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The polycrystalline BagZr; 79Te s sample was prepared by employing a solid-state synthesis method under high-
temperature and high-pressure conditions. Comprehensive characterizations of structural and electrical properties were
performed. BagZr;79Te;s crystallizes in a hexagonal lattice with the space group P6c2 (No. 188) and lattice parameters
a=10.1977(8) A and ¢ = 20.2646(9) A. It is mainly composed of face-sharing ZrTeg octahedral chains extending along
the c-axis, which form a triangular lattice in the ab plane. The Te chains are located in the middle of the ZrTeg triangular
lattice. Electrical transport measurements indicate that BagZr; 79Te|s is a semiconductor. The thermal activation band
gap of 0.23 eV is qualitatively discussed when compared with that of its sister compound BagZr3Se s, proving that the
p electrons in the Te chains, with high quantum number orbitals, dominate electron conduction. Furthermore, the Debye
temperature of BagZr, 79Te 5 is calculated to be 157.28(9) K from thermodynamic measurements. The newly synthesized
BagZr; 79Te s with quasi-one-dimensional chain characteristics provides an opportunity for further exploration of diverse

physical properties.
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1. Introduction

One-dimensional (1D) material systems have attracted
considerable interest owing to their highly anisotropic crys-
tal structures, which give rise to a range of novel physical
phenomena, including superconductivity, electron spin/charge
density waves (SDW/CDW), 1D-3D structure transition, and
so on.[1:?] The structures along the 1D chains are also complex
due to lattice distortion, which also has definite influences on
the physical properties. Therefore, an emerging interest is to
explore and synthesize 1D materials with new structures.

Among various 1D material systems, there are two types
of typical 1D materials with the hexagonal Hf;Sn3;Cu-anti-
type structure. The RE3MXs materials (RE = rare-earth metal,
M = transition metal, X = P, As, Sb, and Bi)[3‘14] can be
assigned to the hexagonal space group (P63/mcm) and are
characterized by 1D chains consisting of uniformly distributed
face-sharing MXg octahedra. These materials exhibit diverse
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magnetic and metallic properties. Another typical material
is the BagMChs family (M = transition metal, Ch = S, Se,
Te).[15-2°] This structure comprises infinitely extending face-
sharing MChg octahedral chains with different distortions and
linear Ch chains along the c-axis, separated by Ba®>* ions with
large interchain distances (typically > 9.5 A), resulting in typ-
ical quasi-1D crystal structure and properties. In recent years,
significant progress has been made in the BazMChs family,
attributed to the diversity of structural distortions along the
1D chains.
1D ferrotoroidic candidate owing to the dimerized structure

For example, BagCr,Sio stands out as a rare

of CrS¢ chains,[?!1 while trimerized BagFe3Se; s undergoes a
ferromagnetic-like phase transition at 14 K and a metallization
transition at 29 GPa, accompanied by a spin-state crossover
from high-spin to low-spin state.>! Complex 1D structural
features have been discovered in the BazMSes (M = Ti, Zr,
Hf) system, such as tetramerization for Ti, trimerization for
Zr, and uniform arrangement for Hf.[!3)

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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In this
BagZr; 79Tes for the first time. Its crystal structure, elec-

work, we synthesized polycrystalline
trical transport properties, magnetic behavior, and thermody-
namic characteristics have been systematically characterized
and discussed.

2. Experimental details

Commercially available crystalline powders of Zr (Alfa,
99.5% pure), Te (Alfa, > 99.99% pure) and Ba lumps (Alfa,
merged in oil, > 99.2% pure) were used as the starting ma-
terials. First, the BaTe precursor was synthesized by heat-
ing the mixture of Ba lumps and Te powder in an evacuated
quartz tube at 700 °C for 33 hours. Subsequently, powders of
BaTe, Zr and Te were homogeneously mixed according to a
molar ratio of 3:1:2 and pressed into cylinders with a diam-
eter of 6 mm and a height of 3 mm in an argon-filled glove
box. A polycrystalline BagZr; 79Te s sample was prepared via
the solid-state synthesis method under high-temperature and
high-pressure conditions using a 6 x 1400 T cubic anvil high-
pressure apparatus. The pressure was gradually increased to
6 GPa, followed by heating to 1500 °C within 5 min. The
temperature was held for 60 min and then quenched to room
temperature before the pressure was released. Finally, pure
black polycrystalline BagZr, 79Te s samples were obtained.

Powder x-ray diffraction (XRD) measurements were con-
ducted using a Rigaku Ultima IV (3 kW) diffractometer with
Cu Ko radiation (A = 1.5406 A, 40 kV, 40 mA). Data were
collected over a 260 range of 5°—125° with a step size of 0.02°
per step. The Rietveld refinement was carried out using the
GSAS and EXPGUI software packages.3%3!l The chemical
composition of the samples was verified by energy-dispersive
x-ray (EDX) spectroscopy (15 kV, 10 pA). Electrical trans-
port properties were measured by a four-probe method with a
measurement current of 10~® A over a temperature range of 2—
300 K using a physical property measurement system (PPMS).
The specific heat measurement was carried out over a temper-
ature range of 2-30 K. Magnetization measurements were per-
formed using a superconducting quantum interference device
(SQUID-VSM) under applied magnetic fields of 1000 Oe and
10000 Oe over the temperature range of 2-300 K.

3. Results and discussion

The powder XRD pattern of BagZr; 79Te;s synthesized
under high-temperature and high-pressure conditions is pre-
sented in Fig. 1, which is indexed to a hexagonal structure
by PowderX software®?! and is similar to that observed in
quasi-1D BagFesSe; 5.1231 Rietveld refinement was performed
by adopting the structural model of BagZr3Se;s,['>! which
smoothly converged to x2 = 4.79(2), Ryp =8.12% and R, =
5.52%. Refinement results show that BagZr; 79Te 5 crystal-
lizes in the hexagonal structure with the space group P6c2

(No. 188). The lattice parameters are a = b = 10.1977(8) A,
¢ =20.2646(9) A, and the unit cell volume is 1825.08(2) A3.
Detailed crystallographic data are summarized in Table 1.
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Fig. 1. The XRD pattern and the refinement spectra of BagZr; 79Tes.

odo odo
Fig. 2. Schematic crystal structure of the BagZr; 79Te;s: (a) projection
along the [001] direction; (b) projection along the [110] direction.

Based on the refinement results, the crystal structure
schematic of BagZr; 79Te s is presented in Fig. 2. Figures 2(a)
and 2(b) show projections along the [001] and [110] direc-
tions, respectively, clearly illustrating the triangular lattice ar-
rangement and linear chain geometry. The structure is mainly
composed of face-sharing ZrTeg octahedral chains extending
along the c-axis. These chains form a triangular lattice in the
ab plane, where each Zr atom is located at the center of an oc-
tahedron surrounded by six Te atoms. The large interchain
distance (a > 10 A) confirms the typical 1D structural fea-
ture of BagZry 79Teis. As shown in Fig. 3(a), there are two
sites occupied by Zr atoms, Zr(0,0,0) and Zr,(0,0,0.1465(3)),
forming a Zr,—Zr—Zr, trimer unit with adjacent Zr—Zr dis-
tances of 2.9693(9) A and 4.1935(7) A in the ZrTeg chains.
The structural distortion can be reflected by the distances be-
tween Zr|—Zr, and Zry—Zr, (see Table 1), which lead to three
distinct Zr-Te bond lengths: Zr,—Te; (2.7967(1) A), Zr1-Te;
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(3.0544(5) A), and Zr,—~Te, (3.1761(4) A). Herein, the degree
of trimerization is defined as (|dinter — dintra|): (dinter + dintra)»
where diyr denotes the distance between adjacent Zr, atoms
and dipy, the distance between adjacent Zr; and Zr, atoms in
the 1D chains. Based on the bond length data presented in Ta-
ble 1, the trimerization degree of BagZr; 79Te s is calculated
to be 17.1%. Furthermore, as shown in Fig. 3(b), additional
Te atoms are situated at the middle of the triangular lattice to
form two types of Te chains (Te3—Tes and Tes—Teg), parallel
to the 1D chains along the c-axis. The occupancy of Teg is 0.5.
Within the Te chains, Te ions are arranged nonuniformly, with
Te-Te distances varying from 2.7913(4) A to 3.7017(1) A.
These bond lengths enable the formation of covalent bonds,
similar to those found in BagSn3Te;s.1>") Clearly, 2/3 of the
Te atoms in the chains bond to each other forming (Tep)?.
The coordination environment and bond lengths can af-
fect the valence state of the central metal. The bond valence
sum (BVS) model correlates the bond lengths around a metal
center with its oxidation state. Using the following formula:

Ro—ry;
V= Yexp B i) Obr"),

where V; is the valence state of atom i, r;; is the bond length
between atoms i and j, Ry is the empirical bond distance pa-
rameter, and b is a universal constant of 0.37. For the Zr-Te
bond, the Ry is 2.67 A. The oxidation states of Zr; and Zr in
BagZr; 79Te 5 are estimated to be 2.1 and 2.9. That is, Zr; is
+2 valence and Zr, is +3 valence.

Trimer unit

3.6705(0) A 3.6705(0)A 2.7913(4) A 3.6705(0) A 3.6705(0) A (b)

Tey Tes Tey Tey Tes Tey

3.0775(6) A 3.7017(1) A 3.3530(8) A 3.0775(6) A

- O—3O

Tes Tes Teg Tes

3.7017(1) A

Fig. 3. Crystal structure details of BagZr; 79Te;s: (a) ZrTegs octahedral
chains; (b) Te chains.

Table 1. Crystallographic data of BagZr, 79 Te;s.

Formula:BagZr; 79Te ;s

Crystal lattice

Space group

Lattice parameters (A)
Volume (A?)

Formula weight (g/mol)
Density (g/cm?)
Refinement parameters

hexagonal

P6c2 (No.188)

a=10.1977(8) A, ¢ =20.2646(9) A
1825.08(2)

6745.53(3)

6.13(7)

x2=4.79(2), Rwp=8.12%, Rp=5.52%

Atomic parameters

Atom X y z Occ. U Site
Bay 0.0079(8) 0.3797(5) 0.0768(9) 1 0.01(1) 121
Bay 0.3973(1) 0.3825(3) 0.25 1 0.01(8) 6k
Zr 0 0 0 1 0.01(3) 2a
Zr, 0 0 0.1465(3) 0.72(1) 0.04(0) 4g
Tey 0.2387(5) 0.2531(5) 0.0858(0) 1 0.02(1) 121
Te 0.0152(2) 0.2411(7) 0.25 1 0.01(2) 6k
Tes 1/3 2/3 0 1 0.02(2) 2c
Teq 173 2/3 0.1811(3) 1 0.00(6) 4h
Tes 2/3 1/3 0.3327(3) 1 0.01(5) 4
Tes 2/3 1/3 0.0154(0) 0.5 0.03(6) 4i
Bond length (A)

Zr1—Tey 3.0544(5) Zr,—Te, 3.1761(4)
Zr,—Tey 2.7967(1)

Teq—Teq 2.7913(4) Tes —Tes 3.0775(6)/3.7017(1)
The distance of adjacent atoms (A)

Zr1—7Zn; 2.9693(9) Zr—7r 4.1935(7)
Tes—Tes 3.6705(0) Tes— Tes 3.3530(8)

Valence state (from calculated results)

Zr1 = 2.1227(6)

Zry=2.8939(9)

Occupation of Zr (from XRD refinement)
Zr =1 Zr;=0.72(1)
Occupation of Zr (from EDX measurement) : 0.93(1)

Average occupation of Zr: 0.81(4)
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Scanning electron microscopy coupled with energy-
dispersive x-ray spectroscopy (SEM-EDX) was used to
analyze the elemental composition of the synthesized
BagZr; 79Te;s samples. Five pieces of single crystal sam-
ples were chosen. The EDX results summarized in Table 2
confirm the presence of Ba, Zr, and Te, which are consis-
tent with the starting materials. They yield an atomic ra-
tio of Ba:Zr:Te = 3.00(0):0.93(1):4.89(7), which shows few
Rietveld refinement of the XRD
The dis-

crepancy between the experimental and calculated results in-

defects in BagZr 79Te;s.
data reveals an average Zr occupancy of 81.4%.

dicates the presence of Zr vacancies and the heterogeneity in
the BagZr; 79Te5 sample. Considering covalently bonded Te
atoms in the Te chains, the formal chemical formula can be
expressed as Ba9Zr2_79(Te2’)9(Te§_Te}‘_), which is consistent

with the BagSn3Te;s system.?!

9 keV

1 2 3 4 5 6 71 8

Fig. 4. Typical EDX spectroscopy for BagZr; 79Te|s sample.

Table 2. The chemical stoichiometry ratios of Ba, Zr and Te in the
BagZr; 79Te s sample.

Element Weight percent (%) Atomic percent (%)
Zr 7.58 10.55
Te 55.70 55.47
Ba 36.72 33.98
Total 100.00 100.00

Typically, structural distortions by forming superlattices
Tak-
ing BagM3Se|s (M = Ti, Zr and Hf) as an example, av-

can stabilize the crystal structure in 1D systems.

erage tetramerization and trimerization distortions stabilize
Baj»TisSeyy and BagZr3Se; 5 structures, respectively, as the M
metal ions change from the 3d to 4d period.['>! A trimeriza-
tion degree of 17.1% leads to the formation of BagZr; 79Te;s
in the present work. Meanwhile, Fermi surface nesting
deriving from trimerization distortion usually exerts sig-
nificant influence on the electronic transport properties of

(151 Following the structural analysis, the elec-

Ba92r2.79Te15.
trical transport properties of BagZr; 79Te s were investigated
using the four-probe method. Figure 5 shows the tempera-
ture dependence of the electrical resistivity. The resistivity in-
creases as the temperature decreases, indicating typical semi-
conducting behavior. The inset in Fig. 5 shows the relationship
between In(R) and 1 /7T, which exhibits a linear trend. The data

were fitted using the thermal activation band gap formula

Ag
Re<exp| 3,7 )

where Ag is the band gap and kg is the Boltzmann constant,
yielding a band gap of 0.23 eV. This demonstrates that the in-
trinsic conductivity in BagZr, 79Te s is governed by a thermal
activation mechanism. This resistive behavior agrees with the
trimerization structure, which derives from Fermi surface nest-
ing that induces the emergence of the band gap.

3.00F 19} Eg=023eV
I=10-6 A
S 2.50f 10
© g
2 2.00f
6

g 1.50f
g 0.004 0.006 0.008
% 1.001 YT (K1)
z
£ 0.50f

0.

100 150 200 250 300

T (K)

Fig. 5. Temperature dependence of the resistance of BagZr 79Te;s; the
inset shows the relation of In(R) versus 1/T.

The magnetic properties of BagZr; 79Tejs were studied
by measuring the temperature dependence of dc magnetization
under an applied magnetic field of 1000 Oe over a temperature
range of 2-300 K, using both zero-field cooling (ZFC) and
field cooling (FC) modes. As shown in Fig. 6, the magneti-
zation shows diamagnetism within the high temperature range
and increases quickly as the temperature decreases, indicating
paramagnetic behavior. The results were further confirmed by
magnetization measurements under an applied magnetic field
of 10000 Oe.

2.5

H=1000 Oe —a—ZFC
2.0t —— FC

1.5

1.01

Moment (10~ emu)

0 50 100 150 200 250 300
T (K)

Fig. 6. Magnetic measurement results for the BagZr, 79Tes sample.

Figure 7 presents the specific heat capacity data of
BagZry 79Te 5. At low temperatures, the specific heat can be
described by the formula C/T = y+ BT?2, where ¥ is the elec-
tronic contribution and BT? is the phonon contribution. The
inset shows C/T as a function of 72. The linear fitting yields a
very small electronic specific heat coefficient ¥, which is con-
sistent with the semiconducting nature of the sample. The fit-
ted B value is 13.48(7) mJ-mol~!-K—*. The Debye tempera-
ture was calculated using the formula

12 T3
Cy = — n*Nkg —
\%4 5 B@B’
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where N = n X Ny (n is the number of atoms per formula unit;
Ny is Avogadro’s constant), kg is the Boltzmann constant, and
Op is the Debye temperature. The calculated Debye tempera-
ture of BagZr; 79Tes is 157.28(9) K.

250 50
[ B=13.48(7) mJ/mol /K4
200} £ 15
e}
. £ 10
< | =
% 150 %0‘5
£
= 100}
)
50
0.
0 5 10 15 20 25 30

T (K)
Fig. 7. Specific heat capacity data of BagZr 79Te;s; the inset shows the
relation of C/T versus T2.

To better understand the electronic transport mechanism
of BagZr; 79Te 5, we compared the thermal activation band
gap with that of its sister compound BagZr3Se;s. The band gap
of BagZry 79Teys is 0.23 eV, which is significantly narrower
than the 1.20 eV in BagZr3Se;s.[!5! This obvious difference
stems from the inherent electronic structure characteristics of
Te and Se atoms. In comparison with Se, Te atoms are char-
acterized by p orbitals with a higher quantum number, which
allows them to extend further in space and gives rise to weaker
localization. In BagZr; 79Te s, the p electrons in the Te chains
with high quantum number orbitals enhance interchain orbital
overlap, facilitating easier electron hopping between the inter-
chains. Moreover, the electronegativity of Te is lower than that
of Se, which further promotes the delocalization of charge car-
riers. Notably, the Zr vacancies present in BagZr, 79Te;s also
exert a certain effect on the electronic structure, as the disor-
der induced by vacancies tends to localize electrons in ZrTeg
chains and is unfavorable to electron hopping. Therefore, the
p electrons in the Te chains mainly contribute to the electrical
transport behavior in BagZr; 79Teys.

4. Conclusion

We successfully synthesized the quasi-1D hexagonal
compound BagZr; 79Tes for the first time using a high-
temperature and high-pressure method. Structural analysis
reveals that BagZr; 79Tes is composed of trimerized ZrTeg
octahedral chains and linear Te chains separated by Ba>*
ions. Electrical transport and thermodynamic measurements
demonstrate that BagZr; 79Te;5 is a semiconductor with a band
gap of 0.23 eV, in which electronic hopping is dominated
by the p electrons in the Te chains. This study enriches the
Ba3;MChs material family and provides a new platform for in-
vestigating physical properties.
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