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Crystal structure and short-range order in Cu2−ıSe compounds were studied in superionic and non-
superionic phases using high-resolution neutron diffractometer Echidna at ANSTO. In diffraction patterns
of �-Cu1.98Se (ordered phase at ambient T), both Bragg peaks and diffuse background change sharply
through the � → � structural phase transition at T = 414 K during heating. In case of �-Cu1.75Se (disordered
superionic phase at ambient T) the changes are monotonic, showing gradual shifts of Bragg peaks and
increased intensity of the diffuse background as a function of temperature. On cooling, both compounds

′

isordered systems
emiconductors
olid state reactions
rystal structure

onic conduction
omputer simulation
eutron diffraction

undergo a � → � transformation. Diffuse scattering in the �-phase shows an oscillating dependence
on wavevector, with broad peaks centred at Q ∼ 3, 5.5 and 8 Å−1. The measurements taken in energy
dispersive mode show that the oscillating diffuse background arises from correlated thermal displace-
ments of the ions. Diffuse scattering is higher for compositions close to stoichiometry and increases with
temperature. Theoretical calculations show that the increase in diffuse intensity both with temperature
and Cu content is related to correlated thermal vibrations of Se and Cu atoms, with Se–Cu(8c, 32f) and

s bei
Cu(8c)–Cu(8c) correlation

. Introduction

The compound Cu2−ıSe (0 ≤ ı ≤ 0.25) is a mixed ionic-electronic
onductor. For stoichiometric Cu2Se the phase transition temper-
ture to the cubic superionic �-phase is 414 K, but the transition
emperature depends on the composition and decreases with
ncreasing ı [1]. Over the concentration range of ı = 0.15–0.25 the
uperionic �-phase exists at room temperature. In cooling from the
uperionic �-phase transforms into single �-phase for ı < 0.05. In
he range ı = 0.05–0.25, cooling results in eutectoid decomposition
o a mixture of the �-phase and Cu3Se2 [1]. Another order–disorder
→ �′ transition occurs at T ≈ 150 K. Ionic conductivity of �-Cu2Se

s about 2 S/cm at 600 K and decreases gradually with deviation
rom stoichiometry, vanishing at the boundary of the homogeneity
egion at ı ≈ 0.25 [2]. According to [1,2] only a fraction of Cu atoms
akes part in the ionic transport: the number of mobile atoms is

bout 1/3–1/8 of the total cation concentration in stoichiometric
u2Se and decreases with increasing ı causing the ionic conductiv-

ty to drop.

∗ Corresponding author at: Bragg Institute, Australian Nuclear Science and Tech-
ology Organisation, Locked Bag 2001, Kirrawee DC NSW 2232, Australia.
el.: +61 2 9717 3338; fax: +61 2 9717 3606.

E-mail address: s.danilkin@ansto.gov.au (S.A. Danilkin).

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.02.101
ng the most important.
© 2011 Elsevier B.V. All rights reserved.

The structures of both �- and �-phases are of antifluorite-
type with Se atoms in face-centred cubic (fcc) positions and Cu
atoms distributed over the large number of tetrahedral (8c), trigo-
nal (32f) and octahedral (4b) sites, many of which are vacant. In the
low-temperature �-Cu2−ıSe phase the Cu cations form an ordered
structure in large distorted unit cell. A review of the structural mod-
els can be found in papers [3–6] and references therein, but the
crystal structure of �-phase is not conclusively established from
the diffraction data. The high temperature �-phase is considered to
have randomly distributed Cu ions over interstitial sites; however,
information about the fractions of Cu in different interstitial posi-
tions is controversial [6–12]. For instance, in the split-site model
of Heyding and Murray [7] Cu ions are located in tetrahedral 8c
(1/4, 1/4, 1/4) positions and the remaining Cu cations are in trigo-
nal 32f (xxx) (x = 0.33) sites. Similar results were recently reported
by Skomorokhov et al. [8]. Sakuma [9] suggests that Cu is in trigo-
nal 32f1 (x = 0.297) and 32f2 (x = 0.471) sites. In single crystal X-ray
study Yamamoto and Kashida [6] found that the split-site model
with most of Cu atoms located in tetrahedral and trigonal sites and
small fraction of Cu atoms in octahedral 4b (1/2, 1/2, 1/2) sites had
the same order of R-factor as the anharmonic model for the atoms

located mainly in the tetrahedral sites. In the anharmonic model
95% of the Cu atoms are in the tetrahedral sites with small fraction
in the octahedral positions. The Fourier map of the average struc-
ture of �-Cu2Se at 160 ◦C shows that the electron density of the
Cu atoms has a long tail toward the octahedral site [10]. Similar

dx.doi.org/10.1016/j.jallcom.2011.02.101
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:s.danilkin@ansto.gov.au
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Fig. 1. Diffraction patterns of Cu1.98Se at different temperatures. Measurements
S.A. Danilkin et al. / Journal of Alloy

esults were obtained in another single crystal study by Oliveria
t al. [11].

Disordered distribution of Cu atoms gives rise to broad diffuse
axima observed in neutron diffraction patterns of polycrystalline

nd single crystal samples of copper selenide [9,13–15]. The diffuse
ackground generally contains the elastic and inelastic scatter-

ng components originating from the static disorder and dynamic
orrelations, both of which affect ionic conductivity [13–15]. It is
herefore of interest to study structural modifications along with
he intensity and Q-dependence of diffuse scattering in Cu–Se com-
ounds, as a function of temperature and composition to explore
ifferent types of disorder and short range correlations.

We studied structural modifications in Cu1.75Se and Cu1.98Se
ompounds in the temperature range 4–430 K. Between these
emperature points Cu1.75Se undergoes the eutectoid and super-
tructural � → �′ transformations:

∼290 K→ � + Cu3Se2
∼150 K→ �′ + Cu3Se2

According to Korzhuev et al. [1] the amount of Cu3Se2 phase
epends on cooling rate and can be suppressed by “fast” cooling to

iquid nitrogen temperature.
The Cu1.98Se compound transforms via the following series of

ransitions:

414 K→ � + �
∼350 K→ �

∼150 K→ �′

The paper is divided into 5 sections. Section 2 provides the
xperimental details of the measurements. In Section 3 we present
he experimental results and discuss crystal structure evolution for
u1.75Se and Cu1.98Se during heating from the ambient temperature
o 430 K and on cooling to 4 K. Section 4 deals with refinement of the
tructural model, calculations of diffuse scattering and discussion,
ollowed by conclusions.

. Experimental details

The Cu2−ıSe samples were synthesised using the method outlined by Kashida
nd Akai for Cu2Se [3]. Stoichiometric quantities of Cu (ı = 0.02 and 0.23) (Umicore,
× 10 mm rods, 99.99%) and Se (Aldrich, 2 mm pellets ground up, 99.999+%) were
laced in quartz tubes (9.6 mm outer and 7.0 mm inner diameter) which were then
ealed under vacuum using a hydrogen oxygen torch. The resulting ampoules were
ested on alumina boats at an angle of approximately 30◦ and then heated in a muf-
e furnace from room temperature to 1000 ◦C at a rate of 20 ◦C/min and kept at
000 ◦C for seven days before cooling at a rate of 1 ◦C/min down to room temper-
ture. The resulting compounds were a shiny black mass of uniform appearance
lling approximately two thirds of the volume of the quartz ampoules.

We used two samples of Cu2−ıSe with nominal composition of Cu/Se = 1.77 pre-
ared in two separate runs for low and elevated temperature measurements. X-ray
nd neutron diffraction of these samples show that both of them are pure �-phase at
mbient temperature. The lattice parameters of the two samples determined using
eutron diffraction data are very close to each other (a = 5.7411(2) Å and 5.7494(3) Å)
nd to the values determined from X-ray data. According to the published compo-
ition dependence of the lattice parameter [12,16], this corresponds to composition
u/Se = 1.75. For Cu1.98Se we performed DSC measurement to determine � → � tran-
ition temperature and verify the sample composition. The onset and completion
emperatures of � → � phase transition in the Cu1.98Se sample were estimated as
60 K and 410 K. The thermoanalytical curves of Cu1.98Se on heating and cooling
ere very close to the literature data [17] for a composition of 1.99, which is in turn

ery close to the nominal composition of our sample.
Neutron powder diffraction data were collected with the Echidna neutron

iffractometer at OPAL reactor, ANSTO [18]. Echidna is high-resolution multidetec-
or powder diffractometer optimised for structure determination of new materials.
he data were collected at wavelengths � = 1.300 Å or � = 1.622 for the Cu1.75Se and
u1.98Se samples loaded in cylindrical vanadium containers. For the experiments
t or above room temperature we used a standard cryofurnace, and for low tem-
erature experiments we used a liquid helium cryostat. Diffraction patterns were
aken at fixed temperatures of 360 K and 430 K on heating from 300 K. On cooling to

emperature of 4 K we used two regimes. In the “fast” cooling mode the sample was
ooled to ∼150 K at rate of ∼10 K/min and at ∼2 K/min below this temperature. In the
slow” cooling regime the cooling rate was ∼1 K/min and data were collected during
amping from 300 K to set points of 244 K, 202 K 133 K 50 K and 4 K. The diffraction
atterns were corrected for the data for an empty sample container collected in the
ame conditions.
were taken at wavelength � = 1.300 Å on heating from T = 300 to 430 K; and at
� = 1.662 Å on cooling from T = 300 K to 4 K. Top tick marks correspond to peak posi-
tions in �-Cu1.98Se at 430 K (Table 1); bottom tick marks show peak positions of
�-Cu1.98Se from reference [19].

3. Experimental results

3.1. Cu1.98Se

On heating the diffraction patterns of Cu1.98Se were taken at
temperatures of 360 K and 430 K starting from 300 K (Fig. 1). Spectra
of �-Cu1.98Se at 300 and 360 K are consistent with data of De Mon-
treuil for bellidoite [19]. At 430 K Cu1.98Se is in superionic �-phase.
The pronounced change is observed between diffraction patterns
of �-Cu1.98Se taken at 360 K just below the (� + �) region and in
superionic �-phase at 430 K. This phase transformation is related
to disruption of ordered superstructure in a Cu sublattice and tran-
sition from distorted cubic to anti-fluorite structure [4–6,10] and
manifests itself in disappearing of the large number of small reflec-
tions corresponding to ordered �-phase (Fig. 1). Disordering of Cu
atoms shows itself also as smoothing and increasing intensity of
broad peaks of diffuse scattering centred at Q ∼ 3, 5.5 and 8 Å−1.

On cooling from 300 K modifications are seen between diffrac-
tion patterns at 300 K and 100 K reflecting the superstructural
� → �′ transition at T ≈ 150 K [1,21]. At the same time spectra at
100 K and 4 K show very little difference apart from the change in
peak positions with temperature.

3.2. Cu1.75Se

The diffraction patterns of Cu1.75Se were collected on heating at
temperatures 360 K, 430 K starting from 300 K. Data taken at 300,
360 and 430 K (Fig. 2) show the Bragg peaks corresponding to the
�-phase and broad diffuse features at Q ∼ 3, 5.5 and 8 Å−1 similar to
Cu1.98Se at 430 K (Fig. 1). The intensity of the diffuse peaks increases
continuously with temperature. The difference in intensity is more
pronounced at lower Q: the amplitude of the first diffuse maximum
at Q ∼ 3 A−1 at 430 K is about 20% higher than at 300 K, while the
peak at Q > 7.5 A−1 demonstrates only slight increase.

As noted above the � → � phase transformation of Cu2−ıSe com-
pounds with ı > 0.05 is of an eutectoid type that results in complex
hysteretic temperature dependencies of electrophysical properties

and phase compositions [1]. Therefore the measurements of the
structural modifications on cooling were performed in two regimes.
In the “fast” cooling regime we were trying to quench the �-phase
at 4 K in order to see modifications of vibrational components in
diffuse scattering due to the temperature.
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Fig. 2. Diffraction patterns of Cu1.75Se at different temperatures. Measurements
were taken at wavelength � = 1.300 Å on heating from T = 300 to 430 K; and at
� = 1.662 Å after “fast” cooling from T = 300 K to 4 K. Top tick marks indicate the peak
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ositions in �-Cu1.75Se at 430 K (Table 1); middle tick marks show peak positions
f �-Cu1.98Se from reference [19]; bottom tick marks correspond to Cu3Se2 from
eference [20].

The diffraction pattern of Cu1.75Se sample at 4 K after “fast”
ooling shows the presence of small amounts of the �′ and
u3Se2 phases in addition to the �-phase. This indicates that
ooling was not fast enough to quench the �-phase. Peak posi-
ions of Cu3Se2 shown in Fig. 2 correspond to data of Milman
or Umangite from the reference [20]. At the same time, a
onsiderable reduction in the intensity of the broad diffuse
omponent (about 50% in amplitude for the first and the sec-
nd diffuse peaks) is clearly seen. This relates to a decrease in
he mean square amplitude of atomic vibrations with tempera-
ure, accounting for the intensity of the thermal/vibration diffuse
omponent.

Distinctive structural modifications were observed during
slow” cooling of Cu1.75Se sample from 300 to 4 K. The patterns
aken on cooling at temperatures above ∼200 K show only small
hanges and correspond to the �-phase (see Fig. 1 in Supple-
ent). In the temperature range 200–130 K the peaks from the

u3Se2 phase appear and no further changes occur at temperatures
elow 130 K. These changes in structure are in general agreement
ith the � → � and � → �′ phase transformations at ∼290 and
150 K reported previously [1,21]. Note that amount of Cu3Se2
hase is substantially higher in the “slow” cooled sample than in
he “quenched” one.

. Discussion

.1. Average crystal structure of ˛-phase
The high temperature phase is considered to have randomly dis-
ributed Cu ions over interstitial sites, but information about the
ocation of Cu in the lattice is controversial in spite of a large body

able 1
he Cu atom distribution over crystallographic sites in Cu1.75Se and Cu1.98Se in �-phase.

Composition T (K) nCu(8c) nCu(32f) x

Cu1.75Se 430 0.71(2) 0.046(2) 0.403(2
Cu1.75Se 300 0.78(1) 0.030(2) 0.410(2
Cu1.98Se 430 0.73(2) 0.068(2) 0.390(2

– temperature; nCu(8c) and nCu(32f) – occupancies of 8c and 32f (x,x,x) sites; x – Cu positio
toms; a – lattice parameter; Rp (�2) – Reitveld refinement quality factors.
Compounds 509 (2011) 5460–5465

of research [7–12]. As already noted, the anti-fluorite structure of
�-Cu2−ıSe compounds has a number of tetrahedral (8c), octahedral
(4b) and trigonal (32f) interstitial positions available to Cu atoms
and most of them are vacant. The key issue concerns the fractions
of Cu atoms in different interstitial sites, and because the Cu atoms
are highly mobile and delocalised the standard analysis of the aver-
age structure suffers from strong correlations between parameters,
particularly the positional parameters and vibrational/thermal dis-
placements.

In the present study the distribution of Cu atoms over crystallo-
graphic positions has been analysed by Rietveld method using the
GSAS software [22]. Different split-site models were tested assum-
ing the overall Fm3m symmetry. During analysis, the total content
of Cu atoms was fixed to the nominal composition. We found that
the model with occupation of both 8c and 32f (x = 0.39/0.41) sites
gives better agreement with experiment for Cu1.75Se and Cu1.98Se
compared to the model with only 8c site occupied (Table 1). Our
results are in general agreement with previous X-rays studies [6–8]
showing that Cu atoms predominantly occupy the 8c and 32f sites.
We did not find statistically significant improvement of refinement
quality when allowing Cu atoms occupy the 4b position. This is in
contradiction with the results of Yamamoto and Kashida obtained
using X-ray single crystal diffraction and the maximum entropy
method [10]. They found that the Cu ions have a noticeable pop-
ulation of the octahedral 4b positions in addition to 8c at elevated
temperature in the �-phase.

4.2. Diffuse scattering

In addition to Bragg peaks, diffraction patterns of the Cu2−ıSe
compounds have broad peaks of diffuse scattering centred at Q ∼ 3,
5.5 and 8 Å−1. The first two maxima were previously observed in
neutron diffraction patterns of polycrystalline samples of copper
selenide [13,15] and in anomalous X-ray scattering experiment [9].
The first diffuse peak at Q ∼ 3 Å−1 was also clearly seen in our X-ray
diffraction measurement with Co radiation during the characteri-
sation of samples.

The positions of diffuse maxima in Cu1.75Se and Cu1.98Se are
close to each other, but intensity varies differently with temper-
ature. In �-Cu1.75Se the intensity of the diffuse peaks increases
slightly in the temperature range 300–430 K (Fig. 2). This effect
is more pronounced for the first peak at Q ∼ 3 Å−1 and tends to
diminish with Q (see Fig. 2 in Supplement). In Cu1.98Se the Bragg
reflections and intensity and shape of broad peaks change sharply
through the � → � phase transition (Fig. 1). At 300 K and 360 K in
the low-temperature �-phase, these broad peaks are almost identi-
cal and probably arise from numerous overlapped Bragg peaks of a
large supercell. At 430 K in �-Cu1.98Se, the peaks are smoothed-out
and have overall shape similar to those of �-Cu1.75Se. The intensi-
ties of the diffuse peaks in �-Cu1.98Se is higher, particularly the first
diffuse peak which is about 30% higher in intensity than in Cu1.75Se
The diffuse background generally contains both elastic and
inelastic scattering components which originate from the static
disorder and dynamic correlations. Contributions from static and
thermal distortions/correlations to scattering intensity cannot be

B (Cu) B (Se) a (Å) Rp (�2)

) 4.2(1) 2.6(1) 5.7598(3) 5.7/2.3
) 2.9(1) 1.9(1) 5.7411(2) 5.5/2.1
) 7.1(1) 3.6(1) 5.8426(7) 4.3/2.7

nal parameter; B (Cu) and B (Se) – isotropic displacement parameters of Cu and Se
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Fig. 4. Diffraction patterns of Cu1.98Se at T = 430 K. (a) Experiment (Echidna); (b)
diffuse scattering, calculations; Experiment (E1) [15]: (c) 2-axis mode; (d) 3-axis
(elastic window) mode.

any site s; Mi is the Debye–Waller factor of an atom i; Zrs(i)s′(j) is
ig. 3. Diffraction patterns of Cu1.75Se at T = 300 K. (a) Experiment (Echidna); (b)
iffuse scattering, calculations; Experiment (E1) [15]: (c) 2-axis mode; (d) 3-axis
elastic window) mode.

istinguished in the present non-energy dispersive diffraction
xperiment. For this reason a comparison of the current data
ith our previous results on Cu1.75Se and Cu1.98Se samples per-

ormed using triple-axis spectrometer in so called “elastic window
ethod” is important [15]. Contrary to a conventional diffrac-

ion experiment, in this method neutrons scattered by a sample
re filtered by an analyser crystal before reaching the detec-
or. The analyser crystal reflects only (within the instrument
esolution) the scattering processes with zero energy transfer,
hich correspond to elastic scattering. As a result the ther-
al/inelastic contributions to the scattering intensity are filtered

ut.
Our previous measurements for Cu1.75Se and Cu1.98Se sam-

les with the triple-axis spectrometer E1 were performed at a
eutron wavelength of 2.42 Å [15]. The diffraction patterns were
ollected both with and without the analyser crystal after sam-
le, using otherwise identical experimental conditions and were
ormalised to each other taking into account the sample mass,
onitor counts and intensity of the Bragg reflections [15]. In order

o compare these data with the diffraction patterns measured
ith Echidna diffractometer, the spectra taken in non-dispersive
ode with E1 spectrometer were normalised to the intensity of

he maximum at 3 Å−1 of corresponding spectra from Echidna
iffractometer.

Fig. 3 shows diffraction patterns of �-Cu1.75Se measured on
chidna and E1 at 300 K. It can be seen that spectra from E1 taken in
onventional 2-axis mode agree well with diffraction pattern from
chidna. In contrast, data taken in an energy-dispersive “elastic
indow” mode show strong suppression of diffuse intensity. Sim-

larly, the diffuse background is suppressed in �-Cu1.98Se at 430 K
Fig. 4), while the diffraction pattern taken without the analyser is
ractically identical to the Echidna data. This indicates strong con-
ributions from inelastic scattering to the diffuse scattering related
o dynamic correlations of thermal/vibrational displacements in
he superionic phase. The dynamic origin of short range correla-
ions among the mobile ions in Cu1.8Se was also mentioned in paper
14].

On the other hand, the diffraction pattern of non-superionic
-Cu1.98Se at 300 K shows a less pronounced difference between

atterns measured with and without the analyser crystal (Fig. 5).
nly ∼50% of the peak intensity at 3 Å−1 is filtered out in �-Cu1.98Se
t 300 K in comparison to 80–90% reduction in the peak intensity
bserved in �-Cu1.75Se at 300 K and �-Cu1.98Se at 430 K.
Fig. 5. Diffraction patterns of Cu1.98Se at T = 300 K. (a) Experiment (Echidna); Exper-
iment (E1) [15]: (b) 2-axis mode; (c) 3-axis (elastic window) mode.

4.3. Calculations of diffuse scattering

4.3.1. Theoretical model
The theoretical model used in calculations takes into account

both static and dynamic correlations in disordered compounds.
According to [9,13] the diffuse intensity including the term related
to thermal displacements of atoms is expressed as follows:

ID =

N0

∑

i

bib
∗
i (1 − pi exp (−2Mi))

+N0

∑

i,j

i /= j∑

s′(j)

bibj{�rs(i)s′(j) [exp (−(Mi + Mj)(1 − �rs(i)s′(j) ))

− exp (−(Mi + Mj))]
+(1 − pi)(�rs(i)s′(j) − �rs(i)s′(j) ) exp (−(Mi + Mj))}Zrs(i)s′(j) Srs(i)s′(j)

(1)

where N0 is the number of unit cells per unit volume; bi is the neu-
tron scattering length; pi is the probability of finding an atom i in
the number of sites at a distance r around an atom i occupied by an
atom j; Sr = sin(Qr)/Qr, r is the distance between sites s(i) and s(j). The
parameters � and � relate to static correlations: �r gives the prob-
ability of finding an atom at distance r from the occupied site and



5 s and Compounds 509 (2011) 5460–5465

�
s
g

�

w

o
a
p
r
w
p
t
c
p
o
a
t
t
�

4

c
e
W
b
fi
i
e
a

a
m
s
e
s
c
p
g
a
t

T
S
4

r
o
a
r

Fig. 6. Contributions to diffuse scattering in Cu1.75Se at T = 430 K.
(a) Experiment (Echidna); (b) calculated diffuse scattering
(total + incoherent); (c) thermal diffuse, uncorrelated; (d) thermal
diffuse, Se ↔ Cu(8c, 32f) correlations; (e) thermal diffuse, Cu(8c) ↔ Cu(8c)
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r is the probability of finding an atom at a distance r from a vacant
ite. Correlation parameters between thermal displacements �r are
iven by:

rs(i)s′(j) = 2〈�rs(i)�rs′(j)〉
〈(�rs(i))

2〉 + 〈(�rs′(j))
2〉

(2)

here �rs is the displacement caused by thermal vibrations.
Calculations of diffuse scattering were performed assuming

ccupation of 8c and 32f sites by Cu. For different compositions
nd temperature, the occupancy parameters, atomic displacement
arameters and lattice parameters were taken from the structural
efinement (Table 1). The static correlations between Cu atoms
ere taken into account at distances r ≤ 3.0 Å using two sets of
arameters for distances below and above r = 2.3 Å. The correla-
ions between thermal vibrations of Se–Cu and Cu–Cu atoms were
onsidered at distances 2.3 < r ≤ 4.0 Å and were described by 2
arameters depending on distance between atoms. The parameters
f thermal correlations remained fixed for all samples and temper-
tures. Correlations between Se atoms were not included due to
he larger interatomic distance. The characteristic set of parame-
ers used in simulations of diffuse scattering is given in Table 2 for
-Cu1.75Se at 430 K.

.3.2. Results and discussion
The oscillating structure of diffuse background arises from

orrelations of thermal vibrations (Eq. (1)). First we consid-
red the thermal correlations only between Se and Cu atoms.
e found that the calculated diffuse scattering consists of 3

road peaks in agreement with experiment, but positions of
rst and second diffuse peaks were at higher Q values than

n experiment. Agreement with experiment improved consid-
rably after taking into account the correlations between Cu
toms.

Figs. 3, 4 and 6 show calculated diffuse intensity of �-Cu1.75Se
nd �-Cu1.98Se at 300 and 430 K. Calculated curves were nor-
alised to experimental data in the Q range 7.5–9.5 Å−1 after

ubtraction of constant component in the same manner as for the
xperimental data. It can be seen that the intensity of the diffuse
cattering increases with temperature and is higher in the Cu1.98Se

ompound. Changes in first two peaks at Q ∼ 3 and 5.5 Å−1 are more
ronounced. This is apparent from comparison of the diffuse back-
rounds in Cu1.75Se at different temperatures (Fig. 2 in Supplement)
nd Cu1.75Se and Cu1.98Se at 430 K (Fig. 3 in Supplement). Note that
he increase in the intensity of diffuse scattering correlates with

able 2
tatic and thermal correlation parameters between Se and Cu atoms in Cu1.75Se at
30 K.

r (Å) �r (�–�)i,j

i, j = 8c, 32f <2.3 – −pj/(1 − pi)
i, j = 8c, 8c 2.3< r ≤ 3.0 0.7 −0.086
i, j = 8c, 32f 2.3< r ≤ 3.0 0.7 0.008
i, j = 32f, 8c 2.3< r ≤ 3.0 0.7 0.064
i, j = 32, 32f 2.3< r ≤ 3.0 0.7 0
i, j = 8c, 32f 3.0< r ≤ 4.0 0.4 0
i, j = 8c, 8c >4 0 0
i, j = 8c, 32f >4 0 0
i, j = 32f, 8c >4 0 0
i, j = 32, 32f >4 0 0
i, j = Se, 32f 2.3< r ≤ 3.0 0.7 –
i, j = Se, 8c 2.3< r ≤ 3.0 0.7 –
i, j = Se, 32f 3.0< r ≤ 4.0 0.4 –
i, j = Se, 8c 3.0< r ≤ 4.0 0.4 –
Se–Se 0 –

is the coordination shell; �r is the correlation among the thermal displacements
f atoms; (�–�)i, j is the static correlation probability function; 8c and 32f are the
tomic positions of cations. Probabilities p8c and p32f are equal to 0.71 and 0.046,
espectively.
orrelations; (f) thermal diffuse, Cu(8c) ↔ Cu(32f) correlations.

concentration and temperature dependences of ionic conductivity,
which is higher at compositions close to stoichiometry and increase
with temperature [1,2]. As shown below, this is mostly related to
contributions from Se–Cu and Cu–Cu thermal correlations.

In addition to total diffuse scattering Fig. 6 shows contributions
from the static and thermal correlations separately. In our model
the thermal contributions from anion–anion and cation–cation
s = s′ pairs were calculated in the Einstein approximation without
correlation. As a result we obtain relatively strong contribu-
tions which smoothly increase with Q. Contributions from static
correlations are much lower in magnitude, have a wide max-
imum at Q ∼ 3 Å−1 and disappear gradually with increasing Q
(Fig. 4 in Supplement). The oscillating contributions originate
from Se–Cu and Cu–Cu thermal correlations. The major contri-
butions are from Se–Cu(8c, 32f) and Cu(8c)–Cu(8c) correlations
(Fig. 6). The diffuse scattering arising from Cu(8c)–Cu(32f) corre-
lations is also relatively strong and comparable with contribution
from Se–Cu(32f) (Fig. 4 in Supplement). The contribution to
diffuse scattering from Cu(32f)–Cu(32f) correlations is notice-
ably lower than from other Cu–Cu correlations. The correlation
parameter �r (Table 1) has rather large positive value that cor-
responds to strong correlation in thermal motions which occur
in the same direction (a value of zero corresponds to random
displacements).

The relatively strong contributions arising from Se–Cu(32f) and
Cu(8c)–Cu(32f) thermal correlations are essential for the overall
agreement of the calculations with experimentally observed diffuse
scattering. This fact also provides support for our crystallographic
model with occupation of both 8c and 32f sites. Furthermore,
the occupation of 32f sites by Cu atoms in the average structural
model is consistent with elongation of the electron density of the
Cu atoms toward the octahedral site previously reported based
on X-ray diffraction data [10,11]. In other words, occupation of
the 32f sites can take place due to migration of Cu ions along
〈1 1 1〉 direction from 8c toward octahedral 4b position. However
according to the recent quasi-elastic neutron scattering study of
diffusion in �-Cu2−ıSe [23] the 4b sites are not in the diffusion
path; the Cu atoms most probably diffuse between the nearest 8c

sites through the 32f sites along the periphery of the octahedral
hole.
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. Conclusions

Crystal structure and short-range order in Cu2−ıSe compounds
ere studied in superionic and non-superionic phases using
eutron diffraction. The behaviour of Cu1.98Se and Cu1.75Se on heat-

ng from ambient temperature is distinctly different. In Cu1.98Se the
iffraction patterns show sharp changes in the structure of Bragg
eaks and diffuse background during � → � phase transition, while

n case of �-Cu1.75Se the changes are monotonic showing a gradual
hift of Bragg peaks and increase in intensity of diffuse back-
round as a function of temperature. On cooling both compounds
ndergo � → �′ transformations in agreement with the previous
ata.

In the superionic �-phase both Cu1.75Se and Cu1.98Se show
road peaks of diffuse scattering centred at Q ∼ 3, 5.5 and
Å−1. Data taken in energy dispersive mode show that the
scillating diffuse background arises from inelastic scattering
ssociated with correlated thermal displacements of the ions.
he intensity of the diffuse scattering changes with tem-
erature and composition, being higher for the compositions
lose to stoichiometry and increases with temperature. These
rends are in agreement with the data on ionic conductivity
1,2].

Theoretical calculations show that the increase in diffuse inten-
ity both with temperature and increasing Cu content is related
o contributions from correlated thermal vibrations of Se and Cu
toms, with Se–Cu(8c, 32f) and Cu(8c)–Cu(8c) correlations being
ost important.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jallcom.2011.02.101.
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