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Calculation methods
Density functional theory (DFT) calculations

The total energies and relaxed geometries were calculated by DFT within the generalized gradient 

approximation of Perdew-Burke-Ernzerhfor the exchange correlation functional with Projector 

Augmented Wave potentials.1 We use periodic boundary conditions and a plane wave basis set as 

implemented in the Vienna ab initio simulation package.2 The total energies were numerically converged 

to approximately 3meV/cation with spin-orbit coupling using a basis set energy cutoff of 500 eV and 

dense k-meshes corresponding to 4000 per reciprocal atom k-points in the Brillouin zone. Our 

theoretically relaxed KZrCuSe3 lattice constants are respectively a=3.91Å, b=14.95Å, and c=10.24Å, 

which are in good agreement with the experimental Cmcm crystal structure with measured lattice 

parameters a=3.87Å, b=14.51Å, and c=10.16Å.3

Phonon dispersion and lattice thermal conductivity 

Calculation of the lattice thermal conductivity is a very active field of research. Some work used 

molecular dynamics,4,5 second order6, and third order force constants7 methods to calculate thermal 

conductivity. Due to molecular dynamics and third order force constant methods are very time consuming, 

we apply force constant method within quasi-harmonic approximation to investigate vibrational 

properties.8 In this method, the dynamical matrix at any  point can be given,𝑞
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Where Φ is the harmonic interatomic force constant matrix, m is the atomic mass, is the translation 𝑅𝑙′

vector of the unit cell l', ij specifies the i-th(j-th) atom in the primitive cell, and are Cartesian 𝛼𝛽

components. The eigenvalues of the dynamical matrix yield the phonon frequencies and the dispersion. In 

the quasi-harmonic approximation, the phonon frequencies are allowed to be volume dependent, which 

amounts to assuming that the force constant tensors are volume dependent.8 We calculate dynamic matrix 

and force constant using the compressive sensing9 and lattice thermal conductivity by Boltzmann 

transport theory10 This method has recently been shown to produce very accurate values of lattice thermal 

conductivity, compared to experiment, for low-conductivity thermoelectric compounds.9

Boltzmann transport calculations

To calculate the tensors of the Seebeck coefficient S and electrical conductivity σ we use the 

Boltzmann transport equation in the frame work of semiclassical transport theory.11A convenient general 

way of describing the collisional term in the Boltzmann equation is to define a relaxation-time n,k for an 

electron in a band n at wavevector k. Then, we obtain the following expressions for the transport tensors 

as a function of the electron chemical potential  (that depends on the doping level of the system in a 

semiconductor) and of the temperature T.
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Here σS denotes the matrix product of the two tensors, and  is the derivative of the Fermi-Dirac ∂𝑓𝜇 ∂𝜖

distribution function with respect to the energy. Moreover, we have defined the above quantities in terms 

of the transport distribution function , defined as𝜎𝑖𝑗(𝜖)
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where the summation is over all bands n and over all the Brillouin zone,  is the energy for band n at k 𝜖𝑛,𝑘

and  is the i-th component of the band velocity at  as given by . Note 𝑣𝑖(𝑛,𝑘) (𝑛,𝑘)  𝑣𝑖(𝑛,𝑘) = 2𝜋 h∂𝜖𝑛,𝑘 ∂𝑘𝑖



that the value of chemical potential depends on temperature and carrier concentration, then the transport 

tensors are also related to temperature and concentration. The figure of merit is defined as 𝑧𝑇 =

, where the power factor for different directions are respectively , , and 𝜎𝑆2𝑇 (𝜅𝐿𝑎𝑡𝑡 + 𝜅𝑒𝑙𝑒𝑐) 𝜎𝑥𝑥𝑆2
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Experiment section

Synthesis. The raw materials used were Zr powder (99.5%, Aldrich Chemical Co., USA), Cu (99.99%, 

American Elements, USA), Se pieces (99.99%, American Elements, USA), K chunks (99.99%, Aldrich 

Chemical Co., USA). K2Se was synthesized by a stoichiometric reaction of K and Se elements in liquid 

NH3 as described elsewhere.12,13 ZrSe2 was synthesized by a stoichiometric reaction of Zr and Se elements 

in a two-zone furnace with the hot and cold zone temperature of 950 and 800 °C. The K2Se, Cu, ZrSe2 

and Se were loaded into 13 mm diameter carbon-coated quartz tube in an N2-filled glove box. The tube 

was evacuated up to ~2 × 10−3 Torr and flame-sealed, followed by reacting in programmable furnaces. 

The tube was slowly heated to 673 K over 8 h, then heated to 1073 K in 10 h, and soaked at this 

temperature for two days, then slowly cooled down to room temperature in 15 h.

Powder X-ray Diffraction (PXRD) Characterization. Phase purity of the synthesized sample was 

performed by PXRD using a Rigaku Miniflex powder X-ray diffractometer with Ni-filtered Cu Kα (λ = 

1.5418 Å, 40 kV and 15 mA).

Spark Plasma Sintering (SPS). The KZrCuSe3 fine powder was filled into a 12.7 mm diameter 

graphite die and densified by using the SPS technique (SPS-211LX, Fuji Electronic Industrial Co. Ltd.) at 

773 K for 10 min. The applied axial compressive stress is 40 MPa. The resulting pellet had high 

theoretical density ~ 95%.

Thermal Conductivity. The thermal diffusivity (D) was measured by using a Netzsch Laser Flash 

Analysis (LFA) 457 instrument under a continuous N2 flow. The samples along two directions: parallel to 

the direction of applied pressure and perpendicular to the applied pressure with dimensions of ~6 × 6 × 

1.5 mm3 were cut and polished, then coated with a thin layer of graphite to prevent the emissivity of the 

material. The Cowan model with pulse correction was performed for data analysis. The total thermal 

conductivity was calculated from the relationship κ = D·Cp·ρ, where specific heat capacity Cp is obtained 

from the the Dulong-Petit approximation,14 and the density ρ is calculated using the sample’s geometry 

and mass.



Band gap measurement. The optical band gap of KZrCuSe3 was determined by a Nicolet 6700 FT-IR 

spectrometer with the wave number range 4000 − 400 cm−1. The reflectance spectra was converted by 

using Kubelka-Munk equations: α/S’ = (1 − R)2/(2R), where α, S’ and R, are the absorption, scattering, 

and reflectance coefficients, respectively.13

Thermal transport properties.

The thermal diffusivity (D) with two different directions, KZrCuSe3-Pa (parallel to the direction of 

applied pressure) and KZrCuSe3-Pe (perpendicular to the applied pressure), is displayed in Figure S2. The 

anisotropic crystal structure of KZrCuSe3 is well supported by thermal diffusivity (Figure 1). In detail, the 

thermal diffusivity gradually decrease from 1.33 and 0.7 mm2S−1 at 300 K to 0.62 and 0.37 mm2S−1 at 673 

K for KZrCuSe3-Pe and KZrCuSe3-Pa, respectively. The total thermal conductivity was shown in Figure 

S2, the same as thermal diffusivity, total thermal conductivity of KZrCuSe3-Pa has the lower values than 

that of KZrCuSe3-Pe sample. Moreover, the total thermal conductivity of KZrCuSe3-Pa is lower than 1 

Wm−1K−1 over the entire temperature range of 300-673 K. Finally, the ultralow total thermal conductivity 

of ~0.5 Wm−1K−1 at 673 K was obtained for KZrCuSe3-Pa.
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Figure S1. Experimental (black) and simulated (red) PXRD patterns for KZrCuSe3



Figure S2. Temperature-dependent thermal diffusivity, D and total thermal conductivity, κtot for 
KZrCuSe3-Pe and KZrCuSe3-Pa.
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Figure S3. The electronic absorption spectra obtained from diffuse reflectance infrared 

spectroscopy measurement on KZrCuSe3 sample.
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