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Abstract

In the present work, we report a combined experimental and ab-initio study of the crystal
structure, lattice dynamics and thermodynamic properties of the thermoelectric orthorhombic
BaCuzSe; compound. The thermal and pressure evolution of the crystal structure is obtained using
synchrotron XRD experiments. The lattice dynamics is studied through Raman scattering experiments
and ab-initio supercell calculations and reveals that the lowest Raman-active and infrared-active
optical modes are at about 50 cm™ (7 meV) and the presence of an optically silent low-energy optical
mode at about 5 meV. From the determination of the heat capacity, the thermal expansion and the bulk
modulus, a Grilineisen parameter of about 2.03 is estimated. This rather large value together with the
presence of low energy optical modes and rather low Debye temperature in orthorhombic BaCu,Se;
can explain its low thermal conductivity. Additionally, we have also studied the lattice dynamics, the
thermodynamic properties and the stability of the metastable tetragonal BaCu,Se; against the stable

orthorhombic phase and found that it might be stabilized at high temperature or high pressure.
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l. Introduction

Because of the problem of long-term energy supply and of global warming, there is a need to
develop sustainable and green energy sources. Among them, thermoelectricity has attracted lots of
interest particularly since one decade. This is due to the development of new performant
thermoelectric materials with larger Figure of Merit Z. The efficiency of thermoelectric materials is
characterized by their dimensionless Figure of Merit ZT = a? 6 T / (ke + i), With o the Seebeck
coefficient, o the electrical conductivity, ke and «; the thermal conductivity of the charge carriers and
of the lattice, respectively. * Among the best thermoelectric materials, many are made of chalcogen
atoms and more particularly of tellurium, such as the alloys based on Bi;Tes in the temperature range
close to room temperature or the PbTe based alloys and TAGS/LAST alloys in the 400-700 K
temperature range. ** At higher temperature, Si-Ge alloys are mainly used but chalcogenide based
alloys such as LasChs were found to have ZT slightly larger than 1 above 1100 K. **¢ However, the
use of tellurium is one obstacle against the large scale use of thermoelectric generators based on such
telluride alloys because of its toxicity, scarcity and cost. " Hence, there has been a tremendous search
of new chalcogenide alloys based on selenium or sulfur. LasChs-based alloys was one of the first
families investigated for replacing Te by other chalcogen atoms,* and one of the authors showed using
ab-initio calculations that LasSs and LasSe, should have similar thermoelectric properties as LasTes. ©
For one decade, many new promising thermoelectric selenide alloys have been discovered. One of the
first new compounds was InsSesx with ZT as large as 1.48 at 705 K. *° However, the In-Se phase
diagram indicates that InsSes is a line peritectic compound and the eutectic line between InsSe; and In,
a large mobility chemical specie, is as low as 429 K. *° Therefore poor longtime stability is expected in
these InsSes.x samples. Thus, this stability issue in the temperature range with large ZT and the large
cost of indium”® question the possible application of InsSes« at large scale. Following the discovery of
large ZT of 1.5 at about 1000 K in Cux,Se™, the superionic conductors based on Cu or other mobile

ions have largely been explored. **** However, if the large ionic mobility is helpful for strongly
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reducing the thermal conductivity of these materials'**, this makes them also unstable under large dc
currents and unsuitable for applications. !> Very recently, SnSe has strongly attracted the attention
because very large ZT was reported along the ¢ axis, mainly because of a very low thermal
conductivity. **® Another advantage of this material was the possibility to obtain n-type alloys with
large values of ZT. * However, there has been a controversy about the actual value of the thermal
conductivity in single-crystalline materials, which is still open ¢82024 and the performance of
polycrystalline materials, which would be used in the design of thermogenerator, is much lower but
still similar to those of the best PbTe-based alloys in the case of p-type SnSe alloys. *2° Moreover,
this material undergoes a phase transition at about 800 K *, and the stability of this material was also
questioned. 2° In recent years, several studies also reported promising ZT values in some mineral-
based multinary copper sulfides. 2"

One of the authors has recently also highlighted two new classes of promising selenide alloys
(BiOCuSe ! and a-BaCu,Se; *) based on Cu-Se bondings but with no ionic mobility of Cu ions.
BiCuSeO exhibits a good thermal stability until at least 900 K. ** However, this is not the case for
BaCu,Se, for which some volatilization begins above 473 K, 3 and would thus require protective
coating. In both cases, promising ZT values are observed and are directly linked to intrinsically very
low values of the thermal conductivity. In the first family of compound, ZT as large as 1.4 at 900 K
was found for p-type BiixSrxCuSeO alloys with oriented grains. *3' It was recently found the
possibility to obtain n-type materials of this family by using iron as n-type dopant, making it even
more attractive. 3 In the case of the second class of compounds, ZT as large as 1 at 773 K was found
for p-type orthorhombic a-Ba;xNaxCuzSe,. ** An attempt to improve the thermoelectric properties of
the orthorhombic o-BaCu,Se; phase by doping with K instead of Na did not permit to get higher ZT
but lower ZT of 0.315 at 800 K for 30 % of K substitution on Ba site. ®* These promising
thermoelectric properties were found for alloys derived from the orthorhombic a-BaCu.Se, phase,
which is a semiconducting parent compound with an energy bandgap of about 1.3 eV. ***° There also
exists a metastable tetragonal B-BaCu,Se; phase with the same crystal structure of ThCr,Si, type as the

parent compounds AFe,As; (A = alkaline-earth) of the 122 iron based superconducting phase 6374041
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and whose energy bandgap was predicted to be slightly larger than for the orthorhombic a-BaCu,Se;
phase. *” The thermoelectric properties of sulfide and telluride BaCu,Ch, compounds were also studied
but the best ZT obtained for the K-doped tetragonal p-BaCu,S, compounds (ZT = 0.28 at 800 K) *
was much lower than for the best selenide compounds, whereas the Seebeck coefficient of the

orthorhombic o-BaCu,Te, compound was rather low, 3®

meaning that the potential of this last
compound for thermoelectric applications is weak. Some other semiconducting Ba-Cu-Ch compounds
with complex crystal structure exist, ““*® but few of them have been investigated for their
thermoelectric properties. However, two groups have reported very low thermal conductivity (< 1
W/m.K) in some of these compounds. *"“*® Notably, Kleinke’s group reported ZT values as large as 0.8
at 600 K for BaCusoSeTes. *’ Despite promising thermoelectric properties found for the orthorhombic
a-BaCu,Se; * and promising predictions from ab-initio calculations for this class of materials, %=’
these materials have been very few investigated yet.

Pressure offers exciting opportunities for achieving high performance thermoelectric materials
proving to be an useful tool to tune their properties as its temperature counterpart. Thus, the
application of high pressure can alter the transport properties of thermoelectrics enhancing their
performance parameters. In particular, high pressure effects were reported for BiCuSeO by theoretical
calculations predicting a pressure-driven enhancement of the power factor at 700K. *° Experimentally,
it was showed that HP-HT synthesis at 3 GPa significantly improves the figure of merit of undoped
BiCuSeO reaching ZT ~0.4 at 800 K. *°

In the present work, we investigate for the first time the stability of the orthorhombic a-
BaCu,Se; phase under pressure both experimentally and theoretically and compare it with the case of
the tetragonal B-BaCu,Se, phase which was studied theoretically. We also report for the first time the
lattice dynamics of both compounds from ab-initio calculations and compare with Raman experiments
performed for the orthorhombic a-BaCu,Se, phase and with the atomic displacement parameters
obtained by neutron diffraction. From the thermodynamic properties obtained by ab-initio

calculations, we are able to explain the origin of the higher thermal stability of the orthorhombic a-

BaCu,Se; phase and to give insights into the origin of its low thermal conductivity.



1. Methods

The density functional (DFT) calculations were carried out using the Vienna ab initio
Simulation Package (VASP). * The calculations use potentials constructed with the scalar relativistic

52 within the Perdew-Berke-

all-electron Blochl’s projector-augmented waves (PAW) technique
Erzenhof parameterization (PBE) of the generalized gradient approximation (GGA). > A plane-wave
energy cut-off of 350 eV and the tetrahedron numerical method have been applied. * We have used
very fine 11x21x11 and 15x15x5 k-point samplings generated using the Monkhorst-Pack method *°
for the relaxation structure calculations for the orthorhombic o-BaCu,Se, and the tetragonal (-
BaCu.Se; phases, respectively. The structures were relaxed until the residual forces were less than 10
eV/A and the total energies were converged numerically to less than 10°° eV. In order to determine
the equation of states of both compounds, series of calculations of the energy have been performed for
different fixed volumes while keeping the shape of the cell and the atomic positions free to relax.
Otherwise, the calculation conditions are the same as for the structure relaxation. In order to determine
the Bulk modulus and its derivative, we have used the Vinet equation in order to fit the equation E =
f(V). % The present work did not concentrate on the electronic properties of the two BaCu,Se; phases
as this has been well done previously using GGA, meta-GGA and hybrid exchange-correlation
functionals. *3" However, we report now the energy bandgap obtained from our DFT calculations:
0.44 eV for the orthorhombic a-BaCu,Se, and 0.39 eV for the tetragonal B-BaCu,Se; phases. We find
a slightly smaller value for the tetragonal B-BaCu.Se, phase than for the orthorhombic a-BaCu,Se,
phase, in gualitative agreement with the ref. 37. As expected with DFT calculations, our values are
significantly smaller than the experimental value found for the orthorhombic a-BaCu.Se; phase * and
than the computed values found using hybrid exchange-correlation functional. ¥ The lattice dynamics
calculations were performed using the direct method with the supercell approach as described by
Parlinski et al. °" The calculations were performed on a 1x2x1 supercell containing 40 atoms with a
grid of 11x11x11 k-mesh for the orthorhombic phase and on a 2x2x1 supercell containing 40 atoms

and built from the conventional cell with a grid of 9x9x5 k-mesh for the quadratic phase. Prior to the



Hellmann-Feynman force calculations, the atomic positions were relaxed until the residual forces were
less than 10*eV/A% The Hellmann-Feynman forces were calculated for atomic displacements of 0.03
A. For the dynamical matrix diagonalization and the subsequent lattice dynamics and thermodynamic

calculations, we have used the Phonon code of Parlinski. >

The BaCu,Se; sample was obtained by a two-step solid-state synthesis starting from Na,Se,
BaSe, Cu and Se precursors. In the first step, the Na.Se and BaSe precursors were prepared and in the
second step all precursors were thoroughly milled and mixed and then heated at 958 K for 48 h in
sealed carbon-coated silica tubes under argon. After these thermal treatments, the samples were
densified by Spark Plasma Sintering with a holding time of 10min at 723K under 100 MPa. The
obtained samples were characterized by X-ray diffraction (XRD) and scanning electron microscopy
coupled to energy dispersive X-ray spectroscopy (SEM+EDX). The samples were almost single-
phase, containing minor fractions of 3-Cu.Se (about 0.5 %) and of an un-identified phase that could
only be detected in the synchrotron-XRD patterns (see Figure 1). More details of the synthesis and
structural characterization of the samples can be found in ref. 32. Raman scattering experiments have
been performed using two different Raman spectrometers. We have firstly used a Labram Aramis
spectrometer with backscattering geometry and using three different 473 nm, 633 nm and 785 nm
lasers in order to study the effect of the resonant effect on the intensity of the Raman modes. However,
as it is difficult to study the lower energy Raman modes with that spectrometer, we have also used a
T64000 spectrometer from Horiba-Jobin Yvon in backscattering geometry and triple-monochromator
configuration and using the 488 nm laser. Using the triple-monochromator configuration enabled us to
study all the low energy Raman modes of BaCu,Se,. The error in Raman frequencies is about 2 cm™ in
the case of measurements with blue lasers (473 and 488 nm) and about 1 cm™ in the case of

measurements with the infrared laser (785 nm).

We performed two kinds of XRD experiments: (i) at room pressure and low temperature and
(ii) high pressure and room temperature. Synchrotron XRD experiments were performed at MSPD

beamline of Alba Synchrotron using both powder diffraction and high pressure end-stations. *® Data at



RP and LT were collected at powder diffraction end-station using high-resolution mode through the 13
channels multi-analyzer crystals detector. In order to minimize absorption, incident X-rays with a
wavelength of 0.3754 A was used. The sample was enclosed in a glass capillary of 0.5 mm while data
were registered on cooling at several temperatures between 295 K and 10 K and on heating up to
400K. Low temperatures were achieved using a liquid nitrogen cryostream (Oxford Cryosystems
Series 700) and a so-called Dynaflow He flow cryostat. ** The RT-HP XRD measurements were
performed at the second end-station dedicated for HP measurements in diamond-anvil cells (DACs).
The diffraction data were collected using a wavelength of 0.4246 A (Sn K-edge) compressing the
sample up to 23 GPa using a diamond-anvil cell (DAC) with diamond culets of 400 um diameter. The
BaCu,Se; sample was placed together with Cu grains inside of a 180 um diameter hole in the stainless
steel gasket, pre-indented to 35 pm thickness. The EOS of Cu was used as a pressure scale with an
accuracy of 0.1 GPa. ® Two-dimensional diffraction images were collected using a SX-165 Rayonix
CCD located at 240 mm away from the sample. The detector geometry was calibrated using LaB6
standard using FIT 2D software ® while the resulting 1D patterns were analyzed by LeBail fitting

using Fullprof software. &

Specific heat measurements were performed using a Quantum Design Physical Properties
Measurement System (PPMS) from 400K to 300K using apiezon H grease and from 300K to 2K using

apiezon N grease.

1. Results and discussion

I11.A. Crystal structure

The temperature dependence of the lattice parameters of orthorhombic o-BaCu.Se, obtained
from the Rietveld refinement of our synchrotron data are reported in Fig. 2 whereas the atomic volume
and the ratios b/a and c/a are reported in the supplementary informations. The X-ray patterns are
reported in the supplementary information together with a representative example of the Rietveld

refinements. The thermal variation of the interatomic distances and interatomic angles are reported in



the supplementary information. Note that measurement errors are lower than the size of the symbols in
the Fig. 2 and in the supplementary information. The thermal variation of the Atomic Displacements
Parameters (ADPs) will be discussed later on. The values found for the lattice parameters at room
temperature agree very well with prior works. 384083 Between 10 and 400 K, the ratio b/a is only
slightly increasing from 0.4386 to 0.4392, whereas the ratio c/a is slightly decreasing from 1.1239 to
1.1230. The agreement of our data with prior high temperature experiments * is rather good.
However, the coefficients of thermal expansion extracted from the linear fitting of our data between
200 and 400 K are significantly smaller than those obtained in ref. 32 for room temperature. Thus
between 200 and 400 K, one finds the following thermal expansion coefficients: aa = 20.2 + 0.2 MK™,
ap =239+ 03 MK? o =181 +0.2 MK* and av = 62.2 + 0.7 MK™. However, our present results
confirm the weak anisotropy of the thermal expansion of orthorhombic BaCu,Se. As our present data
are of better quality and extended on larger temperature range, we believe that they are more reliable.
Indeed, one finds very good quality factor for the linear fitting in the 200-400 K range (higher than
0.999). From the lattice parameters extracted from the XRD data, one can also determine the thermal
variation of the thermal expansion in Figure 3. Here also, the errors for the thermal expansion are
lower than the size of the symbols in the Figure 3. The thermal expansion becomes constant above 200
K, which is related to the low Debye temperature of about 230-255 K (see below).

Comparing our experimental results at 10 K (300 K) with our results from DFT calculations
and prior DFT calculations for orthorhombic BaCu.Se, (see Table 1), one finds that the calculated
lattice parameters are larger by about 1.1-1.3 % (0.6-0.9 %) compared to experimental values at 10 K
(295 K), which is quite reasonable. The agreement with the experiments at 10 K is much better than
for the case of prior DFT calculations which overestimate the lattice parameters by about 0.9 % (for b)
to 1.9-2 % for the calculations with revPBE+U exchange-correlation functional and by about 2.4-2.6
% for the calculations with HSE06 exchange-correlation functional. %" For the case of tetragonal -
BaCu,Se;, similarly, as can be seen in Table 1, our calculated lattice parameters are in much better
agreement with the room temperature experimental lattice parameters *° than the lattice parameters

calculated by Zhou et al with both revPBE+U and HSE06 exchange-correlation functionals. ¥’



X-ray diffraction experiments under high pressure performed using synchrotron radiation on
orthorhombic a-BaCu,Se, were carried up to 23 GPa. In the whole pressure range covered in the study
the only remarkable changes in the XRD patterns are represented by the gradual shift of the Bragg
reflections toward higher values of 26 due to cell parameters contraction. The initial phase is thus
retained and no evidences of structural transition were found across the pressure range investigated in
the present study, i. e. up to 23 GPa. Above 13 GPa, the Bragg peaks broaden as a consequence of the
loss of hydrostaticity and the appearance of the deviatoric stress; however, this is expected when using
16:3:1 methanol-ethanol-water as pressure transmitting medium. °*% Moreover, the refinements
carried out for pressures above 13 GPa yielded lattice parameters with significant uncertainty and thus
we will constrain our data analysis to the hydrostatic regime. The pressure dependence of the
experimental atomic volume is reported in Fig. 4 together with the pressure dependence of the atomic
volume obtained with DFT calculations. One can see that if the volume is slightly larger for the DFT
calculations, both curves follow the same trend. This is also the case for the different lattice
parameters and their ratio (see the SlI). The error bars for the volume, lattice parameters and their ratio
as well as the pressure are lower than the size of the symbols in the Fig. 4 as well as in the SI. Note
that the experimental and calculated b/a ratios are the same until 5 GPa. In both cases, the b/a and c/a
ratios increase with pressure and the experimental ratios b/a and c/a increases by about 3.4 % and 2.7
% at 12 GPa. From the modelling of the experimental data with the Vinet equation **° (see Fig. 4),

using a room pressure atomic volume Vo = 21.74 A3, one obtains a bulk modulus B = 60.4 + 3.5 GPa

and its pressure derivative dB/dP = 5 + 0.7. From the modelling of the energy vs volume curves
obtained by DFT calculations with the Vinet equation, one obtains a bulk modulus B = 56 GPa and its
pressure derivative dB/dP = 5 (see Sl). From these parameters, one can calculate the volume vs
pressure curves shown in Fig. 4, which reproduces very well the results from the DFT calculations.
We have also calculated the bulk modulus B and its pressure derivative dB/dP for the tetragonal -
BaCu,Se; by modelling the energy vs pressure curves obtained by DFT calculations with the Vinet
equation. If the atomic volume at room pressure Vo of the tetragonal phase is slightly larger than that

of the orthorhombic phase (see also Table 1), surprisingly, one finds almost the same B (= 55 GPa)
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and dB/dP (= 5.1) for the tetragonal phase than for the orthorhombic phase. Hence, we expect that if it
occurs, the high-pressure phase transition from the orthorhombic phase to the tetragonal phase will
take place at pressure larger than 20 GPa. We have used two different methods for determining the
transition pressure. Firstly, as the equations of states calculated with the DFT have been modeled with
the Vinet equations, we can obtained the pressure at which both curves are crossing and find 21.5 GPa
(see Fig. S12). Another method is to calculate the Gibbs energies, G = E + PV +TS, for both phase
with the DFT (i. e. at 0 K) and from the difference of the Gibbs energy of the two phases AG, we find
24.8 GPa (see Fig. S13). However, we do not find traces of such phase transition in our experimental
data within the whole pressure range of our study. The proposed HP transition could be shifted to

higher transition pressures than predicted because of the presence of kinetic barriers. %

I11.B. Lattice dynamics

We report in Fig. 5 (a) the Raman spectra for two different wavelengths (785 and 473 nm)
using the Labram spectrometer. The same zone of the sample was examined and one can see a
significant resonant effect. Thus, different vibrational modes can be highlighted. With the infrared
laser (785 nm), the two peaks at 85 and at about 120 cm™ are enhanced. As our experimental set-up
did not permit us to access to the lower energy Raman modes, we have performed additional
experiments with a triple-monochromator spectrometer. Thus, additional peaks can be observed at
lower energy, located at 58 and 72 cm™. A broad beak is observed around 220-240 cm™, although our
calculations do not evidence any vibrational modes above 200 cm™ (see below). Therefore, several
different areas of the sample have been analyzed. This broad feature changes significantly from one
analysis to another, and is even almost vanishing in some Raman spectra (not shown). Therefore, we
assign it to the presence of the unidentified secondary phases. Thus, the Raman modes of
orthorhombic BaCu,Se; are located between 50 and 200 cm™.

We have performed lattice dynamics calculations for both the orthorhombic and tetragonal

BaCu,Se; compounds.
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The space group of the orthorhombic phase is P n m a (n° 62) and it contains 20 atoms in its
primitive cell giving 60 different vibrational modes. The irreducible representations of the vibrational
modes can be decomposed as following:

Tib=10 Ag@5B1g® 10 Bog @ 5 B3g® 5 Ay @ 10 By @ 5 Bay @ 10 Bay

Among these modes, there are three acoustical modes (B © By @ Bay), 22 infrared and
hyper-Raman active modes (9 Biy @ 4 By, @ 9 Bsy), 30 Raman active modes (10 Ag @ 5 By @ 10 Byg
@ 5 Bsg) and 5 only hyper-Raman active modes (5 Au). The energies of the different vibrational modes
are reported in Table 2.

As there are many Raman modes for the orthorhombic phase, the mode assignment using
Raman spectroscopy data on powdered sample is not straightforward despite the present calculations.
Our calculations indicate that the energies of the first order phonon modes range from 50 to 190 cm™,
showing that the broad peak observed above 200 cm™ has a different origin, either second order
vibrational mode or from secondary phases. The last scenario is more probable because of the large
sample dependence of this broad feature, which almost disappeared in some of our measurements (not
shown). As indicated before, in the synchrotron XRD pattern, there are some traces of cubic B-Cu,Se

as well as of an unidentified phase. The cubic B-Cu.Se has only one sharp Raman mode at about 260
cm™ and therefore one could exclude it. ®® Thus, the broad feature at about 230-250 cm™* can come
perhaps from the unidentified phase. There is another possibility, this could be the amorphous Se
phase or possibly disordered hexagonal Se phase located in the grain boundaries because their most
intense Raman modes at about 230-250 cm™ (depending of wavelength and power) *° is located in
the same energy range as the broad peak in our Raman spectra. It was maybe produced during the SPS
process and located in the grain boundaries.

The space group of the tetragonal phase is | 4/m m m (n° 139) and it contains 5 atoms in its
primitive cell giving 15 different vibrational modes. The irreducible representations of the vibrational
modes can be decomposed as following:

rvibzAlg@Blg@zEg@3A2u@3Eu

11



Among these modes, there are three acoustical modes (Az @ Eu), 4 infrared and hyper-Raman
active modes (2 Az, @ 2 E) and 4 Raman active modes (Aig @ Big @ 2 Ey). In the different vibrational
modes of both materials, the motions of all different types of atoms are involved. The energies of the
different vibrational modes are reported in Table 2.

Now, we compare the phonon dispersion curves and density of states of both phases (see Figs.
6 and 7). The width of the optical phonon branches is slightly larger in the orthorhombic phase (5 to
23 meV) than in the tetragonal phase (7 to 22 meV) whereas the acoustical branches extend up to
about 7 meV for both materials. In the case of the orthorhombic phase (Figs. 6 and 7), the Ba atoms
and the different types of Cu atoms dominate the Phonon DOS (PDOS) for the energies up to 12 meV.
Between 10 and 12 meV, the contribution of the Ba atoms is dominant, whereas there is a dominant
contribution from the Sel atom for the peak at about 13 meV. Above 16 meV, the contribution from
the Ba atoms become very small whereas the contributions from the different types of Se atoms
become dominant with still some contribution from Cu atoms. When looking at the features at low
energy, one sees a small peak at about 3.5 meV, which is due to the acoustical modes at the vicinity of
the Z and U points. The two lower energy optical modes at about 5 meV have different symmetries
than that of the acoustical modes. This means that these optical modes could not hybridize with the
acoustical modes. The strong peak at about 7 meV in the PDOS of the orthorhombic phase is due to
both the flattening of some of the acoustical branches around the Y point and in the TR direction in
this energy range and to some optical modes. These features are very favorable for strong scattering of
the acoustical phonons by optical phonons as in the case of other materials with similar dispersion
curves such as e. g. ZnSh. "™’ However, the lattice thermal conductivity is several times lower in
orthorhombic BaCu,Se; (0.8 W/m.K at RT and down to 0.4 W/m.K at 750 K) * than in ZnSh.
Because both materials have similar number of atoms in the unit cell and similar low symmetry, this
should be due to other effects such as larger anharmonicity, larger disorder, ... . In the tetragonal
phase (Fig. 7), the contribution of the Ba atoms is very dominant for the sharp and strong low energy
peak at about 5 meV. Contrary to the case of the orthorhombic phase, this low energy peak is only due

to the flattening of the lowest energy transverse acoustical mode at the Brillouin zone boundaries
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(mainly around the P, N and X points) within a very significant part of the phase space. This means
that a very large fraction of this acoustical branch loses its phase and do not contribute to heat
transport. It is very favorable for a reduced thermal conductivity in this tetragonal phase, despite its
higher symmetry and lower number of atoms in the primitive as compared to the orthorhombic phase.
Note that this is the Ba PDOS projected along ¢ direction which mainly contribute to this peak and that
the Ba PDOS is strongly anisotropic with the energy of the vibrations of Ba along the z direction, i. e.
between the Cu-Se layers being much smaller than the vibrations of Ba parallel to the layers. This
should be related to the layered nature of the tetragonal phase. The peak at about 7-8 meV is
dominated by the contribution of the copper and selenium atoms and is due to both the flattening of
the transverse and longitudinal acoustical mode close to the X and P points and also to the lowest
energy optical mode. The large peak at about 9 meV is dominated by the copper atoms, whereas the
rather flat PDOS between 11 and 13 meV is dominated by the Ba atoms. Above 14 meV, there is no

contribution from the Ba atoms and the contribution of Se atoms is dominating above 16 meV.

I11.C. Thermodynamic properties

In Fig. 8 (a), we report the experimental heat capacity of orthorhombic a-BaCu,Se; from
400K down to 2 K together with the heat capacity calculated from DFT calculations using the
harmonic approximation for both the orthorhombic and tetragonal phases. In the Fig. 8, the error bars
are smaller than the used symbols. In Fig. 8 (b) we show the same data plotted as a Debye plot for
highlighting the deviation from a simple Debye model for which the heat capacity follows a T3
dependence. The agreement between calculations and experiments for orthorhombic a-BaCu.Se; is
reasonable although not great. Note that above 260 K, the experimental data are larger than the high-
temperature Dulong-Petit limit. The deviation at high temperature can come from several
contributions that are not taken into account by the harmonic calculations performed at constant
volume. In our experiments, the heat capacity measurements are performed under constant pressure

(Cp) and we must take into account the difference between Cr and Cy that come from the thermal
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expansion effect. Other effects to be taken into account are the anharmonicity and the defects, as this
was made by several works for the case of ZnSb. ™™ In our case, as we have determined the
experimental value of the volume thermal expansion av and of the bulk modulus B at room
temperature, we can calculate the experimental heat capacity at constant volume Cy above 200 K
from: Cv = Cp - a/®BVT. One can see in Fig. 8 (a) an excellent agreement between the experimental
and computed Cyv of the orthorhombic phase. At low temperature, in both experiment and calculations,
one sees in the Debye plot a deviation from the constant value expected with the Debye model. In the
experiment, one sees a maximum at about 15-20 K, a temperature range in agreement with the 16.5 K
obtained from DFT. In the case of the tetragonal phase, the maximum is located at lower temperature
(13.5 K). This was expected as in the PDOS of the tetragonal phase, there is a large peak at about 5
meV whereas it is at about 7 meV for the orthorhombic phase. As this last value is similar to the case
of the BagSiss clathrate, it is not surprising to see that this phase has a peak in the Debye plot of the
heat capacity at about 16 K, ™ a value very close to what we find for orthorhombic BaCu,Sex.

From both the experimental and calculated low-temperature heat capacity data, one can
determine the Debye temperature 6p° with a linear fitting of C/T vs T2 ® For the orthorhombic phase,
we obtain 0p° = 253.2 K and 231.65 K for the experimental and the DFT data, respectively. The
calculated value is smaller by about 10 %, which is expected because of the larger values of the
calculated lattice parameters. The order of magnitude is very similar to that of thermoelectric
antimonides such as ZnSb, "“"* LaFesSby, '’ or thermoelectric chalcogenides such as LasChs (Ch = S,
Se, Te). ® For the tetragonal phase, the calculated Debye temperature 8¢ is smaller and equal to 191.3
K. Another way to determine the Debye temperature is to calculate the mean vibrational energy <E>
from the phonon density of states g(E) using: "

4 4 E)EdE
0505 = %) - L OEIECE

3 3 [g(E)dE

By this way, from our calculated PDOS, one finds 65°°° = 207.5 K and 187.4 K for the
orthorhombic and tetragonal phases, respectively. This is in reasonable agreement with the

calculations from the low-temperature heat capacity.
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In Fig. 9 (a), we report the thermal variation of the isotropic Atomic Displacement Parameters
(ADPs) obtained from our synchrotron XRD experiments and compared with our calculated results.
There is an overall qualitative agreement between experiments and calculations and we find in both
cases that the ADPs of the Cu atoms are the largest ones and the ADPs of the Se atoms are the
smallest ones. If the experimental ADPs of the Ba compare well with the calculated ADPs, this is not
the case concerning the ADPs of the Cu and Se atoms for which the experimental values are typically
underestimated by 0.005 A% When looking at the anisotropic ADPs, one finds sometimes different
trends between the experimental and calculated data, as can be seen in the Table 3 where the room
temperature data are compared. In this Table, we also show the room temperature ADPs obtained for
both the orthorhombic and the tetragonal phases by Huster and Bronger with single-crystalline
samples. “° Their results for the orthorhombic phase compare very well with our calculated data and
even the detailed anisotropy of the ADPs they found is well reproduced by our calculations. We note
that they found slightly smaller ADPs than the calculated ADPs and this can be account by the
stronger bonding in the experimental structure due to its smaller lattice parameters. However, for the
tetragonal phase, there is strong disagreement between our calculated ADPs with their experimental
ADPs, even at the qualitative level. We find still much larger ADPs for the copper atoms than for the
barium atoms in the case of the tetragonal phase as it was found for the orthorhombic phase, whereas
Huster and Bronger found that the ADPs of the barium atoms become the largest in the tetragonal
phase. “° We have no explanation for this disagreement. In all compounds, the ADPs of the selenium
atoms are the smallest.

The ADPs of the copper atoms in the orthorhombic phase seem rather large (0.015-0.02 A?)
and have the same magnitude than in BiCuChO (Ch = S, Se, Te) *® and in CusSbSes * with much
larger thermal conductivity (about 3 W/m.K). ® As discussed by some of us in the case of BiCuChO,
% this does not mean that Cu atoms are rattling atoms. However, the ADPs of Cu are even much larger
in the copper chalcogenides with mobile Cu atoms, such as B-Cuz»Se, ® CusSbSes * and Cui2+xShsSas,

887 than in BiCuChO and BaCu.Se..
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The experimental ground state of BaCu,Se; is the orthorhombic phase, the tetragonal phase
being metastable. However, as reported about 20 years ago by Huster and Bronger, both phases can be
obtained under single-crystalline form using a flux of potassium-selenocyanate at 480°C. “* Our DFT
calculations show that at 0 K without the vibrational contribution, the orthorhombic phase is more
stable than the tetragonal phase by about 3.12 kJ/mole.K. This difference is reduced to 2.93 kJ/mole.K
when taking into account the zero point vibrational energy. This energy difference is quite small and
can explain why Huster and Bronger have been able to grow single-crystals of the tetragonal phase.
This also suggests that it could be possible to obtain the tetragonal phase by some out-of-equilibrium
techniques such as e. g. mechanical alloying. Indeed, one of the present authors has already reported
the synthesis of some metastable phases with similar small energy difference compared to the stable
phase using mechanical alloying. #*%° We have calculated the enthalpy difference AH as a function of
temperature taking into account the vibrational entropy in the harmonic approximation (see SlI). Our
calculations suggest a possible phase transition from the orthorhombic phase to the tetragonal phase at
about 950 K. Our own experimental study indicate the stability of the orthorhombic phase and the
absence of phase transition until at least 873 K. * To the best of our knowledge, there has been no
study investigating the stability of orthorhombic B-BaCu,Se; above this temperature to date. Note that
the anharmonicity, which is not taken into account in the present calculations, becomes larger at high
temperature and could modify the transition temperature between the orthorhombic and the tetragonal
phase. Note also that for the case of BaCu.S,, there is a phase transition from the orthorhombic to the
tetragonal phase at about 813+10 K. ** Both for BaCu,S; and BaCu,Se,, there is no relationship
between the space group Pnma of the orthorhombic phase and 14/mmm of the tetragonal phase. This
means that the phase transition between both crystal structures will not be displacive but must be
reconstructive and of first order. As usually pressure and temperature play an opposite role in the
structural evolution, our DFT results are somehow unusual. However, there is the example of
elemental calcium. It has face centered cubic structure at room conditions and has body centered cubic
structure above 730 K at room pressure and this structure becomes stable at room temperature and for

pressure higher than 20 GPa. %9
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As the thermal expansion is related to the anharmonicity, we have compared in Table 4 the
thermal expansion and the thermal conductivity at room temperature of orthorhombic -BaCu,Se; to
those of other thermoelectrics and in particular other copper chalcogenides. 232892 One can see
that the thermal expansion of B-BaCu.Se; is slightly larger than that of PbTe * and slightly smaller
than that of BiCuSeO ¥, AgSbTe, ** and B-Cu.xSe ** with the three last compounds having slightly
smaller lattice thermal conductivity whereas the thermal conductivity of PbTe is 3-4 times larger. *®

We also note that the thermal expansion is much larger than in CusSbSes %, Cu12ShsS1s > and SnSe.

96

In order to have a better insight of the anharmonicity, we have determined the Griineisen
parameter T". In the present work, we have only determined the isotropic Griineisen parameter because
we do not know all the elastic constants whose knowledge is mandatory for determining the
anisotropic Griineisen parameters. * From the knowledge of the volume thermal expansion oy at
constant temperature, of the heat capacity at constant pressure Cp, of the molar volume V and of the
bulk modulus B at constant temperature (here room temperature), we can determine the isotropic
thermodynamic Griineisen parameter I using: ® T = av V B / Cp. One finds " = 2.03 + 0.14 at room
temperature, which is a rather large value. The thermal variation of T" is given in Sl. Similar values of
the Griineisen parameter and thermal conductivity have been found in the case of AgShTe; " whereas
the Griuneisen parameter is slightly larger and the thermal conductivity is slightly smaller in the case of
BiCuSeO. 3% Significantly smaller Griineisen parameter is found in the case of B-Cu,xSe * despite
its slightly smaller thermal conductivity. **

In order to discuss qualitatively the origin of the low thermal conductivity of orthorhombic
BaCu,Se;, we can use the Slack formula in order to obtain an estimation, despite its limitations, which
have been discussed elsewhere. ">¢° The Slack formula is written as following: ® ki = AMa (Va)*36°
IT (n**r)?, where My is the average atomic mass, Vx is the volume per atom, é is the Debye
temperature, A is a constant equal to 3.04 x 1078 s K™, n is the number of atoms in the primitive cell,

and T is the Griineisen parameter. In the above formula, the thermal conductivity is obtained in
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W/cmK if the volume is given in A® and the average atomic mass in amu. Using the experimental
value of the Debye temperature and of the isotropic thermodynamic Griineisen parameter obtained at
room temperature, we find x = 1.93 W/m.K at 300 K. This value is about 2 times larger than the
experimental value of the thermal conductivity. * Such overestimation of the thermal conductivity
using the Slack formula is well-known. ">"® Despite this problem, the Slack formula give semi-

quantitative results that enable to find the good trend between different compounds. >’
IV.  Conclusion

In the present work, we report a combined experimental and ab-initio study of the crystal structure,
lattice dynamics and thermodynamic properties of thermoelectric orthorhombic structure BaCu.Se,.
The thermal and pressure evolution of the crystal structure is reported using synchrotron XRD
experiments. Our results show that the initial orthorhombic o-BaCu,Se, remains stable within the
whole pressure range of this study. Experimental and calculated bulk moduli are in good agreement.
The lattice dynamics is studied through Raman scattering experiments and ab-initio supercell
calculations and reveals that the lowest Raman-active and infrared-active optical modes are at about
50 cm (7 meV) and the presence of an optically silent low-energy optical mode at about 5 meV.
From the determination of the heat capacity, the thermal expansion and the bulk modulus, one finds
that a Grlineisen parameter of about 2.03 at room temperature. This rather large value together with
the presence of low energy optical modes and rather low sound velocities in orthorhombic BaCu;Se;
can explain its low thermal conductivity. Last, we have also studied the lattice dynamics, the
thermodynamic properties and the stability of the metastable tetragonal BaCu,Se; against the stable
orthorhombic phase and found that it is a high temperature phase and would become the most stable
phase above 950 K, similarly to the case of the BaCu,S, compounds. However, this temperature may
be underestimated as we did not take into account to neither the volume effect nor the anharmonic

effect.
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V. Associated content

V. A. Supplementary informations

Synchrotron powder X-ray pattern of orthorhombic BaCu2Sez in function of temperature.
Example of Rietveld refinement of the synchrotron powder X-ray diffraction data of orthorhombic
BaCu2Se2 at room temperature. Thermal variation of the atomic volume V and the ratios b/a and c/a
of the orthorhombic a-BaCu,Se, phase. Pictures of the crystal structure of orthorhombic BaCu,Se;
from the experimental data. Thermal variations of the different interatomic distances and interatomic
angles of orthorhombic BaCu,Se, from the analysis of the XRD data. Synchrotron powder X-ray
pattern of orthorhombic BaCu2Sez in function of pressure. Pressure variation of the lattice parameters
and their ratio of orthorhombic BaCu.Se,. Variation of the atomic energy with the atomic volume for
the two orthorhombic and tetragonal BaCu2Se2 phases obtained by DFT calculations. Pressure
variation of the difference of Gibbs energy between the orthorhombic and tetragonal phases obtained
by DFT calculations. Thermal variation of the difference of enthalpy between the orthorhombic and

tetragonal phases obtained by DFT calculations. Thermal variation of the Griineisen parameter.
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Tables

Table 1 Lattice parameters of orthorhombic o-BaCu.Se; obtained from our synchrotron XRD
experiments at 10 and 295 K compared to prior experiments at room temperature®4%% and to our own
DFT calculations and prior DFT calculations® and of tetragonal p-BaCu,Se; obtained from our DFT

calculations and compared to prior experiments at room temperature®® and prior DFT calculations. ¥

Compound a(A) b (A) c(A) Va (A%at) Eax (eV/at.) Comments
a-BaCu,Se; 9.66163 4.24144 10.88444 22.302 -4.1624 PBE (present work)
9.557(1)  4.1915(5)  10.741(1) 21.51 10 K XRD
9.600(1)  4.2140(5)  10.783(1) 21.81 295 K XRD
9.5944(6)  4.2142(4)  10.7748(8) 21.783 single-crystal XRD ©
9.595(1) 4.208(1) 10.773(1) 21.745 single-crystal XRD 40
9.59999(8) 4.21381(3) 10.78361(9)  21.811 XRD 3
9.7485 42312 10.9469 22.577 RevPBE+U ¥
9.8092 4.2952 11.011 23.196 HSE06 %7
B-BaCu,Se; 4.0865 4.0865 13.21775 22.073 -4.1301 PBE (present work)
4.040(1) 4.04 13.1855(33) 21.52 XRD monocr. 4°
4.138 4,138 13.38 22.91 RevPBE+U ¥
4.1394 4.1394 13.3942 22.95 HSE06 %7
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Table 2 Energies of the different types of vibrational modes (in cm™) for both orthorhombic o-

BaCu,Se; and tetragonal 3-BaCu,Se..

Compound Raman-active modes

Infrared-active modes

Other modes Comments

a-BaCu,Se; 58;72,;84;92,;101;118-121,;
130-145; 162 ; 187
Ay 47.5;54.4;66.4,795,; 927,
112;139.6; 153 ; 168.9 ; 179.4
Big: 53.7;57.7; 74.7 ; 133.2; 180.3
B.g: 68.7; 75;82.6;94.9; 100.6 ;
108.1; 128.7;149.2;176.9 ; 186.1

Bsg: 50.9;62.4 ;80 ; 132.8; 180.3

B-BaCu,Se; Ey 47.6;148.6

Big: 94 ; Ay 170.7

B1u: 56.6; 61.7 ; 86.5;
95.9;108;123.1;142.3;
153.5;171.3
B.u: 58.5;87.6; 106.7 ;
172.7
Bay: 62;69.3;85.6;94;
117.9;124.8; 138.6;
146.3;171.5;

E.: 66.7;104.3

Az 78 ;128.1

Experiments

Ay 43.5;59.6; DFT

83.5;105.9;172.3

DFT
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Table 3 Atomic displacement parameters U;; (in A% of Ba, Cu and Se for both orthorhombic a-

BaCu,Se; and tetragonal -BaCu.Se,. The experimental data of the present work are taken at 300 K.

Compound  Atom Ui (A% U (A  Us(A)  Us(B) U (A Comments
a-BaCu.Se; Ba 0.0120(4)  0.0094(4)  0.0071(3) 0.0095(3) Exp. (present work)
0.0160(3)  0.0106(2)  0.0103(2) -0.0007(2) 0.0123(3) Exp. 4
0.0148 0.0099 0.0102 0.0006 0.0116 DFT
Cul  0.0176(8) 0.0141(9)  0.0114(7) 0.0144(8) Exp. (present work)
0.0208(6)  0.0139(6)  0.0165(5)  0.0040(4)  0.0171(6) Exp. 4
0.0232 0.0154 0.0212 0.0056 0.0199 DFT
Cu2 0.0122(7)  0.0209(8)  0.0127(7) 0.0153(8) Exp. (present work)
0.0164(5)  0.0199(6)  0.0136(5) 0.0012(4)  0.0166(6) Exp. 4°
0.0192 0.0238 0.0176 -0.0017 0.0202 DFT
Sel  0.0096(6) 0.0062(5)  0.0018(5) 0.0059(5) Exp. (present work)
0.0119(4)  0.0094(4)  0.0074(4)  0.0000(3)  0.0096(4) Exp. 4
0.0126 0.0103 0.0098 0.0005 0.0109 DFT
Se2 0.00599(5) 0.0088(6)  0.0027(5) 0.0058(5) Exp. (present work)
0.0105(3)  0.0087(4)  0.0076(3) -0.0005(3)  0.0089(4) Exp. 4
0.0117 0.0096 0.0091 0.0003 0.0101 DFT
B-BaCu,Se; Ba 0.026(1) 0.026(1) 0.031(2) 0.028(2) Exp. 4
0.0131 0.0131 0.0284 0.0182 DFT
Cu 0.015(1) 0.015(1) 0.016(2) 0.0153(20) Exp. 4
0.0293 0.0293 0.0243 0.0276 DFT
Se 0.0085(9)  0.0085(9) 0.008(1) 0.0083(10) Exp. 4
0.0143 0.0143 0.0151 0.0146 DFT
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Table 4 Volume thermal expansion, Grineisen parameter and lattice thermal conductivity of a-

BaCu,Se, compared to several other chalcogenide compounds at room temperature.

95,97,98

* |n this case, the data are taken at 500 K.

11,31,32,78,80,85,92-

Compound av(300K) in MK™ '(300K) 1L (300K) in W/m.K
a-BaCusSe; 62.2 2.03 0.7%
BiCuSeO 67.4 % 2.27% 0.55 3
B-Cu-Se 75% 92 1* 92 0.6* 1
Cu12SbsS13 40-43 893 0.25 %
CusSbSes 37.2% 1.46 %
AgSbTe; 69 % 2.05% 0.63%7
PbTe 61.2% 1.457 2.4
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Figure captions

Figure 1: Rietveld refinement of the synchrotron powder X-ray pattern of orthorhombic BaCu.Se; at
295 K. The peaks indicated by the blue circles in the magnified view correspond to secondary phases

(open symbols = 3-Cu.Se, filled symbols = unidentified phase).

Figure 2 Thermal variation of the lattice parameters a, b and ¢ of the orthorhombic a-BaCu,Se; phase

obtained from Rietveld refinement of synchrotron powder X-ray diffraction patterns.

Figure 3 Thermal variation of the thermal expansion ax, oy and o.. Inset: thermal variation of the

volume thermal expansion aw.

Figure 4 Pressure variation of the atomic volume the orthorhombic o-BaCu,Se; phase obtained from
Rietveld refinement of synchrotron powder X-ray diffraction patterns and from DFT calculations

(solid symbols) and fitted with the Vinet equations of states (lines).

Figure 5 Raman spectra using Labram spectrometer with infrared laser of A = 785 nm (red curve) and
blue laser of A = 473 nm (blue curve) (a) and T64000 spectrometer with blue laser of A = 488 nm (b)
of the orthorhombic a-BaCu,Se, phase compared with the positions of the calculated Raman-active

modes (solid symbols).

Figure 6 Calculated phonon dispersion curves, total and atom-projected phonon Density of States of

the orthorhombic a-BaCu,Se; phase.

Figure 7 Calculated phonon dispersion curves, total and atom-projected phononDensity of States of

the tetragonal B-BaCu,Se; phase.

Figure 8 (a) Thermal variation of the experimental heat capacity of the orthorhombic phase and of the
calculated heat capacity of the orthorhombic and tetragonal phase. (b) Debye plot of the experimental
heat capacity of the orthorhombic phase and of the calculated heat capacity of the orthorhombic and

tetragonal phase.
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Figure 9 (a) Thermal variation of the experimental and calculated Atomic Displacement parameters of
the orthorhombic phase. (b) Thermal variation of the calculated Atomic Displacement parameters of

the tetragonal phase.
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