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Postcotunnite phase of the intermetallic compound Auln, at high pressure
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We report a structural phase transition in Auln, above 25 GPa. The inferred structure of this phase is post
cotunnite (P112;/a). Combining the new results with previously observed behavior of Auln,, we propose a
sequence of structural transitions from CaF, (Fm3m) to amorphous phase at 24 GPa to monoclinic (P112,/a)
structure at 25.6 GPa. During decompression the high-pressure phase is preserved to the pressure of 9.4 GPa
and it finally transforms back to the Fm3m phase. Analysis of volume reduction and bulk modulus increase
reveals close similarity with the postcotunnite phase observed in PbCl,. This study is important in understand-
ing the behavior of metallic phases of various oxides of geophysical interest which exist in CaF, fluorite-type

structure.
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Prediction of phase transitions in materials, resolving con-
troversies among measurements and unraveling the underly-
ing transformation mechanisms provide important motiva-
tions for condensed matter theory.!” High-pressure
experiments have thus stimulated much theoretical work and
prompted significant improvements in density-functional
theories for exchange and correlation potentials beyond the
local-density approximation.*>

AX, (A=Au, X=1In, Ga, Al) intermetallic compounds have
attracted considerable attention in the recent past,>~!! an ex-
ample being high-resolution x-ray diffraction measurements
indicating that Auln, undergoes an isostructural electronic
phase transition near 3 GPa and amorphizes at 24 GPa.?
Being initially in the Fm3m fluorite (CaF,) structure, Auln,
is a potential high-pressure analog for SiO,, an oxide of in-
terest for planetary geophysics.

The present study is intended to search for new crystalline
phases of Auln,, above the amorphization pressure, moti-
vated by past reports of pressure-induced phase transitions in
CaF,.">2 These studies show that CaF, transforms from the
face-centered cubic fluorite structure (Fm3m) to an ortho-
rhombic PbCl,-type (Pnma) structure at pressures between 8
and 10 GPa. Some electronic-structure calculations indicate
that the band gap of CaF, increases with pressure,”’->? be-
coming a direct gap due to the Fm3m to Pnma transition and
then showing signatures of band-overlap metallization near
210 GPa.?’ However, Wu et al.’s*? electronic-structure cal-
culations using full-potential linearized augmented plane
waves with combination of local orbitals do not indicate
band closure up to 218 GPa. Based on their total-energy
calculations for various structures, they predict a sequence of
structural phase transitions from CaF, (Fm3m), to PbCl,
(Pnma) to NiyIn (P65/mmc).

Band gaps are not reliably estimated using density func-
tional theory but the prediction of structural phase transitions
based on total-energy calculations is expected to be less sub-
ject to systematic error. The Fm3m to Pnma structural phase
transition has already been observed experimentally,'*!° for
example, but the transition to P63;/mmc has not yet been
detected for CaF,. Although CaF, is ionic at ambient condi-
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tions, it is important to look for the Ni,In phase in the con-
text of understanding its possible metallization at high pres-
sures; Auln, thus serves as a relevant analog compound for
experimental study.

Sample preparation and initial characterization have been
described previously.'? Briefly, single-phase Auln, (Fm3m
structure with lattice parameter a=6.5170 (£0.0007) A)
was ground to 5—10 um average grain size, and loaded into
a ~120 wm diameter sample chamber drilled out of a
250-um thick stainless-steel foil that had been indented to a
final thickness of ~45 um. The sample was compressed be-
tween two diamond anvils with 230-um culets, using a mix-
ture of methanol-ethanol-water (16:3:1 volume ratio) as
pressure-transmitting medium. A 10 um-size fragment of
Au foil and a few specks of ruby were loaded as pressure
calibrants. High-pressure experiments were performed using
a short piston-cylinder diamond-anvil cell at beamline 12.2.2
of the Advanced Light Source at Lawrence Berkeley Na-
tional Laboratory.?! X-ray powder diffraction patterns were
collected in angle-dispersive geometry, using monochromatic
radiation of wavelength A=0.48593 (+£0.00004) A and a
MAR345 image-plate detector placed at a distance of
380.116 (*=0.001) mm from the sample. The x-ray beam
width was approximately 100 um in the horizontal and ver-
tical directions.

All experiments were performed at room temperature, and
pressure was determined both by the ruby fluorescence®* and
by x-ray diffraction of Au using the 300 K isotherms of
Heinz and Jeanloz.”> and Shim et al?® The sample-to-
detector distance, image center and detector tilt were cali-
brated by collecting the diffraction pattern of powdered LaBg
at ambient conditions. The software package FIT2D (Ref. 27)
was used both for beam-position and sample-to-detector dis-
tance calibrations, and to integrate the two-dimensional dif-
fraction images to obtain one-dimensional patterns.

Evolution of the x-ray diffraction patterns as a function of
pressure shows that Auln, undergoes a structural phase tran-
sition above 25.6 GPa (Fig. 1), and it is clear that the new
phase is preserved to 9.4 GPa on decompressing at room
temperature (Fig. 2). Finally, Auln, transforms back to the
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FIG. 1. X-ray diffraction patterns of Auln, as a function of
pressure at room temperature. Patterns at 27.8 and 25.6 GPa were
collected on compression, and all the others on decompression (re-
fer to Fig. 3 for indexing of the transformed patterns).

ambient Fm3m phase, with the starting value of lattice pa-
rameter, when pressure is fully released. For comparison, a
previous study® identified a structural phase transition near 9
GPa on compression, the difference with the present study
(and Ref. 12) being potentially attributable to differences in
stress environments within the diamond-anvil cell.”®

We employed the software package EXPO (Ref. 29) to
index the observed powder-diffraction patterns in order to
determine the structure and consistent unit-cell parameters
for the high-pressure phase. The program indexed the pattern
in possible orthorhombic and monoclinic cells but failed to
uniquely determine the structure due to deterioration in the
quality of data at high pressure. Specifically, the coarse-
grained sample produced variable peak intensities, affecting
the structure determination; however, lattice parameters
could still be reliably estimated.

In order to obtain lattice parameters, we analyzed the
x-ray diffraction spectra by the Le Bail whole-pattern fitting
method. This approach is independent of the unit-cell content
but effective for refining lattice parameters, especially if
compared with techniques fitting the positions of only a few
peaks. In the present analysis, we therefore considered struc-
tures that had been experimentally observed or theoretically
predicted in similar systems. We confirmed through Le Bail
refinement using general structure analysis system (GSAS)
(Ref. 30) that neither PbCl, (Pnma) nor NiyIn (P63/mmc)
structures can fit the high-pressure Auln, data, hence rule
both of them out as possible candidates for the new high-
pressure phase.

Refinements with the monoclinic structure (P112,/a,Z
=8) were also considered because BaX, compounds (with
X=Cl, Br, I), which are stable at ambient conditions in the
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cotunnite structure (Pnam,Z=4)—the same structure as one
of the high-pressure phases of SiO,—transform to P112,/a
structure between 5 and 15 GPa at room temperature.>'~33
Leger and co-workers observed that across the structural
transition the low-pressure cotunnite cell of BaCl,, BaBr,,
and Bal, doubles along a, with orthogonal distortion to
87°—89°. They also observed an increase in the coordination
number of Ba from 9 to 10.2°3! The high-pressure mono-
clinic structure is a distortion of the Co,Si (Pnam,Z=4) type
found by the same authors in intermetallic AB, compounds
(with A=Pb, Sn and B=Cl).*3

Using the cell parameters obtained from EXPO, we find
good agreement of the data with the diffraction patterns re-
fined for the monoclinic structure (P112,/a,Z=8) at 27.8
GPa on compression, and at 19 and 9.4 GPa on decompres-
sion (Table I, Fig. 2). The a and b cell parameters of the
monoclinic phase are approximately related to the low-
pressure cubic cell by a,,,=2"a. and b,,.=a. 2, and c,,. is
about 5% less than a./(2) (subscripts mc and ¢ refer to
monoclinic and cubic structures, respectively

In order to have the confidence in the use of existing
structure available in the literature for the high pressure
analysis of data we attempted Rietveld refinement using ma-
terial analysis using diffraction (MAUD) (Ref. 34) and
GSAS (Ref. 30) for the measurement carried out at 9.4 GPa.
We found that most of the prominent peaks in the diffraction
profile could be accounted for by a change of the atomic
positions with respect to those listed by Leger et al.3? for
PbCl,. We noticed no difference in the refined pattern with
and without texture using MAUD. Although there were dif-
ferences in the refined positions of atoms using MAUD and
GSAS the lattice parameters were in agreement with each
other (lattice parameters within 1% and vy angle within 2%)
and in reasonable agreement with values determined using
Le Bail whole profile fit (lattice parameters within 2.5% and
v angle within 5% with agreement in volume less than 1%).
We thus believe that lattice parameters from Le Bail fit are
reliably determined.

We also analyzed the data collected for Auln, using argon
as pressure medium with a symmetric diamond anvil cell
with limited opening which allowed diffraction data to the
maximum 26 of 16°, the details of which are discussed in the
previous paper.'> We found peak broadening and deteriora-
tion in the quality of data at high pressure. Thus use of an-
other pressure transmitting medium also does not help in
reducing the peak broadening. In view of such limitations we
continued with Le Bail whole profile refinement for the
analysis of data. Determination of the structure of the high
pressure phase is an open problem due to deterioration of the
quality of data obtained from powdered samples and there is
serious need for high quality single crystal data.

Having determined its crystal structure, it is possible to
characterize the effect of pressure on the high-pressure phase
of Auln, (Fig. 3, Table I). The 7y angle changes from 78° to
84° between 9.4 and 28 GPa (observed here on decompres-
sion), as compared with the variation from 87° to 89° docu-
mented by Leger et al.’® for Ba halides between 5 and 15
GPa. This difference may be due to the fact that the mono-
clinic phase they observed forms from orthorhombic cotun-
nite whereas the high-pressure monoclinic structure of Auln,
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FIG. 2. Le Bail refined x-ray diffraction patterns for Auln,: that at 27.8 GPa was collected on compression and the others on decom-
pression. The indexing remains the same for patterns collected at 19 and 9.4 GPa, and the fully released pattern is the top one in Fig. 1.

forms from cubic Fm3m via an amorphous phase.'> The
axial ratios for BaX, halides in the postcotunnite phase are
close to a/b=1.4 and a/(b+c)=4.5, and our values for the
monoclinic phase of Auln, are 1.4 and 4.3.

We analyze the pressure-volume data (Fig. 4) using the
Eulerian finite-strain formulation (see Ref. 35 and references
therein). The low-pressure phase of Auln, is subject to an
electronic topological transition accompanied by an anoma-
lous change in the pressure dependence of the bulk modulus
between 2 and 3 GPa.'? Therefore, we fit the lowest-pressure
data only to 2.7 GPa, using the ambient pressure volume of

276.79(*0.096) A® and a third-order (Birch-Murnaghan)
equation of state to obtain values of the bulk modulus and
pressure derivative K;,=56(%=2) GPa and (JdK;/JP)p
=18(*4) (subscripts T and 0 indicate isothermal conditions
and ambient pressure, respectively).

In order to determine the equation of state of the cubic
phase between 2.7 and 18 GPa and the high-pressure mono-
clinic phase at higher pressures, we use an approach appli-
cable when the zero-pressure volume is not known.’®> The
equation of state is described in terms of a normalized pres-
sure G=P/[3(1+2g)>?] as a function of Eulerian strain rela-
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TABLE I. Unit-cell parameters of Auln, postcotunnite high-
pressure phase (space group P112,/a,Z=8)

Pressure a b c 0%
(GPa) (A) (A) (A) (deg)
27.8(+1.3) 12.145(5) 8.114(3) 4.510(1) 84.0(5)
19.0(%=1.0) 12.298(2) 8.232(2) 4.531(2) 82.0(3)
9.40(+0.3) 12.599(2) 8.398(2) 4.602(2) 78.0(2)

tive to a reference volume V*, g=1/2[(V*/V)?3~1], such
that the third-order Birch-Murnaghan equation of state cor-
responds to a second-order polynomial of G in g. A fit to the
data for the cubic phase between 2.7 and 18 GPa yields V,
=278(+2) A3 K;=55(*x6) GPa, and (9K;/d9P)p
=10(x1), in agreement (within mutual uncertainties) with
the parameters obtained below 2.7 GPa.

The unit-cell volume of the P112;/a phase was measured
over a limited range of pressures (25.9+ 1 to 27.8+=1 GPa)
and Eulerian strain (0.0808 == 0.0005 to 0.0819 = 0.0005) un-
der compression, so we also consider the data collected on
decompression to 9.4 GPa (overall strain range of
0.0283 +0.0006). Still, this range of strain is insufficient to
reliably constrain a third-order equation of state,®> so we
performed a fit (Fig. 5) to the second-order (Birch) equation
of state (which assumes (JdK;/dP);o=4) to obtain V,
=249(+2) A® and K;y=168(*+13) GPa. This corresponds
to a threefold increase in the bulk modulus, relative to the
low-pressure phase, similar to the findings of Leger et al.*
for PbCl, and SnCl,.

In order to draw the similarity between the present high-
pressure phase and the known postcotunnite phases of PbCl,
and SnCl, compounds,’? we compare the ratios of volumes
and bulk moduli of high-pressure phase (phase II) to low-
pressure phase (phase I) across the transition-pressure range
from fluorite to postcotunnite structures of Auln, and cotun-
nite to postcotunnite structures of PbCl, and SnCl, (Figs. 6
and 7). Based on our fitted equations of states for Auln, and
the available data for PbCl, and SnCl,, we observe a volume
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FIG. 3. Lattice parameters of the high-pressure monoclinic
phase of Auln, as a function of pressure.
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FIG. 4. Pressure-volume measurements for low-(cubic) and
high-pressure (monoclinic) phases of Auln, (I and II, respectively).
Solid and dashed curves correspond to third- and second-order
finite-strain equations of state, and the unit-cell volume of II is
divided by 2 for comparison with I.

decrease and bulk modulus increase in agreement with that
of PbCl, but not SnCl,.>?> However, from the comparison of
the diffraction patterns for the postcotunnite structure of
PbCl, (Fig. 4 in Ref. 32) and Auln, depicted in Fig. 2 we
note that the intensity ratios of the two patterns are different.
This is due to large difference in the scattering factors of Pb
and Cl compared with the smaller difference between Au and
In. Particularly the ratio of the x-ray cross sections between
Pb and Cl is almost an order of magnitude higher than that
between Au and In in the energy range from 1 to 26 Kev.3®
We believe that this is the possible cause for the intensity
difference between PbCl, and Auln, although both belong to
the same cotunnite phase.

In summary, we have observed the appearance of a high
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FIG. 5. Normalized pressure (G) versus Eulerian strain (g) for
Auln,. The strain is calculated with respect to the initial volume of
phase 1 (V*=276.79 A3). Solid and dashed curves correspond to
third- and second-order equations of state, respectively.
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FIG. 6. Ratio V(II)/V(I) as a function of (P—P;)/(P;~P)) at
pressures (P) in the range of the structural transition, where V(I)
and V(II) correspond to volumes of the low- and high-pressure
phases, respectively, and subscripts i and f are used for initial and
final pressures defining the transition range.

pressure phase of Auln, with monoclinic (P112,/a) struc-
ture upon compression above 25.6 GPa at room temperature.
The polymorph is retained to 9.4 GPa on decompression.
The variation in axial parameters and the pressure-volume
equation of state of the phase are similar to those of postco-
tunnite phases of analog compounds. The present study
points out the need for the improvement of the quality of the
experimental data by using single crystal high pressure dif-
fraction which may provide a testing ground for theoretical
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FIG. 7. Ratio [K4(/I)/ K(I)] as a function of (P—P;)/(P;~P;) at
pressures (P) in the range of structural transition, where Kn(I) and
K(II) correspond to isothermal bulk moduli of the low- and high-
pressure phases, respectively, and subscripts i and f are used for
initial and final pressures defining the transition range.

modeling of high-pressure phases in Auln, and related
compounds.3”-38
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