
PHYSICAL REVIEW B 108, 174423 (2023)

Structure and magnetic properties of Ba9V3Te15 with ferromagnetic spin chains

Jun Zhang ,1,2,* Xinyu Zhang,3,4,* Yuanhua Xia,5,* Jianfa Zhao,1,2 Lei Duan ,1 Guodong Wang,1

Baosen Min,1 Huibo Cao ,6 Clarina R. Dela Cruz,6 Kan Zhao,7 Hongyi Sun,8 Jinlong Zhu,3,†

Jianfeng Zhang,1,2,‡ Tao Xiang,1,2 Xiancheng Wang ,1,2,§ and Changqing Jin1,2,9,�

1Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2School of Physics, University of Chinese Academy of Sciences, Beijing 100190, China

3Department of Physics, Southern University of Science and Technology, Shenzhen 518055, China
4Academy for Advanced Interdisciplinary Studies, Southern University of Science and Technology, Shenzhen 518055, China

5Key Laboratory of Neutron Physics and Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics,
621999, Mianyang, China

6Neutron Scattering Division, Neutron Scattering Science Directorate, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
7School of Physics, Beihang University, Beijing 100191, China

8Shenzhen Institute for Quantum Science and Engineering, Southern University of Science and Technology, Shenzhen 518055, China
9Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China

(Received 5 September 2023; accepted 23 October 2023; published 16 November 2023)

Here we report a ferromagnetic compound Ba9V3Te15 with quasi-one-dimensional (1D) spin chains. It was
synthesized at high-temperature and high-pressure conditions and systematically investigated via structural,
transport, magnetic and heat capacity measurements. Ba9V3Te15 mainly consists of trimerized face-sharing VTe6

octahedral chains running along the c axis, which are separated by a distance of 10.184(8) Å, thus demonstrating
a strong 1D structural character. Ba9V3Te15 is a semiconductor with a band gap ∼128 meV and undergoes a fer-
romagnetic transition with TC ∼ 3.6 K. Far above TC, the short-range spin orders due to the intrachain spin cou-
pling have developed, which leads to a negative magnetoresistance effect, the deviation of magnetic susceptibility
from the Curie-Weiss law and T 1/2 dependence of magnetic heat capacity. Our results reveal that Ba9V3Te15

provides a good opportunity to study the intrinsic properties of a system with quasi-1D ferromagnetic spin chains.

DOI: 10.1103/PhysRevB.108.174423

I. INTRODUCTION

One-dimensional (1D) systems usually exhibit exotic phys-
ical phenomena that can be dramatically different from those
in higher dimensional ones [1]. The spin chain compound of
BaVS3 has been extensively studied [2–5], where the face-
sharing VS6 octahedral chains are separated by ∼6.75 Å.
The stoichiometric BaVS3 shows a metal-insulator transition
(MIT) at ∼69 K, which corresponds to a Peierls transi-
tion arising from its 1D electric subband [3]. Subsequently,
it undergoes an incommensurate antiferromagnetic (AFM)
transition at 31 K [6]. Between the long-range spin order
(LRSO) and MIT transitions, the AFM short-range correla-
tion has formed and developed when temperature decreases.
For BaVS3, the AFM transition at 31 K is not accompanied
by a considerable entropy change due to the pre-existing
short-range spin orders (SRSOs) [7], and the ordered mo-
ment of 0.5 µB/V estimated from neutron diffraction and
NMR for BaVS3 is significantly small relative to the full
ordered moment of V 4+ with S = 1/2(1 µB) [8].
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Hf5Sn3Cu-anti-type A3BX5 is another well-known system
with quasi-1D spin chains [9–20], where the spin chains
are separated by a large distance more than 9 Å. For the
Ba3T X5 compounds, where T denotes 3d transition metal
and X is chalcogen element, they usually exhibit semi-
conducting behavior, and the interchain spin coupling is
very small, leading to a very low LRSO transition tem-
perature [10,16,19]. Ba9Fe3Se15 was reported to consist of
trimerized face-sharing FeSe6 octahedral chains, and un-
dergo an incommensurate helical spin order transition at
14 K [16,20]. Spin induced ferroelecticity has been found in
the quasi-1D Ba9Fe3Se15 and the electric polarization dynam-
ics are dramatically different from that of high dimensional
ferroelectric system [20]. Ba6Cr2S10 was reported as a fer-
rotoroidic candidate material. It is composed of dimerized
face-sharing CrS6 octahedral chains and the spins are antipar-
allelly aligned along the chain below 10 K, which agrees with
1D ferrotoroidic model of dimerized antiferromagnetic spin
chain [19].

Ba9V3Se15 was reported to consist of trimerized face-
sharing VSe6 octahedral chains running along c axis [10].
Compared with the spin chain distance of ∼6.7−7.0 Å in
BaV(S/Se)3, the spin chains in Ba9V3Se15 are separated by
a larger distance of ∼9.5 Å. As a result, Ba9V3Se15 exhibits
a semiconducting behavior with a band gap of 0.2 eV and
undergoes a LRSO transition with TN ∼ 2.5 K. The magnetic
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heat capacity is found to be T 1/2 dependent above TN, which
arises from the spin wave excitation within the decoupled
ferromagnetic like spin chains. In addition, following the
discovery of Ba9V3Se15, the sister compound of Ba9V3S15

has been reported by Almoussawi et al.. It is a pity that the
transport and magnetic properties have not been experimen-
tally studied because the pure polycrystalline Ba9V3S15 is
challenging to obtain [21].

In this work, we report the discovery of the third compound
Ba9V3Te15 in the Ba9V3X15 family through substituting Se
by Te. Comprehensive structural and physical properties as-
sociated with its 1D nature were systematically investigated.
Ba9V3Te15 consists of face-sharing VTe6 octahedral chains.
Its trimerized structure and semiconducting behavior originate
in the typical 1D electric band structure of Ba3VTe5 with
primary structure and uniform chains. The neutron diffraction
experiments prove the FM ground state with spins oriented
in the c axis. A behavior of T 1/2 dependence of magnetic heat
capacity is observed above the LRSO Tc ∼ 3.6 K, demonstrat-
ing 1D FM spin chain property. The susceptibility deviating
from Curie-Weiss law and the negative magnetoresistance
also imply the formation of the SRSO at 200 K.

II. EXPERIMENTAL AND CALCULATION METHOD

Ba9V3Te15 polycrystalline was synthesized at high pres-
sure and high temperature conditions. The commercially
available crystalline powders of V (Alfa, >99.5% pure), Te
(Alfa, >99.999% pure) and lumps of Ba (Alfa, immersed in
oil, >99.2% pure) were used as the starting materials. The
precursor BaTe was prepared by heating the mixture of Ba
blocks and Te powder in an alumina crucible sealed in an
evacuated quartz tube at 600 °C for 20 h. Then, the mixture
of stoichiometric BaTe, V, and Te were homogenously ground
according to a molar ratio 3:1:2 and pressed into a pellet with
a diameter of 6 mm. The prepressed pellet was placed in a
h-BN capsule, which was then put into a graphite tube. High
pressure experiments were performed in a 6 × 600 T cubic
high pressure apparatus. After pressure was slowly raised to
6 GPa, the sample was heated to 1200 °C within 4 min and
kept for 40 min. After the high pressure and high temperature
synthesis process, the black pure polycrystalline sample was
obtained.

The powder x-ray diffraction (XRD) was performed on a
RigakuUltima VI (3KW) diffractometer using Cu Kα radia-
tion generated at 40 kV and 40 mA. The data was collected at a
scanning rate of 1◦ per min with a scanning step length of 0.02
degree. The Rietveld refinement on the diffraction spectra was
conducted with GSAS and EXPGUI packages [22]. The neutron
powder diffraction (NPD) experiments were performed at the
High Flux Isotope Reactor at the Oak Ridge National Lab-
oratory with neutron wavelength (λ) of 2.4103 Å on HB-3
Triple-axis spectrometer. The magnetic structure was solved
using neutron diffraction technique by the FULLPROF Suite
[23]. The dc magnetic susceptibility was measured using a
superconducting quantum interference device. The electronic
transport and heat capacity were measured using a physical
property measurement system.

The fully spin-polarized electronic structure calculations
were carried out with the projector augmented wave method
[24,25] as implemented in the VASP package [26–29]. The
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof type [30] was chosen for the exchange-correlation
functional. The kinetic energy cutoff of the plane-wave basis
was set to be 350 eV. A 16∗16∗8 k-point mesh was used for
the Brillouin zone sampling. The Gaussian smearing method
with a width of 0.05 meV was employed for the Fermi sur-
face broadening. In structural optimization, we adopted the
experimental measured lattice constants and only relaxed the
internal atomic positions until the forces on all atoms were
smaller than 0.01 eV/Å. The electronic correlation effect
among V 3d electrons was incorporated by using the GGA+U
formalism of Dudarev et al. [31]. The effective Hubbard U is
set as 3 eV. The spin interaction J was calculated by the energy
differences between the FM ground state and the AFM (FIM)
spin configures as introduced in Ref. [10].

III. RESULTS

A. Structure characterization

The powder XRD pattern for Ba9V3Te15 is presented in
Fig. 1(a). The structural model of Ba9V3Se15 [10] with space
group of P-6c2 (188) was adopted to carry out the refinement
for the XRD data. As seen in Fig. 1(a), the Rietveld refine-
ment is smoothly converged to χ2 = 1.96(7), Rp = 4.0(9)%
and Rwp = 2.8(2)%, which leads to the lattice constants a =
10.184(8) Å, c = 19.948(7) Å. The detailed crystallographic
data are summarized in Table I. Figure 1(b) shows the NPD
patterns for Ba9V3Te15 collected at 10 K and 0.3 K with an
enlarged view to show the magnetic Bragg peaks. Figure 1(c)
displays the crystal structure of Ba9V3Te15 with the projection
along the c axis. The structure consists of face-sharing VTe6

octahedral chains running along the c axis; the chains are
arranged in a triangular lattice in the ab plane and separated
by a large distance (∼10.18 Å), demonstrating a strong 1D
structural characteristic. There are two Wyckoff positions for
V atoms: V(1) (0,0,0) and V(2) (0,0,0.1621), leading to a
trimerized structure feature with two different intrachain V-
V distance values of 3.2333 Å and 3.5077 Å, as shown in
Fig. 1(d). Each V ion is surrounded by six Te ions to form
face-sharing VTe6 octahedron chains. The VTe6 octahedrons
are distorted, leading to three different V-Te bond lengths of
2.9387, 2.8606, and 2.8621 Å. Using the bond lengths, ac-
cording to the bond valence sum = ∑

exp ((ro−r)/b), where
the constant b = 0.37, ro = 2.57 are used for V-Te octahedron
and r is the interatomic distance between central ion and
coordinated ions, the bond valence sums of V site amounts
to be ∼2.2 for V(1) and ∼2.7 for V(2), which suggests the
valence states of V(1) and V(2) are +2 and +3, respectively.

Besides the VTe6 chains, there are two 1D tellurium chains
located in the center of triangular lattice, which are com-
posed of Te(3)-Te(4) ions and Te(5)-Te(6) ions [Figs. 1(c)
and 1(d)], respectively. It is noted that the occupation of
Te(6) is 0.5. In the Te chains the Te ions are inhomoge-
neously aligned with Te-Te distance ranging from 2.915(1) Å
to 3.434(1) Å. The Te-Te distance of 2.915(1) Å is compa-
rable with that in the (Te2)2− dimer of Ba2SnTe5(2.80 Å)
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FIG. 1. (a) Powder x-ray diffraction pattern of Ba9V3Te15 measured at room temperature and ambient pressure and its refinement spectrum.
(b) NPD patterns of Ba9V3Te15. Black and red lines indicate the data collected at 0.3 and 10 K, respectively. (c) The scheme of crystal structure
for Ba9V3Te15, viewing along the axis of the c direction. (d) The trimerized face-sharing VTe6 octahedral chain and the two Te chains in the
center of triangular lattice.

TABLE I. Crystal structure parameters of Ba9V3Te15.

Crystallographic data

Formula: Ba9V3Te15 Calculated unit cell formula weight:
Crystal system: hexagonal 3302.796(0) g/mol
Space group: P-6c2 (188) Density: 6.12(1) g/cm3

Crystal parameters: a = 10.184(8) (Å) Refined results: χ2 = 1.96(7)
c = 19.948(7) (Å) V = 1789.145(0) (Å3) Z = 2 Rp = 4.0(9)% Rwp = 2.8(2)%

Atomic parameters

Atom wyck. x y z Uiso Occ.

Ba1 12l 0.0121(4) 0.3838(1) 0.0852(6) 0.029(3) 1
Ba2 6k 0.3813(8) 0.3769(1) 0.25 0.005(5) 1
V1 2a 0 0 0 0.016(5) 1
V2 4g 0 0 0.1621(5) 0.014(1) 1
Te1 12l 0.2380(1) 0.2345(9) 0.0845(1) 0.023(3) 1
Te2 6k 0.0091(6) 0.2264(3) 0.25 0.003(1) 1
Te3 2c 1/3 2/3 0 0.046(6) 1
Te4 4h 1/3 2/3 0.1694(3) 0.039(1) 1
Te5 4i 2/3 1/3 0.1638(5) 0.014(8) 1
Te6 4i 2/3 1/3 0.0177(6) 0.022(2) 0.5

Bond length (Å)

V1 − Te1 V2−Te2 V2−Te1 Te3−Te4 Te4 − Te4 Te5−Te5 Te5−Te6

2.938(7) 2.862(1) 2.860(6) 3.379(7) 3.215(1) 3.434(1) 2.915(1)
Bond angle (º) Distance of the adjacent V atoms (Å)

Te1−V1−Te1 Te1−V2−Te2 V1−V2 V2−V2

178.8(2) 174.8(6) 3.233(3) 3.507(7)
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FIG. 2. (a) and (b) The calculated band structures of different spin channels for the ferromagnetic Ba9V3Te15 with trimer cluster distortion.
The red lines represent the spin up channel while the blue lines for the spin-down channel. The green circles on the band structure represent the
weight of Te(3 ∼ 6) atomic pz orbitals. (c) and (d) similar with (a) and (b) but adopting the primitive structure without any CDW distortion.

[32] and in Ba9Sn3Te15(2.78 Å) [9]. It implies that par-
tial covalent bonds exist in the Te chains, which has
also been observed in its sister compounds of Ba9V3Se15

[10] and Ba9V3S15 [21]. Based on the site symmetry and
the charge balance, the molecular formula of Ba9V3Te15

can be rewritten as Ba9V3(Te2−)9(Te2−
2 Te1−

4 ). For compar-
ison, the degree of trimerization is defined by the ratio of
|dinter − dintra|/|dinter + dintra|, where dinter is the distance of the
adjacent V(2) atoms and dintra is that of the adjacent V(1) and
V(2) atoms. The calculated value of 0.0407 for Ba9V3Te15

is obviously smaller than that of 0.0549 for the Ba9V3Se15.
The weaker electronegativity of Te should be responsible for
the smaller structure distortion as will be discussed in the
following.

For clarifying the origin of the inhomogeneous VTe6

and Te(3 ∼ 6) chain in Ba9V3Te15, we performed the elec-
tron structure calculation for both the trimerized case of
Ba9V3Te15 and the primary structure of Ba3VTe5 with
uniform VT6 chain similar to the structure of Ba3TiTe5 [11].
Comparing with the distorted case in Figs. 2(a) and 2(b), the
calculations for a uniform chain of Ba3VTe5 present a new
continuous Te(3 ∼ 6) atomic pz orbitals dominated quasi-1D

band structure cross the Fermi level (green circles on band
structure) as shown in Figs. 2(c) and 2(d). The correspond-
ing Fermi surfaces are nearly the kz = ±1/3c0

∗(±2/3� −
A point) plane. These quasi-1D Fermi surfaces form an ob-
vious nesting by a vector of q = ±1/3c∗

0. This prominent
nesting vector should further induce a charge density wave
(CDW)-like lattice instability with a CDW vector of qCDW =
1/3 c∗

0. The CDW supercell at least includes three Te atoms
along Te(3 ∼ 6) atom chain, as shown in the Fig. 1(d). Within
the trimer distortion structure, the quasi-1D band from Te pz
orbital is gapped and keeps far away from the Fermi level as
shown in Figs. 2(a) and 2(b). Considering the great CDW gap
(0.56 eV) and atomic distortion degree (Te-Te bond lengths
from 2.91 Å to 3.43 Å), the CDW transition temperature
(TCDW) should be far higher than other typical CDW materials
[33,34]. Through our studied temperature region, the system
is always in its distorted CDW phase. Besides the direct in-
fluence on the Te(3 ∼ 6) atomic 1D electron structure, the
trimer cluster distortion of Te chains can also induce the trimer
cluster distortion of V chains and band renormalization of the
magnetic V atoms in the 1D VTe6 octahedral chain with same
trimer supercell.
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FIG. 3. (a) The temperature dependence of resistivity for
Ba9V3Te15 and Ba9V3Se15, respectively. The inset shows the ln (ρ)
versus inverse temperature (1/T ) and the linear fit. (b) The Resistiv-
ity measured under magnetic fields with H up to 9 T for Ba9V3Te15.
The upper inset is ρ vs H measured at 55 K, and the lower inset is
the temperature dependence of MR.

B. Transport and magnetic properties

Figure 3(a) displays the temperature dependence of elec-
trical resistivity (ρ) for Ba9V3Te15. The resistivity is approx-
imate 0.99(3) � cm at room temperature and increases with
the decrease of temperature (i.e., dρ/dT < 0), demonstrating
a typical semiconductor characteristic. The inset shows the
curve of ln(ρ) versus 1/T . It presents a straight line between
100 and 300 K, which indicates that the intrinsic electrical
conductivity is dominated by thermal activation mechanism.
By using the formula of ρ ∝ exp(Δg/2kBT ), where Δg is
the semiconducting band gap and kB is the Boltzmann con-
stant, the resistivity curve can be well fitted and the band
gap Δg is estimated to be 0.128 eV. Figure 3(b) shows the
resistivity curves measured under different magnetic field. It
is seen that the resistivity decreases when magnetic field is
applied at low temperature range, demonstrating a negative
magnetoresistance (MR) effect. The negative MR also can be
clearly seen as the field dependence of resistance measured
at 55 K shown in the upper inset of Fig. 3(b). The lower
inset of Fig. 3(b) displays the resistivity difference between
0 and 3 T. The negative MR = (ρ(3T)–ρ(0T))/ρ(0T) develops

from ∼200 K. Generally, the negative MR is related to FM
correlation and will be discussed latter.

The magnetic properties of Ba9V3Te15 were studied via
the magnetic susceptibility and neutron diffraction mea-
surements. Fig. 4(a) presents the temperature dependence
of susceptibility measured under the field of 100 Oe. The
magnetic susceptibility increases sharply at ∼4 K, demon-
strating a typical FM-like phase transition. The magnetization
curves measured under different external magnetic field H
are presented in Fig. 4(b) and the temperature derivative of
magnetization are shown in the inset. From the peak of dχ/dT
of H = 100 Oe, the LRSO transition temperature can be de-
termined to be 3.6 K. The peak gradually shifts towards high
temperature as H increasing, which is a general property for a
FM system. The isothermal magnetization measured at differ-
ent temperature are displayed in Fig. 4(c). The magnetization
exhibits linear magnetic field dependent behavior above 4 K,
while it is featured with a S-shape below 4 K; this further
confirms the formation of LRSO at the temperature close to
4 K. The magnetized moment is about 4.2 µB/f.u. at H = 7 T
and 1.8 K, as shown in the inset of Fig. 4(c).

The inverse susceptibility for H = 100 Oe is also shown
in Fig. 4(a), where the linear temperature dependence of 1/χ
is only observed in high temperature range. According to the
Curie-Weiss law 1/χ = (T −Tθ )/C, the linear fitting between
200 and 300 K gives the effective moment μeff = 5.87 µB/f.u.

and Weiss temperature Tθ = 48 K, respectively. As suggested
by the structural analysis, the valence state of V(1) is +2
with S = 3/2 and V(2) is +3 with S = 2/2. The theoretical
value of the effective moment of Ba9V3Te15 can also be es-
timated to be gμB

√
3
2 × ( 3

2 + 1) + 2 × 2
2 × ( 2

2 + 1) = 5.6 µB

with the Landé factor g = 2. Therefore, the effective moment
from valance state analysis is consistent with the magnetic
susceptibility experiment. The positive Tθ value suggests the
dominated spin coupling is ferromagnetic in Ba9V3Te15. The
electronic configuration state of V on average is 3d7/3 in
Ba9V3Te15, thus the saturation moment should be 7 µB/f.u.

if all spins are ferromagnetic aligned; this value is much
higher than the magnetized moment value of ∼4.2 µB/f.u.

measured at 7 T and 1.8 K. This is a common phenomenon
for the quasi-1D spin chain system due to the quantum or
thermal fluctuation. Such a reduced magnetized moment has
also been reported in Ba6Cr2S10 and KCuF3 with weakly
coupled spin chains [19,35]. For KCuF3 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) [35].

In order to clarify the magnetic structure of Ba9V3Te15,
the NPD measurements were performed. Figure 1(b) shows
NPD patterns for Ba9V3Te15 collected at 10 and 0.3 K. Clear
differences between the two diffraction patterns are the en-
hancement of peaks at 2θ = 15 and 27.4 degree, indexed as
(100) and (110), respectively. It is originated from the mag-
netic lattice of Ba9V3Te15 with respect to that collected at
10 K. The lack of a magnetic contribution to the (001) re-
flection implies that the magnetic moments point along the
c axis. By the Rietveld refinement for the NPD pattern of
Ba9V3Te15 collected at 0.3 K, as seen in the Supplemental
Material [36], the magnetic moment of V(1) at 2a site is esti-
mated to be 1.616 µB and V(2) at 4g site 0.333 µB. The ordered
moment provided by neutron diffraction in Ba9V3Te15 is
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FIG. 4. The magnetic properties of Ba9V3Te15. (a) Tempera-
ture dependence of susceptibility χ (T) and inverse susceptibility
χ−1(T) measured in zero-field-cooled (ZFC) and field-cooled (FC)
modes under H = 100 Oe. The green line is the linear fitting within
temperature range of 200–300 K. (b) The temperature dependence
of magnetization collected at different H . The inset shows the
dχ/dT (T) curves to determine TC. (c) The isothermal magnetization
collected at different temperature. The inset shows magnetization
measurement at 1.8 K with a magnetic field up to 7 T.

about 2.3 µB/f.u., which is 1.9 µB/f.u. smaller than the mag-
netized moment measured at 7 T and 1.8 K. It is suggested that
strong quantum or thermal fluctuation exists in the system.
Applying a magnetic field can overcome the spin fluctuation
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and further orientate the fluctuated spins, leading to an en-
hancement of the magnetized moment. In addition, it is known
that SRSOs usually contribute to the magnetic diffuse scatter-
ing and lead to a higher background. However, as discussed
below, there exist SRSOs in individual spin chains in both
cases of above and below the LRSO temperature. This is why
we just observe little difference between the background of
the spectrums collected at 10 and 0.3 K.

C. Heat capacity measurements

Figure 5(a) displays the temperature dependence of heat
capacity (HC) C(T ) data measured under different magnetic
fields. For the C(T ) data with H = 0 T there is a small peak
centered at ∼3.6 K, corresponding to the LRSO transition.
With applying field increasing, the heat capacity peak shifts
to higher temperature region and becomes broader, which is
consistent with a general FM characteristic. Just above the
LRSO transition, the chains are completely decoupled and the
spin wave excitation arising from the spin chains should have
significant contributions to the HC. As predicted by the spin
wave theory, ferromagnetic chains host a quadratic magnon
excitation with ω ∼ k2, which should lead to a T 1/2 magnetic
HC at low temperature. Since Ba9V3Te15 is a semiconduc-
tor, the contribution of HC from itinerant electrons can be
ignored. Thus, we can estimate the coefficient of the magnetic
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contribution of αT 1/2 via the C(T ) data divided by T 1/2 as
plotted in Fig. 5(b). By fitting the data using the equation
of C/T 1/2 = α + βT 5/2 + ηT 9/2, the coefficient α can be ob-
tained to be 1.214 J/mol/K1.5, which of the value is related to
the intrachain coupling strength.

IV. DISCUSSION

Ba9V3Te15 exhibits strong 1D magnetic properties. For
an ideal spin chain, LRSO cannot form at finite temperature
because of strong quantum or thermal fluctuation due to the
dimension reduction. While for a quasi-1D spin chain system,
the interchain spin coupling strength Jinter is typically two
or three orders of magnitude lower than that of intrachain
coupling Jintra. However, Jinter governs the LRSO formation,
although it is very weak [37]. Far above the LRSO temper-
ature, the spin chains are completely decoupled and SRSOs
have already formed due to the large Jintra and developed when
temperature decreases. It is supposed that below LRSO tem-
perature only partial SRSOs with long correlation length are
coupled by Jinter to form LRSO. The remainder of the SRSOs
with short correlation length should still be decoupled and
randomly exist in individual spin chains, and this might be the
reason that a reduced magnetized moment is usually observed
in quasi-1D spin chain system. For Ba9V3Te15, the magne-
tized moment measured at 7 T and 1.8 K is about 4.2 µB/f.u.,
which is much smaller than the expected value of 7 µB/f.u.

for a fully ordered state. In addition, above H = 2.5 T the
magnetized moment increases linearly with H , implying that
applying high H can partially overcome the spin fluctuation
and orientate the SRSOs to further enhance the magnetized
moment. The reduced magnetized moment and nonsaturated
moment suggest strong spin fluctuation in Ba9V3Te15, which
is one of the 1D magnetic characters.

The formation of SRSOs due to the intrachain spin cou-
pling far above the LRSO is another typical character for
the 1D magnetic system. The magnetic contribution to HC
associated with 1D spin wave excitation above LRSO di-
rectly demonstrates the existence of SRSOs in Ba9V3Te15.
In addition, the susceptibility obviously deviates from the
Curie-Weiss behavior below ∼200 K, also implying SRSOs
have formed far above the LRSO temperature. At high temper-
ature the spin chains are decoupled and SRSOs have already
gradually developed as temperature decreases before LRSO
formation. The gradual development of SRSOs should cause
a variation of the Weiss constant depending on temperature
and lead to the deviation from Curie-Weiss law. The formation
of SRSOs also can be demonstrated by the negative mag-
netoresistance phenomenon. Since the intrachain coupling is
ferromagnetic, the formation of ferromagnetic SRSOs would
lead to a negative MR behavior because magnetic field can
orientate the SRSOs and reduce the electron scattering. The
negative MR occurs at 200 K, consistent with that where the
susceptibility begins to deviate from Curie-Weiss behavior.
Therefore, it is suggested that the deviation of susceptibility
from Curie-Weiss behavior and negative MR should have the
same origin, i.e., the formation of SRSOs.

Besides, dimensionality has profound effects on CDW in-
stabilities [38]. Especially, the Fermi surface nesting in the
reduced dimensional system can induce a CDW-like lattice

instability, favoring the formation of CDW supercell. In the
previous work [19], the quasi-1D chain compound with the
dimer structure was reported, which can be well understood as
that the reduced dimensionality strengthens the Peierls insta-
bilities due to the Fermi surface nesting, and induces the CDW
instabilities and dimerized structure distortion. In the present
work, the trimerized structure in Ba9V3Te15 is mainly caused
by the Fermi surface nesting originated from the in-chain Te
atomic pz bands. In the Ba9V3X15 (X = S, Se, Te) system, the
Te element in Ba9V3Te15 has the weakest electronegativity.
Therefore, along the 1D Te chain, the weaker covalent bond
between the Te atoms makes the Te chains have less distortion
than that in Ba9V3Se15 and Ba9V3S15 and thus, leads to a
reduced trimeric cluster distortion for the VTe6 chains, which
agrees with the comparison of trimerization degree between
Ba9V3Te15 and Ba9V3Se15.

For Ba9V3Te15, our DFT calculations suggests a reduced
difference between J1 (the nearest-neighbor coupling be-
tween V1-V2) and J2 (the next-nearest-neighbor coupling
between V2-V2) with a ratio of J2/J1 about 0.658, which
is far larger than that in Ba9V3Se15(J2/J1 = 0.006) [10]
and Ba9V3S15 (J2/J1 = 0.028) [21] systems. Considering the
small difference between J1 and J2, we can coarsely estimate
the intrachain spin coupling based on a model of homoge-
neous ferromagnetic spin chain with an averaged spin value
(S = 1/2∗7/3) for V ions. The formation of SRSOs is sug-
gested to occur at ∼200 K by the magnetic susceptibility and
negative MR experiments. By using the equation of kBT =
2
3 zS(S + 1)Jintra, where kB is the Boltzmann constant, z = 2
is the number of nearest-neighbor magnetic atoms for spin
chains, T = 200 K denotes the SRSOs formation tempera-
ture, and the local moment S = 7/6, we can calculate the
Jintra to be 6.5 meV. Also, we can estimate the Jintra value
from the HC data. For idea ferromagnetic spin chain, the
magnetic contribution to the heat capacity can be expressed
by the equation:

C/
R = 3

4

ζ (3/2)√
2π

(
kB

2SJ

)0.5

T 0.5,

where R is the idea gas constant, kB is Boltzmann constant,
and the Zeta function of ζ (3/2) = 2.61238 [39]. From the
obtained coefficient of T 0.5 term by the heat capacity experi-
ments (α = 0.404 J/mol/K1.5 for Ba3VTe5 with uniform spin
chain), the Jintra value can be determined to be 9.5 meV, which
is very close to that obtained from magnetic susceptibility and
negative MR experiments.

The discovery of Ba9V3Te15 completes the family of
Ba9V3X15 (X = S, Se and Te). Thus, we have a comparison

of the lattice parameters among the three compounds, which
is shown in the Supplemental Material [36]. The distance
between the adjacent VX6 chains is more than 9 Å for all
the three compounds. While X anion varies from S to Te, the
crystal lattice constants a and c increase monotonously due to
the increase of anion size. The resistivity data of Ba9V3Se15,
taken from Ref. [10], is also presented in Fig. 3(a). Since
pure Ba9V3S15 sample is hard to be synthesized, the resis-
tivity data is absent. Obviously, the band gap of Ba9V3Te15 is
smaller than Ba9V3Se15. As shown in Fig. 2, the valence band
maximum and conduction band minimum are dominated by
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the in-chain Te pz orbital. Compared with Ba9V3Se15, the less
distortion of Te-chain in Ba9V3Te15 would open a smaller gap
although its crystal lattice is larger.

V. CONCLUSION

A quasi-1D FM semiconductor of Ba9V3Te15 was synthe-
sized under high-temperature and high-pressure conditions.
It crystallizes in a hexagonal structure with the space group
P-6c2 (No. 188), which consists of 1D VTe6 chains separated
by 10.184(8) Å. Ba9V3Te15 undergoes a FM LRSO transition
at 3.6 K with the spin oriented along the c axis. Above TC

the resistance shows negative MR, the susceptibility deviates
from the Curie-Weiss behavior, and a large magnetic heat
capacity is observed and proportional to T 1/2, following the
prediction for 1D FM spin chain. All these exotic phenomena
demonstrate that SRSOs associated with the intrachain cou-
pling have gradually developed above TC, which is indicative
of the nature of quasi-1D spin chains.
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