PHYSICAL REVIEW B

VOLUME 45, NUMBER 17
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Single crystals of the minimally dimerized chain antiferromagnet TIFeS, have been investigated by
thermal neutron diffraction and bulk susceptibility measurements. Collinear order perpendicular to the
chain axis appears below a Néel temperature T =196(1) K, confirming earlier powder-derived data
after correction for an ambiguity in the moment direction. Analysis of the spin-wave
dispersion in terms of a classical Heisenberg model, # =-—23,,J;S;'S; —D3 (817,
with a spin $=0.93 corresponding to the powder-diffraction ordered moment yields an intrachain ex-
change constant J = — 55(3) meV and interchain-intrachain exchange ratios of order 5X 1073, The mag-
netic anisotropy D /|2J|=2.2X107* is very small, demonstrating spin-orbit cancellation in a half-filled
3d shell in spite of a substantial polarization from in-chain Fe-Fe binding being manifest in an anisotrop-
ic Van Vleck susceptibility; its unusual easy-axis symmetry normal to the chains, deduced from coin-
cident in-plane and out-of-plane magnon modes, is considered accidental. A combined analysis of spin-
wave, susceptibility, and paramagnetic correlation data corroborates a strongly covalency-reduced mo-
ment where a local spin close to S =% gives rise to conventional quantum fluctuation and renormaliza-
tion effects, albeit with no obvious indication of the singlet formation predicted for dimerized local-spin
chains; this model implies J = —29 meV. The low-temperature perpendicular susceptibility may indicate
a competitive second-neighbor interaction (=~ 12%) in the chains.
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I. INTRODUCTION

The thallium thioferrate TIFeS, is a recently character-
ized"? member of the AFeS, family of compounds (Table
I), the representatives of which contain tightly bound an-
tiferromagnetic chains of edge-linked Fe-S tetrahedra
lined up by weakly bound intervening alkali-metal ions
(Fig. 1). Minor structural differences, also reflected in
their magnetic properties, conveniently allow the com-
pounds to be divided into two groups: (i) isomorphic
monoclinic KFeS, and RbFeS, with the Fe-S chains lying
in the monoclinic plane and ordered moments slightly ti-
lted from the chain axis® and (i), mutually related'
through a shear distortion around the chain axis, ortho-
rhombic CsFeS, with no magnetic order down to a mag-
netocrystalline transition* near 70 K and monoclinic
TIFeS, with moments ordering perpendicular to the
chains.?

In spite of these differences, all the compounds involve
formally trivalent iron with an approximately half-filled
3d electronic shell. Ordered magnetic moments (Table I)
far below the ionic high-spin value of S5up, however, indi-

cate a considerable 3d delocalization, which has been at-
tributed? largely to immediate Fe contact resulting from
in-chain Fe distances not much exceeding the atomic sep-
aration in metallic Fe (2.48 A). Although such covalency
may entail a substantial axial polarization of the Fe elec-
tronic configuration, it should introduce no orbital mo-
ment, as the spin-orbit coupling changes sign for half
filling regardless of the symmetry of the bonding environ-
ment. While the cancellation may hold to lowest order
only and further Fe-S covalency may also lead to some 3d
electron excess, an electron-spin-resonance (ESR) g fac-
tor> of 2.03 for KFeS,, being close to the spin-only value,
nevertheless points to a highly isotropic magnetic charac-
ter for the compounds. Indeed, only a very small mag-
netic anisotropy was seen in an inelastic-neutron-
scattering investigation® of KFeS,.

A delocalization via direct Fe contact might qualify
the thioferrate chains as one-dimensional itinerant-
electron magnets, irrespective of either a truly metallic
ground state or a stabilization by an antiferromagnetic
band gap. For the analogous layers of edge-sharing
tetrahedra in the tetragonal phase of iron monosulfide, an

TABLE 1. Crystallographic and magnetic data for the 4FeS, family of covalent-chain antiferromagnets. Whereas the chains in
KFeS, are magnetically uniform, the structures of the Cs and Tl compounds permit a nonzero dimerization of Fe. CsFeS, undergoes
a first-order magnetocrystalline transition at about 70 K; the high-temperature symmetry is listed here.

Lattice Intrachain Ordered Ordering
Compound symmetry Fe separation Ty moment direction Ref.
KFeS, monoclinic C2/c 2.70 A uniform 250 K 243up 13° from chain 3
CsFeS, orthohombic Immm 2.71 A dimerized (no order above T =70 K) 4
TIFeS, monoclinic C2/m 2.65 A dimerized 190 K 1.85up perpendicular to chain 1,2
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electronic-structure calculation® has in fact shown that
Fe-Fe covalency makes a major contribution to the 3d-
band width, here even rendering the compound nonmag-
netic, and has also indicated a (semi)metallic behavior.
Accordingly, the local moments in the present antiferro-
magnetic chains may significantly depend on their rela-
tive orientation; yet this will hardly affect observable
thermal-equilibrium properties, as the magnetic suscepti-
bility indicates substantial short-range order up to the
decomposition temperature.” Of greater relevance is that
the associated moment reduction is in principle continu-
ous and may result in an arbitrary [i.e., non-(half-)integer]
local spin whose quantization is undefined. In this con-
text, it is interesting to note that the smaller ordered mo-
ment observed for TIFeS, (Table I) correlates with a
smaller Fe separation in this compound.

There is yet another interesting aspect. The thioferrate
chains in the group (ii) compounds are distinguished by
Fe space-group positions that permit a finite dimerization
as a result of the particular low symmetry of the Tl or Cs
arrangement in these structures (Fig. 1). Although the

1112/im
c=531A Y=986°

TIFeS,
a=6.832 b=1051A

FIG. 1. (a) Crystallographic and (b) magnetic structure of
TIFeS, shown in terms of a nonstandard I2/m cell. According
to powder neutron-diffraction data (Ref. 2), ordered moments of
1.85(6)up point in the monoclinic plane 60(10)° away from the
shorter diagonal; the sign of the angle has been inverted in the
figure to comply with the single-crystal susceptibility of this
work.
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actual influence [e.g., zg, =0.2486(5) rather than 0.25 for
CsFeS, (Ref. 8)] is very small owing to the strong intra-
chain binding forces, quantum effects related to the for-
mation of a singlet state with a finite singlet-triplet excita-
tion gap, as theoretically predicted’ for localized antifer-
romagnetic Heisenberg chains with exchange dimeriza-
tion, cannot be dismissed a priori because of the critical
dependence of exchange on orbital overlap and the singu-
lar evolution of the gap away from the uniform limit. In
any case, however, such effects must disappear in the
classical limit of large spin quantum numbers S. The
chains in the compounds of group (i), on the other hand,
show only alternating small lateral displacements of Fe,
thus remaining magnetically uniform.

As the covalency sets the present series of thioferrates
apart from the ionic (and mostly uniform) quasi-one-
dimensional (quasi-1D) magnets predominantly stud-
ied!®!! (such as the pseudoperovskite KCuF;, the group
of hexagonal trihalogenides, or metalorganic systems
such as TMMC), a comprehensive investigation is cer-
tainly warranted. With the compounds being highly iso-
tropic magnets, the availability of many quantitative
theoretical results as well as the significance of quantum
effects for localized Heisenberg chains'?> may be utilized
to delineate the role of delocalization and probe the inter-
relation of quantum character and itinerancy. In addi-
tion, the possibility of comparing similar compounds
with yet partly different attributes within the thioferrate
series (Table I) can facilitate a correct interpretation of
the measured properties.

We have thus conducted an investigation of TIFeS, by
means of inelastic-neutron-scattering and susceptibility
measurements on single crystals. The presentation in this
paper is as follows. First, instrumental details are given
(Sec. II) and the experimental data described and ana-
lyzed (Sec. ITI). Then the microscopic origin of exchange
and anisotropy is discussed (Sec. IV A) and a detailed
cross analysis given in terms of a quantum spin model
(Sec. IV B). Finally, the principal findings are summa-
rized and put into perspective (Sec. V).

II. EXPERIMENTAL DETAILS

Polycrystalline T1FeS, was obtained by synthesis from
the elements as described earlier.” The powder was en-
closed in evacuated quartz tubes and lowered through a
Bridgman furnace, where the melting point was roughly
located at =600°C. No entire single-crystal ingots were
obtained in this way, but from 15-mm segments cut nor-
mal to the growth (i.e., chain) axis by means of a wheel
cutter, large elongated grains with an irregular cross sec-
tion of about 5X5 mm? could be readily isolated by
means of a knife and visual inspection. The procedure re-
vealed the crystals to be somewhat delicate: The constit-
uent fibers are strong, but they bend and separate easily.
Fresh surfaces have a silver-metallic appearance and
slowly darken with exposure to ambient air.

Double- and triple-axis neutron-diffraction data were
taken on the PANSI, ND1, and TUNS spectrometers at
the JRR-2 reactor of the Japanese Atomic Energy
Research Institute. After checking, two crystals of simi-
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lar size (about 2 g each) and negligible mosaic spread
were oriented for the (0k/) and (47,k, —37) scattering
planes, respectively, and mounted in He-filled aluminum
containers; these planes contain the lowest and second-
lowest magnetic reflections, respectively, and happen to
be almost perpendicular to each other (mutual angle
91.6°). In contradistinction to the choice of coordinates
in Fig. 1, for indexing we employ a standard C12/m1
setting, where b represents the monoclinic chain-axis
(Fig. 2), the corresponding x-ray lattice parameters! being
a=11.64 A, b=5.31 A, c=10.51 A, and B=144.6’,
whence =~ a*=0.931 A~', b*=1184 A", c*
=1.032 A"}, and B*=35.4". All major magnetic
reflections then take the form (eoh), while a second set
(oeh) is extinct but for nonzero dimerization and omitted
from Fig. 2; here e, o, and 4 denote “even,” “odd,” and
“half integer,” respectively. The magnetic ordering
direction in the figure is 30° counterclockwise from the ¢ *
axis, where the sign of the angle has been reversed with
respect to Ref. 2 to comply with the single-crystal suscep-
tibility of this work (see Sec. III B).

On all instruments, (002) reflecting pyrolytic graphite
was used as neutron monochromator and analyzer, and a
pyrolytic graphite filter was inserted before the sample
for incident energies up to 41 meV inclusive. Inelastic
magnon data were collected with segmented variable
(PANSI) or monolithic (TUNS) vertically focusing mono-
chromators. In most measurements, 40’ horizontal col-
limation was used throughout the neutron path, while on
TUNS a 60'-30’-30’-60' sequence had to be taken. Cool-
ing below room temperature was accomplished by a
“Displex” closed-cycle He refrigerator mounted on the
sample table. Where important, the temperature was
monitored with a precalibrated silicon diode (Lake Shore
Cryotronics) in thermal contact with the sample con-
tainer.

e nucl. : k odd

® nucl. : k even

O magn. : k odd

a*=0931A7 b*-1184R"  c*=10328"  p*=354°

FIG. 2. TIFeS, reciprocal lattice illustrating the standard
C2/m indexing scheme (Ref. 1) employed in this work, with the
b axis being in the chain direction. The rhomboid mesh corre-
sponds to the reciprocal I2/m cell of Fig. 1, and the moment
orientation is 30° counterclockwise from the (00/) axis. Experi-
ments were performed in the (0k/) and (47,k, —37) scattering
planes, which are almost (91.6°) perpendicular to each other.
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For analysis (Sec. IIT A), the magnon data were fitted
with a convolution of the theoretical scattering cross sec-
tion and instrumental resolution function,? using a vari-
ant of the computer program FIT3AX.!* The spherical
Hartree-Fock result for free Fe’* from Ref. 15 was taken
as the magnetic form factor. A background slope and
small coordinate offsets were included where thought ap-
propriate; the latter were particularly important for mod-
eling constant-energy scans in the chain direction where
the symmetry of the scan profile is sensitive to even
minor misorientations of the resolution ellipsoid. As the
convolution in FIT3AX is performed numerically, the
spin-wave dispersion was artificially broadened in energy
in dependence on the scan; this broadening was kept as
small as possible [0.6—5 meV full width at half maximum
(FWHM)] in order to minimize effects on the fitted pa-
rameters, and minor discretization wiggles apparent on
some profiles were tolerated.

The magnetic susceptibility below room temperature
was recorded in a field of 1 T (10 kG) with a
superconducting-quantum-interference-device (SQUID)
magnetometer (S.H.E. Corporation) for three orthogonal
crystal directions. A smaller sample of about 2X2X35
mm?> (0.137 g) was used here, the coordinates of which
were established by neutron diffraction. To avoid correc-
tions for a sample holder contribution, the crystal was
freely suspended on cotton thread where any misorienta-
tion is believed to have stayed well within +10°. While
the sample turned out markedly free of paramagnetic im-
purities, zero-field intercepts revealed a significant
[3.3(1)X 10™* cm®/mol] ferromagnetic background (such
as from impurities with 7, >>300 K), which was assumed
to be isotropic and immediately subtracted. Although
constant within experimental uncertainty, this back-
ground may account for some signal drift observed at
lower temperatures; the susceptibility and its anisotropy
at room temperature, however, were fully reproducible.

III. RESULTS

A. Neutron scattering

Prior to the inelastic measurements, the (0,1,4) mag-
netic Bragg intensity was monitored as a function of tem-
perature in double-axis configuration (Fig. 3). The
rounded decrease suggests a conventional second-order
transition to three-dimensional (3D) magnetic order. Ex-
trapolation yields a Néel temperature T, =196(1) K,
which improves on the previous 190(10) K obtained by
powder Mdssbauer spectroscopy,’ and the range of criti-
cal exponents admitted by the final data points,
23=0.66(10), is compatible with the theoretical 3D
Heisenberg value (8=0.365).'¢ Accordingly, the charac-
teristic critical scattering could be easily observed and
showed a surprisingly high inelasticity, even close to Ty,
that indicates a very large magnon energy scale.

Magnon data were then taken with a triple-axis setup
for a sample temperature of 100 K, i.e., at about L7T.
Scans in energy up to 40 meV at magnetic zone centers
with different reciprocal-lattice offsets revealed only one
magnon mode around 5 meV, although for spins ordering
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FIG. 3. Temperature dependence of the integrated (0,1,%)
magnetic Bragg intensity, yielding Ty =196(1) K. The double-
logarithmic inset shows the (0,1, 1) magnon gap energy vs mag-
netic intensity, indicating that the gap varies roughly propor-
tional to the square of the sublattice magnetization.

perpendicular to the chain direction an easy-plane-type
anisotropy giving rise to two components, a lower in-
plane (IP) and a higher out-of-plane (OP) mode, might
rather be expected [compare, e.g., the case of KCuF;
(Ref. 17) or TMMC (Ref. 18)]. Thus our best resolved
data (Fig. 4) taken with a low incident energy (E;=13.7
meV) at the (0,1,}) position, where the IP intensity dom-
inates 6:1, are in good agreement with a single-mode
fitted profile, yielding a gap energy of 4.3(1) meV. The
high-energy tail of the profile here again reflects a steep
dispersion in the chain direction.

As this suggests a coincidence of IP and OP gap ener-

PANSI E;=13.7meV (011/2) 100

150 T T T T T T T T T T T T
= I o2 .
£ - i
o L .
=)
. 1001 :
@ i .
a L
o | ]
-
c I > ]
8 50: j
= i Egap= 4.3 meV
= i ) i
c s i

0 L 1 j T A .. § - L L 1 L L L

1 2 3 4 5 6 7

(o]

energy (meV)

FIG. 4. Energy scan at the (0,1,%) magnetic zone center and
the profile generated by resolution fitting with a single mode
(Gaussian broadening 0.6 meV FWHM). The resulting magnon
gap energy is 4.3(1) meV at 100 K. The high-energy tail reflects
a steep intrachain dispersion; no other mode is found below 40
meV.
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gies and, consequently, an unusual axial symmetry of the
anisotropy normal to the chain direction, we analyze two
otherwise identical scans taken at the (0,1,—1) and
(O,l,—%) zone-center positions with an incident energy of
40.5 meV. The data and estimated incoherent scattering
and background contributions are shown in Fig. 5 togeth-
er with FIT3AX simulated profiles based on coincident IP
and OP modes at 4.3 meV. The predicted ratio of the
scan-integrated intensities, which combines the influence
of moment orientation, magnetic form factor, and focus-
ing, results to 1.14, in perfect agreement with the experi-
mental ratio of 1.13(5), whereas neither the IP mode
alone with 1.71 nor the OP mode alone with 0.38 can ex-
plain the observed variation. We have to conclude that
both modes are contained in the 5-meV peaks, the ab-
sence of a discernible energy shift between the scans im-
plying that they are degenerate within the data resolution
of about 0.5 meV.

In order to further characterize the anisotropy, the
temperature dependence of the (0,1,1) magnon gap below
Ty was briefly examined, and the relation between gap
energy and magnetic Bragg intensity is shown in the
double-logarithmic inset of Fig. 3. The data indicate that
the variation with sublattice magnetization between 100
and 175 K follows a M? power law with an exponent

TUNS E;=40.5 meV 100K
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FIG. 5. Magnon gap scans at the (0,1,—1) and (0,1,—3)
reciprocal-lattice positions. Dotted lines indicate estimated in-
coherent scattering and background. A simulation (dashed) for
coincident in-plane (IP) and out-of-plane (OP) modes at 4.3 meV
(Lorentzian broadening 2 meV FWHM) reproduces the mea-
sured intensity ratio. The curves have been matched to the data
by a common scale factor.
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close to p=2. An extrapolation to low temperatures
then implies a slight (=7%) further increase in the mag-
non gap below 100 K.

A high incident energy of 83.3 meV was used to probe
the steep intrachain dispersion by means of constant-
energy scans, where the energy transfer was chosen in
dependence on the scan center position such that the long
resolution axis extended normal to the scan direction, as
attested by the resulting sharp and symmetric double
peaks (Fig. 6). However, the energy transfer of 37.9 meV
leading to a symmetric experimental profile at (0,k,3),
for instance, differs somewhat from the theoretical pre-
diction'? implemented in FIT3AX and was also noted to be
spectrometer dependent. A likely cause are nonuniformi-
ties or mutual correlations in the monochromator and
analyzer mosaic spreads, and the associated problems in
the resolution fitting were addressed by small coordinate
offsets, as mentioned in Sec. II.

The intrachain magnon dispersion shows the typical
linear low-energy behavior of antiferromagnets, the reso-
lution fits giving a spin-wave velocity of #ic =0.54(3)
eV A. This is about twice the slope implied by the only
other comparable measurement® for KFeS, (=~0.26
eV A), which may therefore be suspected to suffer from
some kind of systematic error (a recent experiment'® at a
pulsed neutron source indeed shows a much higher
value). In any case, the zone-boundary energy and upper

TUNS E;=83.3meV 100K
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(0k3/2) 1
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FIG. 6. Constant-energy scans parallel to the chain axis at
(0,k,3) for 37.9 meV and at (0,k, ;) for 15.7 meV transfer, to-
gether with resolution fits (Lorentzian broadening 5 meV
FWHM). A spin-wave velocity of 0.54(3) eV A is obtained. The
sharp symmetric profiles result from the resolution ellipsoid be-
ing oriented normal to the scan direction.
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part of the dispersion in TIFeS, are clearly out of the
reach of experiments with thermal reactor neutrons.
Both constant-energy and constant wave-vector scans
with appropriately chosen incident energies were em-
ployed to sample the dispersion in the (00/) and
(4m,0, — 37) interchain directions. At the (012) and (413)
lateral zone boundaries, respectively, the magnon disper-
sion was thus found to reach an energy of 42.4(5) meV.
The magnon data were analyzed in terms of a cus-
tomary antiferromagnetic Heisenberg Hamiltonian

H=-273 J,;8;:8,—D 3 (S, (1
Cij) i

where the exchange sum with prefactor 2 contains each
interacting spin pair exactly once and the anisotropy
term with D >0 involves the spin ordering direction as
easy axis. In the exchange part, we allow for a uniform
intrachain coupling J and for three interchain terms Ji,
J3, and J3, forming a triangle as defined in Fig. 1(b). For
the present two-sublattice structure [Fig. 1(b)], standard
antiferromagnetic spin-wave theory?® then gives the
dispersion relation

E (h,k,[)=2S({2(J +J+J5)—2J [1—cos(mh)]—D}?
—[2J cos(mk )+2Jcos(mh +2ml)
+2J5cos(2mh +271) )" /? )

where (hkl) represent the offset from a magnetic zone
center.

It should be realized that further couplings, such as be-
tween second neighbors in the chains or with components
both along and across the chains, cannot be separately in-
ferred from the measured low-energy excitations and that
a dimerization in antiferromagnetic chains is even com-
pletely hidden in conventional spin-wave theory
[Jobs = —(J1J)!7?].° The four interactions in (2) may
therefore be regarded as effective parameters that serve to
permit a self-contained data description. Similarly, we
here simply assume classical spins, so that a quantum re-
normalization® of (2) need not be considered, and ac-
cordingly also ignore zero-point motion, taking the spin
value S directly from the ordered moment. A refined
analysis and combination with paramagnetic correlation
and static susceptibility data in Sec. IV B, however, will
allow us to go beyond this minimum model.

Using the spin value S=1u/up =0.925 corresponding
to the low-temperature ordered moment from Ref. 2, the
dispersion relation (2) was separately fitted to each mag-
non scan with respective insensitive parameters fixed and
the procedure iterated until all parameters were essential-
ly self-consistent (the fitted profiles include those shown
in Figs. 4 and 6). The deconvoluted magnon energies re-
sulting for each scan are given in Fig. 7 together with the
theoretical dispersion curves (2) along the (0k0), (00/),
and (4n,0, —37) reciprocal-space directions, and the cor-
responding optimized dispersion parameters are listed in
Table II. Whereas a well-defined positive value is found
for the interchain coupling J, as emphasized in Fig. 7 by
a dotted line calculated for J3 =0, the interactions J| and
J5 cannot be separated in the present two scattering
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FIG. 7. Magnon energy dispersion at 100 K in the (010),
(001), and (403) directions from the magnetic zone center, as
obtained from resolution fitting. The wave vectors are reduced
to the first zone; ticks distinguish constant-energy and constant
wave-vector scans. The solid curves are calculated using the re-
lation (2) with the parameters of Table II; the dotted line is the
result for J3=0.

planes and only their sum is obtained. Owing to the
thermal renormalization of the gap energy, the present
value of D for 100 K should slightly (~14%) underesti-
mate the true parameter in the Hamiltonian (1). This
does not apply to J| +J; and J3, however, since results
for KCuF,,!7 CsNiCl;,2! and CsMnCl;-2H,0 (Ref. 22)
have shown that, away from the magnetic zone center,
the renormalization in quasi-1D antiferromagnets is
small up to Ty.

To examine the intrachain magnetic correlations above
the ordering temperature (Fig. 8), a double-axis setup
with 30.5 meV incident energy was used. Scans were per-
formed at room temperature and 250 K across the k =1
plane at (0,1, —0.181), which ensures that the energy in-
tegration in the detector involves just scattering from this
plane. From fitting with a 1D Lorentzian convoluted
with the appropriately projected Gaussian resolution,
which was experimentally derived from the nearby (020)
nuclear reflection, the 1D magnetic correlation lengths!!
£(293 K)=29(4) A [or 11(1) spins] and £(250 K)=37(5)
A [or 14(2) spins] are obtained.

TABLE II. Exchange and anisotropy parameters in a classi-
cal Heisenberg model for TIFeS,, derived from magnon energies
at 100 K using the unrenormalized dispersion relation (2) with a
spin value §=0.925 corresponding to the low-temperature or-
dered moment (Ref. 2). Because of the thermal renormalization
of magnon energies, D should be slightly reduced relative to the
value at 0 K. Jj and J; are inseparable in the present scattering
planes.

J J'=(J1+J3)/2 J4
—55(3) meV

D(100 K)
—0.29(2) meV  +0.13(2) meV 0.024(2) meV
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FIG. 8. Energy integrating double-axis scans above Ty
across the kK =1 magnetic plane at (0,1, —0.181), with the in-
tegration confined to the plane. The fitting of Lorentzian
profiles folded with the Gaussian resolution (0.0495* FWHM)
yields the intrachain correlation lengths 29(4) A [11(1) spins] at
293 K and 37(5) A [14(2) spins] at 250 K.
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B. Susceptibility measurements

Figure 9 shows the magnetic susceptibility of single-
crystal T1FeS, for three orthogonal field directions: along
the chain axis, along the magnetic ordering direction, and
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FIG. 9. Single-crystal molar susceptibility of TIFeS, along
three orthogonal axes in an applied field of 1 T (10 kG), after
correction for ferromagnetic impurities. A constant offset of
the upper curve is attributed to an anisotropic Van Vleck term,
which in the parallel susceptibility is virtually compensated by
core diamagnetism. The inset highlights the spin-wave T2 law,
the dashed slope being a prediction from the magnon energies
for J1=J,.
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perpendicular to both. The data exhibit the behavior ex-
pected of a nearly isotropic quasi-1D antiferromagnet un-
dergoing 3D collinear order, the order giving rise to a
splitting into parallel and perpendicular susceptibility
components. There is, however, a peculiar constant
offset of 0.20(2)X 10™* cm?®/mol between the upper two
traces, the origin of which will be discussed in Sec. IV A.

During an initial check of the dependence of the Néel-
state splitting on crystal orientation, it became evident
that the actual moment direction corresponds to the pre-
vious powder neutron-diffraction result? mirrored in the
monoclinic plane on the C2/m a axis [the shorter diago-
nal in Fig. 1(b)]. Yet, although the old sign of the angle
with this axis must be inverted, the old magnitude (60°) is
excellently confirmed, and the moment value (1.85up) is
likewise not affected, as both orientations prove to be vir-
tually equivalent in an analysis® relying basically on the
(0,1,3) and (2,1,—3) magnetic intensities alone. In fact,
with the (0kl) and (4%,k, —37) scattering planes being
almost perpendicular (Fig. 2), the revision has no discer-
nible effect on the magnetic intensities in these planes in
general. The corrected moment direction is shown in
Fig. 1(b).

With values of the order 2 X 10~* cm®/mol, the present
single-crystal susceptibility falls well below an earlier
powder measurement? (=~9X10~* cm?/mol), suggesting
a considerable impurity contribution to the latter (this
effect, also pointed out?® for KFeS, seems to plague
powder susceptibility measurements of the chain thiofer-
rates in general). As demonstrated by the x-versus-T? in-
set of Fig. 9, the parallel and perpendicular susceptibili-
ties below the ordering temperature are in reasonable
agreement with a simple T? law practically up to Ty, the
overall slope coefficients above 80 K being +4.3(2)
X107 and —0.9(1)X107° cm?®/(mol K?), respectively.
The Néel temperature implied by the susceptibility data
is consistent with the more accurate result from the mag-
netic Bragg intensity.

IV. DISCUSSION
A. Microscopic origins

1. Exchange interaction

A markedly anisotropic magnon dispersion (Fig. 7)
corresponding to the exchange parameter relation
|J|>>|J'| (Table II) unambiguously establishes TIFeS, as
a quasi-1D magnetic system, the property being here pri-
marily attributable to a very strong interaction within the
thioferrate chains. Accordingly, an upward continuation
of the dispersion by the relation (2) predicts a 1D zone-
boundary energy (neglecting J' and D) of E(0,%,0)
=4S|J|=204(11) meV that, along with similar values'
to be expected for the alkali-metal relatives, may well be
the highest for 1D systems to date. The present intra-
chain exchange constant J= —55(3) meV for a classical
S =0.93 is far above the value J=+15 meV in bcc me-
tallic iron (S=1.11),%* but it is rivaled or surpassed in
other chalcogenides, as, for instance, by J = —87(13)
meV in hexagonal NiS (S =1) (Ref. 25) [J values as
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defined by Eq. (1)].

According to the Goodenough-Kanamori rules*® for
cations with half-filled shells, both Fe-Fe direct and Fe-
S-Fe indirect exchange interactions in the thioferrate
chains should be antiferromagnetic. Yet, while exchange
of the present magnitude may in general reflect covalent
bonding contributions of any kind, it here supports the
concept of Fe-Fe contact. This is seen by estimating the
Fe-S-Fe contribution from the exchange in the blende-
superlattice compound chalcopyrite (CuTFe**s,’ ),
where merely corner-sharing tetrahedra preclude any Fe
overlap: Applying the molecular-field formula kT
=2S(S +1)z|J| for the Néel temperature of a 3D antifer-
romagnet?® to the experimental data T,~825 K,”
p=13.85up,% and z =4, we find J = —5 meV for a single
Fe-S-Fe path, which after doubling for edge-sharing
tetrahedra still represents only a smaller part of the result
for the thioferrate chains, even if quantum corrections
are taken into account (Sec. IV B).

Reaching above 40 meV, the interchain dispersion in
the T1 tioferrate alone exceeds the 1D dispersion of most
ionic chain magnets, but being proportional to
(|J] 17?2 it does so mainly because of amplification by
the intrachain exchange. Thus the magnitude of the in-
terchain coupling itself is not unusual for the ionic su-
perexchange path involved and more than two orders
below the covalent intrachain coupling; if the minor J} is
neglected in forming a mean interchain exchange J'
=(J}+J})/2=—0.29 meV, a ratio |J'/J[=5X 10 3 is
obtained as an approximate measure of the 1D character.
Whereas significantly “better”” ratios are found especially
in metalorganic chain systems, this puts TIFeS, (like
KFeS, (Ref. 5)] into one class with many simple ionic
quasi-1D magnets such as the pseudoperovskite KCuF;
(|J'/J1=1.0X10"%) (Ref. 17) or hexagonal CsNiCl,
(|J'/71=1.7X1072).2

The present magnon and single-crystal susceptibility
data fully corroborate a collinear magnetic structure of
TIFeS,. A stable collinear state means that the range of
values permitted for the unseparated exchange parame-
ters J| and J} is restricted; on a triangular lattice with
positive J4=+40.13 meV and negative J} +J5=—0.58
meV, the stability criterion JiJ;—J{J3—J3J3>0 is
satisfied only if —0.69 meV <J}, J5 <+0.11 meV. In
Sec. IV B both interactions will actually be seen to be
comparable, as only the choice J| =J)~ —0.29 meV ac-
counts for the coefficient of the T2 term in the parallel
susceptibility. Alternatively, a high degree of stability of
the collinear state may be inferred from the experimental
ordering temperature being close to the value predicted
by the Oguchi relation®® kTy=2.1S (S +1(|J[[J')'/? if
J'=(J|+J5)/2 is taken and J; neglected.

2. Anisotropy energy

Compared with exchange, the anisotropy energy in
TIFeS, is very small, D /|2J|=H , /Hy=2.2X10"*, sig-
nifying an excellent realization with § > 1 of a magneti-
cally isotropic system in a low-symmetry structure.
Along with KFeS,,’ the compound in this respect com-
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pares favorably, for instance, with the quasi-1D antifer-
romagnet TMMC (D /|2J]=—8.6X1073),!® which is
often used as a model Heisenberg system. As pointed out
in the Introduction a negligible anisotropy in the thio-
ferrate chains has in fact to be expected, even for a non-
spherical low-spin configuration of Fe, as long as a can-
cellation of spin-orbit coupling takes place in an approxi-
mately electron-hole-symmetric 3d° shell, eliminating®
any significant anisotropy of Fe-Fe exchange as well as of
single-site origin. The dependence of moment orientation
on differences in the 3D crystal structure (Table I) and
the unusual perpendicular easy-axis character of the an-
isotropy in TIFeS, indeed imply that effects local to the
chains are not invariably predominant.

This, however, leaves the role of the ever-present dipo-
lar magnetic interactions to be clarified, which in antifer-
romagnetic chains lead to an easy-plane anisotropy with
a finite OP magnon gap energy of

Er=4S [31Jl(gup)*S (—1)" "' /(nd)* |2,

n

where d stands for the 1D lattice spacing (a full 3D lat-
tice summation for TIFeS, introduces only +2% devia-
tion from 1D symmetry). With E=4.8 meV for the T1
thioferrate, the dipolar term alone accounts remarkably
well for the measured gap energy, but the correspondence
is certainly fortuitous, as the IP gap does not nearly van-
ish experimentally. In view of the crucial influence of
extra-chain contributions (such as from anisotropic inter-
chain exchange), it may be suspected that the dipolar an-
isotropy is attenuated by a small easy-axis effect in the
chains (which may vary with Fe-Fe distance). Here, in
particular, single-site or Fe-Fe exchange terms from an
uncompensated spin-orbit coupling in a slightly more
than half-filled 3d shell could occur as a result of Fe-S
covalent electron backdonation, as also suggested by an
ESR g factor’ slightly above 2 for KFeS,. In any case,
the IP-OP degeneracy in T1FeS, appears to be purely ac-
cidental.

According to antiferromagnetic resonance theory,
the temperature dependence of the magnon gap energy
may be expressed as Ep(T)=[2K (T)/x,(T)]'/% If the
anisotropy constant obeys a Zener relation®® K(T)
o« M (T)"!*V72 with [ being the order of the spherical
harmonic associated with the anisotropy energy, and if
the variation in the perpendicular susceptibility x,(7T)
can be neglected, a simple power law E < M? follows,
with p =2 for a second-order harmonic. For various sim-
ple 3D systems®* with / =2, this was found to account for
experimental observation up to temperatures as high as
0.6-0.9T, regardless of the microscopic origin of an-
isotropy or the functional form of M (T). A somewhat
faster decay with p =2 in TIFeS, (Fig. 3) then also ap-
pears to be basically indicative of a second-order anisot-
ropy (x, changes by less than 10% between 100 and 175
K), while the deviation from p =32 may reflect a higher-
order (I =4) contribution or here signal a breakdown of
the Zener relation at higher temperatures. The present
decay is clearly at variance with the simple molecular-

31,32
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field prediction p =1 for interaction-derived anisotro-
g 32
pies.

3. Susceptibility anisotropy

We finally turn to the distinct anisotropy in the mea-
sured susceptibility (Fig. 9). The offset between the per-
pendicular susceptibilities along and across the chains
(upper two traces) is obviously unrelated to the anisotro-
py of the spin system, as it persists unchanged into the
ordered state and as the susceptibility splitting above Ty
does not correspond with the easy-axis symmetry inferred
from the magnon modes. An inspection of the difference
susceptibility further reveals no indication of a kink at
the transition point, thereby precluding a multiplicative
g-factor anisotropy and implying a temperature-
independent additive term instead that is anisotropic.
Possible effects of Fermi-level electrons discounted, a
constant susceptibility contribution may arise from the
Langevin diamagnetism of atomic cores and the Van
Vleck (high-frequency) paramagnetism of valence shells,
the latter of which can easily be anisotropic. In contrast,
the smaller and slightly decreasing separation above Ty
of the parallel and perpendicular susceptibilities across
the chains (lower two traces) should reflect the anisotropy
of the antiferromagnetic spin system.

The diagonal components of the Van Vleck susceptibil-
ity for a single ion may be written®

[{n|L,[0)]

= 3
E,—E, (m=x,y,2) , (3)

Xow=2Nu3 3,

n

where L, are the components of orbital angular momen-
tum, |0) represents the electronic ground state with ener-
gy E,, and |n) are excited configurations of energy E,
(the expression is also applicable to delocalized band
states if n is taken to enumerate single-electron excita-
tions®). For a 3d° shell in a tetrahedral bonding environ-
ment, the only relevant matrix elements are those be-
tween occupied e and unoccupied ¢, orbitals of same spin.
Thus, while an § =3 high-spin configuration simply has
x"V=0, an e*] (S=1) low-spin case gives®® x"V
=%Nup/AE and a hypothetical €3 (S=3) case 2
Nu% /AE. Taking the last to be a reasonable approxima-
tion for TIFeS, (compare Sec. IV B), with the e-f, split-
ting from the electronic band structure of tetrahedral
iron monosulfides,’ AE~0.2 Ry (=2.7 eV), we obtain
the isotropic estimate y'YV~0.8X10™* cm’/mol. In-
cidentally, this is just the order to be expected of core di-
amagnetism, in accordance with the observation that the
low-temperature parallel susceptibility approaches zero
(Fig. 9). Moreover, the measured anisotropy of
0.20(2) X 10™* cm*/mol is now seen to represent roughly
25% of the total Van Vleck susceptibility.

In order to account for the anisotropy, a level splitting
from Fe-Fe bonding interactions in the chains must be in-
troduced. As also proposed in Ref. 2, here primarily a
splitting of 3z2-r? into bonding and antibonding orbitals
can be expected, causing a population loss from the anti-
bonding orbitals (z axis along the chain). From the rela-
tions
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L |x*—yp¥)=—ilyz), L |3z2*—r?)=—V3ilyz),
Ly|x2—y2)=—ilxz), Ly|322—r2)=\/§i|xz) ,
L,Ix?>—y*)=2ilxy), L,|3z*—r?)=0,

it follows that both an increased energy separation for
3z2-r? bonding orbitals and a population imbalance to-
ward x 2-y? orbitals give rise to X;'ZV > )(r;’ = )(;'yv, as found
experimentally. The anisotropy in the Van Vleck suscep-
tibility forms a striking contrast with the extreme isotro-
py of the spin system, yet both experimental findings are
equally characteristic of a nonspherical low-spin state of
electron-hole symmetric Fe’™ in the Fe-S chains of

TIFeS,.

B. Combined analysis

For the sake of simplicity, in Sec. III A the magnon
dispersion of T1FeS, has been analyzed in terms of local-
ized classical spins and a limited set of phenomenological
interactions. With a view to identify a possibly more ac-
curate description, we shall now examine how quantum
effects might enter the interpretation and effect the model
parameters, and then introduce the correlation and sus-
ceptibility data into the analysis. The cross analysis pro-
vides a means to refine the Hamiltonian and to test the
validity of a local-moment description, including stan-

J
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dard spin-wave theory, for this covalent delocalized sys-
tem.

1. Quantum corrections

For localized quantum spins in quasi-1D antiferromag-
nets, appreciable zero-point fluctuations are expected,?
leading to a corresponding reduction in the measurable
ordered moment, p=guz(S —AS). Linear spin-wave
theory here even predicts®® a divergent reduction for the
limit of free chains with zero anisotropy and in this con-
text was little trusted at first.' The unphysical behavior,
however, can be rectified by taking ‘kinematical interac-
tion” terms into account®’ (the improved estimate extra-
polates to u=0), revealing the original result to be al-
ready reasonably accurate if the spin number is not too
small and the system not too close to the 1D isotropic
limit. Because the reduction in real systems is not easy to
separate from covalency effects, precise experimental
values are difficult to obtain, but the data available for
highly ionic chain antiferromagnets such as KCuF;
(§=1) (Refs. 38 and 17) and K,FeFs or Rb,FeFs (§=3)
(Refs. 39 and 40) confirm the soundness of the improved
spin-wave prediction.

Applying the linear spin-wave prediction® to our in-
teraction model (1) for TIFeS,, we find for the leading
term of the spin reduction in the limit |J'|<<|J],
D << |J| by suitable expansion of the integrand

2S{—2(J +J, +J4)+2J5[1—cos(wh)]+D)

1
AS=
2Vgz fBZ

E(h kD)
~Ln —16J ~L 4o0.035,
2| —a(J 4Ty +2l 4D | 2

where E (h,k,l) is given by (2), the integration extends
over one magnetic Brillouin zone (BZ), the small numeri-
cal constant has been evaluated for J| =J3, J5=0, D =0,
and where the omitted higher-order terms carry prefac-
tors J'/J or D /J. From Table II the moment stabiliza-
tion in TIFeS, is governed by the interchain coupling, the
data yielding AS =0.56 and, with the ordered moment
from Ref. 2, an intrinsic spin S=0.93+0.56=1.49.
Note that (4) is independent of .S and also not affected by
using a wrong S in the magnon data analysis. Moreover,
the kinematical correction®’ turns out to be insignificant,
as it decreases AS by merely

(28 +1)(AS)PST1/[(1+A8)S T1—(AS)*S t11=0.07 .

Interestingly, the spin for the TI thioferrate comes out
close to the half-integer value S=3, even though co-
valency may give rise to an arbitrary reduction from the
ionic spin . In any case, the result makes explicit the
contrast with the ionic systems KCuF; and K,FeFs,
where zero-point fluctuations alone essentially explain the
observed low moments.

—1|dVg,

An additional moment reduction may be anticipated
for quantum systems predisposed to form a singlet state,
such as quasi-1D antiferromagnets featuring dimerized or
integer-spin (Haldane) chains®!? and, perhaps also, 2D
frustrated arrangements of chains, tentative experimental
candidates being the antiferromagnetic triangular lattices
of S=1 chains in CsNiCl; (Ref. 41) and S=2 chains in
CsVCl;.*? However, as a low moment in the present col-
linear, albeit slightly dimerized, system is readily ac-
counted for by covalency (which is attested by a Van
Vleck susceptibility term) and as the behavior of spins
with §=2 should be “quasiclassical,” only a compara-
tively small (AS <<0.5) singlet-state-related reduction is
conceivable, provided that it survives the electron delo-
calization. In the following we shall therefore examine a
quantum description with a covalency-reduced intrinsic
spin S = 3 for TIFeS,.

Quantum antiferromagnets differ from a classical sys-
tem also in an upward renormalization of the magnon en-
ergies [Eq. (2)]. Thus, for chains of local S =2 spins, con-
ventional spin-wave theory?® predicts a uniform multipli-
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cative renormalization by 1.12, while simple 1/S scaling
of the exact’® des Cloizeaux—Pearson factor 7/2 for
S=1 gives 1.19 for §=3 (for S =1, this kind of estimate
seems to be favored by recent Monte Carlo data® after
adjusting for finite-size effects). This and the higher
quantum spin value imply a downward revision of the
magnon-derived exchange constant from the value ob-
tained in a classical framework; with §=2 and a renor-
malization of 1.19, instead of an intrachain exchange of
—355 meV we find J=—29 meV from the dispersion
slope of TIFeS,.

2. Paramagnetic correlation

From Fisher’s solution, the correlation length of a clas-
sical Heisenberg chain in units of the spin separation is'!

~17131-1
28]
kT

252%J|
kT

252|J]
kT

coth

&= [—ln

(5)

where the second form holds for kT <<2S?%|J|. With the
TIFeS, classical spin $=0.93 and exchange J=—55
meV, this falls short of the measured paramagnetic intra-
chain correlation (Fig. 8) by a factor of about 3. The
discrepancy, however, becomes smaller for an §=1%
quantum model with J=—29 meV, and it is particularly
diminished if the quantum character is introduced into
(5) via the semiempirical substitution S>—S(S +1). In
view of a probable overestimation of the measured corre-
lation from the one-sided truncation of the energy in-
tegration at the incident neutron energy E; (which should
not be too serious for E; =30.5 meV=kT) and a possible
small enhancement from interchain coupling, the agree-
ment (within a factor 1.5) has then to be considered satis-
factory. Rather than the classical model, the correlation
length thus corroborates a localized quantum description
of the magnetic moments in the Tl thioferrate.

3. Perpendicular susceptibility

The perpendicular Néel-state susceptibility of TIFeS,
from the central data trace in Fig. 9 extrapolates to a
low-temperature value of ~2.1X10™* cm3/mol. With
the molecular-field result for a chain of classical mo-
ments,20

M.v (g/'l'B)2
0K)= =N s
R V]

(6)

this implies an exchange constant J=~—77 meV that
significantly exceeds the magnon-derived result
J=—55(3) meV for a classical $=0.93. Here the
discrepancy cannot be resolved by quantum corrections
in the framework of standard spin-wave theory, as may
be most easily realized in terms of the sublattice magneti-
zation M, and an exchange field Hy:>® A zero-point
reduction in M, and a renormalization of H; do not
affect the consistency of measured ordered moment
('« Mg), magnon energies ( < Hy ), and perpendicular sus-
ceptibility ( <M, /H). Indeed, first-principles spin-wave
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operator expansions* (for 3D cubic antiferromagnets)
confirm the cancellation at least to first order in 1/8, i.e.,
for moderate renormalization, and for quasi-2D ionic sys-
tems the predicted renormalization of Y, could be
shown!® to agree with experiment down to about 50% of
the molecular-field value.

Thus, for a pure local-moment model, the perpendicu-
lar susceptibility of T1FeS, should indicate that the cant-
ing of sublattices is harder than expected from the mag-
non energies. A possible cause is a next-nearest-neighbor
(i.e., intrasublattice) interaction in the chains that softens
spin waves but does not affect the susceptibility (which
feels intersublattice exchange only). With J, and J,
denoting the interaction between first and second neigh-
bors, respectively, the effect on the low-energy (i.e., long-
wavelength) magnons may be expressed by an effective in-
trachain exchange J s= —[J,(J, —4J,)]'?, where mag-
non and susceptibility data combined imply J,=—77
meV and J,=~ —9 meV. Since only J, enters the lateral
(h0l) dispersion, the values for J}+J5, J3, and D in
Table II must then be scaled by a factor J4/J;=0.7, but
with the new zone-boundary energy being 4S|J, —2J,|
the extrapolated 1D dispersion is almost unchanged. It is
not clear, however, to what extent such an interpretation
can be trusted, and we ignore possible repercussions on
the preceding analysis (a noticeable increase may be anti-
cipated for AS). In any case, it seems reasonable to view
the effect as a manifestation of electronic delocalization
in the thioferrate chains.

4. Parallel susceptibility

The experimental 72 behavior of the parallel suscepti-
bility (Fig. 9) suggests to evaluate the low-temperature
behavior from spin-wave theory.?® Neglecting anisotro-
py, taking the limit |J| >>|J’| in a small-k approximation
to the dispersion (2), and extending the integration to
infinity, we arrive at

Nigug? 1 EmkD ||’
_ B . K,
NTTT [ e 4Vsz
N (gup ) kT)?
lad )

19283

with

Ta=V/ Iy —JJs =T34

which holds as long as thermal occupation remains in the
range of linear dispersion and also well within the Bril-
louin zone, i.e., up to 2kT =25 meV (see Fig. 7). Because
(7) involves just the actual magnon energies [in the forms
S|J| and S(|J]| |J'l)1/2], the neglect of quantum renor-
malization, the use of effective parameters, or a wrong
value assumed for S should have no effect if the parame-
ter set does in the same context account for the measured
dispersion.

With the choice J}=Jj, which yields the maximum
value of J .4, from the data of Table II a smallest possible
coefficient
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dT?

obtains that nevertheless somewhat exceeds the overall
experimental result (Fig. 9). This, however, should be at-
tributed to the approximations in the integral (7), and at
lower temperatures (i.e., around 100 K; below =50 K the
anisotropy is expected to become dominant) the
difference in slope is insignificant in consideration of the
present data quality and parameter uncertainties. We
may conclude that, for the relation (2) to reproduce the
full 2D interchain dispersion, J,s must be close to its
maximum value, which implies that the unseparated in-
terchain interactions J| and J are comparable and both
nonpositive.

A similar low-temperature law may be derived for the
perpendicular susceptibility,*»?° the T2 term of which
simply follows the saturation magnetization while higher
orders are much reduced. For the restricted classical
dispersion (2), the T? term may be expressed as
X1(0)—x,(T)=+1x,(T), where x, is given by (7). Here the
simple factor + applies strictly only if quantum renormal-
ization and intrasublattice interactions (such as between
second neighbors in the chains) can be neglected, but for
TIFeS, this result of spin-wave theory reasonably con-
forms with experiment (Fig. 9).

=5.2(3)X107? cm?®/(mol K?)

5. Paramagnetic susceptibility

In the paramagnetic state, the susceptibility of quasi-
1D Heisenberg antiferromagnets exhibits!® a broad max-
imum at a finite temperature, T, ,,. For the TIFeS, clas-
sical spin $=0.93 and exchange J=—55 meV, from
Fisher’s solution for a classical chain'' we find
T, ~0.955%J|/k ~520 K, while for a quantum chain
with S=3, J=-—29 meV a much higher!”
T ax ~4.75|J] /k = 1600 K is anticipated. Clearly, the
peak temperature lends itself to an immediate
identification of the proper spin model, but the relatively
low melting points of the chain thioferrates (=900 K for
TIFeS,), possibly preceded by decomposition (600-700 K
for the alkali-metal compounds’) make the truly
paramagnetic range inaccessible and apparently’ pre-
clude an experimental determination of the susceptibility
maximum. Even though no decision can be reached from
the present, still more limited, data, in view of the sup-
port from the 1D magnetic correlation length for TIFeS,
it is here of interest to examine some implications arising
specifically for the quantum case.

The maximum susceptibility value predicted!” for the
S =+ quantum model,

Xoman =0.091N (g p)*/|J| =4.0X10™* ecm®/mol ,

is compatible with a smooth data extrapolation to ~ 1600
K (Fig. 9) and at the same time much higher than implied
by the x,.../x(0 K) ratios for isolated “gapless” (i.e., non-
dimerized, half-integer spin) chains,'? which range from
1.20 for classical spins to 1.45 for S=1. A similar effect
has been inferred®® for the (nondimerized) K compound
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from an excessive slope of the powder susceptibility
above Ty and was tentatively attributed to a zero-point
spin reduction. In fact, on account of a continuous con-
nection with the ordered state, a low-temperature depres-
sion in the paramagnetic susceptibility can be expected
from any source capable of reducing the perpendicular
Neéel-state susceptibility relative to X .. according to the
foregoing analysis, these are primarily a zero-point reduc-
tion in M, (via y,=M,/H) and a competitive second-
neighbor coupling (presuming X, to correspond rough-
ly to J4=J,—2J,). Since a second-neighbor coupling of
the order 12% in TIFeS, may hardly account for all of
the putative depression, zero-point fluctuations
(AS /S =0.35) should play a significant role indeed.

It is thus seen that a localized S =<3 quantum model
yields a satisfactory description of the data available for
TIFeS,. We should therefore finally try to clarify one
seemingly paradoxical aspect of our analysis: The low-
temperature susceptibility depression expected in conse-
quence of the zero-point spin reduction in the Néel state
should increase for a progressively smaller interchain
coupling, although at any fixed temperature the suscepti-
bility must of course approach the result for free chains.
A contradiction is avoided, however, if the depression
also moves to lower temperatures, then implying merely a
discontinuity at T=0 K at the instant when the inter-
chain coupling vanishes; such a behavior actually resem-
bles what has to be expected of an arbitrarily small
singlet-triplet gap in the case of dimerized spin chains.’
Nonetheless, it is reassuring that a depression in the low-
temperature susceptibility is clearly visible for some ionic
chain systems for which the moment reduction is
significant, this being so for hexagonal CsNiCl; (Ref. 10)
(where the susceptibility maximum is accessible) and
CsVCls,*? although the reduction in these cases (particu-
larly the S =1 system) is perhaps not only caused by con-
ventional zero-point fluctuation.

V. CONCLUDING REMARKS

The present single-crystal investigation of the TI
member of the thioferrate family of covalent-chain anti-
ferromagnets by thermal neutron diffraction and SQUID
susceptibility measurements confirms good quasi-1D
properties and the occurrence of collinear 3D order with
the moments pointing perpendicular to the chains below
Ty=196(1) K, and it enables an ambiguity in the mo-
ment direction to be eliminated. The steep intrachain
spin-wave dispersion of the chain thioferrates has been
clearly resolved, the 1D paramagnetic correlation mea-
sured, the susceptibility determined for different crystal
directions, and the results subjected to a combined
analysis, allowing a detailed picture of spin, exchange,
and anisotropy in the Tl thioferrate to be formed.

It turns out that TIFeS, below room temperature is
adequately described by standard spin-wave theory and
results available in the 1D limit for a conventional anti-
ferromagnetic Heisenberg Hamiltonian. Specifically,
whereas a spin value of the free-ion order 3 is contradict-
ed by a noticeable Van Vleck susceptibility term as well
as an unusually low ordered moment, a value S=3 is
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compatible with these observations and can also con-
sistently account for the magnitude of the magnon ener-
gies, correlation length, and susceptibility; moreover,
such a model, which includes the quantum fluctuation
and renormalization effects known from ionic spin
chains, is clearly favored over a classical low-spin
description. The analysis thus corroborates the presence
of strongly covalency reduced moments in the thioferrate
chains, in agreement with the delocalization expected
from direct Fe contact. Yet, even though the moments
may be formed by partly itinerant 3d electrons with no
restriction to special spin values, their behavior is similar
to that of localized quantum spins.

Other results underlines the role of direct Fe-Fe co-
valency in T1FeS,. Thus an unexpectedly large spin-wave
velocity of 0.54(3) eV A is found in the chain direction,
implying an extrapolated zone-boundary energy near 200
meV; the magnon energies in the thioferrate chains may
therefore be the highest among quasi-1D systems to date,
and the corresponding strong exchange can be largely at-
tributed to Fe-Fe interaction. A value of the perpendicu-
lar Néel-state susceptibility somewhat lower than expect-
ed should either reflect a deviation from a local-moment
behavior or indicate competitive second-neighbor in-
teraction of roughly 12% in the chains that may again be
a consequence of Fe-Fe delocalization. Last, an apprecia-
ble polarization of the 3d electronic shell from in-chain
Fe-Fe binding is immediately visible as an anisotropy in
the Van Vleck susceptibility. As a small magnon gap, on
the other hand, testifies to the absence of any significant
single-site or intrachain exchange anisotropy acting on
the magnetic spin system, the cancellation of spin-orbit
coupling in nonspherical but trivalent Fe is borne out by
the data for T1FeS,.

In view of the prevalence of 1D magnetic short-range
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order in TIFeS, throughout the investigated temperature
range, the general success of a model with temperature-
independent moments and exchange constants is not
unexpected, and the results should be considered compa-
tible with electronic itinerancy in the thioferrate chains.
There is also no need to invoke the singlet formation pre-
dicted for exchange-dimerized local-spin chains, since an

~3 quantum spin model with zero-point fluctuation in
accordance with the magnon dispersion satisfies the mea-
sured ordered moment, paramagnetic correlation, and
static susceptibility. However, with the effects of dimeri-
zation being presumably small for spin values .S >> 1 and,
on the basis of data limited to temperatures far below the
susceptibility maximum, presumably hard to distinguish
from the effects of zero-point fluctuation, nothing can be
concluded about the actual extent of exchange dimeriza-
tion in TIFeS,. Yet it is perhaps also not unreasonable to
speculate that this quantum effect—unlike zero-point
fluctuation and renormalization—is simply quenched by
itinerancy.
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