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Cobalt monosilicide and its solid solutions are promising thermoelectrics, as they have a high thermoelectric

power factor and mechanical strength. To increase the thermoelectric efficiency of these materials, it is necessary

to reduce their lattice thermal conductivity. This work examines the possibility of such reduction using the solid

solution approach. Using ab initio calculations, phonon spectra, total and projected densities of phonon states of

isostructural to CoSi compounds RhSi and RhSn were obtained. All these compounds have B20 structure of FeSi

type. Calculations of the temperature dependence of the thermal conductivity of these crystals, as well as CoSi-RhSi

and RhSi-RhSn solid solutions, were carried out. Calculations showed that the lattice thermal conductivity at room

temperature in RhSi was 4.9W/(m ·K), and in RhSn — 3.6W/(m ·K), which is significantly lower than in pure

CoSi (about 10.4W/(m ·K)). Due to additional alloy scattering in CoSi-RhSi solid solutions, thermal conductivity

can be reduced by more than 3 times compared to pure CoSi, and in RhSi-RhSn solid solutions by more than

3 times compared to a pure RhSi crystal.
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1. Introduction

For wider range of applications of thermoelectric gene-

rators, it is necessary to search for materials with high

efficiency of energy conversion. Cobalt monosilicide (CoSi)
is one of the promising materials for medium-temperature

thermoelectric generators. CoSi crystallizes in B20 noncen-

trosymmetric structure (space group P213) [1,2]. It has ther-
mopower that is high for a semimetal (about −80µV/K)
and a high thermoelectric power factor of 5.5mW/(m · K)
that exceeds that of a well known thermoelectric material —
bismuth telluride [1,2]. CoSi contains low-cost and nontoxic

components and is stable at high temperatures. However,

despite the high power factor, the lattice thermal conducti-

vity in a pure crystal is too high: κ = 10.4−12.3W/(m · K)
at room temperature [1,3]. Thermal conductivity can be

reduced using the solid solutions method. For example,

in works [1,4,5], non-isovalent substitution of Co by Fe
or Ni atoms was studied. Addition of 5 at.% Fe (4 at.%
Ni) allowed thermal conductivity to be reduced from 10.4

to 7.9(9.2)W/(m ·K), i. e. by 24% (12%) [1]. Transport

properties of isostructural CoGe and its solid solutions with

Co substituted by Fe(Ni) were studied in [6,7]. This material

also has thermopower that is high for a semimetal and is

equal to about −80µV/K, but much lower lattice thermal

conductivity — about 5.3W/(m · K) [7], that is associated

with a higher weight of germanium atoms compared with

silicon atoms. In addition to non-isovalent solid solutions,

alloys with isovalent substitution of Co by Ge in CoSi

were examined [8–10]. Due to significant difference in

atomic masses of substituted atoms, thermal conductivity

decreased to 7.3W/(m · K), i. e. by approx 30%, even

at 3 at.% of Ge. Ab initio calculations of lattice thermal

conductivity in CoSi-CoGe solid solutions performed in [10]
agree well with the available experimental data and suggest

that lattice thermal conductivity in these solid solutions

can be approximately twice as low as in CoSi when Ge

concentration is only 10−15%.

Therefore, it is also interesting to study lattice transport

properties of other materials that are isostructural to CoSi.

Using the band structure and material stability data [2,11],
rhodium silicide and stannide were chosen for the study.

Their phonon spectra, lattice thermal conductivities and also

thermal conductivities of CoSi-RhSi and RhSi-RhSn solid

solutions were investigated. Due to considerable difference

in atomic masses of Rh and Co atoms (approximately by

a factor of 2 ) and of Si and Sn, high reduction of lattice

thermal conductivity may be expected, in particular, in

solid solutions, due to additional phonon scattering on point

defects.

2. Methods for calculating phonon
spectra and lattice thermal
conductivity

Lattice properties of pure RhSn and RhSi crystals were

calculated using the density functional theory implemented
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in QuantumESPRESSO (QE) [12,13] and VASP packa-

ges [14,15]. The calculations used local approximation

for density functional with gradient corrections (GGA)
in PBE [16] and PBEsol [17] versions. Calculations in

QuantumESPRESSO (VASP) were performed using a cutoff

energy of 80Ry (400 eV). For integration over the Brillouin

zone, a 6× 6× 6 grid in k-space and Gaussian smoothing

with a peak FWHM of 0.026 eV were used. The threshold

for leaving self-consistency cycle corresponded to a change

in total energy by a value lower than 10−9 eV per atom, in-

teratomic force relaxation threshold was equal to 10−4 eV/Å.

Parameters of calculation ensure convergence of total energy

better than 1meV per atom and of interatomic forces better

than 1meV/Å. B20 cubic structure (FeSi type), in which

the given materials crystallize, has the following parameters:

lattice constant a0 and atom positions inside the lattice cell.

Rh and Si atoms in RhSi (Rh and Sn atoms in RhSn)
are in 4a -positions with (x , x , x), (−x + 1/2,−x , x + 1/2),
(−x , x + 1/2,−x + 1/2), (x + 1/2,−x + 1/2,−x) coordi-
nates, where x = xRh(Si,Sn). Lattice parameters calculated

after relaxation are listed in the table in comparison with

the experimental data.

The table shows that the calculations made in different

packages for the same functionals are very close. Lattice

constants calculated in PBE approximation exceed the

experimental data by about 1 percent and, when using

PBEsol functional, the deviation from the experiment is

equal to fractions of a percent. Thus, PBEsol appears to

be more preferable for these materials and the main results

were obtained in this approximation.

To calculate lattice properties of pure RhSn and RhSi

crystals, it is necessary to determine the 2-nd and 3-rd order

force constants occurring in the expansion of the total

energy in series with respect to small atomic displacements

from equilibrium. Force constants connect the interatomic

forces, that appear due to atomic displacements from equi-

librium lattice positions, with the displacement components.

The method of finite displacements in supercell offers one

of the ways to calculate them. This method creates a

supercell from several unit cells with a sufficient size such

that the interatomic interactions decrease to negligibly low

values at the supercell size. Then, it is necessary to set

displacements from the equilibrium for one atom or a pair of

atoms and determine the resulting interatomic forces using

ab initio calculations. By completing this procedure for a set

of atomic configurations, we obtain a system of equations

connecting forces and displacements from which the 2-nd

and 3-rd order force constants may be found. This method

is implemented in PhonoPy and Phono3Py software [20,21].
To calculate the 2-nd and 3-rd order force constants,

3× 3× 3 and 2× 2× 2 supercells were used, respectively.

Thermal conductivity of RhSi and RhSn was calcu-

lated using three-phonon scattering processes in relaxation

time approximation. Calculations were performed on the

19× 19× 19 grid in k-space to ensure convergence with

respect to thermal conductivity better than 0.1W/(m · K).
Lattice thermal conductivity in solid solutions was cal-

culated using ab initio approach that combined the virtual

Comparison of the experimental and calculated lattice parameters

of RhSi and RhSn (see explanations in the text) obtained in

QuantumESPRESSO (QE) and VASP using PBE and PBEsol

approximations for density functional

Crystal a0, Å (error, %) xRh xSi(Sn)

RhSi, exp. [18] 4.675 0.144 0.840

RhSi, PBE, QE 4.719 (0.95%) 0.152 0.842

RhSi, PBE, VASP 4.719 (0.95%) 0.152 0.842

RhSi, PBEsol, QE 4.676 (0.01%) 0.153 0.842

RhSi, PBEsol, VASP 4.674 (−0.03%) 0.153 0.842

RhSn, exp. [19] 5.122 − −

RhSn, PBE, QE 5.197 (1.47%) 0.143 0.840

RhSn, PBE, VASP 5.203 (1.58%) 0.143 0.840

RhSn, PBEsol, QE 5.128 (0.11%) 0.145 0.840

RhSn, PBEsol, VASP 5.137 (0.29%) 0.145 0.840

crystal and lattice dynamics methods (virtual crystal ab ini-

tio lattice dynamics, VC-ALD) [22–25]. This method is

based on using lattice constants, force constants and atomic

masses for pure substances constituting the solid solution

followed by linear interpolation to determine the required

parameters for the given composition. In addition, alloy

scattering in solid solutions is considered due to phonon

scattering associated with the difference in masses of the

substituted elements. The method was successfully used to

calculate thermal conductivity of solid solutions in a set of

thermoelectric materials [22–25].
It was shown in [24] that this method provides good

results if there is no abnormally high contribution of high-

frequency phonons to thermal conductivity because, when

such contribution is present, thermal conductivity is highly

underestimated due to reduction of the relaxation time for

high-frequency phonon scattering on point defects. As

shown below, contribution of high-frequency phonons in

RhSn and RhSi to thermal conductivity is low. This suggests

that this method will give adequate estimates of thermal

conductivity in considered solid solutions of CoSi-RhSi and

RhSi-RhSn. For isostructural CoSi-CoGe solid solutions,

this method was used in [10] and showed good agreement

with the available experimental data for lattice thermal

conductivity. Lattice constants and force constants for

CoSi that are required to calculate thermal conductivity of

CoSi-RhSi solid solutions were taken from [10].

3. Calculation results

Phonon spectra and partial density of phonon states for

RhSi and RhSn are shown in Figures 1 and 2. Since the

mass of Rh is more than 3.5 times higher than the mass

of Si, contribution to low-frequency vibrations in RhSi is
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primarily connected with Rh atoms, while contribution to

high-frequency oscillations is connected with Si atoms. The

phonon spectrum of RhSn shown in Figure 2 demonstrates

maximum lattice vibration frequencies that are approxi-

mately twice as low as that of RhSi due to the higher

atomic mass of Sn compared with Si. Contributions into

the phonon density of states from Rh and Sn atoms are

almost the same at all spectral frequencies owing to small

difference in their masses.

Thermal conductivity calculations of pure materials took

into account three-phonon scattering processes in relaxation

time approximation and were performed for both density

functionals (PBE and PBEsol). When using the density
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Figure 1. Phonon spectrum of RhSi (on the left), contribution
into phonon density of states from Rh and Si vibrations (PDoS,
lines on the right) and partial contribution of phonons with various

frequency to thermal conductivity (κ(v), filled area on the right).
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Figure 2. Phonon spectrum of RhSn (on the left), contribution
into phonon density of states from Rh and Sn vibrations (PDoS,
lines on the right) and partial contribution of phonons with various

frequency to thermal conductivity (κ(v), filled area on the right).
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Figure 3. Temperature dependences of lattice thermal conduc-

tivity of CoSi [10], RhSi and RhSn and of some RhxCo1−xSi and

RhSnxSi1−x solid solutions.

functional in PBEsol approximation, the calculated lattice

thermal conductivity for RhSi was equal to 4.9W/(m ·K)
and for RhSn it was equal to 3.6W/(m ·K) at room

temperature. For comparison, lattice thermal conductivity

was also calculated in PBE approximation resulting in

3.6W/(m · K) for RhSi and 2.5W/(m · K) for RhSn. Lower

thermal conductivities calculated in PBE-approximation

correlate with higher lattice constants (see the table).
Both variants of calculations give much lower thermal

conductivities compared with that of CoSi. However, better

agreement between the lattice constants and experimental

data in PBEsol-approximation suggests that the thermal

conductivities calculated in this approximation will be closer

to the experimental data. Temperature dependences of

thermal conductivity for this case are shown in Figure 3

(solid lines).
Figures 1 and 2 show the contribution of phonons

with different frequencies κ(v) to thermal conductivity

of RhSn and RhSi, filled areas on the right, where

κ(v) =
∑

k j κk jδ(v − vk j), where κk j — is the contribution

to thermal conductivity from phonons with wave vector

k and mode number j , and δ(v − vk j) is the Dirac delta

function. The calculated dependences indicate that the

main contribution to thermal conductivity in RhSn comes

from acoustic phonons corresponding to Rh and Sn atom

vibrations with frequencies lower than 3 THz and by

phonons within a medium-frequency range from 3 to

6 THz. The main contribution to thermal conductivity of

RhSi is also provided by acoustic and medium-frequency

optical phonons, but they are primarily associated with Rh

vibrations. Whilst optical vibrations with a frequency higher

than 7.5 THz associated mainly with Si vibrations make a

minor contribution to thermal conductivity.

To identify the effect of phonon spectrum and scattering

on the lattice thermal conductivity of pure rhodium silicide

and stannide crystals, dependences of speed of sound
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Figure 4. Dependences of group velocity vgr (on the left) and mean free path (on the right) of phonons on frequency in RhSi and RhSn.

and mean free path were plotted at different frequencies

(Figure 4), because the lattice thermal conductivity is

directly proportional to these two values. It can be seen

that the group velocity of phonons in RhSi is higher than

that in RhSn at all vibration frequencies and the mean free

path in RhSi is also higher than that in RhSn, except at low

frequencies. Spectrum in RhSn is limited by frequencies

lower than 7 THz. Contribution of phonons with frequencies

higher than 7.5 THz in RhSi is small (Figure 1, on the

right), that is mainly associated with low mean free path

of phonons in this frequency region (Figure 4, on the right).
When using nanostructuring, polycrystalline samples with

small grain size are used for thermal conductivity reduction

in order to limit the mean free path of phonons due to

boundary scattering (see, for example, [26]). To estimate

thermal conductivity reduction in such structures, one often

use cumulative thermal conductivity that may be calculated

as κcum(l) =
∑

k j κk jθ(l − lk j), where θ(l − lk j) — in the

Heaviside function, lk j is the mean free path of phonons

with wave vector k and mode number j , while l is the

considered upper boundary of mean free path of phonons.
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Figure 5. Dependence of cumulative thermal conductivity κcum
on mean free path of phonons.

Figure 5 shows κcum(l)/κ . It allows to estimate the

relative contribution to the lattice thermal conductivity from

phonons with mean free path shorter than the given value

of l . On the assumption that the contribution of phonons

with larger mean free paths into heat transfer is strongly

reduced due to scattering at the grain boundaries, this

method makes it possible to estimate thermal conductivity

reduction in nanostructured polycrystalline materials. The

estimations have shown that when using this method in

the given materials with grain size about 20 nm, additional

reduction of lattice thermal conductivity by approximately

30% compared with the initial crystal may be expected.

Thermal conductivity for CoSi-RhSi and RhSn-RhSi sub-

stitutional solid solutions was calculated by the VC-ALD

method using the obtained force constants. Thermal

conductivity of solid solutions were estimated using required

parameters of RhSi and RhSn calculated using PBEsol

density functional. Figure 6 shows dependences of thermal

conductivity on composition at room temperature. It

is apparent that, when Co is substituted by a heavier

element, Rh, in CoSi-based solid solutions, thermal con-

ductivity reduction up to 2.96W/(m ·K) may be achieved

in Co0.3Rh0.7Si, i. e. by more than a factor of 3.6. This is

due to phonon scattering on point defects occurring when

solid solutions are formed. Also it can be seen that even

at small amount of substitution of Co atoms by Rh in CoSi

thermal conductivity decreases considerably: by 45.4% at

5 at.% and by 54.7% at 10 at.% of Rh.

In the case of RhSi-RhSn solid solutions, a composition

with 50 at.% of Sn has the lowest thermal conductivity,

where thermal conductivity decreases to 1.59W/(m · K),
that is approximately 3 times as low as the lattice thermal

conductivity of pure RhSi. In the case of small amount

of substitution of Si atoms by Sn in RhSi, thermal

conductivity will be reduced by 34.4% at 5 at.% and by

47.4% at 10 at.% of Sn.

Temperature dependences of thermal conductivity for

some compositions of the given solid solutions compared

with pure crystals are shown in Figure 3. The figure shows

Physics of the Solid State, 2024, Vol. 66, No. 5
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Figure 6. Dependence of lattice thermal conductivity of

Co1−xRhxSi and RhSn1−xSix solid solutions on composition at

T = 300K.

that, for example, addition of 10 at.% of Rh to CoSi provides

thermal conductivity almost like in pure RhSi in the whole

considered temperature range.

It is interesting to compare the calculated values with

the available experimental data. Boron-doped Co1−xRhxSi

solid solutions with Rh content up to 20 at.% were studied

in [27]. This study reports the lattice thermal conductivity of

pure CoSi at a room temperature equal to 12.7W/(m · K).
According to other data, the lattice thermal conductivity of

CoSi at room temperature vary from 10.7 to 12.7W/(m · K)
(see the references in [10]). The value of 10.8W/(m · K)
achieved herein matches the experimental data. It is

15% lower than the experimental data from [27]. The

difference from the mean experimental value is about 10%.

Unfortunately, the existing literature does not report any

data on thermal conductivity of RhSi.

When Co was substituted by 20 at.% Rh in [27], lattice
thermal conductivity appeared to be by 50% lower than that

of CoSi, i. e. thermal conductivity reduction was approxi-

mately 52%. Our calculations predict a similar, but a little

higher reduction of thermal conductivity with the same com-

position — approximately by 63%. The absolute thermal

conductivities at 300K were equal to 4W/(m · K) which is

30% lower than the experimental value of 6W/(m ·K) [27].
Besides a possible experimental error, this deviation may be

due to inaccuracy of determination of thermal conductivities

in pure materials as well as due to the virtual crystal

approximation and description of phonon scattering on

point defects in solid solution within the framework of the

perturbation theory. More accurate consideration of thermal

conductivity in a solid solution may be provided using a

coherent potential approximation or molecular dynamics

methods and is to be considered in future.

4. Conclusion

This study performed ab initio calculation of phonon

spectra and lattice thermal conductivities of RhSn and

RhSi as well as thermal conductivities of CoSi-RhSi and

RhSi-RhSn solid solutions. Thermal conductivity reduction

is one of the ways to increase thermoelectric generator

efficiency. In RhSi and RhSn, thermal conductivity at

room temperature is equal to 4.9 and 3.6W/(m · K),
respectively, and appears to be much lower than that in CoSi

(10.4W/(m · K) [1]). In the given solid solutions, this value

may be reduced by 3.6 times. Thus, the findings suggest that

CoSi-based solid solutions with Co substituted by Rh and

Si substituted by Sn may be promising for thermoelectric

generator applications in terms of thermal properties of

lattice.
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