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Abstract

Highly frustrated systems have degenerate ground states that lead to novel properties. In
magnetism the consequences of frustration underpin exotic and technologically important
effects, such as high temperature superconductivity, colossal magnetoresistance, and the
anomalous Hall effect. One of the enduring mysteries of highly frustrated magnetism is why
certain experimental systems have a spin glass transition that is not determined by the strength
of the dominant magnetic interactions. In this article we show that the spin glass transition in
the kagome antiferromagnet hydronium jarosite arises from a coherent anisotropic distortion
driven by solvation effects during synthesis. This finding could simplify 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.

(Some figures in this article are in colour only in the electronic version)

Engineering highly degenerate electronic ground states
provides a means to explore much of the exotic physics that
has captivated modern science, particularly in the condensed
matter [1-3]. The simplest examples of frustration come
from magnetism where it can be a simple consequence of
the geometry of the system. Such ‘geometrically frustrated’
magnets have been found to display a rich array of ground
states and, more subtly, ordering mechanisms. Model systems
include in the rare earth magnets, such as gadolinium gallium
garnet (GGG) [4-6] and the pyrochlores, e.g. Gd, T,07 [7-10],
Gd,Sn, 07 [8, 11], ErTi,O7 [12, 13], Y,Mo,0; [14-16].
Good model magnets based on transition metal ions are less
common as their more extended electronic orbitals make
them susceptible to structural distortions that relieve the
frustration. Limiting the discussion to those that do not
show such distortions, examples include the AB,X4 cubic
spinels [17-26]; SrCrq,Cajz_9,O19 [27, 28] and the related
Ba,;Sny GazZnCr;0,;, [29]; the puckered kagome ‘staircases’
Ni3V,0g and Co3;V,0g [30-32]; the jarosites [33-36]; and
the paratacamite-based materials [37—40]. Recently, artificial
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magnetic arrays, such as the dipolar spin ices [41-44],
have been made that allow new possibilities for engineered
Hamiltonians to be developed.

A long-standing question surrounds the observation of
spin glass-like states in highly frustrated systems, and
whether they result from disordered magnetic sites or
bonds [14-16, 45], as they are in conventional spin
glasses [46]. In this article we explore the crystallography
of the model kagome antiferromagnet (KAFM) hydronium
jarosite and show that it is anisotropy, and not random disorder,
that stabilizes the glassy magnetic phase. Our findings support
a model where the zero modes of the KAFM are pushed
to finite energy by anisotropy, leading to a glassy magnetic
phase [47].

Geometric frustration is exemplified by three antiferro-
magnetically coupled spins that form a triangle, as the geome-
try prevents a ground state in which all neighbouring moments
are related by 180°. Instead a compromise configuration occurs
where the spins are mutually oriented at 120°. There are
two degenerate ground states that are distinguished by their

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. The different chiralities and spin folds possible for the kagome antiferromagnet. In (a) all the triangles have the ¥ = +1, while (b)
shows a configuration with staggered k = —1 chiralities. Zero-energy excitations termed ‘spin folds’ (highlighted in yellow) can occur within
structures with both uniform and staggered chiralities: (a) shows a ‘closed spin fold’ based upon a magnetic lattice with staggered chirality
(the /3 x /3 structure); (b) shows an ‘open spin fold’, which traverses a lattice if based upon the uniform chirality (the ¢ = 0 structure).

chirality, defined by the clockwise vector products of spins, k:
2
33

This degeneracy is enhanced by vertex sharing the
triangles to form the two-dimensional (2D) kagome network
(figure 1), as the low connectivity of the lattice prevents
the rule of a 120° ground state configuration from defining
a coherent ground state. A degenerate manifold is formed
that is ‘connected’, i.e. any ground state can be converted
into any other through a series of collective zero-energy spin
reorientations. Termed ‘spin folds’ [47], these are lines of
two sublattices that rotate about the axis defined by the third
sublattice. Planar anisotropy creates an energy cost to spin
reorientations out of the kagome plane, and retards the fluid
motion of spin folds, giving rise to the spin glass state. The
spin glass transition then corresponds to a Kosterlitz—Thouless
transition where intersecting spin folds bind together in the low
temperature phase. Even a weak anisotropy produces a rapid
crossover from a low density to a high density of bound defects,
and consequently a critical transition.

The kagome spin glass phase has several contrasts with
conventional site-disordered spin glasses. Most obviously,
the successive creation of the spin folds is non-Abelian, an
algebra that creates a memory of all the ground states that
were traversed [45, 47]. Also, the spin configurations retain
the 120° ground state rule at all times. The energy landscape
of the magnet is therefore translationally uniform, despite the
disordered spin chirality—a remarkable symmetry that allows
a hidden channel for the low energy Goldstone modes to occur
in the kagome spin glass.

The model kagome antiferromagnet, hydronium jarosite
(H30)Fe;(S0O4),(0OH)g, has attracted considerable attention as
it displays an unconventional spin glass-like phase [45, 48—50].
Two of its most remarkable properties are its magnetic specific
heat that is quadratic with temperature, characteristic of
Goldstone modes in a 2D antiferromagnet, rather than the
linear response expected for a disordered spin glass [46], and
the failure of temperature cycling phase to erase the memory
of spin relaxations in the glassy phase [45, 50]. Both of these
observations are elegantly explained by the kagome spin glass
model and promote hydronium jarosite as an important model
system with which to explore both the nature of spin glasses
and the way in which macroscopic degeneracies can lead to
complex out-of-equilibrium phases.

K [S; xS, +S, xS3+S3+S]. (1)

R(Fe-0)q

Figure 2. The local coordination of the magnetic Fe*" ions. The
apical Fe—O bond is slightly longer than the equatorial Fe—O bond.
This distortion may be characterized by the ratio of bond lengths,
A =1 — R(Fe-0)cq/R(Fe—0)y.

The jarosite crystal structure is best described in the space
group R 3m and has the general formula AFe;(SO4),(OH)g,
(A=H;0%, NH;, K*, Na®, Rb*, Ag', IPb’" or
%TIH) [51]. The Fe’t, § = % ions make up a series
of translationally related kagome layers with an—ABC—
stacking arrangement. These layers are sufficiently well
separated, R(Fe—Fe)interlayer ~5.64 A, that the magnetic
Hamiltonian may be considered essentially 2D, which is
confirmed by our following observations. The magnetic
exchange between Fe ions is mediated through the bridging
hydroxyl groups (figure 2) and the nearest neighbour
distance is R(Fe—Fe)intralayer ~3.67 A. There is a
markedly different behaviour between the hydronium and non-
hydronium jarosites with all of the non-hydronium 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 [35]. Whether
or not this ordering process is one or two staged appears
sample dependent [52]. In all cases, however, the lower
temperature transition occurs at Ty; ~ 55 K [35]. Hydronium
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jarosite is quite different from the non-hydronium jarosites as
it displays a critical spin glass transition at 7, ~ 17 K [45].
The short-ranged spin correlations increase only slowly upon
cooling through this transition [53] and « SR indicates that the
maximum static moment at low temperature is 3.4 up [54].

The hydronium jarosites were synthesized under standard
hydrothermal synthesis conditions [51]. 2 g of Fe,(SO4); were
dissolved in 15 ml of water/methanol [55] solutions and heated
at different temperatures between 120 and 150°C for 21 h
in Pyrex tubes with PTFE screw caps. The non-hydronium
jarosites were synthesized using redox methods where iron
wire is oxidized. [36, 56] The following K,(SO4), (2.44 g,
0.28 mol), and (NH4)2(SO4), (1.85 g, 0.28 mol) were each
dissolved and made up to 25 cm® with distilled water, to
which 1.1 cm?® of concentrated H,SO4 was added. For each
reaction 0.336 g of iron wire, 2 mm diameter, 99.9% were
put with the relevant A-site sulfate solution into a Pyrex tube
(38 cm?® total capacity). The reaction took place at 170°C
over 48 h. Magnetic susceptibility data were collected using
a SQUID magnetometer in a field of 100 G. Single crystal
x-ray diffraction data were taken at 80(2) K using an Oxford
Cryostream and Mo Ko radiation (0.71073 A). The data for
the potassium jarosite was taken at the Daresbury SRS facility
with x-rays of wavelength 0.6893 A at 85(2) K. Position
and peak intensities were extracted from the raw data using
DENZO SMN and scaled using SCALEPACK; SADABS was
used for adsorption correction. SHELX-97 [57] was used for
structure solution and refinement. While the stoichiometry
differences between these samples were too small to be
resolved by chemical analysis or crystal structure refinement,
the latter confirm that the Fe occupancy was >94% for all
samples studied. This insensitivity of the magnetic properties
to Fe occupancy [58] leads us to suggest that the following
crystallographic changes are the result of a dependency of the
A-site hydration number with synthesis conditions [56] that
affects the distribution of protons between the A-site and the
bridging hydroxide during jarosite formation. The connectivity
of the lattice causes these changes at the A-site to compress or
elongate the Fe-coordination octahedron.

Our studies of the single crystal diffraction data reveal
small changes in the geometry of the Fe-coordination
octahedra that correlate with the spin glass freezing
temperature, T,. The Fe** ions occupy the 9d positions of
R3m and have point symmetry 2/m. They are coordinated by 4
hydroxyl oxygen atoms in the equatorial (eq) plane and 2 apical
(ap) oxygen atoms from the sulfate groups as shown in figure 2.
The apical Fe—O bond is slightly longer than the equatorial
bond and the distortion away from octahedral symmetry may
be characterized by deviation of the ratio of bond lengths from
unity: A = 1 — [R(Fe-0).q/R(Fe-0),,]. Figure 3 shows an
apparent linear dependence of 7, with the ratio A: the samples
that have more distorted Fe-octahedra display larger values of
T;. As A is derived from Bragg diffraction, it represents an
ordered crystallographic distortion. The spin glass transition in
hydronium jarosite is therefore the result of an ordered energy
scale associated with A and it is not the simple result of random
disorder, as has been suggested [59, 60].

It should be noted that concomitant with an increase in the
crystallographic c-axis as the kagome layers are pushed apart
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Figure 3. (a) The relation between the critical spin glass freezing
transition in hydronium jarosite, T, and the distortion parameter,

A =1 — R(Fe-0)q/R(Fe-0),,. The more distorted the
Fe-octahedra, the higher the transition temperature. The
approximately linear correlation suggests that the anisotropy
responsible for the spin glass transition is proportional to the extent
of the distortion. The inset shows that the same linear function fitted
for hydronium jarosite can be extended to the antiferromagnetic Néel
ordering temperatures of (NH,)Fe;(SO,),(OH)g (grey triangles) and
KFe;(S04),(OH)g (grey circles). (b) and (c) show that the distortion
largely relates to changes in the c-lattice parameter. The expansion
along ¢ caused by increasing distortion corresponds to a pushing
apart of the kagome layers. The concomitant increase in 7, indicates
that the interlayer exchange is not responsible for the spin glass
transition.

(figure 3(c)), reducing interlayer coupling. The related increase
in T, proves that the interlayer interactions are not responsible
for the spin glass phase, stressing the quasi-2D nature of this
KAFM.

This relationship between the local distortion of the Fe**
and the magnetic ordering is reinforced by studies of the
non-hydronium jarosites which show Néel order. All these
jarosites possess far greater distortions away from octahedral
symmetry than the hydronium member, and correspondingly
higher antiferromagnetic transition temperatures. The inset of
figure 3(a) shows an extrapolation of the linear dependence
of Ty with R(Fe-O)cq/p observed in hydronium jarosite.
Excellent agreement between this trend and the lower
temperature transitions of (NH4)Fe3(SO4)2(OH)¢ (Tna =
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43.0 5) K, Ty1 = 61.0 (5) K, A = 0.03534 (48)) and
KFe3(S04)2(OH)g (T2 =51.7(5) K, Ty =61.5(05) K, A =
0.03916 (20)) evidences a common energy scale between the
ordering transitions in the hydronium and the non-hydronium
iron jarosites, which is all the more remarkable given the
different natures of the orderings. The underlying similarities
of the energy scales responsible for the kagome spin glass
and the ordered Néel states of the jarosites then indicates that
hydronium jarosite is on the verge of Néel order and that the
nature of the low temperature phase is controlled by A. This
mechanism also provides an explanation for the remarkable
‘order-by-disorder’ effect observed following substitution of
AP*T for Fe** in hydronium jarosite [61].

Recent Mossbauer spectroscopy measurements have
shown the Fe** spins in the spin glass phase of hydronium
jarosite lie in the kagome plane [62], confirming the presence
of an effective planar anisotropy. The data shown in figure 3
indicate that in the jarosites, the anisotropy is enhanced by
increasing large distortion, A, away from octahedral symmetry.
As Fe** would naively expected to be § = % and L = 0,
the origin of this magnetocrystalline anisotropy is unclear.
Several energy terms could be involved, e.g. anisotropic
exchange, dipolar energy, the Dzyaloshinsky—Moriya (DM)
interaction [63, 64], or mixing-in of excited contributions
within the 3d> electronic states [65, 66]. Unfortunately, the
nature of a spin glass and the strong microwave absorption by
H30% makes difficult the determination of which is implicated.

Spin wave analysis of potassium jarosite, which shows
Néel order below successive transitions at 77 ~ 60 K,
indicates that a significant DM component, is present at low
temperatures [67]. It is reasonable to conclude that the
presence of a similar component in hydronium jarosite would
also lead to Néel order, crystallizing the lowest energy chiral
state from the degenerate manifold. It therefore appears that
another anisotropy term is present which leads to transition
to the spin glass-like state in this material. Further, the
relationship between transition temperature and the distortion,
A, implicates this anisotropy term in the Néel ordering of the
other jarosites.

In conclusion, we show that the KAFM hydronium
jarosite displays a remarkable glass-like magnetic state. The
underlying basis for this phase is unlike that of conventional
spin glasses as it appears not from random disorder, but from a
regular planar anisotropy which retards the evolution through
the highly degenerate ground state. The stark simplicity of
this model KAFM may therefore provide important insights
into one of the long-standing questions in condensed matter
physics—the nature of the spin glass transition—and more
generally help our understanding of the analogous out-of-
equilibrium dynamics found in diverse systems such as spin
glasses, high T¢ superconductors, neural networks and protein
folding.
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grant number EP/C534654/1. We would like to thank PCW
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Lyon for provision of travel funds; and the UK National
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S Coles and W Clegg.
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