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Computational details

Electrical transport modeling
The density of state mass m* and Lorenz number L were calculated based on single parabolic band

(SPB) model by the following equations:
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Here, kg is the Boltzmann constant, Fy is the Fermi integral, and the reduced chemical potential is
given by &= Er/(kgT), where Er is the Fermi energy.

Thermal transport modeling

The lattice thermal conductivity ( k) of alloys was calculated by the modified Debye-Callaway
model!, which can be expressed by the equation (6).
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Here, U is the average speed of phonon, % is the reduced Planck constant, © is the Debye
temperature, x is the relation of hw/kzT, w is the phonon frequency, and 7 is the total phonon
scattering relaxation time. 7y, can be attributed to scattering from various mechanisms such as
normal (N) and Umklapp (U) processes, point defects (PD), nanoprecipitates (NP), boundaries (B),
dislocation cores (DC), and dislocation strains (DS) according to the Matthiessen’s equation
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Tt =Ty + Ty T Tpp+Tnp T T +Tps + TpeThe phonon scattering relaxation time for
respective mechanism can be expressed as follows:

Umklapp phonon scattering
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Normal phonon scattering
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Point defect phonon scattering
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Precipitates scattering
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Dislocation scattering that includes both dislocation core (tpc) and dislocation strain(tps)
scattering.
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In above equations, Vis the average atomic volume, M is the average atomic mass, y is the
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Griineisen parameter, Ay is the ratio between normal process and Umklapp phonon scattering, Np
is the number of dislocations (or stacking faults) crossing a line of unit length, Bp is the magnitude
of the Burgers vector of the dislocation.

Estimation of dislocation density
To quantitatively understand the structural characteristics within our Gd and Br co-doped PbSe

sample, we further estimate the dislocation density using Np = L/Ad, where the L and A4 are
respectively the total length of recognized dislocation line and the area of the captured TEM
image and d is the specimen thickness.

As the TEM specimen was prepared by FIB, the average thickness of the prepared cross-sectional
specimen d was estimated as 100 nm and the observation area can be determined as 25 pm? (5 um
in length and 5 um in width) based on our precise sample preparation process, considering the
geometry of obtained lamella. To statistically estimate the dislocation density in our samples,
different areas in the sample were carefully examined in the HRTEM imaging. Consequently, the
dislocation density in our Pbg.g97Gdg 003Br0.003S€0.097 sample can be estimated as ~4x10'! cm2.
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Supplementary details

Figure S1. The back-scattered electron images of Pbyg94GdysSe sample and the corresponding
EDS mapping, showing obvious precipitates.

Figure S2. EDS point scanning of Pbg4GdgesSe sample from Fig. S1, confirming that the
precipitates are the selenium-gadolinium compounds.
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Figure S3. The measured Hall carrier density as a function of Gd concentration. The black and red
circles are the measured values. The blue circles represent the calculated predictions based on

simple valence principle.
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Figure S4. Typical medium-magnification TEM image of the Pbygg97Gd 003Bro.0035€0.997 sample

indicates the dislocations.
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Figure S5. GPA strain distributions for specific region of Pbgg97Gdg.003B10.0035€0.997 sSample. It

corresponds to Figure 6g.

Figure S6. The temperature dependence of thermal diffusivity for Pb;.,Gd,Br g03Seg.997 (y=0.002-
0.006) samples.
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Supplementary Tables

Table S1. The experimentally measured transport properties of Pb,.,Gd,Se. The samples change

from p-type to n-type with increasing Gd content.

303 K 873 K
Samples |, , Hn PF Kot | mm Hn PF | K | 2Tma
(10%em?3) | (em?Vish) | (mWm'K?) | (WK'm') | (10%em?) | (em2VIS1) | (mWm'K?) | (WK'm') ‘
x=0.002 1.75 82 0.12 1.72 -5.9 -57 2.4 1.31 0.15
x=0.003 1.40 269 1.7 1.71 -9.9 -38 34 1.29 0.19
x=0.004 1.30 54 0.15 1.67 -11 -44 4.3 1.22 0.30
x=0.006 -19 -21 0.2 227 -19 -47 7.1 1.08 0.54

Table S2. The sample densities of Pb,.,Gd,Se and Pb;.,Gd,Br ¢03S€9.997 measured by Archimedes
method. The theoretical density of pure PbSe is 8.1 g cm™.

systems Samples Measured density(g cm3) Relative density (%)

x=0.002 8.09 99.75

x=0.003 8.07 99.62

Pb,.Gd,Se

x=0.004 7.93 97.90

x=0.006 7.84 96.79

=0 8.06 99.51

=0.002 8.04 99.26

Pb,,Gd,Bry003S€y.997 »=0.003 8.00 99.14
y=0.004 7.96 98.27

¥=0.006 7.94 98.02
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Table S3. Parameters used to calculate x;,, based on various phonon scattering processes.

Paramaters symbol Values Ref
207.2 (Pb)
Atomic mass of matrix (g mol!) M;
78.96 (Se)
157.25 (Gd)
Atomic mass of impurities (g mol!) M
79.9 (Br)
Lattice parameters for Pb,,Gd,Br 0035€0.997 (A) a; 6.125-0.1667*y  This work
Average atomic mass (kg) M M/(2x6.023x10?3)  This work
Average atomic mass volume (A3) Vv a? /8
Boltzmann constant (J/K) Kp 1.38x103
Griineisen parameter 4 1.7 3
Average sound velocity (m/s) v 1787 4
Longitudinal velocity (m/s) Vi 3150 4
Transverse velocity (m/s) vr 1600 4
Debye temperature (K) e 193 3
Umklapp to normal ratio Ay 4 6
Pre-factor for dislocation scattering A’ 0.96 7
Poisson ratio r 0.243
Phenomenological parameter € 64 8
Burgers vector (m) Bp 433X 1010 4
Dislocation density for Pb;,Gd,Brg03Seq.997 (cm™2) Np 4x10'" (y=0.003) This work
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