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Figure S1. (a) Temperature and (b) average atomic mean square displacements as a

function of time from AIMD simulation.
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Figure S2. The theoretical and experimental (red hollow circle) values corresponding
to heat capacity in BizIr3O11. The solid blue line is heat capacity at constant volume (Cv)

and the dash red line is heat capacity at constant pressure (Cp)
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Figure S3. Thermal transport properties as the function of phonon frequency in
Bi3Ir;011 at 300K. (a) Accumulative lattice thermal conductivity (dash black line) and

the spectral lattice thermal conductivity (solid pink line), (b) phonon lifetime, (c)



phonon group velocity and (d) Griineisen parameter. The blue regions represent the

results of frequency at the range of 0.77~1.06 THz.

To check whether the oscillators exist, participation ratio (PR) is adopted to

characterize the localization of the phonon mode by the participation degree of all

atoms as described by:
4
e;(w;)
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where e;(w,)/+/ M; is the displacement amplitudes of the atom i. The PR closing to 1.0

(2)

means the propagative phonon modes, like the acoustic branches; the PR around or
lower than 0.2 indicates the localization mode where very few atoms have large
displacements and other atoms keep still. As shown in Supplementary Figure S5, Bi2

dominant modes are localized since their PR is mainly concentrated on the part lower

than 0.2.
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Figure S4. phonon dispersion and the color-coded participation ratio onto the phonon

dispersion of Bizlr;0O11 at 300K.

Based on IFCs and MD trajectories, the atomic mean square displacements (MSD)

are analyzed.

(1). The expectation value of the MSD by IFCs is calculated as[1, 2]
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where j and / are the labels for the j-th atomic position in the [-th unit cell, t is the
time, a is an axis, m is the atomic mass, /N is the number of the unit cells, q is the wave
vector, v is the index of phonon mode. e is the polarization vector of the atom jl and
the band v at q. r(jl) is the atomic position and w is the phonon frequency. n,(q, T) is

the phonon population, which is given by

n,(q,T) =

1
exp (hwy(q)/kpT)—1

“
where T is the temperature, and kjp is the Boltzmann constant.

(2). The expectation value of the mean squared atomic displacement by MD

trajectories, as described by
1 . . 2
MSD = (|x(t) — %,/%) = + T [xO () —x©(0)] )
®

where N is the number of particles to be average, vector x® (0) =x," is reference

position of the i-th particle, and vector X (t) is the position of the i-th particle at time
t3 . It needs to be noted that (|u®(jl, t)|?) and MSD are of the same meaning but in

different expressions.
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Figure S5. Mean square displacements (MSD) and mean square displacement matrix
of Bi3Ir;3011. (2) MSD of each atom is calculated from harmonic IFCs (lines and grey
regions) and MD trajectory (hollow symbol) at 300K. (b) MSD matrix. Color of atoms

are the same of Figure 1.



Figure S6. (a). Side view, and (b) top view of schematic of the atomic vibration of Bi2.
The parallelogram indicates the plane of oxygen near the Bi2. The plane formed by 023
is parallel to O13 and O33. The arrows on the Bi2 represent the vibrational directions of
low-frequency optical modes (0.77 and 1.06 THz) at I' point. The Bi2 vibrates in

parallel with these oxygen planes.
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Figure S7. Schematic of the delocalized cluster. The purple atom is a ratter in a large

cage (green atoms). Four purple atoms form a delocalized cluster with large mean

square displacement and “large atomic mass”.
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Figure S8. Phonon dispersion and the density of states of Bi2 atoms projects onto the
phonon dispersion are also shown and phonon PDOS in the toy model (reducing the 4"
neighboring Bi2-Bi2 interaction to half of the actual interaction). The grey regions

represent frequency of main contribution for Bi2 atoms.
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Figure S9. The weighted scattering phase space (WPS) of actual (pink color) and toy
models (green color) in Bislr;O11 at 300 K, respectively. The low-lying optical phonons

range (0.77~1.06 THz) is represented in blue.



The mode Griineisen parameter y(qv) at the wave vector q and band index v is
given by:

V dw(qv)
w(qv) aVv

v(qv) = — (1)

Where V is the volume, and w(qv) is the phonon frequency. To calculate phonon-
resolved Griineisen parameters, the equilibrium volumes of BizIr3O1; are expanded and
compressed by 2% to obtain the phonon frequency shifts. Here, we calculated phonon-
resolved Griineisen parameters by phonopy[l]. The phonon-resolved Griineisen
parameters have the same tendency with the Griineisen parameters derived from the
3"_order IFCs, but are slightly larger than Griineisen parameters derived from the 3™-

order IFCs.
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Figure S10. The color-coded mode Griineisen parameters (y) are projected onto the
phonon dispersion of Bizlr3O1;. (a) Actual phonon dispersion, and (b) toy phonon

dispersion when reducing the strength of the 2" IFCs of 4"-neighbor Bi2-Bi2 bonds.

The valence electron configuration of Bi is 6s’6p>. Thus, the formally trivalent Bi
in most oxides contains a lone pair of 6s electrons, which tend to hybridize with the O
2p orbital, such as BiMnO3[3], BisMOsX (M = Nb, Ta; X = Cl, Br)[4], and Ba,BiMOg¢

(M = Bi, Nb, Ta)[5]. However, the difference from the above compounds is that the



lone pair of trivalent Bi2 in BisIr;O11 may arise from sp® hybridization. There are two
main reasons to support our point of view:

(1). Figure S11 depicts the electronic projected density of states, and the partial
charge density for various energy regions. Among the b-e regions, only the d region
has the lone pair character with the red semilunar, whose character is similar to Figure
5. Then, we focus on the d region and divide it into two parts, the f region (yellow color)
and the g region (cyan color). As shown in Figures S11fand S11g, the fregion presents
the distinguishing feature of lone pairs. Thus, the electron states lying in the f region
correspond to the lone pair of Bi2. Furthermore, in Figure S11a, the ratio of the s orbital
area to the p orbital area in the f region is close to 1:3. As a result, it indicates that the
lone pair of trivalent Bi2 in BisIr;O1; arises from the sp* hybridization.

(i1). As shown in the Figure 4 of the revised manuscript, there is a delocalized
strong interaction in Bi24. Thus, the four Bi2 atoms can be regarded as forming a
tetrahedral cluster. In the previous study of tetrahedral P4 (white phosphorus), each P
atom is in a state of sp> hybrid orbital, three orbitals take part in the formation of P-P
bonds (bent electron pair bonds outside the edges, called bent bond or banana bond),
and the other one is the lone pair of electrons (Figure S12)[6, 7]. Tetrahedral molecules,
such as Ass, Sbs, and Bis, also have similar configurations[8]. Thus, it is reasonable that

the trivalent Bi in the tetrahedral Bi24 of BisIr;O11 has sp® hybridized lone electron pairs.
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Figure S11. (a) Electronic projected density of states in BizIr3O11. (b-g) Partial charge
density (band decomposed charge density). These correspond to the six energy regions
shown with brackets in (a). In particular, the d region in (a) is divided into two parts, f

region (yellow color) and g region (cyan color), respectively.
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Figure S12. The schematic of the geometric structure and the electron density of

tetrahedral P4 molecular [8].
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