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Copper(Il) chromite (CuCr,04) undergoes a first-order structural transition from a tetragonal distorted
spinel structure in space group (I4;/amd) to a cubic spinel structure in Fd3m, near 600 °C. The transition
has been followed using synchrotron X-ray powder diffraction between room temperature and 750 °C.
The structure changes as a consequence of a transition from an orbitally ordered to orbital disordered
state associated with a Jahn-Teller-type distortion of the CuO,4 tetrahedron. The orbital melting results
in a small increase in cell volume.

Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.

1. Introduction

Copper(Il) chromite (CuCr,04,) is a tetragonally distorted spinel
with c/a<1 [1,2]. This distortion from the archetypical cubic
spinel structure is a consequence of the Jahn-Teller effect in the
Cu?* cation. The Cu®" cations occupy the four-coordinate sites of
the spinel structure, and removal of the degeneracy of the d°
ground state results in flatting of the CuO,4 tetrahedron lowering
the symmetry to tetragonal. The structure of CuCr,0,4 transforms
to that of a cubic spinel near 600°C, at which point the
compression of the CuO,4 tetrahedron is removed [3,4]. CuCr,04
is a versatile catalyst finding application in a range of applications
including CO oxidation and alcohol dehydrogenation [5]. Most of
these processes operate at temperatures near the tetragonal-cu-
bic transition point. Cr spinels are also of interest in the earth
sciences, with spinels being stable over a wide range of
temperatures and pressures [6]. Recently there has been con-
siderable interest in the structural transitions in chromite spinels,
and in particular for NiCr,04 [7-11]. As reported for CuCr;Oy,
NiCr,0,4 exhibits a phase transition from the cubic spinel structure
to a tetragonal variant, albeit at lower temperatures, near 30 °C as
a result of the Jahn-Teller effect. MgCr,04 is also reported to
become tetragonal upon cooling below 15K [12]. In contrast with
the detailed structural studies of NiCr,O4, very little is known
regarding the cubic-tetragonal structural transition in CuCr;0y,,
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although the elastic properties associated with this transition
continue to gain interest [13].

In this paper we present the results of a high-resolution
synchrotron X-ray powder diffraction study of the tetragonal-cu-
bic phase transition in CuCr,04. We show that this process is first
order and involves a transition from an orbitally ordered structure
to an orbitally disordered one. The loss, or melting, of this orbital
order results in a small discontinuous increase in the cell volume.

2. Experimental

A crystalline sample of CuCr,0,4 was prepared by the reaction
of stoichiometric quantities of Cu(NOs),-2.5H,0 (99.8% Univar)
and Cr03 (99.9%, Aldrich). A concentrated solution of Cu(NOs),
was mixed with solid Cr,03; and the resulting slurry was stirred
and evaporated to dryness. The resulting solid was then heated in
an alumina crucible at 700°C for 16h. After re-grinding the
material was formed into a 13 mm diameter pellet and calcined at
900°C for 48h, slowly cooled to 700°C and sintered at this
temperature for 66 h before being cooled to room temperature.
Preliminary X-ray powder patterns recorded using Cu Ko radiation
indicated the formation of a single-phase sample.

Synchrotron X-ray diffraction data were collected on the Debye
Scherrer diffractometer at the Australian National Beamline
Facility, Beamline 20B at the Photon Factory, Tsukuba, Japan
[14]. The sample was housed in an open-ended 0.3 mm diameter
capillary that was rotated during the measurements. Data at room
temperature were recorded in the angular range 5<260<85°, step
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size 0.01° using X-rays of wavelength 0.80155A. Variable
temperature data were collected, using a custom-built furnace,
at temperatures of up to 750 °C. The structures were refined using
the program RIETICA [15]. It should be noted that a small amount
of decomposition of the sample was observed at temperatures
above 650°C. We ascribe this to partial reduction of the spinel
under the vacuum conditions of the diffractometer. We believe
that this does not impact on the conclusions of this work.

3. Results and discussion

The diffraction pattern of CuCr,04 at room temperature could
be indexed to a body-centered tetragonal structure with
tet~Aeun/~'2 = 6.03 A and Crep~Ceup = 7.81 A (Fig. 1).

The structure was refined in space group (I4,/amd) with the Cu
on the 4a site, Cr on 8d and O on the 16h site, as proposed by
Dollase and ONeill. The refined structural parameters are
summarized in Table 1, and these are in good agreement with
the results described by Dollase and ONeill [2]. The unique Cu-O
distance is 1.983(2)A and the Cu bond valence sum (1.76) is
slightly lower than expected but consistent with divalent Cu. The
CrOg is slightly elongated with two longer (1.990(3)A) and four
shorter (1.972(2)A) Cr-O distances with the average Cr-O
distance being 1.978 A and the effective bond valence sum being
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Fig. 1. Observed calculated and difference synchrotron X-ray diffraction plzoﬁles
for CuCr,0,4 at room temperature. The data were collected with 2 = 0.80155 A. The
inset highlights the quality of the data to high angles.

Table 1
Lattice parameters and atomic positions of tetragonal and cubic structures of
CuCry04

Space group 141 /amd Fd3m
Temperature ( °C) 25 750
a(A) 6.0316(1) 8.3543(3)
c(A) 7.7837(2) =a
Cu 4a (0,1/4,1/8) 8a (1/8,1/8,1/8)
B (A%) 1.48(3) 2.88(7)
cr 8d (0,0,0) 16d (0,0,0)
B (A?) 0.59(3) 1.47(5)
(0] 16h (0,y,2) 32e (x,x,X)
y = 0.5344(4) x = 0.2627(4)
z=0.2555(4)
B (A%) 1.37(7) 3.01(12)
R, (%) 455 5.44
Ruwp (%) 5.86 6.99

3.02. The compression of the CuQO,4 tetrahedron results in two
0-Cu-0 angles of 123.2(2)° and 103.1(1)°, respectively.

Heating the sample results in a gradual increase in the c-lattice
parameters, whereas the a parameter remains approximately
constant near 500°C at which point it decreases some what.
Above 600°C, the tetragonal splitting is abruptly lost and the
pattern could be indexed to a face-centered cubic cell with
Acub~8.35A. The structural parameters for the sample at 750 °C
obtained by refining the cubic structure in space group Fd3m are
also listed in Table 1. At this temperature both the Cu-O
(1.993(5)A) and Cr-0 (1.988(3)A) distances are slightly longer
than their room temperature equivalents. The O-Cu-0 angle is, by
symmetry requirements, 109.4° in the cubic structure (Fig. 2).

The temperature dependence of the angles within the CuO,
tetrahedron is illustrated in Fig. 3. The JT-induced distortion of the
CuO, tetrahedron results in four O-Cu-0 angles that are smaller
than the ideal tetrahedron angle of 109.4° and two larger angles.
These angles reflect the compression of the CuO,4 tetrahedron.
Heating results in a gradual reduction in the compression of the
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Fig. 2. Temperature dependence of the lattice parameters for CuCr,0, obtained
from Rietveld refinements of synchrotron X-ray powder diffraction data. For ease
of comparison the a parameters in the low-temperature tetragonal phase have
been multiplied by /2.
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Fig. 3. Temperature dependence of the angles within the CuO, tetrahedra.
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CuO, tetrahedron but clearly the compression remains significant
until near the transition temperature, at which point the
distortion of the tetrahedral rapidly vanishes. The abrupt change
in the O-Cu-O angles mimics the change in the Ilattice
parameters, and it appears from either measure that the transition
to cubic is first order. CuRh,04 also displays a first-order
tetragonal-to-cubic transition associated with the removal of a
Jahn-Teller-induced distortion [16].

One method by which the transition can be monitored is by
examination of the temperature dependence of the spontaneous
tetragonal strains defined by & = ((Atet — Cret)/(Qtet + Cret)). The
transition between the tetragonal and cubic states can be
described by an order parameter Q. According to the Landau
theory [17] for a second-order ferroelastic transition the sponta-
neous strain ¢ is expected to be closely proportional to the
lowest-order term to which it couples, namely Q2 [18,19].

For a second-order phase transition Q? is expected to be
proportional to T, and as is evident from Fig. 4 this is clearly not
observed. Rather analysis suggests an unrealistic Q° temperature
dependence. Moreover at the critical temperature the strain drops
much more rapidly than, even this complex, relationship predicts.
The group-subgroup relationship of the two space groups allows
for a continuous transition but does not require it. Apparently the
tetragonal structure gradually evolves towards the archetypal
cubic one upon heating, but the final stages of the transition
occurs abruptly. This first-order quenching of the Jahn-Teller
distortion is similar to that observed for LaMnOs [20], where again
the transition appears to be continuous until very close to
transition temperature.

Fig. 5 shows the temperature dependence of the, suitably
scaled between the two space groups, unit cell volume of CuCr;04.
The volume progressively increases up to 600 °C, at which point it
jumps abruptly. This volume anomaly is similar to that seen in
LaMnOs, but is of the opposite sense; in LaMnOs the volume
decreases at the Jahn-Teller transition [21]. Chatterji and co-
workers [21] have suggested that the volume decrease in LaMnO;
arises since the Jahn-Teller distortion induces orbital ordering
with the Jahn-Teller distorted octahedra occupying more volume.
Removal, or melting, of this orbital ordering results in a
contraction in the volume of the MnOg octahedra and subse-
quently in the unit cell. It must be stressed that, although
attracting considerable attention, the volume contraction upon
orbital melting in LaMnOs is, like the volume contraction at the
melting point of ice, an anomaly, For the vast majority of
materials, increased entropy of the disordered structure results
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Fig. 4. Temperature dependence of the tetragonal strain in CuCr,04. The solid line
shows the behavior expected for a second-order phase transition.
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Fig. 5. Temperature dependence of volume of CuCr;04.
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Fig. 6. Schematic d orbital energy diagram for a d® (Ni%*) in a elongated
tetrahedron with c/a>1 and a d° (Cu®") ion in a compressed tetrahedron with c/
a<1. Note that in the Ni case the ground state is doubly degenerate and hence
susceptible to further distortion.

in an increase in volume in the liquid state compared with the
solid state. For CuCr,04 orbital melting results in an increase in
volume as expected for a simple material.

Finally it is pertinent to compare our results with those
reported for NiCr,04. The higher transition temperature observed
for CuCr,04~600°C cf NiCr,04~30°C demonstrates the energy
required to overcome the Jahn-Teller-type distortion of the Cu''O,4
tetrahedron is considerably greater than that for the Ni'"O,4
tetrahedron. Ligand field arguments [22-24] suggest that the JT
effect will lead to a larger distortion in the Cu?" case than that in
the Ni?* case and that the distortion of the tetrahedron will be of
an opposite sense, since in the d® Cu®* the doubly degenerate d,,
and d,, orbitals will both be fully occupied, whereas in d® Ni**
these will be singly occupied (see Fig. 6). Equally importantly a
single distortive mode (to the tetragonal structure) results in a
double degenerate ground state for the Ni>* complex, without any
appreciable energy gain. It may be anticipated, therefore, that this
will undergo a further distortion. The observed [4] behavior of
CuCr,04 and NiCr,04 support these arguments, with the transi-
tion to the tetragonal occurring at much lower temperatures in
the Ni oxide, and this tetragonal phase exists over a narrow
temperature range, before a second transition to an orthorhombic
structure that will have a singularly degenerate ground state as
required by the Jahn-Teller theorem. It appears from the work of
Tovar and co-workers [4] that the I4;/amd to Fd3m transition in
NiCr,0,4 is also first order. MgCr,04 also displays at tetragonal
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(I4,/amd)-cubic (Fd3m) transition, albeit at still lower tempera-
tures, below 15K [12]. In this case the transition is clearly not
driven by the Jahn-Teller effect of the spinal A-type cation but
rather appears to be driven by a distortion of the CrOg octahedron
that may be correlated with magnetic ordering. It would be
interesting to establish if, in this case, the transition is continuous
as allowed by group theory.
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