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Magnetic structure of the kagomélattice antiferromagnet potassium jarosite KFe3„OH…6„SO4…2
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We have examined the magnetic structure of thekagome´ lattice antiferromagnet potassium jarosite„K
jarosite: KFe3~OH!6~SO4!2… by means of powder neutron diffraction. Extremely high degeneracy of the ground
states prevents the long-range magnetic ordering at any temperature and the)3) structure is predicted
theoretically to be favored rather than theq50 structure atT50 in a kagome´ lattice Heisenberg antiferro-
magnet. Nevertheless, K jarosite shows long-range magnetic ordering at 65 K and the ordered magnetic
structure was found to be theq50 structure. In addition, although theq50 structure has two degenerated
states of ‘‘positive’’ and ‘‘negative’’ chirality, the observed magnetic structure contains only elemental tri-
angles of positive chirality. We found that a weak single-ion-type anisotropy is crucial for selecting the
observed magnetic structure. The long-range magnetic ordering at finite temperature in the jarosite family of
compounds can be ascribed to this anisotropy.
he
ce
th

e
nt

st
ng

rg
s
-

bo

e
a
s

. 1

ic

n

fo

e
ct

v

ia-

ts.
nd
n-
fore
to
-
tion
b-

large
I. INTRODUCTION

Magnetically frustrated systems, particularly in which t
frustration is caused by mainly the geometry of the latti
have been a subject of recent intensive experimental and
oretical works.1 A kagome´ lattice is an example of thos
lattices, which are commonly composed of triangles of a
ferromagnetic interactions. The ground-state properties
spins on thekagome´ lattice coupled to each other via neare
neighbor antiferromagnetic interaction have been a lo
standing theoretical issue. Especially, thekagome´ lattice an-
tiferromagnet of classical Heisenberg spins has a la
number of degenerated ground states and hence doe
develop long-range order~LRO! at any temperatures. In
stead, novel ground states are expected asT→0.2,3

Several perturbations, such as further-neigh
interactions,4 lattice disorder,5 and anisotropy,6 which are
usually encountered in a real magnet, can lift such deg
eracy of the ground state, and may cause long-range m
netic ordering. The jarosite family of compound
AFe3~OH!6~SO4!2 (A5H3O, Na, K, NH4, Rb, Tl, Ag! has
thekagome´ lattice in the crystal structure, as shown in Fig
for K jarosite. The magnetic ion Fe31, which is centered in
an oxygen octahedron, is well approximated by a class
Heisenberg spin withS55/2 and forms akagome´ lattice in
the ab plane, which is widely separated from an adjace
kagome´ plane by nonmagneticA1 and SO4

22 ions. The mag-
netic susceptibility has been measured and was found to
low a Curie-Weiss law with negative Weiss temperatureQ
;2700 K,7–9 indicating a major interaction between th
spins is antiferromagnetic. Therefore, jarosites are expe
to be a good model of a two-dimensional Heisenbergkagome´
lattice antiferromagnet. However, most of jarosites ha
magnetic LRO belowTN;60 K.7–10 Although the small val-
PRB 610163-1829/2000/61~18!/12181~6!/$15.00
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ues ofTN /Q;0.1 show a large degree of frustration, dev
tion from an ideal Heisenbergkagome´ lattice antiferromag-
net must be present and induce the LRO in these magne

In this paper, we measured magnetic susceptibility a
powder neutron-diffraction patterns of K jarosite. Neutro
diffraction measurement of K jarosite has been made be
by Townsendet al.8 They, however, appears to have failed
determine a correct ordering pattern.10 We obtained a reason
able magnetic structure with respect to the spin configura
between thekagome´ planes from the neutron data. The o
tained magnetic structure is the so-calledq50 type 120°

FIG. 1. Crystal structure of K jarosite. The FeO6 octahedra and
SO4 tetrahedra are shaded. The K and H sites are shown as
and small spheres, respectively. The inclined FeO6 octahedron and
the local coordinate~x8, y8 andz8! on the Fe31 ion are also shown.
12 181 ©2000 The American Physical Society
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12 182 PRB 61T. INAMI, M. NISHIYAMA, S. MAEGAWA, AND Y. OKA
spin structure in theab plane. Theq50 structure is usually
doubly degenerated due to the direction in which the sp
turn, clockwise or counterclockwise. However, theq50
structure observed in K jarosite was found to possess o
triangles on which the spins turns clockwise. We introdu
weak single-ion-type anisotropy by considering local sy
metry of the Fe site in order to explain the observed unus
feature of the magnetic structure and will show importan
of the anisotropy on the ordering in K jarosite.

II. EXPERIMENTAL

Two powder specimens~K jarosite 1 and deuterated 2!
were obtained by hydrothermal treatment. The K jarosit
was synthesized by reacting Fe2~SO4!3–K2~SO4! solution at
200 °C for 56 h sealed in a Pyrex ampule using an autocla
The obtained precipitation was washed with hot water a
dried. For reducing large incoherent background from pro
in neutron diffraction measurements, the deuterated
jarosite 2 was prepared in the same manner as sample
180 °C for 36 h using 99.75% D2O. Fe2~SO4!3 dehydrated
at 400 °C for 3 h was used in order to avoid contamination
hydrogen. X-ray powder-diffraction analysis showed that
products were single phase. Typical dimension of the sam
1 was about 5–20mm from SEM observation.

The susceptibility was measured with increasing tempe
ture from 2 to 300 K under a magnetic field 500 Oe usin
superconducting quantum interference device magnetom
~Quantum Design: MPMS2!. Due to a small amount of para
magnetic impurity, the susceptibility tends to diverge towa
0 K. We extracted the impurity part as below. The magn
zation curves were measured up to 5 T at several tempera
tures and were divided into two parts; magnetization wh
is linear in magnetic field and one which follows the Br
louin function. The latter component was associated w
impurities and was subtracted from the observed suscep
ity.

Neutron-diffraction measurements were performed on
high-resolution powder diffractometer HRPD and the trip
axis spectrometer TAS-2 installed at the research rea
JRR-3M, JAERI ~Tokai!. The powder neutron-diffraction
pattern of sample 1 was collected on HRPD at 10 K from
to 165° in 2u with a wave length 1.823 Å. Neutron
diffraction patterns of sample 2 were measured on TAS-2
temperatures 7 and 100 K from 15 to 85° in 2u with a wave
length 2.365 Å. The temperature dependence of magn
Bragg reflections was measured on TAS-2 with the two-a
mode. Samples 1 and 2 were contained in cylindrical va
dium cans with4He exchange gas with diameters of 6 and
mm, respectively, and cooled by a conventional4He closed-
cycle refrigerator. All diffraction pattern were analyzed usi
the Rietveld refinement programRIETAN.10,11 In the refine-
ments, the background was fitted with a 12-term polynom
~sample 1! and a nine-term polynomial~sample 2! and a
pseudo-Voigt peak shape function was employed. The m
netic form factor of Fe31 was used to calculate the magne
scattering amplitude.

III. RESULTS

The susceptibility of samples 1 and 2, of which the imp
rity part was subtracted, is depicted in Fig. 2. Above 100
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the susceptibility appears to follow a Curie-Weiss law. O
tained Weiss temperatures and Curie constants are liste
Table I. The Weiss temperatures are of the order of2700 K,
implying a large antiferromagnetic interaction between
spins. Since the absolute values of the Weiss temperat
exceed the measured temperature range, a Curie-Weiss
may not be applicable. Harriset al. calculated the uniform
susceptibilityx0 of a kagome´ lattice using high-temperatur
expansions.4 They showed thatx0 deviates from the Curie-
Weiss law due to the short-range correlation and is expres
at low temperatures as the corrected Curie-Weiss law

x05
C8

T1Q8
, ~1!

where C85 9
8C, Q85 3

2Q, and C and Q are conventional
Curie constant and Weiss temperature, respectively. If
nearest-neighbor interaction in thekagome´ plane is domi-
nant, the exchange constantJ is estimated to be about220 K
from Q52zJS(S11)/3 where z54. The effective Bohr
magnetonsmeff were evaluated to be 6.060.2 and 5.9
60.1mB for samples 1 and 2, respectively, usingC
5Nmeff

2 /3kB where meff5gmBAS(S11), and are in good
accordance with the free-ion value 5.92mB (g52). This as-
sures that the occupancy of the Fe site is close to un
10367%~sample 1! and 10063%~sample 2!. A single cusp
was observed at 65 K for both samples and is considere
be the appearance of the long-range magnetic order as
be shown later in neutron-diffraction measurements.

Figure 3 shows the observed, calculated and differe
neutron powder-diffraction patterns for sample 1 measure
10 K. We only measured magnetically ordered phase,
cause nuclear and magnetic Bragg peaks have already
assigned in the previous measurements.8,10 The background

FIG. 2. Magnetic susceptibility of K jarosite 1 and 2.

TABLE I. Curie constants (C8) and Weiss temperatures (Q8)
deduced from the magnetic susceptibility using Harris’s correc
Curie-Weiss law. Effective Bohr magnetons (meff) were evaluated
from C859/8C andC5Nmeff

2 /3kB . See text.

C8/(emu K/mol) Q8/K meff /mB

1 15.3~7! 2800~50! 6.0~2!

2 14.8~5! 2720~30! 5.9~1!
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was very high owing to the strong incoherent scattering fr
proton. Refinement was performed for nuclear and magn
structure simultaneously. The determination of the magn
structure will be described later. For the refinement of
nuclear structure, we used the atomic coordinates in Ref.
initial parameters. The space group of the crystal structur

R3̄m. The occupation factors of K and Fe sites were fr
because the partial substitution of H3O

1 for K1 and vacan-
cies of the Fe sites have been reported for jarosites.8,12 The
refinement readily converged toRwp53.87%. The deduced
parameters and selected bond lengths are summarize
Table II. The obtained occupancy at the Fe site is very h

FIG. 3. Observed~dots! and calculated~solid line! neutron-
diffraction profiles of K jarosite 1 at 10 K. The difference is show
below. Reflection positions are marked for nuclear reflections~up-
per! and magnetic reflections~lower!.
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(9961%) and agrees with the susceptibility result me
tioned above, while there seems to be a medium deficienc
the K site.

The magnetic structure was determined as follows. T
diffraction patterns of the deuterated sample 2 measure
100 and 7 K are shown in Fig. 4. A quite low backgrou
indicates that almost complete substitution of deuteron
proton and this is of great advantage to estimate magn
intensity. The magnetic reflections could be indexed us
hexagonal setting as shown in Fig. 4~b!. There is an apparen
extinction rule thath2k12l 53n ~n: integer!, hence the
space group is found to belong to rhombohedral one. T
magnetic unit cell is twice as large as the nuclear one al
the c axis and contains independent six spins. Howev
since the magnetic reflections are observed only athkl/2 ~l:
odd integer!, the spin at~x,y,z! is antiparallel to one at
(x,y,z11), thus only three spins are truly independent in t
unit cell. Here we employed the 120° structure because
nearest-neighbor interaction between the spins is antife
magnetic. This is the so-calledq50 structure for akagome´
lattice antiferromagnet. There are two possibilities for sp
configuration depending on the chirality as shown in Fi
5~a! and 5~b!. The chiral vectorn is defined as

n5S 2

3)
D ~S13S21S23S31S33S1!, ~2!

whereS1 , S2 , andS3 are spins on the vertices of an eleme
tary triangle. When the three spins form a coplanar 12
refine-
TABLE II. Crystallographic and magnetic data and selected bond lengths deduced from Rietveld
ments for K jarosite 1~10 K! and deuterated K jarosite 2~7 K!.

Sample 1 a57.2999(3) Å,c517.1157(5) Å
Rwp53.87%,Rexp52.49%,RF57.12%,RM511.05%
Occupancy x y z Biso/A

2

K 3a 0.93~3! 0.0 0.0 0.0 0.7~3!

Fe 9d 0.99~1! 0.5 0.5 0.5 0.43~9!

S 6c 1.0 0.0 0.0 0.3092~7! 0.6~2!

O~1! 6c 1.0 0.0 0.0 0.3941~3! 0.2~1!

O~2! 18h 1.0 0.2227~2! 20.2227 20.0534~2! 0.51~8!

H 18h 1.0 0.1953~4! 20.1953 0.1106~3! 1.5~1!

O~3! 18h 1.0 0.1287~2! 20.1287 0.1349~2! 0.52~8!

Fe-O~2! 32 2.065~3! Å mFe/mB 3.80~6!

Fe-O~3! 34 1.989~1! Å
O~3!-O~3! 32 2.806~3! Å

32 2.819~5! Å

Sample 2 a57.3013(8) Å,c517.097(1) Å
Rwp56.45%,Rexp53.72%,RF51.17%,RM51.38%

K 3a 1.0 0.0 0.0 0.0 0.1
Fe 9d 1.0 0.5 0.5 0.5 0.1
S 6c 1.0 0.0 0.0 0.311~1! 0.1
O~1! 6c 1.0 0.0 0.0 0.3941~6! 0.3
O~2! 18h 1.0 0.2238~4! 20.2238 20.0534~3! 0.3
D 18h 1.0 0.1957~4! 20.1957 0.1106~3! 1.0
O~3! 18h 1.0 0.1286~4! 20.1286 0.1361~4! 0.3

mFe/mB 3.80~3!
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structure, the normal component ofn to the spin plane has
the largest~or smallest! value 11 ~or 21!. Here we follow
the convention that the chirality is11 when the spins rotate
clockwise by 120° as one traverses around the triangle clo
wise. We calculated magnetic structure factors of models~a!
and ~b! with varying f by a 30° step for two cases that th
spins are in theab and ac plane. Interestingly, while the
structure factor is a function off for the model~a!, it is
independent off for the model~b!. The good agreement wa

FIG. 4. Observed, calculated and difference neutron-diffrac
profiles of deuterated K jarosite 2, at~a! 100 K and~b! 7 K. Vertical
ticks indicate the positions of nuclear@~a! and upper row in~b!# and
magnetic@lower row in ~b!# Bragg reflections. Magnetic reflection
are indexed in~b!. The lower ticks in~b! are generated using spac

group 1̄.

FIG. 5. ~a! q50 structure with11 chirality, ~b! q50 structure
with 21 chirality, ~c! )3) structure, and~d! the best model of
the magnetic structure for K jarosite. The plus and minus si
indicate the chirality of the triangle of the spins.
k-

obtained for the model~a! at f590° ~and 290°! with the
spins in theab plane. It should be noted that only this mod
can reproduce a remarkable feature in the diffraction pat

that the observed intensity of 011
2 is very weak. Model~a!

with fÞ90° and model~b! result in much larger intensity a

011
2 . Refinement using this model successfully converged

Rwp56.45%. The results are also summarized in Table
and the obtained magnetic structure is shown in Fig. 5~d!.
All occupancy factors and thermal parameters of sampl
were fixed during the refinement, because the measu
range of 2u is too small to reliably extract those paramete
The same model of the magnetic structure was applied in
refinement of sample 1. The spin configuration between
kagome´ planes is easily understood; a nearest-neighbor
romagnetic coupling between the spins on adjacent pla
@J8 in Fig. 5~d!# simply leads to our magnetic structure.13

The magnitude of the ordered moments per Fe31 ion was
evaluated from the refinements to be 3.80~6! and 3.80(3)mB
for samples 1 and 2, respectively.

The peak intensities of the magnetic reflections, shown
a function of temperature in Fig. 6, decrease monotonic
with increasing temperature with similar way. The orderi
temperatures of samples 1 and 2 are estimated to be
61 K and 6561 K, respectively. Since the temperatures
which the cusps are observed in the susceptibility are in g
agreement with the temperatures at which the magn
Bragg peaks disappear, those anomalies in the susceptib
can be ascribed to the onset of the long-range magnetic
dering. For the sample 2, we show temperature depend

of three magnetic reflections 017
2 , 105

2 , and 113
2 . These in-

tensities are normalized at 10 K and decrease as almos
same manner with increasing temperature. Thus the ra
between the three reflections are almost constant over
measured temperature range, hence it turns out that the
no notable change in magnetic structure in the ordered ph

In the last part of this section, we mention sample dep
dence in K jarosite. Two anomalies in the magnetic susc
tibility for K, Na, and NH4 jarosites were reported prev
ously, and combined with the NMR results, successive ph
transitions in these compounds were concluded.9 However,
the newly synthesized samples in the present study sho
single cusp in the susceptibility. For jarosite-type co
pounds, a deficiency in the alkaline and transition-metal s
is reported, and the degree of the deficiency depends
preparation condition.12 The magnetic properties may de
pend on those deficiencies. Within the accuracy of the
etveld refinements, however, no significant difference w
observed in occupancy factors between the previous sam
and present ones. In addition, there is no clear differenc
the ordered magnetic structure and in the temperature de
dence of the magnetic Bragg peaks. Although the susce
bility behaved really differently between the samples nearTN
~probably due to the deficiency!, magnetic properties wel
belowTN are considered to be insensitive to preparation c
dition.

IV. DISCUSSION

As seen in the previous section, the ordered magn
structure has the quite specific features and gives us fru

n

s
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FIG. 6. Temperature dependence of magne
Bragg peaks,~a! sample 1 and~b! sample 2. The
solid line in ~a! is a guide to the eye.
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information about magnetic property of K jarosite. We fou
that the magnetic structure consists ofonly triangles of the
spins which have11 chirality @model~a! in Fig. 5#. This is a
rather surprising result, because the ground-state energ
the q50 structure with11 chirality @Fig. 5~a!# is equal to
that with 21 chirality @Fig. 5~b!# if only the Heisenberg in-
teraction between the spins is considered. Moreover, the
rection of the ordered moments is fixed. All spins point to
away from the center of the triangle. It must be stressed
only the spin configuration in Fig. 5~d! and the reversed on
are selected in K jarosite. Such a result could not be
plained without taking into account an anisotropy which h
an inplane component.

This can be understood if one is aware of the fact t
there is no trigonal symmetry at the Fe site. The site sym
try is 2/m. The Fe31 ion is surrounded by four oxygen
@O~3!# of the OH2 ions and two oxygens@O~2!# of the SO4

22

ions. This octahedron is elongated along the O~2! oxygens,
and the four O~3! oxygens form a rectangle. Thus the sp
Hamiltonian is described as

H522J(
^ i , j &

Si•Sj2D(
i

~Si
z8!22E(

i
$~Si

x8!22~Si
y8!2%,

~3!

where thez8 andy8-axes are taken to be parallel to O~2!-Fe-
O~2! and to be in theab plane for each Fe31 ion, respec-
tively. Thex8 axis is perpendicular to the both axes~see Fig.
1!. A stable magnetic structure stems from competition
tween the nearest-neighbor interactionJ and the single-ion-
type anisotropiesD and E. It is thought thatD is negative
~easy-plane type! because the ordered moments were fou
to lie ~almost! in the ab plane. The antiferromagnetic inte
actionJ prefers a coplanar 120° structure. Consider first t
E is negative. In this case, the magnetic moment tends to
parallel to they8 axis, thus the coplanar structure of11
chirality @Fig. 5~a!# with f50 or 180° gives the lowest en
ergy. Note that requirements fromD, E, andJ are all satis-
fied, hence the 120° structure is truly coplanar. WhenE
.0, the magnetic moment tends to be parallel to thex8 axis.
However, thex8 axes are not in the same plane, thus
anisotropy competes withJ. Since it is thought thatuJu
@uDu and uEu, the resultant magnetic structure is predom
nantly coplanar. IfE is large enough, theq50 structure of
11 chirality with f590 or 290° is selected. This is the
magnetic structure observed in K jarosite. The spins on
triangle slightly cant from a coplanar structure like an u
brella in order to partly satisfyE.
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As a result, it is found that the reason only theq50
structure with11 chirality is selected is that the symmetry
the magnetic structure in K jarosite is the same as the c
tallographic one. This is shown by the fact that the model~a!
has the threefold axis but the model~b! does not. In addition,
it may also explain why theq50 in-plane structure is real
ized in K jarosite instead of the)3) structure. As seen in
Fig. 5, theq50 structure contains triangles with only11 ~or
21! chirality, while the)3) structure consists of both
triangles with11 and21 chirality. Therefore, the)3)
structure cannot satisfy the single-ion-type anisotropy as
q50 structure with11 chirality does. Some interplane o
second- and third-neighbor in-plane interactions make thq
50 structure preferable to the)3) structure.4,13 How-
ever, these isotropic interactions do not explain the obser
spin structure, which has only11 chirality and fixed spin
directions. Consequently, our results clearly indicate that
Fe31 ions in K jarosite have a weak single-ion-type anis
ropy and that it plays an important role for selecting t
observed magnetic structure. It is interesting to note that
umbrella structure of the spins results in a net moment
eachkagome´ plane. The net moment stacks in an antipara
manner layer by layer, thus no bulk moment appears in
jarosite. If it accumulates ferromagnetically, a weak fer
magnetic moment must be observed. Actually the chrom
analog KFe3~OH!6~CrO4!2, which has a magnetic structur
consistent with the ferromagnetic stacking of the net m
ments, was found to show a spontaneous moment.8 This fact
supports the existence of a canted umbrella of spins
jarosites.

Irrespective of the system being quantum or classical,
considered that Heisenberg spins on a two-dimensio
kagome´ lattice coupled antiferromagnetically to each oth
do not show LRO. Hence a realkagome´ lattice antiferromag-
net which has the LRO must have some deviation from
ideal one. Usually the first candidate is an interplane c
pling, because a real system is inevitably three-dimensio
~3D!. In fact, in K jarosite the 3D ordering pattern manifes
the ferromagnetic coupling between the spins on the adja
planes as mentioned in the previous section.13 However, in-
terplane distance in K jarosite is rather large~;5.7 Å! and
available superexchange paths contain more than four bo
thus interplane interactions are thought to be very small
are not considered as the main cause of the 3D LRO.

As the second candidate, Willset al. proposed that struc
tural disorder is essential for magnetic LRO
jarosites.12,14,15 They mentioned that hydronium-jarosit
~H3O!Fe3~OH!6~SO4!2 had least disorder among jarosites a
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did not show a magnetic LRO down to 2 K. On the contra
to this, they found that magnetically diluted hydronium
jarosite showed magnetic LRO at 25.5 K.15 Their idea is,
thus, that vacancy at the Fe site lifts the degeneracy
ground states and induces the LRO in that system. Accord
to this, they also ascribed rather high Ne´el temperature of
other jarosites to incomplete occupation of the Fe site. T
scenario is fascinating; if one succeeded in making che
cally perfect jarosite, it might not show any magnetic ord
ing down to 0 K.

However, we believe the third candidate, anisotropy,
most important in K jarosite. As we showed above, the
culiar features of the observed magnetic structure were o
explained by taking into account a weak single-ion-type
isotropy, and the existence of theD andE terms in the spin
Hamiltonian is understood straightforwardly from the cry
tallographic consideration. Due to this anisotropy, allow
configurations are only two, model~a! in Fig. 5 with f
590 and290°. This is equivalent to describing the magne
moments in the K jarosite as effectively having an Ising
plane anisotropy. Limited configurations illustrate that t
r
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Ising anisotropy suppresses the magnetic fluctuations, wh
are specific to akagome´ lattice antiferromagnet. Hence we
think that K jarosite behaves like a two-dimensional Isin
antiferromagnet, which has LRO at a finite temperatu
rather than a Heisenbergkagome´ lattice antiferromagnet.

In conclusion, we have investigated the magnetic stru
ture of K jarosite from the neutron powder-diffraction mea
surements. From the observed magnetic structure we
duced the fact that the single-ion-type anisotropy gove
magnetic order in K jarosite. We think that the finite orderin
temperature of K jarosite should be ascribed to the Isi
anisotropy, which lifts the degeneracy of the ground state
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