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X-Ray Study of the Average Structures of Cu,Se and Cu, ¢S in the
Room Temperature and the High Temperature Phases
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The structures of the antifluorite-type copper chalcogenides Cu,Se and Cu, ¢S were studied using single
crystal X-ray diffraction data both below and above the transition point. Using the cubic indexing main
reflections, the average structures of the compounds were refined by least squares methods: a face-
centered arrangement of the chalcogen atoms was assumed and copper atoms were distributed at the
tetrahedral, trigonal, and octahedral interstitial sites, and their relative populations were refined. The
tetrahedral and trigonal sites are populated by copper atoms at both room temperature and high
temperature phases. The octahedral site is not populated in the room temperature phase of either Cu,Se
and Cu;.S. Contrary to the recent EXAFS analysis, however, this site is populated in the high
temperature phase of Cu,Se. From the population data, the drift pathway of copper ions was dis-

cussed. © 1991 Academic Press, Inc.

1. Introduction

Copper chalcogenides are well known as
fast ion conductors; the compounds exhibit
wide deviation from stoichiometry as ex-
pressed by the formula Cu,_.S or Cu,_,Se.
Their high temperature structure is charac-
terized by immobile anion ‘‘cages’’ which
have cubic or hexagonal close-packed lay-
ers; copper atoms are randomly distributed
at tetrahedral, trigonal, and octahedral in-
terstices of the anions.

Upon cooling, the compounds undergo
phase transitions below which the cations
are ordered in the long range scale. This
ordering of the cation subsystem is followed
by the distortion of the anion cages. A num-
ber of studies have been accumulated about
the variety of the ordered structures (7). Suf-
fering from the complexity of the twinnings,
however, the low temperature structures
are not satisfactorily understood.
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In the present study, we concentrated
upon the chalcogenide compounds Cu, ¢S
(digenite) and Cu,Se (berzelianite), which
have a cubic antifluorite type base structure:
the stoichiometric compound Cu,S (chalco-
cite) has a different structure which is based
on a hexagonal lattice (/). At room tempera-
ture, digenite crystals exhibit satellite re-
flections indicating uniaxial modulation of
the lattices along the body diagonal of the
cube (2—4). The periodic distortion is attrib-
uted to the ordering of vacant cation sites;
its wavelength is commensurate or incom-
mensurate with the basic lattice, depending
upon the composition (5). The room temper-
ature structure of cuprous selenide, Cu,Se
is also characterized by a periodic distortion
due to vacancy arrays at the tetrahedral cat-
ion sites (6-8).

In order to obtain detailed information
about the structure, we have collected single
crystal diffraction data both below and
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above the transition points. By comparing
the structures of both phases of the same
sample, it would be possible to minimize
systematic errors in the data set. Precise
information about the average structure of
the room temperature phase is of fundamen-
tal importance for the analysis of the modu-
lated structure. In the refinement, the Fou-
rier synthesis was used effectively as well
as the normal least squares method. For the
high temperature phase a least squares pro-
gram was used which incorporates the treat-
ment of anharmonic thermal vibrations.

2. Experimental

The samples were prepared by direct re-
action of sulfur or selenium with copper.
The weighted elements, sulfur (99.999%) or
selenium (99.999%) and copper (99.99%)
were sealed in an evacuated silica tube. The
mixture of the sulfur compound was heated
to 700°C and the selenium compound was
heated to 900°C, for about 1 week and then
cooled to room temperature over about 4 hr.
The obtained crystals were shiny black and
had distorted cubooctahedrons terminated
by (111), and (100), planes.

Preliminary checks of the samples were
made by the precession photographs. The
stoichiometric selenide crystals showed
unique superlattice reflections suggesting a
lattice octuple along the (111) direction.
However, crystals of the sulfides with nomi-
nal component Cu, ¢S showed, in the (110)
photographs, several kinds of satellite re-
flections which correspond to lattices
multiplied by 4 or 5 ~ 6 along (111). Anilite
has a quadruple superlattice structure, crys-
tals with 5 ~ 6a period are classified as di-
genite. Other crystals had a different pattern
corresponding to djurleite structure (/). As
a representative of the sulfide compounds,
we have taken digenite, which has a Sa
structure. Preliminary checks of the sam-
ples by the DTA method showed that the
transition point of Cu, ¢S is about 80°C and
that of Cu,Se is about 130°C.
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Untwinned crystals which had a nearly
spherical shape were selected for the inten-
sity measurement. Crystals were not ground
further, because both the sulfide and the
selenide copper compounds are very sensi-
tive to mechanical strains. The dimensions
of the samples used were given in Table 1.

The measurement of the intensity was
done using an automatic single crystal dif-
fractometer assembled in our laboratory. As
an X-ray source a Mo tube was used at 40
kV x 20 mA; the incident X-ray beam was
monochromated by a flat graphite crystal.
The main part of the diffractometer con-
sisted of a Huber four-circle goniometer.
The distance between the crystal and the
detector slit was 275 mm and the receiving
slit used was 8 mm X 8 mm. The samples
were mounted on a goniometer head and set
in a controlled air stream. The temperature
of the samples was kept constant within 2 K
by a PID controller.

The unit cell parameters were derived by
a least-squares method from 18 reflections
within the range of 23° < 29 <38°. The ob-
tained unit cell parameters are given in Ta-
ble I. The integrated intensity was collected
by the omega scan method. Since the ob-
served Bragg reflections wusually had
smeared long tails, the scan range was taken
wider than the usual measurement as 4°, and
the scanning rate was 1°/min. Background
counts were measured for 20 sec at each
limit of the scan range.

The intensities of reflections in a hemi-
sphere of the reciprocal space within a 20
value of 60° were collected. Three standard
reflections were monitored every 100 re-
flections. There was no significant change in
the intensity of the standard reflections in
the measurement at room temperature
phase. There was also no significant change
in the measurement of Cu,Se at 160°C. In
the case of Cu, ¢S at 120°C, however, during
a period of 48 hr, the intensity of the stan-
dard reflections decreased about 10 ~30%.
This may be attributed to the oxidation of
the sulfur atoms or the metastability of the
high temperature structure to decompose.
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TABLE I

CRYSTAL DATA FOR Cu,Se AND Cu,gS (Low), AT 300 K, Cu,;Se (HIGH) AT 433 K,
AND Cu, S (HIGH) AT 93 K

Sample dimensions
CuSe 0.18 x 0.25 x 0.28 mm’
Absorption coefficients
Cu,Se p =421cm™' and uR ~ 6
Agreement between equivalent F2
Cu,Sey, 13.8% (26)
Cu,Seyg 9.7% (26)
Lattice constants
Cu,Se, 5.694(7) (average value)
C].hsem 5.787(2)

CusS  0.13 x 0.15 x 0.16 mm’®
Cu;S p=244cm 'and uR ~ 1.8
(No. of independent reflections)
Cu“;Sk,w 7.1% (23)

Cul_gslnw 5 .564( 1 7)
Cu; Sy 5.582(9)

In total, 539 (Cu,Se) and 530 (Cu, gS) re-
flections were scanned, of which the inten-
sity is less than the standard deviation were
discarded. The data were corrected for the
Lorentz and polarization effects. Absorp-
tion correction was made by assuming
spherical shapes of the specimens, and
equivalent reflections were averaged. No
corrections were made for the decay of the
intensity in Cu, ¢S at 120°C, since the correc-
tion is not easy (the decay depends upon the
reflection index and increases with the 29
value). We have scanned sequentially the
reflections in a fult hemisphere, whereas the
needed data are only 1/48 and obtained by
averaging; therefore, the decay is consid-
ered not to cause any serious error. The
numbers of independent reflection thus ob-
tained were given in Table I. The values of
the absorption coefficients and the internal
agreement factor of the observed equivalent
reflections, which is defined by the equation
3||F,| = |F,||/ Z|F,|, are also given in Table I.

3. Analysis of Experimental
Results and Discussion

3.1 Room Temperature Phase

The average structures of both Cu,Se and
Cu, ¢S were determined by taking into ac-
count only the intensity of the fundamental

reflections, that of the satellite reflections
was ignored. The analysis was done assum-
ing the space group Fm3m, a face-centered
lattice of the anions and refining occupation
parameters of the anions. The least squares
program ‘‘RADIEL"’ (9) was used. In the
refinement, all reflections were given unit
weight, the scattering factors used are those
listed in International Tables for X-Ray
Crystallography (1974) (10).

Three models were examined: in the first
model only the tetrahedral 8(c) sites are pop-
ulated by copper atoms; in the second model
two sites are populated (the tetrahedral site
and the trigonal 32(f) site); in the third model
the octahedral 4(b) site is allocated besides
the tetragonal and trigonal sites.

The obtained R-factors and the relevant
parameters are given in Table II,! where R

! A list of structure factors for all data sets have been
deposited with the National Auxiliary Publication Ser-
vice. See NAPS document No. 04865 for 13 pages of
supplementary material from ASIS/NAPS, Microfiche
Publications, P.O. Box 3515, Grand Central Station,
New York, NY 10163. Remit in advance $4.00 for mi-
crofiche copy or for photocopy, $7.75 up to 20 pages
plus $.30 for each additional page. All orders must be
prepaid. Institutions and Organizations may order by
purchase order. However, there is a billing and han-
dling charge for this service of $15. Foreign orders add
$4.50 for postage and handling, for the first 20 pages,
and $1.00 for additional 10 pages of material, $1.50 for
postage of any microfiche orders.
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TABLE II

SUMMARY OF THE REFINEMENTS OF THE ROOM TEMPERATURE
AVERAGE STRUCTURE OF Cu,Se
AND CugS At 300 K

CUZSeluw
No. of parameters R R,
6 0.065 0.039
Population Thermal parameter
Position P Un
Se at0,0,0 1 0.39(2)
Cu at 1/4,1/4,1/4 0.37(7) 0.068(14)
and x,x,x x = 0.334(5) 0.63(11) 0.085(12)
Cul.sslow
No. of parameters R R,
6 0.068 0.073
Position Population Thermal parameter
P Uy
Sat0,0,0 1 0.009(2)
Cu at 1/4,1/4,1/4 0.52(9) 0.069(5)
and x,x,x x = 0.326(2) 0.38(11) 0.031(2)

Note. Form of the harmonic temperature factor is Ty, = exp{—2m?
(h a*U,, + . . .}, where U, etc. has the unit of A

= 2(|Fo‘ - |Fc|) /ElFo‘ and Rw [2 w(.Fol -
FJJYE wiF 211 and w = {o(F, 3.

For both compounds Cu,Se and Cu, S
the one-site (tetrahedral) model gave R-fac-
tors of about 20%:; large deviations from this
model were deduced from the difference
Fourier map which showed large residual
electron density at the trigonal sites. A sig-
nificant improvement of the R-factors was
obtained in the two-site model. The differ-
ence Fourier maps (Figs. 1b and 2b) showed
no peak at the octahedral sites, and the
third, three-site model, did not yield any
improvement in the R-factors. Therefore,
we have concluded that the octahedral site
is not populated in the room temperature
phase. The refined occupation ratios of the
cations at the tetragonal and trigonal sites
are 0.37 and 0.63 for Cu,Se and 0.52 and
0.38 for Cu, ¢S, respectively.

Recently, Vucic et al. (6) proposed a

model for the superstructure of Cu,Se,
where half of the copper atoms are in tetra-
hedral sites so as to form a zincbiende struc-
ture; the remaining tetragonal sites are only
two-thirds occupied and other copper atoms
are in octahedral sites. The authors of (8)
suggested another model where tetrahedral
vacancies form a V3 x V3lattice in the
(111) layer at every four layers along the
(111) direction.

The superstructure of the nonstoichio-
metric Cu,__S is also attributed to an or-
dered array of vacancies at cation sites, but
until now no detailed structure model was
presented for digenite. Koto and Morimoto
(11) studied the superstructure of anilite
Cu, ,sS, which is also a modification of the
antifluorite type: the structure belongs to
the orthorhombic space group Pnma and the
unit cell is composed of \/ipx V2 x 2 cu-
bic subcells containing 16 chemical units.
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FiGs. 1 AND 2. (a) Fourier maps of the average structure in the (110) plane of Cu,Se and Cu,4S in
the room temperature phase. (b) Difference Fourier maps calculated by the two-site model. Contours
are drawn at intervals of 1 e A~? (a) and 0.5 ¢ A~? (b); solid lines indicate electron excess, and dashed
lines electron deficiency. For clarity the contour lines exceeding 10 e A~? are noi drawn.

The present results of the average occupa-
tion of the cation sites can be compared with
those of anilite, where 8/32 = 0.25 copper
atoms are in tetrahedral sites and 20/32 =
0.63 atoms are in triangular sites.

Realistic models for the low temperature
superlattice structure of the copper chalco-
genides, which reproduce the intensity of
the satellite reflections, the average popula-
tion numbers of the cations sites deduced
here, and the Fourier maps given in Figs. la
and 2a are desired. A further investigation
is now in progress along this line.

3.2 High Temperature
Fast-ion-Conducting Phase

Two different types of analysis were tried
for this phase. In the first approach, as in

the analysis of the room temperature phase,
the split atom method was used along with
hormonic temperature faciors. In the sec-
ond approach, anharmonic vibration of the
atoms was taken into account. A least
squares program ‘‘LINKTS80’ (I/2) was
used, which incorporates Willis’ formalism
of the anharmonic temperature factors (13):
the effective one-particle potential function
which governs the motion of mobile ions is
expanded up to the fourth order, as

V@) =V, + 12 B*uu, + 113 C¥uuu,

+ 14 Q¥ upuu,,,

(1)

where u represents deviation from the equi-
librium position and B#*, C*, and Q¥ are
the second, third, and fourth order coeffi-
cients which are to be refined.
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We added a small modification to the pro-
gram so as to incorporate a refinement with
the Gram-Charlier expansion (/4): the
probability density function was expanded
up to the fourth order using the gaussian
function p(u)

p(w) = p,(w) [1 + 1/3! Cf“ij,(u)
+1/4! ijlmijzm(u)], 2

where ¢ and Q¥™ are the third and fourth
order coefficients of the expansion which
are to be refined, and Hj; and Hy,, are the
derivatives expressed by the Hermite poly-
nomials. From the probability density func-
tion, the potential V can be calculated by
the formula (14)

V(u) = —kTin{p(u)/p(0)}. 3)

The refined R-factors and the relevant pa-
rameters such as the population numbers of
the sites are given in Table III.!

In the analysis with the harmonic approxi-
mation, the one-site model did not fit the
experimental results. The two-site model
gave fairly low R-factors. In the anharmonic
model, the Gram-Charlier expansion
yielded lower R-factors and lesser residual
electron density compared with those given
by Willis’ treatment. This fact may suggest
that the approximation V/KT < 1 is not valid
in the fast-ion-conducting phase. The de-
tailed result of the Willis treatment is not
given here.

(a) Cuy,Se. The harmonic two sites (tetra-
hedral and trigonal) model gives the same
order of R-factor with the anharmonic
model with the Gram—Charlier expansion
for the atoms in the tetrahedral site. The
difference Fourier maps obtained by these
models show small residual electron density
at the octahedral 4(b) sites and 24(e) sites
(cf. Fig. 3c). The relative intensity of these
two sites is higher at 4(b) sites, and an addi-
tion of 4(b) sites to the refinement yields a
significant drop of R-factor from 0.060 to
0.032.
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Heyding and Murray (I6) studied the
structure of a nonstoichiometric compound,
Cu, ¢Se, which remains cubic to room tem-
perature. They concluded that copper atoms
are randomly distributed over the tetrahe-
dral and trigonal sites with weight 5.2 and
2.0, respectively; the values can be com-
pared with the present results.

(b) Cu, ¢S. The anharmonic model gives a
lower R-factor compared with those of the
harmonic two-site model. A further drop of
the R-factor is obtained by applying the an-
harmonic treatment to the sulfur atom. In
this case, the residual electron density is
larger in the 24(e) site (cf. Fig. 4c). An addi-
tion of the 24(e) site in the refinement yields
a slight drop of R-factors from 0.069 to
0.063, but an addition of the 4(b) site is not
successful. As the amount of available re-
flection data is small, this drop is not signifi-
cant according to the Hamilton test program
(15). However, the final difference Fourier
map is improved and contains no peak ex-
ceeding 1.5 e/A (cf. Fig. 4b).

Morimoto and Kullerud (3) studied the
high temperature structure of Cu, ¢S. They
proposed a model where sulfur atoms form
an fcc lattice and copper atoms are allocated
at general positions 192(c), with x = 0.31,
y = 0.30, and z = 0.29. We have examined
their model; the obtained R-factor is about
0.17 and not better than that of the two site
model.

3.3 Concluding Remarks

In the analysis of the high temperature
phase, the harmonic multisite model and the
anharmonic Gram-Charlier expansion give
similar R-factors for similar numbers of the
adjustable parameters. It may be worth-
while from our diffraction data to add some
comments about the drift path of the mobile
ions. Figure § shows the plot of the potential
functions which were deduced using Eq. (3)
and the electron density in the Fourier
maps.

In Cu,Se, as Figs. 3a and 3c show, the
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TABLE II1

AND CuygS AT 393 K

CUzsehigh

Model 1 (harmonic)

No. of parameters R R,
6 0.060 0.031
Position Population Thermal parameter
p Ui
Seat0,0,0 1 0.042(2)
Cu at 1/4,1/4,1/4 0.64(12) 0.069(11)
and x,x,x x = 0.322(9) 0.36(14) 0.066(19)

Model 2 (harmonic)

No. of parameters R R,
8 0.032 0.020
Position Population Thermal parameter
4 Uy
Seat0,0,0 1 0.045(1)
Cu at 1/4,1/4,1/4 0.47(10) 0.057(10)
and x,x,x x = 0.315(6) 0.48(11) 0.083(10)
and 1/2,0, 0 0.05(1) 0.177(77)

Model 3 (anharmonic, Gram-Charlier)

No. of parameters R R,
10 0.037 0.032
Thermal parameters
Population
Position p Uy Ci Qun O
Seat0,0,0 1 0.043(19) (harmonic)

Cu at 1/4,1/4,1/4 0.95 0.137(24) 7.6(1.1) 0.18(14) 0.45(28)
and 1/2,0,0 0.05 0.207(118) - —-3.0(3.6) 6.0(11.)

Cu, Spign

Model 1 (harmonic)
R R

No. of parameters w
6 0.099 0.113
Position Population Thermal parameter
14 Uy
Sat0,0,0 1 0.008(3)
Cu at 1/4,1/4,1/4 0.68(14) 0.105(10)
and x,x,x x = 0.322(9) 0.22(14) 0.028(12)
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TABLE III (Continued)
Model 2 (anharmonic, Gram-Charlier)
No. of parameters R R,
8 0.069 0.069
Thermal parameters
Population
Position p Uy Cin O Oz
Sat0,0,0 1 0.060(16) —_ 0.47(25) 0.45(19)
Cu at 1/4,1/4,1/4 0.9 0.152(36) 8.5(2.1) —0.50(15) 0.72(58)
Model 3 (anharmonic, Gram~Charlier)
No. of parameters R R,
11 0.063 0.060
Thermal parameters
Population
Position p Uy Cix Qun Qi
S$at0,0,0 1 0.055(19)
Cu at 1/4,1/4,1/4 0.87(4) 0.150(28) — 0.35(22) 0.35(16)
and x,0,0 x = 0.288(26) 0.03(2) 0.002(250) 7.22.1) —0.58(15) 0.64(47)

Note. Form of the anharmonic temperature factor in Gram—Charlier expansion is Tyupam = Tparm X {1 + @w )*/
31 X Cyhhihy + Qmi)'/4! x Quuh:hih ), where Ty, has the same form as in Table II.

electron density of copper ions has a long
tail toward the octahedral site. The result
is consistent with recent experimental and
simulation studies (18, 19) of the fluorite
structure which showed that the minimum
energy drift path is through (0.5, 0.5, 0.5).
Our result is, however, inconsistent with
recent studies by EXAFS and neutron dif-
fraction (20, 21), where it was concluded
that the octahedral site is not populated.
For Cu, ¢S, the situation is similar to that
of Cu,Se, but a slightly different pathway
may be expected. The difference Fourier
map (Fig. 4¢) displays a maximum around
(0.5, 0.5, 0.29), a position fairly distant from
the center of the sulfur octahedron. The den-
sity of copper atoms displayed in the Fourier
map (Fig. 4a) has lobes along the [001]. axis
as well as [111].. Our least squares refine-
ment suggests an anharmonic motion of the

immobile sulfur atom. Therefore, in Cu, ¢S,
the pathway may be of more short and
straight: the cations move from a tetrahedral
site to another tetrahedral site more di-
rectly, pushing sulfur atoms outward. The
pathway will depend on several factors such
as the ratio of atomic radii and masses of
mobile and immobile ions, or the deviation
of the concentration of the mobile ions from
stoichiometry. A recent simulation study by
Kaneko and Ueda (22) showed that the path-
way between the tetrahedral sites is direct
when the repulsion between the cations and
anions is soft, and that the pathway is
pushed toward the octahedral site when the
repulsion is strong. It may be interesting
to notice that the extension of the electron
cloud of the selenium atom is wider than
that of the sulfur atom (cf. Figs. 3aand 4a). It
is consistent with the result of the simulation



210 YAMAMOTO AND KASHIDA

000% ] m & Jo ool (\ 1 \ \ Yo

oo%ﬁ /H\ﬁ\\ 1) oo} Of &@/%%

ooo(tL—@——vl———p——%io ooo{b—r o
lolo]

= D
oo ooy L Cy
0008 : - Jo  oo0t—— N EE —— o
Lx A ; ‘ aura
T R
H/F\ o\ : O ) &
oof L . = g

FiGs. 3 AND 4. Fourier maps (a), and final difference Fourier maps (b) in the (110) plane in the high
temperature phase of Cu,Se (Fig. 3) and Cu, ¢S (Fig. 4) Difference Fourier maps (c) are obtained by
the two-site model (tetrahedral and trigonal sites), see text. Contours are drawn at intervals of 1 e A-3
(2) and 0.5 ¢ A3 (b), (c); solid lines indicate electron excess, and dashed lines electron deficiency. For
clarity the contour lines exceeding 10 e A~? are not drawn.
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FiG. 5. Potential curves of the copper ions along the [111]_ direction estimated from the densities in
the Fourier maps. (a) Cu, Se, (b) Cu,¢S; the origin is at the tetrahedral site. The activation energy for
copper diffusion is reported as about 0.24 eV for both Cu,;Se and Cu,S (I8).

study. However, further detailed studies are
needed in order to clarify the pathways of
the mobile ions.
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