
Published: January 31, 2011

r 2011 American Chemical Society 1315 dx.doi.org/10.1021/cm1034003 |Chem. Mater. 2011, 23, 1315–1322

ARTICLE

pubs.acs.org/cm

YCa3(VO)3(BO3)4: A Kagom�e Compound Based on Vanadium(III)
with a Highly Frustrated Ground State
Wojciech Miiller,†,‡ Mogens Christensen,‡,|| Arfhan Khan,† Neeraj Sharma,†,^ Ren�e B. Macquart,†

Maxim Avdeev,‡ Garry J. McIntyre,§,^ Ross O. Piltz,‡ and Chris D. Ling*,†

†School of Chemistry, The University of Sydney, Sydney 2006, Australia
‡Bragg Institute, ANSTO, Locked Bag 2001, Kirrawee DC 2232, Australia
§Institute Laue Langevin, 6, rue Jules Horowitz, BP 156, 38042 Grenoble CEDEX 9, France

bS Supporting Information

ABSTRACT: A new S = 1 kagom�e compound based on vanadi-
um(III) is reported. The structure was refined simultaneously
against single-crystal neutron and X-ray diffraction data, as a
gaudefroyite-type with a new supercell (a0 = 2aþ b, b0 =-a-
2b, c0 = c) driven by the ordering of columns of isolated tri-
angular BO3

3- ions. Low-temperature neutron powder diffrac-
tion and magnetic (dc and ac susceptibility) data rule out the
presence of long-range magnetic order above at least 1.5 K, but
specific heat data suggest that the ground state involves short-
range magnetic order, which is frustrated by the coexistence/
competition of FM and AFM correlations, together with the
characteristic geometric frustration of the kagom�e lattice. Mag-
netic susceptibility data rule out a spin-glass state, pointing to an
exotic ground state comparable to the spin-ice or spin-liquid
states. This makes YCa3(VO)3(BO3)4 one of the most highly frustrated experimental realizations of the kagom�e lattice yet
discovered.

KEYWORDS: kagom�e lattice, gaudefroyite structure, vanadium(III), single crystal growth, neutron Laue diffraction, magnetic
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’ INTRODUCTION

If magnetic cations are arranged on a triangular lattice in a
layered crystal structure and interact antiferromagnetically (AFM),
it is impossible for the spins of the three cations on the vertices to
be simultaneously antiparallel to one another. This results in a
macroscopic number of degenerate ground states, a situation
referred to as geometrically frustrated magnetism. The frustra-
tion may be resolved by some perturbation that breaks the
degeneracy, either internal (e.g., phase transition, second-near-
est-neighbor interactions) or external (e.g., magnetic field, pres-
sure); but if not, the spins will in principle continue to fluctuate
down to 0 K. This quantum spin-liquid1,2 state is of fundamental
importance to the study of magnetism and particularly for high-
temperature superconductivity, where conventional magnetic
order may be suppressed by similar quantum fluctuations.3 Alter-
natively, as thermal fluctuations decrease upon cooling, regions
of short-range-order may be frozen into the lattice, resulting in a
spin-glass state. Spin glasses have a large number of possible low-
energy configurations separated by very small energy differences,
and their low-temperature relaxation is unusually slow and depen-
dent upon external conditions and history. Spin glasses are

archetypes of complex behavior and have been used as models
in economics, evolutionary biology, and neural networks.

The kagom�e lattice, which consists of corner-connected
triangles that form a larger infinite hexagonal array, is one of
the basic structural motifs that can lead to geometrically fru-
strated magnetism. Furthermore, the archetypal three-dimensional
geometrically frustrated magnetic lattice —the pyrochlore-type—
can be constructed from four interpenetrating kagom�e lattices,
where the triangles form the faces of corner-connected tetrahe-
dra. The low-temperature physics of magnetic kagom�e compounds
are therefore of significant interest. A promising approach to
finding new examples of “pure” kagom�e compounds is to make
use of triangular (or tetrahedral) linker units to connect magnetic
cations. The jarosite-type compounds AM3(SO4)2(OH)6 (A =
Naþ, Kþ, Rbþ, Tlþ; M = Fe3þ, Cr3þ, V3þ), containing tetra-
hedral SO4

2- linker units are the best examples,4-6 although
these suffer from significant nonstoichiometry on the transition
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metal sites (g2% M vacancies), which complicates the inter-
pretation and reproducibility of magnetic properties. The trian-
gular borate group BO3

3- is another linker unit that has been
used to prepare a kagom�e compound, YCa3(MnO)3(BO3)4,
which is fully stoichiometric.7 This compound has a structure
related to the mineral gaudefroyite, Ca4(MnO)3(BO3)3CO3.

8 It
contains magnetic Mn3þ ions in MnO6 octahedra, which are
linked by sharing vertices with BO3 units to form a perfect two-
dimensional kagom�e lattice. The fourth BO3

3- ion (CO3
2- in

gaudefroyite) per formula unit lies in the middle of the hexagon
formed by the kagom�e lattice, either slightly above or below its
plane (in a disordered statistical distribution). Perpendicular to
this plane, the MnO6 octahedra share edges to form chains.

Low-temperature magnetic and neutron powder diffraction
experiments show that the Mn3þ (d4, S = 2) ions in YCa3-
(MnO)3(BO3)4 couple ferromagnetically (FM) along the in-
finite chain direction, and that these chains themselves order into
the q = 0 (i.e., the nuclear and magnetic unit cells are identical)
noncolinear AFM kagom�e structure below 7.5 K. This was a
somewhat surprising result. Although the ∼90� Mn-O-Mn
superexchange interactions along the chain are expected to be
FM according to the Goodenough-Kanamori rules, in practice,
edge-shared MnO6 octahedra usually give rise to AFM super-
exchange, e.g., in MnO,9 LiMnBO3,

10 and CaMn2O4.
11 After

carefully considering the Mn-O-Mn bond lengths and angles,
the role of O bonding to B, and the possibility of direct Mn-Mn
orbital overlap, Li and Greaves7 concluded that the chains in
YCa3(MnO)3(BO3)4 could only be FM if d electrons were
delocalized along those chains in a double-exchange mechanism.
However, resistivity measurements on single crystals indicated
that the chains are insulating.

A subsequent investigation of a sample of natural gaudefroyite,
Ca3(MnO)3(BO3)3CO3, found similar FM interactions along
the edge-sharing MnO6 octahedral chains.8 However, in this
case, the geometric frustration in the kagom�e planes appears to
be stronger; no long-range magnetic order was observed down to
1.8 K, with the compound behaving as a spin glass below 10 K.

The unusual magnetic behavior of YCa3(MnO)3(BO3)4 and
Ca4(MnO)3(BO3)3CO3 means that it would be of considerable
interest to study further compounds with the same topology but
a different transition metal. In this light, we report here the
synthesis, structure, and magnetic properties of gaudefroyite-
type YCa3(VO)3(BO3)4.

’EXPERIMENTAL SECTION

Samples of YCa3(VO)3(BO3)4 were synthesized from commercially
available polycrystalline Y2O3, CaCO3, V2O5, and B2O3, all of 99.99% or
higher purity. CaCO3 was dried at 900 �C overnight prior to use. An
approximately 3 g of mixture of the correct stoichiometry in terms
of cation ratios—with the exception of B2O3, which was used in 10%
excess—was ground together in an agate mortar and pestle, placed in an
alumina crucible, and heated in air to 500 �C for 10 h. The sample was
cooled, reground, heated in a tube furnace to 1000 �C under an atmo-
sphere of flowing 3.5% H2 (balance Ar) for 1 week, and then furnace
cooled to room temperature. Upon removal from the furnace, the
sample consisted of a large number of heavily intergrown black plate-
like crystals approximately 1 mm across and 0.1 mm thick, embedded in
a smooth and shiny black matrix that had coated the entire inside surface
of the crucible and appeared to have acted as a flux. This entire mass was
extremely hard, and crystals could only be extracted by breaking them
(including the crucible) apart with a hammer.

From the intergrown appearance of the plates in the grown mass, we
did not expect to find useful single crystals larger than ∼0.1 mm.
However, preliminary neutron Laue patterns collected on the diffract-
ometer VIVALDI12 at the Institut Laue-Langevin, France, showed that
large numbers of these intergrown plates were in fact part of the same
domain, yielding single crystals up to 3 mm in diameter. Complete
single-crystal neutron Laue diffraction data sets were subsequently
collected on the instrument Koala at the OPAL research reactor,
ANSTO, Australia. Like VIVALDI, Koala uses a “white” thermal-
neutron beam (0.8 Å e λ e 5.2 Å) and a cylindrical image-plate
detector. A roughly spherical ∼1 mm diameter crystal mounted on an
aluminum pin was used for data collection on both instruments.
Neutron Laue patterns were collected on Koala in 12 exposures of 2 h
each, separated by 12� rotations of the j-axis (perpendicular to the
neutron beam), providing good data redundancy and completeness.
Complete data sets were collected at room temperature, 150, and 3 K.
Reflections were indexed using the program LAUEGEN,13,14 integrated
using ARGONNE_BOXES,15 and normalized to the wavelength dis-
tribution of the neutron beam using LAUENORM.16 Experimental
details are recorded in Table 1. One of the 150 K diffraction patterns
collected on Koala is shown in Figure 1.

Single-crystal X-ray diffraction data were collected from a smaller
(∼0.1 mm diameter) crystal on a Bruker-Nonius FR591 Kappa Apex II
diffractometer, using MoKR (λ = 0.71073 Å) radiation from a rotating
anode generator. Data were collected at 150 K and cooled with the
Oxford 700þ cryostream. Data were collected over 24 h. A full sphere of
data was collected for sinθ/λ e 1.2. Indexing was carried out using the
Bruker-Nonius Cell Now program, and an absorption correction was
performed using the Bruker-Nonius TwinAbs program. Experimental
details are recorded in Table 1.

Li and Greaves7 observed additional NPD intensity at low q for
YCa3(MnO)3(BO3)4 below 7.5 K, due to the appearance of long-range-
ordered magnetism. However, Laue diffraction is not ideally suited to
the search for such increases because of its incomplete coverage and
chromatic overlap low q. A more suitable technique is neutron powder
diffraction (NPD). High-resolution NPD data were therefore collected
on the instrument Echidna at the OPAL research reactor, ANSTO,
Australia. In order to minimize absorption by the 10B isotope in natural
boron, a second sample was synthesized in the samemanner as described
above, but using isotopically pure 11B2O3. The sample was mechanically
separated from the crucible and ground to a powder. Unfortunately, it
was not possible to separate completely the single crystals from the
matrix, and X-ray powder diffraction data collected on a laboratory
instrument revealed that the resulting 1 g of powder sample contained
small amounts of V2O3, CaB2O4, and YBO3 as impurities. NPD data
were collected from a 1 g sample placed in a 6 mm diameter vanadium
can and data collected over 4 h per temperature at 300, 50, and 1.5 K. A
relatively long wavelength of 2.4395 Å was used in order to focus on the
low-q region of the diffraction patterns, where any additional low-
temperature peaks due to long-range magnetic order would be observed.

DCmagnetic susceptibility and magnetization data were collected on
a Physical Property Measurement System (PPMS, Quantum Designs),
using the vibrating sample technique in magnetic fields up to 9 T over
the temperature range of 3-300 K. We used the ac magnetic suscept-
ibility (ACMS) probe to measure ac susceptibility with a magnetic field
amplitude of 2 Oe and a frequency f = 1-10 kHz at temperatures above
2 K. Both ac and dc magnetic data were collected on a few selected and
nonoriented crystals. Specific heat measurements were carried on the
same platform over the temperature range 1.8-150 K.

’RESULTS

Visual inspection of the room-temperature neutron Laue
patterns during the indexing procedure made it immediately
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clear that the standard hexagonal (P63/m) a ≈ 10.6, c ≈ 5.9 Å
unit cell of gaudefroyite17,18 could not account for all observed
Bragg reflections. It was necessary to enlarge the a axis by a factor
of 31/2 and rotate by 90� to remove all systematic extinction
conditions before the patterns could be completely indexed. The
resulting supercell has hexagonal P3 space group symmetry and is
related to the conventional cell of gaudefroyite (and for YCa3-
(MnO)3(BO3)4) by a0 = 2a þ b, b0 = -a - 2b, c0 = c. Both
neutron and X-ray diffraction data were indexed and integrated in
this supercell.

The fact that no such supercell was observed in previous X-ray
diffraction studies of gaudefroyite-type structures and the ex-
tremely weak intensities of the supercell reflections in our own
X-ray data (compared to our neutron data), suggests ordering of
the relatively light boron atoms. Indeed, the BO3 triangles stacked
in columns in the smaller unit cell all show occupational disorder,
with a 50% probability of lying either slightly above or below the
kagom�e plane. Our supercell contains three, rather than only one,
such columns and permits two of them to be ordered, with the BO3

triangles of the first column all lying above the plane and those of
the second column all lying below. In a recurrence of the theme of

geometric frustration in this compound, the third column at
(0, 0, z) cannot be different to both of the others at the same
time, and must therefore retain the occupational disorder of the
subcell.

Structural refinements were carried out using the Jana200619

package. The supercell described above was used as the starting
model, incorporating the model of Li and Greaves7 for antisite
disorder between the Ca and Y sites in YCa3(MnO)3(BO3)4.
The model was refined simultaneously against neutron and
X-ray diffraction data, both collected at 150 K. Simultaneous
refinements such as these are rarely attempted because of
difficulties with scaling and weighting between the data sets,
which generally have very different characteristics in terms of
spatial resolution, counting statistics, and numbers of observed
reflections. Although these difficulties were also encountered in
the present case, the combined refinement was necessary to
obtain a reliable result, in a textbook case of X-ray and neutron
complementarity. Because X-ray scattering is in direct propor-
tion to the atomic number, boron (and, to a lesser extent,
oxygen) atoms make virtually no contribution to the X-ray data,
which are dominated by themuch heavier metal cations. Neutron
scattering length is not proportional to the atomic number, so
boron and oxygen (scattering length = 5.30 and 5.80 fm,
respectively) scatter on the same scale as calcium and yttrium
(scattering length = 4.70 and 7.75 fm, respectively). However,
vanadium is an extremely weak neutron scatterer (scattering
length =-0.38 fm) and so makes virtually no contribution to the
neutron data. Only a combined refinement could allow us to
refine freely all the structural parameters in YCa3(VO)3-
(BO3)4. Refinement details are presented in Table 1, with
the refined structure details presented in Table 2 and the
refined structure shown in Figure 2 (drawn using the program
VESTA20). Further structural and refinement details, including
anisotropic atomic displacement parameters (ADPs), are con-
tained in the deposited CIF file in the Supporting Information.
Empirical bond-valence sums21 (BVS) reported in Table 2 take
into account the local structure in the disordered BO3

3-

column, i.e., the fact that entire triangles (either B4O53 or
B5O93) must be present. The BVS for B4, for example, is
therefore calculated on the basis that the O5 site is 100%

Figure 1. Typical single-crystal neutron Laue diffraction pattern of
YCa3(VO)3(BO3)4, collected at 150 K on the Koala diffractometer at
OPAL, ANSTO. The transmitted incident neutron beam exits the
detector through the central hole, and the weak diffuse scattering in
the central region is white-beam powder diffraction from the polycrystal-
line aluminum cryostat heat shields. All discrete spots could be indexed
to YCa3(VO)3(BO3)4.

Table 1. Single-Crystal Neutron Laue and X-ray Diffraction Data Collection and Refinement Details for YCa3(VO)3(BO3)4 in the
Hexagonal Space Group P3 (#147)

data X-ray (MoKR) neutron (Laue) combined

temperature (K) 150 150

a (Å) 18.1995(9)

c (Å) 5.7954(3)

V (Å3) 1662.39(8)

Z 1

λ (Å) 0.71073 0.9-2.0

crystal volume (mm3) 0.001 0.5

no. reflections 6474 9908

no. observed reflections [I > 3σ(I)] 2561 2418

Robs from σ(I) 0.0223 0.0801

no. refined parameters 149 149 150

no. of constraints 42 42 42

Robs 0.0297 0.1346 0.1033

wRobs 0.0347 0.1136 0.0577

goodness-of-fit 1.70 2.72 2.22
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occupied and the O9 site 0% occupied, even though they are
statistically both 50% occupied.

As noted earlier, Li and Greaves7 observed additional NPD
intensity at low q for YCa3(MnO)3(BO3)4 below 7.5 K due to the
long-range magnetic ordering. To search for similar ordering in
YCa3(VO)3(BO3)4, we compared low-qNPDdata at 50 to 1.5 K,
as shown in Figure 3. As discussed in the Experimental Methods
section, the sample used to collect these data contained a V2O3

impurity (in addition to CaB2O4 and YBO3), which gives rise to
the magnetic peak marked with an asterisk (/). Nevertheless, the
remaining peaks in this region of the pattern can be indexed to
YCa3(VO)3(BO3)4, and no additional intensity is observed in
these peaks at 1.5 K. Note that the peak indexed as (110) in
Figure 3 corresponds to the (010) peak in the smaller unit cell of
YCa3(MnO)3(BO3)4, for which Li and Greaves observed a
significant increase in intensity below 7.5 K. Given that this peak
is extremely weak in the vanadium compound, any similar
increase due to magnetic order would be even more evident.
We therefore find no evidence for long-range magnetic order in
YCa3(VO)3(BO3)4.

Figure 4 shows the temperature dependence of magnetic
susceptibility χ(T) collected in a field of 1 T under zero-field-

cooled conditions. Apart from the kink and slight decrease atT≈
178 K, related to the onset of AFM order in the V2O3 impurity
phase, no distinct anomalies were observed. Note that the V2O3

magnetic transition normally (in bulk) occurs at 150 K; the
observed shift of the N�eel temperature in this case is probably
caused by slight doping or nonstoichiometry.22 Above this
anomaly, χ(T) follows a Curie-Weiss (CW) law, χ(T) =
μeff

2/8(T - Θ), where μeff is an effective magnetic moment,
and Θ is the Curie-Weiss characteristic temperature. A least-
squares fit yields μeff = 2.88 μB/V and Θ = -453 K. The
measured effective moment is in excellent agreement with the
predicted value 2.83 μB for S = 1, as expected for V3þ. The large
and negative Θ suggests the presence of strong AFM exchange
between vanadium ions (Θ being proportional to the average
magnetic exchange parameter J) above 180 K. Below the AFM
transition of the V2O3 impurity phase, χ(T) does not follow the
CW law. As shown in Figure 4, below ∼100 K, an increase in
susceptibility compared to the high-temperature CW fit takes
place, signaling the appearance of a FM magnetic exchange
component in the system.

Analyzing the field dependencies of magnetization M(B)
(inset of Figure 4a) confirmed the absence of long-range

Table 2. Structural Details for YCa3(VO)3(BO3)4 at 150 K, Refined against Single-Crystal Neutron Laue and X-ray Diffraction
Dataa

atom x (a) y (b) z (c) 100 Uiso/eq (Å
3) occupancy BVS21

B1 0.1061(3) 0.6679(3) 0.2505(7) 0.080(16)† 1 2.91(2)

B2 0.4407(2) 0.3357(3) 0.2480(7) 0.080(16)† 1 2.91(2)

B3 0.7724(2) 0.0008(3) 0.2513(7) 0.080(16)† 1 2.91(2)

B4 0 0 0.907(2) 0.080(16)† 0.5 2.984(19)

B5 0 0 0.410(2) 0.080(16)† 0.5 2.889(19)

B6 0.333333 0.666667 0.9096(12) 0.080(16)† 1 2.908(16)

B7 0.333333 0.666667 0.4086(12) 0.080(16)† 1 2.914(15)

O1 0.95751(17) 0.74269(17) 0.4591(5) 0.36(6) 1 2.042(14)

O2 0.29150(17) 0.40592(16) 0.4570(5) 0.29(5) 1 2.062(14)

O3 0.62288(17) 0.07837(17) 0.4601(5) 0.46(6) 1 2.003(13)

O4 0.9286(3) 0.0086(3) 0.4039(10) 0.47(11) 0.5 1.991(13)

O5 0.26182(16) 0.67530(15) 0.4040(5) 0.21(5) 1 1.973(9)

O6 0.37505(16) 0.92692(17) 0.9574(5) 0.32(6) 1 2.096(14)

O7 0.71001(16) 0.58808(16) 0.9587(5) 0.26(5) 1 2.009(13)

O8 0.04284(18) 0.25859(18) 0.9588(5) 0.48(6) 1 2.010(13)

O9 0.0708(3) 0.9914(3) 0.9048(9) 0.22(10) 0.5 1.956(12)

O10 0.40495(16) 0.65813(16) 0.9045(5) 0.37(5) 1 1.968(9)

O11 0.09451(17) 0.81252(17) 0.7512(5) 0.36(5) 1 2.207(9)

O12 0.42691(18) 0.47916(19) 0.7515(5) 0.43(6) 1 2.184(9)

O13 0.76028(17) 0.14493(18) 0.7471(5) 0.44(6) 1 2.192(9)

O14 0.74672(17) 0.91458(17) 0.2489(5) 0.27(6) 1 2.026(15)

O15 0.08047(18) 0.58075(18) 0.2484(5) 0.32(6) 1 2.022(14)

O16 0.41339(16) 0.24781(17) 0.2530(5) 0.22(5) 1 1.997(14)

V1 0.66626(6) 0.83274(6) -0.00090(16) 0.54(2) 1 3.363(13)

V2 0.66710(6) 0.83388(6) 0.49948(16) 0.54(2) 1 3.384(13)

V3 0 0.5 0 0.54(4) 1 3.364(12)

V4 0 0.5 0.5 0.55(4) 1 3.340(12)

Y1/Ca1 0.66671(5) -0.00003(5) 0.74996(7) 0.46(2) 0.414(3)/ 0.586(3) 2.810(9)/ 2.442(8)

Y2/Ca2 0.19702(5) 0.67907(5) 0.74318(12) 0.52(3) 0.196(3)/ 0.804(3) 2.404(9)/ 2.089(8)

Y3/Ca3 0.53046(5) 0.34585(5) 0.75644(12) 0.57(3) 0.204(3)/ 0.796(3) 2.415(9)/ 2.098(8)

Y4/Ca4 0.86368(5) 0.01244(5) 0.75024(14) 0.52(3) 0.185(6)/ 0.815(6) 2.357(11)/ 2.048(9)
a Superscript symbols indicate constraints. Space group: hexagonal P3 (#147); a = 18.1995(9), and c = 5.7954(3) Å.
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magnetic order above 3 K. At 3, 6, and 10 K, a slight curvature
appears, probably related to Brillouin-like saturation of spins at
higher magnetic fields, whereas at 20 K,M∼ B linear behavior is
recovered. If YCa3(VO)3(BO3)4 is a noninteracting spin system,
then its M(B) dependence should be described by the Brillouin
function for ideal paramagnets24

MIPðBÞ ¼ gμBSðð2Sþ1Þ=ð2SÞcotðð2Sþ1Þ=ð2SÞÞ-1
=ð2SÞcotðð1 = 2SÞxÞ::: ð1Þ

where x = gμBS/kBT, g is the electronic g-factor, S is the spin
momentum, and kB is the Boltzmann constant. According to this
equation, all the Vmagnetic moments should be almost saturated
at 3 K and magnetic field of 9 T [MIP(T = 3K, B = 9T) = 1.96 μB/
V]. Strongly reduced values of M, i.e., M(3K, 9T) = 0.2 μB/V,
indicate the presence of strong AFM coupling. Applying the
Brillouin function for interacting spins (eq 1, but with x =
gμBS/(kBT - Θeff), where Θeff is an effective Curie-Weiss
temperature of the spin system), one can reproduce the latter
result with an effective Curie-Weiss temperature of Θeff(3K,
9T) = -75 K, about 1 order of magnitude lower than its high-
temperature value of Θ = -453 K (derived from the Curie-
Weiss fit). Such a drastic change should be related to the
emergence of an additional ferromagnetic contribution to the
magnetic coupling at low temperatures. We were not able to fit

the M(B) dependence using a Brillouin function for the entire
range of B, possibly due to the presence of strong spin frustration.
We do not observe any sign of a hysteresis loop opening up.

We also performed low-temperature (down to 2 K) ac
susceptibility measurements at 1 and 10 kHz frequencies of the
acmagnetic field with an amplitude of 2Oe. As shown in the inset
of panel (b) of Figure 4, there is no sign of a peak or of any
frequency dependence of the modulus of the ac susceptibility,
χac= [(χ0)2þ(χ00)2]1/2, where χ0 and χ00 stand for the real and
imaginary components of the susceptibility, respectively. The
lack of a clear maximum in χac is consistent with the results of the
NPD experiment described above, with both supporting a com-
plete lack of long-range-ordered magnetism above 1.5 K.

The results of the heat-capacity measurement for YCa3(VO)3-
(BO3)4 are shown in Figure 5 as a temperature dependence
of the ratio Cp/T. The main features of this plot are a distinct

Figure 2. (Color online). Structure of YCa3(VO)3(BO3)4 at 150 K,
refined simultaneously against single-crystal neutron Laue and X-ray
diffraction data. Yttrium atoms are yellow; calcium atoms are blue;
vanadium atoms and VO6 octahedra are green; boron atoms and BO3

triangles are black; and oxygen atoms are red. Fractional occupancies are
indicated by segmented spheres (white represents vacancies). Arrows
indicate columns of isolated BO3 triangles that are all above or below the
kagom�e plane; remaining columns of BO3 triangles are disordered over
these two possibilities.

Figure 3. (Color online): Low-angle region of neutron powder diffrac-
tion patterns of YCa3(VO)3(

11BO3)4 at 50 K (red) and 1.5 K (blue),
collected on the Echidna powder diffractometer at the OPAL research
reactor, ANSTO. No additional intensity due to magnetic ordering of
V3þ ions is observed. The peakmarked (/) is themagnetic (010) peak of
the V2O3 impurity phase.

Figure 4. Magnetic susceptibility of YCa3(VO)3(BO3)4. The arrow
indicates the N�eel temperature of the V2O3 impurity. The solid line is
the Curie-Weiss fit (for details see the text). The inset in panle (a)
shows the field dependence of magnetizationM(B) collected at 3, 6, 10,
and 20 K, and the inset in panel (b) shows the temperature dependence
of the ac susceptibility χac.
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maximum at 2.8 K and a further increase due to the lattice degrees
of freedom. As shown from the inset in panel (a) of Figure 5,
between about 20 and 30 K, the experimental specific heat data can
be described by the simple formula

Cp

T
ðTÞ ¼12

5
π5 rR

ΘD
3T

2 ð2Þ

where R is the gas constant, r is the number of atoms per formula
unit (in this case r = 26), andΘD is the Debye temperature in the
low-temperature limit.23,24We do not take any electronic term into
account, on the assumption that in thewhole temperature range the
material is insulating (as it is at room temperature). The derived
Debye characteristic temperature from the fit shown in Figure 5(a)
is ΘD = 605 K, which is a reasonable result keeping in mind the
large number of light elements such as O and B in the unit cell.
Treating the latter result as a lattice contribution to the specific heat
in the low-temperature limit, it is possible to estimate the magnetic
fraction, ΔCp/T, as a result of the lattice term extraction from the
experimental data below 20 K, which is shown in the inset of panel
(b) of Figure 5. One can see that the overall shape of ΔCp/T(T)
does not resemble lambda-like anomalies typical of first- and
second-order phase transitions: the maximum is not sharp, but
broad and extended up to 20 K.Magnetic entropy, given by S(T) =R
0
T(ΔCp/T)dT and shown in panel (b) of Figure 5, at 20 K reaches

a value of only 0.9 J/molV K (assuming S(0 K) = 0). It is worth
noting that the formation of this maximum coincides with the
emergence of curvature in the magnetization M(B) dependence.

’DISCUSSION

In YCa3(MnO)3(BO3)4 (for which Θ = 27.2 K)7 and
gaudefroyite Ca4(MnO)3(BO3)3CO3 (for which Θ = 45 K),8

the positive Θ points to strong FM coupling between transition
metal ions within a chain. In contrast, the Curie-Weiss tem-
perature for YCa3(VO)3(BO3)4 is one order of magnitude larger
and is negative (Θ = -453 K). The difference and the rapid

increase of χ(T) below 150 K may be explained by two possible
scenarios. In the first scenario, using an analogy to YCa3(MnO)3-
(BO3)4 and Ca4(MnO)3(BO3)3CO3, the negative Θ is ex-
plained by strong AFM interactions within the kagom�e plane.
The observation that FM coupling arises on subsequent cooling
would then be explained by interactions along the chains.
However, this scenario seems unlikely when one compares the
most probable superexchange paths in the kagom�e planes
(V-O-O-V) to those in the chains (V-O-V). It is obvious
that the shorter path should be preferred, and exchange asso-
ciated with it should therefore dominate at high temperatures.
This leads to the second, more plausible scenario in which the
dominant AFM coupling occurs via the chains of edge-sharing
octahedra (explaining the negative and large Θ), while in the
kagom�e plane, FM exchange arises at low temperatures (causing
the deviation from the CW law and all the features seen in the
low-temperature magnetization data). This scenario is consistent
with Goodenough-Kanamori rules for transition metals con-
nected at 90� to bridging oxygen ions (via eg orbitals). Though
this interaction is expected to be quite weak for the d2-d2 case
because of the empty eg orbital, direct V-V overlap (via t2g
orbitals) must be the strongest contribution to AFM exchange
along the chains. This is the most important difference between
YCa3(VO)3(BO3)4 and its manganese analogue. Direct overlap
of d orbitals is enhanced in the V compound by the absence of
filled eg orbitals, which point toward surrounding anions and
allow the separation between cations to be minimized.25 The FM
contribution then appears to be associated with in-plane cou-
pling, in contrast with the usual expectations for the kagom�e
plane. Such a coexistence of in-chain AFM and in-plane FM
interactions has been reported for the V3þ kagom�e compound
NaV3(SO4)2(OH)6.

6 Unfortunately, the presence of the V2O3

impurity phase does not permit us to test this interplay of FM and
AFM interactions with more sophisticated models (based on the
Heisenberg Hamiltonian).

An extended bulb-like anomaly of Cp/T at ∼2.8 K cannot be
attributed to any first- or second-order magnetic phase transi-
tions. This is in agreement with the NPD experiment, which did
not find evidence for any magnetically ordered ground state. The
strongly reduced value of the entropy associated with this peak—
only 10% of Rln3 predicted for an S = 1 system undergoing a
long-range magnetic phase transition—may be associated with
some kind of short-range magnetically ordered state, which was
not detected in dc (down to 3 K) or ac (down to 2 K) sus-
ceptibility measurements. One can rule out the presence of spin-
glass freezing because in a spin-glass transition, a maximum in
ΔCp/T should occur above the freezing temperature Tf,

26 and
should be apparent as a maximum in the ac susceptibility
temperature dependence. Because we do not observe fre-
quency-dependent χac, a superparamagnetic effect may also
be excluded.

Classic magnetically frustrated systems, notably the magnetic
pyrochlores which are 3-D realizations of the kagom�e lattice, lead
to a variety of exotic ground states such as spin-ice (Ho2Ti2O7)

27

or spin-liquid (Tb2Ti2O7)
28 phases. After exhaustively eliminat-

ing all conventional ground states (including spin glass) above,
we propose that topological magnetic frustration, together with
competition/coexistence of FM and AFM interactions, lead to an
exotic magnetic ground state such as spin ice or spin liquid in
YCa3(VO)3(BO3)4. Because Li and Greaves

7,8 observed a com-
plex magnetically ordered state in YCa3(MnO)3(BO3)4 below
TM = 7.5 K and spin-glass freezing in Ca4(MnO)3(BO3)3CO3

Figure 5. Heat capacity data for YCa3(VO)3(BO3)4 presented as a
temperature dependence of the Cp/T ratio. The solid line is a guide for
the eye. The inset in panel (a) shows the fit to eq 1, and the inset in panel
(b) shows the magnetic contribution to the specific heat and tempera-
ture dependence of the magnetic entropy S (for details see text).
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below Tf = 10 K, we believe that magnetic frustration in our
V-based compound is much stronger. The effects of this frustra-
tion are puzzling. Further experiments at lower temperatures and
on higher-quality samples will be required to resolve the precise
character of the ground state.

Finally, we note that the structural details presented in this
work—while unprecedented in their detail and revealing a pre-
viously unknown superstructure of gaudefroyite-type—offer no
additional clues as to the nature of the magnetic exchange
pathways of YCa3(VO)3(BO3)4. Each VO6 octahedron contains
two V-Obonds, trans to one another, from each of three distinct
classes: those involving O atoms shared between two V atoms,
forming chains along z [O11-13, 1.865(4)-1.877(5) Å]; those
involving O atoms shared between two V atoms and a bridging B
atom [O14-16, 2.055(4)-2.069(4) Å]; and those involving O
atoms bonded to only one V atom and a bridging B atom [O1-3
and O6-8, 1.977(4)-1.988(4) Å]. Although the differences
among these three ranges are statistically significant, they are too
small to draw any reliable conclusions about magnetic exchange
and are adequately explained by the different bonding environ-
ments. In any case, no Jahn-Teller distortions are expected for
V3þ (d2). V-V distances are extremely regular [all lying in the
range 2.8955(13)-2.9000(13) Å] and offer no clue as to the
nature of the metal-metal bonding along the chain (z) direction.
The V3-V4 distance, in particular, is constrained by symmetry
to be equal; therefore, because we see no evidence for further
symmetry lowering in the 1.5 K neutron-diffraction powder or
single-crystal data, detailed analysis of the 150 and 1.5 K struc-
tures will not yield new information about these bonds. The
superstructure is driven by ordering of the isolated columns of
BO3

3- triangles, which are highly unlikely to have anything to do
with themagnetic exchange pathways. Ca/Y antisite disorder was
comparable to that observed in the Mn analogue by Li and
Greaves,7 and we agree with these authors that these isolated sites
are equally unlikely to play any role in determining the magnetic
ground state.

’CONCLUSIONS

YCa3(VO)3(BO3)4 has a gaudefroyite-type structure similar
to its Mn analogue YCa3(MnO)3(BO3)4. However, compared to
all previously reported gauefroyite-type phases, we have identi-
fied a supercell (a0 = 2aþ b, b0 =-a- 2b, c0 = c) driven by the
ordering of columns of BO3

3- anions. The identification and
refinement of this supercell is a textbook example of the
complementarity of single-crystal neutron and X-ray diffraction
data, and it seems likely that single-crystal neutron-diffraction
data (if available) would reveal the same weak features in other
gaudefroyite-type phases.

We have shown, based on dc susceptibility measurements, that
the magnetic exchange in YCa3(VO)3(BO3)4 is dominated by
AFM correlations along the 1-D chains of edge-shared VO6

octahedra at high temperatures, with FM interactions (within
kagom�e plane) appearing at low temperatures (below ∼100 K).
Magnetization and heat-capacity data indicate that the coexis-
tence/competition of FM and AFM correlations, together with
geometric frustration, results in a highly frustrated magnetic
ground state rather than a conventional long-range-ordered or
spin-liquid state. This makes YCa3(VO)3(BO3)4 one of the most
highly magnetically frustrated experimental realizations of the
kagom�e lattice and, therefore, deserving of further study.
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