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Inelastic neutron scattering has been used to study the magnetic excitation
spectrum of KFeS,—a spin analogue of the oxidized two iron ferredoxins—
in the antiferromagnetically ordered state. The observed spin wave dispersion
relations along a*, b*, c* directions at 77 K are analyzed to give the nearest
neighbor intra-chain exchange constant J;=—168.14+4.8 cm~* (—20.8440.60
meV), and the ratio of the nearest interchain to the intra-chain interaction [J3|/
|J1/=8.6 X103 indicative of the strong covalency and of the one-dimensional
character of the interaction. The anisotropy field of 604091 Oe obtained from
the gap at the zone center results mostly from the non-dipolar energy. A con-
tribution of quartic terms of spins in the anisotropy energy is needed to account

for the observed easy spin direction.

§1. Introduction

The iron of KFeS, is surrounded by 4
sulfur atoms forming a slightly distorted
tetrahedron whose corner is shared by the
next iron atom along the c-axis. Such an
iron-sulfur cluster is commonly found in
units of one to four in the iron-sulfur pro-
teins called ferredoxins which play important
roles in the biochemical oxidation reduction
electron transport processes.

Although in KFeS,, the FeS, clusters
repeat in every two units along the c-axis
making a linear chain, the local bond con-
figuration of the two repeating units resembles
closely to that of 2Fe-oxidized ferredoxin,
for example, of Spirulina platensis as evidenced
by the recent determination of X-ray crystal-
lography.? In the oxidized state of the two
iron ferredoxins, the two irons are believed
to be antiferromagnetically coupled, and so
is the iron in the KFeS, chain as we reported
previously.® These observations indicate the
close similarity in the electronic structure of
Fe in both KFeS, and the 2Fe-oxidized fer-
redoxin, and further studies of the iron-iron
interaction in KFeS, are important in un-

derstanding the nature of the electronic states
of the iron-sulfur cluster.

Such studies are also interesting from the
view point of the spin dynamics, since the
moment value determined by the previous
neutron diffraction work is reduced to about
a half of what is expected to the Fe3* indica-
tive of a strong covalency. So far very little
work of spin dynamics has been done with
compounds having such strong covalent effect.

We report here the magnon dispersion in
KFeS, measured by the neutron inelastic
scattering with the purpose to clarify further
the electronic states of the iron in the linked
cluster of FeS, tetrahedra.

§2. Experimental Details

KFeS, crystallizes in a monoclinic structure
C$,-C2/c with the cell dimensions of a=7.09
A, b=11.274, ¢=5.39 A with p=113.2° at
R.T. and includes four formula units per unit
cell.¥ The atomic positions are shown sche-
matically in Fig. 1(a). The Néel temperature
is 250.0 K and the magnetic structure below
Ty is also illustrated in Fig. 1(b).

Single crystals were grown by the Bridgman
method from the polycrystal samples which
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Fig. 1.
structure is depicted in (b).

were prepared separately by fusing iron powder
with sulfur in the presence of anhydrous
sodium and potassium carbonate. The single
crystals grow in rodlike shapes in which the
c-axis lies in the longer direction. The one
used in the present neutron investigation is
ellipsoidal in shape with 1.6 cm in, length and
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(a)

(b)
A schematic illustration of the crystal structure of KFeS, is shown in (a), and the antiferromagnetic

1.6cm in diameter with relatively large
mosaic spread of about 1.5 degrees. The
sample was oriented with @-axis upright so
that [010] and [001] directions were in the
scattering plane. For the measurement of the
dispersion along a*-direction, we set the b-
axis along the sample goniometer axis.
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Preliminary measurements soon revealed
that the magnon energies were rather large for
all three directions, and especially so along the
c*-direction, which necessitated the use of
high incident neutron energy. This combined
with the large sample mosaic spread means
relatively poor energy resolution for the
results. The lack of the energy resolution as
well as of the anisotropy in the measured
susceptibility near and above Ty justified the
assumption that the spin wave dispersion of
the two sublattices would be degenerate in
the absence of the external field, and we only
tried the measurement for the so-called AF
magnetic zone.

The measurements were performed using
three different spectrometers, PANSI and
ND-1 of ISSP, CTNS of JAERI all situated
at JRR-2 reactor of JAERI, Tokai, Ibaraki.
Scans were made all in the constant Q mode
with the incident neutron energy from the
(002) reflection from PG monochromator
fixed at predetermined values depending on
the run. Except for 13.7 meV and 41.0 meV
incident neutron energies for which a PG
filter was used, no higher order contamina-
tions in the incident beam were removed for
lack of appropriate filters. The collimation
was relaxed and mostly 40’ collimations were
used throughout. All the measurements were
taken at two different temperatures, 77 K
and 150 K. Between the two, very little dif-
ference in the behaviour of the dispersion
was observed.

§3. Experimental Results

Examples of the observed spin wave in-
tensities at (=0.08 ({: the reduced wave
vector) from the magnetic Bragg positions
(001) and (003) along c*-direction at 77 K
are shown in Fig. 2. The incident neutron
energy E; of 80 meV was used for this case.
The apparent peak position shifts towards
the higher energy value as the scattering vector
Q increases. This was confirmed to be due to
the resolution effect by convoluting the large
resolution ellipsoid with the steep spin wave
dispersion surface along c*-direction indica-
tive of the strongly coupled intra-chain iron
atoms. The calculation of neutron intensity
with the assumed dispersion relation showed
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Fig. 2. Examples of the observed spin wave pro-
files at {=0.08 from the magnetic Bragg positions
(001) and (003) along c*-direction at 77 K. All of
these correspond to the same spin wave excitation
spectrum. The peak position of the one observed
at a larger Q value is closer to the true spin wave
energy as explained in the text.

that the peak position observed at a larger Q
value is closer to the true spin wave energy
than that measured at the smaller Q. The
observed energy widths can be accounted for
by the instrumental resolution including the
sample mosaic spread, which was also checked
by using the vanadium sample as calibration.

The results of the observed dispersion curve
are shown in Fig. 3 along b*-direction in 3(a),
a*-direction in 3(b) and c*-direction in 3(c).
It should be noticed that the zone boundaries
for b*, c*-directions are at {=1.0 and 0.5
respectively, whereas for a*-direction it is at
{=0.67. At the reduced wave vector of {=1.0
along the a*-axis, the energy of the spin wave
should coincide with that along the b*-axis
at {=1.0 from the symmetry argument, which
was indeed the case as shown in Fig. 3. Because
of the steep dispersion, we could only observe
the magnons along the c*-direction up to
{=0.14 at the energy of 40 meV using the in-
cident neutron energy of 80.0 meV.

The observed points indicated in Fig. 3
are obtained after the proper resolution
considerations were taken into account. The
vertical bars indicate the measure of the half
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Fig. 3.

Spin wave dispersion curves along b* (a), a* (b), ¢* (c) directions respectively. Bars in the figure

represents the measure of the observed half width which comes mostly from the instrumental resolution

broadening. Black points at small g indicate that they were taken with the incident energy E,;

=58.8

meV, whereas white points were taken mostly with the respective E; value given in the figure.

width of the observed magnon peaks, which
is mostly due to the instrumental resolution
broadening as explained above.

§4. Discussion

It is clear from the dispersion relation in
Fig. 3, that there is a gap of 4.5meV at I
point. In view of this, we take the usual
isotropic Heisenberg exchange and the an-
isotropy field H, for the Hamiltonian respon-
sible for the observed dispersion,

ZJSS1+] g:uBHAZS +gl~‘BHAZSm
¢y

where i numerates the Fe** sites and j specifies
the relevant neighbors. The indices m, n run
over the respective sublattice only. The z-
axis here corresponds to the ordered spin
direction, which is not along the crystallogra-
phic axis. The exchange model parameters J;
out to the 7th nearest neighbor are indicated
in Fig. 1(b), and their distances are given in
Table I, together with the results for J; and
H, obtained from the analysis.

Since the most complete dispersion curve
was obtained along b*-direction, we first
least squares fitted the dispersion along the

Table I. Distances and numbers of atoms to the
respective nearest neighbors are listed together
with the corresponding exchange parameter and
the anisotropy field values determined from model
fits to the observed dispersion curves.

M k) No-of & H, Value (mevys
1 270 2 J, —20.84 +0.60
2 540 2 A wx

3 651 2 A —0.18 +£0.13
4 665 4 T 0.094-0.008
5 665 4 Ts —0.09440.008
6 705 2 T ~0

7 705 2 A ~0

- — H, 6040+91 Oc

* The unit for H, is given in Oe in the table.
** The value for J, is not required for the fitting
and is undetermined as explained in the text.

b* with the theoretical relation derived from
the Hamiltonian (1), in which J,, J5, J4, J;
and H, were the necessary parameters for
the fitting. It was concluded from this analysis
that |J,| = |J5| was indeed the case as suggested
from the same distances from the iron to these
4th and 5th neighbors. We therefore put
Js=—J, in the subsequent analysis.

We also put J;=0 for j>6, since the J,
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(and J5) was already quite small, more than
two orders of magnitude less than J,. The
parameter J, which represents the ferromagne-
tic coupling between the 2nd nearest neighbor
along the chain (c-axis) direction, comes in
only for the dispersion along c*-direction in
the present analysis. However because of the
very steep dispersion along ¢*, magnon peaks
were observed only up to {=0.14 under the
present experimental condition, and J, was
not required to improve the fitting in any
essential way.

Therefore in the final analysis of the data,
the fitting parameters are restricted to the fol-
lowing four. They are J,, the intra-chain
nearest neighbor exchange between iron atoms;
J; the inter-chain exchange between the
nearest neighbor iron atoms along the a-
axis; J,, the exchange parameter for the inter-
chain n.n. iron atoms which lie at the face
center of the a-b plane; and the energy of the
anisotropy field H,.

The best fitted values for these are given in
Table I, and the solid curves in Fig. 3 represent
the fitting using these parameters. In deriving
these numbers, we used g=2.03 determined
by EPR in ref. 1 and also by ourselves, and
§=1.17 at 77 K determined by our previous
neutron diffraction work.® The ratio of the
intra-chain coupling constant to that of the
nearest inter-chain is 8.6x 1073 indicating a
one-dimensional character of the interaction
in KFeS,.

The fitting is not so satisfactory along the
a*-axis. We believe the discrepancy near
{=1.0 along a* is due to the incomplete re-
solution correction caused by the poor energy
resolution of the raw data rather than the
inappropriateness of the fitting procedure.

The value of the intra-chain nearest neighbor
coupling constant thus obtained as J, = —168
cm™! (—20.84 meV) should be compared with
that of the oxidized spinach ferrodoxin of
J=—183 cm~! (—22.7 meV) determined from
the magnetic susceptibility measurement.>
A rather good agreement of these values
confirms KFeS, as being a spin analogue
compound for the active site of the 2Fe-
oxidized ferredoxin, and lends support for the
similar electronic structure for the FeS,
cluster of these two substances.
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The magnitude of the intra-chain nearest
neighbor iron-iron exchange constant of
20.8 meV (=168 cm~') should also be com-
pared with the ferromagnetic exchange of the
pure iron (J=15.6 meV) calculated from. the

" spin wave stiffness constant (D =281 meVA?2)®

assuming the nearest neighbor interaction only.
The observed large exchange constant for
KFeS, even compared to the metallic iron
supports the strong covalency of the iron-
sulfur bonding in this substance.

The origin of the observed anisotropy field
of 6040 Oe cannot be attributed to the dipole-
dipole interaction as was done for MnF,.”
This is directly demonstrated by calculating
the anisotropy energy of the dipole interaction.
The results of the computer calculation of the
dipole lattice sum for KFeS, in the antifer-
romagnetic state are shown in Fig. 4, where the
interaction energy is plotted as a function of
spin direction with respect to the b-axis. In
the figure, 0 represents the angle from the
c-axis in the a-c plane, and ¢ the angle from
the b-axis in the a*-b* plane. The calculation
shows if the dipole interaction is the dominant
contribution to the magnetic anisotropy of
KFeS,, the easy spin direction should be
perpendicular to the c-direction pointing
towards b-axis. This is in contradiction to the
observed spin direction, in which spins are
aligned about 13.6° tilted in the a-c plane from
the c-axis towards the negative a-direction.®
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Fig. 4. Dipole lattice sum for spins in the antiferro-
magnetic state of KFeS, is plotted (in zeV) as a
function of the spin angle. 6 represents the angle
from c-axis in the g-c¢ plane, and ¢, the angle from
the b-axis in the a*-b* plane. The corresponding
crystallographic and the reciprocal axes are also
indicated in the figure.
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In order to have the spin directed in such a
direction in the observed anisotropy field,
non-dipolar anisotropy energies of the order
of 0.15 meV are needed, which include terms
of S; up to the quartic order either of the
single ion crystalline field or of the pseudo-
quadrupole interaction form. Such non-
dipolar higher order contribution to the
anisotropy reflects the strong covalency as
well as the low symmetry of the Fe** site in
KFeS,.
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