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A very recent study demonstrated that the KBe2BO3F2 (KBBF) family of crystals, including

KBBF, RbBe2BO3F2, and CsBe2BO3F2, are the only known borates exhibiting a rarely occurring

isotropic area negative thermal expansion (NTE) behavior, over a very large temperature range. In

the present work, the NTE mechanism in these crystals is comprehensively investigated using the

first-principles calculations. It is revealed that the area NTE behavior mainly originates from the

concerted distortion of [BeO3F] tetrahedra in the two-dimensional [Be2BO3F2]1 framework with

respect to temperature, while the [BO3] triangles remain almost rigid. Moreover, the different

magnitude of NTE effect in the three crystals is attributed to the interaction difference between the

alkali metal atoms (K, Rb, or Cs) and the [Be2BO3F2]1 layer. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941266]

I. INTRODUCTION

Most materials expand in three-dimensions when

subjected to the increasing temperature. However, a small

number of materials contract along some specific directions

when heated, so are said to exhibit a negative thermal expan-

sion (NTE).1–7 NTE materials have very important applica-

tions, especially, in the high-precision instruments used in

temperature-fluctuating environments.8 The exploration of

new NTE materials, therefore, has been one of the research

hotspots in the functional materials science and technology

since the discovery of this physical effect in the alloy Invar

one century ago.9 To date, NTE has been discovered in a

wide range of materials, such as ZrW2O8,1 ScF3-type materi-

als,10–12 PbTiO3-based materials,4–6 antiperovskite materi-

als,13–15 LaFe13-xSix materials,7 AM2O7-type crystals,16,17

Sc2(WO4)3,18 NaZr2(PO4)3-type crystals,19,20 zeolites,21 cya-

nides materials,22–24 and metal organic frameworks.25,26

Several models have been proposed to rationalize NTE in

these materials, e.g., rigid unit model (RUM),1,27 spontane-

ous volume ferroelectrostriction,4 ferromagnetic-to-para-

magnetic phase transition,7 geometrically flexible diatomic

linkages mechanism,2,28 and transverse vibration of bridging

oxygen mechanism.29 These models not only provide an

in-depth sight to this rarely occurring thermal behavior but

also give a very useful guidance to the exploration of new

NTE materials.

In a crystal, the NTE behavior can be manifested in

one-dimension (linear), in two-dimensions (in area), or in

three-dimensions (in volume), and the microscopic mecha-

nisms would be some what different from one type to

another. For instance, the giant linear NTE effect in

Ag3[Co(CN)6] originates from its flexing fence-like frame-

work,2 and the area NTE behaviors in Ni(CN)2,30 NaV2O5,31

and graphene32 are attributed to "Lifshitz mechanism" of

rapid interlayer expansion coupled with contraction in the

perpendicular directions with increasing temperature. For the

volume NTE behaviors, the intrinsic mechanisms are usually

due to the strengthening of the transverse vibrations between

the rigid groups or the phase-transition processes,4 such as

the “rigid unit model” in ZrW2O8,27 ferroelectric phase tran-

sition in PbTiO3-based materials,6 and ferromagnetic-to-par-

amagnetic phase transition in LaFe13-xSix materials.7

Recently, the explorations of NTE materials have been

focused on the borate system. It is well known that a boron

atom can be three- or four-fold coordinated with oxygen

atoms, forming a BO3 triangle or BO4 tetrahedron, and their

spatial combinations result in the large structural diversity in

borates.33,34 This implies that this system would possess

many interesting physical properties because of the paradigm

“structure determines property.” In fact, quite a few borate

crystals have been reported to exhibit the NTE behaviors

such as the nonlinear optical crystal BiB3O6 and LiB3O5,

whose NTE behaviors are attributed to the rotation of the

rigid borate units.35,36 However, these studies just concen-

trated on the influence of thermal expansion anisotropy on

the single crystal growth of borates which usually adopts the

a)Author to whom correspondence should be addressed. Electronic mail:

zslin@mail.ipc.ac.cn.
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high-temperature melt method, and their NTE phenomena

only occur along one direction (i.e., in one-dimensional,

1D).37,38 From application perspective, the isotropic NTE

effects in higher dimension (2D or even 3D) are much more

useful.

Recently, the area NTE behaviors were discovered in

two borates: LiBeBO3
39 and KZnB3O6.40 The area NTE

effects in both compounds are resulted from the interaction

between the rotation of rigid borate units and anharmonic

vibration of alkali ions.39,40 However, their area NTE behav-

iors are not isotropic. Very recently, we have further identi-

fied an isotropic area NTE effect in the KBe2BO3F2 (KBBF)

family crystals.41 The KBBF family crystals consist of

KBBF, RbBe2BO3F2 (RBBF), and CsBe2BO3F2 (CBBF).

All these three crystals exhibit the NTE behavior over very

large temperature range from 48 K to 848 K, with the area

thermal expansion coefficients of �9.2(1) m K�1, �11.0(1)

m K�1, and �15.1(2) m K�1 in the ab plane for KBBF,

RBBF, and CBBF, respectively.41 The KBBF family crystals

are the only known isotropic area NTE borates, which would

have a unique role to link the 1D and 3D NTE effects in borates.

However, the NTE mechanism in these crystals has not been

systematically investigated yet. In this work, using the first-

principles calculations, we investigate the relationship between

structure and property for the area NTE effects in the KBBF

family crystals. Furthermore, the role of alkali atoms (K, Rb, or

Cs) to adjust the magnitude of NTE behavior is discussed.

II. COMPUTATIONAL METHODS

Normally, the variable temperature X-ray diffraction has

been considered to be a routine experimental method to

investigate the variation of atomic structures with respect to

the temperature fluctuation. However, since the NTE behav-

ior is rather weak in the KBBF family crystals (despite over

large temperature range), quite a few factors, such as the

background (particularly at high angles) and strong preferred

orientation due to its layered structural feature (e.g., (001)

peak), would heavily deteriorate the accurate determination

of the detailed structural modifications. In addition, in order

to fully understand the NTE mechanism, it is very crucial to

determine the precise atomic position of Be atoms. But this

is very hard because Be is among the lightest elements with

only 4 electrons each: most of the diffraction intensity is con-

centrated on the alkali atoms (K, Rb, or Cs) in the studied crys-

tals. Owing to the limitation of variable temperature X-ray

diffraction experiments, the state-of-the-art first-principles

method becomes a powerful and precise tool to elucidate the

underlying structural mechanism of NTE. In fact, for the

KBBF family crystals, the optical and mechanical properties

(which are very sensitive to the detailed atomic positions) have

been accurately determined by the first-principles calcula-

tions.41,42 The good agreement between calculated and experi-

mental results clearly demonstrates the reliability and validity

of the computational methods adopted in this work.

The first-principles calculations were performed by

CASTEP,43 a total energy package based on plane-wave

pseudopotential density functional theory (DFT).44,45 The

functionals developed by Ceperley, Alder, Perdew, and

Zunger (CA-PZ)46,47 in local density approximation (LDA)

form were adopted to search the minimal of the total energy.

The effective interaction between atoms cores and valence

electrons were modeled by optimized norm-conserving pseu-

dopotentials48 in Kleinman–Bylander form,49 which allow

us to adopt a relatively small basis set without compromising

the computational accuracy. The K 3s23p64s1, Rb 4s24p65s1,

Cs 5s25p66s1, Be 2s2, B 2s22p1, O 2s22p4, and F 2s22p5 elec-

trons were treated as valence electrons. A very high kinetic

energy cutoff of 900 eV and dense Monkhorst–Pack50

4� 4� 2k-point meshes in the Brillouin zones were chosen.

The Broyden–Fletcher–Goldfarb–Shanno (BFGS)51 minimi-

zation scheme was employed in the geometry optimization

and the convergence criteria were set to 5.0� 10�5 eV/atom,

0.1 eV/Å, 0.2 GPa, and 5.0� 10�3 Å for energy, maximum

force, maximum stress and maximum displacement, respec-

tively. The tests about functionals and k-point (see Tables S1

and S2 in the supplementary material52) in KBBF revealed

that the above computational parameters are sufficiently accu-

rate for the purpose of this study. To account for the deviation

of the calculated and experimental cell parameters, in the ge-

ometry optimizations, the cell parameters were fixed at the ex-

perimental values41 (listed in Table S352). Based on the

optimized crystal structures, the atomic vibrational (phonon)

properties were calculated by linear response formalism,53 in

which the phonon frequencies were obtained by the second

derivative of the total energy with respect to a finite perturba-

tion. The quasiharmonic approximation method based on

DFT method has been maturely used to predict thermal

expansion behavior of materials.27,54 Since the NTE behavior

of KBBF family has been experimentally determined, the

method adopted in this work is feasible to study their NTE

mechanism and has been successfully applied to investigate

the NTE effects in borates.39 It should be emphasized that the

methodology adopted in the present work actually gives

almost the same physical insight as the Gr€uneisen parameters

calculations on the vibration modes (see Table S452).

III. RESULTS AND DISCUSSION

The KBBF family crystals, KBBF, RBBF, and CBBF,

possess almost the same crystal structures: the crystals are

composed of 2D infinite [Be2BO3F2]1 layers along the

ab plane, while the alkali atoms (K, Rb, or Cs) reside

between the layers via relatively weak electrostatic interac-

tions (Fig. 1(a)). The [Be2BO3F2]1 layer is constructed by

[BO3] triangles and [BeO3F] tetrahedra, which are alterna-

tively distributed by sharing the corner oxygen atoms in the

ratio 2:1 (Fig. 1(b)). The overall geometries of the

[Be2BO3F2]1 layer are almost identical for KBBF, RBBF,

and CBBF. All three crystals crystallize in the hexagonal

space group R32, and the uniaxial symmetry ensures the

KBBF family crystals exhibiting the isotropic physical prop-

erties in the ab plane according to Neumann’s principle.55

Fig. 2 displays the variation of the calculated bond

lengths and angles in KBBF, RBBF, and CBBF under differ-

ent temperatures (the values are also listed in Table S552).

Clearly, the geometries of 2D infinite [Be2BO3F2]1 layers

undergo unusual changes in all three crystals as temperature

055901-2 Jiang et al. J. Appl. Phys. 119, 055901 (2016)



varies. When the temperature increases from 48 K to 848 K,

in the [BeO3F] tetrahedra the Be-F bond lengths increase

from 1.493 Å to 1.502 Å, from 1.447 Å to 1.507 Å, and from

1.505 Å to 1.512 Å (increased by 0.6%, 0.7%, and 0.5%) in

KBBF, RBBF, and CBBF, respectively, as shown in Figs.

2(a), 2(d), and 2(g). This observation is in accordance with

the common sense that a chemical bond would be elongated

as temperature increases. However, under the same tempera-

ture range, the Be-O bond lengths contract as the function of

temperature and decrease from 1.628 Å to 1.622 Å, from

1.633 Å to 1.627 Å, and from 1.640 Å to 1.630 Å (decreased

by 0.4%, 0.4%, and 0.6%) in KBBF, RBBF, and CBBF,

respectively (see Figs. 2(a), 2(d), and 2(g)). At the same

time, the /F-Be-O angles increase gradually from 108.541�

to 108.801�, from 108.239� to 108.562�, and from 107.867�

FIG. 1. Crystal structure of KBBF family crystals: (a) Unit cell for the

KBBF family crystals. (b) Two-dimensional (Be2BO3F2)1 layer. The alka-

line (K, Rb, and Cs), boron, beryllium, oxygen, and fluorine atoms are repre-

sented by blue, olive, green, red, and pink balls, respectively. The (BO3)3�

and (BeO3F)5� groups are represented by red triangles and green tetrahedra,

respectively.

FIG. 2. Variation of atomic structures with respect to the temperature fluctuation: variation of Be-O bond lengths, Be-F bond lengths, and /F-Be-O angles in

(a) KBBF, (d) RBBF, and (c) CBBF; variation of B-O bond lengths and alkali-fluorine bond lengths in (b) KBBF, (e) RBBF, and (h) CBBF; and variation of

the area of O3 triangles in (BO3)3� triangles and (BeO3F)5� tetrahedra in (c) KBBF, (f) RBBF, and (i) CBBF. The points are the first-principles values and the

lines are fitted by polynomial fitting method.
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to 108.273� (increased by 0.2%, 0.3%, and 0.4%) in KBBF,

RBBF, and CBBF, respectively (see Figs. 2(a), 2(d), and

2(g)). Both the decrease of Be-O bond lengths and the

increase of /F-Be-O angles lead to the contraction of the O3

triangular bases of the [BeO3F] tetrahedra (see Figs. 2(c),

2(f), and 2(i)), thus contribute to the negative thermal expan-

sion of the [Be2BO3F2]1 layers.

Compared with the [BeO3F] tetrahedra, the [BO3] trian-

gles in the [Be2BO3F2]1 layers are much more rigid because

of the strongly covalent interaction between boron and oxy-

gen atoms:38 from 48 K to 848 K, the B-O bond only

decreases from 1.354 Å to 1.352 Å, from 1.356 Å to 1.354 Å,

and from 1.359 Å to 1.356 Å (decreased by 0.1%, 0.1%, and

0.2%) in KBBF, RBBF, and CBBF, respectively (see Figs.

2(b), 2(e), and 2(h)). Therefore, the contribution from the

distortion of [BO3] triangles to the NTE effect is much

smaller than that from the [BeO3F] tetrahedra: even if the

[BO3] triangles keep constant during the heating process, the

contraction of the O3 bases in [BeO3F] tetrahedra still

accounts for the 85%, 92%, and 88% of the NTE effects in

KBBF, RBBF, and CBBF, respectively (also see Figs. 2(c),

2(f), and 2(i)). This indicates that the NTE behavior in

KBBF family crystals mainly originates from the unusual

change of [BeO3F] tetrahedra, i.e., the contraction of Be-O

bonds and the opening of /F-Be-O angles with respect to

the increasing temperature (as depicted in Fig. 3).

Interestingly, the crystal structures of the KBBF family crys-

tals are very similar to that of NaV2O5,31 thus they may have

the analogous mechanism for the area NTE behaviors.

It is well known that when being heated, the binding

interaction between atoms would become weaker and the

effective bond lengths would be elongated.39 Thus, in normal

condition, the frequencies of lattice vibrations (i.e., phonon

modes) would shift to lower wavenumbers at higher temper-

ature.56 However, in the NTE effect, certain interatomic

distances are abnormally contracted with the increase of tem-

perature, and the corresponding phonon modes would shift

to the higher wavenumbers (i.e., phonon mode hardening).

Therefore, the identification of the phonon modes which are

hardened with the increasing temperature is an alternative

way to investigate the NTE mechanism in crystals.

The dominant role of the concerted distortion of

[BeO3F] tetrahedra in NTE behavior is also confirmed by the

phonon analysis. A primitive unit cell of KBBF family crys-

tals contains nine atoms, resulting in 27 degrees of freedom

at the C-point in the Brillouin zone. The irreducible repre-

sentation of R32 space group at C-point yields a sum of 18E

þ 3A1 þ 6A2, in which two acoustic modes belong to the E

and one belongs to the A2 irreducible representation: they

are independent of the thermal expansion effect and not con-

sidered here. Table I lists the calculated phonon frequencies

at 48 K and 848 K, as well as the corresponding changes of

the phonon modes. Clearly, totally 12 phonon modes are

hardened with increasing temperature, indicating that the

variation of corresponding interatomic interactions contrib-

utes to the NTE effect. The further analysis, as shown in Fig.

4, reveals that these NTE phonon modes are mainly attrib-

uted to the stretch and twist of the Be-O and Be-F bonds

which results in the distortion of the [BeO3F] tetrahedra. As

a comparison, in the low frequency NTE modes, the [BO3]

triangles almost keep its rigid configuration, and the only

NTE modes related to the distortion of [BO3] groups occur

at the highest frequency modes (modes 23 and 24). This

demonstrates that the contraction of B-O bonds contributes

to the thermal contraction only at very high temperature.

Thus, the NTE behavior in the KBBF family crystals

dominantly originates from the abnormal distortion of the

[BeO3F] tetrahedra with increasing temperature. In addition,

the highest NTE phonon frequencies (modes 23 and 24) are

located at 1292.07, 1284.33, and 1275.85 cm�1, correspond-

ing to the temperature of 1861 K, 1850 K, and 1838 K, for

KBBF, RBBF, and CBBF, respectively, which implies that

the NTE effects in these crystals would occur until very high

temperatures.

On the other hand, compared with the modification of

[Be2BO3F2]1 layers, the variation of interlayer spacings

(which can also be measured by the change of alkali and flu-

orine bond lengths) with temperature fluctuation is more

prominent. The K-F, Rb-F, and Cs-F bonds increase from

2.777 Å to 2.814 Å, from 2.865 Å to 2.894 Å, and from

3.000 Å to 3.017 Å (by 1.3%, 1.0%, and 0.6%), respectively,

from 48 K to 848 K (Figs. 2(b), 2(e), and 2(h)). The large

variation of bond lengths between alkali and fluorine atoms

is mainly attributed to the much weaker interaction between

these atoms compared with the atomic interaction inside the

[Be2BO3F2]1 layers. Therefore, the large positive thermal

expansion occurs along the c-axis in the crystals as tempera-

ture increases (51.1 m K�1, 39.6 m K�1, and 25.7 m K�1 for

KBBF, RBBF, and CBBF, respectively41).

Although the [Be2BO3F2]1 layers are almost the same in

KBBF, RBBF, and CBBF, the NTE effect values in the three

crystals are some different: the area NTE coefficients in the

ab plane are �9.2 m K�1, �11.0 m K�1, and �15.1 m K�1 in

KBBF, RBBF, and CBBF, respectively.41 The NTE magni-

tude difference can be attributed to the different interlayer

interaction between the [Be2BO3F2]1 layers, which intrinsi-

cally depends on the binding interaction between the interca-

lated alkali atoms and the intralayer fluorine atoms. It is

known that, with the increase of atomic radius, the alkali

atoms K, Rb, and Cs would have increased chemical bonds

FIG. 3. Schematic for the NTE mechanism in the KBBF family crystals.

The orange, blue, and purple arrows represent the elongation of Be-F bonds,

contraction of Be-O bonds, and opening of /F-Be-O angles with increasing

temperature, respectively. [BO3] and [BeO3F] groups are represented by red

triangles and tetrahedra, respectively.
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with fluorine atoms (the calculated binding energies are

0.99 eV, 1.01 eV, and 1.04 eV for K-F, Rb-F, and Cs-F bonds,

respectively41). This means that the “rigidity” of K-F, Rb-F,

and Cs-F bonds would increase when subjected to the thermal

perturbation. So, the stretching of alkali-fluorine bonds

becomes more and more difficult: from 48 K to 848 K the K-

F, Rb-F, and Cs-F expand by 1.3%, 1.0%, and 0.6% (see Figs.

2(b), 2(e), and 2(h)), respectively. Thus, the positive thermal

expansion along the c-axes exhibits a decreasing tendency

from KBBF, RBBF to CBBF (from 51.1 m K�1, 39.6 m K�1

to 25.7 m K�1). The increasing alkali-fluorine bond interac-

tion from K-F, Rb-F to Cs-F, on the other hand, leads to the

vertex F atoms more and more stretched from the [BeO3F] tet-

rahedra with the /F-Be-O angles opening of 0.26�, 0.32�,
and 0.41� in KBBF, RBBF, and CBBF, respectively, from

48 K to 848 K (see Fig. 5(a)). The larger elongation of

[BeO3F] tetrahedra along the c-axis actually leads to the more

contraction of these tetrahedra in the ab plane, hence the

[Be2BO3F2]1 layers exhibit more dominant NTE behaviors

from KBBF, RBBF to CBBF. Therefore, although the alkali

atoms do not directly determine the NTE behaviors, they

adjust the NTE magnitude by manipulating their interaction

with the [Be2BO3F2]1 layers.

The interaction between alkali and fluorine atoms can

also influence the atomic vibration property, and the degree

of hardening (i.e., the increasing magnitude) of the NTE

phonon modes increases from KBBF, RBBF to CBBF (see

Fig. 5(b)). Since all NTE phonon modes occur in the

[Be2BO3F2]1 layers, the increased degree of hardening can

be attributed to the enhanced atomic binding interaction in

the [Be2BO3F2]1 layers from KBBF, RBBF to CBBF with

increasing temperature. This, in turn, depends on the alkali-

fluorine interaction, because the geometries of [Be2BO3F2]1
layers are almost the same in the three crystals.

FIG. 4. Atomic vibrations assigned to the NTE phonon modes. (a) Mode 8,

(b) Modes 11 and 12, (c) Modes 13, 14, 15, and 16, (d) Modes 17, 18, and

22, and (f) Modes 23 and 24.

TABLE I. First-principles phonon mode frequencies and their variation at the temperatures 48 K and 848 K.

Mode No. Irre. rep.

KBBF (unit: cm�1) RBBF (unit: cm�1) CBBF (unit: cm�1)

48 K 848 K Dx 48 K 848 K Dx 48 K 848 K Dx

1 E 75.23 60.96 �14.27 67.51 59.82 �7.69 63.50 59.57 �3.93

2 E 75.23 60.96 �14.27 67.51 59.82 �7.69 63.50 59.57 �3.93

3 A2 88.01 80.27 �7.74 72.07 67.08 �4.99 69.26 66.77 �2.48

4 E 129.47 124.77 �4.70 137.64 133.67 �3.97 141.99 138.41 �3.58

5 E 129.47 124.77 �4.70 137.64 133.67 �3.97 141.99 138.41 �3.58

6 E 199.68 195.22 �4.47 203.27 199.33 �3.93 203.91 201.08 �2.83

7 E 199.68 195.22 �4.47 203.27 199.33 �3.93 203.91 201.08 �2.83

8 A1 333.75 333.83 0.08 333.54 333.71 0.17 334.19 334.63 0.44

9 E 362.21 358.97 �3.24 362.12 359.02 �3.10 362.00 359.17 �2.83

10 E 362.21 358.97 �3.24 362.12 359.02 �3.10 362.00 359.17 �2.83

11 A2 392.06 392.07 0.01 389.68 389.91 0.23 387.56 388.76 1.20

12 A2 539.14 543.47 4.34 533.72 538.67 4.94 527.24 535.44 8.20

13 E 623.97 631.28 7.31 617.29 626.17 8.88 607.66 622.20 14.54

14 E 623.97 631.28 7.31 617.29 626.17 8.88 607.66 622.20 14.54

15 E 679.71 691.63 11.92 669.45 682.49 13.04 656.80 676.08 19.28

16 E 679.71 691.63 11.92 669.45 682.49 13.04 656.80 676.08 19.28

17 E 703.94 712.19 8.26 696.88 705.27 8.39 689.16 700.69 11.53

18 E 703.94 712.19 8.26 696.88 705.27 8.39 689.16 700.69 11.53

19 A2 716.80 713.58 �3.21 715.22 711.63 �3.59 713.17 709.39 �3.78

20 A2 847.47 837.15 �10.32 835.96 827.19 �8.77 825.47 819.40 �6.07

21 A1 884.29 869.25 �15.04 870.10 856.99 �13.10 855.99 846.02 �9.97

22 A1 922.25 926.02 3.77 915.64 920.48 4.83 908.91 916.73 7.82

23 E 1292.07 1299.29 7.22 1284.33 1292.12 7.79 1275.85 1287.33 11.49

24 E 1292.07 1299.29 7.22 1284.33 1292.12 7.79 1275.85 1287.33 11.49
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IV. CONCLUSIONS

The microscopic mechanism of area NTE effect in the

KBBF family crystals was investigated by the first-principles

calculations. The geometry optimizations revealed that the

NTE behavior in these crystals mainly originates from the

distortion of [BeO3F] tetrahedra in the [Be2BO3F2]1 layers.

Namely, in the [BeO3F] tetrahedra, the abnormal contraction

of Be-O bonds and opening of the /F-Be-O angles with the

increasing temperature determine the NTE behavior. As a

comparison, the [BO3] triangles remain almost rigid as tem-

perature fluctuates, and its contribution to the NTE behavior

is neglectably small. The further atomic vibration analysis

demonstrated that the NTE phonon modes occur in the

[Be2BO3F2]1 layers and they almost all correspond to the

stretch and twist of the [BeO3F] tetrahedra. On the other

hand, although the alkali atoms (K, Rb, Cs) do not determine

the NTE behavior, they can significantly affect the magni-

tude of the NTE effect by their interaction to the

[Be2BO3F2]1 layers. We believe that the elucidation of the

NTE mechanism in the KBBF family crystals has great

implication to the further exploration of NTE materials,

especially in 2D or 3D, in borates.
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