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In the search for better thermoelectric materials, metal phosphides have not been considered to be
viable candidates so far, due to their large lattice thermal conductivity. Here we study the thermoelectric
properties of metal phosphide CuP, in the monoclinic phase using first-principles calculations based on
self-consistent phonon theory and electron Boltzmann transport theory. Our lattice dynamics
calculations reveal that CuP, exhibits Cu-dimer rattling modes, which strongly scatter the heat-carrying
acoustic and low-lying optical phonons, resulting in an unusually low lattice thermal conductivity below
3.6 W m™! K™, being about a half of the conventional thermoelectrics GeTe. We predict Seebeck
coefficients, the value of which at 300 K is in good accordance with the experiment, and power factors
that are superior to the conventional thermoelectrics GeTe, possibly due to flat- and dispersive-band
structures with high orbital degeneracy. Finally, we assess its thermoelectric performance by evaluating
the figure of merit ZT, finding that upon p-type doping ZT can reach over 1.3 at a high temperature of
700 K by optimizing the hole concentration. Our results highlight the potential of using metal phosphide
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1 Introduction

Searching for new thermoelectric materials (TMs) has attracted
significant attention in applications of waste heat recovery,
power generation and refrigeration, as TMs directly interconvert
heat and electricity.'™ Their thermoelectric conversion efficiency
at a given temperature 7 is determined by a figure of merit
ZT = $*6T/(i; + k), where S is the Seebeck coefficient, ¢ is the
electrical conductivity, and x; and k. are the lattice and
electron thermal conductivities, respectively.” For commercial
applications, TMs are required to have higher ZT over 1 within a
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of phonon dispersions calculated using 2 x 2 x 2 and 3 x 3 x 3 supercells, SCP

dispersion curves at different temperatures, lattice thermal conductivity as a

function of the g-point mesh, average phonon lifetime 73.q and group velocity v,

electronic band structures computed with and without the SOC effect, the

convergence test of estimating ZT according to the size of the k-point mesh,
comparison of ZT calculated with the PBE and mBJ functionals or with various
relaxation times for CuP,. See DOI: 10.1039/d1nj03624f
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CuP, as a promising material for thermoelectric applications with practical performance and low cost.

wide range of temperatures, together with low cost, non-toxicity
and long-term stability under ambient conditions.

These requirements were met in chalcogenides,>®™” Bi-Te
alloying systems,'®?® skutterudites (Co, Ni)As;,”*' Si-Ge
alloys,**** etc. For a typical example, Bi,Te; was reported to
have a relatively high peak ZT over 1.2 at room temperature,
which is due to its lower k; and higher carrier mobility through
Sb doping, by Deng et al.?° In particular, a remarkably high ZT
of ~2.3 around 700 K was found in lead-free chalcogenide
GeTe systems by Hong et al., which was achieved by decreasing
the phase transition temperature and introducing a resonant
energy level via Sb and In co-doping.'’ In addition to these
conventional TMs, some oxides,**” halide perovskites*®*°
and metal phosphides*'™* have also emerged as promising
candidates for thermoelectric applications. These are known as
unconventional TMs, being composed of chemically inert
and earth-abundant elements, which lead to low cost and
highly stable devices under ambient conditions. For realistic
thermoelectric applications with them, however, their
thermoelectric efficiencies should be improved so as to provide
a high ZT over 1. In fact, large-scale power generation and
refrigeration by using TMs are not very practical owing to the
shortage of constituent elements in flagship materials such as
Bi,Te;'®'° and GeTe'! and the limited ZT of more sustainable
alternatives.
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In the past, phosphides were usually disregarded in most of
the thermoelectric studies as the heavy and scarce elements of
Te, Se or Sb were believed to be the key to attaining both low «;
and good electronic transport properties.>® 41872344 However,
as Qi et al.®® reported recently, copper phosphide CuP, with a
single crystalline (polycrystalline) structure has a much lower
lattice thermal conductivity x; of 3.57 (0.62) Wm ™" K" than the
prototypical TM GeTe, which has x; of 6.96 W m™* K '*°
(2.80"%) at 300 K. Moreover, Odile et al.,** in the late 1970s,
observed a high Seebeck coefficient of 692 pv K™ ' at room
temperature, which is also much superior to the value of GeTe
(29 uwv K N)." From such considerations, we conceive the
copper phosphide CuP, to be the latent thermoelectric material
satisfying the desired terms for practical applications, such as
high performance, low cost, non-toxicity and high stability.
In spite of extensive efforts in finding new TMs, only a few
studies have been conducted for lattice transport and thermo-
electric properties of CuP, so far,*>** resulting in a lack of
comprehensive insight into its thermoelectric performance.
In this work, with the purpose of exploring novel TMs, we
perform first-principles investigation of anharmonic lattice
dynamics and thermal transport properties of metal phosphide
CuP, in a monoclinic phase with space group P2,/c, revealing
its promising thermoelectric performance.

2 Computational methods

Within the density functional theory (DFT) framework, the
calculations were performed by using the pseudopotential
plane-wave method as implemented in the Vienna Ab initio
Simulation Package (VASP)."”*® The projector augmented wave
(PAW) potentials*>*® provided in the VASP code, where the valence
electron configurations of elements are given as Cu-3d'°4s’ and
P-3s°3p®, were used for interaction between ionic cores and valence
electrons. The Perdew-Burke-Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA)*' was used for
exchange—correlation interaction among the valence electrons.
Convergence testing suggested that a plane-wave cutoff energy of
600 eV and a I'-centered (10 x 10 x 8) k-point mesh were sufficient
to converge the total energy within 3 meV per unit cell containing
12 atoms. Atomic force and total energy convergence thresholds
were set to 10 ° eV A~ and 10® eV, respectively. For the 2 x 2 x 2
supercell (96 atoms) calculations for lattice dynamics, we applied
the same convergence thresholds but reduced the cutoff energy
and k-point mesh to 400 eV and (5 x 5 x 4), respectively.

In the calculation of the electronic band structure, density of
states (DOS) and electronic transport properties, we applied
the modified Becke-Johnson (mBJ) exchange®® plus the PBE
correlation functional, which is known to give highly accurate
results, being close to the HSE06 hybrid functional® or GW>*
calculations, with much less computational efforts. Relativistic
effects were considered by treating the spin-orbit coupling
(SOC) explicitly.

To proceed with the calculation of electronic transport
properties, we first determined the relaxation time of electron
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7 as a function of temperature in CuP, by using the deformation
potential theory (DPT). In this method, the carrier mobility p is
estimated by considering the influence of acoustic phonon
modes on the electronic bands with the following
formula,*®°°°°

(8m)'*rteC

Sy P (ks T) 2 D2 ®)

where C, D, T, m*, e, kg, and 7 are the elastic constant, deformation
potential, temperature, effective mass of electron, electron charge,
Boltzmann constant, and reduced Planck constant, respectively.
Considering the relation u = et/m*, therefore, the relaxation time t
can be expressed as follows,

1/214
= BOTAC @)
3(m ks T)**D?

Here, the deformation potential D can be easily obtained by
computing the shifts of conduction band minimum (CBM) by
dilating and compressing the unit cell volume. Then, the electronic
transport properties were quantitatively investigated by solving the
semi-classical Boltzmann transport equation (BTE) as implemented
in the BoltzTrap2 code.”” With this code, we calculated the
electrical conductivity, Seebeck coefficient and electronic thermal
conductivity within the constant relaxation time approximation
(CRTA), where the relaxation time is fixed to be a single and
isotropic value. In these calculations, a denser k-point mesh of
(24 x 24 x 16) for the Brillouin zone (BZ) integration was utilized.

Phonons can be calculated in the harmonic, quasi-harmonic
and anharmonic approaches, where every step is more accurate
than the previous one. To determine the lattice thermal
conductivity, one should solve the phonon BTE within CRTA,
which requires accurate anharmonic force constants (IFCs) to
the 3rd-order at least. We applied the anharmonic approach in
a direct way to perform lattice dynamics, as implemented in the
ALAMODE code.’®*° In this approach, IFCs are computed by
utilizing the compressive sensing lattice dynamics, which is
highly efficient in the computation of phonon dispersion
relations based on the finite displacement of all atoms in a
supercell.®®®* The 2 x 2 x 2 supercells were used to extract
both the harmonic and anharmonic IFCs of monoclinic CuP,.
We displaced the relevant atoms from their equilibrium
positions by 0.01 A considering the crystalline symmetry, and
then calculated atomic forces for each displaced configurations,
extracting the harmonic IFCs. In order to include the
anharmonic effects, we performed self-consistent phonon
(SCP) calculations at finite temperatures up to 1000 K. For these
calculations, we prepared over 80 configurations allowing all of
the atoms to be moved randomly with large displacements,*
and calculated the atomic forces for each configuration using
precise DFT calculations. The cutoff distances were set to 4.8,
3.7,2.7 and 2.7 A for the 3rd-, 4th-, 5th- and 6th-order IFCs, while
the higher order IFCs were restricted to the three-body terms.
With the higher-order IFCs, the relative errors were guaranteed
to be below 4.5%, being sufficient for fitting the atomic forces to
the DFT-calculated ones. By using the calculated 3rd-order IFCs,
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we solved the phonon BTE within CRTA to calculate the lattice
thermal conductivity.

3 Results and discussion
3.1 Crystallographic structure

Prior to studying the lattice and electronic transport properties,
we briefly survey the crystallographic structure of metal
phosphide CuP,. According to previous experiments,*>**% it
crystallizes in a monoclinic phase with a P2,/c space group.
In Fig. 1(a), we show the unit cell of the monoclinic CuP,
crystal, optimized by using PBE, where Cu atoms form a dimer
and occupy the center of the CuP, tetrahedron. The crystal
structure is characterized by a layered configuration, in which
Cu layers and P networks in the bc-plane repeat alternatively
along the g-axis. In this work, the lattice constants were
determined with a PBE functional as a = 5.81 A, b = 4.83 A,
¢ =755 A and f = 112.60°, which agreed well with the
experimental values of a = 5.80 A b=4804,c=753Aand
B =112.68° for CuP,** (see Table 1).

3.2 Lattice transport properties

Lattice dynamics determines the dynamical stability of a crystal-
line solid with thermal vibration of constituent atoms at a given
temperature. We first study harmonic phonon dispersion
relations and phonon density of states (DOS) at T = 0 K. The
convergence of phonon eigenvalues was checked with respect to
the supercell size, showing that the results with a (2 x 2 x 2)
supercell were almost identical to those with a (3 x 3 x 3)
supercell (see Fig. S1, ESIf). Fig. 2(a) shows the calculated
harmonic phonon dispersion relation (black dotted lines) of
the monoclinic CuP, with space group P2,/c. In the harmonic
phonon dispersion, no anharmonic phonon modes with
imaginary eigenvalues were found, indicating that CuP,
stabilizes in the monoclinic phase under ambient conditions
as reported in the previous experiments.***

We then performed SCP calculations at a finite temperature
ranging from 100 K to 1000 K with a step of 100 K. After

Fig. 1 (a) Polyhedral view of the crystal structure and (b) dimer rattling
vibrations of Cu atoms corresponding to the lowest optical mode at the I
point for monoclinic CuP, with the space group P2;/c. Dashed lines indicate
the unit cell and the red arrows represent the atomic displacement vectors.
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Table 1 Lattice constants (a,b,c) and lattice angle (f), lattice thermal
conductivity (k), Seebeck coefficient (S) at a carrier concentration of
4.3 x 10Y cm™3, figure of merit (ZT) at 300 K and band gap (Eg) for
monoclinic CuP,. Cal and Exp stand for calculation in this work and
experiment in other works, respectively

Quantity Cal. Exp.

a,b,c (A) 5.81, 4.83, 7.55 5.80, 4.80, 7.53°
B (deg) 112.60 112.68°

Kiexs Ky Kpee 2.81, 3.46, 3.49 3.57°

Wm 'K

E, (eV) 0.83, 1.19“ —

Sexs Syyy Sez 709, 659, 637 6927

(Vv K™)

n-ZT,ZT},ZT, 0.13, 0.17, 0.10 —

P-ZTyZT,, 2T, 0.34, 0.25, 0.14 —

“ mBJ calculation and otherwise PBE calculation. ” Ref. 62 ¢ Ref. 43
9 Ref. 42

40 F — 300K 4

Energy (meV)

(b) 10*E T T T T T 510°
3 -
10°F

. F 10’

o T i1 3

E 10°F i =

WO E ] &
1' -5100
10'F ° ]
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Energy (meV)

Fig. 2 (a) Harmonic phonon dispersion relation at T = 0 K (black dotted
lines) and self-consistent phonon (SCP) dispersion relation (green solid
lines) with the phonon density of states (DOS) at T = 300 K, and (b) phonon
group velocity vy and phonon lifetime 13,4 as a function of phonon energy,
estimated by SCP calculations at 300 K for CuP,, calculated with the PBE
functional.

checking whether the temperature-dependent anharmonic
effect appears in phonon dispersion, we performed anharmonic
phonon renormalization at the whole range of phonon energy,
so that there is no soft mode with imaginary phonon energy,*®%
and compared it with the harmonic dispersions. We show the
SCP dispersions and atom-projected phonon DOS calculated at
300 K representatively in Fig. 2(a) (see Fig. S2, ESIt for other
dispersions at different temperatures). It was found from the
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phonon DOS at 300 K that the Cu atoms mainly contribute to the
acoustic and low-energy optical modes below 15 meV, whereas
the P atoms dominantly participate in the high-energy optical
modes. This agrees well with previous work.** The vibrational
behavior of the P atoms might be associated with much stronger
covalent interactions among the P atoms and their lighter
atomic mass when compared with the Cu-dimers. Meanwhile,
the low-energy optical modes at the I point are related to a
vibration of the Cu-dimers, exhibiting the flat dispersions at
phonon energies from 11 to 15 meV. This indicates that the
Cu-dimers originate the rattling modes (see Fig. 1(b)), ie.,
localized optical modes that reside near the acoustic modes
and strongly scatter them with anti-crossing behavior in phonon
dispersion.”® The acoustic modes and low-energy optical modes
are generally recognized to be the major contributors to lattice
heat conduction,* and the rattling modes are known to play the
key role in suppressing the lattice thermal conductivity.**
Using the self-consistent phonon dispersion relations and
phonon DOS at different temperatures, we calculated the lattice
transport properties of monoclinic CuP,, such as phonon group
velocity v, phonon lifetime 75,4 and lattice thermal conductivity
k). With increasing temperature, the average v, and 15,4 were
found to decrease monotonically owing to the enhancement of
the phonon scattering intensity (see Fig. S3, ESIt). Fig. 2(b)
shows the v, and 734 estimated from the SCP energies at
300 K. The phonon group velocity v, at the I" point was assessed
to be about 6200 m s~ ' at 300 K in good accordance with the
sound speed of 6275 m s~ ' observed at room temperature
by Brillouin light scattering.” Such value of v, for CuP, is
relatively large, being about 3.5 times larger than those of PbTe
(1780 m s™') and SnTe (1800 m s ')** and thereby leading to
higher thermal conductivity. On the other hand, the phonon
lifetime 73,4, calculated by considering only the 3rd-order IFCs,
was found to be below 50 ps, which is one order of magnitude
smaller than that of PbTe in the previous calculation®® and thus
indicates a reduction of thermal conductivity. In particular, the
T3rq rapidly decreases as the phonon energy increases from 0 to
15 meV, which might be due to the severe phonon scattering by
the Cu-dimer rattling as mentioned above. Finally, we calculated
the heat capacity Cy as a function of temperature, demonstrating
that it follows the general tendency of a solid without any
anomaly, as shown in Fig. 3(a). From these considerations, it
is expected that CuP, in the monoclinic phase can exhibit
ultralow lattice thermal conductivity at room temperature in
spite of the considerably large sound velocity over 6000 m s~ .
Given the calculated v, 73r4 and Cy, we evaluated the lattice
thermal conductivity x; within CRTA, using the formula

K = ZCv|vg}2r3rd. We carried out convergence testing for
calculating the x; with respect to the size of the g-point mesh
in the phonon BZ, demonstrating that the (20 x 20 x 16)
mesh is sufficient to determine the x; with an error less than
0.03 W m ' XK' (see Fig. S4, ESIf). Fig. 3(a) displays the
calculated with both the SCP (solid) and harmonic phonon
(dashed) energies as increasing temperature. The x; computed with
the harmonic phonon energies was found to be underestimated
compared with the available experimental data,” which was
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Fig. 3 (a) Lattice thermal conductivity k| and heat capacity Cy calculated
on top of SCP (solid lines) and harmonic phonon (dashed lines) energies
with experimental x*® as increasing temperature, and (b) thermal
conductivity spectra ki(hv) and cumulative k at 300 K.

already identified in the previous calculations.’>®® After
considering the temperature-dependent anharmonic effects
with the SCP energies, the x (e.g., 3.49 W m™~ ' K™* at 300 K)
accords well with the experimental results (i.e., 3.57 Wm ' K"
at 300 K) for the CuP, in a single crystalline structure®?
(see Table 1). This lattice thermal conductivity is about a
half of 6.96 W m™* K™ * at 300 K for GeTe,** indicating that
CuP, can be a very promising candidate for thermoelectric
applications.

Fig. 3(b) shows the thermal conductivity spectra x;(hv) as a
function of phonon energy, and the cumulative x; as a function
of mean free path (MFP), calculated at 300 K. From the figure, it
was demonstrated that the acoustic and low-energy optical
phonon modes below 11 meV dominantly contribute to the
total k;, whereas the optical modes between 11 and 15 meV
hardly contributes. The phonon modes in this region corre-
spond to the Cu-dimer rattling vibrations, which significantly
suppress the lattice thermal conductivity by strongly scattering
the acoustic phonon. One can see from the top axis of Fig. 3(b)
that the maximum MFP is about 450 nm and the major heat-
carrying phonons have MFP ranging from 10 to 200 nm. It is
worth noting that by nano-structuring, samples with a size less
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than 50 nm can lower k; by half for CuP,, which is even more
positive for enhancing its thermoelectric performance.

3.3 Electronic structure

In order to gain insight into electron transport, we calculated
the electronic band structure and DOS by the use of PBE and
mBJ functionals for monoclinic CuP,. Fig. 4(a) presents the
PBE- and mBj-calculated band structures. The transition of
electrons from the valence band maximum (VBM) to the
conduction band minimum (CBM) was found to possibly occur
in an indirect way along the I' — Y and Z — I lines of BZ.
One can see that the mB]J calculations push up the conduction
bands (CBs) as much as 0.37 eV in comparison with those by
the PBE functional while the shift of the valence bands (VBs) is
negligible, leading to widening of the band gap E, from 0.83 to
1.19 eV. In order to assess the relativistic effect, we also took
account of spin-orbit coupling in the calculation of electronic
band structure, revealing that including SOC affects negligibly
the band structure for CuP, because of the relatively light
atomic masses of Cu and P elements (see Fig. S5, ESI{ for

(a)

2 = -
AR v .
> | T T PBE
o E, oss[ 119 mBJ )
>
> 0 e 2 -
e ¥ i
L

Ak -

-2 — =

Z T Y A B D E C
(b) T T T T T T T T T ]
20 - TDOS - PBE .
= - Cu —
Cu-3d
L — P -
151 b s
w TDOS - mBJ
8 :

Energy (eV)

Fig. 4 (a) Electronic band structure calculated with the PBE (solid lines)
and mBJ (dashed lines) functionals. Green and orange colors in the band
structure indicate conduction and valence bands, respectively. (b) Total
density of states (TDOS) and atom-projected partial DOS calculated with
PBE and TDOS with mBJ. Black dotted lines mark the Fermi energy E¢. The
inset shows the isosurface plot of charge density around the valence band
maximum at a value of 0.03 |e|] A=3.
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comparison of the band structures with and without SOC
effect).

For the characteristics of the band structure, the top VB and
bottom CB are shown to be relatively flat along some BZ lines,
e.g., the E-C and A-B lines for the VB and CB respectively, while
they are shown to be highly dispersive along all other directions.
Moreover, it should be noted that both the VBs and CBs are
doubly degenerated along the Y-A, D-E and E-C lines of BZ.
Since it was demonstrated that in semiconductors the degener-
ated energy bands with a feature of being flat in one direction
and highly dispersive in other directions lead to a high power
factor,’® the CuP, crystal can show a high power factor, thereby
improving the thermoelectric performance. Fig. 4(b) shows the
PBE- and mBJ-calculated total DOS, together with the atom-
projected partial DOS obtained with the PBE functional. From
the DOS analysis, both the VBs and CBs were found to be
characterized by strong p-d hybridization between Cu 3d and
P 3p states. This p-d hybridization is clearly shown in the inset
of Fig. 4(b).

3.4 Thermoelectric performance

Finally, we calculated the electronic transport properties,
including the Seebeck coefficient S, electrical conductivity o,
power factor S’c and electron thermal conductivity K., by
solving the electronic BTE within CRTA. The electronic band
structure obtained with the mBJ functional was used as the
input for solving the electronic BTE. We determined the
relaxation time of an electron as increasing temperature by
using eqn (2) (see Fig. S6, ESIt), where the coupling between
the electronic bands and lattice vibrations corresponding to the
acoustic phonon modes is considered by the deformation
potential. Fig. 5 shows S and S$%¢ as functions of carrier
concentration, calculated by using the PBE functional with
the calculated relaxation time at T = 300, 500 and 700 K.
At 300 K, the diagonal Cartesian components of the Seebeck
coefficient, Sy, S,y and S, along the x-, y- and z-axes, were
calculated to be 709, 659 and 637 pV K™, which agree well with
the available experimental value of 692 uvV K~ ' observed at a
carrier concentration of 4.3x 10" ¢cm 3.*? Here, we used the
prefix n- and p- for denoting the n- and p-type thermoelectric
properties obtained upon n- and p-type doping, respectively. As
can be seen in Fig. 5, the monoclinic CuP, has high p-type $%¢
(n-type) values of 5.3 (4.7), 6.4 (5.8) and 7.4 (7.2) mW m™ " K>
along the x-axis (y-axis) by optimizing the carrier concentration
at 300, 500 and 700 K, respectively. These calculated values are
comparable or even larger than the value of 3.3 mW m ' K ? at
700 K for the conventional TM GeTe.'" Such high power factors
are ascribed to the flat- and dispersive-band structures with
high orbital degeneracy in CuP, as aforementioned in the
analysis of electronic band structure.

At the end, we determined the figure of merit ZT as a
function of carrier concentration by the use of the lattice
transport and thermoelectric properties to gain insight into
the thermoelectric performance of CuP,, as shown in Fig. 5.
We checked the calculation convergence using the different
sets of k-point mesh as (24 x 24 x 16) and (20 x 20 x 12),
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Fig. 5 Seebeck coefficient S (left panel), power factor S%¢ (central panel) and figure of merit ZT (right panel) as functions of carrier concentration N,
calculated with the PBE functional at T = 300 K (top panel), 500 K (middle panel) and 700 K (bottom panel) by setting the relaxation time as 107** s for
monoclinic CuP,. In the left-top panel for S at 300 K, the experimental value of 692 uV K™t is marked.*?

confirming the almost agreement between them (see Fig. S7,
ESIt). From our calculations, it was found that the p-type
doping exhibits more enhanced thermoelectric performance
than the n-type doping at different temperatures considered in
this work. Such a finding for CuP, does not change when using
the mBJ functional instead of the PBE functional, although the
ZT values with mB]J become lower or higher slightly for n- or
p-type doping with increasing carrier concentration (see Fig. S8,
ESIT). Upon increasing the temperature, the p-type ZT was
found to be remarkably enhanced, such that ZT, reaches over
1 at 700 K. At 700 K, the p-type ZT was found to reach the
maximum values of 1.3 and 1.0 along the x- and y-axes at a
carrier concentration of about 3 x 10*° cm™>. In the previous
experiment,®’ it was observed that without any external doping,
the carrier concentration can reach a value of 1.7 x 10*' cm ™3
maximizing the thermoelectric performance in metal phosphide
NiP,. Thus we can expect that the optimal carrier concentration
of about 3 x 10°° cm™? is reachable in CuP, for enhancing ZT.
Table 1 summarizes the main resultant values for relevant

21574 | New J. Chem., 2021, 45, 21569-21576

quantities for monoclinic CuP, calculated in this work in
comparison with the available experimental data. From the
calculated values, the metal phosphide CuP, in the monoclinic
phase can be said to be a promising material for highly efficient
thermoelectric applications.

4 Conclusions

In this work, we have demonstrated excellent thermoelectric
performance upon p-type doping onto metal phosphide CuP, in
the monoclinic phase by using first-principles calculations
based on the self-consistent phonon (SCP) theory and electron
Boltzmann transport theory. Through the lattice dynamics
calculations, we showed that CuP, exhibits an unusually low
lattice thermal conductivity x; below 3.6 W m™* K™ ' at 300 K,
even though it shows a large sound speed over 6200 m s ',
revealing that such low x; is most likely due to Cu-dimer rattling

modes that strongly scatter the heat-carrying acoustic and
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low-energy optical phonons. Moreover, CuP, was predicted to
have a high power factor $%s of 5.3, 6.4 and 7.4 mW m™ " K>
upon p-type doping at 300, 500 and 700 K, being superior to the
value of 3.3 mW m ™! K2 of GeTe at 700 K. These low x; and
high §%¢ were found to yield an ultrahigh figure of merit ZT
of 1.3 at 700 K by optimizing the hole concentration as ~ 3 X
10°° em™>. We believe that our work offers a new way for discover-
ing and designing novel thermoelectric materials based on the
metal phosphide CuP,, emphasizing that a promising route for
further enhancing ZT is to reduce lattice thermal conductivity by
nanostructuring or dimension-lowering.
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