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. Borates are among a class of compounds that exhibit rich structural diversity and find wide

. applications. The formation of edge-sharing (es-) BO, tetrahedra is extremely unfavored according

: to Pauling’s third and fourth rules. However, as the first and the only es-borate obtained under

. ambient pressure, es-KZnB,04 shows an unexpected high thermal stability up to its melting point.

. The origin of this extraordinary stability is still unclear. Here, we report a novel property in KZnB,O:
unidirectional thermal expansion, which plays a role in preserving es-BO, from disassociation at
elevated temperatures. It is found that this unusual thermal behavior originates from cooperative
rotations of rigid groups B¢O,, and Zn,Og, driven by anharmonic thermal vibrations of K atoms.
Furthermore, a detailed calculation of phonon dispersion in association with this unidirectional

: expansion predicts the melting initiates with the breakage of the link between BO, and es-BO,.

. These findings will broaden our knowledge of the relationship between structure and property and

. may find applications in future.

. It is well established that anion polyhedra of small and high-valence cations are connected to each other
. via corner sharing in crystalline matters as postulated in Pauling’s third and fourth rules so as to min-
- imize the Coulomb repulsion among cations. The validity of these rules is confirmed by a vast number
. of borates, silicates and phosphates as well. Exceptions are only met in borates synthesized under high
: pressures (HP) and high temperatures by Huppertz and coworkers recently. Typical compounds are
. Dy,B¢O,5', a-RE,B,Oy (RE=Eu, Gd, Tb, Dy)% RE,B,O,5; (RE= Dy, Ho)* and HP-NiB,O,*. A common
. feature in these borates is that they all contain BO, tetrahedra connected to each other through edges
. instead of corners as in more than 1000 borate structures determined over the past decades. High pres-
. sure is essential in forming edge-sharing (es-) BO, tetrehedra and even in inducing a conversion from
BO; planar triangle to BO, tetrahedra®. But it is generally accepted that the pressure-driven formation
. of es-BO, compounds is not thermodynamically favored; they are metastable over their ambient coun-
. terparts.
: More recently, Chen’s group® and Wu’s group’ independently reported the synthesis of a new borate
: KZnB;O4 under ambient pressure. This is the first borate with es-BO, obtained without the aid of high
. pressures. Examination of its crystal structure reveals that BO, tetrahedra in KZnB;Oy are nearly iden-
. tical in B-O bond lengths and O-B-O angles to the previously reported HP borates'. First principles
© calculations® show that es-KZnB,;Oy is indeed more energy-favored than the hypothetical corner-sharing
(cs-) one, which was constructed based on isostructural KCdB;O4®. Yang and coworkers® made a compar-
ative study of es- and cs- KZnB;Oq by lattice dynamics and electronic-structure calculations and showed
. asoft-mode exists in the cs-isomorph, probably due to an overlong Zn-O bond in ZnOjs polyhedra, while
© there is none in the es-one. A study by nuclear magnetic resonance excludes the B-B bond!® in BO,. The
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origin, however, responsible for the formation of es-BO, in es-KZnB;Og in an energy-favorable way still
remains unclear.

An interesting property in this newly-discovered KZnB,Oj is that its structure can be well preserved
from room temperature up close to its melting point 1073 K, without any detectable phase transition
occurring. This suggests that the structure or at least the fundamental building block (FBB) is very
rigid to thermal attack. As is well-known, the way by which crystalline materials respond to changes in
temperature offers a direct and straightforward measure of the nature of chemical bonds and structural
peculiarities. In this work, we present the results of a study of the thermal expansions of KZnB;O4 from
room temperature to 1013K. It is found that unidirectional thermal expansion along the approximate
[-3 0 2] direction exists over the entire measured temperature range from 298 K to 1013 K, which can
fully accounts for the total volume thermal expansion; meanwhile, the expansions along other direc-
tions on the plane perpendicular to [-3 0 2] are negligibly small, i.e. the area shows zero expansion.
By analyzing the variations in bond lengths, we show that the es-BO, is virtually immune to changes
in temperature thanks to the hinge rotations of B,O;, and Zn,O, rigid groups, which only leads to
a quasi-unidirectional expansion upon heating. The phonon dispersions and partial density of states
(PDOS) calculations reveal a soft mode at 1013K, due to transverse vibrations of the bridge oxygen
whereby BO; and B,Og are connected, develops to cause the structure to dismantle at around its melting
point. These results shed light on why KZnB;Og can be stabilized over such a wide temperature range.

Results

KZnB;O, powder samples were synthesized through solid state reactions from A.R. K,CO;, H;BO; and
ZnO. The preparing details can be consulted elsewhere® or in Methods Section. This compound crys-
tallizes in a triclinic unit cell with lattice constants a=6.753 A, b=6.9114, c=7.045A, o =63.39°,
=72.584° ~=69.13° and space group P-1. Figure 1a shows the polyhedral view of its crystal structure,
in which the metal-borate framework is built up from BO; triangles, BO, tetrahedra, ZnO, tetrahedra.
The FBB, B,O,, block, consists of two BO, tetrahedra and four BOj; triangles. The BO, tetrahedra are
01-01 edge shared to each other and further corner-shared by BO, trangles in their outer vertex O, see
Fig. 1b. Two ZnO, tetrahedra form a Zn,O¢ polyhedron also through edge-sharing. Each FBB is bonded
by six Zn,0q. K fills the voids left by these polyhedra.

Figure 2 shows the powder X-ray diffraction patterns collected at 298K, 373K, 473K, 573K, 673K,
773K, 873K, 973K and 1013 K for KZnB,;O, respectively. A closer view of the enlargement of 20 = 24°~31°
portion indicates that some peaks shift obviously towards low-angles, others nearly unshift, still others
slightly towards high-angles, reflecting the changes in the unit cell are very anisotropic with increas-
ing temperatures. All peaks can be indexed based on triclinic cells with high figure of merits by using
Dicvol06'!. As an example, the lattice constants for the 298K pattern are a=6.744A, b=6.926 A,
c=7.072A, a=63.13° 3 =72.40°, v = 69.07°, in good consistency with ones obtained from the single
crystal data. No phase transition occurs as no additional peaks emerge or disappear in the entire temper-
ature range measured. The temperature dependent lattice constants a, b, ¢ and cell volume are plotted in
Fig. 3a. All the data along with the crystallographic angels are deposited in Supplementary Information,
see Supplementary Table S1. We can clearly see lattice constants a and c linearly expand with the increas-
ing temperatures, while b shrinks, resulting in volume expansion at a rate of (44.92+1.5) x 107¢ K.,
This is an average thermal expansion rate for borates!>!.

Since the crystallographic axes of the present triclinic unit cell are chosen by convention, the varia-
tions in the lattice constants will not always reflect the fundamental thermal response of KZnB;Og. This
is, in particular, true for the low symmetry compounds. It is established that a unique set of orthogonal
axes, or the principal axes exist, along which the expansion or contraction describes the fundamental
thermal response, including some nonzero shear components, or rather, the variation in the crystal-
lographic angles of the unit cell for a given compound. To this end, we applied web-based software
PASCal" to find the set of orthogonal axes by inputting the unit cell data at all measured temperatures.
Figure 3b gives the changes in length along the principal axes with the increasing temperatures. The
principal coefficients of thermal expansions, their estimated standard deviations and the components of
the principal axis relative to the crystallographic axes are summarized in Table 1. In comparison with
the expansion data for the crystallographic axes, the variations of the principal axes with increasing
temperatures are more anisotropic, the expansion rates for X; and X, being (—1.06+0.42) x 107¢ K™!
and (0.56 £ 0.31) x 1076 K™, respectively, much smaller than one for the X;, (44.81£0.79) x 1075 K~L
Two facts are evident. First, the area expansion rate for the plane determined by X, and X, is virtually
ZETO aS Qlyrey = Oy + Oy = (—0.51+0.42) X 107° KL, Second, the expansion rate for X; is nearly equal
to the volume expansion rate, ;=% &, "2 45 x 107 K~1. These facts suggest the volume expansion can
be ascribed to the expansion occurring in the X; axis, which is along approximate [-3 0 2] in the crys-
tallographic coordinates. The inset of Fig. 3b is the thermal expansivity indicatrix which describes the
expansion rates in all directions in Cartesian coordinate. It clearly shows an area zero thermal expansion
and a very large expansion along the X; axis. Although it is a common phenomenon that borates have
large anisotropic thermal expansion'*"3, such as recently-reported LiBeBO; which shows an area negative
expansion’® from 193K to 273K, the quasi-unidirectional thermal expansion for KZnB,Og in such a wide
temperature range is very rare and peculiar!>!617,
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Figure 1. Structure of KZnB;O;. (a) Polyhedral view of the KZnB;Oq crystal structure projected along the
[01-1] direction, with tetrahedra ZnO, in blue, triangular BO; and tetrahedra BO, units in green, adapted
from Fig. 1a) in Ref.6. (b) Connection details of B4O;, and Zn,O, blocks in the (-111) plane. The metal-
borate framework is built up from BO; triangles, BO, tetrahedra, ZnO, tetrahedra. The FBB consists of two
es-BO, tetrahedral and four vertexes-shared BO; triangles.

Discussion

To understand the peculiar thermal response and gain some insights on the thermal stability for KZnB;Og,
we performed the geometry optimization and lattice dynamics study by density functional theory (DFT)
calculations. We mimic the high temperatures by using the experimental lattice constants at high tem-
peratures as constraints while allowing the geometry optimization of the atomic positions in the unit
cell and subsequent lattice dynamics calculations. The calculating details and the results are archived
in Supplementary Information. Careful examination of the bond lengths at 298K and 1013K reveals
that the expansions in B-O and Zn-O bonds are generally below 0.5%, while up to 3.4% in K-O bonds
(see Supplementary Table S2). Moreover, the Hirshfeld’s “rigid body” test'®-* indicated that the maxi-
mum differences in MSDAs (mean square displacements of atoms) have magnitudes A= 15A? in group
B¢O,,, A=9A? in group Zn,0, Meanwhile the maximum value is as large as A= 108 A2 for KO, group
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Figure 2. The powder X-ray diffraction patterns collected at 298K, 373K, 473K, 573K, 673K, 773K,
873K, 973K and 1013 K for KZnB;O, respectively. The inset is a closer view of the enlargement of
20=24°~31° portion indicates that some peaks shift obviously towards low-angles, others nearly unshift,
still others slightly towards high angles.

(Table S3). It is then reasonable to take Zn,O4 and B,O, as rigid groups and KO, as an easily-deformable
polyhedron in the temperature range from 298 K to 1013 K. We first consider the rigid rotations of bodies
since they play a major role in negative- or zero-thermal expansions for compounds that contain rigid
tetrahedra and octahedra®*-?, etc., including B-O polyhedra'>'*?. For KZnB;O,, the rotations of rigid
groups are shown in Fig. 4a. Reverse rotations are identified for B;O,, and Zn,O, along the [1 0 1] direc-
tion, see Fig. 4a. Taking the angle between the normals of plane B3-B3 and Zn-Zn (see Figure caption
for the definition of these planes) as an indicator for the relative rotation, it decreases by about 2.71°
from 298K to 1013 K. These rotations can be better viewed in Fig. 4b, where the planes B2, B1 and B3-B3
generally rotate in an opposite way as the Zn-Zn plane does, for the angles between normals of the cor-
responding plane become smaller. For K-O bonds, we note that their elongations vary a lot, from 0.19%
to 3.39%. The concerted effect of reverse rotations of rigid groups and very asymmetrical elongations in
K-O bonds lead to expanding along roughly [-3 0 2], i.e., the X; axis direction, leaving the other two
directions, or rather, the plane perpendicular to [-3 0 2] almost unchanged upon heating (Supplementary
Fig. S1). In addition, the FBB is found to become more flat with increasing temperatures. It can be seen
that the angles between the B1, B2 and the B3-B3 planes decrease simultaneously, suggesting a reduced
geometry distortion within the FBB upon heating. We think that these unusual thermal responses help
secure the es-BO, from disassociation.

Furthermore, the inversion symmetry of KZnB,;O,4 puts some limits on the deformation of B,Oy. Since
two B3 and two O1 are connected each other by -1, respectively, their only possible change in positions
are either closer or away along their co-axial directions. Lengthening O1-O1 is unlikely because this
kind of expansion will be inhibited by increasing B3-B3 repulsion as they become closer. Instead, the
shortening O1-0O1 is energy favored. Similar situation is for Zn,O, polyhedra. This may explain why the
es-BO, polyhedra are stable at high temperatures.

The calculated phonon dispersions and PDOS at 298 K and 1013 K are shown in Supplementary Fig. S2.
Most of vibrational branches shift towards low frequency when temperature increases from 298K to
1013 K. Correspondingly, the PDOS at the low frequency band are enhanced. This can be better viewed
from Supplementary Fig. S3, which shows the PDOS contributed by O4 for example. A few branches,
however, shift a little or even towards high frequencies as see the PDOS contributed from O2. These
results are consistent with our observations that KZnB,;O, expands in a very anisotropic way, large expan-
sitivity along Xs, zero along X, and X,. Moreover, we find that an optical mode becomes negative at the
I' point in the Brillouin zone at 1013 K, implying a structural instability at this temperature. Meanwhile,
the calculated vibration amplitudes associated with the negative optical mode reveal that the largest one
resides on O4, which connects the BO; triangles and the BO, tetrahedra, see Supplementary Fig. S4.
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Figure 3. Thermal expansion behavior of the KZnB;Oy. (a) The temperature dependence of lattice

constants a, b, ¢ and cell volume. (b) Normalized components of the principal axes versus temperature,

Volume (A3)

Volume (A3)

where X, X, and X; are (—1.06+0.42) MK, (0.56 +0.31) MK ! and (44.81+0.79) MK}, determined by
the PASCal'* program. Inset: The thermal expansivity indicatrix, which describes the expansion rate in all

directions in the set of orthogonal axes. It clearly shows the area of zero thermal expansion and a very large
expansion along the X; axis.

X1 —1.056 0.415 0.112 | —0.167 | 0.980
X2 0.561 0.313 0.453 | —0.331 | 0.828
X3 44.809 0.789 —0.835 0.023 | 0.550
\% 44.920 1.528

Table 1. The expansivity, estimated standard deviation from room temperature to 1013 K for KZnB;Og and
the components of principal axes relative to the crystallgraphic axes.

SCIENTIFIC REPORTS | 5:10996 | DOI: 10.1038/srep10996



www.nature.com/scientificreports/

90°7 S

60°

30°

0° 30° 60° 90°

Figure 4. Hinge rotation of the KZnB;O,. (a) The rigid groups’ rotations associate with the area zero
thermal expansion. Top right: schematic of ‘hinge folding’ that simultaneously expands in a,c and contracts
in b. (b) Left: The stereographic projection of B3-B3, B1, B2 and Zn-Zn planes at 298K and 1073 K,
rotations of those planes with increasing temperatures are indicated by arrows. Right: ‘hinge’ rotation of the
contacted FBB and Zn,Oy units with temperature, where B3-B3 plane is defined by four O atoms bridging
the BO, and BO; atoms, Bl and B2 planes are defined by two BOj; triangles, Zn-Zn plane is the brown plane
defined by 02, O3, 02’ and O3’
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Accordingly, we speculate that the melting begins with the breakage of the link between BO; and BO,
when temperature is close to its melting point.

Thermal responses of materials have been a hot research topic over the last decades. Many a com-
pound was found to exhibit negative thermal expansions, others area negative expansions. The unidirec-
tional thermal expansion reported here for KZnB;Oy is rarely known'*?. This unusual thermal response
is related to the peculiar structure. This property may find future applications in its single crystal form
in fields that require a very small change in diameters while expanding in the third dimension over a
wide temperature range, such as a high precision optical lens.

In summary, the first borate with edge-sharing BO, synthesized under ambient pressure, KZnB;Oq,
exhibits an unusual unidirectional thermal expansion: 45 x 107¢ K~! with zero thermal expansion in
the perpendicular direction over a temperature range from room temperature to 1013K. The volume
expansion can be regarded as coming from an expansion in one direction only. We determine that this
unusual thermal behavior comes from rotations of rigid groups of B4O,, and Zn,0Oy, probably driven
by very asymmetrical elongations of K-O bonds. In this way, the es-BO, is secured from disassociation
upon heating. Based on the present study, KZnB;O, can be described as a 1-dimensional compound in
the sense of thermal expansion. Other related properties of this compound merit further investigation.

Methods

Samples. The compound KZnB,;O, was prepared by grinding a mixture of K,CO; (A.R.), ZnO (A.R.),
and H;BO; (99.99%) to a fine powder, and then heating at 500°C for 12h to decompose the salt. In order
to compensate for volatilization of alkali metals, 15% excess of K,CO; (A.R.) is required. The sample was
reground and annealed at 750°C for 24h, and a single-phase white powder was readily obtained. The
sample purity was verified by X-ray powder diffraction.

High temperature XRD measurements. Temperature-dependent in situ X-ray diffractometry was
performed on an XPERT-PRO powder diffractometer system (CuKal; 1.54056A) equipped with an
Anton Paar HTK-1200N Oven Sample stage. The room-temperature diffraction pattern in the angular
range from 10° to 80° with a scanning step width of 0.017° was firstly obtained as a standard, and then
the sample was heated from 373K to 1013K at intervals of 100K. Each diffraction pattern was obtained
30min after the required temperature was reached. Unit cell parameters were then calculated by using
the pattern indexing software Dicvol06'!.

References
1. Huppertz, H., Eltz, B. v. d. Multianvil high-pressure synthesis of Dy,BO,5: The first oxoborate with edge-sharing BO, tetrahedra.
J. Am. Chem. Soc. 124, 9376-9377 (2002).
2. Emme, H., Huppertz, H. High-pressure preparation, crystal structure, and properties of o-(RE),B,0y (RE = Eu, Gd, Tb, Dy):
oxoborates displaying a new type of structure with edge-sharing BO, tetrahedra. Chem. Eur. J. 9, 3623-3633 (2003).
3. Huppertz, H. High-pressure preparation, crystal structure, and properties of RE;B;O,5 (RE = Dy, Ho) with an extension of the
“Fundamental Building Block’-descriptors. Z. Naturforsch. B 58, 278-290 (2003).
4. Knyrim, J. S. et al. Formation of edge-sharing BO, tetrahedra in the high-pressure borate HP-NiB,O,. Angew. Chem. Int. Ed. 46,
9097-9100 (2007).
5. Edwards, T., Endo, T., Walton, J. H., Sen, S. Observation of the transition state for pressure-induced BO;— BO, conversion in
glass. Science 345, 1027-1029 (2014).
6. Jin, S. E. et al. Stable oxoborate with edge-sharing BO, tetrahedra synthesized under ambient pressure. Angew. Chem. Int. Ed. 49,
4967-4970 (2010).
7. Wu, Y, Yao, J. Y., Zhang, J. X., Fu, P. Z., Wu, Y. C. Potassium zinc borate, KZnB306. Acta Crystallogr. Sect. E: Struct. Rep. Online
66, i45-i45 (2010).
8. Jin, S. E, Cai, G. M,, Liu, J., Wang, W. Y,, Chen, X. L. The centrosymmetric metal metaborate KCdB306. Acta Crystallogr. Sect.
C: Cryst. Struct. Commun. 65, i42-i44 (2009).
9. Yang, L. et al. Theoretical insight into the structural stability of KZnB;O4 polymorphs with different BO, polyhedral networks.
Inorg. Chem. 51, 6762-6770 (2012).
10. Zwanziger, . W. Computational study of four-fold coordinate boron in borates: assignment of edge-shared structures. Phys.
Chem. Glasses: Eur. ]. Glass Sci. Technol., Part B 53, 7-10 (2012).
11. Boultif, A., Louér, D. Powder pattern indexing with the dichotomy method. J. Appl. Cryst. 37, 724-731 (2004).
12. Bubnova, R. S., Filatov, S. K. Strong anisotropic thermal expansion in borates. Phys. Stat. Sol. B 245, 2469-2476 (2008).
13. Bubnova, R. S,, Filatov, S. K. High-temperature borate crystal chemistry. Z. Kristallogr. 228, 395-428 (2013).
14. Cliffe, M. J., Goodwin, A. L. PASCal: a principal axis strain calculator for thermal expansion and compressibility determination.
J. Appl. Cryst. 45, 1321-1329 (2012).
15. Yao, W. J. et al. Area negative thermal expansion in a beryllium borate LiBeBO; with edge sharing tetrahedral. Chem. Commun.
50, 13499-13501 (2014).
16. Li, J., Bi, W. H,, Ki, W,, Huang, X. Y., Reddy, S. Nanostructured crystals: unique hybrid semiconductors exhibiting nearly zero
and tunable uniaxial thermal expansion behavior. J. Am. Chem. Soc. 129, 14140-14141 (2007).
17. Sun, Y., Wang, C., Wen, Y. C,, Zhu, K. G., Zhao, J. T. Lattice contraction and magnetic and electronic transport properties of
Mn3Znl—xGexN. Appl. Phys. Lett. 91, 231913-1-3 (2007).
18. Petricek, V., Dusek, M., Palatinus, L. Z. Kristallogr. 229, 345-352 (2014).
19. Hirshfeld, E L. Can X-ray Data Distinguish Bonding Effects from Vibrational Smearing ? Acta Cryst. A32, 239-244 (1976).
20. Rosenfield, R. E., Trueblood, K. N., Dunitz, J. D. A test for rigid-body vibrations, based on a generalization of Hirshfeld’s ‘rigid-
bond’ postulate. Acta Cryst. A34, 828-829 (1978).
21. Trueblood, K. N. Analysis of Molecular Motion with Allowance for Intramolecular Torsion. Acta Cryst. A34, 950-954 (1978).
22. Hamzaoui, E, Drissi, M., Chouaih, A., Lagant, P,, Vergoten, G. Electron Charge Density Distribution from X-ray Diffraction
Study of the M-Nitrophenol Compound in the Monoclinic Form. Int. J. Mol. Sci. 8, 103-115 (2007).

SCIENTIFIC REPORTS | 5:10996 | DOI: 10.1038/srep10996 7



www.nature.com/scientificreports/

23. Thorn, A., Dittrich B., Sheldrick, G. M. Enhanced rigid-bond restraints. Acta Crystallogr., Sect. A: Found. Crystallogr. 68, 448-451
(2012).

24. Sleight, A. W. Compounds that contract on heating. Inorg. Chem. 37, 2854-2860 (1998).

25. Margadonna, S., Prassides, K., Fitch, A. N. Zero Thermal expansion in a prussian blue analogue. J. Am. Chem. Soc. 126, 15390-
15391 (2004).

26. Dove, M. T. et al. Floppy modes in crystalline and amorphous silicates. Phys. Rev. Lett. 78, 1070-1073 (1997).

27. Chen, J. et al. Zero thermal expansion in PbTiO;-based perovskites. . Am. Chem. Soc. 130, 1144-1145 (2008).

28. Shepelev, Y. E, Bubnova, R. S,, Filatov, S. K., Sennova, N. A,, Pilneva, N. A,, LiB;Os crystal structure at 20, 227 and 377 °C. J.
Solid. State. Chem. 178, 2987-2997 (2005).

29. Filatov, S. K., Bubnova, R. S., Atomic nature of the high anisotropy of borate thermal expansion. Phys. Chem. Glasses: Eur. J. Glass
Sci. Technol. B 56, 24-35 (2015).

Acknowledgments

This work is financially supported by the National Natural Science Foundation of China (Grant Nos.
51472266, 51202286, 91422303), the Strategic Priority Research Program (B) of the Chinese Academy of
Sciences (Grant No. XDB07020100), and the ICDD.

Author Contributions

X.L.C,, S.EJ. and Y.EL. designed the project and directed the investigation. Y.EL. performed the research.
X.L.C. and Y.EL. analyzed data. D.D.L performed theoretical calculation. S.E]., Z.L.L. and Y.EL. draw the
figures. X.L.C. wrote the paper. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lou, Y. et al. Unidirectional thermal expansion in edge-sharing BO,
tetrahedra contained KZnB;Og. Sci. Rep. 5, 10996; doi: 10.1038/srep10996 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:10996 | DOI: 10.1038/srep10996 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Unidirectional thermal expansion in edge-sharing BO4 tetrahedra contained KZnB3O6

	Results

	Discussion

	Methods

	Samples. 
	High temperature XRD measurements. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Structure of KZnB3O6.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The powder X-ray diffraction patterns collected at 298 K, 373 K, 473 K, 573 K, 673 K, 773 K, 873 K, 973 K and 1013 K for KZnB3O6, respectively.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Thermal expansion behavior of the KZnB3O6.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Hinge rotation of the KZnB3O6.
	﻿Table 1﻿﻿. ﻿  The expansivity, estimated standard deviation from room temperature to 1013 K for KZnB3O6 and the components of principal axes relative to the crystallgraphic axes.



 
    
       
          application/pdf
          
             
                Unidirectional thermal expansion in edge-sharing BO4 tetrahedra contained KZnB3O6
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10996
            
         
          
             
                Yanfang Lou
                Dandan Li
                Zhilin Li
                Shifeng Jin
                Xiaolong Chen
            
         
          doi:10.1038/srep10996
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep10996
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep10996
            
         
      
       
          
          
          
             
                doi:10.1038/srep10996
            
         
          
             
                srep ,  (2015). doi:10.1038/srep10996
            
         
          
          
      
       
       
          True
      
   




