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The high-temperature structural behaviour of copper(I)
iodide

D A Keen and S Hull

ISIS Science Division (Diffraction), Rutherford Appleton Laboratory, Chilton, Didcot,
Oxfordshire, OX11 0QX, UK

Received 3 April 1995

Abstract. The structural behaviour of copper(l) iodide, Cul, has been investigated between room
temperature and its melting point (T = 878 K) using neutron powder diffraction. Detailed
measurements have been made in the vicinity of the two known structural phase transitions
¥ = f and § = ¢, which are observed at 643 + 2 K and 673 £ 8 K. Within the zinc-biende-
structured y-phase (space group F43m) increasing disorder of the Cut ion sublattice is observed
as temperature approaches the ¥ — § transition, in additior to a non-linear thermal expansion.
The hexagonal f-phase (space group P3m1) is observed as a2 single phase in the temperature
range 645-668 K, but on first heating it is found to coexist with a rhombohedrat phase. This
transtent phase was observed in isolation for only a short time but this was sufficient to show that
its structure was that of Cul-1V (space group R3m), which had only been observed previbusly
at elevated pressures. The high-temperafure phase o-Cul has F m3m symmeiry with Cu* ions
distributed randomly over all the tetrahedral sites within the cubic close~-packed [~ sublattice.

1. Introduction

At ambient pressure Cul is thought to exist in three stable phases between room teinperature
and its melting point Ty = 878 K. At ~ 300 K Cul has the cubic zinc blende structure
(y-Cul) and at T ~ 643 K it transforms to the S-phase. The structural transition results in
a change from a face-centred cubic (FCC) close packed I~ sublattice to a slightly distorted
hexagonal close-packed (HCP) one, the structure of which has been described in Keen and
Hull [1]. During the 8§ — o transition at T ~ 673 K the anion sublattice reverts to FCC
with the cations statistically distributed over all the tetrahedral interstices and displaying
large anharmonic thermal vibrations.

There have been many structural studies of the cuprous halides, largely because at
elevated temperatures some of the phases display fast-ionic conduction. Indeed, Cul has
one of the highest ionic conductivities for a compound with an FCC anion lattice. The
conductivity o approaches 0.1 2~! cm™! in the y-phase, is slightly higher in the 8-phase
and in the @-phase it reaches o ~ 1 -1 ecm™! [2,3]. Most structural studies have therefore
attempted to determine the nature of the ionic disorder which facilitates this ionic motion,
and thus deduce the mechanism for conduction. In the FCC phases of cuprous halides it is
generally accepted that the mobile Cu¥ ion undergoes anharmonic thermal motion at even
modest temperatures, and that this results in anomalous Cu* ion displacements in (111}
directiong towards the face centres of the surrounding I~ tetrahedron cage. Previous work
has attempted to deduce the most physical description of this motion, although a simple split
site model, where (in ¥-Cul) Cu™ jons are disordered from 4(c) sites at (%, %, %) etc into
16(e) sites at (x, x, x) etc with x ~ 0.29 [e.g. 4, 5] provides as good a fit to the available
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diffraction data as the more sophisticated anharmonic potential models {e.g. 6,7]. This
implies that the Cu* ions move from tetrahedral to tetrahedral sites via octahedral 4(b) sites
at (1,4, 1) etc in (111) directions, a mechanism proposed by Azaroff {8].

In this present study, neutron powder diffraction measurements have been made at
several temperatures spanning the whoie temperature range between room temperature and
the melting point in order to investigate the thermally induced disorder in Cul. Particular
attention has been paid to the region around the two phase transitions, and to the existence
of another phase which has been observed at these temperatures and ambient pressure for
the first time.

2. Experimental method

Cul powder from the Aldrich Chemical company, of stated purity 99.999%, was used in
these experiments. After grinding, 2.5 cm® of material was sealed under vacuum inside a
thin-walled silica ampoule. The diffraction measurements were performed on the Polaris
powder diffractometer [9] at the ISIS facility, UK, using a furnace designed for neutron
scattering experiments. Diffraction data were collected in all available detector banks
over a d-spacing range 0.5 < d(A) < 12.0, although refinements reported here were
carried out using the highest-resolution backscattering detectors (135° < 26 < 160°) with
a resolution Ad/d ~ 5 x 1073, A series of short (~ 5 min) runs were carried out at each
temperature, exploiting the ability of time of flight neutron powder diffraction to measure the
whole powder pattern simultaneously. Data of good enough quality for multiphase profile
refinement were obtained by adding together 10 such runs. Short runs were particularly
necessary to assess the transient nature of the rhombohedral phase. Two different samples
were heated, each showing the same behaviour, with the same transition temperatures and
lattice expansions. The first sample therefore could be used to pinpoint the most pertinent
temperature regime for the measurements using the second sample. The results described
here are from runs at 23 temperatures of the second sample and from one run made on the
high-resolution powder diffractometer (HRPD) [10] during the measurements which yielded
the work described in Keen and Hull [1] and to which readers are referred to for an
experimental description. The data correction procedure, taking account of absorption and
silica background, was identical to that described in [1]. Rietveld profile refinements of the
normalized diffraction data were performed using the program TF12LS and its multiphase
derivative [11], which are based upon the Cambridge crystallographic subroutine library
{12]. The usual x? statistic was used to assess the relative merits of different structural
models applied to the data (where x is the ratio of the standard weighted profile R factor,
Ry, and the expecied R factor, Reyp).

3. Resulis

A qualitative overview of the behaviour of the neutron powder diffraction patterns from
Cul with increasing temperature is shown in figure 1. There is a large decrease in peak
height as temperatire is raised, and two clear phase ransitions. The highest temperature
phase has only very weak intensities which is indicative of a high degree of structural
disorder. Closer inspection shows that some peaks within the 8-phase temperature regime
(643 K <« T < 673 K) are only visible at the lower temperatures. This is evidence of the
presence of another phase (see section 3.4 below),
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Table 1. Structural parameters of y-Cul in the temperature range 303-643 K. y-Cul; Space
group: F43m; Atom positions: I in 4(z) at (0,0, O etc, Cul in 16(e} at (xcut, XCu1, Xcu1) ele,
CuZ in 16{e} at (xqur, xCu2, Xcu2) efc; Refined parameters: Isotropic thermal parameters B,
Bep and By, Cu positional parameters xeqy and xeyz, Cu site occupancies rcur and Agous;
Parameter constraints: Bpyy = Bry, oz = 1 — neygy and xopy = —Xcus-

T No ] V/IZ B Beyp

(K} runs x? Vi (A) (A3%) (A% (A% xou ngul

303 1-5 1.18 1.00 6.052 14(8) 5542 1.3(1) 1.4(1) 0.265(2) 0.250(1)
373 1-5 1.41 1.00 6.056 45(6) 55.54 1.5(1) 1.6(2) 0.267(2) 0.2492(9)
473 1-5 1.34 1.00 6.066 45(7) 55.81 1.8(1) 1.8(2} 0.271(1) 0.243(1)

573 15 130 100 6.08474(9) 5632 24(D 2.8(3)  0.278(1)  0.250(1)
623 15 1.21 1.00 6.096 5(1) 56.65  3.0(2) 2.94)  0.280(1)  0.245(2)

628 1-5 1.19 1.00 6.0991(1) 5672 291 314y  0.281(1}  0.245(2)
633 1-5 1.29 1.00 6.1005(1) 5676 2.9(1) 334) 0281y 0.246(2)
638 1-5 124 1.00 6.101 5(1) 5679 33 3.5(5) 0281(1)  0.246(2)
641 1-30 147 1.00 6.10265(8) 5682  3.01(8) 3.9(3) 0281y  0.246(1)

643 1-10 146 0.71(7) 6.1030(1) 56.83 32D 3.6(5) 0.280{2) 02412
643 11-20 1.5 0.45(5) 6.103002) 5683 3.1(3) 3007 0.280{2)  (Q.240(3)
643 21-30 1.54  045(5) 6.1030(2) 56.83 3.0(3) 32(7)  0.279(2)  0.238(3)
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Figure 1. Plot of powder diffraction patterns from Cul at all measured temperatures. Data are
from the 26 ~ 90° detector banks on Polaris. The changes at the ¥y — 8 and § — « phase
transitions can be clearly seen, as can certain anomalous peaks within the g-phase, attributed to
Cul-IV.
3.1 y-Cul

The ambient temperature ¥-Cul phase possesses the zinc blende structure (space group
F43m) with I~ in 4(a) sites at (0,0,0) etc and Cu* in 4(c) sites at (3, ,3) etc. It is
well known that -Cul displays increased anharmonicity of the Cu thermal vibrations as
temperature increases, which can be satisfactorily modelled by ‘splitting’ the 4(c) sites into
partially occupied 16(e) sites at (x, x, x) etc, with x ~ 0.29 [5].

The results of the refinements of the structure of y-Cul are summarized in table 1.
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The anharmonicity of the Cut ion is clearly observed to increase with temperature, with
the x positional parameter for the partially occupied 16(e) sites becoming progressively
larger than %. However, initial refinements based on this simple structural model gave
a marginally poorer x? value at higher temperatures which may, in part, be due to the
inadequacy of the 16(e) *split site’ model to account for the anharmonic thermal vibrations.
Attempts to ‘split” the Cu site in (001} rather than {111} directions using 24(g) sites proved
unsuccessful, leading to unstable refinements. The direction of Cu™ disorder is, therefore,
in {111} towards the faces of the surrounding I™ tetrahedra which supports the theories that
conduction takes place via octahedral sites [8]. However, constrained refinements with a
variable fraction of Cut located on the octahedral 4(b) sites at (—;—, % -;-) etc proved unstable,
showing that this position is not a stable energy minimuom.

The increased ionic conductivity observed in y-Cul below the y — § transition suggests
that a significant number of cations undergo diffusion over relatively long distances. This
is supported by refinements with variable occupancy of the 16(e) sites and the remaining
Cu* on the alternative 16{(e) set of tetrahedral sites at (x, x, x) etc with x ~ %, which gave
a slightly better fit to the data. Approximately 4% of Cu* ions are found to be located on
these 16{e) interstitial tetrahedral sites at the highest temperatures just below the y-f8 phase
boundary.

3.2. B-Cul

Keen and Hull [1] describe the structure of B-Cul in space group P3m1, with I~ in 2(d)
sites at (4, %, z) and (%, §, 2) with z = 0.242(1) and the Cu™ ions situated in the tetrahedral
voids, predominantly on 2(d) sites at z = 0.6214(8) but with a significant fraction of the
cations disordered onto 2(d) sites with z = 0.8786(8). Table 2 summarizes the results of the
structural refinements of the diffraction data collected from the 8-phase of Cul, using the
above P3m1 structure. The ¢ axis is seen to contract and the a axis expand with increasing
temperature, such that the ¢/ ratio reduces towards the close-packed ‘ideal” value of 1.633.
The increased Cu™ ion occupation with temperature of 2(d) sites with z ~ 0.88 reported in
Keen and Hull {17 is not seen convincingly here, althongh the amount of disorder is about
the same. This discrepancy is attributed to the coexistence of the transient rhombohedral
phase at the lower temperatures in this measurement, with consequent overlap of reflections
in the multiphase refinements (see below), which was not present in [1].

3.3 o-Cul

Refinements of this phase were based on Fm3m symmetry and are summarized in table 3.
These results illustrate the considerable anharmonicity of the Cu™ thermal vibrations which
can be modelled by random occupation of 32(f) sites at (x, x, x) ete, with x ~ 0.3, Attempts
were made to refine the data with a fraction of cations occupying octahedral 4(b) sites at
(3, 3. 3) etc, or with the 8(c) sites at (3, 3, }) etc splitting into 48(g) sites at (x, ;, 3) etc
{Cu* ion disordering in (100} directions) or with a non-random occupation of the possible
tetrahedral sites. The latter is equivalent to a highly disordered y-phase, with a different
propottion of Cu? in 16(e) with x ~ 0.3 than in 16(e) with x ~ 0.7 using F43m symmetry.
All these models were either unstable due to excessive correlations between fitted parameters
or produced a poorer fit to the data. The temperature factors and xgy are all larger than
in y-Cul, showing the increased ionic disorder in this phase. The direction of Cu* ion
disorder is still towards the faces of the I™ tetrahedra, although even in this phase with high
ionic conductivity no Cu™ ions are found to occupy octahedral 4(b) sites. At the highest
temperatures, just below Ty, the material is highly disordered, such that only three Bragg
peaks are clearly observed (see figure 1).
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3.4. The Transient Phase (Cul-IV)

On first heating through the ¥ — 8 transition during the measurement made on HRPD [1]
data were collected at T = 653 K of another phase, which contained reflections which
could not be indexed on any of the -, - or y-phases, and did not contain reflections
which are strong in these phases (figure 2). This indicates that an additional phase is
present rather than a distortion of one of the known phases. The observed reflections could
all be indexed on a rhombohedral unit cell with @ = 4.298 50(1) A and ¢ = 21.4668(9) A
in the hexagonal description. Both the cell parameters and the general distribution of the
intensities of the Bragg intensities were observed to be similar to those measured recently
for the high-pressure phase Cul-IV at 1.74 GPa and ambient temperature [13]. As a result,
the starting model for the fit to the high-temperature data was taken to be that of Cul-IV.
The latter can be described as a distorted FCC arrangement of I~ ions, with the Cu* ions
distributed in tetrahedral sites. Refinements with this model gave a good fit with x% = 1.01
(Ry = 8.82% and Rexp = 8.78%).

40 4 I : N
Neutron 35 E“ﬂ,ﬂl “ ”I l”l“ I " | \ ]' i
Counts 20 ]
(arbitrary )
units) 25 J
20 ] I
15 ] B
10l |
s P
o]

-5

T

1.0 1.5 2.0 2.5 3.0 3.5
d-spacing (A)

Figure 2. Powder diffraction pattern from Cul-IV at 653 K measured on Hrep. Points are
normalized experimental data, the line through the points is the refined profile, and the Jower
plot is the difference divided by experimental standard deviation. Tick marks at the top of the
plot show the calculated positions of the Cul-IV peaks.

The data were collected for a relatively short time (~ 15 min)} before the temperature was
raised further, after which the phase was not stabilized again on subsequent heating through
the y — B transition. The poor statistical quality of the powder diffraction pattern (figure 2),
which is reflected in the fairly high Ry,, made it unrealistic to consider disordering the Cut
jons over other possible tetrahedral sites, or to consider anharmonicity. This structure has a
volume per Cul formula unit (V/Z) of 57.25 A3, mid-way between those found in the y-
and w-phases. The ¢/a ratio of 1.6647 {taking into account the tripled hexagonal ¢ axis used
to describe the rhombohedral unit cell) is lower than those found in 8-Cul (section 3.2).
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Table 3. Structural parameters of «-Cul in the temperatere range 673-823 K. «-Cul; Space
group: Fm3m; Atom positions: I in 4(a) at (0,0,0 etc, Cul in 32(f) at (xcy, xcu, Xeu) efc;
Refined parameters: Isotropic thermal parameters By and Bg,, Cu positional parameter xcy;
Parameter constraints: Cu site occupancy noy = %.

T a V/Z Br Bea
Ky  x* Vicacion~ (A) (A% (A%) (A% *Cu

673 1.25 0.11¢4) 6.134(2) 57.69 6(3) 6(6) 0.31(1)
683 1.28 0.6(2) 6.1361(2) 57.76 4.8(2) 7.3(8) 0.297(2)

693 126 1.00 6.1397(2) 57.86 5.1(2) 7.4(8) 0.298(1)
723 1.27 1.00 6.1480(2) 58.09 5.5(3) 9(1) 0.300(2)
773 1.20 1.00 6.1623(3) 58.50 6.5(4) 10(1) 0.305(2)
823 1.15 1.06 6.1753(4) 58.87 B.1(%) 11(3) 0.308(2)

80 i ] (! ] 1 L I s 1 L
WO Ty w1 ||
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Figure 3. Powder diffraction pattemn from mixed phase Cul-IV and g-Cul at 645 K measured
on Poiaris. Points are normalized experimental data, the line through the points is the refined
profile, and the lower plot is the difference divided by experimental standard deviation, offset
vertically by 15. Tick marks at the top of the plot show the calculated positions of Cul-IV
(upper) and B-Cul (Jower) peaks. The relatively poor fit around 2,16 A arises from a remnant
of the (220) reflection of y-Cul.

The measurements made on Polaris, to confirm the existence of this phase, failed to
obtain it as a single phase, but it was observed together with 8-Cul (and also with y-
Cul at 643 K) in both measured samples (see for example the refined powder pattern in
figure 3). It was present between 643 K and 650 K in varying proportions (see table 4},
The careful heating carried out in these measurements should give a more reliable picture
of the coexistence of this phase with 8-Cul, rather than the ‘one-off” observation on HRPD.
Phase IV appears at the same temperature as S-Cul appears, but by 645 K the proportion of
Cul-IV had decreased, and continued to decrease such that in the 30 five minute runs at this
temperature, the volume percentages of phase IV refined from runs 1-10, 11-20 and 21-30
were 36(4), 28(3) and 16(2)% respectively. At 647 K the proportions for the equivalent
time intervals were 17(4), 8(2) and 14(4)%, with only a few per cent at 653 K. Hence there
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is slow conversion from IV to £, although it appears that temperature must be raised for
complete conversion.

59 T T 1
o 7
x B
58 + O o -
* rhomb.
) ,.,
57 o -
™~
>
56 -
55 ] 1 1
400 600 800

Temperature (K}

Figure 4. The unit cell volame per formula unit (V/Z) of Cul as a function of temperature
determined from powder neutron diffraction. The errors on the values are comparable with the
size of the symbols.

4. Discussion

Figure 4 shows the volume per Cul formula unit (V/Z) as a function of temperature within
the various phases. There is a clear upturn in the curve while still within the y-phase,
whereas the volume change with temperature is linear in o-Cul. There is a 0.8% volume
change at the y — § phase transition, V/Z is larger in 8-Cul than in phase IV and
there is no significant change in cell volume at the § -+ « phase transition. The thermal
expansion of the copper halides has been investigated by Plend] and Mansur [14] below room
temperature. They found a linear relationship between lattice parameter and temperature
for y-Cul in the temperature range ~ 80 K = T < 300 K, with a thermal expansion of
~ 1x 10™* A K~!. The anomalous increase in cell volume just below the y—-8 phase
boundary (figure 4) is indicative of the onset of Cut ion disorder. This confirms what
has been observed in specific heat measurements [4, 15] where, as well as observing two
clear transitions at the ¥ — S and § — « phase boundaries, a gradual increase in signal
was seen well below the y — 8 phase transition ternperature and the ‘y — ¢ transition
was considered second order. Indeed the type of disorder which occurs in y-Cul, whereby
Cu’ ions begin to move from 16(e) sites with x ~ 0.28 to 16(e) sites with x ~ 0.72,
is suggestive of the beginnings of transformation to o-Cul where Cu' ions are randomly
distributed between 16(e} sites” (F43m description} with x ~ 0.3 and x ~ 0.7,

This paper reports the first observation of Cul-I'V at ambient pressure. In part this has
been made possible because of rapid data collection, high temperature stability and the
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possibility of multiphase refinement. Previous work has often had difficulty in stabilizing
B-Cul without contamination from the neighbouring v - and «-phases [7]. In retrospect it is
possible that some of these problems were due to the presence of Cul-IV. The p-T phase
diagram based on DTA measurements [16] shows only a tentative boundary between the
B-Cul and Cul-IV at ~ 2.1 kbar. These diffraction measurements vindicate this uncertainty
since S-Cul and Cul-IV have been found to coexist at ambient pressure. It must be
concluded that 8-Cuol has a more stable structure than Cul-IV in order for it to exist at
all, since the transformation ¥ — IV — « would only involve a minimal rearrangement
of the I~ ion sublattice within an FCC framework and would be a much more logical
transition route between y- and ¢-Cul if one were required at all. The evidence of these
measurements however does not suggest that Cul-IV is an intermediary for the y — B
phase transition; §-Cul appears simultaneousfy with Cul-IV at the ¥ — § phase boundary
and the refined volume fractions imply direct y — f conversion,

The ionic conductivity can be considered simply in terms of the number of defects
in each phase and their ability to move through the lattice. In y-Cul there are ~ 4%
of Cut ions at the highest terperatures. This rises sharply in the B-phase where there
are ~ 10%, increasing to ~ 20% just below the 8 — « phase boundary [1]. «-Cul has
a completely disordered Cut jon distribution within the available tetrahedral voids and
hence can be considered to have 50% defect Cu™ ions. There is also a large increase in
anharmonicity of the mobile Cu™ ions. Figure 5 shows the distance Cu™ jons vibrate away
from their ideal 4(c) sites (y-phase) or 8(c) sites (o-phase) in (111} directions away from
nearest-neighbour 1~ ions as a function of temperature. This is determined as the sum of
the root mean squared (rms) distance and the displacement of the site from its undistorted
position, 1.e. [(Bcu/8m*)/2]/a++/3(xcy— 1). This curve, which is normalized to the lattice
parameter, a, still turns upwards slightly in the y-phase, has a large rise at the 'y — o’
phase boundary and a linear behaviour in the cz-phase. The anharmonicity in y-Cul only
extends ~ 0.09a (~ 0.55A) away from the tetrahedron centre towards the tetrahedron faces
just below the y — B phase boundary (figure 5). The faces of the I~ tetrahedron, which
provide the lowest energy batrier to Cut motion, are 0.1443a from their centre. Only a small
proportion of ions have a sufficiently Jarge amplitude of vibration (or energy) to penetrate
the I™ tetrahedra faces and move, via octahedral voids, into neighbouring tetrahedral sites.
In a-Cul the Cu™ ions have an rms distance in {111} directions of ~ 0.15a and therefore
many more ions can pass through the I~ tetrahedron faces, conwibuting (o conduction, In
B-Cul some tetrahedral sites are much closer, and the I~ sublattice is distorted and swollen
relative to the y- and o-phases. Two sites are ~ 1.8 A apart, separated by an undistorted
tetrahedral face of I™ ions, perpendicular to the ¢ axis. The next-nearest tetrahedrai sites are
further away, but since the I~ sublattice is distorted, motion may also take place between
these sites. The close proximity of the 2(d) sites allows easy disordering between them.
The temperature-dependent increase in cell volume, increased thermal motion of ions and
increased occupation of interstitial sites are all factors in the increase of ionic conduction
with raised temperature,

It is perhaps curious, given the accepted conductivity mechanism of Cut ion motion in
(111) directions from tetrahedral through octahedral to tetrahedral voids in the I~ sublattice
of y- and a-Cul, that no occupancy of octahedral sites can be observed. This observation
can be contrasted with EXAFS results which give significant occupation of octahedral sites
[17]. It should also be noted that certain studies have asserted that Cu™ ion mobility is also
likely in {100} directions through the tetrahedral edges, in particular MDD simulation studies
[18] and Mdssbauer scattering [19]. It is also suggested by Yude ef al [7]. Such conduction
pathways would require no occupation of octahedral sites.



High-temperature structural behaviour of Cul

0.2 . j T
{
X 0.15
v
£ 0.1 F -
o
(%]
o
2 .
2 0.05 e
— e
O i | 1
400 600 800

5803

Temperature (K)

Figure 5. The average distance a Cu™ ion in Cul vibrates away from its ideal 4(c) site (y-Cul,
®) or B(c) site {x-Cul, W) in (111) directions towards the face centres of the surrounding I-
tetrahedron as a function of temperature (upper carve), For comparison, the lower curve shows
the equivalent distances I~ ions vibrate from their ideal sites.

5. Conclusions

The detailed powder diffraction studies described in this paper have shown that a small
increase in disorder occurs within the y-phase of Cul, prior to the transformation to the
B-phase. This disorder could be considered as a precursor to a contineous transformation
directly into the c-phase. $-Cul displays a slight distortion away from ideal hexagonal close
packing, which reduces with increasing temperature accompanied by disordering of Cut ions
between the available tetrahedral sites. The formation of a-Cul results in no change of cell
volume and, in contrast with some previous work, no occupation of octahedral sites. «~Cul
has a random Cu™ ion occupation over all the available tetrahedral sites, which was initiated
in y-Cul. The development of disorder with temperature in the three structures is consistent
with jonic conductivity measurements. Cul phase IV has been observed for the first time at
ambient pressure. It exists in a similar temperature range to that of 8-Cul and eventually
transforms to S-Cul.
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