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Abstract: The BC8 silicon allotrope has a lattice thermal conductivity 1-2 orders of magnitude 

lower than that of diamond-cubic silicon. In the current work, the phonon density of states, 

phonon dispersion, and lattice thermal conductivity are investigated by inelastic neutron 

scattering measurements and first-principles calculations. Flat phonon bands are found to play 

a critical role in the reduction of lattice thermal conductivity in BC8-Si. Such bands in the low-

energy range enhance the phonon scattering between acoustic and low-energy optical phonons, 

while bands in the intermediate-energy range act as a scattering bridge between the high- and 

low-energy optical phonons. They significantly enlarge the phonon-phonon scattering phase 

space and reduces the lattice thermal conductivity in this novel silicon allotrope. This work 

provides insights into the significant reduction of the lattice thermal conductivity in BC8-Si, 

thus expanding the understanding of novel silicon allotropes and their development for 

electronic devices. 
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1. Introduction 

With the development of novel synthesis techniques[1] including extreme synthesis 

conditions[2,3], numerous silicon allotropes were discovered in recent years, including Si-II[4], 

Si-V[5], Si-VI[6], Si-VII[5], Si-VIII[7], Si-X[8], Si-XI[9,10], Si-XIII[11], etc. Among them, 

Si-III (BC8-Si)[12], Si-IV (HD-Si)[11], Si-XII (R8-Si)[13,14], zeolite types Si136,[15] and Si24, 

[2]are recoverable phases that remain metastable at ambient conditions. Many of these 

allotropes have novel properties beyond those of diamond-cubic silicon (DC-Si). For example, 

Si24,[2] and tI16-Si[16] have a quasi-direct band gap near 1.4 eV and a direct band gap of 1.25 

eV, respectively, which is close to the optimum value for solar conversion, while maintaining 

large carrier mobility and low mass density[17]. Additionally, the thermal conductivity of Si24 

is 1/13th that of DC-Si[18], suggesting promise in thermoelectric applications. While several 

new silicon allotropes[19,20] with novel electronic properties[17] have been investigated, 

experimental studies of thermal transport properties are rare, mainly due to the small sample 

sizes limited by high-pressure synthesis. 

Recently, large and phase-pure samples of BC8-Si (cI16) were successfully synthesized 

by the multi-anvil press method[12], opening the possibility for novel measurements. BC8-Si 

is a narrow-gap semiconductor with an electrical conductivity of 76 S/cm at 300 K thanks to 

its high carrier density. Moreover, a recent study revealed that BC8-Si has a remarkably low 

thermal conductivity: 1-2 orders of magnitude lower than that of DC-Si depending on the 

temperature. This result appears highly unusual since BC8-Si and DC-Si both have cubic 

structures[20]. The microscopic origin of this thermal transport difference is still unclear due 

to the lack of knowledge on the lattice dynamics of BC8-Si.  

In this work, the primary origin of the strikingly different thermal conductivities of BC8-

Si and DC-Si is revealed by combining inelastic neutron scattering (INS) measurements and 

first-principles simulations. INS experiments were performed on DC- and BC8-Si samples to 

obtain the phonon density of states (DOS) at ambient temperature and the results reveal softer 

phonons in BC8-Si. The first-principles simulations indicate that the reduction of lattice 

thermal conductivity in BC8-Si mainly results from the enlarged phonon-phonon scattering 

phase space induced by flat phonon bands, which act as a bridge between low-energy and high-

energy optic branches. The results offer microscopic insights into thermal transport in BC8-Si 
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and further exploration of the thermal properties of silicon allotropes. 

2. Experimental and Computational Methods 

 Bulk samples of BC8-Si used for the INS measurements were synthesized via direct 

transformation of elemental silicon using the multi-anvil press method[12]. The recovered 

samples were determined to be homogeneous and phase-pure through characterization using 

X-ray diffraction, Raman spectroscopy, and nuclear magnetic resonance spectroscopy[21]. A 

total sample mass of 10 milligrams of BC8-Si was used for INS and 5 grams of crystalline DC-

Si sample was used for comparison. 

 INS measurements were performed on the Wide Angular-Range Chopper Spectrometer 

(ARCS), a direct geometry chopper neutron spectrometer at Oak Ridge National Laboratory. 

Both samples were sealed with thin aluminum foil and loaded on a sample stick without sample 

environment to minimize the measurement background. All measurements were performed at 

ambient temperature (295 K). ARCS has an energy resolution of 1.4-3 meV[22] for the neutron 

incident energy (Ei) of 40 and 75 meV chosen to optimize the energy resolution and range (Fig. 

1).  

 MANTID software[23] was used for the data reduction. The event mode data of ARCS 

measurement contains the information of the detector number and the time-of-arrival of each 

scattered neutron. The momentum (q) and energy transfer of scattered neutrons were calculated 

from their time-of-flight and scattering geometry to generate the dynamical structure factor, 

S(q, E). Measurements on an empty instrument suggest that the background is negligible, so 

the background subtraction is not needed. The phonon spectra were calculated based on the 

incoherent approximation, which has been shown to work reliably[24,25]. Elastic intensities 

were removed below 5 meV and the phonon DOS below this cutoff was extrapolated by the 

Debye model. The energy bin sizes were set at 0.5 and 1 meV for Ei = 40 and 75 meV, 

respectively. Due to the small sample thickness, no multiple scattering correction was 

necessary[24]. The phonon spectra were also corrected for the Boltzmann factor. 

 First-principles calculations based on the density-functional theory (DFT) were 

performed using the projector-augmented wave (PAW) method[26] as implemented in the 

Vienna Ab Initio Simulation (VASP) Package[27]. The generalized gradient approximation 

(GGA) of Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation functional[28] was 
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used. The cut-off energy of plane wave basis was set 500 eV and the first Brillouin zone of the 

reciprocal space was sampled with Monkhorst-Pack[29] k-point meshes of 12×12×12 for DC-

Si and 15×15×15 for BC8-Si. Two structures were fully relaxed until the force on each atom is 

smaller than 0.001 eV/Å and the optimized lattice constants are 5.469 and 6.622 Å for DC-Si 

and BC8-Si, respectively. The Phonopy package[30] and the ShengBTE code[31] based on the 

Boltzmann transport theory were used to obtain phonon dispersion and thermal conductivity, 

respectively. 

3. Results and discussions 

The phonon DOS of DC-Si and BC8-Si measured by INS, as shown in Fig.1a, and b, are 

in qualitative agreement with the first-principles simulation results. The experimental phonon 

population is the largest around 40 meV in BC8-Si, while the phonon population of DC-Si is 

low in the middle energy region. Compared with DC-Si, the phonon spectrum is softer (lower 

in energy) in BC8-Si for the features below 25 meV and above 50meV. The effects of these 

differences on thermal transport property of BC8-Si are worth investigation. 

 
Fig. 1. The phonon density of states of DC-Si and BC8-Si measured by INS with incident 
energies of (a) 75 and (b) 40 meV at 295 K show significant difference. The first-principles 
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simulation is plotted in the same energy ranges for comparison (c) (d).  
The phonon dispersions of the two materials along the high-symmetry directions of the 

Brillouin zone are plotted in Fig.2a,b. Measured phonon dispersion of DC-Si from INS[32] and 

-point phonon energy of BC8-Si from Raman spectrascopy[21] are in good agreement with 

our first-principles calculations. Compared with DC-Si, the number of phonon branches of 

BC8-Si quadrupled because of the larger primitive cell. This will enhance the phonon scattering 

in BC8-Si and reduce its lattice thermal conductivity[33]. The overall phonon energy of BC8-

Si is softer, and this is consistent with the phonon DOS in Fig.1. The low-energy optic phonon 

branches in BC8-Si cross with the acoustic phonon branches and form a series of non-

dispersive, “flat” bands between 10 and 20 meV, while the high-energy optic phonons show 

flat bands spaced at equal energy intervals. In addition, between 30 and 40 meV, there are a 

few “flat” optical phonon branches in BC8-Si, corresponding to the peaks in its PDOS (Fig.1).  

 
Fig. 2. Phonon dispersion of (a) DC-Si and (b) BC8-Si from first-principles calculations. The 
blue diamonds in (a) are INS results from Ref. 32 and the blue dots at  point in (b) are Raman 
results from Ref. 21.  

The calculated temperature-dependent lattice thermal conductivity for DC-Si and BC8-Si 

agree well with available experiment values[12], as shown in Fig. 3a. The slight overestimation 

is because phonon scattering by boundaries, defects, etc. are not considered. The lattice thermal 

conductivity of BC8-Si (26.96 W/(mK)) is about one sixth of that of DC-Si (155.80 W/(mK)) 

at 300 K, reproducing well the trend of available experimental results from 200 to 300 K.  

Jo
urn

al 
Pre-

pro
of



 6 

 
Fig. 3.  Temperature dependence of (a) lattice thermal conductivity, (b) the heat capacity from 
calculation and experiment for DC-Si and BC8-Si. The experimental results are from Ref.12. 

To reveal the origin of such remarkable differences in lattice thermal conductivity between 

BC8-Si and DC-Si, the lattice thermal conductivity is decomposed into three main factors for 

investigation, i.e., the heat capacity, 𝑐𝒒𝑗 , group velocity, 𝜐𝒒𝑗 , and phonon lifetime, 𝜏𝒒𝑗   (of 

wave vector q and branch index j) in Eq.(1)[34].   

 𝜅 =
1

3
∑ 𝑐𝒒𝑗𝜐𝒒𝑗

2
𝒒𝑗 𝜏𝒒𝑗.                             (1) 

Firstly, the lattice heat capacity of DC-Si and BC8-Si is calculated and compared with available 

experimental results, as shown in Fig.3b. Both the experimental and computational lattice heat 

capacity of DC-Si are very close to that of BC8-Si (Fig. 3b), indicating that the lattice heat 

capacity contributes little to the large difference of thermal conductivity between the two 

phases. Secondly, to evaluate the role of the group velocity, the acoustic phonon group 

velocities are extracted from the phonon dispersion, as listed in Table I. The group velocity of 

the longitudinal acoustic (LA) mode and the transverse acoustic TA2 mode of BC8-Si are only 

slightly lower (~ 5%) along [010] directions when compared with those of DC-Si. On the other 

hand, the group velocity of the transverse acoustic mode TA1 is much larger in DC-Si. The 

group velocity of acoustic TA1 mode of BC8-Si does not explain its much lower lattice thermal 

conductivity even with a 41% smaller group velocity.   
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Table I. Group velocity (υg, unit in m/s) of LA, TA1 and TA2 modes along the [010] directions. 

 υ LA υ TA2 υ TA1 

DC-Si 8323 5525 5525 

BC8-Si 7971 5238 3240 

(υBC8 - υDC)/υDC  -4% -5% -41% 

As the heat capacity and the group velocity are ruled out as the main source for the large 

difference in thermal conductivity, the effects from phonon lifetime are analyzed. As shown in 

Fig.4a, the phonon-phonon scattering rates in BC8-Si are larger than that of DC-Si over the 

entire energy range, especially between 20 and 40 meV, suggesting that the shorter phonon 

lifetime is the main reason for the lower lattice thermal conductivity of BC8-Si. The phonon 

scattering rates depend on the phonon-phonon scattering phase-space and scattering probability 

determined by the third-order force constants (Φ(3)). Fig.4c displays the Grüneisen parameter, 

which is usually used to approximately characterize the magnitude of Φ(3). Because no major 

difference is found between the Grüneisen parameters of the two samples (Fig. 4d), the phonon 

scattering space weighted by the phonon occupation factor[35] are calculated (Fig. 4b). It turns 

out that the total weighted phase space of BC8-Si is about one order of magnitude greater than 

that of DC-Si. This enlarged scattering space in BC8-Si originates predominantly from its 

phonon dispersion, as shown in Fig.4c for different types of three-phonon scattering processes. 

The phonon-phonon scattering mostly occurs in acoustic phonons for DC-Si, while the optical 

phonons are much more involved in the phonon scattering processes in BC8-Si. The 

dimensionless scattering phase space volume (P3)[36] of (aoo) and (ooo) processes (where ‘a’ 

and ‘o’ indicate acoustic and optical phonons, respectively) of BC8-Si is tiny, indicating that 

the acoustic phonon scattering is significantly suppressed by the acoustic phonon dispersion. 

However, the (aoo) and (ooo) processes dominate phonon scattering processes in BC8-Si, 

contributing to the total phase space P3. The former mostly stems from the phonon scattering 

between the acoustic phonons and low-lying optical branches, which forms a series of “flat 

bands” between 10 and 20 meV. The large phase space of (ooo) processes mostly results from 

the unique optical phonon branches of BC8-Si, in which the “flat” branches between 30 and 

40 meV play a role of a “bridge” to provide more phonon scattering channels for the low energy 
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optical phonons below 20 meV and high energy optical phonon beyond 50 meV. Therefore, the 

“flat optical bands” not only enhance the phonon-phonon scattering between acoustic and low-

energy optical phonons, but also act as a scattering bridge between the high- and low-energy 

optical phonons. This enlarged scattering space greatly enhances the phonon-phonon scattering 

rate in BC8-Si and reduce its lattice thermal conductivity significantly.  

Fig. 4. Thermal transport properties for DC-Si and BC8-Si. Energy dependent (a) total 
scattering rates, (b) total weighted phase space at room temperature; (c) contribution of three-
phonon scattering processes to total scattering phase-space volume, these processes are labeled 
as (aaa), (aao), (aoo) and (ooo), (d) energy dependent mode Grüneisen parameters. 
 
4. Conclusion 

In summary, by combining experimental INS measurements and first-principles 

calculations based on the Boltzmann transport theory, the origin of the remarkable difference 

between lattice thermal conductivity of DC and BC8 silicon is revealed to be the dramatically 

larger phonon scattering phase space of BC8-Si. The “flat” optical phonon bands contribute to 

this large scattering phase space. Such bands between 10 and 20 meV enhance the scattering 

between acoustic and low energy optical phonons, while the bands between 30 and 40 meV act 
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as a scattering bridge between the high- and low-energy optical phonons. These findings 

provide the microscopic origin of the outstanding difference of thermal properties in DC-Si 

and BC8-Si, and provide insights for novel silicon allotropes and their development as efficient 

electronic device. 
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Highlights 
 BC8 silicon not only has a narrow-band gap, but also unusually low thermal 

conductivity, i.e., 1-2 orders of magnitude lower than that of DC-Si, although they 

have similar cubic structure and very close Si-Si bond lengths. 

 Combining the inelastic neutron scattering (INS) and the first-principles 

calculations, the primary origin of the strikingly different thermal conductivity of 

BC8-Si and DC-Si is revealed.  

 Flat phonon bands are found to play critical role in the reduction of lattice thermal 

conductivity in BC8-Si. Such bands in the high energy range act as a scattering 

bridge between the high energy optical phonons and other low energy phonons.  
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