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ABSTRACT

The crystal structure of chalcoalumite, ideally Cu2+A14(SO4)(OH)12(H20)3, monoclinic, P21/n, Z = 4:
a 10.228(3), b 8.929(3), ¢ 17.098(6) A, B 95.800(11)°, ¥ 1553.6(1.5) A>, has been refined to R, =
3.08% for 4,022 unique observed (40) reflections collected on a Bruker D8 three-circle diffractometer
equipped with a rotating-anode generator, multilayer optics and an APEX-II CCD detector. In the
structure of chalcoalumite, there is one S site, tetrahedrally coordinated by four O anions, with <S—0>

= 1.472 A. There are four A/ sites with site-scattering values in accord with occupancy by Al and
<Al—0> distances of 1.898—1.919 A. There is one Cu site occupied by Cu*" and coordinated by six
anions in the [4 + 2] arrangement typical for octahedrally coordinated Cu®". The short <Cu—O>
distance of 2.086 A is in accord with the low degree of bond-length distortion of the Cu octahedron.
There are 19 anion sites: 4 sites are occupied by O atoms that are bonded to the S cation, 12 sites are
occupied by (OH) groups that bond to all octahedrally coordinated cations, and 3 sites are occupied by
(H,O) groups that are held in the structure solely by hydrogen bonding. The structure of chalcoalumite
consists of interrupted sheets of edge-sharing Al and Cu octahedra of the form [Cu>*Al4(OH);,]*" that
intercalate layers of (SO,4) tetrahedra and (H,O) groups. Chalcoalumite is a member of the
nickelalumite group.

Cu®" e (¢ = 07, (OH) ™, (H,0)°) octahedra show a wide range of bond-length distortion away from
the holosymmetric arrangement, driven by spontaneous symmetry-breaking of the degenerate
electronic ground-state in holosymmetric octahedral coordination. Here, we examine the structural
mechanisms that allow large octahedron distortions of this type. There are two mechanisms:
(1) coupling of (usually parallel) octahedron distortions to a vibrational phonon, inducing a (often
ferroelastic) phase transition in M>"-Cu?" solid-solutions; (2) cooperative orientational disorder, where
bond topology (polyhedron linkage) allows large differences in bond lengths within polyhedra to
accord with the valence-sum rule of bond-valence theory.

Kevywonrbs: chalcoalumite, crystal structure, sulfate, nickelalumite group.

Introduction L i
and Vassar note that twinning is common, and this

CHALCOALUMITE, ideally Cu?"Al4(SOy) was confirmed by Williams and Khin (1971) on

(OH)»(H,0)s, is a sulfate mineral first described
by Larsen and Vassar (1925) from Bisbee,
Arizona, USA, where it occurs as matted fibres
that form crusts on stalagtites of limonite. Larsen
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chalcoalumite from the Sacramento pit at Bisbee.
The latter material differs significantly from the
fibrous chalcoalumite described by Larsen and
Vassar (1925), consisting of “small, highly perfect
crystals (0.5 mm in diameter)” that occur in vugs
in dense quartz-goethite gossan or in pockets of
coarse fibrous malachite (Williams and Khin,
1971). Chalcoalumite is a member of the
nickelalumite group (Table 1), the structural



TABLE 1. The minerals of the nickelalumite group.

Ref.
(1)
)
(3)
3)
(5)
(6)

Z

B (E)
95.548(1)

96.41

b (4) c (4)

a (A)

Space group

Formula

Mineral name

4
4
4
4
4
2
2

17.0989(8)

17.220
17.145
20.870

8.8815(4)
8.873

8.865
17.155

10.2567(5)

10.246
10.171
10.145

P21/n

NiAlLy(OH)2(S04)(H,0)3
ZnAly(OH)12(SO4)(H0)s

Nickelalumite*

P21/n

Kyrgyzstanite

95.37
90.55

(Ni,Cu?")ALy(OH) 15[(NO3),(SO4)1x(H,0)3

Mbobomkulite

(Ni,Cu®")Al4(OH) 12[(NO3)5,(S04)](H20)12

CuAl4(OH),(S04)(H,0)5

P21/n

Hydrombobombkulite
Chalcoalumite
Alvanite

95.80(1)
92.11(3)
92.141(1)

17.098(6)

8.929(3)
5.132(3)
5.1228(2)

10.228(3)
17.808(8)

8.881(4)
8.8665(4)

P2,/n

(ZH,NI)A14(OH) 12(VO3)2(H20)2

17.8098(8)

P21/n

(NL,Zn)Al4(OH)12(VO3)2(H20)>

Ankinovichite
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* Bolded mineral names: the structures have been refined.

References: (1) Uvarova et al. (2005), Karpenko et al. (2004b); (2) Agakhanov et al. (2005); (3) Martini (1980); (4) This work; Williams and Khin (1971), Larsen and

Vassar (1925); (5) Pertlik and Dunn (1990); (6) Karpenko et al. (2004a).

aspects of which have been examined by Uvarova
et al. (2005), and the infrared spectrum for which
was reported by Frost et al. (2010). For many years
prior to solution of the nickelalumite structure, we
tried to characterize the structure of chalcoalumite
but were unsuccessful due to the size of the
available crystals. This situation changed with our
acquisition of a rotating-anode instrument, and the
resulting structure is presented here.

X-ray data collection

X-ray-diffraction data were collected with MoKa
X-radiation on a Bruker D8 three-circle diffract-
ometer equipped with a rotating-anode generator,
multilayer optics and an APEX-II CCD detector
using a crystal of chalcoalumite from Bisbee. The
intensities of 60,757 reflections (18,173 in the
Ewald sphere) were collected to 60° 20 using 20 s
per 0.2° frame with a crystal-to-detector distance
of 5 cm. An empirical absorption correction
(SADABS, Sheldrick, 2008) was applied, and
the data were corrected for Lorentz, polarization
and background effects. The refined unit-cell
parameters (Table 2) were obtained from 4,018
reflections with 7 > 10c/.

Structure solution and refinement

2902

Preliminary examination of the E statistics gave
|E> — 1| = 1.295, indicating a centrosymmetric
structure not consistent with the space group P2,
assigned by Williams and Khin (1971).
Systematic absences uniquely indicated the
space group P2,/n, and refinement proceeded on
this basis with the SHELXTL version 5.1 system
of programs (Bruker, 1997). The O(18) site
showed large displacement parameters and the
associated H atoms could not be detected in the
difference-Fourier map. The O(18) anion was
split into three partly occupied sites, O(18),
O(18A) and O(18B), the positional coordinates
of which were refined in the final cycles of
refinement. There were no significant reductions
in the R indices associated with this splitting. At
the later stages of refinement, difference-Fourier
maps showed single weak-density maxima ~1 A
from the O(1)—0(12) anions that incident bond-
valence sums indicate are (OH) groups, and pairs
of weak-density maxima ~1 A from the O(17) and
O(19) anions that incident bond-valence sums
indicate are (H,O) groups. These maxima are in
accord with the H positions given by Uvarova et
al. (2005): they were entered into the structure



CRYSTAL STRUCTURE OF CHALCOALUMITE

TaBLE 2. Miscellaneous refinement data for chalcoalumite.

a (A) 10.228(3)
b 8.929(3)
¢ 17.098(6)
B () 95.800(11)
V(A% 1553.6(1.5)
Space group P2/n
Z 4
Ry (%)
wRy (%)

Cell content: Cu2+A14(OH)12(SO4)(H20)3

Crystal size (um) 10 x 60 x 80
Radiation MoKa

No. of intensities 60757

No. of reflections in Ewald sphere 18173

No. unique reflections 4567

No. with (F, > 4cF) 4022
Rmerge (%) 1.9

3.08

10.07

R,

= Z(|Fo| — [Fe)/Z|F|

WR, = [EW(F2 — F?/2w(F2)*)”, w = 1/[c*(F2) + (0.0538 P)> + 1.12 P] where P = (max(F2,0) + 2F2)/3.

model as H atoms and their parameters were
refined with the soft constraint that the O—H
distance be ~0.98 A. The final model refined to R,
and wR, indices of 3.08% (4,022 observed
reflections, 311 variable parameters) and 10.07%
(4,567 reflections, 311 variable parameters),
respectively. The maximum and minimum resi-
dual densities in the final difference-Fourier maps
are +0.82 and —0.89 eA™>. Details of the data
collection and structure refinement are given in
Table 2, final atom parameters are given in
Table 3, selected interatomic distances and
angles in Table 4, and bond valences in Table 5.
A table of structure factors has been deposited
with the Principal Editor of Mineralogical
Magazine and are available from www.minersoc.
org/pages/e_journals/dep mat mm.html.

Chemical composition

A crystal of chalcoalumite was mounted in epoxy,
polished, and examined using a Cameca SX-100
electron microprobe operating in both energy-
dispersive (EDS) and wavelength-dispersive
(WDS) modes with an accelerating voltage of
15 kV, a specimen current of 10 nA, and a beam
size of 20 pm. Preliminary EDS examination
showed signals for Cu, Al and S only. Subsequent
WDS analysis for Zn, Fe, Mg and Mn with count
times on peak and background of 30 s showed that
all these elements are below detection limit.

Description of the structure
Cation sites

There is one S site with a site-scattering value
compatible with occupancy by S® and tetra-

hedrally coordinated by O anions with a <S—O>
distance of 1.472 A, close to the grand <S—0O>
distance of 1.473 A found for sulfate minerals by
Hawthorne et al. (2000). There are four A/ sites
with site-scattering values and mean bond lengths
(1.898 to 1.918 10\) characteristic of occupancy by
Al. There is one Cu site with a site-scattering
value and mean bond length compatible with
occupancy by Cu**.

Anion sites

Inspection of the bond-valence table of chalcoa-
lumite (Table 5) shows that the four anions
coordinating the S site have incident bond-
valence sums of >1.50 vu (valence units), and
hence are O>~ anions. Ignoring any contribution
from H atoms, anions at the O(1) to O(12) sites
are [2]- or [3]-coordinated by Al and Cu** with
incident bond-valence sums in the range
1.00—1.29 vu, and hence are (OH)  anions.
Similarly, anions at the O(17) to O(19) sites are
not coordinated by any metal cations in the
structure; they have incident bond-valence sums
of zero (omitting H atoms), and hence are (H,0)
groups.

Bond topology
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The [AI(OH)g] octahedra form a [[JAI,(OH)g]
dioctahedral sheet in which half of the octahe-
dron vacancies are occupied by Cu®', and the
remaining half are vacant: [[JCu? Al4(OH);»]*"
(Fig. 1). Between these sheets are layers of
(SOy4) groups and (H,O) groups linked through a
network of hydrogen bonds. The sheets and the
layers stack along the ¢ direction (Fig. 2) and are
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Fic. 1. The [[OCu® Al4(OH);»]*" sheet in chalcoalumite; Cu polyhedra are mauve, Al polyhedra are yellow.
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TABLE 4. Selected interatomic distances (A) in chalcoalumite.

Cu—0(1) 2.027(1) A1(2)—0(1) 1.962(1)
Cu—0(2) 1.996(1) Al(2)—0(1)b 1.964(1)
Cu—0(3) 2.023(1) A1(2)—0(3)b 1.916(1)
Cu—0(4) 2.244(2) Al(2)—0(7) 1.892(1)
Cu—0(7) 2.167(1) Al(2)—0(10) 1.840(1)
Cu—0(8) 2.057(1) Al(2)—0(11)c  1.828(1)
<Cu—0> 2.086 <Al(2)-0> 1.900
Al(1)—0(2)a 1.975(1) AI(3)—0(5) 1.888(1)
Al(1)—0(2)b 1.943(1) Al(3)—0(6) 1.856(1)
Al(1)—0(4)a 1.881(1) AI(3)—0(7)b 1.952(1)
Al(1)-0(5) 1.835(1) AI(3)—0(8)b 1.973(1)
Al(1)—O(8)b 1.913(1) Al(3)—0(10)b  1.888(1)
Al(1)—0(9) 1.842(1) Al(3)—0(12) 1.846(1)
<Al(1)—0> 1.898 <Al(3)-0> 1.901
Al(4)—0(3)d 2.034(2) 5—0(13) 1.475(2)
Al(4)—0(4)d 1.945(1) S—0(14)f 1.468(2)
Al(4)—0(6) 1.862(1) 5—0(15) 1.472(2)
Al(4)—0(9)e 1.877(1) 5—0(16) 1.471(2)
Al(4)—0(11) 1.850(1) e 1.472
Al(4)—0(12) 1.843(1)

<Al(4)—0> 1.902

a:x—1, y, z; br —x+1, —y+1, —z+1; c: x, y+1, z; di —x+1, —y, —z+1;
e: —x, —y, —zt1; f: x=Y5, —yts, ztV.

b
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Fic. 2. Stacking of the cationic structural unit, [OCu*'Al4(OH),»]*", and the anionic interstitial complex,

{(SO4)(H,0)’}>", along the ¢ direction in chalcoalumite; Cu octahedra are mauve, Al octahedra are yellow, S

tetrahedra are pink, H atoms associated with (OH) groups are shown as small red circles, (H,O) groups are shown as
large pale-green circles.
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linked by an extensive network of hydrogen
bonds. The structure of chalcoalumite is
isostructural with those of nickelalumite
(Uvarova et al., 2005), alvanite (Pertlik and
Dunn, 1990) and ankinovichite (Karpenko et al.,
2004a). The occurrence of a cationic structural
unit, [JCu* AL(OH),»]*", and an anionic
interstitial complex, {(SO4)(H,0)3}>", is
unusual but not unknown: similar structural
motifs occur in the layered double hydroxides
of the hydrotalcite super-group (Mills et al.,
2012), e.g. [(AIMn3'(OH)4)31°" and
{(Na(H,0)6)(H,0)4(S04),}* " in shigaite
(Cooper and Hawthorne, 1996),
[MgsAl(OH),5]*" and {(CO;)(H,0)3}>" in
quintinite-2H-3¢ (Krivovichev et al., 2010).

Hydrogen bonds

The hydrogen bonding in this structure type is
discussed in detail by Uvarova et al. (2005) who
identified two types of hydrogen bonds:
(1) hydrogen bonds involving the (H,O) groups
and O atoms of the (SO4) groups; these bonds
occur within the {(H,O)—(SO4)} layer;

(2) hydrogen bonds involving the (OH) groups
of the [Cu—Al—OH] sheet and O atoms of the
{(H,0)—(SO4)} layer. The stereochemical details
of these hydrogen bonds are given in Table 6. All
H atoms are involved in strong hydrogen bonds,
with H---A (acceptor) = 1.65—2.10 A. Almost all
D—H---A angles are close to 161°, typical of fairly
unstrained hydrogen bonds. The O(18) (H,O)
group is partly occupied [0.697(14)] and we did
not find the associated H atoms in the difference-
Fourier map. The O(18) site is associated with two
other partly occupied sites: O(18A) and O(18B)
with occupancies of 0.350(7) and 0.436(15),
respectively, and O(18)—O(18A), O(18)—0O(18B)
and O(18A)—O(18B) distances of 1.767(10),
1.13(2) and 2.65(2) A. Thus O(18) and O(18A)
cannot both be locally occupied, in accord with the
fact that the sum of their occupancies at 1.047(16)
is close to unity. Similarly, both O(18) and O(18B)
cannot be locally occupied, but O(18A) and
O(18B) can be locally occupied. Thus either
O(18) is occupied or both O(18A) and O(18B)
are locally occupied, indicating that the H,O
content of this particular crystal is somewhat in
excess of 3: ~3.3 H,O p.fu.

TABLE 6. Hydrogen bonding in the crystal structure of nickelalumite.

D—H--A D—A (A) D—H (A) H-A (A) /D-H---A (°)
O(1)—H(7)---0(18) 2.816(4) 0.980(1) 1.94(2) 147(3)
O(1)—H(7)---O(18B) 2.640(7) 0.980(1) 1.664(8) 174(3)
0(2)-H(8)---0(14) 2.626(2) 0.980(1) 1.649(4) 174(3)
0(3)—H(9)---0(17)g 2.775(2) 0.980(1) 1.797(3) 176(2)
0(4)—H(10)---0(18) 2.873(5) 0.980(1) 2.10(2) 135(2)
O(4)—H(10)---O(18A) 2.791(6) 0.980(1) 1.84(1) 162(3)
0(5)—H(11)---0(19)e 3.014(2) 0.980(1) 2.048(8) 168(3)
0(6)—H(12)---0(19) 2.887(2) 0.980(1) 1.93(1) 164(3)
O(7)—H(13)---0(16)h 2.773(2) 0.980(1) 1.808(6) 168(2)
O(8)—H(14)---0(15)i 2.695(2) 0.980(1) 1.715(2) 179(3)
0(9)—H(15)---0(19) 2.927(2) 0.980(1) 1.952(5) 173(3)
0(10)—H(16)---0(13)c 2.906(2) 0.980(1) 1.951(9) 164(3)
O(11)—H(17)---0(13)d 2.745(2) 0.980(1) 1.782(8) 167(3)
0(12)—H(18)---0(13) 2.781(2) 0.980(1) 1.814(7) 168(3)
0(17)—H(1)---O(16)e 2.881(2) 0.980(1) 1.914(9) 169(4)
O(17)—H(2)---O(14)] 2.876(2) 0.980(1) 1.94(1) 160(4)
0(19)—H(5)---0(16)k 2.855(2) 0.980(1) 1.880(4) 173(3)
0(19)—H(6)---0(17) 2.818(3) 0.980(1) 1.850(8) 169(3)
H(1)-0(17)—H(2) 103(3)

H(5)—0(19)—H(6) 107(3)

a—h: see Table 4; g: —xt%, y+Vs, —z+%; h: —x+1, —y+1, —z+1; it —x+3%, yt¥s, —z+%; j: x—1, y—1, z;

k: x—Ys, —yt+ls, z—Y5.
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Stereochemical aspects of [flcu?*
Chalcoalumite

The <Cu—O> distance of 2.086 A (Table 4) is
short relative to that found in most other [1Cu?'-
oxysalt minerals (Burns and Hawthorne, 1996).
However, Eby and Hawthorne (1993) and Burns
and Hawthorne (1996) showed that <®)Cu—0O>
distances in minerals vary linearly with the degree
of bond-length distortion of the octahedron away
from the holosymmetric arrangement with an
equal mean bond length. This type of relation is
the result of the exponential form of the bond-
valence interaction (Brown, 2002), and is
particularly prominent for octahedrally coordi-
nated Cu”' because the degenerate electronic
ground-state of a ¢ metal in a field with
holosymmetric octahedral symmetry results in a
spontaneous symmetry breaking and resulting
distortion of the bonds away from their holosym-
metric values: the Jahn-Teller effect (Jahn and
Teller, 1937). Figure 3 shows the variation in
<l¥JCu—0> distance as a function of the mean-
square deviation from the mean bond length for
copper-oxysalt minerals. The least-squares line
intercepts the ordinate at 2.083 A (for zero
distortion). This value is close to the <Cu—O>
distance of 2.086 A in chalcoalumite (Table 4),
and accords with the low value of distortion for
the associated octahedron: A = Z[(1 — 1,)/1,]*/6 =
0.002, where 1 is the individual bond length and 1,
is the mean bond length.

Burns and Hawthorne (1996) showed that Cu**
octahedra with a very small amount of distortion
away from holosymmetry commonly show strong
positional disorder of their constituent anions,
associated with orientational disorder of the
direction of elongation of the Cu octahedra.
However, this is not the case in chalcoalumite;
the anions coordinating Cu®>" show small,
relatively isotropic displacement-factors
(Table 3). This indicates that the arrangement
derived from the refinement is well ordered, and
that we must look elsewhere for the origin of the
small Jahn—Teller distortion. In this regard, it is of
interest to compare the (Ni*, Zn) and Cu?*'
octahedra in nickelalumite and chalcoalumite
where the key difference between the two
structures is the presence of the Jahn-Teller
11Cu®" in the latter. Each transition-metal
octahedron is surrounded by Al octahedra with
which it shares edges. Each anion in a diocta-
hedral [[JAL,(OH)s] sheet bonds to two Al
cations and one H atom; in terms of Pauling

bond strengths, it receives 0.5x2 + 1.0 = 2 vu,
and there seems to be no possibility to insert a
cation into a hole in the sheet. However, the bond
valence at the anions may be reduced in two
ways, allowing alternate occupancy of these holes
by divalent transition-metals: (1) the (OH) groups
are generally hydrogen-bonded to other anions in
the structure and let us assume an O(donor)-H
bond-valence of ~0.90 vu; (2) if only half the
interstices of the [[JAl,(OH)s] sheet are occupied
by a divalent metal, M>" (as is the case in these
structures), A/—O distances to anions not bonded
to M>" will shorten (incident bond-valence =
0.90 (from H) + 2 x0.55 (from Al) & 2 vu). On
the other hand, 4/—O distances to anions bonded
to M** will lengthen accordingly to maintain the
valence-sum rule at the central 4/ site: 2 x 0.55 +
4x0475 = 2 vu for Al(1,2) and 4x0.55 +
2 x0.40 = 2 vu for Al(3,4). The resulting bond-
valence incident at each of the anions bonded to
M?** (omitting any contribution from M*" itself) is
0.90 (from H) + 2x0.40 (from Al) ~ 1.70 vu,
thus satisfying the valence-sum rule at the central
M?** cation with bonds of approximately the same
length (Table 7, Fig. 4). However, for ®Cu?’,
there is a strong drive for [4+2]-distortion of the
octahedron. In the bond topology shown in Fig. 4,
there is not much compliance with regard to

<Cu-¢> (A)

2.00
0.00 0.01

0.02 0.03 0.04

Octahedral distortion (A)
Fig. 3. <l®)Cu**—0O> distance as a function of the
deviation, A, of the Cu—O bond lengths from their mean
value, where A = X[(1 — 10)/10]2/6, 1 is the individual
bond length and 1, is the mean bond length; the data for
chalcoalumite is shown as a red circle. Modified from
Burns and Hawthorne (1996).

0.05 0.08 0.07
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TABLE 7. M-site bond lengths (A) in nickelalumite (M

= Ni, Zn) and chalcoalumite (M = Cu).

(M = NiZn) (M = Cu) A

M—0(1) 2.093 2.027 —0.066
M—0(2) 2.045 1.996 —0.049
M—0(3) 2.065 2.023 —0.042
M—0(4) 2.104 2.244 +0.140
M—0(7) 2.062 2.167 +0.105
M—0(8) 2.107 2.057 —0.050
<M—0> 2.079 2.086 +0.007

elongation of the central octahedron; hence there
is not much possibility for changing the relative
bond-valences incident to the central octahedron,
and extreme distortion of the octahedron is not
possible. As shown in Fig. 4b and Table 7 for the
Cu site in chalcoalumite, the bonds to O(4) and
O(7) are longer (weaker) with an average bond-
valence of 0.25 vu whereas the equatorial bonds
to O(1), O(2), O(3) and O(8) are shorter (stronger)
with an average bond-valence of 0.39 vu.

Structural controls on the degree of Jahn-Teller

distortion

So how do some structures containing [Cu®"
manage to have extremely strong Jahn-Teller
distortion? The intrinsic drive to distort in this
way is presumably the same in all structures as the

electronic structure of Cu®" is the same and the
local coordination is approximately the same. The
answer must lie in the structure itself. If such a
distortion (elongation of an octahedron) is to be
accommodated in a structure, there must be a
cooperative effect whereby the linkage of the
atoms can be maintained at large polyhedron
distortions. There are two obvious mechanisms:
(1) continuous deformation, where the Cu**
octahedra can continuously deform (elongate)
within the constraints of the valence-sum rule;
and (2) cooperative orientational order, where the
linkage of polyhedra allows large differences in
bond valence within polyhedra to accord with the
valence-sum rule at all the coordinating anions.
As an example of the first mechanism, consider
the system K(Mg, .Cu*',)F; which has the
perovskite arrangement (Burns et al., 1996).
Synthetic KMgF5 is cubic (space group Pm3m)
whereas KCu®'F5 is tetragonal (space group /4/
mem). In KMgF;, all Mg—F bonds are equal
(1.993 A), whereas in KCu?'Fs, the Cu®'—F
bonds range from 1.85 to 2.30 A. In solid
solutions between these endmembers, the struc-
ture remains cubic in the range 1 < Mg < 0.4. In
simple (Mg,Cu®") solid solutions with Cu®" as a
minor constituent, ESR spectroscopy has shown
(e.g. Rubins and Drumbheller, 1987; Rubins et al.,
1984) that there are local distortions around each
Cu?" with orientational disorder of the direction
of eclongation, maintaining long-range cubic
symmetry (in the present case). At high concen-
trations of Cu®" (Mg = 0.4), the strain fields

Fic. 4. Comparison of the atomic arrangements around the Ni and Cu sites in (a) nickelalumite, and
(b) chalcoalumite; legend as in Fig. 2, the thickness of the Ni—O and Cu—O bonds are proportional to their
bond valence.
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associated with each local deformation around
each Cu?" couple to a vibrational phonon, there is
an improper ferroelastic phase-transition, and a
cooperative Jahn-Teller distortion becomes
apparent in the long-range (tetragonal) structure.
In KCu®'F 3, each anion is linked to Cu®" by both
long (2.30 A) and short (1.85 A) bonds and
accords with the valence-sum rule.

As examples of the second mechanism,
consider the (~25) structures based on decorated
[Cu2+(p2]N sheets (¢ is an unspecified anion)
(Hawthorne and Schindler, 2000). The structural
unit in each of these structures consists of a close-
packed sheet of octahedra of general stoichio-
metry [Cu® @,]y where ¢ = (OH), C1~, (H,0)°,
(NO3) ™, (SO4)*". The coordinating anions require
incident bond-valence from 0 to 2 vu, and it is the
presence of Jahn-Teller distortion in the Cu®"
octahedra that allows the wide range of structural

¢

e

2A=0.51vu

Fic. 5. Typical local bond-valence arrangement for an
(SO4)*~ or (H,0)° group to link to a [Cu® @,]x sheet;
Cu®" cations are shown as white circles, anions are
shown as highlighted dark circles, bond valences are
shown around the central anion, apical (elongated)
bonds are shown as full lines, equatorial bonds are
shown as dotted lines. Note that three apical (long)
Cu"— bonds must link to the same anion to provide an
incident bond valence, A, appropriate for @ = (SO4)*~ or
(H,0)°. From Hawthorne and Schindler (2000).

diversity in these minerals and synthetic
compounds. A key aspect of these structures is
the arrangement shown in Fig. 5. In order for
(SO4)*~ or (H,0)° to link to three Cu®" cations,
the sum of the incident bond-valence at the anion
must be (approximately) <0.5 vu. Thus the three
Cu**—¢ bonds must be <0.17 vu, which
translates to Cu2+f(p > 234 A. Minor variations
in the lengths of the S—O bonds and variation in
the strength of hydrogen bonding involving the
(H,0) groups allows large variation in the lengths
of the Cu**—¢ bonds. For example, a strong S—O
bond (1.7 vu) will result in an average
Cu®"—q(apical) bond length of 2.53 A, and an
(H,0) group with weak hydrogen-bonds (0.05 vu)
will result in an average Cu*"—¢(apical) bond
length of 2.94 A. The remaining anions, (OH) ™,
Cl™, in the [Cu2+(p2]N sheet require >1 vu from
the Cu®" cations, and are equatorial anions of the
Cu®" octahedra. It is the cooperative orientational
order of the locally associated Jahn-Teller
distortions that allows large axial distortions of
octahedra within a continuous structure.
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