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Properties of a mixed-valent iron compound with the kagomdattice
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An organically templated iron sulfate of the formiildN(CH,) sNH][ Fe" F&)F5(SQy),]- [H3O] possessing
the kagomdattice has been prepared and characterized by single-crystal crystallography and other techniques.
This mixed-valent iron compound shows complex magnetic properties including spin-glass behavior and
magnetic hysteresis. The low-temperature specific heat data show deviation fraff bedavior found in
two-dimensional frustrated systems. Simple calculations have been carried out to understand the properties of
this kagomecompound.
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[. INTRODUCTION a Siemens SMART-CCD diffractometer (graphite-
monochromated Mo Ka radiation, A=0.71073A, T
Geometrically frustrated magnets constitute an interesting= 298 K), and the structure determination was carried out by
class of materials. Of these, the two-dimensioi2d)) com-  direct method usingHELXS-86 (Ref. 4 and the refinement
pounds possessing the kagotattice have attracted consid- was carried out using theHELXTL-PLUS (Ref. 5 package of
erable attentioh® There have been several papers on theprograms. Crystal data for. orthorhombic, space group
magnetic and related properties of jarosites possessing tena2; (No. 33, a=12.92696), b=7.409%3), c
kagomelattice, but a complete understanding of these mate=17.5970(8) A, a=B8=y=90°, V=1685.38(13) R, Z
rials has been rendered difficult, partly because it is difficult=4, final R=0.0243, R,=0.0562, and GOF1.000. The
to synthesize pure stochiometric samples. One category ofray powder diffraction pattern was in good agreement with
jarosites appears to exhibit long-range antiferromagnetisnthe simulated pattern generated from the single-crystal data,
while the other has a spin-glass-type behavior, the latter exndicating the phase purity of the sample. The magnetic mea-
emplified by the (QO)™ salt with 100% site occupatidit ~ surements were carried out by using a superconducting quan-
All the iron compounds with the kagonlattice studied to tum interference devicéSQUID) magnetometer. Specific
date have Fe in one spin statgenerallyS=5/2). To our heat measurement was carried out by employing a
knowledge, no kagomieon compound containing iron in the quasiadiabatftpulse technique.
two spin states has been reported. We have been able to
prepare an organically templated iron sulfate of the formula

the kagomdattice wherein Fe is in both-2 and 3+ states. The single-crystal x-ray crystallographic studyl aflearly
We report the properties of such a kagofatice with two-  shows that the structure consists of anionic layers of corner-
spin states of iron. sharing FE'F,0, and F&F,0, octahedra and SOtetrahe-

dra. In Fig. 1, we show the structure of the compound to
demonstrate how the kagontattice is derived from three
and six rings of octahedra, giving rise to the hexagonal
The synthesis of the iron sulfalewas carried out in a tungsten-bronze-type sheets. There is 100% occupation, ren-
23-cn? Teflon-lined acid digestion bomb under autogenousdered possible by the presence of fluorine instead of the OH
pressure by heating the starting mixture of ferric citréte  groups normally found in jarosites. The Fe-O bond distances
mM), H,SO, (98%, 4 mM, 1,4-diazabicyclf222]octane in | are in the range 2.003)-2.1493) A [(F€'-0),,
(DABCO, 6 mM), HF (48%, 4 mM, H,0 (50 mM), and =2.14 A and (F¥-0),,=2.011(5) A]. The Fe-F bond dis-
n-butanol (30 mM) at 180 °C for 48 h. The product consist- tances are in the range 1.926-2.1572) [(Fé€'-F),,
ing of hexagonal-plate-shaped crystal was monophasic and2.08 A and (FE'-F),,~1.936(2) A]. The bond angle
subsequently characterized by single-crystal and powderalues show that all the iron atoms form near-perfect octa-
x-ray diffraction. Single-crystal data were collected onhedra. Bond valence sum calculatioffsx(1)=1.93, F&2)

Il. EXPERIMENT
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(X" out-of-phase componenghows the characteristic spin-glass be-
havior.
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confirm the spin-glass nature bfThe frequency dependence

of the ac susceptibility in zero field disappears at a field of 5

kOe, confirming the spin-glass behavior. In Figa)3 we

gt 3 _ show the temperature variation of the inverse dc magnetic
[Fe FeFo(SQw)21°" in |, showing the presence of the three and susceptibility measured at 5 kOe. The high-temperature data

six rings, where the three rings are capped by sulfate tetrafiéira. are linear, extrapolating to a large negative Curie temperature
Polyhedral view of the 2D network of corner-sharing iron octahedra ' P 9 9 9 P

in | in the ab plane. Here Fd) and F¢2) are in the+2 state and (_180 K)_' The iSOtherma(2'2 K) magnetization data at an
Fe(3) is in +3 state. applied field of 12 T give a moment 2.85/mol, but we

observe a transition to a magnetic state at low temperatures

=1.92, and F€3)=3.02] as well as the values of the average [Fig. 3(@)]. Interestingly, we do observe magnetic hysteresis
bond distances indicate the oxidation states oflfFend at 10 K as shown in Fig.(8). The magnetic hysteresis data
Fe(2) to be +2 and of Fé€3) to be +3. The positions of the of | show a steplike behavior and a metamagnetic transition,
four bridging F atoms are also supported by the bond valencthe field required for the transition depending on the tem-
calculations [F(1)=0.734, K2)=0.669, K3)=0.797, K4) perature. We show the hysteresis curve at 2.2 K in Fig. 4 to
=0.70, K5)=0.76, and 6)=0.71]. The °’Fe Massbauer illustrate these features. We belieMéo be the first example
spectrum of the compound showed the presence of the Fef an iron compound with the kagontettice exhibiting such
and Fé' states in the ratio 2:1, consistent with the formulaa magnetic behavior. We are not in a position to fully inter-
derived from crystallography and chemical analysis. pret the magnetic properties bfin the absence of the mag-

The magnetic properties of the mixed-valent kagomenetic structure. What is important to note, however, is the
compoundl are complex indeed. In Fig.(®, we show the marked difference in the magnetic behaviod dfom that of
dc magnetic susceptibility data under field-cool&€) and  other kagome&ompounds with Fe in a single oxidation state.
zero-field-cooledZFC) conditions. The observed divergence  Specific heat measurements on the mixed-valent kagome
between the FC and ZFC data is characteristic of a magnetécompound! in the 3-20 K range have yielded interesting
cally frustrated system, with a spin-freezing temperatureesults. The specific heat shows a broad peak in the region of
(T¢) of ~13 K. ac susceptibility measuremerif&ig. 2b)]  T; (Fig. 5, somewhat comparable to that in a kagospén

FIG. 1. (@) Ball and stick representation of a section of
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g 0
s | relation C=aTel" T+ gT2+ 6T3, with a small contribu-
S5 | tion from the first and third terms. The fit shown in Fig. 5
/ has a=17mJmol*K?, g=128mJmol'K3 and &
10 ) =2.98 mJmol*K* The value ofa is about a factor 2
154 higher andd about a factor of 10 higher than in the rare-earth
. T J J manganates which are ferromagnetic metdtart of the en-
-1.0 0.5 0.0 05 1.0 . . .
H(T) hancement of the linear as well as the cubic terms can arise

from excitations in linear and 3D antiferromagnetic chains.
FIG. 3. (&) Temperature var_iation of th(_a inverse dc susceptibility The gap implies that linear excitations are damped. A linear
measured at 5 kOéb) Magnetic hysteresis data bfat 10 K. term can also come from a two-level system.

In order to understand the nature of the mixed-valent
glass’ A plot of C versusT shows the absence of ® kagomelattice, we have carried out some calculations using
anomaly at the transition and instead shows a shoulder gke nearest-neighbor antiferromagnetic exchange Hamil-
expected of spin-glass ordering. This behavior is, howeveronian to model the mixed kagonetusters, wherein we have
different from the QO™ jarosité where there is only a slope assumed a cyclic boundary condition with all the exchange
change in the heat capacity at the magnetic transition. Theonstants antiferromagnetic and equal. The geometry and in-
hump aroud 7 K is anartifact arising from the presence of teractions of the spins in the cluster are shown in Fig. 6. The
the peak around 15 K and the unusual low-temperature beM ;=0 Hilbert space can be partitioned into smaller even-
havior. The low-temperature behavigfig. 5 does not con- and odd-parity subspaces of37x1° by exploiting parity
form to the simpleT? dependence exhibited by kagore  (invariance of the Hamiltonian to flipping all spins about the
compound<:® The data below 10 K can be fitted into the zaxis). However, even this is too large for exact computation
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FIG. 6. Twelve-site kagomeluster with periodic boundary
FIG. 4. Hysteresis data at 2.2 K showing transitions. condition.
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FIG. 7. Spin-state crossing férwith change in magnetic field. FIG. 8. Divergence in the ZFC and FC behavior calculated by

) ) ] _using a few low-lying states.
of the eigenstates and their properties. To reduce the dimen-

sionality of the spaces, therefore, and yet retain the essentigkt triplet and lowest quintet states in this study. From Fig. 7,
features of the mixed-spin kagorfetice, we have modeled we find that wherD;=0.1 J andD,=0.1J at low magnetic

a spin-3/2—spin-1 system. This system has the essential fefields, the ground state is the singlet. As the magnetic field is
tures of the spin-5/2—spin-2 kagortagtice. One of the spins increased, the ground state switches to a triplet and at still
is integral, while the other half odd-integral and both allow higher fields the quintet becomes the ground state. A similar
for intra-ion dipolar interactions. The dipolar interaction crossover is observed for other valuesbf and D,. The
within each ion leads to the dipolar Hamiltoniti is given  values ofD; andD, determine the nature of the ground state

by and the critical fields for spin-state crossovers. The crossover
of spin states predicts a steplike behavior of the magnetiza-
N a7\ 2 a7\ 2 tion, with increasing magnetic field at low temperatures,
= + . -
H Dligl (&) Dzi;\.z ()% which appears to be the case as indicated by the measure-

_ .. Mments at 2.2 K shown in Fig. 4.

whereD, andD, are the anisotropy constants for two dif- \yg haye examined the low-temperature FC and ZFC sus-
ferentions and\; andN, are the number of these ions in the .o ipility behavior by obtaining lowest six eigenstates in

system. Usual!y, dlpol.ar interactions are small compared tg, =0 to +5 subspaces. We have calculated the Boltzmann
the exchange interactions. Hence we tridatas a perturba-  factor for these low-lying states and obtained the ZFC and
tion over the eigenstates bf, and compute energies correct FC susceptibilities as functions of temperature for fixed val-

to first order inH’. ues of the single-ion anisotropy constani3;&0.1J and

The ground state dﬁo is a singlet, and the first excited D,=0.1J). The ZFC and FC susceptibilities are calculated

state, also a singlet, is 0.58 J above the ground state. IS derivatives of the magnetization with respect to the mag-

single-ion anisotropy alters this energy level ordering. Thenetic field at zero magnetic field and at a magnetic field .Of
. g . p.y -~ 9y g 0.5 Jjug . We are able to reproduce the divergence behavior
singlet-singlet gap is unaffected By’. In the case of the

. . . of the ZFC and FC susceptibilities at low temperatures found
singlet-triplet gap, the triplet state becomes the ground sta

tgxperimentally as can be seen from Fig. 8. Our model calcu-
atD,;=0.01J andD,=0.4 J. HereD, has a stronger effect

s L : X lations predict the low-temperature specific heat data which
thanD; in switching the ground state from singlet to triplet, ;.o st fitted with a relatiof = a+ BT+ yT2+ 6T2, with

since= (§) will always have more weight for the eight Spin- he 72 term being the most dominant. Clearly, more detailed
3/2 objects than the four spin-1 objects in the cluster. Fof,yestigations are required to fully understand the magnetic
large enougfd, andD, values, the ground state switches {0 properties and specific heat behavior of this mixed-valent Fe

a quintet. o compound with the kagomlattice.
To study the dependence of magnetization on the mag-

netic field, we introduce a Zeeman term along with the
single-ion anisotropy and investigate the ground-state spin
with increasing magnetic field at various fixed valuedDqgf The authors thank BRNE®AE), India, for support of this
andD,. We consider only the ground-state singlet, the low-research.
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