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A. S. Wills* and A. Harrison†

Department of Chemistry, The University of Edinburgh, The King’s Buildings, West Mains Road, Edinburgh EH9 3JJ, United Kin

C. Ritter
Institut Laue-Langevin, Avenue des Martyrs, Boıˆte Postale 156, 38042 Grenoble Cedex 9, France

R. I. Smith
ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom

~Received 17 August 1999!

Jarosites are a family of minerals of general formula AFe3~OH!6~SO4!2 ~whereA1 is typically a univalent
cation such as Na1, K1, Rb1, ND4

1 , Ag1, Tl1, or D3O
1!. They provide good model Heisenbergkagome´

antiferromagnets with which to test suggestions that highly frustrated antiferromagnets have unconventional
magnetic ground states and excitations. In all cases Fe31 ions provideS5

5
2 moments, arranged on the vertices

of well-separatedkagome´ layers, and are coupled through strong antiferromagnetic exchange with values of the
Weiss constantsu of the order of2700 K. We report dc magnetic susceptibility (xdc) and powder neutron
diffraction studies of materials in whichA15Na1, Rb1, ND4

1 , Ag1, or D3O
1 and show that for all materials

except the deuteronium (A15D3O
1) salt, long-range magnetic order with the in-planeq50 spin structure sets

in below a temperatureTf of the order of 50 K. (D3O!Fe3~SO4!2~OD!6 shows only a spin-glass-like transition
at Tf>15 K. There is no obvious difference in the structures of the salts that show magnetic long-range order,
and the deuteronium salt except for the coverage of the magnetic lattice, which is higher (9763%) in the latter
than that of the rest of the family~<95%, and most typically> 90%!. It is proposed that reduction of the
coverage of the magnetic lattice induces long-range order in the jarosites, and the material
(D3O!Fe32xAl y~OD!6~SO4!2, in which the coverage of the magnetic lattice is 8963% has been prepared and
characterized to test this hypothesis.xdc for this material has a cusp at 25.5 K, and powder neutron diffraction
reveals long-range magnetic order at 1.4 K with the same ordering vector as that seen in the other materials.
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I. INTRODUCTION

Frustration confers unusual cooperative properties o
lattice of exchange-coupled moments.1–4 In the simple case
of a triangular lattice of Heisenberg spins with antiferroma
netic nearest-neighbor exchange, frustration leads to a 1
array @Fig. 1~a!# which possesses a double degeneracy a
ciated with the handedness, orchirality of the vector array in
addition to the trivial degeneracy associated with the glo
rotation of spins; the second, degenerate form is show
Fig. 1~b!. While this extra degree of freedom, which behav
as an Ising variable, bestows new critical properties on
spin lattice,5–7 the ground state and excitations are believ
to be conventional. The spin configuration depicted in Fi
1~a! or 1~b! may be extended infinitely in the plane of th
paper in a unique fashion to produce a long-range orde
array@Fig. 2~a!#, and this is believed to be the ground state
this form of antiferromagnet forS. 1

2 ~for S5 1
2 there is still

some debate about whether this Ne´el state is the true groun
state, or whether a resonating valence bond or spin fl
ground state is preferred instead8–10!. However, when the
triangular plaquettes are connected through shared vertic
form thekagome´ lattice, shown in Fig. 2~b!, the order within
an isolated plaquette cannot be propagated in an unamb
ous fashion. This figure also displays one of the manifold
possible spin states which satisfies the requirement tha
spins are at 120° to each other, the so-calledq50 state;10–12
PRB 610163-1829/2000/61~9!/6156~14!/$15.00
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another highly symmetric array whose energy is the sam
first order is shown in Fig. 2~c! and is called the)3) state
on account of the relative size of the magnetic and nuc
cells. It is only when further-neighbor exchange interactio
are introduced,12 or thermal13,14 or quantum15–17fluctuations
incorporated in the model that a subset of the manifold
ground states is selected. For classical~large! spins, small
quantum or thermal fluctuations appear to select configu
tions in which all spins are coplanar, and within this sub
of configurations,)3) order is probably selected asT
→0.12–14,18

Despite the fascination this lattice holds, there are rema
ably few experimental systems with which to study its pro
erties and test theory. The majority of experimental work h
been on the magnetoplumbite isomorp
SrCrxGa122xO19 @SCGO(x)#19–29 which contains akagome´
lattice of Cr31 ions which behave as strongly antiferroma
netically coupled Heisenberg spins3

2 ~the Weiss constantu
'2500 K!. A spin-glass-like transition is observed in bo
the dc and ac magnetic susceptibility~xdc and xac, respec-
tively! on cooling, where the freezing temperature depe
on the coverage of the magnetic lattice; for a sample w
89% coverage of thekagome´ lattice, Tf53.5 K. Extrapola-
tion of Tf with coverage gives a value ofTf54.15 K for the
pure lattice.20,23,24However, the nature of this frozen phase
unconventional: the heat capacity evolves with tempera
6156 ©2000 The American Physical Society
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asT2 rather than the approximately linear dependence a
ciated with conventional spin glasses; neutron scattering
for samples with 79 and 92% coverage of thekagome´ lattices
suggest that at least 50% of the moments continue to flu
ate strongly well belowTf .21,27 This observation is furthe
supported by muon spin relaxation~mSR! measurements.30

However, these data also highlight one of the problems
countered when working with SCGO(x)—the coverage of
the kagome´ lattice with magnetic atoms depends on the p
parative conditions and is typically<89%.23,24The magnetic
lattice is also somewhat more complex than the sim
model studied by theorists; a pair of kagome layers form
sandwich with an additional triangular layer in the middle
that the magnetic system is best described as a disord
pyrochlore slab.26 Thus, although SCGO(x) is a fascinating
example of a highly frustrated antiferromagnet, and can n
be synthesised with essentially complete coverage of
magnetic lattice24 it is not a close replica of the model sy
tem studied by theorists.

There are a number of other systems that have been
forward as modelkagome´ antiferromagnets. The collectio
of nuclear spin-12 moments provided by3He absorbed at cer
tain densities on graphite31,32 is one such case. Howeve
recent theoretical work33 suggests that this system is mo
complex than previously thought, and multiple spin e
change effects appear to play an important role in the col
tive magnetic properties such that it can no longer be
garded as a simple kagome´ antiferromagnet. The
S51 organic antiferromagnetm-MPYNN•BF4 ~where
m-MPYNN is m-N-methylpyridium a-nitronyl
nitroxide!34,35has also been put forward as a model mater
and holds much promise, though the low spin density a
high degree of hydrogenation create experimental difficul
in neutron scattering experiments. Possibly the most prom
ing, and certainly the largest class of compounds that m
serve as modelkagome´ antiferromagnets is the Jarosite fam

FIG. 1. Triangular plaquatte of antiferromagnetically coupl
moments free to rotate in the plane of the paper~a! and ~b! show
degenerate spin configurations of minimum energy and oppo
chirality.

FIG. 2. ~a! Triangular lattice with Ne´el array of spins and
kagome´ lattices with~b! q50 and~c! )3) spin arrays.
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ily of minerals AFe3~OH!6~SO4!2 ~whereA1 is a univalent
cation such as Na1, K1, Rb1, NH4

1 , Ag1, Tl1, or H3O
1, or

stoichiometric quantities of the divalent cations1
2 Pb21 or

1
2 Hg21!, and the isomorphic families in which Fe31 is ex-
changed for other trivalent ions such as Cr31 or V31 or the
sulfate group is exchanged for SeO4

22 or CrO4
22 .36,37

Jarosites have been studied by mineralogists as impo
sulfur-bearing minerals, and there is extensive docume
tion of their structure, stoichiometry and syntheses;38–40they
are also of industrial importance as a means of precipita
iron from solutions bearing a mixture of metal ions,36 and the
silver salt is a significant ore of that element.41 The unit cell
of hydronium jarosite is shown in Fig. 3 which depicts laye
of vertex-sharing Fe-O octahedra stacked along thec axis
and well separated by sulfate and hydronium ions. A clea
illustration of thekagome´ lattice of Fe31 ions is given in Fig.
4 which shows the Fe-O octahedra for one layer view

ite

FIG. 3. Crystal structure of sodium jarosite, depicting the d
position of FeO6 octahedra and sulfate tetrahedra, and marking
boundaries of the nuclear unit cell. Some atoms outside the unit
are also included to complete all coordination polyhedra.

FIG. 4. Single layer of Fe-O coordination octahedra view
along thec axis of a jarosite with the iron atom at the center of ea
octahedron.
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6158 PRB 61A. S. WILLS, A. HARRISON, C. RITTER, AND R. I. SMITH
along the crystalc axis. However, it is only relatively re
cently that there has been much interest in themagneticbe-
havior of Jarosites.37,42–55 It was rapidly established tha
Fe31 ions have a6A1g ground term and approximate well t
strongly coupled HeisenbergS5 5

2 spins,42–44 with Weiss
constants of the order of2700 K.43,44 The structure of these
materials gives rise to exchange pathways that are m
shorter between vertex-sharing FeO6 units compared with
any other route so it is expected that these materials are g
models for the simple Hamiltonian

H5J(
i , j

S̄i•S̄j , ~1!

where the exchange constantJ is limited to nearest-neighbo
spinsSi andSj within the kagome´ layers. However, the co
operative magnetic properties of these materials fall into
categories. The majority of the compounds studied to d
~A15Na1, K1, NH4

1 , 1
2 Pb21! show a transition to long-

range magnetic order at a temperature of the order of
K,43–45,48and where it has been studied, the spin array be
this temperature has been shown to adopt theq50 configu-
ration within thekagome´ layers, and these in turn are a
ranged antiferromagnetically along thec axis.37 In contrast,
the hydronium salt (A15H3O

1! and its deuterated analo
(A15D3O

1) show no long-range magnetic order down
0.4 K.49–51 Instead, measurements ofxdc indicate a spin
glasslike transition at a temperatureTf of the order of 15 K,
with a divergence between field-cooled and zero-field-coo
susceptibility~the precise value ofTf depends on whethe
the material is deuterated and on the preparative conditio53

and we discuss this point in Sec. IV!. Below Tf neutron
scattering data indicate that the moments only possess s
range correlations,50,54 and freeze progressively as th
sample is cooled further so that they appear static on a
scale of 10 ps at 1.5 K.55 It is not clear why this difference
between different types of jarosites arises. All the mater
are isostructural and there are no obvious correlations
tween different forms of magnetic behavior and either
cell parameters or exchange geometry between Fe31 ions.
The only clear structural or compositional distinction b
tween the hydronium or deuteronium salt and the other m
bers of the family is the degree of coverage of the Fe31

sublattice. The jarosites have a tendency to lose Fe31 ions
from the structure as they are precipitated, accompanied
protonation of OH2 groups to form H2O and thus maintain
charge balance. However, the degree of loss of magn
atoms is much lower for the hydronium and deuteroni
salts, being as small as 3%, while the other members of
Jarosite family show losses of typically 7–17%. We discu
this further, together with recent studies of the effect of d
magnetic dilution of hydronium jarosite,53 in Sec. IV.

In this paper we present magnetic susceptibility and n
tron powder diffraction data for jarosites in which theA cat-
ion is Na1, ND4

1 , Ag1, and Rb1 in order to study the man
ner in which the cooperative properties depend on the na
of this ion. The coverage of the magnetic lattice of the
particular materials ranges from 87 to 95% and in all ca
magnetic long-range order with theq50 in-plane structure
is observed below a temperature of the order of 50 K.
addition to the magnetic Bragg peaks, diffuse scattering
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observed above and below the Ne´el temperature and this i
attributed to short-range correlations in the kagome lay
The location and width of this feature resembles that see
the high coverage hydronium salt,50 indicating that the
propagation vector and magnetic correlation lengths
similar. We also test the hypothesis that a reduction in c
erage of the magnetic lattice may induce long-range orde
these compounds by preparing the diamagnetically di
deuteronium jarosite (D3O!Fe32xAl y(OD!6~SO4!2. A sample
for which the occupation of the magnetic lattice
8963%, shows a cusp inxdc at 25.5 K, and powder neutro
diffraction data taken at 1.4 K indicate that there is magne
long-range order when compared with a pattern taken
30 K.

II. EXPERIMENTAL

A. Chemical synthesis

The magnetic behavior of jarosites is very sensitive
their precise composition,53 which in turn depends on the
preparative conditions, so it is important to be explicit abo
the details of the synthesis if the work is to be reproduc
We give an outline of the method here, and further details
the Appendix.

Jarosite precipitates are formed by the hydrolysis
strongly acidic solutions~pH 0.5–2! ~Refs. 56,57! of Fe31

ions, sulfate ions and the relevantA cation. If the pH is too
high, the reaction produces amorphous iron hydroxysulfa
such as Fe4~OH!10SO4 ~Refs. 58,59! and low pH is found to
retard the precipitation reaction. In the preparation of all
pure jarosites, the source of iron was the hydrated iron
fate Fe2~SO4)2 nH2O ~wheren'5!, while theA cation was
introduced as the anhydrous sulfate. Both these salts w
dissolved in D2O and then heated in PTFE-lined stainles
steel bombs in a precision furnace~Perkin Elmer! with a
temperature stability of60.5 °C. The result was a partly deu
terated material suitable for powder neutron diffraction m
surements. The reaction is found to be subject to the kin
isotope effect and the amount of deuterated precipitate
severely reduced with respect to the protonated product.

The resulting jarosite phases were washed with D2O and
dried at 120 °C for 3–4 h. Powder x-ray diffraction analys
showed all of the materials synthesised to have theR3̄m
alunite structure and there was no evidence of any crysta
impurity phases or unreacted starting materials. There
also no evidence for red amorphous iron hydroxy sulf
contaminant and the precipitates all had the character
rapid settling time of the jarosites.36

The S and D~or H! contents were determined by eleme
tal combustion analysis~Perkin Elmer 240C!, while the
metal content was determined with an atomic absorpt
spectrometer~Atomscan, Thermoelectron! equipped with an
argon plasma torch. Solutions were prepared by boiling
sample in concentrated HCl to which a small amount of c
centrated HNO3 had been added. The O content was th
deduced by subtraction, and the overall stoichiometry de
mined with the assumption that the S content
stoichiometric.60 The principal error arises from the met
analysis~61.0 wt. %! and these are worked through to giv
the error in the coverage of the Fe sites. The elemental c
positions and stoichiometries of the jarosites used in th
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TABLE I. Elemental compositions of samples studied in this work; values marked with an asterisk were determined by
diffraction ~Refs. 49–51! and estimated standard deviations are shown in brackets.

Idealized formula Elemental composition/wt. % Stoichiometric formula

Occupation of
kagome´ lattice

by magnetic ions

(H3O!Fe3~SO4!2~OH!6 2.1 H, 34.2 Fe, 13.7 S, 50.0 O Fe2.84H9.77S2.00O14.56 9564%, 97.3~6!%*
~D3O!Fe3~SO4!2~OD!6 1.7 D, 36.5 Fe, 13.8 S, 48.0 O Fe3.03D3.87S2.00O13.92 10164%, 94.8~9!%*
~D3O!Fe32xAl y~SO4!2~OD!6 3.8D, 30.7 Fe,,0.9 Al, 13.2 S, 51.4 O Fe2.67Al0.15D9.2S2.00O15.58 8963%
NaFe3~SO4!2~OD!6 3.5 D, 32.9 Fe, 13.2 S, 2.8 Na, 47.6 O Fe2.86Na0.59D8.50S2.00O14.5 9564%
~ND4!Fe3~SO4!2~OD!6 4.4 D, 32.9 Fe, 13.8 S, 2.0 N, 46.9 O Fe2.74N0.66D10.23S2.00O13.63 9163%
AgFe3~SO4!2~OD!6 2.6 D, 27.2 Fe, 11.6 S, 6.0 Ag, 52.6 O Fe2.68Ag0.31D14.44S2.00O18.12 8963%
RbFe3~SO4!2~OD!6 3.1 D, 28.3 Fe, 12.4 S, 9.4 Rb, 46.8 O Fe2.62Rb0.57D8.02S2.00O15.13 8763%
.
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and in previous experiments49–51 are displayed in Table I
Any compositional data available from neutron diffractio
has also been included.

Previous work has shown that a reduction in the reac
temperature reduces the iron content of the jarosite.56,61 For
this reason the synthesis of the site-diluted hydroni
jarosite was carried out at the reduced temperature of 110
Al2~SO4)3 18H2O was also introduced to reduce the part
iron concentration. Chemical analysis of the product did
deed show a reduced iron content~;89% occupation!. The
trace amount of aluminum incorporated into the struct
indicates a large degree of preferential incorporation of i
under these conditions. The iron vacancies are thus ch
balanced by protonation of hydroxy groups. The partia
deuterated (D3O!Fe32xAl y~SO4!2~OD!6 was prepared by dis
solving 20.000 g of Fe2~SO4)2 nH2O and 31.500 g
Al2~SO4)3 18H2O ~Fisons 98%! in 50 ml D2O with gentle
heating and then most of the water was removed by ro
evaporation; the viscous fluid that remained was made u
300 ml in D2O and heated at 110 °C for 24 h, yielding 0.12
of product. This material is a lighter shade of ochre than
pure iron compound.

B. Magnetic susceptibility measurements

dc susceptibility measurements were performed with
Quantum Design MPMS2 SQUID magnetometer. Sample
were held in gelatine capsules which had a small diam
netic signal, and the magnetization was measured as a f
tion of field at both low (,Tf) and high~>300 K! tempera-
n
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tures to see if there was any evidence for ferromagn
impurities or other forms of extrinsic magnetism.48 The mag-
netization was then determined in a number of measu
fields between 10 and 10 000 Oe for temperatures betw
1.8 and 350 K. Data were taken both under field-cooled
zero-field-cooled conditions to determine whetherxdc in the
region ofTf bore any evidence for spin glass freezing, and
all cases data were corrected for the diamagnetism of
sample holder and the constituent atoms.

C. Powder neutron diffraction

Neutron diffraction patterns were taken for deutera
forms of all the samples using a variety of diffractomete
Samples were held in a vanadium can and data were ta
above and belowTf except for the rubidium salt which wa
only measured belowTf .

The sodium jarosite sample was measured on
POLARIS diffractometer of the ISIS Facility at temperatur
of 40, 50, and 300 K using 8 g of sample. The nuclear an
magnetic structure were refined from the 40 K data set c
lected over 11 h~1800mA h! using both theA ~low-angle!
andC ~high-angle! detector banks. A weak Bragg reflectio
was observed atd52.13 Å and attributed to the vanadium
sample can; data in this region of the pattern were exclu
from subsequent profile refinement. The ammonium jaro
sample was measured on the D2B diffractometer at the
stitut Laue-Langevin at a wavelength of 1.5943 Å with t
~115! reflection of germanium as the monochromator. D
were taken from a 14 g sample at temperatures of 1.5 an
wder

ples
TABLE II. Magnetic parameters for pure and dilute jarosites derived from dc susceptibility and po
neutron diffraction data:Tf is the temperature of the cusp in the susceptibility,C is the gradient of the inverse
susceptibility plotted against temperature for the linear region andu is the intercept of this line with the
temperature axis;meff andJ are the effective moment and exchange constant derived fromC andu, respec-
tively. Note that the sublattice magnetizationms was measured at different temperatures for different sam
~40 K for the sodium salt, 1.4 K for the Fe/Al sample, and 1.5 K for the rest!. x is the coverage of the
magnetic lattice and all quantities have been normalized to this where appropriate.

Material Tf /K u/K C/emu mol21K21 meff /mB J/K m/mB x

NaFe3~SO4!2~OD!6 42,62 2667~5! 5.65~4! 7.13~3! 38.1~4! 2.07~4! 0.95
~ND4!Fe3~SO4!2~OD!6 46,62 2640~5! 5.57~5! 7.08~3! 36.6~3! 4.38~11! 0.91
AgFe3~SO4!2~OD!6 51 2677~4! 5.70~5! 7.16~3! 38.7~4! 3.24~10! 0.89
RbFe3~SO4!2~OD!6 47 2688~5! 5.74~5! 7.19~3! 39.3~3! 2.74~7! 0.87
~D3O!Fe32xAl y~SO4!2~OD!6 25.5 2720~5! 5.91~7! 7.29~5! 41.1~3! 1.44~9! 0.89
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6160 PRB 61A. S. WILLS, A. HARRISON, C. RITTER, AND R. I. SMITH
K. The rest of the samples~argento, rubidium and the
aluminum-doped deuteronium jarosite! were measured on
the D1B diffractometer at the Institut Laue-Langevin at
wavelength of 2.52 Å using the~002! reflection of pyrolytic
graphite as the monochromator. Patterns for argentojaro
were taken on a 1.2 g sample at 1.5 K and 65.0 K;
rubidium jarosite a pattern was collected from;2.8 g of
sample at 1.5 K; for (D3O!Fe32xAl y~SO4!2~OD!6 diffraction
patterns were taken at 1.4 and 30.8 K from;0.1 g of
sample.

III. RESULTS

A. dc susceptibility

All members of the jarosite series other than the hyd
nium or deuteronium salts behave in a similar fashion wit
linear dependence of the magnetizationM with applied field
H over the range 0 to 10 000 Oe. All samples display a c
in xdc at a temperature of the order of 50 K and there is
significant divergence in the field-cooled and zero-fie
cooled susceptibility. In all cases the inverse susceptibilit
linear in temperature from approximately 150 K to the ma
mum experimental temperature of 350 K, and a fit to
Curie Weiss Law in this region yields a Weiss constantu of
the order of 2700 K and a slope of the order of 5.
emu mol21 K21; exact values forC andu for each compound
are given in Table II. Figure 5 depicts the change in
susceptibility and in the inverse susceptibility with tempe
ture for the silver salt, a measurement typical of all the u
doped materials reported here, while Fig. 6 expands the

FIG. 5. ~d! Field-cooled dc susceptibility and~s! inverse sus-
ceptibility of AgFe3~SO4!2~OD!6 as a function of temperature.

FIG. 6. Susceptibility ofAFe3~OH!6~SO4!2 measured in an ap
plied field of 10 000 Oe in the region ofTf for ~a! A5Na, ~b! ND4,
~c! Rb, and~d! Ag. Data have been offset by successive increme
of 0.0005 emu mol21 between neighboring datasets going up t
page.
ite
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ceptibility data in the region ofTc for each material. We note
in passing that in some cases, notably that of the rubid
salt, the freezing transition is single, while in others the
may be evidence of other transitions; we return to this po
and a discussion of these data in greater detail in Sec. IV
contrast to the data for the pure compounds, measurem
on deuteronium jarosite doped with aluminum showed
freezing transition at 25.5 K but no further anomalies do
to 1.8 K. Data for this sample are reproduced in Fig. 7.

B. Powder neutron diffraction

The powder neutron diffraction pattern of sodium jaros
taken on the POLARIS diffractometer at 50 K showed
evidence of magnetic long-range order; however, diffu
scattering of the form observed in hydronium jarosite w
seen,50,54though the flux distribution of this diffractometer i
such that the signal is very weak over this range ofd spacing.
On cooling below the magnetic freezing temperature of t
compound (Tf>42 K) to 40 K, additional Bragg peaks wer
observed which were attributed to long-range magnetic or
and indexed successfully on the basis of the magnetic
cell assigned to KFe3~SO4!2~OD!6,

52 i.e., the in-plane spin
structure corresponded to theq50 array, and relative orien
tation of the in-plane component of the moments of nea
interlayer neighbors is 60°, leading to a doubling of thec
axis relative to the nuclear unit cell. The relative orientatio
of moments in successive layers is given in Fig. 8~a!; an
alternative spin structure in which nearest-neighbors in a
cent layers are correlated antiferromagnetically~120°! is

ts

FIG. 7. Zero-field-cooled susceptibility and inverse suscepti
ity of ~D3O!Fe32xAl x~SO4!2~OD!6 and ~D3O!Fe3~SO4!2~OD!6 as a
function of temperature, measured in 10 000 Oe field. Blocked
symbols represent the susceptibility, and open symbols the inv
susceptibility, while circles and squares represent data for the do
and undoped material, respectively.

FIG. 8. Spin orientations for theq50 spin structure in succes
sive kagome´ layers stacked along thec-axis of a jarosite when the
nearest-neighbor interlayer correlations are predominantly~a! ferro-
magnetic and~b! antiferromagnetic.
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TABLE III. Structural parameters for NaFe3~SO4!2~OD!6 at 40 K in the space groupR3̄m with Z53.
Figures with asterisks are reported without errors because they were subject to rigid body constraints
values fixed. Nuclear cell parameters:a57.32582 (6) Å, c516.59516 (20) Å;Rwp51.87% ~A bank!,
2.67%~C bank!, 2.47%~combined data set!. Rp51.41% ~A bank!, 2.68%~C bank!, 1.86%~combined data
set!. Sublattice moment: 2..07~4! mB .

Atom
~Wyckoff site! x y z Uiso/Å

2
Site

symmetry
Fractional
occupancy

Fe (9d) 0.16667 20.16667 20.16667 0.0108~4! 2/M~110! 0.95~* !

S (6c) 0.00000 0.00000 0.30695~27! 0.0111~9! 3M~100! 1.000
O1 (6c) 0.00000 0.00000 0.39721~15! 0.0158~4! 3M~100! 1.000
O2 (18h) 0.22355 ~9! 20.22355 ~9! 20.05283 ~7! 0.0158~4! M~110! 1.000
O3 (18h) 0.12621~12! 20.12621~12! 0.13362 ~8! 0.0143~5! M~110! 1.000
Na (3a) 0.00000 0.00000 0.00000 0.052~4! 23M~100! 0.585~* !

O4 (6c) 0.00000 0.00000 20.02611~66! 0.0076~* ! 3M~100! 0.208~* !

D1 (18h) 20.07243~* ! 0.07243~* ! 20.04284~66! 0.2840~* ! M~110! 0.208~* !

D4 (18h) 0.19566~12! 20.19566~12! 0.10790~10! 0.0322~6! M~110! 1.000
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shown in Fig. 8~b!. This second spin structure is observed
chromium analogues of the jarosites28,52 and we will discuss
the preference for the two spin structures in Sec. IV. T
nuclear and magnetic structures were refined simultaneo
from the A and C bank data collected at 40 K using th
software packageGSAS ~Ref. 62! and starting from theR3̄m
cell of hydronium jarosite. There was no evidence of cr
talline impurity phases.

The 12 coordinate cavity in the sulfate layers may
occupied by both Na1 and D3O

1 ions. We assumed a ran
dom distribution of these ions, and constrained the D3O

1

unit to be rigid with the same configuration as the hydroni
ion in the pure hydronium salt. The refinement diverged
the fractional occupancy or thermal parameters of the Na1 or
the D3O

1 ions was allowed to vary in an unconstrained fas
ion; consequently the thermal parameters of the D3O

1 unit
were fixed at the values refined for (D3O!Fe3~SO4!2~OD!6
~Ref. 51! and the Na1 and D3O

1 fractional occupancies wer
set at those obtained from chemical analysis. The Fe o
pancy and the thermal parameters failed to refine freely
the fractional occupation was also set at the value determ
by chemical analysis. The uncertainty in the degree of iso
pic substitution was treated by altering manually the scat
ing length of theD atoms until its occupation refined to 1.
and this procedure was repeated for the remaining part
deuterated samples. The thermal parameters of the su
oxygen atoms were constrained to be the same as each o
Nuclear structural parameters are given in Table III.

The magnetic structure of sodium jarosite at 40 K w
refined using data from just theA bank; a fault in the refine-
ment program prevented the simultaneous use of both thA
andC bank data for the magnetic refinement. The magn
refinement is not affected greatly by this as the form facto
the magnetic scattering reduces its intensity considera
over the range ofd spacing received by theC bank detector.
Magnetic Bragg peaks in theC bank data were not exclude
from the refinement because we wished to display them
the refinement profile, so the values forRwp andRp will be
inflated relative to the value expected for the nuclear refi
ment alone. Previous work28,52suggested that magnetic ord
propagates along thec axis such that the order in successi
e
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kagome layers adopts the sequencēABC–A–B–C¯ ,
whereA, B, andC denote aq50 array with different prin-
cipal axes, and the negative sign a reversal of those axes.
magnetic unit cell is then twice as large as the nuclear u
cell along thec axis and can be described usingP3̄ symme-
try. This spin structure was refined, yielding the magne
propagation vectors given in Table IV and a sublattice m
netization of 2.07(4)mB , approximately 41% of the satura
tion value ofS5 5

2 Fe31. It should be noted that the value o
(T/Tf) is close to 1.0 so we anticipate that the satura
value of the sublattice magnetization is appreciably larg
The refined profiles for NaFe3~SO4!2~OD!6 are displayed in
Fig. 9.

Nuclear structures of all the other samples were refine
a similar manner, though in the case of the ammonium s
additional constraints had to be imposed on the refinem
the ND4

1 ion was defined was a rigid unit with a bond leng
of 1.03 Å.63 Data for this salt were taken on the diffracto
meter D2B, which has a very high resolution and this int
duced further complications as we were unable to model
profile function with particular success. This is reflected
the poor values ofRwp and x2 and the unstable therma
parameters given in Table V. The physical origin of th
could be a slight structural distortion away from theR3̄m
space group or the presence of an impurity phase wit
similar structure. This is to be expected because for m
years there has been an argument as to whether the na
minerals belong to a noncentrosymmetric space group ra
than R3̄m due to the observation of pyroelectricity.64 If
present, this distortion is very small as our attempts to mo

TABLE IV. Positional parameters of iron atoms and magne
unit vectors refined in the space groupP3̄ in NaFe3~SO4!2~OD!6

and applicable to the other jarosites in this work.

Atom x y z mx my mz

Fe ~1! 0.5 0.5 0.75 20.8667 0.5000 0.0000
Fe ~2! 0.6667 0.8333 0.4167 0.8667 0.5000 0.000
Fe ~3! 0.8333 0.6667 0.0833 0.000021.0000 0.0000
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FIG. 9. Neutron-diffraction data for NaFe3~SO4!2~OD!6 taken on
~a! theA bank~low-angle! and~b! theC ~high-angle! detector bank

of the POLARIS diffractometer at 40 K showing a fit to theR3̄m

nuclear~lower ticks! and P3̄ magnetic~upper ticks! unit cells and
the difference between the data and fitted profile on the same s
~lower trace on each figure!. Rwp51.87% ~A bank!, 2.67% ~C
bank!, 2.47%~combined data set!. Rp51.41% ~A bank!, 2.68%~C
bank!, 1.86%~combined data set!.
e of
nds
it by reducing the symmetry to the maximal nonisomorph

subgroups ofR3̄m, failed to lead to an improvement in th
description of the lineshape. Refined structural parame
for the ammonium salt are given in Table V and the fitt
profile displayed in Fig. 10.

The diffractometer D1B is a relatively high flux instru
ment that is particularly suitable for measuring Bragg refl
tions at longd spacing, but does not extend to sufficient
short d spacings to perform high quality nuclear structu
refinements. However, the instrument is very suitable
measuring the diffuse scattering that we have attributed
short-range magnetic correlations in these compounds.
file refinements of the nuclear structure were performed
argento-, rubidium-, and aluminum-doped deuteronium i
jarosite, but only to provide an estimate of the cell para
eters and a detailed background for fitting of the diffuse sc
tering and the magnetic Bragg peaks. A summary of som
the nuclear structural data for these and the other compou

ale

FIG. 10. Neutron-diffraction data for~ND4!Fe3~SO4!2~OD!6

taken on the diffractometer D2B at 1.5 K showing a fit to theR3̄m

nuclear~lower ticks! and P3̄ magnetic~upper ticks! unit cells and
the difference between the data and fitted profile on the same s
~lower trace!. Rwp510.4%.Rp57.46%.
aints or

TABLE V. Structural parameters for~ND4!Fe3~SO4!2~OD!6 at 1.5 K in the space groupR3̄m with Z

53. Figures with asterisks are reported without errors because they were subject to rigid body constr
their values fixed. Nuclear cell parameters:a57.32877 (32) Å andc517.3024 (8) Å. Rwp59.9%, Rp

57.46%. Sublattice moment: 4.38 (11)mB .

Atom
~Wyckoff site! x y z Uiso /Å 2

Site
symmetry

Fractional
occupancy

Fe (9d) 0.16667 20.16667 20.16667 0.0001~7! 2/M~110! 0.910
S (6c) 0.00000 0.00000 0.3039~12! 0.031~4! 3M~100! 1.000
O1 (6c) 0.00000 0.00000 0.38983~40! 0.0088~9! 3M~100! 1.000
O2 (18h) 0.22338~28! 20.22338~28! 20.05658~20! 0.0088~9! M~110! 1.000
O3 (18h) 0.12959~27! 20.12959~27! 0.13598~25! 0.01~9! M~110! 1.000
O4 (6c) 0.00000 0.00000 20.00565~73! 0.0076~* ! 3M~100! 0.170
D1 (18h) 20.072403~* ! 0.072403~* ! 20.02169~86! 0.2840~* ! M~110! 0.170
N (6c) 0.00000 0.00000 20.0097~9! 0.022~4! 3M~100! 0.330
D (18h) 20.0745~* ! 0.0745~* ! 20.02896~86! 0.1540~174! M~110! 0.330
D (6c) 0.00000 0.00000 0.04810~86! 0.1540~174! 3M~100! 0.330
D4 (18h) 0.19621~28! 20.19621~28! 0.10815~21! 0.0175 ~10! M~110! 1.000
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TABLE VI. Summary of structural data for jarosites, both from this work and reported elsewhere~Refs. 37,49,51!. The distances Fe-Fe
Fe-O(n), and the anglea @Fe~1!-O~1!-Fe~2!# refer to the nearest-neighbor iron atoms and the oxygen atoms to which they are bound
n51 or 2 defined in Fig. 15; H-O is the H~D!-bonding distance between hydroxide units and sulfate, and the angleb is between
D~1!-O~3!-D~2! and is also defined in Fig. 15. Data for the rubidium-, argento-, and aluminum-doped deuteronium salt are less e
because the data set taken on diffractometer D1B was not suitable for detailed structural refinement.

Material
~Temperature! a/Å c/Å

Fe-Fe
/Å

Fe-O~1!
/Å

Fe-O~2!
/Å

H-O
/Å a/° b/°

~H3O!Fe3~SO4!2~OH!6 ~1.5 K! ~Ref. 49! 7.32457~12! 16.9153~4! 3.66228~6! 2.0374~9! 1.9921~8! 1.946 133.625 106.1
~D3O!Fe3~SO4!2~OD!6 ~2.0 K! ~Refs. 49,50! 7.3445~7! 16.9037~16! 3.6722~3! 2.013~4! 1.9908~20! 1.908 134.53~27! 105.5
~D3O!Fe32xAl x~SO4!2~OD!6 ~1.4 K! 7.3399~6! 16.9897~31!

NaFe3~SO4!2~OD!6 ~40 K! 7.32582~6! 16.59516~20! 3.6629~6! 2.0222~2! 1.9878~2! 1.893 134.248~12! 106.1
KFe3~SO4!2~OH!6 ~10 K! ~Ref. 37! 7.30 17.09 3.65 134
~ND4!Fe3~SO4!2~OD!6 ~1.5 K! 7.32877~32! 17.3024~8! 3.66415~19! 2.036~4! 1.9939~15! 1.962 133.51 101.0
RbFe3~SO4!2~OD!6 ~1.5 K! 7.3342~9! 17.3884~29!

AgFe3~SO4!2~OD!6 ~1.5 K! 7.3573~12! 16.5242~28!
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in this work is given in Table VI, and fitted profiles ar
displayed in Figs. 11–13.

The broad asymmetric peak was fitted to a War
function50,65–67which was originally developed65 to describe
diffuse scattering of x rays from graphite, a material in whi
there is long-range structural order within a set of planes,
no structural correlations between these planes. The struc
factor for a particular reflection from one of these tw
dimensional objects corresponds to a rod in reciprocal sp
centered at the indices~h,k! of the reflection. Thus, as
powder diffraction pattern is measured with increasing sc
tering vector, such a reflection will produce a sharp rise
the scattering intensity whenQ5Q05ha* 1kb* , wherea*
andb* are reciprocal lattice vectors for the unit cell. AsQ
continues to increase, the Ewald sphere continues to cu
rods of scattering, and the scattering strength per unit oQ,
PQ , falls gradually withQ as the scattering is distribute
over an increasing solid angle. In real materials, the tw
dimensional objects will have a finite widthL, which broad-
ens the rods of scattering and consequently broadensPQ , as

FIG. 11. Neutron-diffraction data for AgFe3~SO4!2~OD!6 taken

on the diffractometer D1B at 1.5 K showing a fit to theR3̄m

nuclear~lower ticks! and P3̄ magnetic~upper ticks! unit cells and
the difference between the data and fitted profile on the same s
~lower trace!. Rwp53.16%.Rp52.33%.
n

ut
re

ce

t-
n

he

-

well as shifts the maximum by an amountDQ50.64p/L,
wherel is the wavelength of the radiation. Such a model h
been adapted66,67 to describe the diffuse scattering from
layered magnet in which there are short-range correlation
lengthL within a plane, but no correlation between them.PQ
may be expressed as

PQ5KmFhk
2 @2Q~l/4p!1Q21/2~l/4p!2222#

3S QL

4p3/2D 1/2

F~a!@J~Q!#2, ~2!

where K is a scaling constant,m is the multiplicity of the
reflection,Fhk is the two-dimensional structure factor for th
spin array andJ(Q) is the magnetic form factor. The func
tion F(a) describes the way in which the Ewald sphere c
through the rods of scattering asQ increases, and is calcu
lated by integration in cylindrical coordinates over a range
scattering vectors centred atQ0 for the ~hk! reflection, such
that the angle betweenQ andQ0 is w. For smallw, F(a) is
given by

ale

FIG. 12. Neutron-diffraction data for RbFe3~SO4!2~OD!6 taken

on the diffractometer D1B at 1.5 K showing a fit to theR3̄m

nuclear~lower ticks! and P3̄ magnetic~upper ticks! unit cells and
the difference between the data and fitted profile on the same s
~lower trace!. Rwp53.36%.Rp52.53%.
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F~a!5E
0

`

exp@2~x22a!2#dx, ~3!

where

a5S L

2Ap
D ~Q2Q0! ~4!

and

x5wS LQ

4Ap
D . ~5!

While the integral in Eq.~3! was originally given in War-
ren’s work as being over the limits 0 tò, it does not con-
verge and in practice is calculated between finite limits;
found the values 0 to 10 produced no significant differen
relative to the values tabulated in Warren’s original articl

The expression forPQ was fitted to data for ammonium-
rubidium-, argento-, and aluminum-doped hydronium ir
jarosite at a number of different temperatures to give
spin-spin correlation lengths detailed in Table VII. An e
ample of such a fit for the argentojarosite data is given
Fig. 14. In addition, all the diffraction patterns taken belo
Tf for these materials showed additional Bragg peaks
could be indexed and refined in the same manner as for
sodium salt. Refined values for the ordered moments of th
materials are also given in Table II. Remarkably, t
aluminum-doped hydronium jarosite does show additio
Bragg peaks belowTf in contrast to the undiluted salt whic
only shows a Warren peak at temperatures well belowTf .
The diffraction pattern of 0.1 g o
~D3O!Fe32xAl x~SO4!2~OD!6 was taken at 30.8 and 1.4 K an
showed additional Bragg peaks at the lower tempera

FIG. 13. Neutron-diffraction data fo
~D3O!Fe32xAl x~SO4!2~OD!6 taken on the diffractometer D1B at 1.

K showing a fit to theR3̄m nuclear~lower ticks! andP3̄ magnetic
~upper ticks! unit cells and the difference between the data a
fitted profile on the same scale~lower trace!. Rwp51.16%. Rp

50.85%. The data at the bottom of the figure represent the dif
ence between patterns taken at 30.8 and 1.4 K, multiplied b
factor of 12 to make it easier to identify what appear to be magn
Bragg peaks.
e
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which could be refined to the sameP3̄ spin array with a
saturated moment of 1.44(9)mB ~Rwp51.16% and Rp
50.85%! ~Fig. 13!. We also observed diffuse magnetic sca
tering at both temperatures which resembled that observe
the undoped materials, and this part of the pattern was
fitted to a Warren function with an in-plane spin-spin corr
lation lengthj516.262.5 Å.

In principle, the value ofQ0 should provide information
about the nature of the in-plane spin-array, correspondin
indices for dominant reflections. The spread of values
observe forQ0 , in the range 121.15 Å21, are compatible
with the results of Monte Carlo simulation for the neare
neighbor kagome´ Heisenberg antiferromagnet,14 and also
with exact analysis of the infinite componentkagome´
antiferromagnet,68 which predict maxima inS(Q) at ap-
proximately 1.15 and 1.0 Å21, respectively, for a cell with
the dimensions of the compounds reported here.

IV. DISCUSSION

The principal result of this work is the observation th
jarosites appear to be divided into two categories accord
to the nature of the magnetic correlations in the lo
temperature frozen state. All jarosites studied
date37,42–48,52with the exception of the hydronium or deu
teronium salt49,50 show long-range magnetic order with th
q50 structure in thekagome´ layers, and in the case of Fe31

salts the magnetic unit cell is doubled along thec axis com-

d

r-
a

ic

FIG. 14. Diffuse scattering peak indicative or short-range a
ferromagnetic order in thekagome´ layers of argentojarosite ob
served at 1.5 K. The solid line through the data is the least-squ
fit to a Warren function. The gaps in the data are regions wh
there are the strong nuclear reflections, and these were remove
the purposes of the fit.

TABLE VII. Summary of parameters for fits of a Warren func
tion to the diffuse magnetic scattering observed at low temperat
in jarosites.

A cation T/K L/Å Q0/Å21

D3O ~Ref. 50! 60 1564 1.02
D3O~Fe/Al! 30.8 16.262.5 1.06
Na
ND4 60 19.160.1 1.02
ND4 1.5 1564.0 1.02
Ag 65 18.560.8 1.05
Ag 1.5 18.762.2 1.05
Rb 1.5 22.564 1.01
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pared to the nuclear unit cell~the exception is the potassium
analogue in which sulfate is exchanged for chromate
which the magnetic and nuclear unit cells have the samc
parameter50!. In all cases where long-range magnetic orde
observed, freezing sets in around 50 K. Further, those c
mium isomorphs that have been studied~where Cr is substi-
tuted for Fe! also show long-range magnetic order at lo
temperature,28 with the q50 structure in the kagome layer
and a nondoubledc axis. The spin arrays in the single- an
doubled-magnetic unit cells for in-planeq50 correlations
have been displayed schematically in Figs. 8~a! and 8~b!,
revealing the relative spin orientations between layers. It
be seen that the doubled unit cell arises when the nea
neighbor interlayer magnetic correlations have a ferrom
netic component with relative orientation of in-plane comp
nents of 60°, while the single-c magnetic cell corresponds t
120° antiferromagnetic nearest-neighbor interlayer corr
tions.

In order to rationalize the various spin arrays that m
form it is necessary to consider the nature of the excha
pathways in these compounds in more detail. There are
data available for the relative strengths of further neigh
exchange either within or between thekagome´ layers in any
of these compounds, and it is unlikely that any unambigu
data will be available until careful spin-wave dispersi
measurements have been performed on single crystal
these materials. Instead, we will consider what pathways
likely to be significant on the basis of exchange geometry
that we can judge what the most important perturbations
the simple Hamiltonian~2! for nearest-neighbor Heisenbe
exchange are likely to be; such interactions have alre
been considered for potassium jarosite, but at that time
location of the hydrogen atoms in the structure was
known and these may be important for a thorough analys43

In jarosites the nearest-neighbor in-plane exchangJ
propagates through shared oxygen atoms provided by
hydroxide molecules of the coordination octahedra of F31

~Figs. 3, 4, 15!. Further-neighbor in-plane exchange m
pass through the same hydroxide groups which are hydro
bonded to the apical oxygen atom of the sulfate group. Th
is considerable evidence for efficient exchange throu
H-bonded atoms in other materials.69,70Such pathways, illus-
trated in Fig. 15, are likely to be of comparable strength
second and third-neighbor in-plane exchangeJ2 andJ3 , re-
spectively; the path length for both exchange routes is id

FIG. 15. Exchange pathways in the jarosite structure. The fig
depicts fragments of two neighboringkagome´ planes of iron atoms.
Within such planes an iron atom~1! may interact with second~3!
and third-nearest neighbors~4! through hydrogen-bonded interac
tions between hydroxy and sulfate groups~dotted lines!, as well as
by strong superexchange with nearest neighbors~2! through a co-
valent bond@O~1!#; exchange with an atom~5! in a neighboring
plane may also propagate through hydrogen-bonded interaction
volving the sulfate group.
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tical, the difference being in the bonding angle between
atoms and apical oxygen. If this route is viable for furthe
neighbor in-plane exchange, it should also provide part
the pathway for an interlayer exchange of compara
strength. It is known that the sulfate group may provide
efficient exchange pathway in a variety of transition me
compounds,71 so any spin polarization transferred from Fe31

to the apical sulphur atoms may also be passed up to F31

ions in the neighboring layer. This provides three differe
types of interlayer exchange which we will labelJ8, J9, and
J-, according to the through-space distance between the
involved. Figure 16 depicts the various exchange interacti
schematically as if they propagated through space, but
must rememberthat the exchange pathways are made up
bonds through atoms and molecules~Fig. 15!. Some bond
lengths and angles for these and other exchange pathw
are given in Table VI. To a first approximation we wou
expect the strengths of these exchange interactions to
similar because the pathlengthalong the connecting bonds i
the same in each case. However, theanglesinvolved in every
link in the path are different, so strictly speaking the intera
tions between the atomic orbitals that make up the molec
orbitals for each pathway may be different and the spin
larization may therefore be propagated differently betwe
the various interlayer neighbors. It is very likely thatJ8, J9,
and J- are all antiferromagnetic, ferromagnetic supere
change in insulators requiring some form of orthogonal lin
age and being very rare.72 Thus, if we assume that all inter
layer exchange is antiferromagnetic, we may draw up
simple relationship betweenJ8, J9, andJ- for the nearest-
neighbor interlayer correlations to be either ferromagnetic
antiferromagnetic, as described in Figs. 8~a! and 8~b!. For
the predominantly ferromagnetic~60°! case and a doubledc
axis in the magnetic cell,uJ9u.u(J81J-)/2u, and for the
predominantly antiferromagnetic~120°! nearest-neighbor in-
terlayer correlations,uJ9u,u(J81J-)/2u. It is quite possible
that a change of Cr for Fe as the magnetic ion, or Cr for S
the exchange pathway, alters the relative values ofJ8, J9,
and J- and tips the balance between single- and doub
magneticc axis. Fe and Cr have 3d5 and 3d3 valence elec-
tron configurations, respectively, which in a quasioctahed
environment becomet2g

3eg
2 and t2g

3, respectively, so it is
likely that admixture of atomic orbitals from the metal atom
and the ligands in the exchange pathway are significa
different, giving rise to different relative values ofJ8, J9,
andJ-.

It has been pointed that the form of the exchange betw
layers may also influence the nature of the spin correlati
within the kagome´ layers.28 Both ferromagnetic and antifer

re

in-

FIG. 16. Definition of further-neighbor interlayer exchange i
teractions in the jarosite structureJ8, J9, andJ- are first, second,
and third neighbor exchange interactions ranked according to sh
est through-space distance between iron atoms.
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romagnetic interlayer coupling produce a net exchange fi
for theq50 structure, but for the)3) spin structure, the
~2

3
1
3! in-plane translation between neighboring planes is ou

registry with the periodicity of the order in thekagome´ lay-
ers. Further-neighbor intralayer exchange,J2 and J3 , is
likely to be comparable in strength toJ8, J9, andJ- on the
basis of the similarity in length and composition of the e
change pathways~Table VI! and this will also stabilize vari-
ous forms of long-range order. Harriset al.12 used linear
spin-wave analysis to calculate how the energy of theq50
and)3) spin structures changed when further-neighb
intralayer exchange was introduced and concluded that
q50 structure was more stable when (J22J3).0, and the
)3) spin structure was more stable when (J22J3),0.
However, one should bear in mind that since these were
only spin structures considered, it is possible that the gro
state spin array is different from either of these options.

If we assume that the exchange field is dominated by
nearest-neighbor in-plane exchangeJ, we may estimate the
value ofJ from analysis of the high-temperature form of th
susceptibility. In view of the relative lengths and compo
tions of the exchange pathways, this appears to be a rea
able assumption, but it should be noted that the neglec
further-neighbor interactions~assuming they are also antife
romagnetic! will overestimate the magnitude ofuJu by an
amountSnzJnS(S11), wherez is the number ofnth further
neighbors. Recent series expansion calculations of the
ceptibility of akagome´ antiferromagnet with the Hamiltonia
of Eq. ~1! ~Refs. 12,14! indicate that although a convention
Curie-Weiss expression should describe the susceptib
well at high temperatures, a modified form will prevail b
low T>JS(S11)/k. In this regime, the inverse susceptib
ity intercepts the temperature axis at22JS(S11)/k, rather
than the value of2(4/3k)JS(S11) predicted by mean field
theory, and its slope with temperature adopts a va
(meff)

2/9 rather than the conventional value of (meff)
2/8,

where (meff)
25g2mB

2S(S11). Over the entire temperatur
range where the measured inverse susceptibility has a li
dependence on temperature, a single slope is obse
which suggests that all our measurements are in the lo
temperature regime or below. The magnitude ofuJu derived
from these data using the appropriate expression is of
order of 40 K in all cases, predicting that the transition fro
the low-to high-temperature susceptibility regime is at a te
perature of the order of 350 K.

Applying this analysis to our susceptibility data we obta
effective moments that are significantly larger than the va
expected for the6A1g ground term of Fe31 in this ligand
field environment which should be free of either temperat
independent paramagnetism or a second-order Zeema
fect, and should therefore adhere closely to the spin-o
value ofA35/4>5.92mB . It is possible that our samples con
tain a small amount of a ferromagnetic or ferrimagnetic i
purity phase or that moments near inhomegeneities in
lattice are canted and produce a weak spontaneous mag
zation. Anomalously high moments are observed by ot
workers.48,53 Maegawa and co-workers48 observed a nonlin-
earM vs H curve at low temperatures which was attribut
to defect Fe31 ions; the contribution from such impuritie
saturates in higher fields. It was observed that an app
field of 20–30 kOe was required for saturation of the ma
ld
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netization in samples of sodium, potassium, and ammon
jarosite, and that substantial nonlinearity should be appa
below our maximum operating field of 10 kOe; we do n
observe an indication of such behavior in our materia
Earleet al.53 performed a careful study of the susceptibili
of diamagnetically doped hydronium jarosite and conclud
that the moment derived from the high-temperature susc
tibility became higher as the lattice coverage increased, s
gesting it was inherent to the kagome lattice as modelled
jarosites. This is turn could be attributed to approximatio
in the series expansion treatment of the susceptibility
treating the complexity of exchange interactions in jarosi
sufficiently well.53

Some of our samples also show signs of a second m
netic transition at 61–62 K, not unlike the secondary tran
tions that have been observed in samples of sodium, po
sium, and ammonium jarosite,48,52 and which have been
shown by NMR measurements to be inherent to these m
rials rather than a consequence of an impurity phase. T
was interpreted as evidence for some form of intermed
magnetic phase. However, the fact that there is not an e
correspondence between data taken from different sam
of the same materials suggests that the observation of
feature in measurements ofxdc may be influenced by the
lattice coverage, which in turn is very sensitive to variatio
in the preparative conditions. We note that a transition ab
the main cusp inxdc is most distinct in samples with th
highest lattice coverage.

Precise values of the effective moment are given in Ta
II together with values foruJu, all of which are close to 40 K.
There are relatively large changes in the cell parameterc and
hence the interlayer separation as theA cation changes, bu
no consistent correlation between this andTf or u; changes
in the cell parametera, and hence the intralayer Fe-Fe sep
ration are less marked, but again there is no clear, consis
relation with the magnetic parameters. The only parame
that appears to change steadily with the mass of theA-site
cation is the coverage of the magnetic lattice; there is a
distinct trend in the variation ofTf with mass of theA-site
cation, showing a noisy increase inTf as theA cation gets
heavier, and this could be related to the accompanying
crease in site coverage, although this is opposite to the c
ventional response of a magnet to dilution.

We find a similar, unconventional response to diluti
when we consider the aluminum-doped hydronium jaros
Apart from work on gallium-doped hydronium jarosite,53 we
are unaware of asimple, insulatingsystem in which dilution
leads to an increase in the temperature of spin freezingTf
for SCGO(x) ~Refs. 22,24! as well as for a chromium ana
logue of the jarosites,28 falls with dilution @though it should
be noted that this results pertains toceramic samples of
SCGO(x), while for single crystalsgrown from flux there is
an apparentincrease in Tf as site coverage increases,20 a
result that has been attributed to a preferential loss of m
netic ions from thekagome´ sites in the structure as oppose
to triangular lattice sites, and this in turn leads to a struct
that is on average less two-dimensional#. There is relatively
little theoretical work on the effect of magnetic inhomogen
ities on kagome antiferromagnets. Shender and co-worke10

deduced that the principal effect of varying the magnitude
spins on akagome´ antiferromagnet was to induce noncopl



th

y

at
th

tio
th
d

ec

a
um
re

rit
r

be
x

ict
ve
im
ls

o

ri
ob
te
ee

re
a
n
r-
lu
th

h
n-
K
to
b
r
c

io

it

o

n
sly

he

us-

ites.
or-
n

ag-

0%

ess

ry,
at
age
to

ruc-
ion
n
-
ro-
wn
ra-

ea-
or-

ry

ran-
ge

net
tri-

par-
is
ex-
de-
ves.
s
ns.
, to

etic
osi-
ate.

to
to
is
of
ber

PRB 61 6167MAGNETIC PROPERTIES OF PURE AND . . .
narity in the ground state; this work also predicted that
energy of any individual triangle would be minimized~ex-
cept in the case of strong disorder where it is the energ
isolated clusters of moments that is minimized!. The special
case of site dilution~i.e., where the magnitude of the spin
a site isS or 0! has also been studied and indicates that
same rule for minimization of energy applies here too.73 The
rule of satisfied triangles or clusters suggests that dilu
alone is unlikely to induce spin glass order: the fact that
ground state energy is independent of the separation of
fects implies that the spin degrees of freedom of the def
do not couple. However, real modelkagome´ antiferromag-
nets such as the jarosites may differ because they h
further-neighbor interactions, dipolar coupling and quant
fluctuations, so this problem requires further specific theo
ical work. What is clear is that random dilution may create
local imbalance in exchange interactions near an impu
and may in some cases produce an increase in interlaye
intralayer exchange as a compensated triangle is distur
On average, this will lead to an overall reduction in the e
change field, and mean-field arguments would then pred
reduction in the temperature scale for any freezing. Howe
it is possible that higher-order effects operate, and local
purities pin down a longer-range spin structure. It has a
been observed thatTf for hydroniumchromiumanalogsfalls
on dilution of the magnetic sites28,51 and this may reflect a
different balance between exchange constants.

The sensitivity of the collective magnetic properties
jarosites towards the coverage of the magnetic lattice53 might
explain inconsistencies between measurements of mate
which have the same nominal composition. We have
served thatTf varies from batch to batch of the same jarosi
so care should be taken in interpreting differences betw
magnetic parameters such asu.

Powder neutron diffraction studies of the magnetic cor
lations in all of these materials reveal spin structures that
compatible both with observations in related materials, a
with the predictions of theory, depending on furthe
neighbor exchange. At low temperatures the observed va
of the sublattice magnetization are generally far below
5.92mB spin-only value expected for Fe31. In the case of the
sodium salt this will be due in part to the relatively hig
temperature~40 K! of the measurement, but for the remai
ing salts, where measurements were made at 1.4 or 1.5
is likely that this reflects loss of static long-range order
fluctuations or short-range static correlations, supported
the observation of the broad feature at lower temperatu
which we fitted to the Warren function. Comparable redu
tions in ordered moment have been observed28 in the S5 3

2

kagome´ antiferromagnet KCr3~OD!6~SO4!2, in which the or-
dered moment belowTf is approximately1

3 of the Néel value
and this was attributed to gapless quantum spin fluctuat
that persist down to at least 70 mK.

V. CONCLUSIONS

These measurements have shown that jaros
AFe3~OH!6~SO4!2 in which A1 is Rb1, ND4

1, or Ag1, all
possess well-separatedkagome´ layers of Fe31 ions with
strong antiferromagnetic coupling. Above 100 K 1/xdc is lin-
ear in temperature, providing an estimate of the Weiss c
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stantu of the order of2700 K in each case but yielding a
estimate of the ordered moment that is anomalou
high—of the order of 7mB—in each case as opposed to t
value of 5.92mB anticipated for a spin-only moment forS
5 5

2 . In all cases a distinct cusp is observed inxdc at a tem-
peratureTf of the order of 50 K. In some cases~Na1 and
ND4

1 salts! additional, weak features are observed in the s
ceptibility aboveTf , but they differ in location from similar
features seen by other workers in these and other jaros
Powder neutron diffraction provides detailed structural inf
mation for the Na and ND4 salts, and also reveals that i
every case the ordered spin structure belowTf corresponds
to theq50 spin array in thekagome´ layers, and an antifer-
romagnetic arrangement between layers for which the m
netic unit cell is twice as large as the nuclear cell in thec
direction. However, the ordered moment belowTf as de-
duced from the powder diffraction pattern, is less than 3
of the spin-only moment of Fe31, indicating that a large
proportion of the moments are either fluctuating or poss
short-range static correlations.

It is known that jarosites are prone to nonstoichiomet
losing Fe31 from the lattice, and it is also anticipated th
their magnetic properties are very sensitive to the cover
of the magnetic sublattice, so we advise caution in trying
compare properties of different materials and correlate st
tural and magnetic properties. A consideration of the relat
betweenTf and the lattice coverage implies that dilutio
leads to anincreasein the freezing temperature. This coun
terintuitive result was confirmed for the case of the deute
nium salt which shows no long-range magnetic order do
to 0.4 K, but rather a spin-glass-like transition at a tempe
ture of the order of 15 K. On dilution with an aluminum
isomorph, to produce,~D3O!Fe32xAl y~OD!6~SO4!2, in which
the coverage of the magnetic lattice is 8963%, Tf was ob-
served to rise to 25.5 K, and powder neutron diffraction m
surements indicated that there was long-range magnetic
der at 1.4 K. This result is not compatible with current theo
for kagome´ antiferromagnets for which dilution is only likely
to reduce the temperature scale and lower any freezing t
sition. However, it is possible that further-neighbor exchan
is significant in these materials and may give rise to
interlayer or intralayer exchange between uncompensated
angles of spins near vacancies which in turn selects a
ticular ground state. To investigate this effect further it
necessary to get a better estimate of further neighbor
change interactions, which requires single crystals for
tailed neutron scattering measurements of the spin wa
Laboratory growth of such crystals will be difficult, but it i
probable that suitable samples exist in mineral collectio
Complementary developments in theory are also required
model the effect of magnetic inhomogeneities on magn
correlations in such materials, and extend the current p
tion between the somewhat idealized systems studied to d

ACKNOWLEDGMENTS

We are grateful to EPSRC for financial support, and
both the ISIS Facility of the Rutherford Laboratory and
the Institut Laue-Langevin for technical support. A.H.
grateful to the Nuffield Foundation for financial support
some of this work. It is a pleasure to acknowledge a num



ur
ev
s,
A

he
.

a

c

vin

-
ta

ore

ht
i-

nd
eir

e
as

ith
he

6168 PRB 61A. S. WILLS, A. HARRISON, C. RITTER, AND R. I. SMITH
of people for stimulating and illuminating discussion of o
measurements, and in particular we wish to thank St
Bramwell, Collin Broholm, John Chalker, Michel Gingra
John Greedan, Peter Holdsworth, Thom Mason, and
Ramirez.

APPENDIX

Here we give the details of the conditions used to synt
sise the various jarosite samples studied in this paper
partially deuterated sample of NaFe3~SO4!2~OD!6 was pre-
pared by dissolving 51.600 g of Fe2~SO4!2 nH2O ~Aldrich
97%! and 9.400 g Na2SO4 ~Fisons 99%! in 300 ml D2O.59

The reaction solution was heated at 155 °C for 4 h. The m
of the final product was 12.48 g.

The literature synthesis52 failed to yield an ammonium
jarosite precipitate and instead resulted in the production
an amorphous species. A synthesis was designed using
ditions derived from the preparation of NaFe3~SO4!2~OD!6.
The partially deuterated sample was prepared by dissol
51.600 g of Fe2~SO4!2 nH2O and 80.000 g~NH4!2~SO4!3
~Prolabo 99%! in 50 ml D2O with gentle heating and reduc
ing the reactant solution by rotary evaporation. The reac
was then made up to 300 ml with D2O and heated at 155 °C
e

e

e

e

rt

-
A

ss

of
on-

g

nt

for 4 h. The mass of the final product was 14.13 g.
The partially deuterated sample of AgFe3~SO4!2~OD!6

was prepared by mixing 6.000 g of Fe2~SO4!2 nH2O and
6.000 g Ag2SO4 ~Aldrich 99.999%! in 50 ml D2O with gentle
heating~note that this amount of Ag2SO4 exceeds the solu-
bility and so the Ag2SO4 will not completely dissolve!.52 The
reactant solution was reduced by rotary evaporation bef
being made up to 200 ml with D2O. 7.500 g D2SO4 ~99.8
at. %, CDN Isotopes 96%! were added before the mixture
was finally made up to 300 ml with D2O. The reaction solu-
tion was heated at 155 °C for 4 h. The mass of the brig
yellow product was 1.29 g. To minimize photodecompos
tion all silver-containing reagents, reaction solutions a
products were handled under dull light conditions and th
containers stored wrapped in aluminum foil.

The partially deuterated sample of RbFe3~SO4!2~OD!6 was
prepared using a literature synthesis.40 46.500 g of
Fe2~SO4!2 nH2O and 7.500 g Rb2SO4 ~Fluka 98%! were dis-
solved in 50 ml D2O with gentle heating and reducing th
reactant solution by rotary evaporation. The reactant w
then made up to 200 ml with D2O and 4 drops of D2SO4
were added before the mixture was made up to 300 ml w
D2O. The reaction solution was heated at 111 °C for 4 h. T
mass of the final product was 2.84 g.
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