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Abstract. The structural properties of copper (l) iodide have been investigated at elevated
pressures and temperatures using the neutron powder diffraction technique, to probe the effects of
pressure on the superionic properties of this compound. On increasing temperature at a pressure
of p = 1.30(8) GPa, three structural phase transitions are observed. The first is from the ambient
temperature zincblende structured phase Cul-lll to rhombohedral Cul-I¥ at 444(6) K.

There is only limited cation disorder in Cul-IV which increases gradually with temperature.
The preferred locations of the interstitial cations are sites between the tetrahedral and octahedral
interstices within the slightly distorted face-centred cubic (f.c.c.) anion sublattice. A subsequent
transition to the disordered f.c.c. structured phase CuHC(l) occurs atl’ = 694(5) K. This

phase shows complete cation disorder at all measured pressures and temperatures. Finally, Cul
undergoes a further phase transition at a temperatufe €f920(15) K. The first diffraction

studies of this high pressure phase (labelled Cul-VII) are presented, which indicate that this
phase is a body-centred cubic (b.c.c.) superionic with complete disorder of the cation sublattice.
The cations are found to preferentially occupy the tetrahedral sites, in a manner similar to that
in isostructural (ambient pressure) superionic phases suehAag and «-CuBr. The structural
systematics of the superionic binary halide compounds and their thermally induced disorder are
briefly summarized.

1. Introduction

At ambient conditions, the three copper (I) halides CuCl, CuBr and Cul all adopt the
cubic zincblende structure (space grofg3mn). Together with Agl, they form a family
of four tetrahedrally co-ordinated ‘I-VII' compounds whose structural behaviour has been
extensively investigated as a function of both pressure [1-5] and temperature [6-10]. On
increasing pressure at ambient temperature, all four compounds transform to the rocksalt
structure (space groupm3m) [2—4], though this is somewhat distorted towards fivefold
co-ordination in the case of Cul and the true space grougngm [5]. Furthermore,
in all four compounds the pressure induced transformation from tetrahedral (zincblende)
to octahedral (rocksalt) co-ordination occurs via a humber of intermediate phases of lower
symmetry [2—4] which have attracted considerable attention as tests of theoretical modelling
techniques [11] and for comparison with the high pressure behaviour of the more covalently
bonded II-VI and IlI-V analogues [12-15].

On increasing temperature at ambient pressure, Cul, CuBr and Agl all form superionic
phases, which are characterized by extremely high values of ionic conduativity
0.1-1 Q7! cm™), which are comparable to the liquid state [16]. In the accepted structural
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Figure 1. The p—T phase diagram of Cul, principally determined by the DTA measurements
of Rapoport and Pistorius [22] . The notation for the various phases is taken from the review
by Merrill [29].

model for the superionic phases in these compounds, the cations undergo rapid hops between
the interstitial interstices formed by an essentially rigid anion sublattice. In the casagif

[6, 7] andw-CuBr [8], this anion sublattice is body-centred cubic (b.c.c.), whereas it is face-
centred cubic (f.c.c.) im-Cul [8,10]. In contrast, CuCl only adopts a high temperature
superionic phase at pressures greater han0.3 GPa, forming the b.c.c. structured phase
CuCI-lll [17]. A long-running debate has focused on the question of which interstitial
sites are occupied by the mobile cations. In the b.c.c. structured superionic plaasgis (
a-CuBr and CuClI-lll) neutron diffraction studies indicate that diffusion occurs between
the tetrahedrally co-ordinated sites, probably via the trigonal ones and with little or no
occupancy of the octahedral sites [6-8,10]. However, the situation in the f.c.c. structured
phasex-Cul is more controversial, with conflicting evidence for occupancy of the octahedral
sites from EXAFS studies [18] and tetrahedral sites from neutron diffraction investigations
[10]. Furthermore, molecular dynamics studies have also failed to resolve this question,
with recent publications providing different conclusions regarding the occupancy of the
octahedral interstices [19-21].

The p—T phase diagram of Cul (see figure 1) determined by DTA measurements [22]
is remarkably complex and on increasing pressure at ambient temperature the compound
transforms from the zincblende structured phase CulyCl) to the rhombohedral phase
Cul-lV at p ~ 1.7 GPa (space groufi3m), to the tetragonal phase Cul-V gt~ 4.5 GPa
(space groupP4/nmm) and to the orthorhombic distorted rocksalt structure in phase
Cul-Vlll at p ~ 17 GPa (space groufimcm) [4,5]. On increasing temperature at ambient
pressure, Cul transforms to the hexagonal phase C@-Ql) at7T ~ 645 K though, under
some circumstances, the Wb |l transition is accompanied by the transient appearance of
phase Cul-1V [9]. The structure of phase Cul-ll was originally proposed to be wurtzite
(space groupP 63mc) [8] but the space group was later assigned t@Be:1 with significant,
though not complete, cation disorder [9]. The transition to the superionic phasesCaLI)
occurs atT ~ 675 K [10]. No structural information exists concerning phases Cul-VI and
Cul-VII.
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In this paper we present the results of a powder neutron diffraction study of Cul
at pressures ofp = 0.855) GPa andp = 1.30(8) GPa and at temperatures up to
T = 966(6) K. The three major issues to be addressed are the nature of any structural
disorder within the rhombohedral phase Cul-1V, the effect of pressure on the disorder
mechanism within the superionic phase Cul-l and the structure of (and possible disorder
within) phase Cul-VII.

2. Experimental details

Commercially available Cul powder supplied by the Aldrich Chemical Company of stated
purity 99.9% was used in these experiments. After grinding, the material was compressed
into a 0.1 mm wall thickness cylindrical platinum can of volum®.8 cm® using a pressure
of 0.2 GPa, such that the sample density was close to its theoretical value. The filled
can was loaded into a high pressure, high temperature cell which is optimized for time-of-
flight neutron diffraction at pressures o~ 1.5 GPa and temperatures To~ 1200 K. A
detailed description of this device can be found elsewhere [23]. The diffraction experiments
principally used the detector banks covering the scattering angle ranges #2306 < 95
situated on the Polaris high intensity powder diffractometer at the ISIS spallation neutron
source, Rutherford Appleton Laboratory, UK [24]. The resultant diffraction data covered the
d-spacing range of.@ < d (A) < 3.7 with essentially constant resolution &t/ /d ~ 0.6%.
Typical counting times were% hour for measurements requiring only lattice parameter
values and/or phase identification but significantly longer exposures (6 to 12 h) were required
to collect diffraction data of sufficient statistical quality to allow full structural refinement,
including probing the nature of the thermally induced lattice disorder. The diffraction data
were corrected by subtraction of the scattering measured from an empty platinum can inside
the pressure cell at a ‘typical’ temperature of 745 K and for the effects of attenuation of the
neutron beam as it passes through the various cell components [23]. Time-of-flight Rietveld
refinements of the powder diffraction data used the program TF12LS [25] and its multiphase
derivative, which are based on the Cambridge crystallographic subroutine library [26]. The
quality of the fit to the experimental diffraction data was assessed using the ngfmal

statistic defined ag? = wp/Rm,, where the weighted profil®-factor, R,,,, is given by
RZ — Z (yobs ycazlc) (yabs
Na (0 Yobs) (Uyabs

and the summations are made overNyedata points used in the fit. The expectdactor,
R.p is then given by

(yobx
Ny — N,
exp ( ¢ )/ (Gyobr

whereN, is the number of fitted parameters,,; andy.,. are the observed and calculated
intensities, respectively, antdy,, is the estimated standard deviation pp, derived from
the counting statistics.

3. Results

A qualitative overview of the structural behaviour of Cul on increasing temperature at
elevated pressure is shown by the evolution of the neutron powder diffraction patterns at
= 1.30(8) GPa (figure 2). Cul is seen to undergo three first-order structural phase
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Figure 2. The evolution of the neutron diffraction pattern collected from Cul as a function
of increasing temperature at = 1.30(8) GPa. The sequence of structural phase transitions
Cul-lll - Cul-IV — Cul-l — Cul-VII is clearly illustrated.

transitions which, with reference to the-T phase diagram (figure 1), can be identified as
the transition from zincblende structured Cul-lll to rhombohedral Cul-I\I'at 440 K,

then to the f.c.c. structured Cul-1 &t~ 695 K and finally to phase Cul-VIl & ~ 920 K.

The analysis of the neutron diffraction data collected from the three high temperature phases
(Cul-1V, Cul-1 and Cul-VII) and its implications for structural disorder are discussed more
fully in the following three subsections.

3.1. Phase IV of Cul

The crystal structure of phase Cul-IV has been described by Hull and Keen [3] and its
relationship to the structures adopted at ambient pressure (zincblende) and at higher pressure
(Cul-V) have also been discussed [4]. As illustrated in figure 3, Cul-1V is rhombohedral,
space groupR3m. In the hexagonal description, there are two symmetry independent
iodine ions, 11 and 12, situated in the 3(a) sites ad,® etc and the 3(b) sites at tD),%

etc, respectively. These form a slightly distorted f.c.c. arrangement. The copper ions are
located on the 6(c) sites &3, 0, z¢,) etc, withz¢, ~ % and thus occupy half the tetrahedral

holes formed by the f.c.c. anion sublattice. The structure can then be considered as a three
dimensional packing of Cultetrahedra which share both corners and edges [4].

To date, the structural studies of phase Cul-IV have been performed at elevated pressures
and ambient temperature [3, 4] and at ambient pressure and high temperature [10]. In the
latter, only limited crystallographic information could be determined because Cul-IV is
observed as a transient phase during the sluggish CubllCul-Il transformation. We
here investigate the evidence for possible thermally induced disorder within this phase
as temperature is increased under pressure. We adopt the same approach as in previous
studies [9, 10, 17], fitting two datasets measured’at 566(3) K and T = 614(3) K at
p = 0.85(5) GPa using different structural models and assessing their quality using the
statistic defined above. The results of this procedure are summarized in table 1. The simplest
model (A) contains no structural disorder and corresponds to the fully ordered arrangement
determined at ambient temperature in previous studies [3] with harmonic thermal vibrations
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Figure 3. Schematic diagram of the rhombohedral structure of phase Cul-IV. The locations of
the tetrahedral and octahedral interstices within the (slightly distorted) f.c.c. anion sublattice are
shown. The preferred site for the interstitial cations; Qs displaced away from the octahedral
position towards the anion layer at= %

Table 1. Summary of the structural models used to fit the experimental diffraction data for
phase Cul-IV collected ap = 0.85(5) GPa and a' = 566(3) K and T = 614(3) K. The
quality-of-fit parametei? is defined in section 2.

2

X
Model  Description 566(3) K  614(3) K
A Fully ordered cations 151 1.68
B Random cation interstitials 1.49 1.31
C Cation interstitials on tetrahedral siteg{ = 2)  1.49 1.28
D Cation interstitials on octahedral sitegf+ = Z?) 1.50 1.67
E As C and D but with position¢,+ variable 1.22 1.20

of both ion species. This gives a modest fit to the data, with significant differences between
the measured and calculated intensities of several intense Bragg peaks. In the cubic phases
Cul-lll and Cul-l, the cation thermal vibrations are known to be anharmonic, being, on
average, displaced from the tetrahedral site in a direction away from the nearest neighbour
anion. Attempts to describe the cation thermal displacements in the rhombohedral phase
Cul-1V did not provide any significant improvement to the quality of the fit and were not
considered further.

Model B permits the possibility of Cu disorder by allowing the occupancy of the
cation site to vary. This model makes no assumptions concerning the locations of the
‘displaced’ cations (which we denote by the labefCand is, as a consequence, physically
unrealistic. However, a significant reduction in both and the lattice cation (Cu) site
occupancy are indications of likely disorder and justify the testing of structurally more
complex models (containing more fitted parameters) which explicitly include the locations
of the cation interstitials. The next two models constrain thé i@terstitials to lie on the
remaining tetrahedral sites formed by the f.c.c. anion sublattice, in 6(c) site®,at)- etc
with zc« = g (model C) or on the octahedral sites, in 6(c) sites with = ;11 (model D).
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Table 2. Results obtained by the least-squares fit of model E to the experimental diffraction
data for phase Cul-1V collected at = 0.85(5) GPa and af" = 566(3) K and 7' = 614(3) K.
Definitions of the various symbols are given in section 3.1.

Phase Cul-Iv

Space group R3m

p (GPa) 085(5)

T (K) 566(3) 614(3)

Lattice parameters
a (A) 4.2271(5) 4.2466(4)
c 20.919(8) 20.934(9)
c/a 4.9488(2) 4.9295(2)
V/Z (A3) 53.95(2) 54.49(2)

Anions

11in3(@) @ Q0,0 etc

12in 3(b) @ Q0,1/2 etc
Cations

Cuin 6(c) @ 00, z¢, etc

Bj1 = 2.4(4) A2
B2 =Bn1

Bcy = 4.2(8) A?

By = 2.7(3) A2
B2 =Bn1

Bcu = 4.3(9) A?

Cu* in 6(c) @ Q0,z¢, €t Beys = Bey B}, = Beu
200 =01291)  zc, = 0.1292)
zewr = 0.2902)  zewr = 0.29313)
me, = 0.9008)  me, = 0.8737)

mewr = 0.100(8)

mews = 0.127(7)

Models C and D both include the constraint that the total number of cations per hexagonal
unit cell is six but, with reference to table 1, neither produces a significant improvement in
the quality of fit. Similarly, attempts to include both tetrahedral and octahedral interstitial
sites simultaneously proved unsuccessful. In the final stage of the analysis, models C and D
were adapted to allow theq,- positional parameter to vary away from the centre of the
tetrahedral and octahedral cavities. This produced a marked improvemgAtfor both
datasets (model E in table 1) and gave a stable minimum?inAs shown in table 2, the
values of the two positional parametets, andz¢,+ are the same at each temperature to
within their estimated standard deviation. With reference to table 2, we also conclude that
there is significant thermally induced disorder within Cul-1V, with values of thé €ite
occupancymc,- = 0.1008) at T = 566(3) K and m¢,» = 0.127(7) at 6143) K. The
preferred interstitial site is illustrated in figure 3 and is close to the octahedral position but
displaced along the-axis towards the empty tetrahedral sites such that = 0.29.

A subsequent series of measurements was performed at a higher pressure- of
1.30(8) GPa to investigate the effect of temperature on the unit cell shape and volume.
These datasets were collected in relatively short tilmes-2 h and used to determine the
variation of the unit cell constants and ¢, the isotropic thermal vibration paramete®s,
and B; and the extent of cation disordet,,-. However, these runs were not of sufficient
statistical quality to determine the behaviour of the positional paramgtgrandz¢,- and
these were fixed at values of 0.129 and 0.290, respectively. This procedure is justified by
the absence of any significant changes in their values determined in the longer runs (table 2).
The results of these measurements are shown in figures 5-8 and will be discussed further
in section 4.3.

3.2. Phase | of Cul¢-Cul)

The ambient pressure structure of phase Cul-l Fas3m symmetry [8,10]. The anions
are located in 4(a) sites at @, 0 etc and form an ideal f.c.c. sublattice. Neutron diffraction
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studies at ambient pressure have shown that the four cations per unit cell are randomly
distributed over the eight tetrahedral interstices [10]. However, the effect of anharmonic
thermal displacements is to shift the time-averaged location of the f@um the ‘ideal’
8(c) positions att, 1, 1 etc (which lie at the centre of thh tetrahedra) into 32(f) sites at
Xcu, Xcu, Xcu €tc with xc, ~ 0.29. There have been conflicting reports that a fraction of
the cations are also located on octahedral 4(b) positiods st3 etc [18, 21].

Least-squares refinements of the time-averaged structure of Cul-I at elevated pressure
used data collected at five temperatures in the rahge 7105) K to T = 934(6) K at
p = 1.30(8) GPa. These results are summarized in table 3. Starting models based on the
ambient pressure structure described above, with all @Qu32(f) sites provided excellent
fits to all the datasets, witly? ~ 1.1-13. In common with the ambient pressure data,
the refined values, are indicative of considerable anharmonic vibrations of theé.Cu
Attempts to improve the quality of the fit further by allowing a fraction of the cations to
‘move’ from the tetrahedral holes to the octahedral 4(b) sites proved unsuccessful, with
unstable minimization of 2. Similarly, there is no evidence for non-random occupancy of
the tetrahedral interstices if, for example, the cations preferentially filled only four of the
available eight positions. Physically, the latter would be considered as a tendency towards
the (lower symmetry) structures adopted by the lower temperature phases Cul-1 and Cul-IV.
There is, therefore, no evidence to suggest changes in the ionic conductivity mechanism
within phase Cul-l at pressures up o= 1.30(8) GPa. Least-squares refinements of
the data determined the values of cubic unit cell constarisotropic thermal vibration
parameters3¢, and B; and the single positional parameter, (table 3).

3.3. Phase VIl of Cul

On increasing temperature above the Cul-I phase at a pregsur&.30(8) GPa, additional
weak diffraction peaks are observediat= 910(6) K. On further heating td@ = 950(6) K
all the peaks corresponding to Cul-l disappear. This structural transition occurs at a

Table 3. Results obtained by the least-squares fit to the experimental diffraction data for phase
Cul-I collected atp = 1.30(8) GPa and af" = 710(5) K to T = 934(6) K. Definitions of the
various symbols are given in section 3.2. The quality-of-fit parametds defined in section 2.

Phase Cul-l
Space group Fm3m
p (GPa) 130(8)
T (K) 710(5) 742(3) 838(3) 902(3) 934(6)
Lattice parameters
a (A) 6.004(1) 6.011(2) 6.028(2) 6.039(2) 6.043(3)
V/Z (A3) 54.108(9) 54.30(2) 54.76(2) 55.06(2) 55.17(3)
Anions

lin 4(a) @ B; =468 A2 B; =51(7) A2 B; =5505) A2 B, =56(5) A2 B; = 6.0(6) A2
0,0,0 etc
Cations
Cuin32() @ xcu =0.2974) xcu =0.2915) xcy = 0.286(7)  xcu = 0.2904)  xc, = 0.300(4)
XCus Xcus Xcu  mcu = § (fixed) me, = § (fixed) mc, = § (fixed) mc, = § (fixed) mc, = § (fixed)
etc Beu = 6.0(7) A2 Be, = 6.8(8) A% B¢, =7.0(7) A2 Be, = 7.5(7) A? B¢, =8.1(6) A2
Quality-of-fit
x2 1.12 1.21 1.20 1.28 1.14
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significantly lower temperature than the Cul- Cul-VIl one observed in the DTA
studies of Rapoport and Pistorius [22] At~ 1050 K. However, in view of the inherent
uncertainties in the temperature calibration within pressure cells we believe that the two
transitions are the same and assign the new diffraction pattern to phase Cul-VII (see figure 1).
The observed diffraction pattern of Cul-VIl contains only three intense Bragg peaks
at d-spacings ofd = 1.96, 2.40 and 3. 40\, with a further three weak reflections seen
at lower values ot (figure 2). These can be indexed on a body centred cubic unit cell
with lattice parameter ~ 4.80 A. The relatively weak intensities of the Bragg peaks
and the presence of significant coherent diffuse scattering observed as undulations in the
measured ‘background’ between the Bragg peaks are indicative of a highly disordered ionic
arrangement. By analogy with the b.c.c. structured superionic phaged [6,7] and
«-CuBr [8], we place two anions in the 2(a) Wyckoff sites of space grbupm at 0,0, 0
and; ; ; To determine the time-averaged locations of the cations we follow the procedure
adopted previously [17] and consider structural models which distribute tHeo@er the
possible interstices formed by the b.c.c. anion sublattice. These are illustrated in figure 4
and the results are summarized in table 4.

Figure 4. Schematic diagram of the b.c.c. structure of superionic phase Cul-VII. The locations
of the octahedral (Cy;), tetrahedral (Cy;) and trigonal (Cy,) interstices are shown. The
lines joining the tetrahedral sites represent the proposédd@fusion path within the superionic
phase of isostructural-Agl [6, 7].

Table 4. Summary of the structural models used to fit the experimental diffraction data for
phase Cul-VII collected gb = 1.30(8) GPa and af" = 966(6) K. The quality-of-fit parameter
%2 is defined in section 2.

Model  Description X2

A b.c.c. anions, cations in 6(b) octahedral sites 1.62
B b.c.c. anions, cations in 12(d) tetrahedral sites  1.28
C b.c.c. anions, cations in 24(h) trigonal sites 1.44
D b.c.c. anions, cations in 12(d) and 24(h) sites 1.29
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Table 5. Results obtained by the least-squares fit of model B to the experimental diffraction
data for phase Cul-VII collected at = 1.30(8) GPa and af’ = 966(6) K. Definitions of the
various symbols are given in section 3.3.

Phase Cul-Vil
Space group Im3m
p (GPa) 130(8) GPa
T (K) 966(3)
Lattice parameter
a(A) 4.7983(4)
V/Z (A3 55.237(5)
Anions
lin2(a) @ Q0,0 etc B; = 8.4(6) A?
Cations

Cuin 12(d) @3, 1,0 etc B¢, = 131(8) A2
mey = % (fixed)

The least-squares refinements to determine the structure of phase Cul-VIl used
diffraction data collected ap = 1.30(8) GPa andT = 966(6) K. Models A, B and C

distribute the cations over the octahedral 6(b) site%,ét 0, etc, the tetrahedral 12(d) sites

at %, % 0 etc and the trigonal 24(h) sites atx, 0 etc withx = g, respectively. Model A

gives a relatively poor fit to the data, with? = 1.62 and exceptionally large values of

the Cu' isotropic thermal vibration parametdc, (~25 A?). Model B and, to a lesser
extent, model C provide adequate fits to the dath£ 1.28 and 1.44, respectively) with
physically meaningful values of the fitted parameters. The final fits to the data used model D,
which allows simultaneous occupation of both the tetrahedral and trigonal positions. This
description also provides a good fit to the da&w? = 1.29), though not significantly
improved over model B and with minimal redistribution of cations from the tetrahedral

to the trigonal sites. We therefore conclude that the simplest model which best fits the
experimental data for phase Cul-VIl is model B, with the fitted parameters listed in table 5. It

is, however, important to emphasize that the adopted model considers the structural disorder
as instantaneous hops of the 'Cbetween well defined (tetrahedral) crystallographic sites.

In reality, the superionic state is a highly dynamic configuration, with a degree of correlation
between the mobile ions and significant anisotropic and anharmonic thermal vibrations. The
necessity to perform the diffraction measurements at elevated pressures and temperatures
and the inherently weak nature of the diffraction intensity provided by such disordered
systems restricts the number of Bragg peaks that can be measured. As a result, no attempts
to analyse the diffraction data using more complex models are appropriate and none have
been considered.

4. Discussion

With the exception of the slightly lower Cul-> Cul-VII transition temperature discussed in
section 3.3, the structural phase transitions observed at elevated pressures and temperatures
in this work are consistent with the—-T phase diagram of Cul determined previously by

DTA methods [22]. As discussed by Salamon [27], the phases Cul-lll and Cul-I obey the
necessary Landau criteria for a second-order transition [28] and on increasing temperature
at ambient pressure a graduarder — disordey transition of the Cti within the f.c.c.
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Figure 5. The temperature variation of the unit Figure 6. The temperature variation of the unit cell
cell volume per formula unitV/Z) of Cul at p = axial ratioc/a for phase Cul-IV atp = 1.30(8) GPa.
1.30(8) GPa, illustrating the large decrease in volume

at the Cul-lll - Cul-IV transition and the smaller

discontinuities at the Cul-IV— Cul-l and Cul-l —

Cul-VII transitions.

anion sublattice might be expected. However, in reality this process is interrupted by the
presence of phase Cul-1l. The two transitions Cul-#l Cul-1l and Cul-1l - Cul-1 occur

within a narrow temperature range-Z0 K [9]) and are strongly first-order in character
because the intermediate phase Cul-ll possesses a hexagonal close packed (h.c.p.) anion
sublattice. The work presented in this paper confirms that, at pressures in excess of
~0.2 GPa, the intervening hexagonal phase Cul-ll is eliminated and the Cu-IQul-I
transformation occurs via the rhombohedral Cul-1V polymorph. In principle, the structural
changes on increasing temperature through the CubllICul-IV — Cul-l sequence of
phases could be continuous, with only a slight distortion of the f.c.c. anion sublattice within
phase Cul-IV and a change in the occupancy of the tetrahedral sites from fully ordered
(Cul-11l) through partially disordered (Cul-IV) to complete disorder (Cul-l). However, as
illustrated in figures 5, 7 and 8, there are abrupt changes in the structural properties at
the Cul-lll - Cul-IV and Cul-IV — Cul-l transitions, which must be considered to

be first order in character. Clearly, molecular dynamics simulations could be valuable
in understanding why the stable intermediate phase changes from Cul-1l to Cul-IV with
increased pressure and in providing important information concerning the nature of the
associated transitions.

Figure 5 illustrates the change in unit cell volume per formula @vijtZ) of Cul as a
function of temperature gt = 1.30(8) GPa. The volume change at the Cul-#i Cul-IV
transition is large(AV/V = —2.8(1)%), in accord with the behaviour observed on
increasingp at ambient temperature and the negative slope of the phase boundary illustrated
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Figure 7. The temperature variation of the €u Figure 8. The temperature variation of the isotropic
disorder within Cul atp = 1.30(8) GPa, illustrating thermal vibration parametergB;;,) of Cul at p =

the gradual increase in the partial disorder within thd.30(8) GPa. The open and closed symbols represent
rhombohedral phase Cul-IV. the anions and cations, respectively.

in figure 1. Similarly, the smaller volume changes at the two subsequent transitions
(AV/V = +0.5(1)% for Cul-IV — Cul-l andAV/V = —0.5(1)% for Cul-1 — Cul-VII)
are consistent with the essentially flat phase boundaries.

The following three subsections describe the structural basis of the disorder within each
of the three high temperature phases observed at high pressure.

4.1. Phase IV of Cul

As discussed previously [4], the ambient temperature (fully ordered) structure of
rhombohedral phase Cul-IV can be straightforwardly derived from the zincblende
arrangement (Cul-1ll) by redistributing the Cwover the available tetrahedral interstices
and slightly distorting the f.c.c. anion sublattice by elongating it along one of the threefold
axes. The lattice cations located in 6(c) sites &,Qc, are tetrahedrally co-ordinated to

I~. However, the cations are slightly displaced away from the centre of the tetrahedron,
with z¢, = 0.1291) rather thanze, = % = 0.125. In addition, the anion cage is
slightly distorted, being elongated along thexis because the axial ratiga (4.92—4.96) is
marginally in excess of the ideal valug¢a = 2/6 = 4.899. As illustrated in figure 6;/a
decreases on increasing temperature as the distortion of the anion sublattice away from the
perfect f.c.c. arrangement diminishes. The overall effect of the ‘non-ideal’ valugs aind

¢/a is to produce three Cu-I2 distances of 24and a single Cu-11 one of 2.78, and the
angles between these bonds are differet®?{Cu—I12= 1111° and /11-Cu—I2= 107.8°)

but span the ideal tetrahedral value of 4®.
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As shown in figure 7, Cul-IV displays only partial cation disorder, which increases
gradually with increasing temperature. Similar behaviour is observed on increasing
temperature within the phase Cul-ll at ambient pressure [6]. The increase of the thermal
parameters through the phases Cul-IV, Cul-l and Cul-VIl, which is shown in figure 8, is
also indicative of increased cationic mobility. In view of the strongly layered nature of the
structure of Cul-IV (see figure 3), we might expect any structural disorder at elevated
temperatures to be somewhat different to that seen in the two high temperature cubic
polymorphs, Cul-l and Cul-VII. Analysis of the neutron diffraction data (section 3.1)
indicates that the preferred locations for the interstitial cation$ &e in 6(c) sites at
0,0, z¢cu+, but with z¢,« ~ 0.29 rather than the empty tetrahedral site valuegf = g
These cations then have three *Ell bond lengths of 2.61A and interbond angles
/11-Cu—I1 = 109.1°, values very close to those expected for tetrahedral co-ordination.
However, the single fourth cation—anion bond is replaced by three longedZdistances
of 3.58A, such that the interbond angles atd—Cu—I2 = 85.7° and /[12—-Cu*—I2 = 72.8°.

As such, the co-ordination geometry around the interstitial €lte can be considered as
intermediate between tetrahedral and octahedral. With reference to figure 3, this cation
location is a very plausible one, since electrostatic repulsions caused by théaygrs
perpendicular to the-axis favour residence of sites close to the anion layer at %

The cations are presumably unable to sit exactly within this layer because it would involve
planar co-ordination to only three anions.

4.2. Phase | of Cul«-Cul)

As discussed in section 3.2, the neutron diffraction data indicate that pressures up to
p ~ 1.30(8) GPa have no measurable effect on the extent of structural disorder within
phase Cul-l, with the Ci randomly distributed over the tetrahedral sites formed by the
f.c.c. anion sublattice. In particular, the reduction in unit cell volume over this pressure
range (by~ —7% compared to ambient pressure) does not favour the partial segregation
of Cu™ onto a subset of the tetrahedral sites. This behaviour would represent a tendency
towards the zincblende or (ordered) rhombohedral (Cul-1V) structures. Similarly, there is
no evidence that pressure favours the occupancy of octahedral sites over tetrahedral ones,
despite the fact that the latter are somewhat larger voids within the f.c.c. anion sublattice.
(Cut—I~ = a/2 for the octahedral sites and3a/4 = 0.433% for the tetrahedral ones).
These findings favour the description of the conduction mechanism of Cul proposed by
Zheng-Johanssoet al [19, 20] using molecular dynamics simulations and do not support
the work of lhata and Okazaki [21] (using essentially the same technique) who predict a
significant occupancy of the octahedral positions.

4.3. Phase VIl of Cul

The description of the b.c.c. structured superionic phase Cul-VII given in section 3.3
indicates that the cations preferentially reside on the tetrahedral sites, with no evidence
for significant occupancy of the octahedral positions. This structural model is essentially
identical to that found in the ambient pressure b.c.c. superionic phageg [6,7] and
a-CuBr [8]. When combined with the recent discovery of a similar superionic phase in CuCl

at p = 0.73 GPa andl' = 740 K [17], it is now clear that the b.c.c. structure is a common
superionic configuration for all four of the ‘I-VII' compounds which are tetrahedrally co-
ordinated at ambient pressure and temperature. Indeed, the preferred tetrahedral cation
locations are the same in all four compounds, despite the differences in anion size and the
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degree of covalent/ionic character of the bonding. Since Cul is the most covalent of the
four systems it is, perhaps, expected that the tetrahedral occupancy in the b.c.c. structured
phase is observed.

5. Conclusions

In the wider context of structural studies of fast-ion conductors, it is clear that measurements
performed at elevated pressures can provide useful information by allowing access to
different disordered phases so that structural trends can be identified. In both the f.c.c.
and b.c.c. structured superionic phases of Cul there is preferential cation occupancy of
the tetrahedral sites. This mirrors the behaviour at very high pressures, because the
Cu" remain tetrahedrally co-ordinated to anions with the anti-litharge structured phase
(space groupP4/nmm [4]) stable betweep ~ 4.5 GPa andp ~ 17 GPa, and only adopt

a distorted fivefold co-ordinated arrangement in the next phase Cul-VIIl, with no evidence
of octahedral co-ordination up to the maximum pressures stugied 40 GPa [5]). In this
context, it is surprising that the cations are not located in the empty tetrahedral sites in the
rhombohedral phase Cul-1V. Whilst we can speculate that this is a feature of electrostatic
repulsion caused by the layered nature of this phase, it would certainly be interesting to
perform molecular dynamics simulations of this phase to probe in detail the unusual diffusion
mechanism which must occur. Similarly, the opportunity to perform measurements of the
ionic conductivities at high pressures and high temperatures would allow a direct comparison
of the degree of the cation mobility within neighbouring f.c.c. and b.c.c. structured phases
of the same compound. The latter phase is generally considered to be a ‘better’ superionic
because the number of tetrahedral sites per cation is higher (six compared to two) [18] but
a quantitative comparison is, in principle, possible in Cul because the two phases have very
similar densities (figure 5).
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