonal modification of this cubic spinel
structure due to strong Jahn−Teller effects (SG I41/amd, Z = 4,
Figure 1).4 The latter tetragonal phase is a direct subgroup of
SG Fd3̅m4, with the c-axis in the two structures being common,
whereas the tetragonal atetr-axis equals the cubic lattice
parameter acub divided by 21/2 (Figure 1). Furthermore, due
to the tetragonal symmetry, the Cr−X−Cr, Cr−X, and Cr−Cr
parameters split into two components, an apical component
(along the c-axis) and an equatorial component (parallel to the
ab-plane); the A−X bond distance remains unique. Both of
these structures are composed of AX4 tetrahedral and edge-
sharing CrX6 octahedral units. In addition, due to the geometric
frustration of the magnetic Cr3+ cations residing in a pyrochlore

lattice, the spinel structure has been considered as a key system
for studying magnetic exchange interactions in solids.5,6

The third structure adopted by several A2+Cr3+2X
2−

4

chalcogenides is the monoclinic Cr3S4-type phase (SG C2/m,
Z = 2), which can be viewed as a defect variant of the hexagonal
NiAs-type structure with ordered vacancies.7 Both types of
cations, A2+ and Cr3+, are octahedrally coordinated with respect
to the anions in this phase, and because the Cr3S4-type
structure has a higher density than the spinel one, this
monoclinic Cr3S4-type phase can be viewed as a high-pressure
polymorph of the spinels of this series. Indeed, high pressure
and/or high temperature has been used to transform several
thiospinels into this denser Cr3S4-type phase.8,9 These
structural transitions are also accompanied by significant
alterations in the magnetic and electronic properties.2,10

Nevertheless, the high-pressure modification appears to
depend critically on the type of A cation and the anion in
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Cr-bearing spinels. For example, ZnCr2O4 adopts an
orthorhombic phase at 30 GPa,11 ZnCr2S4 undergoes two
successive structural transitions at 22 GPa (Fd3 ̅m → I41/amd)
and at 33 GPa (I41/amd → orthorhombic),12 and ZnCr2Se4
transforms into a monoclinic CrMo2S4-type structure (a
superstructure of the Cr3S4-type phase) above 15 GPa;13 for
direct comparison with the latter, CdCr2Se4 undergoes an
Fd3̅m → I41/amd transition at 11 GPa.14 Consequently, it
becomes imperative to understand the influence of the
constituent ions in the pressure-induced structural behavior
of these Cr-based materials to elucidate in depth the stress−
structure relationship. The latter is crucial knowledge for thin
film applications, since the lattice mismatch between the film
and the underlying substrate always introduces compressive/
tensile strain at the interface, which can in turn modify the
physical properties of the film.15

Among the various Cr-bearing spinels, the CuCr2X4 series (X
= O, S, Se) stands out due to the substantial divergence in
physical properties. In particular, CuCr2O4 is an insulating
ferrimagnet and crystallizes in a tetragonal I41/amd structure at
ambient conditions, due to the Jahn−Teller active Cu2+ cation
(Figure 1).16 This Jahn−Teller distortion is suppressed above
870 K,17 whereas cooling leads to a coupled magnetostructural
transition into a ferrimagnetic orthorhombic phase at 135
K.18−20 On the other hand, both CuCr2S4 and CuCr2Se4 adopt
the cubic Fd3 ̅m structure and are itinerant ferromagnets. The
exact valence state of copper and the origin behind the
magnetic properties of these two compounds have been
debated for several decades. The currently accepted model
involves a hole-mediated magnetic exchange between the
localized electrons of Cr3+ and delocalized holes from the Se 4p
states, with the Cu cations exhibiting both monovalent and
divalent valence states.21−23 In addition, CuCr2Se4 has the
highest Curie temperature among Cr-bearing spinels (TC = 415
K),24 thus making it appealing for use in magnetic devices.25

This significant diversity in physical properties makes
CuCr2O4 and CuCr2Se4 ideal systems for comparing the effect
of the anion alone on the pressure-induced structural evolution.
As we shall discuss later, however, the A cations also plays a
crucial part in the structural properties under pressure. To date,
the only pressure-related studies on these two compounds have
dealt with the pressure dependence of TC.

24,26 In particular, the
rate of pressure change was dTC/dP = −4.1 K/GPa, and dTC/
dP = +1.6−2 K/GPa for CuCr2Se4 and CuCr2O4, respec-
tively;24,26 no structural data have been reported. Furthermore,
a single-crystal X-ray diffraction (XRD) study on a natural

CuCr1.7V0.3S4 sample did not indicate any structural transition
up to 7 GPa.27

Our high-pressure powder XRD studies have revealed a
divergence in the structural behavior of the two materials under
compression. In particular, CuCr2O4 retains its starting I41/amd
structure up to 50 GPa, with evidence of a second-order
isostructural transition between 24 and 30 GPa. On the other
hand, CuCr2Se4 adopts a monoclinic CrMo2S4-type structure
above ∼8 GPa, similar to ZnCr2Se4,

13 with further compression
up to 40 GPa leading apparently toward a high-symmetry
disordered phase. This divergence in the high-pressure
structural behavior illustrates the significant effect of the anions
on the pressure-induced structural transformations of these
compounds.

2. EXPERIMENTAL SECTION

The synthetic single-crystalline CuCr2O4 and CuCr2Se4
samples were ground into a fine powder for performing the
angle-resolved high-pressure powder XRD experiments. Details
of the synthesis have been reported elsewhere.28 The high-
pressure sample environment was generated by a rhenium
gasketed diamond anvil cell, equipped with a pair of diamonds
with a 300 μm culet diameter. The ruby luminescence method
was employed for pressure calibration.29 The high-pressure
XRD measurements at room temperature were performed at
the 16BM-D beamline of the High Pressure Collaborative
Access Team and the 13-BM-C beamline of the Geo-
SoilEnviroCARS (Geo Soil Enviro Consortium for Advanced
Radiation Sources) at the Advanced Photon Source of Argonne
National Laboratory.30 The incident monochromatic X-ray
beam energies were E = 28.6 keV (λ = 0.434 Å, CuCr2O4) and
E = 29.2 keV (λ = 0.4246 Å, CuCr2Se4). The distances between
the sample and diffraction imaging plate were 197.8 mm
(CuCr2O4) and 328.35 mm (CuCr2Se4). The collected XRD
diffractograms were processed with the FIT2D software.31

Refinements were performed using the GSAS and EXPGUI
software packages.32,33 The P−V data were fitted with a Birch−
Murnaghan equation of state (B−M EoS).34 Helium served as a
pressure-transmitting medium in all experiments.

3. RESULTS AND DISCUSSION

3.1. CuCr2O4 under Pressure. Overall, our high-pressure
XRD study on CuCr2O4 reveals that the ambient-pressure I41/
amd structure is stable up to ∼50 GPa (Figure 2). The stability
of the I41/amd phase indicates the persistence of the Cu2+-
induced Jahn−Teller distortion up to 50 GPa. Such behavior is

Figure 1. Polyhedral representation of the ambient-pressure spinel structure (SG Fd3̅m, Z = 8, left). The blue and red polyhedra correspond to
CuSe4 and CrSe6 units. The Se anions are displayed as yellow spheres. The geometrical relationship between the unit cells of Fd3̅m (solid black
lines) and I41/amd (dashed red lines) structures is also displayed.
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consistent with a recent high-pressure experimental study on
FeCr2O4, which is shown to retain the pressure-induced Jahn−
Teller active I41/amd phase up to 74 GPa.35 We note that the
resilience of Jahn−Teller effects under compression is not the
norm, since the effect of pressure is generally the suppression of
Jahn−Teller distortions.36,37
Despite the persistence of the tetragonal phase, close

inspection of the lattice parameters reveals a distinct change
in the compressibility of the a-axis (Figure 3a). In particular,
the pressure slope of the tetragonal a-axis increases above 23
GPa; i.e., the I41/amd phase becomes more compressible in the
a−b equatorial plane than the apical c-direction. No distinct
compressibility changes could be observed either in the c-axis or
in the bulk volume (Figure 3 a,b). Such an anomalous effect is
observed for the first time in the Cr-bearing spinel family. A
fitting of a second-order B−M EoS in the measured pressure−

volume (P−V) data before and after 23 GPa yields bulk moduli
values B0 = 152(3) GPa and B23 GPa = 240(5) GPa and their
pressure derivatives B′0 = 4.3(2) and B′23 GPa = 4.2(6),
respectively (Table 1), consistent with the respective values
of Fd3 ̅m Cr-bearing oxide spinels.11,38,35,39 We note though that
a single B−M EoS could fit all of the P−V data.

To gain a microscopic understanding of the mechanism
behind this compressibility change, we have additionally plotted
selected interatomic parameters, i.e., bond lengths and bond
angles, as a function of pressure (Figure 3). The high quality of
the measured XRD patterns allowed for full Rietveld refine-
ments up to ∼40 GPa; beyond that pressure point, only the
lattice parameters were extracted (Table S1 in the Supporting
Information). As we can observe in Figure 3c,d, only the apical
Cr−O bond distances show a distinct anomaly in their
pressure-induced behavior, as they expand beyond 23 GPa.
Both the equatorial Cr−O and the tetrahedral Cu−O bond
lengths decrease in almost linear fashion with increasing
pressure (Figure 3). Given that the apical Cr−O bond length
directly reflects the energetic configuration of the outer Cr3+ 3d
orbitals along the z-direction,4,40,41 such an increase of the
apical bond distance implies an energetic downshift of the
occupied 3dxz and 3dyz and the unoccupied 3dz2 states and an

Figure 2. Selected XRD patterns of CuCr2O4 at various pressures (T =
300 K, λ = 0.434 Å). An example of a Rietveld refinement at 11.8 GPa
is also shown (bottom). Dots stand for the measured spectra, the red
solid line represents the best refinement, and their difference is drawn
as a blue line. Vertical ticks mark the I41/amd Bragg peak positions.

Figure 3. (a) Lattice constants, (b) unit cell volume, (c) selected interatomic bond lengths, and (d) bond angles of the I41/amd phase of CuCr2O4 as
a function of pressure. The red and blue solid lines going through the P−V data represent the fitted Birch−Murnaghan EoS functions before and
after the isostructural transition, marked by vertical dashed lines (see the text). Error bars lie within the symbols in most cases.

Table 1. Elastic Parameters (Volume per Formula Unit VR/
Z, Bulk Modulus BR, and Pressure Derivative of the Bulk
Modulus B′R) for Various Phases of CuCr2O4 and CuCr2Se4
under Pressure, As Obtained by the Fitting of the Birch−
Murnaghan EoS Forms34 to the Measured P−V Dataa

compd phase
PR

(GPa) VR/Z (Å3)
BR

(GPa) B′R
CuCr2O4 I41/amd 10−4 70.8 (exp) 152(3) 4.3(2)

I41/amd 23 62.5 (exp) 240(5) 4.2(6)
CuCr2Se4 Fd3̅m 10−4 138.1 (exp) 82(5) 6(1)

monoclinic 15 118.3 (exp) 108(1) 4 (fixed)
aEach parameter is evaluated at a reference pressure PR. Exp =
experimental value.
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energy increase of the occupied 3dxy and unoccupied 3dx2−y2
orbitals above 23 GPa (Figure 4). Consequently, a Cr3+ 3d

orbital reorientation might be the origin behind the observed
compressibility anomaly in CuCr2O4 at 23 GPa. Interestingly,
the YTiO3 perovskite exhibits a similar behavior under pressure,
which is demonstrated by an anomalous compressibility of
specific Ti−O bond lengths.42 More appropriate probes are
needed, however, to unravel the exact origin behind this
compressibility change.
Finally, the interatomic bond angles also show an almost

linear variation upon compression (Figure 3d). We should
remind here that the Cr−O−Cr bond angles serve as the
pathways for indirect ferromagnetic exchange interactions,
whereas the Cu−O−Cr bond angles modulate the antiferro-
magnetic interaction between the magnetic Cu and Cr
cations.43−45 As we can observe, the equatorial Cu−O−Cr
and Cr−O−Cr bond angles do not show any appreciable
change upon compression; i.e., they increase by 4° and 2° up to
40 GPa, respectively. On the other hand, their apical

counterparts decrease in an almost doubled pressure rate,
with the apical Cu−O−Cr bond angle exhibiting the largest
variation (decrease by ∼15°).

3.2. CuCr2Se4 under Pressure. Contrary to CuCr2O4,
CuCr2Se4 retains its starting Fd3̅m structure up to ∼8 GPa
(Figure 5). Beyond that pressure, several new Bragg peaks
appear in the XRD patterns, indicating a structural transition.
This pressure-induced transformation is fully completed at
about 20 GPa, showing sluggishness. Further compression
appears to lead toward a high-symmetry disordered phase, as
indicated by the relatively low number of observed XRD
features and the emergence of an intense Bragg peak located at
∼9°. Such a transition, however, is not completed up to 45
GPa, the highest pressure achieved in our experiment.
Indexing of the observed XRD patterns above ∼20 GPa led

to a monoclinic unit cell, which could reproduce all of the
observed Bragg features (Figure 5b). Unfortunately, both the
significant overlap of adjacent Bragg peaks (Figure 5b) and the
development of high texture effects after the structural
transformation hindered the determination of a unique space
group and consequent Rietveld refinements; nevertheless, the
extracted unit cell parameters matched the high-pressure
modification of ZnCr2Se4;

13 i.e., CuCr2Se4 has apparently
transformed into a CrMo2S4-type structure (SG Cc, Z = 8),46

which in turn is a distorted variant of the Cr3S4-type phase.
47 In

this structure, both the Cu and Cr cations exhibit 6-fold
coordination with respect to the anions.
This Fd3 ̅m → monoclinic structural transition in CuCr2Se4 is

really interesting for the structural systematics of Cr−selenide
spinels under pressure, since, as we have shown in previous
works,12,14 the first pressure-induced structural transition of
chalcogenide Cr spinels with nonmagnetic A cations appears to
depend on the magnetic exchange interactions active in these
systems; ZnCr2Se4, however, does not follow this trend.12,14

CuCr2Se4 constitutes the second example of a Cr−selenide

Figure 4. Schematic illustration of the outer 3d orbitals of the
octahedrally coordinated Cr3+ and the tetrahedrally coordinated Cu2+

cations in the I41/amd structure of CuCr2O4. Notice the orbital
reorientation of the Cr3+ 3d states above 23 GPa, resulting from the
expansion of the apical Cr−O bond lengths.

Figure 5. (a) Selected XRD patterns of CuCr2Se4 at various pressures (T = 300 K, λ = 0.4246 Å). The various phases are indicated by black (Fd3 ̅m),
red (monoclinic), and orange (phase mixture). (b) Refinements of CuCr2Se4 XRD patterns at 3.6 GPa (Rietveld, bottom) and at 19.7 GPa (Le Bail,
top). Dots stand for the collected spectra, the red solid lines represent the best refinements, and their differences are drawn as blue lines. Vertical
ticks mark the Bragg peak positions.
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spinel adopting this complex monoclinic high-pressure phase
after ZnCr2Se4, implying that the driving force behind this
transformation is common in these two materials. We will come
back to this point later in the Discussion.
In Figure 6 we present the experimental lattice parameters

and the respective P−V data of the Fd3 ̅m structure and the

monoclinic high-pressure phase of CuCr2Se4. The respective
values are provided in Table S2 in the Supporting Information.
We note that we could extract the lattice parameters of the
monoclinic phase up to 27 GPa, as several low-intensity Bragg
peaks either vanished or merged above that pressure, thus not
allowing for meaningful refinements of the XRD patterns. As
we can observe, the cubic−monoclinic transition exhibits a
sizable volume decrease at the transition point (∼4%), owing to
the coordination increase of Cu with respect to Se from 4-fold
to 6-fold. A similar volume drop at the transition point was also
detected for ZnCr2Se4.

13

The fitting of the Fd3 ̅m P−V data with a third-order B−M
EoS yielded a bulk modulus value of B0 = 82(5) GPa (Table 1),
consistent with the calculated value48 and consistent with the
bulk moduli of relevant Cr−selenide spinels.13,14,49 We note
that the bulk modulus value of CuCr2Se4 is almost halved
compared to CuCr2O4, owing to the larger size and the higher
polarizability of the Se2− with respect to the O2− anions.50

Furthermore, the bulk modulus value of the high-pressure
monoclinic modification of CuCr2Se4 is comparable with the
respective B value of the monoclinic ZnCr2Se4 high-pressure
modification.13

Finally, we comment on the CuCr2Se4 XRD patterns above
∼30 GPa. As we mentioned, the diminishing and the overlap of
the Bragg features do not allow meaningful refinements above
that pressure. Nevertheless, the diffractograms appear to evolve
toward a structure with a smaller number of Bragg peaks, i.e., a
high-symmetry phase (Figure 5a). A possible scenario might be
that the high-pressure monoclinic phase CdCr2Se4 is trans-
formed to a randomly disordered higher symmetry structure
such as a cation-deficient NiAs-type phase or a CdI2-type

modification, a common high-pressure and high-temperature
polymorph of several Cr thiospinels.7,8,10,51,52

3.3. Discussion. Comparison between the high-pressure
behavior of CuCr2O4 and CuCr2Se4 can provide certain insights
into the factors governing the pressure-induced structural
behavior of Cr-bearing spinels.
As we mentioned earlier, the ternary ACr2O4 compounds (A

= Mn−Zn, Cd, Hg) adopt the spinel structure at ambient
conditions.5 Even though there have not been many high-
pressure studies in the literature, the reported investigations
indicate that the high-pressure phase for the Cr-bearing oxide
series is the tetragonal I41/amd phase (MgCr2O4, FeCr2O4, and
CoCr2O4),

35,38,39,53 which was attributed either to pressure-
activated Jahn−Teller effects (FeCr2O4) or to variations in the
magnetic exchange interactions (CoCr2O4). We note also that
an unidentified orthorhombic phase has been reported for
ZnCr2O4 above 30 GPa,11 whereas infrared spectroscopic
measurements indicated a transition of CdCr2O4 close to 15
GPa.54 In light of these findings, it is not unusual that CuCr2O4
retains its starting I41/amd structure up to ∼50 GPa.
On the other hand, all of the ACr2S4 sulfides (A = Mn−Zn,

Cd, Hg) crystallize in the spinel Fd3 ̅m structure at ambient
conditions.2 High-pressure and/or high-temperature treatment,
however, transforms the spinel sulfides with magnetic A cations
(Mn−Cu) into the denser Cr3S4-type phase;

8,9,55 this transition
was not observed for ZnCr2S4 with nonmagnetic cations at the
A site, as this material adopts the tetragonal I41/amd structure
under pressure.12,56,57 This trend hints that the adoption of the
Cr3S4-type phase is dependent on the outer electronic
configuration of the A2+ cation. In other words, its adoption
should be possible when the A2+ cations have unfilled 3d
orbitals.
The aforementioned conclusion is further supported by the

Cr-based selenide compounds. In particular, all of the ACr2Se4
members with magnetic A cations (A2+ = Mn−Ni) crystallize in
the denser Cr3S4-type structure at ambient conditions already.

1

Compared with the respective sulfides, it appears that both the
larger size and the more covalent character of Se2− favor the
adoption of this monoclinic structure for magnetic A cations.
The latter implies that the chemical substitution of S2− with
Se2− can be used to manipulate the structural as well as the rest
of the physical properties in these systems.
Not all of the Cr-based selenides crystallize in the Cr3S4-type

structure, however. CuCr2Se4, ZnCr2Se4, CdCr2Se4, and
HgCr2Se4 adopt the spinel Fd3 ̅m phase.44 We note that even
though CuCr2Se4 also contains a magnetic cation at the A site,
it does not adopt the Cr3S4-type structure at ambient
conditions as the rest of the ACr2Se4 members with magnetic
A cations. We tend to attribute this “inconsistency” to the
valence state of Cu, as a significant portion of the Cu cations
are in a monovalent valence state with their outer 3d orbitals
fully occupied.21 Nevertheless, compression of both CuCr2Se4
and ZnCr2Se4 induces transitions toward a CrMo2S4-type
structure,13 a superstructure of Cr3S4. The remaining Cr spinel
selenides, i.e., CdCr2Se4 and HgCr2Se4, undergo transitions
toward the tetragonal I41/amd structure.14,49 The respective
Fd3 ̅m → I41/amd transition pressures for both Cr-bearing
sulfides and selenides were shown to be dependent on the ratio
of magnetic exchange interactions of these systems.12

This trend is not followed by ZnCr2Se4, however, implying a
different guiding force behind the Fd3 ̅m → monoclinic
structural transition for both CuCr2Se4 and ZnCr2Se4. Since
the ionic radii of tetrahedrally coordinated Cu1+, Cu2+, and Zn2+

Figure 6. (a) Lattice constants and (b) unit cell volume per formula
unit as a function of pressure for the various phases of CuCr2Se4. Error
bars lie within the symbols. The vertical dashed line marks the onset
pressure of the structural transition, whereas the red solid lines
represent the fitted Birch−Murnaghan EoS functions.
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are almost equivalent to that of 6-fold-coordinated Cr3+

[r(Cu2+) = 0.57 Å, r(Cu1+) ≡ r(Zn2+) = 0.6 Å ≈ r(Cr3+) =
0.615 Å],58 it appears that the size similarity between the two
types of cations facilitates the transformation toward a high-
pressure structure, where both cations are octahedrally
coordinated. In other words, it might be that steric rather
than magnetic/electronic ef fects drive the Fd3 ̅m → monoclinic
transition in these materials, i.e., the tendency of the cations to
increase their coordination under pressure. An additional hint
comes from the structural behavior of CdCr2Se4, which adopts
a monoclinic Cr3S4-type superstructure under combined high-
pressure and high-temperature treatment.1 This result implies
that the Fd3 ̅m → monoclinic transition may be a high-pressure
polymorph for all selenide spinels owing most likely to the
larger size and more covalent character of Se2−, with its
appearance taking place either at room temperature for cations
of similar size or at higher temperatures for dissimilar cations,
so as to overcome possible kinetic barriers.

4. CONCLUSIONS

In summary, our high-pressure XRD investigations on
CuCr2O4 and CuCr2Se4 spinels revealed diverse structural
behavior for the two compounds. On one hand, CuCr2O4
retains its ambient-pressure I41/amd structure up to 50 GPa.
Close inspection of the lattice and interatomic parameters
reveals a compressibility change near 23 GPa, due to the
expansion of the apical Cr−O bond distances. Considering a
similar pressure-induced effect in YTiO3 perovskite,42 we
speculate that an outer Cr3+ 3d orbital reorientation is taking
place in CuCr2O4 near 23 GPa. Our suggestion needs to be
checked, however, by appropriate experimental probes.
On the other hand, CuCr2Se4 undergoes a structural

transformation from the starting Fd3 ̅m phase toward a
monoclinic structure initiated at ∼8 GPa and completed at
∼20 GPa. The high-pressure behavior resembles that of
ZnCr2Se4.

13 We speculate that, unlike similar chalcogenide Cr
spinels,12,14 it is mostly steric ef fects that are driving the Fd3 ̅m→
monoclinic transition. Further compression above ∼30 GPa
appears to induce a disordered high-symmetry modification,
similar to the effects of combined high-pressure and high-
temperature treatment on several Cr thiospinels.
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