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Magnetism of pure iron jarosites
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Stoichiometrically pure jarosites of the formuldce;(OH)s(SOy), with A=Na', K*, Rb", and NH; have
been afforded by a newly developed redox-based, hydrothermal method. The jarosites exhibit an intralayer
antiferromagnetic exchange interaction §29 K< 0 y< —812 K) and transition temperatures for long-range
order (LRO) (61 K<Ty<65 K) that are essentially insensitive to the size of Alfeion. A cusp afTy 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-Moriyg DM) interaction. A canted intralayer spin structure, which is a consequence of the DM
interaction, is signified by a remanent magnetizatiorb8 K< Tp< ~58 K), the magnitude of which depends
on crystallite size. X-ray single crystal analyses of the puré Farosite compounds reveal that tkegome
layers are structurally invariant with those of theifCrand \2™ relatives. This structural homology allows the
sign and magnitude of exchange coupling withiagomelayers to be correlated to the different orbital
parentages engendered by Mé* d-electron count. Infrared studies show the presence /@ Within the
kagomelayers of alkali metal and hydronium ion ¥ejarosites prepared by conventional precipitation meth-
ods; conversely, kD is absent within th&agomeayers of jarosites prepared by the new redox-based hydro-
thermal methods. These results suggest that the absence of LRQOINK&(OH)s(SOy), is due to structural
and magnetic disorder arising from proton transfer from the interlayer hydronium ion to the bridging hydroxide
ions of thekagomelayers.

DOI: 10.1103/PhysRevB.67.064401 PACS nunfer75.50.Ee

I. INTRODUCTION addition, uncertainties persist as to whether a second phase
transition exists al <Ty, as some susceptibilityand solid
The jarosite family of mineralsAFe;(OH)(S0Oy),,t°  state NMR measuremeRfsuggest.
(A=monovalent ioh and its Cf* relativé=® have attracted Among the members of the jarosite family, the hydronium
considerable attention as prominent models okagome jarosite (HO)Fe(OH)g(SO,), is the singular exception in
Heisenberg-type antiferromagnet. Extended two-dimensionals composition and magnetism. A near complete occupancy
kagomelayers comprise triangles connected through theif97%) of magnetic sites in this material is complemented by
shared vertices. The unusual magnetic property of spithe absence of LRO, as deduced from the lack of magnetic
frustratiot®!! results when unpaired spins, situated at tri-Bragg peaks in samples at temperatures approaching 1.5
angle corners, couple with nearest-neighbor antiferromag&.">'~** Moreover, the hydronium jarosite exhibits spin-
netic exchange. In theory, geometric considerations imposeglass like behavior as evidenced by a frequency dependent ac
by the triangular spin arrangement engender an infinite numsusceptibility, diverging field-cooledFC) and zero field-
ber of degenerate ground states, and such a material shout@oled susceptibilitie$ZFC) and a freezing temperature of
not display conventional long-range ord&R0).1>-33Not-  Ty~15K.>** These spin-glass characteristics are signifi-
withstanding, in all but one Pé jarosite, LRO is observed. cantly perturbed by the dilution of the magnetic®Fesites
LRO in kagonieantiferromagnets is established when thewith nonmagnetic G& (Ref. 25 and AF* (Refs. 26, 27
ground-state degeneracy created by spin frustration is liftetbns.
by the presence of further-neighbor exchange interactions, by To incisively address the issue of variant magnetic prop-
anisotropy or by lattice disorder. The latter perturbation iserties,,as a consequence of the nonstoichiometric coverage of
particularly relevant to jarosites because they have been n&agomelattice sites, we sought to develop new synthetic
toriously difficult to prepare in pure form. Jarosites are usufoutes that would afford pure jarosites. We have designed an
ally synthesized by their precipitation from hydrolyzed approach in which the magneti¢®** ions are generated in a
acidic solutions of sulfate anions and monovalent and trivarate-controlling redox step prior to the precipitation of the
lent cations:* Under these conditions, the monovalext  jarosite. Employing this redox-based hydrothermal approach,
cations are susceptible to replacement by hydronium ionwe have prepared a new class of highly pure and single-
and/or the coverage of the ¥elattice sites is incomplete; crystalline jarosites based on thé Vion AV 3(OH)s(SOy),
consequently, samples with magnetic site occupancies ¢A=Na", K™, Rb", TI*, and NH;).2® With this synthetic
70-94 % are obtained. Unavoidably, the magnetic behaviogprotocol established, we have turned our attention toward
of these compositionally variant jarosites has been samplexploring the generality of the method to metal ion substitu-
dependent:® Jarosites prepared to date have shown a singléon with emphasis on the preparation of puré Fgrosites.
magnetic-phase transition with considerable variability in the We now report the application of the redox-based hydro-
ordering temperaturel y=18-65 K(Refs. 1, 2, 15-18. In  thermal methodology to the preparation of stoichiometrically
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pure F€" jarositesAFe;(OH)g(SOy), (A=Na', K™, Rb*,  tion was transferred into the Teflon liner of a 23-mL pressure

and NH;). The obtained compounds allow us to asses¥essel. A 0.11-g piec€.0 mmo) of 2-mm diameter, 99.9%
whether LRO is an intrinsic property of thegomédattice of ~ iron wire (Aldrich) was added to this solution. The vessel
jarosites. With the insights garnered from these studies, wwas enclosed and placed into an oven at 205 °C for 4 days.
have also addressed the heretofore perplexing observation dhe oven was then cooled at 0.6 °C minto room tem-

the absence of LRO in the hydronium3¢arosite. Finally, perature. The yellow product was isolated by filtration,
the magnetostructural data of the3Fejarosites reported washed with distilled water and dried in air. Yield: 0.19 g
here, in conjunction with that of the®/ and CF* jarosites, (59% based on Be Analytically calculated for
allows us to correlate between jarosite magnetism andi;JNF&S,0.4: H 2.10, N 2.92, Fe 34.92, S 13.37. Found:
d-electron count. An orbital model is presented that clarifiedd 2.15, N 2.83, Fe 35.06, S 13.41.

the origins of the exchange interactions withkagome A jarosite of composition
layers and the presence of LRO in spin-frustrated jarositdH;0) K¢ 796 s(OH)s5 4 OH,) 0 6(SOs)» Was obtained us-
materials. ing the previously known precipitation techniques. 8.0 g of

F&(SOy);-5H,0 (16 mmo) and 0.57 g of KSO, (3.3
mmol) were dissolved in 50 mL of distilled water,
Il. EXPERIMENTAL and transferred into the Teflon liner of a 125-mL pressure
. . vessel. The vessel was enclosed and placed into an oven
The AFe;(OH)s(SOy), (A=Na", K*, Rb", and NH;) 4t 150°C for 8 h. The oven was then cooled at 1°Chin
jarosite samples used in this study were prepared by oxidizy room temperature. The yellow product was isolated by
ing metallic iron in acidic solutions containing the" and fijration, washed with distilled water and dried in air. Yield:
SOﬁ_ ions under hydrothermal conditions. Reagent or anag.9g g (17% based on Fe and 39% based on K, which
lytical grade chemicals were obtained from commercial comwas the limiting reageht Analytically calculated for
panies and they were used without purification. HydrotherH7.4K0I73|:92_852014.27; H 1.54, K 5.89, Fe 32.25, S 13.23.
mal reactions were carried out in 23- and 125-mL Teflon-Found: H 1.40, K 5.69, Fe 32.68, S 12.03.
lined pressure vessels, which were purchased from Parr X-ray diffraction data were collected using a Siemens
Instruments. A Fisher Isotemp programmable oven withthree-circle single crystal diffractometer equipped with a
forced-air circulation was used to obtain the desired temperasCD detector. All data acquisitions were carried out at
ture profiles for hydrothermal reactions. A description fol- —90°C in a nitrogen stream using Mi§a radiation (A
lows of the detailed hydrothermal conditions under which=0.71073 A, which was wavelength selected with a single-
these oxidation-reduction reactions were performed. Chem'brysta| graphite monochromator. For each crystal, four data
cal analyses were conducted by H. Kolbe Mikroanalytischegets of 40-s frames were collected over a hemisphere of re-
Laboratorium. ciprocal space using scans and a-0.3° scan width. The
The same procedure was used for the synthesis of each ghta frames were integrated kil intensity, and final unit
the alkali metal jarosites. Thé,SO, salt [1.70 g (12.0  cells were calculated using tisaINT program. All structures
mmol) of Na,SO,, 4.88 g(28.0 mmo} of K,SO,, 7.47 g  were solved by the Patterson methods and refined using the
(28.0 mmoJ of Rb,SO,] and 2.2 mL of HSO, (40 mmo)  sHeLXTL v.5.03 suite of programs developed by G. M. Sheld-
were dissolved in 50 mL of distilled water and transferredrick and Siemens Industrial Automation, Inc., 1995.
into the Teflon liner of a 125-mL pressure vessel. A 0.56 g Infrared spectra of jarosites in KBr pellets were recorded
piece (10 mmo) of 2-mm diameter, 99.9% iroAldrich)  on a Nicolet Magna-IR 860 Spectrometer equipped with a
wire was added to this solution. The vessel was enclosed andBr beam-splitter and a DTGS detector. For each spectrum,
placed into an oven at 200 °C for the &, reaction, at 32 scans were acquired with 4 chresolution over a wave-
202 °C for the KSO, reaction and at 204 °C for the RBO,  length range of 4000—400 crh
reaction. After 4 days at these elevated temperatures, the Magnetic susceptibility measurements -©60-mg pow-
oven was cooled at 0.3 °C mifi to room temperature. The dered samples contained in gelatin capsules were measured
yellow-orange product, which precipitated on the walls ofusing a SQUID susceptomet@uantum Design, MPMSR2
the Teflon liner, was isolated by filtration, washed with dis-over a 2 to 300 K temperature regime; field strengths were
tilled water and dried in air. Yield of NagEOH)s(SOy),: varied from —50 to +50 kOe. Prior to each measurement,
0.29 g (18% based on Be Analytically calculated for residual fields were quenched. A variable nonzero back-
HeNaFgS,0,4: H 1.25, Na 4.74, Fe 34.57, S 13.23. Found:ground signal, observed as cooling and measuring field
H 1.28, Na 4.84, Fe 3436, S 13.17. Yield of strengths were increased, was the primary contributing
KFe3(OH)g(SOy),: 0.37 g(22% based on BeAnalytically  factor to the+30 K error of Curie-Weiss fittings. Accord-
calculated for gKFe;S,04: H 1.21, K 7.81, Fe 33.46, S ingly, Weiss @) and Curie(C) constants, which were
12.81. Found: H 1.29, K 7.68, Fe 33.41, S 12.94. Yield ofcorrected for temperature independent paramagnetism and
RbFe(OH)s(S0O,),: 0.24 g(13% based on BeAnalytically ~ sample diamagnetic contributions as previously described,
calculated for gRbF&S,0,4: H 1.10, Rb 15.62, Fe 30.62, S were determined from data recorded at the same field
11.72. Found: H 1.19, Rb 15.68, Fe 30.48, S 11.63. strength of 2 kOe. Ac susceptibilities were recorded on
The (NH,)Fe;(OH)6(SOy), jarosite was prepared by NaFeg(OH)g(SO,), under an ac fieldH .= h, sin(2#ft) for
dissolving 0.913 g of (NK)»,S,0g (4.0 mmo) and 0.33 mL  hy=4 Oe and forf =2, 20, 200, and 1000 Hz.
of H,SO, (6.0 mmo) in 10 mL of distilled water. The solu- Zero-field cooled(ZFC) measurements were performed
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by cooling samples from 14@ 6 K in zero field. Data points  For all samples used in this study, chemical analysis gave an
were recorded upon warming the sample in a measuring fiel#e’ content of 99.6:0.2% and arA™ content of 106-2%.
(H,,) that was varied from 20 Oe to 10 kOe. For field-cooled
(FC) measurements, the sample was cooled from 140 to 5 K
in the presence of a cooling fieldH¢) that was varied from

20 Oe to 10 kOe. Experiments were run under both the con- Single crystals of the alkali metal ion derivatives of
ditions of H,,=H. andH,#H. In the latter casei,, was jarosite were obtained of sufficient dimensions and quality to
held constant at 50 Oe, whild. was allowed to vary from permit their x-ray structural characterization. The pure
50 Oe to 10 kOe. Due to variable background effects, FQarosites are structurally undistinguished from previously
plots were normalized in high temperature regimes to theicharacterized jarosite materidlé&=°—*° Crystallographic
respective ZFC plot. The normalization was usually accom«data obtained from the solution of the crystal structures of
plished by equating .y 0f the FC plot with they.Of the  the Na", K*, and RB derivatives are listed in Table I, the

B. Structural characterization

ZFC plot. atomic coordinates in Table II, and selected bond distances
Remanent magnetizatiofRM) experiments were per- and angles in Table IlI.
formed by cooling samples from 140 to 5 K wikh, varying The jarosite structural motif consists of layers of corner

from 50 Oe to 10 kOe; measurements were made uposharing Fg(OH)g(SQ,), , triangular subunits(Fig. 1),

warming from 5 to 100 K withH,,=0. Background signals which create the characteriskagomepattern. Fe@ octahe-

were recorded during such runs fd,=H,,=0 Oe, follow-  dra composing the triangles are capped by, $&rahedra.

ing RM measurements at differeht,. All plots were sub- The negative charge of each trimer subunit is balanced by a

sequently normalized by zeroing the linear part of the plotmonovalent alkali ion, which also determines the interlayer

found above the transition temperature. distance. It is noteworthy that the size of the alkali ion does
Particle-size dependent measurements of the remanenbt affect the dimensions of the layer; it only affects the

magnetization, were made on single crystals ofinterlayer distance and consequently the value ofdhd-

KFe3(OH)(S0O,), that were crushed between two glassmension of the unit cell.

plates. Fractions containing crystals of different sizes were Infrared spectra of the pure Na K*, Rb*, and NH;

then separated with the use of sieves. jarosite derivatives were examined, as were the spectra of
H;O" and K' jarosite samples isolated from nonredox

IIl. RESULTS precipitation methods. Only results of pertinence to the

magnetic properties of the jarosites are presented here; a

A. Synthesis more detailed account of the infrared spectroscopy of

The AFey(OH)6(SQy), (A=Na', K™, Rb", and NH)) the pure jarosite materials will be presented elsewhere.

jarosite samples used in this study were obtained by oxidale IR spectrum of the K derivative shown in Fig. @)

tion of iron metal in acidic solution. Under hydrothermal IS exemplary of the materials obtained from our hydro-
conditions, both elemental oxygen and protons present in thi@1€rmal redox synthetic methods. A very strong peak at 3383
reacting solution may act as potential oxidants. In accor®M - corresponds to the O—H stretth®**The energy of
dance with our synthetic results of thé Vjarosites?® pro-  this O—H stretching mode increases by 25 and 33 tm
tons efficiently oxidize the metal starting material to produce?/ong the series NaggOH)s(SO,), <KFe;(OH)s(SOs),
solubilized metal ions and hydrogen. In the case éf Vv <RbF&(OH)¢(SOy),. The (Fe—O—H deformation
jarosite, the protons oxidize the metal ions directly to g M0de® appears as a strong absorption at 1005 tnthe
oxidation state. The B& oxidation state, however, is stable location of a weak peak at 2013 cr(the higher-energy

in acidic solution, suggesting that the production of Fe f_eature o_f the doublgis consistent Wlth an overtone absorp-
requires oxygen as the final oxidant. This is indeed the cas&ion of this mode. The antisymmetric S—O stretching modes
If the hydrothermal reaction is performed under a nitrogerPf the sulfate anion appear at 1175 and 1085 tand the
atmosphere, only a negligible quantity of jarosite is obtainedcorresponding bending modes at 660 and 635 Grthe

These results establish the coupled redox reaction sequen&&ongd peaks at6 509 and 472 charise from the Fe—O
stretching modé$

Fet 2H™ —F&* +H, (1) Three prominent IR absorption features distinguish the
' H;O" derivative from its pure alkali congeners. As shown by
Fig. 2(b), the O—H stretching vibration near 3400 chof
(H30)Fe(OH)g(SOy), significantly broadens as does the
overtone of the(Fe—O—H deformation mode at-2000
cm L. More significantly, two nev';r/; weak absorptions are ob-
n served at 1640 and 1581 cm which correspond to
3FE" +2A,S0,+6H,0 H—O—H bending vibrations of the 40 and HO" moi-
— AFey(OH)((SO,),+3AT+6H". 3 eties, respectivelﬁf.’ In stoichiometrically pure jarosites, the
O—H stretching frequencies at 3400 cthare reduced in
As we have established for theéV jarosites, the insertion of intensity and width, and the H—O—H bending modes are
a redox step prior to precipitation of thd3" ion is crucial  not observed. Interestingly, these distinguishing absorption
to obtaining stoichiometrically pure and crystalline material.features of the hydronium sample are retained in the infrared

2F¢t +30,+2H" —2F€" + H,O0. 2

Precipitation of jarosite proceeds according to
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TABLE I. Crystallographic data for th&Fe;(OH)g(SQ,), jarosites forA*=Na*, K", and Rb.

Af=Na' Af=K* AT=Rb"
empirical formula HNaFgS,0,4 HegKFe;S,014 HgRbFgS,0,,
fw 484.71 500.81 561.90
crystal system rhombohedral rhombohedral rhombohedral
space group R3m R3m R3m
a(A) 7.3423) 7.30447) 7.31317)
c(A) 16.60510) 17.185%2) 17.5683)
a(deg) 920 90 90
y(deg) 120 120 120
Z,V (Ad 3; 775.37) 3; 794.12) 3; 813.72)
Pealc 3.114 3.141 3.440
0 range(deg) 3.43-23.22 3.43-23.21 3.42-23.26
scan w w w
temp (K) 1832) 1832) 1832)

No. of refl. collected 1020 1052 1086
No. of unique refl. 162 161 169
No. of params. 26 25 26

R12(I1>20, all data
wR2P (1>20, all data
GOF®

0.0325; 0.0375
0.0797; 0.0809
1.268

0.0334; 0.0338
0.1083; 0.1087
1.237

0.0251; 0.0251
0.0581; 0.0581
1.323

RL=3||Fo—|FJ/S|Fy.
"wR2={S[W(F5—F2)2]/S[w(F2)2]}2

‘GOF=[3w(F2-F2)%/(n—p)]*? wheren is the number of data arlis the number of parameters refined.

TABLE II. Atomic coordinates & 10*) and equivalent isotropic
displacement parameters {& 10°) for AFe;(OH)g(SQ,), for A*

spectrum of jarosite prepared by commonly used nonredox
methods, i.e., by precipitation from a solution 0§$0, and

=Na", K", and RO.

atom N y z Ueq.f
Na 0 0 0 502)

S 0 0 312%1) 9(1)

Fe 3333 1667 1667 (9
o) 0 0 40064) 1002)
0(2) 220Q7) 110Q33) 28292) 12(1)
0(3) 126Q4) 25197) 13292) 11(2)
atom X y z Ueq.y
K 0 0 0 141)

S 0 0 30872) 7(1)

Fe 3333 1667 1667 (T
0(1) 0 0 393@4) 11(2)
0(2) 22037) 11023) 27952) 10(1)
0(3) 12763)  25537) 13492) 9
atom X y z Ueq.}
Rb 0 0 0 191)

S 0 0 30612) 7(1)

Fe 3333 1667 1667 (®)
0(1) 0 0 38885) 12(2)
0(2) 21968) 10984) 2771(3) 9(1)
o3 128Q5) 25609) 137Q013) 9(1)

%J(eq.) is defined as one third of the trace of the orthogonalized

tensor.

Fe(SOy);. Figure 2c) shows the infrared spectrum of
(H30)0.2/K0.78€.8(OH)5 4 OH2) 0.(SOy) > jarosite. In this
spectrum, the prominent peak of the H—O—H bending
mode at 1640 cm' is retained, even though the;&" and
H,O moieties are not intrinsic to the alkali metal ion deriva-
tives of the F&" jarosite lattice.

C. Magnetism

Magnetic properties of the jarosites were investigated by
monitoring the temperature and field dependence of dc and
ac magnetic susceptibilities. Figure 3 displays the
temperature-dependegt, vs T plots for AFe;(OH)g(SOy) 2
with A=Na®", K*, Rb", and NH; (ZFC mode, H,,
=2 kOe). Qualitatively, all samples behave in a similar man-
ner; yu increases upon cooling from room temperature to
approximately 70 K, and then it rises to a sharp maximum at
Ty - Below Ty, the susceptibility decreases rapidly with de-
creasing temperature until it slightly upturns for20 K.

The Ty values for all the jarosite derivatives are summarized
in Table IV. The ordering event characterizedTyywas also
observed in ac-susceptibility measurements of the
NaFe(OH)g(SO,), derivative in the range of 2—1000 Hz.
The x\ vs T plot of Fig. 4 follows the dc curve throughy;

a single, frequency independent maximum is observed at
Tn=61.2 K.

Field-dependent plots of the molar magnetization
Mm(H), recorded at 5 K, are linear for each of the four
jarosite derivatives. Consequently, corrections to the suscep-
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TABLE lIl. Selected bond distancéd) and bond angle€) for

the AFeg;(OH)4(SQy), jarosites forA* =Na*, K*, and Rb'.

Bond distances/A

PHYSICAL REVIEW B7, 064401 (2003

8
Bond AT=Na" A"=K" A"=Rb' § |(a)
E= 3
A—O(2) 6% 2.9614) 2.9714) 2.9995) £ H-o-H
A—O(3) 6X 2.7274)  2.8264)  2.9025) 5
s—a1) 1.4627)  1.4607)  1.451) = | ()
S—Q(2) 3x 1.4834) 1.481(4) 1.4815) %
Fe—Q2) 2x 2.061(4) 2.0664) 2.0705) ©
Fe—Q(3) 4x 1.9942) 1.9872) 1.9842) x |
Angle Bond angles/deg.
0(1)—S—0(2) 3% 109.42) 109.82) 110.12) v
0(2)—S—0(2) 3% 109.62) 109.22) 108.82) oH
0(2)—Fe—Q2) 180 180 180 3500 2500 1500 500
0(2)—Fe—Q(3) 4x 91.91) 91.81) 91.02) Wave number (cm™)
0(2)—Fe—Q(3) 4x 88.21) 88.21) 89.02)
0O(3)—Fe—Q(3) 2% 180 180 180 FIG. 2. IR spectra of(a) KFe3(OH)e(SO,), prepared by
0O(3)—Fe—Q3) 2X 91.93) 90.52) 90.1(3) redox-based hydrothermal methodb) (H3;O)Fe(OH)g(SOy),,
O(3)—Fe—Q(3) 2% 88.23) 89.52) 89.993) and (c) the K' derivative of jarosite prepared by conven-

tional nonredox precipitation methods [composition,

(H30)0.2K 0,786 8(OH)5 4(OHy) 0. o( SOy) 2.

tibility to account for extrinsic impurities, the presence of
which is reflected in substantial deviations from linearity in
M (H) plots at low temperatur® do not need to be applied
in the jarosite samples prepared in this study. Curie-Weis
plots are linear above 150 K, and their extrapolation yieldsg, 351516,19 jnder weak measuring dc-field conditiond {
Weiss constants@cy) of —810 K=30 K, indicative of 50 Qg), a second broad maximum, which has been as-
strong intralayer antiferromagnetic interactions. We ac-

knowledge that the application of the Curie-Weiss law is 9.5
problematic because the temperatures over which magnetic
susceptibility measurements were performed are much lower

than the Weiss constants. However, a thematic focus of the 9.0
present study is to compare the magnetic results of the pure

jarosites described here to those of the jarosites of past stud-

The®cy/'s listed in Table IV are distinguished from those
reported previously by their consistency. A survey of previ-
ous magnetic measurements of alkali metal derivatives of

rosite reveals®qy's to range from —1200 to —600

L i

>
»>

ies. Because the majority of these past studies have used the 8.5 ’
Curie-Weiss law to obtai® ., we choose to do the same C
here. Notwithstanding, a more accurate method for treating —~ 80K
the susceptibility of thekagomelattice antiferromagnet has N C 4
been describéd and applied to jarosites. 2 ;

nE 75z

o A

~ A

= 7.0 - E

6.5

6.0

po b b v by bvv o by g |

20 40 60 80 100 120 140
T(K)

FIG. 1. The x-ray crystal structure of the magnetic subunit FIG. 3. Temperature dependencex@f (per mole of iron vs T
of the kagomie lattice of Fé* jarosites—the corner-sharing, for AFe,(OH)¢(SQ,),, AT=Na", K™, Rb", and NH; . For clar-
Fe3(OH)6(S0y), , triangles. ity, plots have been offset from each other.
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TABLE IV. Magnetic parameters and interlayer space for

AFe;(OH)6(S0Oy).
At C®  Oou/KE Ty/K Tp/KP  fC %(zd)/A

=
Na* 591 —825 617 ~58 135 5535 g
K* 5.77 —828 65.4 ~53 12.7 5.728 :EJ
Rb* 58 -829 644 ~53 129 5856 7
NH; 584 -812 618 ~53 131 5.76% <

= 6.0 %

&

aDetermined from fits of the Curie-Weiss law on data recorded over %e
the 150-300 K temperature regime tdy,= 2 kOe. @%
®T, defined as the temperature where ZFC and the FC susceptibili- 55 - fﬁ%
ties diverge; it also coincides with the temperature below which a I I I I I . ¢
remanent moment is developed. 0 50 100 150 200 250 300
Cf=_®cw/TN- T (K)

dData obtained from Ref. 1.
FIG. 5. Theyy vsT plots measured under ZRO) and FC(+)

. . . . . diti for KFg(OH)(SO, H,=H.=50 Oe).
cribed to the onset of in-plane correlatioftwo-dimensional ~ ¢°" oS 1" 8(OH)s(SQW2 (Hm=H. e)

character.® is sometimes observed between 240 and 250 K.
Although the origin of this feature has not been identified, itshigh-temperature region throughy, but reproducibly di-
presence accounts for discrepancies between Curie-Weiss fiterges at a temperatui®,~53 K for A"=K", Rb", and
tings of data recorded under small and large measurin§lH, and Tp~58K for A*=Na". As evident in Fig. 6,
fields. Anf(= 0y /Ty)=13.1+0.4 is a signature of signifi- under identical coolingH ;) and measuringH,) fieldsH,
cant spin frustratiolf imposed by the jarosite lattice. In con- =H,#0, the divergence between the two plots beldw
trast to past studies of jarosites, Curie constdfsyield increases with decreasing field strength; the magnitude of the
effective moments that are very close to the expected spirdivergence increases with decreaskg (e.g., 50 Og and
only value of 5.925 for a high-spin F&' ion (Table IV). with increasing cooling fieldsH.=50 Oe to 10 kOg This

All pure jarosites display differences between their zero-variable divergence stems from the changing magnitude of
field cooled(ZFC) and field-cooled FC) magnetic suscepti- the FC curve belowl and possibly the influence that the
bilities. The yy vs T plots measured under ZFC and FC measuring fieldH,, exerts on the sample. The FC data de-
conditions are shown in Fig. 5 for KEgOH)¢(SQy), (H,,  crease in magnitude and approach those of the ZFC measure-
=H,=50 Oe); the other jarosite derivatives show similar be-ment with increasindd,, and it is not apparent aboud,,
havior. The FC susceptibility follows the ZFC curve from the =H.~500 Oe. When the measuring field is kept small, the

7.00 7
[ °
6.60 - 6
6.80 - 8 | s % S 15| o
620 g’ﬁgﬁ Lo £
6.60 O L " S £ 10
 6.60 - 5 5 Y < T
5 S it g .ok
£ Ooo 40 80 120 s 4r % Fsh 175 Oe
3 640 § o 5 )
£ : OO o .o
o [0) o 9Q 3r L
? o) =
2 620_ OO - ° 0 20 40 60 80 100 120 140
< ° o % 5 2k . T
‘vz OO L )
6.00 - o 1+ .
O oo °
[ ]
e °r e e
1 1 1 1 l 1 1 1 1 I 1 1 1 1
0O 20 40 60 80 100 120 140 0 50 100 150
T (K) T (K)

FIG. 4. Temperature dependence of the ac magnetic susceptibil- FIG. 6. Temperature dependence &f,, (the difference be-
ity xu per metal center of NagEOH)g(SO,), under an ac field tween the FC and the ZFC susceptibilififor KFe;(OH)g(SOy)
H .= hg sin(2rft) for hy=4 Oe and forf =20 Hz. The inset dis- atH,=H.=175 Oe. The inset displaysyy(T) measured at field
plays the respective plots obtained for 2 ((J), 20 (O), 200 (X), strengths ranging from 20 to 175 Oe; the arrow indicates the direc-
and 1000(A) Hz. tion of increasingH .
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FIG. 7. Temperature dependence of remanent magnetization for <
AFg;(OH)6(SOy),, with A=Na' (O) and K (+), Rb" (X) and g
NH} (A). Samples were cooled under,=500 Oe and measured 5 0.0003
underH,,=0. g
£ 0.0002
FC data constantly increase in magnitude upon increasing <
cooling field. Divergence between ZFC and FC curves has 0.0001
previously been observed for hydronium jarc%itend
SCGO™ ™ 0.0000
Powdered samples of the four jarosites exhibit a remanent

magnetizatiolRM) when they are cooled in the presence of 0O 20 40 60 80 100 120 140

a magnetic field. Figure 7 displays typical RM plots recorded T (K)

for samples cooled under an applied field hf=500 Oe.

Upon increasing the temperature in the absence of a mag- "'C- 8. Measurements dfx (T) of NaFe(OH)s(SO,), under
netic field, the RM for all samples decreases until it reached'® conditions ofa) zero-field cooling to an intermediate tempera-
the diverging temperatur&, . Above T, RM disa rs. ture T, followed by fu_eld cooling forT<T, (denotedTc<T, in
As we di%Cl?SS beFI)OW theDRM ValueSD for the fou?ps?;msplestrexn and (b) field cooling tha followgd by zero-field cooling for
depend on the particle size of the jarosite samples. For this<T“ (denoted T,=Trc in tex) with H.=500Oe andHy,

- . . =50 Oe, forT,=100(<), 70(+), 60(A), 55(X), 45(V), 30(O),
reason, the data in Fig. 7 cannot be quantified; suffice to say, “ . :
' . . . J nd 5 K(O). A T the diff betw T d
however, the magnetization saturation~sl0 4% of that n (O). Axu(T) is the difference betweeg,, (T) measure

. 5o ¢ under the conditions dfa) or (b) and x,(T) measured under ZFC
expected for fully aligneds= 3 spins. As observed for field ,ngitions.
dependent susceptibility measurements, RM increases with

increasingH. (for H,,=0) and approaches a saturation value L
at H.~1 kOe. No hysteresis was observed in tig,(H) ort_hovan’lcldates orlgmatmg from the presence of canted
plots under both ZFC and FC conditions utilizing different SPins™° Figure 8a) displays the data from th&ec<T, ex-
cooling fields. The observation of RM suggests the developPeriment in the form ofA y\(T) [the difference ofyy(T)
ment of a weak ferromagnetic component within jarosites. measured undefc<T, conditions vsyy(T) determined

To further demonstrate the presence of weak ferromagfrom a ZFC measuremeptA significant remanent moment
netism in jarosites and to delineate the conditions undedevelops as long as field cooling is begun at temperatures
which it is manifested, the following experiments were per-above the diverging temperatufg . This remanent magne-
formed on NaFgOH)g(SQy),: (a) a sample was zero-field tization is significantly attenuated when the cooling field is
cooled from 140 K to an intermediate temperatlrgand applied at Tec<Tp [e.g., note the significant drop in
then field-cooled 1 .=500 Oe) fromT, to 5 K [this experi-  Axyu(T) betweenT ,=55 K andT,=45 K]. For the reverse
ment is denoted FCTc<T,)] and (b) the reverse experi- experiment, a remanent magnetization is observed only when
ment was performed—a sample was field-cooled, ( field cooling is applied at temperatures near or belgw As
=500 Oe) from 140 K tdT, and then ZFC fronT, to 5 K  shown in Fig. 8b), the ferromagnetic component is small
[denoted FCT,<Tgo)]. T, temperatures of 100, 70, 60, 55, when field cooling is removed at temperatures abbyend
45, and 30 K were selected for both experiments gdT) increases when field cooling is maintainedTie. T . Plots
plots were recorded upon warming under a constant measu®f the A y,(T) for T=5 K for both experiments shows that
ing field of H,,=50 Oe. These types of experiments havethe steepest change in the remanent magnetization is ob-
been performed previously to uncover magnetic properties aferved for temperatures coincident wikh .
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g4 [~ been investigated. It remains to be seen whether the behavior
’ (a) of ZFC-FC divergence in SCGO and jarosites is of common
A origin.

IV. DISCUSSION

Stoichiometrically pure jarosites display LRO at finite
temperatures. The magnetic behavior of alkali metal ion
members of the jarosite series is characterized by a promi-
nent transition afly (see Table 1V, which is in accordance
with the highestTy values previously observed either by
susceptibility or neutron diffraction measuremehtg® The
observation of a frequency-independent maximum in the ac
magnetic susceptibility plot precludes spin-glass behavior.
(b) Unlike the variable results of past studies of jarosites, the
ordering temperature does not depend on sample preparation
nor is it significantly perturbed by the size of the interlayer
A" cation. The pure jarosite samples are further distin-
guished by the presence of a weak ferromagnetism associ-
ated with a secondary transition definedrat, the tempera-
ture at which ZFC-FC plots of the magnetic susceptibility
diverge and at which the onset of a remanent magnetization
is observed. Although Figs. 5 and 8 establish the ordering
temperature for the ferromagnetic component and Fig. 9
e e T clearly establishes that the magnetic properties characterized

0 20 40 60 80 100 120 by Tp are more apparent for jarosites of small crystallite
T (K) size, we currently know little else about this phenomenon.
The ensuing discussion, therefore, focuses on the spin order-
FIG. 9. Dependence of the ZFC-FC divergence on the size oing characterized by .
KFe;(OH)s(SOy),, crystallites:(a) <38-um sieved crystallites and The origins of the 3D magnetic ordering in thagome
(b) 90-150um-sieved crystals for measurements performed undetayers of jarosite have previously been ascribed to three
the conditions ofH.=0, H,=50 Oe (O), H.=H,=50 Oe (X),  possibilities? (1) ordering due to magnetic ion site vacancies
andH;=10 kOe,H,=50 Oe(A). within the lattice,(2) single-ion anisotropy, of3) interplane
coupling.

The magnitude of the difference between the ZFC and Case(1) has largely been promulgated owing to the mag-
FC measurements is related to the crystallite size of theetic results of the hydronium ion jarosite, which until re-
jarosite. ZFC and FC magnetic susceptibility measurementsently has been the jarosite representative obtained in purest
were performed on samples of four different crystallite sizeform and, coincidentally, is distinguished by the absence of
<38 um, 38—63um, 63-90um, and 90—-15Q:m; Figure 9  LRO. However, the observation of 3D ordering in the highly
shows the low temperature region of such plots for thepure jarosite samples reported here precludes (Bsas a
<38-um- and 90-15Q:m-sized materials. Zero-field cooled viable cause for the presence of LRO in jarosites.
(Hn=500e) and FC fl.=H,,=50 Oe andH.=10 kOe, Depending on thal-electron count of the magnetic ion,
H,,=50 Oe) traces were recorded as a function of temperasingle-ion anisotropy and correspondingly cé®ecertainly
ture between 6 and 300 K. For the38 um sample, a sig- prevails for some jarosites. For instance, the recently de-
nificant difference appears between the ZFC and FC tracescribed \?* jarosites exhibit single-ion anisotropy arising
This difference is the largest at a low temperature, androm the placement of d2 ion in the tetragonal crystal field
it diminishes with increasing temperature until the tracesof jarosite?® Ferromagnetically-coupled magnetic moments
merge at~55 K. This divergence between ZFC and FC are predominantly confined to thk@gomeplane of the V*
traces increases and becomes more obvious with increasifj@osite owing to single-ion anisotropy, which is singularly
H¢; at H.=10kOe, Ayy, is 8.5<10 4 emumol'l. When  most responsible for metamagnetic ordering in these materi-
the particle size of KFgOH)g(SQ,), increases to 90-150 als. However, this mechanism does not translate todthe
um, the low temperature divergence between the ZFC andlectron count of the Fé jarosites. The F¥ ion possesses
FC traces is significantly attenuated. When susceptibilitya totally symmetric6Alg(GS) ground state and therefore
measurements are conducted on large single crystals, tlpin-orbit coupling to a first order approximation is
temperature-dependent ZFC and FC traces in low fields ambsent’*° Nevertheless, spin-orbit coupling arising from a
proach each othéf. A divergence in ZFC and FC curves, higher order mechanism will give rise to an anisotropy that
similar to that observed here, has been reported for powdersan lead to interplane coupling.
of the SCGO frustrated antiferromagiét** though the ef- In accordance with this contention, our observations
fect occurs at a much lower temperatureTgf=3.5 K. The are consistent with an anisotropy associated with the
magnitude of divergence on SCGO crystallite size has noDzyaloshinsky-Moriya (DM) interaction. Recent Monte

% (10~ emu mol™)
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Carlo simulations suggest that the DM interaction gives rise
to a net magnetization in th&agome layers of Fé*
jarosites® In- and out-of-plane spin interactions defined by
DM parametersD, and D,, respectively, result from the
titing of the elongated Fef octahedra composing
Fe;(OH)(SQy), triangular subunits. For jarosites, a critical
region ofD,/D value, which depends on the intralayer in-
teractionJ, dictate a canted spin arrangement with the out-
of-plane spins ferromagnetically aligned. The canted struc-
ture leads to ordering with a critical temperature that depends
intrinsically on the angle between the DM vector and the
kagomeplane. In the past, a ferromagnetic component has
been observed in only two compounds of thé Fand CF*
jarosite family. The RM experiments of Figs. 5 and 8, how-
ever, reveal a weak ferromagnetism that develops from the
canted spins foall four jarosites and it is preserved after 3D
ordering is established. Consistent with these experimental
and theoretical treatments, single-crystal magnetic suscepti- FIG. 10. A structural subunit of the jarosite lattice highlighting
bility measurements establish that the 3D ordering event cotthe icosahedral coordination sphere of fie ion (the connectivity
responding tdry is orthogonal to thdxa_gorﬁdayersf'6 These of which is shown by the dashed lineThe overlay indicates the
results conform to a proposal of Inaret al? that a spin  orientation ofd,2 orbitals of M3* ions in neighboring layers. The
umbrella structure generates a net moment for éagonme SPhere coding of the atoms is presented in Fig. 1.

plane, which may couple antiferromagnetically to its neigh-

boring layers. _ o . tion of a smallerTy for Cr*" jarosite appears to be a direct
The att_rlbutlpn O.f LRO. to ordering within thkagomg outcome of a more feeble exchange interaction within its
layers of jarosites is satisfying from several perSpeCt'VeSkagorﬁelayers

First, the consisten.cy .Of theTy valugs across the Third, the observations reported here are concur with
AFe;(OH)(S0Qy), series is concordant with the structural y,o omerging theme for LRO in jarosites. Namely, ordering

p_roper_ties of the jarosite series summarized i|r|1 Table Il Thev'/vithin the kagomelayers is an important determinant of
similarity of the bond lengths and angles ofsRge-OH)s LRO, regardless of the nature of the intralayer exchange in-
fcrlangles for the different series memb_ers presages constapliaction. In the ¥ jarosites, ferromagnetic exchange is
intralayer exchange and DM interactions. The interlayerypseryed withinkagonielayers and antiferromagnetic cou-
spacing of theAFe;(OH)e(SO,), compounds increases mar- pling of these layers results in metamagnetism: it is the
ginally with the increasing sizé of the monovalent cationferromagnetic ordering within the layer that provides the
along the series Na<K"~NH, <Rb". Therefore inter- impetus for the antiferromagnetic 3D transitr* Thus,
layer coupling should vary little across the” series of F&"  the critical 3D ordering temperatures of thé Vmetamagnet
jarosites. Accordingly, Ty should be relatively constant and Fé*/Cr** spin frustrated antiferromagnets are dictated
across the series, as we observe. by the 2D exchange interaction within th&agome
Second, the trend in the ordering temperature follows theayers, despite the fundamental differences in the sign of the
strength of the intralayer interaction of Crjarosites[ Ty interaction.
~1.7 (Ref. 7—4 K (Ref. 8] relative to their F&" counter- Spin-dimensionality crossover in quasi-2D systems emer-
parts. ThOUgh the interlayer interaction should be invarianges from even the most rudimentary treatments of low-
for A* analogs of Ct" and Fé* jarosites(due to identical ~ dimensional magnetisf. Interplane coupling may be sus-
interlayer distances for materials of a givén’" ion, see tained by a dipolar interaction of spins between layers.
Table IlI), the strength of antiferromagnetic coupling within Though dipolar coupling between the individual spins of
the triangularkagomelattices is notably disparate for these different layers is typically too small to be significant,
transition metal analogs. As predicted by Goodenoughit is the dipolar coupling between spin arrays correlated on
Kanamori rules!>*the large and negative values ©fyy  the 2D length scale that leads to 3D ordfeThis principal
for the F€™ jarosites is consistent with strong antiferromag-mechanism for magnetic communication between layers
netic coupling arising from a superexchange pathway commay be further augmented bigterlayer superexchange. Of
prising the metatl,>_,2 orbitals andu-hydroxy p orbitals of  the transition metal-based orbitals that can participate in
the F¢'(-OH); triangles of thekagomedayer” The o-type  interlayer superexchange between tkegomelayers, d.
orbital overlap of thed,> ,>—p(O)—d,2_,2 superexchange is preeminent. As schematically represented in Fig. 10,
pathway in the F& jarosites is significantly greater than the thed,2 orbitals are directed toward neighboring layers owing
less directional orbital overlap of the,,—p(O)—d,, su- to the orientation of the orbital along the elongated axis
perexchange pathway in €r jarosites. This weaker antifer- of the tetragonally distorted FgQOoctahedron. The spins
romagnetic interaction in the €f jarosite is reflected in the of the electrons residing in the,2 orbitals of neighboring
smaller value of® .= —67 K. Consequently, the observa- layers may communicate along two distinct pathways. One
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3+
Fe

5

pathway involves theA® cation, which resides in a high v
symmetry icosahedral coordination spheéfég. 10 com-
posed of six oxygens @) from the pyramidal base of sul-
fate capping groups and six oxygeng3Dfrom the bridging
hydroxyl groups. AM3"—0(2,3—A"—0(2,3)—M3"
pathway connects magneti®" sites through the inter- d

layer A* cation. A second, more circuitous pathway, _ 4 4
M3"—0(2)—S—O0(1)---H—0O(3)—M?3*, bypasses the * %e + -+ + -+

d

alkali ion and includes the sulfate anion. This six-bond path-

way contains one hydrogen bond, which is structurally sub- F = o= AF
sumed by the 8)—O(1) distance. Since hydrogen bonds Ocw +53K -70K -800K
may be effective in mediating magnetic exchange in layered Te 33K <K 65 K

systems, either of the two potential pathways are viable ) ) ,
alternatives. We note that the ordering temperatures for the "'G- 11. The correlation between magnetic properties of
. . . . 4 Jarosites and theé-orbital occupancy of thé1°" ion in the tetrag-

four jarosites are almost identical even though the, Nd¢- onal crystal field.
rivative possesses only six-bond superexchange pathways. A
longer pathway should engender a weaker superexchange ithe ey(d,,.d,,) orbital. The positive®,, of V37 jarosite
teraction; accordingly, the interlayer coupling reflectedin  reveals that ar-symmetry pathway, composed of the inter-
should be stronger in the alkali metal ion representativesaction of theey(d,,,dy,) orbital set with thep orbital of the
The similarity of T for jarosites with alkali metal and NH  bridging hydroxide, leads to ferromagnetic exchange.When
interlayer cations, therefore, suggests that the four-bondn additional electron is added to the crystal field diagram,
pathway does not contribute to interlayer superexchangehe sign of the nearest-neighbor magnetic coupling changes.
Yet, inasmuch as the interlayer distances of the jarosites witccupation of the metal,, orbitals in CP* jarosites leads
NH, and alkali metal ions are similar, it is difficult to un- to a dominant antiferromagnetic exchange term that over-
equivocally distinguish between four-bond and six-bondwhelms the ferromagnetic contribution of ther-p-dr
pathways. pathway. Placement of two more electrons in the and
Further insights into the magnetic properties of jarositesd,2_,2 orbitals of Fé" jarosite increases this antiferromag-
may be gleaned by considering theelectron count of the netic exchange interaction within tlk@goméattice by more
known \*, CP*, and Fé" jarosites and their yet unpre- than an order of magnitude. Since the overlap between the
pared Tt" and M™ relatives. The contributions of stereo- d,2 orbitals and thep orbitals of the bridging hydroxide is
electronic factors to observed magnetic properties are genesmall, the contribution of thd,2 orbitals to the overall anti-
ally difficult to isolate since magnetism responds to smallferromagnetic exchange pathway in plane should be insig-
structural changes in the local coordination environment ohificant. Rather, as mentioned above, the 2 is respon-
the magnetic ions. But this is not the case for Kagjome sible for the large in-plane superexchange interaction and the
lattice of jarosites. As we have previously discus&&dthe  d,2 orbital can contribute in a secondary way to the 3D or-
intralayer framework of thekagomelattice of jarosite is dering via a superexchange pathway orthogonal to the
structurally unaltered witli-electron count and with differ- kagomelayers.
entA* ions: (i) equatorial and axia¥** —O bond distances Two interesting predictions emerge from the orbital pic-
are almost constant, differing by less tha®.02 A, (ii) the  ture of Fig. 11. First, it is unlikely that theagomelattice of
dimensions of the capping sulfate anion remain unperturbed® jarosites will possess an antiferromagnesie 3 ground
across the series, arii) the M3*—0(3)—M?3* and re- state, which would be important for examining the resonance
lated O—M3*—Q in-plane and out-of-plane angles vary by valence bond model and more generally quantum disorder in
< ~2° for all AM3(OH)s(SQ,), compounds. This structural spin frustrated systent& The single electron of a 11 ion in
homology of jarosites offers the possibility to correlate thethe Mgl(/.L'OH)g triangles of jarosite will reside in the
sign and magnitude of exchange interaction within isostrucey(d,,,d,,) orbital set, which will most likely support a fer-
tural kagomelayers to different orbital parentages engen-romagnetic exchange interaction and not the antiferromag-
dered by thevi®* d-electron count. netic one required for spin frustration. However, this elec-
Figure 11 depicts the standard magnetic properties of theronic structure may be perturbed by a Jahn-Teller distortion,
known first row transition metal jarosites together with themaking ita priori difficult to predict the exchange interac-
d-electron occupancy of the crystal field energy level dia-tion for a nondegenerat8=3 ground state. If an antiferro-
gram. Axial elongation of thé®** octahedron lifts the de- magnetic ground state does not prevail, then a spin-frustrated
generacy of the,, ande, orbital sets of an octahedraDy,) S=3 ground state will have to be realized in other triangular
crystal field. In theD 4, point group of the axially elongated lattices such as that of NaTi&@*% but this material will
crystal field of jarosites, thg, orbital set splits into a lower have to be prepared in pure form before reliable magnetism
energy, doubly degenerag(d,,,d,,) orbital set and an studies may be undertaken. Secondly, the yet unprepared
empty, singly degeneratg, (d,,) orbital; theey orbital set Mn3* jarosite will be important for assessing intralayer and
splits into a lower energyd,> orbital and higher energy interlayer couplings in jarosite systems. The Mnjarosite
dy2_,2 orbital. The twod-electrons of V" jarosite occupy  will differ from its Cr®* counterpart only by the population
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of d,2 orbital. Since the contribution o,z to the in-plane AFe;(OH)4(SOy) o+ xH30"
superexchange pathway is assumed to be negligible, similar N
Weiss constants should be observed for th&"Qd?) and —A;_(H30)xFe3(OH)(SOp) . +XA™.  (5)

M”?,ﬁ (d_4) systems. If a superexchange pathway 'nvo,lv'ngEnsuing proton transfer as described for the end member of
d,2 is unimportant, thef for cr*t and l\(lr?’+ jarosites will  ipe”series =1, hydronium F&' jarosite in reaction (4)
be similar. Conversely, ifl,> does contribute to an out-of- || produce the water observed in the infrared spectrum of
plane superexchange pathway, then the 3D ordering tempergiy 2. A second source of water in the jarosite lattice arises
ture of MP’* jarosite will be greater than that of €  from the maintenance of charge balance withitkagonie
jarosite. The challenge here will be the stabilization of thejattice possessingl®" site vacancies. As proposed by
Mn3* oxidation state in the jarosite lattice. ThermodynamicKubisZ! and observed by us in the preparation of*V
potentials favor the disproportionation of Mhto the Mf™  jarosites by conventional precipitation meth8igrotona-
and Mrf* oxidation states. Thus, nonaqueous solvothermaiion of OH™ by H* to form H,0,
methods will likely need to be developed for the preparation
of Mn®* jarosites by redox-based strategies akin to the ones AFe;(OH)6(S0O,),+3xH™
reported herein. .

Finally, we address the perplexing phenomenon uncov- — AF€;_(OH,)34(OH)6_3(SQy),+xFE"  (6)
ered in several past studies of jarosites—the absence of LvaeiII prevent the accrual of negative charge kagonidayers
in (H30)Fg(OH)(SOy,),. As mentioned above, the results C 3t ;

N 0 .. possessing® " site vacancies. We contend, based on the

of the pure jarosites presented here preclude the possibili ectra of Fig. 2, that both the intrinsic and extrinsic proton
that the absence of LRO correlates with high lattice cover- b 9. 2 P

age, which has approached 97% in hydronium jarosite. Ir‘gransfer mechanisms described by reactiofjsand (6) re-

this compound, hydronium ions reside in thé lattice sites spectively, prevail for the hydronium ion jarosite and more

i . e
between layers. Weak hydrogen bonding to intralayer hy_generally for anyA ™ jarosite prepared by non-redox precipi-

. tation methods. In addition to these infrared data, we also
droxyl and sulfate oxygen groups is assuriédlthough the \ s
> . note that direct spectroscopic evidence for the presence of
H(D) atoms of hydronium have not been located in neutro

r‘|Z)3O+, D,0O, and OD in hydronium jarosite has been es-

diffraction studies owing to their disorder. Rather, the ion haﬁgblished previously byH NMR spectroscop§? However,

been treated as a rigid body with bond angles and length e consequences of this longstanding NMR study have not
defined by hydronium perchlorate. Regardless of the precis q ; : gstanding | y
ully been appreciated in the consideration of the absence of

orientation of the H atoms of the hydronium, the six hy- LRO in hydronium jarosite

1] ; B i
o o o e s e, PIOCITaNe reactongi and (0 have sinfcan
large thermodynamic driving force for 4@*-OH- acid- implications on the magnetic properties of jarosites, particu-

base reaction, proton transfer from the interlayer hydroniunf rly as they pertain to LRO. First, proton transfer will influ-
jon to the bridging hydroxyls is favored, nce the primary intralayer exchange pathway. A signifi-

cant decrease in the strength of magnetic exchange between
metal centers accompanies the protonation of an oxo ligand
bridging bimetallic center®®® In view of the foregoing
(H30)Fe;(OH)6(SOy)2 model in which interlayer exchange drives 3D ordering, pro-
— (H30)1 4 (H,0),Fey(OH)s_(H,0),(SO,),. (4)  tonation of the hydroxyl group mediating the nearest neigh-
bor magnetic exchange will inevitably lead to a decrease in
nearest neighbor exchange and consequently to depressed
Direct evidence for this proton transfer comes from aTy's in FE¥" jarosites. Secondly, proton transfer will be a
comparison of the infrared spectra ofFgarosites prepared disordered chemical event in the jarosite lattice. Inasmuch as
by the new redox-based methods to those of material§tructural disorder is capable of inducing spin-glass
obtained from the conventional precipitation methodsbehavio}*®® we believe that the spin-glass-like properties
employed previous to this study. As shown by the dashe®f (H30)Fe(OH)g(SOy), are due to structural and attendant
line of Fig. 2, the IR spectra of KREOH)s(SQ,), and magnetic disorder caused by proton transfer reactidns
(H30)Fey(OH)s(SQy), prepared by nonredox methods ex- and(6).
hibit an absorption corresponding to the H—O—H bending
mode of the HO molecule. In stoichiometrically pure V. CONCLUSIONS
jarosites, water is absent in the lattice and consequently this
absorption is not observed: the absorption of the O—H sym- Pure and stoichiometric P& jarosites have been prepared
metric vibration in the 3300—3400 crhregion is reduced in by newly developed hydrothermal redox methods. The suc-
intensity and width. cess of the synthetic approach relies on the insertion of a
The results of Fig. 2 clearly indicate the presence of watefedox reaction to control the production of*eprior to the
in jarosites prepared by conventional nonredox methods. Theoprecipitation of the ion with constituedt™, SCG;~, and
proclivity of H;O™ to replace theA™ cations has been long OH™ ions to afford the layeredlagomelattice. Lattice cov-
known and this substitution has been ascribed as a primagrages of the magnetic and interlayer ions for the
source for “impurity” contamination in jarosit&s AFg;(OH)4(SOy), (A=Na", K, Rb", and NH;) family
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of jarosites were>99% for each sample. All four derivatives pijtal set,a;4(d,2) = potential secondary role in 3D ordering
display LRO characterized by an essentially invaridt,  via a superexchange pathway that is orthogonatagome
establishing that the complete coverage of the triangular latzyers, andoy4(dyz-,2)=>very strong in-plane antiferromag-
tice of jarosites with magnetic ions does not lead t0 spinyetic exchange.

glass behavior. The 3D ordering observed in the puff Fe  our new hydrothermal synthetic methods afford pure
jarosites is consistent with interlayer coupling of a net magee3* jarosites, which have allowed us to address several
netization engendered from a DM interaction among magissyes pertaining to the magnetism of spin frustration in the
netic sites within thekagomelayers. We contend that the agonielattice of jarosites. However, many other issues re-
absence of LRO in jarosites such as;(3)Fe(OH)¢(SQ))2 main unresolved. These include the precise nature of in-
is due to disorder induced by proton transfer from the interpjane and interplane coupling, the existence of SRO within
layer hydronium ion to the bridging hydroxide ions. Proto- the 2Dkagonieayers, the dependence of disparate ZFC and
nation of theu-hydroxo bridge to afford a-aquo bridge is FC behavior and remanent magnetization on crystallite size.
manifested not only in structural disorder, but in magnetic\any of these issues may directly be interrogated with elas-
disorder as well, derived from disparate nearest neighbor xic and inelastic neutron scattering experiments. These stud-
change coupling constants among metal centers bridged ks are ongoing, enabled by our recent success in obtaining

H,O vs OH". _ large single crystals of the Ee jarosites from the new syn-
An invariant Weiss constant 6f810 K for all four mem-  thetic methods reported here.

bers of the series indicates a structurally homologous Fe
jarosite series, which is confirmed by single crystal x-ray
crystallography. This structural homology permits us to iso-
late the effect ofi-electron count on the magnetic properties
of jarosites. A comparison of the magnetic properties df V We thank Dr. Young Lee of the MIT Department of Phys-
Ccr™, and Fé* congeners, reveals the following relationship ics for enlightening discussions and Dr. Fang Cheng Chou
between observed magnetic properties anarbital occu-  for technical assistance in performing magnetism measure-
pancy in the tetragonal crystal field of jarosites ments. Financial support for this work was provided by the
e¢(dy,,dy,)=moderate in-plane ferromagnetic exchangeNational Science FoundatiofGrant No. DMR- 9311597
b,g4(dy,)=moderate in-plane antiferromagnetic exchange ofand by a seed grant from the MIT Center for Materials Sci-
significant strength to overwhelm the ferromagnetic couplingence and Engineering Research, a MRSEC Program of the
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