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Magnetism of pure iron jarosites
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Stoichiometrically pure jarosites of the formulaAFe3(OH)6(SO4)2 with A5Na1, K1, Rb1, and NH4
1 have

been afforded by a newly developed redox-based, hydrothermal method. The jarosites exhibit an intralayer
antiferromagnetic exchange interaction (2829 K,QCW,2812 K) and transition temperatures for long-range
order~LRO! (61 K,TN,65 K) that are essentially insensitive to the size of theA1 ion. A cusp atTN in the
ac susceptibility curve is frequency independent. The origin of LRO is consistent with coupling of jarosite
layers exhibiting a net magnetization, which arises from an anisotropy developed, most likely, from the
Dzyaloshinsky-Moriya~DM! interaction. A canted intralayer spin structure, which is a consequence of the DM
interaction, is signified by a remanent magnetization (;53 K,TD,;58 K), the magnitude of which depends
on crystallite size. X-ray single crystal analyses of the pure Fe31 jarosite compounds reveal that thekagome´

layers are structurally invariant with those of their Cr31 and V31 relatives. This structural homology allows the
sign and magnitude of exchange coupling withinkagome´ layers to be correlated to the different orbital
parentages engendered by theM31 d-electron count. Infrared studies show the presence of H2O within the
kagome´ layers of alkali metal and hydronium ion Fe31 jarosites prepared by conventional precipitation meth-
ods; conversely, H2O is absent within thekagome´ layers of jarosites prepared by the new redox-based hydro-
thermal methods. These results suggest that the absence of LRO in (H3O)Fe3(OH)6(SO4)2 is due to structural
and magnetic disorder arising from proton transfer from the interlayer hydronium ion to the bridging hydroxide
ions of thekagome´ layers.
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I. INTRODUCTION

The jarosite family of mineralsAFe3(OH)6(SO4)2 ,1–5

(A5monovalent ion! and its Cr31 relative6–9 have attracted
considerable attention as prominent models of akagome´
Heisenberg-type antiferromagnet. Extended two-dimensio
kagome´ layers comprise triangles connected through th
shared vertices. The unusual magnetic property of s
frustration10,11 results when unpaired spins, situated at
angle corners, couple with nearest-neighbor antiferrom
netic exchange. In theory, geometric considerations impo
by the triangular spin arrangement engender an infinite n
ber of degenerate ground states, and such a material sh
not display conventional long-range order~LRO!.10–13 Not-
withstanding, in all but one Fe31 jarosite, LRO is observed

LRO in kagome´ antiferromagnets is established when t
ground-state degeneracy created by spin frustration is li
by the presence of further-neighbor exchange interactions
anisotropy or by lattice disorder. The latter perturbation
particularly relevant to jarosites because they have been
toriously difficult to prepare in pure form. Jarosites are u
ally synthesized by their precipitation from hydrolyze
acidic solutions of sulfate anions and monovalent and tri
lent cations.14 Under these conditions, the monovalentA1

cations are susceptible to replacement by hydronium i
and/or the coverage of the Fe31 lattice sites is incomplete
consequently, samples with magnetic site occupancies
70–94 % are obtained. Unavoidably, the magnetic beha
of these compositionally variant jarosites has been sam
dependent.1,3 Jarosites prepared to date have shown a sin
magnetic-phase transition with considerable variability in
ordering temperature@TN518– 65 K~Refs. 1, 2, 15–19!#. In
0163-1829/2003/67~6!/064401~13!/$20.00 67 0644
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addition, uncertainties persist as to whether a second p
transition exists atT,TN , as some susceptibility1 and solid
state NMR measurements20 suggest.

Among the members of the jarosite family, the hydroniu
jarosite (H3O)Fe3(OH)6(SO4)2 is the singular exception in
its composition and magnetism. A near complete occupa
~97%! of magnetic sites in this material is complemented
the absence of LRO, as deduced from the lack of magn
Bragg peaks in samples at temperatures approaching
K.15,21–24 Moreover, the hydronium jarosite exhibits spin
glass like behavior as evidenced by a frequency depende
susceptibility, diverging field-cooled~FC! and zero field-
cooled susceptibilities~ZFC! and a freezing temperature o
Tf;15 K.2,24 These spin-glass characteristics are sign
cantly perturbed by the dilution of the magnetic Fe31 sites
with nonmagnetic Ga31 ~Ref. 25! and Al31 ~Refs. 26, 27!
ions.

To incisively address the issue of variant magnetic pr
erties, as a consequence of the nonstoichiometric coverag
kagome´ lattice sites, we sought to develop new synthe
routes that would afford pure jarosites. We have designed
approach in which the magneticM31 ions are generated in
rate-controlling redox step prior to the precipitation of t
jarosite. Employing this redox-based hydrothermal approa
we have prepared a new class of highly pure and sin
crystalline jarosites based on the V31 ion AV3(OH)6(SO4)2

(A5Na1, K1, Rb1, Tl1, and NH4
1).28 With this synthetic

protocol established, we have turned our attention tow
exploring the generality of the method to metal ion substi
tion with emphasis on the preparation of pure Fe31 jarosites.

We now report the application of the redox-based hyd
thermal methodology to the preparation of stoichiometrica
©2003 The American Physical Society01-1
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GROHOL, NOCERA, AND PAPOUTSAKIS PHYSICAL REVIEW B67, 064401 ~2003!
pure Fe31 jarositesAFe3(OH)6(SO4)2 (A5Na1, K1, Rb1,
and NH4

1). The obtained compounds allow us to ass
whether LRO is an intrinsic property of thekagome´ lattice of
jarosites. With the insights garnered from these studies,
have also addressed the heretofore perplexing observatio
the absence of LRO in the hydronium Fe31 jarosite. Finally,
the magnetostructural data of the Fe31 jarosites reported
here, in conjunction with that of the V31 and Cr31 jarosites,
allows us to correlate between jarosite magnetism
d-electron count. An orbital model is presented that clarifi
the origins of the exchange interactions withinkagome´
layers and the presence of LRO in spin-frustrated jaro
materials.

II. EXPERIMENTAL

The AFe3(OH)6(SO4)2 (A5Na1, K1, Rb1, and NH4
1)

jarosite samples used in this study were prepared by oxi
ing metallic iron in acidic solutions containing theA1 and
SO4

22 ions under hydrothermal conditions. Reagent or a
lytical grade chemicals were obtained from commercial co
panies and they were used without purification. Hydroth
mal reactions were carried out in 23- and 125-mL Teflo
lined pressure vessels, which were purchased from
Instruments. A Fisher Isotemp programmable oven w
forced-air circulation was used to obtain the desired temp
ture profiles for hydrothermal reactions. A description fo
lows of the detailed hydrothermal conditions under wh
these oxidation-reduction reactions were performed. Che
cal analyses were conducted by H. Kolbe Mikroanalytisc
Laboratorium.

The same procedure was used for the synthesis of eac
the alkali metal jarosites. TheA2SO4 salt @1.70 g ~12.0
mmol! of Na2SO4, 4.88 g ~28.0 mmol! of K2SO4, 7.47 g
~28.0 mmol! of Rb2SO4] and 2.2 mL of H2SO4 ~40 mmol!
were dissolved in 50 mL of distilled water and transferr
into the Teflon liner of a 125-mL pressure vessel. A 0.56
piece ~10 mmol! of 2-mm diameter, 99.9% iron~Aldrich!
wire was added to this solution. The vessel was enclosed
placed into an oven at 200 °C for the Na2SO4 reaction, at
202 °C for the K2SO4 reaction and at 204 °C for the Rb2SO4
reaction. After 4 days at these elevated temperatures,
oven was cooled at 0.3 °C min21 to room temperature. The
yellow-orange product, which precipitated on the walls
the Teflon liner, was isolated by filtration, washed with d
tilled water and dried in air. Yield of NaFe3(OH)6(SO4)2 :
0.29 g ~18% based on Fe!. Analytically calculated for
H6NaFe3S2O14: H 1.25, Na 4.74, Fe 34.57, S 13.23. Foun
H 1.28, Na 4.84, Fe 34.36, S 13.17. Yield
KFe3(OH)6(SO4)2 : 0.37 g~22% based on Fe!. Analytically
calculated for H6KFe3S2O14: H 1.21, K 7.81, Fe 33.46, S
12.81. Found: H 1.29, K 7.68, Fe 33.41, S 12.94. Yield
RbFe3(OH)6(SO4)2 : 0.24 g~13% based on Fe!. Analytically
calculated for H6RbFe3S2O14: H 1.10, Rb 15.62, Fe 30.62,
11.72. Found: H 1.19, Rb 15.68, Fe 30.48, S 11.63.

The (NH4)Fe3(OH)6(SO4)2 jarosite was prepared b
dissolving 0.913 g of (NH4)2S2O8 ~4.0 mmol! and 0.33 mL
of H2SO4 ~6.0 mmol! in 10 mL of distilled water. The solu-
06440
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tion was transferred into the Teflon liner of a 23-mL press
vessel. A 0.11-g piece~2.0 mmol! of 2-mm diameter, 99.9%
iron wire ~Aldrich! was added to this solution. The vess
was enclosed and placed into an oven at 205 °C for 4 d
The oven was then cooled at 0.6 °C min21 to room tem-
perature. The yellow product was isolated by filtratio
washed with distilled water and dried in air. Yield: 0.19
~59% based on Fe!. Analytically calculated for
H10NFe3S2O14: H 2.10, N 2.92, Fe 34.92, S 13.37. Foun
H 2.15, N 2.83, Fe 35.06, S 13.41.

A jarosite of composition
(H3O)0.27K0.73Fe2.8(OH)5.4(OH2)0.6(SO4)2 was obtained us-
ing the previously known precipitation techniques. 8.0 g
Fe2(SO4)3•5H2O ~16 mmol! and 0.57 g of K2SO4 ~3.3
mmol! were dissolved in 50 mL of distilled water
and transferred into the Teflon liner of a 125-mL press
vessel. The vessel was enclosed and placed into an o
at 150 °C for 8 h. The oven was then cooled at 1 °C min21

to room temperature. The yellow product was isolated
filtration, washed with distilled water and dried in air. Yield
0.90 g ~17% based on Fe and 39% based on K, wh
was the limiting reagent!. Analytically calculated for
H7.4K0.73Fe2.8S2O14.27: H 1.54, K 5.89, Fe 32.25, S 13.23
Found: H 1.40, K 5.69, Fe 32.68, S 12.03.

X-ray diffraction data were collected using a Sieme
three-circle single crystal diffractometer equipped with
CCD detector. All data acquisitions were carried out
290 °C in a nitrogen stream using MoKa radiation ~l
50.71073 Å!, which was wavelength selected with a singl
crystal graphite monochromator. For each crystal, four d
sets of 40-s frames were collected over a hemisphere o
ciprocal space usingv scans and a20.3° scan width. The
data frames were integrated tohkl intensity, and final unit
cells were calculated using theSAINT program. All structures
were solved by the Patterson methods and refined using
SHELXTL v.5.03 suite of programs developed by G. M. She
rick and Siemens Industrial Automation, Inc., 1995.

Infrared spectra of jarosites in KBr pellets were record
on a Nicolet Magna-IR 860 Spectrometer equipped with
KBr beam-splitter and a DTGS detector. For each spectr
32 scans were acquired with 4 cm21 resolution over a wave-
length range of 4000–400 cm21.

Magnetic susceptibility measurements of;50-mg pow-
dered samples contained in gelatin capsules were meas
using a SQUID susceptometer~Quantum Design, MPMSR2!
over a 2 to 300 K temperature regime; field strengths w
varied from250 to 150 kOe. Prior to each measuremen
residual fields were quenched. A variable nonzero ba
ground signal, observed as cooling and measuring fi
strengths were increased, was the primary contribut
factor to the630 K error of Curie-Weiss fittings. Accord
ingly, Weiss (QCW) and Curie~C! constants, which were
corrected for temperature independent paramagnetism
sample diamagnetic contributions as previously describe29

were determined from data recorded at the same fi
strength of 2 kOe. Ac susceptibilities were recorded
NaFe3(OH)6(SO4)2 under an ac fieldHac5h0 sin(2pft) for
h054 Oe and forf 52, 20, 200, and 1000 Hz.

Zero-field cooled~ZFC! measurements were performe
1-2
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MAGNETISM OF PURE IRON JAROSITES PHYSICAL REVIEW B67, 064401 ~2003!
by cooling samples from 140 to 5 K in zero field. Data points
were recorded upon warming the sample in a measuring
(Hm) that was varied from 20 Oe to 10 kOe. For field-cool
~FC! measurements, the sample was cooled from 140 to
in the presence of a cooling field (Hc) that was varied from
20 Oe to 10 kOe. Experiments were run under both the c
ditions of Hm5Hc andHmÞHc . In the latter case,Hm was
held constant at 50 Oe, whileHc was allowed to vary from
50 Oe to 10 kOe. Due to variable background effects,
plots were normalized in high temperature regimes to th
respective ZFC plot. The normalization was usually acco
plished by equatingxmax of the FC plot with thexmax of the
ZFC plot.

Remanent magnetization~RM! experiments were per
formed by cooling samples from 140 to 5 K withHc varying
from 50 Oe to 10 kOe; measurements were made u
warming from 5 to 100 K withHm50. Background signals
were recorded during such runs forHc5Hm50 Oe, follow-
ing RM measurements at differentHc . All plots were sub-
sequently normalized by zeroing the linear part of the p
found above the transition temperature.

Particle-size dependent measurements of the rema
magnetization, were made on single crystals
KFe3(OH)6(SO4)2 that were crushed between two gla
plates. Fractions containing crystals of different sizes w
then separated with the use of sieves.

III. RESULTS

A. Synthesis

The AFe3(OH)6(SO4)2 (A5Na1, K1, Rb1, and NH4
1)

jarosite samples used in this study were obtained by ox
tion of iron metal in acidic solution. Under hydrotherm
conditions, both elemental oxygen and protons present in
reacting solution may act as potential oxidants. In acc
dance with our synthetic results of the V31 jarosites,28 pro-
tons efficiently oxidize the metal starting material to produ
solubilized metal ions and hydrogen. In the case of V31

jarosite, the protons oxidize the metal ions directly to the13
oxidation state. The Fe21 oxidation state, however, is stab
in acidic solution, suggesting that the production of Fe31

requires oxygen as the final oxidant. This is indeed the c
If the hydrothermal reaction is performed under a nitrog
atmosphere, only a negligible quantity of jarosite is obtain
These results establish the coupled redox reaction sequ

Fe12H1→Fe211H2, ~1!

2Fe211 1
2 O212H1→2Fe311H2O. ~2!

Precipitation of jarosite proceeds according to

3Fe3112A2SO416H2O

→AFe3~OH!6~SO4!213A116H1. ~3!

As we have established for the V31 jarosites, the insertion o
a redox step prior to precipitation of theM31 ion is crucial
to obtaining stoichiometrically pure and crystalline materi
06440
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For all samples used in this study, chemical analysis gave
Fe31 content of 99.660.2% and anA1 content of 10062%.

B. Structural characterization

Single crystals of the alkali metal ion derivatives
jarosite were obtained of sufficient dimensions and quality
permit their x-ray structural characterization. The pu
jarosites are structurally undistinguished from previou
characterized jarosite materials.5,28,30–36 Crystallographic
data obtained from the solution of the crystal structures
the Na1, K1, and Rb1 derivatives are listed in Table I, th
atomic coordinates in Table II, and selected bond distan
and angles in Table III.

The jarosite structural motif consists of layers of corn
sharing Fe3(OH)6(SO4)2

2 , triangular subunits~Fig. 1!,
which create the characteristickagome´ pattern. FeO6 octahe-
dra composing the triangles are capped by SO4 tetrahedra.
The negative charge of each trimer subunit is balanced b
monovalent alkali ion, which also determines the interlay
distance. It is noteworthy that the size of the alkali ion do
not affect the dimensions of the layer; it only affects t
interlayer distance and consequently the value of thec di-
mension of the unit cell.

Infrared spectra of the pure Na1, K1, Rb1, and NH4
1

jarosite derivatives were examined, as were the spectr
H3O1 and K1 jarosite samples isolated from nonredo
precipitation methods. Only results of pertinence to t
magnetic properties of the jarosites are presented her
more detailed account of the infrared spectroscopy
the pure jarosite materials will be presented elsewher37

The IR spectrum of the K1 derivative shown in Fig. 2~a!
is exemplary of the materials obtained from our hydr
thermal redox synthetic methods. A very strong peak at 3
cm21 corresponds to the O—H stretch.16,38,39The energy of
this O—H stretching mode increases by 25 and 33 cm21

along the series NaFe3(OH)6(SO4)2,KFe3(OH)6(SO4)2
,RbFe3(OH)6(SO4)2 . The ~Fe—O!—H deformation
mode16 appears as a strong absorption at 1005 cm21; the
location of a weak peak at 2013 cm21 ~the higher-energy
feature of the doublet! is consistent with an overtone absor
tion of this mode. The antisymmetric S—O stretching mod
of the sulfate anion appear at 1175 and 1085 cm21 and the
corresponding bending modes at 660 and 635 cm21; the
strong peaks at 509 and 472 cm21 arise from the Fe—O
stretching mode.16

Three prominent IR absorption features distinguish
H3O1 derivative from its pure alkali congeners. As shown
Fig. 2~b!, the O—H stretching vibration near 3400 cm21 of
(H3O)Fe3(OH)6(SO4)2 significantly broadens as does th
overtone of the~Fe—O!—H deformation mode at;2000
cm21. More significantly, two new, weak absorptions are o
served at 1640 and 1581 cm21, which correspond to
H—O—H bending vibrations of the H2O and H3O1 moi-
eties, respectively.40 In stoichiometrically pure jarosites, th
O—H stretching frequencies at 3400 cm21 are reduced in
intensity and width, and the H—O—H bending modes a
not observed. Interestingly, these distinguishing absorp
features of the hydronium sample are retained in the infra
1-3
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TABLE I. Crystallographic data for theAFe3(OH)6(SO4)2 jarosites forA15Na1, K1, and Rb1.

A15Na1 A15K1 A15Rb1

empirical formula H6NaFe3S2O14 H6KFe3S2O14 H6RbFe3S2O14

fw 484.71 500.81 561.90
crystal system rhombohedral rhombohedral rhombohedral
space group R3̄m R3̄m R3̄m
a ~Å! 7.342~3! 7.3044~7! 7.3131~7!

c ~Å! 16.605~10! 17.185~2! 17.568~3!

a~deg.! 90 90 90
g~deg.! 120 120 120
Z; V ~Å3! 3; 775.3~7! 3; 794.1~2! 3; 813.7~2!

rcalc 3.114 3.141 3.440
u range~deg.! 3.43–23.22 3.43–23.21 3.42–23.26
scan v v v
temp ~K! 183~2! 183~2! 183~2!

No. of refl. collected 1020 1052 1086
No. of unique refl. 162 161 169
No. of params. 26 25 26
R1a (I .2s, all data! 0.0325; 0.0375 0.0251; 0.0251 0.0334; 0.0338
wR2b (I .2s, all data! 0.0797; 0.0809 0.0581; 0.0581 0.1083; 0.1087
GOFc 1.268 1.323 1.237

aR15SiFo2uFci /SuFou.
bwR25$S@w(Fo

22Fc
2)2#/S@w(Fo

2)2#%1/2.
cGOF5@Sw(Fo

22Fc
2)2/(n2p)#1/2, wheren is the number of data andp is the number of parameters refine
dox

f

ng

a-

by
and
he

n-
to
at

e-

ed

the
.

at

on
ur
cep-
TABLE II. Atomic coordinates (3104) and equivalent isotropic
displacement parameters (Å23103) for AFe3(OH)6(SO4)2 for A1

5Na1, K1, and Rb1.

atom x y z U(eq.)a

Na 0 0 0 50~2!

S 0 0 3125~1! 9~1!

Fe 3333 1667 1667 9~1!

O~1! 0 0 4006~4! 10~2!

O~2! 2200~7! 1100~3! 2829~2! 12~1!

O~3! 1260~4! 2519~7! 1329~2! 11~1!

atom x y z U(eq.)a

K 0 0 0 14~1!

S 0 0 3087~2! 7~1!

Fe 3333 1667 1667 7~1!

O~1! 0 0 3936~4! 11~2!

O~2! 2203~7! 1102~3! 2795~2! 10~1!

O~3! 1276~3! 2553~7! 1349~2! 9~1!

atom x y z U(eq.)a

Rb 0 0 0 19~1!

S 0 0 3061~2! 7~1!

Fe 3333 1667 1667 6~1!

O~1! 0 0 3888~5! 12~2!

O~2! 2196~8! 1098~4! 2771~3! 9~1!

O~3! 1280~5! 2560~9! 1370~3! 9~1!

aU(eq.) is defined as one third of the trace of the orthogonalizedUi j

tensor.
06440
spectrum of jarosite prepared by commonly used nonre
methods, i.e., by precipitation from a solution of K2SO4 and
Fe2(SO4)3 . Figure 2~c! shows the infrared spectrum o
(H3O)0.27K0.73Fe2.8(OH)5.4(OH2)0.6(SO4)2 jarosite. In this
spectrum, the prominent peak of the H—O—H bendi
mode at 1640 cm21 is retained, even though the H3O1 and
H2O moieties are not intrinsic to the alkali metal ion deriv
tives of the Fe31 jarosite lattice.

C. Magnetism

Magnetic properties of the jarosites were investigated
monitoring the temperature and field dependence of dc
ac magnetic susceptibilities. Figure 3 displays t
temperature-dependentxM vs T plots forAFe3(OH)6(SO4)2

with A5Na1, K1, Rb1, and NH4
1 ~ZFC mode, Hm

52 kOe). Qualitatively, all samples behave in a similar ma
ner; xM increases upon cooling from room temperature
approximately 70 K, and then it rises to a sharp maximum
TN . Below TN , the susceptibility decreases rapidly with d
creasing temperature until it slightly upturns forT,20 K.
TheTN values for all the jarosite derivatives are summariz
in Table IV. The ordering event characterized byTN was also
observed in ac-susceptibility measurements of
NaFe3(OH)6(SO4)2 derivative in the range of 2–1000 Hz
ThexM vs T plot of Fig. 4 follows the dc curve throughTN ;
a single, frequency independent maximum is observed
TN561.2 K.

Field-dependent plots of the molar magnetizati
M M(H), recorded at 5 K, are linear for each of the fo
jarosite derivatives. Consequently, corrections to the sus
1-4
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MAGNETISM OF PURE IRON JAROSITES PHYSICAL REVIEW B67, 064401 ~2003!
tibility to account for extrinsic impurities, the presence
which is reflected in substantial deviations from linearity
M M(H) plots at low temperature,20 do not need to be applie
in the jarosite samples prepared in this study. Curie-We
plots are linear above 150 K, and their extrapolation yie
Weiss constants (QCW) of 2810 K630 K, indicative of
strong intralayer antiferromagnetic interactions. We
knowledge that the application of the Curie-Weiss law
problematic because the temperatures over which magn
susceptibility measurements were performed are much lo
than the Weiss constants. However, a thematic focus of
present study is to compare the magnetic results of the
jarosites described here to those of the jarosites of past s
ies. Because the majority of these past studies have use
Curie-Weiss law to obtainQCW, we choose to do the sam
here. Notwithstanding, a more accurate method for trea
the susceptibility of thekagome´ lattice antiferromagnet ha
been described41 and applied to jarosites.9

FIG. 1. The x-ray crystal structure of the magnetic subu
of the kagome´ lattice of Fe31 jarosites—the corner-sharing
Fe3(OH)6(SO4)2

2 , triangles.

TABLE III. Selected bond distances~Å! and bond angles~°! for
the AFe3(OH)6(SO4)2 jarosites forA15Na1, K1, and Rb1.

Bond

Bond distances/Å

A15Na1 A15K1 A15Rb1

A—O~2! 63 2.961~4! 2.971~4! 2.999~5!

A—O~3! 63 2.727~4! 2.826~4! 2.902~5!

S—O~1! 1.462~7! 1.460~7! 1.45~1!

S—O~2! 33 1.483~4! 1.481~4! 1.481~5!

Fe—O~2! 23 2.061~4! 2.066~4! 2.070~5!

Fe—O~3! 43 1.994~2! 1.987~2! 1.984~2!

Angle Bond angles/deg.

O~1!—S—O~2! 33 109.4~2! 109.8~2! 110.1~2!

O~2!—S—O~2! 33 109.6~2! 109.2~2! 108.8~2!

O~2!—Fe—O~2! 180 180 180
O~2!—Fe—O~3! 43 91.8~1! 91.8~1! 91.0~2!

O~2!—Fe—O~3! 43 88.2~1! 88.2~1! 89.0~2!

O~3!—Fe—O~3! 23 180 180 180
O~3!—Fe—O~3! 23 91.8~3! 90.5~2! 90.1~3!

O~3!—Fe—O~3! 23 88.2~3! 89.5~2! 89.9~3!
06440
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TheQCW’s listed in Table IV are distinguished from thos
reported previously by their consistency. A survey of pre
ous magnetic measurements of alkali metal derivatives
jarosite revealsQCW’s to range from 21200 to 2600
K.3,5,15,16,19Under weak measuring dc-field conditions (Hm
,50 Oe), a second broad maximum, which has been

t

FIG. 2. IR spectra of~a! KFe3(OH)6(SO4)2 prepared by
redox-based hydrothermal methods,~b! (H3O)Fe3(OH)6(SO4)2 ,
and ~c! the K1 derivative of jarosite prepared by conven
tional nonredox precipitation methods @composition,
(H3O)0.27K0.73Fe2.8(OH)5.4(OH2)0.6(SO4)2].

FIG. 3. Temperature dependence ofxM ~per mole of iron! vs T
for AFe3(OH)6(SO4)2 , A15Na1, K1, Rb1, and NH4

1 . For clar-
ity, plots have been offset from each other.
1-5
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GROHOL, NOCERA, AND PAPOUTSAKIS PHYSICAL REVIEW B67, 064401 ~2003!
cribed to the onset of in-plane correlations~two-dimensional
character!,3 is sometimes observed between 240 and 250
Although the origin of this feature has not been identified,
presence accounts for discrepancies between Curie-Weis
tings of data recorded under small and large measu
fields. An f (5QCW/TN)513.160.4 is a signature of signifi-
cant spin frustration10 imposed by the jarosite lattice. In con
trast to past studies of jarosites, Curie constants~C! yield
effective moments that are very close to the expected s
only value of 5.92mB for a high-spin Fe31 ion ~Table IV!.

All pure jarosites display differences between their ze
field cooled~ZFC! and field-cooled~FC! magnetic suscepti
bilities. The xM vs T plots measured under ZFC and F
conditions are shown in Fig. 5 for KFe3(OH)6(SO4)2 (Hm
5Hc550 Oe); the other jarosite derivatives show similar b
havior. The FC susceptibility follows the ZFC curve from th

FIG. 4. Temperature dependence of the ac magnetic suscep
ity xM8 per metal center of NaFe3(OH)6(SO4)2 under an ac field
Hac5h0 sin(2pft) for h054 Oe and forf 520 Hz. The inset dis-
plays the respective plots obtained forf 52 ~h!, 20 ~s!, 200 ~3!,
and 1000~m! Hz.

TABLE IV. Magnetic parameters and interlayer space
AFe3(OH)6(SO4).

A1 Ca QCW /Ka TN /K TD /Kb f c c

3
~5d!/Å

Na1 5.91 2825 61.7 ;58 13.5 5.535

K1 5.77 2828 65.4 ;53 12.7 5.728

Rb1 5.82 2829 64.4 ;53 12.9 5.856

NH4
1 5.84 2812 61.8 ;53 13.1 5.767d

aDetermined from fits of the Curie-Weiss law on data recorded o
the 150–300 K temperature regime forHm52 kOe.

bTD defined as the temperature where ZFC and the FC suscept
ties diverge; it also coincides with the temperature below whic
remanent moment is developed.

cf 52QCW /TN .
dData obtained from Ref. 1.
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high-temperature region throughTN , but reproducibly di-
verges at a temperatureTD;53 K for A15K1, Rb1, and
NH4

1 and TD;58 K for A15Na1. As evident in Fig. 6,
under identical cooling (Hc) and measuring (Hm) fields Hc
5HmÞ0, the divergence between the two plots belowTD
increases with decreasing field strength; the magnitude of
divergence increases with decreasingHm ~e.g., 50 Oe! and
with increasing cooling fields (Hc550 Oe to 10 kOe!. This
variable divergence stems from the changing magnitude
the FC curve belowTD and possibly the influence that th
measuring fieldHm exerts on the sample. The FC data d
crease in magnitude and approach those of the ZFC mea
ment with increasingHm and it is not apparent aboveHm
5Hc;500 Oe. When the measuring field is kept small, t

il-

FIG. 5. ThexM vs T plots measured under ZFC~s! and FC~1!
conditions for KFe3(OH)6(SO4)2 (Hm5Hc550 Oe).

FIG. 6. Temperature dependence ofDxM ~the difference be-
tween the FC and the ZFC susceptibilities!, for KFe3(OH)6(SO4)2 ,
at Hm5Hc5175 Oe. The inset displaysDxM(T) measured at field
strengths ranging from 20 to 175 Oe; the arrow indicates the di
tion of increasingHm .
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MAGNETISM OF PURE IRON JAROSITES PHYSICAL REVIEW B67, 064401 ~2003!
FC data constantly increase in magnitude upon increa
cooling field. Divergence between ZFC and FC curves
previously been observed for hydronium jarosite24 and
SCGO.42–44

Powdered samples of the four jarosites exhibit a reman
magnetization~RM! when they are cooled in the presence
a magnetic field. Figure 7 displays typical RM plots record
for samples cooled under an applied field ofHc5500 Oe.
Upon increasing the temperature in the absence of a m
netic field, the RM for all samples decreases until it reac
the diverging temperatureTD . Above TD , RM disappears.
As we discuss below, the RM values for the four samp
depend on the particle size of the jarosite samples. For
reason, the data in Fig. 7 cannot be quantified; suffice to
however, the magnetization saturation is;1024% of that
expected for fully alignedS5 5

2 spins. As observed for field
dependent susceptibility measurements, RM increases
increasingHc ~for Hm50) and approaches a saturation val
at Hc;1 kOe. No hysteresis was observed in theM M(H)
plots under both ZFC and FC conditions utilizing differe
cooling fields. The observation of RM suggests the devel
ment of a weak ferromagnetic component within jarosite

To further demonstrate the presence of weak ferrom
netism in jarosites and to delineate the conditions un
which it is manifested, the following experiments were p
formed on NaFe3(OH)6(SO4)2 : ~a! a sample was zero-field
cooled from 140 K to an intermediate temperatureTa and
then field-cooled (Hc5500 Oe) fromTa to 5 K @this experi-
ment is denoted FC (TFC,Ta)] and ~b! the reverse experi
ment was performed—a sample was field-cooled (Hc
5500 Oe) from 140 K toTa and then ZFC fromTa to 5 K
@denoted FC (Ta,TFC)]. Ta temperatures of 100, 70, 60, 5
45, and 30 K were selected for both experiments andxM(T)
plots were recorded upon warming under a constant mea
ing field of Hm550 Oe. These types of experiments ha
been performed previously to uncover magnetic propertie

FIG. 7. Temperature dependence of remanent magnetizatio
AFe3(OH)6(SO4)2 , with A5Na1 ~s! and K1 ~1!, Rb1 ~3! and
NH4

1 ~n!. Samples were cooled underHc5500 Oe and measure
underHm50.
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orthovanadates originating from the presence of can
spins.45 Figure 8~a! displays the data from theTFC,Ta ex-
periment in the form ofDxM(T) @the difference ofxM(T)
measured underTFC,Ta conditions vsxM(T) determined
from a ZFC measurement#. A significant remanent momen
develops as long as field cooling is begun at temperatu
above the diverging temperatureTD . This remanent magne
tization is significantly attenuated when the cooling field
applied at TFC,TD @e.g., note the significant drop in
DxM(T) betweenTa555 K andTa545 K]. For the reverse
experiment, a remanent magnetization is observed only w
field cooling is applied at temperatures near or belowTD . As
shown in Fig. 8~b!, the ferromagnetic component is sma
when field cooling is removed at temperatures aboveTD and
increases when field cooling is maintained toT,TD . Plots
of the DxM(T) for T55 K for both experiments shows tha
the steepest change in the remanent magnetization is
served for temperatures coincident withTD .

for

FIG. 8. Measurements ofDxM(T) of NaFe3(OH)6(SO4)2 under
the conditions of~a! zero-field cooling to an intermediate temper
ture Ta followed by field cooling forT,Ta ~denotedTFC,Ta in
text! and ~b! field cooling toTa followed by zero-field cooling for
T,Ta ~denoted Ta,TFC in text! with Hc5500 Oe andHm

550 Oe, forTa5100~L!, 70 ~1!, 60 ~m!, 55 ~3!, 45 ~.!, 30 ~s!,
and 5 K ~h!. DxM(T) is the difference betweenxM(T) measured
under the conditions of~a! or ~b! andxM(T) measured under ZFC
conditions.
1-7
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GROHOL, NOCERA, AND PAPOUTSAKIS PHYSICAL REVIEW B67, 064401 ~2003!
The magnitude of the difference between the ZFC a
FC measurements is related to the crystallite size of
jarosite. ZFC and FC magnetic susceptibility measureme
were performed on samples of four different crystallite siz
,38 mm, 38–63mm, 63–90mm, and 90–150mm; Figure 9
shows the low temperature region of such plots for
,38-mm- and 90–150-mm-sized materials. Zero-field coole
(Hm550 Oe) and FC (Hc5Hm550 Oe andHc510 kOe,
Hm550 Oe) traces were recorded as a function of temp
ture between 6 and 300 K. For the,38 mm sample, a sig-
nificant difference appears between the ZFC and FC tra
This difference is the largest at a low temperature, a
it diminishes with increasing temperature until the trac
merge at;55 K. This divergence between ZFC and F
traces increases and becomes more obvious with increa
Hc ; at Hc510 kOe, DxM is 8.531024 emu mol21. When
the particle size of KFe3(OH)6(SO4)2 increases to 90–150
mm, the low temperature divergence between the ZFC
FC traces is significantly attenuated. When susceptib
measurements are conducted on large single crystals
temperature-dependent ZFC and FC traces in low fields
proach each other.46 A divergence in ZFC and FC curves
similar to that observed here, has been reported for pow
of the SCGO frustrated antiferromagnet,42–44 though the ef-
fect occurs at a much lower temperature ofTD53.5 K. The
magnitude of divergence on SCGO crystallite size has

FIG. 9. Dependence of the ZFC-FC divergence on the size
KFe3(OH)6(SO4)2 , crystallites:~a! ,38-mm sieved crystallites and
~b! 90–150-mm-sieved crystals for measurements performed un
the conditions ofHc50, Hm550 Oe ~s!, Hc5Hm550 Oe ~3!,
andHc510 kOe,Hm550 Oe~n!.
06440
d
e
ts
s

e

a-

s.
d
s

ing

d
y
the
p-

rs

ot

been investigated. It remains to be seen whether the beha
of ZFC-FC divergence in SCGO and jarosites is of comm
origin.

IV. DISCUSSION

Stoichiometrically pure jarosites display LRO at fini
temperatures. The magnetic behavior of alkali metal
members of the jarosite series is characterized by a pro
nent transition atTN ~see Table IV!, which is in accordance
with the highestTN values previously observed either b
susceptibility or neutron diffraction measurements.1,2,20 The
observation of a frequency-independent maximum in the
magnetic susceptibility plot precludes spin-glass behav
Unlike the variable results of past studies of jarosites,
ordering temperature does not depend on sample prepar
nor is it significantly perturbed by the size of the interlay
A1 cation. The pure jarosite samples are further dist
guished by the presence of a weak ferromagnetism ass
ated with a secondary transition defined atTD , the tempera-
ture at which ZFC-FC plots of the magnetic susceptibil
diverge and at which the onset of a remanent magnetiza
is observed. Although Figs. 5 and 8 establish the order
temperature for the ferromagnetic component and Fig
clearly establishes that the magnetic properties character
by TD are more apparent for jarosites of small crystall
size, we currently know little else about this phenomen
The ensuing discussion, therefore, focuses on the spin or
ing characterized byTN .

The origins of the 3D magnetic ordering in thekagome´
layers of jarosite have previously been ascribed to th
possibilities:2 ~1! ordering due to magnetic ion site vacanci
within the lattice,~2! single-ion anisotropy, or~3! interplane
coupling.

Case~1! has largely been promulgated owing to the ma
netic results of the hydronium ion jarosite, which until r
cently has been the jarosite representative obtained in pu
form and, coincidentally, is distinguished by the absence
LRO. However, the observation of 3D ordering in the high
pure jarosite samples reported here precludes case~1! as a
viable cause for the presence of LRO in jarosites.

Depending on thed-electron count of the magnetic ion
single-ion anisotropy and correspondingly case~2! certainly
prevails for some jarosites. For instance, the recently
scribed V31 jarosites exhibit single-ion anisotropy arisin
from the placement of ad2 ion in the tetragonal crystal field
of jarosite.29 Ferromagnetically-coupled magnetic momen
are predominantly confined to thekagome´ plane of the V31

jarosite owing to single-ion anisotropy, which is singular
most responsible for metamagnetic ordering in these ma
als. However, this mechanism does not translate to thed5

electron count of the Fe31 jarosites. The Fe31 ion possesses
a totally symmetric 6A1g(6S) ground state and therefor
spin-orbit coupling to a first order approximation
absent.47–49 Nevertheless, spin-orbit coupling arising from
higher order mechanism will give rise to an anisotropy th
can lead to interplane coupling.

In accordance with this contention, our observatio
are consistent with an anisotropy associated with
Dzyaloshinsky-Moriya ~DM! interaction. Recent Monte
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MAGNETISM OF PURE IRON JAROSITES PHYSICAL REVIEW B67, 064401 ~2003!
Carlo simulations suggest that the DM interaction gives r
to a net magnetization in thekagome´ layers of Fe31

jarosites.50 In- and out-of-plane spin interactions defined
DM parametersDp and Dz , respectively, result from the
tilting of the elongated FeO6 octahedra composing
Fe3(OH)6(SO4)2

2 triangular subunits. For jarosites, a critic
region ofDz /Dp value, which depends on the intralayer i
teractionJ, dictate a canted spin arrangement with the o
of-plane spins ferromagnetically aligned. The canted str
ture leads to ordering with a critical temperature that depe
intrinsically on the angle between the DM vector and t
kagome´ plane. In the past, a ferromagnetic component
been observed in only two compounds of the Fe31 and Cr31

jarosite family. The RM experiments of Figs. 5 and 8, ho
ever, reveal a weak ferromagnetism that develops from
canted spins forall four jarosites and it is preserved after 3
ordering is established. Consistent with these experime
and theoretical treatments, single-crystal magnetic susc
bility measurements establish that the 3D ordering event
responding toTN is orthogonal to thekagome´ layers.46 These
results conform to a proposal of Inamiet al.2 that a spin
umbrella structure generates a net moment for eachkagome´
plane, which may couple antiferromagnetically to its neig
boring layers.

The attribution of LRO to ordering within thekagome´
layers of jarosites is satisfying from several perspectiv
First, the consistency of theTN values across the
AFe3(OH)6(SO4)2 series is concordant with the structur
properties of the jarosite series summarized in Table III. T
similarity of the bond lengths and angles of Fe3

III (m-OH)3

triangles for the different series members presages con
intralayer exchange and DM interactions. The interla
spacing of theAFe3(OH)6(SO4)2 compounds increases ma
ginally with the increasing size of the monovalent cati
along the series Na1,K1;NH4

1,Rb1. Therefore inter-
layer coupling should vary little across theA1 series of Fe31

jarosites. Accordingly,TN should be relatively constan
across the series, as we observe.

Second, the trend in the ordering temperature follows
strength of the intralayer interaction of Cr31 jarosites@TN
;1.7 ~Ref. 7!–4 K ~Ref. 8!# relative to their Fe31 counter-
parts. Though the interlayer interaction should be invari
for A1 analogs of Cr31 and Fe31 jarosites~due to identical
interlayer distances for materials of a givenA1 ion, see
Table III!, the strength of antiferromagnetic coupling with
the triangularkagome´ lattices is notably disparate for thes
transition metal analogs. As predicted by Goodenou
Kanamori rules,51–53 the large and negative values ofQCW
for the Fe31 jarosites is consistent with strong antiferroma
netic coupling arising from a superexchange pathway co
prising the metaldx22y2 orbitals andm-hydroxyp orbitals of
the Fe3

III (m-OH)3 triangles of thekagome´ layer.4 The s-type
orbital overlap of thedx22y2—p(O)—dx22y2 superexchange
pathway in the Fe31 jarosites is significantly greater than th
less directional orbital overlap of thedxy—p(O)—dxy su-
perexchange pathway in Cr31 jarosites. This weaker antifer
romagnetic interaction in the Cr31 jarosite is reflected in the
smaller value ofQCW5267 K. Consequently, the observa
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tion of a smallerTN for Cr31 jarosite appears to be a dire
outcome of a more feeble exchange interaction within
kagome´ layers.

Third, the observations reported here are concur w
the emerging theme for LRO in jarosites. Namely, order
within the kagome´ layers is an important determinant o
LRO, regardless of the nature of the intralayer exchange
teraction. In the V31 jarosites, ferromagnetic exchange
observed withinkagome´ layers and antiferromagnetic cou
pling of these layers results in metamagnetism; it is
ferromagnetic ordering within the layer that provides t
impetus for the antiferromagnetic 3D transition.29,54 Thus,
the critical 3D ordering temperatures of the V31 metamagnet
and Fe31/Cr31 spin frustrated antiferromagnets are dictat
by the 2D exchange interaction within thekagome´
layers, despite the fundamental differences in the sign of
interaction.

Spin-dimensionality crossover in quasi-2D systems em
ges from even the most rudimentary treatments of lo
dimensional magnetism.55 Interplane coupling may be sus
tained by a dipolar interaction of spins between laye
Though dipolar coupling between the individual spins
different layers is typically too small to be significan
it is the dipolar coupling between spin arrays correlated
the 2D length scale that leads to 3D order.56 This principal
mechanism for magnetic communication between lay
may be further augmented byinterlayer superexchange. O
the transition metal-based orbitals that can participate
interlayer superexchange between thekagome´ layers, dz2

is preeminent. As schematically represented in Fig.
thedz2 orbitals are directed toward neighboring layers owi
to the orientation of the orbital along the elongated a
of the tetragonally distorted FeO6 octahedron. The spins
of the electrons residing in thedz2 orbitals of neighboring
layers may communicate along two distinct pathways. O

FIG. 10. A structural subunit of the jarosite lattice highlightin
the icosahedral coordination sphere of theA1 ion ~the connectivity
of which is shown by the dashed lines!. The overlay indicates the
orientation ofdz2 orbitals of M31 ions in neighboring layers. The
sphere coding of the atoms is presented in Fig. 1.
1-9
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GROHOL, NOCERA, AND PAPOUTSAKIS PHYSICAL REVIEW B67, 064401 ~2003!
pathway involves theA1 cation, which resides in a high
symmetry icosahedral coordination sphere~Fig. 10! com-
posed of six oxygens O~2! from the pyramidal base of sul
fate capping groups and six oxygens O~3! from the bridging
hydroxyl groups. AM31—O(2,3)—A1—O(2,3)—M31

pathway connects magneticM31 sites through the inter
layer A1 cation. A second, more circuitous pathwa
M31—O(2)—S—O(1)•••H—O(3)—M31, bypasses the
alkali ion and includes the sulfate anion. This six-bond pa
way contains one hydrogen bond, which is structurally s
sumed by the O~3!—O~1! distance. Since hydrogen bond
may be effective in mediating magnetic exchange in laye
systems,57 either of the two potential pathways are viab
alternatives. We note that the ordering temperatures for
four jarosites are almost identical even though the NH4

1 de-
rivative possesses only six-bond superexchange pathwa
longer pathway should engender a weaker superexchang
teraction; accordingly, the interlayer coupling reflected inTN

should be stronger in the alkali metal ion representativ
The similarity ofTN for jarosites with alkali metal and NH4

1

interlayer cations, therefore, suggests that the four-b
pathway does not contribute to interlayer superexchan
Yet, inasmuch as the interlayer distances of the jarosites
NH4

1 and alkali metal ions are similar, it is difficult to un
equivocally distinguish between four-bond and six-bo
pathways.

Further insights into the magnetic properties of jarosi
may be gleaned by considering thed-electron count of the
known V31, Cr31, and Fe31 jarosites and their yet unpre
pared Ti31 and Mn31 relatives. The contributions of stereo
electronic factors to observed magnetic properties are ge
ally difficult to isolate since magnetism responds to sm
structural changes in the local coordination environmen
the magnetic ions. But this is not the case for thekagome´
lattice of jarosites. As we have previously discussed,28,29 the
intralayer framework of thekagome´ lattice of jarosite is
structurally unaltered withd-electron count and with differ-
entA1 ions:~i! equatorial and axialM31—O bond distances
are almost constant, differing by less than;0.02 Å, ~ii ! the
dimensions of the capping sulfate anion remain unpertur
across the series, and~iii ! the M31—O(3)—M31 and re-
lated O—M31—O in-plane and out-of-plane angles vary b
, ;2° for all AM3(OH)6(SO4)2 compounds. This structura
homology of jarosites offers the possibility to correlate t
sign and magnitude of exchange interaction within isostr
tural kagome´ layers to different orbital parentages enge
dered by theM31 d-electron count.

Figure 11 depicts the standard magnetic properties of
known first row transition metal jarosites together with t
d-electron occupancy of the crystal field energy level d
gram. Axial elongation of theM31 octahedron lifts the de
generacy of thet2g andeg orbital sets of an octahedral (Oh)
crystal field. In theD4h point group of the axially elongate
crystal field of jarosites, thet2g orbital set splits into a lower
energy, doubly degenerateeg(dxz ,dyz) orbital set and an
empty, singly degenerateb2g (dxy) orbital; theeg orbital set
splits into a lower energydz2 orbital and higher energy
dx22y2 orbital. The twod-electrons of V31 jarosite occupy
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the eg(dxz ,dyz) orbital. The positiveQCW of V31 jarosite
reveals that ap-symmetry pathway, composed of the inte
action of theeg(dxz ,dyz) orbital set with thep orbital of the
bridging hydroxide, leads to ferromagnetic exchange.Wh
an additional electron is added to the crystal field diagra
the sign of the nearest-neighbor magnetic coupling chan
Occupation of the metaldxy orbitals in Cr31 jarosites leads
to a dominant antiferromagnetic exchange term that ov
whelms the ferromagnetic contribution of thedp-p-dp
pathway. Placement of two more electrons in thedz2 and
dx22y2 orbitals of Fe31 jarosite increases this antiferroma
netic exchange interaction within thekagome´ lattice by more
than an order of magnitude. Since the overlap between
dz2 orbitals and thep orbitals of the bridging hydroxide is
small, the contribution of thedz2 orbitals to the overall anti-
ferromagnetic exchange pathway in plane should be in
nificant. Rather, as mentioned above, thedx22y2 is respon-
sible for the large in-plane superexchange interaction and
dz2 orbital can contribute in a secondary way to the 3D
dering via a superexchange pathway orthogonal to
kagome´ layers.

Two interesting predictions emerge from the orbital p
ture of Fig. 11. First, it is unlikely that thekagome´ lattice of
d1 jarosites will possess an antiferromagneticS5 1

2 ground
state, which would be important for examining the resona
valence bond model and more generally quantum disorde
spin frustrated systems.58 The single electron of a Ti31 ion in
the M3

III (m-OH)3 triangles of jarosite will reside in the
eg(dxz ,dyz) orbital set, which will most likely support a fer
romagnetic exchange interaction and not the antiferrom
netic one required for spin frustration. However, this ele
tronic structure may be perturbed by a Jahn-Teller distorti
making it a priori difficult to predict the exchange interac
tion for a nondegenerateS5 1

2 ground state. If an antiferro
magnetic ground state does not prevail, then a spin-frustr
S5 1

2 ground state will have to be realized in other triangu
lattices such as that of NaTiO2 ;59,60 but this material will
have to be prepared in pure form before reliable magnet
studies may be undertaken. Secondly, the yet unprep
Mn31 jarosite will be important for assessing intralayer a
interlayer couplings in jarosite systems. The Mn31 jarosite
will differ from its Cr31 counterpart only by the populatio

FIG. 11. The correlation between magnetic properties
jarosites and thed-orbital occupancy of theM31 ion in the tetrag-
onal crystal field.
1-10
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MAGNETISM OF PURE IRON JAROSITES PHYSICAL REVIEW B67, 064401 ~2003!
of dz2 orbital. Since the contribution ofdz2 to the in-plane
superexchange pathway is assumed to be negligible, sim
Weiss constants should be observed for the Cr31 (d3) and
Mn31 (d4) systems. If a superexchange pathway involvi
dz2 is unimportant, thenTN for Cr31 and Mn31 jarosites will
be similar. Conversely, ifdz2 does contribute to an out-of
plane superexchange pathway, then the 3D ordering temp
ture of Mn31 jarosite will be greater than that of Cr31

jarosite. The challenge here will be the stabilization of t
Mn31 oxidation state in the jarosite lattice. Thermodynam
potentials favor the disproportionation of Mn31 to the Mn21

and Mn41 oxidation states. Thus, nonaqueous solvother
methods will likely need to be developed for the preparat
of Mn31 jarosites by redox-based strategies akin to the o
reported herein.

Finally, we address the perplexing phenomenon unc
ered in several past studies of jarosites—the absence of
in (H3O)Fe3(OH)6(SO4)2 . As mentioned above, the resul
of the pure jarosites presented here preclude the possib
that the absence of LRO correlates with high lattice cov
age, which has approached 97% in hydronium jarosite
this compound, hydronium ions reside in theA1 lattice sites
between layers. Weak hydrogen bonding to intralayer
droxyl and sulfate oxygen groups is assumed,38 although the
H~D! atoms of hydronium have not been located in neut
diffraction studies owing to their disorder. Rather, the ion h
been treated as a rigid body with bond angles and len
defined by hydronium perchlorate. Regardless of the pre
orientation of the H atoms of the hydronium, the six h
droxyl groups of theM3

III (m-OH)3 triangles are in the imme
diate vicinity of each hydronium ion. Taken together with t
large thermodynamic driving force for H3O1-OH2 acid-
base reaction, proton transfer from the interlayer hydroni
ion to the bridging hydroxyls is favored,

~H3O!Fe3~OH!6~SO4!2

→~H3O!12x~H2O!xFe3~OH!62x~H2O!x~SO4!2 . ~4!

Direct evidence for this proton transfer comes from
comparison of the infrared spectra of Fe31 jarosites prepared
by the new redox-based methods to those of mater
obtained from the conventional precipitation metho
employed previous to this study. As shown by the das
line of Fig. 2, the IR spectra of KFe3(OH)6(SO4)2 and
(H3O)Fe3(OH)6(SO4)2 prepared by nonredox methods e
hibit an absorption corresponding to the H—O—H bend
mode of the H2O molecule. In stoichiometrically pure
jarosites, water is absent in the lattice and consequently
absorption is not observed; the absorption of the O—H sy
metric vibration in the 3300–3400 cm21 region is reduced in
intensity and width.

The results of Fig. 2 clearly indicate the presence of wa
in jarosites prepared by conventional nonredox methods.
proclivity of H3O1 to replace theA1 cations has been lon
known and this substitution has been ascribed as a prim
source for ‘‘impurity’’ contamination in jarosites61
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AFe3~OH!6~SO4!21xH3O1

→A12x~H3O!xFe3~OH!6~SO4!21xA1. ~5!

Ensuing proton transfer as described for the end membe
the series (x51, hydronium Fe31 jarosite! in reaction ~4!
will produce the water observed in the infrared spectrum
Fig. 2. A second source of water in the jarosite lattice ari
from the maintenance of charge balance within akagome´
lattice possessingM31 site vacancies. As proposed b
Kubisz61 and observed by us in the preparation of V31

jarosites by conventional precipitation methods,28 protona-
tion of OH2 by H1 to form H2O,

AFe3~OH!6~SO4!213xH1

→AFe32x~OH2!3x~OH!623x~SO4!21xFe31 ~6!

will prevent the accrual of negative charge onkagome´ layers
possessingM31 site vacancies. We contend, based on
spectra of Fig. 2, that both the intrinsic and extrinsic prot
transfer mechanisms described by reactions~4! and ~6! re-
spectively, prevail for the hydronium ion jarosite and mo
generally for anyA1 jarosite prepared by non-redox precip
tation methods. In addition to these infrared data, we a
note that direct spectroscopic evidence for the presenc
D3O1, D2O, and OD2 in hydronium jarosite has been e
tablished previously by2H NMR spectroscopy.38 However,
the consequences of this longstanding NMR study have
fully been appreciated in the consideration of the absenc
LRO in hydronium jarosite.

Proton-transfer reactions~4! and ~6! have significant
implications on the magnetic properties of jarosites, parti
larly as they pertain to LRO. First, proton transfer will influ
ence the primary intralayer exchange pathway. A sign
cant decrease in the strength of magnetic exchange betw
metal centers accompanies the protonation of an oxo lig
bridging bimetallic centers.62,63 In view of the foregoing
model in which interlayer exchange drives 3D ordering, p
tonation of the hydroxyl group mediating the nearest nei
bor magnetic exchange will inevitably lead to a decrease
nearest neighbor exchange and consequently to depre
TN’s in Fe31 jarosites. Secondly, proton transfer will be
disordered chemical event in the jarosite lattice. Inasmuch
structural disorder is capable of inducing spin-gla
behavior,64,65 we believe that the spin-glass-like properti
of (H3O)Fe3(OH)6(SO4)2 are due to structural and attenda
magnetic disorder caused by proton transfer reactions~4!
and ~6!.

V. CONCLUSIONS

Pure and stoichiometric Fe31 jarosites have been prepare
by newly developed hydrothermal redox methods. The s
cess of the synthetic approach relies on the insertion o
redox reaction to control the production of Fe31 prior to the
coprecipitation of the ion with constituentA1, SO4

22 , and
OH2 ions to afford the layeredkagome´ lattice. Lattice cov-
erages of the magnetic and interlayer ions for t
AFe3(OH)6(SO4)2 (A5Na1, K1, Rb1, and NH4

1) family
1-11
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GROHOL, NOCERA, AND PAPOUTSAKIS PHYSICAL REVIEW B67, 064401 ~2003!
of jarosites were.99% for each sample. All four derivative
display LRO characterized by an essentially invariantTN ,
establishing that the complete coverage of the triangular
tice of jarosites with magnetic ions does not lead to sp
glass behavior. The 3D ordering observed in the pure F31

jarosites is consistent with interlayer coupling of a net m
netization engendered from a DM interaction among m
netic sites within thekagome´ layers. We contend that th
absence of LRO in jarosites such as (H3O)Fe3(OH)6(SO4)2
is due to disorder induced by proton transfer from the int
layer hydronium ion to the bridging hydroxide ions. Prot
nation of them-hydroxo bridge to afford am-aquo bridge is
manifested not only in structural disorder, but in magne
disorder as well, derived from disparate nearest neighbor
change coupling constants among metal centers bridge
H2O vs OH2.

An invariant Weiss constant of2810 K for all four mem-
bers of the series indicates a structurally homologous F31

jarosite series, which is confirmed by single crystal x-r
crystallography. This structural homology permits us to is
late the effect ofd-electron count on the magnetic properti
of jarosites. A comparison of the magnetic properties of V31,
Cr31, and Fe31 congeners, reveals the following relationsh
between observed magnetic properties andd-orbital occu-
pancy in the tetragonal crystal field of jarosit
eg(dxz ,dyz)⇒moderate in-plane ferromagnetic exchang
b2g(dxy)⇒moderate in-plane antiferromagnetic exchange
significant strength to overwhelm the ferromagnetic coupl
of the superexchange pathway involving theeg(dxz ,dyz) or-
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