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Extremely low thermal conductivity from bismuth
selenohalides with 1D soft crystal structure

Dongyang WanglJr Zhiwei HuanglT Yang Zhang3’4, Lijie Hao’, Guangtao Wang’, Sihao Deng/,

Hongliang Wang Jie Chen’, Lunhua He”*
Haijun Wu>*" and Li-Dong Zhao'’

ABSTRACT Materials with intrinsically low thermal con-
ductivity are of fundamental interests. Here we report a new
sort of simple one-dimensional (1D) crystal structured bis-
muth selenohalides (BiSeX, X = Br, I) with extremely low
thermal conductivity of ~0.27 W m ' K at 573 K. The me-
chanism of the extremely low thermal conductivity in 1D
BiSeX is elucidated systematically using the first-principles
calculations, neutron powder-diffraction measurements and
temperature tunable aberration-corrected scanning trans-
mission electron microscopy (STEM). Results reveal that the
1D structure of BiSeX possesses unique soft bonding char-
acter, low phonon velocity, strong anharmonicity of both
acoustic and optical phonon modes, and large off-center dis-
placement of Bi and halogen atoms. Cooperatively, all these
features contribute to the minimal phonon transport. These
findings provide a novel selection rule to search low thermal
conductivity materials with potential applications in ther-
moelectrics and thermal barrier coatings.

Keywords: low thermal conductivity, 1D bulk material, bismuth
selenohalides, first-principles calculations

INTRODUCTION
Extreme heat transport properties are important for ap-
plications in thermal management, including high ther-
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mal conductivity for heat transmission and dissipation
[1], and low thermal conductivity for thermal barrier
coatings [2-4] and thermoelectrics [5-9]. The thermal
conductivity of a material is mainly determined by the
atomic vibrations of the crystal lattice, especially for in-
sulator. The commonly accepted criteria for high thermal
conductivity are simple crystal structure, low molecular
weight, strong chemical bonding and low anharmonicity
[1,10-13]. In contrast, materials with intrinsically low
thermal conductivity can be rationally designed with the
opposite attributes of complex crystal structure [14,15],
high molecular weight, large unit cell and strong anhar-
monicity [16-21]. In this paper, we report one type of
materials, bismuth selenohalides, which possess extremely
low thermal conductivity. It is remarkable that a low
thermal conductivity is found in such a simple compound
as BiSeX (X=I and Br), which does not obey the accepted
selection rules for low thermal conductivity. To elucidate
the origins of low thermal conductivity, we make com-
parisons with several analogues of bismuth selenohalides,
which exhibit cubic- (three-dimensional (3D)), layer-
(2D) and chain-like (1D) crystal structures, respectively.
We find that the thermal conductivity shows a decreasing
trend from 3D to 2D, and to 1D, which is due to the
chemical bonding along the three crystallographic axial
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directions becoming progressively weaker and weaker.
Based on these guidelines, we further find these bismuth
selenohalides have not only a 1D crystal structure, but
also weaker chemical bonding along the 1D direction due
to large off-center displacements of Bi and halogen atoms.
This soft 1D crystal structure means that the chemical
bonding along all three crystallographic directions is
weak, therefore resulting in a quasi-0D crystal structure
[22]. Therefore, bismuth selenohalides exhibit extremely
low thermal conductivity since phonons cannot find
strong transport pathways in such loose crystal structures,
which is in contrast to diamond with high thermal con-
ductivity due to strong chemical bonding [1]. Our find-
ings may offer a promising route to find potential
materials with low thermal conductivity in the field of
thermal barrier coatings [2-4], thermoelectric materials
[5-8,23], and other applications.

Here, bismuth selenohalides were successfully synthe-
sized by ball milling and spark plasma sintering (SPS)
methods (Fig. S1) and found an extremely low thermal
conductivity of ~027 Wm 'K ' at 573K (Fig. 1 and
Fig. S2). Total thermal conductivity (k) is a sum of
lattice thermal conductivity (k) and electronic thermal
conductivity (rge). Ky, is similar to f,, if x4, can be ig-
nored due to poor electrical conductivity. Experimentally,
the origins of low thermal conductivity have been in-
vestigated by comparing the crystal structure and tem-
perature-dependent atomic vibrations in 2D Bi,Se; and
1D Sb,Se; through neutron powder-diffraction, combined
with the first-principles calculations. The unique 1D
structure with weak bonding, low phonon velocity, strong
anharmonicity of both acoustic and optical phonon
modes, and the large atomic displacement of Bi and ha-
logens collectively lead to the extremely low thermal
conductivity in the 1D chain-like bismuth selenohalides
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with relatively simple unit cell.
EXPERIMENTAL SECTION

Materials synthesis

High purity raw materials were selected as starting ma-
terials for the synthesis of the samples. The bulk samples
of polycrystalline were prepared by ball milling and SPS
methods. The temperature gradient method was used to
grow Sb,Se; and Bi,Se; crystals. The BiSel crystals were
grown using the vapor phase transport method. The
optical images of the crystals can be found in Fig. S3. The
detailed information can be found in the Supplementary
information.

Material characterization

The powder X-ray diffraction (PXRD) patterns were ob-
tained by using a D/max 2200PC diffractometer with Cu
Kal (A = 1.5405 A) radiation. The aberration-corrected
scanning transmission electron microscopy (STEM) and
in-situ STEM heating experiment were performed using a
Gatan double tilting heating holder on the JEOL
ARM200F. Neutron powder-diffraction measurements
were performed on the general-purpose powder dif-
fractometer (GPPD) at China Spallation Neutron Source
(CSNS) and then the Rietveld refinement of the crystal
structures was performed. The ion impedance measure-
ments were conducted using an electrochemical work-
station (CHI600E, Shanghai Chenhua). The thermal
diffusivity (D) was measured by a laser flash analysis
system (LFA457, Netzsch) under N, atmosphere at
300-573 K and analyzed with Cowan model. The sample
density (p) was determined by using the dimensions and
mass of the sample and then reconfirmed by using a gas
pycnometer instrument (Micromeritics AccuPyc1340).

=0.24 Wm' K'

Kinin

300

0.0

600
Temperature (K)

Figure 1 Experimental thermal conductivities as a function of temperature. (a) The thermal conductivities of IV-VI compounds show a decreasing
trend as the crystal structure dimension decreases from 3D, 2D to 1D, and the thermal conductivity of BiSeBr and BiSel are further reduced due to the
1D soft crystal structures from halogen atoms. (b) Comparison of the thermal conductivity of the present bismuth selenohalides with various
compounds exhibiting intrinsically low thermal conductivity. The dashed line refers to the theoretical minimal thermal conductivity of BiSel.

1760

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

September 2020 | Vol.63 No.9



SCIENCE CHINA Materials

ARTICLES

The electrical conductivity (o) and Seebeck coefficients
(S) were measured by using the four-probe method with
Cryoall CTA and Ulvac Riko ZEM-3 instrument under a
low-pressure helium atmosphere. The optical band gap
measurements were performed by using a Shimadzu
Model UV-3600 Plus equipped with double beam,
double-monochromator spectrophotometer (ultraviolet-
visible spectroscopy). The longitudinal and transverse
speed of sound was measured by using an ultrasonic in-
strument (Ultrasonic Pulser/Receiver Model 5058 PR,
Olympus, USA). The phonon spectrum, electron locali-
zation functions and elastic constant were obtained by
using the first-principles calculations.

RESULTS AND DISCUSSION

The temperature-dependent thermal conductivities of
BiSeX (X = I and Br) and its analogues are compared in
Fig. la. 3D cubic-type structures of PbTe
(~2.94 Wm 'K ) [24], PbSe (~2.60 Wm ' K ') [24] and
SnTe (~3.16 Wm 'K ') [24] exhibit relatively high
thermal conductivities at 300 K. With decreasing crystal
structure dimensionality, the thermal conductivity is
clearly decreased due to the enhanced phonon scattering
between van der Waals layers, such as 2D Bi,Se;
(~0.74Wm 'K ), 2D SnSe (~0.46 Wm 'K ') [5] and
2D SnS (~1.42 W m ' K ') [25] at 300 K. For the infinite
chain containing 1D Sb,Se; and 1D Bi,S; [26], the in-
teraction between the chains further weakens and the
thermal conductivity further declines. With the aid of
halogens, weak ionic bonding in 1D BiSeX leads to the
extremely low thermal conductivity. Compared with
other reported intrinsically low thermal conductivity
materials [14,27-30], bismuth selenohalides exhibit an
even lower thermal conductivity without a complex
crystal structure, high molecular weight, or large unit cell,
and contain no toxic elements, as shown in Fig. 1b. The
thermal conductivity of 1D BiSel of 0.27 Wm 'K ' at
573 K approaches the theoretical minimal thermal con-
ductivity (Kp,)-

In order to reveal the origins of this extremely low
thermal conductivity, the structure differences among 2D
Bi,Ses, 1D Sb,Se; and 1D BiSel were investigated. Fig. 2a—
¢ show the schematic structure of each compound, where
the arrows along the chain refer to the migration of ha-
logens (Fig. 2¢). Clearly, in the Bi,Se; crystal in 2D
rhombohedral structure, five independent atoms form a
layer with Bi-Se bonding (Fig. 2d), which are then
stacked along the b direction with van der Waals inter-
action (Fig. 2g). Sb,Se; belongs to the 1D orthorhombic
structure, with covalent Sb-Se bonds forming chains
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along the ¢ direction (Fig. 2e), which are stronger than the
inter chain interaction along a and b directions (Fig. 2h).
Similarly, covalent Bi-Se and ionic Bi-I bonds form in-
finite chains (Fig. 2f), which comprise the 1D BiSel crystal
with transformation and rotation (Fig. 2i).

To directly demonstrate the structure difference of 1D
bismuth selenohalides compared with 2D Bi,Se; and 1D
Sb,Se;, the aberration-corrected STEM was employed to
reveal their crystal structures and quantitatively analyze
the bond lengths, i.e., bond strength. The 1D morphology
of bismuth selenohalides can be reflected in Fig. 3. It is
possible to find nanowires in bulk BiSel, while none exist
in 2D Bi,Se; and 1D Sb,Se;. Actually, the 1D nanowire
morphology could reflect the soft 1D characteristic of
bismuth selenohalides at the unit cell level. BiSeBr and
BiSel display the same crystal structure, as shown in
Fig. 3a and its inset, but it is difficult to differentiate Se (Z
= 34) and Br (Z = 35) atoms, thus BiSel (three elements
locating on different periods) is used as the example to
decode the crystal structure of bismuth selenohalides.
Fig. 4a-c present atomically-resolved STEM high-angle
annular dark-field (HAADF) images of BiSel along ¢, b
and a directions, i.e., [001], [010] and [100] zone axes,
respectively. The experimentally acquired structural
images of BiSel are well consistent with the proposed
structural model. For comparison, Fig. 4d-f show the
structural images of Sb,Se; and Bi,Se; along the respective
zone axes. To quantitatively compare the corresponding
bond lengths of the three materials, firstly, atoms with
different bonding surroundings were grouped, as marked
in Fig. 4a,-f), secondly, the atom column positions were
accurately located through 2D Gaussian fitting [31,32],
thirdly, bond lengths of many equivalent bonds in one
large image were calculated, and finally, the average bond
lengths and the respective deviations (~5%) were ob-
tained. Table S1 summarizes the bond lengths for BiSel,
Sb,Se;, and Bi,Se; along [100]/[010]/[001]. We compare
the bond lengths of Bi-Se/I for BiSel with Bi-Se for Bi,Se;
and Sb-Se for Sb,Se; along the same zone axis. It should
be noted that the bond lengths obtained from the STEM
images are the real bond lengths projected into the ob-
servation plane. Table S2 compares the experimentally
obtained bond lengths of the three materials along three
base axes, with those obtained by density functional
theory (DFT) calculation. Good agreement is obtained.
For bonds of similar type, the bond length directly reflects
the bond strength. Therefore, the bond strengths of the
three materials along three base axes are revealed as:
along the a axis, BiSel ~ Sb,Se; < Bi,Se;; along the b axis,
BiSel ~ Sb,Se; ~ Bi,Se;; along the ¢ axis, BiSel < Sb,Se; =
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Figure 2 Schematic crystal structures and electronic localization functions (ELFs) of 2D, 1D, and soft 1D Bi,Se;, Sb,Se; and BiSel, respectively.
Schematic diagrams and the corresponding crystal structures of (a, d) 2D slabs in Bi,Ses, (b, €) 1D chain in Sb,Se; and (c, f) 1D chain with migration of
halogens in BiSel. The crystal structures of Bi,Se;, Sb,Se; and BiSel viewed along the ¢ direction are given in (g-i), respectively. (j-1) The projected ELF

along the chain. The isosurface level of ELF is 0.9.

Figure 3 The morphology of BiSel. (a) Wires shape and (b) parallel
chains in soft 1D BiSel.

Bi,Se;. Therefore, the soft 1D BiSel displays the weakest
bonding, especially along the 1D chain, compared with
the 2D Bi,Se; and 1D Sb,Se;. The in-situ heating on the
aberration-corrected STEM was further employed to test
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the temperature-dependent change of bond lengths for
BiSel and Bi,Se;, as shown in Fig. 5a;-a; and b,-bs, re-
spectively. Fig. 5c displays the temperature-dependent
change of Bi-Bi and Bi-Se bond lengths relative to the
values at room temperature for both BiSel and Bi,Se;. It is
apparent that BiSel shows much larger relative off-center
displacement than Bi,Se;, especially for Bi-Se bonds,
~38% increase in BiSel compared with ~12% for Bi,Ses.
To elucidate the bonding character of these com-
pounds, the DFT was also used to calculate the electronic
localization functions (ELFs) [33] based on the optimized
cell parameters (Table S3). The projected ELFs are shown
in Fig. 2j, k. Electrons overlap only in the inter-layer and
inter-chain regions, indicating the weaker van der Waals
interaction between the neighboring layers and chains.
The interstitial electrons between Bi/Sb and Se localize
close to Se atoms, since the Pauling electronegativity of

September 2020 | Vol.63 No.9
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Figure 4 Crystal structures and bond lengths of 2D Bi,Se;, 1D Sb,Ses;, and soft 1D BiSel/BiSeBr. (a;, b;, ¢;) Atomically-resolved STEM HAADF
images of BiSel along [001], [010], [100] zone axes, respectively. The inset in (a,) is an enlarged STEM HAADF image of BiSeBr along the [001] zone
axis. The insets in (b}, ¢,) are electron diffraction patterns. (a,, b,, ¢,) Enlarged STEM HAADF images from (a,, by, ¢,), respectively, where different
atoms are marked. (a;, b;, ¢3) Structural models along [001], [010], [100] zone axes, which are consistent with (a,, b, ¢,). (d;, e;) Atomically-resolved
STEM HAADF images of Sb,Se; along [001] and [100] zone axes, respectively, with electron diffraction patterns insets. (d,, e,) Enlarged STEM
HAADF images from (d,) and (e,), respectively, where different atoms are marked. (d,, e;) Structural models along [001] and [100] zone axes, which
are consistent with (d,) and (e,). (f;) Atomically-resolved STEM HAADF image of Bi,Se; along the [101] zone axis, with electron diffraction pattern
inset. (f,) Enlarged STEM HAADF image from (f,), where different atoms are marked. (f;) Structural model along the [101] zone axeis, which is

consistent with (f,).

Se (2.4) is larger than that in Bi (2.02) and Sb (2.05). The
covalent bond of Bi,Se; along the a direction is stronger
than that of van der Waals interaction in Sb,Se; along the
a direction, while the overall interaction strength weakens
from Bi,Se; (2D) to Sb,Se; (1D). The bond lengths of Bi-
Se (2.849 A) and Bi-I (3.227 A) are relatively larger than
that of Sb-Se (2.712 and 2.787 A) in Sb,Se;, suggesting
the weak bonding of bismuth selenohalides along the 1D
chain. Therefore, both the van der Waals interaction and
the weak bonding along the chain contribute to the ex-
tremely low thermal conductivity of bismuth selenoha-
lides.

In kinetic theory, the thermal conductivity x,, of bulk
materials can be expressed as i, = 1/3C,-vgl =1/ 3CV~Vg2-T,
where C,, v,, [ and 7 are the specific heat, phonon group
velocity, mean-free path and phonon lifetime [34,35].
Thus, low #x,, requires minimal phonon velocity and
phonon lifetime. The acoustic and optical branches are
coupled around the Brillouin zone boundaries (Fig. S4)
and result in strong acoustic-optical interactions and
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highly nonlinear dispersion curves, which lead to a de-
crease of group velocity (Fig. S5). The averaged maximum
acoustic phonon frequency (Fig. 6a) and averaged group
velocity (Fig. 6b) of acoustic branches along three crys-
tallographic axes (Table S4) were extracted. The averaged
maximum acoustic phonon frequencies of the bismuth
selenohalides along the a and b directions are smaller
than that in the ¢ direction, indicating the softer phonon
mode due to the weak interaction between the chains
(Fig. 6a). Moreover, the averaged maximum acoustic
phonon frequency and phonon group velocity and the
elastic constants (Tables S5 and S6) decline from 2D Bi,
Se;, to 1D Sb,Se; and 1D bismuth selenohalides in both a
(perpendicular to the chain) and ¢ (parallel to the chain)
directions, again indicating the weak bonding along the
chain. The experimental phonon velocity and the de-
duced Young’s and shear moduli and Debye temperature
of bismuth selenohalides are smaller than that in 2D Bi,
Se; and 1D Sb,Se; (Table $6), resulting in the low thermal
conductivity in bismuth selenohalides according to the
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Figure 5 Temperature-dependent atom displacement. STEM HAADF images of (a,—a;) BiSel and (b,-bs) Bi,Se; acquired during in-situ heating at
298, 373 and 448 K, respectively. (c) Temperature-dependent Bi-Bi and Bi-Se bond length changes in BiSel and Bi,Se; with respect to those at 298 K.
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Figure 6 Comparison of the averaged maximum acoustic phonon frequency and phonon group velocity along three crystallographic axes, and
Griineisen dispersions. Averaged (a) maximum acoustic phonon frequency and (b) phonon velocity of transverse (TA, TA") and longitudinal (LA)
acoustic modes along three crystalline axes. Calculated Griineisen dispersions of (c) 2D Bi,Se;, (d) 1D Sb,Ses, (e) 1D BiSeBr, and (f) 1D BiSel along
high symmetry lines. Insets show the corresponding first Brillouin zone and high symmetry points, elucidating that the thermal transport properties of
the materials with 1D soft structure are favorable.
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Slack model [36].

The existence of lone-pair electrons usually causes
strong anharmonicity, which is an indicator of low
thermal conductivity [17,37-40]. The anharmonicity of
lattice vibrations can be evaluated by the Griineisen
parameters [41,42], which reflect the relationship between
the phonon frequency and cell volume change. Therefore,
the Griineisen parameters were calculated to reveal the
origin of the intrinsically extremely low thermal con-
ductivity. The Griineisen parameters of 2D Bi,Se; along
the I'-Y direction are larger than that along the I'-X and I'-
L directions, indicating the weaker inter-layer interaction
than intra-layer (Fig. 6¢). The Griineisen parameters of
1D Sb,Se; are larger than those of 2D Bi,Se; and smaller
than those of 1D bismuth selenohalides, suggesting the
weak interaction and strong anharmonicity in the 1D
bismuth selenohalides (Table S4). The averaged Griinei-
sen parameters along the a, b and c directions are 1.51,
7.04 and 1.54 for 1D Sb,Ses;, 6.25, 4.82 and 1.99 for 1D
BiSeBr, and 5.31, 4.05 and 2.36 for 1D BiSel, respectively
(Fig. 6d-f and Table S4). In contrast, the Griineisen
parameters are 4.41 for 2D SnSe [5] and 1.65 for 3D PbTe
[24], corresponding to the measured thermal con-
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ductivities of 0.46 and 2.94 Wm 'K ' at 300 K, respec-
tively. The anomalously large Griineisen parameters
strongly reduce the lifetime due to the increased Umklapp
processes, thus decreasing the thermal conductivity.

To get further insight into the phonon vibrations in
these compounds, the projected density of phonon states
(DPS) was calculated and it was found that the low fre-
quency vibration (<2.0 THz) primarily resulted from the
vibration of heavier Bi or Sb atoms (Fig. S6). The peak of
the projected DPS indicates the potential local vibration
of the corresponding atom. The irreducible representa-
tion of vibration modes was analyzed and the frozen
phonon potential of the first peak was calculated (Fig. 7).
The vibration patterns were inserted according to the
correspondence mode. The potential of 2D Bi,Se; (E,
mode) and Sb,Se; (A, mode) can be well fitted by a
quadratic curve, indicating the harmonic vibration be-
havior. For bismuth selenohalides, the potential of the A,
mode is asymmetric and strongly deviates from a quad-
ratic dependence, but can be fitted by including both
cubic and quartic terms, manifesting the anharmonic
bonding and anisotropic displacement within the chain.
The calculated mean-squared displacement (MSD) in-
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Figure 7 Frozen phonon potentials and displacement patterns of the optical mode calculated by the First-principles. Anharmonic frozen-phonon
potentials of (a) E; mode in 2D Bi,Se;, (b) A; mode in 1D Sb,Se;, (c) A, mode in 1D BiSeBr and (d) A, mode in 1D BiSel. The insets are the

displacement patterns of the corresponding modes at the I' point.
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dicates larger displacements of Bi and halogen atoms
along the a and b directions (Fig. S7), which was con-
firmed by temperature-dependent atomic displacement
measurements (Figs S8, S9). The temperature-dependent
lattice parameters and atomic positions of these four
compounds are shown in Fig. S10 and Tables S7-S10. The
isotropic displacements of Bi and Br/I in BiSeBr and BiSel
increase with temperature and are larger than Bi in 2D
Bi,Se;, Sb in 1D Sb,Se;, Cu in 2D BiCuSeO [43], and Pb
in 3D PbTe [44] (Fig. S9), indicating the soft chains in
bismuth selenohalides. The larger displacement of the
halogen atoms and the weak Bi-I/Br bond may lead to ion
migration, as verified by the ionic conductivity of bis-
muth selenohalides (Fig. S11). Thus, the strong anhar-
monicity of the optical mode, larger atomic displacement
and ion migration all contribute to the extremely low
thermal conductivity.

Since the observation of low thermal conductivity in
bismuth selenohalides, good thermoelectric transport
properties are also expected. The optical absorption
spectrum indicates BiSel is a wide gap semiconductor
with a very high electrical resistance (Fig. S12). The
thermoelectric properties of the 1D BiSel-based materials
were studied through producing Se vacancies (Figs S13-
S15 and Table S11). The Se vacancies can effectively boost
the electrical conductivity and power factor of BiSel,
especially in the direction perpendicular to the SPS
pressure direction. Finally, the maximum ZT of BiSe sl
can reach 0.11 (parallel) and 0.18 (perpendicular) at
573 K (Fig. S16), attributed to the extremely low thermal
conductivity. It can be expected that the thermoelectric
performance of the 1D BiSel-based materials can be im-
proved further through increasing the electrical transport
properties in future work.

CONCLUSION

This work demonstrates that the 1D bulk bismuth sele-
nohalides possess extremely low thermal conductivity
(~0.27 Wm 'K ' at 573 K). By using the first-principles
calculations and experimental measurements, the origins
of the low thermal conductivity were revealed and com-
pared with (2D) Bi,Se; and (1D) Sb,Se; compounds. The
results indicate that the weak interaction between 1D
chains, lower cut-off acoustic frequency and phonon ve-
locity, strong anharmonicity of both acoustic and optical
mode, and larger displacements of Bi and halogens are
responsible for the extremely low thermal conductivity of
bismuth selenohalides. The more importance over the
material itself is to provide a brand-new strategy to search
or design novel materials with intrinsically low thermal

1766

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

conductivity and simple crystal structures. This work
opens up prospects of low thermal conductivity materials
with potential applications in thermoelectrics and ther-
mal barrier coatings.
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