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Symmetry lowering from T3 (F43m) to C2 (Cm) at & — g first-order phase transition of the superionic
conductor Cu,Se is described by two nonequivalent wave vectors:

2 2T 1
kR =Ty and k™ = =2 (30).

aC aC
Four orientation variants of the rhombohedrally deformed cage sublattice are equally probable equili-
brium structures which correspond to four rays in the star of kX. Such twinning was observed using a
microfurnace built for the Weissenberg goniometer. Three monoclinic B-phase structure variants

displaying together pseudorhombohedral symmetry can couple to each body cube diagonal as a cage

distortion direction, giving a total of 12—the number of rays in the star of k™.

Introduction

According to the generally accepted
model (/-3) the high-temperature su-
perionic o phase of the stoichiometric cu-
prous selenide Cu,Se consists of an immo-
bile subsystem—the cubic cage of
T% (F43m) symmetry, built of four Se atoms
in (a) and four Cu atoms in (c¢) posi-
tions—and a disordered mobile cation sub-
system of the remaining Cu atoms statisti-
cally distributed over the cage interstitial
sites.

The first-order phase transition to nonsu-
perionic 8 —Cu,Se (T, = 413 K) is marked
by ordering of the mobile subsystem accom-
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panied by the simultaneous deformation of
the cage sublattice and 1.4% volume expan-
sion (3, 4).

The results of structural investigations of
the room temperature 8 phase of the stoi-
chiometric cuprous selenide Cu,Se have
been reported in quite a number of papers
offering several seemingly mutually incon-
sistent structural models [see Refs. in (3)].
In their paper, Milat et al. (3) elucidated the
origin of these discrepancies, and described
the ordered B8-phase structure as monoclinic
[space group C3 (Cm)], inferring from the
symmetry displayed in the single crystal
Weissenberg photographs and electron dif-
fraction (ED) patterns at room temperature.

Three monoclinic superlattice orientation
variants differing by =120° rotations around
a threefold symmetry axis of the cubic cage
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sublattice were simultaneously present in
the ED patterns, displaying the enhanced
overall symmetry. Along this distinguished
axis ([111]) a slight elongation of the cage
sublattice occurred, reducing the cage sub-
lattice symmetry from cubic T3 (F43m) to
rhombohedral C3, (R3m) (3-5). Upon com-
pleting the 8 — « — B heating and cooling
cycle repeatedly, three analogous mono-
clinic orientation variants were always ob-
served, but sometimes coupled to any other
of the four body cube diagonals as the cage
distortion direction.

Facing such richness of observed order-
ing possibilities, we feel the need to clarify
the questions arising about the possible
number of the structure orientation variants
that are formed upon the a — 8 phase transi-
tion and their mutual relationships and
transformations.

Group-Theoretical Considerations

We consider the symmetry changes in the
transition between two phases of stoichio-
metric cuprous selenide using the general
group-theoretical approach within the
framework of the Landau theory of phase
transitions (6-8).

The space group G of the disordered par-
ent phase (high-temperature «-Cu,Se) is
T% (F43m). The symmetric set of primitive
translation vectors for this FCC lattice is
givenas a, = a. 39 + 32) = a, (08), a, =
a. (303), a; = a, (330) (a, being the length of
the conventional cubic cell edge), and the
primitive cell volume is V, = 1a}. The corre-
sponding reciprocal lattice vectors are ajf =
(2m/a) (111), af = Qw/a.) (111), a¥ = 2n/
a;) (111). The space group is symmorphic,
containing only pure rotational operations
which form the point group G, = T,
(43m), with 24 elements in five classes (9)
shown in Fig. 1.

For the moment we focus our attention
only on the cage sublattice and consider sep-
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arately the reduction of the cage sublattice
symmetry from cubic to rhombohedral upon
the « — B phase transition. The matrix S g
relating the rhombohedral cell vectors (ag,
bg, cg) (row matrix 3 x 1) to the conven-
tional cubic ones (a X, a.¥, a.Z) is deduced
from the single crystal X-ray diffraction pat-
terns (5):

ScR =

>

02 B et
DO ek DO
ek 3] DO

1 — —
det SCR = 7’VR = %ag -

2V,
(aR’ bR’ cR) = (aci’ acy’ aci) ’ SCR

The reciprocal lattice vectors are
ai = 2w/a) GID), b} = Q2wla) (3D, ¢k =
Qwla) GB). _

The basic vectors of the rhombohedral
lattice are readily expressed as linear combi-
nations of cubic primitive vectors, ag = a,
+ a,, bg = a; + a;, cg = a; + a,, the
translations of the rhombohedral lattice thus
forming the subgroup of cubic translations.

The S g matrix relates a symmetry opera-
tor g of the point group G, [expressed in the
reference frame (a X, a_¥, a.2)] to the same
symmetry operator h [expressed in the ref-
erence frame (ag, bg, ¢g)] if the operation
is conserved after symmetry reduction (10):

h = SC—R1 gScR'

Using the matrices of the I's three-dimen-
sional representation (//) [that is, transfor-
mation of coordinates of the (x, y, z) point
under the rotational symmetry operations
from (7, 12)] for g, we compute the matrices
of h. Those h matrices that contain only
=1 or 0 as their h; elements represent the
symmetry operations conserved within the
reduced symmetry structure. Application of
the described procedure shows that the
point group of the rhombohedrally distorted
cubic cage sublattice is Hy = C,, 3m).
The space group H of the described rhom-
bohedral lattice is the symmorphic space
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Fi1G. 1. (a) Ste{eographic projection of the point group Gy, = T, (43m). (b) Symmetry elements of the
point group 7, (43m) shown in their exact positions with respect to the regular tetrahedron inscribed

in a cube.

group C3, (R3m), and is, as shown, the sub-
group of the high symmetry structure space
group T% (F43m). This fulfills the I condition
of Landau for a second-order phase transi-
tion (6-8).

The irreducible representation which de-
scribes the transition is found by inspecting
the changes in translational symmetry. In
this transition the primitive cell volume is
doubled (Vg = 2V,) and the doubling of
periodicity is observed in the [111], direc-
tion (ag + bg + ¢g = a.(222) = 2(a, + a,
+ a,)). Thus, the transition corresponds to
a representation with wave vector kR =
(2mla) (333) = Ha% + a3 + a%) = af +
bt + c%. As —kR = kR + @2n/a) (111),
and (27/a,) (111) is a cubic reciprocal lattice
vector, the IV condition of Landau (7, 8)
for a second-order phase transition is also
satisfied. The function exp(ikr) = exp(in(x
+y +z)(forr = xx + y§ + z2) is a basis
function for the translational symmetry op-
erations that is symmetric with respect to
the translations of rhombohedral structure
and antisymmetric with respect to lost cubic
translations. Such a change of structure de-
scribed by a single reciprocal vector k® cor-
responds to a single irreducible representa-

tion of the space group G, thus satisfying
the II condition of Landau.

The proper symmetry group of the wave
vector is C;, = H|y, consisting of those rota-
tional symmetry operations of G that leave
k® invariant ({(E], [C},, C3/), [o%, O,
g5, 1P. The k® vector corresponds to the L
symmetry point of the Brillouin zone of the
FCC lattice and belongs to the star {kR9}
consisting of four rays kR = (2#n/a,) (34),
k¥ = 2a/a) 3D, K} = 2n/a) G), KE =
(27m/a.) (33%).

The possible changes of translational
symmetry in phase transitions associated
with all Brillouin zone special symmetry
points of all types of Bravais lattices are
tabulated in (/3). The type of the Bravais
lattice obtained upon lowering the symme-
try is determined by the star of the wave
vector characterizing the transition and the
number of rays involved. For the lowering
of the FCC structure symmetry correspond-
ing to any one out of four rays of the {kR9}
star, a rhombohedral cell of doubled volume
1s obtained [Tables 3.1 and 3.2 in (/3)] with
primitive translation vectors equal to those
we deduced from Weissenberg photographs
(5) (e.g., another transition including super-
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TABLE 1
Forg € Gy, Hy = g7 Hg (E.G., FOR i = 1;j = 1-4)

-1

-1

-1

g g g g g g g g
E E Cs3 Cis Cid Ci, Cii Ci,
Cs i Ci, Cla Csd Ci, Ci3 Cis Cs3
ci o) Cy, Cy, Cy Cy Gy, Gy,
T3 Tz Ty Ty oy, o, ay a,,
Tz, Oz, S4_x1 S}x S4_y Slliy S4_zl Siz
Oy, Oy, S‘}y Sd_yl S‘%z Sd_zl S‘}X S4_II
g 'Hig = H, g 'Hg = H, g 'Hg = H; g 'Hg = H,

g' € EH, g € Cy H, g € G H, g € CyH,

€ S, H, € S4'H, € S}LH,

€ Si,H, € SLH; € Si;'H,

position of four rhombohedral orderings,
that is according to all rays of the star, would
result in a large FCC cell, with doubled cell
edges and a cell volume eight times larger
than that of the initial structure).

The other wave vectors in the star are
obtained from kR by applying to it symmetry
operators of the group G, not conserved in
the H, subgroup (e.g., Ek}R = Kkf§,
Co.kR = k¥, C,, kR = k§, C, k} = k§). These
operators form a so-called variant generat-
ing group (V.G.G.) (I4), which is a group
formed by coset representatives in the de-
composition of G, into cosets of H,. The
choice of coset representatives is not unique
in this case, so that the following decompo-
sitions are possible:

Go = EHy + C),Hy + C)Hy
+ Cp,Hp = Dy N\ Cy,

EH, + Cy,Hy + S H,

+ S‘Z\,IHO = S‘(:) . C}v
= EHO + S4—ylHO + CZyHO
+ S‘lb,HO = S?,) ¢ C3v

EH, + Si,Hy + Si;'Hy
+ CypHo = S§ - Cy,.

The number of coset representatives in a
decomposition is equal to the index of group
Hg in G. Application of one of the coset
representatives g; to the structure of the
lower symmetry phase gives a structure of
the space group symmetry g;Hg; ' (Table I).
The space groups of the four structures thus
obtained are distinct but equivalent (5, 16)
subgroups of G in the sense that their ele-
ments differ in orientation (Fig. 2). All H, (i
= 1, 2, 3, 4) groups are crystallographically
equivalent and related by symmetry opera-
tions of Go—they are the four possible ori-
entation (twin) variants (/4, 16) or coherent
domains (/6) of the ordered structure. (It
can be easily checked in Table I that D,,
9, Siy), and S generate the same set of
variants, although by using different sym-
metry operations of G, .) The appearance of
a specific orientation variant corresponds to
the transition with the appropriate single ray
of the {kR9} star involved.

These four variants represent the four
available choices of one cubic threefold axis
as the direction of the uniaxial distortion (3,
4) of the cubic cage sublattice (compare Fig.
2 with Fig. 1.).

The basis functions for the irreducible
representation (irr. rep.) of the entire space
group G associated with the vector k® are
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F1G. 2. Stereographic projection of the subg_roup Hy = (5, 3m) showing exactly the four possible
orientations with respect to the Gq group 7, (43m) (compare with Fig. 1a).

obtained by subjecting the mentioned basis
function for the translational symmetry op-

i tats 1 + o
erations to all rotational symmetry opera-

tions of the group. The elements of the point
group of the wave vector transform it ac-
cording to the totally symmetric small rep.
of the group of the wave vector k¥ = (277/

ac) {3%2) [one-dimensional loaded rep. 71 of
the wave vector ky of the 7% space group
(12)]. The remaining elements of the point
group T, transform this basis function into
one of the basis functions associated with
the wave vectors of the same star [exp(im (x
+ vy + 7)), explim(x — y — z)), exp(im(—x
+ y — z)), explim(—x — y + z)] corre-
sponding to wave vectors kR, k&, k&, k§,
respectively). The matrices, describing the
way in which this set of four basis functions
is transformed into different linear combina-

tions of themselves under application of an

arbitrary element of the space group G, are
the matrices of the irr. rep. of group G asso-
ciated with the wave vector kR. The dimen-
sion of this representation is equal to the

nu rrmbhar Af ay o vantarg tn

£
ulliuvl vl wave vouoluld 1l

o gtar

lllC Dlal—LhaL lb
o the number of basis functions, which are
themselves the components of the order pa-
rameter corresponding to the transition.
We have checked that the I, II, and 1V
Landau conditions for the second-order
phase transition are fulfilled in this case. If
the irr. rep. found for G satisfies the III

Landau condition (concerning nonexistence

of the third-order invariants in expansion of
Gibbs free energy as power series in order-

aramat

"
paramcier

Ao amto)
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LllC CLlUlllUl lUlll
structures can be obtained by extremization
and minimization of the symmetry invariant
expansion.

A cubic invariant that remains unchanged
under all symmeiry operations of space
group G is generally constructed of products
made of any three basis functions. For such
a product to be invariant under the transla-
tions of G, the sum of the three correspond-
ing wave vectors from the four-ray star
should be equal to a reciprocal lattice vector
of the high symmetry structure (should

transform as the 1dent1cal representation).
We are easily convinced that in this case
({k®9} star) third-order invariants cannot ex-
ist and thus all the Landau conditions for a

1 citinn aro mat
continuous phase transition are met.

Having experimentally determined the
high- and low-symmetry structures of the
cage sublattice of stoichiometric cuprous
selenide and comparing them with Tables
3.1 and 3.2 from (/3), we have avoided the
tedious extremization and minimization of
the symmetry invariant expansion of Gibbs
free energy. The observed structure obvi-
ously corresponds to a solution in which one
of the order parameter components, n; = 1
(i =1, 2,3, 4) and the other three are equal
to zero (only one ray of the star {k®9} is
involved).
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The value of the free energy in this mini-
mum is independent of the actual choice of
the nonzero 7; component. Provided that
the thermodynamic variables upon which
the expansion coefficients depend (pres-
sure, temperature, etc.) are isotropic, all ori-
entation variants can arise from the same
phase transition with equal probabilities.

The number of translation variants T (14)
for a given rotation variant is given by the
number of lattice nodes of the disordered a-
phase structure within a primitive unit cell
of the ordered B-phase structure, and can be
obtained as the quotient of primitive unit
cell volumes of the ordered (V) and disor-
dered (V) phase, i.e., T = Vy/V. In our
case, Vg = 2V, so that within each of the
four possible orientation variants, two
translation variants are expected tc occur.

Let us now consider the ordered 8 —
Cu,Se phase in its entirety—the ordered
mobile cation subsystem within the de-
formed cage sublattice. The structure of
stoichiometric cuprous selenide below 413
K is described as monoclinic (3) in terms of
the double layer monoclinic supercell de-
noted by m, as well as the two four-layer
“block cells”” (M', M").

The transformation matrices are ((a;, b;,

ci) = (acl’ ac2’ ac3) ) Sci; [ = m, M,’ M”)'
1 _3 1
2 2 2
Sem =] % i3
-1 01
det S, = 3,V,, = 3a =12V,
(1!
S = 3 2 s
Tl 0 2
det S, = 6, V. = 6al = 24V,
[ 1 3 3
g Yo
M = 2 T g2,
N S
det SCM" = 6, VM" = 6(1% = 24VC'

We apply the same procedure as before
to calculate the j matrices (j; = S5' gS.;
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i=m, M, M" g € Gp) and check for the
conserved symmetry elements within the
B-phase structure. The obtained j matrices
disclose that only twe symmetry elements
remain—the identity E and the o, mirror
plane, except within the m reference frame
where two extra symmetry elements arise,
recognized as U;, = o3I and o,,, contra-
dicting the reported space group C? (Cm).
Careful reexamination of the original (3, 5)
Weissenberg photographs reveals that the
relationship between the monoclinic su-
percell and the cubic subcell can be de-
scribed by the matrix

1
1
0

el et
& nolearsiea

Sem = —

cm' , detS,, = 3.
Within this chosen m' reference frame, only
E and o, are conserved, confirming the
C,(m) point group symmetry.

The basis vectors of all these monoclinic
lattices can be easily expressed as linear
combinations of cubic primitive vectors
with integral coefficients and thus the trans-
lations are a subgroup of translations of the
cubic disordered structure.

As already shown, the point group of the
ordered phase, denoted as J,, is C,(m),
which is a subgroup of G. Thus, the space
group of the low-temperature stoichiometric
copper selenide meets the group-subgroup
1 condition of Landau.

The basis functions of the representation
with kR = (2m/a,) (34}) are also invariant
for monoclinic translations, but if they were
used for describing the low-temperature
structure, its symmetry would be higher
than actually observed.

Besides a doubling of the periodicity in
the [111], direction, the oscillation photo-
graphs taken in 8-Cu,Se phase reveal [weak
spot layer lines (3)] a tripling of the periodic-
ity along the cubic [110], direction [b,,, =
3(a; — ay)]. This corresponds to the wave
vector k™ = (27/a;) (330) = u(ai — a%) =
b.., with u = §. This k point is not a



special symmetry point in the Brillouin zone
and could lie anywhere along the line be-
tween the I’ and K points retaining the same
aymmeuy U.[lC VdIUC Ul fo HCCU not U)’ rea-
sons of symmetry be precisely &). It does
not satisfy the 1V condition of Landau (— k™
= k™ + (2m/a.) (330)). A second-order tran-
sition is still possible, but with the resulting
state of iower symmetry that couid not be
described by a three-dimensional space
group (&), that is, with loss of the three-
dlmenswnal periodicity of the lattice.

The function exp(ik™r) = exp(i57(—x +
y)) is a basis function for the translational
symmetry operations. The basic transla-

tions of monoclinic lattices leave it un-

changed, while the lost translations of cubic
structure multiply it by the factor exp(xi(w/
3)).

The group of the w

Th A Arnmtnliaas 19
1ne star contains 12
1 11q

3

(330), k' = 2w/a,)
ki = (27r/ar) (301),
(27T/ac) (033),

ve vector is C,(m).
vectors: K" = (2n/ay)
(540), K2 = Qmla,) (103),
k? = (2mla,) (OR1), kg
Pk = K kG =

—ke ko= kg ki o= ke kg
—kZ, (since k7" and —k/* differ by a vector
that is not a cublc remprocal lattice vector).
All the wave vectors in the star can be
obtained from Kk{* as a result of action of
rotational symmetry operators of G not con-
served in J (Ek} ki', G kY

m

2 s
Ci ik = k', Ci,kT = k7', Ci k' = k&,
Crlkm = k. C. k" = k. C, k" = k7
335 e > 2708 ST 0 xR 8
Céjkj" = kg, Cf14,4k;" = ki, Ci;.lk;" = k')"l’
Ci, k" = k73) which form the point group

7(23) (variant generating group).
We can represent Go = T, as the semidir-

’T‘/\ tha daramnmogrf
7\ \, oo LS u\,\,ulupualuuu

a,,]}) being

act nradn =
et Pl UUu\:L l d -

into left cosets of J,, (‘ {{E], o

Go = Elo + Cydo + Cylo + Cyly
+ Ci Jo + Ciado + Ciydo + Ciudg
+ Cijdo + C3ddp + C3iJg
+ CiiJo =TNC,.

Applying the coset representatives g; € T
to the structure of the low-symmetry mono-
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VA o4

clinic phase gives 12 structures of symmetry
g.Jg ' (Table II). The monoclinic point
group J, can adopt six different orientations
within the point group 7, (iisted exactly with
respect to the symmetry elements of T,):

Jy = AL, (o1}
J, = {E], lo5,]}
‘]3 = {[EL [o-xz]}
Jy = {lE], loz]}
‘IS = {[E]’ [O-V"]}
16 = {E]v [O.\z]}
but each J; (i = -6} occurs twice, associ-

ated with wave vectors k7 (J;) and —kI" =
k"¢ (J¥ = J;,¢). Reexamination of Fig. 2
shows that the point groups of each of the

four rhombohedral orientation variants H, (i
1 A\ can I‘\P fnrmpr‘ h\l talina fr\nnﬂ-\

Aar
Laniiig tUgtuivi

the symmetry operations of the appropriate
three monoclinic orientation variants which
differ by +120° rotations around a threefold
axis of the cubic cage Indeed if we con—
from the 12-ray star of k™ (guided by the
correspondence of k7’s and J;’s in Fig. 2 and
including different signs), we arrive at eight
combinations summing up to wave vectors
proportional to the rays of the star of k®:

+(ky + k7 )« kR > H|
(k7 + ki + kI) « kR => H,
=K' — k' + k{) < Tk} o H,
(k7 ~ k' + k) x =kR > H,.

The point group of the resulting wave vec-
tors is C5,. This means that three simultane-
ously observed (3) monoclinic orientation
variants mutually related by rotations
around the third-order cubic axis coniribute
to the diffraction pattern displaying the
pseudorhombohedral symmetry of the
structure domain coupled to one of four pos-

sible cage distortion directions.
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TABLE II
FoRr g€Gy, J; = g7 Ug (E.G., FOR | = 1;j = 1-6)
g g g g g g g g g g g g
E E Co Gy cif Ci Cs3 Ci, Cid Ci, Ci} Cly
Gy Gy Gy Cy Cis Cii Ciy Cid Ci Ciif Cid Cis
Oy, Tyy S« ' S }tz Ty, Ty, Tyz Ty Oz, Ox; Ty Ty,
(2573 Txy S}z SA_zl S}x SA_xl S4_ll Six S4_yl Siy Siy S4y
g Vg =J ge=17 g Vg =Js g Ve =J ge=1Js g Ve =J
g € EJ, g € G, g 'ecily g € CluJy g ECilJ, g ECilJ,
€ CpJ4 € Cydy S C_;,‘;Jl S C%AJ] S C;,J[ € C;‘;l

The point group of the wave vector k™ is
equal to the point group of the monoclinic
structure, so that the basis functions are
symmetric under the rotational symmetry
operations and transform as the totally
symmetric small rep. associated with the
star of k™. The irr. rep. of the entire space
group G is 12-dimensional and is essentially
real since the set of base functions consists
of expGim(—x + y)), expGim(x + y)), exp
Gim(x — 2)), expGim(x + z2)), expGim(y —
7)), expGim(y + z)), and their complex
conjugates.

We still have to consider the possibie
existence of cubic invariants in the expan-
sion of free energy. Each of the 12 wave
vectors in the star is related to two others
by rotations for *+120° around the cubic
third-order axis (monoclinic ¢* direction).
Such three-coplanar wave vectors perpen-
dicular to ¢¥,, sum up exactly to zero in
eight combinations (denoted by ray num-

bers, using the convention i* = i + 6):
1+3+5*=1*+3*+5=1+ 4 + 6*
=1*+4* +6 =2*% +3 + 6=2 3*
+6*=2*+4+5=2 4% + 5% = 0.

The corresponding products of basis func-
tions form a third-order invariant, the exis-
tence of which does not allow the phase
transition to be of the second order.

In order to determine the number of trans-
lation variants within a given monoclinic ori-
entation variant, we make use of the trans-
formation matrices relating the base vectors
of the ordered and disordered structure,
thus obtaining T,, = 6, T,, = 12.

Experimental

Microfurnace for the
Weissenberg Goniometer

Such a variety of intrinsically possible
structural complexities led us to developing
a heating device for a Weissenberg camera
that would permit single-crystal X-ray anal-
ysis to be carried out as afunction of temper-
ature. Having at our disposal a commercial
Weissenberg camera (‘‘Siemens,”” film di-
ameter ¢ 57.3 mm) suitable for recording
single-crystal diffraction data on rotation,
oscillation, and equi-inclination Weissen-
berg photographs, we were naturally led to
select a heating device designed to allow
the full usage of these instrument facilities,
extendingits applicability to cover the entire
temperature range of interest. Bearing in
mind some of the requirements to be ful-
filled, namely, to ensure accurate and con-
stant crystal settings about the rotation axis,
to avoid as much as possible screening of
the direct and diffracted beams, and to pro-
vide for precise temperature measurement
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F1G. 3. Microfurnace mounted on Weissenberg goniometer.

and its long-term stability, we followed,
with slight modifications, the microfurnace
design given by Tuinstra and Fraase Storm
{17).

The microfurnace with the sample
mounted on it is attached to the custom-
made sledge, replacing the original one on
a standard goniometer head, thus enabling
vertical, lateral, and rotational adjustments
of the sample position (Fig. 3). The single-
crystal or powder specimen is sealed in an
evacuated quartz capillary inserted axially
into the metal tube in the furnace center
containing the temperature sensor [an
oxidation-resistant platinel (/8) alloy ther-
mocouple]. The sample is heated by a hot
air jet enclosed coaxially with a cylindrical
cool air stream, the air flow being supplied
by a pair of aquarium pumps (/9) at a con-
stant rate of 4 liters min~!, The voltage from
the thermocouple measuring the hot jet tem-
perature is fed to an electronic temperature

regulator (20), where it is amplified and com-
pared with a preset reference voltage. The
power output to the Kanthal wire heater is
varied proportionally to the detected tem-
perature deviation from the selected value,
giving a thermal stability of better than
+0.25 K.

Using another thermocouple, we investi-
gated the axial temperature distribution,
showing the temperature gradient ranging
from 0.5 to 5 K mm™~' along the axis. The
samples are intentionally not placed in the
smallest gradient region, as it would pro-
duce obscuring of almost half of an oscilla-
tion photograph by the muzzle of the fur-
nace. A compromise of having a
temperature gradient of at most 4 K mm ™!
at 600 K (probably smaller across a typical
0.5-mm-long single crystal, due to thermal
equalization) and only one-third of an oscil-
lation photograph screened out has been
considered acceptable.
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The absolute value of temperature was
checked in situ by mesuring the lattice con-
stant from silver powder diffraction patterns
at different temperatures. The sample tem-
perature deviates reproducibly for up to 5%
of the value measured with the sensor ther-
mocouple in the operation range from room
temperature to 900 K.

As the hot air is let out axially through a
hole made in the layer-line screen holder,
no film heating was observed even after the
48-hr exposures at elevated temperatures.
The film holder was made of two semicylin-
drical halves, permitting the film exchange
as well as any necessary readjustments of
the crystal setting without disturbing the
sample temperature.

Sample Preparation

The compound preparation was described
earlier by Vuci¢ and Ogorelec (21). Suitable
single-crystal specimens, fitting the quartz
capillary sample holder, were cleaved off
from polycrystalline ingots obtained by the
Bridgeman method. The crystal habit of the
samples closely resembles that shown in
Fig. 1. of Ref. (3).

Results and Discussion

We followed the structural changes of
stoichiometric Cu,Se macroscopic single
crystals, taking the zero- and higher-layer
Weissenberg photographs in the tempera-
ture interval from 430 to 300 K, that is,
above and below the ordering a — f3 transi-
tion temperature (413 K).

The high-temperature «-phase photo-
graphs displayed the well-known cubic pat-
tern (Fig. 4a). After the samples were cooled
through the ordering o — B transition, the
superstructural spots, indicating the dou-
bling of periodicity along the [111], direc-
tion, appeared. Some samples showed this
feature dominantly aiong oniy one of the
(111), axes, while for the others it was
equally well pronounced along both (111),
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axes, which can be seen within a single
Weissenberg photograph of a crystal rotat-
ing around the [110], axis (Fig. 4b).

As already mentioned, the choice of any
of body cube diagonals as the direction of
the rhombohedral deformation upon the «
— (3 transition would be equally probable
if there were no external influences. But,
during the phase transition, the real crystals
are subject to different anisotropic fields and
temperature gradients due to imperfections
in crucible shape and nonuniform heating.
These could result in singling out some pre-
ferred orientations for the cage distortion to
occur upon the o — S transition.

In the oscillation photographs taken just
below the transition temperature, the weak
spot higher layer lines (indicating the tripled
periodicity along the [TIO]c oscillation axis)
confirm the simultaneous onset of structure
changes described by two nonequivalent
wave vectors, k™ and k™. As it is not possi-
ble to construct a single wave vector that
would describe the tramsition to the ob-
served B-phase structure [the (kR + k™)
wave vector would have lower proper sym-
metry (= {E}) than observed], the transition
does not correspond to a single irreducible
representation. Thus, it violates the II con-
dition of Landau, in accordance with the
experimentally observed first-order charac-
ter of the phase transition (3, 4).

A gain of further information about the
monoclinic superlattice orientation variants
was prohibited by the pronounced weaken-
ing of already weak spots of the higher layer
lines due to the absorption of the quartz
capillary enclosing the tiny single crystal.

Summary

Starting from the experimental findings
about the rather intricate structure of the 8
phase of stoichiometric cuprous selenide,
we considered separately two major compo-
nents of the symmetry lowering at the o —
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FiG. 4. Sections of Weissenberg photographs of a Cu,Se single crystal displaying the (af + af, af)
plane (cubic notation): (a) in the high-temperau_lre « phase; (b) in the 8 phase with two orientation
variants visible, developed along [111]* and [111]%.

8 phase transition: the rhombohedral defor-
mation of the cage sublattice and the order-
ing of the mobile cation subsystem.

Having identified the wave vector that de-
scribes the cage sublattice symmetry reduc-
tion, we confirmed by applying the Landau
theory of phase transitions that the rhombo-
hedral elongation of the cage along a body
cube diagonal observed in the B8 phase is
indeed the equilibrium structure. It is ex-
pected to appear in four equivalent and
equally probable orientation variants corre-
sponding to four rays in the star of the wave
vector. The simultaneous presence of these
variants upon the @ — £ transition was de-
tected using a microfurnace attachment for
the Weissenberg goniometer.

Application of group-theoretical methods

to the other change of periodicity character-
istics for the a — B first-order phase transi-
tion leads to the possibility of 12 monoclinic
orientation twins corresponding to 12 rays
in the star of the appropriate wave vector.
Their simuitaneous appearance in groups of
three coupled to the cage rhombohedral dis-
tortion direction seems quite natural, con-
sidering the pseudorhombohedral symme-
try such a set displays. The existence of
these variants was deduced from ED pat-
terns in (3). The diffuseness of the nearly
continuous weak spot rows, easily noted in
those patterns, suggests the presence of a
stacking disorder of monoclinic variants
along the pronounced [111]_ direction. This,
as well as the limited spatial extending of a
single domain, is clearly visible in the high-
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resolution lattice image of Cu,Se in (22).
The investigation of their probable long-
range ordering as a function of temperature
and time suggests more subtle experimental
techniques.

The types of ordering discussed here are
not uncommon in FCC materials, particu-
larly those that can exhibit nonstoichiome-
try. Our attention has been drawn to the
striking correspondence between the wave
vectors relevant for symmetry lowering in
copper selenide and those found in the early
transition-metal sulfides with the NaCl-type
structure [for example, Zr,_ S, see (23)].
The kR wave vector is not to be unexpected,
as it corresponds to one of the three special
symmetry points of the Brillouin zone. The
k,, vector (not satisfying the IV condition of
Landau) could give rise to incommensurate
structure, but this was not discernable from
available experimental data.
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