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The ab initio calculations based on the density functional theory (DFT) using the self-consistent Full potential linearized augmented plane
wave (FPLAPW) method were performed to explore the electronic structures, thermodynamic and thermoelectric properties of new rattling
Full Heusler alloys BeAgZ (Z = As, Sb, Bi). Results showed that the AlMin-type structure state is energetically the most stable structure.

The results show that the electronic property of these cubic Rattling Heusler alloys has a semiconducting behavior with indirect band gaps
E, (L-A). The predicted band gaps were found to be 0.566, 0.548, and 0.433 eV for Z = As, Sb, and Bi, respectively. The thermodynamic
properties comprising the thermal expansion coefficient, heat capacity, entropy and Debye temperature parameter were evaluated at variol
pressures from 0 to 15 GPa. Thermoelectric properties of thAGA(Z = As, Sb, Bi) materials are additionally computed over an extensive
variety of temperatures, and it is discovered that all compounds exhibit ultralow thermal conductivity, good Seebeck coefficients, and large
high power factors, thus resulting they are suitable for use in thermoelectric device applications.
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1. Introduction very high PFs at room temperature have been reported in FH
compounds based on Fe2VAI [10-12], the effective ZT values

The search for clean and renewable energy is currently a@re merely around.13—0.2 at 300 K due to the high thermal
urgent challenge globally. The utilization of waste heat hagonductivity (intrinsics, = 28 W-m~'K~"). Recently, Bilc
been gaining increasing attention with the increasingly seri€t al predicted several FH compounds through bielemental
ous problems of fossil energy depletion and environmenta$ubstitution in FeYZ (Y =V, Nb, Ta, Ti, Zr, Hf ; Z= Al, Ga,
pollution. Thermoelectric materials have attracted increasSh. Ge, Si), thereby demonstrating the possibility of boosting
ing attention because they can harvest waste heat and cotfte PF by a factor of 5 through band engineering [13].

vert it directly into electricity, given their promising perfor- Nevertheless, the search for novel, highly efficient, and
mances in energy conversion applications. The conversiopgst-effective materials is an open challenge to researchers;
efficiency is measured by the dimensionless figure of merigng in contrast to conventional FH compounds, there are a
ZT = S?0T/(kc+r1), whereT is the absolute temperature, pey class of stable semiconducting FH compounds with in-
S'is the thermopowet is the electrical conductivity, anek  trinsjcally high PFs and extremely low lattice thermal con-
andk, are the electronic and lattice thermal conductivities,ductivity due to atomic rattling, which we call R. Heusler
respectively. OptimizingZ7T" thus involves the tuning of con- (Rattling Heusler) compounds. These compounds, which to
flicting material properties by maximizing the power factor oy knowledge have very little been reported in the literature,
(PF) §%¢ and minimizing thermal conductivity:¢ andx.)  contain ten valence electrons per f.u. [14-16]. In order to
simultaneously. enlarge studies in this new field of material, we investigate
Research on Heusler alloys, Half Heusler (HH) and Fullin this paper the structural, electronic, thermodynamic, and
Heusler (FH), having, respectively, a general formula XYZthermoelectric properties of the three new Rattling Heuslers
and X YZ (X/Y are transition metals? = p-block elements) Ba,AgZ (Z = As, Sb, Bi) with alkaline earth elements Ba in
have constantly drawn the attention of the researchers du@e X sublattice, whereas Ag is a noble metal and Z is As, Sb
to their remarkable various applications, such as Half metaland Bi elements. It is expected that this paper will open new
[1], ferromagnetic shape memory alloys [2], superconductivavenues for especially thermoelectric applications. The re-
ity [3], and spintronics [4]. Also, as for compounds HH com- mainder of the article is organized as follows: The technical
pounds, the Full Heusler (FH) materials have thus attractedetails of calculations have been reported in Sec. 2. The de-
attention as thermoelectric (TE) materials [5-9]. Althoughtails of crystal structure and the main results for the structural,
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electronic, thermodynamic, and thermoelectric properties arequilibrium lattice constants. The total energy-lattice con-
presented in Sec. 3. A brief conclusion of the results is finallystant curves for these alloys are plotted in Fig. 1. Clearly, the
given in Sec. 4. AlCus;Mn-type structure state is energetically the most stable
structure in comparison to the kiQuTi-type at the equilib-

rium lattice constant for these three alloys. The values of
the optimized parameters are given in Table | and are 8.06,

We have carried out first the principles calculations [17,18]8'35’ _and 8.46 Afor B@AQAS’ B_agAng and BaAgBi, re-
spectively. The equilibrium lattice constant of these alloys

with both Full potential and linear augmented plane wave . X : .
(FP-LAPW) methods [19] as implemented in the WIEN2k increases with the increasing covalent radii of the Z atoms

code [20]. The exchange-correlation effects were describeg'e" As—Sb—Bi). The formation e_nergyEf determlqes
whether a compound can be experimentally synthesized or

with the parameterization of the generalized gradient approx- t 1231 E. is the change in enerav when a material |
imation (GGA) [21]. Well-converged basis sets are chose ot [23]. Ey IS he change In energy wnen a material 1S
ormed from its constituent elements in its bulk states and

With Ryr7 Kmax = 8 While Grax = 12Ry"/? for the Fourier N )
charge density expansion of the potential in the interstitial reSan be calculated for BAGZ (Z = As, Sb, Bi) compounds

gion is used. A mesh of 104 speciapoints was made in the asBy = (B — 2Ega — Epg — Ez) with Z = Al, Si, Ge,

irreducible wedge of the Brillouin zone. An energy threshoIdAS' Table | shows that the values of all compounds are neg-

of —6 Ry is used to separate the valance and core states t@five, which confirms that these compounds are stable and
all calculations can be synthesized experimentally. Among them,RpAs

is most easily synthesized because of its lowest formation en-
ergy. Thus, in order to consolidate our predictive results of

2. Method of calculations

3. Results and discussions our BaAgZ (Z = As, Sb, Bi) Full-Heusler alloys, we have
compared ours results in Table | with the other theoretically
3.1. Structural properties work for the same family of rattling Heusler BauZ (Z =

) __ Sb, Bi) alloys [15]. The obtained results stay in good agree-
As is known, the so-called Full Heusler alloys crystallize in ent with this theoretical study. Based on this, all the further
a highly ordered cubic structure, and their properties are regg|cylations on electronic, thermodynamic and thermoelec-

lated to the site preference of the atoms inside the structureyc properties of BaAgZ (Z = As, Sh, Bi) were performed
There are two types of highly ordered atomic arrangementgy, in the type-CuMnAl structure.

[22]: AlICusMn (space group 225" — m3m) and CuHgTi-

type structures (space group 26— 43m). For B&AgZ 32  Electronic properties

(Z = As, Sb, Bi) alloys in the AICuyMn-type structure, the

atomic sites are described as follows in Wyckoff coordi-It is well known that the band structure is vital for determin-
nates: Ba (0,0,0), Ba (0.5,0.5,0.5), Ag (0.25,0.25,0.25), anthg the thermoelectric properties because these properties de-
Z (0.75,0.75,0.75), and in the Cukif-type structure, they pend greatly on the band structure. The calculated band struc-
are Ba (0,0,0), Ba (0.25,0.25,0.25), Ag (0.5,0.5,0.5), and Zures of BaAgZ (Z = As, Sb, Bi) R compounds have been
(0.75,0.75,0.75). Structural optimizations on theBgZ (Z illustrated in Figs. (2-4)a. As it can be seen, the general band
= As, Sb, Bi) alloys were performed first to determine theirstructures of are similar for our R FH compounds. The va-
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FIGURE 1. Total energy as a function of unit cell volume for the:BgZ (Z = As, Sb, Bi) compounds in both GMnAl and Hg,CuTi type
structure.
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TABLE I. Calculated total energie;,. (in Ry) per formula unit, equilibrium lattice constam (in A), the bulk modulusB (in GPa), the
formation energy (in Ry) and the energy gap(L — A)(in eV) for B&AgZ (Z= As, Sb, Bi) compounds in theirs different structures type

configurations.
Compound structure Eior ao By Ey Eg(L—A)
BaxAgAs CwuMnAl -47714.477781 8.065 32.43 -0.84 0.566
Hg.CuTi -47714.329083 7.890 30.77 -0.56
Ba,AgSh CuyMnAl -56159.551580 8.353 28.24 -0.748 0.548
HgoCuTi -56159.413848 8.143 26.38 -0.535
BaxAgBi Cu;MnAl -86355.348178 8.460 25.62 -0.52 0.433
Hgz CuTi -86355.223962 8.273 24.09 -0.19
Ba,AuSb[15] Cu:MnAl 8.28 32 0.72
BaAuBi[15] Cl:MnAI 8.37 30 0.57

lence band maximum (VBM) and conduction band minimum

(CBM) are located at the low symmetry pointsand A (be-
tweenI' and X) in the Brillouin zone indicate that BAgZ

tors. The indirect energy gap, (L — A) of 0.566 eV for
Ba,AgAs, 0.548 eV BaAgSb and 0.433 eV for BAgBI is

Furthermore, multiple bands have energies close to the

VBM and CBM and lead to a sharp increase in the density
of states around the Fermi level, which is favorable for large
(Z = As, Sb, Bi) alloys are indirect bandgap semiconduc-Seebeck coefficients. Bilet al. [13] recently showed that
bands that are flat along one direction and highly dispersive
along others lead to a high Power factor (PF) in FH mate-
obtained. Unfortunately, so far, no experimental measurerials. In fact, such bands are present in ours new R com-
ments and theoretical data bandgép for the investigated pounds BaAgZ (Z = As, Sb, Bi) as well, where the valence
compounds are carried out to compare with. However, ouband alongl — I is flat, whereas it is highly dispersive along

results for bandgag, listed in Table | are in good agree- with all other directions, as depicted in the red circle of band
ment with the other theoretically work for the same family of structures. The total (TDOS) and partial (PDOS) densities of
rattling Full Heusler BaAuZ (Z = Sb, Bi) [15]. states are plotted in Figs. (2-4)b for these three compounds.
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FIGURE 2. Band structure and total and partial density of states for thé\BAs compound.
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TABLE Il. Calculated elastic constant; (in GPa), Bulk modulusB (in GPa), Poisson’s ratio, anisotropy factord and B/G ratio for
Ba;AgZ (Z = As, Sb, Bi) compounds.

Compound C11 C12 Caa B v A B/G
Ba;AgAs 59.96 18.86 15.64 32.56 0.27 0.76 1.87
Ba;AgSb 55.67 14.33 7.97 28.11 0.33 0.38 2.38
Ba;AgBi 57.12 11.72 17.80 26.85 0.21 0.78 1.37
whereE (V) is the total energy per unit celPV corresponds
TABLE Ill. Calculated values of heat capacit¢y (in to the constant hydrostatic pressure conditih,is the De-

Jmol~1.K™1), entropyS (IJmol~*-K~') and Debye temperature bye temperature, and Avib is the vibrational term, which can

0p (in K) at 300 K for Ba&AgZ (Z= As, Sb, Bi) compounds.

be written using the Debye model of the phonon density of
states as [25]:

Compound Cy S 0p
BaxAgAs 98.08 185.35 175.55 90 iy 9
BaAgSb 98.35 195.68 161.26 Avip[0p; T=nkT (8T+31n[1_6 I-D [TD @
Ba,AgBi 98.56 203.73 148.61
BasAusbi1s]"™" 98.362 196.214 160.39 wheren is the number of atoms per formula unid(6/T")
L FpLapw ' ' ' represents the Debye integral, and for anisotropic sélid,
BaxAuBi[15] 98.644 207.3 143.32 expressed as [25];
We observe that above the Fermi level, the conduction band h s B
is heavily dominated by Bae4and (As-4*, Sb-5*, Bi-6p*) Op = T (67%V?n) / f(o) M ()
™

states for all R Heusler compounds, while below the Fermi
level, in the top of the valence band represented by the thregnerens is the molecular mass per unit cell afig the adia-
bands between 0 and2 eV, TDOS is predominant by (As- patic bulk modulus, approximated by the static compressibil-
4p, Sbp, Bi-6p) orbitals with a minor contribution from Ag- ity [26]:
5s represented by the single valence band aroud eV for

Ba,Ag(As, Sb, Bi) compounds, respectively. The two most
electropositive atoms Ba donate their f@urelectrons to the
electronegative Ag and (As, Sb, Bi) atoms. Thus, the Fully
occupied4d (represented by the flat valence bands aroundvhere f(o) is given by Ref. [26];0 is the Poisson ratio.
—4.5 eV) and5s states of the Ag atom are extremely local- Therefore, the non-equilibrium Gibbs functiéh« (V; P, T
ized and far below the Fermi level, such that Ag only weaklyas the function ofV; P, T') can be minimized with respect to
interacts with its neighboring atoms. Also, the As-Sb5s,  volumeV,

and Bi-6s electron lone pairs are deep below the Fermi level

and are chemically inactive, represented by the single valence (
band around-9 eV. Therefore, as it is presented in Figs. (2-

4)c, although the R compounds have in total ten valence elec-

trons per f.u., these latter inactive (4s; Sb5s, and Bi6s) By solving Eq. (18), one can obtain the thermal equa-
lone pairs lead effectively to an eight-electron system, resulttion of state (EOSY/(P,T'). The heat capacit¢’y and the
ing in filled bonding and empty antibonding states following thermal expansion coefficientare given by [27],

the electron counting rule to obtain a semiconductor.

2E(V)
vz

IR

B.=B(V)=V (4)

®)

oG*(V; P,T) _0
ov PT e

| | C, = 3nk (w m - 3"/T> , 6)
3.3. Thermodynamic properties T] e/T-1
Thermodynamic properties of materials are closely related to S = nk <4D [9] —3In(1 — 6—9/T)> , (7)
their volume; therefore, examining the volume change under T
different working conditions of temperature and pressure is ~vCy
very important to design materials. Thermodynamic proper- a= BrV' (®)

ties of the BaAgZ (Z = As, Sb, Bi) R compounds have been

determined using the GIBBS2 code, which is an implemenwherey is the Giineisen parameter.

tation of the quasi-harmonic Debye model [24], in which the  In this work, properties are calculated in a wide range of
non-equilibrium Gibbs functioiz*(V'; P, T") can be written  temperature and pressure, from 0 to 1000 K and from 0 to 20
in the next form: GPa, respectively. Heat capacity, is related to the lattice

G*(V:P,T) = E(V) + PV + Au[0p: T), ) vibrations and internal energy, which are responsible for

Rev. Mex. Fis67 060501
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FIGURE 5. a) Heat capacity’y, b) thermal expansion coefficieat c) Debye temperatuiy, and d) entropys vs temperature and pressure
for Ba,AgZ (Z = As, Sb, Bi) alloys calculated by quasiharmonic Debye approximation.
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many physical properties of materials. The variation ofand rigid band approach with accurate Brillouin zone (BZ)
Ba,AgZ (Z = As, Sb, Bi) heat capacitg’y, as a function of sampling with a dense grid of 100000 k-points to obtain con-
temperature at fixed pressures is displayed in Fig. 5a). It isergence [28].

important to mention that at temperature 0 K, the heat capac- The transport coefficients, , S, ZT andPF as a func-

ity always takes zero value, implying the absence of latticdion of temperature) and chemical potentialu are ob-

vibrations in the material. tained from the following equations:

The Cy,, along with the temperature of all compounds,
increases rapidly up to 200 K. Beyond this temperature, the , — 1 /El k <W> de, 9)
rising rate decreases considerably, and the heat capacity tends Q ’ e
to the saturation value, corresponding to the Dulong-Petit 1 ey 2 9fo(T, <)
limit, indicating the thermal excitation of all phonon modes k;E:T—k;fB,T/E“C (kT) (—a’> de, (10)
in all ours R compound. Results suggest that the lattice vi- 7 B ¢
brations will become stronger by increasing temperature, and e _ Afo(T,e)
a contrary behavior can be obtained when raising pressure. §= ﬂ/:” ( de ) (€ = p)de, (11)
A stronger dependence on temperature of the heat capacity )
is obtained than on pressure. The predicted values of spe- 77 — oS T7 (12)
cific heat of BaAgAs, BaaAgSh, and BaAgBi alloys at 300 k
K and 0 GPa are 98.08, 98.35, and 98.56al'-K~1, re- PF =052, (13)

spectively. Another important thermodynamic parameter for
both theoretical study and practical design of materials is th&vhere(2 is the volume of the unit cell and, is the Fermi-
thermal expansion coefficient In Fig. 5b), the BaAgZ (Z Dirac distribution function, and; j, is the transport distribu-
= As, Sb, Bi) thermal expansion coefficient is depicted as dion kernel defined elsewhere [29].
function of temperature at various pressures. We seenthat ~ The results are plotted in Fig. 6(a-f). An efficient thermo-
increases a%* at low temperature, and above 200 K, an ex-€lectric material is required to have high electrical conductiv-
ponential increase is seen. Alsodecreases as the pressureity, low thermal conductivity, and a Iarge Seebeck coefficient.
increases where variation is more significant in the case ofhe variation of the electrical conductivity/ T as a function
Ba,AgAs as compared with B&AgSb and Ba2AgBi. of the temperature is plotted in Fig. 6a). The electrical con-

Debye temperature is another thermodynamic parameductivity (o/7) increases slowly up to 500 K and then after
ter, which can be used to characterize the strength of cdt increases sharply and at 1000 K attains a value of 2.33, 2,
valent bonds. High values of Debye temperature also sugand 1.95 (1a9Q~'-m~'.s™!) for Ba;AgAs, Ba;AgSb, and
gests the good hardness of the material, while low valueBaAgBi, respectively. This behavior indicates the semicon-
are frequently found in soft materials. Figure 5c) shows theducting nature of ours compound and thus supports the band
change of the Debye temperature under the effect of tenrstructure.
perature (at several constant pressures). From these plots, Figures 6(b-d) displays the temperature dependences of
it is found that thed, decreases with temperature in all ours total thermal conductivityk;.; = . + ), the lattice ther-
compounds at different pressures. The variation suggests ttgal conductivityx,, and the electronic thermal conductivity
effect of the anharmonic behavior of the solids. The calcu+. contributions. The lattice thermal conductivity was deter-
lated value of the Debye temperattg at zero pressure and Mined using Slack’s equation [30]:
300 K is found to be equal to 175.55, 161.26, and 148.61

: , AOpV/3 M

K for BaxAgAs, BaAgSh, and BaAgBiI, respectively, sug- K = Di)
gesting that BaAgAs is harder than BaAgSb and BaAgBi. V23T
We have used the _variation of entrop¥)(to infer. the na- whered is the Debye temperature, is the Giineisen pa-
ture of order and disorder, regarded as the main thermody, meter) is the volume per atom, is the number of atoms
namic properties of a crystal. It is noticed from Fig. 5d) thati, the primitive unit cell A is the average mass of the atoms

at fixed pressure®, entropys' increases monotonously with i the crystal, and” is an absolute temperature. The constant
the temperaturd’. The current investigations demonstrated 4 is defined as:

that the lattice entropy behaves with strong pressure and tem- :
perature dependence, at 0 GPa and 300 K, S= 185.35, 195.68 Aly) = 5.72 % 0.847 x 10 (15)
and 203.73dnol~'-K~1, respectively. 9 (1 B {0.514} N {0.2228]) ‘

Y Y

3.4. Thermoelectric properties It is clear that the temperature dependence of the elec-
%ronic thermal conductivitys, is similar to the behavior of
gﬁectrical conductivity. The lattice thermal conductivity de-
creased as the temperature increased in all materials because,
at high temperatures, the phonon scattering is dominated by
Umklapp processes and may stand it as a potential candidate

(14)

In order to estimate the thermoelectric performance of our
compounds, we have computed the transport properties su
as Seebeck coefficierft, thermopower factoP F’, electri-
cal conductivitys, electronic thermal conductivity., and
figure of merit ZT using the semiclassical Boltzmann theory

Rev. Mex. Fis67 060501
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FIGURE 6. The variation of electrical conductivity/T a), electronic thermal conductivity., lattice thermal conductivity: ., total thermal
conductivityx..: b)-d), Seebeck coefficiert €) and figure of merit ZT f) as a function of temperature fopBgZ (Z = As, Sb, Bi) alloys.

for thermoelectrics. All ours R Heusler compound exhibit ex-0.041, 0.0382, and 0.0373 W/mK to 0.825, 0.71, and 0.72

tremely lowr;, 0of 0.275, 0.323 and 0.384 W.mh-K~! at 300
K for BapAgAs, BaAgSb, and BaAgBi, respectively. The
discovery of such low values of;, is all the more exciting

W/mK for Ba;AgAs, BaaAgSh and BaAgBi, respectively.
In the case of lattice thermal conductivity,, there is a de-
crease from 0.83, 0.97 and 1.15 W/mK at 100 K to 0.0825,

since only complex crystal structures with large unit cells,0.097, and 0.16 W/m Kat 1000 K for BAgAs, Ba,AgSh,
e.g, skutterudites and clathrates, which are well known forand BaAgBi, respectively. These values are very small as
their low thermal conductivities where guest atoms rattle incompared to traditional Full Heusler alloys [6,10,13]. The
the host cage structures and scatter the heat-carrying phonocapability of showing lower lattice thermal conductivity may
[31,32]. Analogously to clathrates, the Ag atoms rattling arestand it as a potential candidate for thermoelectrics.

in a pseudocage structure composed of the alkali and main The total thermal conductivity:,; Shows an exponen-

group atoms (Z). The strongly localized Ba-state leads

tial decaying trend in all compounds up to 400 K due to the

to weak interactions with thép states of the Z-site atoms, abrupt increase of large phonon vibrations before increasing
such that Ag behaves like the inert alkaline (earth) metals irslightly with temperature. We also computed the total See-
clathrate cages. So, in strong contrast to the common percepeck coefficientS variation calculated to designate its nature
tion that only complex or host-guest structures with large unitas shown in Fig. 6e). As one can see, the Seebeck coeffi-
cells can lead to such low thermal conductivity, R. Heuslercient of our R. Heusler compound is positive. The positive
compounds demonstrate that ultralow thermal conductivitysign of S explains that the holes are dominant charge carri-
can be realized in very simple crystal structures. ers. Therefore, our R. Heusler compounds are p-type ma-
We have estimated the electrical conductivity as showrierials. The calculated transport coefficients are now used
in Fig. 6a). As the temperature increases, an exponentialljo estimate the thermoelectric efficiency through the figure
increasing trend can be seen, which may trigger its thermosf merit ZT measurement. The materials are considered as
electric efficiency. This increasing conductivity is attributed good elements for thermoelectric devices if their ZT is about
to the semiconducting behavior of the alloys. or greater than unity [33]. The variation of ZT is shown in
The variation of total thermal conductivity is shown  Fig. 6f), which shows linearly that ZT increase with increas-
in Figs. 6b)-d), where the electronic thermal conductivitying temperature. At room temperature, these values are re-
Ke INncreases with temperature, while the lattice partde-  spectively 0.175, 0.143 and 0.121 for BaAs, BaaAgSb
creases with an increase in temperature. In the case of eleand BaAgBi. At 1000 K, its respective maximum values are
tronic thermal conductivity:., as the temperature increases0.76, 0.73 and 0.52 respectively. It is clear that a higher tem-
from 300 to 1000 K, the exponential increase occurs fromperature results in a higher figure of merit for the compound
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TABLE IV. Values of electrical conductivity /7 (in 1018 Q~*-m~!.s™1), lattice thermal conductivitye;, (W-m~1.K 1), total thermal
conductivitys:o: (in W-m~!-K 1) and Seebeck coefficiesst (in uV-K ') and figure of meriZ T at 300 K for BaAgZ (Z= As, Sb, Bi) and

other Rattling [14-16] and Full Heusler compounds [6-10,13].

Compound o/t KL Ktot S zZT

BapAgAs 3.1 0.275 0.316 260 0.1

Ba;AgSb 3.2 0.323 0.361 244 0.143

BaxAgBi 3.3 0.384 0.421 237 0.121
BaxAuSh[15] 1106.287HAPW

BayAuBi 0.5[14AWF 848.30[15]"HAFPW
BayHgPb[14] 0.5[147AWF

Sr,PtSe[16] 7.6PLAPW 21.7PLAPW 2.08 x 10737
Sr,PtTe[16] g.FPLAPW 9.0FPLAPW 1.27 x 10737 7
Li»ZnGe[6] 2.37PLAPW 2.65 PLAPW ~ —BOPLAPW 0.028PLtAPW
ZraNiAl[7] 3.020677LAPW ~ —25PLAPW ~ 0.058PLAPW
ZroNiGa[7] 2.16077tAPW ~ —17.5FLAPW ~ 0.0TPLAPW

Fe, VAl 15[8]F 16[8]F® ~ —20[8]F®
3.3[13f+We 28[10F*

Ru, VAI[9] ~ 10F*° ~ —12.5% ~ 0.35 x 10735

Ru:VGa[9] ~13.5% ~ 8&P ~ 0.6 x 107350

TABLE V. Calculated thermoelectric power factors PF (mW'-K ~2) and corresponding optimal doping levels (carrier/unit cellfoand
n-type doping at 300 K for BeAgZ (Z= As, Sb, Bi) and other Rattling [14] and Full Heusler [13] compounds.

Compound p—type doping level

PF

n—type doping level PF

BaxAgAs -0,45

BaxAgSh -0.461

Ba,AgBi -0.422
Bay AuBi[14]™AWF ~ —0.6
SrAUBI[14]PAYF ~ —0.55
Fe,VAI[13] B+WC ~ —0.6

15
9.6
9.2
10
~10.5
~7

+0.35 6.1
+0.34 6.5
+0.265 6.8
~+0.4 6
~ 4+0.375 ~15.5
~ 40.45 ~3
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FIGURE 7. Power Factor (PF) of the BAgZ (Z = As, Sb, Bi)

alloys at 300 K as a function of the chemical potential

Ba,AgAs with respect to BaAgSb and BaAgBi but
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rial. The value of electrical conductivity, thermal conduc-
tivity, Seebeck coefficient, and figure of merit ZT at room
temperature are summarized in Table IV and compared with
other R. Heusler [14-16] and Full Heusler compounds [6,7,9].

Finally, the applicability of material for thermoelectric
technology is reflected in terms of power factor PF. The high
power factor of material suggests high efficiency. The vari-
ation of power factor PF at 300 K as a function of chemical
potentials (i) are plotted in Fig. 7. The compound is consid-
ered pure at the zero chemical potentjal-€ 0 eV), which
is located at the middle of the bandgap. The positive value
of u represents thea-type doping, while the negative de-
scribes the-type doping. The optimal doping level at which
the power factor reaches the highest value is one of the main
aspects in the domain of thermoelectric compounds. From
Fig. 7, it is clear that the PF of hole-doping-doping) is
larger than that of electron-doping-toping); this signifies
thatp-type is better tham-type doping. Following the work
Ba;AgAs is regarded as a promising thermoelectric mate-of Bilc et al., [13] and Heet al. [14], a constant relaxation
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time of 7 = 3.4 x 10~'* s was used. For p-type doping, the thermodynamic properties comprising the thermal expan-
an even larger PF of 154V-m~1.K~2 in Ba,AgAs can be  sion, heat capacity, entropy, and Debye temperature param-
observed due to the “flat-and-dispersive” band atitigoint  eter in the pressure range @f- 15 GPa when the tempera-
compared to both other R Heusler aSb and BaAgBi. ture varied from 0 to 1000 K. Boltzmann’s theory was em-
The maximum value of the power factor and the correspondployed to study the thermoelectric properties which include
ing optimal doping levels for our alloys are presented in Ta-electrical conductivity, electronic thermal conductivity, lat-
ble IV and compared with other R. Full Heusler [14] and F.tice thermal conductivity, Seebeck coefficient and power fac-
Heusler [13] compounds. tor. These materials exhibit high values of Seebeck coeffi-
cient, and power factor and low lattice thermal conductiv-
ity with room temperature due to flat-and-dispersive valence
bands. These properties establish these novel Rattling Full

Based on the density functional theory, we have employediieusler compounds as very promising thermoelectric materi-
the FP-LAPW method with the GGA approximation to inves- als. To our knowledge, no other studies of thermoelectric are
electric properties of the new Ba-based Rattling Full HeuslePe beneficial to verify experimentally our predicted results.
alloys Bg AgZ (Z = As, Sb, Bi). In all compounds, the stable
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