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Recently, a borate crystal Zn4BgO13 (ZBO) has been focused on since it exhibits novel isotropic near-zero
thermal expansion behavior in a wide temperature range. In this work, the mechanical properties in ZBO are
studied by high-pressure X-ray diffraction and first-principles calculations. It is found that ZBO possesses
the highest mechanical hardness in all known borates whose mechanical properties have been
measured. The very high mechanical strength in ZBO mainly originates from the resistance of strong

Zn-0 bonds to the rotation among BO, tetrahedra in the unique sodalite-cage structure. Moreover,
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Accepted 5th December 2016 shows relatively high mechanical resistance to the axial and shear stress and exhibits high optica
transparence in the ultraviolet spectral region under high pressure. Benefitting from these good

DOI: 10.1039/c6ra25752f properties, ZBO may find potential applications in high-precision optical facilities used at extreme
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Introduction

Structural mechanical materials have attracted much research
attention for centuries due to their crucial role in many scien-
tific and technology fields, including aeronautics, architecture
engineering, geological machines, medical apparatus, precise
instruments, and so on.*” In particular, materials with superior
mechanical performances and good optical properties are
widely applied in high-precision optical instruments, such as
space telescopes, deep-sea cables and acoustic-optics devices.*®
Therefore, the exploration of these functional materials has
become an advanced topic in materials science. It is well known
that the borate crystals often exhibit good optical transmission
in the ultraviolet (UV) spectral region, and quite a few good
optical crystals have been discovered in this material system,
e.g., nonlinear optical crystals f-BaB,O, (BBO),® LiB;O5 (LBO)’
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conditions under complex environments.

and KBe,BO;F, (KBBF),® and birefringent crystals Caz(BO3),
(ref. 9 and 10) and Ba,Mg(B;04), (ref. 11). The good optical
properties in these borate crystals are originated from the
boron-oxygen groups which are either triangle-shaped or
tetrahedral-shaped.” In fact, the strong covalent interaction
between boron and oxygen atoms can also result in the good
mechanical properties. Owing to the rigid characteristic, the
B-O groups mainly rotate with each other when experiencing
pressure fluctuation.” This pressure-responding mechanism
would bring interesting mechanical behaviors in borates, as
demonstrated by the discovery of anomalous negative
compressibility in BiB;Og,'*"* BPO, (ref. 16) and KBe,BOsF,."”
Very recently, our group discovered rare isotropic near-zero
thermal expansion over a wide temperature range from 13 to
270 K in the cubic borate crystal Zn,BsO;; (ZBO).** Phonon
analysis based on first-principles calculations revealed that the
low thermal expansion in ZBO is resulted from its unique
[B,40,5] sodalite cage structure fixed by the strong covalent Zn-
O bonds. Meanwhile, this crystal exhibits high UV transparency
down to the wavelength of 218 nm. All these observations
demonstrated that this crystal may have important applications
in the ultrahigh precision optical instruments especially those
operated at low temperature environment. Since the effect of
temperature action on materials usually could be considered as
the reverse to that of pressure,' it is anticipated that the unique
structural feature in ZBO is very likely to generate some inter-
esting mechanical behaviors. However, till now the mechanical
properties which have been measured in ZBO were just the
elastic constants by ultrasonic resonance under low pressures
with the resonance frequencies in the range from 5-40 MHz.*
In this work, we investigate the mechanical property of ZBO in

This journal is © The Royal Society of Chemistry 2017
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depth by high-pressure X-ray diffraction (XRD) experiments
combined with first-principles calculations. Our study revealed
that ZBO possesses very large bulk modulus, even comparable
to that of a-Al,0;. Moreover, the other important mechanical
performance indices for practical applications, including
Young's modulus, Shear modulus and Poisson's ratio, are dis-
cussed. The variation of optical properties in ZBO under high-
pressure is also studied.

Experimental and computational
methods
Polycrystalline powder synthesis

Polycrystalline was synthesized through traditional solid-state
techniques. Stoichiometric amounts of Zn(CH3COO),-2H,0
and B,0; were ground thoroughly, packed in a platinum
crucible, then gradually heated to 800 °C and kept at that
temperature in the air for 3 days with several intermittent
grindings at 300 °C, 500 °C, 700 °C and 800 °C. The phase purity
was confirmed by powder X-ray diffraction (Fig. S17).

High-pressure X-ray diffraction

The high-pressure XRD experiments were performed at the 4W2
beam line of Beijing Synchrotron Radiation Facility (BSRF). The
X-ray beam at the wavelength 0.6199 A was focused into a 36 x
12 pm? spot using Kirkpatrick-Baez mirrors. The hydrostatic
pressure was exerted by the systematic diamond anvil cells
(DAC) with the culet diameter of 400 pum. The samples in well
grinded powder were placed in a hole of about 100 pm diameter
in a pre-indented stainless steel gasket with the thickness of 40
pm. The mixture of methanol and ethanol was adopted to act as
the pressure-transmitting medium and ruby chips were mixed
for pressure calibration by measuring the fluorescence shift as
the function of pressure.”* The diffraction patterns were recor-
ded by a Pilatus image plate and integrated with the FIT2D
software package.” The cell parameters under different pres-
sure were refined by Lebail method* using general structure
analysis system (GSAS) program.**

First-principles calculation

Since ZBO possesses very large bulk modulus (>240 GPa) and
the structural modification is very tiny with respect to hydro-
static pressure. So it is a great challenge to determine the very
small modification of bond lengths and angles, which is
a common problem for powder XRD studies. We have tried to
elongate the X-ray exposure time at each pressure point (more
than 15 minutes per point), but it was still very difficult to
accurately determine the structural modification in ZBO partly
due to the weak beam intensity in Beijing Synchrotron Radia-
tion Facility (a first-generation synchrotron radiation facility). At
the same time, it is expected that the modification of positions
of boron atoms would be crucial to the response of ZBO to
external pressure. However, boron is among the lightest
element and their positions are difficult to be determined by
powder XRD, because most of the diffraction intensity of ZBO is
concentrated on the much heavier zinc atoms. Under this
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situation, the accurate first-principles calculations became
a powerful and complementary tool to probe the mechanism of
structural evolution in ZBO under high-pressure.

The mechanical properties in ZBO under high pressures
were theoretically investigated by CASTEP,> a total energy
package based on plane-wave pseudopotential density func-
tional theory (DFT).>® The functionals developed by Perdew,
Burke and Ernzerhof (PBE) in generalized gradient approxi-
mation (GGA)**® form were adopted to describe the exchange-
correlation (XC) energy. Optimized norm-conserving pseudo-
potentials® in the Kleinman-Bylander form® for all the
elements were used to model the effective interaction between
atom cores and valence electrons. Zn 3d'%4s?, O 2s*2p* and B
25”2p" electrons were treated as valence electrons, which allows
us to adopt a relatively small plane-wave basis set without
compromising the computational accuracy. The kinetic energy
cutoff of 660 eV and the Monkhorst-Pack® k-point mesh
spanning less than 0.03 A~* were chosen. To account for the
deviation between the experimental and theoretical data, the
cell parameters were fixed at the experimental values in the
atomic position optimizations.

The finite strain technology®* was adopted to calculate the
elastic constants, which were determined by the second deriv-
ative of the ground energies with respect to the varied strains.
For each strain the energy were optimized by the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme.*® The
convergence criteria for the structure optimization were set to
5.0 x 10 ° eV per atom, 0.1 eVA~*, 0.2 GPa and 5.0 x 10> A for
energy, maximum force, maximum stress and maximum
displacement, respectively. After obtaining the calculated
elastic constants, the analysis of Young's modulus, Shear
modulus and Poisson's ratio were performed using EIAM
program.** On the other hand, the energy band gaps in ZBO at
various pressures were determined by hybridized PBEO XC
functionals.®® Our previous studies have demonstrated that the
theoretical band gaps predicted by this type of XC functionals
are in very good agreement with experimental values for UV
borates (with relative error less than 5%).>*%”

Results and discussion

ZBO crystallizes in cubic space group I43m and possesses an
unique sodalite cage structure in borates.’®** As shown in
Fig. 1a, in an unit cell 24 [BO,] tetrahedra construct a closed
[B»4045] truncated octahedron by sharing the corner oxygen
atoms (O2 atoms), so forming the sodalite-cage. In each sodalite
cage, four [ZnO,] tetrahedra form a radial [Zn,0;;] cluster by
sharing the same oxygen atom at the center of the cage (O1
atom). The [B,40,3] sodalite cage is fixed by relatively strong Zn-
O bonds in the [Zn,0,3] clusters.

The high-pressure XRD experiments were performed on ZBO
with the hydrostatic pressure ranged from 0 to 10.63 GPa. There
is no new XRD peak appearing in the XRD spectra (see Fig. 2a,
S2 and S37), indicating that no phase-transition occurs during
the pressure-exerting process. Although the peaks are broad-
ened with the increasing pressure, the crystallinity is well kept
in the whole pressure range up to 10.63 GPa, manifesting the
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(a) e

Fig. 1 (a) The crystal structure of ZBO, (b) schematic of large bulk
modulus in ZBO under pressure: the shrink of sodalite cage under
pressure is resisted by [Zn4O43] cluster. Zinc, boron, and oxygen atoms

are represented by taupe, yellow and red balls, and ZnO4 and BO4
group are represented by red and olivine tetrahedra, respectively.
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Fig. 2 (a) The XRD patterns and (b) diffraction peak (001) of ZBO at O,
6.52 and 10.63 GPa.

high mechanical stability of ZBO. With the increase of pressure,
all diffraction peaks gradually move to the higher angles (Fig. 2b
shows the shift of the strongest (001) peak of sample as an
example), which means that the unit cell shrinks three-
dimensionally with respect to the pressure. The refined lattice
parameters at various pressures are plotted in Fig. 3 (also in
Fig. S4 and Table S1t). From 0 to 10.63 GPa, the volume only
shrink about 3.5% and the bulk modulus fitted by the second-
order Birch-Murnaghan method* is 241(23) GPa, slightly
larger than the value (196 GPa) deduced from the elastic
constants previously measured.*

The value difference between this work and previous work
is mainly attributed to the fact that the elastic constant
measurements only considered the linear terms and ignored

7.50 -

B=24123)GPa

7.48 -

744 |

742 |

Lattice parameter(4)

7.38 -

Hydrostatic pressure(GPa)

Fig. 3 The variation of lattice parameter in ZBO as a function of
applied hydrostatic pressure.
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Fig. 4 The relative variation of B—O bond length, Zn-02 bond length
and £ B-0O-B angles with respect to pressure.

the nonlinear terms to the bulk modulus as the pressure
increases. The high-pressure XRD data demonstrate that ZBO
is very difficult to be compressed, and its rigidity under high
pressure is consistent with the high mechanical hardness.*®
The bulk modulus of ZBO is much larger than that of a-quartz
(37 GPa of the Fd3m phase).”* ZBO exhibits the highest
mechanical hardness in all known borate crystals whose
mechanical properties have been measured. The high
mechanical strength would be very beneficial to the practical
applications of ZBO.

To investigate the microscopic mechanism of the high
bulk modulus in ZBO, we performed first-principles simu-
lations on the variation of the crystal structure as the
hydrostatic pressure increase from 0 to 10.63 GPa. The
structural analysis shows that the volume of ZBO unit cell is
not directly related with [Zn,O;;] cluster, but exclusively
determined by the [B,40,5] sodalite cage. Fig. 4 plots the
variations of the bond lengths and angles in the cage struc-
ture with respect to the pressure (the data are also listed in
Table S21). When the pressure increases from 0 GPa to 10.63
GPa, the B-O bond lengths are slightly contracted by about
1.0% (from 1.472 A to 1.457 A), and the £ B-O2-B angles are
decreased by just about 0.7% (from 128.301° to 127.346°).
Since the shape of sodalite-cage is tightly associated with the
Zn-02 bonds, we focus on Zn-02 bonds to elaborate the
mechanism of mechanical behavior in ZBO. The very tiny
rotation among rigid BO, tetrahedra during the pressure rise
is mainly attributed to the restricting effect by the inside
[Zn,4043] cluster, due to the relatively strong covalent Zn-O
interaction (the shrinkage of Zn-02 bond is about 1.6%,
from 1.979 A to 1.948 A). Therefore, it is the special sodalite-
cage structure that results in the large bulk modulus in ZBO:
the distortion of the [B,40,45] cage with increasing pressure is
hindered by the strong Zn-O bonds, as schematically
depicted in Fig. 1b.

Bulk modulus is very important to characterize the
mechanical properties in a crystal, but it is not enough to just
determine this parameter from the viewpoint of practical
applications. In order to more comprehensively understand the
elastic properties, the full elastic tensors of ZBO were calculated

This journal is © The Royal Society of Chemistry 2017
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Table 1 The calculated and measured elastic constants (GPa)

Elastic constant Ci1 Cis Cya
Calculated 322.9 146.1 104.2
Measured®® 312.2(2) 137.6(4) 102.3(1)

(b) [001)

}
j GPa

Fig. 5 3D and 2D representations of Young's modulus E (a and b),
shear modulus G (c and d) and Poisson's ratio » (e and f) for ZBO. Color
scheme: maximum (blue), minimum positive (green).

@n

by the first-principles method. Under the cubic space group
I43m, ZBO has three independent elastic constants (Cy;, Ci,,
C,4), and the mechanical stability criterion of C,4 > 0, Cy; >
|Ciz|, C11 + 2Cq > O (ref. 42) is satisfied. The calculated elastic
constants are listed in Table 1, in very good agreement with the
measured ones* with the relative error less than ~5%. The
excellence of the first-principles calculations ensures the good
accuracy for the further determination and analysis on other
mechanical properties in ZBO.

The Young's modulus (E), Shear modulus (G), and Poisson's
ratio (v) of ZBO were also calculated by the first-principles
calculations. The Young's modulus of ZBO (>230 GPa) are
significantly larger than that of the a-quartz (72.95 GPa),*
indicating the very high rigidity of ZBO to axial stress.

The 3D and 2D representations of the Young's modulus are
shown in Fig. 5a and b, respectively. Clearly, the Young's
modulus shows slight anisotropy in ZBO. The contours are
distorted from the axial (001) directions to the body diagonal
(111) directions: the Young's modulus has the minimum value
of 231.88 GPa along the (001) directions, and it reaches the
maximum value of 267.31 GPa along the (111) directions. This
indicates that ZBO is more difficult to be stretched along the
body diagonal directions than the axial directions. The orien-
tational distribution difference of the Young's modulus mainly
originates from the anisotropic spatial distribution of the
[ZnO,] groups in the crystal lattice. In the sodalite-cage, each of
the four [ZnO,] groups in the radial [Zn,0;;] cluster is exactly
aligned along one of the (111) directions (see Fig. 1b). The
restriction of the [Zn,O;3] cluster to the [B,,04g] sodalite-cage
thus make ZBO exhibit the largest mechanical strength along
(111) directions.

This journal is © The Royal Society of Chemistry 2017
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The 3D and 2D representation for the shear modulus of ZBO
are shown in Fig. 5¢ and d, respectively. The maximum shear
modulus (G) is 104.20 GPa along the (001) axial direction and
the minimum shear modulus (G) is 88.40 GPa along the face
diagonal (110) direction. The shear modulus of ZBO is also
much larger than that of a-quartz (41 GPa). Thus, ZBO exhibits
a high rigidity against structural deformation, so it would be
convenient for industrial manufacture.

Moreover, the 3D and 2D representations of the Poisson's
ratio (v) for the ZBO crystal are shown in Fig. 5e and f, respec-
tively. The Poisson's ratio of the crystal ZBO is maximized (v =
0.35) when the stretching along the (110) directions induces the
lateral contraction along (001) directions. However, it reaches
the minimum (v = 0.24) with the same loading conditions
accompanied by a lateral contraction along the (1—10) direc-
tions. According to the Frantsevich's definition,* the materials
with » < 1/3 and » > 1/3 are considered as the brittle and ductile
materials, respectively. The Poisson's ratio of ZBO is located
near the boundary (v = 1/3), and hence ZBO may have good
mechanical process ability, which is not very brittle and not very
ductile.

The above studies clearly demonstrate that ZBO has a very
good mechanical property, which is very favorable to its
practical applications in harsh environments. As ZBO exhibits
high ultraviolet transparency at ambient pressure,'® one may
inquire about the light-transmitting property in ZBO at the
pressure-fluctuating environments. In order to answer this
question, the variation of its energy band gap with respect to
the applied hydrostatic pressure was theoretically determined
by the first-principles calculations. The results show that the
energy band gap in ZBO increases from 5.34 €V to 5.57 eV as
the pressure increases from 0 to 10.63 GPa (Fig. 6). The
detailed electronic structure analysis reveals that the
contraction of chemical bonds responding to the applied
pressure results in a stronger hybridization between the elec-
tronic states at the top of valence band (VB), which lowers the
energy of the VB and enlarges the energy band gap in ZBO (see
the discussion in Fig. S5%). Therefore, the high UV trans-
parency in ZBO can be well kept when subjected to pressure

5.60 234
555+ 4232 ’E
=
-
5.50 | 230 931)
—~ o
S o
QL 5451 228 g
L, £
5, 22 'CL
5.40 1226 &5
B
=]
535 4224
>
)

5.30 1 ! L : 222

Hydrostatic Pressure(GPa)

Fig.6 The variation of energy band gap and optical absorption edge in
ZBO as function of pressure.
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fluctuation, which is very favourable to keep the performance
stability at complex circumstances.

Conclusion

The mechanical properties of ZBO were comprehensively
investigated by the high-pressure XRD and first-principles
calculations. The high-pressure XRD revealed that no phase-
transition occurs in ZBO over wide pressure range from 0 to
10.63 GPa, manifesting the high mechanical stability. Mean-
while, ZBO exhibits a very large bulk modulus (even comparable
to that of Al,03) and the largest mechanical hardness in all
known borate crystals, and hence it has a high rigidity to the
large pressure fluctuation. First-principles calculations revealed
that this is mainly due to the resistance of strong Zn-O bonds in
the radial [Zn,0;;] cluster to the rotation among [BO,] tetra-
hedra in the [B,,0,3] sodalite cage. The studies on Young's
modulus (E), shear modulus (G) and Poisson's ratios (v) further
confirmed that ZBO possesses very high mechanical strength.
Furthermore, the high optical transmittance in the UV region in
ZBO can be well kept under high pressure. Since ZBO has been
demonstrated to have an isotropic near-zero thermal expansion
behavior, the high mechanical strength combined with good
transmitting property strongly suggests that this crystal would
find many important applications in high-precision optical
instrument operated at complex environments.
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