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A very rare area negative thermal expansion phenomenon is 

observed in a newly discovered alkali beryllium borate 

LiBeBO3, which features with [BeBO3]∞ double layers 

intraconnected by edge-sharing BeO4 tetrahedra. This 10 

unusual thermal behavior attributes to the combined 

vibration effects of the abnormal Be-O structures and Li+ 

cations. 

Most matters exhibit the normal thermal behavior that expand 
with heat and contract with cold. However, there are a very small 15 

number of materials, e.g., β-eucryptite, NaZrPO4, and ZrW2O8, 
having a completely opposite property that contract in 1D, 2D or 
even 3D as the temperature increases.1-4 These abnormal negative 
thermal expension (NTE) properties have attracted a great deals 
of attentions in laboratories and industries. Up to now, the NTE 20 

exploration mainly focuses on the compounds containing 
transition metals.5 For borates, a big family with diverse 
structural features6-8 and many optoelectronic applications,9-11 the 
NTE investigation has not been systematically performed yet, and 
only the linear (1D) NTE phenomenon has been detected in 25 

several borates (e.g.,  � �RbB3O5, LiB3O5, and BiB3O6).
12 In this 

work, we report a new beryllium borate LiBeBO3 (LBBO) which 
exhibit a 2D area NTE behavior as first found in borates. This 
material is featured with [BeBO3]∞ double layers intraconnected 
by edge-sharing BeO4 tetrahedra. The detailed studies reveal that 30 

this unusual thermal phenomenon is resulted from the vibration 
effects of the abnormal Be-O structures combined with the Li+ 
cations. Independently, Wang et al. have also reported the 
discovery of the LBBO crystal,13 but they only focused on the 
crystallographic  characterization. 35 

LBBO was synthesized by solid state reaction and flux method 
in the R-BeO-B2O3 system (R is alkali oxide/halogenide). The 
compound crystallizes in the triclinic system with 
centrosymmetric space group P-1.14 The framework of LBBO 
structure is featured by infinite two-dimensional [Be2B2O6]∞ 40 

double-layers, with Li+ cations located in the interlayers, as 
shown in Figure 1a. The double layer is formed by two 
interconnected [BeBO3]∞ layers. Within the [BeBO3]∞ layer, each 
B atom is coordinated by three O atoms to form a BO3 triangle, 
and each Be atom is coordinated by four O atoms to form a 45 

distorted BeO4 tetrahedron. The BeO4 tetrahedra and BO3 
triangles are arrayed at interval by sharing corner oxygen atoms, 
as shown in Figure 1b. It is noteworthy that every two [BeBO3]∞ 

layers are bonded together by the edge-sharing BeO4 tetrahedra to 
form a [Be2O2] configuration perpendicular to the layers; this 50 

interlayer connection pattern is first found in borates. The edge-
sharing BeO4 tetrahedra undulate the [BeBO3]∞ layer and result in 
the shortest layer distance (2.655(4) Å) ever known in layered 
borates. 

 55 

Figure. 1  Structure of LBBO. (a) Schematic diagram viewing along the 
b-axis. The green triangles and gold polyhedra represent [BO3] groups 
and [BeO4] tetrahedra, respectively. (b) The layered [BeBO3]∞ structure 
in the ab plane. 

LBBO contains the [Be2O6] structure with a Be2O2 60 

parallelogram and two O–Be–O dendrites formed by two edge-
sharing BeO4 tetrahedra (see Figure S1). This atomic 
configuration is in confliction with the third Pauling’s rule that 
suggests that the polyhedra would be more stable if they share 
vertices rather than edges or faces.15 However, LBBO is very 65 

stable over a wide temperature range. The thermal differential 
scanning calorimetric analysis revealed that its structure remains 
unchanged until 1100 K, and the low and high temperature in situ 
XRD patterns are almost identical within the studied temperature 
range from 13 K to 848 K (Figure S2). The thermal stability is 70 

also confirmed by the first-principles calculations (see Supporting 
Information). 

It is well known that a new structure feature often results in 
novel physical properties. Indeed, variable-temperature in situ 
powder X-ray diffraction revealed that LBBO exhibits an unusual 75 

area NTE phenomenon (the cell parameters are listed in Table 
S3). Abnormal thermal contracting for the a and b axis from 73 K 
to 193 K was observed, while the thermal expansion along the c 
axis is quite positive, as displayed in Figure 2a. The cell 
parameter data were then adopted to calculate the principal 80 

thermal expansivities across the above temperature range.16 The 
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normalized components of the principal axes projected onto the 
crystallographic axes are given in Figure 2b (the relationship 
between principal axes X, Y, Z and crystallographic axes a, b, c 
given in Table S4). It is clear that the linear thermal expansion 
coefficients along X and Y axes are -3.31(13) MK-1 and -1.76(08) 5 

MK-1, respectively, and the area thermal expansion coefficient in 
X-Y plane is -5.07(21) MK-1. Even in the higher temperature 
range from 193 K to 273 K this compound still exhibits a linear 
NTE behaviour (along the a-axis, see Figure 2a).  

 10 

Figure 2. Thermal expansion behavior of the LiBeBO3 (a) Variation of a, 

b and c axes verse temperature. (b) Normalized components of the 
principal axes verse temperature, where X, Y, and Z are -3.31(13) MK-1, -
1.76(08) MK-1, and 7.58(76) MK-1, determined by the PASCal program. 17  

To understand the mechanism for the NTE phenomenon in 15 

LBBO, we probe the atomic vibration modes in the IR and 
Raman spectra. It is well known that an atomic vibration mode 
would shift to lower wavenumbers, if the involved effective bond 
length is elongated and the chemical bonding becomes weaker as 
usually occurs at higher temperature.17 However, the vibrational 20 

modes of 73 K and 193 K in Table S1 reveal that quite a few 
vibrational modes conversely shift to higher wavenumbers when 
the temperature increases. These atomic vibrations contribute to 
the lattice contraction as temperature increases. This conclusion 
is also confirmed by the first-principles analysis on the Grüneisen 25 

function18 for respective vibration modes (see the Supporting 
Information). Further vibrational attribution analysis shows that 
these abnormal vibration modes mainly arise from the transitional 
vibration of Li+ ions, the distorting vibration(stretching and 
rotation) of Be2O2 rings and BeO4 tetrahedra, and the rigid 30 

vibration (swing and rotation) of BO3 triangles, as indicated in 
Figure 3.  

The detailed geometry comparison between 73 K and 193 K 
reveals that the angles inside the Be2O2 parallelogram (see Figure 
3 and the crystallographic data given in the CIF files in the 35 

Supplementary Information) remain unchanged, while the ∠O2-
Be-O3 angles increase about 0.2° and the ∠O1-Be-O3 angles 
decrease about 0.1°, which results in the rigid BO3 triangles more 
tilted with respect to the [BeBO3]∞ layers and makes the ab plane 
contracted. Meanwhile, with the increase of temperature the 40 

decrease of interaction between Li+ cations and BO3 groups 
further liberates the latter tilted toward the c-axis driven by the 
distortion of Be2O2 parallelogram. Therefore, the NTE effect in 
LBBO is mainly originated from the distortion of edge-sharing 
Be-O tetrahedra as well as the motion of alkali cations. 45 

 
Figure 3. Schematic of the atomic vibration modes associated with NTE. 
The blue and black dotted lines indicate the transitional vibration of Li+ 
atoms and the stretching of Be2O2 rings, respectively. The red and green 

curved arrows indicate the swing and rotation of BO3 triangle respectively. 50 

It should also be emphasized that LBBO has a high level of 
transparency in the ultraviolet (UV) spectral region and its cutoff 
wavelength extending to less than 200 nm (Figure 4), so it might 
be served as a UV and deep-UV optical material. Therefore, 
combined with the NTE property, LBBO might find important 55 

applications for temperature sensitive optical environments.19 
Examples include the thermal-expansion-adjustable component in 
the diffraction gratings and optical fibers, compensator in the 
precise UV optical instrument, and optical temperature sensor for 
ultrafine manufacture control and superconductor mechanism 60 

probing,20 since the device sensitivity is proportional to the 
fractional change in optical path length with temperature.  

 
Figure 4. IR-Vis-UV diffuse-reflectance spectrum of LiBeBO3 

Page 2 of 3ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

In conclusion, an area thermal contraction behavior in the 
temperatue range from 73 K and 193 K is identified in a new 
beryllium borate LiBeBO3; this is the first borate that exhibits the 
NTE phenomenon in two-dimension. The unusual thermal 
behavior is intimately associated with a unique structural feature 5 

presented in  LiBeBO3, i.e., the double layers intra-connected by 
edge-sharing BeO4 tetrahedra. Although the abnormal edge-
sharing BeO4 tetrahedron is counter to Pauling’s Third rule, the 
structure of LiBeBO3 is stable up to 1100 K. Moreover, LiBeBO3 
is transparent to deep UV spectral region. The extraordinary 10 

thermal and optical properties of LiBeBO3 may find wide 
applications such as in photoelectronics, precision manufacture, 
and cryogenic engineering. 
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