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One-dimensional ferromagnetism of gaudefroyite C&MnO )3(BO3)3CO4
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The structure of gaudefroyite, @Mn0)3(BO3)3CO;5, is built up of linear chains of edge-shared MnO
octahedra which are interconnected via #@oups to form a Kagomé lattice in theb plane. Magnetic
measurements show that the Mn moments along the chain are ferromagnetically coupled, but frustration exists
between the chains because of the triangular arrangement of the Mn ions wittdb fiiane. Over a large
temperature range, 10KT=<320 K, the magnetic properties of this compound can be described by the
classical Heisenberg spin chain model with a single ion anisotropy modificaton2J> SS+1+DE§Z, with
J=4.2 K andD=0.67 K. Below 10 K, the moments are effectively constrained to gheplane and the
magnetization with Hllab shows spin glass behavior. No indication of magnetic ordering has been observed
down to 1.8 K.
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Low-dimensional magnetic systems have been the focuand are interlinked by BQgroups to produce a 2D Kagomé
of both theoretical and experimental studies for nearly half anet in the ab plane. Two distinct types of channels are
century! For one dimensionallD) systems, exact solutions formed in the net: one larger apatitelike hexagonal channel
exist for some model Hamiltonians and a large number obccommodates six aions and two c@z' groups per unit
extended inorganic and molecular compounds containing 1ell; two smaller trigonal channels are occupied solely by
magnetic chains have been reportédyhich allows a direct one C&* ion each. Our previous study demonstrated that the
comparison between theoretical and experimental resultss;osz- group in gaudefroyite, GAVMINO)3(BO3)3,COs, can be
For an isotropic Heisenberg chain, Fisher has obtained agsplaced by another BS group, with one C& ion simul-
exact solution for theS=c limit,% and for the strong aniso- taneously being substituted by &*ion to provide charge
tropic Ising system, exact solutions exist for the spin quanpalance and give YGEMnO)s(BOs),. Neutron diffraction
tum numbersS=3,1,7, and=.>"® It has also been proposéd and magnetic measurements proved that th&*Nems in the
and Observeé@ in CSN|F3,, that 1D fel’romagnetic chains can Synthetic ana]og YCMBO experience FM intrachain ex-
host nonlinear excitations, i.e., magnetic solitons, as th%hange. The chains are AFM coupled within #ieplane and
moving of domain walls. Experimentally, many compoundsorder below 7.5 K into @=0 Kagomé type magnetic struc-
exhibit antiferromagneti¢AFM) ordering along the chain  tyre [Fig. 1(b)]. In addition to the inherent interest of study-
while relatively few ferromagneti(:FM) chains are realized mg the properties of such FM chains, the ordering mecha-
in real system$:2Mn3* containing oxides frequently exhibit nism in Kagomé systems remains in dispute, and suggestions
Jahn-Teller distortions, and when doped to produce mixeghclude order by disordéf dipole-dipole or next-next-
Mn3*/Mn** compounds, double exchariyean provide fer-  npeighbor interaction& It is therefore important to determine
romagnetism as in the colossal magnetoresis@@éR) ma-  whether the ordering in thab plane is also present in the
terials of three-dimensional3D) (La,SPMnO; and two-  nondisordered A site gaudefroyite, which contains only*Ca
dimensional (2D) layered LaSjMn,0, systems? Two  jons in the structural channels, and the magnetic properties
recent reports, on PbMnBOby Park et al,”®* and of a single crystal of this material are reported here.
YCag(MnO);5(BO3), (YCMBO) by the present authots,
suggested that the chains of Rrions in these systems are
FM. This has encouraged us to focus attention on the minera
gaudefroyite itself, which the YCMBO compound is derived
from, and therefore contains similar chains of linked MnO
octahedra.

Gaudefroyite, CgMnO)3(B0O3);C0O;, from the Tash- ‘
gagalt mine, Morocco, was first reported by Jouravsky and-
Permingeat? Its structure[Fig. 1(a)] was subsequently de-
termined by Granger and Protésnd refined by Yakubovich
et al” and Hoffmanret al,'8in space groug6; or P6;/m, FIG. 1. The crystal structure of gaudefroyite,
respectively. The structure comprises edge-shared MmO  Ca,(Mn0)5(BO3);CO;, (@), showing the Mn@ chains in the unit
tahedra which form 1D chains alofi§01]. Due to the Jahn-  cell, and(b), showing theq=0 Kagomé-type magnetic structure of
Teller distortion of the MA" ions, the uneven Mn-O bonds the ab plane found in its synthetic analog, Y&MNO)s(BOs),;
lead to a slightly zigzag chain. The chains are over 5 A aparalongc all moments are parallel.
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FIG. 2. (Color online Magnetic susceptibility of gaudefroyite v =1-[3ukTI2I9S+1)], xc=NGFugS(S+ 1)/3kT.

crystal. The lines in the main figure are the fit using Eds.and Using these expressions and a single set of parameters of
(2). The lines in the inset provide only a guide for the eye. J=4.2 K,D=0.67 K, andu4=4.82 ug, we can fit bothy
and y, in the temperature range 10KT=<320 K with

Our sample of gaudefroyite originated from N'chwaning good agreemer(Fig. 2). In addition, the peak at 9.5 K ig,
mine Il in the Kalahari manganese field, Hotazel, Kuruman,s also reproduced, which means it originates entirely from
Cape Province, South Africa. A black shiny crystal of ap-the single ion anisotropy and is not indicative of AFM order.
proximate size 2.5 1.5x 3.5 mn? (with the longer dimen- Both positive values obtained farand D mean that along
sion parallel to thec axis) was selected for the magnetic the chain the spins are FM coupled and the spins are prefer-
measurements. A smaller separate crystal was crushed émtially oriented in theab plane, which is also consistent
check phase purity by powder x-ray diffractiodRD). The  with the magnetic structure determined for its synthetic ana-
magnetic measurements were performed on a Quantum Dég, YCMBO 14
sign PPMS magnetometer. For the measurements of parallel Below 10 K, x; shows a small field-dependence and no
or perpendicular magnetization of the sample, the crystal washservable differences in field-cooléBC) and zero-field-
fixed to the sample holder with theaxis aligned parallel to  cooled(ZFC) measurements, whereas FC and ZFC measured
or perpendicular to the direction of the magnetic field. susceptibilities in theab plane (y,) diverge, and the ZFC

Rietveld refinement of the XRD pattern of gaudefroyite value decreases below 9 (Fig. 2, insel. x, also shows a
using the Gsas packagé' and starting with the reported strong field dependence, with sharper peaks at lower fields
structural parameters in space groBfs/m quickly con-  for ZFC measurements, ang, in FC measurements satu-
verged toR,,=1.84% andyx?=1.161. The good agreement rates to different values with different applied fields. All the
between the calculated and observed pattern confirmed thabove facts point to a typical spin glass beha%idFhe spin
the crystals are free from contamination by other codepositeglass state in thab plane is also supported by a measure-
minerals; in particular, all the diffraction peaks could be in-ment of time decay of the remanent magnetization at 1.8 K
dexed on the hexagonal cell af=10.60461) A, and c (Fig. 3, insel.
=5.88581) A, and there are no residual peaks in the differ- The field-dependent magnetization measured at 2 K is
ence plot. The refined structural parameters are in googhown in Fig. 3. When the magnetic field is in thk plane,
agreement with Refs. 17 and 18. the magnetization sharply increases to giv@0% of its

The magnetic susceptibility of the crystal shows strongideal value(4ug) below 1 T; alongc, however, the magne-
anisotropy below 20 K(Fig. 2). The susceptibility along tization changes slope at around 1 T and approaches satura-
(x)) shows a peak around 9.5 K, whereas that perpendiculafon only for H,>3 T. The saturated moments in thb and
to ¢ (x,) continues to grow and shows typical FM behavior. ¢ directions at 7 T are 3.7%%/Mn and 3.82.5/Mn, respec-
Curie-Weiss analysis of the magnetic susceptibilities gives #éively, which are very close to the ideal value, indicating that
positive § (+45 K), also indicating FM interaction. However, all the Mr®* moments are aligned in the magnetic field di-
divergence of the fit already occurs about 100 K, well aboveection. The saturated moment is also nearly identical to that
the transition. We therefore tried to use the Heisenberg spinf its synthetic analog3.83ug/Mn), YCMBO, which means
chain model to fit the experimental data. The expressions fathat there is probably no other substituted impurities in the
the extension of the Fisher mofigb include single ion an- Mn sites of the gaudefroyite crystal studied. The different
isotropy were given by Smith and FriedbéfgFor a classic magnetization behavior in theb andc directions originates
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FIG. 3. (Color onling Magnetization at 2 K
of the gaudefroyite crystal. The inset shows the

time-dependent magnetization at 1.8 K.
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from the anisotropy. Making the crude approximation thatD can be compared to those obtained from electron paramag-
full alignment of the Mn moments is achieved at 7 T, onenetic resonance (EPR measurements on similar
obtains Ag=g,—-g,=0.027 and therefore,D=(\/2)Ag compoundg® Only very recently, by using high field and
=1.7 K, taking\=£/2S and ¢é=355 cn?. high frequency, has the EPR spectrum of¥im octahedral
The zero-field splitting paramet& can also be obtained coordination been observé&:?® The obtainedD values
from the low-temperature magnetizatihWhen the mag- range from 1 to 4.5 ciit, equivalent to 1.5 to 6.5 K,
netic field is parallel tac, we can use a mean field treatment which are not far from our obtained values.
for the system: For the magnetic field imb plane, the following Hamil-

19 32 tonian

H=-22X9S,+DS, - gugHo - S;.

- I j ’ . .Z ) H=-22%9)S, + DS, - 30ugHo - (S, +S)
zis the coordination number of the interacting #ions, for ) ) ]

which S=2, so that can be diagonalizéfto give energy levels

/
eh — g4 pg=3d+2h _ 9e-3d-2h E, = gD + (%Dz + hz)l 2

M=M ——— i (3
Oed+eh+eh+e3d+2h+e3d 2h

£, =20 (307 +1)2
with d=D/KT, h=gugHei/KT, Hez=Hgo+AM, and \

=22JINGPus. E;=2PY2cod 4/3),
The fit using Eq(3) with D=3.81(9) K, J=3.1(1) K, and

My=3.8546)ug (We neglect the interchain interaction and E, = 2PY2cod 6/3 + 27/3),

take z=2) to the magnetization curve along tledirection

successfully reproduces the change of slope and gives a rea- E: = 2PY? cod 6/3 - 27/3).

sonable agreement throughout the whole field range . 13m0, 442 (353 812\ 032
(0=7 7). It should be noted that the value bf here is sig- ‘i‘”th :‘_3\:\3/' +3h% cos#=(3D°-5Dh?)/P¥2 and h
nificantly larger than that previously obtained from the high_g"ljB( 0 h )- .

temperature susceptibility. The discrepancy probably has two sing the equation

origins. First, the Fisher chain model is 1D and is exact at 25 (= JEJoHo)e BT
high temperatures, whereas the low-temperature magnetiza- M = =1 :
tion calculation we adopted is essentially a mean field 3D 25 e Ei/kT

approximation. Second, at low temperatures inter-chain in- =

teractions cannot be ignored and will enhance the effects cindD=3.81 K andJ=1.4 K, we can calculate the magneti-
the anisotropy® The obtained zero-field splitting parameter zation curve for Hllab, which gives good agreement at low
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field but at higher field the agreement is worgég. 3). The  something to do with the borate groéhWithin the ab
tentative explanation for this is that the Mn site in the crystalplane, theory predicts that the Kagomé lattice has a disor-
does not haveP6;/m symmetry but an approximate point dered magnetic ground state. The observatiog=® order
symmetry ofmmm with 3 pairs of different Mn-O bonds: j, yCMBO but not in gaudefroyite seems to support the
Mn-O1, 1.8565) A; Mn-O2, 2.2267)A; and Mn-O3, reports on jarosite that lattice disorder enhances magnetic
,1'9646) A. Therefore the anisotropy (,)f individual Mn IONS 5rdep? since in YCMBO there is significant disorder in the
in the ab plane probably cannot be ignored. The in-plane, 41y occupied Ca/Y sites. However, whereas in jarosite
anisotropy of a_less d|stqrted Mn-O environment Inthe lattice disorder is at the magnetic sites, in YCMBO the
CsMNn(SQy),-12D,0 was obtained from both inelastic neu- ) _ 'ag - o
tron scatterindt and high-field EPE® with E=0.272 cm? disorder is at Cal/Y sites, Ieavmg_ the magnetic lattice mta_ct.
=0.4 K or E=0.245 cm1=0.35 K. Also, thec axis (along A recent report based on magnetic measurement on pure iron
the elongated bonds Mn-@2f the distorted Mn@ octahe- jarosites* also contradicts with the proposed disordered
dron is not in coincidence with the crystallograplticaxis ~ ground state. Further experiments in the future are needed to
but tilted 48° off thec direction; in this case there will also address the influence of disorder on nonmagnetic sublattices
be a contribution from th&, moment to theab plane. Since to magnetic ordering phenomena in this type of system.
the diagonalization of the general form Hamiltonian has not In conclusion, the Mn@ chain in gaudefroyite can be
been worked out in closed form, we made no further effort tomodeled by a Heisenberg classical spin chain with an aniso-
improve the fit. tropy modification,H=-2J£5S5,,+D3S,, with J=4.2 K
The geometries of the MnOchains in gaudefroyite, and D=0.67 K. Within theab plane, as a consequence of
YCMBO, and PbMnBQ are nearly identical, and all of them frystration from the Kagomé lattice arrangement of the FM

support FM along the chain. However, as previously pointéthains, no 3D magnetic order has been observed among the
out;'>'* magnetic interactions in other Mn compounds with chaijns that remain as spin glass down to 1.8 K.

similar bond geometries give AFM order. The FM interaction

observed in these 1D chains may relate to the superexchange We thank Alan Hart of the Mineralogy Department, the
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