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ARTICLE INFO ABSTRACT

Keywords: In this study, we have investigated the electronic structure, magnetic and thermoelectric properties of the an-
Thermoelectric properties tiferromagnetic (A-AFM) phase for ternary KCryLy (K= Ca, Sr; L = P, As) compounds using the framework of full-
Magnetic

potential augmented plane wave method within the generalized gradient (PBE-GGA) approximations. We
determined that the presence of the A-AFM phase is more favorable among the possible spin phases at their
relaxed lattice parameters. Based on the stable phase, we found that both Cr atoms are well modulated in AFM
phase. Furthermore, we have investigated the thermoelectric properties for all investigated compounds from 50
K to 800 K. Our calculations suggest the SrCroAs; and SrCroP; compound can obtain high figure of merit values
~1 with optimized carrier concentration at lower temperature, indicating the strontium based compounds are
promising candidate for low-temperature thermoelectric device. In all, our calculations discover the novel
ternary KCryLy (K= Ca, Sr; L = P, As) compounds with promising physical properties for potential spintronics and
magnetic application.

Transition metal pnictides
Renewing energy
Antiferromagnetic
First-principles

1. Introduction ab-initio calculations including the expansion flavors like GGA + U, mBJ
[3-5]. These flavors has broadened the extent of ab-initio calculation
The exploration for novel functional materials with excellent prop- and the calculated results are much closer to experimental and theo-
erties for modern industrial and technological applications has moti- retical results.
vated the theoretical researchers in material community to predict and Since last few years, the layered transition metal compounds have
pre-select the candidates of functional materials. A colossal increase in displayed their intriguing physical properties, e.g., high magnetoresis-
simulation power and the algorithmic improvements in quantum theory tance [11], magnetisms, superconductivity [6-9], and charge density
permit one to have efficient and accurate estimations of material prop- waves (CDWs) [10]. The surprising discovery of superconductivity in
erties [1,2]. The last decade has witnessed significant development in layered iron-based compounds [12-14] has made an incredible shock to
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the whole high-temperature (high-Tc) superconductivity research
community. From then on, iron-based superconductors have been one of
the most popular research fields in condensed-matter physics and
further attracted research attention on the corresponding layered pnic-
tides. These promising materials show large potential in colossal” or
“giant” magneto-resistive (CMR or GMR) applications such as magnetic
field sensors, spin filters, and spin valves [15-18]. The GMR can also be
utilized latest innovative devices such as micro-electromechanical sys-
tems (MEMS), hard disk drives and biosensors Interestingly, the Zintl
phases with numerous structures have also been considerably investi-
gated for their attractive magnetic properties, significant for application
in magnetic read heads [19] and single molecule magnets [20].

Zintl compounds have a strong history of scientific study since their
early discovery from Edward Zintl in the 1930s [21-23]. Currently,
these compounds regain the interest of scientist due to their intriguing
electronic, optical, elastic, and thermoelectric properties [24,25]. A
thorough investigation of electro-positively charged compounds of the
type AB2X> (A = Ba/Sr/Ca; B = Zn, Cd; X = Sb/As/P) has been reported,
demonstrating that these compounds crystallize in the novel trigonal
(CaAl,Sis) structure with B element in a spherically symmetric distri-
bution of d-electron (do, d® and d [10] configuration). The radius ratio
(ra: 1p) of A and B site element is a key factor for the formability AB;Xo
structure, whereas the size of the X element has negligible effect. The
KCr;Ly compound adopts the trigonal CaAl,Si,-type structure with space
group P 3 m1 (No. 164) [26]. By comparing the tetragonal and hexag-
onal 122 families of pnictides for the search of magnetic properties, the
author’s noted that the overall nature of magnetism in both structure are
quite similar by replacing transition metal, which is due to the presence
of iron-based high-temperature superconductors in the structure [26]. In
the 122 tetragonal family, the A site has an extremely limited effect on
electronic as well as magnetic structure. In the two families, the
next-nearest-neighbor (NNN) effective antiferromagnetic (AFM) ex-
change couplings reach the maximum peak value in the iron-based
materials.

With the assistance of neutron scattering, it has been realized that
isostructural BaMnyBi; owns the same G-type AFM structure as BaM-
nyAs; and has a lower Ty = 387 K [27]. Especially, ThCr,Sis and
CaAl,Siy structure are mostly studied [28-33].

In order to know more about the type of electronic configurations,
Zheng and Hoffmann worked on these calculations show little signifi-
cance of the A cation, while shed light on the bonding nature within the
B,X3 ™ layers. In a special case, Zheng and Hoffmann performed study on
AMnyP2 compounds [31]. Either CaAl,Siy structure type is obtained
from this composition (A = Sr, Ca) [34] or ThCr,Si, structure type (A =
Ba) [35].

Moreover, materials with incredible TE characteristics are of aston-
ishing attention since great TE materials can be used as a substitute
source for renewing large amount of wasting heat from vehicles and
mega factories [36]. Devices subject to these materials and can be uti-
lized to generate electricity by changing waste heat [37]. This procedure
is exceptionally encouraging for the recovery of waste heat and for
tending to worldwide environmental issues. The immediate change of
heat energy to electricity, and the thermoelectric effect is a topic that
material physics has long been interested in [38]. We need to look at the
thermoelectric parameters and the component involved to overall up-
grade the TE properties of materials.

However, to the best of our knowledge, no attention has been paid to
the theoretical simulations of thermoelectric properties of these com-
pounds. In the present work, first principle calculation based on Density
function theory will be implemented to investigate different physical
properties most notably, electronic, magnetic and thermoelectric
properties.

2. Computation details

The present calculation was carried out using the full potential
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augmented plane wave (FPAPW) method based on the density func-
tional theory [39,40] with the implementation of the WIEN2k code [41].
We  used the approximation  parameterized by  the
Perdew-Burke-Ernzerhof (PBE-GGA) [42] and GGA plus Hubbard (GGA
+ U) scheme for the (exchange correlation) energy. The plane wave
cutoff parameter of RKmax was set as 7.0/RMT (where R is the average
radius of muffin-tin spheres and the reciprocal lattice constant Kmax is
the highest value that can be utilized in plane wave expansion. This
approach is based on the partitioning of the entire crystal into
non-overlapping muffin-tin (Mu-T) spheres separated by an interstitial
area. A simple basis set function is chosen and further expanded at this
point in favor of spherical harmonic functions within MT spheres, and
simple plane waves are also used in the interstitial area. The biggest
vector (Gmax) in the Fourier expansion of the charge density has a
magnitude of 12 atom unit (aw)~! 794749 Wwe choose 0.0001Ry for
energy convergence and 0.00le for charge convergence in the
self-consistency cycle. Further we did not account for the effect of spin
orbit coupling in our calculations. The separation energy between
valence and core states is —6.0 Ry. For the elements (Ca, Cr, P), (Ca, Cr,
As), (Sr, Cr, P), and (Sr, Cr, As), respectively, we used the values of
non-overlapping muffin-tin radii (M-T-R) as (2.5, 2.02,1.74), (2.3, 2.1,
2.0), (2.0, 2.0, 2.0), and (2.0, 2.0, 2.0) a. u. We have purposed 1000 k
points Monkhorst-Pack mesh [43,44] in the Brillion zone for CaCryP5,
CaCraAsy, SrCroP5 and SrCrpAsy; compounds in the AFM phase.

3. Results and discussion
3.1. Structural properties

The optimization processes are performed in five phases, different
structures: non-magnetic (NM), ferromagnetic (FM) and three antifer-
romagnetic, AFM I (A-type), AFM II (C-type) and AFM III (G-type)
structures respectively as shown in Fig. 1 and Table 1 [47,48,53]. We
find an increment in the lattice constant (a) and volume (Vg) on
replacing the cations or anions due to the difference in atomic size and
electronegativity. Furthermore, the energy calculated results show the
studied materials stabilize in the AFM I configuration, which was
recently reported by other researcher for the same family of other
compounds [47,48]. our computed structural properties match the other
theoretical reports [6] quite well (see Fig. 1).

3.2. Electronic properties

In electronic properties, we have calculated the total spin density of
states (TDOS) and partial density of states (PDOS) in AFM phase as
shown in Fig. 2. The total and projected density of states (DOS) help us
to know the contribution of different states in conduction and valence
bands. The dominant contributions for CaCroP» and CaCryAss come from
d (Ca, Cry, Cry), p (P) and d (Ca, Cry, Cry), p (As) states, respectively. In
spin-up and spin-down channels both d states of Cr atoms contribute
oppositely, it means that both Cr atoms are well adjusted antiferro-
magnetically. The peaks near the Er are from d (Cr) states while far from
the Ef come from p (P, As) states., point out hybridization of these ele-
ments to Cr element respectively. Due to the double exchange, the hy-
bridization mechanism is important for AFM’s partial d-band filling. The
AFM states show direct exchange couplings between two nearest-
neighbors (NN) of Cr atoms [6]. The conduction and valence bands
are mixed at the Fermi level in both compounds, howing the metallic
behavior of the AFM phase in both up and down spin types.

For SrCryP; and SrCryAss the designed plots of DOS are shown in
schematic Fig. 3. The d (Sr, Cry, Cr), p (P), d (Sr, Cry, Crp) and p (As)
states contribute majorly in SrCroP3 and SrCryAs; in both spin channels.
The foremost role of (Sr) Cation and (P, As) anions states are appearing
predominantly in both spin channels and located in CB/VB. The domi-
nant contribution of (Cr) d states spans over a larger range across the Eg
which play a significant role in conductivity of these compounds. The
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Fig. 1. Optimization plots for CaCr,P5, CaCraAs,, SrCraP; and SrCraAs, displaying energy verses volume.

Table 1
Calculated antiferromagnetic ternary compound lattice parameters, including a (A), B (GPa), Bp and E, (Ry), as well as other theoretical findings.
Compound Lattice constant (10\) Vo (a.u) [3] B(GPa) B, Eo (Ry)
a c A-AFM C- AFM G-AFM
CaCryPy 3.96 6.98 574.99 122.69 4.04 —6932.96 —6932.92 —6932.90
Exp. - -
Other Calc. 3.97 7.02
CaCrAs, 4.1 7.33 717.40 63.73 5.21 —14608.89 —14608.84 —14608.81
Exp. - -
Other Calc. 41® 7.27
SrCryP, 4.01 7.21 605.55 110.91 5.00 —-11931.9 —11931.81 -11931.79
Exp. - _
Other Calc. - -
SrCroAsy 4.17 7.63 764.39 69.61 6.58 —19607.69 —19607.64 —-19607.61
Exp. - -
Other Calc. - -
@ Ref [6].

beginning and closing of Cr;-d and Cr»-d states are accurately analogous
to one another in the understudy compounds as essential for an AFM.
Moreover, it shows most prominent result that both Cr atoms in AFM
phase are well coupled antiferromagnetically. In both the compounds, p-
d coupling gives evidence of hybridization dominantly between p (p, As)
and d (Cr) states respectively. The DOS of the both compounds show
metallic character across the Fermi level in both up and down spin
states.

Moreover, along the stable AFM phase, we have also worked out on
PM phase due to the fact that it may exist in the PM phase above the Néel
temperature. From projected DOS, as shown in Fig. 4, one can see that
d (Ca, Sr, Cr) states and p (P, As) states have remarkably contributed to
the DOS, in the PM phase. The DOS near the Fermi level of PM phase
suggest the metallic nature of our studied materials and may be unstable
based on the Stoner argument [45], and another possible phase (low-
er-energy structure) is easily achieved by allowing spin polarization or
structural distortion.

3.3. Magnetic properties

To have a deeper comprehensive understanding and knowledgeable
data about magnetic moment formation, we work out the local moments
and the magnetic interaction in the KCryLy. Here we have utilized GGA
+ U scheme, especially for the purpose to further enhance the locali-
zation of the element of transition metals (Cr) [49-51]. According to the
DOS calculations, the magnetic moment of the chromium (Cr) atom has
a greater influence than that of other atoms in both spin up and down
types. The partially filled sub-d states are the primary source of
magnetism. The magnetic moment’s encouragingly positive result in-
dicates that these compounds’ magnetic ground states exhibit highly
ferromagnetic activity. The over-all unit-cell magnetic moments are
primarily composed of (K= Ca, Sr; L = P, As) atoms with minor con-
tributions in aspect of Ca/Sr as well as interstitial site. In the compound
KCrsLy, the Cr atom has a larger magnetic moment than the other atoms
involved. Consequently, from the thorough investigation, we have noted
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that the magnetic moment of the Cr atom is greater than that of the
Ca/Sr atoms. This is primarily because, according to the DOS calcula-
tions, the p-state of the Cr atoms appears free dominantly over the entire
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Fig. 2. The DOS plots for CaCr,P; and CaCr,As; in both spin up and down directions.
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energy range in both spin up and down types. Furthermore, the negative

minimum values of magnetic moment express the reliable signal of P/As
atoms at all known locations in the unit-cell standing anti-parallel to the
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complete ferromagnetic direction. The m® (total cell magnetic moment)
of all compounds, in addition to their (individual atomic and interstitial)
magnetic moments, are also listed in Table 2.

3.4. Thermoelectric properties

Thermoelectric properties of investigated materials are calculated by
semi classical theory using Boltztrap code [52-57]. Thermoelectric
materials, directly converting low-grade waste heat into electricity, are
promising in alleviating energy crisis and pollution. The conversion ef-
ficiency of thermoelectric devices mainly depends upon the material
response, in particular the dimensionless figure of merits ZT expressed in
the noted equation ZT = $%»p~1xIT, where T (absolute temperature), S
(Seebeck coefficient), p and « are electrical/thermal conductivity,
respectively. The larger ZT value of material, the higher the conversion
efficiency [52,53]. The high values of Seebeck coefficient and electrical
conductivity with lower thermal conductivity is beneficial for high
thermoelectric performance.

The electrical conductivity is a key parameter for the effectiveness of
material. The electrical conductivity tensor can be written as

_a o Tv £
Y
ik

Where v,,v; Tk, denotes group velocities and relaxation time, (a, f)
tensor indices, (i) chemical potential and (f,)Fermi Dirac distribution
function.

The flow of free charge carriers, which can be observed in Figs. 2-4
band structure and density of states, is what causes electrical conduc-
tivity. Fig. 5 illustrates how excited electrons contribute to electrical
conduction [57,59]. Whenever the temperature rises, strontium-based
materials SrCraAs; and SrCryP, show little increment in the electrical
conductivity and doesn’t change at high temperatures and stays zero.
While the calcium-based compounds CaCryAsy; and CaCryPs exhibits
gradual increase in electrical conductivity over the entire temperature
range and reached their peak values at about 800 K. Further, the
CaCryP5 compound exhibit maximum electrical conductivity in com-
parison to other understudy compounds.

The electrical conductivity (c) curve, which displays maximum
values for calcium-based compounds, shows smaller values at the same
temperature of roughly 50 K than the electronic thermal conductivity
(x/7) curve. Therefore, the opposing trend is shown by both curves from
their starting points. At higher temperature electrons achieve more
thermal energy and start their movement from high temperature to-
wards low temperature region in a thermoelectric device.

The thermal conductivity, which is dependent on free electrons and
lattice vibrations, is the second crucial parameter. In case of semi-
conductors and metals, heat is transported produced due to lattice vi-
brations and charge-free carriers. The material should have low thermal
conductivity for better thermoelectric performance [53]. Fig. 6 indicates
that strontium based SrCryAs; and SrCryP; compounds depict linear
curves of electronic thermal conductivity (x/t) with temperature at
about 400K and further increase in a temperature show little increase in
thermal conductivity. The calcium based CaCrpAs; and CaCryPy com-
pounds show linear relationship with temperature and gained its

Table 2

Magnetic moments (MM) of the interstitial region (mi‘““), individual atoms
(m®a/S/Cr/P/Asy and total cell for KCroLy (K= Ca, Sr; L = P, As) for spin ferro
configurations.

Compound mintst mCa/sr mer mP/As me

CaCryPy 0.76493 0.01288 3.71600 —0.19584 4.29797
CaCryAsy 0.80790 0.01949 3.72383 —0.14158 4.40964
SrCryPy 0.66248 0.00327 3.61060 —0.19275 4.08359
SrCrpAsy 0.84338 0.00758 3.73999 —0.13807 4.45287
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maximum value at 800 K. This trend resembles that of electrical con-
ductivity (o) plots (Fig. 5). The same profile of both electrical and
thermal conductivity curves is according to the Wiedemann-Franz law,
it states that the relationship between the heat contribution and elec-
trical conductivity is direct [46]. Furthermore, CaCraP; compound show
maximum while SrCroAss compound indicate minimum value of elec-
tronic thermal conductivity (x/7) as compared to other compounds.

When two metal are at different temperatures, then electrons flow
from the hot to the cold region, this effect is called Seebeck effect. Fig. 7
depicts the calculated Seebeck coefficient at a given temperature. It is
indicated that all the four compounds show an increasing trend in the
Seebeck coefficient S curve, with temperature and reach at their
maximum values at about 100 K for SrCroAss and about 180 K for
CaCrgP2, CaCreAsy and SrCryP; compounds, respectively. The Seebeck
coefficient (S) shows positive values for CaCraAs; and SrCrpAs, over the
entire temperature range, exhibiting compounds with p-type nature,
while positive values till 350 K for CaCrpP; and SrCryP, along with
negative obtained values further higher in temperature ranges exhibit
mix p-n type conduction behavior. When the temperature is raised
further, a significant decrease in (S) is observed in almost all of the
compounds across the entire temperature range. The maximum values
attained by KCryL; zintl compounds are tabulated in Table 3.
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Table 3

Thermoelectric parameters (Seebeck coefficient, Thermal conductivities, Elec-
trical conductivities, Power factor and ZT) for ternary compounds KCrsL, (K=
Ca, Sr; L = P, As).

Compounds  Seebeck Thermal Electrical Power T
coefficient conductivities conductivities factor
(WV/K) (W/Kms) (1/cm) w/
mK?3s)
SrCr,P, 323 1.4 x 10%° 6 x 10%° 5.0 x 0.1
1010
SrCroAssy 248 1.6 x 10%° 7 x 10*° 1.0 x 0.09
1011
CaCr,As; 275 0.2 x 1014 0.001 x 103 4.0 x 0.8
1010
CaCr,P, 324 0.4 x 10" 0.0015 x 10"®  1.25.0 0.6
x 101!

Fig. 8 displays the calculated power factor (P.F.) for each compound
under investigation. The P.F curve for calcium-based compounds
CaCroAsy and CaCroPs increases up to T = 330 K. Whereas the (P.F)
curve for strontium-based compounds SrCryAs; and SrCryP, remains low
till 200 K, whereas further increase in temperature show linear increase
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1.2x10"" 4
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Fig. 8. Thermoelectric power factor (S%/1) versus temperature for KCrpLy
(K—=Ca, Sr and L = As, P).
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in PF for both the compounds. Therefore, all of these compounds exhibit
variations at high temperatures. Furthermore, the compound CaCr,P;
reached higher P.F value of about 350 K and decreased gradually in
higher temperature. At 800 K, SrCrpP; shows maximum PF of
magnitude.

Figure of merit is parameter key index for evaluating the perfor-
mance of thermoelectric materials. The material which a high (ZT) is
considered to be more efficient as compared to low ZT [52,53,57-59]. It
is clearly seen from Fig. 9 that the ZT values for strontium-based com-
pounds SrCraAss and SrCryP; peaks higher than the other calcium-based
compounds. The calculated maximum values for KCraLy (K—=Ca, Sr and
L = As, P) are provided in Table 3. These compounds have high ZT
values in the low temperature region, making them excellent candidates
for low temperature waste heat management applications. Further the
ZT curve declines dramatically as the temperature rises for both the
compounds. The ZT curves of calcium-based compounds possess a small
ZT value (00 for CaCryP5 and 00 for CaCryAs,) and show small variation.
Overall, the strontium-based materials are promising candidates for
thermoelectric devices.

Fig. 10 displays the calculated Temperature-dependent Carrier
Concentration for each compound under investigation. The Carrier
Concentration curve for KCraLy compounds increases over the entire
temperature. Furthermore, the compound SrCroP; increased gradually
at lower temperature (below 300 K) and the spectra achieved a higher
Carrier Concentration value with a magnitude at about 800 K, the same
as PF in (Fig. 8). All the compounds show a maximum value of Carrier
Concentration at 800 K. Therefore, variations at higher temperatures are
more dominant in all of these compounds as compared to lower tem-
perature ranges. Overall, the CaCrpAs; compound started with a larger
value and achieved the second highest magnitude value among four, at
about 800 K. The CaCroP2 and SrCreAsy compounds initially started with
the same value at about 50 K and reached their maximum value in
higher temperature ranges. The carrier concentration drops a lot when
the temperature is lower than 300 K for SrCryAs;.

4. Summary

In summary, we have performed the electronic, magnetic, and
thermoelectric properties of KCraLy (K= Ca, Sr; L = P, As) using first-
principle calculation. We noted that these compounds are more favor-
able in the antiferromagnetic arrangement as compared to FM and PM
configurations. The electronic properties (DOS) show a readable hy-
bridization of d (Cr) and p (P/As) orbitals in a broad energy range. Be-
sides, for these compounds the total magnetic moment is originated
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Fig. 9. Temperature-dependent variations of figure of merit (ZT) for KCroL,
(K—=Ca, Sr and L = As, P).
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Fig. 10. Temperature-dependent carrier concentration for KCrpL, (K—Ca, Sr
and L = As, p).

mostly from Cr magnetic spins ordering that establishes the ferromag-
netic behavior. The TDOS are symmetrical which give us positive
response in antiferromagnetic case that both (up and down) of magnetic
moment are zero. Both the Cr atoms are well coupled antiferromag-
netically the AFM phase. Therefore, these materials may be novel can-
didates for spintronics and magnetic applications. The Seebeck
coefficient (S) shows positive values for CaCryAs; and SrCroAsy over the
entire temperature range, exhibiting compounds with p-type nature,
while positive values till 350 K for CaCryP; and SrCryP, along with
negative obtained values further higher in temperature ranges exhibit
mix p-n type conduction behavior. Moreover, the maximum ZT value
attains by the compounds are ~1 for SrCrpAs; and SrCrePy. Our pre-
diction reveals, the strontium-based compounds as promising candi-
dates for low temperature applications in waste heat management.
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