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Abstract

Pressure-related structural properties of CaCrO, with zircon-type structure
(I41/amd) at ambient pressure were investigated using synchrotron radiation
x-ray diffraction in energy-dispersive mode in a diamond anvil cell (DAC)
up to 29.1 GPa at room temperature. A sluggish first-order structural phase
transition to a scheelite-type phase (/4;/a) was observed at 5.7 GPa. The lattice
parameters of both phases at different pressures were calculated. The isothermal
Birch—-Murnaghan equation of state (EOS) was used to fit the data of pressure
versus unit cell volume, and the bulk moduli were simulated to be 103.7 £ 0.3
and 125.1 % 6.2 GPa for the zircon and scheelite phase, respectively.

1. Introduction

ABOy-type compounds with zircon or scheelite structure are technically important materials
in the fields related to solid-state scintillator detectors [1, 2] optoelectronic devices [3, 4] and
solid-state lasers [5, 6]. These materials also are attractive due to their interesting structural
properties under high pressure. The crystal structure of zircon-type compounds with space
group [/4;/amd (No. 141, Z = 4) such as RVO4 (R =Y, Tb, and Dy) [7-9] and ASiO4
(A = Zr and Hf) [10-13] will transform into a scheelite phase in /4;/a symmetry (No. 88,
Z = 4) under an appropriate pressure condition. Moreover, the scheelite structure is not very
stable to pressure. Usually, at higher pressure, it will be replaced by either a monoclinic
wolframite structure (space group: P2/c, No. 13, Z = 2), or an M-fergusonite structure (space
group: 12/a, No. 15, Z = 4) or an M'-fergusonite structure (space group: P2;/c, No. 14,
Z = 2) accompanying the decline of symmetry and the increase of coordination number of the
B-site cation [14-23].
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Figure 1. The crystal structure of the zircon-type CaCrOy4 at ambient conditions. The larger and
smaller balls represent the Ca and Cr atoms, respectively. The CrOy tetrahedra are shown, but the
O atoms at the vertex are omitted.

(This figure is in colour only in the electronic version)

CaCrOy crystallizes in a tetragonal zircon-type structure at ambient conditions. It is
composed of chains of alternating edge-sharing CrOy tetrahedra and CaOg dodecahedra, as
shown in figure 1. The CrOy tetrahedra are somewhat elongated because the O-O edges shared
with CaOg dodecahedra are shorter than the length of the unshared tetrahedral edges [24].
Although the thermodynamic properties of CaCrO4 have been studied in detail [25-27], little is
known about its high-pressure structural behaviour. Most recently, we have reported evidence
of a pressure-induced structural phase transition in CaCrO4 based on high-pressure Raman
scattering investigations [28]. We present here the high-pressure energy-dispersive x-ray
diffraction (EDXRD) of CaCrO4. The zircon-type CaCrO4 will evolve toward a scheelite
phase upon increasing the pressure to 5.7 GPa. The pressure-related lattice parameters, unit
cell volumes as well as the equations of state for the zircon- and scheelite-type CaCrO, are
reported.

2. Experimental methods

The highly pure CaCrO4 polycrystalline powder used in this experiment was prepared by
standard solid-state reaction methods [24]. The in situ high-pressure EDXRD experiments
were carried out at the Beijing Synchrotron Radiation Facility (BSRF) using a DAC with
500 pm culet in the pressure range from 1.6 to 29.1 GPa at room temperature. T301 stainless
steel was used as a gasket in which a 250 pum hole was drilled to serve as the sample
chamber. In order to generate a hydrostatic pressure condition, a 4:1 methanol—ethanol mixture
was used as the pressure medium. Pressures were calibrated using the ruby luminescence
method [29]. The optimum diffraction angle 260 was set to 15.4° to obtain sufficient and
discernable diffraction peaks.
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Figure 2. Some typical EDXRD patterns of CaCrO4 during the compression process from 1.6 to
29.1 GPa. A structural phase transition is indicated at 5.7 GPa.

3. Results and discussion

Figure 2 shows some typical EDXRD patterns collected in the compression process from 1.6
to 29.1 GPa. Seven diffraction peaks of the zircon-type CaCrOy4 (the (112) and (220) peaks
are overlapped) are observed at the starting pressure 1.6 GPa. Diffraction diagrams show that
the zircon phase of CaCrO4 can be stably preserved up to 4.2 GPa. In this pressure range, all
the diffraction peaks slowly shift towards the higher-energy direction with increasing pressure.
However, when the pressure increases to 5.7 GPa, three new diffraction peaks clearly appear
at 13.92, 15.57 and 16.62 keV, respectively, concomitant with the disappearance of the (211)
peak and the sharp decline in diffraction intensity of the zircon phase. These are indicative
of a pressure-driven structural phase transition from zircon to scheelite in CaCrOy at 5.7 GPa.
However, the zircon phase will coexist with the new scheelite phase until 12.6 GPa. Between
12.6 and 29.1 GPa, only the scheelite-phase diffraction peaks are observed as shown in figure 2.
In addition, it is notable that the diffraction peaks gradually become broader with pressure,
which implies an increasing pressure gradient in the sample.

In succession, when the pressure is gradually released from 29.1 to 4.5 GPa, none but
the scheelite-phase diffraction peaks are discernable as shown from the decompressed EDXRD
diagrams in figure 3. However, as the pressure decreases to the lowest, about 1.1 GPa, the (103)
peak of the scheelite phase becomes indiscernible (perhaps it overlaps with the (112) peak that
scheelite compounds usually exhibit at ambient conditions). In addition, the strongest (200)
peak of the zircon-type CaCrO4 reemerges, which most probably results from the deviation
of diffraction spot from the central region of the sample chamber due to an accidental slight
movement of the gasket in decompression. On account of the pressure gradient existing in
the sample, the structural transition is probably not completed thoroughly in the edge part of
the sample chamber. In our high-pressure Raman scattering experiment on CaCrO, [28], no
zircon-phase Raman active mode was observed when the pressure was released from 26.2 to
0.1 GPa. Therefore, we believe that the structural phase transition from zircon to scheelite in
CaCrOg4 observed here at 5.7 GPa is nonreversible, just like other isostructural compounds have
exhibited [7-13].
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Figure 3. EDXRD diagrams of CaCrO4 during the decompression progress. The star denotes the
(200) peak of the zircon phase.
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Figure 4. Pressure dependence of d-values of CaCrO4 during the compression process. Open and
solid circles correspond to the zircon and scheelite phase, respectively. The three regions A, B, and
C show different structural properties.

Based on the scheelite-phase model, all the diffraction peaks of the new phase can well
be indexed, as shown in figures 2 and 3. The d-values corresponding to the diffraction
peaks of both phases at different pressures were calculated according to the formula £ =
6.199/d sin(9), where E is the energy of each diffraction peak, and 6 equals 7.7° in this
experiment. From figure 4 it is obvious that the d-values of both phases gradually decrease
with pressure in the whole compression process. In addition, three pressure regions related
to different structural characteristics are displayed. The zircon-type phase only can be stably
retained in region A, the pressure range from 0 to 5 GPa. In region B, from 5 to 13 GPa, the
scheelite phase starts to appear and coexists with the zircon phase. This structural transition is
somewhat sluggish under high pressure, and a moderate pressure range is needed to complete
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Figure 5. Pressure dependence of d-values of CaCrOy4 during the decompression progress. Open
and solid circles correspond to the zircon and scheelite phase, respectively.

the transition. This perhaps is a common characteristic for the structural transition of zircon-
type compounds under hydrostatic pressure conditions [9, 11, 12, 28]. The zircon phase is fully
replaced by the scheelite phase in region C' when the pressure exceeds 13 GPa. Moreover, no
post-scheelite phase appears up to the highest pressure 29.1 GPa we used.

Correspondingly, the pressure dependence of d-values in the decompression process is
shown in figure 5. When the pressure is decreased to 4.5 GPa, only the scheelite phase is
observed. In addition, the (004) peak of the scheelite phase returns at 21.3 GPa. Although
the zircon-phase (200) peak is observed at 1.1 GPa, we regard the structural transition as a
nonreversible one, as mentioned above.

Based on the d-values and the relevant indices, the lattice parameters and unit cell volumes
as a function of pressure were obtained as presented in figures 6 and 7, respectively. For the
zircon-type CaCrQOy, the longer a-axis is more compressible than the shorter c-axis, and the
axial ratio c¢/a gradually increased with pressure as the inset shows in figure 6, which indicates
an anisotropic compressibility in the zircon phase. This is not difficult to understand from the
construction of the zircon-type CaCrOy that the larger CaOg dodecahedra directly align along
the a-axis while the compacted CrOy tetrahedra alternately arrange with CaOg dodecahedra in
the c-axis direction, just like figure 1 shows. As far as the scheelite phase is concerned, the
data of the lattice parameters come from the compression process at pressure above 10 GPa.
Below this pressure, the data come from the decompression process. Therefore, an anomalous
increase of the longer c-axis with pressure is observed around 10 GPa due to the hysteretic
effect of the first-order phase transition. Generally speaking, ¢/a will gradually increase with
pressure for zircon-type ABOs compounds, while the reverse is true for scheelite-type ABO4
compounds [9].

Using the isothermal Birch—-Murnaghan equation of state (EOS) with the format P (GPa) =

7 5 2
3Bo[(%2)" — () ]{1 — (3 = 2B;)[(%2)® — 1]} (V and Vj represent the high-pressure
and ambient-pressure unit cell volume, respectively; By and B refer to the bulk modulus
and its pressure derivate), the relationship of pressure versus unit cell volume was fitted as

shown in figure 7. The bulk modulus By of the zircon-type CaCrOy is well simulated to be
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Figure 6. Lattice parameters as a function of pressure in CaCrO4. Open and solid circles correspond
to the zircon and scheelite phase, respectively. The inset shows the pressure dependence of the axial
ratio c¢/a for the zircon-type CaCrOy in the range 1.6-4.2 GPa.
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Figure 7. Unit cell volume as a function of pressure in CaCrOy4. Open and solid circles correspond
to the zircon and scheelite phase, respectively. The solid curves are the fitting results from the
isothermal Birch—-Murnaghan EOS.

103.7 £ 0.3 GPa assuming its pressure derivative By = 4, and V, was extrapolated to be
326.52 £0.02 A3, a similar value to the single-crystal experimental result (327.81 A3) [24].
Recently, Errandonea er al have proposed an experiential criterion, By (GPa) =
(610 £ 110)ZA/d270, to evaluate the bulk modulus for zircon- and scheelite-type ABXy
compounds [22], where Z, is the formal charge for the A cation, and da_o is the average
A-O distance (in A) inside the AOg polyhedron at ambient conditions. In terms of the average
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Ca-O bond length 2.37 A, the bulk modulus of the zircon-type CaCrO, was calculated to be
92 + 15 GPa, which is in good accordance with our experimental result.
As to the scheelite phase of CaCrO,, By and B were simulated to be 125.1 £ 6.2 GPa

and 7.3 £ 1.2, respectively. In the same way, V,, was obtained to be 299.5 &£ 2.0 A’ In the
light of the simulated results, it is known that the bulk modulus increases by about 20%, and
the ambient-pressure unit cell volume decreases by about 9% in the structural transition from
zircon to scheelite in CaCrO,4. These changes can be ascribed to a more efficient arrangement
of the coordination polyhedra and the elimination of some structural holes in the zircon-type
structure [30]. Consequently, the scheelite phase is more difficult to be compressed than the
zircon phase. In addition, the jump of V{ in both phases indicates that this structural phase
transition is a first-order transition.

Kusaba et al [10] reported a fast structural phase transition (less than 1 ws) of the zircon-
type ZrSiOy to a scheelite phase under shock compression, and put forward a mechanism for
this structural transition. In terms of their expression, the density would increase by about 10%
when a zircon phase transformed into a scheelite phase. In our experiment, a 9% reduction of
V\ is consistent with their results.

4. Conclusion

To sum up, high-pressure EDXRD was performed on CaCrO, at room temperature in the 0—
29.1 GPa pressure range. A nonreversible crystal structural phase transition from zircon to
scheelite was observed at 5.7 GPa. The pressure dependence of d-values exhibits a series of
pressure-related structural properties. The zircon phase of CaCrQy is stable about below 5 GPa,
and the scheelite phase coexists with the zircon phase until the pressure exceeds 13 GPa. The
axial ratios (c/a) at different pressures reveal an anisotropic compressibility for the zircon-
type CaCrOy4. The relationship between pressure and unit cell volume was fitted using the
isothermal Birch—-Murnaghan EOS, and the bulk moduli were simulated to be 103.7 + 0.3 and
125.1 & 6.2 GPa for the zircon and scheelite CaCrOy,, respectively. The increases of bulk
modulus and density in the phase transition imply the more efficient packing of coordination
polyhedra in the scheelite phase.
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