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X-ray diffraction studies on the Cu1-xCoxCr2Se4 system (x = 0, 0.2, 0.4, 0.6, 0.8, 1) proved the existence of the
cubic spinel-type structure for x e 0.2 and the monoclinic Cr3S4-type one for x g 0.8. CoCr2Se4 undergoes an
order-disorder phase transition above 750 �C. The high-temperature CoCr2Se4 polymorph crystallizes in the filled
GdI2-type structure with the P 3hm1 space group. The trigonal-to-monoclinic symmetry breaking in CoCr2Se4 is found to
be first-order within Landau theory. Co distribution in the low-temperature monoclinic CoCr2Se4 structure depends on
cooling conditions of trigonal CoCr2Se4: rapid quenching results in Co disorder in the monoclinic structure, while slow
cooling yields a fully ordered monoclinic structure.

1. Introduction

Coupling between ferromagnetic and structural transitions
has been shown to yield good magnetocaloric properties.1-3

While the conventional magnetocaloric effect has been
known for more than a century,4 it has never become an
important cooling technique at or around room temperature
because of its low efficiency. However, the 1997 discovery of
the giant magnetocaloric effect in Gd5Si2Ge2

1 and a success-
ful test of a rotary magnetic refrigerator5 suggested that
magnetic refrigeration may become competitive, provided
high-performance, environmentally friendly, and low-cost
magnetocaloric materials are found. As shown for the
Gd5(Si,Ge)4 alloys, the total isothermal entropy change
doubles when the ferromagnetic ordering is coupled to a
first-order structural transition. 6 Such intrinsic coupling
between the magnetic and structural transitions is regarded
to be a key element in achieving desired magnetocaloric
properties.
Among intermetallic phases that exhibit ferromagnetic

ordering at or above room temperature and offer a possibility
of structural manipulation through a chemical substitution

are the spinel phases of chromium with the general
formula ACr2X4 (with A = Cd, Zn, Hg, Ga, Cu and X =
O, S, Se, Te).7 For CuCr2Se4, which orders ferromagnetically
at 450K,8 it has been shown that a Co substitution on the Cu
site introduces a first-order transition to monoclinic Cr3S4-
type phases.9 Monoclinic CoCr2Se4, the end member of the
Cu1-xCoxCr2Se4 series, shows an antiferromagnetic ordering
around 190 K.10 However, the magnetic behavior of the
Cu1-xCoxCr2Se4 phases with x varying between 0 and 1 has
not been reported; additionally, the structure of monoclinic
phases has never been verified using single-crystal diffraction
techniques. As a part of our research on magnetically active
materials, we undertook a systematic investigation of struc-
tural and magnetic features of the Cu1-xCoxCr2Se4 phases.
Here, we present the structural part of our studies, which
revealed interesting structural transformations forCoCr2Se4.

2. Experimental Section

2.1. Synthesis. Starting materials were powders of Cu
(99.999%, CERAC Inc.), Co (99.8%, CERAC Inc.), Cr
(99.95%, CERAC Inc.), and Se (99.99%, Alfa Aesar). Powders
with the Cu1-xCoxCr2Se4 composition (x = 0, 0.2, 0.4, 0.6,
0.8, 1) and a total mass of 1 g were mixed and pressed in an
Ar-filled drybox.All subsequent handlingwas also performed in
the drybox. The pallets were sealed in evacuated silica tubes and
treated at 800 �C for 50 h. After being quenched in cold water,
the samples were reground, pressed, sealed in evacuated silica
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tubes, and annealed at 800 �C for 2 weeks, followed by quench-
ing in cold water. After this treatment, the CoCr2Se4 sample was
again heated to 800 �C, annealed for 4 h, and cooled at the rate of
15 �C/h to room temperature.

2.2. X-Ray Analysis. Room-temperature X-ray powder
diffraction patterns in the 20-90� 2θ range were recorded on a
PANalytical X’Pert Pro diffractometer with an X’Celerator
detector and Cu KR1 radiation. The full-profile Rietveld refine-
ment (Rietica program11) was used for phase analyses, to
derive lattice constants and refine atomic parameters (Table 1
and Supporting Information). High-temperature (HT) X-ray
powder diffraction patterns for CoCr2Se4 in the 20-90�

2θ range were collected on the PANalytical X’Pert Pro diffrac-
tometer with an X’Celerator detector but with Cu KR radiation
for faster data collection and better intensity statistics. The data
were recorded at 25 �C and in the 50-800 �C region with a 50 �C
step in the Anton Paar HTK 2000 high-temperature chamber
with flowing He and 5 vol % CO and a Pt sample heater.

Single-crystal X-ray diffraction data for crystals extracted
from the quenchedCu0.8Co0.2Cr2Se4 andCoCr2Se4 samples and
slowly cooled CoCr2Se4 sample were collected on a STOE
IPDSII diffractometer with Mo KR radiation. A numerical
absorption correction was based on the crystal shape that was
originally derived from the optical face indexing but later
optimized against equivalent reflections using the STOE
X-Shape software.12 Structural refinements were performed

Table 1. Lattice Constants for the Single-Phase Samples CuCr2Se4, Cu0.8Co0.2Cr2Se4, Cu0.2Co0.8Cr2Se4, and CoCr2Se4 from Powder Diffraction Data

sample space group a, Å b, Å c, Å

CuCr2Se4 F43m 10.3258(1)
Cu0.8Co0.2Cr2Se4 F43m 10.32257(7)
Cu0.2Co0.8Cr2Se4 C2/m 13.0758(9) 3.6075(2), β = 117.875(4)� 6.2348(5)
CoCr2Se4 C2/m 13.0163(9) 3.6100(3), β = 117.904(5)� 6.2497(5)

Table 2. Crystal Data and Structure Refinements for Cu0.8Co0.2Cr2Se4 and CoCr2Se4 at 20 �C, Using Mo Kr Radiation and a STOE IPDS II Diffractometer

sample Cu0.8Co0.2Cr2Se4 CoCr2Se4 (quenched) CoCr2Se4 (slowly cooled)

space group F43m C2/m C2/m
lattice parameters, Å a = 10.331(3) a = 13.089(5) a = 13.025(6)

b = 3.592(2) b = 3.606(1),
c = 6.223(2) c = 6.263(3)
β = 118.66(3)� β = 117.88(3)�

volume, Å3 1102.6(6) 256.7(2) 260.0(2)
Z 8 2 2
density (calcd), g/cm3 5.813 6.194 6.115
cryst size, mm3 0.024 � 0.052 � 0.080 0.037 � 0.057 � 0.098 0.011 � 0.025 � 0.037
2θ range 6.84-58.22� 7.10-57.76� 7.08-58.34�
index ranges -13 e h e 13, -12 e k e 13, -13 e l e 13 -14 e h e 17, -4 e k e 4, -8 e l e 8 -17 e h e 17, -4 e k e 4, -8 e l e 6
reflns collected 2398 1227 699
independent reflns 88 [Rint = 0.131] 391 [Rint = 0.069] 385 [Rint = 0.075]
completeness to 2θ 93.6% 99.7% 95.3%
data/restraints/par. 88/0/8 391/0/25 365/0/25
goodness-of-fit on F2 1.183 1.149 0.846
final R indices [I > 2σ(I)] R1 = 0.050, wR2 = 0.084 R1 = 0.072, wR2 = 0.206 R1 = 0.055, wR2 = 0.083
R indices (all data) R1 = 0.069, wR2 = 0.089 R1 = 0.092, wR2 = 0.221 R1 = 0.138, wR2 = 0.100
extinction coefficient 0.0002(1) 0.008(4) 0
diff. peak/ hole, e/Å3 1.634 /-0.760 2.891/-2.592 2.475/-1.649

Table 3.Atomic and Isotropic Temperature (U) Parameters for Cu0.8Co0.2Cr2Se4
and CoCr2Se4 from Single-Crystal Diffraction Data

atom occupancy x/a y/b z/c U (Å2)

Cu0.8Co0.2Cr2Se4

Cu 8a 0.80a 5/8 5/8 5/8 0.020(1)
Co 8a 0.20a 5/8 5/8 5/8 0.020(1)
Cr 16d 1 0 0 0 0.019(1)
Se 32e 1 0.2424(1) 0.2424(1) 0.2424(1) 0.020(1)

CoCr2Se4 (quenched)

Co1 2a 0.77(1) 0 0 0 0.049(2)
Co2 2d 0.23(1) 0 1/2 1/2 0.049(2)
Cr 4i 1 0.2540(3) 0 0.2677(5) 0.031(1)
Se1 4i 1 0.3694(2) 0 0.0348(3) 0.0276(9)
Se2 4i 1 0.1215(2) 0 0.4537(2) 0.0284(9)

CoCr2Se4 (slowly cooled)

Co 2a 0.95(2)b 0 0 0 0.011(2)
Cr 4i 1 0.2567(4) 0 0.2774(10) 0.0112(9)
Se1 4i 1 0.3674(2) 0 0.0296(6) 0.0102(8)
Se2 4i 1 0.1182(2) 0 0.4512(6) 0.0098(8)

aOccupancy is not refined. bThe occupancy is assumed to be 1 in the
CoCr2Se4 formula.

Figure 1. Differential thermal analysis for the quenched CoCr2Se4
sample.
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using the SHELXL program (Tables 2 and 3).13 Further details
of the crystal structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (49) 7247-808-666;
e-mail: crysdata@fiz-karlsruhe.de), on quoting the depository
CSD numbers 420367 for quenched Cu0.2Co0.8Cr2Se4, 420365
for quenched CoCr2Se4, and 420366 for slowly cooled
CoCr2Se4, and these are also available in the Supporting In-
formation.

2.3. Thermal Analysis. Differential thermal analysis
(DTA) for the quenched CoCr2Se4 sample was performed on
a Netzsch STA-409 apparatus in the 175-1030 �C temperature
range with an average 2.5 �C step and 10 �C/min heating rate
(Figure 1). The vertical axis on the graph corresponds to
the temperature difference between the sample and reference
thermocouples, and its values are proportional to the heat flow.

3. Results and Discussion

3.1. Homogeneity Regions and Structures of the

Cu1-xCoxCr2Se4 Phases. Phase analysis of the
Cu1-xCoxCr2Se4 series indicated that the cubic spinel

structure exists at least to x = 0.2, while the monoclinic
Cr3S4-type structure appears at most at x=0.8. Samples
with x = 0.4 and 0.6 were found to be mixtures of both
cubic and monoclinic phases. Cell dimensions for the
single-phase samples are given in Table 1. The homo-
geneity ranges established by us for Cu1-xCoxCr2Se4
agree well with the results of Smirnov et al.9 but deviate
somewhat from the data of Maciazek et al.14

Structures of two members, cubic Cu0.8Co0.2Cr2Se4
and monoclinic CoCr2Se4, were verified through single-
crystal and powder X-ray diffraction. Analysis of
the diffraction spots from the single crystal of Cu0.8-
Co0.2Cr2Se4 at room temperature revealed no unusual
features, and the refinement with the initial atomic para-
meters taken from CuCr2Se4

15 converged well (Tables 2
and 3).Due to the similar scattering powers ofCu andCo,
the occupancy of the 8a site was fixed at 80% of Cu and
20% of Co during the refinement. Structural features of
CoCr2Se4 were found to depend strongly on the cooling
conditions, and this is discussed below.
3.2. HT Order-Disorder Transition in CoCr2Se4:

Quenching Co Disorder in the Monoclinic Structure. Dif-
fraction spots of the single crystal extracted from the
quenched CoCr2Se4 sample could be indexed to three
pseudomerahedral monoclinic twin lattices rotated
around the a* direction by 120� (Figure 2). The structural
refinement against the data integrated for one component
led to the deficient Co site (∼77% occupancy) and
a significant additional electron density of 7.97 e/A3 at
x=0, y=1/2, and z=1/2. Assigning this extra electron
density to “missing” Co atoms and confining the total
occupancy of the two Co sites to 1 improved the refine-
ment and yielded smoother residual electron density.
Introducing three twin components into the refinement
either through a matrix transformation in the control file
(the hkl4 data set) or through the intensity integration

Figure 2. Reciprocal layer normal to a* for the quenched (right) and slowly cooled (left)monoclinic CoCr2Se4 crystals. Lattice translations corresponding
to the three twinned components are shown by different colors. The grid lines outline the lattice of one twin component, chosen as a primary one.

Figure 3. Rietveld fits of the X-ray powder data for the quenched
monoclinic CoCr2Se4 phase using two structural models (see text). Only
a small 2Θ region is shown.

(13) Sheldrick, G.M. SHELXL97; SHELXS97; University of Gottingen:
Gottingen, Germany, 1997.

(14) Maciazek, E.; Molak, A.; Goryczka, T. J. Alloys Compd. 2007, 441,
222–230.
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Crystallogr., Sect. C 1993, C49, 1448–9.
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with three twin components (the hkl5 data set) did
not eliminate the electron density at x = 0, y = 1/2,
and z=1/2. The presence of the two Co sites was verified
through X-ray powder diffraction, which is immune to
twinning problems. The model with two deficient Co
positions yielded a better profile fit and lower agreement
factors than the model with one fully occupied Co site
(Rp = 0.068 and RI = 0.052 versus Rp = 0.073 and

RI = 0.060). In powder diffraction, the difference
between the two models manifests itself distinctly in the
intensity ratio between three peaks around 2θ = ∼16�
(Figure 3). The occupancies of the Co1 and Co2 sites
refined from powder data were 84.8(5)% and 15.2(5)%.
The pseudomerahedral twinning observed for the

monoclinic CoCr2Se4 crystal could have resulted from
a trigonal-to-monoclinic symmetry breaking upon

Figure 4. Temperature-dependent X-ray powder diffraction scans for the quenched CoCr2Se4 sample.

Figure 5. Rietveld refinements of the X-ray powder data for CoCr2Se4 at 750 and 20 �C. Data at 20 �C are for the slowly cooled CoCr2Se4 sample.
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quenching from 800 �C to room temperature. This hy-
pothesis gained some ground when an endothermic peak
around 750 �Cwas observed during the DTA analysis for
the CoCr2Se4 powder (Figure 1). The subsequent HT
powder diffraction proved that the monoclinic structure
does transform into a higher-symmetry structure at
750 �C (Figure 4). In order to derive a high-symmetry
space group, the transition was treated as a second-order
one (in reality, it is first-order, as discussed below).
According to the Landau theory of second-order phase
transitions, the following trigonal space groups, P31m,
P3m1, and R3m, could yield the C2/m space group.
Without increasing the number of independent sites in a
high-symmetry unit cell, the atomic arrangement of the
C2/m unit cell could be derived only from the unit cell
with P3m1 symmetry and with Co being at x= 0, y= 0,
and z = 0; Cr at 0, 0, and 1/2; and Se at 1/3, 2/3, and
∼0.25. The two deficient Co sites of the monoclinic cell
were merged into one deficient site (occupancy 50%) in
the trigonal cell. ThisHT structural model was verified by
the full profile Rietveld refinement, which yielded an
excellent fit between the experimental and calculated
powder patterns at 750 �C (Figure 5, Tables 4 and 5).
The occupancy of the Co site was refined to 54(1)%,
which comes close to the assumed 50%.
The C2/m-to-P3m1 transition found by us for Co-

Cr2Se4 at high temperatures was also observed for other
phases that adopt a monoclinic Cr3S4-type structure at
room temperature, for example, Cr3(xSe4,

16 CrxTi2Se4,
17

and FexV2S4.
18 The P3m1 structure with the atomic

arrangement of HT CoCr2Se4 is referred to most com-
monly as CdI2.

16,19 This classification is rather unfortu-
nate, as there are no metal atoms between alternative
layers of iodine atoms in GdI2, while there are such in HT

CoCr2Se4 and related phases. If theCdI2 structure were to
be retained for the description of HT CoCr2Se4 and
related phases, then we should emphasize that the struc-
ture of interest is a filled version of theCdI2 structure. The
literature search revealed that similar atomic arrange-
ments are also known as the Cr0.88S,

20 CdTlS2,
21

ZrFe0.16Se2,
22 and NiCuSb2

23 structures. In some cases,
such as inNiCr2S4,

19 themonoclinic form transforms into
the HT-deficient NiAs structure (P63/mmc space group),
in which both metals are statistically distributed on
one site with a total occupancy of 75%. The powder
patterns of the two structures can be easily distinguished
by the 001 peak around∼2θ=15�. Due to the extinction
conditions, such a peak should be absent in the P63/mmc
space group (NiAs structure) but is allowed in the P3m1
space group (filled CdI2 structure).
When theCoCr2Se4 sample annealed at 800 �C is slowly

cooled to room temperature, the diffraction spots from
the extracted single crystal could be indexed only to one
monoclinic cell (Figure 2). The single-crystal refinement
yielded full occupancy within three standard deviations
for the Co site (95(2)%), and no significant electron
density was observed at x = 0, y = 1/2, and z = 1/2.
These results were in good agreement with those obtained
from the full profile Rietveld powder refinement for the
slowly cooled sample (Figure 5 and the Supporting
Information). It has to be pointed out that the powder
diffraction profile of the slowly cooled sample had much
narrower, better-defined diffraction peaks than the
quenched sample (see Figure 6). Such a difference
suggests that, during quenching, a long-range order is
not fully established in the monoclinic structure.
In view of our single-crystal and powder diffraction

results, we can state that the high-temperature form of
CoCr2Se4 adopts a trigonal unit cell, in which Co atoms
are statistically distributed in octahedra between the Se
layers. On average, only half of those octahedra are being
populated byCo atoms.Upon slow cooling, theCo atoms
tend to order in alternative fashion in the layer and
between the layers, and the monoclinic lattice results.
However, rapid quenching does not allow all Co atoms to
order completely, and two deficient sites are formed
(Figure 6). To our knowledge, it is the first time that the
possibility of quenching the disorder has been explicitly
shown for the Cr3S4-type phases and has been related to
the cooling conditions.
3.3. Nature of the Symmetry Breaking in CoCr2Se4.

Transitionsbetweendifferent crystalmodifications can take
place via abrupt, first-order reconstruction of the crystal
lattice (e.g., Mn5Si3-type (LT) T Yb5Sb3-type (HT) trans-
formation inGd5Bi3

24) or gradual, second-order changes in
the atomic arrangement (e.g.,P4/nmm toPmmn transitions
in RECuAs2-xPx with RE = Sm, Gd, Ho, Er 25-28).

Table 4. Powder Refinement Data for CoCr2Se4 at 750 �C

Space group P3m1
lattice parameters, Å a = 3.66434(5)

c = 5.88253(8)
volume, Å3 68.405(2)
Z 0.5
radiation CuKR
2θ range 10-90�
data collection step 0.0167�
Nhkl 33
atomic params refined 5
Rp 0.017
Rwp 0.025
RI 0.013

a RI=
P

|Io- Ic|/
P

|Io|,Rp=
P

|yoi- yci|/
P

|yoi|,Rwp=(
P

wi(yoi-
yci)

2/
P

wi(yoi)
2)1/2, wi = (yoi)

-1/2.

Table 5. Atomic and Isotropic Temperature (B) Parameters for Trigonal
CoCr2Se4 from Powder Diffraction Data at 750 �C

atom occupancy x/a y/b z/c B (Å2)

Co 1a 0.54(1) 0 0 0 0.7(3)
Cr 1b 1 0 0 1/2 1.5(2)
Se 2d 1 1/3 2/3 0.2509(2) 1.3(1)
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A question of whether a transition between the high- and
low-symmetry structures can occur as second-order (con-
tinuous) is analyzed within the framework of Landau
theory using group-theoretical considerations.29,30 One of
the conclusions of Landau theory is that two phases cannot
coexist during a second-order transition, while they can
during a first-order one.31While theHT powder diffraction
data (Figure 4) do not show coexistence of the two
CoCr2Se4 modifications and, together with the monoclinic
β angle (Figure 7), point rather to a gradual symmetry

change, the transition can still occur via small but abrupt
changes and, thus, be first-order in nature.
The first consideration of Landau theory is to establish

awave vector,k, corresponding to the symmetry breaking
in the sense that any lost translation (vectors Ti) yields
nonintegral values for k 3Ti/2π.

32 Since the unit cell is
doubled along atrig and ctrig (or simply a and c) of
the trigonal cell (P3m1), the k vector of the distortion is
k= 1/2a* + 1/2c*. The second step is to find a group of
thewave vector. Thewave vector transforms into itself (or
the+modulo of a reciprocal lattice vector) underE,C2x,
i, and σx, and the order, go(k), of this point group, Lo(k),
is 4. Since the ratio between the order, go, of the point
group of the high-symmetry space group and the
order, go(k), of the point group of the wave vector is
3 (go/go(k) = 12/4 = 3), third-order invariants will exist
in the expansion of the Gibbs free energy, and thus, the
distortion with k = 1/2a + 1/2c will be first-order in
nature.31 While the first two rules of Landau theory,
namely, that the high-symmetry and low-symmetry space
groups are in a group-subgroup relationship and that
the transition corresponds to a single irreducible repre-
sentation, are obeyed, the presence of third-order
invariants will lead to a coexistence of the two phases at
the transition point and, thus, to an abrupt atomic
rearrangement.
TheP3m1fC2/m symmetrybreakingcanproceedalong

three equivalent directions in the ab plane of the trigonal
lattice, corresponding to the three 2-fold axes: namely,
along a (k = 1/2a* + 1/2c*), b (k = 1/2b* + 1/2c*), and
a + b (k = 1/2a* + 1/2b* + 1/2c*). Thus, three
monoclinic domains rotated around ctrig by 120� will be
formed (Figure 8), and twinning can be expected for a
rapidly cooled sample. Such coexistence of twin compo-
nents will manifest itself in pseudomerohedral twinning,

Figure 7. Change in the monoclinic β angle with the temperature.

Figure 6. Development of the monoclinic CoCr2Se4 structures from the high-temperature trigonal one during slow cooling and quenching. The
powder patterns on the right represent peak splitting due to the reduction of symmetry as well as peak broadening (quenched sample) associated with the
short-range order.

(26) Mozharivskyj, Y.; Kaczorowski, D.; Franzen, H. F. Z. Anorg. Allg.
Chem. 2001, 627, 2163–2172.

(27) Mozharivskyj, Y.; Franzen, H. F. J. Phys. Chem. B 2002, 106, 9528–
9535.

(28) Mozharivskyj, Y.; Pecharsky, A. O.; Bud’ko, S.; Franzen, H. F. Z.
Anorg. Allg. Chem. 2002, 628, 1619–1630.

(29) Franzen, H. F. Chem. Mater. 1990, 2, 486–91.
(30) Landau, L. D.; Lifshitz, E. M. Statistical Physics; Pergamon Press:

London, 1958; Vol. 5, p 515.
(31) Landau, L.D.; Lifshitz, E.M. InStatistical Physics; Pergamon Press:

London, 1958; Vol. 5, p 445.
(32) Franzen, H. F. Physical Chemistry of Solids; World Scientific:

Singapore, 1994; p 296.
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as observed during the single-crystal diffraction. How-
ever, if the sample is slowly cooled, one twin component
may grow by consuming the other components, and the
twinning may disappear.
The P3m1 f C2/m distortion involves both displacive

and order-disorder atomic rearrangements. For mono-
clinic CoCr2Se4, the atomic displacements defined as
shifts from the ideal positions in the trigonal lattice are
very small. Therefore, the trigonal lattice is unlikely to be
quenched, as the energy barrier to themonoclinic lattice is
small and can be overcome by the enthalpy contribution
to the Gibbs free energy. On the other hand, atomic
ordering duringP3m1fC2/m involvesmovingCo atoms
from one Se octahedron into another so that the alter-
native rows of Se octahedra become empty in the

¥
2[CoSe4] layer (Figure 8) and also along the ctrig direction

(Figure 6). Since the Se octahedra share edges within the

¥
2[CoSe4] layers, Co rearrangement is likely to be energy-

demanding and can be suppressed by rapid quenching.
These conclusions are supported by single-crystal and
powder diffraction results for the quenched CoCr2Se4

sample, which revealed trapping of the Co disorder in the
monoclinic structure.

4. Conclusions

On the basis of the pseudomerohedral twinning observed
for the quenched single crystals, a high-temperature trigonal
structure was predicted forCoCr2Se4 and confirmed bymeans
of DTA and HT powder diffraction. The P3m1 f C2/m
symmetry breaking in CoCr2Se4 is found to be first-order in
nature since the third-order invariants exist in the expansion of
the Gibbs free energy describing the distortion pathway. For
the first time, the feasibility of quenching the HT disorder in
the LT Cr3S4-type phases has been clearly demonstrated.
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Figure 8. Formation of three twin components corresponding to the three k vectors. Only one �
2[CoSe4] layer is shown. Co atoms are inside the

Se octahedra.


