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Abstract

Highly frustrated systems have degenerate ground states that lead to novel prop-
erties. In magnetism its consequences underpin exotic and technologically important
effects: high temperature superconductivity, colossal magnetoresistence, and the anoma-
lous Hall effect. One of the enduring mysteries of highly frustrated magnetism is why
certain experimental systems have a spin glass transition that it is not determined by
the strength of the dominant magnetic interactions. There have been suggestions that
some real materials possess disorder of the magnetic sites or bonds that is responsible
for the glassy behaviour. This work shows that the spin glass transition in the model
kagomé antiferromagnet hydronium jarosite arises not from random disorder and that
the intrinsic magnetic properties of this kagomé system are robust to site disorder.
This simplifies markedly the treatment of the complex spin glass dynamics and has
implications far beyond magnetism, as spin glasses provide important models for the
out-of-equilibrium dynamics in other frustrated systems, including proteins and neural
networks.

1 Introduction

The jarosite minerals have been extensively researched in two primary fields: frustrated
magnetism! and acid mine drainage (AMD),*3 though at no point has there been a total
convergence between the two disciplines. In nature, jarosites occur through the weathering
process of Pyrite, FeS, as high concentrations of Fe?* are released from the dissolution of FeS
that decreases the pH of the local water area. Through either microbial action or dissolved
oxygen, the Fe?t oxidises to Fe3*.#® Around these Fe3* centres chains of hydroxysulphates
attach themselves to form the characteristic iron flocs.? Extremely low values of pH and the
incorporation of a suitably sized cation will cause jarosite precipitation with the following
formula: A;_,(H30),Fes_,(SO4)2(OH)g-3,(H20)3,, where A=K™, Na*, Ag"™, Rb*, NHj,
H;07, Pb?t, T1?* .48 The high water content and the low temperature formation conditions
in nature can lead to a large deviation from the ideal stoichiometry. Naturally occurring
jarosites may be charged balanced by the incorporation of other cations in the B site which



are not trivalent cations,'” such as copper or zinc leading to the formation of other minerals.!!
If there are Fe deficiencies, charge balancing requires the replacement of an A-site with a H,O
unit or protonation of the bridging OH. Likewise, increasing incorporation of water into the
structure will be charged balanced by Fe vacancies.® %12

AMD research has centered on jarosite formation at relatively low temperatures (below
100°C), in very low pH, (pH < 2), aqueous media, and to exploit the unstoichiometry that
allows the structure to uptake toxic metal ions such as TI1**, Pb?**, Se*, As3t: and Crf+.
There have been many methods to produce jarosites synthetically to investigate and exploit
this unstoichiometric nature.®1%12 Primarily researched for mining purposes to either re-
move unwanted elements or to ensure the desired elements are not absorbed by the jarosite
structure,®1%12 which forms during the hot acid leaching process. The research into AMD
has verified the following chemistry of formation for jarosites: hydronium jarosite can only
be synthesised under hydrothermal conditions®!? and is expected to have a full occupation
of H3O"/H,0 in the A-site; there is always competition for the A-site between the H;O™
and relevant cations in the formation of non-hydronium jarosites, and K is the most favor-
able cation to fill the A-site;'® the formation occurs via Fe oxy-hydroxy sulphate complexes
stabilized in very low pH solutions and incorporation of a relevant cation causes jarosite
precipitation.® 12

The approach to the chemistry for researching the magnetic properties of jarosites is in
complete contrast to that of AMD. It is essential to try and improve upon the stoichiometry
of the jarosite structure in order to be confident that the magnetic properties are not a result
of Fe deficiencies: to find high quality models to further the understanding of highly frus-
trated magnetic systems.!*® The antiferromagnetically coupled Fe?* ions make up the best
known example of the kagomé network; a 2 dimensional lattice of vertex sharing equilateral
triangles, an example is shown in Figure 1. Antiferromagnetically coupled ions arranged upon
a triangle can not minimise their pairwise interactions and the system becomes highly frus-
trated resulting in a raised ground state energy. Extending this by tessellating the frustrated
plaquettes by edge-sharing, the moments on one triangle dictate the configuration of the
neigbouring plaqueettes resulting in the propagation of one coherent ground state through
out this lattice. The kagomé network is 2 dimensional lattice of vertex sharing triangles and
here the moments do not dictate the configuration of neighbouring moments: the geometry
of the kagomé network prevents a coherent ground state from propagating through out the
whole system leading to a macroscopically large degenerate landscape of ground states. In
a kagomé spin glass it is the random distribution of chiralities and the system traversing all
possible ground states through other ground states that gives rise to spin glass like dynam-
ics.! What is unique about the kagomé spin glass is that all ground states are accessible
through all other ground states?® and it has a 72 heat capacity?! as predicted.!® A T2 heat
capacity is evidence of Goldstone modes, very low energy excitations, present in the system
all the way down to 0K.'” Why the kagomé Heisenberg antiferromagnet either displays long
range magnetic order 2% or a spin glass state?® rather than remain a spin liquid is due
to the presence of anisotropy,?® either; XY;'%2® the Dzyaloshinskii-Moriya interaction®’ or
Ising®® and not as a result of Fe vacancies as this paper will demonstrate.

Minimal Fe deficiencies are also necessary to produce a model kagomé antiferromagnet
to understand the exotic magnetic properties that arise from this highly frustrated manifold.
The hydronium end member jarosite is of greatest interest as it undergoes a transition to



an unconventional spin glass state!®?’ whereas all the other end members undergo long

range magnetic order to a Néel state,?> 2 albeit at a reduced temperature virtue of the
frustration. Aside from magnetic frustration another component intrinsic to a traditional spin
glass is disorder, either site or bond disorder.? Randomness introduces further competing
interactions between the moments to further prevent a coherent magnetic structure from
occurring. Understanding spin glasses are of considerable importance to many subjects. Some
high temperature superconductors go through a spin glass phase before the superconducting
phase.?® The out-of-equilibrium dynamics displayed by spin glasses provide important models
for systems with similar dynamics such as protein folding®' and neural networks.?? The
magnetic properties of the jarosites are of fundamental importance for this research; the
possibility of a spin glass without intrinsic disorder can be found within hydronium jarosite.
Such a proposition will remove averaging from the Hamiltonian which is necessary to take into
account a disordered system and instead provide a ‘clean’ and ordered Hamiltonian®? that
would allow a better explanation of spin glasses and systems displaying out-of-equilibrium
dynamics.
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Figure 1: The magnetic frustration of antiferromagnetically coupled ions upon a triangle
result in two distinct compromise structures, chiralities, where the neighbouring moments
are at 120°. This diagram shows two highly symmetric arrangements of the moments lying in
the kagomé plane based upon staggered chirality in a) and uniform chiralites in b). The time
dependent configurations of a kagomé spin glass will evolve through a random distribution
of chiralities.



The jarosite crystal structure is best described in the space group R 3 m and has lattice pa-
rameters a ~ 7.3 A, ¢ ~ 17A. The Fe*t, § = g, ions make up a series of translationally related
kagomé layers with an ...ABC... stacking arrangement. These layers are sufficiently well sep-
arated that the magnetic Hamiltonian may be considered essentially 2D, R(Fe-Fe)interlayer
~5.64 A. The Fe-oxygen coordinated octahedra are capped above and below by sulphate
tetrahedra groups to form the T-O-T sheets shown in Figure 2a). Separating each of these
T-O-T layers is the 12 coordinate site where the A-site ions resides - making the T-A-T
sheet (Figure 2a). The magnetic exchange between Fe ions is mediated through the bridging
hydroxyl groups, which sit slightly above and below the kagomé plane. The kagomé network
can be seen in Figure 2b and the Fe octahedra are shown in Figure 3 showing the nearest
neighbour distance is R(Fe-Fe)intralayer ~ 3.67 A. The Fe octahedra is slightly distorted with
the apical oxygen slightly further away from Fe center than the equatorial oxygens.

There is a markedly different behaviour between the hydronium and non-hydronium
jarosites with all of the non-hydronium iron jarosites ordering at low temperatures into a
long-ranged Néel state with the propagation vector k=(0 0 %), with respect to the hexagonal
setting of the space group.?®»?* Whether or not this ordering process is one or two staged
appears to depend on the samples.?>26 In all cases, however, the lower temperature transi-
tion occurs at T, ~55K.212 Hydronium jarosite, is quite different from the non-hydronium
jarosites as it displays a critical spin glass transition at T, ~ 17 K..'>20 In this work our syn-
thesis methods produced samples with a range of spin glass freezing transitions, 7}, between
11 and 20 K.

Elemental analysis is necessary to determine the various factors surrounding the mag-
netism of the jarosites: why hydronium jarosite only undergoes a spin glass transition whilst
all the other jarosite undergo long range order: does this arise because of Fe vacancies or
because of the A-site cation?

2 Experimental Section

Many hydronium jarosites were synthesised, in conjunction with several non-hydronium
jarosites were made including two K jarosite synthesised by a new oxidative process which
claims 100% Fe coverage as well as 100% K in the A-site. For comparison a natural K jarosite
from the Margaritas mine, Mexico, provided by Adrian Smith ?? is included in the results.

Hydronium jarosite samples were synthesised from 2g (0.275mol) of Fey(SO4)3.5H,0 made
up to 15cm?® with either distilled HyO' or MeOH/H,0 mix!* in a Pyrex pressure tube with
a PTFE screw top with a fill ratio of 65% (Ace Glass Inc, screw thread £15, 23ml total
volume). Phase pure hydronium jarosite crystals suitable for single crystal X-ray diffraction
were synthesized at temperatures between 120 and 150°C with a reaction time of 21 hours
(variations in time will be indicated for those individual samples). The optimum time for
synthesis is a balance between the time needed for crystal growth and the onset of crystal
surface dissolution.?® Earle et al'* claimed that Thermo-gravimetric analyser (TGA) data
of the resultant jarosite produced using MeOH /H,O solvent had a Fe3t vacancy of less than
2%. Our experiments showed that it also enabled control of T, in the range 11-20K.

Synthesis conditions for the non-hydronium jarosites prepared under hydrothermal con-
ditions are shown below in Table 1.
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Figure 2: a) Polyhedral representation of hydronium jarosite, the O from the H3O™ is shown
in red representing the A-site. The bridging hydroxyl groups shown in black, which are just
above and below the kagomé plane, lead to form a canted Fe-coordinated octahedra. This
canting has important consequences for the magnetism of the jarosite structure. b) a view
along the ¢ axis showing the canted Fe octahedra and the kagomé network overlaid to show
the arrangement of the Fe3* ions.

R(Fe-O)gq

Figure 3: The local coordination of the magnetic Fe3* ions. The apical Fe-O bond is slightly
longer than the equatorial Fe-O bond. This distortion may be characterised by the ratio of
bond lengths.



Table 1: Synthesis conditions for non-hydronium jarosites using Pyrex tubes under hydrother-
mal conditions all solutions were made up to 15cm? of HyO.

Sample  A-site SO4/OH A™M Fe’*M Temp. (°C) time (hrs) yield (g)

KFelf KOH 0.202  0.55 110 68 1.155
KFe2 K5SO0, 0.30 0.275 110 48 0.693
KFe3 KOH 0.339  0.55 130 21 1.3342
KFe4 KOH 0.148  0.55 130 21 1.1341
KFeb K,S0, 0.20  0.55 130 21 1.309
KFe6 K5SO0, 0.046  0.55 130 21 0.905
NaFel$ NaOH 0.33  0.55 130 21 1.186
NaFe28 NaOH 0.12 055 130 21 0.926
NaFe3$ NaOH 090 0.55 130 21 0.724
AgFel AgyS0, 0.400  0.55 140 21 1.121
AgFe2! AgySO, 0.16  0.55 130 21 1.245
AgFe3 AgySOy4 0.043  0.55 130 21 0.937
RbFel Rb,SO, 0.42  0.55 130 21 1.1340
RbFe2 Rb,SO, 0.25  0.55 130 21 1.0441
RbFe3 Rb,SO, 0.039 0.55 130 21 0.7828
NH4Fel (NH,4)2S0, 0.33  0.55 130 21 0.931
NH4Fe2f (NH4)2S0, 0.33  0.55 130 21 1.113
NH4Fe3f (NH,4)2S04 0.11  0.55 130 21 1.029

T pH adjusted with LiOH to bring the starting pH above 1.6
% Sodium jarosite could only be successfully synthesised using NaOH
! Contains impurities, Ag,SO, and Ag

The non-hydronium jarosites were synthesised using new redox methods® where iron wire
is oxidized.'® This improves upon Fe coverage and also produced significantly larger single
crystals >50um. The following Nay(SOy4)2 (0.85g, 0.12mol (lower concentration required for
Na)), KQ(SO4)2 (244g, 02811'101), Agg(SO4)2 (437g, 02811101), Rb2<804)2 (374g, 02811101)
and (NH,4)2(SO4)2 (1.85g, 0.28mol) were each dissolved and made up to 25cm® with distilled
water, to which 1.1cm?® of concentrated H,SO4 was added. For each reaction 0.336g of iron
wire, 2mm diameter, 99.9%, was cut into 4-5 smaller pieces and put along with the relevant
A-site sulfate solution into a pressure tube (38cm? total capacity). The reaction took place
at 170°C over 48 hours and is heavily dependent upon oxygen partial pressure.

In comparison with K-Jarosite, formation of the other A-site jarosites was more difficult,
often producing hematite or mixed phase of hematite and jarosite.

Elemental analysis was carried out using Inductively Coupled Plasma - Optical Emission
Spectra (ICP-OES), a wet chemistry technique that measures the intensity of emission spectra
from ionised elements, heated in an argon torch. The machine used was a Perkin-Elmer
Optima 3300RL ICP-OES operating at 1.5 cm? per minute. The samples are mounted on a
AS91 autosampler and solution is drawn up through each position on the autosampler using
a peristaltic pump into the cross-flow type nebulizer and from there the sample is sprayed



into a Ar plasma torch. The resultant spectral emission lines are separated by an Echelle
grating polychromator and detected using segmented-array charge-coupled-device detector.
ICP-OES operating settings were: frequency 40Hz; power 1.3kW and observation height of
15mm. All samples were weighed out at 0.1000g40.0002g and were dissolved in 2cm? of
HCL/HNO3 and were gently warmed until dissolved. A further 18cm? of distilled water was
added after to make up the solution to 20cm?®. sample KFeMIT was limited in mass and only
0.0300g+0.0002g were dissolved and made up to a solution of 20cm?.

The data was analysed by initially working out which spectral wavelength (channel)
for each element produced the smallest standard deviation in intensities with reference to
the periodic arranged of blanks on the autosampler. The intensities of a chosen channel
from each sample had to be corrected for drift. This was done by a linear interpolation of
the drift of each of the sample intensities between the periodic arrangement of the blanks.
A calibration curve was set up by obtaining the gradient of the chosen channel from the
intensities of known standard ppm element solutions also arranged upon the autosample.
For sulphur, 10ppm and 1000pm standard solutions were used and for Fe 10ppm, 500ppm
and 1000ppm standard solutions were used. The Fe calibration curve was extrapolated as
the Fe intensity from the samples was approxiamtely twice that for Fe 1000ppm. This is a
reasonable approach as chamber saturation approaches 3 million counts, our data produced
in the region of 1500 counts for Fe. The Perkin-Elmer Optima 3300RL instrument is stated
to have an uncertainty of 0.13% for Fe but no data is available for S. Also due to oxygen (from
air) present in the chamber, sulphur counts were lower at approximately 600 counts. Sulphur
precision was obtained from actual experimental standard deviations generated from the
periodic arrangement of blanks and sulphur 10ppm standards placed at intervals no greater
than 1 between every 10 samples on the autosampler. This generated a good experimental
error which showed that the sulphur counts for 10ppm were consistent and the experimental
standard deviation produced an overall error of +0.93% for Fe coverage. Once the calibration
curve is known then the concentrations in ppm can be calculated and the corresponding
relative molar quantities for each sample. Conversion is simple; divide the concentrations in
ppm through by the relative atomic mass for Fe or S. The relative formula amount of Fe is
obtained by dividing the Fe mmol quantity through by the S mmol value and multiplying
by 2. The rules for determining jarosite stoichiometric formula are laid out by Kubisz,'? and
that states that the sulphate value is always 2 and the formula is obtained relative to the
sulphate group. Likewise the A-site occupation was worked out in the same manner, relative
to the sulphate group.

Magnetic measurements were performed on a Quantum Design superconducting quantum
interference device magnetometer (SQUID) - MPMS-7. The magnetic measurements shown
in this work were obtained from zero field cooled/field cooled meaurements (ZFC/FC). All
hydronium jarosite samples and most non-hydronium samples were cooled down to the lowest
temperature possible, 2 K — otherwise, 5K, in zero applied field, from a temperature far
above the expected transitions temperatures (I, ~ 11 — 20K for hydronium jarosite and
45— 65 K for non-hydronium jarosites). At base temperature and after waiting for the sample
to reach thermal equilibrium an external field of 100 Oe was applied for all jarosites, unless
specified. The sample is warmed and throughout the magnetic moment is measured at various
temperatures according to a predetermined sequence. Measurements are usually taken at
temperature steps of 0.5 K or 0.25 K through the transition region; whereas larger steps, 10-



20K, are sufficient for Curie-Wiess determination in the paramagnetic temperature region.
After the final measurement the sample is cooled back down to the base temperature with the
same applied field. After thermal equilibrium has been reached the sequence of measurements
is repeated. The spin glass freezing transition was determined from the discontinuity in the
field cooled data set. The corresponding error was 4 0.2K.

Powder diffraction data collected to confirm phase purity was collected on an X'Pert Pro
diffractometer with X’Celerator PSD detector. Data was collected between 8° — 143° (20)
with a step size of 0.07° using a Co source with a Ge 111 primary monochromator (1.78901
A) The sample was prepared by backfilling onto a sample mount and the data was collected
in Bragg-Bretano geometry.

3 Results

The ICP-OES results laid out below are kept generally in sequence order on the autosampler.
Tables 2, 3, 4 and 5 present the ICP-OES data. They are grouped as hydronium and non-
hydronium jarosites. The formulas quoted in Table 5 are based upon the 500ppm calibration
curve instead to make a comparison for all the non-hydronium iron jarosites with sample
KFeRedox (Table 5). The Fe concentration of KFeRedox lies within the Fe 500ppm calibra-
tion range and in consideration that the oxidative method purports 100% Fe coverage,'® this
is the best method of comparison with the other non-hydronium samples.

The introduction of known non-jarosite samples; e.g. H30S20 (Table 2), H30S29 and
H30S38 (Table 3) shows that the technique is viable and that an expected null result is
obtained. It appears that MeOH concentration has more effect on the Fe coverage rather than
temperature as can be seen that low MeOH concentration coincides with high Fe coverage for
all temperatures. This result extends for Table 3. The very high MeOH concentrations result
in unwanted Fe oxy-hydroxy sulphates; at the modest temperature of 120°C it promotes the
growth of X-ray diffraction amorphous Schwertmannite 4(c) and at higher temperatures gives
rise to other unwanted Fe oxy-hydroxy sulphates, H30S36 and H30S37 (Table 3) which all
give substantially lower values for Fe coverage. An assumption can be made from Figure 7(a)
that lower values of T, coincide with lower Fe coverage. Plotting of this data in Figure 7(a)
shows a slight trend with 7, and Fe coverage, though the fit is poor (R=0.7034) and does not
suggest that this is the factor which alters or determines the onset of a spin glass transition
and or why the non-hydronium jarosites (ICP-OES results shown in Table 5) which have
similar or poorer Fe coverage still undergo long range magnetic order.

Similarly, the Fe occupation is high, or can be taken to be very high, for all of the
hydronium jarosite samples, though unsubstantiated drift might be occurring towards the
end of the measurements for the hydronium samples in Table 4 prepared using 100% H,O as
solvent. It appears neither the time nor temperature of synthesis have a well defined impact
upon Fe coverage. Likewise, looking at the values of T}, there is no apparent correlation
between these and the Fe coverage for hydronium jarosite samples prepared using 100% H,O
as solvent, though the range in 7, is smaller compared to hydronium jarosites prepared using
MeOH/H50 mixes. Figure 7(b) is in addition to Figure 7(a) showing the all hydronium
jarosites with T, plotted against Fe % coverage, it confirms that although lower values of
T, can be achieved using high concentrations of MeOH and that there is a corresponding
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(a) 100% H>0O 150°C 21 hours (b) 40:60 MeOH:H,0 120°C 21 hours

(c) 80:20 MeOH:H0 120°C 21 hours (d) 90:10 MeOH:H20 120°C 21 hours - mikasaite

Figure 4: SEM images (b), (c) and (d) are the product from various HoO/MeOH mixeses
at various temperatures and (a) is produced from 100% H,O as the solvent at 150°C. (a) is
a large single crystal of hydronium jarosite with a pseudo cubic morphology, however, the
distortion from ideal pseudo cubic morphology occurs with increasing MeOH concentration in
the solvent and in combination with high temperatures. (b) is an example of jarosite formed
in high MeOH concentration with modest temperatures causing the morphology to change to
triangular prisms. Very high concentrations at modest temperatures produce unwanted Fe
oxy-hydroxy sulpahtes as shown by the occurrence of Schwertmannite (corel-like appearance)
in (c) and eventually leading to Mikasaite, (d), produced from the maximum concentration
of MeOH solvent. The formation of Mikasaite - crystalline FeoSOy - is not necessarily an end
product but the formation of a precursor to hydronium jarosite precipitation at which point
the reaction ceases to continue in these extreme conditions.
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(a) 40:60 MeOH:H20 130°C 21 hours (b) 60:40 MeOH:H,0 150°C 21 hours

(c) 60:40 MeOH:H20 150°C 21 hours

Figure 5: SEM images (a), (b) and (c) are the product from various HoO/MeOH mixeses
at various temperatures. Instead of a morphology change from pseudo cubic to triangular
prisms as shown in Figure 4(b), pseudo cubes still form, but the effect of stripping the A-
site?® is increased in the presence of MeOH as shown in (a). Increasing temperature and
MeOH results in severely mottled pseudo cubes, (b), and produce needle shaped structures
of unwanted Fe oxy-hydroxy sulphates, (c).
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decrease in Fe coverage, only 1 sample in the 41 listed hydronium samples used for this ICP-
OES analysis has a Fe coverage less than 90%. Higher concentrations of methanol result in
changes to the morphology leading to triangular prisms as shown in Figure 4(b). This appears
to be a stability limit: if the Fe coverage is any lower, the sample is no longer homogeneous
hydronium jarosite or hydronium jarosite: this can be seen in samples H30S16, H30S20,
H308529, H30S36-H30S38 where unwanted Fe oxy-hydroxy sulphates appear, refer to SEM
Figures 4(c) and 4(d). This is contrasted with the large pseudo cubes of hydronium jarosite
prepared using 100% HO in Figure 4(a).

X-ray powder diffraction data of the following samples H30OFeS34, H30FeS35 and H30S36
(Figure 6), also confirms the presence of an unwanted Fe oxy-hydroxy sulphates with the ap-
pearance of two reflections from samples H30FeS35 and H30FeS36 and a weak third peak
from sample H30FeS36, all at slightly lower 26 values than the two jarosite reflections as
shown in the insert of Figure 6. The jarosite peak positions were generated from a known
structural model'® and the unwanted phases were determined by pattern matching using the
software Eva, by Bruker. Eva contains a database under license from the International Cen-
tre for Diffraction Data (ICDD) and the software determined an unwanted Fe oxy-hydroxy
sulphate phase to be Fe sulphate hydroxide - 2Fe(OH)SO,/Fe;03.2505.H,O, ICDD reference
21:0428; no further crystallographic details could be obtained. The overall diffraction pat-
terns for samples H30FeS35 and H30FeS36 may show the appearance of other Fe sulpates
hydrates/hydroxides. The small presence of other unwanted Fe oxy-hydroxy sulphates may
explain the reduction of the Fe occupation: Kubisz rules'? will no longer hold with an in-
crease in other unwanted Fe oxy-hydroxy sulphates which typically have a lower Fe % weight
than hydronium jarosite according to the other possible Fe oxy-hydroxy phases determined
by Eva. This may explain the drop in Fe coverage between sample H30FeS34 (93%) and
H30FeS37 (73%). High Fe coverage is crucial for the formation of hydronium jarosite and is
unlikely to determine the nature and temperature of the spin glass transition. Consequently
another factor must an energy scale, that determines the spin glass transition in the hydro-
nium jarosites and distinguishes it from non-hydronium jarosites. Table 5 demonstrates that
Fe coverage is not responsible for the nature and the temperature of the magnetic transition
for the non-hydronium jarosites.

The non-hydronium jarosites provide a very interesting contrast to the hydronium jarosites:
firstly that even lower Fe coverage can be sustained still retaining the jarosite structure. This
is evident with the synthetic potassium jarosite formed under forced hydrolysis conditions,
samples KFel, KFe3-6 all have low Fe coverage reaching as little as 81%. This was also noted
in previous work® where potassium jarosites made in non-hydrothermal conditions (~ 98°C)
have a similar Fe coverage ~82%. This Fe loss is incredible as it corresponds to a fifth of all
Fe atoms, and yet long range magnetic order still persists with similar transition tempera-
tures for KFeRedox which has a Fe coverage of ~100%. This then proves that any disorder
from Fe vacancy has minimal effect upon the magnetism which confers with recent reported
work?® It has been calculated that the percolation limit for the kagomé network using nearest
neighbour interactions (Potts model with q=1) is either for bond or site disorder are 0.5243
and 0.653%" respectively, thus confirming if the structure can withstand further defects be-
fore collapse, long range magnetic order might still be expected. Other work looking into
site vacancies have shown through computer simulations that there is an energy barrier to
the formation of Fe vancancies and are unlikely to form.>® A recent retrospective review
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Figure 6: shows a diffraction for sample H30FeS34, the data was collected on a Pananalytical
X’pert Pro with a Co source and Gelll monochromator. The figure insert shows that sample
H30FeS34 (black circles) has no impurity phase, whereas samples H30FeS35 (red diamonds)
and H30FeS36 (green triangles) clearly show an unwanted secondary phase present. The
occurrence of an impurity phase is concomitant with very high concentrations of MeOH and
subsequent deterioration in the pseudo cubic morphology (Figures 4 and 5) and fall in Fe
coverage (Table 3). The secondary phase was determined from the pattern matching software
Eva and is likely to be a phase of iron sulphate hydroxide (ICDD ref: 21:0428).
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on SCGO? - another structure containing a kagomé network made up from Cr®* ions show
similarly the magnetic system (short range magnetic correlations to 0K) is robust to site
vacancies of Cr** ions.%

Another important aspect of the data shown in Table 5 is that the concentrations of
A-site used has little effect on the Fe coverage, but does correlate with A-site uptake versus
hydronium uptake; apart from the potassium jarosite where K uptake is far more preferable to
hydronium uptake. These results confirm the formation mechanism for jarosites as explained
earlier, that the jarosite precursor is not determined by the A-site. Increase in the the uptake
of hydronium in the A-site results in a decrease in temperature for the magnetic transitions
and this is reported in recent work.®> The non-hydronium jarosites generally show two
transitions, labeled Ty, and Ty,. Transition Ty, occurs higher in temperature (60-65K) and
Tx, appears lower (45-55K). Increase of hydronium in the A-site results in Ty, becoming
broader and eventually no longer discernible from the susceptibility data. Values of Ty, that
are broad are shown in parentheses in Table 5. Relative high occupations of hydronium in the
A-site will also decrease the temperature at which the final (only) transition occurs, this can
be seen by referring to Table 5, examples of samples with a high hydronium content (refer
to Table 1 for synthesis conditions) and correspondingly low single magnetic transitions are
RbFe3, NaFe3, NH4Fe3, KFe6 and AgFe3.

4 Conclusion

The ICP-OES results show some very important points in connection with the magnetism
and the structure of the jarosite mineral. Firstly, that the hydronium jarosite structure has
less tolerance to Fe disorder than the non-hydronium analogues, a possible explanation for
hydronium jarosite being prone to stacking faults*' as highlighted in Figure 8.

Further, it has been shown, that increase in MeOH concentration for the solvent leads to
a decrease in T, though not necessarily closely related to Fe coverage as shown in Figure 7.
The same figure indicates that very low values of T}, correspond to defects in Fe coverage, but
more likely that the Fe deficiency coincides with the breakdown of the hydronium jarosite
structure into other unwanted Fe-oxy-hydroxy sulphates and it is a structural change that
drives the magnetic transition. Susceptibility data for samples with very low values of T, have
a large super-paramagnetic-like background below 7,. Whether this comes from non-jarosite
phases of Fe oxy-hydroxy sulphates or from the jarosite sample itself is not clear, especially
when secondary phases are not observed through SEM or powder XRD. If it can be shown
that the presence of unwanted Fe oxy-hydroxy sulphates do not affect the bulk magnetic
response, an increase in super-paramagnetic contributions may point towards the occurrence
of solitons*? in the kagomé spin glass state as moments decouple from the frustrated manifold
and propagate as free spins. Such solitons would be present in the spin glass phase and above
close to Ty, when the spins form a spin liquid phase. Figures 9 and 10 highlight the presence
of increasing super-paramagnetic background with increasing values of x with decreasing
values of T,. What is also observed is smearing of the spin glass freezing transition with
decreasing T,. It is clear from the elemental analysis of the hydronium jarosites is that a
variation of values for 7T, can occur with minimal Fe loss and that equally high Fe coverage
is obtained through synthesis with MeOH /H,O solvent as well as 100% HyO solvent. There

17



.er

Ul UOTJRLIBA JURDIYIUSIS ® $50ss0d [[11S PUR 08RIOA0D 9 % 00T 109J10d Ieou oaey 09 readde quoa(os OCH %001 Ut poredord sojrsorel
WNTUOIPAT 91} YT} POJOU ST 4] “¥7 pue 9SeIOA0D 9 UOM)O( UOTIR[DI TBI[D OU ST dI0T} MOYS sydeIs o) Ur vyep o], 9SeIon0D 0
9] UI 9SBaIDAP JYSI[S ® 0} Spu0dsor1od pue [P Y3} JO SUOIRIUSOIUOD IQYSIY [IIM Paure)qo aIe soinjeroduo) Suizoaj sse[s urds
3somof oy yey) moys sydeid oy J, 'sisAeue SHO-JO] oYl Ul 10 posn sojdures WNIUOIPAY [ 10] 98eI10A00 9 jsurede 21 jo jord ®
st (q) pue jueAfos o1 jo jred se fyOoJN Sutsn paredord sojdures wmruoIpAY I10j a8eI9a0d 9 jsureSe °1 jo jord ® st () :) omSrg

(@ (®)

abelanos a4 v, abesanod a4 v,
00l 86 96 ¥6 6 06 00l 86 96 ¥6 6 06
1 L 1 L 1 ! 1 ! | L | N O—‘ L 1 1 I L 1 L !

6

™) 1

- OHpue | g|
—— OZH/HO®BI

- O°H/HO®IN

| L | L | L | L | L | L ON

18



Figure 8: SEM pictures showing crystal growth defects observed in hydronium jarosite sample
H30S10, even though sample H30S10 returned 100% Fe coverage. The differing reaction
kinetics involved through the introduction of MeOH into the solvent produces distortions in
morphology, severe changes are shown in Figures 4 and 5

is no suggestion that Fe3* ions have been reduced to Fe?* through the oxidation of MeOH,
because as shown in this work the hydronium jarosite structure is not that tolerant to Fe
vacancies and a charge disparity amounts to a Fe vacancy. Work on the formation mechanisms
for jarosites*® highlight that Fe?* ions do not lead to the formation of hydronium jarosite, yet
do so for the non-hydronium jarosites.* Likewise no diffraction data has shown the existence
of Fe?t oxy-hydroxy sulphate species in this work.

The non-hydronium jarosite structure appears to be more robust against Fe vacancy and
can sustain losses up to 20%, than the hydronium jarosites. Surprisingly, though it appears
that Fe occupation has little influence over the magnetism. Irrespective of the Fe content
the magnetic transitions temperatures show two transitions for high A-site content, reducing
to a single magnetic transition at a lower temperature which occurs with increasing H3O"
occupation in the A-site. This clearly demonstrates that it is the A-site which determines
the nature and temperature of the magnetic transition. The hydronium ion has the largest a
parameter for the jarosites® and it is the slight structural differences from the incorporation
of the hydronium ion that is key to explaining the magnetic behaviour.

5 Acknowledgments

Acknowledgment to NERC for providing the funding and the use of the ICP-OES facility at
Royal Holloway. EPSRC for all other funding. The following people are to acknowledged for
their help regarding ICP-OES data collection and analysis; Jacqui Duffet (Royal Holloway),
Emma Tomlinson (Royal Holloway), Adrian Smith (Baker Hughes) and Janet Barker. The
following persons are to acknowledged for their help with SQUID measurements; Mark Ellerby
(UCL, Physics) and Ian Watts (UCL, Chemistry). Many thanks to lan Wood (UCL, Earth

19



"6SOEH 10] ue) yz0OeH o[dures 10 109ea13d A[IUSIs ST 3¢ 1R A[iqrydeosns ) oY, "SjuouwoInsesawr N pue g7
uoamiaq uoryeredas 10uN)SIP MOys so[dures 9501} YIOg "G MO Pa[00d ST o[dures o1} UM INID0 SUOIeNION} dInjeroduro) [[eus
se pouLrem Afrrerodure) useq Suraey ojdures o[} WOIJ ST 3G~ MO[oq )7 93 Ul U9dS AJMUIIOISIP 9], "SINII0 UOI}ISURI) FUIZIDI]
sse8 urds o) o1oym UoISaI oY) Jo uolsuedxo Ue MOYS S}IOSUI A, 'SOIOUSIOYOP 9 [BWIUIW pue s %7 jo sonyea YSiy A[oArye[or
oary sojdures oMy 9SO, “M69'GT="7 ‘F0OEH ordures st (q) pue 308 8T="7 ‘6SOCH odures st (v) "300&-¢ woy ppy pordde
90 00T ® ut Aiqrydeosns orjeudeur o1} Jo sjuowINseowW (D)) Po[00d PY pue (D7) PO[00d ploy olaz (q) pue () :6 oImS3Ig

(@) (®)

(M) sumesadwa] (M) ainjesadws|
00¢ 0S¢ 00¢ 0s1 001} (0]¢] 0 00¢ 0S¢ 00¢ 0S1 00} 0S 0
1 L 1 L 1 L 1 L 1 1 1 L | | N | 1 1 L 1 L 1 L | L 1
Vv, \4
B Vv v -8 = M vV oy -8
v v - v v
v A v
L “‘ 4 N
oz Sb ol g 0 v, - sz 0z s o 5 0 Vy pal
1 1 1 1 L ‘ 1 1 1 1 1 1 « a
L v FLL v L0l @ v v 3
441 v w v vvy « <
v v - c AT v, -SG50l 3
| ««4 <<<<<<< VY, v 3 i o ’fw «« oL n|v
<<<< nlv vy I « |_-_L
4414144 J._.L 51 w /n.U\V
i ., -2l - @, ff:ﬁ nn ~
w 4¢<<< oh_b
AUA_»u OH_ v 444 B
. od v . 047 v vl 4
047 v .f.« - I ” -2l
1 L 1 N 1 N 1 | N 1 . 1 .VF I N 1 L 1 L 1 " L 1 L 1

20



'6SOEH Pue $g00O¢eH sordures 0} paredurod 193eoIs St 37 16 A[iqrdeosns ) oY ], "PUNOISHOR( PISIRI o) WOIJ POIRIUIS SOUI0IA(
0¢SO¢H ordwes 10J uorjisurI) sse[d ulds oy, ‘SoseaIdUl punoIgyorq onpuseuwrered rodns oY) se sjusWLINSLIW ) pPue N7
uoom)oq uoryeredss Jou)SIp SS9 ® MOYS sojdures 981} Yog 3G MO[a( Pa[00d ST o[dures oY) UsM INIO0 suoljeniony ainjersdurs)
[[ews se pourrem Ajurerodure) usoq Suraey o[dures oy} WOIJ ST G~ MO D)7 U} Ul Ua9s AJMNUIIUOISIP 9], "SINDIO0 UOI}ISURI)
Surzoaxy sse[8 urds oY) oIoYMm UOISAI oY} Jo uolsuedxo Ue MOYS S)IOSUI O], "AOUSIOYOP 9,] ® MOUS PUR S 5] JO SON[BA MO[ 9ARY
sodures omj osoy[, MEG TI="L ‘9¢SOECH ordures st (q) pue 3G €T="L ‘FeSOCH ordures st () "300¢-¢ woy ppy pordde o)
00T ® ur A7Iqrydeosns d11oUSeU 91} JO SJUSWLINSeIW (1)) PI[00D PRY pue (H)47) PI[00D PRY 019z MOTS (() pur (e) :(] 2I8Ig

(a) (®)

(M) aunjesadwal () ainesadwa)
00¢ 06¢ 00¢ 061 001l 0G 0 0o0¢ 06¢ 00¢ 0Gl (0]0]) 0G 0
1 L | L | L | L I L | L L | 1 | 1 | L | L I L | 1 |
T vvw -8 I 8
L <<<<<<<<<<<<<<<< vy L
L ««44 -0l
L 4441 B -0l
m_N o_N m__‘ o__. m 0 <<«< zl
T = s e e o s 9 3 =
= 4““44 -yl m I««« v -Cl nw_u
444 c | ««« c
N v -Gl 3 3
- ..f..._.. v, F9L o : v, -l -vl
v vv v n << l_._L
L Lo, v otgl & i v, RN
M v w B << v Im—‘ w
L v v | o v Lol v
Jd v v loz v 0¢c & | v v 09
o4Z v Y Od v Y v
I v [ - 047 v ’ v fsl
M L -8l
L L L L . ! ! ! 144 1 1 1 f L ] J ] ]

21



Sciences) for obtaining the powder diffraction patterns.
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