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Magnetic ordering in the charge-ordered Nb12O29
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Magnetic susceptibility and zero-field muon spectroscopy (ZF-m1SR) measurements of monoclinic
Nb12O29 are reported. The magnetic susceptibility shows a broad maximum at around 12 K with no divergence
between the zero-field cooled and field-cooled susceptibility, implying low-dimensional antiferromagnetic
ordering. Application of the Bonner-Fischer model, applicable for a uniformS5

1
2 linear Heisenberg chain,

gives an exchange energy ofJ/k512.71 K and substantially reducedg50.556. In this magnetically dilute
system, the observation of an oscillating signal in the ZF-m1SR experiments is a clear and unambiguous
signature of static magnetic correlations. We argue that this is due to an incommensurate arrangement of the
Nb41 electronic moments, similar to a spin-density wave. This phase sets in belowTf'10 K and produces
spontaneous muon-spin precession associated with two distinct internal local fields that saturate at 39.3~6! and
138~1! G at 60 mK.
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Charge ordering in mixed-valency systems has beco
increasingly important in the understanding of the electro
properties of many transition metal and post-transition m
oxides. This phenomenon, where different metal oxidat
states adopt crystallographically distinct sites, has b
shown to occur in a number of systems. For example
causes unusual ‘‘charge stripes’’ in lanthanide nickelates1 and
creates both commensurate and incommensurate states
Ba12xKxBiO3 superconductors.2 Charge ordering can have
dramatic effect on the electronic characteristics of the s
tem, for example, a metal-insulator transition in some m
ganate perovskites is caused by localization of Mn31 and
Mn41 ions onto specific sites.3 Charge ordering is particu
larly intriguing in d0/d1 systems, where the possibility o
controlling the ratio of magnetic (d1,S5 1

2 ) and diamagnetic
(d0,S50) ions, provides the opportunity to manipulate a
tailor new magnetic structures.

Low-temperature powder neutron diffraction has recen
been used to reveal a complex charge ordering transitio
monoclinic Nb12O29. It was shown that between 5 and 25
within which there is also a maximum in the magnetic s
ceptibility, one unpaired electron localizes onto a spec
crystallographic site within the (433) block structure. This
gives rise to a unique one-dimensional structural arran
ment of Nb41 ions.4 Nb12O29 can be written as
Nb2

41Nb10
51O29, therefore containing two unpaired ele

trons per formula unit. The second unpaired electron cont
utes to metallic conduction in this system, as also noted
the orthorhombic analog.5 The most likely magnetic state fo
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a localized electron randomly embedded in a sea of cond
tion electrons is the formation of a spin glass state. Howe
it is this site randomness in certain systems, such asCuMn,
which is necessary to produce the spin glass properties.6 The
unpaired electron localized onto a specific site in Nb12O29
gives an intriguing possibility of a unique form of low
dimensional magnetism. The structure of monoclin
Nb12O29 in the charge-ordered state, is shown in Fig. 1.4 It
shows chains of Nb41 ions with equivalent nearest-neighbo
chains 15.1, 15.7, or 10.5 Å apart; an extremely large d
tance for a condensed phase system. Many low-dimensi

FIG. 1. An illustration of the structure of the monoclini
Nb12O29. The projection to the~100! lattice plane is shown and
with the Nb41 (S5

1
2 ) crystal sites darkly shaded, and the Nb51

(S50) ones lightly shaded.
©2002 The American Physical Society05-1
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FIG. 2. The zero-field cooled and field coole
molar magnetic susceptibility of monoclini
Nb12O29 performed in an applied field of 100 G
in the temperature range of 1.8-300 K. The so
curve shows the fit to the Bonner-Fischer mod
The inset shows the same experiments perform
in an applied field of 10 G from 1.8–60 K.
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magnetic structures are known, such as SrCu2O3; however,
the distance between chains is usually relatively small~,4
Å! which causes a significant amount of interchain inter
tion, often leading to magnetic frustration. The formation
magnetic chains in the condensed phase of Nb12O29, which
are well spaced apart is more typical structural arrangem
in molecular magnet systems.7 However, condensed phas
systems allow for much greater chemical manipulation a
control, for example, in the alteration of the number of u
paired electrons, through the ability to easily dope the s
tem. The complexity of the magnetic state in Nb12O29 also
suggests the existence of a number of new magnetic s
tures in systems containing mixtures ofd0 andd1 ions.

To investigate the nature of the magnetic transition
monoclinic Nb12O29, a series of magnetic susceptibility an
zero-field muon spectroscopy (ZF-m1SR) measurement
have been performed. We show that the magnetic trans
at 12 K in monoclinic Nb12O29 is associated with long-rang
antiferromagnetic ordering. This is evident in the overlap
zero-field-cooled and field-cooled magnetic susceptibi
data and is strengthened by the observation of two dist
oscillations in the ZF-m1SR spectra. The oscillations wer
modelled using an exponentially damped Bessel function
propriate for such a dilute magnetic system. Furthermore,
Bessel function used in the fitting is consistent with the
cillating nature of the interaction, which we suggest ori
nates from the RKKY interaction between the chains me
ated through the conduction electrons.

Monoclinic Nb12O29 was synthesized from H-Nb2O5 and
Nb metal in a sealed evacuated quartz tube at a temper
of 1200 °C for 1 h, followed by rapid quenching to roo
temperature. H-Nb2O5, was first formed by firing as sup
plied Nb2O5 at 1100 °C for 24 h. The phase purity was co
firmed through Rietveld refinement of x-ray and neutr
powder diffraction data.4 Magnetic susceptibility measure
ments were performed using a Quantum Design MPM
SQUID magnetometer. Measurements were carried out in
plied fields of 10, 100, and 1000 G from 1.8–300 K, follow
ing both a zero-field-cooled~ZFC! and field-cooled~FC!
procedure. Them1SR data in zero field~ZF! were collected
on the LTF spectrometer of them1SR-dedicatedpM3 beam-
13440
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line, on the 600 MeV proton accelerator at the Paul Sche
Institute, Villigen, Switzerland. The instrument was emplo
ing a 3He-4He dilution refrigerator to access the millikelvi
temperature regime. Pressed pellets of the powdered sam
were attached with low-temperature varnish on a Pt sam
holder placed on the sample stick of the dilution refrigerat
100% spin-polarized positive muons were implanted in
solid sample and, after they come to rest at an interst
lattice site, they act as highly sensitive microscopic lo
magnetic probes. ThemSR technique in its various variant
has proven extremely powerful in the field of small-mome
magnetism, and in all cases, when magnetic order is of
dom, very short-range, spatially inhomogeneous or inco
mensurate nature.8 ZF-m1SR data for Nb12O29 were col-
lected on the LTF spectrometer at various temperatu
between 0.060 and 14 K.

The ZFC and FC magnetic susceptibility of monoclin
Nb12O29 in an applied field of 100 G and in the temperatu
range of 1.8-300 K is shown in Fig. 2. The inset shows
equivalent measurements from 1.8–60 K in an applied fi
of 10 G. The measurements show a broad maximum in
magnetic susceptibility around 12 K, often an indication
low-dimensional anti-ferromagnetic behavior. Both the 1
and 10 G measurements show no deviation between the
and FC measurements, which would have indicated s
glass character, giving strong evidence for long-range m
netic order. Although this observation is unusual in such
dilute magnetic spin system, previous structural work h
reported the structural ordering of the Nb41 (S5 1

2 ) ions
onto a specific site,4 as shown in Fig. 1. The maximum in th
susceptibility is, therefore, a consequence of thr
dimensional ordering of the magnetic chains. Magnetic s
ceptibility of a uniformS5 1

2 linear Heisenberg chain is theo
retically described by the Bonner-Fischer model,9 given
below:

xM5
~Ng2mB

2 !

kT S A1Bx11Cx2

11D1Ex21Fx3D , ~1!

where x5uJu/kT, A50.25, B50.14995, C50.30094, D
51.9862,E50.68854, andF56.0626.
5-2
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MAGNETIC ORDERING IN THE CHARGE-ORDERED Nb12O29 PHYSICAL REVIEW B 65 134405
The fitting using this model in the 1.8–300 K temperatu
regime is shown in Fig. 2, and provides values ofJ/k
512.71 K andg50.556. The value ofg is significantly
lower that the value of 2 for insulating systems with ze
spin-orbit coupling. Both the metallic nature of the syste
and strong spin-orbit coupling will greatly affect the value
g. The fit to the observed susceptibility is satisfactory; ho
ever, the crystal structure above the magnetic transition4 has
shown that the charge ordering does not occur in this t
perature regime, implying that the charge ordering of
mixed valency ions is possibly concomitant with the thr
dimensional magnetic transition. Therefore, the spins are
aligned in a chain, but are someway randomly distributed
Curie-Weiss fit to the high-temperature data, which includ
a temperature independent paramagnetic term to accoun
the conduction electrons and a diamagnetic core, yields
ues ofC50.3209 emu K mol21 andu5226.36 K. The ob-
served effective momentmeff is calculated to be 0.66mB ,
around 48% of that expected from the spin-only contribut
to the magnetic susceptibility. This clearly indicates that
electrons are still localized above the charge-ordering tra
tion; however, as there is no structural evidence for cha
ordering in this temperature regime the localized electr
are presumably distributed over all Nb sites or possibl
subset of preferred sites.4 The fact that the spins are no
aligned in chains above their ordering temperature, indica
that the anomaly at 12 K is the combination of a magne
and charge ordering transition, and the form of the Bonn
Fischer function may not be appropriate.

In the absence of an external field, the appearance
precession in the time-dependentm1SR spectra signals th
onset of a magnetic ordering transition. This is because
m1 spin undergoes Larmor precession, with a frequencynm
5(gm/2p)^Bm& ~where gm/2p513.55 kHz/G is the muon
gyromagnetic ratio!, due to nonzero local magnetic fields
strength^Bm&. A system in a frozen spin-glass state, due
short-range random static magnetism, does not show osc
tory behavior in the ZF-mSR signal. The precession sign

FIG. 3. Time-dependent muon-spin relaxation spectra at z
field for monoclinic Nb12O29. Clear evidence for long range mag
netic order is reflected in the coherentm1-spin precession~wig-
gling! signal, seen belowTf>10 K.
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~Fig. 3! observed in the zero-field muon polarization belo
11 K is definitive proof of long-range coherent static arrang
ment of moments. These oscillations vanish gradually up
heating causing a change in the line shape of the relaxa
to being more Gaussian-like character. The transition is c
sistent with the observed maximum in the magnetic susc
tibility of the Nb12O29 at around 12 K. Figure 3 shows rep
resentative time-dependent muon spectra at sele
temperatures above and below the spin-freezing transitio
Tf,11 K. The nonoscillating signal atT>11 K was best
fitted by the product of a Lorentzian and Gaussian relaxa
function

Pm~ t !5A exp~2lt !exp~21/2s2t2!, ~2!

whereA is the magnitude of the asymmetry, andl ands are
the associated damping rates. The physical origin of
m1-spin relaxation rests on arguments of coexisting rel
ation mechanisms in the same sample volume. That
slowly fluctuating electronic moments act as an independ
channel of depolarization in addition to the dipolar fiel
arising from the randomly frozen nuclear spins at the
sites. The latter term has an almost temperature-indepen
relaxation rate of̂s&50.19(2) ms21, and is responsible for
producing a field distribution with a width of̂DB2&1/2

>2.2(2) G. At the same time the electronic spins appea
be slowing down on cooling, sincel increases from 0.041~4!
ms21 at 14 K to 0.086~4! ms21 at 11 K. This behavior, asTf
is approached from above, is a precursor to the static s
freezing at lower temperatures.

The shape of the oscillatory muon-polarization signal
corporates two contributions and is generally modelled
Pm(t)5Pz(0) G'(t)cos(2pnmt)1Px(0) Gi(t), wherePz(0)
andPx(0) are the amplitudes of transverse and longitudi
initial ( t50) polarizations. The theory predicts that if th
local magnetic fields are purely static, then only2

3 of the
initial amplitude of the muon ensemble polarization will pe
form Larmor precession with frequencynm and the volume
fractions will follow the ideal ratioPx(0)/Pz(0)5 1

2 . Its
physical origin lays with the fact that on average, for a co
pletely random distribution of the directions of the intern
field in a homogeneous powder sample, one-third of
muons experiences an internal field along their initial s
direction and do not precess. The previous ideal ratio d
not always hold in real chemical systems where internal fi
inhomogeneities are present. Temporal fluctuations or r
domness of the local field at the muon site are expecte
incorporate time-evolution in the23 and/or 1

3 terms, thus ex-
plaining the origin of time dependence inPm(t) and the ne-
cessity ofG'(t) and Gi(t) functions in the mathematica
description of muon depolarization. Each one of theG'(t)
andGi(t) relaxation functions is associated with a part of t
sample volume and for this reason their exact form is v
informative regarding the microscopic physical mechanis
responsible for the muon-spin depolarization.

More specifically to account for theG'(t) and Gi(t)
terms in fitting the ZF-m1SR data of Nb12O29, the following
phenomenological function was used:

o-
5-3
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LAPPAS, WALDRON, GREEN, AND PRASSIDES PHYSICAL REVIEW B65 134405
Pm~ t !5@A1
' exp~2l1t !J0~2pn1t !

1A2
' exp~2l2t !J0~2pn2t !#1A3

i exp~2l3t !

~3!

shown as a solid line through the data in Fig. 3.A' andAi

are amplitudes reflecting the fractions (A'1Ai51) of the
muons contributing to the depolarization of the muon sp
n1 , n2 are the Larmor frequencies of the coherentm1 spin
precession, whereasl1 , l2 represent relaxation rates due
field components perpendicular to them1 spin, andl3 re-
flects relaxation associated to both dynamic and static fi
inhomogeneities along them1-spin direction. The use of the
dampedJ0-Bessel function to describe the oscillations w
preferred over the simple oscillating termPm(t)
;exp(2lt)cos(2pnmt1f) because the latter led to unphys
cally large values10 of 18°–45° for the phasef. The sponta-
neous signal in Nb12O29 is described by two oscillating com
ponents Nos. 1 and 2. We will attempt to rationalize this
the following paragraphs. As we mentioned above, the th
term, in Eq.~2!, accounts for the fact that on average, fo
completely random distribution of the directions of the loc
field in a polycrystalline compound, one-third of all muo
experience an internal field along their initial spin directio
As a consequence, they will not precess, but will contrib
to the exp(2l3t) term.

In the adopted model@Eq. ~3!#, the use of the Lorentzian
~l! over the Gaussian~s! term in the damping functions, i
justified by the dilute nature of the magnetic system. T
chemical formula can be written as Nb2

41Nb10
51O29, with

only one site of the two Nb41 (d1) localized per formula unit
of twelve niobium ions. For such a dilute spin system
Lorentzian function describes appropriately local fields w
a 1/r 3 interaction, wherer is the distance between the m
ment and the muon site.11 In the case of a long-range ordere
magnetic state, the muon experiences the moment~or other-
wise an internal field! of a unique magnitude, originatin
from several static ordered moments, but in a dilute s
system the associated oscillating term acquires some da
ing due to the internal magnetic field distribution. In th
more general case, this is due to the fact that different m
sites are in different surrounding moment configuratio
with some having nearby moments and others without a
The local field then has a much wider spread than that
scribed by a Gaussian function, which represents the fi
distribution in concentrated spin systems. A number of d
ferent fitting procedures was evaluated, but the functio
form of Eq. ~3!, with an exponential damping, proved sup
rior in appropriately accounting for the high concentration
diamagnetic Nb51 (d0) ions.

The observation ofnm in zero external field is a undispu
table evidence for the spontaneous ordering of the electr
Nb41 spins, placing the onset of long-range antiferroma
netic correlations atTf,11 K. The intriguing feature of the
Nb12O29 compound is that ZF-mSR resolves two discrete fre
quenciesn150.532(8) MHz andn251.873(14) MHz at 60
mK, corresponding to static local fields^Bm& at the muon
site of 39.3~6! and 138~1! G, respectively. This is a manifes
tation of muons seeing distinct internal magnetic fields w
13440
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a constant magnitude because they appear static or q
static in the time scale of themSR experiment~i.e., over a
few muon lifetimes!. In Nb12O29 the muons experience stat
local fields with some spatial inhomogeneity, which becom
apparent in the ZF-mSR spectra as additional broadening
the line shape. It can be caused due to the fact that the
dered moment locally experiences changes in magnitude
sign due to the incommensurate nature of the modulated
structure. A measure of this is given by the size of the c
responding depolarization ratesl150.86(8) ms21 and l2
50.51(12)ms21 at 60 mK, implying a distribution of local
fields with a width^DB2&1/2 of 10.1~9! and 6~1! G, respec-
tively. Some of the physical reasons for this behavior will
discussed below on the basis of the structural arguments
hold for this reduced niobium oxide. The temperature var
tion of the two resolved muon-spin precession frequencie
Nb12O29 reflects the vanishing of the sublattice magnetiz
tion atTf . This behavior is shown in Fig. 4, as we approa
the spin-freezing temperatureTf'10 K, and to a first ap-
proximation appears to be described by the following pow
law:

n5n0F12S T

Tf
D dGb

~4!

with d51.9(3) andb50.15(2).12 The parameter,b is a
critical index, which describes the order parameter near
magnetic phase transition and depends on the type of
spin-spin coupling and its dimensionality~e.g.,b50.38 for
3D Heisenberg,b50.312 for 3D Ising,b50.124 for 2D
Ising models!.13 On the other hand,d is not a critical param-
eter but reflects magnon excitations, which have the t
dency to suppress the order parameter at low temperatu
The sharp appearance of the frequencynm is reminiscent of
the spin-density-wave transitions in antiferromagne
chromium14 or the charge-transfer salt (TMTSF)2X6 .15 Al-
though there is a unique crystallographic site associated

FIG. 4. Temperature dependence of the two spontaneous m
spin precession frequencies close and below the antiferromag
ordering transition (Tf) in monoclinic Nb12O29. The solid lines are
fits to a power-law behavior, withb50.15(2) @Eq. ~4!#, and the
dotted curve corresponds to 3D Ising critical behaviorb50.312.
5-4
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FIG. 5. The temperature dependence of~a!
the zero-time asymmetries for the paramagne
~No. 3! and magnetically ordered~Nos. 1, 2! vol-
ume fraction of muons participating in the relax
ation mechanisms.~b! The associated relaxatio
rates. Equations~2! and ~3! were employed in
this description.
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the ordering of the Nb41 cations in the crystal lattice, justi
fication of multiple frequencies can in general be made
the grounds of a complex magnetic system where ther
more than one low-energy site for the muon to be locate

Our ZF-m1SR data reveal clearly a cooperative magne
transition. Figure 5~a! shows the temperature dependence
the corresponding fractions of the muons for each com
nent inPm(t). The static magnetism which gives rise to t
oscillatingm1-spin polarization first appears atTf'10 K. It
is reflected in the asymmetries of components Nos. 1 an
namely A1

' and A2
' . This signal increases substantially

lower temperatures as the magnetically ordered dom
grow at the expense of the paramagnetic ones whose vo
fraction is hidden in parameterA3

i of the nonoscillating com-
ponent No. 3. This latter contribution involves also the1

3

nonprecessing term of the magnetic component~due to the
polycrystalline nature of the material!, which cannot become
disentangled from the truly paramagnetic domain fract
possibly due to the proximity of the relaxation rates for t
two signals. The data imply a partly inhomogeneous form
magnetism for Nb12O29, with coexisting paramagnetic an
ordered static~;74%! internal fields even down to 60 mK
The associated relaxation rates@Fig. 5~b!# do not, however,
show the fairly strong temperature dependence of the am
tudes close toTf .

The low-dimensional properties of the monoclin
Nb12O29 system are inherent in its crystal structure.4 The
charge ordering in this compound effectively results in in
nite one-dimensional Nb41, S5 1

2 chains of corner-share
NbO6 octahedral units running down theb axis. These are
confined within 2D planes, which are ‘‘cutting diagonally
through the 334 NbO6 blocks, joined to one another b
edge-sharing octahedra~Fig. 1!. In terms of magnetic ex-
change interactions the adjacent 2D planes are isolated
one another, and in this case we can assume that the Nb12O29
system is composed of a 2D array of loosely coupledS5 1

2

chains. If Nb12O29 was a purely one-dimensional solid the
as inferred from examples of simple magnetic model syste
in real crystals,16 we would expect the thermodynamic b
havior of such an 1D system to be governed by the intrin
13440
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property common to all of them, namely, the absence
long-range order at nonzero temperature. Theoret
investigations16 on the critical properties of such a 2D arra
of loosely coupled chains suggest that, close enough to
ordering temperatureTf , they are essentially the same
those of a quadratic lattice with a critical exponentb; 1

8 .
The extracted indexb50.15(2) from the ZF-mSR experi-
ments, is in line with the spin-spin interactions originatin
from a 2D Ising-like model. In such a quasi-1D system
weak but finite interchain interaction within the 2D plane
can establish long-range ordering. In Fig. 4 we also plot
calculated behavior for a 3D Ising model (b50.312), as
approximated by 3D arrays of loosely coupled chains, w
the same critical temperatureTf as for the current experi
ment. We can see that the less anisotropic the system
faster the reduction of the sublattice magnetization.

We would like to note that although there is a single cry
tallographic Nb41 site, the muons attracted at the most ele
tronegative regions, can stop in various interstitial sites in
Nb12O29 lattice. It is likely that the complex shear plan
structure of Nb12O29 will contain a number of inequivalen
sites with similar attractive energies, each site giving rise
a distinct spontaneousm1-spin precession frequency. For e
ample, inspection of the crystal structure shows two can
date muon stopping sites; first the interstitials between
Nb41 chains located in the 2D planes~‘‘cutting diagonally’’
through the 334 NbO6 blocks! and secondly in the corre
sponding interlayer space~Fig. 1!. Muons located at each sit
will feel dipolar fields of varying strength, because of th
different topology of the surrounding moment configur
tions. From neutron diffraction studies,4 it was found that
each chain has six neighbors at distinctly different distanc
four long ones atr 1>15.7 Å ~32!, 15.1 Å ~32! and two
shorter atr 2>10.5 Å ~32!. The lack of Knight-shift data,
which offers a measure of the dipolar contribution at mu
sites precludes accurate determination of the muon locat
However, we can estimate whether the muon senses l
fields from magnetically distinct sites based on the ch
topological separation. The electronic dipole fields vary
^Bm&;nm;1/r 3 from the site that the muon probes, ther
5-5
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LAPPAS, WALDRON, GREEN, AND PRASSIDES PHYSICAL REVIEW B65 134405
fore, the relationn1 /n25(r 2 /r 1)3 is a useful measure fo
exploring candidate muon sites. Using the experimenta
observed values for the spontaneousm1-precession frequen
cies and the distances for an average chain separation,4 we
find n1 /n250.28(1) and (r 2 /r 1)350.32. This suggests tha
the muons occupy interstitial sites within a distance com
rable to the real separation of the chains in the Nb12O29 crys-
tal structure. This is consistent with the fact that, assum

TABLE I. Exchange energiesJ/K for a number of one-
dimensional molecular and condensed phase magnetic system

J/K Reference

Monoclinic Nb12O29 12.71 This work
(VO)2P2O7 65.7 17
Sr2Cu2O3 2200 18
SrCuO2 2100 18
NaV2O5 530 19
CsV2O5 146 19
LiV 2O5 310 19
CuGeO3 121 20

@3,38-dimethyl-2,28-thiazolinocyanine#
~TCNQ!

32.5 21

MEM-@TCNQ# 53 22
Cu diazocycloheptane Cl2 15.3 23, 24
Catena-@octanedione bis
~thiosemicarbazonato!#copper~II !~Cu-OTS!

18.6 25

Catena-@hexanedione bis~thiosemi-
carbazonato!#copper~II ! ~Cu-HTS!

14.5 25

Cu(4-methylpyridine)Cl2 13.8 25
Dibromobis~thiazole!copper~II ! 5.5 26
Dichlorobis~thiazole!copper~II ! 15.0 26
LiCuCl3•H2O 5.3 27
Isopropylammonium copper~II ! trichloride 19.7 27
p

rd
J
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m
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a

13440
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r 1.r 2 , the Larmor frequency magnitudes have the rela
n1,n2 , as found experimentally.

We have shown through the use of magnetic susceptib
and zero-fieldm1SR studies that the magnetic transition
monoclinic Nb12O29 is associated with a long-range antife
romagnetically ordered ground state. This is consistent
the ordering of the Nb41 ions onto a distinct crystallograph
site, which comprises a unique form of a one-dimensio
magnet. The large distances between the NbO6 chains~near-
est neighbors at 15.7, 15.1, and 10.5 Å! preclude direct or
superexchange type of interactions forming an excha
pathway for the magnetic correlations between the cha
However, the presence of distinct conduction electr
makes an indirect exchange through a sinusoidal var
RKKY interaction possible, consistent with the zero-fie
m1SR measurements, yielding an incommensurate mag
structure. This, together with the inherent low-dimensio
character of the structure, results in a different topology
the surrounding moment configurations. The muons are
cated in at least two distinct interstitial sites and experie
distinct dipolar fields@^Bm&539.3(6) and 138~1!G#. In con-
trast to other condensed phase material, Nb12O29 shows char-
acteristics which are more associated with organic molec
magnets, including the charge-transfer salt (TMTSF)2X6 .15

This is highlighted when we compare the exchange ener
of a number of condensed phase and molecular mag
systems, as shown in Table I. The flexibility of the co
densed phase systems, such as Nb12O29, allows for sophisti-
cated alteration of the number of arrangements of ch
through intercalation and substitution experiments.
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