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SPECIAL TOPIC — Structures and properties of materials under high pressure
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Quasi one-dimensional polycrystalline samples of Ba3Hf(Se1−xTex)5 (x = 0–1) are synthesized under high-
temperature and high-pressure conditions. Using the powder x-ray diffraction technique and first-principles calculations,
Ba3HfSe5 is identified as having a hexagonal structure with a space group of P63/mcm (193) and lattice constants of
a = 9.5756(1) Å, c = 6.3802(7) Å. The structure is composed of Hf(Se1)6 chains and Se2 linear chains extending along the
c-axis. As the doping content of Te increases, the lattice expands and leads to 5.8% and 7.3% increases of the a and c values
and a 20.1% increase of the unit cell volume of Ba3HfTe5 compared to Ba3HfSe5. The detailed structural refinements show
that the Hf vacancies decrease gradually as Te doping increases in the Ba3Hf(Se1−xTex)5 (x = 0–1) materials, which leads
to a decrease of electronic localization. In addition, the lower electronegativity of Te and the more extended orbitals with
respect to Se contribute to orbital overlap between the inter chains. All these dominate the enhanced electron hopping,
leading to a reduction of the bandgap from 1.95 eV to 0.23 eV for Ba3Hf(Se1−xTex)5 (x = 0–1) materials as the Ba3HfSe5
evolves to Ba3HfTe5.
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1. Introduction

One-dimensional (1D) systems are often composed of 1D
chain units. Due to this 1D structural characteristic, their
electrical transport properties typically exhibit pronounced
anisotropy along different crystal directions. For instance, in
the 1D conductor Li0.9Mo6O17,[1] electrons are able to move
in the 1D zigzag chain of Mo–O–Mo along the b-axis. Con-
versely, there is a significant hindrance to electron transport
between the interchains due to weak interactions. Based on
electronic transport measurements, it was found that the aver-
age resistivities at 300 K for Li0.9Mo6O17 single crystals along
the b, c and a axes are ρb:ρc:ρa ≈ 1:2.5:6.[2]

In a quasi 1D system, the electronic hopping between in-
terchains has a significant influence on their electron transport
properties. By enhancing the atomic orbital overlapping be-
tween interchains, changes in electronic transport behaviors
and electronic structures are expected. Chemical doping pro-

vides an effective approach for regulating the interchain elec-
tron transitions and spin interactions in quasi 1D materials.
For instance, quasi 1D BaVS3 exhibits insulating behavior,
accompanied by an incommensurate antiferromagnetic order
transition.[3] By substituting sulfur with selenium, a metal-
insulator transition is observed in BaVSe3 due to the enhanced
interchain coupling interactions.[4] Ba9Co3Se15 undergoes a
spin glass phase transition at 3 K[5] and the freezing temper-
ature Tf of Ba9Co3(Se1−xSx)15 gradually increases to 5.2 K
with increasing sulfur doping content.[6] In addition, in 1D
conductors, electron transport is easily disrupted due to the
Umklapp scattering effect, which leads to a metal–insulator
transition.[7,8] Also, electron back scattering or disorder in-
duced by vacancies in the 1D system tends to localize the
electrons, which further imposes important influences on the
transport behavior.[9]

The quasi 1D Ba3MX5 (M = transition metal, X =
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chalcogen)[5,6,10–18] and Re3MX5 (Re = rare-earth metal,
M = transition metal, X = pnictogen) have been extensively
studied.[19–25] The quasi 1D structure is generally composed
of face-sharing MX6 octahedra chains along the 1D direc-
tion, which arrange into a triangular lattice within the ab
plane. Re3MX5 usually adopts hexagonal space groups of
P63/mcm or P63/mmc. The MX6 interchains are charge bal-
anced by rare-earth ions with smaller ionic radii and higher
oxidation states, which causes strong interchain coupling in-
teractions and therefore all these materials are well-defined 3D
conductors.[23,24] In Ba3MX5 systems, the interchains are sep-
arated by Ba ions. Because the coupling interaction between
interchains is relatively weak, electronic hopping is prevented,
and thus semiconductor behavior emerges.

In this work, quasi 1D Ba3HfSe5 was first synthesized as
a model compound, and then Se was further substituted by Te
to form the Ba3Hf(Se1−xTex)5 (x = 0–1) polycrystalline sam-
ple. Then, detailed structural refinement was performed. Fur-
thermore, ultraviolet–visible diffuse reflectance spectroscopy
(UV–Vis DRS) and resistance measurements were used to
measure the band gap of Ba3Hf(Se1−xTex)5 materials. As
the amount of Te doping increases in the Ba3Hf(Se1−xTex)5

(x = 0–1) system, the band gaps monotonically decrease,
which is related to the enhanced orbital overlapping between
interchains and decreased electronic localization caused by the
fewer Hf vacancies.

2. Experimental details
Polycrystalline samples of Ba3Hf(Se1−xTex)5 (x = 0–1)

were prepared by a high-pressure and high-temperature tech-
nique using a 6×1400 T cubic anvil high-pressure apparatus.
Commercially available lumps of Ba (Alfa, immersed in oil,
> 99.2% pure), crystalline powders of Hf (Alfa, 99.99% pure),
Te (Alfa 99.99% pure) and Se (Alfa, 99.99% pure) were used
as the starting materials. The precursor BaSe and BaTe were
prepared in a vacuum quartz tube at 700 ◦C for 20 h. Then,
BaSe (BaTe), Hf, and Se(Te) were finely ground at a stoichio-
metric ratio of 3:1:2, pressed into cylinders with a diameter of
6 mm and a height of 3 mm, and sintered at 1500 ◦C and 5 GPa
for 30 min to obtain pure polycrystalline samples.

Powder x-ray diffraction (XRD) measurements were car-
ried out on a Rigaku Smart Lab diffractometer with Cu Kα ra-
diation (λ = 1.54059 Å, 45 kV, 200 mA) in the 2θ range from
10◦ to 100◦ with a step size of 0.01◦. The diffraction spectra
were refined by Rietveld using GSAS and EXPGUI. The struc-
tural characteristics were analyzed by powder diffraction re-
finement and first-principles calculations. The magnetic prop-
erties were measured using a superconducting quantum inter-
ference device (SQUIDVSM; Quantum Design). The elec-
tronic transport properties were measured by four-probe elec-
trical conductivity methods using a physical property measure-

ment system. The band gaps were obtained by measuring the
UV–Vis DRS based on the Tauc equation.

3. Results
Figure 1(a) shows the XRD patterns for the Ba3HfSe5

and Ba3HfTe5 samples, which show similar profiles to the
previously discovered “315” Ba/Re3MX5 materials with a
quasi 1D structure. Using Powder X software, the XRD pat-
terns can be indexed as a hexagonal structure, mainly com-
posed of face-sharing HfSe/Te6 octahedral chains and Se/Te
chains extending along the c-axis. In our previous research,
a complex superlattice was found along 1D chains. For ex-
ample, Ba6Cr2S10

[15] and Ba9Fe3Se15
[14] exhibit dimerized

and trimerized superstructures along the c-axis, respectively,
as solved by single crystal diffraction measurements. Here,
further structural analysis could not discern the complex su-
perstructure distortion within the HfSe/Te6 octahedron chains.
It is well known that 1D Fermi surfaces are prone to nesting
due to the strong electron–phonon coupling, which leads to
lattice instability and structural distortion along 1D direction.
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Fig. 1. (a) The typical XRD patterns and the refinement spectra for
Ba3HfSe5 and Ba3HfTe5; (b) and (c) show the structural schemes for the
Ba3Hf(Se1−xTex)5 (x = 0–1) samples along directions [001] and [110],
respectively.
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Table 1. Crystallographic data for Ba3HfSe5 and Ba3HfTe5.

Crystallographic data for Ba3HfSe5

Space group P63/mcm (193)
Lattice parameters a = b = 9.5756(1) Å, c = 6.3802(7) Å,

α = β = 90◦, γ = 120◦

Unit-cell volume 506.64(5) Å3

Refinement parameters χ2 = 6.59, Rwp = 3.60%, Rp = 2.50%

Atom x y z Occ. U (Å2) Wyck.
Ba 0.6168(2) 0 1/4 1 0.02(9) 6g
Hf 0 0 0 0.57(4) 0.02(4) 2b
Se1 0.2310(6) 0 1/4 1 0.02(4) 6g
Se2 1/3 2/3 0 1 0.04(7) 4d

Crystallographic data for Ba3HfTe5

Space group P63/mcm (193)
Lattice parameters a = b = 10.1293(4) Å, c = 6.8467(8) Å,

α = β = 90◦, γ = 120◦

Unit-cell volume 608.38(6) Å3

Refinement parameters χ2 = 5.20, Rwp = 3.71%, Rp = 2.68%

Atom x y z Occ. U (Å2) Wyck.
Ba 0.6136(3) 0 1/4 1 0.03(6) 6g
Hf 0 0 0 0.80(7) 0.03(6) 2b
Te1 0.2370(7) 0 1/4 1 0.02(5) 6g
Te2 1/3 2/3 0 1 0.03(6) 4d

The nesting vector can quantitatively reflect the characteristic
vector of the structural distortion. Therefore, the Fermi sur-
face and phonon spectrum of the primitive cell of Ba3HfSe5

were analyzed through theoretical calculations to determine
the dynamic stability of the material, and the accurate struc-
ture in the 1D direction was indirectly inferred. The theoreti-
cal calculation results indicate that the dz2 orbital from the Hf
atom and the pz orbital from the intermediate Se atom cross the
Fermi surface, proving that both the Se chains and the HfSe6

chains are conductive chains, and there is no lattice instability
in Ba3HfSe5. Therefore, Ba3HfSe5 exhibits a primitive cell
along the c-axis, different from the dimer or trimer structures
in Ba6Cr2S10

[15] and Ba9Fe3Se15.[14] The detailed calculation
results can be found in Fig. S1 in the supplemental materials.

Based on the structural analysis, the well-studied 1D
Re3MX5 (RE = rare-earth metal, M = transition metal, X =

pnictogen)[19–25] was used as a structural model to refine
the XRD patterns of Ba3Hf(Se1−xTex)5 (x = 0–1) samples.
The refinement was performed according to the space group
P63/mcm (193). The typical XRD patterns and refinement
spectra are shown in Figs. 1(a) and S2. The detailed crys-
tallographic data are summarized in Tables 1 and S1–S4.
The lattice constants of Ba3HfSe5 are a = 9.5756(1) Å, c =

6.3802(7) Å, and the unit cell volume is 506.64(5) Å3. Ac-
cording to the refinement results, the crystal structure schemes
of Ba3Hf(Se1−xTex)5 (x = 0–1) were drawn, as shown in
Figs. 1(b) and 1(c). The series of compounds adopt an inverse
hexagonal Hf5Sn3Cu structure, composed of 1D HfSe/Te6

chains and Se/Te chains. The HfSe/Te6 chains form a triangu-
lar lattice in the ab plane and the distance between the chains

is greater than 9.5 Å indicated by lattice constant a. There-
fore, the Ba3Hf(Se1−xTex)5 (x = 0–1) samples exhibit well-
defined 1D structural characteristics. Along the Hf(Se1/Te1)6

1D chains, Hf atoms locate at the (0, 0, 0) site coordinated
by Se/Te1 atoms, where the occupation of Hf is 57.4%. The
Se2/Te2 atoms form 1D chains along the c-axis located in the
center of the triangular lattice.
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Fig. 2. (a) XRD patterns and (b) the doping content of Te dependence of
the lattice constants of Ba3Hf(Se1−xTex)5 (x = 0–1) samples.

With complete substitution of Se by Te, the
Ba3Hf(Se1−xTex)5 (x = 0–1) polycrystalline samples were
synthesized under high-pressure and high-temperature con-
ditions. The XRD patterns collected at room temperature
are shown in Fig. 2(a). It is evident that the diffraction
peaks gradually shift towards lower angles as Te doping in-
creases, which indicates that the lattice expansion occurs. The
systematic shift also proves the successful doping of Te in
Ba3Hf(Se1−xTex)5 (x = 0–1) samples. After careful analysis
of the structural parameters, it is found that Te preferentially
occupies the Se2 sites and then Se1 sites; the occupation of Hf
increases as the Te content increases. The detailed occupation
information is summarized in Table 2. Complete substitution
of Se by Te leads to the formation of pure Ba3HfTe5, where the
lattice constants are a = 10.1293(4) Å and c = 6.8467(8) Å
and the occupation of Hf is 80.7%. In Figs. 2(b) and S3, for
the Ba3Hf(Se1−xTex)5 (x = 0–1) system, the lattice constants
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a and c, as well as the unit cell volume (V ), increase monoton-
ically with the increase in Te doping amount (x). Compared
with Ba3HfSe5, the unit cell volume of Ba3HfTe5 expands by
approximately 20.1%. Figure 2(b) shows a non-ideal linear
relationship between the Te content and the lattice constants.
As the Te doping increases, it is found that the Hf vacancies
decrease in the Ba3Hf(Se1−xTex)5 samples, which may ex-
ert some influence on the changes in lattice parameters. For
instance, Ba3HfTe5 with ∼ 80% Hf occupation shows a unit
cell volume deviating from the linear relationship shown in
Fig. S3. Additionally, there may be some non-uniformity in
the samples prepared under high-pressure conditions, which
also contributes to the nonlinear changes in lattice parameters.

Table 2. The occupancy of Se, Te, and Hf atoms in Ba3Hf(Se1−xTex)5
(x = 0–1) from the XRD refinement.

Ba3Hf(Se1−xTex)5 (x = 0–1)

x 0 0.2 0.4 0.6 0.8 1
Se1 1 0.97(6) 0.88(5) 0.64(5) 0.34(3) 0
Te1 0 0.02(4) 0.11(5) 0.35(5) 0.65(7) 1
Se2 1 0.67(6) 0.29(5) 0.05(1) 0.03(9) 0
Te2 0 0.32(4) 0.70(5) 0.94(9) 0.96(1) 1
Hf 0.57(4) 0.61(3) 0.63(5) 0.69(3) 0.71(6) 0.80(7)

Due to the difference in electronegativity, the Te doping
exerts important influence on the electronic transport behav-
iors in the Ba3Hf(Se1−xTex)5 (x = 0–1) samples. Figure 3(a)
shows the temperature dependence of resistance for Ba3HfSe5.
The resistance increases as the temperature decreases, exhibit-
ing a semiconducting behavior. The inset presents the linear
fit of ln(R) to inverse temperature, using ρ ∝ exp

(
Eg/2kBT

)
,

where Eg is the semiconducting band gap and kB is Boltz-
mann’s constant. The resistivity curve can be well fitted,
and the Eg of Ba3Hf(Se1−xTex)5 (x = 1) is estimated to be
0.23 eV. Similar methods were used to obtain the band gaps
of Ba3Hf(Se1−xTex)5 (x = 0.8, 0.6), which were estimated to
be 0.89 eV and 0.97 eV, respectively, as shown in Fig. S4(a).
The resistance of Ba3Hf(Se1−xTex)5 (x = 0–0.4) is beyond the
range of measurement by four-terminal sensing. Therefore,
UV-Vis DRS was used to analyze the optical properties of
Ba3Hf(Se1−xTex)5 (x = 0–0.4). The Tauc equation was used
to fit their band gaps, (αhν)n = A

(
hν −Eg

)
, where α is the

energy-dependent absorption coefficient, h is the Planck con-
stant, ν is the photon frequency, Eg is the band gap energy,
and A is a constant. The n factor depends on the nature of
the electron transition and is equal to 1/2 or 2 for the indi-
rect and direct transition band gaps, respectively. The band
gaps of Ba3Hf(Se1−xTex)5 (x = 0–0.4) were estimated based
on the assumption that n equals 2 for the semiconductor with
a direct band gap, and the results are shown in Figs. 3(b) and
S4(b). The band gaps show obvious decreases, ranging from
1.95 eV to 0.23 eV as the doping content of Te increases. The
results of the magnetic susceptibility measurements indicate

that Ba3HfSe5 and Ba3HfTe5 exhibit significant diamagnetism
within the measured temperature range of 2–300 K and ap-
plied magnetic field of 500 Oe, as depicted in Fig. S5.
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Fig. 3. (a) UV–Vis diffuse reflectance spectra of Ba3HfSe5; (b) the re-
sistance as a function of temperature for the Ba3HfTe5 sample and the
inset shows the inverse temperature dependence of ln(R); (c) the Te
doping content dependence of energy bandgap and vacancies of Hf for
Ba3Hf(Se1−xTex)5 (x = 0–1) samples.

4. Discussion
According to the theoretical calculations, an ideal

Ba3HfSe5 crystal should be a 1D conductor, in which the dz2

orbital from the Hf atom and the pz orbital from the intermedi-
ate Se atom cross the Fermi surface. Thus, both Se chains and
HfSe6 chains are conductive chains. Nevertheless, the elec-
trical transport behavior along the 1D direction is likely to be
disrupted due to Umklapp scattering, which often affects elec-
tron migration along 1D chains and leads to the emergence
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of a correlation energy gap.[7,8] Therefore, Ba3HfSe5 shows
semiconducting behavior in this work.

In the Ba3Hf(Se1−xTex)5 (x = 0–1) system, Te atoms
preferentially occupy the Se1 site in the HfSe6 chains and
then the Se2 site in the Se chains. Compared with Se, the
Te atom, with its larger radius, has weaker electronegativity
due to the more extended orbitals, which also contribute to the
increase in lattice parameters and the larger distance between
interchains as the doping content increases. In the 1D chain
system, the interchain electron hopping plays a vital role in the
electronic transport behaviors. As the amount of Te increases
in the Ba3Hf(Se1−xTex)5 (x = 0–1) system, more orbital over-
lap occurs between the interchains due to the more extended
orbitals of the Te atoms. Therefore, electron hopping between
the interchains should be easier, despite of the larger distances
as the Te content increases.

In addition, with an increase of Te doping amount, the
Hf vacancies decrease significantly in the Ba3Hf(Se1−xTex)5

(x = 0–1) system. It is well known that the vacancies in 1D
materials can localize electrons and decrease electron trans-
port. Compared with Ba3HfSe5 with more than 40% Hf vacan-
cies, Ba3HfTe5 only exhibits Hf vacancies of approximately
20%. Thus, the fewer Hf vacancies in the Ba3Hf(Se1−xTex)5

(x = 0–1) system contributes to enhanced electronic hopping.
Therefore, the bandgap evolution in the Ba3Hf(Se1−xTex)5

(x = 0–1) system mainly derives from the contributions of Hf
vacancies and Te doping.

5. Conclusion
The 1D Ba3Hf(Se1−xTex)5 (x = 0–1) materials were syn-

thesized under high temperature and high pressure, in which
Se could be completely substituted by Te. These materials ex-
hibit a hexagonal structure with uniformly spaced Hf atoms
along the 1D HfSe/Te6 chains and Se/Te linear chains. As the
Te doping increases, the Hf vacancies gradually decrease from
40% to 20%, and the interchain interactions increase due to
the more extended orbitals of Te, which contributes to electron
delocalization and enhanced hopping between interchains. All
this results in a reduction of the band gap.
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