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Abstract
We report an inelastic neutron scattering study of coherent magnetic excitations
in powder and single-crystal samples of the model kagome antiferromagnet
potassium iron jarosite, KFe3(OH)6(SO4)2. Initial measurements on a natural
single crystal using a triple-axis spectrometer revealed a mode with a zone-
centre gap of 7 meV that showed little dispersion within the kagome layers,
as well as some indication of a mode with a zone-boundary energy of
approximately 20 meV. However, the high background from hydrogen in the
sample made it very difficult to search for other excitations. In the absence
of suitable deuterated crystals, measurements were performed on deuterated
powders using time-of-flight neutron spectrometers over a range of temperatures
that include TN � 64 K. This confirmed the flat 7 meV mode as well
as dispersive modes that reached to higher energies. The origin of these
modes is discussed in relation to the most likely Hamiltonian for the magnetic
degrees of freedom in this material, and estimates are made of the strength of
the nearest-neighbour exchange, J1, and contributions from a Dzyaloshinsky–
Moriya interaction or single-ion anisotropy arising from a crystal field.
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1. Introduction

The design, synthesis and study of frustrated antiferromagnets has remained at the forefront
of research in solid-state physics for almost two decades [1–4], driven by the challenges and
insights they provide in many-body phenomena, and also by potential applications. One system
that possesses a relatively simple Hamiltonian but potentially complex physics is the nearest-
neighbour Heisenberg antiferromagnet on a kagome lattice (HKAFM). For classical spins, the
ground state is degenerate, and two of the possible choices of ground state—the so-called q = 0
and

√
3 × √

3 spin structures—are shown in figure 1.
Perturbations to the Hamiltonian such as further-neighbour interactions may select

a particular ground state [5–11], while quantum fluctuations, which are expected to be
significant for small spins, may lead to spin-liquid states [12–17]. Whilst there is a
substantial body of theoretical work on the HKAFM [5, 18–28], suitable model systems
for experimental work are much more limited [2, 29–32]. The most widely studied system
to date has been based on the jarosite family of minerals, with general chemical formula
AM3(SO4)2(OH)6 [6, 7, 10, 11, 33–46]; here A is a univalent cation, and for magnetic
members of the family, the trivalent metal ion M is most commonly iron. Such studies have
established that all the iron compounds possess strong antiferromagnetic exchange, with Weiss
temperatures of the order of −800 K from susceptibility measurements. Almost all members
of the family show long-range magnetic order below a temperature of approximately 50 K,
and the type of order is believed to reflect the nature of additional perturbations to the simple
near-neighbour exchange, including further-neighbour exchange, crystal-field terms [11] and
Dzyaloshinsky–Moriya interactions [8, 9]. Co-operative effects in this family of compounds
are also sensitive to structural and magnetic inhomogeneities [38, 47, 48], and this is believed to
play a role in the somewhat different behaviour of the hydronium (A = D3O+) member of the
family [35, 37]: it has been postulated [45] that hydronium iron jarosite has random fluctuations
in the near-neighbour exchange as a consequence of random protonation of the oxygen atoms
in the exchange pathways, and this leads to glassy magnetic behaviour at low temperature [49].
This experimental work has stimulated considerable complementary theoretical studies of
perturbed kagome systems, revealing rich phase diagrams. In order to test the theory, and
ensure that it relates qualititatively and quantitatively to real materials, it is necessary to have
accurate and precise values for the terms in the Hamiltonian, and the most direct way to do
this is through measurement of spin-wave dispersion by inelastic neutron scattering. This
in turn poses considerable challenges in preparing suitable samples: it is difficult to make
chemically pure compounds, and also to produce single crystals greater than a few microns
across. However, in the past few years both these challenges have been overcome [43, 45, 50],
though the optimum size of crystal synthesis to date has been at the limit of what the most
incisive probe of magnetic fluctuations—inelastic neutron scattering—can be applied to. An
alternative source of crystalline samples is the Earth [51], and natural jarosite crystals have
been found with volumes of the order of 10 mm3.

Here we report inelastic neutron scattering studies of the magnetic excitations in such a
natural crystal of KFe3(SO4)2(OH)6 (which is the most common natural jarosite, and the one
for which there is the greatest choice of suitable crystals), using a triple-axis spectrometer
to map the dynamic susceptibility, χ ′′(Q, ω), at particular values of wavevector Q, and
ω = �E/h̄, where �E is the neutron energy transfer, by scanning along either of these
variables. Whilst this technique allows very detailed characterization of excitations, it is less
well suited to surveys of (Q, ω) space when the system is poorly characterized, or χ ′′(Q, ω)

is small. An alternative method is to use time-of-flight (TOF) techniques, in conjunction with
multi-detectors, to map a large range of Q and ω. Here we report such a study, conducted on
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(a) (b) (c)

Figure 1. The kagome lattice, with (a) the q = 0 array, (b) the
√

3 × √
3 spin configuration, and

(c) the reciprocal lattice vectors and extent of the first Brillouin zone for the purely two-dimensional
real-lattice cell of edge a together with the definition of the co-ordinate axes x and y.

powders of KFe3(SO4)2(OD)6. We also discuss the interpretation of the data in the light of the
most likely leading terms in the Hamiltonian beyond the nearest-neighbour exchange and show
that the parameters that we determine are consistent with those derived from thermodynamic
data such as the magnetic susceptibility, and the observed spin structures.

2. Experimental details

2.1. Sample composition and magnetization studies

The natural sample of jarosite that was used originated in Eureka, Utah, USA and had a
mass of 14.9 mg, corresponding to a volume of approximately 4.9 mm3, calculated using a
density of ρ = 3 × 10 g cm−1 [51]. Some of the surface was facetted in a manner that was
compatible with the R3̄m space group, and the orientation of the c-axis was inferred from
this; this orientation was later confirmed by neutron diffraction. The atomic composition was
checked by energy-dispersive x-ray emission using a Hitachi S4700 instrument fitted with an
Oxford ISIS EDS system. This revealed the presence of potassium (but no other element that
was also likely to sit on the A site) and iron (but no other element such as aluminium that
was also likely to sit on the M site); sulfur and oxygen were also detected. A very precise
and accurate determination of the site coverage with respect to iron was not possible using
these energy-dispersive x-ray emission measurements, our estimate being 95 ± 3% coverage.
It was also studied by neutron diffraction, yielding the occupancy of the iron site to be
96 ± 1%. A rocking scan, performed by rotating the crystal about an axis perpendicular to a
horizontal scattering plane for the magnetic 1 0 5/2 reflection at 20 K, revealed two crystallites,
separated by approximately 0.5◦. dc magnetization measurements were performed on the
aligned crystal using a superconducting quantum interference detector (SQUID) magnetometer,
together with polarized neutron diffraction measurements in zero magnetic field, and the
results of these studies are reported elsewhere [52]. However, it should be noted here that
the Néel temperatures determined from susceptibility and neutron diffraction measurements
were 64.0(5) and 63.00(5) K respectively, the cell parameters at 20 K were determined as
a = b = 7.230(4) Å and c = 17.13(1) Å, and the magnetic propagation vector was determined
to be 0 0 3/2. A deuterated powder sample was also prepared, using standard techniques [38].

2.2. Neutron spectroscopy

The single-crystal sample was mounted inside a helium-flow cryostat on the triple-axis
spectrometer IN8 at the Institut Laue–Langevin (ILL) in one of two orientations. In the first,
the vectors a∗ and b∗ were in the horizontal scattering plane, and in the second the vectors
(a∗ + b∗) and c∗ were in that plane. The monochromator (vertically focusing) and analyser
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Figure 2. Dispersion of excitations observed in a natural single crystal of potassium iron jarosite for
neutron energy loss up to 24 meV along Q = (h h 1.5) at 5 K. Solid circles distinguish excitations
attributed to the weakly dispersive mode, while open circles distinguish excitations attributed to the
more strongly dispersive modes. The dotted lines represents spin-wave branches calculated for the
crystal field (CF) model with parameters J1, E , and D optimized to fit the strongly dispersing data at
Q = (1.0 1.0 1.5), (1.4 1.4 1.5), (1.5 1.5 1.5), as well as the weakly dispersive mode at (1.0 1.0 1.5);
the solid lines represent the spin-wave branches calculated using the Dzyaloshinsky–Moriya (DM)
model with parameters J1 and Dz optimized through fits to the same set of excitations. The two
upper branches calculated using the DM model partly or wholly obscure branches calculated using
the CF model.

(horizontally focusing) both used the 0 0 2 reflection of pyrolytic graphite, and there was 60′
collimation between the monochromator and the sample, with other parts of the instrument
open. The instrument was run with a fixed, final wavevector such that |k f | = 2.66 Å

−1
. A

search for magnetic excitations was made at 5 K, first with a constant energy transfer of 3 meV,
and then constant-Q scans were carried out over a range of neutron energy transfer from −2 to
25 meV. Scans were concentrated near prominent magnetic Bragg peaks such as 1 1 3/2.

For measurements on the powder sample, approximately 10 g of the material was loaded in
an aluminium can and inserted in a helium cryostat, and placed on either the TOF spectrometer
MARI at the ISIS Facility, UK, or IN4 at the ILL. Incident energies of 8, 15 and 60 meV were
used on MARI, allowing us to resolve excitations down to 1 meV from the elastic scattering,
while on IN4 the incident energy was 48 meV, allowing excitations to be resolved from the
elastic scattering down to approximately 4 meV.

3. Results

3.1. Excitations in the single-crystal sample

Constant-Q data taken from (1 1 1.5) to (1.5 1.5 1.5), over the energy range 0–24 meV showed
a sharp excitation with a modest dispersion, ranging from approximately 7–9 meV in energy.
This was least-squares fitted to a Gaussian curve convoluted with the instrumental resolution
function to yield the energies summarized in figure 2. In addition, and prompted by the
observation of a more strongly dispersive mode in a powder sample (see below, section 3.2),
we looked for excitations of smaller scattering cross-section that lay on a branch whose energy
reached approximately 20 meV at the zone boundary. The most distinct examples of these
additional excitations are also given in figure 2, while data taken at points (h h 1.5) with h
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Figure 3. (a) χ ′′(Q, ω) for deuterated potassium iron jarosite powder measured on spectrometer
MARI at 5 K with incident energies 60 meV and (b) S(Q, ω) measured for the same sample on the
same instrument with an incident energy of 15 meV.

in the range 1–1.3 could not be distinguished from the background and/or the less strongly
dispersing excitation.

3.2. Excitations in the powder sample

The imaginary part of the dynamic susceptibility of the system, χ ′′(Q, ω), was calculated from
the dynamic structure factor, S(Q, ω), using the detailed balance condition:

χ ′′(Q, ω) = (1 − exp(−h̄ω/kBT )) · S(Q, ω). (1)

Plots of χ ′′(Q, ω) or S(Q, ω) taken from data gathered on spectrometer MARI at 5 K, and then
on spectrometer IN4 over a range of temperatures that include TN , are displayed in figures 3
and 4. The weakly dispersive mode at ∼7 meV that was observed in the single-crystal sample
is also apparent in the TOF data, and disappears on warming through TN (figures 4 and 5).
The intensity of the mode is modulated in Q, with clear maxima in the regions of |Q| = 1,
and 3 Å

−1
. The MARI data also reveal dispersive modes rising from a point centred near

|Q| = 1 Å
−1

(see figure 3(a)) and stretching towards an energy compatible with that observed
at the zone boundary energy in the single-crystal measurements. Above 10 meV, one clearly
sees the two branches corresponding to τ ±q (figure 3(a)). This dispersive mode has an energy
gap at the magnetic zone centre of 1.7 ± 0.4 meV.

If one assumes coupling between the kagome layers to be negligible, we need only consider
the symmetry of the problem in the ab planes and the real lattice vectors are then a = ax and
b = −(a/2)x + (

√
3a/2)y, where a = 7.23 Å is the edge of the real lattice in the q = 0

structure (equal in potassium iron jarosite to twice the nearest-neighbour iron–iron separation),
and orthogonal vectors x and y are displayed in figure 1(c). The reciprocal lattice then has
vectors a∗/2π = (1/a)x + (1/

√
3a)y and b∗/2π = (2/

√
3a)y, which for potassium iron

jarosite leads to a second Brillouin zone centred at |Q| = 4π/
√

3a = 1.00 Å
−1

— compatible
with the observed position of the first intensity maximum in the TOF data.

In principle, one could model such data to obtain leading parameters in the magnetic
Hamiltonian if an expression for S(Q, ω) was available and a powder average taken; in the
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Figure 4. χ ′′(Q, ω) for deuterated potassium iron jarosite powder (TN � 64 K) measured on
spectrometer IN4 at (a) 1.5 K, (b) 57.5 K and (c) 150 K.

absence of such an expression, it is unreliable to assume that some of the more distinct
dispersive elements correspond to specific modes.

A second feature may also be distinguished at low temperature at approximately twice the
energy of the weakly dispersive mode, with a similarly flat dependence on Q, though it is also
broader in energy and less intense. This is most likely to reflect the zone-boundary energy of the
one-magnon excitation spectrum, though it could also be some form of two-magnon excitation.
Figure 5 displays cuts through the data along an energy axis, centred at |Q| = 1.75 Å

−1
, as a

function of temperature, clearly revealing a mode centred near 8 meV, and the broader feature
centred near 16 meV.

4. Discussion

4.1. General considerations on the Hamiltonian

Expressions already exist for the dispersion of spin-waves in various forms of kagome
antiferromagnet, so we first discuss which, if any, are appropriate for this system. The
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Figure 5. χ ′′(Q, ω) for deuterated potassium iron jarosite (TN � 64 K) measured on spectrometer

IN4 at Q = 1.75 Å
−1

and temperatures 1.5 K (open circles), 57.5 K (grey circles) and 150 K
(closed circles).

leading term is undoubtedly the nearest-neighbour exchange, J1, which alone would lead to
the following Hamiltonian:

H = J1

∑

〈i, j〉
Si · S j (2)

where the sum is over all spins i and their nearest-neighbours j . This term gives three branches
in the Brillouin zone for the q = 0 structure: one is a non-dispersive, zero-energy mode (ε1),
and the other two (ε2, ε3) are degenerate, and disperse to a maximum energy 2J S at the zone
boundary [5, 53].

Consideration both of the various exchange pathways and also of the collective properties
of the iron jarosites has led to the conclusion that inter-plane exchange, J ′, is much less than
J1 [50]; further-neighbour in-plane exchange interactions J2 and J3 are likely to be intermediate
between J1 and J ′. Dispersion relations have been derived for antiferromagnets with up to
third further-neighbour interactions within the kagome layers [5, 53]. Other perturbations to
the simple Hamiltonian (2) that have been considered are single-ion anisotropies arising from
crystal field (CF) terms [11] and a Dzyaloshinsky–Moriya (DM) interaction [8, 9]. Both these
terms raise the energy of the non-dispersive, zero-energy mode, and may also perturb the energy
of the dispersive modes [54].

4.2. Single-ion anisotropy and the crystal field model

Crystal-field effects are anticipated to be weak for the octahedrally coordinated high-spin 3d5

ion Fe3+. However, the deviation of the local coordination from perfect cubic symmetry,
combined with finite spin–orbit coupling, leads to additional single-ion anisotropy terms of
the following form appearing in the Hamiltonian [11]:

H = D
∑

i

(Sz′
i )2 − E

∑

i

(Sx′
i )2 − (Sy′

i )2 (3)

where x ′, y ′ and z ′ refer to a local coordinate system in which z ′ is the four-fold axis of the
axially distorted coordination octahedron of iron, and x ′ and y ′ are perpendicular to z ′ and each
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Figure 6. Different forms of the q = 0 spin structures of the kagome lattice in the jarosite structure.
The rhombus depicts the nuclear unit cell projected onto the ab plane with the b-axis horizontal,
while (a) and (b) possess a uniform chirality +1 and −1, respectively.

other and bisect the angle O–Fe–O for those atoms in the equatorial plane of the canted FeO6

octahedra. Dispersion relations have been derived for this case [11] as follows:

εi (q) = S
√

(J1(2 − λi (q)) + 2(E − D) + 2(E + D)(cos2 θ))(2J1(1 + λi (q)) + 2(E + D)(2 cos2 θ − 1))

(4)

where θ is the canting of the four-fold axis of the distorted FeO6 octahedra from the
crystallographic c-axis, and the values of λi (q) are:

λ1 = −1; (5a)

λ2,3 = 1

2

⎛

⎝1 ±
√

−3 + 4

(
cos2 qx + cos2

(
qx − √

3qy

2

)
+ cos2

(
qx + √

3qy

2

))⎞

⎠ (5b)

where qx and qy are components of q in directions x and y, as defined in section 3.2 and
illustrated in figure 1(c).

The zero-energy mode of the simple kagome antiferromagnet remains non-dispersive, but
for D, E 	 J1 now lies at the energy:

ε1 = S
√

6J1(D + E)(2 cos2 θ − 1). (6)

D and E also have an influence on the most stable spin array, favouring structures in which just
one type of spin chirality is found in the triangular plaquettes (for instance, selecting the q = 0
structure over the

√
3×√

3 spin structure), and further selecting +1 or −1 chirality, depending
on the sign of E (figures 6(a) and (b)). Finally, competition between D, E and J1 may lead
to spin-canting, with the angle δ between the spins and the xy planes when D, E 	 J1 given
by [11]:

sin δ �
D + E

3J1
sin 2θ. (7)

Iron jarosites studied to date have a q = 0 spin structure of +1 chirality as far as the projections
of moments in the ab plane are concerned, and some degree of canting towards the c-axis,
depending on the temperature. When the potassium salt is cooled from the paramagnetic
state, it may pass through two successive phase transitions, though this does vary between
samples [6, 55, 56]. The higher-temperature phase has an ‘umbrella’ spin structure, with a
significant component of spin along the c-axis (of the order of 10◦–20◦); the lower-temperature
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phase has a much smaller component along the c-axis. The sense of the canting in any ab
plane is antiparallel to that in nearest-neighbour planes, so in zero field there is no spontaneous
moment. Magnetization measurements yield an estimate of the canted angle in the low-
temperature phase to be at least 0.65(6)◦ at 50 K [50], and zero-field magnetic polarimetry
indicates that the upper limit for any canting is of the order of 1◦ at 20 K [52]. This latter result
was for the same sample for which the current single-crystal inelastic neutron scattering data
are reported.

Excitations at Q = (1.4 1.4 1.5) and (1.5 1.5 1.5) and the excitation of lower energy at
Q = (1.0 1.0 1.5) were attributed to the more strongly dispersive modes (ε2,3) and values
of energy calculated in terms of J1, D and E using λ2,3 as defined in (5b), while the energy
of the zone-centre mode at 7 meV was attributed to the weakly dispersive branch (ε1) and its
energy calculated using the value of λ1 given in (5a). The value of θ was taken to be 21◦,
based on neutron diffraction data taken on the same sample at 20 K [52]. Values of J1, D and
E were then optimized through least-squares fitting of the appropriate expressions to the data,
yielding the following values: J1 = 3.50(3) meV, D = 0.47(2) meV and E = 0.038(2) meV.
These in turn yield an estimate of the spin canting angle δ = 1.86◦ from equation (7), which is
significantly larger than the upper limit determined experimentally.

4.3. Dzyaloshinsky–Moriya interactions

A DM interaction introduces the following term to the Hamiltonian:
∑

〈i, j〉
Di j · Si × S j . (8)

Here, the vector Di j may have components both parallel and perpendicular to the kagome layers
Dxy and Dz , respectively; the former is forbidden by symmetry when the kagome layers of Fe
ions act as a mirror plane for the nearest-neighbour oxygen atoms, and is therefore allowed in
the iron jarosites with canting of the iron–oxygen octahedra away from the c-axis. Depending
on the balance between Dxy , Dz and J1, various forms of spin-structure may be stablilized. Dz

selects one of the two types of q = 0 spin-array depicted in figures 6(a) and (b) with +1 or
−1 chirality, respectively—with positive values of Dz favouring the former. Dxy favours the
canting of moments out of the kagome layers. The canting angle η may be estimated from the
values of Dxy , Dz and J1 using the expression:

tan(2η) = 2Dxy√
3J1 + Dz

(9)

where Dxy and Dz may also influence the spin-wave dispersion, and in particular Dz raises the
energy of the zero-energy mode so that it becomes [9, 54]:

ε1 = S
√

6
√

3J1 Dz + 18D2
z . (10)

We fitted the same spin-wave excitations as were used in the analysis of the previous section
with the CF model: the excitation of higher energy at Q = (1.0 1.0 1.5), together with the two
most distinct points on what is believed to be the strongly dispersive modes, were fitted to (10)
and the closest dispersion relation available in the literature for a kagome antiferromagnet with
a DM term [54]:

εi(q) = S
√

2(J1(1 + λi (q)) + Dz

√
3)(J1 + Dz

√
3)(2 − λi (q)) (11)

where λi (q) is as given in (5a), (5b). The presence of a term Dxy will produce a gap at the
zone centre for the more strongly dispersing branches, but without any explicit expression to
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do this, we chose not to fit the data to the lower-energy excitation at Q = (1.0 1.0 1.5). The
result of this analysis is illustrated in figure 2, and yields the following optimized parameters:
J1 = 3.33(5) meV and Dz = 0.21(1) meV. There are two further caveats to this analysis: first,
both DM and CF terms may co-exist and, although it has been argued that the CF terms are
likely to be substantially smaller than the DM terms [8], they may still give rise to significant
errors in the optimized DM parameters; second, the fact that the mode whose energy is 7 meV
at (1.0 1.0 1.5) disperses indicates that further-neighbour exchange is significant.

The xy component of D may be estimated from the canting angle, assuming it to be the
dominant factor determining this parameter. Using a value η = 1◦ to provide an upper limit for
the sample on which our spin-wave data were taken [52], we find from (9) that the upper limit
on |Dxy | is 0.10(2) meV; note that this analysis is unable to provide the sign of Dxy [54].

5. Conclusions

We have observed coherent magnetic excitations in a natural single-crystal sample of the
model kagome antiferromagnet potassium iron jarosite. These modes were confirmed by
TOF inelastic neutron scattering from deuterated powders, and the studies were extended to
include their dependence on temperature. The spin-wave spectrum contains modes that disperse
strongly in the a∗b∗ plane, as well as weakly dispersive modes whose energy scale depends
both on the exchange and smaller terms in the Hamiltonian such as components of a DM
interaction or a single-ion anisotropy. Appropriate spin-wave dispersion relations were fitted
to the most distinct excitations. A model in which the principal perturbations to the simple
near-neighbour kagome antiferromagnet arose from CF effects yield the optimized parameters:
J1 = 3.50(3) meV, D = 0.47(2) meV and E = 0.038(2) meV; these in turn yield an estimate
of the spin-canting angle δ = 1.86◦. A second model in which a DM term Dz was present
yielded the parameters J1 = 3.33(5) meV and Dz = 0.21(1) meV; these parameters, together
with a measured upper limit on any spin-canting out of the kagome layers, provides an estimate
of 0.10(2) meV for |Dxy |. It should be noted that the values of J1 deduced from susceptibility
data [5] using a series expansion based on the simplest Hamiltonian (1) was 3.9 meV [46].
Discrepancies between the parameters may reflect the absence of further-neighbour exchange
in our models.

Clearly what is needed now is a deuterated crystal of sufficient size to perform further
inelastic neutron scattering measurements of dispersions of the various magnon modes and
their structure factors, together with theory that enables the calculation of these properties for
a Hamiltonian that includes not only DM and single-ion anisotropy terms, but also further-
neighbour in-plane exchange, and the presence of canting of moments out of the kagome
layers. We should then have the most powerful set of tools to determine all of these parameters
precisely and accurately, and determine whether classical theory is sufficient to explain the
static and dynamic properties of classical kagome antiferromagnets.
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