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Investigation of band structure and the thermo-physical response @t thev quaternary Heusler compounds KSrCZ (Z = P, As, Sb) within

the framework of density functional theory with full-potential linearized augmented plane wave method has been analyzed. Results showed
thattype — Y 3 is the most favorable atomic arrangement. All the compounds are found to be half-metallic ferromagnetic materials with
an integer magnetic moment of 2.0 and a half-metallic gaf s of 0.292, 0.234, and 0.351 eV, respectively. The half-metallicity

of KSrCZ (Z = P, As, Sh) compounds can be kept in a quite large hydrostatic strain. Thermoelectric properties of the KSrCZ (Z = P, As,
Sh) materials are additionally computed over an extensive variety of temperatures, and it is discovered that all compounds demonstrate «
higher figure of merit. The properties of half-metallicity and higher Seebeck coefficient make these materials a promising candidates for
thermoelectric and spintronic device applications.
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1. Introduction and thermopower factor are no calculated. In this paper, the
structural, electronic, magnetic, and thermoelectric proper-
In recent decades, quaternary Heusler alloys have attracte@s of new quaternary® Heusler compounds KSrCZ (Z =P,
much interest due to their excellent properties such as hig;z\S, Sb) have been studied by using the first-principles calcu-
spin-polarization and half-metallic ferromagnetism (HMF), |ations. We have chosen this series of compounds with the
where they have possible uses in spintronic and thermoeleq;rOpe that they would exhibit half-metallicity, good magnetic
tric applications [1-4]. The latest trend is towards looking ang thermoelectric properties. Our paper is organized as fol-
for new sp or d° HM compounds, and some studies revealjgys. The theoretical background is presented in Sec. 2. Re-

pounds, would be a new type of HM materials where the spifne results is given in Sec. 4.

polarization and magnetic order are mainly from the anion p-
electrons of anions [5-7]. Many works @fi compound with .
ternary half-Heusler structure and full-Heusler structure have- Computational method

been done theoretically [8-12]. However, research and repo':Ithe calculations were performed within the density func-

on d® HM compounds with quaternary Heusler structure are.. LY
still rare [13-17]. tional theory (DFT) [18]. We use the full potential linear-

Compared with the traditional HMF quaternary Heusleraugmented-plane waves the plus local orbital (FP-LAPW)

with transition metal elements having large stray fields, thesénethOd [19] |mplemented n the Wien2k package [20]. The
d materials are more meaningful in real applications be_gxchangg-correlatlor! potgntlal was treated underthe general-
cause of the smaller magnetic moments. Also the thermo'-zed gradient approximation (GGA) [21]. The partial waves

. i . sed inside the atomic spheres are expanded p.to= 10
electric (TE) [1-4] quaternary Heusler materials are regardeé‘vith a matrix size RmtKmax equal to 8. 20 x 20 x 20

as the alternate sources of energy due to their ability to cor” oint mesh was used as a base for the in the first Brillouin
vert waste heat into electricity and they have used for powezop e was found to be sufficient in most cases. Within the (FP

eneration because they are cheaper, abundant in nature, gn : o i
g y P 6}_ PW) method, we impose a convergence criterion @f°>

environmentally friendlyj.e., free from toxic elements. To . . . . .
the best of our knowledge, no study on alircompounds in the total energy to improve accuracy in the spin-polarized
' calculations.

KSrCZ (Z = P, As, Sh) with quaternary Heusler structure has
been reported in the literature. The characteristics of energy

bands and the origin of the half-metallic gap were not stud3. Results and discussion

ied. The effect of volumetric on the half-metallicity character

was not investigated. The thermoelectric performances suci general, the quaternary Heusler compounds are com-
as Seebeck coefficient, electrical and thermal conductivitypounds adopted in LiMgPdSn-type crystal structure denoted
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TABLE |. Calculated total energieB,,; (in Ry) per formula unit, equilibrium lattice constams (in A), the bulk modulusB (in GPa) for
KSrCz (Z= P, As, Sh) compounds in theirs different structures type and magnetic configurations.

Compound structure Eiot (Ry) ao (R) By (GPa)
NM FM FM FM
KSrCP Type — Y1 -8324.009601 -8324.009398 7.0471 38.0318
Type — Y2 -8324.089225 -8324.102824 7.3131 32.7388
Type — Y3 -8324.098220 -8324.112673 7.3218 32.5218
KSrCAs Type — Y1 -12162.030023 -12162.029921 7.1744 35.6927
Type — Y2 -12162.098230 -12162.099959 7.4516 29.8852
Type — Y3 -12162.098405 -12162.109866 7.4775 29.8643
KSrCSh Type — Y1 -20607.103600 -20607.103042 7.4618 31.25
Type — Y2 -20607.153885 -20607.16728 7.8367 28.1845
Type —Y3 -20607.153835 -20607.191886 7.8267 25.158
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FIGURE 1. Total energy as a function of volume per formula unit (f.u.) in the magnetic stét¢s— Y3 and N M — Y 3(a) and the three
atomic arrangements tygeM — Y1, FM — Y2 andF M — Y 3(b) for the KSrCZ (Z = P, As, Sh) compounds.
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as Y (space group 216) [22]. There are three possible difstate among three magnetic states. In Table I, we report
ferent types of atom arrangement in the quaternary Heusleyur calculated equilibrium lattice constany, along with the
compound XX'YZ: Y1: X (0, 0, 0), X' (0.25, 0.25, 0.25), Y bulk modulusB,, and the total energy Etot in their differ-
(0.5, 0.5, 0.5), and Z (0.75, 0.75, 0.75); Y2: X (0, 0, 0), ent structural and magnetic configurations. As shown in Ta-
X'(0.5, 0.5, 0.5), Y (0.25, 0.25, 0.25), and Z (0.75, 0.75, ble I, the obtained equilibrium lattice constant increases with
0.75); Y3: X (0.5, 0.5, 0.5), X' (0, 0, 0), Y (0.25, 0.25, 02.5), the increase of the atomic radius of anion: 7.3218, 7.4775,
and Z (0.75, 0.75, 0.75). To confirm the structural and magand 7.8264 for KSrCP, KSrCAs, and KSrCSb, respectively.
netic ground states df 1, Y2 andY'3 configuration, the total  Also, the highest calculated bulk moduli for KSrCZ (Z =P,
energies of the non-magnetic (NM) and ferromagnetic (FM)As, Sb) compounds iRM-Y 3 configuration confirm the sta-
states as a function of the lattice constant of the three conbility of this structure. Based on this, all the further calcula-
pounds were calculated and the obtained curves are showions on electronic, magnetic, and thermoelectric properties
in Fig. 1. The results show that the energieFdf/ — Y3  of KSrCZ (Z = P, As, Sb) were performed on this structure
state are lower, indicating that)/ — Y3 state is the ground only, i.e, in the typeFM-Y 3structure.
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FIGURE 2. Spin-polarized band structure for the KSrCZ (Z = P, As, Sb) compounds at their equilibrium lattice constant.
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TaBLE Il. The semiconducting gaf, (in eV), the half-metallic gapgZm s (in €V), total magnetic momeni..: (in xg), the magnetic
moment per atom (K, Sr, C, P, As, Sb), and magnetic moment in the interstitial regiom compounds KSrCZ (Z= P, As, Sb).

Compound E, Euwm Lot UK s we Wz Wint
KSrCP 0.87 0.292 2 0.018 0.03 1.622 -0.03 0.36
KSrCAs 0.800.234 2 0.016 0.028 1.61 -0.024 0.37
KSrCSsb 0.92 0.351 2 0.01 0.02 1.618 -0.028 0.38

A YA

a/___

i = MA "
A VW

02
015

01 -
0.05 -

—0.05 -

-00s

Density of states (states/eV)
Density of states (states/eV)

: N ey 1 ) N
s L M

| ;
10 8 8 4 =% 5 = % i 2z 3 4 s -0 9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5

Energy (eV) Energy (eV)

FIGURE 3. Spin-polarized total and partial densities of states FIGURE 4. Spin-polarized total and partial densities of states
(DOS) for the KSrCP compound. (DOS) for the KSrCAs compound.

The calculated band structures of KSrCZ (Z =P, As,level is mainly fromC — p states with smaller contribution
Sb) compounds withFM-Y3 type configuration at equilib- coming from theP—, As—, andSb — p states. For the spin-
rium lattice constants have been illustrated in Fig. 2. Thedown states of these materials, the top of the valence bands is
spin-up triplet band crosses the Fermi level and exhibits @nainly from theAs — p states, while the bottom of the con-
metallic behavior while the spin-down band are semiconductduction bands is mainly from th& — p states responsible for
ing with a forbidden indirect band gaps, (W-A) around  gap formation. Our total magnetic moment; per formula
the Fermi level confirming that these compounds are halfunit calculated is found to be integer values 2/ for all
metallic (HM) with 100% spin polarization. The predicted compounds. This integer value is also a typical HM charac-
half-metallic gapsEx s are listed in Table Il. This gap is teristic. We also list in Table Il the local magnetic moments
known to be essential to describe the stability of HM mag-atthe K, Sr, C, and Z (Z= P, As, Sb) sites. As seen in Table II,
netism of a half-metal [23]. As shown in Table II, KSrCP, for all three half-metal compounds, the main contribution to
KSrCAs, and KSrCSb display large HM gaps of 0.292, 0.234fhe total magnetic moment is from p states of C.
and 0.351 eV, respectively, illustrating stable HM features.  Because the half-metallic materials are usually prepared
Unfortunately, no experimental measurements and theoretis thin films for spintronic applications, where the lattice
cal data band gapE, and £, for the investigated com- constant of the half-metallic material strongly depends on
pounds are carried for comparison. the substrate lattice parameter and correspondingly the half-

To understand the electronic structure further, the calcumetallicity may be destroyed. Fig. 4 shows the total
lated total and partial density of states (DOS) for these commagnetic moments with respect to the different lattice con-
pounds are presented in Figs. 6-8. It can be seen that thetants. The magnetic moments remain integragB until
DOS of all compounds have a similar structure. From partiathe lattice is compressed to a critical value of 6.91, 7.17,
DOS, it is clear that the spin-up triplet state across the Fermand 7.38A for KSrCZ (Z = P, As, Sb), respectively. This
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FIGURE 7. The variation of electrical conductivity/r (a), thermal
conductivityx/7 (b) and Seebeck coefficiesst(c) versus temper-
ature in both the spin states for KSrCP.

—e— KSrCP
—o— KSrCAs

|

i —*— KSiCsh In this study, we calculated the electrical conductivityr,

i thermal conductivity</7, Seebeck coefficient, and figure

| of merit ZT'. An efficient thermoelectric material is required

| to have high electrical conductivity, low thermal conductivity,

i and a large Seebeck coefficient.

i The temperature variation of electrical conductivity t)

i is reported in Figs. 7-9(a). We observe that the electrical
a

Moment total (u,,)

conductivity of three of these compounds decreases in the
spin-up state, which confirms the metallic behavior in the
o LU L spin-up state. While electrical conductivity increases with
68 69 7 7.1 72 73 74 75 76 77 78 79 8 81 82 83 . . . . . .
Lattice constant (A) the increase in temperature, which again confirms the semi-
conducting behavior in the spin-down state and thus supports
the band structure. The Electronic part of the thermal con-
ductivity /7 shows a negligible variation up to 600 K and
indicates that the half-metallicity is preserved up to a latticean exponential increase at higher temperatures, as depicted
contraction of 4.18%, 4.17%, and 5.65% for all three quaterin Figs. 7-9(b). The Seebeck coef-
nary Heusler compounds, reflecting the order of magnitude
of half—mgtallic gap EHM. On the other hand, itis found that 1, = 111 values of electrical conductivity o/ (in
KSrCSb is the most stable compared to KSrCP and KSrCAsyg13-1m~15-1y  thermal conductivity /7 (in 10° W
Thermoelectric ['E) materials transform the waste heat m~1k—'s~!) and Seebeck coefficierff (in xV K~'), and fig-
energy into usable electric energy, and thereby offer a possiire of meritZT at 300 K for KSrCZ (Z= P, As, Sh) compounds.
ble solution to the present-day energy crisis. This category
of materials is currently being investigated at faster rates than

12+ 0

FIGURE 6. The total magnetic moments for KSrCZ (Z = P, As, Sb)
as a function of the lattice constants.

. . - . Compound o/t K/T S zT
the other technologically important materials because of their
eco-friendly and efficient energy management [24]. For the KSrCP 118 6.71 ~2007 0.96
first time, the thermoelectric properties of KSrCZ (X =P, As, KSrCAs 112 6.51 -1336 0.93
Sb) compounds are calculated by the BoltzTrap code [25]. KSrCSb 0.16 1.23 -1567 0.95
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FIGURE 8. The variation of electrical conductivity/ T (a), thermal
conductivityx /7 (b) and Seebeck coefficiest(c) versus temper-
ature in both the spin states for KSrCAs.

FIGURE 9. The variation of electrical conductivity/7 (a), thermal
conductivityx/7 (b) and Seebeck coefficiesst(c) versus temper-
ature plots in both the spin states for KSrCSh.

ficients for KSrCZ (Z = P, As, Sh) compounds are displayed ) ) ] )
as a function of temperature in Figs. 7-9(c). The observedd temperature is mainly due to the higher charge carrier
value of the Seebeck coefficient for all compounds are posi¢oncentration. Note in passing that the nearly indistinguish-
tive in the spin-up channel, signifying the presence of hole&Pl€ plots (Fig. 2) suggest that KSrCZ (X = P, As, Sb) should
as charge carrierg ( type), while the in spin-down channel, have approximately the same band gaps (0.87, 0.8, 0.92 eV,

the negative value of S suggests electrons as charge carridgSPectively). o _
(n — type). We also computed the total Seebeck coefficient S varia-

The variation of the total electrical conductivity asa  tion calculated by a two-current model [26] to designate its
function of the temperature is plotted in Fig. 10(a). With thenature, as shown in Fig. 10(c). As one can see, the Seebeck
increase of temperature,/r increases monotonously from Coefficient of the all KSrCZ (X = P, As, Sb) Heusler com-

a very small value until 500 K and beyond this tempera—pOU”dS is negative for the entire temperature range and this
ture ¢ /7 increases linearly, and at 1000 K attains a value of1€gative sign of S explains that the electrons are dominant
1.73 x 1018, 1.85 x 10'8 and1.21 x 108 Q~'m~1s~! for ~ charge carriers, which in turn states that the spin-down state
KSrCP, KSrCAs, KSrCSb, respectively. This increase couldS dominant. Therefore, the KSrCZ (X = P, As, Sb) are n-

be justified by the fact that increasing temperature enhancd¥Pe materials. The sharp increase in the S value at lower
the thermal energy of the electrons to freely form a high coniemperatures< 200 K) indicates the presence of a low car-

ducting state. rier concentration. In the range of temperature (200-1000 K),

Figure 10(b) displays the temperature dependences of tyVe See a slight linear decrease of the absolute value S, and
tal thermal conductivity: /7. Thex/7 plots follow a similar ~ at 1000 K attains a value 6f461.41, —455.36 and—508.22
trend as those of electrical conductivity. Thex/r value 1V K™* for KSICP, KSrCAs, KSrCSb, respectively.
increases gradually, from nearly zero for all four materials ~ Finally, the calculated transport coefficients are now used
in the range temperature between 100 K and 500 K. Beyontp estimate the thermoelectric efficiency through the fig-
this temperature there is almost a linear increase in the rang#€ of meritZ7" measurement given by the relatiéfi” =
studied. The rise of the thermal conductivity with the increas{S”¢T/x) and shown in Fig. 10(b). The material is consi-
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FIGURE 10. The variation of total electrical conductivity/r (a), total thermal conductivity /= (b), total Seebeck coefficierst (c) and
figure of merit ZT (d) as a function of temperature for KSrCZ (Z = P, As, Sb).

dered as a good element for thermoelectric devices if his ZB. Conclusion

is about or greater than unity [27]. From Fig. 10(d) the calcu-

lated value ofZT" is negligible up to 100 K but, it abruptly in-

creases to a maximum high value of 0.957, 0.96, 0.957 at 20 conclusion, the electronic structure, magnetic, and thermo-

K for KSrCP, KSrCAs, KSrCSh, respectively correspondingelectric properties of the quaternary Heusler alloys KSrCz

to the maximum of the Seebeck coefficiéhfsee Fig. 10(c)). (Z = P, As, Sb) have been calculated using the first princi-

High values of the figure of merit suggest the good thermo®ples full-potential linearized augmented plane waves method

electric performance of these quaternary Heusler compound#ithin the generalized gradient approximation (GGA). In all

indicating they could be promising materials for applicationscompounds, the stable tygéM + Y3 configuration struc-

in thermoelectric generators. The value of electrical conducture was energetically more favorable. At the equilibrium

tivity, thermal conductivity, Seebeck coefficient, and ﬁgure|attice constant, our GGA calculations show that all com-

of merit ZT' at room temperature are summarized in Tablepounds KSrCZ (Z = P, As, Sb) are half-metallic ferromag-

lll. These materials show higher efficiency for thermoelec-nets (HMFs) with a large half-metallic gapyar.  The

tric relatively in comparison for the other quaternary Heuslehalf-metallicity is found to be robust to the lattice compres-

compounds, including transition metals [1,28-30]. sion. Further, the transport properties of the material re-
veal some fruitful results. These materials exhibit high val-
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