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Magnetic structure of the kagomelattice antiferromagnet potassium jarosite KFg(OH)(SO,),
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We have examined the magnetic structure of kagomelattice antiferromagnet potassium jarosité
jarosite: KFg(OH)g(S0Oy),) by means of powder neutron diffraction. Extremely high degeneracy of the ground
states prevents the long-range magnetic ordering at any temperature avidixth@ structure is predicted
theoretically to be favored rather than the=0 structure aff=0 in a kagomelattice Heisenberg antiferro-
magnet. Nevertheless, K jarosite shows long-range magnetic ordering at 65 K and the ordered magnetic
structure was found to be thgg=0 structure. In addition, although tlgg=0 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.

I. INTRODUCTION ues of T\, /®~0.1 show a large degree of frustration, devia-
tion from an ideal Heisenbergagomelattice antiferromag-

Magnetically frustrated systems, particularly in which thenet must be present and induce the LRO in these magnets.
frustration is caused by mainly the geometry of the lattice, In this paper, we measured magnetic susceptibility and
have been a subject of recent intensive experimental and theowder neutron-diffraction patterns of K jarosite. Neutron-
oretical workst A kagomelattice is an example of those diffraction measurement of K jarosite has been made before
lattices, which are commonly composed of triangles of antiby Townsencet al® They, however, appears to have failed to
ferromagnetic interactions. The ground-state properties ofletermine a correct ordering pattéfi\Ve obtained a reason-
spins on th&agomdattice coupled to each other via nearest-able magnetic structure with respect to the spin configuration
neighbor antiferromagnetic interaction have been a longbetween the&kagomeplanes from the neutron data. The ob-
standing theoretical issue. Especially, #@gomelattice an-  tained magnetic structure is the so-calige0 type 120°
tiferromagnet of classical Heisenberg spins has a large
number of degenerated ground states and hence does not c
develop long-range ordefLRO) at any temperatures. In-
stead, novel ground states are expected-a<.2?

Several perturbations, such as further-neighbor
interactions’ lattice disordef, and anisotropy, which are
usually encountered in a real magnet, can lift such degen-
eracy of the ground state, and may cause long-range mag-
netic ordering. The jarosite family of compounds
AFe(OH)§(SOy), (A=H30, Na, K, NH,, Rb, TI, Ag) has
the kagomdattice in the crystal structure, as shown in Fig. 1
for K jarosite. The magnetic ion B&, which is centered in
an oxygen octahedron, is well approximated by a classical
Heisenberg spin witls=5/2 and forms &agomelattice in
the ab plane, which is widely separated from an adjacent
kagomeplane by nonmagnetia* and SQ?~ ions. The mag-
netic susceptibility has been measured and was found to fol-
low a Curie-Weiss law with negative Weiss temperat@re
~—700K,”~® indicating a major interaction between the
spins is antiferromagnetic. Therefore, jarosites are expected FIG. 1. Crystal structure of K jarosite. The Fg@ctahedra and
to be a good model of a two-dimensional Heisenldergome SO, tetrahedra are shaded. The K and H sites are shown as large
lattice antiferromagnet. However, most of jarosites haveand small spheres, respectively. The inclined Fe€@ahedron and
magnetic LRO belovly~60 K.”~*° Although the small val-  the local coordinatéx’, y' andz’) on the F&" ion are also shown.
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spin structure in theb plane. Theq=0 structure is usually
doubly degenerated due to the direction in which the spins 0.020 #1
turn, clockwise or counterclockwise. However, tle=0 \j\
structure observed in K jarosite was found to possess only ~ 0016} e
triangles on which the spins turns clockwise. We introduce E ....................
weak single-ion-type anisotropy by considering local sym- 3 ool . . . .
metry of the Fe site in order to explain the observed unusual E ' ' ' '
feature of the magnetic structure and will show importance — 0.020 \/\ #2
of the anisotropy on the ordering in K jarosite. ® r e,
oots| e
Il. EXPERIMENTAL LT
Two powder specimenéK jarosite 1 and deuterated 2 OO e 200 250 300

were obtained by hydrothermal treatment. The K jarosite 1

was synthesized by reacting F80,);—K»(SO,) solution at

200 °C for 56 h sealed in a Pyrex ampule using an autoclave. FIG. 2. Magnetic susceptibility of K jarosite 1 and 2.

The obtained precipitation was washed with hot water and

dried. For reducing large incoherent background from protonthe susceptibility appears to follow a Curie-Weiss law. Ob-

in neutron diffraction measurements, the deuterated Kained Weiss temperatures and Curie constants are listed in

jarosite 2 was prepared in the same manner as sample 1 Bable I. The Weiss temperatures are of the order @00 K,

180 °C for 36 h using 99.75% 0. Fe(S0O,); dehydrated implying a large antiferromagnetic interaction between the

at 400 °C for 3 h was used in order to avoid contamination ospins. Since the absolute values of the Weiss temperatures

hydrogen. X-ray powder-diffraction analysis showed that theexceed the measured temperature range, a Curie-Weiss law

products were single phase. Typical dimension of the samplmay not be applicable. Harrist al. calculated the uniform

1 was about 5—-2@m from SEM observation. susceptibilityy, of a kagomelattice using high-temperature
The susceptibility was measured with increasing temperaexpansions? They showed thag, deviates from the Curie-

ture from 2 to 300 K under a magnetic field 500 Oe using aweiss law due to the short-range correlation and is expressed

superconducting quantum interference device magnetometet low temperatures as the corrected Curie-Weiss law

(Quantum Design: MPMS2Due to a small amount of para-

magnetic impurity, the susceptibility tends to diverge toward c’

0 K. We extracted the impurity part as below. The magneti- Xo=Tr@n 1)

zation curves were measured up3 T atseveral tempera-

tures and were divided into two parts; magnetization whichyhere C’=2C, ®'=32@, and C and ® are conventional

is linear in magnetic field and one which follows the Bril- cyrie constant and Weiss temperature, respectively. If the

|0Uin function. The Iatter Component was aSSOCiated Witmearest_neighbor interaction in thﬁgorﬁep'ane is domi_

impurities and was subtracted from the observed susceptibihant, the exchange constakis estimated to be abott20 K

ity. from ®=2zJ9S+1)/3 wherez=4. The effective Bohr
Neutron-diffraction measurements were performed on th?nagnetons,ueﬁ were evaluated to be 6€0.2 and 5.9

h|gh-resolutlon powder dlffr_actometer HRPD and the t“p|e'i0.1,LB for samples 1 and 2, respectively, using

axis spectrometer TAS-2 installed at the research reactar N Mgﬁ /3kg Where wer=0us m and are in good

JRR-3M, JAERI (Tokai). The powder neutron-diffraction accordance with the free-ion value 582(g=2). This as-

pattern of sample 1 was collected on HRPD at 10 K from 5q, a5 that the occupancy of the Fe site is close to unit
to 165° in ¥ with a wave length 1.823 A. Neutron- pancy s

: . 103+ 7%(sample 1 and 10Q- 3%(sample 2. A single cusp
diffraction patt7erns doiggﬂpfle 2 vi/gre rggoasu\r;dhon TAS-2 855 observed at 65 K for both samples and is considered to
temperatures 7 an rom 15 to 85" iaWith a wave o the apnearance of the long-range magnetic order as will

length 2.365 A. The temperature dependence of magneltiﬁe shown later in neutron-diffraction measurements.

Bragg reflections was measured on TAS-2 with the two-axis Figure 3 shows the observed, calculated and difference

"?Ode- Samples 1 and 2 were cont_aine_d in cylindrical Vanaaetron powder-diffraction patterns for sample 1 measured at
dium cans w!trf‘He exchange gas with dlamgters of 6 and 1019 k. We only measured magnetically ordered phase, be-
mm, respectively, and cooled by a conventiofté closed- . ;ce nuclear and magnetic Bragg peaks have already been

cycle refrigerator. All diffraction pattern were analyzed usmgassigned in the previous measuremédfsThe background
the Rietveld refinement programeTan.%! In the refine-

ments, the backgrognd was fitted with_ a 12-term polynomial  tagLE I. Curie constants ¢') and Weiss temperature®)()
(sample 1 and a nine-term polynomialsample 2 and a  geqyced from the magnetic susceptibility using Harris’s corrected
pseudo-Voigt peak shape function was employed. The magsyrie-weiss law. Effective Bohr magnetong) were evaluated
netic form factor of F&" was used to calculate the magnetic from ¢’ =9/8C andC=N u2d3kg . See text,

scattering amplitude.

Temperature (K )

C'/(emu K/mol) 0'/K et g
Ill. RESULTS
1 15.37) —800(50) 6.02)
The susceptibility of samples 1 and 2, of which the impu-2 14.85) —72030) 5.91)

rity part was subtracted, is depicted in Fig. 2. Above 100 K
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6000 ——— T . . . (99£1%) and agrees with the susceptibility result men-

5000 ?%'}T(’p'e #13 tioned above, while there seems to be a medium deficiency at

2 4000 the K site.
3 3000 £ The magnetic structure was determined as follows. The
2 2000 £ diffraction patterns of the deuterated sample 2 measured at
S 1000 £ 100 and 7 K are shown in Fig. 4. A quite low background
S o b o wmow s indicates that almost complete substitution of deuteron for
£ 1000 U 1 proton and this is of great advantage to estimate magnetic
WMMWM intensity. The magnetic reflections could be indexed using
2000 a0 80 80 100 120 140 hexagonal setting as shown in Figb#t There is an apparent
205 extinction rule thath—k+2I=3n (n: intege), hence the

space group is found to belong to rhombohedral one. The
FIG. 3. Observeddots and calculatedsolid line) neutron-  magnetic unit cell is twice as large as the nuclear one along

diffraction profiles of K jarosite 1 at 10 K. The difference is shown the ¢ axis and contains independent six spins. However,
below. Reflection positions are marked for nuclear reflectioms since the magnetic reflections are observed onlylat2 (I:
pen and magnetic reflectiongower). odd integey, the spin at(x\y,z) is antiparallel to one at

(x,y,z+1), thus only three spins are truly independent in the
was very high owing to the strong incoherent scattering fromunit cell. Here we employed the 120° structure because the
proton. Refinement was performed for nuclear and magnetifearest-neighbor interaction between the spins is antiferro-
structure simultaneously. The determination of the magneti@agnetic. This is the so-callegi=0 structure for &agome
structure will be described later. For the refinement of thdattice antiferromagnet. There are two possibilities for spin
nuclear structure, we used the atomic coordinates in Ref. 8 £&onfiguration depending on the chirality as shown in Figs.
initial parameters. The space group of the crystal structure i8(® and 8b). The chiral vecton is defined as

R3m. The occupation factors of K and Fe sites were free, 5

because the partial substitution of®" for K* and vacan- |2 %S4 S X Sak SaX 2

cies of the Fe sites have been reported for jaro&itéghe n (SIXSF XS+ SXS), @
refinement readily converged ®,,,=3.87%. The deduced

parameters and selected bond lengths are summarized \WwhereS,, S,, andS; are spins on the vertices of an elemen-
Table Il. The obtained occupancy at the Fe site is very highary triangle. When the three spins form a coplanar 120°

TABLE Il. Crystallographic and magnetic data and selected bond lengths deduced from Rietveld refine-
ments for K jarosite 110 K) and deuterated K jarosite (Z K).

Sample 1 a=7.2999(3) A,c=17.1157(5) A

Rwp=3.87%), Reyy=2.49%, Re = 7.12%, Ry = 11.05%

Occupancy X y z Be /A2
K 3a 0.933) 0.0 0.0 0.0 0.B)
Fe o 0.991) 0.5 0.5 0.5 0.4®)
S 6¢c 1.0 0.0 0.0 0.3092) 0.62)
0o(1) 6c 1.0 0.0 0.0 0.394B) 0.2(1)
0(2) 18n 1.0 0.22272) —0.2227 —0.05342) 0.51(8)
H 18n 1.0 0.195%4) —0.1953 0.110®) 1.5(1)
0(3) 18h 1.0 0.12872) —0.1287 0.134@) 0.528)
Fe-Q2) X2 2.06%3) A rel g 3.8006)
Fe-Q3) X 4 1.9891) A
0O(3)-0(3) X2 2.8083) A

X2 2.8195) A
Sample 2 a=7.3013(8) A,c=17.097(1) A

Rup=6.45%, Rey;=3.72%, Re = 1.17%, Ry = 1.38%
K 3a 1.0 0.0 0.0 0.0 0.1
Fe o 1.0 0.5 0.5 0.5 0.1
S 6¢c 1.0 0.0 0.0 0.31(1) 0.1
0(1) 6c 1.0 0.0 0.0 0.394(B) 0.3
0(2) 18h 1.0 0.223%4) —0.2238 —0.05343) 0.3
D 18h 1.0 0.19574) —0.1957 0.1108) 1.0
0(3) 18nh 1.0 0.12864) —0.1286 0.136() 0.3

Hrd uB 3.803)
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obtained for the modela) at ¢=90° (and —90°) with the
spins in theab plane. It should be noted that only this model
can reproduce a remarkable feature in the diffraction pattern

that the observed intensity of 8lis very weak. Modela)
with ¢#90° and mode(b) result in much larger intensity at

013. Refinement using this model successfully converged to
Ryp=6.45%. The results are also summarized in Table II
and the obtained magnetic structure is shown in Fig).5
All occupancy factors and thermal parameters of sample 2
were fixed during the refinement, because the measured
range of 2 is too small to reliably extract those parameters.
The same model of the magnetic structure was applied in the
refinement of sample 1. The spin configuration between the
kagomeplanes is easily understood; a nearest-neighbor fer-
romagnetic coupling between the spins on adjacent planes
[J" in Fig. 5d)] simply leads to our magnetic structure.
The magnitude of the ordered moments pef'Fion was
evaluated from the refinements to be 3@0and 3.80(3 kg
for samples 1 and 2, respectively.

The peak intensities of the magnetic reflections, shown as
a function of temperature in Fig. 6, decrease monotonically
with increasing temperature with similar way. The ordering
temperatures of samples 1 and 2 are estimated to be 67
+1K and 65t1 K, respectively. Since the temperatures at

magnetiqflower row in (b)] Bragg reflections. Magnetic reflections Which the cusps are observed in the susceptibility are in good
are indexed in(b). The lower ticks in(b) are generated using space agreement with the temperatures at which the magnetic

group 1

structure, the normal component fto the spin plane has
the largestor smallesk value +1 (or

—1). Here we follow

Bragg peaks disappear, those anomalies in the susceptibility
can be ascribed to the onset of the long-range magnetic or-
dering. For the sample 2, we show temperature dependence

of three magnetic reflections 1103, and 1. These in-

the convention that the chirality i$ 1 when the spins rotate tensities are normalized at 10 K and decrease as almost the
clockwise by 120° as one traverses around the triangle clockkame manner with increasing temperature. Thus the ratios
wise. We calculated magnetic structure factors of motils between the three reflections are almost constant over the
and (b) with varying ¢ by a 30° step for two cases that the measured temperature range, hence it turns out that there is
spins are in theab and ac plane. Interestingly, while the no notable change in magnetic structure in the ordered phase.

structure factor is a function o for the model(a), it is

In the last part of this section, we mention sample depen-

independent of) for the modekb). The good agreement was dence in K jarosite. Two anomalies in the magnetic suscep-

FIG. 5. (8 g=0 structure with+1 chirality, (b) g=0 structure
with —1 chirality, (c) v3XVv3 structure, andd) the best model of

o Fe3+

IC
b
a

tibility for K, Na, and NH, jarosites were reported previ-
ously, and combined with the NMR results, successive phase
transitions in these compounds were conclutiétbwever,

the newly synthesized samples in the present study show a
single cusp in the susceptibility. For jarosite-type com-
pounds, a deficiency in the alkaline and transition-metal sites
is reported, and the degree of the deficiency depends on
preparation conditio®® The magnetic properties may de-
pend on those deficiencies. Within the accuracy of the Ri-
etveld refinements, however, no significant difference was
observed in occupancy factors between the previous sample
and present ones. In addition, there is no clear difference in
the ordered magnetic structure and in the temperature depen-
dence of the magnetic Bragg peaks. Although the suscepti-
bility behaved really differently between the samples rfigar
(probably due to the deficiengymagnetic properties well
below Ty are considered to be insensitive to preparation con-
dition.

IV. DISCUSSION

the magnetic structure for K jarosite. The plus and minus signs AsS seen in the previous section, the ordered magnetic
indicate the chirality of the triangle of the spins.

structure has the quite specific features and gives us fruitful
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information about magnetic property of K jarosite. We found As a result, it is found that the reason only the=0

that the magnetic structure consistsanfly triangles of the  structure with+1 chirality is selected is that the symmetry of
spins which haver1 chirality[model(a) in Fig. 5]. Thisisa  the magnetic structure in K jarosite is the same as the crys-
rather surprising result, because the ground-state energy gfllographic one. This is shown by the fact that the mdelel
the =0 structure with+1 chirality [Fig. 5@)] is equal to  has the threefold axis but the modb) does not. In addition,
that with —1 chirality [Fig. 5b)] if only the Heisenberg in- it may also explain why the=0 in-plane structure is real-
teraction between the spins is considered. Moreover, the djzed in K jarosite instead of thé3 xv3 structure. As seen in

rection of the ordered moments is fixed. All spins point to OTEig. 5, theq=0 structure contains triangles with onlyL (or

away from the center of the triangle. It must be stressed tha;l) chirality, while thev3xv3 structure consists of both
only the spin configuration in Fig.(8) and the reversed one ’

; 4 . triangles with+1 and —1 chirality. Therefore, the/3xXv3
are selected in K jarosite. Such a result could not be SXStructure cannot satisfy the single-ion-type anisotropy as the
plained without taking into account an anisotropy which has —0 struct th-+1 chiralit gd %/p int Ipy
an inplane component. g=0 structure wi chirality does. Some interplane or

This can be understood if one is aware of the fact thaf€¢0Nd- and third-neighbor in-plane interactions makegthe

there is no trigonal symmetry at the Fe site. The site symme="0 Structure preferable to the3 xv3 structur_e‘?'” How-
try is 2/m. The F&" ion is surrounded by four oxygens €Ver, these |sotrop_|c interactions do _not_ explam_the obs_erved
[O(3)] of the OH™ ions and two oxygenkO(2)] of the SQ?~ spin s_tructure, which has only-1 chirality an.d f!xed spin
ions. This octahedron is elongated along th@)xygens, directions. Consequently, our results clearly indicate that the
and the four @) oxygens form a rectangle. Thus the spin F€" ions in K jarosite have a weak single-ion-type anisot-
Hamiltonian is described as ropy and that it plays an important role for selecting the
observed magnetic structure. It is interesting to note that the
umbrella structure of the spins results in a net moment for
H=-212, S§-S-DX (§)*-EX {(8)2—(9)?, eachkagomeplane. The net moment stacks in an antiparallel
(i) ' ' manner layer by layer, thus no bulk moment appears in K
3) jarosite. If it accumulates ferromagnetically, a weak ferro-
magnetic moment must be observed. Actually the chromate
where thez’ andy’-axes are taken to be parallel tdZpFe-  analog KFg(OH)¢(CrQ,),, which has a magnetic structure
O(2) and to be in theab plane for each F& ion, respec- consistent with the ferromagnetic stacking of the net mo-
tively. Thex' axis is perpendicular to the both axege Fig. ments, was found to show a spontaneous mofm&his fact
1). A stable magnetic structure stems from competition besupports the existence of a canted umbrella of spins in
tween the nearest-neighbor interactiband the single-ion- jarosites.
type anisotropie® andE. It is thought thatD is negative Irrespective of the system being quantum or classical, it is
(easy-plane typebecause the ordered moments were foundconsidered that Heisenberg spins on a two-dimensional
to lie (almos} in the ab plane. The antiferromagnetic inter- kagomelattice coupled antiferromagnetically to each other
actionJ prefers a coplanar 120° structure. Consider first thatio not show LRO. Hence a relshgomdattice antiferromag-
E is negative. In this case, the magnetic moment tends to bget which has the LRO must have some deviation from an
parallel to they’ axis, thus the coplanar structure efl  ideal one. Usually the first candidate is an interplane cou-
chirality [Fig. 5@] with ¢=0 or 180° gives the lowest en- pling, because a real system is inevitably three-dimensional
ergy. Note that requirements frob, E, andJ are all satis-  (3D). In fact, in K jarosite the 3D ordering pattern manifests
fied, hence the 120° structure is truly coplanar. WHen the ferromagnetic coupling between the spins on the adjacent
>0, the magnetic moment tends to be parallel toxhexis.  planes as mentioned in the previous sectibHowever, in-
However, thex’ axes are not in the same plane, thus theterplane distance in K jarosite is rather large5.7 A) and
anisotropy competes witd. Since it is thought thatJ| available superexchange paths contain more than four bonds,
>|D| and|E|, the resultant magnetic structure is predomi-thus interplane interactions are thought to be very small and
nantly coplanar. IfE is large enough, thg=0 structure of are not considered as the main cause of the 3D LRO.
+1 chirality with =90 or —90° is selected. This is the As the second candidate, Wikt al. proposed that struc-
magnetic structure observed in K jarosite. The spins on théural disorder is essential for magnetic LRO of
triangle slightly cant from a coplanar structure like an um-jarosites:>**!> They mentioned that hydronium-jarosite
brella in order to partly satisfi. (H30O)Fe3(0OH)g(SOy), had least disorder among jarosites and
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did not show a magnetic LRO down to 2 K. On the contrarylsing anisotropy suppresses the magnetic fluctuations, which
to this, they found that magnetically diluted hydronium- are specific to &agomelattice antiferromagnet. Hence we
jarosite showed magnetic LRO at 25.5'KTheir idea is, think that K jarosite behaves like a two-dimensional Ising
thus, that vacancy at the Fe site lifts the degeneracy ohntiferromagnet, which has LRO at a finite temperature,
ground states and induces the LRO in t,hat system. Accordingather than a Heisenbe@gorﬁelattice antiferromagnet.
to this, they also ascribed rather high élieemperature of In conclusion, we have investigated the magnetic struc-
other jaI‘OSiteS to incomplete OCCUpation of the Fe site. Thi$ure Of K jarosite from the neutron powder-diffraction mea-
Scenal‘io iS fascinating; |f one Succeeded in making Chemisurements_ From the observed magnetic structure we de-
cally perfect jarosite, it might not show any magnetic order-qyced the fact that the single-ion-type anisotropy governs
ing down to 0 K. magnetic order in K jarosite. We think that the finite ordering
However, we believe the third candidate, anisotropy, isemperature of K jarosite should be ascribed to the Ising

most important in K jarosite. As we showed above, the peanisotropy, which lifts the degeneracy of the ground states.
culiar features of the observed magnetic structure were only

explained by taking into account a weak single-ion-type an-
isotropy, and the existence of tileand E terms in the spin
Hamiltonian is understood straightforwardly from the crys-
tallographic consideration. Due to this anisotropy, allowed The authors wish to acknowledge helpful discussions with
configurations are only two, modéh) in Fig. 5 with ¢ Professor K. Kubo and would like to thank Y. Shimojo for
=90 and—90°. This is equivalent to describing the magnetichis technical support on neutron-scattering experiments. We
moments in the K jarosite as effectively having an Ising in-are also grateful to Dr. F. Izumi for permitting us to modify
plane anisotropy. Limited configurations illustrate that thehis Rietveld refinement programiETAN.
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