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Abstract

The crystal-structure symmetry in real space can be inherited in the reciprocal

space, making high-symmetry materials the top candidates for thermoelectrics due

to their potential for significant electronic band degeneracy. A practical indicator

that can quantitatively describe structural changes would help facilitate the

advanced thermoelectric material design. In face-centered cubic structures, the

spatial environment of the same crystallographic plane family is isotropic, such that

the distances between the close-packed layers can be derived from the atomic

distances within the layers. Inspired by this, the relationship between inter- and

intra-layer geometric information can be used to compare crystal structures with

their desired cubic symmetry. The close-packed layer spacing was found to be a

practical guideline of crystal structure symmetry in IV-VI chalcogenides and I-V-VI2
ternary semiconductors, both of which are historically important thermoelectrics.

The continuous structural evolution toward high symmetry can be described by the

layer spacing when temperature or/and composition change, which is demonstrated

by a series of pristine and alloyed thermoelectric materials in this work. The layer-

spacing-based guideline provides a quantitative pathway for manipulating crystal

structures to improve the electrical and thermal properties of thermoelectric materials.
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1 | INTRODUCTION

Thermoelectric materials can convert electricity and heat
without generating hazardous emissions or relying on mov-
ing parts, which have great potential for clean energy appli-
cations.1,2 Nowadays, a significant obstacle impeding the
application of thermoelectric devices is the low conversion

efficiency, which is determined by the dimensionless ther-
moelectric figure of merit, zT¼ S2σT= κEþ κLð Þ, where T,
S, σ, κE, and κL are the temperature, Seebeck coefficient,
electrical conductivity, and the electronic and lattice
components of the thermal conductivity, respectively.3,4

Band engineering has been widely applied as an effec-
tive strategy for improving the thermoelectric properties.5–8

The band structure determines the electrical characteristics
of thermoelectrics. We expect the band structure to exhibitTao Jin and Long Yang contributed equally to this study.
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a high band degeneracy, but low effective mass and defor-
mation potential coefficient.9–11 However, regulating the
effective mass and the deformation potential coefficient are
challenging tasks. One of the primary approaches is by
increasing the electronic band degeneracy. Higher band
degeneracy can significantly enhance the electrical conduc-
tivity without compromising the Seebeck coefficient.12

Moreover, high band degeneracy is more likely to occur in
high-symmetry crystal structures due to the inherent rela-
tionship with the reciprocal-space electronic structure. This
has been validated by numerous cubic-structure thermo-
electric materials, such as Si-Ge,13 (Pb, Sn)Te,6,9 PbSe,14–17

Mg2Si,
18–20 CoSb3,

21,22 Cu2(Se, S),23 AgSbTe2,
24 La3Te4,

25

clathrates,26 and half-Heuslers.27

More recently, high band degeneracy has been achieved
in rhombohedral GeTe by tuning its crystal structure.12 The
rhombohedral GeTe structure can be viewed as slightly
elongated along the [111] crystallographic axis from its
cubic phase. This leads to exceptional thermoelectric perfor-
mance due to the degeneracy of a few symmetric electronic
orbitals. Therefore, tuning the atomic structure to obtain
desired symmetry can be an effective strategy for enhancing
the band degeneracy and performance.

The crystal structure manipulation has been extensively
applied for enhancing the thermoelectric properties by the
solid solution of different systems.12,28–32 However, a con-
clusive guideline for the crystal structure evolution remains
unclear in this field. The general explanation of the crystal
structure evolution is that solid solution of different atom
species increases the conformational entropy,33,34 or equiva-
lently, reduces formation enthalpy.35 However, the entropy-
and enthalpy-based thermodynamic parameters are chal-
lenging to be implemented as practical experimental guide-
lines for tuning crystal structures.

In this work, the presence of close-packed layers
within group IV-VI chalcogenides and group I-V-VI2 ter-
nary semiconductors inspired us to propose a new per-
spective, “spacing of close-packed layers”, to precisely
characterize the crystal-structure difference among these
compounds. We suggest that the spacing between close-
packed layers can effectively describe the transformation
of crystal structures during temperature and/or composi-
tion variations across different crystal systems. By apply-
ing the layer spacing strategy, we can quantitatively
manipulate the crystal structure into expected symmetry.

2 | CLASSIFICATION OF
SYMMETRY BY CLOSE-PACKED
LAYER SPACING

Many IV-VI/I-V-VI2 compounds undergo phase transi-
tions by changing the temperature or by solid solution.

The lattice parameters, a common language that people
usually use for describing crystal structures, can be quite
different when the crystal symmetry changes. For example,
rhombohedral and cubic GeTe unit cells have distinct
lattice constants. However, the transition from one crystal
structure to another is usually accompanied by subtle
atomic displacements in the material. Therefore, different
physical parameters other than lattice constants may pro-
vide a quantitative method to describe how structure
changes during the phase transition. In the GeTe system,
specifically, the interaxial angle is used to describe the
rhombohedral crystal symmetry, and if it is closer to 90�,
the structure gets closer to the cubic case. However, the
interaxial angle cannot be applied to different crystal
systems. Thus, a practical indicator for a broad range of
material systems is needed for accurately describing the
crystal structure evolution.

Group IV-VI chalcogenides and group I-V-VI2 ternary
semiconductors have aroused lots of research interests in
recent years, due to their potential high-performance
thermoelectric properties. Materials within these systems
have diverse structural symmetries, which may enable
the optimization of band structure via crystal structure
manipulation. Within these groups, the trigonal and cubic
crystal systems have a three-fold rotation or rotation-
inversion axis. This results in atoms being closely packed in
planes perpendicular to the principal axis to form close-
packed layers. Consequently, these crystal structures are
built up in an ABC-type atomic dense stacking (closed-
packed structure, as shown in Figure 1B). A similar atomic
stacking can also be found in some low-symmetry
materials, such as GeSe (space group: Pnma) and SnSe
(s.g.: Pnma), which is shown in Figure S1 and
discussed in more details in the Data S1. Here we pro-
pose a quantitative indicator of crystal symmetry based
on the spacing between close-packed layers, which
may serve as a practical guideline for manipulating
crystal structures.
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FIGURE 1 Schematic diagram of (A) the FCC lattice, and

(B) the ABC-type dense stacking.

2 of 8 JIN ET AL.

 25673165, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12502 by T

ongji U
niversity, W

iley O
nline L

ibrary on [16/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



For a face-centered cubic (FCC) lattice, atoms are
arranged in an ABC-type dense stacking along the
close-packed direction, and the distance between the
close-packed layers can be derived from atomic distances
within layers. As depicted in Figure 1A, {111} crystallo-
graphic planes are close-packed layers, consisting of close-
packed atoms. These atom layers are stacked in an ABC-type
atomic arrangement perpendicular to the close-packed (111)
layer. The spatial intervals between adjacent close-packed
atomic layers are labeled as the “layer spacing” (LS). This
parameter, for a FCC cubic lattice of elementary substances,
can be calculated as

ffiffiffi

6
p

=3 times the neighboring atomic
distance d (labeled in red in Figure 1B) within close-
packed layers (i.e., LS¼ ffiffiffi

6
p

=3d).
Following the layer spacing definition in elementary

substances, we can identify analogous layer spacings in
group IV-VI and I-V-VI2 compounds. For non-cubic
materials listed in Table S1, there can be various layer
spacings with different values, since their crystal struc-
tures do not strictly follow the close-packed stacking as
in a cubic case. The various layer spacings are averaged
to obtain the “average layer spacing” (LSavg), which is
used to characterize the overall structural geometry.
Subsequently, the distance between neighboring atoms in
the close-packed atomic layer (labeled as red d in
Figure 1B) is used for determining the equivalent layer
spacing of the corresponding cubic symmetry. Likewise,
the “cubic layer spacing” (LScub ¼

ffiffiffi

6
p

=6d for compounds
listed in Table S1) is considered as a standard reference
when comparing with the “average layer spacing” across
different crystal systems. Note that LScub is for reference
purpose only and may not necessarily be the same as the
cubic structure for materials undergoing a phase transi-
tion to cubic phase. Considering the difference between
elementary substances and compounds, which are com-
posed of alternating anion and cation layers along the
close-packed direction, we refer layer spacing LSi as the
spacing between adjacent layers (such as the spacing
between anion and cation layers for IV-VI binary and
I-V-VI2 ternary semiconductors, as shown in Figure 2).
For compounds, the calculation of LScub would be half of
that in the case of elementary substance.

It is crucial to underscore that the discussions are
focused on crystal structures with ABC-type dense stacking
arrangements, where anionic and cationic layers are
stacked on top of each other. The layer spacing is suitable
for characterizing the crystal structures of most IV-VI chal-
cogenides, I-V-VI2 ternary semiconductors and their alloys
that contain the same number of cations and anions in the
system. For other systems, such as the V2-VI3 group ther-
moelectrics, when alloying with IV-VI chalcogenides, the
cation-to-anion ratio will inevitably introduce large
amounts of vacancies. This could lead to complex

situations, such as forming van der Waals interactions,
which are beyond the discussions of the current work.

To indicate how the crystal structure deviates from
the high-symmetry cubic structure, we compare the aver-
age layer spacing of the solid solution material studied
with the corresponding cubic layer spacing. In this way,
materials can be classified into three categories
depending on how they deviate from the cubic symmetry
reference: crystal symmetry with positive deviation from
the cubic structure (LSavg > LScub); materials with cubic
structure (LSavg = LScub); and crystal symmetry with neg-
ative deviation from the cubic structure (LSavg < LScub).
In the following, each of these three categories will be
introduced individually.

For crystal symmetry with positive deviation
(LSavg > LScub), take the room-temperature rhombohe-
dral GeTe (Figure 2A, s.g.: R3m, ICSD Collection Code:
101817, whose crystal structure is determined at 293K)36

as an example, the close-packed layer of its crystal struc-
ture corresponds to the (001) planes with two types of
layer spacing (LS1 and LS2). The average layer spacing is
1.78Å and the equivalent cubic layer spacing is 1.70Å.
Thus, LSavg/LScub= 104.6% at room temperature, provid-
ing a quantitative representation of the symmetry devia-
tion from cubic (i.e., a positive deviation of 4.6%).

For the cubic structured materials, they have close-
packed (111) planes with the same layer spacing. For
example, in the high-temperature cubic GeTe (Figure 2B, s.
g.: Fm3m, ICSD Collection Code: 602124, whose crystal
structure is determined at 773K)37 or cubic AgBiSe2
(Figure 2D, s.g.: Fm3m, ICSD Collection Code: 604858),38

all layer spacings between (111) planes are the same,
equivalent to the cubic layer spacing (LSavg ¼LScub ¼

ffiffiffi

6
p

=6d,
thus LSavg/LScub= 100%).

AgBiS2, AgBiSe2, and AgBiTe2 have been found to
exhibit negative deviations (LSavg < LScub), and the last
one is thermodynamically unstable at room temperature.
Take AgBiSe2 as an example, the room-temperature trigo-
nal AgBiSe2 (Figure 2C, s.g.: P3m1, ICSD Collection
Code: 7661, whose crystal structure is determined at
293K)39 has six different layer spacings for close-packed
(001) planes. The average layer spacing is 1.64Å and the
equivalent cubic layer spacing is 1.71Å, which gives
LSavg/LScub= 95.7%, indicating a negative devia-
tion of 4.3%.

3 | VALIDATING THE LAYER
SPACING GUIDELINE FOR PHASE
TRANSITION

Layer spacing can be used as a practical indicator for symme-
try change, and it varies smoothly across different crystal
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symmetries. According to the results for IV-VI and I-V-VI2
materials summarized in Table S1, for a given material with
temperature-dependent phase transition, the layer spacing
ratio (LSavg/LScub) varies continuously across different space
groups. Therefore, we expect that the phase transition could
potentially be guided by the layer spacing ratio (LSavg/LScub).

To verify this, GeTe and AgBiSe2 that exhibit a
temperature-induced phase transition from a low-
temperature low symmetry to a high-temperature cubic
phase were studied by XRD measurements on warming.
In Figure S2, GeTe transforms from a rhombohedral
phase at room temperature to a cubic phase at high tem-
perature. Similarly, as the temperature increases, AgBiSe2
transforms from a trigonal phase at room temperature to
a cubic phase at high temperature. The two characteristic
peaks over the 2θ = 40�–45� region gradually merge into

one single peak on warming, which is consistent with the
phase transitions reported in previous studies.28,40,41

To quantitatively investigate the crystal structure
transition, the Rietveld refinements were performed on
the XRD data to study the changes of layer spacing
on warming (Figure S3). The layer spacing ratio LSavg/
LScub (Figure 3) was derived from the refined structure
to describe how the crystal structure approaches the
high-symmetry cubic structure on warming. In the case
of positively deviated GeTe, the layer spacing ratio
decreases to 100% as temperature increases, indicated
by the blue solid line in Figure 3. This trend signifies a
gradual convergence toward the cubic structure. Con-
versely, for negatively deviated AgBiSe2, the layer spac-
ing ratio gradually increases to 100%, as indicated by
the purple solid line in Figure 3.

Ag+

Ag+/Bi3+

Bi3+

Se2–

Ge2+

Te2–

(A)

(C)

(B)

Ag+/Bi3+

Se2–

(D)

Ge2+

Te2–

LS = LScub

LS

LS

LS
LS

LS

LS

LS
LS

LS
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LSavg < LScub

LS = LScubLSavg > LScub

FIGURE 2 Schematic diagrams for the close-packed layer spacing of materials with different deviations from cubic symmetry. (A) The

room-temperature rhombohedral GeTe (R3m), 4� 1� 1 supercell, (C) the room-temperature trigonal AgBiSe2 (P3m1), 4� 1� 1 supercell

and the high-temperature cubic (B) GeTe (Fm3m) and (D) AgBiSe2 (Fm3m), 2� 1� 1 supercells. The dotted lines indicate the “close-packed
layers”.
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The structure information reported in the literatures are
collected systemically and the layer spacing ratio (LSavg/LScub)
is calculated accordingly, shown in the gray lines of Figure 3,
which aligns with the smooth transition trend toward cubic
structure on warming, as observed in our work.12,28–30,36,42–44

This further supports the close-packed layer spacing as a
practical guideline for understanding the temperature
induced phase transition in IV-VI and I-V-VI2 compounds.

4 | SYMMETRY MANIPULATION
GUIDED BY LAYER SPACING

As the crystal structure of materials gradually approaches
the cubic symmetry, the layer spacing ratio (LSavg/LScub)
converges toward 100%, which provides a quantitative
indicator for describing crystal structures. Thus, a solid
solution of positively and negatively deviated materials is
expected to enable precise manipulation of crystal struc-
ture in a straightforward manner.

GeTe, GeSe, and SnSe were chosen as the positively
deviated materials, and on the other hand, AgBiSe2 and
AgBiTe2 were selected as the negatively deviated ones.
Following the layer spacing guideline, the structure of
alloys can transform from the pristine low-symmetry
phase (trigonal or rhombohedral in this case) to the cubic
structure.

The relationship between the layer spacing ratio
(LSavg/LScub) and solid solution composition of these
alloys is plotted as colored solid lines in Figure 4. Obvi-
ously, the layer spacing ratio gradually increases from
<100% to 100% as dissolving positively deviated

materials (GeTe, GeSe, SnSe) into negatively deviated
materials (AgBiSe2), which means structures approach
the cubic symmetry. In addition, when the concentra-
tion of GeTe in AgBiSe2 or AgBiTe2 increases, the layer
spacing ratio gradually increases to that of
pristine GeTe.

Literature results on solid solutions with the combi-
nations of “negative + positive” and “zero + positive”
layer spacing ratios were also included as gray symbols in
Figure 4.28–30,36,41,43,45–48 As the solid solution composi-
tion varies, the structural symmetry evolves gradually,
which can be well understood by the “compensation” of
deviations in the close-packed layer spacing ratio.

Our results suggest that layer spacing can serve as a
guiding factor in manipulating crystal structures, with
the potential to enhance thermoelectric performance.
However, it is important to note that while adjusting the
crystal structure is a potential strategy for improving
thermoelectric performance, it does not guarantee supe-
rior performance universally. The electrical properties
have a close relationship with crystal structures, yet they
can also be influenced by various complicated factors,
including spin-orbit coupling and additional scattering
introduced by solid-solution. Nevertheless, the structural
symmetry could be one of the fundamentals determining
the phononic and electronic structures. For instance, the
chemical bonding and coordination environment,
which are directly adjusted by crystal structures, would
play important roles in determining the degree of
anharmonicity in lattice vibrations, thus affecting the lat-
tice thermal conductivity. In addition, high-symmetry
structures in real space increase the probability of
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FIGURE 3 The relationship between the close-packed layer

spacing ratio (LSavg/LScub) and temperature for IV-VI and I-V-VI2
compounds when the temperature changes.
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forming highly degenerate electronic band structures that
give rise to the electrical conductivity without the loss of
Seebeck coefficient.12 For the IV-VI and I-V-VI2 families
under study, the property measurements show that either
the resistivity, the Seebeck coefficient or the lattice ther-
mal conductivity have been significantly manipulated in
(GeTe)1�x(Ag0.5Bi0.5Se)x (Figure S5). Therefore, the layer
spacing strategy remains a valuable quantitative indicator
for tuning crystal structures, potentially leading to well-
improved thermoelectric performance in the near future.

5 | CONCLUSION

With the insight of inherently existing close-packed
atomic layers in IV-VI/I-V-VI2 thermoelectrics, this work
introduces a classification rule to understand the crystal
symmetry evolution induced by either temperature or
composition variations. The existence of both positively
and negatively deviated structures from cubic symmetry
within these materials provides the possibility, not only
to precisely design new crystal structures with desired
symmetry and thus band degeneracy for efficient thermo-
electrics, but also to understand the linkage between
real-space atomic structure and reciprocal-space elec-
tronic structure in existing studies. The layer spacing
indicator is, therefore, a quantitative practical guideline
for symmetry manipulation and thus for improving func-
tionality for IV-VI/I-V-VI2 compounds/alloys.

6 | EXPERIMENTAL SECTION

In this work, samples of two pristine systems and four
solid solution systems were synthesized, which were
GeTe, AgBiSe2, (AgBiSe2)1�x(GeTe)2x (x = 0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.5, 0.6, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95),
(AgBiSe2)1�x(SnSe)2x (x = 0.05, 0.1, 0.15, 0.2, 0.25, 0.3,
0.4, 0.5), (AgBiSe2)1�x(GeSe)2x (x = 0.05, 0.1, 0.15, 0.2,
0.25, 0.3, 0.4, 0.5), and (AgBiTe2)1�x(GeTe)2x (x = 0.5, 0.7,
0.8, 0.9). The elements weighed according to the stoichi-
ometry were sealed in vacuum quartz tubes, heated to
1000�C in 7.5 h and held for about 6 h. They were then
quenched and annealed for 1 day and cooled with the
furnace. The purity of all the elements used to synthesize
the samples was higher than 99.99%. For x-ray powder dif-
fraction (XRD) experiments, the ingots obtained were
ground into fine powders that passed through a 600-mesh
sieve. All powder samples were characterized by D8
Advance (BRUKER) with Cu Kα radiation λ = 1.5406 Å.

The Rietveld refinements of the XRD data were car-
ried out by the GSAS-II software.49 The refined crystal
structures were then exported and relevant spatial

information was calculated from them. All crystallo-
graphic information files (CIFs) used for structural
modeling and calculations are from the Inorganic Crystal
Structure Database (ICSD).50,51

Bulk samples were obtained by an induction heating
hot press system at 793 K for 40 min under a uniaxial
pressure of �80 MPa. The resistivity was measured
using the van der Pauw technique. The Seebeck coeffi-
cient was obtained from the slope of the thermopower
versus temperature gradients within 0–5 K. The ther-
mal conductivity was calculated by κ = dCpD, where
d is the density obtained by Archimedes method, Cp is
the heat capacity estimated by the Dulong–Petit approx-
imation and is assumed to be temperature independent,
D is the thermal diffusivity measured by a laser flash
technique (Netzsch LFA467 system). The uncertainty of
measurements of S, ρ, and D is about 5%.
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