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Abstract

LagCwVOg crystallizes in a heretofore unknown superstructural variation of the rare-earth hexagonal strR6tyranic) for
ABO3 stoichiometries as characterized by X-ray, neutron and electron diffraction. The alternating hexagonal layegg0h@&O
(Cu/V)Oz/3resemble those of YAIQ) except that the copper and vanadium order to creatg/Ar8 x a~/13 x ¢ supercell withP63/m
symmetry. The B-cation coordination environments accommodate copper and vanadium in a two to one molar ratib.|atie<u
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 closely3p4/9, and 99 spins per coppef] 2001 Editions scientifiques et médicales
Elsevier SAS. All rights reserved.
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1. Introduction and indates (Lning Ln = Eu, Gd and Dy) [4]. The fun-
damental unit cell P63/mmc, a ~ 4 A andc ~ 11 A)
The ABG; trivalent structural phase diagram has been consists of two ABQ units (Z = 2). Both the A- and B-
intenSEIy studied [1] To a first appl’oximation, the rela- cations occupy separate hexagona| arrays a@abl@_
tionship between structure and ions can be classified geo-grs of edge-sharing octahedra alternate withsBQy-
metrically, allowing structures to be predicted based on g (see Fig. 1). The coordination of the A-cations in-
ionic radii [2]. In particular, the perovskite structure ac- | des six oxygen in an octahedron with two more cap-
commodates large A-cations that can form close paCkedping oxygen from the B@s plane. The size of the A-
AQg layers while ilmenite accommodates boththe A-and. ¢iiqn s crucial, and the aforementioned examples sug-
B-cations in octahedral interstices. A growing number of gest that lanthanides from europiuf«( = 1120 pm)
compounds can be found at the interface between theseto erbium [Xr = 1062 pm) can facilitate this structure.

two structures. If the A-cations are too small to form o I
. . However, the role of the B-cation in stabilizing the struc-
AOg3 layers, but too large to fill octahedral sites between . )
ture cannot be ignored. The ideal rare-earth hexagonal

close packed oxygen layers, then the rare-earth hexag- : L . .
onal structure can be the most thermodynamically sta- structure accommodates B-cations in trigonal bipyrami-

ble [1]. YAIO3 is a prime example [3]. Other examples 92! Sites Dsp).

include lanthanide aluminates (LnAYOLn = Eu—Er) [3] Several hqmeotypic phases with multiple B-cations
have been discovered recently. 4GusMo00O;2 crystal-
* Correspondence and reprints. lizes in the rare-earth hexagonal structure foetha, Pr,
E-mail address: krp@northwestern.edu (K.R. Poeppelmeier). Nd and Sm—-Tm [5]. In the lanthanum analogue, the/Mo
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diffraction experiments, and measured the magnetic sus-
ceptibility to corroborate the magnetic lattice.

[AO,]
[B03/3]
[AO,]
[BO3/3]
[AO,]

2. Experimental

2.1. Synthesis

Polycrystalline LagCu;VOg was synthesized by solid
Fig. 1. ABO; rare-earth hexagonal structure type: @layers of state reactions in air. St0|_ch|om§tr|c amounts of lan-
edge-shared octahedra alternate withgRdayers. thanum, copper, and vanadium oxide powders were thor-
oughly ground in an agate mortar, pressed into pellets,
fired at 1010C for 4 days with two intermittent grind-

. . . ings, and finally cooled at 0°€ min~t. The sample was
arrange in rectangles to yield a pseudo-monoclinic super—Weighed before and after reaction. Y@as used as the

cell (8 ~ 90°) [6]. The coordination environments of both vanadium source and the 0.6% weight increase is consis-
the Cd' and the Md' remain approximately trigonal @ 1ot with the oxidation of ¥ to V.

the in-plane oxygen simply shifts toward the ¥Maand
away from the Cli in order to preserve bond valence. The
Cu' atoms form trigonal clusters similar to a kagomé lat-

tice. Geometric frustration creates the equivalent of two  powder X-ray diffraction (PXD) data was recorded on
superimposable paramagnetic lattices that order antifer-; sc|NTAG XDS 2000 diffractometer with Ni-filtered
romagnetically at 5 and 400 K [7]. L&QuTiOs, Ln = cy.k,, radiation. The data were collected in therange
Th—Lu, is another family of cuprates which crystallize of 50 1o 12¢ by scanning every 0.0250r 7.5 s.

in the rare-earth hexagonal structure, but less is known

about these phases [8]. Obviously, copper makes up onlyp 3. Transmission electron microscopy
50% of the transition metal proportion and the range of
A-cations that can be incorporated at ambient pressure is  The sample was prepared by crushing a small piece in
restricted to lanthanides smaller than gadolinium. alcohol. The crystallites were deposited on a holey car-
Both families can be conceived as members of the pyon film supported on a nylon grid. The electron diffrac-
homologous series: L€y, - 1M" +20g,. The titanium  tion (ED) was carried out on an 8100 Hitachi at 200 kV.
and molybdenum families represent the- 2 andn = 4 A Hitachi HF2000 transmission electron microscope with
members, respectively. The relative amount of copper in- cooled field emission gun was used to perform spec-
creases witm as does the feasible range of lanthanide troscopy measurements. The cationic composition of the
cation size. Jansson et al. [9] have reportegdiaVOg sample was verified by energy dispersive X-ray spec-
with a hexagonal unit cell ofi = 14.44277) andc = troscopy (EDS). The electron energy loss spectroscopy
10.6851) A based on electron and powder X-ray dif- (EELS) was performed at 200 kV with a Gatan 666 par-
fraction, but the symmetry and structure of the phase allel spectrometer.
were not reported. The similarity between the PXD pat-
tern for LagCupVOg and those for both L&CuTiOs and 2.4. Neutron powder diffraction (NPD)
LasCusMo0Oq2 is unmistakable. If the structure of the
vanadate is based on the rare-earth hexagonal structure The Intense Pulsed Neutron Source and Special En-
then it would be am = 3 member of the aforementioned vironment Powder Diffractometer at Argonne National
series. The copper lattice could then be a partially sub- Laboratory were used to collect time-of-flight data. Ap-
stituted hexagonal lattice with potential for geometrically proximately 0.6 g of the sample was encapsulated in a
frustrated antiferromagnetism. Theparameter isy/13 thin-walled vanadium can, and data were collected for
times larger than that of the fundamental hexagonal unit one hour at ambient temperature and pressure. Data from
cell, and this suggests yet a new class of superstructuralthe detector banks at 144820 and at 90.00 20 were
modification for the YAIQ structure type. We have as- used in the final Rietveld refinement. Reflections between
certained the structure via X-ray, neutron and electron 0.552 and 4.119 A were used in the refinement. The

2.2. X-ray diffraction
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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 A

2.5. Magnetic susceptibility

Zero-Field-Cooled (ZFC) susceptibility measurements a) LATED pattern along the [0001] zone axis
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 13€wu,VOg 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 humerous 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 vanadiumgz/L> edge indicated that the vana- _
dium is in the+5 oxidation state based on tiig/L> in- b) LATED pattern along the [1210] zone axis
tensity ratio. This confirms the nominal phase stoichiom-
etry of LagCupVOg reported by Jansson et al. [9].

ED patterns show a set of intense reflections character-
istic of the hexagonal subcel &= 4 A andc ~ 11 A),
classically observed for the rare-earth hexagonal YAIO
structure type. However, as previously reported, addi-
tional diffraction spots were observed which generate
a new hexagonal lattice characterized by~ 14.4 =
4.0,/13 A andc ~ 10.7 A [9]. Large angle tilt electron
diffraction (LATED) patterns along0001], [1210] and
[1100] evidence the only condition: 000! = 21 (see
Fig. 2). P63, P63/m and P6322 are the three hexago-
nal space groups that have this condition alone. The con-
vergent beam electron diffraction (CBED) pattern taken
along [110Q] (see Fig. 3) exhibits a mirror plane per- 7 .
pendicular to the:-axis indicating that the correct space ¢) LATED pattern along the [1100] zone axis
group isP63/m (No. 176).

The unit cell seen in ED is thirteen times larger
than the expected conventional hexagonal eet&@ A, Fig. 2. LATED patterns of LgCuyVOg oriented (a)0001], (b) [1210]
c ~ 11 A). The ¢ parameter is the same as that for and (c)[1100| zone axes.
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) _ ) ) Fig. 4. The relationship between a simple hexagonal unit ee# (,
Fig. 3.[1100] CBED pattern of LgCupVOg showing the mirror plane m = 0) and one exactly thirteen times larger= 3, m = 1). n andm
perpendicular to the-axis and three higher order Lale zones. are hexagonal vectorg, — 27.8°.

the subcell, which implies that the hexagonal planes
stack along: similarly, i.e. alternating Agys and BQys factors other than itself and one. If the B-cations were

layers with a screw axis. This supercell is one of many .
L to order, then a three times larger supercell would seem
hexagonal supercells that can exist in a hexagonal array :
most appropriate.

because two lattice points can be exactfi3 units

span. Reltve dtnces of 5, /7, anay 2L are 500 e e and o mod e et

also possible. The relative area of any such hexagonal ~ " - ‘ X
positions for the rotated one were deduced by rotation

supercell equalg? + nm + m?, wheren andm are some - : ) .
natural numbers. The corresponding angleetween the of the AlOg/5 positions in YAIG; [3]. At first, vanadium
and copper cations were distributed statistically on all

unit vector and the supercell vector can be calculated as . . . )
B-cation sites, and the ratio of Cu to V was fixed at two.

well 5 However, in the later stages of the refinement, vanadium,
Sinz(ﬁ) _ 3m _ which is nearly transparent to the neutron radiation,
2)  4An?+nm+m?) could be assigned to two sites, V(1) and V(5). With this
Fig. 4 depicts how a thirteen times larger superael{ 1 ordering, the positions of the ' Cu', and G~ ions
andn = 3) relates to the fundamental celh (= 0 and converged and the details of the fit are given in Table 1.
n = 1) common to the rare earth hexagonal phases. X-ray data were used to refine the location and occupancy

There are at least two ways that such a cell could of the two sites for vanadium. Several bond valence
be realized. Both the A- and B-cation arrays in the sums and coordination environments for the B-cations
YAIO 3 structure type are hexagonal. A 27 i®tation of in the refined structure for this model were chemically
the AQy3 layers with respect to the B layer would unacceptable [14].
create an exaetv/13 x a+/13x ¢ supercell, and generate The second model is based on an unrotated B-cation
P63/m symmetry if the original subcell haB63/mmc plane and at least initially, involves trigonal bipyramidal
symmetry. In this case, the B-cations are no longer coordination for the B-cations. To begin, the copper
positioned directly above and below the oxygen from the cations were assigned to three of the five B-cation sites,
AQg/3 layer and the B-cation coordination environments equivalent to the ordering found in the rotated model.
are highly irregular. No rotational configuration has ever The atomic positions converged with decidedly better
before been documented for this structure type, but hasagreement factors than those of the previous model (see
been seen in a zeolite system [12,13]. Table 1). The final stage considering over 5100 NPD

A second possibility would require the copper and reflections from the first bank of data (90°9@nd 3800
vanadium to order in such a supercell. Initially this seems from the second bank (144.85confirms that there is no
illogical because thirteen is a prime number, having 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 1448®pposed

to those from the first bank at 90.00

Formula LaCupVOg LagCwpVOg
Space group P63/m P63/m
Model rotated unrotated
a () 14.448(1) 14.447(1)
c(A) 10.686(1) 10.686(1)
v (A3) 965.90(1) 965.73(1)
z 26/3 26/3
dealc (genm3) 5.502 5.501
Rp (%) 4.9 (5.4) 4.4 (4.5)
Rwp (%) 7.6(8.2) 7.0(7.0)
x2 2.2 1.7
RZ (%) 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
0:5.805 fm

Radiation Neutron Time of Flight (TOF)
d range (A) 0.552-4.119
Software General Structural Analysis

System (GSAS)

Profile function Exponential Gaussian convolution
(1st TOF profile function in GSAS)

(Von Dreele 1978)

Power serig@?! /n!
(4th background function in GSAS)

Background correction

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

573

Intensity

1.4

d-spacing (A)

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/\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(l) also remained un-
changed with six La—O distances of 2.49(1) A and two
more of 2.67(1) A. 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) A. Two more
distant oxygen sit 2.77(1) A away. For La(3), the seven
oxygen occupy the inner coordination sphere at distances
from 2.33(1) to 2.62(1) A. One more distant oxygen sits
2.88(1) A 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)

Remarkably, the occupancy of one of the copper sites [14].

refined to only 0.87(1) while those of the other two

The B-cations in the unrotated model exhibit various

refined to 1.00(1). This corresponds to 1.99(1) copper per coordination environments. Fig. 6 shows the B-cation

LazCupVOg formula unit. The vanadium positions and

plane for the refined structure with thirteen cation sites

occupancies were refined from PXD data. Vanadium was per plane, five of which are crystallographically distinct

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

(four 6h sites and on@d site). Six (two6h sites) of the
thirteen are occupied fully by copper, four (o and
one2d site) are occupied fully by vanadium, and three

the vanadium on this site was not restricted to that of the (one 6i) are shared by copper and vanadium. The co-
copper. The refined structural and atomic parameters areordination environments of the B-cations include trig-
listed in Table 2 as well as the bond valence sums for the onal bipyramidal, distorted square planar and distorted
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Table 2
Crystallographic data for l#u,VOg based on Rietveld refinement of NPD and PXD dat®s/m with a = 14.477(1) andc = 10.686(1) A. 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 (A2) BVS
La(l) 2b 0 0 0 1 06(3) 31
La(2) 12i Q30341) 0.07321) —0.00051) 1 0.45(2) 3.0
La(3) 12i Q61202) 0.14881) 0.00851) 1 0.30(2) 3.1
V() 2d 23 13 14 1 064" 45
V(2) 6h 098922 0.134(34) 1/4 0.13(1) 0.81(4)
Cu(2) 6h 101833) 0.15623) 1/4 0.87(1) 0.81(4) 1.9
cu@) 6h 035152) 0.22842) 1/4 100(1) 0.51(3) 18
Cu(4) 6h 060593) 0.580%3) 1/4 1.00(1) 0.92(3) 2.0
V(5) 6h 0194(4) 0.705(4) 1/4 1 064" 5.2
O(a) 12i 043783) 0.03473) 0.07662) 1 0.49(3)
o(b) 12i Q74712) 0.11392) 0.07443) 1 0.36(4)
O(c) 12i Q04853) 0.17973) 0.08242) 1 0.80(4)
o(d) 4 23 13 0.07754) 1 0.07(6)
O(e) 12i 028133) 0.49823) 0.10793) 1 0.56(3)
0o(1) 2a 0 0 14 1 036(7)
0(2) 6h 031034) 0.0741(5) 1/4 1 103(6)
0O(3) 6h 05641(3) 0.37383) 1/4 1 062(5)
0(4) 6h 028926) 0.34746) 1/4 1 171(7)
o(5) 6h 045285) 0.55195) 1/4 1 139(7)

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

tetrahedral. Only V(1) displays ideal trigonal bipyramidal 15C°. Table 5 lists the temperature ranges and the

coordination withDz;, point symmetry. V(5) possesses corresponding best-fit parameters for each region.

tetrahedral coordination with the vanadium distorted to-

wards an edge of the tetrahedron. The Cu(2) tetrahe-

dral coordination environment flattens to approximate a 4. Discussion

square plane. Cu(3) and Cu(4) occupy trigonal bipyra-

mids that distort towards square pyramids. None of these PXD and NPD confirm that the structure ofdGup-

environments are extremely rare for'Car V. VQg is indeed closely related to that of the rare earth
LasCupVOg is paramagnetic over the entire range of hexagonal phases, and as such it iszaa 3 member of

n+2 i H
temperatures measured (5 to 370 K). Since the vanadiumthe Ln,Cu, 1M . 03”. Seres. Th.e ratlp of lanthanum
. . . . . to copper to vanadium in the reaction mixture throughout
is pentavalent, Cliis the only spin magnetic species.

. i o o the synthesis is three to two to one and the refinement
The inverse magnetic susceptibility is shown in Fig. 7,

o : i ) .. verifies that the stoichiometry of the lanthanum and
and three distinct paramagnetic regimes can be 'de“t'f'e‘jcopper did not change.

and fit to the Curie-Weiss lawgm = C/(T — 6). The We have confirmed the hexagonal unit cell reported
transition between the two low temperature regions is by Jansson et al. [9] and can further assign a symmetry
quite narrow £ 20°) compared to the one between the of P63/m. The atomic structure consists of alternating

two high temperature regions which is approximately layers of edge-sharing Aég octahedra and Bgx planes



D.A. Vander Griend et al. / Solid Sate Sciences 3 (2001) 569-579 575

Table 3
Selected bond distances fordGupyVOq

Bond Number Distance (A) Bond Number Distance (A)
La(1)-0(c) 6 2487(4) V(1)-0(d) 2 18434)
La(1)-0(c) 2 2672 V(1)-0(3) 3 1845(5)
La(2)-O(a) 1 21645) Cu(2)-0(c) 2 1843(2)
La(2)-O(b) 1 24253) Cu(2)-0(1) 1 2137(5)
La(2)-O(b) 1 2555(3) Cu(2)-0(2) 1 21595)
La(2)-O(c) 1 2386(5)
La(2)-0(c) 1 2482(4) Cu(3)-0(b) 2 18793)
La(2)-O(e) 1 2176(4) Cu(3)-0(2) 1 19998)
La(2)-0(2) 1 26791) Cu(3)-0(3) 1 27194
La(2)-0(4) 1 20742) Cu(3)-0(4) 1 205(11)
La(3)-O(a) 1 231(4) Cu(4)-0(a) 2 1867(3)
La(3)-O(a) 1 5435) Cu(4)-0(2) 1 238)
La(3)-O(h) 1 2362(5) Cu(4)-0@3) 1 2738(6)
La(3)-0(d) 1 2484(3) Cu(4)-0(5) 1 D369)
La(3)-O(e) 1 567(5)
La(3)-O(e) 1 B156) V(5)-O(e) 2 1546(9)
La(3)-0(3) 1 2634(2) V(5)-0(4) 1 2005(66)
La(3)-0(5) 1 2877(3) V(5)-0(5) 1 198847)
Cu(4)-Cu(5) 3 3B5(1) Cu(4)-Cu(4) 30(1)
Cu(5)-Cu(6) 3 B3(1) Cu(5)-Cu(s) 3 773(1)
Cu(6)-Cu(4) 3 F9(1) Cu(6)-Cu(6) 3 1092)

similar to YAIOs. 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,

¢~ 11 A). In contrast to a model based on a rotated B-

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-

cation plane, this model yields reasonable bond distancespears that Cli/VV in a 2/1 ratio is best accommodated

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 Cli and W 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

by a supercell which creates83 +3+3+ 1= 13
B-cation coordination environments per plane, ten of
which are distorted fronbs, symmetry.

The inverse susceptibility of L&usM00O;2 exhibited
two paramagnetic regimes. The copper cations form tri-
angular clusters with an intermetallic distance of approx-
imately 3.4 A. 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 ments. The slopes of regions Il and | correspond to less
Selected bond angles for @ VOg paramagnetic spin, and the Weiss temperatureél (K
Bonds Angle f) and—6.6 K, respectively) indicate that the spin interac-
0(d)-V(1)-0(d) 1802) tions are much weaker.

The copper cations in the B-cation plane ogCa,VOq
O(d-V(1)-0@) 9w form nine-atom clusters (see Fig. 6) similar to ¢€u
O(3)-V(1)-0(3) 12m Xa(cpak, X = F, Cl, Br, which also exhibits three re-
gions in ¥ xm plots [15]. A cluster consists of a trian-

0(c)-Cu(2)-0(c) 158(3) ) , :

gle of triangular clusters which each have an intermetal-
0(e)-Cu(2)-0(1) 992 lic distance of approximately 3.6 A. If each triangle can
0(c)-Cu(2)-0(2) 93(2) theoretically behave as 1 or 3 independef &pins, we
0(1)-Cu(2)-0(2) 145(3) might expect a triangle of triangles to yield spin regimes

that correspond to 1, 3 and 9 paramagnetic spins. How-
O(b)-Cu(3)-0(b) 16D(2) ever, there are many other ways to associate the copper
O(b)-Cu(3)-0(2) 98 (2) into triangular clusters as Fig. 6 suggests. For example,
O(b)-Cu(3)-0(3) 87(2) there is a fourth triangular cluster centered on O(1) with
O(b)-Cu(3)-0(4) 89(2) an intermetallic distance of 3.7 A.

The structural refinement indicates that the average
0)-CuE)-0@) 1183 number of copper cations per cluster is 8.67. Given
0(2)-Cu(3)-0(4) 143(3) that one site is only 87% occupied by 'Guthe micro-
0(3)-Cu(3)-0(4) 99(2) scopic cluster population is 66% 9-copper clusters, 30%

8-copper clusters and 4% 7-copper clusters. Assuming
O@)-Cu(#)-0() 168(3) that at 370 K the sample is 100% paramagnetic, the bulk
O(a)-Cu(4)-0(2) 94(2) susceptibility measurements show that the clusters ex-
0O(a)-Cu(4)-0(3) 82(2) hibit average spin states of 0.96, 4.00 and 8.67 paramag-
O(a)-Cu(4)-0(5) 88(2) qetic spins in the_ Qi_ﬁerent ter_nperature_ranges. The ra-

tio of the susceptibility of the first and third temperature
0@)-Cu#)-0G) 1133 regimes is 9.0, which agrees moderately well with the av-
0(2)-Cu(4)-0(5) 14B(4) erage number of coppers per cluster. The susceptibility
O(3)-Cu(4)-0(5) 9B(2) of the second regime of 4.00 cannot be easily interpreted

with regard to a 9-copper cluster since it is impossible to
Oe)-V(5)-0(e) 15864 pair up five spins and leave four unpaired. The presence
O(e)-V(5)-0(4) 984(25) of 8- and 7-copper clusters should decrease the overall
0(e)-V(5)-0(5) 973(19) paramagnetic fraction by alleviating spin frustration, but
0(@)-V(5)-0(5) 854(18) 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
can order antiferromagnetically and the third then can spin system. Field dependent measurements could also
not. The single spins on the triangular clusters interact help to quantify the magnetic transitions as in the molyb-
weakly owing to the long inter-cluster distance (7.9 A) date case [7].
and order antiferromagnetically at 5 K. Previous electron diffraction studies were used to
The magnetism of L#&u,VOg is also completely  support an even larger monoclinic supercell @f =
paramagnetic at high temperature. By 330 K, the slope 14.4427,bm = cp = 10.685,cm = 52.07 A, = 106.1°,
of the high temperature region (lll) is quite close to and Z, = 4Zy, which corresponds to one possible
the expected value for/2 spins (expecte@es = 1.73). tiling of the monoclinicac plane equivalent in area
The large negative Weiss temperature for this regime to four hexagonal basal units [9]. Higher order Lale
(—470 K) denotes the strong antiferromagnetic coupling. zone ring radii,», from CBED patterns for different
Despite this forceful interaction, the spins do not order crystal orientations can be used to determine real lattice
completely below 200 K. This is because of the geomet- spacings, Iﬁ,l [16]. Fig. 3 shows three such rings for
ric frustration that results from triangular spin arrange- the[1100] direction. Calculated values are based on the
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Fig. 6. (Cu/V)G; plane for LgCu,VOg. Triangle of triangular copper clusters is centered on O(1).
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Fig. 7. Inverse susceptibility for l3&uy,VOg per mole of cl. Three paramagnetic regimes of distinct slope are shaded which correspond closely to
1/9, 4/9 and 99 spins per copper.
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Table 5
Magnetic data for LgCupVOg
Region Temperature range (K) 0 (K) C (emuK mol of Cu) pefi (uB) Relative spin fraction
I 5-15 —6.6 0.040 0.56 1.00
1l 35-180 —-94 016 1.14 4.15
I 330-370 —470 Q35 1.68 9.00
Table 6 1095
Calculated and measured layer spacings t) from convergent beam 10.9 1
electron diffraction 1085 1
Crystal Lalie zone Calculated —1 Measureds —1 < 108
e 8 -
orientation order (nm) (nm) 'g
— & 1075 1
210 1st 3.81 3.80
10.7 4
112 1st 2.58 2.58
10.65
114 1st 451 4.59
_ 10.6 +
310 1st 5.19 5.15
110 1st 2.49 2.49 X
110 2nd 1.45 1.23
110 3rd 0.83 0.82

chosen unit cell. The ratio between the measured and 2
calculated values should correspond to the order of the &
Lalie 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! values.

Ln3CwVOg: Ln = Pr, Nd, Eu-Gd, samples have
been made in a similar fashion to that of the lanthanum x
;nealgg;; ’gjgg t%i?%lz\lzrg ig‘r):;;faé?e b[)eojvr:jeer“:jnill"tfra(.)c]:c- EflgiB Graph of lattice parameters ford.n . La, CupVOg as a function
tion pattern. Fig. 8 shows the lattice parameters for
Lns_,La,CwpVOg; x =0, 1.0, 2.0, 2.5, 3.0; Ln= Pr,
Nd, Sm, Eu, and Gd. The parameters of all the sam- This can be seen by comparing the positions of the oxy-
ples behave linearly as expected, similar to the molyb- gen between the A- and B-cations for the molybdenum
date family. Thec parameters, however, do not change and vanadium analogues. The deviation in theoor-
monotonically. The heights of the unit cells for solid dinates for the oxygen around the A-cation is 0.4 A for
solution compositions do not change significantly as a LagCu,VOg but only 0.1 A for LaCusMoO1,. Conse-
smaller lanthanide is partially substituted £ 1.0 and quently, the interaction between the layers is more dis-
2.0) for the lanthanum. Only the end-members exhibit no- continuous for the vanadate as the A-cation array con-
tably differentc parameters. This aberration likely results tracts.
from the superstructure. The irregular set of B-cation co-  The rare earth hexagonal structure, while seemingly
ordination environments disrupts the regular interpoly- unsatisfactory for many AB@compositions, has proven
hedral connections between the &gand B3 layers. to be a versatile type for accommodating cations in less
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coordination. However, cation ordering phenomena can Research Program for undergraduates at the Materials
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