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We report the lattice dynamics and thermoelectric properties of topological semimetal BazSis. The
lattice dynamics has been studied by Raman and inelastic neutron scattering experiments. Good
agreement has been found with first-principles calculations. The presence of low-energy optical modes
at about 7 meV mainly due to the heavy mass of the Ba atoms suggests a propensity to low thermal
conductivity, which is favorable for thermoelectric applications. Our density functional theory
calculations indicate that the semimetallic nature of BasSiy is the origin for the rather large
thermopower. BasSis shows high potential for a thermoelectric material with a Seebeck coefficient as
large as —120 pV K! for 0.2 electrons/formula units through the substitution of Ba by appropriate
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Introduction

Thermoelectricity is one of the material properties harvested
for renewable energy production over recent years. The
potential of a material for thermoelectric (TE) applications
can be determined through the dimensionless figure of merit
ZT = o’>aT/x where o is the Seebeck coefficient, ¢ is the electrical
conductivity, T is the absolute temperature and « is the thermal
conductivity."Doped semiconductors and semimetals meet the
electronic prerequisite for optimum power factors PF = o*g. The
best standard thermoelectric materials are alloys based on
Bi,Te;, PbTe or Si,_,Ge, with a ZT of about 1. There are as
well promising antimonides and chalcogenides which have
been found during the last few decades.'™ However, most of
these materials are made of toxic and rare chemical elements,
hence the intense search for new TE compounds is based on
abundant and nontoxic elements.

Alkaline-earth silicides form a class of promising TE materi-
als which have been studied for their large variety of crystal
structures and electronic ground states. Several types of semi-
conductors such as orthorhombic BaSi,, A,Si (A = Ca, Sr, Ba),
Ca;Siy and Ca,4Siyo have attracted attention for photovoltaic
and thermoelectric applications.*® Type I clathrates AgSiye (A =
Ba, Sr) and type IX clathrates are cage compounds that can be
synthesized at high-pressure and high temperature with super-
conducting ground states and interesting dynamic properties
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of the guest atom A."® When Si atoms are substituted by Ga or
Al atoms, the thermoelectric properties increase strongly with a
ZT reaching 0.87 at 870 K for BaGay6Siz,." ">

Recently, first-principles calculations have shown that
Ba;Si,"* and cubic SrSi,'* as well as cubic CoSi'® are topological
semimetals with many potential applications such as in the
thermoelectric field. This was indeed confirmed for SrSi, with
the best ZT obtained at room temperature among the silicide
alloys."® In particular, in the absence of spin-orbit coupling
(SOCQ), there are three types of topological elements in Ba;Si,
generated by the crossings of three bands: a nodal-chain
network, intersecting nodal rings and triple points linked by
a nodal line." In the presence of SOC, the intersecting nodal
rings are gapped and the triple points split into two Dirac
points because of band splitting with one of the crossing points
gapped.’® As these splitting energies are small, it has been
suggested that these topological features can be observed
experimentally.”® In more recent DFT studies of topological
materials, Zhang et al. found that Ba;Si, belongs to the general
class of high symmetry point semimetals when the spin-orbit
coupling is not taken into account. The topological points are
split during SOC.""'® Tang et al also predicted some band
crossing in the semimetal Ba;Sis'° whereas Vergniory et al.
found that Ba;Si, has an integer linear combination of elemen-
tary band representations that could be compatible with either
fragile or trivial topology but without a fragile band in this
case.’**?

Ba;Si, crystallizes in the tetragonal space group P4,/mnm
(no. 136). It has a complex crystal structure with the inclusion
of quasi-isolated butterfly-shaped Si,°~ Zintl anions. They are
formed by two three-fold bonded Si(1) atoms, two two-fold
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Fig. 1 Left: the crystal structure of tetragonal BasSis from the experimental data of ref. 26. Small and large spheres represent Si and Ba atoms,
respectively. Different Wyckoff positions are labeled and disclosed by different colors; light blue and dark blue for Si and Si—Si bonds, respectively, and
varying green colors for Ba sites.?® Right: the four different local structural motifs forming the BasSi, compound. The same color scheme is applied.
Interatomic distances are labeled a—j and correspond to a = 2.4183 A, b = 2.4254 A, c = 3.5761 A, d = 3.7061 A, e = 3.7163 A, f=3.2584 A, g = 3.6177 A h =

33598 A, i = 3.3088 A andj = 3.5174 A.

bonded Si(2) atoms and heavy Ba atoms**>® (see the crystal

structure in Fig. 1). This structural complexity makes it a good
candidate for a low thermal conductivity material. Ba;Si, can be
seen as a Zintl compound such as (Ba>*);5i,°", but as indicated
above, it is semimetallic and not semiconducting. Hydrogena-
tion of Ba;Si, could transform these butterfly Si,®” anions into
tetrahedron-shaped Si,*~ polyanions with hydrogen atoms in
interstitial sites.”” To date, the physical properties of Ba;Si,
have been hardly studied.*® In the present work, we report the
electronic and thermoelectric properties of Ba;Si, computed
using density functional theory (DFT) and Boltzmann transport
theory, and its lattice dynamics studied via inelastic neutron
scattering (INS) experiments and DFT methods, which we refer
to as DFT-LD hereafter.

Computation and experimental details

DFT calculations were based on projector augmented wave
(PAW) pseudopotentials and the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional using the Vienna ab
initio Simulation Package (VASP).>*! For all calculations, an
energy cut-off of 350 eV was applied. The force convergence was
107 eV A~ with an energy convergence of 10~ *° eV. We applied a
grid of 11 x 11 x 11 k points for this calculation. The calculated
tetragonal lattice parameters are ¢ = 8.5829 A and ¢ = 11.9549 A
and slightly larger than the experimental values a = 8.5233 A and
¢ = 11.8322 A.?° The calculated atom fractional coordinates listed
in Table 1 agree very well with the experimental data.*®

The electronic density of states and the thermoelectric
properties were calculated using a grid with 25 x 25 x 25
k-points. The electron localization function (ELF) was calculated
following the description by Becke and Edgecombe.’”> The
thermoelectric properties were calculated with the BoltzTrap
program in the constant relaxation time t approximation within

1988 | Phys. Chem. Chem. Phys., 2023, 25,1987-1997

Table 1 Fractional coordinates and isotropic atomic displacement para-
meters U, oOf different atoms derived from the DFT-based lattice
dynamics calculations at 300 K and compared to the experimental data
obtained at room temperature by single-crystal XRD by Aydemir et al.2®

Atom  Site x y b4 Usso (A7)
Ba(1)  4f 0.33598  x 0 0.01639  DFT
0.33515  x 0 0.01466  XRD?*®
Ba(2) 4e 0 0 0.16922  0.01137  DFT
0 0 0.16963  0.01031  XRD*®
Ba(3) 4d 0 1 1 0.01355  DFT
0 % % 0.01212  XRD®
Si(1) 8i 0.8996 0.30034 0 0.01282  DFT
0.90055  0.30007 0 0.01134  XRD*®
Si(2) 8j 0.19924 x 0.35597  0.01547  DFT
0.20077 X 0.35403  0.01359  XRD*®

a rigid band model.*® For the lattice dynamics calculations, we
used the supercell method implemented in the PHONON
program.** The calculations were performed in a 2 x 2 x 2
supercell with a grid of 5 x 5 x 5 k points.

The formation enthalpies Hgory Of pure and doped Ba;Siy,
were calculated as the difference between the ground state
energy E of the compounds Ba;,Siy¢, Ba;1YSiys and Bay,SijsAl,
obtained by DFT calculations, and of the ground states of the
monatomic Ba, Y, Si, and Al crystals.

E(BallMSim) - 11E(B’d) - E(M) - 16E(S1)

Etorm(Bai MSiys) = %

(1)

E(Ba;»Si;sM) — 12E(Ba) — E(M) — 15E(Si)
28

Eform (Ba2SisM) =
(2)

The insertion energy E;j, was obtained from the formation

This journal is © the Owner Societies 2023
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energies of the substituted compound and of Ba;,Si;¢ as

_ Etorm(Ba;iMSiig) — Egorm(Ba2Siie)

E, = 3
: . ®
E, — Efonn(Bal2Si15M)64_ Eform (Bay2Sije) @)

Having carried out a full relaxation of the supercell, we
observed a small distortion in the ab plane of the crystal lifting
its tetragonal symmetry. In a second computation approach,
the tetragonal symmetry was enforced to the a and b cell
parameters while keeping the ¢ parameter and volume fixed
to the values of the prior full relaxation run. The differences in
Hiorm and Ej, between the two relaxation runs are less than
1.5 meV per atom and 0.05 eV, respectively. They are of the
order of the precision of the calculations and thus do not
change the main conclusions drawn for the doping of Ba;Si,.

The Ba;Siy samples were synthesized using an arc melting
furnace from Ba (98.5%) and Si (99.999%) pieces in stoichio-
metric amounts under an Ar atmosphere. Powders were ana-
lyzed using X-ray diffraction (Philips X’PERT, Cu-K, radiation
using an accelerated detector PW 3050/60 at 45 kV, 30 mA
settings). When ground to powder, the sample is sensitive to
moisture, so the powders were prepared using an Ar glovebox
and embedded in vacuum grease. The XRD pattern was simu-
lated using Powdercell®® and the comparison with the experi-
mental data show that almost all Bragg peaks can be assigned
to BasSi,. Three small peaks are identified to be due to BaSi*®
(see Fig. 2).

Raman scattering experiments have been performed using a
T64000 spectrometer from Horiba-Jobin Yvon in backscattering
geometry and a triple-monochromator configuration using a
488 nm laser. The triple-monochromator configuration enabled
us to study all low-energy Raman modes of Ba;Si,. The error in
Raman frequencies is about 2 cm™"'. The Raman experiments

Experiment
—— Simulation of Ba Si,
* BaSi

Intensity (a. u.)

—.”fm; JJL;"JMTJMM“WM

10 20 80

26 (°)
Fig. 2 X-ray diffraction pattern of the BazSis sample (top) compared to a

simulation (bottom). The asterisks indicate the Bragg peaks of the BaSi
compound.
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were performed on small single-crystal pieces, which are much
less sensitive to moisture than powder.

Inelastic neutron scattering (INS) experiments were per-
formed using time-of-flight spectrometers IN5 and IN4 at the
Institut Laue Langevin in Grenoble, France. Neutron incident
wavelengths of 5 A at IN5 and 1.1 and 1.6 A at IN4 were applied.
After the synthesis, the sample was stored in a glove box
under an Ar atmosphere prior to the INS experiments. All INS
measurements were carried out in standard cryostats with the
sample under a helium atmosphere of 10-20 bars at 7= 300 K.
Standard corrections were applied to the data comprising
empty container signal, instrument and frame overlap back-
grounds, detector efficiencies and their energy dependence.
From the corrected INS spectra, the generalized density of
states (GDOS) GP(w,T) was computed within the incoherent

approximation.®”38

Electronic and thermoelectric
properties

We begin to discuss our results with the electronic structure
and thermoelectric properties of Ba;Siy. We report the electro-
nic band structure and density of states around the Fermi level
in Fig. 3. The overlap of the valence and conduction bands
around I" and the low value of the electronic density of states at
the Fermi level are the characteristics of a semimetallic mate-
rial and in good agreement with prior calculations.'>'%?2%2¢:?7
Notably, we observe the crossing of the valence and conduction
bands close to the Fermi level well corresponding to the
different topological features described and analyzed in detail
by Cai et al.'* The two peaks in the electronic DOS close to the
Fermi level are noted. They correspond to the bottom of the
conduction band at —0.045 eV and the top of the valence band
at 0.005 eV and signify the overlap between these two bands of
0.05 eV. In Fig. 4, we report the 3D representation of the ELF for
ELF = 0.8 and the 2D cross-section through the [001] plane. One
can clearly see that the Ba atoms have spherical ELF character-
istics of ionic bonding. We also clearly see the attractors of the
lone pairs of different Si atoms. When decreasing the ELF to
0.76, the attractors between the different Si atoms appear,
indicating that the electrons in covalent Si-Si bonding are
much less localized than the electrons in the lone pairs. All
these characteristics are typical of Zintl compounds,* although
here Ba;Si, is semimetallic due to the overlap of the highest
valence and lowest conduction bands around I'.

This semimetallic nature with a low charge carrier concen-
tration suggests the potential for TE applications as in the case
of semimetallic CoSi showing good TE properties.**™** As seen
in the Introduction, both CoSi'® and Ba;Sis"* are topological
semimetals although of different nature. It has already been
shown®® that the topology anomalies can give additional con-
tributions to the TE power of the topological metal or
semimetal.

In Fig. 5, we report the anisotropy of the electrical conduc-
tivity and that of the Seebeck coefficient perpendicular and

Phys. Chem. Chem. Phys., 2023, 25,1987-1997 | 1989
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Fig. 3 Left: the electronic band structure and right: the density of states in the vicinity of the Fermi level. The high symmetry points in the Brillouin zone
correspond to I" (0,0,0) A (1/2,1/2,1/2), Z (0,0,1/2), X (1/2,0,0) and M (1/2, 1/2,0).

Fig. 4 Left: 3D representation of the ELF isosurface with ELF = 0.8. Right: 2D cross section through the [0 O 1] plane of the ELF.

parallel to the c axis and the average Seebeck coefficient which
is computed as oty = (2050 + 04,042,)/30 2y (With 0,y = (205« + 6,,)/3).
In Fig. 5(a)-(c), they are reported as a function of the chemical
potential u and compared with the variation of the electronic
DOS. One can see that close to u = 0 eV, the absolute value of the
Seebeck coefficient is larger for the valence band than for
the conduction band and this is the opposite concerning the
electrical conductivity. For better insight into the variation of the
thermoelectric properties with doping, we report the Seebeck
coefficient and the electrical conductivity as a function of the
charge carrier concentration N in Fig. 5(d)-(f). The positive N
value corresponds to hole doping whereas the negative N value
marks electron doping. The anisotropy of the Seebeck coefficient
varies with the charge carrier concentration. For electron doping
with —0.1 < N < 0 e per fu and for hole doping with 0.05 < N <
0.7 h per fu, the absolute value of the Seebeck coefficient is
significantly larger in the ¢ direction. The electrical conductivity
is always larger in the ab plane than that in the ¢ direction for

1990 | Phys. Chem. Chem. Phys., 2023, 25,1987-1997

electron doping —1 < N < 0 e per fu and for hole doping with
0 < N < 0.45 h per fu. These results can be explained by the
much larger dispersion of the conduction and valence bands in
the I'X and I'M directions than those in the I'Z direction,
resulting in a much smaller effective mass m* and larger
delocalization of the charge carriers in the ab plane than those
in the ¢ direction. Thus, this explains naturally the anisotropy of
the electrical conductivity and the Seebeck coefficient as in a first
approximation ¢ oc 1/m* and o oc m*.

In Fig. 6, we report the average Seebeck coefficient a,, and
the power factor PF = Oy 0/t as a function of the charge
carrier concentration at different temperatures. For electron
doping, one can see that the absolute value of the Seebeck
coefficient has a maximum for N = —0.1 e per fu, increases from
300 K to 600 K and becomes almost temperature independent
upon further heating. The best absolute values of the Seebeck
coefficients in the case of electron doping are comparable with
those of CoSi which has a ZT of about 0.15-0.2 above 600 K****

This journal is © the Owner Societies 2023
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Fig. 5 Left: DFT-computed (a) average o,, and directional a,, and o, Seebeck coefficients, (b) average o,,/t and directional o,/t and o,/ electrical
conductivities and (c) electronic DOS in the function of the chemical potential x at 300 K. Right: the DFT-computed effect of the charge carrier
concentration N at 300 K on (d) the average a,, and directional a,, and o, Seebeck coefficients, (e) the average a,,/t and directional g/t and o/t
electrical conductivities and (f) on the ratio of the directional and average electrical conductivities axx/aa, and ¢;,/c,,. The negative and positive N values

correspond to electron doping and hole doping, respectively.

or of the bad metal LaFe,Sb;,** with ZT as large as 0.7 at
800 K.*°

For hole doping, one can see that the maximum of the
Seebeck coefficient shifts to higher charge carrier concentra-
tions and lower values with increasing temperature. At 300 K, a
similar maximum power factor is found for both electron
doping and hole doping for about N = —0.2 e per fu and N =
0.1 h per fu, respectively. However, for hole doping, at a higher
temperature, the power factor decreases marking hole doping
an inept approach for good TE performance. In the case
of electron doping, the power factor increases upon heating
by a factor 3 and becomes almost constant above 900 K, still for
N = —0.2 e per fu. This is a very promising result for TE

This journal is © the Owner Societies 2023

applications. A possibly viable way of accomplishing the doping
requirements for the best TE performance of BazSi, could be
the substitution of Ba by Y for electron doping (optimum
electron doping for Ba, Y, ,Sis) and by Al for hole doping
(optimum hole doping for Ba;Sis ¢Aly 4). So far, it has not been
clarified what maximum doping values the solubilities of Y and
Al allow to reach. An accurate study of the Ba-Y-Si and Ba-Al-Si
phase diagrams is needed. Note that the high sensitivity of
Baj;Si, to air and moisture will need specific care to characterize
its thermoelectric properties.

Here, we have calculated the formation enthalpies Hgopp, Of
pure and Al- and Y- doped Ba;Si, as well as the insertion
energies Ej, of Al and Y in Ba;Si, in order to determine if these

Phys. Chem. Chem. Phys., 2023, 25,1987-1997 | 1991
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Fig. 6 Top: the DFT-computed effect of the charge carrier concentration
N and of temperature T on the average Seebeck coefficient. Bottom: the
corresponding average power factor PF/t = a,,20,,/1 (bottom).
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elements are soluble in Ba;Si, and on which sites the substitu-
tions take place. The results are shown in Table 2.

Y-doping should decrease significantly the lattice volume
and modify very differently the lattice parameters depending on
which the Ba site is substituted. Y insertion in Ba2 sites
decreases the formation enthalpy Hy,m and leads to a negative
insertion energy Ej,. We conclude that Y should be soluble in
Ba;Si, and substitute preferentially on the Ba2 sites. Note that
the insertion in Ba3 and Ba2 sites is progressively less favor-
able. In comparison, Al substitution is energetically less favor-
able and increases slightly the lattice volume. The low values of

Table 2 Lattice parameters, atomic volume Vg, formation enthalpies
Hiorm a@nd insertion energies E;, of pure and doped BasSi, derived from
DFT calculations

Substitution Hiorm
Compositions site aA) c@A) Vi (AY) (ev/atom) Ei, (eV)
Ba;Si, 8.5829 11.9549 31.45 —-0.407
Ba,;1YSi Bal 8.4711 11.9557 30.64 —0.375 0.89
Bay; YSise Ba2 8.544 11.564 30.15 —0.41  —0.1
Bay;YSiye Ba3 8.5043 11.6874 30.19 —0.397  0.28
Ba,SisAl  Sil 8.5645 12.0375 31.53 —0.392 0.41
Ba,;,SijsAl Si2 8.6828 11.8232 31.76 —0.394 0.36

1992 | Phys. Chem. Chem. Phys., 2023, 25,1987-1997
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insertion energies Ej, suggest however the possibility of sub-
stitution at high temperatures when configurational entropic
and vibrational contributions play a stronger role.

Lattice dynamics and thermodynamic
properties

In Ba;Si,, there are 28 atoms in the primitive cell and thus 84
different vibrational modes. The decomposition in irreducible
representation is as follows:

Topt=6415 @ 4455 @ 5B, @ 7 Byg @ 10 Eg @ 34y, @ 54,5,
@ 5Blu (‘B ZBZU @ 12Eu and Fac:AZU (‘B Eu

There are 28 Raman-active modes with Ay, Byg, B,z and Eg
symmetries and 17 Infrared-active excitations of A,, and E,
symmetries.

All DFT-computed Gamma point frequencies and their
symmetries are reported in Table 3. A comparison of the
calculated Raman modes with two experimental Raman spectra
is shown in Fig. 7 and enables some mode symmetry assign-
ments. The results of the assignment are detailed in Table 4.
Note that in many cases several modes correspond to the
Raman lines observed in our experiments.

We report in Fig. 8 the phonon dispersion curves and the
total and atom-projected phonon DOS of Ba;Si, obtained from
DFT-based lattice dynamics calculations. The phonon proper-
ties of BasSi, show some very particular features which are
worth highlighting. A dispersive character of the phonon
system, which one might think of being the characteristic of
acoustic phonons, is only obvious below 5 meV, despite the
highest energy excitations reach almost 55 meV. Consequently,
above 5 meV, all vibrational eigen-modes are highly localized.
The strongly localized phonons form five clearly and extensively
separated phonon bands. The lowest energy band ranges up to
about 12.5 meV and cannot be discriminated from the acoustic
regime. The second excitation band covers a wide energy range
from 14 to 22 meV. It is followed by an extended excitation gap
up to 35 meV where a narrower excitation band begins reaching
out to 39 meV. The remaining localized eigen-modes form two
almost singular lines in the phonon DOS centered at about 47
and 52.5 meV and are once more separated by large excitation
gaps of 7 and 5 meV, respectively.

In addition to this striking localization and extensive gap
characteristics of the phonon system, the vibrational amplitudes
of the Ba and Si atoms are highly decoupled. This is best viewed
in the atom-projected DOS on the right-hand side of Fig. 8. Note
that the excitation band of the lowest energy (<12.5 meV) is
basically dominated by the Ba vibrations deep into the acoustic
regime. From the second excitation band, the vibrations are
dominated by the Si amplitudes with no noticeable Ba contribu-
tion to the 3 high-energy phonon bands. There is as well a clear
difference in the partial contributions from the 3 non-equivalent
Ba sites, with Ba(1) eigen-vectors showing a preference for lower
energies than Ba(2) and Ba(3). The preferences can be quantified
by the mean energy (E) of the partial contributions resulting to

This journal is © the Owner Societies 2023
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Table 3 Gamma point eigen-frequencies and their symmetries as derived from DFT calculations

Frequency (cm ™)

Symmetry
Ay
Asg
Big
Bog
Eg
Alu
A2u
By
BZu
E,
T T T T T T T T T
P
2
7]
[=
4 c
o £
- &
IE ! ! I ‘ \‘ I
| I | |
c 40 60 80 100 120
(1] Raman shift (cm™)
E 33
©
o 1A
I Il B 19
T e | By
I 1] \ I Eg
1 L 1 1 1 1 1 L 1 1 1 " 1 " 1 1 1

50 100 150 200 250 300 350 400 450 500

Raman shift (cm™)

Fig. 7 Experimental Raman spectra from two different zones of the BasSiy
sample. The tick bars correspond to the eigen-frequencies of the Raman-
active modes derived from DFT calculations. Inset: Zoom at a spectrum

with energies lower than 120 cm™.

Table 4 Measured Raman mode frequencies in cm™ and their symme-
tries as identified through lattice dynamics DFT calculations

Frequency/cm " Symmetry (DFT)

57 Eg (51.1)

61 By (52.7)

70 ?

85 E, (80)

89 Bag (84.7) + Ay (84.9)
95 Eq (89.5)

108 B, (105.3)

162 By (148.5) + Ay (150) + Eg (11.6) + Bag (154)
177 Eq (162.4)

193 Ayg (177.3)

290 Ay (284.9) + Byg (287.1)
309 Eg (295.8)

320 By (313.1)

433 Bsg (420) + Ay (423)

8.27 meV for Ba(1), 9.54 meV for Ba(3) and 10.67 meV for Ba(2).
The sequence of increasing mean energies of Ba(1), Ba(3) and
Ba(2) suggests this order for their bonding strength which

This journal is © the Owner Societies 2023

76, 84.9, 150, 177.3, 284.9, 423

65.5, 141.8, 154.5, 312.8

52.7, 64.3, 135.6, 148.5, 313.1

70.4, 84.7, 105.3, 138.3, 154, 287.1, 420

51.1, 64.5, 68.6, 80, 89.5, 128.5, 151.6, 162.4, 295.8, 374.9

71.8, 163, 306.1

77.8, 79.5, 131.9, 155.3, 373.6

53.4, 90.9, 145.1, 155, 377.4

162.4, 306.9

54.7, 68.7, 70.7, 71.5, 95, 129.9, 134, 152.5, 168.9, 292.5, 306.9, 425.4

correlates well with reciprocal mean distances of 3.6425 A for
Ba(1)-Si, 3.413 A for Ba(3)-Si and 3.399 A for Ba(2)-Si.?° See Fig. 1
for more details on the local structures. As we will show here-
after, the validity of the differences in the Ba-projected DOS is
confirmed by diffraction results and can be further discrimi-
nated by the lattice direction. This holds equally for the proper-
ties of the two non-equivalent Si atoms. Although a difference is
not clearly evident in the DOS presentation of Fig. 8, it is
noticeable in the mean energy values of 29.19 meV for Si(1)
and 26.15 meV for Si(2).

However, before discussing the effect of the partial contri-
butions in more detail, let us establish the validity of the
particular DOS features by a comparison with the INS experi-
mental data. The contrast maps of the dynamic structure factor
S(Q,E) measured at IN4 with an incident neutron wavelength of
1.6 A at 1.5, 150 and 300 K are shown in Fig. 9. In Fig. 10, we
compile the computed generalized densities of states (GDOS)
from all IN4 and IN5 data as well as the neutron weighted DOS
derived from DFT-based lattice dynamics and broadened for
the spectrometer energy resolution.

From the powder-averaged signal of the dynamic structure
factor S(Q,E) shown in Fig. 9, the dispersive character of the
monitored vibrational modes is clearly obvious for intensities
up to the mode gap centered around 15 meV. The bands of
acoustic phonons emanating from strong Bragg reflections at
zero energy along E up to about 10 meV and high-intensity
regions localized in Q highlight the collective character of the
sampled excitations. Excitations above the mode gap show a
reduced variation upon Q and E as deduced before from the
computed phonon dispersion shown in Fig. 8. The increasing
intensity towards high Q and with mounting temperatures
reflects the basic dependence of phonon form-factors on Q
and thermal occupation, respectively.

The temperature corrected and phase space averaged GDOS
signals shown in Fig. 10 are in very good agreement with the
DFT-LD results. Note that, for convenience, the resolution-
broadened DOS has been normalized to 21 phonon modes
and the GDOS recorded at 150 K was compared with the DOS
for peak amplitudes in the low-E region. We highlight that
within the resolution of the experimental setup, all measured
phonon peaks are reproduced and the characteristic energies
matched with high precision by the computed DOS. This is in
particular the case for the Si-dominated high-E modes. In the
Ba-dominated low-E region, the two strong peaks are somehow
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Fig. 9 Contrast maps of S(Q,E) recorded at IN4 with 4 = 1.6 A at the indicated temperatures. The positive and negative energies characterize the Stokes

and anti-Stokes lines, respectively.

sharper and shifted to lower energies by about 10% in the DOS.
This indicates that the Ba-Si coupling is slightly underesti-
mated by the DFT calculations. A similar effect has been found
for Ba-Si clathrates*® and a stronger underestimation of the
Ba-Ge coupling has been found in Ba-Ge clathrates*”*® having
applied PBE exchange-correlation functionals.

We may locate these Ba-dominated low-E peaks at 10 and
20 meV in the GDOS data. This result is temperature indepen-
dent as evidenced by the higher resolution data shown on the
right of Fig. 10. The progressive reduction of the intensity in the
IN4 data upon heating is a result of the Debye-Waller factor.
The difference in the amplitudes of the two peaks recorded at
300 K in the IN5 data with respect to the IN4 signal is a result of
the different phase spaces covered by the two instruments and
experimental setups.

To highlight the significance of the differences in the atom-
projected DOS as shown in Fig. 8, we compare in Fig. 11 the

1994 | Phys. Chem. Chem. Phys., 2023, 25, 1987-1997

isotropic thermal displacement parameters U;s,(T) derived from
our DFT-LD data with experimental results taken at room
temperature by Aydemir et al.>® The excellent correspondence
of the DFT-LD and experimental results is noted. As expected
and pointed out above, the weak underestimation of the Ba-Si
coupling in the low-energy region of the DOS is demonstrated
here by a slight shift of the DFT-LD data towards higher values.
The subtle differences of the Si(1) and Si(2) specific dynamics
which are less clear in Fig. 8 become obvious here and follow
compellingly the experimental data as the three Ba-specific
Uiso(T) do. Thus, the two-fold bonded Si(2) experiences higher
displacement parameters than the three-fold bonded Si(1) in
line with their specific mean energies <E> reported above.
The excellent agreement between experiment and calcula-
tions can be further tracked down to the level of anisotropic
displacement parameters Uj;. They are listed in Table 5. Note
that the sequence of Uj; values derived from experiment is fully

This journal is © the Owner Societies 2023
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Fig. 11 Isotropic atomic displacement parameters Uso from DFT calcula-
tions (solid lines) compared to experimental values?® (symbols). Inset:
Debye plot C\/T® as a function of temperature.

respected by our computation data for diagonal and off-
diagonal elements. Our data affirm the weak anisotropies in

Table 5 Anisotropic atomic displacement parameters Uy from DFT-LD
calculations at 300 K compared to room temperature single-crystal XRD
data by Aydemir et al.?®

Atom Site Uy (A%) Uy (A% U, (%) Uy, = Uy, (%) Uy (A7)

Ba(1) 4f 0.01511 Uy 0.01894  0.00002 —0.00035 DFT
0.01296 U,y 0.01805 0 —0.00047 XRD?®

Ba(2) 4e 0.01221 Uy 0.00969  0.00002 0.00058 DFT
0.01111 Uy 0.00871 0 0.00067 XRD**

Ba(3) 4d 0.01306 Uy 0.01453  0.00002 0.00000 DFT
0.01186 Uy 0.01264 0 0 XRD?®

Si(1) 8i 0.01148 0.01448 0.01251  0.00004 —0.00122 DFT
0.01005 0.01263 0.01135 0 —0.00111 XRD?®

Si(2) 8 0.01515 Uy 0.0161 —0.0038 0.00102 DFT
0.01303 Uy 0.01472 —0.00326 0.00064 XRD?®

This journal is © the Owner Societies 2023

Uj; of all atoms conjectured from experiments. They confirm as
well the variation in the bond strength of the Ba atoms. In
contrast to Ba(1) and Ba(3) which experience a stronger bonds
along the z direction than in the x-y plane, Ba(2) is stronger
bonded in the x-y plane than along the z direction.

Finally, the corresponding heat capacity data in a Debye plot
(Cy/T® vs. T) are reported in the inset of Fig. 11. As expected
from the observed peak around 10 meV in the DOS and GDOS,
Cy/T® features a peak at about 15 K on the top of a Debye
plateau. The atom-specific characteristics are obvious here by
two features. There is a clear variation of intensities and a less
evident variation of the peaks’ positions. Their behavior is
comprehensible on a qualitative basis within the basic models
of Einstein and Debye taking into account some characteristic
energies such as the mean energies (E) calculated above. At low
T, the atom-specific peak positions scale with (E) and the peak
intensities are expected to follow ~exp(—(E)/kgT) within the
Einstein model. An equivalent explanation is offered by the
Debye model for the intensities of the Debye plateau. They
are supposed to scale as 1/(E)* at low T. Thus, the differences in
Cy/T® of the three symmetry-non-equivalent Ba atoms and the
rather Debye-like Cy/T° of the Si atoms are anticipated.

Conclusion

In the present paper, we have investigated the electronic,
thermoelectric, and phonon properties of the topological semi-
metal Ba;Si,. The bonding properties of BasSi, are the char-
acteristic of Zintl phases despite the semimetallic nature of the
compound. This semimetallic nature results in a rather high
Seebeck coefficient which is a prerequisite for good thermo-
electric properties as found in some other silicides with similar
characteristics. We believe that Y doping on Ba sites could
make Ba;Si, a potential thermoelectric material, if high enough
doping concentrations could be achieved.
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The lattice dynamics of the material has been studied by
Raman and inelastic neutron scattering experiments as well as
ab initio lattice dynamics calculations. Good agreement of the
experimental data with the ab initio results is observed. The
presence of low-energy optical modes with dominating Ba
participation is another prerequisite for the good thermoelec-
tric performance of the material. In this case, the localization of
vibrational modes in the energy domain of heat carrying
acoustic phonons is supposed to open up an appreciable
number of additional scattering channels for the heat carriers
and thus reduce the lattice thermal conductivity. The high
number of 84 eigen-modes out of which 81 are localized is a
result of the complex structure of BasSi, and points at an
enhanced phase-space volume for Umklapp-scattering processes.

The very good agreement of the lattice dynamics calcula-
tions with the experimental results up to the level of anisotropic
thermal displacement parameters underlines the accuracy of
our ab initio computed data. This agreement strengthens our
confidence in the validity of the computed electronic properties
and thus in the charge carrier and temperature dependence of
the electrical conductivity, the Seebeck coefficient and the
power factor. It is a solid guide for the experimental work to
follow.
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