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Jarosites are a family of minerals of general formula £6&1)5(SQy), (WhereA™ is typically a univalent
cation such as Ng K*, Rb*, ND; , Ag", TI*, or D;O"). They provide good model Heisenbekggome
antiferromagnets with which to test suggestions that highly frustrated antiferromagnets have unconventional
magnetic ground states and excitations. In all casés ieas provideS=§ moments, arranged on the vertices
of well-separatettagomedayers, and are coupled through strong antiferromagnetic exchange with values of the
Weiss constant® of the order of—700 K. We report dc magnetic susceptibility4) and powder neutron
diffraction studies of materials in which” =Na*, Rb*, ND; , Ag", or D;O" and show that for all materials
except the deuteroniunfA(" = D;0") salt, long-range magnetic order with the in-plape0 spin structure sets
in below a temperaturé; of the order of 50 K. (RO)Fey(SO,),(OD)g shows only a spin-glass-like transition
atT;=15K. 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 highe€8%®7in the latter
than that of the rest of the famil{=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)Fe;_Al (OD)¢(SQy),, in which the coverage of the magnetic lattice ist89% has been prepared and
characterized to test this hypothesig, 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.

I. INTRODUCTION another highly symmetric array whose energy is the same to
first order is shown in Fig.@) and is called the’3 X v3 state
Frustration confers unusual cooperative properties on an account of the relative size of the magnetic and nuclear
lattice of exchange-coupled momenté.In the simple case cells. It is only when further-neighbor exchange interactions
of a triangular lattice of Heisenberg spins with antiferromag-are introduced? or thermat®*or quantum®-*’fluctuations
netic nearest-neighbor exchange, frustration leads to a 12@fcorporated in the model that a subset of the manifold of
array|[Fig. 1(a)] which possesses a double degeneracy ass@uound states is selected. For classi¢atge spins, small
ciated with the handedness, drirality of the vector array in  quantum or thermal fluctuations appear to select configura-
addition to the trivial degeneracy associated with the globz_i{ions in which all spins are coplanar, and within this subset

rotation of spins; the second, degenerate form is shown iR onsi rations v3xv3 order is probably selected &
Fig. 1(b). While this extra degree of freedom, which behaves_>0 12_1%1]8 ons, P Y

as an Is'lngS_\éanable, bestows new cr|t|c':al.propert|es on the Despite the fascination this lattice holds, there are remark-
spin lattice;™’ the ground state and excitations are believed

to be conventional. The spin configuration depicted in Figs.ably few experimental systems with which to study its prop-

1(a) or 1(b) may be extended infinitely in the plane of the erties and test theory. The majority of expe_rimenta_l work has
paper in a unique fashion to produce a long-range orderegeen on the 1r9n_z;g]netpplumb|tg |som9rph
array[Fig. 2a)], and this is believed to be the ground state ofsrC_rXGai%X?l? [SCGOK)] which contains &agome
this form of antiferromagnet foB>1 (for S=} there is still ~ lattice of CP" ions which behave as strongly antiferromag-
some debate about whether thiseNstate is the true ground netically coupled Heisenberg spifis(the Weiss constart
state, or whether a resonating valence bond or spin fluid> —500K). A spin-glass-like transition is observed in both
ground state is preferred instéath). However, when the the dc and ac magnetic susceptibilitys. and xc, respec-
triangular plaquettes are connected through shared vertices tively) on cooling, where the freezing temperature depends
form thekagomeattice, shown in Fig. @), the order within ~ on the coverage of the magnetic lattice; for a sample with
an isolated plaquette cannot be propagated in an unambig89% coverage of th&agomelattice, T;=3.5K. Extrapola-
ous fashion. This figure also displays one of the manifold otion of T with coverage gives a value d%=4.15K for the
possible spin states which satisfies the requirement that atlure lattice?®?>?*However, the nature of this frozen phase is
spins are at 120° to each other, the so-cafjed state!®~*?>  unconventional: the heat capacity evolves with temperature
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FIG. 1. Triangular plaquatte of antiferromagnetically coupled
moments free to rotate in the plane of the pa@rand (b) show o d
degenerate spin configurations of minimum energy and opposite
chirality.

asT? rather than the approximately linear dependence asso-

ciated with conventional spin glasses; neutron scattering date

for samples with 79 and 92% coverage of kagomdattices c
suggest that at least 50% of the moments continue to fluctu-

ate strongly well belowT; .2%?” This observation is further |
supported by muon spin relaxatidggSR) measurement®. a b
However, these data also highlight one of the problems en-
countered when working with SCG®(—the coverage of o - .
the kagonilatice with magnetc atoms depends on the pre- . Lict 2 20l SUCIE B e BRI e
par_atlvg conditions and is typicallg89%. ~*The magnet.lc boundaries of the nuclear unit cell. Some atoms outside the unit cell
lattice is also somewhat more complex than the simple

. . . are also included to complete all coordination polyhedra.
model studied by theorists; a pair of kagome layers forms a P ol

sandwich with an additional triangular layer in the middle sojly of minerals AFe;(OH)s(SQy), (Where A™ is a univalent
that the magnetic system is best described as a disorderggtion such as Ng K*, Rb", NH, , Ag*, TI*, or H,O", or
pyrochlore slalf® Thus, although SCG@Y is a fascinating  stoichiometric quantities of the divalent catiod®?* or
example of a highly frustrated antiferromagnet, and can now. Hg?*), and the isomorphic families in which Feis ex-
be synthesised with essentially complete coverage of thghanged for other trivalent ions such asCor V3* or the
magnetic lattic&" it is not a close replica of the model sys- sulfate group is exchanged for SgOor Cr~ 3637

tem studied by theorists. Jarosites have been studied by mineralogists as important
There are a number of other systems that have been pylifyr-bearing minerals, and there is extensive documenta-

forward as modekagomeantiferromagnets. The collection jon of their structure, stoichiometry and synthe¥éthey

of nuclear spin; moments provided bjHe absorbed at cer-  are also of industrial importance as a means of precipitating

tain densities on graphite® is one such case. However, jron from solutions bearing a mixture of metal ioftand the

recent theoretical work suggests that this system is more sjjyer salt is a significant ore of that eleméhtThe unit cell

complex than previously thought, and multiple Spin ex-qf hydronium jarosite is shown in Fig. 3 which depicts layers

change effects appear to play an important role in the collecyf yertex-sharing Fe-O octahedra stacked alongdtesxis

tive magnetic properties such that it can no longer be réang well separated by sulfate and hydronium ions. A clearer

garded as a simplekagome antiferromagnet. The jjystration of thekagonidattice of FE* ions is given in Fig.

S=1 organic antiferromagnetm-MPYNN-BF, (where 4 \yhich shows the Fe-O octahedra for one layer viewed
m-MPYNN is m-N-methylpyridium a-nitronyl

nitroxide)®****has also been put forward as a model material, b
and holds much promise, though the low spin density and
high degree of hydrogenation create experimental difficulties
in neutron scattering experiments. Possibly the most promis-
ing, and certainly the largest class of compounds that might
serve as modetagomeantiferromagnets is the Jarosite fam-

(@ o) © . - )
FIG. 4. Single layer of Fe-O coordination octahedra viewed

FIG. 2. (a) Triangular lattice with Nel array of spins and along thec axis of a jarosite with the iron atom at the center of each
kagomelattices with(b) q=0 and(c) v3Xv3 spin arrays. octahedron.
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along the crystak axis. However, it is only relatively re- observed above and below the éléemperature and this is
cently that there has been much interest inregneticbe-  attributed to short-range correlations in the kagome layers.
havior of Jarosite$*?=% |t was rapidly established that The location and width of this feature resembles that seen in
Fe** ions have a?A1g ground term and approximate well to the high coverage hydronium saf,indicating that the
strongly coupled Heisenber§=3 spins**~** with Weiss propagation vector and magnetic correlation lengths are
constants of the order 0f 700 K*34The structure of these similar. We also test the hypothesis that a reduction in cov-
materials gives rise to exchange pathways that are muckrage of the magnetic lattice may induce long-range order in
shorter between vertex-sharing ReOnits compared with these compounds by preparing the diamagnetically dilute
any other route so it is expected that these materials are goateuteronium jarosite (fD)Fe;_,Al,(OD)¢(SO,),. A sample
models for the simple Hamiltonian for which the occupation of the magnetic lattice is
89+ 3%, shows a cusp iy at 25.5 K, and powder neutron
diffraction data taken at 1.4 K indicate that there is magnetic

H=Ji2j S-S, @) long-range order when compared with a pattern taken at
30 K.
where the exchange constakhis limited to nearest-neighbor
spinsS; and S; within the kagomelayers. However, the co- Il. EXPERIMENTAL

operative magnetic properties of these materials fall into two
categories. The majority of the compounds studied to date
(A*=Na", K*, NH; , $PI*") show a transition to long- The magnetic behavior of jarosites is very sensitive to
range magnetic order at a temperature of the order of 5eheir precise compositio, which in turn depends on the
K,*-%483nd where it has been studied, the spin array belovpreparative conditions, so it is important to be explicit about
this temperature has been shown to adopta® configu-  the details of the synthesis if the work is to be reproduced.
ration within thekagomelayers, and these in turn are ar- We give an outline of the method here, and further details in
ranged antiferromagnetically along theaxis>’ In contrast, the Appendix.
the hydronium salt A* =H;0") and its deuterated analog  Jarosite precipitates are formed by the hydrolysis of
(A*=D30") show no long-range magnetic order down to strongly acidic solutiongpH 0.5-2 (Refs. 56,57 of Felt
0.4 K5 Instead, measurements gf;. indicate a spin ions, sulfate ions and the relevahtcation. If the pH is too
glasslike transition at a temperatuFe of the order of 15 K, high, the reaction produces amorphous iron hydroxysulfates
with a divergence between field-cooled and zero-field-cooleguch as FEOH),,SO;, (Refs. 58,59 and low pH is found to
susceptibility (the precise value of; depends on whether retard the precipitation reaction. In the preparation of all the
the material is deuterated and on the preparative condifionspure jarosites, the source of iron was the hydrated iron sul-
and we discuss this point in Sec.)lVBelow T; neutron fate Fe(SQ,),nH,O (wheren~5), while the A cation was
scattering data indicate that the moments only possess shoittroduced as the anhydrous sulfate. Both these salts were
range correlation®® and freeze progressively as the dissolved in QO and then heated in PTFE-lined stainless-
sample is cooled further so that they appear static on a timsteel bombs in a precision furna¢Berkin Elmey with a
scale of 10 ps at 1.5 R It is not clear why this difference temperature stability of0.5 °C. The result was a partly deu-
between different types of jarosites arises. All the material¢erated material suitable for powder neutron diffraction mea-
are isostructural and there are no obvious correlations besurements. The reaction is found to be subject to the kinetic
tween different forms of magnetic behavior and either theisotope effect and the amount of deuterated precipitate is
cell parameters or exchange geometry betweet Fens.  severely reduced with respect to the protonated product.
The only clear structural or compositional distinction be- The resulting jarosite phases were washed wis® @nd
tween the hydronium or deuteronium salt and the other memdried at 120 °C for 3—4 h. Powder x-ray diffraction analysis
bers of the family is the degree of coverage of thé'Fe showed all of the materials synthesised to have Ri3en
sublattice. The jarosites have a tendency to los& Fens  alunite structure and there was no evidence of any crystalline
from the structure as they are precipitated, accompanied bynpurity phases or unreacted starting materials. There was
protonation of OH groups to form HO and thus maintain also no evidence for red amorphous iron hydroxy sulfate
charge balance. However, the degree of loss of magneticontaminant and the precipitates all had the characteristic
atoms is much lower for the hydronium and deuteroniumrapid settling time of the jarosites.
salts, being as small as 3%, while the other members of the The S and Dor H) contents were determined by elemen-
Jarosite family show losses of typically 7-17%. We discussal combustion analysigPerkin Elmer 240¢ while the
this further, together with recent studies of the effect of dia-metal content was determined with an atomic absorption
magnetic dilution of hydronium jarosité,in Sec. IV. spectrometetAtomscan, Thermoelectrprequipped with an

In this paper we present magnetic susceptibility and neuargon plasma torch. Solutions were prepared by boiling the
tron powder diffraction data for jarosites in which tAecat-  sample in concentrated HCI to which a small amount of con-
ion is Na“", ND, , Ag*, and R in order to study the man- centrated HN@ had been added. The O content was then
ner in which the cooperative properties depend on the naturéeduced by subtraction, and the overall stoichiometry deter-
of this ion. The coverage of the magnetic lattice of thesemined with the assumption that the S content is
particular materials ranges from 87 to 95% and in all casestoichiometri® The principal error arises from the metal
magnetic long-range order with tlgg=0 in-plane structure analysis(*=1.0 wt. %9 and these are worked through to give
is observed below a temperature of the order of 50 K. Inthe error in the coverage of the Fe sites. The elemental com-
addition to the magnetic Bragg peaks, diffuse scattering igositions and stoichiometries of the jarosites used in these

A. Chemical synthesis
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TABLE I. Elemental compositions of samples studied in this work; values marked with an asterisk were determined by neutron
diffraction (Refs. 49-5]1 and estimated standard deviations are shown in brackets.

Occupation of

kagomelattice
Idealized formula Elemental composition/wt. % Stoichiometric formula by magnetic ions
(H30)Fey(SO,)»(OH)g 2.1 H, 34.2 Fe, 13.7 S,50.0 O F8Hq 775001456 95+ 4%, 97.36)%*
(D30)Fe;(SO,),(OD)g 1.7 D, 36.5 Fe, 13.8 S, 48.0 O F8D3 75 013,92 101+ 4%, 94.89)%*
(Ds0)Fe;_,Al,(SO)),(OD)s  3.8D, 30.7 Fe<0.9 Al, 13.2 S, 51.4 O RasAl 01955 015,58 89+3%
NaFe(S0O,),(OD)g 35D,329Fe, 13.2S,28Na, 476 O ,EMNa 55565 00145 95+ 4%
(ND,)Fe&y(SO,),(OD)g 4.4D,329Fe, 13.8S,2.0N, 4690 N 66D 10.255 013,63 91+3%
AgFey(SO,),(OD)g 2.6D,27.2Fe, 116 S,6.0Ag, 52.6 O  k6AUo 3101445 018 12 89+3%
RbFe&(SO,),(0OD)g 3.1D,283Fe, 124 S, 9.4 Rb, 46.8 O B8R0y 5 D5 0555 015,13 87+3%

and in previous experimedfs® are displayed in Table I. tures to see if there was any evidence for ferromagnetic

Any compositional data available from neutron diffraction impurities or other forms of extrinsic magnetiéfirhe mag-

has also been included. netization was then determined in a number of measuring
Previous work has shown that a reduction in the reactiorfields between 10 and 10000 Oe for temperatures between

temperature reduces the iron content of the jardSitéFor 1.8 and 350 K. Data were taken both under field-cooled and

this reason the synthesis of the site-diluted hydroniunzero-field-cooled conditions to determine whetlgg in the

jarosite was carried out at the reduced temperature of 110 °@egion of T bore any evidence for spin glass freezing, and in

Al,(SO;)3 18H,0 was also introduced to reduce the partialall cases data were corrected for the diamagnetism of the

iron concentration. Chemical analysis of the product did in-sample holder and the constituent atoms.

deed show a reduced iron contért89% occupation The

trace amount of aluminum incorporated into the structure C. Powder neutron diffraction

indicates a large degree of preferential incorporation of iron . .

under these conditions. The iron vacancies are thus charge Neutron diffraction patterns were taken for deuterated

balanced by protonation of hydroxy groups. The partially™orms of all the samples using a variety of diffractometers.

deuterated (BD)Fe;_,Al,(SOy),(OD)s was prepared by dis- Samples were held in a vanadium can and data were taken

solving 20.000 g of F#SO,),nH,0 and 31.500 g above and belowr'; except for the rubidium salt which was

Al(SOy)5 18H,0 (Fisons 98% in 50 ml D,O with gentle ~ ONly measured below; .

heating and then most of the water was removed by rotary he sodium jarosite sample was measured on the

evaporation; the viscous fluid that remained was made up t OLARIS dn‘fractometer.of the ISIS Facility at temperatures

300 ml in D,O and heated at 110 °C for 24 h, yielding 0.12 g ©f 40, 50, and 300 K usgn8 g of sample. The nuclear and

of product. This material is a lighter shade of ochre than thén@gnetic structure were refined from the 40 K data set col-
pure iron compound. lected over 11 H1800 uA h) using both theA (low-angle

andC (high-angle detector banks. A weak Bragg reflection
was observed ait=2.13A and attributed to the vanadium
sample can; data in this region of the pattern were excluded
dc susceptibility measurements were performed with grom subsequent profile refinement. The ammonium jarosite
Quantum Design MPMSSQUID magnetometer. Samples sample was measured on the D2B diffractometer at the In-
were held in gelatine capsules which had a small diamagstitut Laue-Langevin at a wavelength of 1.5943 A with the
netic signal, and the magnetization was measured as a fun¢t15 reflection of germanium as the monochromator. Data
tion of field at both low & T;) and high(=300 K) tempera-  were taken from a 14 g sample at temperatures of 1.5 and 60

B. Magnetic susceptibility measurements

TABLE Il. Magnetic parameters for pure and dilute jarosites derived from dc susceptibility and powder
neutron diffraction dataTl; is the temperature of the cusp in the susceptibiltys the gradient of the inverse
susceptibility plotted against temperature for the linear region @iglthe intercept of this line with the
temperature axisie andJ are the effective moment and exchange constant derived @@md 6, respec-
tively. Note that the sublattice magnetizatiog was measured at different temperatures for different samples
(40 K for the sodium salt, 1.4 K for the Fe/Al sample, and 1.5 K for the)rests the coverage of the
magnetic lattice and all quantities have been normalized to this where appropriate.

Material T/K K Clemumol K™Y peglug  JIK m/ wg X

NaFe(S0,),(0D)s 42,62 —667(5) 5.654) 7.133) 38.14) 2.074) 0.95
(ND,)Fe;(SOy),(OD)s 46,62 —64005) 5.575) 7.093) 36.63) 4.3811) 0.91
AgFe;(SO,),(0D)s 51  —6774) 5.705) 7.163) 38.74) 3.2410) 0.89
RbFe&(SOy),(OD)g 47 —6885) 5.7405) 7.193) 39.33) 2.747) 0.87

(D:0)Fe; ,Al,(SO),(OD)s 255  —7205) 5.917) 7.295) 41.13) 1.449) 0.89
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FIG. 5. (@) Field-cooled dc susceptibility angD) inverse sus-

ceptibility of AgFe(SO),(OD)s as a function of temperature. FIG. 7. Zero-field-cooled susceptibility and inverse susceptibil-

ity of (D;0)Fe;_,Al,(SO,),(0OD)g and (D;0)Fey(SOy),(OD)s as a
function of temperature, measured in 10 000 Oe field. Blocked-in
symbols represent the susceptibility, and open symbols the inverse
susceptibility, while circles and squares represent data for the doped
and undoped material, respectively.

K. The rest of the samplegargento, rubidium and the
aluminum-doped deuteronium jarogiterere measured on
the D1B diffractometer at the Institut Laue-Langevin at a
wavelength of 2.52 A using th@02) reflection of pyrolytic
graphite as the monochromator. Patterns for argentoJ"’Iros'tceeptibility data in the region of . for each material. We note

were taken on a 1.2 g sample at 1.5 K and 65.0 K; for. . ; -
rubidium jarosite a pattern was collected fron2.8 g of in passing that in some cases, notably that of the rubidium

. . salt, the freezing transition is single, while in others there
sample at 1.5 K; for (BO)Fe;_ Al (SOy),(OD)g diffraction ’ . S o ; .
patterns were taken at 1.4 and 30.8 K fron0.1 g of may be evidence of other transitions; we return to this point

sample and a discussion of these data in greater detail in Sec. IV. In
' contrast to the data for the pure compounds, measurements

on deuteronium jarosite doped with aluminum showed a

IIl. RESULTS freezing transition at 25.5 K but no further anomalies down

A. dc susceptibility to 1.8 K. Data for this sample are reproduced in Fig. 7.

All members of the jarosite series other than the hydro-
nium or deuteronium salts behave in a similar fashion with a B. Powder neutron diffraction
linear dependence of the magnetizatdnwith applied field The powder neutron diffraction pattern of sodium jarosite
H over the range 0 to 10000 Oe. All samples display a cuspaken on the POLARIS diffractometer at 50 K showed no
in xqc at a temperature of the order of 50 K and there is ncevidence of magnetic long-range order; however, diffuse
significant divergence in the field-cooled and zero-field-scattering of the form observed in hydronium jarosite was
cooled susceptibility. In all cases the inverse susceptibility iseerr?>*though the flux distribution of this diffractometer is
linear in temperature from approximately 150 K to the maxi-such that the signal is very weak over this rangd spacing.
mum experimental temperature of 350 K, and a fit to theon cooling below the magnetic freezing temperature of this
Curie Weiss Law in this region yields a Weiss constaf  compound T;=42K) to 40 K, additional Bragg peaks were
the order of =700 K and a slope of the order of 5.5 observed which were attributed to long-range magnetic order
emu mol K™% exact values fo€ and ¢ for each compound and indexed successfully on the basis of the magnetic unit
are given in Table Il. Figure 5 depicts the change in thecell assigned to KR€SO,),(OD)g,% i.e., the in-plane spin
SUSCGptlblllty and in the inverse Susceptlblllty with tempera'structure Corresponded to tnezo array, and relative orien-
ture for the silver salt, a measurement typical of all the un+tation of the in-plane component of the moments of nearest
doped materials reported here, while Fig. 6 expands the sugterlayer neighbors is 60°, leading to a doubling of the
axis relative to the nuclear unit cell. The relative orientations
0.011 of moments in successive layers is given in Figa)8an
alternative spin structure in which nearest-neighbors in adja-
cent layers are correlated antiferromagneticatly20°) is

0.010r

0.009F

0.008}

¥ {emu/mol)

0.0071

0.006 v - ; y
0 20 40 60 80 100
Temperature (K)
. _ (a) (b)

FIG. 6. Susceptibility ofAFe;(OH)s(SO,), measured in an ap-
plied field of 10 000 Oe in the region df for (a) A=Na, (b) ND,, FIG. 8. Spin orientations for thg=0 spin structure in succes-
(c) Rb, and(d) Ag. Data have been offset by successive incrementsive kagomelayers stacked along theaxis of a jarosite when the
of 0.0005 emu mal* between neighboring datasets going up thenearest-neighbor interlayer correlations are predomingattierro-
page. magnetic andb) antiferromagnetic.



PRB 61 MAGNETIC PROPERTIES OF PURE AND.. .. 6161

TABLE lIl. Structural parameters for Nag&0,),(OD)g at 40 K in the space grouR3m with Z=3.
Figures with asterisks are reported without errors because they were subject to rigid body constraints or their
values fixed. Nuclear cell parameters=7.32582 (6) A, c=16.59516 (20) A;pr: 1.87% (A bank),
2.67%(C bank, 2.47%(combined data sgtR,=1.41% (A bank), 2.68%(C bank, 1.86%(combined data
sed. Sublattice moment: 2..0#) ug -

Atom Site Fractional
(Wyckoff site) X y z Us/A? symmetry  occupancy
Fe (d) 0.16667 —0.16667 —0.16667 0.0108H 2/M(110 0.95*)
S (6¢) 0.00000 0.00000 0.306857) 0.01119) 3M(100 1.000
01 (6c) 0.00000 0.00000 0.397215)  0.01584) 3M(100 1.000
02 (1&) 0.22355(9) —0.22355(9) —0.05283(7) 0.01584) M(110 1.000
O3 (1&) 0.1262112) —0.1262112) 0.13362(8) 0.01435) M(110 1.000
Na (3a) 0.00000 0.00000 0.00000 0.052) —3M(100 0.585*)
04 (6c) 0.00000 0.00000 —0.0261166) 0.0076*) 3M(100 0.208*)
D1 (1&) —0.07243*%) 0.07243%) —0.0428466) 0.2840*) M(110 0.208*)
D4 (1&n) 0.1956612) —0.1956612) 0.1079Q10) 0.03226) M(110 1.000

shown in Fig. 8b). This second spin structure is observed inkagome layers adopts the sequeneeABC-A-B-C---,
chromium analogues of the jarosites?and we will discuss whereA, B, andC denote aqg=0 array with different prin-

the preference for the two spin structures in Sec. IV. Thecipal axes, and the negative sign a reversal of those axes. The
nuclear and magnetic structures were refined simultaneousiypagnetic unit cell is then twice as large as the nuclear unit

from the A and C bank data collected at 40 K usirg the cell along thec axis and can be described usiRg symme-
software packagesas (Ref. 62 and starting from thé&®3m  try. This spin structure was refined, yielding the magnetic
cell of hydronium jarosite. There was no evidence of crys-propagation vectors given in Table IV and a sublattice mag-
talline impurity phases. netization of 2.07(4 g, approximately 41% of the satura-
The 12 coordinate cavity in the sulfate layers may betion value ofS=3Fe**. It should be noted that the value of
occupied by both Na and D,O" ions. We assumed a ran- (T/Ts) is close to 1.0 so we anticipate that the saturated
dom distribution of these ions, and constrained th@®D  value of the sublattice magnetization is appreciably larger.
unit to be rigid with the same configuration as the hydroniumThe refined profiles for NaR€0,),(OD)g are displayed in
ion in the pure hydronium salt. The refinement diverged ifFig. 9.
the fractional occupancy or thermal parameters of thé dla Nuclear structures of all the other samples were refined in
the D;O" ions was allowed to vary in an unconstrained fash-a similar manner, though in the case of the ammonium salt,
ion; consequently the thermal parameters of th@Dunit  additional constraints had to be imposed on the refinement:
were fixed at the values refined for {D)Fe;(SQ,),(OD)s  the ND, ion was defined was a rigid unit with a bond length
(Ref. 57 and the Na and D,O" fractional occupancies were of 1.03 A%3 Data for this salt were taken on the diffracto-
set at those obtained from chemical analysis. The Fe occuneter D2B, which has a very high resolution and this intro-
pancy and the thermal parameters failed to refine freely sduced further complications as we were unable to model the
the fractional occupation was also set at the value determinearofile function with particular success. This is reflected in
by chemical analysis. The uncertainty in the degree of isotothe poor values oR,, and x? and the unstable thermal
pic substitution was treated by altering manually the scatterparameters given in Table V. The physical origin of this
ing length of theD atoms until its occupation refined to 1.0 could be a slight structural distortion away from tR8m
and this procedure was repeated for the remaining partiallépace group or the presence of an impurity phase with a
deuterated samples. The thermal parameters of the sulfaégnilar structure. This is to be expected because for many
oxygen atoms were constrained to be the same as each othgears there has been an argument as to whether the natural
Nuclear structural parameters are given in Table III. minerals belong to a noncentrosymmetric space group rather

The magnetic structure of sodium jarosite at 40 K WaShan R3m due to the observation of pyroelectrich.If

refined using data from just tm’? bank; a fault in the refine- present, this distortion is very small as our attempts to model
ment program prevented the simultaneous use of botti\the

and C bank data for the magnetic refinement. The magnetic - ] ]
refinement is not affected greatly by this as the form factor of ABLE IV. Positional parameters of iron atoms and magnetic
the magnetic scattering reduces its intensity considerablynit vectors refined in the space gro#3 in NaFe(SO,),(OD)
over the range ofl spacing received by the bank detector. 2nd applicable to the other jarosites in this work.

Magnetic Bragg peaks in theé bank data were not excluded
from the refinement because we wished to display them if\om X y z X My m;

the refinement profile, so the values Ry,, andR, will be Fe(l) 0.5 0.5 0.75 —0.8667 0.5000 0.0000
inflated relative to the value expected for the nuclear refinege (2) 0.6667 0.8333 0.4167 0.8667 0.5000 0.0000
ment alone. Previous W&?(stuggested that magnetic order go (3) 0.8333 0.6667 0.0833 0.0000—1.0000 0.0000
propagates along theaxis such that the order in successive
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Hist 1 ammonium jarosite Hist 1
Bank 3, 2-’I‘heria 35.0{, L-8 cyc‘le 465 O?Sd' and I‘>iff. Prof‘iles Lambda 1.5%943 A, %—s cycleI 596 Obs;i. and Dilff. Profi‘les
T
§ o y - B or
g’ v
3 VA a Aw J‘l\‘ o]
g e
8 ‘ ‘ L : L . ‘ (g) | 1 | | | 1 |
2.0 3.0 4.0 5.0 6.0 7.0 8.0
(a) Dp-spacing (A) 2 e (déz) . ' 8 Ho 1'2)(102 t
Hist 2 . .
Benk 2, 2-Theta 145.0, L-S cycle 465 Obsd. and Diff. profiles FIG. 10. Neutron-diffraction data foKND,)Fe;(SO,),(OD)g
T . . . T~
‘ taken on the diffractometer D2B at 1.5 K showing a fit to R&m
e nuclear(lower tickg and P3 magnetic(upper tick$ unit cells and
= ¢ I the difference between the data and fitted profile on the same scale
(lower tracg. Ry,=10.4%.R,=7.46%.
it by reducing the symmetry to the maximal nonisomorphic
e + : — . . .
~ | subgroups oR3m, failed to lead to an improvement in the
o description of the lineshape. Refined structural parameters
% T . W 1 for the ammonium salt are given in Table V and the fitted
B sl H i e profile displayed in Fig. 10.
50 7 The diffractometer D1B is a relatively high flux instru-
O ST 1 19 20 22 22 16 23 ment that is particularly suitable for measuring Bragg reflec-

(b) D-spacing (A)

tions at longd spacing, but does not extend to sufficiently
shortd spacings to perform high quality nuclear structural

FIG. 9. Neutron-diffraction data for Nag&0,),(OD), taken on
(a) the A bank(low-angle and(b) the C (high-angle detector bank
of the POLARIS diffractometer at 40 K showing a fit to tR8m
nuclear(lower tickg and P3 magnetic(upper tick$ unit cells and
the difference between the data and fitted profile on the same sc
(lower trace on each figureR,,=1.87% (A bank, 2.67% (C
bank, 2.47%(combined data sptR,=1.41% (A bank, 2.68%(C
bank, 1.86%(combined data sgt

refinements. However, the instrument is very suitable for
measuring the diffuse scattering that we have attributed to
short-range magnetic correlations in these compounds. Pro-
file refinements of the nuclear structure were performed for
gento-, rubidium-, and aluminum-doped deuteronium iron
jarosite, but only to provide an estimate of the cell param-
eters and a detailed background for fitting of the diffuse scat-
tering and the magnetic Bragg peaks. A summary of some of
the nuclear structural data for these and the other compounds

TABLE V. Structural parameters foiND,)Fe;(SO,),(OD)g at 1.5 K in the space grouB3m with Z
=3. Figures with asterisks are reported without errors because they were subject to rigid body constraints or
their values fixed. Nuclear cell parametess=7.32877 (32) A andc=17.3024 (8) A.pr=9.9%, R,
=7.46%. Sublattice moment: 4.38 (14} .

Atom Site Fractional
(Wyckoff site) X y z Ugo/A? symmetry occupancy
Fe (d) 0.16667 —0.16667 —0.16667 0.00017) 2/M(110 0.910
S (6¢) 0.00000 0.00000 0.303012) 0.031(4) 3M(100 1.000
01 (6c) 0.00000 0.00000 0.38988) 0.0088(9) 3M(100 1.000
02 (1&h) 0.2233828) —0.2233828) —0.0565820) 0.0088(9) M(110 1.000
03 (1) 0.1295927) —0.1295927)  0.1359825)  0.01(9) M(110  1.000
04 (6¢) 0.00000 0.00000 —0.00565%73) 0.0076(*) 3M(100 0.170
D1 (1&) —0.072403*) 0.072403*) —0.0216986) 0.2840(*) M(110 0.170
N (6¢) 0.00000 0.00000 —0.0097(9) 0.022(4) 3M(100 0.330
D (18h) —0.0745(*) 0.0745(*) —0.0289686) 0.154@q174) M(110 0.330
D (6c) 0.00000 0.00000 0.048(8p) 0.154Qq174 3M(100 0.330
D4 (18&) 0.1962128) —0.1962128) 0.1081%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 elseviRefe 37,49,51 The distances Fe-Fe,
Fe-O(n), and the angler [Fe(1)-O(1)-Fe(2)] refer to the nearest-neighbor iron atoms and the oxygen atoms to which they are bound, with
n=1 or 2 defined in Fig. 15; H-O is the (B)-bonding distance between hydroxide units and sulfate, and the #higebetween
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 extensive
because the data set taken on diffractometer D1B was not suitable for detailed structural refinement.

Material Fe-Fe Fe-Q1) Fe-O2) H-O
(Temperature alA c/A 1A 1A 1A 1A aof° Bl°

(H;O)Fey(SO),(OH)g (1.5 K) (Ref. 49 7.3245712) 16.91534) 3.662286) 2.03749) 1.99218) 1.946 133.625  106.1
(D;0)Fey(SO),(OD)s (2.0 K) (Refs. 49,50 7.34457)  16.903716) 3.67223) 2.0134) 1.990820) 1.908 134.5@7) 105.5

(D0)Fe;_,Al,(SO,),(OD)g (1.4 K) 7.33996)  16.989731)

NaFe(SO,),(OD)s (40 K) 7.325826) 16.5951620) 3.66296) 2.02222) 1.98782) 1.893 134.24@2) 106.1
KFey(S0y),(OH)g (10 K) (Ref. 37 7.30 17.09 3.65 134
(ND,)Fey(SO,),(0OD)g (1.5 K) 7.3287732) 17.30248) 3.6641%19) 2.0364) 1.993915) 1.962 133.51 101.0
RbF&(SO,),(0D)s (1.5 K) 7.33479)  17.388429)

AgFe;(SO,),(0D)s (1.5 K) 7.357312) 16.524229)

in this work is given in Table VI, and fitted profiles are well as shifts the maximum by an amoufQ=0.64x/L,

displayed in Figs. 11-13. where\ is the wavelength of the radiation. Such a model has
The broad asymmetric peak was fitted to a Warrerbeen adaptéd®’ to describe the diffuse scattering from a

functiorP®®>~®"which was originally developédto describe layered magnet in which there are short-range correlations of

diffuse scattering of x rays from graphite, a material in whichlengthL within a plane, but no correlation between theg,

there is long-range structural order within a set of planes, butnay be expressed as

no structural correlations between these planes. The structure

factor for a particular reflection from one of these two- Po=KmMFA[2Q(N4m)+Q (N 4m) ~2-2]
dimensional objects corresponds to a rod in reciprocal space QL |12

centered at the indiceth,k) of the reflection. Thus, as a X 4_3,2) F(a)[J(Q)]?, )
powder diffraction pattern is measured with increasing scat- ™

tering vector, such a reflection will produce a sharp rise inNyhereK is a scaling constantn is the multiplicity of the

1 1 H — — * * *
the scattering intensity whe@=Qo=ha" +kb*, wherea reflection,F},, is the two-dimensional structure factor for the
andb* are reciprocal lattice vectors for the unit cell. & g4 array and)(Q) is the magnetic form factor. The func-
continues to increase, the Ewald sphere continues to cut thg) F(a) describes the way in which the Ewald sphere cuts
rods of scattering, and the scattering strength per un@.0f - 1hq,gh the rods of scattering & increases, and is calcu-
Pq, falls gradually withQ as the scattering is distributed |5¢eq by integration in cylindrical coordinates over a range of
over an increasing solid angle. In real materials, the tWogcaitering vectors centred @, for the (hK) reflection, such
dimensional objects will have a finite width which broad- that the angle betwee@ and Q, is ¢. For smalle, F(a) is

ens the rods of scattering and consequently broaBgnsas given by
Ag/Fe jarosite @1.5K Hist 1 Rb/Fe jarosite @1.5K Hist 1
LambdaI 2.5220 A, L-S Icycle ‘509 : Obsd. and Diff. Profiles Lambda 2.5220 A, L-S cycle 97 Obsd. and Diff. Profiles
T T T T T I I T T T
< oF - 9 Sk i
2 =a
+
L i il W ]

é o - V_ i § M ' .

=3 =)

S 'L [ ! ! ! I ! | 3 ! ! ! ! 1 ! ! !

1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0
2 e (deg) x10t 20 (deg) x1o0l
FIG. 11. Neutron-diffraction data for AgE&QO,),(OD)g taken FIG. 12. Neutron-diffraction data for RbE&0O,),(OD)g taken

on the diffractometer D1B at 1.5 K showing a fit to tiR8m on the diffractometer D1B at 1.5 K showing a fit to tiR8m
nuclear(lower tickg and P3 magnetic(upper tick$ unit cells and  nuclear(lower tickg and P3 magnetic(upper tick$ unit cells and

the difference between the data and fitted profile on the same scalbe difference between the data and fitted profile on the same scale
(lower trace. R,,=3.16%.R;,=2.33%. (lower trace. R, ,=3.36%.R;,=2.53%.
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w , TABLE VII. Summary of parameters for fits of a Warren func-
tion to the diffuse magnetic scattering observed at low temperatures

e in jarosites.

52 i

X |

@ “ ; A cation TIK L/A Qu/A~t

cw

8 | & I i D:O (Ref. 50 60 15+4 1.02

il LJ& \ﬁ\,\j \ D;O(Fe/Al) 30.8 16.2:2.5 1.06
O et dhonn lf\..&_J 1] Na

5 B A ey ND, 60 19.1-0.1 1.02

E ND, 1.5 15+-4.0 1.02

g | \'\ Ag 65 18.5:0.8 1.05

0

£ | A Ag 1.5 18.7-2.2 1.05

g | e e N Rb 15 2254 1.01

20 30 40 50 60 70 80 90
20 . ) — . .
which could be refined to the sani&3 spin array with a

FIG. 13. Neutron-diffraction data for saturated moment of 1.44(Q) (Ryp=1.16% andR,
(D30)Fe;_ (Al (SOy)2(OD)s taken on the diffractometer D1B at 1.4 =0.85%) (Fig. 13. We also observed diffuse magnetic scat-
K showing a fit to theR3m nuclear(lower tickg andP3 magnetic  tering at both temperatures which resembled that observed in
(upper tick$ unit cells and the difference between the data andthe undoped materials, and this part of the pattern was also
fitted profile on the same scalgower trace. R,,=1.16%. R, fitted to a Warren function with an in-plane spin-spin corre-
=0.85%. The data at the bottom of the figure represent the differtation lengthé¢=16.2+-2.5A.
ence between patterns taken at 30.8 and 1.4 K, multiplied by a | principle, the value ofd, should provide information
factor of 12 to make it easier to identify what appear to be magneti¢yjo .t the nature of the in-plane spin-array, corresponding to
Bragg peaks. indices for dominant reflections. The spread of values we

observe forQ,, in the range +1.15A 1, are compatible
" 2 2 with the results of Monte Carlo simulation for the nearest-
F(a)—J’O exi — ("~ a)7dx, © neighbor kagome Heisenberg antiferromagn¥t,and also
with exact analysis of the infinite componemk&agome
where antiferromagne®® which predict maxima inS(Q) at ap-
proximately 1.15 and 1.0 A, respectively, for a cell with
L the dimensions of the compounds reported here.
a=(—)(Q—Qo) 4
2\m

IV. DISCUSSION
and . . . :
The principal result of this work is the observation that

L jarosites appear to be divided into two categories according
x=<p(—). (5) to the nature of the magnetic correlations in the low-
4 temperature frozen state. All jarosites studied to

. . . . o date’#2=4852yith the exception of the hydronium or deu-
While the integral in Eq(3) was originally given in War-  teronjum saft®s° show long-range magnetic order with the

ren’s work as being over the limits O to, it does not con- q=0 structure in th&agomeayers, and in the case of Fe

verge and in practice is calculated between finite limits; weggts the magnetic unit cell is doubled along thaxis com-
found the values 0 to 10 produced no significant difference

relative to the values tabulated in Warren'’s original article. ool . ; -
The expression foPg was fitted to data for ammonium-, '
rubidium-, argento-, and aluminum-doped hydronium iron
jarosite at a number of different temperatures to give the
spin-spin correlation lengths detailed in Table VII. An ex-
ample of such a fit for the argentojarosite data is given in
Fig. 14. In addition, all the diffraction patterns taken below
T; for these materials showed additional Bragg peaks that
could be indexed and refined in the same manner as for the ‘ ‘ , .
sodium salt. Refined values for the ordered moments of these 0.75 100 125 1.50
materials are also given in Table Il. Remarkably, the Q@
aluminum-doped hydronium jarosite does show additional g 14, piffuse scattering peak indicative or short-range anti-
Bragg peaks belowW; in contrast to the undiluted salt which ferromagnetic order in théagonielayers of argentojarosite ob-
only shows a Warren peak at temperatures well bETQW  served at 1.5 K. The solid line through the data is the least-squares
The diffraction pattern of 0.1 g of fit to a Warren function. The gaps in the data are regions where

(D30)Fe;_Al,(SOy),(OD)g was taken at 30.8 and 1.4 K and there are the strong nuclear reflections, and these were removed for
showed additional Bragg peaks at the lower temperaturéhe purposes of the fit.

24 .51
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FIG. 15. Exchange pathways in the jarosite structure. The figuré g1 16 pefinition of further-neighbor interlayer exchange in-
depicts fragments of two neighborikggomeplanes of iron atoms. teractions in the jarosite structud, J”, andJ” are first, second,

Within _SUCh planes a_m iron atofl) may interact with secqn(B) and third neighbor exchange interactions ranked according to short-
and third-nearest neighbotd) through hydrogen-bonded interac- est through-space distance between iron atoms
tions between hydroxy and sulfate groupstted lineg, as well as '

by strong superexchange with nearest neighlf@rshrough a co- ti . Lo .
. ° . ) ical, the difference being in the bonding angle between H
valent bond[O(1)]; exchange with an aton®) in a neighboring atoms and apical oxyger?. If this route isg viagle for further-

| | te th h h - i i in- . . . .
soal‘cii;nt?]iizﬁeﬁgog?ffpe rough hydrogen-bonded interactions Irr]1e|ghbor in-plane exchange, it should also provide part of

the pathway for an interlayer exchange of comparable

pared to the nuclear unit celihe exception is the potassium Strength. It is known that the sulfate group may provide an
analogue in which sulfate is exchanged for chromate fogfficient exchange pathway in a variety of transition metal
which the magnetic and nuclear unit cells have the same compounds;' so any spin polarization transferred from’Fe
parametéeP). In all cases where long-range magnetic order is0 the apical sulphur atoms may also be passed up ¥ Fe
observed, freezing sets in around 50 K. Further, those chrdons in the neighboring layer. This provides three different
mium isomorphs that have been studi@there Cr is substi- types of interlayer exchange which we will lak¥|, J”, and
tuted for F& also show long-range magnetic order at lowJ”, according to the through-space distance between the ions
temperaturé® with the =0 structure in the kagome layers involved. Figure 16 depicts the various exchange interactions
and a nondoubled axis. The spin arrays in the single- and schematically as if they propagated through space, but we
doubled-magnetic unit cells for in-plang=0 correlations Must remembethat the exchange pathways are made up of
have been displayed schematically in Figéa)@nd §b), bonds through atoms and moleculésg. 15. Some bond
revealing the relative spin orientations between layers. It catengths and angles for these and other exchange pathways
be seen that the doubled unit cell arises when the nearestte® given in Table VI. To a first approximation we would
neighbor interlayer magnetic correlations have a ferromageXpect the strengths of these exchange interactions to be
netic component with relative orientation of in-plane compo-similar because the paténgthalong the connecting bonds is
nents of 60°, while the singlemagnetic cell corresponds to the same in each case. However, éinglesinvolved in every
120° antiferromagnetic nearest-neighbor interlayer correlalink in the path are different, so strictly speaking the interac-
tions. tions between the atomic orbitals that make up the molecular

In order to rationalize the various spin arrays that mayorbitals for each pathway may be different and the spin po-
form it is necessary to consider the nature of the exchangirization may therefore be propagated differently between
pathways in these compounds in more detail. There are n@€ various interlayer neighbors. It is very likely thit J”,
data available for the relative strengths of further neighbo@nd J” are all antiferromagnetic, ferromagnetic superex-
exchange either within or between tkegomelayers in any ~ change in insulators requiring some form of orthogonal link-
of these compounds, and it is unlikely that any unambiguougge and being very rafé.Thus, if we assume that all inter-
data will be available until careful spin-wave dispersionlayer exchange is antiferromagnetic, we may draw up a
measurements have been performed on single crystals &fmple relationship betweed', J”, andJ” for the nearest-
these materials. Instead, we will consider what pathways argeighbor interlayer correlations to be either ferromagnetic or
likely to be significant on the basis of exchange geometry s@ntiferromagnetic, as described in Figsa)8and 8b). For
that we can judge what the most important perturbations téhe predominantly ferromagnetié0°) case and a doublecl
the simple Hamiltoniar{2) for nearest-neighbor Heisenberg axis in the magnetic cellJ”|>[(3"+J3")/2|, and for the
exchange are likely to be; such interactions have alreadpredominantly antiferromagneti@20° nearest-neighbor in-
been considered for potassium jarosite, but at that time thtgrlayer correlationsJ”|<[(J'+J")/2|. It is quite possible
location of the hydrogen atoms in the structure was nothat a change of Cr for Fe as the magnetic ion, or Cr for S in
known and these may be important for a thorough anafysis. the exchange pathway, alters the relative valued'ofJ”,

In jarosites the nearest-neighbor in-plane exchadge and J” and tips the balance between single- and double-
propagates through shared oxygen atoms provided by th@agneticc axis. Fe and Cr haved$ and 3i® valence elec-
hydroxide molecules of the coordination octahedra of'Fe tron configurations, respectively, which in a quasioctahedral
(Figs. 3, 4, 15. Further-neighbor in-plane exchange may environment becomey®e,® andty,,®, respectively, so it is
pass through the same hydroxide groups which are hydrogdikely that admixture of atomic orbitals from the metal atoms
bonded to the apical oxygen atom of the sulfate group. Therand the ligands in the exchange pathway are significantly
is considerable evidence for efficient exchange throughlifferent, giving rise to different relative values df, J”,
H-bonded atoms in other materidfs’°Such pathways, illus- andJ”.
trated in Fig. 15, are likely to be of comparable strength for It has been pointed that the form of the exchange between
second and third-neighbor in-plane exchadgendJ;, re-  layers may also influence the nature of the spin correlations
spectively; the path length for both exchange routes is idenwithin the kagomelayers?® Both ferromagnetic and antifer-
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romagnetic interlayer coupling produce a net exchange fieldetization in samples of sodium, potassium, and ammonium
for theq=0 structure, but for th&3xv3 spin structure, the jarosite, and that substantial nonlinearity should be apparent
(33) in-plane translation between neighboring planes is out obelow our maximum operating field of 10 kOe; we do not
registry with the periodicity of the order in tHeagomelay-  observe an indication of such behavior in our materials.
ers. Further-neighbor intralayer exchange, and J;, is  Earleet al>® performed a careful study of the susceptibility
likely to be comparable in strength &, J”, andJ” on the  of diamagnetically doped hydronium jarosite and concluded
basis of the similarity in length and composition of the ex-that the moment derived from the high-temperature suscep-
change pathwayTable VI) and this will also stabilize vari- tipjlity became higher as the lattice coverage increased, sug-
ous forms of long-range order. Harret al* used linear gesting it was inherent to the kagome lattice as modelled by
spin-wave analysis to calculate how the energy ofdre0  jarosites. This is turn could be attributed to approximations
andv3xv3 spin structures changed when further-neighborin the series expansion treatment of the susceptibility not
intralayer exchange was introduced and concluded that thgeating the complexity of exchange interactions in jarosites
q=0 structure was more stable whed,{-J3)>0, and the  sufficiently well>®
V3XV3 spin structure was more stable whedy { J3)<O0. Some of our samples also show signs of a second mag-
However, one should bear in mind that since these were thgetic transition at 61-62 K, not unlike the secondary transi-
only spin structures considered, it is possible that the groun€élons that have been observed in samples of sodium, potas-
state spin array is different from either of these options.  sjum, and ammonium jarosifévFZ and which have been

If we assume that the exchange field is dominated by thghown by NMR measurements to be inherent to these mate-
nearest-neighbor in-plane exchanjjeve may estimate the rials rather than a consequence of an impurity phase. This
value ofJ from analysis of the high-temperature form of the was interpreted as evidence for some form of intermediate
susceptibility. In view of the relative lengths and composi-magnetic phase. However, the fact that there is not an exact
tions of the exchange pathways, this appears to be a reasoforrespondence between data taken from different samples
able assumption, but it should be noted that the neglect adf the same materials suggests that the observation of this
further-neighbor interaction@ssuming they are also antifer- feature in measurements gf,, may be influenced by the
romagneti¢ will overestimate the magnitude d8| by an  Jattice coverage, which in turn is very sensitive to variations
amount3,,zJ'S(S+1), wherezis the number ohth further  in the preparative conditions. We note that a transition above
neighbors. Recent series expansion calculations of the sufhe main cusp iny,. is most distinct in samples with the
ceptibility of akagomeantiferromagnet with the Hamiltonian highest lattice coverage.
of Eq. (1) (Refs. 12,14indicate that although a conventional  precise values of the effective moment are given in Table
Curie-Weiss expression should describe the susceptibility together with values fofJ], all of which are close to 40 K.
well at high temperatures, a modified form will prevail be- There are relatively large changes in the cell paramesed
low T=J§(S+1)/k. In this regime, the inverse susceptibil- hence the interlayer separation as theation changes, but
ity intercepts the temperature axis-a2JS(S+1)/k, rather  no consistent correlation between this ahdor 8; changes
than the value of-(4/3k)JS(S+ 1) predicted by mean field in the cell parametes, and hence the intralayer Fe-Fe sepa-
theory, and its slope with temperature adopts a valueation are less marked, but again there is no clear, consistent
(1e)?9 rather than the conventional value ofiy)?/8,  relation with the magnetic parameters. The only parameter
where (uen)?=0?u3S(S+1). Over the entire temperature that appears to change steadily with the mass ofAtsite
range where the measured inverse susceptibility has a lineaation is the coverage of the magnetic lattice; there is a less
dependence on temperature, a single slope is observedistinct trend in the variation of ; with mass of theA-site
which suggests that all our measurements are in the lowesation, showing a noisy increase T as theA cation gets
temperature regime or below. The magnituddJpfderived  heavier, and this could be related to the accompanying de-
from these data using the appropriate expression is of therease in site coverage, although this is opposite to the con-
order of 40 K in all cases, predicting that the transition fromventional response of a magnet to dilution.
the low-to high-temperature susceptibility regime is at a tem- We find a similar, unconventional response to dilution
perature of the order of 350 K. when we consider the aluminum-doped hydronium jarosite.

Applying this analysis to our susceptibility data we obtain Apart from work on gallium-doped hydronium jarostewe
effective moments that are significantly larger than the valueare unaware of aimplg insulatingsystem in which dilution
expected for theﬁA1g ground term of F& in this ligand leads to an increase in the temperature of spin freeding.
field environment which should be free of either temperaturdor SCGOK) (Refs. 22,24 as well as for a chromium ana-
independent paramagnetism or a second-order Zeeman ébgue of the jarosite& falls with dilution [though it should
fect, and should therefore adhere closely to the spin-onlye noted that this results pertains ¢eramic samples of
value of 35/4=5.92ug . It is possible that our samples con- SCGO), while for single crystalggrown from flux there is
tain a small amount of a ferromagnetic or ferrimagnetic im-an apparenincreasein T; as site coverage increas@sa
purity phase or that moments near inhomegeneities in theesult that has been attributed to a preferential loss of mag-
lattice are canted and produce a weak spontaneous magnatitic ions from thekagomesites in the structure as opposed
zation. Anomalously high moments are observed by otheto triangular lattice sites, and this in turn leads to a structure
workers*®°3 Maegawa and co-workefsobserved a nonlin-  that is on average less two-dimensidndlhere is relatively
earM vs H curve at low temperatures which was attributedlittle theoretical work on the effect of magnetic inhomogene-
to defect F&" ions; the contribution from such impurities ities on kagome antiferromagnets. Shender and co-wdfkers
saturates in higher fields. It was observed that an appliededuced that the principal effect of varying the magnitude of
field of 20—30 kOe was required for saturation of the mag-spins on akagomeantiferromagnet was to induce noncopla-
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narity in the ground state; this work also predicted that thestant# of the order of—700 K in each case but yielding an
energy of any individual triangle would be minimizéex-  estimate of the ordered moment that is anomalously
cept in the case of strong disorder where it is the energy ofiigh—of the order of Z.g—in each case as opposed to the
isolated clusters of moments that is minimizethe special value of 5.9tz anticipated for a spin-only moment f&
case of site dilutiori.e., where the magnitude of the spin at =%. In all cases a distinct cusp is observedyin at a tem-
a site isSor 0) has also been studied and indicates that theperatureT; of the order of 50 K. In some casésla” and
same rule for minimization of energy applies here ©@he  ND; salty additional, weak features are observed in the sus-
rule of satisfied triangles or clusters suggests that dilutiorzeptibility aboveT;, but they differ in location from similar
alone is unlikely to induce spin glass order: the fact that thgeatures seen by other workers in these and other jarosites.
ground state energy is independent of the separation of deowder neutron diffraction provides detailed structural infor-
fects implies that the spin degrees of freedom of the defectfation for the Na and Npsalts, and also reveals that in
do not couple. However, real modeagomeantiferromag-  every case the ordered spin structure belwcorresponds
nets such as the jarOSiteS may differ because they ha\{@ theq:O Spin array in thd(agorﬁelayerS, and an antifer-
further-neighbor interactions, dipolar coupling and quantunyomagnetic arrangement between layers for which the mag-
fluctuations, so this problem requires further specific theoretnetic unit cell is twice as large as the nuclear cell in the
ical work. What is clear is that random dilution may create agirection. However, the ordered moment beldw as de-
local imbalance in exchange interactions near an impurityjyced from the powder diffraction pattern, is less than 30%
and may in some cases produce an increase in interlayer gf the spin-only moment of Bé&, indicating that a large
intralayer exchange as a compensated triangle is disturbegroportion of the moments are either fluctuating or possess
On average, this will lead to an overall reduction in the eX-short-range static correlations.
change field, and mean-field arguments would then predict a |t js known that jarosites are prone to nonstoichiometry,
reduction in the temperature scale for any freezing. Howevelosing Fé* from the lattice, and it is also anticipated that
it is possible that higher-order effects operate, and local imthejr magnetic properties are very sensitive to the coverage
purities pin down a longer-range spin structure. It has alsf the magnetic sublattice, so we advise caution in trying to
been observed that for hydroniumchromiumanalogsfalls  compare properties of different materials and correlate struc-
on dilution of the magnetic sité$>* and this may reflect a tyral and magnetic properties. A consideration of the relation
different balance between exchange constants. betweenT; and the lattice coverage implies that dilution
~ The sensitivity of the collective magnetic properties of |eads to arincreasein the freezing temperature. This coun-
jarosites towards the coverage of the magnetic I&tticeght terintuitive result was confirmed for the case of the deutero-
explain inconsistencies between measurements of materighgym salt which shows no long-range magnetic order down
which have the same nominal composition. We have obyg 0.4 K, but rather a spin-glass-like transition at a tempera-
served thafl; varies from batch to batch of the same jarosite,tyre of the order of 15 K. On dilution with an aluminum
so care should be taken in interpreting differences betweeRomorph, to produceDsO)Fe; ¢Al,(OD)(SOy),, in which
magnetic parameters such @s _ the coverage of the magnetic lattice is#83%), T; was ob-
Powder neutron diffraction studies of the magnetic corresgpned to rise to 25.5 K, and powder neutron diffraction mea-
lations in all of these materials reveal spin structures that arg,rements indicated that there was long-range magnetic or-
compatible both with observations in related materials, an@jer at 1.4 K. This result is not compatible with current theory
with the predictions of theory, depending on further- o kagonieantiferromagnets for which dilution is only likely
neighbor exchange. At low temperatures the observed valugg reduce the temperature scale and lower any freezing tran-
of the sublattice magnetization are generally far below th&jtion. However, it is possible that further-neighbor exchange
5.92u spin-only value expected for P& In the case of the s significant in these materials and may give rise to net
sodium salt this will be due in part to the relatively high interjayer or intralayer exchange between uncompensated tri-
temperatur40 K) of the measurement, but for the remain- gngles of spins near vacancies which in turn selects a par-
ing salts, where measurements were made at 1.4 or 1.5 K, ficylar ground state. To investigate this effect further it is
is likely that this reflects loss of static long-range order Onecessary to get a better estimate of further neighbor ex-
fluctuations or short-range static correlations, supported b}éhange interactions, which requires single crystals for de-
the observation of the broad feature at lower temperaturegijled neutron scattering measurements of the spin waves.
which we fitted to the Warren function. Comparable reduc- ahoratory growth of such crystals will be difficult, but it is
tions in ordered moment have been obsef¥énl the S=3  probable that suitable samples exist in mineral collections.
kagomeantiferromagnet KGXOD)(SQy),, in which the or-  complementary developments in theory are also required, to
dered moment beloW; is approximately; of the Neel value  model the effect of magnetic inhomogeneities on magnetic
and this was attributed to gapless quantum spin fluctuationgorrelations in such materials, and extend the current posi-
that persist down to at least 70 mK. tion between the somewhat idealized systems studied to date.

V. CONCLUSIONS ACKNOWLEDGMENTS

These measurements have shown that jarosites We are grateful to EPSRC for financial support, and to
AFey(OH)(SQy), in which A* is Rb", ND,, or Ag", all  both the ISIS Facility of the Rutherford Laboratory and to
possess well-separatédigomelayers of F&" ions with  the Institut Laue-Langevin for technical support. A.H. is
strong antiferromagnetic coupling. Above 100 Kd{/is lin- grateful to the Nuffield Foundation for financial support of
ear in temperature, providing an estimate of the Weiss consome of this work. It is a pleasure to acknowledge a number



6168 A. S. WILLS, A. HARRISON, C. RITTER, AND R. I. SMITH PRB 61

of people for stimulating and illuminating discussion of our for 4 h. The mass of the final product was 14.13 g.
measurements, and in particular we wish to thank Steve The partially deuterated sample of AgF®0,),(OD)g
Bramwell, Collin Broholm, John Chalker, Michel Gingras, was prepared by mixing 6.000 g of %80,),nH,O and
John Greedan, Peter Holdsworth, Thom Mason, and Ar6.000 g AgSO, (Aldrich 99.999% in 50 ml D,O with gentle
Ramirez. heating(note that this amount of AGO, exceeds the solu-
bility and so the AgSO, will not completely dissolve®® The
APPENDIX reactant solution was reduced by rotary evaporation before
being made up to 200 ml with . 7.500 g BSO, (99.8
Here we give the details of the conditions used to syntheat. %, CDN Isotopes 96%owere added before the mixture
sise the various jarosite samples studied in this paper. Avas finally made up to 300 ml with J®. The reaction solu-
partially deuterated sample of Naf®0,),(OD)s was pre- tion was heated at 155°C for 4 h. The mass of the bright
pared by dissolving 51.600 g of {&0,),nH,O (Aldrich  yellow product was 1.29 g. To minimize photodecomposi-
97% and 9.400 g N8O, (Fisons 99% in 300 ml D,O.>®  tion all silver-containing reagents, reaction solutions and
The reaction solution was heated at 155 °C for 4 h. The massroducts were handled under dull light conditions and their
of the final product was 12.48 g. containers stored wrapped in aluminum foil.
The literature synthess failed to yield an ammonium The partially deuterated sample of RRE0,),(OD)s was
jarosite precipitate and instead resulted in the production ofrepared using a literature synthe®s.46.500 g of
an amorphous species. A synthesis was designed using coRe,(SOy), nH,0 and 7.500 g RS0, (Fluka 98% were dis-
ditions derived from the preparation of Naf80,),(OD)s. solved in 50 ml DO with gentle heating and reducing the
The partially deuterated sample was prepared by dissolvingeactant solution by rotary evaporation. The reactant was
51.600 g of FgSQO,),NH,O and 80.000 g(NH,)x(SOy);  then made up to 200 ml with » and 4 drops of BBO,
(Prolabo 99%in 50 ml D,O with gentle heating and reduc- were added before the mixture was made up to 300 ml with
ing the reactant solution by rotary evaporation. The reactard,O. The reaction solution was heated at 111 °C for 4 h. The
was then made up to 300 ml with,© and heated at 155 °C mass of the final product was 2.84 g.
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