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Density Functional Theory Calculations

All ab initio calculations are carried out using projector-augmented-wave (PAW) ! method
with the Perdew-Burke-Ernzerhof exchange and correlation (XC) functional 2 as implemented in
Vienna Ab initio Simulation Package (VASP) 3. The B 2s*2p! and As 4s%4p> shells are treated as
valence states. Kinetic energy cutoff value of 520 eV was used for the wave functions. The force
and energy convergence thresholds of 107 eV/A and 10710 eV, respectively, were used for both
structural relaxation and self-consistent density functional theory (DFT) calculations. The Brillouin
zone was sampled with a Monkhorst—Pack mesh of 5x5x5 for the structure relaxation of BAs with
a primitive cell containing 2 atoms. The relaxed lattice constants are a=4.82 A and o= 90.00°, which

is within 1.00 % of the experimental values (a= 4.78 A%).

Off-diagonal contributions to x,

Based on the Wigner transport theory >, the off-diagonal (s#s’) terms of the Wigner heat-flux

operator © give rise to
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In this expression, Fq ( q) is the scattering rate of a phonon mode which includes isotope-

phonon, three-phonon (3ph) and four-phonon (4ph) scattering processes. The velocity operator
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Vq.a6 is written as , in which the €. is the phonon eigenvectors and D is

the dynamical matrix.

Harmonic and Anharmonic Force Constants

Ground Force Constants Calculations: The ground interatomic force constants (G-IFCs) are
calculated at 0 K. The second-order G-IFCs*"d have been computed on a 5x5x5 supercell with
1x1x1 k-points using density functional perturbation theory (DFPT) and accounting for the non-
analytic term correction due to the dielectric tensor and Born effective charges, which are then
extracted using Phonopy’. The third-order G-IFCs? have been computed on a 4x4x4 supercell with
Gamma k-points in which the diameter cutoff distance is limited to 0.8 nm, using finite-
displacement approach as implemented in the THIRDORDER.PY script packaged in ShengBTES.
The fourth-order G-IFCs*" have been computed on a 4x4x4 supercell with Gamma k-points in
which the diameter cutoff distance is limited to 0.5 nm, using finite-displacement approach with our
in-house code®!!. The shorter cutoff distance for the G-IFCs*h stems from the earlier observation

12 that high-order IFCs are often more spatially localized, which has been further confirmed with

ap
previous works!®!1:13_ The particle-like component of the thermal conductivity (“ ) formula in Eq.

(1) of the main text has been computed using ShengBTE for 3ph?® and its extension for 3+4ph'4. The

ap
coherence thermal conductivity ( ¢) formula in Eq. (S1) of the supporting information has been
implemented in the Phono3py package!> by Simoncelli et al.'®. We here developed an in-house

extension of Phono3py to involve the 4ph scattering in computing the wave-like contribution. The

af af
thermal conductivity (*» and * ¢ ) based on G-IFCs has been computed based on a mesh 16x16x16.

Temperature-dependent Force Constants Calculations: The temperature-dependent
interatomic force constants (7-IFCs) which are extracted from the ab initio molecular dynamics
(AIMD) simulations as implemented in the TDEP package!”. The Born-Oppenheimer molecular
dynamics with the PAW! method as implemented in VASP? on a 4x4x4 supercell containing 128
atoms. The kinetic energy cutoff, the force, and the energy convergence thresholds are set to be 520

eV, 10 eV/A and 10710 eV, respectively. For the Brillouin zone integration, we use the I'-point and



ran the simulations on a grid of temperatures and volumes in the canonical ensemble. Temperature
was controlled using a Langevin Thermostat '®. The simulations ran for about 40 ps with a time step
of 2 fs. When fitting the IFCs, the cutoffs were set to be 6.0, 5.0, and 3.5 A for the 7-IFCs2nd, T-
IFCs?d and T-IFCs*h, respectively, after the convergence tests (see Fig. S1). The scalebroad

parameter was set to be 0.1, and the results of the convergence tests were shown in Fig. S2. The

thermal conductivity (K%ﬁ and Kacﬁ ) based on the 7-IFCs (temperature-dependent phonon frequency
and anharmonicity) has been computed based on a mesh 26x26x26, and specifically, a mesh
18x18x18 for 3ph and mesh 6x6x6 for 4ph scattering rates as implemented in TDEP 7 have been
used based on the convergence test of x, only including 3rd order anharmonicity, as a function of

different q points along each axis as shown in Fig. S3.
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Fig. S1 Calculated x using 7-IFCs with different interaction cut-off distance at 300 K. The red one

only includes 7-IFCs*dand the blue one includes both 7-IFCs*"d and T-IFCs*h,
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Fig. S2 Calculated x using 7-IFCs with different scalebroad parameter at 300 K.
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Fig. S3 Calculated lattice thermal conductivity (k) using 7-IFCs, only including 3rd order

anharmonicity, as a function of different q points along each axis at 300 K.
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Fig. S4 Comparison of 3ph heat capacity calculated with G-IFCs (red) and 3+4ph heat capacity

calculated with G-IFCs (blue) and 7T-IFCS (black) at 7=100 K-600 K, respectively.
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Fig. S5 Comparison of phonon dispersion relations with and without considering London dispersion in

nBAs.
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Fig. S6 The 3ph and 4ph scattering rates at 300 K for 7-IFCs.
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