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Structure and properties of Ba9Fe3S15 with quasi-one-dimensional spin chains
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In this work, the properties of Ba9Fe3S15 have been studied via magnetism, electrical transport, and specific
heat measurements. The crystal structure mainly consists of face-sharing octahedral FeS6 chains with an
interchain distance of 9.2320 Å, demonstrating a strongly quasi-one-dimensional (1D) character. Ba9Fe3S15 is a
semiconductor with a band gap of 562 meV and its electrical transport property is dominated by p electrons.
The semiconducting behavior is kept under the highest pressure up to 62 GPa. The long-range spin order
(LRSO) transition has been observed with TC ∼ 8.8 K. The neutron diffraction experiments provide evidence
that Ba9Fe3S15 hosts ferrimagnetic spin chains with the spins parallel to (110) and the spin assignment of
Fe2 ↑ Fe1 ↓ Fe2 ↑. T 0.5 dependence on the magnetic contribution to the specific heat has been observed above
TC, indicating the natural property of the 1D ferrimagnetic spin chain. In addition, the magnetic susceptibility
deviates from the Curie-Weiss law far above TC, and the LRSO transition only causes a small kink in the specific
heat curve; these imply that short-range spin orders have formed above TC because of the strong intrachain spin
coupling. Also, it is revealed that the ordered moment is reduced by over 40% in Ba9Fe3S15, which is indicative of
the spin partially ordered state below TC and implies the existence of strong quantum fluctuation in the reduced
dimension system. Ba9Fe3S15 should be a unique example to further study the intrinsic properties of an ideal
ferrimagnetic spin chain.

DOI: 10.1103/PhysRevB.111.224405

I. INTRODUCTION

Iron based compounds have attracted much attention since
LaFeAs(O,F) was reported to have superconductivity (SC)
with TC ∼ 26 K [1,2]. For the main iron based superconduc-
tors, such as LnOFeAs [2–5], (Ba,K)Fe2As2 [6], LiFeAs [7],
and FeSe [8], the FeAs/Se layers formed by edge-sharing
tetrahedral FeAs/Se4 play a key role for their SC. Besides
the layered iron based superconductors, it is interesting that
SC has been observed in iron chalcogenides of BaFe2S3 and
BaFe2Se3 under high pressure [9–11]. The crystal structure of
these compounds consists of edge-sharing tetrahedral FeS/Se4

spin ladders aligned along the c axis. BaFe2S3 is a Mott
insulator that exhibits a stripe-type antiferromagnetic ordering
below 120 K [9], while for BaFe2Se3, it has been reported to
possess a block-type antiferromagnetic structure with a Néel
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temperature (TN) of 256 K [12]. After the antiferromagnetism
is suppressed by pressure, BaFe2S3 and BaFe2Se3 exhibit
SC with a TC of approximately 24 K [10] and 11 K [11],
respectively. It seems that the SC can be realized in iron
based compounds with diverse structural motifs. Therefore,
we are motivated to explore SC in other iron chalcogenides
that feature one-dimensional (1D) spin chains.

Recently, we have discovered a series of quasi-1D com-
pounds, Ba3MX5 [13–18] (M denotes a 3d transition metal
and X is chalcogen), of which the crystal structure consists of
face-sharing octahedral MX6 chains. Among these quasi-1D
compounds, Ba9Fe3Te15 hosts antiferromagnetic spin chains
[14] and demonstrates SC with TC ∼ 4.7 K under a pressure
of 26 GPa [19], while Ba9Fe3Se15 undergoes a ferromagnet-
iclike long-range spin order (LRSO) transition at 14 K and
changes from semiconductor to metal at 29 GPa accompanied
by a spin state crossover from a high-spin to a low-spin state
[15]. Ba9Fe3S15 is an early reported material synthesized by
Jenks et al. in 1978, and only the crystal structure has been
studied in the previous work [20]. Here, we report the physical
properties of Ba9Fe3S15 related to its quasi-1D structure in
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detail. Ba9Fe3S15 behaves like a semiconductor and p elec-
trons dominate its transport property. No pressure-induced
semiconductor-metal transition has been observed up to
62 GPa. It is ferrimagnetic with the LRSO transition temper-
ature TC ∼ 8.8 K, above which T 0.5 dependence on magnetic
contribution to the specific heat has been observed. Our results
indicate that Ba9Fe3S15 is a typical example with quasi-1D
ferrimagnetic spin chains.

II. EXPERIMENTS

Ba9Fe3S15 was synthesized at high-pressure and high-
temperature conditions. Initially, a precursor of BaS was
prepared by heating the Ba blocks and S powder in an Al2O3

tube sealed in an evacuated quartz tube at 600 °C for 10 h. A
mixture of BaS, Fe, and S powders with stoichiometric ratio of
3:1:2 was ground and pressed into a pellet with a diameter of
6 mm, and then sintered at 1200 °C under 5.5 GPa for 30 min,
after which the black polycrystalline sample of Ba9Fe3S15 was
obtained.

Powder x-ray diffraction (XRD) was performed on a
Rigaku Ultima VI (3 KW) diffractometer using Cu Kα radia-
tion generated at 40 kV and 40 mA. The data were collected
at a scanning rate of 1 °/min with a scanning step length
of 0.02°. The Rietveld refinement on the diffraction spectra
was conducted with the GSAS and EXPGUI packages [21]. The
dc magnetic susceptibility was measured using a supercon-
ducting quantum interference device (SQUID). The electronic
transport and specific heat were measured at ambient pressure
by using a physical property measurement system (PPMS).
The neutron powder diffraction (NPD) experiments were
performed with high intensity total diffractometer (NOVA) in-
stalled in the Materials and Life Science Experimental Facility
(MLF) of the Japan Proton Accelerator Research Complex
(J-PARC). Soft x-ray absorption spectroscopy (XAS) and the
Fe-L2,3 x-ray magnetic circular dichroism (XMCD) experi-
ments were performed at the BOREAS undulator beamline
of the ALBA synchrotron light source near Barcelona [22].

The in situ high-pressure resistance measurements were
carried out in a MagLab system which provides low-
temperature conditions. The diamond anvil cell (DAC)
technique was adopted for generating high pressure. The culet
of diamond anvils is 300 µm in diameter. T301 stainless steel
was used as the gasket; cubic BN serves as the insulating layer
and NaCl fine powder as the pressure-transmitting medium.
The pressure was calibrated by the ruby fluorescence method.
High-pressure synchrotron XRD experiments were performed
at the Beijing Synchrotron Radiation Facility at room temper-
ature with a wavelength of 0.6199 Å using a symmetric DAC.
Silicon oil was loaded as the pressure-transmitting medium
for these experiments. The details of in situ high-pressure
experiments can be seen in Refs. [23–25].

III. RESULTS

Figure 1(a) displays the XRD pattern of the Ba9Fe3S15

powder sample. The refinement was carried out by adopting
the initial structural model of Ba9Fe3S15 with the space group
of P6̄c2 reported by Jenks [20], which smoothly converges
to χ2 = 3.0, Rp = 2.3%, wRp = 3.4% and confirms the high

FIG. 1. (a) The x-ray diffraction pattern and the refinement for
Ba9Fe3S15 sample. (b) The crystal structure of Ba9Fe3S15 projected
along [001]. (c) The nonuniform Fe chains and S chains in the
trimerized structure of Ba9Fe3S15.

quality of our sample. The lattice constants are a = b =
9.2320 Å and c = 18.0623 Å, agreeing with the previous re-
sults [20]. The crystal structure of Ba9Fe3S15 projected along
[001] is sketched in Fig. 1(b). Ba9Fe3S15 mainly consists of
face-sharing octahedral FeS6 chains running along the c axis.
The FeS6 chains are arranged in a triangular lattice in the
ab plane with a large distance more than 9.0 Å; thus
Ba9Fe3S15 demonstrates strong 1D spin-chain character. Be-
side the FeS6 chains, two S chains are located in the centers
of the triangular lattices with the sites of (1/3, 2/3, x) and
(2/3, 1/3, y). In addition, as shown in Fig. 1(c), the structure is
trimerized in the direction of the c axis, leading to nonuniform
FeS6 chains and S chains which are composed of Fe1 and Fe2

atoms, S3 and S4 atoms, and S5 and S6 atoms, respectively.
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FIG. 2. (a) The soft XAS spectrum of Ba9Fe3S15 at the Fe-L2,3

edge and those of Fe2O3 and Mg0.96Fe0.04O as Fe3+ and Fe2+ refer-
ence materials. (b) The sulfur K-edge XAS spectrum of Ba9Fe3S15

with Cr2S3 as the reference material.

For the sites occupied by the Se6 atoms, the occupation ratio is
0.5. In the S chains, the distance of S4 − S4, S3 − S4, S5 − S6,
and S5 − S5 are 2.5616, 3.2347, 2.0638, and 3.7956 Å, respec-
tively. It is indicated that covalent bonds should have formed
between the adjacent S4 − S4 and S5 − S6 atoms as reported
in our previous works for its sister compounds of Ba9Fe3Se15

[15] and Ba9Fe3Te15 [14].
To investigate the oxidation state of iron atoms in

Ba9Fe3S15, we conducted soft XAS measurements, which
are very sensitive to the valence state [26,27] and the local
environment [28,29]. Figure 2(a) shows the XAS spectrum
of Ba9Fe3S15 at the Fe-L2,3 edge and those of Fe2O3 and
Mg0.96Fe0.04O as Fe3+ and Fe2+ reference materials, respec-
tively. The main peak in the Ba9Fe3S15 spectrum is almost
at the same photon energy as that of Mg0.96Fe0.04O, while
the photon energy is ∼1.2 eV smaller than that of Fe2O3,
demonstrating that the valence state for Fe ions in Ba9Fe3S15

should be 2+. Also, the sulfur K-edge XAS spectrum for
the Ba9Fe3S15 sample with Cr2S3 as the reference material
has been collected as shown in Fig. 2(b). For Ba9Fe3S15,

there are two peaks for sulfur K-edge absorption centering
at 2468.01 and 2469.77 eV corresponding to S-S bonding
and Fe-S bonding, respectively. Two such peaks for sulfur
K-edge absorption have also been observed in Ba6Cr2S10 with
dimerized structure [13], which further confirms the formation
of sulfur pairs of (S2)2− and the nonuniform character of the
S chain in Ba9Fe3S15.

Figure 3(a) presents the temperature dependence of mag-
netic susceptibility χ (T) for Ba9Fe3S15 with applied magnetic
field H = 500 Oe. The curves of zero field cooling (ZFC)
and field cooling (FC) overlap each other in the measured
temperature range, and display a ferromagnetlike transition
at low temperature. In fact, it is a ferrimagnetic transition
as will be proved in the following neutron experiments. The
temperature derivative of susceptibility, dχ /dT, was plotted as
seen in the inset of Fig. 3(a), and the Curie temperature TC

was determined to be 8.8 K. The magnetic hysteresis loop
measured at 1.8 K is shown in Fig. 3(b). The magnetization
increases sharply when initially increasing H and becomes
saturated with the saturated moment μsat about 1.2 µB/Fe
when H = 7 T. As shown in the inset of Fig. 3(b), the mag-
netic coercivity is less than 15 Oe; this is why the ZFC and
FC χ (T) curves measured at 500 Oe are totally overlapped.
Figure 3(c) displays the inverse of susceptibility, 1/χ , versus
temperature. Obviously, the temperature dependence of χ (T)
deviates from the Curie-Weiss law below 120 K. After the
1/χ (T) data within the temperature range from 200 to 300 K
are fitted by a straight line, we can obtain the effective mo-
ment μeff = 7.1µB/Fe and the Curie-Weiss temperature Tθ =
155 K. Both the obtained values of μeff and Tθ are much larger
than the expected value of μeff for Fe2+ with high-spin state
(S = 2) and the ordering temperature TC, respectively.

To further study the magnetic property of the Fe ions in
Ba9Fe3S15, we collected the Fe-L2,3 x-ray magnetic circular
dichroism (XMCD) spectra of Ba9Fe3S15 at 2 K and 6 T, using
circularly polarized x-rays with the photon spin parallel [σ+
(black line)] and antiparallel [σ– (red line)] to the applied
magnetic field, respectively, as seen in Fig. 3(d). The differ-
ence spectrum, x-ray magnetic circular dichroism (XMCD),
is denoted with the blue line. The sum rules developed by
Thole et al. [30] and Carra et al. [31] are used to determine
the ratio between the orbital morb = Lz and spin mspin = 2Sz

contributions to the magnetic moment, namely,

Lz

2Sz + 7Tz
= 2

3

∫L2,3
(σ+ − σ−)dE

∫L3
(σ+ − σ−)dE − 2∫L2

(σ+ − σ−)dE
,

where the magnetic dipole moment Tz for ions in octahedral
symmetry is small relative to Sz and can be neglected. By
using sum rules, the moment ratio morb/mspin can be obtained
to be ∼0.2. Therefore, the orbital moment morb should be
∼0.8 µB if assuming S = 2 for Fe2+ in the high-spin state.
Thus the total moment of the Fe2+ ion is 4.8 µB with a sizable
unquenched orbital moment. By using the obtained orbital
momentum, we can calculate the g factor to be ∼1.71 and
then the effective moment μeff ∼ 5.58 µB via the equation of
μeff = g

√
J (J + 1), where J = 2.8 µB is the sum of L and

S. The expected effective moment is still much smaller than
the estimated value of 7.1 μB from χ (T) data although the
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FIG. 3. (a) The temperature dependence of magnetic susceptibility χ (T) for Ba9Fe3S15 measured with H = 500 Oe. The inset is the
temperature derivative dχ /dT, showing the magnetic transition temperature TC. (b) The magnetic hysteresis loop measured at 1.8 K. (c) The
inverse of susceptibility 1/χ vs temperature. The red line is the fitting according to Curie-Weiss law. (d) The Fe-L2,3 XAS spectra of Ba9Fe3S15

collected at 2 K and 6 T by using circularly polarized x-rays. The black and red lines are the spectra with the photon spin parallel (σ+) and
antiparallel (σ−) to the applied magnetic field, respectively. The blue line denotes the difference spectrum XMCD.

contribution of the orbital moment is considered. It seems that
the effective moment is overestimated by fitting the χ (T) data
according to the Curie-Weiss law.

Figure 4(a) presents the specific heat data near TC.
Although there is only a small kink corresponding to the
LRSO transition, the TC value can be determined to be ∼8.8
K from the temperature derivative of the specific heat curve,
which agrees with the value that has been obtained from mag-
netic susceptibility measurements. For a quasi-1D spin-chain
system, the spin chains would be decoupled above the LRSO
temperature and can be considered as ideal spin chains. As
the following results from NPD experiments show, Ba9Fe3S15

hosts ferrimagnetic spin chains, where the magnetic contri-
bution to specific heat Cmag due to the spin excitation is
expected to be proportional to T 1/2 [32]. Therefore, we use
the equation C = αT 1/2 + βT 3 + ηT 5 to carry out the fit to
the specific heat data above TC, where the first term is the
magnetic contribution Cmag and the second and third terms
are the lattice contribution. Here, the electron contribution to
the specific heat is ignored because of the semiconducting
feature of Ba9Fe3S15. The fitting as shown with the red line in
Fig. 4(a) gives the coefficients of α = 0.557J/(Fe mol K1.5)
and β = 0.002J/(Fe mol K4). According to the formula

θD = [(12/5)NRπ4/βn]1/3, where N is the Avogadro con-
stant, R is the universal gas constant, and n = 9 is the atomic
number of Ba3FeS5, the Debye temperature (θD) of Ba9Fe3S15

can be calculated to be 206 K. In addition, the large coefficient
of α suggests an unambiguous magnetic contribution to the
specific heat and is indicative of the 1D spin-chain charac-
ter. The temperature dependence of Cmag can be obtained
by subtracting the lattice contribution from the heat specific
data, and the magnetic entropy Smag can be estimated through
the integration of Cmag/T in the temperature range from 2 to
28 K. If ignoring the magnetic entropy change below 2 K, the
Smag near TC is ∼1.2 J/(Fe mol K), which is only ∼8% of the
expected value Rln (2J + 1) = 15.7 J/mol K for a J = 2.8
system.

Figure 4(b) displays the temperature dependence of re-
sistivity for Ba9Fe3S15, which exhibits a semiconductor
behavior. The ln(ρ) versus 1/T shows a straight line as shown
in the inset of Fig. 4(b), implying the semiconductor should
be an Arrhenius type. Using the formula ρ ∝ exp(
/2kBT ),
where 
 is the semiconducting band gap and kB is
Boltzmann’s constant, the resistivity curve is fitted and the
band gap 
 is obtained to be 562 meV. The resistivity curves
for the sister compounds of both Ba9Fe3Se15 and Ba9Fe3Te15
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ln

FIG. 4. (a) The specific heat data near the magnetic transition.
The red line is the fitting using the equation C = αT 1/2 + βT 3 +
ηT 5. The blue curve is the temperature derivative of the specific heat
curve, the green curve is the magnetic contribution to the specific
heat divided by temperature, and the purple curve is the magnetic
entropy. (b) The temperature dependence of resistivity measured
at ambient pressure for Ba9Fe3S15; the data of Ba9Fe3Se15 and
Ba9Fe3Te15 are extracted from Refs. [14,15]. The inset shows the
ln(ρ) vs 1/T and the fitting using the formula ρ ∝ exp(
/2kBT ).

are also shown in Fig. 4(b). The band gap 
 increases in
the sequence of the compounds with the anions from Te, Se,
and S.

In order to investigate the magnetic structure of Ba9Fe3S15,
we carried out the NPD measurements. The NPD patterns col-
lected at 50 and 2 K are shown in Fig. 5(a). Clear differences
between the two diffraction patterns are the enhancement of
the peaks indexed as 212, 114, 104, 112, and 102, respectively,
which should arise from the contribution of the magnetic lat-
tice. Refinement using an irreducible representation analysis
of the magnetic structure suggests that the magnetic moment
of Fe should be in the ab plane. The structure parameter,
irreducible representation analysis, and the allowed magnetic
structures can be found in Tables S1–S3 and Fig. S1 in the
Supplemental Material [33], respectively. The temperature
dependence of the integrated intensity of the magnetic Bragg
peak 102-Q is shown in Fig. 5(b), which further demonstrates
that the LRSO happens at ∼9 K. From the Rietveld refinement

for the NPD pattern collected at 2 K, as seen in Fig. 5(c),
the magnetic moment of Fe1 at the 2a site is estimated to be
2.58 µB and that of Fe2 at the 4g site is 2.80 µB. The obtained
magnetic structure is sketched in Fig. 5(d). The spins are
aligned along the (110) direction, and ferromagnetically cou-
pled in the ab plane while they are ferrimagnetically arranged
along the c axis with the spin assignment of Fe2 ↑ Fe1 ↓
Fe2 ↑. Thus the net ferromagnetically ordered moment should
be ∼1.01 µB/Fe, which is consistent with the extrapolated
value from high magnetic field magnetization to zero field in
Fig. 3(b).

The structure stability and the resistance under pressure
were investigated. Figure 6(a) shows the in situ high-pressure
x-ray diffraction patterns for Ba9Fe3S15. No new Bragg peak
is observed up to 45.4 GPa, implying the crystal structure is
stable within such a pressure range. The Bragg peaks grad-
ually shift towards the high-angle direction when increasing
pressure; this implies that the lattice has been compressed
by pressure. Figure 6(b) presents the pressure dependence of
lattice constants a and c. At 45.4 GPa, the values of a and
c have been compressed by ∼12% and ∼16%, respectively.
Figure 6(c) displays the ratio of c/a versus P. The decrease
of the ratio of c/a with increasing pressure is indicative of
the anisotropic compression under high pressure. In addition,
there obviously exists a kink at ∼30 GPa in the pressure
dependence of c/a. It is speculated that such an anomaly
should be related to an electronic transition. For the sister
compound Ba9Fe3Se15, a similar kink in the evolution of
lattice constants tuned by pressure also has been reported
and it is associated with a spin state transition from high-
spin state to low-spin state [15]. Figure 6(d) presents the cell
volume as a function of pressure. Using the Birch-Murnaghan
equation,

P(GPa) = 3
2 × B0[(V0/V )

7
3 − ((V0/V ))

5
3 ]

× {
1 − (

3 − 3
4 × B

′
0

) × [((V0/V ))
2
3 − 1]

}
,

where the pressure derivative B
′
0 is fixed as 4, a fit-

ting to the data up to 30 GPa gives the bulk modulus
B0 = 47.1 GPa.

The temperature dependence of resistance under different
pressures is shown in Fig. 7(a) with the highest experimental
pressure of 62.5 GPa. The resistance is gradually reduced by
applying pressure and exhibits semiconducting behavior even
at 62.5 GPa. In particular, at low temperature the resistance
is sharply reduced by nearly five orders of magnitude when
pressure increases from 24.1 to 31.2 GPa. We plotted the
pressure dependence of resistance at different fixed temper-
atures as shown in Fig. 7(b). It is clearly seen that the slope of
dR/dP changes dramatically at ∼31 GPa, which is consistent
with the value where a kink is observed in the curve of c/a
as a function of pressure; this further suggests an electronic
transition occurs at this pressure. The in situ high-pressure
resistance measurements on a second sample were performed
as shown in Figs. S2(a) and S2(b) [33]. The behavior of
resistance dependent on pressure is similar to that in Fig. 7(b).
That is, the change of the slope of dR/dP can be reproduced,
confirming the possible electronic transition.
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FIG. 5. (a) The NPD patterns collected at 50 and 2 K for Ba9Fe3S15. (b) The temperature dependence of integrated intensity for the
magnetic Bragg peak 102-Q. (c) The refinement for the NPD patterns collected at 2 K. (d) The magnetic structure of Ba9Fe3S15 obtained from
the refinement of the NPD pattern collected at 2 K.

IV. DISCUSSIONS

In the sequence of X = S, Se, and Te, Ba9Fe3X15 hosts
ferrimagnetic spin chains, helical spin chains [34], and
antiferromagnetic spin chains [14], respectively. Although the
crystal structure of Ba9Fe3Se15 was reported to be mono-
clinic (C2/c), slightly different from the hexagonal structure
of Ba9Fe3S15 and Ba9Fe3Te15 (P-6c2) [15], the space group
of C2/c is centrosymmetric. That is, the helical spin structure
might not be caused by the Dzyaloshinskii-Moriya (DM) in-
teraction but might arise from the magnetic frustration, i.e.,
the competition between nearest neighbor (NN) spin coupling
and the next nearest neighbor (NNN) spin coupling. It seems
that the delocalization of p electrons would have significant
influence on the competition between NN and NNN inter-
action and lead to different magnetic ground states. It is
warranted to further study the role of varying anion or apply-
ing high pressure on the magnetic ground state of Ba9Fe3X15

in the future.
Ba9Fe3S15 features strong quasi-1D spin chains and S

chains. In the system of Ba9Fe3X15 with X = S, Se, and Te,
the band gap of Ba9Fe3X15 increases in sequence when the
anion varies from Te to Se and to S although the lattice
constants shrink, which suggests that the p-orbital electrons
dominate the transport properties. Such phenomena have been
observed in many other systems with quasi-1D structure. In

the compounds of Ba9Co3(Se1–xSx )15 (x � 0.2), which has a
similar quasi-1D structure to Ba9Fe3X15, the resistivity has
been reported to gradually increase with increasing the S
doping level [35]. Another typical example is BaVS/Se3 with
face-sharing octahedral VS/Se6 chains, where BaVS3 has an
insulating ground state while BaVSe3 is metallic and con-
sidered as the high-pressure counterpart of BaVS3 [36–38].
Actually, for a quasi-1D conducting chain system, the trans-
port property is governed by the electron hopping among the
chains. When the electron hopping is small, the 1D conducting
chains should be translated to insulators due to the umklapp
scattering effect within the chain. Since the p electrons with
low quantum number orbital are more localized than those
with high quantum number orbital, the variation of anion from
Te to Se and to S should lead to the reduction of electron
hopping between FeX6 chains and result in an increase of the
band gap.

Ba9Fe3S15 also presents strong 1D spin-chain physics. For
an ideal 1D spin chain, no LRSO can exist at finite tempera-
ture as implied by the Mermin-Wagner theorem due to strong
quantum fluctuation [39]. However, in a quasi-1D spin-chain
system there are two energy scales, i.e., interchain spin cou-
pling strength Jinter and intrachain coupling Jintra. Although
Jinter is typically two or three orders of magnitude lower
than Jintra, the former usually governs the LRSO formation,
before which SRSOs associated with large Jintra have already

224405-6



STRUCTURE AND PROPERTIES OF … PHYSICAL REVIEW B 111, 224405 (2025)

FIG. 6. (a) The in situ high-pressure x-ray diffraction patterns for
Ba9Fe3S15. (b) The pressure dependence of lattice constants a and c.
(c) The ratio of c/a vs pressure. (d) The cell volume as a function
of pressure. The black line is the fitting using the Birch-Murnaghan
equation.

formed in the decoupled spin chains. The development of
SRSOs above the LRSO temperature usually leads to rich
exotic physics. For Ba9Fe3S15, the Curie-Weiss temperature
Tθ is much larger than the LRSO temperature TC. Usually, the
large disparity between Tθ and TC can be found in magnetic
frustrated systems [40,41]. Here, the large Tθ value relative
to TC is indicative of its quasi-1D spin-chain nature, where
Tθ and TC are closely related with Jintra and Jinter, respec-
tively. Furthermore, below the Curie-Weiss temperature Tθ ,
it is obvious that the slope of 1/χ (T) gradually increases
with decreasing temperature and the χ (T) deviates from the
Curie-Weiss law. These phenomena have also been reported
in the Ba9Fe3Se15 compound [15]. Since our neutron diffrac-
tion evidences a ferrimagnetic state at low temperature for
Ba9Fe3S15, the SRSOs in the decoupled spin chains would
gradually develop when decreasing temperature, leading to
the decrease of effective moment and thus the increase of
the slope of 1/χ (T). In addition, in the specific heat curve as
seen in Fig. 4(a), the small kink corresponding to the LRSO
transition also is considered to arise from the formation of
SRSOs, because most of the magnetic entropy would have
been already released above the LRSO temperature. The mag-
netic entropy change above TC is estimated to be about 92%
of the expected value of 15.7 J/mol K in this system.

FIG. 7. (a) The temperature dependence of resistance under dif-
ferent pressures. (b) The pressure dependence of resistance at several
fixed temperatures.

Another phenomenon associated with quasi-1D spin chains
is the reduced ordered moments because of reduced dimen-
sions [42–44]. For such a system with a quasi-1D spin chain,
there still exist a lot of SRSOs in the LRSO state due to the
strong quantum fluctuation; this would lead to the reduction
of ordered moments. For KCuF3, a typical compound with
quasi-1D spin chains, a saturated moment of 0.5 µB/Cu2+ was
reported with a 50% reduction relative to the fully ordered
moment for Cu2+ (S = 1/2) [44]. Here, for Ba9Fe3S15, the
ordered moment obtained from neutron diffraction experi-
ments collected at 2 K is 2.58 µB for Fe1 and 2.77 µB for
Fe2, which is reduced over 42% compared with the expected
total moment of 4.8 µB per Fe2+. In our previous studies
about the compounds with similar structure to Ba9Fe3S15, a
reduced ordered moment by ∼65% has also been evidenced
for Ba9V3Te15 [17] and ∼67% for Ba6Cr2S10 [13]. These
phenomena of reduction of ordered moment suggest strong
quantum fluctuation existing in these systems.

V. CONCLUSION

In summary, Ba9Fe3S15 has a strong quasi-1D structure
character. It exhibits a semiconducting behavior and the
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p electrons dominate the electrical transport property. The
structure of Ba9Fe3S15 is stable up to 45 GPa, and no
semiconductor-metal transition has been observed even at the
highest experimental pressure of 62 GPa. Ba9Fe3S15 under-
goes a ferrimagnetic transition at TC ∼ 8.8 K, above which
unambiguous magnetic contribution with a characteristic T 0.5

dependence of the specific heat has been identified. Ba9Fe3S15

hosts well-separated ferrimagnetic spin chains with the spin
assignment of Fe2 ↑ Fe1 ↓ Fe2 ↑, exhibits typical quasi-1D
spin-chain physics with a sizable unquenched orbital moment
of 0.8 µB, and provides a good opportunity to further study
the intrinsic physical properties of an ideal 1D ferrimagnetic
chain.
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