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(Zn28xCux)V2O7 solid-solutions were synthesized by heating to
10003C, cooling to 7503C, and then quenching. Powder-di4rac-
tion patterns and the single-crystal structure re5nements of
(Cu0.56Zn1.44)V2O7, (Cu1.0Zn1.0)V2O7, and (Cu1.53Zn0.47)V2O7 show
that the solid-solution series between a-Zn2V2O7 and
b-Cu2V2O7 is complete and that there is no phase transition.
With substitution of Zn by Cu21, a and b lattice constants
increase and decrease, respectively, while c lattice constant and
cell volume (V) do not change. This results from elongation of the
(MO5) square pyramid (M 5 Zn, Cu21) and from rotation of the
vanadate tetrahedra. In order to form the elongated square-
pyramid that must accompany increasing substitution of Zn by
Cu21, the apical M}O bond length increases and decreases its
incident bond valence at M21. The resulting bond-valence de5cit
is compensated by shortening of the equatorial M}O bond
lengths. The response of the a-Zn2V2O7/b-Cu2V2O7 framework
to the strain produced by elongation of the square pyramid
involves coupled clockwise and counter clockwise rotations of the
(VO4) tetrahedra, accounting for the constant cell volumes and
increase and decrease of the a and b lattice constants, respective-
ly. This cooperative response is possible because there are no
symmetry restrictions on the rotation of the (VO4) tetra-
hedra. ( 1999 Academic Press

INTRODUCTION

b-Cu
2
V
2
O

7
was described by Lavaud and Frit (1) as the

monoclinic high-temperature phase of a-Cu
2
V
2
O

7
(2). Its

structure has space-group symmetry C2/c with a"7.685,
b"8.007, c"10.09 As and b"110.273. The low-temper-
ature modi"cation, a-Cu

2
V
2
O

7
, has space-group symmetry

Fdd2. Frit and Lavaud (1) showed that the reversible phase
transition between the a and b phases occurs at 7123C and
less readily in the cooling direction bPa, particularly when
the compound has been heated to fusion (7803C) before
cooling. In both structures, Cu2` is in elongated square-
1To whom correspondence should be addressed.
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pyramidal coordination (3); the square-pyramids share
edges and form chains linked by [V

2
O

7
]4~ groups. The

principal structural di!erence between the two phases in-
volves the arrangements of the [V

2
O

7
]4~ groups which are

parallel in C2/c and nonparallel in Fdd2. This kind of
arrangement results from a reconstructive phase trans-
formation (4). The CuO/V

2
O

5
binary phase diagram was

investigated by Brisi and Molinari (5) and Fleury (6,7). They
found "ve incongruently melting phases, but neither of them
identi"ed b-Cu

2
V
2
O

7
. The b-Cu

2
V
2
O

7
phase occurs as the

mineral ziesite in the oxidized zone of a fumerole at the
lzalco volcano, El Salvador (4).

a-Zn
2
V
2
O

7
is isostructural with b-Cu

2
V
2
O

7
and was "rst

reported by Gopal and Calvo (8). Its structure has space-
group symmetry C2/c, with a"7.429, b"8.340, c"
10.098 As and b"111.273. The ZnO}V

2
O

5
binary system

has been investigated intensively (9}12), and it was shown
that yellow a-Zn

2
V
2
O

7
is polymorphic with a high-temper-

ature red b-Zn
2
V
2
O

7
modi"cation. The aPb transition at

6153C is fast and reversible; the high-temperature b-modi"-
cation is not quenchable (8).

Thortveitite Structure-Type

Both a-Zn
2
V
2
O

7
and b-Cu

2
V
2
O

7
are related to the thor-

tveitite structure-type M
2
¹

2
O

7
(M"Sc, Y, Mg, Mn, Co,

Ni; ¹"Si, P). In the structure of thortveitite, Sc
2
Si

2
O

7
(13),

space-group symmetry C2/m, the M cations are [6]-coor-
dinated and the Si}O}Si angles are 1803. The space group
C2/m is a supergroup of C2/c with [k2] (k"klassengleich)
and c@"2c (14). The high-temperature b-phases of a num-
ber of pyrophosphates with M"Mg, Mn, Cu, and Zn
occur in space group C2/m, while their low-temperature
a-phases have symmetries that are subgroups of C2/m. The
symmetry reduction is caused by bending of the ¹}O}¹
angle (+140}1503) and by di!erent coordination of the
M cations ([5] and [6]-coordination). a-Cu

2
P
2
O

7
(15)

is isostructural with a-Zn
2
V
2
O

7
and b-Cu

2
V
2
O

7
, while

a-Zn
2
P
2
O

7
(16) contains M cations in [5]- and [6]-coordi-

nation.
1
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Zn}Cu2` Substitution in a-Zn
2
V
2
O

7
Nord and Stefanidis (17) studied the substitution of Zn by

Cu, Co, Mg, Ni, Ca, Mn2`, Cd in a-Zn
2
V
2
O

7
at 6003C.

They showed that the substitution of Zn2` by Cu2` at
6003C is restricted to 35% and that, with increasing substi-
tution, the b lattice constant decreases and the a lattice
constant increases. Their powder-di!raction patterns of
(Zn

2~9
Cu

9
)V

2
O

7
compounds (x"0}0.7), suggest reduction

to triclinic symmetry.

EXPERIMENTAL

Synthesis

(Zn
2~x

Cu
x
)V

2
O

7
solid-solutions were prepared in evacu-

ated quartz capsules by reaction of the following stoi-
chiometric ratios: ZnO:CuO:V

2
O

5
"A, 2:0:1; B, 7:1:4; C,

3:1:2; D, 1:1:1; E, 1:3:2; F, 1:7:4; and G, 0:2:1. They reported
solidus temperatures of b-Cu

2
V
2
O

7
and a-Zn

2
V
2
O

7
of 780

and 8773C, respectively (5, 9). In order to yield a homo-
genous melt, all samples were held at 10003C for three days,
slowly cooled to 7503C, and then quenched. All powder
samples were characterized with a Phillips PW 1729 di!rac-
tometer using CuKa X-radiation.

Single-Crystal Studies

Single crystals from the batches C, D, and E were moun-
ted on a Nicolet R3m automated four-circle di!ractometer.
Twenty (C), 14 (D), and 28 (E) re#ections were centered
using graphite-monochromated MoKa X-radiation; the re-
sulting cell dimensions are given in Table 1. A total of
376(C), 380(D), and 382(E) symmetry-independent re#ec-
tions were measured over the range (342h4603) with
index ranges !24h49, !24k49, !114l411,
according to the method of Burns et al. (18). In order to test
for violation of the C-centering, no hkl index restrictions
TABL
Crystal Data, Data-Collection Parameters, an

C: (Cu
0.56

Zn
1.44

)V
2
O

7

Crystal size 75]60]40 lm
Space group C2/c
Lattice constants a"7.495(2) As

b"8.253(1) As ,
c"10.113(2) As
b"111.35(2)3

Cell volume 582.62(2) As 3
No. of unique DFD 376
No. of DF

0"4
D'5pF 326

R (%) 1.9
R

8
(%) 1.6

R"+ (DF
0
D!DF

#
D)/+F

0
R

8
"+ w (DF

0
D!DF

#
D)2/+F2

0
)1@2, w"1
were imposed in the data collections. The intensity data
were corrected for absorption (psi-scan method), Lorentz,
polarization, and background e!ects and reduced to struc-
ture factors. A re#ection was considered observed if its
magnitude exceeded that of "ve standard deviations above
background, based on counting statistics.

Rexnement of the Crystal Structures

Scattering curves for neutral atoms, together with anom-
alous-dispersion corrections, were taken from Cromer and
Liberman (19) and Cromer and Mann (20), respectively. The
SHELXS system of programs (21) was used for this work.

The structures were re"ned in space group C2/c using the
positional coordinates of b-Cu

2
V
2
O

7
(1). The "nal cycles of

re"nement involved all variable positional parameters,
anisotropic-displacement factors, and site-scattering para-
meters for the M sites. The structures converged to
R-indices of 1.9% (C), 1.1% (D), and 2.0% (E). Final atom
positions and anisotropic-displacement factors are listed in
Table 2. Selected interatomic distances and angles are
shown in Table 3.

Electron-Microprobe Analysis

Subsequent to the collection of the X-ray intensity data,
the crystals used for this work were mounted, polished and
carbon-coated for chemical analysis with a Cameca SX-50
electron microprobe operating in wavelength-dispersion
mode with an excitation voltage of 15 kV and a specimen
current of 20 nA. The standards used were (VO

2
)
2
P
2
O

7
(V),

CuFeS
2

(Cu), and gahnite, ZnAl
2
O

4
(Zn). Data reduction

was done according to the /oZ method (Pouchou and
Pichoir (22, 23)), and the chemical composition (mean of
three points) is given in Table 1. The unit formulae were
calculated on the basis of seven anions.
E 1
d R Indices for (Zn22xCux)2V2O7 Compounds

D: (Cu
1.0

Zn
1.0

)V
2
O

7
E: (Cu

1.53
Zn

0.47
)V

2
O

7

63]45]40 lm 65]60]40 lm
C2/c C2/c
a"7.565(2) As a"7.639(2) As ,
b"8.201(2) As b"8.112(3) As ,
c"10.119(4) As c"10.112(3) As ,
b"110.92(2)3 b"110.59(2)3
586.40(2) As 3 586.59(2) As 3
380 382
332 329
1.1 2.0
1.1 2.05



TABLE 2
Atom Positions and anisotropic Atomic Displacement Factors (3104) for C ((Cu0.56Zn1.44)V2O7), D ((Cu1.0Zn1.0)V2O7) and

E ((Cu1.53Zn0.47)V2
O

7
)

x y z ;[11] ;[22] ;[33] ;[23] ;[13] ;[12]

M(C) 0.18296(9) 0.07397(8) 0.98210(6) 21(1) 12(1) 14(1) !1(1) 10(1) !2(1)
M(D) 0.18520(5) 0.07419(5) 0.98336(3) 27(1) 10(1) 13(1) !1(1) 10(1) !2(1)
M(E) 0.1872(1) 0.0743(1) 0.98472(7) 26(1) 7(1) 12(1) !1(1) 9(1) 2(1)
V(C) 0.2408(1) !0.2598(1) 0.79240(8) 10(1) 15(1) 10(1) 2(1) 5(1) 3(1)
V(D) 0.23551(8) !0.2655(1) 0.79085(5) 14(1) 13(1) 9(1) 20(2) 52(2) 42(2)
V(E) 0.2297(1) !0.2720(1) 0.78905(9) 14(1) 9(1) 8(1) 2(1) 4(1) 3(1)
O1(C) 0 !0.3187(7) 0.75 12(3) 62(5) 39(3) 0 7(3) 0
O1(D) 0 !0.3335(4) 0.75 19(2) 59(2) 43(2) 0 13(1) 0
O1(E) 0 !0.3504(9) 0.75 23(4) 42(5) 38(3) 0 8(3) 0
O2(C) 0.2824(5) !0.2352(4) 0.6368(3) 27(2) 26(2) 20(2) 3(2) 9(2) 7(2)
O2(D) 0.2764(3) !0.2402(2) 0.6341(2) 32(1) 21(1) 16(1) 3(1) 10(1) 8(1)
O2(E) 0.2708(6) !0.2448(6) 0.6313(4) 30(2) 14(2) 20(2) 1(1) 9(2) 6(2)
O3(C) !0.1148(5) 0.0925(4) 0.8952(3) 18(2) 24(2) 22(2) 3(2) 5(2) !1(2)
O3(D) !0.1190(3) 0.09160(2) 0.89520(2) 22(1) 22(1) 18(1) 2(1) 4(1) 1(1)
O3(E) !0.1214(5) 0.0895(5) 0.8962(3) 20(2) 22(2) 19(2) 5(2) 6(2) !1(2)
O4(C) 0.2766(5) !0.0883(4) 0.8815(3) 48(3) 20(2) 31(2) 1(2) 24(2) 9(2)
O4(D) 0.2643(3) !0.0913(3) 0.8771(2) 58(1) 21(1) 30(1) 1(1) 28(1) 7(1)
O4(E) 0.2480(6) !0.0942(6) 0.8715(4) 48(3) 22(3) 23(2) 0(2) 17(2) 1(2)

b-Cu
2
V
2
O

7
}a-Zn

2
V
2
O

7
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RESULTS AND DISCUSSION

Solid-Solution Series

Preparation of the samples A, B, C, D, E, and F gave
a-Zn

2
V
2
O

7
/b-Cu

2
V
2
O

7
solid solutions with small impu-

rities of synthetic "ngerite Cu
11

O
2
(VO

4
)
6

(24). Sample
G gave either a-Cu

2
V
2
O

7
or mixtures of a-Cu

2
V
2
O

7
and b-
TABL
Selected Bond Distances (As ) and An

a-Zn
2
V
2
O

7
(Cu

0.56
Zn

1.44
)V

2
O

7
(C

M}O4 1.988(6) 1.981(3)
M}O2a 1.988(6) 1.960(3)
M}O3a 2.088(6) 2.037(3)
M}O2b 2.087(6) 2.055(3)
M}O3b 2.027(6) 2.085(3)
SM}OT 2.036(6) 2.024(3)

V}O4 1.658(8) 1.647(3)
V}O3 1.704(7) 1.708(3)
V}O2 1.728(4) 1.724(3)
V}O1 1.775(4) 1.765(2)
SV}OT 1.716(6) 1.711(3)

V}O1}V 149(1) 148.0(4)
V}O2a}M 131.3(3) 131.2(2)
V}O2b}M 122.2(4) 123.2(2)
V}O3a}M 128.2(2) 127.5(2)
V}O3b}M 130.8(3) 130.7(2)
V}O4}M 144.7(2) 148.6(2)
Cu
2
V
2
O

7
. The latter result shows that the presence of Zn

seems to inhibit formation of a-Cu
2
V
2
O

7
.

The powder-di!raction patterns of B, C, D, E, and F con-
tain no re#ections that violate space-group symmetry C2/c
or indicate a supercell of a-Zn

2
V
2
O

7
. The correct space-

group symmetry and cell are con"rmed by the low R-indices
in the single-crystal structure re"nements. Our results show
E 3
gles (3) in (Zn22xCux)2V2O7 Phases

u
1.0

Zn
1.0

)V
2
O

7
(Cu

1.53
Zn

0.47
)V

2
O

7
b-Cu

2
V
2
O

7

1.953(2) 1.941(4) 1.930(5)
1.976(2) 1.963(4) 1.944(5)
2.012(2) 1.974(4) 1.937(5)
2.015(2) 1.973(4) 1.950(5)
2.155(2) 2.211(3) 2.259(5)
2.022(2) 2.012(4) 2.004(5)

1.648(2) 1.647(5) 1.644(6)
1.694(2) 1.692(4) 1.694(4)
1.734(2) 1.745(4) 1.741(4)
1.769(1) 1.775(3) 1.770(4)
1.711(2) 1.715(4) 1.712(4)

143.3(2) 138.0(4) 132.0(5)
131.4(1) 131.6(2) 131.5(3)
124.0(1) 124.6(2) 124.9(3)
126.9(1) 125.4(2) 121.1(2)
131.6(1) 132.6(2) 136.2(2)
152.3(1) 156.9(2) 157.8(3)



FIG. 2. Lengthening of the apical M}O3b bond and shortening of the
equatorial M}O3a, M}O2b, and M}O4 bonds with increasing substitution
of Zn by Cu2` (in apfu of Cu2`).
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that the solid-solution series between a-Zn
2
V
2
O

7
and b-

Cu
2
V
2
O

7
is complete and there is no phase transition under

the conditions examined.

Distortion of the Framework

Figure 1 shows the change in the a and b lattice constants
with variation in chemical composition. The structural data
for the end-members a-Zn

2
V
2
O

7
and b-Cu

2
V
2
O

7
were

taken from Lavaud and Frit (1) and Gopal and Calvo (8).
The variation in a and b is uniform and con"rms a complete
solid solution with no phase transition. The variations of
the c lattice constant (10.098}10.119 As ) and the cell volume
(582.6}586.4 As 3) are minimal. The near-constant value of
< with large changes in a and b result from elongation of the
(MO

5
) square pyramid (M"Zn, Cu2`) and from rotation

of the vanadate tetrahedra (Figs. 2 and 3, Table 3).

(MO
5
) Coordination Polyhedron

The mineral ziesite has the structure of b-Cu
2
V
2
O

7
and is

one of sixteen Cu2`-oxysalt minerals containing Cu2` in
[5]-coordination (3). Eby and Hawthorne (25) have shown
that Cu2` in minerals occurs more often in square-pyr-
amidal than triangular-bipyramidal coordination. They did
not "nd a continuous transitional path between the two
coordinations in minerals, whereas E!enberger (26) showed
a continuous transition between the two coordinations for
a wider range of inorganic compounds. Hartree-Fock calcu-
lations for (CuO

5
) polyhedra (3) indicate that the com-

pressed triangular-bipyramid is of lower energy than the
elongated triangular-bipyramid, and the elongated square-
pyramid has lower energy than the compressed square-
pyramid. The Hartree-Fock calculations also indicate that
the compressed triangular-bipyramid is more energetically
favorable than the elongated square-pyramid, despite the
FIG. 1. Variation in a and b lattice constants with increasing substitu-
tion of Zn by Cu2` (in apfu of Cu2`) in square-pyramidal coordination in
the (Zn

2~x
Cu

x
)
2
V
2
O

7
phases.
fact that square-pyramidal coordination occurs more often
in minerals. The ground states of Cu2` in triangular-bi-
pyramidal and square-pyramidal coordination do not con-
tain energetically degenerate electronic states, and there is
no Jahn}Teller e!ect. However, Reinen and Atansov (27)
have argued that vibronic interaction between the ground
state and the excited state leads to stabilization of
the elongated square-pyramid, as the excited state is
FIG. 3. Variation in the M}O}V and V}O}V angles with increasing
substitution of Zn by Cu2` (in apfu of Cu2`).



b-Cu
2
V
2
O

7
}a-Zn

2
V
2
O

7
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Jahn}Teller active. Therefore, a quasi-Jahn}¹eller e+ect in
Cu2` square-pyramidal coordination may lead to a net
stabilization of elongated square-pyramidal coordination.

Zn2` has no energetically degenerate electronic ground
states and (ZnO

/
) polyhedra have no internal driving mech-

anism for distortion of the holosymmetric arrangments. In
a-Zn

2
V
2
O

7
, the square pyramid around Zn is slightly dis-

torted with a range in bond lengths from 1.973 to 2.088 As
(Table 3). In order to form the energetically favored elon-
gated square-pyramid that must accompany increasing sub-
stitution of Zn by Cu2`, the apical M1a}O3b bond length
increases from 2.027(4) in a-Zn

2
V
2
O

7
to 2.258(3) As in b-

Cu
2
V
2
O

7
(Figs. 2 and 3). Accordingly, the equatorial bond

lengths M1a}O3a, M1a}O4, M1a}O2a, and M1a}O2b
shrink from 1.973}2.088 As in a-Zn

2
V
2
O

7
to 1.930}1.948 As

in b-Cu
2
V
2
O

7
(Table 3, Fig. 2). Lengthening of the apical

M1a}O3b bond produces an incident bond-valence de"cit
at M2`; this de"cit is compensated by shortening of the
equatorial M}O bond lengths. This process of elongation
and compression is continuous across the solid-solution
series (Fig. 2, Table 3) and is con"rmed by small anisotropic
atomic-displacement factors for O3 (Table 2).

Rotation of the (V
2
O

7
) Group

The elongation of the (Zn, Cu2`O
5
) square pyramid is

parallel to a and the contraction of the four equatorial bond
lengths is parallel to b (Fig. 4). In the three-dimensional
framework, lengthening of the M1a}O3b bond causes
clockwise rotation of the central (V1aO

4
) tetrahedron in the
FIG. 4. The environment of the V1a tetrahedron in the direction of the
M}O2}V axis in a-Zn

2
V
2
O

7
and b-Cu

2
V
2
O

7
. It is apparent that, with

lengthening of the M}O3b bond, the (V1aO
4
) tetrahedron begins to rotate

clockwise in the ab-plane. This rotation decreases the V1a}O1}V1b angle
which causes counterclockwise rotation of the (V1bO

4
) tetrahedron. Atoms

and bonds in a-Zn
2
V
2
O

7
are black and in b-Cu

2
V
2
O

7
are gray. O atoms

are drawn as small circles and V, Zn, and Cu atoms are drawn as large
circles.
ab-plane. This rotation occurs around the M}O2}V axis
which is perpendicular to the ab-plane; it increases the
angles M1a}O3b}V and M1a}O4}V and decreases the
angles M1b}O3b}V and V1a}O1}V1b while the M}O2}V
angle remains constant (Figs. 3 and 4, Table 3). The decreas-
ing V1a}O1}V1b angle causes a counterclockwise rotation
of the (V1bO

4
) tetrahedron around the same axis (Fig. 4).

Thus, the response of the a-Zn
2
V
2
O

7
/b-Cu

2
V
2
O

7
frame-

work to the strain produced by elongation of the square
pyramid involves coupled clockwise and counterclockwise
rotation of the (VO

4
) tetrahedra, accounting for the near-

constant cell volumes and the increase and decrease in a and
b respectively. This elastic response is possible because there
are no symmetry restrictions on rotation of the (VO

4
) tet-

rahedra.

Comparison with the Adamite}Olivenite
Solid-Solution Series

In adamite, Zn
2
AsO

4
(OH), and olivenite, Cu2`

2
AsO

4
(OH), Cu2` and Zn are both in [5]- and [6]-coordination.
Adamite has space-group symmetry Pnnm (28) and olivenite
has space-group symmetry P2

1
/n (29,30). In both structures,

the octahedral coordination is a distorted [4#2]-coord-
ination with four short equatorial bonds and two long
apical bonds. In adamite, Zn is in slightly distorted triangu-
lar-bipyramidal coordination, whereas in olivenite, Cu2` is
in compressed triangular-bipyramidal coordination. In
these structures, initial substitution of Zn by Cu2` occurs in
the distorted octahedral coordination and causes slight
lengthening of the apical M}O bond (M"Zn, Cu2`) (31).
Further substitution of Zn by Cu2` incorporates Cu2` into
the triangular bipyramid. This leads to formation of the
energetically favored compressed triangular-bipyramidal
coordination. The phase transition occurs at &1.6 Cu2`

apfu (atoms per formula unit). In adamite, space group
Pnnm, the O3 atom is both an equatorial and an apical
O-atom of the triangular bipyramid. Increasing substitution
of Zn by Cu2` in the triangular bipyramid causes lengthen-
ing and shortening of the corresponding M}O3 bonds,
respectively, but in contrast to the a-Zn

2
V
2
O

7
/b-Cu

2
V
2
O

7
solid-solution series, the symmetry reduces and the O3 site
splits into two symmetrically distinct sites. The reason for
this symmetry reduction involves the constraints exerted
by the higher space-group symmetry Pnnm, as in this space
group, three out of four O atoms are on special positions
and this strongly constrains possible rotations of the
polyhedra.
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