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YCa3„MnO …3„BO3…4: A manganese borate containing ferromagnetic chains on a kagome´ lattice
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A new borate compound YCa3(MnO)3(BO3)4 derived from the mineral gaudefroyite was prepared. It
adopts a hexagonal space groupP63 /m with cell parameters ofa510.5726(5) Å andc55.8576(3) Å.
Structural studies by x-ray and neutron powder diffraction~NPD! revealed that it is composed of edge-sharing
chains of MnO6 octahedra alongc, the chains being interconnected by triangular BO3 groups to form a kagome´
lattice in theab plane. Both magnetic measurements and low-temperature NPD showed that the Mn ions
within a given MnO chain are ferromagnetically coupled and, below 7.5 K, the magnetic moments of the
chains order to give a normalq50 structure of the kagome´ lattice.
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When three magnetic ions sit at the vertices of a trian
and experience antiferromagnetic~AFM! interactions, anti-
parallel alignment of all neighboring spins cannot be sim
taneously fulfilled; the spins are therefore frustrated. Stud
of the statistical properties of geometrically frustrated m
netic compounds have stimulated much attention owing
their relation to the broad physical behavior of systems ra
ing from neural networks, Josephson junction arrays,
negative thermoexpansion materials to3He absorption on
graphite.1–4 Tiling the triangles in two dimensions by edge
vertex sharing can result in triangular or kagome´ lattices.
Mean-field theory predicted that no magnetic order can
obtained on a kagome´ lattice even atT50 K, owing to its
unusually large number of degenerate ground states.5 How-
ever, long-range order can be established through n
nearest-neighbor interactions or by thermal fluctuation.6,7 Es-
pecially, the latter mechanism, known to be order
disorder,8 favors the so-calledA33A3 magnetic structure
Few real materials can be modeled as a kagome´ lattice; ex-
amples include SrCr8Ga4O19, Ba2Sn2Ga3ZnCr7O22, and
jarosites @KM3(SO4)2(OH)6 , M5Fe31, Cr31, V31#.9–11

The problem of all the above compounds is their nonstoic
ometry, which hinders the reproducibility of physical pro
erty measurements. In jarosites, maximum magnetic ion
cupancy can only be achieved up to 98%, while
SrCr8Ga4O19 and Ba2Sn2Ga3ZnCr7O22 mixing of different
ions at the Cr sites is sometimes unavoidable because o
coexistence of many ions of similar size and chemical pr
erties. Furthermore, in SrCr8Ga4O19, the existence of an ex
tra double layer of a triangular lattice further complicates
interpretation of its magnetic properties. At low temperatu
magnetic order has been found in some samples of the a
compounds, especially those with a large concentration
defects at the magnetic sites, while those with a perfect m
netic lattice tend to show spin-glass behavior.

Transition-metal borates can be a natural source of n
triangular magnets, owing to the occurrence of planar B3
triangular groups. When magnetic ions are joined by the B3
groups, they often form a perfect triangular lattice, as de
onstrated by LiMnBO3.12 The compound studied here d
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rives from the mineral gaudefroyite Ca4(MnO)3(BO3)3CO3

by replacing the isolated CO3
22 group with a BO3

32 group
and achieving charge balance by simultaneously substitu
one Ca21 with Y31. Gaudefroyite has been reported as ha
ing a hexagonal lattice with space groupP63 or P63 /m and
unit cell dimensionsa510.589 Å andc55.891 Å.13,14 Its
structure is composed of MnO6 octahedra, which are edg
shared to produce chains@Fig. 1~a!# along thec direction and
these chains form a kagome´ lattice in theab plane @Fig.
1~b!#. In order to study the magnetic behavior of the Mn
chains on the kagome´ lattice and avoid the decomposition o
the CO3 group when preparing gaudefroyite, we investigat
the synthesis of the new compound YCa3(MnO)3(BO3)4.
Both x-ray and neutron powder diffraction~NPD! proved
that it is isostructural to gaudefroyite.

Samples of YCa3(MnO)3(BO3)4 were prepared from
CaCO3, Y2O3, Mn2O3, and 11B isotope enriched boric acid
by solid-state reaction at 1000–1100 °C. Time-of-flight NP
data were collected at GEM~ISIS, RAL, Oxford, UK!. Mag-
netic measurements were performed with a Quantum De
PPMS magnetometer. Structure refinements were carried
using the NPD data and theGSAS package.15 In all the re-
finements, data collected from both bank 2 (2u5154.46°)
and bank 5 (2u517.95°) were used simultaneously.

Structure refinements of the room-temperature NPD d
were performed with space groupsP63 and P63 /m sepa-
rately. The use of space groupP63 resulted in large esti-
mated standard deviations~ESD’s! in the z coordinates of
atoms with variablez parameters. This suggests the prese
of a pseudo mirror plane perpendicular to thec axis,14 and
subsequent refinements inP63 /m gave much smaller ESD’s
and smaller agreement indices (Rwp54.53,x251.933 for
P63 /m vs Rwp55.17,x252.499 forP63). The final refine-
ment was therefore performed with space groupP63 /m and
a total of 88 variables. In the hexagonal tunnels, a statist
occupation of the BO3 groups at above and below the mirro
plane is found, as has also been suggested for CO3 in the
single-crystal study on gaudefroyite.14 The refined lattice
constants area510.5726(5) Å andc55.8576~3! Å, slightly
smaller than its mineral analog, since it contains the sma
©2003 The American Physical Society03-1
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FIG. 1. Crystal structure of
YCa3(MnO)3(BO3)4 ~a! showing
the MnO6 chains alongc in the
unit cell and ~b!, showing the
magnetic Mn31 ions arranged into
a perfect kagome´ lattice in theab
plane. Small isolated balls are th
Ca/Y atoms.
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Y31 ion. The refined structural parameters are listed in Ta
I. The major difference between the present compound
gaudefroyite centers in the tunnels within the kagome´ net of
MnO chains. The hexagonal tunnel now contains isola
BO3

32 oxoanions instead of CO3
22 , and a mixture of

Ca21/Y31 ions instead of purely Ca21 occupies the sites in
both the trigonal and hexagonal tunnels. It is also worth n
ing that the Y31 ion seems to prefer to reside in the trigon
tunnel ~occupancyn;0.5) rather than the hexagonal on
(n;0.16). This is consistent with size effects since the bo
valence sum16 of Ca is 2.01in the hexagonal tunnel while in
the trigonal tunnel it is 2.21.

Magnetic susceptibility in low fields@Fig. 2~a!, dc, H
51000 G, and ac,H55 G# shows a sharp peak at 7.5 K
indicating AFM ordering below this temperature. Above
K, it can be well fitted with the Curie-Weiss law,x5C/(T
2u), with u527.2(3) K and meff55.15(1)mB /(Mn),
where C5Ng2meff

2 /3k. The ferromagnetic~FM! behavior
(u.0) above the AFM transition can be attributed to t
Mn-O-Mn superexchange along the chains since it is
dominant interaction in the present compound~with nearest
Mn-Mn distance of 2.9288 Å along the chain versus 5.28
Å in the ab plane!. The effective moment derived here
slightly larger than that expected for a high-spin~HS! Mn31

(d4, HS, meff54.9mB) ion, which is sometimes observed
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frustrated systems like spin glasses17 and may be attributed
to competing FM~within chains! and AFM ~in-plane! inter-
actions at low temperature. Magnetizations around the tr
sition temperature were measured up to 7 T. Well above
transition, at 50 K, typical paramagnetic behavior was o
served~with m}H) as shown in Fig. 2~b!. At temperatures
close to the transition, FM behavior is observed and nea
full alignment of the magnetic moments could be achiev
e.g., a saturated moment of 3.83mB was observed at 2 K and
7 T, very close to ideal Mn31 value of 4mB . Both the slopes
of magnetization data against field and susceptibilities un
different fields@Fig. 2~b!, inset# show that the susceptibility
peak at 7.5 K disappears at fields greater than 5000 G.
fact that AFM order can be suppressed in such a small fi
highlights the frustrated nature of the AFM interaction in t
ab plane.17

The only noticeable difference between low- and roo
temperature NPD patterns~Fig. 3! is that the ~010! peak
intensity grows significantly below the transition temperatu
7.5 K. Several magnetic structure models were tested
model with a normalq50 structure@shown in Fig. 4~b!# for
the kagome´ lattice in theab plane and ferromagnetic intra
chain coupling alongc agrees best with the observed NP
pattern and is also consistent with the observation of a do
nant FM interaction above 70 K followed by AFM orderin
TABLE I. Refined structural data of YCa3(MnO)3(BO3)4 at room temperature and 2 K.

RT 2 K a

Atoms Sites x y z Uiso n x y z Uiso

Ca/Y1 2c 1
3

2
3

1
4 0.0060~7! 0.49/0.51~2! 1

3
2
3

1
4 0.0026~3!

Ca/Y2 6h 0.1223~3! 0.8375~3! 1
4 0.0066~5! 0.837/0.163~5! 0.1224~2! 0.8372~2! 1

4 0.0021~2!

Mn 6g 1
2 0 0 0.0013~4! 1 1

2 0 0 0.0001b

B1 6h 0.2200~2! 0.7686~2! 3
4 0.0042~3! 1 0.2217~1! 0.7697~1! 3

4 0.0016~1!

B2 4e 0 0 0.0749~6! 0.0036~7! 1
2 0 0 0.0756~5! 0.0020~5!

O1 6h 0.0937~2! 0.4706~2! 1
4 0.0044~4! 1 0.0929~2! 0.4695~2! 1

4 0.0027~2!

O2 6h 0.3209~2! 0.9171~2! 3
4 0.0052~4! 1 0.3218~2! 0.9168~2! 3

4 0.0017~1!

O3 12i 0.3035~2! 0.4761~2! 0.5429~2! 0.0072~3! 1 0.3029~1! 0.4762~1! 0.5426~2! 0.0032~1!

O4 12i 0.0590~3! 0.9098~3! 0.5845~5! 0.0100~6! 1
2 0.0594~2! 0.9095~2! 0.5829~4! 0.0057~4!

Space group: P63 /m a510.5726(5) Å, c55.8576(3) Å a510.5555(1) Å, c55.8531(1) Å
Rwp54.53%, x251.933 Rwp57.49%, x251.670

aMagnetic space groupP638 , a5aN , c5cN , mx
Mn51.74(1)mB .

bFixed.
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FIG. 2. Magnetic susceptibil-
ity ~a! and low-temperature
magnetization ~b! of
YCa3(MnO)3(BO3)4. The inset in
~b! shows magnetic susceptibili
ties under different magnetic
fields; dots are field-cooled dat
and lines are zero-field-coole
data.
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at 7.5 K from magnetic measurements. The ordered magn
moment was found to be 1.74(1)mB from the refinement of
the NPD data at 2 K, much lower than expected for fu
ordered Mn31 moment (4mB), indicating that a significan
fraction of the moments remain paramagnetic or experie
only short-range order. Actually, a very broad diffuse scat
ing maximum in the background was also found below
main magnetic peak at~010!, suggesting some kind of shor
range order in theab plane. The 120° AFM order among th

FIG. 3. Neutron diffraction patterns of YCa3(MnO)3(BO3)4 at
2 K and room temperature~only bank-2 data are shown here!. The
dots are observed data, lines are calculated and difference plots
vertical marks represent the allowed nuclear and magnetic~2 K
only! diffraction peaks. The lines running through the bottoms
the diffraction peaks are the background curve.
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Mn ions in theab planes is to be expected and was a
observed in LiMnBO3. However, it is difficult to explain the
observed Mn-Mn ferromagnetic interaction along the chai
Although it is generally believed that 90° metal-oxyge
metal interaction is FM,18,19 it has been shown19 that Mn-
O-Mn in MnO is AFM and this is also the situation i
LiMnBO3. The observation of FM must be linked to a stru
tural peculiarity of the present compound or the presence
Mn31 rather than Mn21. Figure 4~a! depicts part of the Mn-
O-Mn chain and its environment which is important to t
magnetic exchange pathways. Due to Jahn-Teller distor
of the Mn31 ion, Mn-O bonds fall into three groups with
bond lengths of Mn-O1, 1.879~1! Å; Mn-O2, 2.199~2! Å;
and Mn-O3, 1.979~2! Å. There are two near-90° Mn-O-Mn
connections along the chains. One is through the shor
bonds with a larger angle Mn-O1-Mn (102.4°) and free fro
bonding to boron atoms. Because the population ofd orbitals
toward this bond is empty and the angle is close to the tr
sition value (125°,ac,150° from Ref. 18,;97° from
Refs. 20 and 21, and 127° from Ref. 22! of superexchange
from FM to AFM, any residual FM interaction strength mu
be very small through this bond. The second linkage occ
via the longest bonds with smaller angle Mn-O2-Mn (83.5
and with O2 bonds to B; thed orbital of this bond is popu-
lated. The coupling between populated Mn-O2-Mn bon
should be FM, but O2 bonding to boron atom further co
plicates the situation and enhances AFM according
Geertsma and Khomskii;23 AFM is indeed observed in
LiMnBO3. All other direct-direct interactions favor AFM a
well. So the MnO chain cannot be FM through the usu
superexchange or direct exchange unless some degre
charge fluctuation along the chain takes place: i.e., leadin
a double-exchange mechanism,24 which seems to be also un
likely since resistance measured on a needle crystal sho
it is insulating.

Ramirez defined a factor off 5u/Tc as an empirical mea
sure of frustration and for the strong geometrically frustra
system f .10.25 For the present compound,f 527.2/7.5
,4. However, the applicability of this criterion is questio
able because the Weiss constant (u527.2 K! may not even
define the three-dimensionalu but only reflect the interaction

nd

f
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FIG. 4. The environment
around the MnO6 chain ~a! and
magnetic structure of
YCa3(MnO)3(BO3)4 ~b!. Impor-
tant bond lengths and angles a
Mn-Mn, 2.9288~2! Å; Mn-O1,
1.879~1! Å; Mn-O2, 2.199~2! Å;
Mn-O3, 1.979~1! Å; and Mn-O1-
Mn, 102.4(1)°, and Mn-O2-Mn,
83.5(1)°, at room temperature.
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through the one-dimensional MnO6 chains. The true value o
f must be defined by the ratio of the in-plane AFM intera
tion and ordering temperature, which could be even sma
because the in-plane interaction is less important than
interaction through the MnO6 chain. The extremely smal
value off found here must reflect magnetic order induced
a large correlation length along the MnO6 chains at low tem-
perature. It must be pointed out that although it is well
tablished that the site defects enhance magnetic orderin
e.g., in jarosites—we believe that the disorder mechan
d

.

s.
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from random occupation of Y and Ca ions in the tunn
would have little impact on the magnetic lattice
YCa3(MnO)3(BO3)3, in which the kagome´ net is essentially
isolated from the cations. In any case, a study of its mine
counterpart gaudefroyite Ca4(MnO)3(BO3)3CO3 which is
free from Y/Ca mixing is clearly very desirable.

We thank EPSRC and the Chinese Academy of Scien
for financial support and E. McCabe and Dr. L. Chapon
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