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Abstract

In most pure metals and metallic systems, although the electronic thermal conductivity is believed
to dominate thermal transport, the magnitude of lattice (phononic) thermal conductivity (LTC) is
usually not negligibly low. We report two exceptional metallic materials, namely cubic half-
Heusler-type PbAuGa and CsKNa, by solving phonon Boltzmann transport equation (BTE) based
on first-principles calculations. The two crystals possess record low LTC of 0.064 W/mK and
0.031 W/mK at room temperature, respectively, among all pure metals and metallic systems we
have known so far. Such LTCs, which are even comparable to that of air (about 0.025 W/mK at
ambient condition), only contribute 0.37% and 0.29% to the overall thermal transport. By
quantitatively characterizing both phonon-phonon and phonon-electron interactions, it is

demonstrated that the anomalously low LTC stems from low group velocity and strong
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anharmonicity which can be traced back to anti-bonding nature at the electronic level. The acoustic
modes of PbAuGa and CsKNa originating from Au and Cs respectively dominate the thermal
transport. By examining the mean square displacement, potential energy well, and crystal orbital
Hamiltonian population, we find that the magnitude of movement of loosely bonded Au and Cs
atoms in PbAuGa and CsKNa respectively are appreciable, which act as intrinsic rattlers and thus
induce strong phonon anharmonicity and ultrashort lifetime reaching the Ioffe-Regel limit. This
study deepens our understanding of heat conduction in metals and metallic systems and provides
a route for searching novel materials with nearly zero lattice thermal conductivity for future

emergent applications.
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Lattice Thermal Conductivity; Metals; Metallic Systems; Phonon Transport; First Principles;
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1. Introduction

The ability to predict and design thermal transport in bulk crystalline materials is of
fundamental importance for a wide range of energy applications!'l. In areas such as the
development of thermal barrier coatings and thermoelectric devices, engineering materials with
extremely low lattice (phononic) thermal conductivity (x;) are vital. Thermal energy in crystal
lattices can be carried by different vibrational models, the so-called quasi-particles (phonons), thus
it is necessary to get an insight into the governing factors or intrinsic material features that limit
the thermal transport, such as phonon harmonicity and anharmonicity. The modes of lattice
vibration supported by harmonic crystals are noninteracting and propagate without decay.
However, different modes of vibration interact with each other and propagate with decay in
anharmonic crystals[?], and this process leads to a finite lifetimel3-]. Rattling atoms are a well-
known concept proposed for achieving intrinsically low /% 7, where rattlers refer to specific atoms
or atom clusters with large amplitude vibrations(®l. In the materials with rattling atoms, the large
space and weak bonding make the rattling atoms (guests) vibrate with larger displacement and
different frequencies compared with atoms in the host framework. This kind of vibration yields
additional scattering of phonons and reduces the thermal conductivity significantly. For example,
ultralow x; values of AgInsSg, CulnsSg, Rb,SnBrg and CuP; are in the rages of 0.1 W/mK ~ 0.74
W/mK at room temperature which is induced by rattling effect(®-!11.

Recently, researchers did a lot of work to overwhelm the low thermal conductivity materials.
Compounds with structural disorder (e.g., x; of SiGe alloys: 1 W/mK ~ 2 W/mKU?2 131) soft bonds
(e.g., k; of GaP: 1.52 W/mKI!!4), and complex atomic structures (e.g., x; of Yb;;MnSb;;: 0.6 W/mK
[151) are thus favored since these features lead to low phonon velocities and strong phonon
anharmonicity(!%l. Despite of large number of studies that have pushed the lattice thermal
conductivity of semiconductors and insulators to an extremely low level, research on ultralow
thermal conductivity of metals and metallic materials receive less attention. It is known that both
phonons and electrons contribute to heat conduction in pure metals and metallic systems!'”l. For

most known such materials, the electronic thermal conductivity (x,) is believed to be much larger
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than the phononic thermal conductivity (x,). At room temperature, the phononic thermal
conductivity of typical pure metals and metallic structures ranges from 2 to 18 W/mK which
accounts for 1% to 40% of the total thermal conductivity!!'3l. This implies that, in most pure metals
and metallic systems, although the electronic thermal conductivity is believed to dominate thermal
transport, the magnitude of phononic thermal conductivity is usually not negligibly low. This
motivates us to investigate the possibility of extremely low thermal conductivity of metals and
metallic materials, e.g., on the level of less than 0.1 W/mK.

Recent advances in artificial intelligence (Al) techniques have significantly accelerated the
discovery of materials with optimal properties for various applications, including
superconductivity, catalysis, and thermoelectricity!!®-?2l, In our recent high-throughput prediction
of phonon transport properties of large-scale inorganic crystals based on deep learning(?> 23, after
thoroughly screening 80,000 cubic crystals from the Open Quantum Materials Database (OQMD)
[24.25] two metallic compounds, namely PbAuGa and CsKNa, are identified with anomalously low
phononic thermal conductivity, which is the lowest phononic thermal conductivity among all
crystalline materials we have known so far. Obviously, the phononic thermal conductivity of
metallic PbAuGa and CsKNa is well below the reasonable range. Therefore, a comprehensive
analysis of the phononic and electronic thermal conductivity of PbAuGa and CsKNa is highly
desirable. In this work, using first-principles calculations, in order to analyze and account for the
anomalously low thermal conductivity of PbAuGa and CsKNa, two other common metallic
materials Pd and Ag are also studied for comparison. The effect of both phonon-phonon (p-p)
scattering and phonon-electron (p-e) scattering on phononic thermal conductivity is carefully
quantified. Our study provides deep insight into the anomalously low thermal conductivity of
PbAuGa and CsKNa and helps us to obtain a more general conclusion of heat conduction in metals,
which is expected to have a broad impact on practical applications involving low lattice thermal

conductivity materials.

Page 4 of 29

Page 4 of 29



Page 5 of 29

Journal of Materials Chemistry C

2. Computational Methods

Combining the Boltzmann transport equation (BTE) and Fourier’s law, the phononic thermal

conductivity can be calculated as:
K, = Zcph,/'ivi,lz—/l (2)
A
where x, denotes the lattice thermal conductivity in o direction, A represents a specific phonon
mode with wave vector ¢ and phonon branch s, v, , is the phonon group velocity of the mode 4

along o™ direction, ; is the phonon lifetime of the mode 4, c,, , refers to the phonon volumetric

specific heat of the mode A and is calculated as:

k, (ho,/k,T*)e" """
cph»/l = NV (ehml/kBT _1)2

€)

where kg 1s the Boltzmann constant, N is the g-points number in the first Brillouin zone, V' is the
unite cell volume, 7 is reduced Planck constant, 7" is the absolute temperature, w is the phonon
angular frequency of the mode 4. The group velocity of the phonon mode 4 is the gradient of

frequency with respect to wave vector:
v, =V.m, (4)

The phonon lifetime is one of the key parameters determining the phononic thermal conductivity
which can be obtained by the Matthiessen’s rule as:

e )

p pp pe
[ 51

1 . D
where — denotes the phonon-phonon (p-p) scattering rate which is related to the three-phonon
75

. . 1 . L
scattering matrix and — denotes the phonon-electron (p-e) scattering rate which is related to the
A
p-e scattering matrix.
The first-principles calculations including Density Functional Theory (DFT) and Density
Functional Perturbation Theory (DFPT) are carried out using the Quantum Espresso (QE)
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packagel?6! to predict the phononic and electronic thermal transport in these metals by considering
both p-p and p-e scatterings. The atomic structure is fully optimized to ensure the stability of the
lattice structure. The Ultra Soft Pseudo Potential (USPP) is adopted and a 70 Ry plane-wave energy
cutoff is used to expand the electronic wave functions. Both lattice constants and atomic
coordinates are fully relaxed, and K-points of 21 x 21 x 21 and 13 x 13 x 13 gamma grids are set
for pure metals (Pd, Ag) and metallic compounds (PbAuGa, CsKNa), respectively. The
convergence criterion for energy and atomic force is set as 1 x 10 Ry and 1 x 10”7 Ry/Bohr,
respectively. In order to solve the problem of expensive computation for solids with large and
complex unit cells, the approach named compressive sensing lattice dynamics (CSLD)?"] is used
to obtain the 2" and 3™ interatomic force constants (IFCs) for phononic thermal conductivity
calculation. We calculated the normalized trace of IFC tensors[?®! which is used to describe the
strength of interatomic iterations quantity [see Figure S1 in Supplementary Information].
According to this parameter, one can directly determine how large the cutoff radius should be used
to evaluate the anharmonic IFCs by effectively including the possibly strong interaction strength
as revealed by the large trace value. To this end, the cutoff radius has been set as 6.527 A, 6.897
A,5.1516 A, and 7.673A for Pd, Ag, PbAuGa and CsKNa respectively in this calculation. To get
converged results with affordable computational cost, a 3 X3 x 3 supercell with 2 x 2 x 2 K-points
is used to obtain the IFCs of PbAuGa and CsKNa. More detailed computational parameters can be
found in Table S1 in Supplementary Information.

In the p-e scattering rate calculations, the phonon perturbation is first calculated using DFPT
as implemented in QE and then the p-e scattering matrix is calculated by Electron-Phonon Wannier
(EPW) packagel®®l. The initial and final K-points and Q-grids are tested carefully to achieve
convergence for electrical conductivity and thermal conductivity [see Table S2]. To make sure the
accuracy of EPW, the interpolated band structures obtained from EPW and pA.x module in QE are
compared in Figure S2. The results indicate the reliability of the calculation. For lattice thermal
conductivity calculations, the ShengBTE packagel*%! was modified to incorporate the p-e scattering

and p-p scattering. The thermal conductivity convergence of PbAuGa and CsKNa with respect to
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the Q-grids is fully examined in Figure S3. It is shown in Figure S3 that the thermal conductivity
of PbAuGa possesses a well-converged behavior when the O-grids are greater than 15 x 15 x 15,
and for CsKNa, the thermal conductivity does not change considerably over the different Q-grids

tested and thus the Q-grid is set as 20 x 20 x 20 for this material.

3. Results and Discussion

The optimized structures of PbAuGa and CsKNa are illustrated in Figure S4 which shows
the typical cubic structure. Both materials have the same symmetry of F43m (space group number
216). The fully optimized lattice constants of the primitive cell and the angle between two lattice
vectors are 4.747 A and 60° for PbAuGa, and 7.063 A and 60° for CsKNa, the corresponding
lattice constants of the conventional cell are a = b = ¢ = 6.713 A for PbAuGa and 9.989 A for
CsKNa. The primitive cell of PbAuGa crystallizes in a rhombohedral lattice with Pb, Ga, and Ga

atoms sitting along the diagonal direction, which is the same as CsKNa.

(1) Phononic thermal conductivity by only considering p-p scattering

To analyze and account for the heat transfer mechanism of PbAuGa and CsKNa, pure metals
Pd and Ag which also have a cubic structure are added for comparison. By examining the nature
of bonding and lattice vibrations, the phonon dispersion of Pd, Ag, PbAuGa, and CsKNa are
plotted in Figure 1. There are no imaginary frequencies in the phonon dispersion of both
compounds PbAuGa and CsKNa, as shown in Figure 1(c) and (d), respectively, implying their
dynamical stability. Furthermore, our computed elastic constants and cohesive energy of materials
are listed in Table S3 and Table S4. From the table, it is clear that the elastic constants and
cohesive energy of both PbAuGa and CsKNa satisfy the mechanical and energetic stability criteria.
Therefore, the compounds PbAuGa and CsKNa are dynamically, mechanically, and energetically
stable. In the PbAuGa system, the acoustic modes are dominated by the relatively heavier elements

Pb and Au, the phonon density of states (PDOS) of Ga is concentrated in low-lying optical (LLO)
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modes and high-lying optical (HLO) modes. In CsKNa, the acoustic modes, LLO modes, and HLO
modes are dominated by Cs, K, and Na respectively, which is well expected considering their
atomic mass decreases from high to low. Compared to the phonon dispersions of pure metal Pd
and Ag, there exists a phonon frequency gap with similar width between acoustic modes and low-
lying optical modes naturally in PbAuGa and CsKNa (the shaded cyan area in Figure 1), owing
to their significant atom mass differences. CsKNa, in particular, exhibits very interesting features
in its phonon dispersion as a second and broader phonon frequency gap is observed between the

LLO modes and HLO modes.

The temperature dependent x;" of PbAuGa and CsKNa is illustrated in Figure 2(a). The

k7 of Ag in literaturel'®] is presented as a star as reference, which agrees very well with our

calculation. The x7"” decreases with temperature increasing, which is the same behavior as most

semiconductors and insulators. Strikingly, the x;" of PbAuGa and CsKNa is extraordinarily low

(0.064 W/mK and 0.031 W/mK at room temperature, respectively), which is about 2 orders of
magnitude lower than that of pure metal Pd and Ag. Although many 3D (bulk) crystalline materials

with ultralow lattice thermal conductivity (below 1 W/mK) were reported in previous studies!3!-

4, the k" of PbAuGa and CsKNa is even several folders lower than those previously reported

lower bound, which is the most interesting part of this work. Specifically, CsKNa crystal possesses
a record low x77" of 0.031 W/mK at room temperature, the lowest among all pure metals and
metallics and even semiconductors and insulators we have known so far. This low lattice thermal
conductivity is even comparable to that of air (about 0.025 W/mK at ambient condition).

Based on Equations 1 and 2, the phonon volumetric specific heats of four systems are
calculated for the sake of comparison. At room temperature (300 K), the phonon volumetric
specific heats are Pd: 0.26x107 J/(m3 K), Ag: 0.23x107 J/(m? K), PbAuGa: 0.16x107 J/(m? K),

CsKNa: 0.50x10° J/(m3 K), respectively. Comparably speaking, the phonon volumetric specific

heat of CsKNa is about 19% of Pd, which is much less than their difference in ¥ 1’,’7” . Therefore,
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the volumetric specific heat should not be the governing factor for the lower lattice thermal
conductivity of PbAuGa and CsKNa.

It has been generally believed that electrons make a dominant contribution to the thermal
transport of metals, while phonons contribute less. We comprehensively discuss phononic and
electronic contributions to thermal transport in PbAuGa and CsKNa. Based on Equation 4, the
phononic thermal conductivity in metals is influenced by both p-p and p-e scattering. To gain

deeper insight into phononic thermal conductivity, we first investigate the phononic thermal

conductivity by only considering p-p scatting (defined as «; ") and then further consider the effect
of p-e coupling (the corresponding phononic thermal conductivity is defined as ). With BTE
solutions, the mode level x7~” for Pd, Ag, PbAuGa, and CsKNa are compared in Figure 2(b). It
is clearly seen that both the frequency range and frequency dependent 7" of PbAuGa and CsKNa
are much lower than that for Pd and Ag, which is consistent with the x}~" variation trends of four
systems. To observe how the «,” changes with frequency, the cumulative x” as a function of
frequency for Pd, Ag, PbAuGa, and CsKNa are presented in Figure SS. The cumulative «7~" of

all four systems increase with frequency, but the cumulative x;~” of PbAuGa and CsKNa increase
more steeply than that of Pd and Ag in low frequency range. The acoustic modes of PbAuGa and
CsKNa contribute the most to 7", being about 76% and 78%, respectively, and the contribution
of LLO in PdAuGa and CsKNa to 77" are about 19% and 10%, respectively. Figure 2(b) also

shows that, compared with the other three systems where the frequency dependent ) ” are

scattered in their respective entire frequency range, the frequency dependent ;" of CsKNa show

pillar-like behavior. In particular, a large pillar occurs in the frequencies above 2 THz which is the
HLO frequency range, which leads to considerable contribution of HLO in CsKNa (12%), higher
than the counterpart of PdAuGa (5%).
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Based on Equation 1, phononic thermal conductivity can be influenced by two important

factors which quantify the effective movement of heat carriers: phonon velocity and phonon

lifetime. From Figure 3(a), we see the trend of group velocity: v, >V, >V, .60 > Vs » Which

is consistent with the trend of their phononic thermal conductivity in Figure 2(a). As we all know,

the phonon group velocity is given by the slope of the dispersion relations!®! v = 0w/ dg . From

the phonon dispersion in Figure 1(c) and (d), it can be seen that the group velocity of PbAuGa is
larger than that of CsKNa, which is evidenced by the highly dispersive acoustic phonon branches
in the vicinity of I"-point.

For further insight into the phonon lifetime induced by anharmonic interactions, the scattering
phase space is computed, which is used to characterize the number of available phonon scattering
channels. To explore and clarify the mechanism behind, the three-phonon scattering phase space

(Ps) is calculated as!3l:

]33 :i(PBH)_'_lPS(—)j (6)
3Q0 2
P =3 [daD{ () (7
(@)=Y, Jdg's(0,@)0,)-0,(g 4"~ G)) ®

where Q is a normalization factor. In Equation (6) and (7), Df.i)(q) is the two phonon density of

states and momentum conservation which has already been imposed on ¢"[B7l. According to

Equations (5-7), P; contains a large number of scattering events that satisfy the conservation
conditions and can be used to quantitatively assess the number of scattering channels available for
each phonon mode. Consequently, there is an inverse relationship between the intrinsic lattice
thermal conductivity of a material and P; 3%, The phase space of four systems is compared in
Figure 3(b). The phase space of PbAuGa and CsKNa is comparable to that of Pd and Ag, in
particular for the phonon transport dominant acoustic frequency range. We can conclude that the

number of scattering channels available for PbAuGa and CsKNa is not the major factor for their
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ultralow phononic thermal conductivity.

Now we turn to phonon lifetime itself to reveal the underlying mechanism responsible for the

ultralow 7" of PbAuGa and CsKNa. As seen in Figure 4, the lifetime of PbAuGa and CsKNa

is at least one order of magnitude lower than that of Pd and Ag, in particular for the acoustic
phonon modes, which agrees with the trend of phononic thermal conductivity. Interestingly, in the
higher frequency range of frequency dependent lifetime of CsKNa, there appears an unusual peak

around 2 THz, which is associated with the phonon frequency gap induced prohibition of phonon

scattering channels [see Figure 1(d)]. The contribution of HLO mode to «;” in CsKNa is high

(12%), which can be ascribed to the second and broader phonon frequency gap between the LLO
and HLO modes in CsKNa [see Figure 1(d)]. Generally speaking, a broader frequency gap

between different phonon modes restricts the scattering phase space by prohibiting possible three-

phonon scatterings, since the energy criterion for phonon scattering (a)1 + w, = ,) would be hard

to fulfill if there is a gap in dispersions. The phonon lifetime is inversely proportional to the number
of scattering channels: the fewer available scattering channels, the longer the phonon lifetimel3%-
401, Comparing PbAuGa and CsKNa, the broader phonon frequency gap in the 1.5 to 2.1 THz range
in CsKNa results in the higher contribution of HLO modes in CsKNa (12%) than that in PbAuGa
(5%). In Figure 4 we also show the Ioffe-Regel limit in lifetimel*!l, i.e., 7 =1/ @, where w is the
phonon frequency. By the Ioffe-Regel criterionl#?], this is the lowest limit for particle-like phonon
transport, which means that the carrier scattering has reached the highest limit (correspondingly
the lifetime reaches the lowest limit). Compared with Pd and Ag, the lifetimes of PbAuGa and
CsKNa almost approach the loffe-Regel limit, in particular for the acoustic phonon modes,
indicating extremely high phonon scattering and thus ultralow phononic thermal conductivity.
Combining the above results, we conclude the ultralow phononic thermal conductivity of PbAuGa
and CsKNa is dominated by low group velocity and ultrashort lifetime.

It is well known that chemical bonding in crystal structures plays an important role in

determining lattice thermal conductivity*3-46l. Since both PbAuGa and CsKNa are metallic [see
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the band structure in Figure S2], the metallic bonding will be the dominant interatomic interaction,
and thus we will study the correlation between low phononic thermal conductivity and metallic

bonding nature [see ELF in Figure S7]. As we discussed earlier, the acoustic modes of PbAuGa
and CsKNa contribute most to &, ” (~76% and 75%, respectively), which originates from Au and

Cs atoms, respectively. Therefore, we focus our analysis on the movement of Au and Cs atoms in
PbAuGa and CsKNa respectively and its effect on the phonon scattering. To this end, we calculate
mean square displacements (MSD)*7] of representative atoms Pb, Ag, Au, and Cs in different
systems with varying temperatures [see Figure 5 (a)]. This time the atoms do not stay in a fixed

position but move randomly around the equilibrium positions. The MSD increases with

temperature increasing, but K, " has inverse relationship with MSD, i.e., the higher MSD, the

lower &, ", as also evidenced by our recent big data analysis on ~29,000 cubic structures??l. The

MSDs of all atoms in CsKNa and PbAuGa are much higher than those of Pd and Ag atoms in pure
metals. The higher MSD indicates the atoms can do a periodic movement with large displacement
away from their equilibrium position, and also implies that atoms are loosely bonded with
neighbors and indeed act as intrinsic rattlers. It has been known that rattling effect is associated
with increased phonon scattering, which is an important mechanism for reducing phononic thermal
conductivity*’]. Comparing different elements in the same material, the MSDs of Au and Cs are
higher than the rest atoms in PbAuGa and CsKNa, respectively. Therefore, the displacements of

Au and Cs atoms are appreciable and comparable to previously reported guest rattler atoms, which
induce strong phonon anharmonicity and finally the unusually low &, " of PbAuGa and CsKNa.

Moreover, the nature of the loose bonding in PbAuGa and CsKNa can be reflected by their low
Young's modulus and shear modulus [see Table S3]. Generally, materials with low Young's
modulus and shear modulus would result in low phonon group velocity and thus low thermal
conductivity[*8].

Furthermore, to study whether rattlers Au and Cs exhibit loosely bonded with the neighbor

atoms and move easily around the equilibrium positions, we calculated potential energy change
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with respect to the displacement of atoms from their equilibrium positions. Among all three
acoustic branches, the LA branch contributes the most to thermal conductivity, accounting for 52%
of PbAuGa and 35% of CsKNa, respectively. Therefore, the eigenvector of the LA branch is
chosen for the Au and Cs atomic vibration modes. The zero displacement factor on the x-axis
means that the atom is at the equilibrium position, and the absolute value of the displacement factor
increasing means that the amplitude of the atom vibrates around the equilibrium position. While
pure metal Pd and Ag lie in very deep potential wells, PbAuGa and CsKNa lie in very shallow

potential wells, meaning that the Au and Cs atoms can fly far away from the equilibrium positions

at the same temperature (thus with the same energy level of k,7 ). Furthermore, these shallow

potential wells deviate from the perfect harmonic behavior [see Figure S6], indicating Au and Cs

atoms in PbAuGa and CsKNa, respectively, indeed are loosely bonded with neighbors and act as

rattlers, which induce strong phonon anharmonicity and thus lower the x} .

It was recently found that MgCuSb processes a non-centrosymmetric cubic structure (space
group No. 216) which is the same as the structure types of PbAuGa and CsKNa. The intrinsic
thermal conductivity of MgCuSb is also relatively low ~ 3 W/mK. It was revealed that both the
native strong anharmonicity induced by the tension effect of atomic filling and a low-energy
shearing vibration mode triggered by weak Mg-Cu bonding are responsible for the unusually
suppressed phonon conduction in MgCuSb!*?l, In comparison, Au and Cs atoms in PbAuGa and
CsKNa respectively act as the rattlers, and their physical binding feature accounts for the global
weak bonding environment in PbAuGa and CsKNa [see Figure S7] which leads to a higher MSD
than that of MgCuSb. In addition, the lifetime of PbAuGa and CsKNa approach closer to the loffe-
Regel limit which means stronger anhamic atomic interaction in PbAuGa and CsKNa. Therefore,
the lattice thermal conductivity of PbAuGa and CsKNa in our work is almost two orders of
magnitude lower than MgCuSb.

To ascertain the bonding component, Local-Orbital Basis Suite Towards Electric-Structure
Reconstruction (LOBSTER)P 511 package is used to obtain the crystal orbital Hamiltonian

population (COHP) for interactions between selected atom pairs. In the valence band energy range
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(Fermi energy below 0 eV, ¢r < 0 eV), bonding states are positive and anti-bonding states are
negativel3?l, The interactions in Au-Pb and Ga-Au have anti-bonding components, which are
marked by the dashed rectangles in Figure 6(b) and (c), indicating that the Au atom is loosely
bonded to the lattice in PbAuGa system. For CsKNa system, the COHPs of K-Cs and Na-Cs are
both negative, corresponding to the anti-bonding there [see dashed rectangles in Figure 6(e) and
()], therefore the Cs atom is loosely bonded to its surroundings as well. On account of Au and Cs,
that are evidently loosely bonded to the lattice, we naturally suspect these atoms are highly prone
to larger thermal fluctuations compared to other atoms in the lattice. Thus, by examining
qualitative descriptors, the MSD, COHP, supplemented with the inference obtained from phonon

dispersions, as well as quantitative descriptors in group velocity and lifetime, we verify the loosely

bond atoms Au and Cs acts at the rattler atoms that suppress the &, " of PbAuGa and CsKNa,

respectively.

(2) Effect of phonon-electron coupling on phononic thermal conductivity

The p-e scattering is an important scattering mechanism in the phonon scattering process for

metals and thus it should be rigorously considered in the two metallic materials herein. The 77",

e . .. S . e
Kk, “ (the phononic thermal conductivity after considering phonon-electron coupling), and «;

(the electronic thermal conductivity by considering phonon-electron coupling) of 21 pure metals

and intermetallic compounds are compared in Table S5 (some raw data is taken from referencel!8]).

DFT _

The total thermal conductivity (K‘ =K, +K] ’e) obtained by our DFT calculations for the pure

total
metal Pd and Ag is 94.7 W/mK and 402.35 W/mK, respectively, which is in reasonable agreement
with the experimental results (Pd: 71.7 W/mK, Ag: 436 W/mK)!**l. Also, the &7~ of Ag is 5.86
W/K by our calculation, which agrees well with the result (5.2 W/mK) in literaturel*. The above

results evidently show that the process of our p-e coupling calculation is rigorous and reliable.

We first notice from Table S5 that, the phononic thermal conductivity of PbAuGa and CsKNa
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does not change considerably before and after considering phonon-electron coupling, which is
reflected by nearly no change in the phonon lifetime [see Figure S8] and means the electrons have
the weakest effect on phonon transport in these two materials (3.03% and 3.13% for PbAuGa and
CsKNa, respectively). This behavior is distinct from most of pure metals and metallic structures

collected in Figure 7, where phonon-electron coupling has significant effect on phonon transport

in many systems. For instance, the (K,’f -k ) / Kk, " values of pure metal Pd and Ag are 29.28%

and 4.09%, respectively, which are in good agreement with the previous literaturel'$l. The &,

result also verifies that the root reason for the anomalously low phononic thermal conductivity of

PbAuGa and CsKNa is the loose bonding inducing small group velocity and strong phonon
anharmonicity. We also use &, / Kpv 10 quantify the percentage of the final phononic thermal

conductivity contributing to total thermal conductivity. As shown by the orange bar in Figure 7,
generally speaking, the percentages of phononic thermal conductivity contributing to total thermal
conductivity in metals and metallic materials are below 40%, which means the electronic thermal
conductivity possesses a higher contribution to overall thermal transport than the phononic
counterpart. To be more specific, for pure metals Pd and Ag, phonons account for 15.05% and
1.46% of the total thermal conductivity, respectively, which is in a reasonable range. However, the
phononic thermal conductivity proportions of PbAuGa and CsKNa are only 0.37% and 0.29%,
respectively, of total thermal conductivity, meaning the phonon contribution in these two materials
can be neglected and the thermal energy will be completely conducted by electrons. These
percentages are several folders lower than other metallic materials collected in Figure 7, and to

the best of our knowledge these phononic contribution percentages have reached the lowest level
among all metals and metallic structures so far. It is worth noting that, the x”™° of PbAuGa and

CsKNa is 17.42 W/mK and 10.76 W/mK, respectively, which is in the lower region compared to
many other pure metals and intermetallic materials between 7.34 W/mK and 396.49 W/mK. There
are several effective methods that have been reported to suppress the electronic contribution to

thermal conductivity®> %], e.g., by substituting Te with Se in Ge,Sb,Tes composition, a drastic
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reduction in the electronic lifetime is experimentally observed in Ge,Sb,Se,Tel¢l. We speculate
that PbAuGa and CsKNa may be applied as thermal insulation, by substituting the non-rattling
atoms. It is also worth mentioning that the trend of electronic thermal conductivity corresponds

with electrical conductivity, which is associated with the carrier concentration.

4. Conclusion

In summary, first-principles calculations combined with phonon BTE are performed to
systematically investigate the thermal transport in two cubic metallic materials, namely PbAuGa
and CsKNa, by considering both phonon-phonon and phonon-electron interactions. At room
temperature, the phononic thermal conductivities of PbAuGa and CsKNa are only 0.064 W/mK
and 0.031 W/mK, respectively, which is on the same order of magnitude as air (0.025 W/mK).
The phonons only contribute 0.37% and 0.29% to the total thermal transport, which is far below
the normal range of other metals and metallic systems (1% to 40%). The analysis of phonon mode

level properties reveals that the acoustic modes of PbAuGa and CsKNa originating from Au and

Cs respectively contribute the most (about 76% and 78%) to x,~”. The trend of group velocity Pd,

Ag, PbAuGa, and CsKNa are consistent with the trend of thermal conductivity, and the lifetimes
of PbAuGa and CsKNa almost reach the Ioffe-Regel limit. Therefore, we conclude the ultralow
phononic thermal conductivity of PbAuGa and CsKNa is determined by low group velocity and
strong anharmonic interaction. Furthermore, by qualitatively examining MSD, potential energy
wall, and COHP, we verify that the Au and Cs atoms act as the rattlers in PbAuGa and CsKNa,
respectively, due to their loose bonding with neighbors, and thus suppress the phononic thermal
conductivity of PbAuGa and CsKNa to the lowest level ever. Finally, the effect of phonon-electron
coupling on the phononic thermal conductivity of PbAuGa and CsKNa is found to be very limited.
This study deepens our understanding of heat conduction in metals and metallic systems and offers
a new route for future emergent applications wherever blocking phonon transport to a large extent

1s desired.
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Figure 1. Phonon dispersions (left panels) and partial phonon density of states (right panels) of (a) Pd, (b)

Ag, (c) PbAuGa, and (d) CsKNa.
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