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Abstract: A kagomé antiferromagnet presents an ideal\
construct for studying the unusual physics that result
from the placement of magnetically frustrated spins on
a low-dimensional lattice. Jarosites are the prototype for
a spin-frustrated magnetic structure, because these ma-
terials are composed exclusively of kagomé layers. Not-
withstanding, jarosite-type materials have escaped pre-
cise magnetic characterization over the past three de-
cades, because they are notoriously difficult to prepare
in pure and single-crystal forms. These hurdles have
been overcome with the development of redox-based
hydrothermal methods. Armed with pure and crystalline
materials, several perplexing issues surrounding the
magnetic properties of the jarosites have been resolved,
yielding a detailed and comprehensive picture of the
ground-state physics of this kagomé lattice.

Keywords: crystal growth - hydrothermal synthesis -

jarosites -« magnetic properties - redox chemistry
spin frustration

N J

Introduction

The resonating liquid state, consisting of spin-singlet bonds,
has been proposed to explain the scatterless hole transport
in high T. superconductors'!! and properties of other strong-
ly correlated systems.* In this resonating valence bond
(RVB) model, spins spontaneously pair into singlet bonds,
which fluctuate between many different configurations. Cen-
tral to the stability of such an RVB phase is geometric spin
frustration, which produces a highly degenerate ground
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state owing to an exceptionally large number of different
spin configurations at the same energy.) This situation
allows for the intriguing possibility that quantum spin fluctu-
ations are large enough to suppress long-range order, and
therefore permit RVB to be established."*

The quantum-spin liquid phase that is a result of RVB is
most likely to be found for magnetically frustrated spins on
a low-dimensional lattice.”) Of the various lattices that can
support the RVB state, a Heisenberg antiferromagnet on a
kagomé lattice emerges prominently.”*! Named after a form
of a Japanese weave (kago=basket, mé=eye or hole), the
kagomé lattice is composed of triangles that share corners
to form two-dimensional sheets, shown in Figure 1. For clas-
sical spins with antiferromagnetic exchange, the ordered
state shown in Figure 1 is but one of an infinite family of de-
generate ground states. For quantum spins, the situation is

Figure 1. The kagomé lattice with spins in one possible ground-state con-
figuration. Note that the spins on a hexagon can be rotated out of the
plane about the dotted ellipse without changing the energy, thus giving
rise to an infinite number of degenerate ground states.

— 3851



CONCEPTS

D. G. Nocera et al.

even more complex; various theoretical treatments predict a
ground state that remains quantum disordered at 7=0."1
The kagomé antiferromagnet therefore presents an ideal
venue in which to look for both classical and quantum-spin
liquid ground states, and more generally to study the strong-
ly correlated electron problem.'” In addition, the parallels
highlighted in Scheme 1 suggest that the kagomé lattice is
directly linked to the square lattice of rare-earth cuprates,

high T; cuprates kagomé lattice

same no. of nearest neighbors
<~ weak magnetic AF order
doped holes <= spins are frustrated

Scheme 1.

and to this end they can provide an incisive experimental
guide to the development of theoretical models of high T,
superconductivity.

Despite intense interest in their magnetic ground
states,*” '3 systematic investigation of kagomé lattices has
been precluded by the paucity of materials. The layered gar-
nets, SrCr,Ga,,_,O;y (SCGO), have been investigated most
intensively."*'¥ These materials contain an additional edge-
sharing triangular (non-kagomé) lattice interposed between
kagomé layers. The jarosite family of compounds, based on
the KFe;(OH)((SO,), parent, provides an alternative para-
digmatic kagomé lattice, composed exclusively of kagomé
layers formed from Fe™;(u-OH); triangles (Figure 2a).
These triangles are capped by sulfate anions positioned al-
ternately up and down about a hexagonal network shown in

Figure 2b.) The kagomé layers are separated by K* ions,
which reside in the interlayer space in the same plane as the
sulfur atoms of the capping tetrahedra (Figure 2c). An ex-
tensive family of jarosite compounds arises from the substi-
tution of the Fe** ions by other M** ions (Cr’*, A’*, Ga’*,
In**), and from the substitution of the K* on by other
monovalent (Na™, Rb*, Ag*, TIT, NH,*, H;O%) or divalent
(*4Pb**, /,Hg*") ions; more members of the jarosite family
result from the replacement of the sulfate group by either
Se0,>” or CrO,> .2 The ability to systematically vary the
intra- and interlayer metal ions, interlayer spacing, and the
dimension of the intralayer triangles with the tetrahedral
capping anion therefore presents jarosites as a unique
framework in which to examine spin frustration.

Since the triangular spin arrangement of Figure 1 engen-
ders an infinite number of degenerate ground states, jarosite
materials should not display conventional long-range order
(LRO).[#1321.221 Nevertheless, in all but one Fe** jarosite,
LRO is observed. LRO may be established when the
ground-state degeneracy created by spin frustration is lifted
by the presence of further-neighbor exchange interactions,
by anisotropy, or by lattice disorder. This last perturbation is
particularly relevant to jarosites, because they have been no-
toriously difficult to prepare in pure forms. The monovalent
At ions are susceptible to replacement by hydronium ions
and/or the coverage of the Fe’* lattice sites is incomplete;
consequently samples with magnetic site occupancies of 70—
94% are obtained. The presence of site defects in strongly
correlated magnetic arrays may significantly affect the com-
pound’s bulk behavior.”*! This is schematically represented
in Figure 3, which shows that the frustration arising for anti-

Figure 2. The X-ray crystal structure of a) the magnetic subunit of a triangular p-hydroxy metal trimer, b) the in-plane segment of the kagomé layer, and
c) side-on view of stacked kagomé layers. The sphere coding of the atoms is presented in a).

3852

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org Chem. Eur. J. 2004, 10, 38503859


www.chemeurj.org

Spin Frustration

3850-3859

ferromagnetic spins is relaxed almost completely when mag-
netic site vacancies approach 30% that of a fully occupied
lattice. Indeed, the presence of these vacancies has been
most commonly cited as the reason for the observed LRO

a)

b)

Figure 3. a) A segment of a kagomé lattice in which the magnetic sites
are completely occupied. The red, double-headed arrows indicate spins
that are frustrated on the kagomé lattice. b) The same segment of the
kagomé lattice with 70% magnetic site occupancy. Note that there are no
frustrated spins and the lattice is completely “relaxed”.

in jarosites. To further bolster

and 3) correlating jarosite magnetism to d electron count
and consequently the S value of the magnetic ion.

Synthesis of Pure Jarosites

The most common method of preparing Fe** jarosites is by
precipitation under hydrothermal conditions (100-200°C)
according to reaction (1) of Table 1.5%3 The drawback of
this single-step reaction pathway is that the constituent ions,
A*, OH , M**, and SO,* quickly precipitate; it is this fast
precipitation that leads to jarosites with hydronium ions
(H;07) incorporated in the A* site and persistent deficien-
cies in the M site occupancy.’**! Moreover, precipitation
is so fast that crystallites larger than ~20 pm have not been
obtained. 2330

In view of the issues highlighted in Figure 3, we sought
new synthetic methods that would eliminate H;O™ site oc-
cupancy and M** site deficiency in jarosites. The redox-
based hydrothermal methods listed in Table 1 have been de-
veloped to afford single crystalline and stoichiometrically
pure (i.e., complete lattice coverage) jarosites containing the
V3 Cr't, and Fe’t magnetic ions of the formula,
AM;(OH)4(SO,), (A=Na™*, K*, Rb*, TI*, and NH,*). For
each of these reactions, control over the precipitation of the
jarosite is achieved by using a redox reaction to slowly gen-
erate M** throughout the course of the hydrothermal pro-
cess. Most of the redox methods rely on oxidation of metal
or a low-valent ion to produce the M** species. The method
schematically depicted in Figure 4 [reactions (2) and (3) in
Table 1] conveniently relies on the use of protons as a pri-
mary oxidant. For the Cr** and V** jarosites, the M>* ion is
produced directly from the metal by its oxidation with the
protons from the acidic reacting solution [reaction (2)].F”
The precipitation of the jarosite subsequently proceeds by

Table 1. Redox-based hydrothermal methods developed for the synthesis of pure jarosites

this contention, hydronium jar-
osite, (H;0)Fe;(OH)4(SO,),,
was the only jarosite known to

oxidative hydrothermal methods

M+3H* M+ +1.5H, (M=V, Cr)

3MP* +2A,80,+6H,0 —AM,(OH)(SO,), +3A* +6H* )

@

possess nearly complete cover- Fe";ZHJfHFe“ +H, (3a)

age (97%) of magnetic sites 2Fe™ +0.50,+2H -2Fe™ +H,0 (3b)
¢ ! i 3Fe 4+4.5 A,8,054 6 H,O — AFe;(OH)o(SO,), + 6H* + 8 AT +7S0,> (4)

prior to our studies. The high equctive hydrothermal methods

magnetic site occupancy of this 4VO?*+2A,S0;+4H,0—AV;(OH)¢(SO,),+V>* +2H* +3A~ (5)

material is complemented by A*+4VO’*+2(CH;0),SO+8H,0—AV;(OH)y(SO,),+V** +6H* +4CH,0H (6)

the absence of LROP**! and
the presence of spin-glass like behavio
The importance of jarosites as experimental models of the
strongly correlated kagomé antiferromagnet problem, cou-
pled to the ambiguities associated with their magnetic prop-
erties owing to the nonstoichiometric coverage of the mag-
netic lattice, provided an imperative to develop new synthet-
ic routes that afford pure and crystalline jarosites. With such
compounds in hand, a more comprehensive study of mag-
netism may be undertaken with the goals of 1) assessing
whether LRO is an intrinsic property of the kagomé lattice
of jarosites, 2) addressing the heretofore perplexing observa-
tion of the absence of LRO in the hydronium Fe*™ jarosite,

£ [28.29]

Chem. Eur. J. 2004, 10, 38503859 www.chemeurj.org

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

reaction (1). The hydrothermal synthesis of Fe®* jarosites
possesses an additional step of control over the introduction
of Fe** into solution.”®! Protons are of sufficient potential to
only produce Fe’" from Fe metal [reaction (3a)]; the Fe*" is
produced in a subsequent step by the reaction of Fe** with
oxygen [reaction (3b)]. By simply controlling the oxygen
partial pressure, the concentration of the oxygen in solution
may be regulated with high fidelity. In this way, Fe** may
be very slowly produced, thus affording large crystals with
dimensions that are ten million times larger than those ob-
tained by previously known techniques. Alternatively, Fe**
can directly be produced from Fe metal (or Fe** ion) by ox-
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Fe jarosite

Figure 4. Redox-based hydrothermal synthesis of stoichiometrically pure, single crystalline iron (left) and vana-

V, Cr jarosite

i
: —
! K 0.2 mm

T~ 200 °C for 72 h, T(200 — 20 °C) at 0.1 °C min™

tution. The structural rigidity of
the kagomé lattice is highlight-
ed in Table 2, which lists select-
ed bond lengths and angles for
a series of V**, Cr’*, and Fe’*
jarosites for a given A™ inter-
layer ion. This structural ho-
mology is powerful because we
are assured that changes in
magnetic properties of different
jarosites are due to the intrinsic
spin physics of the kagomé lat-
tice and not due to trivial struc-

dium and chromium (right) jarosites. The reaction is performed at pH=1 to 1.5. Large single crystals of pure  tyral changes of the lattice

KFe3;(OH)4(SO,), and KV;(OH)4(SO,), are shown.

idation with persulfate [reaction (4)]. In this process, the
main constituent building blocks of the jarosite lattice, the
Fe** and SO,* ions, are both produced by the redox reac-
tion.

The availability of convenient V** starting materials, cou-
pled to the resiliency of V7 to reduction, allows for V** jar-
osites to be prepared by reductive as well as oxidative hy-
drothermal methods. The V** ion may be slowly produced
hydrothermally by reducing V** in the form of VOCI, with
sulfite ion SO5>" [reaction (5)] under acidic conditions (pH
~1.5). Similar to reaction (3), the SO,* -capping group, as
well as the M®>" ion, are generated by the redox reaction.
Alternatively, dimethylsulfite, (CH;0),SO, is also a compe-
tent reductant of VOCI, under hydrothermal conditions at
200°C [reaction (6)]. The hydrothermal reduction method
leads to pure jarosites of high crystal quality, but of crystal
size that is not significantly improved with respect to the ox-
idation approach presented in Figure 4.

Each of the redox-based synthetic methods listed in
Table 1 yields AM;(OH)4(SO,), products that analyze at
1004+1.5% in the M** ion, 100£1.5% in the A* ion, 99.5+
1.0% in S, and 99.5+3 % in H. All jarosites have been ana-
lyzed by single-crystal X-ray analysis, which reveals an iso-
structural intralayer for any M** ion or A* interlayer ion;
only the spacing between the layers is varied by A% substi-

Table 2. Structural comparison of transition metal jarosites.

(e.g., M-OH-M bond angle, M—

M distance). Therefore, precise

magneto-electronic correlations
may be established among the various jarosite compounds.

Magnetism of Jarosites

Vanadium jarosites: The V% jarosites are not directly rele-
vant to the strongly correlated electron problem, because
the nearest neighbor interaction is ferromagnetic; thus the
spins are not frustrated. Nevertheless, the materials are in-
teresting in their own right.

A Curie-Weiss temperature Oqw~+53 K establishes the
presence of the ferromagnetic nearest-neighbor interaction
of NaV;(OH)(SO,),, which is an archetype for the V** jar-
osite series.”” Below critical temperature, T.=33.3(1) K, the
spins on the V** ions order ferromagnetically within each
layer, and the layers stack antiferromagnetically. The conse-
quences of this ordering are apparent from several experi-
ments:“

1) Single-crystal magnetic susceptibility measurements dis-
play a pronounced anisotropy. Figure 5 displays the
field-dependent behavior of the magnetization for a crys-
tal with an external magnetic field applied (H,,,) paral-
lel and perpendicular to the ¢ axis, which is orthogonal
to the kagomé layers. When the field is applied parallel

A% Cr Fe

Na* K+ Rb* Na* K+ Rb* Na* K* Rb+
bond lengths [A]
S-01 1.461(8) 1.461(11) 1.458(11) 1.459(6) 1.459(9) 1.44(2) 1.462(7) 1.460(7) 1.452(10)
S-02 1.476(5) 1.471(6) 1.478(7) 1.481(4) 1.481(5) 1.47(1) 1.483(4) 1.481(4) 1.481(5)
M-02 2.054(4) 2.063(5) 2.064(6) 1.994(3) 2.008(5) 2.016(9) 2.061(4) 2.066(4) 2.070(5)
M-03 1.989(2) 1.991(2) 1.988(3) 1.969(2) 1.965(2) 1.996(4) 1.994(2) 1.987(2) 1.984(2)
M-M 3.643 3.627 3.640 - - - 3.671 3.652 3.657
A-02 2.949(5) 2.975(6) 2.998(6) 2.913(4) 2.937(5) 2.975(9) 2.961(4) 2.971(4) 2.999(5)
A-0O3 2.756(4) 2.851(5) 2.928(6) 2.710(4) 2.826(5) 2.902(9) 2.727(4) 2.826(4) 2.902(5)
bond angles [°]
02-M-03 92.53(14) 92.40(19) 92.0(2) 92.3(1) 91.9(2) 91.3(3) 91.84(13) 91.77(13) 91.04(17)
03-M-03 90.9(3) 90.5(3) 91.0(4) 91.4(2) 90.0(3) 89.2(6) 91.8(3) 90.5(2) 90.1(3)
M-03-M 132.6(2) 132.0(3) 132.5(3) 133.4(2) 133.5(3) 133.6(5) 134.0(2) 133.5(2) 134.4(3)
interlayer spacing
dyys [A] 16.851(2) 17.399(2) 17.835(7) 16.533(5) 17.165(2) 17.587(3) 16.605 17.185(2) 17.568(3)
3854 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ~ www.chemeurj.org  Chem. Eur. J. 2004, 10, 3850 -3859
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Figure 5. LRO in V** jarosites arises from the antiferromagnetic ordering of ferromagnetic kagome layers.
Left panel: Magnetization versus H plot of a NaV;(OH)(SO,), single crystal with an external field applied or-
thogonal (0, M) and parallel (0, M, ) (and therefore orthogonal to the kagomé planes) to the c¢ axis. Right
panel: yy (per mole of vanadium) versus 7 plot of NaV3;(OH)4(SO,), under different external fields (indicated
in the figure: H,,,). Data for the V** jarosites with A*=K*, Rb*, NH,*, and T1* are similar.

2)

3)

4)
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to the ¢ axis (perpendicular to the layers), the magneti-
zation within the layers, M, increases linearly with field
strength, but does not saturate at H,,, approaching
50 kOe. The V** single-ion anisotropy confines the ex-
change-coupled moments to lie within the kagomé
plane, thereby hardening the out-of-plane motion. Con-
versely, when the field is applied orthogonal to the hard
axis (perpendicular to the c axis, parallel to the kagomé
layers), the magnetization, M |, increases abruptly and
attains a limiting value when H,,, is in excess of 10 kOe
along the kagomé layers. As schematically indicated in
Figure 5, this result is consistent with the external field
overwhelming the coupling between layers.

Application of sufficiently strong H,,, eradicates the an-
tiferromagnetic transition at 7.. As shown in Figure 5
for NaV;(OH),(SO,),, the sharp maximum at 7,=33.3 K
observed for H,,,=0.5kOe, is replaced by a broader
peak centered at ~30.3 K when H,,, =5 kOe; the maxi-
mum is completely suppressed when H,,, >10 kOe. The
critical field for this antiferromagnetic to paramagnetic
transition is estimated to be 6 kOe.

T. monotonically shifts to lower temperature as the size
of the interlayer cation is increased. The results of
Figure 6 are consistent with the attenuation in antiferro-
magnetic coupling between the layers as the distance be-
tween ferromagnetic sheets is increased.

Powder neutron diffraction measurements (Figure 7)
show peaks that indicate a doubling of the ¢ axis of the
magnetic unit cell below T,.* The {0,0,1.5} reflection is
the most intense and appears precisely twice the inter-
layer spacing. These data are nicely fit by a model of an-
tiferromagnetically stacked ferromagnetic layers; no evi-
dence is seen for a spin component along the ¢ axis.

www.chemeurj.org

The V** jarosites are the first
kagomé-based materials to dis-
play appreciable intralayer fer-
romagnetism. As a result of the
coupling among V?* ions
within V;(OH)((SO,),” trian-
gles, the V3% jarosites display
the unusual property for an in-
organic compound of antiferro-
magnetically stacked ferromag-
netic layers (sometimes refer-
red to as metamagnetism).[>#!
The limits of this behavior can
be addressed synthetically with
the preparation of layered jaro-
sites with expanded interlayer
spacings. One clear line of syn-
thetic inquiry follows the re-
placement of the sulfate cap-
ping group with that of phos-
phonate, RPO4*", to form inor-
ganic—organic hybrid structures.
A phosphonate capping group
will maintain the 2— charge of
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Figure 6. LRO in vanadium jarosites arises from antiferromagnetic stack-
ing of ferromagnetic layers. The critical ordering temperature, T, de-
creases with increasing layer separation.

the sulfate cap of the native jarosites as well as the tripodal
base of three oxygen atoms, which are needed to axially
bind the V3% ions of the intralayer triangle. Unlike sulfate,
however, the interlayer spacing should be easily adjusted by
varying the size of the apical R group.

Chromium jarosites: The Cr’* jarosites are known to be an-
tiferromagnetic and display a very low ordering temperature

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Comparison of powder neutron diffraction data for Na-
V;(OD)(SO,),, at 217 K (top), 16 K (middle), and magnetic peaks result-
ing from subtraction of the two sets of data (bottom). Allowed nuclear

reflection positions are marked with longer vertical lines and allowed
magnetic reflection positions are marked with shorter lines.

(-4 K).">% However, these jarosites also suffer from the
impurity and nonstoichiometry problems to perhaps an even
larger extent than their Fe’' counterparts. One in-depth
neutron study published so far indicated the coverage of the
Cr’** ion to be 76%.,*! while another indicated a much
higher occupancy of 95%,“! and yet other studies failed to
disclose the coverage at all.“* To our knowledge, neither a
stoichiometrically pure Cr’* jarosite nor a single crystal has
been prepared in the absence of the synthetic redox meth-
ods, which readily adapted to Cr’* as described by reac-
tion (2) of Table 1. Equipped with the new synthetic meth-
odology, we have prepared single crystals of several Cr’*
jarosite representatives, acquired single-crystal X-ray data
sets, and refined their structures. Important points that have
emerged are that Cr’* jarosites exhibits consistent Curie—
Weiss temperatures of @~y~—70 K, regardless of the nature
of the interlayer cation. In addition, as highlighted in
Table 2, these materials are isostructural with their V>* and
Fe** counterparts. Accordingly, the nearest-neighbor anti-
ferromagnetic exchange and resulting spin frustration are a
direct consequence of the d® electron count of the magnetic
Cr’* ion.

Iron jarosites: The Fe’* jarosites are strongly frustrated
owing to a very pronounced intralayer antiferromagnetic ex-
change interaction (O-y=—820+10 K). We have performed
detailed studies on the magnetism of the pure samples.*™
Our findings are as follows:

1) All stoichiometrically pure Fe’* jarosites display LRO
at finite temperatures.

2) The magnetic behavior of alkali metal ion members of
the jarosite series is characterized by a prominent Néel

3856 ———
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transition at Ty~65 K (see Figure 8 and Table 3), which
is in accordance with the highest 7y values previously
observed either by susceptibility or neutron diffraction
measurements. The maximum is frequency-independent
in the ac magnetic susceptibility plot, indicating the ab-
sence of spin-glass behavior.

3) Pure jarosite samples are further distinguished by the
presence of weak ferromagnetism associated with a sec-
ondary transition temperature, T, at which the zero-
field-cooled-field-cooled (ZFC-FC) magnetic suscepti-
bility plots diverge and at which the onset of a remanent
magnetization is observed (Figure 8).

4) Magnetic susceptibility measurements of large single
crystals of KFe;(OH)((SO,), oriented in the magnetic
field along distinct axes (Figure 8) reveal anisotropic be-
havior in accordance with the expectation for a strongly
frustrated spin system. LRO is associated with an out-of-
plane spin component as indicated by the sharp maxi-
mum at Ty~65K for fields orthogonal to the kagomé
planes. The results are consistent with LRO arising from
spin anisotropy developed by the Dzyaloshinsky—Moriya
(DM) interaction,* which causes spin canting within
the layer as a result of the tilt of the FeO4 octahedron
(see Table 3).
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Figure 8. Magnetic susceptibility measurements of KFe;(OH):(SO,),. Top
panel: The yy, versus T plot of a powder measured under zero-field (0)
and field-cooled (x) conditions (H,=H.=50 Oe). Bottom panel: Mag-
netic susceptibility of an oriented single crystal with an external field ap-
plied parallel (o, H , ) and perpendicular (2, H ) (and therefore orthogo-
nal to the kagomé planes) to the c axis.

www.chemeurj.org Chem. Eur. J. 2004, 10, 38503859


www.chemeurj.org

Spin Frustration

3850-3859

Table 3. Magnetic properties of selected Fe** jarosites

Cation Tx Ocw doos FeOq tilt Fe-O-Fe
(K] [X] [A] angle [°] [°]
K* 65.4 —828 5.728(2) 17.4(3) 133.6(2)
Rb* 64.5 —-829 5.856(3) 17.5(3) 134.4(3)
TI* 63.4 —838 5.870(2) 17.6(4) 134.4(4)
Na* 61.5 —825 5.535(10) 17.6(3) 134.0(2)
Ag*t 59.5 —798 5.498(3) 17.93) 134.0(3)
0.5Pb** 56.4 —818 5.598(3) 17.7(3) 134.1(3)

5) The canted spin structure gives rise to a weak ferromag-
netic component that is orthogonal to the kagomé
layers. The observed cusp at Ty for Fe** jarosites estab-
lishes that this weak ferromagnet component couples an-
tiferromagnetically between layers. Similar to the situa-
tion for V** jarosites, this antiferromagnetic exchange
between layers can be overwhelmed with the application
of sufficiently strong field; however, in the case of Fe’*
jarosites, a jump in the magnetization at a critical field,
H_, occurs when a magnetic field approaching 14 kOe is
applied normal to the kagomé layers.'”! As schematically
depicted in Scheme 2, this jump in magnetization is due
to the alignment of canted spins between layers.

spin canting
due to DM
imteraction

B —

H < Hc

A-wé

—_—
H > Hc
—_—

applied field
perpendicular
to kagomé layers

Scheme 2.

6) Single crystals of sufficient dimensions have enabled in-
elastic neutron diffraction scattering to be undertaken
for the study of spin-waves of the 2D kagomé lattice.*)
For the first time in a geometrically frustrated spin
system, a weakly dispersive zero-energy mode has been
found.

Hydronium iron jarosite: The foregoing results establish
that spin-frustrated jarosites exhibit LRO, even when the
magnetic sites of the kagomé lattice are completely occu-
pied. Then why is LRO absent in hydronium jarosite? The
answer to this question may be found by consideration of
the intrinsic reaction chemistry of hydronium jarosite. The
hydroxyl groups of the intralayer M"(u-OH), triangles are
in the immediate vicinity of each intralayer hydronium ion.
Taken together with the large thermodynamic driving force
for the acid-base reaction between H;Ot and OH™, proton
transfer from the interlayer hydronium ion to the bridging
hydroxyls is favored [reaction (7)].

(H;0)Fe;(OH)4(SO,),

—. (H:0), \(H,0),Fes(OH), ,(H,0),(SO,), @
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Direct evidence for this proton transfer comes from infra-
red spectra, which exhibit an absorption corresponding to
the H-O-H bending mode of the H,O molecule.”® In stoi-
chiometrically pure jarosites, water is absent in the lattice
and consequently this absorption is not observed. In addi-
tion, the absorption of the O—H stretching vibration in the
33003400 cm ™' region is reduced in intensity and width. A
second source of water in the jarosite lattice arises from the
maintenance of charge balance within a kagomé lattice pos-
sessing M>* site vacancies.* Protonation of OH™ by H* to
form H,O [reaction (8)] will prevent the accrual of negative
charge on kagomé layers possessing M** site vacancies.

AFe,(OH),(SO,), + 3xH*

— AFe;_,(OH,)3,(OH)q_3,(SO,), + x Fe™* ®

Both the intrinsic and extrinsic proton transfer mecha-
nisms described by reactions (7) and (8), respectively, pre-
vail for the hydronium ion jarosite and more generally for
any A" jarosite prepared by non-redox precipitation methods.

Proton-transfer reactions (7) and (8) have significant im-
plications to the magnetism of jarosites, particularly as they
pertain to LRO. Firstly, proton transfer will influence the
primary intralayer exchange pathway. A significant decrease
in the strength of magnetic exchange between metal centers
accompanies the protonation of oxo-bridged bimetallic cen-
ters.”>¥! In view of the foregoing model in which intralayer
exchange drives 3D ordering, protonation of the hydroxyl
group mediating the nearest neighbor magnetic exchange
will inevitably lead to a decrease in nearest neighbor ex-
change and consequently to depressed Tys in Fe** jarosites.
Secondly, proton transfer will be a disordered chemical
event in the jarosite lattice. Inasmuch as structural disorder
is capable of inducing spin-glass behavior,?**! the spin-glass
like properties of (H;O0)Fe;(OH)4(SO,), are due to structur-
al and attendant magnetic disorder caused by proton-trans-
fer reactions (7) and (8).

Magneto-Electronic Correlation in Jarosites

The magnetic M** ions of jarosites reside in a tetragonally
distorted crystal field. Axial elongation of the M** octahe-
dron lifts the degeneracy of the t,, and e, orbital sets in a
parent octahedral field: the t,, orbital set splits into a lower
energy, doubly degenerate e,(d,.,d,,) orbital set and a singly
degenerate b,,(d,,) orbital; the e, orbital set splits into a
lower energy a,,(d..) orbital and higher energy by,(d,._,2) or-
bital.

Figure 9 presents the magnetic properties of the known
first-row transition-metal jarosites together with the d elec-
tron occupancy of the crystal field energy level diagram.
The two d electrons of V** jarosite occupy the e (d,..d,.) or-
bital. The positive @y of VT jarosite reveals that the m
symmetry pathway, composed of the interaction of the
e,(d,;,d,;) orbital set with the p orbital of the bridging hy-
droxide, leads to a ferromagnetic exchange interaction. Neu-
tron diffraction studies show that the O—H bond is rotated
18° out of the Fe-O-Fe plane. Our experiments show that
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Figure 9. The correlation between magnetic properties of jarosites and the d

orbital occupancy of the M** ion in the tetragonal crystal field. The superex-
change pathway composed of each of the d orbitals is pictorially depicted.

this rotation is apparently sufficient to decouple the dx orbi-
tals of neighboring V** metals to lead to a ferromagnetic
ground state. This is not so for Cr’T jarosite; the sign of the
nearest-neighbor magnetic coupling changes upon the addi-
tion of one more electron to the crystal field diagram. Occu-
pation of the metal d,, orbitals in Cr’* jarosites leads to a
dominant antiferromagnetic exchange term through a
d,,(0)-p(0)-d,, (o) pathway that is capable of overwhelming
the ferromagnetic contribution of the d,.(m)-p(O)-d,,(m)
pathway. Placement of two more electrons in the d,. and
d,. > orbitals of Fe’* jarosite increases this antiferromagnet-
ic exchange interaction within the kagomé lattice by more
than an order of magnitude. Inasmuch as the overlap be-
tween the d. orbitals and the p orbitals of the bridging hy-
droxide is small, it is the overlap of the d,._,. orbitals with
the p-hydroxy p orbital that carries the large antiferromag-
netic exchange interaction of Fe’* jarosites. The observed
properties of this exchange pathway concur with long-stand-
ing predictions of Goodenough and Kanamori,’**"! and ac-
counts for the high degree of spin frustration observed in
the d° (S=5/2) spin jarosite system.

Conclusions and Outlook

Spin-frustrated kagomé lattices of jarosite compounds ex-
hibit LRO. This result is sufficiently daunting to seemingly
banish jarosites from the roster of materials that exhibit dis-
ordered ground states. But the new results described herein
only present immediate challenges to realizing a spin liquid
ground state—challenges that can be overcome with the ap-
plication of the craft of inorganic synthesis.

Spin anisotropy arising from the Dzyaloshinsky—Moriya
(DM) interaction provides a mechanism for LRO in jaro-
sites. A roadmap exists to the preparation of jarosite materi-
als with suppressed DM interactions. The DM interaction is
given by Equation (9):*

D; - (S xS)) 9)

in which D;; is the DM vector and (§;x8S)) is the cross prod-
uct term of adjacent spins within the layer. In the kagomé
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lattice, (S;xS;) is nonzero for adjacent spins owing to a tilt-
ing of FeOg octahedra (17° as measured from crystal struc-
tures, see Table 3); this tilting leads to the corrugation of the
kagomé layers observed in Figure 2c. The FeOq tilt angle is
determined by the size of the capping group as it is the
three oxygens from the pyramidal base of the TO/ cap
that occupy the axial coordination sites of the FeOy tetrago-
nally distorted octahedron. Accordingly, the kagomé layers
of jarosite may be flattened by increasing the dimension of
the pyramidal base of the TO,’” capping group. For such
materials, the DM interaction should be reduced, and corre-
spondingly, LRO should be attenuated as this tilt angle ap-
proaches zero (i.e. §;x8;=0).

Alternatively, the continued development of hydrother-
mal methods that afford large single crystals may permit the
spin liquid properties to be investigated with current jarosite
materials. Heat capacity measurements on Fe** jarosite
show a significant loss of entropy (from that expected for
S§=5/2) at temperatures above Ty.” This result implies a
short-range correlation of spins in the kagomé plane above
the ordering temperature. Such short-range order should be
revealed by the inelastic neutron scattering technique.
Along these lines, the Cr** jarosite system, with its very low
ordering temperature, appears to be particularly well-suited
for uncovering short-range properties as Ty is approached.
However, large single crystals of this material need to be
synthesized.

Finally, many theoretical investigations predict that the
elusive RVB spin liquid ground state is most likely to be
found in an S=1/2 kagomé antiferromagnet.”*>??! Howev-
er, such a compound has yet to be synthesized. The Ti** ion
carries the proper charge for the jarosite framework and it
is an S=1/2 ion, but the system confronts two hurdles. The
Ti** ion is extremely unstable with respect to oxidation to
produce Ti**, especially when titanium is in an oxygen-rich
environment, as is the case for the jarosite lattice. Conse-
quently, a Ti*" jarosite will be difficult to prepare in pure
form. Even if this hurdle is surmounted, the Ti’** jarosite
will most likely be a kagomé ferromagnet. The single elec-
tron of a Ti** ion will reside in the same e,(d,..d,.) orbital
set that is shown in Figure 9 for V** jarosite. As already es-
tablished in the context of V** jarosite magnetism, the dm—
p(O)-dm pathway in the M™,(u-OH); triangles support a
nearest-neighbor ferromagnetic exchange interaction and
not the antiferromagnetic one required for spin frustration.
Continuing within the framework of Figure 9, a d,._,. orbital
occupancy engenders the strongest antiferromagnetic ex-
change interaction. Coupling the requirement of d,._,. orbi-
tal occupancy to that of an $=1/2 spin state identifies a sin-
gular synthetic target—a jarosite with Cu** as the magnetic
ion. In such a material, a 44 interlayer cation is required to
maintain charge neutrality, that is, A™M"(OH),(SO,),. Re-
cently, Rao and co-workers have employed the polyammoni-
um 44 ion, triethylenetetraammonium ([H,TETA]**) to
stabilize an all Fe** analogue of jarosite, [H,TETA][Fe;"F,-
(SO,),].P® The structure features an [Fe,F;] kagomé-like lat-
tice capped by sulfate anions and hydrogen bonded to the
charge-balancing TETA cation. Though the two-dimensional
lattice is distorted and therefore not ideal for studying spin
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frustration,® the new synthetic methods presage the stabili-
zation of a M?* ion such as Cu** in the jarosite-type lattice.
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