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DFT calculations were performed using the Vienna ab initio simulation package (VASP)
[4] with the projector-augmented wave (PAW) method [5, 6]. Since LDA underestimates the
lattice parameters and PBE overestimates them, we used PBEsol to obtain accurate lattice
constants within 0.25% error compared with the experimental data [1]. The complete results on
different functionals can be found in Fig. S1. Cutoff energy of 400 eV was used with 11 x 11x
11 Monkhorst-Pack k-point grids in structure optimization.

The self-consistent iteration for the convergence criterion was below 107® eV, and all
geometries were optimized by the conjugate-gradient method until none of the residual
Hellmann-Feynman forces exceeded 10 °eV/°A. The optimized lattice constant of cubic Pm3m
phase (No. 221) is 5.862 A, in good agreement with the experimental value (a =5.847 A) [1].
For the P4/mbm tetragonal phase (No. 127), a=b=8.105 A, ¢=5.947 A, in good agreement with
the computed result (a = 8.259 A, ¢ = 5.897 A) [7]. While for the Pnma phase (No. 62), a =
8.375A,b=7.969 A, c=11.633 A, in good agreement with the experimental value (a = 8.379
A b=7.965A,c=11.633 A)[1]. A2 x 2 x 2 supercell and 3 x 3 x 3 k-points were employed
in all finite displacement calculations [8]. The harmonic phonon and interatomic force constants
(IFCs) calculations were performed by phonopy [9]. To extract the third- and fourth-order IFCs,
we used the Compressive Sensing Lattice Dynamics (CSLD) approach that utilizes the
compressive sensing technique [10] to select the physically relevant IFCs from the force-
displacement data under the constraints enforced by the space group symmetry. Specifically,
CSLD adopts the least absolute shrinkage and selection operator (LASSO) technique to obtain
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the sparse solution. In our work, three-phonon (3ph) and four-phonon (4ph) are all considered.

We generated force-displacement data by performing ab initio molecular dynamics
(AIMD) simulation with a 2 x 2 x 2 supercell at 300 K for 2000 steps with a time step of 2 fs
in NVT ensemble using a Nose-Hoover thermostat and 107° eV energy threshold. We sampled
40 atomic configurations that were equally spaced in time by skipping the first 400 steps from
the trajectories and then randomly displaced all of the atoms within the supercell by 0.02 A
(second-order) and 0.1 A (higher-order) in random directions in each configuration to decrease
cross-correlations in the sensing matrix formed by products of atomic displacements. Finally,
the 40 uncorrelated sets were computed using accurate DFT calculations with a 1078 eV energy
convergence threshold. The numbers of atoms for P3 (cubic), P2 (tetragonal), and P1
(orthorhombic) are 5, 10, and 20, respectively. The corresponding calculated amount of IFCs
increases significantly. Therefore, we adopt different grids to calculate k. For cubic phase, we

used 12 x 12 x 12 for szh, and 10 x 10 x 10 for K;A'ph methods. For the tetragonal phase, 7

x 7 x 7 was adopted for szh. We employed a scaling algorithm that has been testified in the

literature [ 11] to deal with situations beyond our current computational capabilities. Therefore,
we used the ratio of K3 4pp/K3pn to Obtain k34, result of 7 x 7 x 7 in the tetragonal phase.

For the orthorhombic phase, we used 6 x 6 x 6 grids for K;phand 7 x 7 x 7 for the ratio of

K34ph/K3pp tO Obtain Kg4pp. 6 X 6 % 6 grids were adopted for kc in all phases. The
convergence test as a function of grids can be found in Fig. S2.

Lattice constant, & (A) The difference, o (A)
Experimental data 5.847 0

LDA 5.76075 -0.086244
LDA-D2 5.503424 -0.343576
LDA-D3 4.931556 -0.915444
LDA-optB86b 5.873859 0.026859
LDA-optB88 5.895399 0.048399
LDA-SCAN+rVV10 5.828647 -0.018353
PBE 5.9835997 0.1365997
PBE-D2 5.676794 -0.170206
PBE-D3 5.9110878 0.0640878
PBE-DF2 6.0664116 0.2194116

PBE-optB86B 5.8851352 0.0381352




PBE-optB88 5.906116 0.059116

PBEsol-D2 5.5720531 -0.274947
PBEsol-D3 5.8043236 -0.042676
PBEsol-DF2 6.0664116 0.2194116
PBEsol-optB86b 5.8851352 0.0381352
PBEsol-optB88 5.906116 0.059116
PBEsol 5.8582863 0.0112863

FIG. S1. Calculated lattice constants using different exchange-correlation functionals compared
with the experimental lattice constant at 300 K *. ¢ is defined by @gcp-aca. The function of
PBEsol possesses the smallest error, which is selected in this calculation.

1.1

—u— %" (P1-200 K)
10 —e— i) oo (P2-350 K)
0ol 39“ (P3-500 K)
—A— p3*4P“ (P3-350 K)
__ 08}
- 07
=
% 06 choose
]
o1 choose T .
A___
04f —o—
2
A §<£ LS
03} ¢
[ choose
0'23 4 7 8 9 10 11 12 13

Ngrlds (nxnxn)
FIG. S2. Convergence test of computation in lattice thermal conductivity for orthorhombic (P1),
tetragonal (P2), and cubic (P3) phases, respectively. k, and k. are the lattice thermal
conductivity based on the phonon diagonal terms and off-diagonal terms, relatively. For the P1

3ph

phase, due to the current computational capabilities, we adopt 6 x 6 x 6 grids for the K,

situation (P1-200 K).

Temperature(K) Unified QP-NL p PP KpHieh K P e P i,
theory
50 0.72485 0.53125 0.45534 0.12578 0.65703 0.58112
60 0.66128 0.52001 0.44433 0.13964 0.65965 0.58397
70 0.61733 0.50577 0.43128 0.14819 0.65396 0.57947
80 0.58391 0.48799 0.41353 0.15454 0.64253 0.56807
90 0.55814 0.47089 0.3984 0.15837 0.62926 0.55677

100 0.53542 0.45631 0.3822 0.16093 0.61724 0.54313
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410 (P2) 0.47252 0.30761 0.13834 0.61086 0.44595

420 (P2) 0.46583 0.30236 0.13826 0.60409 0.44062
430 (P2) 0.45973 0.29627 0.13848 0.59821 0.43475
440 (P2) 0.45447 0.28897 0.13825 0.59272 0.42723
450 (P2) 0.44805 0.2803 0.13813 0.58618 0.41843
400 (P3) 0.82969 0.43413 0.0798 0.90949 0.51392
450 (P3) 0.80679 0.43226 0.08198 0.88877 0.51424
500 0.78222 0.42085 0.08397 0.86619 0.50482
550 0.76893 0.41461 0.08674 0.85567 0.50135
600 0.76108 0.40569 0.09101 0.85209 0.4967
650 0.74847 0.39012 0.09289 0.84136 0.48301
700 0.73306 0.38616 0.09646 0.82952 0.48262
750 0.72272 0.38022 0.09652 0.81923 0.47673
800 0.71121 0.36075 0.09372 0.80493 0.45447
339.94 0.45149
360.31 0.47637
380.23 0.49045
401.46 0.50238
420.48 0.50674
441.26 0.51326
460.72 0.51331
480.6 0.50795
500.93 0.50475
521.26 0.4994
541.59 0.49512
561.48 0.48761
581.36 0.48009
602.13 0.47365
621.56 0.4575
641 0.44566
661.76 0.43167
682.96 0.41551
701.5 0.39936
722.26 0.38752
742.14 0.37353
761.57 0.36061
781.89 0.34337
799.56 0.33477

FIG. S3. Calculated lattice thermal conductivity compared with the unified theory [2] from
Simoncelli, Marzari, and Mauri and the quasiparticle nonlinear theory (QP-NL) [3] from
Tadano and Saidi. The units of all thermal conductivity in the table are W m! K-\,
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FIG. S4. Two kinds of phonon group velocities containing HA and SCPH for cubic phase at
500 K. HA stands for the calculation of harmonic phonon that fails to consider the temperature
effect. SCPH is phonon group velocity calculation under the self-constant phonon

approximation.
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FIG. S5. Calculated phase space compared the four-phonon and three-phonon for the
orthorhombic phase at 150 K and 250 K, respectively. With the temperature increasing, the
phase space increases accordingly. It is worth noticing that 4ph is more sensitive to the
temperature of phase space than the 3ph situation.
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FIG. S6. Calculated phonon scattering rates compared with the four-phonon and three-phonon
for the orthorhombic phase at 150 K and 250 K, respectively. The scattering rates increase with
increasing temperature. We notice that the 3ph and 4ph are of the same order of magnitude.
However, 4ph is more sensitive to the temperature of scattering rates than the 3ph situation.
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FIG. S7. Calculated phase space compared with four-phonon and three-phonon for the
tetragonal phase at 320 K and 380 K, respectively. With the temperature increasing, the phase
space increases accordingly. It is worth noticing that 4ph is more sensitive to the temperature
of phase space than the 3ph situation.
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FIG. S8. Calculated phonon scattering rates compared with the four-phonon and three-phonon

for the tetragonal phase at 320 K and 380 K, respectively. The scattering rates increase with

increasing temperature. We notice that the 3ph and 4ph are of the same order of magnitude.

However, 4ph is more sensitive to the temperature of scattering rates than the 3ph situation.
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FIG. S9. Matrix parameters for the phonon-phonon interaction of the third acoustic branch
(highest frequency acoustic branch imode=3) and the 57th optical branch (imode=57)
associated with the strength of the four-phonon interaction matrix elements (/1) at 100 K for
orthorhombic phase (P1).
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FIG. S10. Matrix parameters for the phonon-phonon interaction of the third acoustic branch

(highest frequency acoustic branch imode=3) and the 27th optical branch (imode=27)

associated with the strength of the four-phonon interaction matrix elements (/1) at 350 K for
tetragonal phase (P2).
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FIG. S11. Matrix parameters for the phonon-phonon interaction of the third acoustic branch

(highest frequency acoustic branch imode=3) and the 12th optical branch (imode=12)

associated with the strength of the four-phonon interaction matrix elements (/1) at 500 K for
cubic phase (P3).
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FIG. S12. Matrix parameters for the interaction of the highest optical branch and other phonon
frequencies at 500 K for the cubic phase compared with phonon frequency.
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FIG. S13. Lattice thermal conductivity from the off-diagonal term contribution for three phases.
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