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ABSTRACT: With the capability to keep the size invariant along all
dimensions over a certain temperature range, isotropic zero thermal
expansion (ZTE) materials have been attracting wide interest in many
scientific and engineering fields. Herein, based on the “cage-restricting”
model for the ZTE materials with β-sodalite-like structures, we design and
synthesize two new isotropic ZTE materials, Zn3GaB6O12As (ZGBA) and
Zn4P6N12S (ZPNS), from the molecular engineering strategies of enhancing
the cage-restricting force and of increasing the rigidity of β-sodalite cages,
respectively. ZGBA and ZPNS exhibit isotropic ZTE behaviors in the
temperature range from 20 to 300 K, with the coefficients of thermal
expansion 1.18(17)/MK and 1.37(17)/MK, respectively, both of which are
lowered by ∼30−20% in comparison with their template compound
Zn4B6O12S (ZBS). The mechanisms of improved isotropic ZTE in ZGBA
and ZPNS are unraveled by lattice dynamic analysis and temperature-dependent crystal structure evolution. This study paves new
avenues to enhance the ZTE behavior in the materials with cage-like structures and has great implication on the exploration of
isotropic ZTE materials.

■ INTRODUCTION
The “heat expansion and cold contraction” response in
conventional materials is known to deteriorate the perform-
ance stability and accuracy of precise apparatuses that are
operated in temperature-fluctuating environments. By virtue of
the temperature-independent size, zero thermal expansion
(ZTE) materials (with the linear coefficient of thermal
expansion, CTE, in the range ∼±2.0 MK−1 and strictly
∼±1.0 MK−1)1 can provide an effective solution to this
problem, thus holding great promise in many applications, for
example, electronic devices,2 advanced optical apparatuses,3

and precision structural engineered parts,4−8 where a high
thermal shock resistance is required on the adopted materials.
In particular, the isotropic ZTE materials can perfectly
eliminate the inhomogeneity of thermal stress and are
considered to be more suitable for practical applications.9

From the aspect of rational material design, however, it is a big
challenging task to achieve the subtle expansion−contraction
balance among the temperature-dependent structural variation
of constituent microscopic units in isotropic crystal lattices to
make the thermal expansion of macroscopic size negligible; till
now, isotropic ZTE behaviors have only been detected in a
dozen or so materials.9−21

Suppression of the rotation of (quasi-)rigid polyhedra in a
cubic lattice framework is a dominant structure-regulating
method to realize the isotropic ZTE behavior.13,14,20,22−24

Accordingly, a handful of isotropic ZTE materials have been
discovered in the past decades, such as Fe[Co(CN)6],20

MgZrF6,11 TaO2F,13 YbZrF7,15 N(CH3)4CuZn(CN)4,17 and
Zr0.4Sn0.6Mo2O8.

14 All these materials are exclusively con-
structed by open frameworks with large cavities. Since 2016,
our group has studied the isotropic ZTE property in densified
framework materials and discovered isotropic near-ZTE
behaviors with the CTEs of ∼1.5 MK−1 (from 5 to 300 K)
in the Zn4B6O12X (ZBX) family12,25 (X = O, S, or Se,
abbreviated as ZBO, ZBS, or ZBSe, respectively). The three
compounds in the ZBX family are isostructural, and their
structures are shown in Figure 1a (taking ZBS as the
representative). ZBX is crystallized in the cubic I-43m space
group, with 24 [BO4] tetrahedra connected to one another by
sharing the cornered O atoms to form a closed β-sodalite
[B24O48] cage in a unit cell. Remarkably, four Zn2+ cations are
trapped in each cage and coordinated with the surrounding
atoms to form four [ZnO3X] tetrahedral groups; each Zn2+

cation is bonded to three O2− anions (two-coordinate) on the
cage and to the X2− anion (four-coordinate) at the cage center.
While the anions of O2−, S2−, and Se2− at the X sites have little
influence on the thermal expansion,12,25 the restriction of Zn−
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O bonds in the [ZnO3X] groups suppresses the rotation of
[BO4] tetrahedral groups within the cage, which significantly
lowers the thermal expansion of the cage and leads to the
isotropic ZTE in the macroscopic size of these three
compounds. This mechanism has been elaborated by the
“cage-restricting” model.12,25

According to the “cage-restricting” model, two effective
strategies would be expected to further suppress the polyhedral
rotation to enhance the isotropic ZTE effect in the β-sodalite-
like materials: (i) strengthening the binding force to the
sodalite cage by adopting atoms with higher electronegativity
to replace the zinc atoms and (ii) increasing the rigidity of the
sodalite cage itself by using the units with higher covalence to
replace the [BO4] tetrahedra. In this work, following these two
molecular design strategies, we successfully synthesize two
compounds, Zn3GaB6O12As (ZGBA) and Zn4P6N12S (ZPNS),
respectively. Both compounds manifest the enhanced isotropic
ZTE effects, with the CTEs lowered by ∼30−20% compared
to that of the ZBX family, from 20 to 300 K. The ZTE
mechanisms in ZGBA and ZPNS are elaborated by the lattice
dynamical analysis from Raman measurements combined with
the structural evolution from the first-principles simulations,
which verifies the validity of our adopted ZTE design
strategies.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Synthesis. ZGBA was synthesized by ZnO (Sinopharm Chemical
Reagent Co., Ltd., 99.7%), GaAs (Macklin Biochemical Chemical Co.,
Ltd., 99.0%), and B2O3 (Sinopharm Chemical Reagent Co., Ltd.,
99.7%) mixed in the ratio of 3:1:3 and fully grounded under argon
atmosphere in a glovebox. The ground mixture was placed in a quartz
tube and sealed in a vacuum of 10−5 Pa. Then, the sealed glass quartz
tube was placed in a muffle furnace, slowly heated up to 400 °C at the
heating rate of 0.2 °C/min, and maintained at this temperature for
1440 min. After cooling to room temperature, the sample was re-
grinded in the glovebox. Then, the sample was sealed again in a quartz
tube, heated up to 900 °C at 0.2 °C/min, and kept for 7200 min.
After cooling to room temperature, a white target compound in
powder form was obtained.

ZPNS has been synthesized according to equation (1). ZnSO4
(Sinopharm Chemical Reagent Co., Ltd., 99.7%), P3N5 (Macklin
Biochemical Chemical Co., Ltd., 99.0%), and Zn3N2 (Aladdin

Chemical Reagent Co., Ltd., 99.0%) were weighed according to the
stoichiometric ratio in eq (1) and fully ground using an agate mortar
under argon atmosphere in a glovebox. The mixture was placed into a
quartz tube and sealed in a vacuum of 10−5 Pa, then heated up to 830
°C at 0.2 °C/min in a muffle furnace, and maintained at this
temperature for 7 days. Subsequently, a white compound in powder
form was obtained, with the quartz tube naturally cooling to room
temperature.

+ + +
°

ZnSO Zn N 2P N Zn P N S 2O4 3 2 3 5
830 C

4 6 12 2 (1)

Variable-Temperature XRD Measurements from 20 to 300
K. The VT-XRD data were measured on ZGBA for 6 h and on ZPNS
for 6 h (first) and 14 (second) h by using a Rigaku Smartlab
instrument. The crystal structure at 300 K was refined by the Rietveld
method with TOPAS26 using the structure of Zn4B6O12S as a
template,25 in which S was replaced by As and Zn was replaced by
fractionally occupied Zn0.75Ga0.25, respectively. Then, based on the
structure at 300 K, the cell parameters at the respective temperatures
were further refined. The attempted structure in which Ga3+ is placed
at the borate site or As3− is located at the oxygen site failed,
confirming the uniqueness of the solved structure.

Variable-Temperature Raman Spectra Measurements from
93 to 293 K. The variable-temperature Raman spectra (VT-RS) were
measured by using a LabRAM HR Evolution Raman apparatus with
532 nm laser.

Energy-Dispersive Spectroscopy and Elemental Analysis.
SEM and energy-dispersive X-ray spectroscopy (EDS) for the
elemental analysis of ZGBA were performed using a Hitachi S4300
field emission scanning electron microscope and a Nikon inverted
optical microscope (Eclipse Ti-U) with a CCD. The lowest imaging
voltage of this device is 10 eV, which is difficult to detect for the light
element B.27 We mainly investigate the element distribution and
proportion of Zn, Ga, As, and O atoms (Figures S1−S3). The
elements of Ga, Zn, As, and O are evenly distributed on the sample,
which indicated the phase homogeneity of the bulk sample. Finally,
the element ratio according to the EDS data is 1.03 (Ga):3.24
(Zn):1.00 (As):17.26 (O) (Table S1). Combined with XRD and
infrared spectra, it can be determined that the synthesized sample is
ZGBA.

Thermal Expansion Coefficient. The ZTE behavior of ZGBA
and ZPNS was tested by the PASCal program.28 The thermal
expansion coefficients are obtained from the Rietveld method, the
results of which were refined different temperatures. In order to
investigate the ZTE mechanism of ZGBA in detail, only the lattice
parameters of ZGBA in the test sample are considered to avoid the
influence of ZnGa2O4 and GaAs. The lattice parameters (8.2067 Å) of

Figure 1. Structure evolution from ZBS (a) to ZGBA (b) and to ZPNS (c). The [ZnO3S] tetrahedra in ZBS are replaced with the [Zn0.75/
Ga0.25O3As] tetrahedra in ZGBA, while the [B24O48] sodalite cages formed by [BO4] groups in ZBS are replaced with the [P24N48] cages formed by
[PN4] groups in ZPNS. The magenta and blue polyhedra represent [BO4] and [PN4] groups, respectively. The Zn-centered and Zn0.75/Ga0.25-
centered tetrahedra are marked by light green and dark green colors, respectively.
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ZPNS at 180 K are significantly larger than those at 160 K (8.2044 Å)
and 200 K (8.2049 Å), which have an obvious influence on the
calculation of CTEs by PASCal. Therefore, we calculated the CTEs,
concluding the lattice parameters of 180 K (1.11 MK−1(0.46)) and
the lattice average parameters of 180 K (0.58 MK−1(0.14)),
respectively. According to the first and second results of ZPNS, the
CTEs from 20 to 200 K with the lattice average parameters (8.20465
Å) of 180 K are more reasonable.

Infrared Spectroscopy. The infrared sample is a mixture of
ZGBA (or ZPNS) with KBr, and the weight ratio is about 1:100.
Before the test, it was treated at 200°C for 5 min to remove the
adsorbed water. Then, it is pressed into a transparent wafer by
hydraulic press. The IR spectrum was obtained in the range of 400−
2000 cm−1.

First-Principles Simulations. The first-principles calculations
were performed by plane-wave pseudopotential density functional
theory implemented by the CASTEP package.29,30 The exchange−
correlation energy was described by the PBE31 (Perdew, Burke, and
Ernzerhof) functionals in the form of generalized gradient
approximation (GGA).32 The optimized norm-conserving pseudopo-
tentials were chosen to describe the effective interaction between the
atom cores and valence electrons.33 The kinetic energy cutoff was set
to 600.0 eV, and a 2 × 2 × 2 Monkhorst−Pack k-point grid was
adopted.34 To theoretically refine the temperature evolution of bond
lengths and angles in ZGBA and ZPNS, the structural optimization
was performed using the Broyden−Fletcher−Goldfarb−Shanno35

(BFGS) algorithm, with only the atomic positions relaxed and the cell
parameters fixed in the experimental values at the respective
temperatures. The convergence tolerance of energy, maximum
force, maximum stress, and maximum displacement were set to 5.0

× 10−7 eV/atom, 0.001 eV/Å, 0.002 GPa, and 5.0 × 10−5 Å,
respectively. Considering the computational accuracy and efficiency of
the mixed occupation of Zn and Ga atoms in ZGBA, two of the
Zn0.75Ga0.25 sites in a unit cell were defined as pure Ga atoms, and the
other six were identified as pure Zn atoms. Therefore, the four kinds
of possible Ga sites in ZGBA with the P1 space group were
considered, and their Raman spectra were calculated. As pictured in
Figure S7, those Raman peaks were very similar, just having some
Raman peaks split at low wavenumbers (0−200 cm−1). The whole
calculated peaks are blue-shifted by 40 and 55 cm−1 in ZGBA and
ZPNS, respectively, to achieve better agreement with the experiments
because the GGA functional overestimates effective atomic inter-
actions. These are referred to as lateral vibrations of the Zn/Ga atoms,
with a very limited effect on the rotation of the [BO4] tetrahedron.
Linear response method was adopted to simulate the lattice
vibrations, where the phonon frequency is derived from the second
derivative of the total energy with respect to a given perturbation.36

The electron density map of ZBS also uses the same calculation
parameters as above, and the structure file is obtained from ref 25.

■ RESULTS AND DISCUSSION
The polycrystalline powders of ZGBA and ZPNS were
synthesized by the high-temperature solid-state reaction
under vacuum environments. The indexing and refinements
on the powder X-ray diffraction (PXRD) patterns (Figure
2a,b) reveal that both compounds share the same cubic space
group of I-43m with ZBX. As shown in Figure 1b, the boron
atoms in ZGBA, similar to those in ZBX, are four-coordinated
with oxygen atoms to form the [B24O48] sodalite cages, but the

Figure 2. Rietveld refinement plots of the X-ray diffraction (XRD) data (@300 K) in ZGBA (a) and ZPNS (b). Because a small amount of GaAs
was oxidized during the synthesis process of ZGBA, trace ZnGa2O4 is presented in the XRD pattern. Infrared spectra of ZGBA (c) and ZPNS (d),
with the ZBS spectra shown for comparison. The characteristic absorption peak for Ga−As bonds (@808 cm−1) is enlarged in the inset in (c).
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Zn sites are disorderly occupied by the Zn2+/Ga3+ cations
mixed in the ratio of 3:1. Meanwhile, the cage-central X sites
are occupied by As3− anions to compensate the charge
imbalance resulted by Zn2+/Ga3+ doping. Thus, the Zn2+/Ga3+

cations in ZGBA are coordinated with the neighboring As3−

anions to form the [(Zn0.75/Ga0.25)O3As] tetrahedra. The
[B24O48] cages in ZGBA are restricted by Zn−O bonds (with
75% probability) and Ga−O bonds (with 25% probability) via
the formed [(Zn0.75/Ga0.25)O3As] tetrahedra. As a comparison,
in ZBX, the [B24O48] cages are restricted by Zn−O bonds
solely via the [ZnO3X] tetrahedra. The Zn2+/Ga3+ doping and
As3− (X-sites) occupation in ZBGA are confirmed by the
presence of characteristic absorption peaks of Ga−As bonds37

in the infrared transmission spectrum (Figure 2c) and by the
uniform distribution of Ga and As in the sample (shown in
Figures S1−S3 and Table S1). As the electronegativity of
gallium (1.81) is higher than that of zinc (1.65), the Ga−O
bonds are anticipated to be stronger than the Zn−O bonds. In
ZPNS, the sodalite cages are formed by the [PN4] tetrahedra
rather than by [BO4] in ZBX, whereas the ions located inside
the sodalite cages (i.e., the cage-centered S2− anions and Zn2+

cations) are the same as those in ZBS (see Figure 1c). The
presence of [PN4] groups in ZPNS is confirmed by the
characteristic absorption peaks of Zn−N and P−N bonds in
the infrared transmission spectrum (Figure 2d). Because the
P−N bonds have a higher bond valence (1.25) than that of B−
O bonds (0.75), the constructed [P24N48] cages in ZPNS are
expected to be more rigid than the [B24O48] cages in ZBX.

The VT XRD show that no new peaks emerge or old peaks
vanish in both ZGBA and ZPNS from 20 to 300 K (Figures S4
and S5), confirming the absence of phase transition and
thermal stability over the measured temperature range. The
refined cell parameters reveal that, as temperature increases
from 20 to 300 K, the lattice constants in ZGBA and ZPNS
increase by just 0.033% (from 7.6669(3) to 7.6694(2) Å) and
0.035% (from 8.2043(4) to 8.2072(4) Å), respectively,
manifesting the isotropic near-ZTE behaviors, with the fitted
linear CTEs of 1.18(17) and 1.37(17)/MK, respectively

(Figure 3a). These CTE values are lowered by 30−20% than
those in the ZBX family (e.g., 1.69(0.26) MK−1 for ZBS; see
also Figure 3a). The ZTE behaviors in ZGBA and ZPNS are
comparable to those in the ever-reported isotropic ZTE
materials, including Fe[Co(CN)6] (−1.47 MK−1, 4.2−300
K),20 MgZrF6 (−0.79 MK−1, 300−675 K),11 TaO2F (0.6
MK−1, 200−773 K),13 Mn3Cu0.5Ge0.5N (0.118 MK−1, 12−230
K),19 TbCo1.9Fe0.1 (0.48 MK−1, 123−307 K),6 0.8PbTiO3−
0.2Bi(Ni1/2Ti1/2)O3 (0.38 MK−1, 298−798 K),38 and nano-
sized ScF3 (0.04 MK−1, 325−675 K).1

In order to investigate the improved ZTE mechanism in
ZGBA and ZPNS, VT-RS from 93 to 293 K were adopted to
measure the thermal excitation of lattice vibrations.39,40

Meanwhile, the first-principles phonon calculations were
performed to assign the Raman-active phonon modes to real-
space atomic vibrations. The good agreement between the
calculated and experimental Raman spectra (e.g., @293 K; see
Figure 4a,b as well as Figure S8) ensures the reasonability of
these phonon assignments. Clearly, 13 main peaks are
presented in the VTRS of ZGBA, defined as modes 1−13,
following the successive wavenumber order, and 8 main peaks
are presented in the spectra of ZPNS, defined as modes i−viii
successively. The phonon assignments reveal that these Raman
peaks can be sorted into four types of atomic vibrations
(Figure 4c,d): (i) Type I: the stretching vibrations of Zn0.75/
Ga0.25−O bonds in ZGBA and of Zn−N bonds in ZPNS
(modes 1 and 2 in ZGBA, and modes i and ii in ZPNS); (ii)
Type II: the transversal vibrations of cage-centered As atoms in
ZGBA and of S atoms in ZPNS (mode 3 in ZGBA and mode
iii in ZPNS); (iii) Type III: the rotation vibrations of [BO4] in
ZGBA and [PN4] in ZPNS (modes 4−11 in ZGBA and modes
iv−vi in ZPNS); and (iv) Type IV: the stretching vibrations of
B−O bonds and of P−N bonds on the sodalite cages (modes
12 and 13 in ZGBA and modes vii and viii in ZPNS).

The “cage-restricting” model shows that the thermal
expansions below room temperature in the previously known
ZTE materials (ZBO, ZBS, and ZBSe) in the β-sodalite family
are dominantly driven by the Type III vibrations,25 that is, the

Figure 3. Variations of the refined lattice constants and CTEs (a) and the calculated variations of the ∠B−O−B or ∠P−N−P angles between the
tetrahedra on sodalite cages (b) with respect to temperatures from 20 to 300 K in ZBS,21 ZGBA, and ZPNS. The strict ZTE temperature ranges in
ZBS (<200 K) are marked by green color.
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rotations of the tetrahedra on sodalite cages. Thus, the
corresponding phonon modes are first focused on the lattice
dynamical mechanism elaboration of ZTE in ZGBA and
ZPNS. As shown in Figure 4e,f (as well as Tables S4−S6), for
both compounds, the Raman mode frequencies in Type III
vibrations (modes 4−11 in ZGBA and modes iv−vi in ZPNS)
almost remain constant from 93 to 193 K, with the largest
fluctuation of 0.04%, which coincide with the temperature
range of their strict ZTE behaviors below 200 K (with the
CTEs of 0.22(24) and 0.58(14) MK−1 for ZGBA and ZPNS,
respectively; see Figure 3a). As a comparison (see Tables S4−
S6), the Raman modes in Type III vibrations in ZBX, taking
ZBS as an example, show more prominent red-shifting with the

largest fluctuation of 0.17% from 93 to 193 K, consistent with
the larger CTEs of 0.69 MK−1 below 200 K. This strongly
suggests that the extremely low thermal expansions below 200
K in both ZGBA and ZPNS are directly attributed to the
hardening of the modes in Type III vibrations. In other words,
the [BO4]/[PN4] rotation in both compounds is indeed
inhibited so as to lead to the lower thermal expansion,
compared with ZBX.

To intuitively display the weakened [BO4]/[PN4] rotation
on sodalite cages in ZGBA and ZPNS, the first-principles
simulations on atomic positions with respect to temperature
were performed. As shown in Figure 3b and Table S3, as
temperature increases from 20 to 300 K, the ∠B−O−B angles

Figure 4. VT-RS in ZGBA (a) and ZPNS (b). The first-principles peak positions are labeled by the blue bars above horizontal axes. Schematic of
four types of atomic vibrations by assigning the Raman phonons in ZGBA (c) and ZPNS (d). Frequency variations vs temperature for Type I, Type
III, and Type IV phonon modes in ZGBA (e) and ZPNS (f).
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between [BO4] tetrahedra in ZGBA and ∠P−N−P angles
between [PN4] tetrahedra in ZPNS are only increased from
132.822° to 132.840° (by 0.014%) and from 128.112° to
128.139° (by 0.021%), respectively. These values are much
smaller than that in ZBS (from 131.610° to 131.651° by
0.031% for the ∠B−O−B angle), confirming that the smaller
rotation of the tetrahedra on sodalite cages with respect to
temperature explicitly makes the thermal expansion reduction
in the β-sodalite family.

We also investigated the influence of the other three types of
atomic vibrations on the thermal expansion behaviors in ZGBA
and ZPNS. Type II vibrations account for the vibrations of
cage-centered As or S atoms and hardly contribute to the
macroscopic thermal expansion.21 For the Type-I vibrations,
the corresponding Raman modes in ZGBA manifest a much
weaker phonon softening (by 0.31 and 0.22% for modes 1 and
2, respectively; see Figure 4e and Table S4) than that in ZBS
(by 0.62 and 0.45% for modes i and ii, respectively; see Table
S6) from 93 to 293 K, while the cousins in ZPNS exhibit a
comparable red-shifting (by 0.94 and 0.69% for modes i and ii,
respectively; see Figure 4f and Table S5) compared with those
in ZBS. As the Type I vibrations characterize the stretching
vibrations of the chemical bonds binding to sodalite cages (i.e.,
Zn0.75/Ga0.25−O bonds in ZGBA, Zn−N bonds in ZPNS, and
Zn−O bonds in ZBS), the smaller red-shifting of these Raman
modes means that the restriction on sodalite cages in ZGBA is
strengthened compared to those in ZPNS and ZBS. On the
other hand, for the Type IV vibrations, the corresponding
Raman modes, modes 12 and 13, in ZGBA are red-shifted by
0.28% and 0.22% from 93 to 293 K, respectively (see Figure 4e
and Table S4), which are almost of the same magnitudes of
those in ZBS (by 0.08 and 0.17% for modes ix and x,
respectively; Table S6), while the red shift of the counterparts
in ZPNS (by 0.09 and 0.07% for modes vii and viii,
respectively; see Figure 4f and Table S5) is prominently
reduced compared with ZBS. As the Type IV vibrations
characterize the stretching vibrations of the chemical bonds on
sodalite cages, the reduction of the Raman mode shift indicates
that the [P24N48] cages are more rigid than the [B24O48] cages
in ZBGA and ZBS. Therefore, following the above analysis on
all types of atomic vibrations, one may conclude that the
enhanced ZTE behaviors in ZGBA and ZPNS are due to the
weakened rotations between the [BO4]/[PN4] tetrahedra on
sodalite cages, which are ascribed to the strengthened
restriction forces by Ga/Zn doping in the former compound
and the enhanced rigidity of [P24N48] cages in the latter
compound.

It is known that the degree of structure modification with
respect to temperature in a compound is largely governed by
the characteristics of chemical bonds. In order to understand
this in ZGBA and ZPNS, their first-principles electron density
difference maps41 are plotted in Figure 5a,b, in comparison
with that in ZBS (Figure 5c). Clearly, the charge densities are
much more accumulated on the Zn0.75Ga0.25−O bonds in
ZGBA than on the Zn−O bonds in ZBS, with almost the same
charge densities around the B−O bonds between these two
compounds. In contrast, the charge densities are much more
accumulated on the P−N bonds in ZPNS than on the B−O
bonds in ZBS (and in ZGBA), while the charges on the Zn−N
bonds are almost the same as those on the Zn−O bonds in
ZBS. As a charge density increase indicates the strengthening
of chemical bonds, these observations confirm that the
Zn0.75Ga0.25−O bonds are stronger than the Zn−O bonds
and the P−N bonds are stronger (or more rigid) than the B−
O bonds, which demonstrate the validity of both structure-
regulating approaches, that is, strengthening the binding force
to the cage and increasing the rigidity of the sodalite cage, to
lower the thermal expansion in the β-sodalite family.

■ CONCLUSIONS
Summarily, aiming at the ZTE enhancement of isotropic ZTE
materials, we proposed two efficient structure-regulating
strategies to lower the thermal expansion in the β-sodalite
structures: by enhancing the binding force on the cages and by
increasing the rigidity of the cage frameworks on the basis of
the “cage-restricting” model. Accordingly, taking ZBX template
as the parent template, two isotropic ZTE materials, ZGBA
and ZPNS, were rationally designed and synthesized via Zn/
Ga doping and [BO4]/[PN4] replacement, respectively, The
CTEs in ZGBA and ZPNS are measured to be 1.18(17)/MK
and 1.37(17)/MK, respectively, between 20 and 300 K, both
of which are reduced by ∼30−20% compared with the parent
templates (ZBX ∼ 1.7/MK). The analysis from lattice
dynamics, combined with that from structural evolution and
charge difference maps, unravel that the enhanced ZTE
behaviors in ZGBA and ZPNS resulted from the weakened
rotations of the [BO4]/[PN4] tetrahedra on the sodalite cages,
which originate from the strengthened restriction on the cages
in the former and from the increased rigidity of the cages in the
latter compound. Benefited from the enhanced ZTE behaviors,
ZGBA and ZPNS are promising materials to be used in the
high-precision apparatuses operated in temperature-fluctuating
environments. More importantly, the study presented here
demonstrates the success of our proposed structure-regulating

Figure 5. Electron density difference maps on the segments of sodalite cages and the connected Zn/Ga atoms in (a) ZGBA, (b) ZPNS, and (c)
ZBS. The segments of sodalite cages are indicated by dashed black curves.
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strategies to the achievement of ZTE materials, which we
believe, to open a new avenue to the exploration of ZTE
materials in cage-like compounds or even densified framework
systems.
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