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Abstract

La3Cu2VO9 crystallizes in a heretofore unknown superstructural variation of the rare-earth hexagonal structure (P63/mmc) for
ABO3 stoichiometries as characterized by X-ray, neutron and electron diffraction. The alternating hexagonal layers of LaO6/3 and
(Cu/V)O3/3 resemble those of YAlO3, except that the copper and vanadium order to create ana

√
13×a

√
13×c supercell withP63/m

symmetry. The B-cation coordination environments accommodate copper and vanadium in a two to one molar ratio. The CuII lattice
consists of nine atom clusters of triangles in triangles similar to a kagomé lattice. The phase is paramagnetic from 5 to 370 K with
three temperature regimes that correspond closely to 1/9, 4/9, and 9/9 spins per copper. 2001 Éditions scientifiques et médicales
Elsevier SAS. All rights reserved.
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1. Introduction

The ABO3 trivalent structural phase diagram has been
intensely studied [1]. To a first approximation, the rela-
tionship between structure and ions can be classified geo-
metrically, allowing structures to be predicted based on
ionic radii [2]. In particular, the perovskite structure ac-
commodates large A-cations that can form close packed
AO3 layers while ilmenite accommodates both the A- and
B-cations in octahedral interstices. A growing number of
compounds can be found at the interface between these
two structures. If the A-cations are too small to form
AO3 layers, but too large to fill octahedral sites between
close packed oxygen layers, then the rare-earth hexag-
onal structure can be the most thermodynamically sta-
ble [1]. YAlO3 is a prime example [3]. Other examples
include lanthanide aluminates (LnAlO3, Ln = Eu–Er) [3]
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and indates (LnInO3, Ln = Eu, Gd and Dy) [4]. The fun-
damental unit cell (P63/mmc, a ≈ 4 Å and c ≈ 11 Å)
consists of two ABO3 units (Z = 2). Both the A- and B-
cations occupy separate hexagonal arrays as AO6/3 lay-
ers of edge-sharing octahedra alternate with BO3/3 lay-
ers (see Fig. 1). The coordination of the A-cations in-
cludes six oxygen in an octahedron with two more cap-
ping oxygen from the BO3/3 plane. The size of the A-
cation is crucial, and the aforementioned examples sug-
gest that lanthanides from europium (IX r = 112.0 pm)
to erbium (IX r = 106.2 pm) can facilitate this structure.
However, the role of the B-cation in stabilizing the struc-
ture cannot be ignored. The ideal rare-earth hexagonal
structure accommodates B-cations in trigonal bipyrami-
dal sites (D3h).

Several homeotypic phases with multiple B-cations
have been discovered recently. Ln4Cu3MoO12 crystal-
lizes in the rare-earth hexagonal structure for Ln= La, Pr,
Nd and Sm–Tm [5]. In the lanthanum analogue, the MoVI
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Fig. 1. ABO3 rare-earth hexagonal structure type: AO6/3 layers of
edge-shared octahedra alternate with BO3/3 layers.

arrange in rectangles to yield a pseudo-monoclinic super-
cell (β ≈ 90◦) [6]. The coordination environments of both
the CuII and the MoVI remain approximately trigonal as
the in-plane oxygen simply shifts toward the MoVI and
away from the CuII in order to preserve bond valence. The
CuII atoms form trigonal clusters similar to a kagomé lat-
tice. Geometric frustration creates the equivalent of two
superimposable paramagnetic lattices that order antifer-
romagnetically at 5 and 400 K [7]. Ln2CuTiO6, Ln =
Tb–Lu, is another family of cuprates which crystallize
in the rare-earth hexagonal structure, but less is known
about these phases [8]. Obviously, copper makes up only
50% of the transition metal proportion and the range of
A-cations that can be incorporated at ambient pressure is
restricted to lanthanides smaller than gadolinium.

Both families can be conceived as members of the
homologous series: LnnCun− 1Mn+ 2O3n. The titanium
and molybdenum families represent then= 2 andn= 4
members, respectively. The relative amount of copper in-
creases withn as does the feasible range of lanthanide
cation size. Jansson et al. [9] have reported La3Cu2VO9

with a hexagonal unit cell ofa = 14.4427(7) and c =
10.685(1) Å based on electron and powder X-ray dif-
fraction, but the symmetry and structure of the phase
were not reported. The similarity between the PXD pat-
tern for La3Cu2VO9 and those for both La2CuTiO6 and
La4Cu3MoO12 is unmistakable. If the structure of the
vanadate is based on the rare-earth hexagonal structure
then it would be ann= 3 member of the aforementioned
series. The copper lattice could then be a partially sub-
stituted hexagonal lattice with potential for geometrically
frustrated antiferromagnetism. Thea parameter is

√
13

times larger than that of the fundamental hexagonal unit
cell, and this suggests yet a new class of superstructural
modification for the YAlO3 structure type. We have as-
certained the structure via X-ray, neutron and electron

diffraction experiments, and measured the magnetic sus-
ceptibility to corroborate the magnetic lattice.

2. Experimental

2.1. Synthesis

Polycrystalline La3Cu2VO9 was synthesized by solid
state reactions in air. Stoichiometric amounts of lan-
thanum, copper, and vanadium oxide powders were thor-
oughly ground in an agate mortar, pressed into pellets,
fired at 1010◦C for 4 days with two intermittent grind-
ings, and finally cooled at 0.5◦C min−1. The sample was
weighed before and after reaction. VO2 was used as the
vanadium source and the 0.6% weight increase is consis-
tent with the oxidation of VIV to VV.

2.2. X-ray diffraction

Powder X-ray diffraction (PXD) data was recorded on
a SCINTAG XDS 2000 diffractometer with Ni-filtered
Cu-Kα radiation. The data were collected in the 2θ range
of 5◦ to 120◦ by scanning every 0.015◦ for 7.5 s.

2.3. Transmission electron microscopy

The sample was prepared by crushing a small piece in
alcohol. The crystallites were deposited on a holey car-
bon film supported on a nylon grid. The electron diffrac-
tion (ED) was carried out on an 8100 Hitachi at 200 kV.
A Hitachi HF2000 transmission electron microscope with
cooled field emission gun was used to perform spec-
troscopy measurements. The cationic composition of the
sample was verified by energy dispersive X-ray spec-
troscopy (EDS). The electron energy loss spectroscopy
(EELS) was performed at 200 kV with a Gatan 666 par-
allel spectrometer.

2.4. Neutron powder diffraction (NPD)

The Intense Pulsed Neutron Source and Special En-
vironment Powder Diffractometer at Argonne National
Laboratory were used to collect time-of-flight data. Ap-
proximately 0.6 g of the sample was encapsulated in a
thin-walled vanadium can, and data were collected for
one hour at ambient temperature and pressure. Data from
the detector banks at 144.85◦ 2θ and at 90.00◦ 2θ were
used in the final Rietveld refinement. Reflections between
0.552 and 4.119 Å were used in the refinement. The
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coherent scattering lengths for La, Cu, V and O were
taken to be 8.24, 7.718,−0.3824, and 5.805 fm, respec-
tively [10]. Rietveld refinement of the neutron data was
carried out using the General Structure Analysis System
(GSAS) [11].

Rietveld refinement of the X-ray data was used to
determine the vanadium position since it is virtually
transparent to neutron radiation. The atomic positions
of the copper, lanthanum and oxygen from the neutron
refinement were not changed and the thermal parameters
(Biso) of the vanadium cations were set to 0.64 Å2.

2.5. Magnetic susceptibility

Zero-Field-Cooled (ZFC) susceptibility measurements
were performed using a Quantum Design MPMS SQUID
magnetometer from 5 to 370 K in an external field of
1000 Oe.

3. Results

No impurity phases in the La3Cu2VO9 sample were
detected in X-ray, neutron or electron diffraction exper-
iments, and no substantial cation mass was lost during
synthesis. EDS analysis performed on numerous crystals
established cationic ratios of Cu :V of 1.99(9) and La :V
of 2.9(2), and the EELS spectra recorded on several crys-
tals at the vanadiumL3/L2 edge indicated that the vana-
dium is in the+5 oxidation state based on theL3/L2 in-
tensity ratio. This confirms the nominal phase stoichiom-
etry of La3Cu2VO9 reported by Jansson et al. [9].

ED patterns show a set of intense reflections character-
istic of the hexagonal subcell (a ≈ 4 Å andc ≈ 11 Å),
classically observed for the rare-earth hexagonal YAlO3
structure type. However, as previously reported, addi-
tional diffraction spots were observed which generate
a new hexagonal lattice characterized bya ≈ 14.4 =
4.0

√
13 Å andc ≈ 10.7 Å [9]. Large angle tilt electron

diffraction (LATED) patterns along[0001], [1210] and
[1100] evidence the only condition: 000l: l = 2n (see
Fig. 2). P63, P63/m andP6322 are the three hexago-
nal space groups that have this condition alone. The con-
vergent beam electron diffraction (CBED) pattern taken
along [1100] (see Fig. 3) exhibits a mirror plane per-
pendicular to thec-axis indicating that the correct space
group isP63/m (No. 176).

The unit cell seen in ED is thirteen times larger
than the expected conventional hexagonal cell (a ≈ 4 Å,
c ≈ 11 Å). The c parameter is the same as that for

Fig. 2. LATED patterns of La3Cu2VO9 oriented (a)[0001], (b) [1210]
and (c)[1100] zone axes.
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Fig. 3. [1100] CBED pattern of La3Cu2VO9 showing the mirror plane
perpendicular to thec-axis and three higher order Laüe zones.

the subcell, which implies that the hexagonal planes
stack alongc similarly, i.e. alternating AO6/3 and BO3/3
layers with a screw axis. This supercell is one of many
hexagonal supercells that can exist in a hexagonal array
because two lattice points can be exactly

√
13 units

apart. Relative distances of size
√

3,
√

7, and
√

21 are
also possible. The relative area of any such hexagonal
supercell equalsn2 + nm+m2, wheren andm are some
natural numbers. The corresponding angleχ between the
unit vector and the supercell vector can be calculated as
well:

sin2
(
χ

2

)
= 3m2

4(n2 + nm+m2)
.

Fig. 4 depicts how a thirteen times larger supercell (m= 1
and n = 3) relates to the fundamental cell (m = 0 and
n= 1) common to the rare earth hexagonal phases.

There are at least two ways that such a cell could
be realized. Both the A- and B-cation arrays in the
YAlO3 structure type are hexagonal. A 27.8◦ rotation of
the AO6/3 layers with respect to the BO3/3 layer would
create an exacta

√
13×a

√
13×c supercell, and generate

P63/m symmetry if the original subcell hasP63/mmc
symmetry. In this case, the B-cations are no longer
positioned directly above and below the oxygen from the
AO6/3 layer and the B-cation coordination environments
are highly irregular. No rotational configuration has ever
before been documented for this structure type, but has
been seen in a zeolite system [12,13].

A second possibility would require the copper and
vanadium to order in such a supercell. Initially this seems
illogical because thirteen is a prime number, having no

Fig. 4. The relationship between a simple hexagonal unit cell (n = 1,
m = 0) and one exactly thirteen times larger (n = 3, m = 1). n andm
are hexagonal vectors,χ = 27.8◦ .

factors other than itself and one. If the B-cations were
to order, then a three times larger supercell would seem
most appropriate.

Both the rotated and unrotated models were tested by
refinement of neutron diffraction data. The initial atomic
positions for the rotated one were deduced by rotation
of the AlO3/3 positions in YAlO3 [3]. At first, vanadium
and copper cations were distributed statistically on all
B-cation sites, and the ratio of Cu to V was fixed at two.
However, in the later stages of the refinement, vanadium,
which is nearly transparent to the neutron radiation,
could be assigned to two sites, V(1) and V(5). With this
ordering, the positions of the LaIII , CuII , and O2− ions
converged and the details of the fit are given in Table 1.
X-ray data were used to refine the location and occupancy
of the two sites for vanadium. Several bond valence
sums and coordination environments for the B-cations
in the refined structure for this model were chemically
unacceptable [14].

The second model is based on an unrotated B-cation
plane and at least initially, involves trigonal bipyramidal
coordination for the B-cations. To begin, the copper
cations were assigned to three of the five B-cation sites,
equivalent to the ordering found in the rotated model.
The atomic positions converged with decidedly better
agreement factors than those of the previous model (see
Table 1). The final stage considering over 5100 NPD
reflections from the first bank of data (90.00◦) and 3800
from the second bank (144.85◦) confirms that there is no
rotation of the B-cation plane. The observed, calculated
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Table 1
Neutron diffraction data refinement parameters. Parenthetical good-
ness-of-fit values refer to the second bank of data at 144.85◦ as opposed
to those from the first bank at 90.00◦

Formula La3Cu2VO9 La3Cu2VO9

Space group P63/m P63/m

Model rotated unrotated

a (Å) 14.448(1) 14.447(1)

c (Å) 10.686(1) 10.686(1)

V (Å3) 965.90(1) 965.73(1)

Z 26/3 26/3

dcalc (g cm−3) 5.502 5.501

Rp (%) 4.9 (5.4) 4.4 (4.5)

Rwp (%) 7.6 (8.2) 7.0 (7.0)

χ2 2.2 1.7

R2
f (%) 9.8 (7.2) 7.6 (6.5)

Reflections 5100 (3800) 5100 (3800)

Coherent scattering lengths La: 8.24 fm

Cu: 7.718 fm

V: −0.3824 fm

O: 5.805 fm

Radiation Neutron Time of Flight (TOF)

d range (Å) 0.552–4.119

Software General Structural Analysis

System (GSAS)

Profile function Exponential Gaussian convolution

(1st TOF profile function in GSAS)

(Von Dreele 1978)

Background correction Power series:Q2n/n!
(4th background function in GSAS)

and difference NPD patterns for the first bank are plotted
in Fig. 5.

Remarkably, the occupancy of one of the copper sites
refined to only 0.87(1) while those of the other two
refined to 1.00(1). This corresponds to 1.99(1) copper per
La3Cu2VO9 formula unit. The vanadium positions and
occupancies were refined from PXD data. Vanadium was
initially assigned to the two crystallographically unique
sites (V(1) and V(5)) as well as the remainder of the
partially occupied copper site, Cu(2), but the position of
the vanadium on this site was not restricted to that of the
copper. The refined structural and atomic parameters are
listed in Table 2 as well as the bond valence sums for the

Fig. 5. Observed, calculated and difference neutron powder diffraction
data. Extra phases are from the vanadium container and the cadmium
shield.

cations [14], which are more sensible than the previous
rotated model. Selected bond lengths and angles are given
in Tables 3 and 4, respectively.

Despite the cation ordering in the (Cu/V)O3/3 layer,
the positions of the La cations did not change consid-
erably. The hexagonal array of A-cations shows no sig-
nificant modulations reminiscent of the supercell. The
coordination environment of La(1) also remained un-
changed with six La–O distances of 2.49(1) Å and two
more of 2.67(1) Å. However, the coordination environ-
ments of the other two crystallographically independent
lanthanum cations did distort slightly. The inner coordi-
nation sphere of La(2) still consists of six oxygen, but the
bond lengths range from 2.39(1) to 2.68(1) Å. Two more
distant oxygen sit 2.77(1) Å away. For La(3), the seven
oxygen occupy the inner coordination sphere at distances
from 2.33(1) to 2.62(1) Å. One more distant oxygen sits
2.88(1) Å away. The bond valence calculations for the
three lanthanum are all close to three and confirm the ac-
curacy of their coordination environments (see Table 2)
[14].

The B-cations in the unrotated model exhibit various
coordination environments. Fig. 6 shows the B-cation
plane for the refined structure with thirteen cation sites
per plane, five of which are crystallographically distinct
(four 6h sites and one2d site). Six (two6h sites) of the
thirteen are occupied fully by copper, four (one6h and
one2d site) are occupied fully by vanadium, and three
(one 6h) are shared by copper and vanadium. The co-
ordination environments of the B-cations include trig-
onal bipyramidal, distorted square planar and distorted



574 D.A. Vander Griend et al. / Solid State Sciences 3 (2001) 569–579

Table 2
Crystallographic data for La3Cu2VO9 based on Rietveld refinement of NPD and PXD data inP63/m with a = 14.477(1) andc = 10.686(1) Å. The
bond valence sums (BVS) for the cations are listed in the final column and verify the accurateness of the structure

Atom Site x y z occupancy Biso (Å2) BVS

La(1) 2b 0 0 0 1 0.06(3) 3.1

La(2) 12i 0.3034(1) 0.0732(1) −0.0005(1) 1 0.45(2) 3.0

La(3) 12i 0.6120(2) 0.1488(1) 0.0085(1) 1 0.30(2) 3.1

V(1) 2d 2/3 1/3 1/4 1 0.64* 4.5

V(2) 6h 0.989(22) 0.134(34) 1/4 0.13(1) 0.81(4)

Cu(2) 6h 1.0183(3) 0.1562(3) 1/4 0.87(1) 0.81(4) 1.9

Cu(3) 6h 0.3515(2) 0.2284(2) 1/4 1.00(1) 0.51(3) 1.8

Cu(4) 6h 0.6059(3) 0.5807(3) 1/4 1.00(1) 0.92(3) 2.0

V(5) 6h 0.194(4) 0.705(4) 1/4 1 0.64* 5.2

O(a) 12i 0.4378(3) 0.0347(3) 0.0766(2) 1 0.49(3)

O(b) 12i 0.7471(2) 0.1139(2) 0.0744(3) 1 0.36(4)

O(c) 12i 0.0485(3) 0.1797(3) 0.0824(2) 1 0.80(4)

O(d) 4f 2/3 1/3 0.0775(4) 1 0.07(6)

O(e) 12i 0.2813(3) 0.4982(3) 0.1079(3) 1 0.56(3)

O(1) 2a 0 0 1/4 1 0.36(7)

O(2) 6h 0.3103(4) 0.0741(5) 1/4 1 1.03(6)

O(3) 6h 0.5641(3) 0.3738(3) 1/4 1 0.62(5)

O(4) 6h 0.2892(6) 0.3474(6) 1/4 1 1.71(7)

O(5) 6h 0.4528(5) 0.5519(5) 1/4 1 1.39(7)

* Thermal parameters for vanadium were set at 0.64 and not refined.

tetrahedral. Only V(1) displays ideal trigonal bipyramidal
coordination withD3h point symmetry. V(5) possesses
tetrahedral coordination with the vanadium distorted to-
wards an edge of the tetrahedron. The Cu(2) tetrahe-
dral coordination environment flattens to approximate a
square plane. Cu(3) and Cu(4) occupy trigonal bipyra-
mids that distort towards square pyramids. None of these
environments are extremely rare for CuII or VV.

La3Cu2VO9 is paramagnetic over the entire range of
temperatures measured (5 to 370 K). Since the vanadium
is pentavalent, CuII is the only spin magnetic species.
The inverse magnetic susceptibility is shown in Fig. 7,
and three distinct paramagnetic regimes can be identified
and fit to the Curie–Weiss law,χm = C/(T − θ). The
transition between the two low temperature regions is
quite narrow (≈ 20◦) compared to the one between the
two high temperature regions which is approximately

150◦. Table 5 lists the temperature ranges and the
corresponding best-fit parameters for each region.

4. Discussion

PXD and NPD confirm that the structure of La3Cu2-
VO9 is indeed closely related to that of the rare earth
hexagonal phases, and as such it is ann = 3 member of
the LnnCun− 1Mn+ 2O3n series. The ratio of lanthanum
to copper to vanadium in the reaction mixture throughout
the synthesis is three to two to one and the refinement
verifies that the stoichiometry of the lanthanum and
copper did not change.

We have confirmed the hexagonal unit cell reported
by Jansson et al. [9] and can further assign a symmetry
of P63/m. The atomic structure consists of alternating
layers of edge-sharing AO6/3 octahedra and BO3/3 planes
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Table 3
Selected bond distances for La3Cu2VO9

Bond Number Distance (Å) Bond Number Distance (Å)

La(1)–O(c) 6 2.487(4) V(1)–O(d) 2 1.843(4)

La(1)–O(c) 2 2.672 V(1)–O(3) 3 1.845(5)

La(2)–O(a) 1 2.4164(5) Cu(2)–O(c) 2 1.843(2)

La(2)–O(b) 1 2.425(3) Cu(2)–O(1) 1 2.137(5)

La(2)–O(b) 1 2.555(3) Cu(2)–O(2) 1 2.159(5)

La(2)–O(c) 1 2.386(5)

La(2)–O(c) 1 2.482(4) Cu(3)–O(b) 2 1.879(3)

La(2)–O(e) 1 2.776(4) Cu(3)–O(2) 1 1.999(8)

La(2)–O(2) 1 2.679(1) Cu(3)–O(3) 1 2.719(4)

La(2)–O(4) 1 2.774(2) Cu(3)–O(4) 1 2.305(11)

La(3)–O(a) 1 2.331(4) Cu(4)–O(a) 2 1.867(3)

La(3)–O(a) 1 2.543(5) Cu(4)–O(2) 1 2.023(8)

La(3)–O(b) 1 2.362(5) Cu(4)–O(3) 1 2.738(6)

La(3)–O(d) 1 2.484(3) Cu(4)–O(5) 1 2.036(9)

La(3)–O(e) 1 2.567(5)

La(3)–O(e) 1 2.615(6) V(5)–O(e) 2 1.546(9)

La(3)–O(3) 1 2.634(2) V(5)–O(4) 1 2.005(66)

La(3)–O(5) 1 2.877(3) V(5)–O(5) 1 1.988(47)

Cu(4)–Cu(5) 3 3.35(1) Cu(4)–Cu(4) 3 3.70(1)

Cu(5)–Cu(6) 3 3.53(1) Cu(5)–Cu(5) 3 7.73(1)

Cu(6)–Cu(4) 3 3.79(1) Cu(6)–Cu(6) 3 10.19(1)

similar to YAlO3. It is clear from the refinement that the
B-cations order within the plane to create a supercell
which is thirteen times larger than a fundamental cell
common to the rare earth hexagonal phases (a ≈ 4 Å,
c ≈ 11 Å). In contrast to a model based on a rotated B-
cation plane, this model yields reasonable bond distances
and coordination environments for all the cations, and
decidedly leads to the best fit with experimental data.

Given their respective oxidation states, it is not un-
expected to find CuII and VV in ordered sites, but
this could be accomplished with perfect ordering in
a supercell that is only three times larger. In the lat-
ter case, the B-cations would likely all experience trig-
onal bipyramidal coordination and no small triangles
of copper cations would occur. Apparently, the clus-
tering of B-cations in a larger unit cell is preferable

over a more uniform distribution. The particular B-
cation arrangement in the thirteen times larger supercell
also affords a more suitable set of B-cation coordina-
tion environments with some of the vanadium and cop-
per occupying distorted tetrahedral sites. Overall it ap-
pears that CuII /VV in a 2/1 ratio is best accommodated
by a supercell which creates 3+ 3 + 3 + 3 + 1 = 13
B-cation coordination environments per plane, ten of
which are distorted fromD3h symmetry.

The inverse susceptibility of La4Cu3MoO12 exhibited
two paramagnetic regimes. The copper cations form tri-
angular clusters with an intermetallic distance of approx-
imately 3.4 Å. These behave as either 1 or 3 independent
1/2 spins, and indeed the magnetic regimes clearly corre-
spond to 1 and 3 paramagnetic spins per formula unit [6].
This is expected for triangular clusters in which two spins
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Table 4
Selected bond angles for La3Cu2VO9

Bonds Angle (◦)

O(d)–V(1)–O(d) 180.0(2)

O(d)–V(1)–O(3) 90.0

O(3)–V(1)–O(3) 120.0

O(c)–Cu(2)–O(c) 155.0(3)

O(c)–Cu(2)–O(1) 95.0(2)

O(c)–Cu(2)–O(2) 93.1(2)

O(1)–Cu(2)–O(2) 141.5(3)

O(b)–Cu(3)–O(b) 161.0(2)

O(b)–Cu(3)–O(2) 98.7(2)

O(b)–Cu(3)–O(3) 82.7(2)

O(b)–Cu(3)–O(4) 85.0(2)

O(2)–Cu(3)–O(3) 116.9(3)

O(2)–Cu(3)–O(4) 145.3(3)

O(3)–Cu(3)–O(4) 98.7(2)

O(a)–Cu(4)–O(a) 165.8(3)

O(a)–Cu(4)–O(2) 94.7(2)

O(a)–Cu(4)–O(3) 83.2(2)

O(a)–Cu(4)–O(5) 88.9(2)

O(2)–Cu(4)–O(3) 113.4(3)

O(2)–Cu(4)–O(5) 147.8(4)

O(3)–Cu(4)–O(5) 98.8(2)

O(e)–V(5)–O(e) 158.5(34)

O(e)–V(5)–O(4) 98.4(25)

O(e)–V(5)–O(5) 97.3(19)

O(4)–V(5)–O(5) 85.4(18)

can order antiferromagnetically and the third then can
not. The single spins on the triangular clusters interact
weakly owing to the long inter-cluster distance (7.9 Å)
and order antiferromagnetically at 5 K.

The magnetism of La3Cu2VO9 is also completely
paramagnetic at high temperature. By 330 K, the slope
of the high temperature region (III) is quite close to
the expected value for 1/2 spins (expectedpeff = 1.73).
The large negative Weiss temperature for this regime
(−470 K) denotes the strong antiferromagnetic coupling.
Despite this forceful interaction, the spins do not order
completely below 200 K. This is because of the geomet-
ric frustration that results from triangular spin arrange-

ments. The slopes of regions II and I correspond to less
paramagnetic spin, and the Weiss temperatures (−94 K
and−6.6 K, respectively) indicate that the spin interac-
tions are much weaker.

The copper cations in the B-cation plane of La3Cu2VO9
form nine-atom clusters (see Fig. 6) similar to Cu9-
X2(cpa)6, X = F, Cl, Br, which also exhibits three re-
gions in 1/χm plots [15]. A cluster consists of a trian-
gle of triangular clusters which each have an intermetal-
lic distance of approximately 3.6 Å. If each triangle can
theoretically behave as 1 or 3 independent 1/2 spins, we
might expect a triangle of triangles to yield spin regimes
that correspond to 1, 3 and 9 paramagnetic spins. How-
ever, there are many other ways to associate the copper
into triangular clusters as Fig. 6 suggests. For example,
there is a fourth triangular cluster centered on O(1) with
an intermetallic distance of 3.7 Å.

The structural refinement indicates that the average
number of copper cations per cluster is 8.67. Given
that one site is only 87% occupied by CuII , the micro-
scopic cluster population is 66% 9-copper clusters, 30%
8-copper clusters and 4% 7-copper clusters. Assuming
that at 370 K the sample is 100% paramagnetic, the bulk
susceptibility measurements show that the clusters ex-
hibit average spin states of 0.96, 4.00 and 8.67 paramag-
netic spins in the different temperature ranges. The ra-
tio of the susceptibility of the first and third temperature
regimes is 9.0, which agrees moderately well with the av-
erage number of coppers per cluster. The susceptibility
of the second regime of 4.00 cannot be easily interpreted
with regard to a 9-copper cluster since it is impossible to
pair up five spins and leave four unpaired. The presence
of 8- and 7-copper clusters should decrease the overall
paramagnetic fraction by alleviating spin frustration, but
only by as much as an average of 0.38 spins per cluster.
Given the complex geometry of the cluster, quantum me-
chanical calculations will likely be required to model the
spin system. Field dependent measurements could also
help to quantify the magnetic transitions as in the molyb-
date case [7].

Previous electron diffraction studies were used to
support an even larger monoclinic supercell ofam =
14.4427,bm = ch = 10.685,cm = 52.07 Å, β = 106.1◦,
and Zm = 4Zh, which corresponds to one possible
tiling of the monoclinic ac plane equivalent in area
to four hexagonal basal units [9]. Higher order Laüe
zone ring radii,r, from CBED patterns for different
crystal orientations can be used to determine real lattice
spacings, H−1

m [16]. Fig. 3 shows three such rings for
the [1100] direction. Calculated values are based on the
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Fig. 6. (Cu/V)O3 plane for La3Cu2VO9. Triangle of triangular copper clusters is centered on O(1).

Fig. 7. Inverse susceptibility for La3Cu2VO9 per mole of CuII . Three paramagnetic regimes of distinct slope are shaded which correspond closely to
1/9, 4/9 and 9/9 spins per copper.
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Table 5
Magnetic data for La3Cu2VO9

Region Temperature range (K) θ (K) C (emu K mol−1 of Cu) peff (µB) Relative spin fraction

I 5–15 −6.6 0.040 0.56 1.00

II 35–180 −94 0.16 1.14 4.15

III 330–370 −470 0.35 1.68 9.00

Table 6
Calculated and measured layer spacings (H−1) from convergent beam
electron diffraction

Crystal Laüe zone CalculatedH−1 MeasuredH−1

orientation order (nm) (nm)

210 1st 3.81 3.80

112 1st 2.58 2.58

114 1st 4.51 4.59

310 1st 5.19 5.15

110 1st 2.49 2.49

110 2nd 1.45 1.23

110 3rd 0.83 0.82

chosen unit cell. The ratio between the measured and
calculated values should correspond to the order of the
Laüe zone. Excellent agreement between the measured
values and calculations based on the hexagonal supercell
which is thirteen times larger imply that an even larger
supercell is unnecessary. Table 6 lists the measured and
calculated H−1 values.

Ln3Cu2VO9: Ln = Pr, Nd, Eu–Gd, samples have
been made in a similar fashion to that of the lanthanum
analogue, and gadolinium appears to be the limit of
the analogues that have a comparable powder diffrac-
tion pattern. Fig. 8 shows the lattice parameters for
Ln3− xLaxCu2VO9; x = 0, 1.0, 2.0, 2.5, 3.0; Ln= Pr,
Nd, Sm, Eu, and Gd. Thea parameters of all the sam-
ples behave linearly as expected, similar to the molyb-
date family. Thec parameters, however, do not change
monotonically. The heights of the unit cells for solid
solution compositions do not change significantly as a
smaller lanthanide is partially substituted (x = 1.0 and
2.0) for the lanthanum. Only the end-members exhibit no-
tably differentc parameters. This aberration likely results
from the superstructure. The irregular set of B-cation co-
ordination environments disrupts the regular interpoly-
hedral connections between the AO6/3 and BO3/3 layers.

Fig. 8. Graph of lattice parameters for Ln3− xLaxCu2VO9 as a function
of x.

This can be seen by comparing the positions of the oxy-
gen between the A- and B-cations for the molybdenum
and vanadium analogues. The deviation in thez coor-
dinates for the oxygen around the A-cation is 0.4 Å for
La3Cu2VO9 but only 0.1 Å for La4Cu3MoO12. Conse-
quently, the interaction between the layers is more dis-
continuous for the vanadate as the A-cation array con-
tracts.

The rare earth hexagonal structure, while seemingly
unsatisfactory for many ABO3 compositions, has proven
to be a versatile type for accommodating cations in less
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common coordination environments. The possibilities are
especially sensitive to the small B-cations. No pertur-
bation is necessary if they prefer trigonal bipyramidal
coordination. However, cation ordering phenomena can
lead to novel sets of B-cation coordination environments
which can accommodate various potential B-cation stoi-
chiometries.

La3Cu2VO9 is an (ABO3)n= 3 phase that facilitates a
B-cation composition of two-thirds CuII and one-third
VV. This heretofore unknown superstructural variation of
the rare-earth hexagonal structure type is a function of
the transition metal coordination preferences. Other com-
positions could well lead to other superstructures. Solid
solutions between then = 2, 3 and 4 members of the
LnnCun− 1Mn+ 2O3n series would make it possible to
achieve any Cu/M ratio between one and three. The ra-
tio of the transition metal cations in La13Cu9V3MoO39
could occupy thirteen sites of the hexagonal super-
cell without disorder. Other compositions may promote
different cation ordering schemes and different super-
structures. Frustrated magnetism would likely result if
the spin lattices are partially occupied hexagonal ar-
rays and must result if the Cu/M ratio is greater than
two.

It is notable that the more copper on the B-site, the
wider the range of tolerable A-cation sizes. Ln3Cu2VO9
accommodates Ln= La, Pr, Nd, Eu, and Gd; and
Ln4Cu3MoO12 accommodates Ln= La, Pr, Nd, Sm–
Tm [17]. Both families form with lanthanum where
previously europium was the largest known trivalent
cation ever incorporated in the rare-earth hexagonal
structure type. This points to the ability of copper
along with large lanthanides to promote the formation
of the rare-earth hexagonal structure by destabilizing
multiphase alternatives. Solid state compounds exist
in a delicate balance of interatomic forces often far
to complex to anticipate. La3Cu2VO9 and the other
members of the rare-earth hexagonal cuprates testify to
the intimate role of copper in the structural counterpoise.
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