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ABSTRACT: The report on the superconductivity of the two-legged spin ladders BaFe2S3 and BaFe2Se3 has established 123-type
iron chalcogenides as a novel subgroup in the iron-based superconductor family and has stimulated the continuous exploration of
other iron-based materials with new structures and potentially novel properties. In this paper, we report the systematic study of a
new quasi-one-dimensional (1D) iron-based compound, Ba9Fe3Te15, including its synthesis and magnetic properties. The high-
pressure synthesized Ba9Fe3Te15 crystallized in a hexagonal structure that mainly consisted of face-sharing FeTe6 octahedral chains
running along the c axis, with a lattice constant of a = 10.23668 Å; this led to weak interchain coupling and an enhanced one-
dimensionality. The systematic static and dynamic magnetic properties were comprehensively studied experimentally. The dc
magnetic susceptibility showed typical 1D antiferromagnetic characteristics, with a Tmax at 190 K followed by a spin glass (SG) state
with freezing at Tf ≈ 6.0 K, which were also unambiguously proved by ac susceptibility measurements. Additionally, X-ray magnetic
circular dichroism (XMCD) experiments revealed an unexpected orbital moment for Fe2+, i.e., 0.84 μB per Fe in Ba9Fe3Te15. The
transport property is electrically insulating, with a thermal activation gap of 0.32 eV. These features mark Ba9Fe3Te15 as an
alternative type of iron-based compound, providing a diverse candidate for high-pressure studies in order to pursue some emerging
physics.

1. INTRODUCTION

The design and exploration of materials in order to pursue
unique physical properties is always challenging. However,
some similar structural features are shared among the many
systems being investigated. For instance, the iron-based
superconductors that have been discovered so far include the
FeX4 motif (where X represents pnictogens or chalcogens),
where the iron ions are generally positively divalent despite
having different connections in the 2D-layered or quasi-1D
ladder-type systems.1−6 Nevertheless, some compounds with
the same FeAs4 tetrahedral geometry as the local structural
units but with a three-dimensional spatial arrangement, such as
CaFe4As3, have antiferromagnetic (AFM) long-range ordering
without superconductivity down to 1.8 K.7 Additionally,
Ba2FeS3, consisting of corner-sharing FeS4 tetrahedra that
form an infinite linear chain, has not been reported to be

superconducting to date.8 From a crystal structure perspective,
not only the local building unit but also the dimensionality
undoubtedly influences the physical properties by strongly
influencing the Fermi surface topology and magnetic ground
state.9

Although extensive studies have focused on the interplay
among the crystal structure, magnetism, and electrons, the
superconductivity mechanism and its relationship to the crystal
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structure motifs in these systems are still debated. Thus, more
iron-based compounds with different geometry arrangements
are actively being sought in order to clarify the potential
mechanism and to pursue a higher Tc. Since the first report of
superconductivity in the quasi-1D 123-type iron chalcogenide
with a two-legged iron ladder,4 the 1D structure has been paid
more attention. However, other 1D systems with infinite linear
iron chains, such as Ba9Fe3X15 (where X denotes S, Se, and
Te), have been less explored until now. Ba9Fe3S15 is an
interesting compound that displays a quasi-1D crystal structure
consisting of face-sharing FeS6 octahedral chains and S
chains.10 Its magnetic and electronic properties prove that
the ferrimagnetic ground state derives from the strong coupling
interactions between neighboring iron ions running along the
1D direction, and that semiconductor behavior is due to less
electron hopping between adjacent chains and to the strong
electronegativity of the S atoms.11 As the anion evolves from S
to Te, the increased ion radius is expected to weaken the
neighboring Fe−Fe coupling interactions along the 1D chain,
causing an antiferromagnetic correlation interaction in
Ba9Fe3Te15. In addition, compared to Ba9Fe3S15 and
Ba9Fe3Se15, the more extended 5p orbital of the Te ion in
Ba9Fe3Te15 enhances the interchain electronic hopping and
increases the conductivity. Thus, the telluride is always
distinguishable from the other chalcogenides. For example,
the theoretical works showed that hexagonal FeTe with
octahedral FeTe6 is much less magnetic than hexagonal FeS
and FeSe. Therefore, unconventional magnetically mediated
superconductivity is possible in hexagonal FeTe.12 Further-
more, it has been reported that the self-doping mechanism
caused by electrons transferring from S to Fe in BaFe2S3 plays
a key role in the superconductivity transition, similar to the
layered iron superconductors where the high electron density
of Fe also helps to quench the magnetic moment and realize
the magnetic-to-nonmagnetic transition before becoming
superconducting.13

Ba9Fe3Te15 has face-sharing octahedral FeTe6 chains and is
expected to exhibit both antiferromagnetic correlation and
increased conductivity, which makes it a good candidate for
research into unconventional magnetically mediated super-
conductivity in the quasi-1D chain systems. Further, compared
to sulfide, the increased covalence between the Fe and the Te
atoms due to the much weaker electronegativity in the Te
atoms helps contribute to the higher electronic density of Fe,
which favors inducing superconductivity under relatively mild
conditions. In this work, the iron-based telluride Ba9Fe3Te15
with a quasi-1D structure was initially synthesized, where the
iron was coordinated by six tellurium atoms, and showed a
different crystal structure and microstructure compared to the
previously discovered iron-based superconductors. Magnetic
property measurements found an unexpected orbital moment
of ∼0.84 μB per Fe and typical one-dimensional antiferro-
magnetic characteristics, followed by a spin glass state at 6.0 K
that was verified by static and dynamic magnetic studies. The
transport property behaves as a semiconductor with a thermal
activation gap of ∼0.32 eV, which is somewhat similar to that
observed in the 123-type iron chalcogenides.4,5,14 All of these
features suggest that Ba9Fe3X15 (where X denotes S, Se, and
Te) could be a new subgroup that enriches the iron-based
family.

2. EXPERIMENTAL SECTION
2.1. Sample Synthesis. A Ba9Fe3Te15 polycrystalline sample was

synthesized by employing a solid state reaction at high-pressure and
high-temperature conditions. Commercially available lumps of Ba
(Alfa, immersed in oil, >99.2% pure) and crystalline powders of Fe
(Alfa, 99.998% pure) and Te (Alfa, >99.999% pure) were used as the
starting materials. BaTe was first prepared by heating the mixture of
Ba blocks and Te powder in an evacuated quartz tube at 600 °C for
10 h. The mixture of BaTe, Fe, and Te powders with a stoichiometric
proportion of 3:1:2 was finely ground and pressed into a flake, which
was then sintered at 1200 °C and 5.5 GPa for 30 min. The Ba9Fe3Te15
powder sample was obtained and then quenched to room temperature
for further experiments.

2.2. Characterizations. Powder X-ray diffraction (XRD) was
performed on a Rigaku Ultima VI (3KW) diffractometer using Cu Kα
radiation generated at 40 kV and 40 mA. The X-ray diffraction data
were collected with a scanning rate of 1° per minute and a scanning
step length of 0.02°. The Rietveld refinement of the diffraction spectra
was carried out with the GSAS software packages.15 The dc magnetic
susceptibility was measured with a superconducting quantum
interference device (SQUID). The electric transport property was
measured using the standard four-probe method with a physical
property measuring system (PPMS). The PPMS was also used for
thermodynamic property and ac susceptibility measurements; the ac
susceptibility was under a zero dc background field with an amplitude
of 8 Oe for different frequencies. The X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular dichroism (XMCD) measure-
ments of the Fe-L2,3 edges were performed at the beamline BOREAS
of synchrotron ALBA in Barcelona with a degree of circular
polarization close to 100%.16 The sample was fractured in situ in
order to obtain a clean surface and was measured at 25 K in a
magnetic field of 6 T using the total electron yield method.

3. RESULTS AND DISCUSSION
The XRD pattern of Ba9Fe3Te15, measured at room temper-
ature, and the corresponding structural refinement results are
shown in Figure 1. Based on the Rietveld analysis, the as-

prepared Ba9Fe3Te15 crystallizes to a hexagonal lattice and
adopts the space group P6̅c2 (no. 188), which is the same as its
family compounds Ba9Fe3S15,

10 Ba9Fe3Se15,
17 Ba9Sn3Te15, and

Ba9V3Se15 reported in our previous work.18,19 Accordingly, all
diffraction peaks for Ba9Fe3Te15 can be well indexed and fitted
according to the P6̅c2 (no. 188) space group; no impurities are
detected in the diffraction spectrum even in the enlarged scale
of the Figure 1 inset, proving that the Ba9Fe3Te15 sample is

Figure 1. X-ray diffraction pattern of Ba9Fe3Te15, measured at room
temperature, together with its structural refinement. The inset shows
the enlarged view at the low angle region. The observed (black
circles), calculated (red line), and difference (bottom line) values are
shown. The ticks indicate the allowed Bragg reflections with space
group P6̅c2 (no. 188).
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highly pure. The compound has a trimeric structure due to the
presence of a superlattice along the c axis, as detailed in Figure
2.

The important crystallographic parameters, including the
interatomic distances and angles, are summarized in Table 1.
The lattice constants of Ba9Fe3Te15 are a = b = 10.2366(8) Å
and c = 19.8175(3) Å, and the crystal structure is illustrated in
Figure 2. Figure 2a shows a projection down the c axis and
illustrates the distorted hexagonal close-packed layers of Ba
and Te. A triangular lattice is formed by the infinite columns of
the face-sharing Te octahedron, and the interstices along the c

axis are occupied by Fe. The Ba atoms are located in the
interstices between the neighboring FeTe6 octahedral columns.
Therefore, the distance between the adjacent 1D Fe chains is
given by the lattice constant a, i.e., 10.2366(8) Å. Figure 2b is a
projection from the ab direction and shows the zigzag chains
along the c axis. Parallel to the c axis, there are Te chains in the
center of the trigonal channels. Further, it was found that the
lattice parameter c is tripled due to the presence of a
superlattice, including the −Te4−Te3−Te4− and −Fe2−Fe1−
Fe2− trimerizing units in the Te chains and FeTe6 octahedra
columns, respectively. A mirror plane separating the Te4−Te4
and Te5−Te5 units on each side is shown in Figure 2b. Thus,
the occupancy factor for Te6 atoms is only 0.5, since the other
symmetrical site at a distance of 0.53 Å is given by a 2-fold axis.
The detailed microstructure of the FeTe6 chain is shown in
Figure 2c. There are two iron sites, named Fe1 and Fe2. The
Fe2 atoms are symmetrically arranged at each side of Fe1 in a
trimerizing unit because of the mirror plane reflection, leading
to distinguishable bond lengths of dFe1−Fe2 and dFe2−Te2. The

bond lengths in the FeTe6 octahedron of dFe1−Te1, dFe2−Te1, and

dFe2−Te2 are 2.961(8), 2.809(4), and 3.013(5) Å, respectively.
Therefore, the FeTe6 octahedra are slightly distorted, which is
directly reflected by the bond angles of ∠Te1−Fe1−Te1 and

∠Te1−Fe2−Te2 being 177.94° and 169.86°, respectively, which
deviate from 180° in an ideal octahedron. The bond length of
Fe−Te changes from 2.5527(3) to 2.6148(1) Å as the
coordination number increases from four to six.20,21 Compared
with these reported results, the bond lengths in Ba9Fe3Te15 are
longer; these results indicate a strong covalence between the
Fe and Te ions, thereby causing the high electron density of Fe
that helps to quench the magnetic moment and trigger
superconductivity according to the self-doping mechanism in
BaFe2S3.

13 In addition, the Te3−Te4 (3.2645 Å) and Te5−Te6
(2.9857 Å) distances in Ba9Fe3Te15 can lead to the bond-
forming Te2

2− dimers, as observed in some polytellurides.18

Based on the analysis above, Ba9Fe3Te15 may be expressed as
(Ba2+)9(Fe

2+)3(Te
2−)9(Te2

2−)3, in which the iron tends to be
positively divalent.

Figure 2. Schematic crystal structures: (a) the view along the [001]
direction showing the hexagonal geometry arrangement; (b) the view
from the [110] projection showing the Te chains running along the c
axis (for clarity, Ba atoms are not shown); and (c) the FeTe6 chain
along the c axis. The solid and dashed line rectangles in (b) and (c)
are used to emphasize the −Te4−Te3−Te4− and −Fe2−Fe1−Fe2−
trimerizing units. The green spheres, red spheres, and dark blue
spheres represent the Ba, Fe, and Te atoms, respectively.

Table 1. Crystal Structure Parameters of Ba9Fe3Te15

formula: Ba9Fe3Te15 calculated unit cell formula weight: 3317.51(1) g/mol
crystal system: hexagonal Z = 2
space group: P6̅c2 (no. 188) density: 6.12(6) g/cm3

crystal parameters: a = 10.2366(8) Å; c = 19.8175(3) Å
V = 1798.45(1) Å3

Rp = 3.1(7)%; Rwp = 4.5(7)%; χ2 = 2.21(2)
atom wyck. x y z Uiso occ.

Ba1 12l 0.00068(1) 0.37505(8) 0.08116(9) 0.0126(9) 1
Ba2 6k 0.38143(4) 0.38551(2) 1/4 0.0170(5) 1
Fe1 2a 0 0 0 0.0589(6) 1
Fe2 4g 0 0 0.15368(9) 0.0200(8) 1
Te1 12l 0.23559(2) 0.24159(6) 0.08464(1) 0.0138(2) 1
Te2 6k 0.00618(1) 0.23194(7) 1/4 0.0129(5) 1
Te3 2c 1/3 2/3 0 0.0438(5) 1
Te4 4h 1/3 2/3 0.16472(8) 0.0533 (5) 1
Te5 4i 2/3 1/3 0.16409(4) 0.0025 (1) 1
Te6 4i 2/3 1/3 0.01343(3) 0.0253(8) 0.5

dFe1−Te1 dFe2−Te2 dFe2−Te1 dFe1−Fe2 dFe1−Fe2

2.961(8) 3.013(5) 2.809(4) 3.055(6) 3.797(6)
∠Te1−Fe1−Te1 ∠Te1−Fe2−Te2

177.94(1) 169.86(4)
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As for the valence state of the Fe ion, further evidence was
given by the soft X-ray absorption spectra at Fe-L2,3, which is
well-known to be sensitive to the Fe valence state.22,23 As
shown in Figure 3, the Fe-L2,3 XAS spectrum of Ba9Fe3Te15 is

located at nearly the same photon energy as that of the Fe2+

reference Fe1−xO
24 but is shifted by 1.6 eV to lower energies

with respect to the Fe3+ reference Fe2O3. This confirms the
Fe2+ valence state of Ba9Fe3Te15,

25 which is consistent with the
expectations for the formation of the Te2

2− dimers. Although
two sites are occupied by iron in the −FeTe6− chain, labeled
Fe1 and Fe2, the XAS plot shows only one type of oxidation
state and thus proves that both Fe1 and Fe2 are divalent. The
Fe2+ is also a common characteristic for both two-dimensional
layered square lattice and one-dimensional two-legged ladder
iron-based superconductors.1,4,6

For an Fe2+ with a high spin configuration (S = 2), the
theoretical spin-only effective moment is 4.9 μB per Fe, which
could be effectively shown by the Curie−Weiss fitting of the
inverse magnetic susceptibility. However, the temperature
dependence of 1/χ that was measured here does not obey a
linear relationship when the temperature rises from 2 to 700 K,
as shown in the inset of Figure 4a. The nonlinear behavior is
possibly related to the thermal population of different excited
states split by the strong spin−orbital coupling as reported in
the FeO, FeS, and FeBr2 systems with Fe2+ octahedral local
symmetry, in which the substantial orbital magnetic moment is
0.7−1.1 μB.

26 In order to investigate the size of the orbital
moment, Fe-L2,3 XMCD measurements were carried out
(Figure 4b). The XMCD (blue line) is defined as the
difference between the X-ray absorption spectra taken with the
photon spin of the circular polarized light parallel (black line)
and antiparallel (red line) when aligned to the magnetic field.
The large difference in the dichroic signal between the L3 and
L2 edges in Figure 4b is a clear sign that the Fe2+ ions have a
significant unquenched orbital moment. The collected XMCD
signal can be quantitatively analyzed by means of the sum
rules,27,28 which provide the ratio

∫

∫ ∫

σ σ

σ σ σ σ+
=

−

− − −

+ −

+ − + −
L

S T

E

E E2 7
2
3

( )d

( )d 2 ( )d
z

z z

L

L L

2,3

3 2

where the σ+ and σ indicate the photon spin parallel and
antiparallel to the applied field, respectively. For ions with
octahedral symmetry, the intra-atomic magnetic dipole mo-
ment Tz is a small number and can be neglected compared to
Sz.

29 Using the formula above, we obtained an orbital to spin
moment ratio, Lz/2Sz, equal to 0.21, and thereby the orbital
moment is estimated to be ∼0.84 μB per Fe. Such a large
orbital moment is comparable to the theoretical calculated
orbital moment of 0.80 μB per Fe in hexagonal FeBr2.

26

Besides the nonlinear relationship of 1/χ ∼ T, the
susceptibility curve shows a hump with the maximum
susceptibility at 190 K (Tmax) as the temperature decreases,
followed by a sharp rise at low temperatures as shown in Figure
4a. Generally, the broad hump-like feature is indicative of low-
dimensional short-range magnetic correlation, which should
derive from the short-range antiferromagnetic correlation
associated with the intrachain interaction (Jintra) in the quasi-
1D Ba9Fe3Te15; this is similar to that in other quasi-1D
systems,30 such as Ba2FeS3, Ba2CoS3, and Ba2MnS3, and two-
dimensional systems, such as (Ba,Sr)4Mn3O10.

31 The magnetic

Figure 3. XAS of the Fe-L2,3 edges for Ba9Fe3Te15. Fe2O3 and Fe1−xO
are used as references for comparison for Fe3+ and Fe2+, respectively.

Figure 4. (a) Temperature dependence of susceptibility for
Ba9Fe3Te15 measured at a magnetic field of 1 T. The inset shows
the temperature dependence of inverse susceptibility with a
temperature range from 2 to 700 K; the green line is a fitting
according to the Wagner−Friedberg model. (b) XMCD of Fe-L2,3
edges for Ba9Fe3Te15. The photon spin of the circular polarized light
is aligned parallel (σ+, black line) and antiparallel (σ−, red line) to the
applied magnetic field. The XMCD spectrum is shown in blue.
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susceptibilities in the high-temperature region T > Tmax can be
described according to the Wagner−Friedberg model. Wagner
and Friedberg extended the Fisher model to the case of spin
values different from 1/2 with the following formula32

χ
μ

=
+ −

+
N g S S

k T
U T T
U T T

( 1)

3
1 ( / )
1 ( / )

B
2 2

B

0

0

where T0 = 2JintraS(S + 1), = −U x x( ) coth( )
x
1 , g is the Lande ́

constant, N is the Avogadro constant, S is the spin moment,
and Jintra is the intrachain interaction.32,33 Here, Jintra for the
antiferromagnetic coupling is defined as negative. It should be
noted that the Wagner−Friedberg model cannot be used to fit
the low-temperature region where T < Tmax. After fitting to the
high-temperature susceptibility (T > Tmax), presented in Figure
4a as a green line, the obtained intrachain coupling Jintra is
about −31 K. Also, we can estimate the Jintra values via the
me an -fi e l d a pp r o x ima t i o n w i t h t h e e qu a t i o n

θ = +k S S J( ( 1))z
B

2
3

, where θ is the temperature associated

with the intrachain coupling strength and can be roughly
replaced with the maximum temperature Tmax, z is the number
of nearest neighbors involved in the exchange coupling (z = 2
for the intrachain coupling), and S = 2 is the spin moment for
Fe2+. Thus, the values of Jintra can be calculated to be about
−24 K. Because of the strong magnetic fluctuation in quasi-1D
spin chains, the value of θ is underestimated if Tmax is used
here. Therefore, the intrachain interaction obtained from
mean-field approximation is somewhat lower than that from
the Wagner−Friedberg model.
In order to clarify the magnetic behavior at low temper-

atures, the ZFC and FC processes were measured at the low
field of 100 Oe, as shown in Figure 5. The sharp increase in

both the ZFC and FC curves below 20 K shows a
paramagnetic (PM) to ferromagnetic-like (FM) transition.
On further cooling, the ZFC magnetization curve diverges
from the FC curve at the irreversibility temperature (Tirr ≈ 6
K) and exhibits a peak at temperature Tp while the FC
magnetization curve continues to grow, albeit at a slower rate.
Generally, this type of temperature dependence of the
magnetic irreversibility is observed in spin glass,34 cluster

glass,35 super spin glass,36 super paramagnets,37 and aniso-
tropic ferromagnets.38,39 Since the structure of Ba9Fe3Te15 is
noncentrosymmetric, the Dzyaloshinskii−Moriya (DM) inter-
action usually contributes to the magnetism and leads to a
canted spin arrangement. Therefore, the weak ferromagnetism
derived from the spin canting is possible in Ba9Fe3Te15.
Further, it is noted that the magnetic signals with very small
orders of magnitude for both the dc and ac susceptibility (see
Figure 6), the isothermal magnetization at 2 K with little

magnetic hysteresis, and the absence of a saturation moment
all are not seriously compatible with an FM state. The super
paramagnets are usually observed in certain nanomaterials and
are caused by the size effect, such as nanowire VO2.

37

Therefore, it was reasonably deduced that the observed
magnetic irreversibility may originate from the dynamic
evolution of a spin glass state. The spin glass-like magnetic
behavior that derives from strong frustration can be under-
stood by a random distribution of spin at the triangular lattice
that gives rise to a ferromagnetic and antiferromagnetic
competition between the inter- and intrachains, as reported
in the Ba9V3Se15 system.19 As for this, it is mainly influenced by
the large distance between the adjacent chains due to the large
Te atoms, and so the ferromagnetic interaction between the
interchains could dominate because of the decreased radius for
the coordinated atom, such as the S atom, in order to realize a

Figure 5. ZFC and FC dc magnetization plots for Ba9Fe3Te15
measured at the applied magnetic field, H = 100 Oe. The inset
shows the field dependence of the magnetization measured at 2 K for
Ba9Fe3Te15.

Figure 6. Plots for the ac magnetic properties of Ba9Fe3Te15: (a) the
real part of the ac magnetization measured with representative
frequencies and (b) the relationship between frequency and freezing
temperature, which is fitted by the spin glass dynamic formula as the
red line.
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magnetoelectric effect in this noncentrosymmetrical system,
such as a ferroelectricity application.
In order to elucidate the magnetic dynamics, the temper-

ature dependence of ac magnetization was measured at various
frequencies ( f). The real (M′) shown in Figure 6a and
imaginary (M″) parts (Figure S1) exhibit peaks at 5.4−6.0 K,
which is consistent with the freezing temperature observed in
the dc susceptibility curves. In addition, the magnetic signals
are rather weak; the intensity of the real part is 10−5 emu,
whereas that of the imaginary part is about 10−7 emu.
Nevertheless, it is still evident that the peak observed in real
part (M′), centered at 5.4 K for the low frequency of 37 Hz,
shifts toward the high-temperature direction as the frequency
increases. More concretely, the temperature shifts by ΔT ≈ 0.6
K, with a frequency change between 37 and 9663 Hz curves.
The frequency dispersion is a hallmark of SG-like dynamics.
The frequency shift, K, is calculated to reflect the frequency
dependence by the following equation

≡ Δ [ Δ ]K T T f/ log( )f f

where Tf is the freezing temperature at each f. The obtained
value of K ≈ 0.037 (Figure 6b), which falls in the expected
range of values (0.005−0.08) for a canonical SG system,40

indicating a spin glass behavior instead of a magnetic ordering
state in Ba9Fe3Te15. As proposed, the larger Te atoms actually
decrease the coupling interactions in the linear chain, causing
an antiferromagnetic correlation that favors realizing super-
conductivity.
Further, thermodynamic measurements were performed and

were expected to reveal some intrinsic physical properties in
this 1D magnetic chain system. The specific heat data collected
at both zero field and 1 T show an unobserved anomaly at the
spin glass freezing temperature (see Figure 7), which is a
general property of materials with quasi-1D chains. Because far
above the 3D magnetic transition temperature, the short-range
spin correlation was developed gradually in the 1D chains, it
led to most of the magnetic entropy release. Thus, the entropy
anomaly in the heat capacity corresponding to the 3D
magnetic transition or spin glass transition is usually very

small. Here, Ba9Fe3Te15 is a typical quasi-1D antiferromagnetic
chain and the susceptibility presents a broad hump at 190 K,
hinting at the development of a short-range antiferromagnetic
correlation. Therefore, it is reasonable that no anomaly was
observed in the specific heat data. Since the short-range spin
correlation was developed gradually far above the spin glass
transition, the quasi-1D Ba9Fe3Te15 can be considered as
decoupled spin chains above the transition temperature. Thus,
in order to study the properties of the 1D spin chain and avoid
the effect of the spin glass transition, the analysis of the heat
capacity was performed above the transition temperature (6
K), as shown in the inset of Figure 7. For a 1D
antiferromagnetic chain, the magnetic contribution to the
heat capacity is proportional to T.41 Therefore, we use the
formula C = αT + (βT3 + ηT5) to deal with the heat capacity
for Ba9Fe3Te15 within 8−20 K, where the first term is the
magnetic contribution and the last two terms are the phonon
contributions. After the fitting, we obtained the coefficient α =
88.7 mJ/(mol·K2). Since Ba9Fe3Te15 is a semiconductor, the
large contribution of αT should arise from the spin excitation
in the 1D antiferromagntic chain. In addition, using the
Wagner−Friedberg model, we obtained the intrachain
coupling about −31 K from the magnetic susceptibility
experiment. According to Bonner and Fisher’s work, the heat
capacity for a 1D AFM chain can be described by C(T) =
0.35Nk(kT/|J|),41 where N is the Avogadro constant, k is the
Boltzmann constant, and J is the spin coupling. Here, using |J|
= 31 K, we can get the coefficient to be 94 mJ/(mol·K2), which
agrees well with the experimental value of about 89 mJ/(mol·
K2). Additionally, the Debye temperature (θD) of 137 K was
obtained according to the formula θD = [(12/5)NRπ4/β]1/3.
Along with the study of the magnetic properties, the

investigation of the electronic transport properties provided a
complementary way to analyze the electronic correlation and
the possible band configuration. Figure 8 gives the temperature
dependence of the resistivity for the Ba9Fe3Te15 polycrystalline
sample. As the temperature decreases, the resistivity increases,
thereby demonstrating a semiconducting behavior. The inset
shows the linear fit to the curve of ln(ρ) vs the inverse of the
temperature according to a thermal activation model, where
the green line is the linear fit. For a law of type ρ ∝ e(Δg/2kBT),

Figure 7. Heat capacity measurements under a 1 T field and no
applied field for the Ba9Fe3Te15. The inset shows the relationship
between Cp/T and T2. The blue line is the fit using the formula C/T
= α + (βT2 + ηT4) with a temperature range of 8−20 K, where α is
the coefficient associated with the magnetic heat capacity and the
second and third terms are the phonon contributions.

Figure 8. Electronic transport properties of the Ba9Fe3Te15
polycrystalline sample. The inset shows the linear fit of resistivity
using a thermal activation model yielding a band gap value of
approximately 0.32 eV, where the green line is the fit curve.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.9b03592
Inorg. Chem. 2020, 59, 5377−5385

5382

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03592/suppl_file/ic9b03592_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03592?fig=fig8&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03592?ref=pdf


where Δg is the semiconducting band gap and kB is the
Boltzmann constant, the resistivity curve can be well fitted and
Δg is estimated to be 0.32 eV. Since Ba9Fe3X15 has a much
stronger 1D structure than BaFe2X3, the 3D conductivity in
Ba9Fe3X15 is mainly determined by the interchain electron
hopping. In the Ba9Fe3X15 system, when X varies from S to Te,
the extension of the p orbital enhances the interchain electron
hopping and thus increases the conductivity. For instance, the
band gap decreases in the sequence of Ba9Fe3S15 (Δg ≈ 0.56
eV),11 Ba9Fe3Se15 (Δg ≈ 0.39 eV),17 and Ba9Fe3Te15 (Δg ≈
0.32 eV) and can be further tuned by doping or pressure. As
reported for the 1D two-iron ladder iron chalcogenides
BaFe2S3

5 and BaFe2Se3,
6 the insulating property was gradually

depressed by pressure, and eventually the superconductivity
emerged. Here, the difference for Ba9Fe3Te15 is that the large
distance between the adjacent FeTe6 chains hinders the
electron hopping, while doping or compression can in turn
effectively tune the chain separation and enhance the
individual chain coupling, resulting in a semiconductor-to-
metal transition, or even superconductivity, as observed in the
BaFe2S3 system.4

As a typical quasi-one-dimensional crystal, the FeTe6 chain’s
sublattice in Ba9Fe3Te15 is composed of FeTe6 octahedra.
Compared with the two-dimensional layered and two-legged
ladder sublattice iron-based crystal, where the FeX4 tetrahedra
are considered to be the basic motifs, the FeTe6 octahedral
chains in this iron chalcogenide possess an antiferromagnetic
exchange interaction as theoretically predicted for hexagonal
FeTe12 and are favored by superconductivity. The semi-
conductor behavior in Ba9Fe3Te15 is similar to that in the 123-
type iron chalcogenides, both of which originate from a chain-
like crystal structure. According to the deduction that the
superconductivity of BaFe2S3 is probably caused by the self-
doping of electrons into the iron network, the critical pressure
should be lower to suppress the magnetism and trigger the
superconductivity because of the higher electron density of Fe,
which derives from the strong covalent Fe−Te bond in
Ba9Fe3Te15, compared to other chalcogenides with similar
structures. In addition, from a dimensionality perspective, the
iron-based superconductors with a crystal structure evolving
from layered to two-legged ladder types have emergent
superconductivity at ambient pressures and at high application
pressures as the structural dimensionality decreases. As
expected, this quasi-one-dimensional chain featuring
Ba9Fe3Te15 may need a much higher critical pressure to
increase the structural dimensionality and induce super-
conductivity. Overall, Ba9Fe3Te15 represents an alternative
type of iron-based compound, providing a diverse candidate
for high-pressure studies in order to pursue some emerging
physics.

4. CONCLUSION
A new iron-based compound Ba9Fe3Te15, consisting of 1D
FeTe6 octahedral chains, was synthesized. Typical 1D
antiferromagnetic characteristics, with a Tmax at 190 K followed
by a spin glass state at 6.0 K, and the insulating properties were
unveiled, both of which seem closely related to the typical
quasi-1D crystal structure. Furthermore, the unexpected orbital
moment of ∼0.84 μB per Fe was proven. The antiferromagnetic
correlation and the small band gap in Ba9Fe3Te15 favor the
realization of superconductivity. The high-pressure work,
including the pressure-induced structure transition, the spin-
state crossover, the electronic transport, and even the

superconductivity, will be great of interest for exploring the
potential physics and understanding the fundamental under-
lying mechanism, which will be our next task of study.
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